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PREFACE

Macrocyclic and supramolecular chemistry have developed into one of the most active
and promising research areas of chemical science — located at the interface between
chemistry, physics and biology. Based on the pioneering and stimulating work of the
1987 Nobel Prize Winners Charles J. Pedersen, Donald J. Cram and Jean-Marie Lehn,
this field encompasses manifold fundamental aspects of molecular recognition and self-
organization and uses these biological principles for the design of smart artificial
systems. Therefore an enormous potential exists (some of which is currently being
exploited) for future applications in such fields as bio- and nanotechnology,
environmental protection, catalysis, molecular electronics and photonics as well as
medicine.

The interdisciplinary character of supramolecular chemistry thus provides a platform
for the mixing and cross-pollination of ideas between chemists, physicists, biologists
and engineers. Since the first International Symposium on Macrocyclic Chemistry
(ISMC) was held at Brigham Young University in Provo, USA in 1977, the yearly
conferences have been a forum for experts in supramolecular chemistry, bringing
together researchers from around the globe in a pleasant and creative atmosphere. In
July 2005 the XXX ISMC conference will be held in Dresden, Germany. In order to
celebrate the 30™ meeting, it was the idea of Emma Roberts from Kluwer Academic
Publishers to produce a book in which selected aspects of current macrocyclic and
supramolecular chemistry would be highlighted. Owing to the enormous number of
publications that continue to appear, it has been a difficult venture to cover all important
facets of this expanding field. Nevertheless, the result of our efforts and of the hard
work of 25 leading groups in the field is now presented to you. Starting with a
discussion of the history of ISMC, the following chapters serve to characterize a
representative number of topics in macrocyclic chemistry and to indicate its future
developments. Thus, the synthesis, structure and properties of functional macrocycles,
their modeling and an outlook towards their possible application, such as for
monitoring, environmental clean-up and recovery, in medicine or as models for
biological processes, are all presented.

I am indebted to all the authors for their stimulating contributions and for their
commitment and patience during the very short preparation time for the chapters
between April and October 2004.

I should like to thank my coworkers, especially Marco Wenzel, Christoph Naumann
and my wife, Kerstin, who have helped me complete this book by reading and
correcting the manuscripts. In particular, I am very grateful to Bianca Antonioli who
fostered close contact with the authors and who had the tremendous burden of coming
to grips with the formatting of the individual chapters.

Karsten Gloe (ed.), Macrocyclic Chemistry: Current Trends and Future Perspectives, ix—X.
© 2005 Springer. Printed in the Netherlands.
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Finally, I sincerely thank Emma Roberts and Vaska Krabbe from Springer (formerly
Kluwer Academic Publishers) for their considerable assistance during preparation of the
book.

Hopefully this book will find a timely and useful place in the supramolecular
chemistry community.

Dresden, Germany .
October 2004 =i A — Karsten Gloe



1.
CONTRIBUTIONS OF THE INTERNATIONAL SYMPOSIUM
ON MACROCYCLIC CHEMISTRY TO THE DEVELOPMENT OF
MACROCYCLIC CHEMISTRY

REED M. IZATT, KRYSTYNA PAWLAK

AND JERALD S. BRADSHAW

Department of Chemistry and Biochemistry, Brigham Young University
Provo, UT 84602, U.S.A.

1. Introduction

In the early 1960s, Charles J. Pedersen at du Pont serendipitously discovered the
compound that later came to be known as dibenzo-18-crown-6 (DB18C6). He isolated
DB18C6 in a 0.4% vyield from a “brownish goo” while attempting to prepare a
completely different compound [1]. The decision to expend the effort needed to isolate,
purify, and characterize the compound that became known as DB18C6 represents a true
example of scientific creativity and luck. Many organic chemists have isolated pure
compounds from various shades of ,,goo®, but few have had the experience of seeing a
new field of chemistry arise from their ,,goo* as Pedersen did. Pedersen knew he was
on to something important when his subsequent characterization of the colorless,
crystalline by-product revealed that its solubilization in methanol was due to the
presence of Na' and that its molecular weight was double that of benzo-9-crown-3
(B9C3). Pedersen [1] remarks that with the “realization that I had something very
unusual and with the utmost curiosity and anticipation, I devoted all my energies to the
study of this fascinating class of ligands by synthesizing a great variety of macrocyclic
polyethers and determining their interaction with inorganic cations.” The culmination
of this effort was the publication of a monumental paper by him in 1967 [2].

The publication of Pedersen’s work attracted instant and increasing attention from a
variety of scientists worldwide. During the ensuing decade, research in an increasing
number of laboratories led to the synthesis and characterization of many novel
macrocyclic chemical structures, and to the application of macrocycles in a wide variety
of fields. This effort cut across many areas including organic and inorganic synthesis,
biochemistry, ion transport in membranes, phase transfer catalysis, and structure
analysis.

Karsten Gloe (ed.), Macrocyclic Chemistry: Current Trends and Future Perspectives, 1-14.
© 2005 Springer. Printed in the Netherlands.



2 R. M. IZATT ET AL.

One of the identifying characteristics of this new developing field of macrocyclic
chemistry was the focus on the high selectivity that host macrocycles had for a variety
of guest compounds. As the principles governing this selectivity were discovered, the
intelligent design of hosts with pre-determined selectivity for specific guests became
possible. During this period, terms with new meanings appeared in the chemical
literature including macrocyclic chemistry, host-guest chemistry, crown compounds,
molecular recognition, nanochemistry, selective cation and anion complexation, phase
transfer catalysis, and supramolecular chemistry.

Dr. James J. Christensen of Brigham Young University (BYU) and one of us (RMI)
were two of the first scientists to visit Pedersen in his DuPont laboratory following
publication of his 1967 paper [2]. Our interest at that time was in the highly selective
carrier-mediated transport of K and Na' in biological membranes. Pedersen’s results
offered the possibility of using cyclic polyethers to study selective cation transport [3].
Indeed,Pedersen’s work resulted in a resurgence of interest in alkali metal ion
chemistry. The ability of macrocycles, natural and synthetic, to selectively interact with
these cations provided the opportunity to investigate their chemistry in ways that had
not been possible before. By the late 1970s, the growth of macrocyclic chemistry was
impressive and the field had attracted persons from many disciplines.

2. Origins of the International Symposium on Macrocyclic Chemistry

A Chemical Reviews article [4] in the mid-1970s reflected the growth in the
macrocyclic chemistry field. About this time, Professor Christensen and one of us
(RMI) envisioned the value of an annual symposium to provide a forum for the
presentation and discussion of research activities in the field of macrocyclic chemistry.
A need was recognized by them to bring together persons from a variety of chemical
and non-chemical fields who had an interest in macrocyclic chemistry, but who were
not personally acquainted with each other. It was apparent that the number of workers
in the field was increasing rapidly. An annual symposium could be the means to
catalyze growth in the field and lead to the exploration of new areas of chemistry. It
was visualized that both theoretical and experimental aspects of the properties and
behavior of synthetic and naturally occurring macrocyclic compounds would be covered
in a series of invited lectures as well as accepted contributed papers. The First
Symposium on Macrocyclic Compounds was held 15-17 August 1977 at BYU in Provo,
Utah. Seventy-nine persons attended. Thirteen of these were from ten countries outside
the U.S.A. Of those attending from the U.S.A., 23 were from BYU. Sixteen of the
attendees came from 13 industrial companies. Twenty-eight universities were
represented. The expenses for the Symposium totaled $9,500. The Provo symposia
were held annually through 1981.

In 1980, the First European Symposium on Macrocyclic Compounds was held in
Basel, Switzerland with Thomas Kaden as Chair. In 1982, the Second European
Symposium on Macrocyclic Compounds was held in Strasbourg, France with Marie-
José Schwing as Chair. No symposium was held in Provo in 1982, but one of us (RMI)
attended the Strasbourg meeting where informal discussions were held on the possibility
of combining these two meetings into an annual symposium, which would be
international in nature. It was agreed that the 1983 Symposium on Macrocyclic
Compounds in Provo and the 1984 European Symposium in Stirling, Scotland would be
held as scheduled. The 1985 meeting in Provo would be the first to be held under the
new title of International Symposium on Macrocyclic Chemistry (ISMC). The ISMC
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meetings have been held on an annual basis since 1985. In Table 1, the symposia held
from 1977 through 2005 are listed together with their locations, dates, and chairs.

At the Strasbourg meeting, an International Advisory Committee was formed at the
suggestion of Professor Jean-Marie Lehn consisting of A. V. Bogatsky (USSR), R. Hay
(UK), R. Izatt (USA), T. Kaden (Switzerland), E. Kimura (Japan), P. Paoletti (Italy), A.
Sargeson (Australia), and M.J. Schwing (France). The untimely death of Professor
Bogatsky resulted in N.G. Lukyanenko (USSR) being added to the Advisory Committee
at the Stirling meeting. R. Izatt was the Chair of the Committee. He continued in this
position until 1998. Professor John D. Lamb of BYU has served as chair since 1998.

The symposia have afforded a unique opportunity for workers in macrocyclic
chemistry to interact with each other, plan collaborative efforts, and be exposed to new
ideas and concepts. The symposia have attracted people from academia, industry, and
government. There has been a good mix of older and younger scientists including many
students. The appeal of the symposia to students and younger people is especially
noteworthy. As the symposia have moved from country to country, large numbers of
students and younger investigators have taken advantage of the opportunity to attend
and participate in an international meeting in their field.

The venues of the symposia have provided unique opportunities to visit scenic and
cultural sites throughout the world. These sites have included the national parks in
Utah; cathedrals and palaces in Europe, Korea, and Japan; dinner cruises on the Inland
Sea from Hiroshima to Miyajima and on the canals of the Netherlands; the Edinburgh
Tattoo at Edinburgh Castle; historic sites in Jerusalem; beautiful beaches of Hawaii;
Jean-Marie Lehn presenting an organ recital in the Sheffield cathedral; the Great Barrier
Reef in Australia, and ancient Tuscany villages in Italy. These visits provided
opportunity for informal contact and increased the appreciation of the participants for
the cultural and scenic values in other locations.

The Chairs of the various symposia are the individuals who have been responsible
for the success of the meetings. Each of the organizers has also had an active part in the
development of macrocyclic chemistry. Their interest, scientific background, and
organizational skills have resulted in excellent scientific and social programs,
involvement of many student participants, and the active participation of scientists from
many nations.

Several of the organizers have received Izatt-Christensen (I-C) Awards and their
scientific accomplishments are mentioned in Section 3. The remaining organizers have
also had distinguished careers in macrocyclic chemistry and the scientific work of all of
the chairs has brought recognition to them and to their respective countries. The nations
represented by the organizers are: Australia (Lindoy, Keene), France, (Schwing),
Germany (Knochel, Gloe), Israel (Shanzer, Meyerstein), Italy (Paoletti, Fabbrizzi,
Bianchi), Japan (Kimura, Shinkai), South Korea (Kim), Spain (Casabo, Garcia-Espafia),
Switzerland (Kaden), The Netherlands (Reinhoudt), UK (Hay, Clay, Fenton, Schroder,
Stoddart), Ukraine (Andronati, Lukyanenko, Kuklar), USA (Izatt, Christensen,
Bradshaw, Anslyn, Lamb, Busch, Bowman-James, Sessler). These organizers were
supported by numerous others who ensured the success of the symposia.
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TABLE 1. Symposia on Macrocyclic Chemistry, 1977-2005

Title Location Dates Chair(s)

1 First Symposium on R. M. Izatt,
Macrocyclic Compounds Provo, Utah 15-17 August 1977 J. J. Christensen
Second Symposium on R. M. Izatt,

2 Macrocyclic Compounds Provo, Utah 14-16 August 1978 J. J. Christensen

3 Third Symposium on Provo, Utah 6-8 August 1979 R. M. Izatt,
Macrocylic Compounds J. J. Christensen

4 First European Symposium Basel, Switzerland  2-4 July 1980 Th. Kaden
on Macrocyclic Compounds

5 Fourth Symposium on Provo, Utah 11-13 August 1980  R. M Izatt,
Macrocyclic Compounds J. J. Christensen

6 Fifth Symposium on Provo, Utah 10-12 August 1981  R. M. Izatt,
Macrocyclic Compounds J. J. Christensen

7 Second European Symposium  Strasbourg, France 30 August-1 M. -J. Schwing
on Macrocyclic Compounds September 1982

8 Seventh Symposium on Provo, Utah 8-10 August 1983 R. M. Izatt,
Macrocyclic Compounds J. J. Christensen

9 Third European Symposium Stirling, Scotland 29-31 August 1984  R. W. Hay,
on Macrocyclic Compounds R. M. Clay

10 X International Symposium Provo, Utah 5-7 August 1985 R. M. Izatt,
on Macrocyclic Chemistry J. J. Christensen

11 XI International Symposium Florence, Italy 1-4 September P. Paoletti
on Macrocyclic Chemistry 1986 L. Fabbrizzi

12 XII International Symposium  Hiroshima, Japan 20-23 July 1987 E. Kimura
on Macrocyclic Chemistry

13 XIII International Hamburg, 4-8 September A. Knochel
Symposium on Macrocyclic Germany 1988
Chemistry

14 XIV International Townsville, 25-28 June 1989 L. F. Lindoy
Symposium on Macrocyclic Australia
Chemistry

15 XV International Symposium  Odessa, Ukraine 3-8 September S.A. Andronati,
on Macrocyclic Chemistry 1990 V.P. Kukhar,

N.G. Lukyanenko

16  XVI International Sheffield, United 1-6 September F. Stoddart,
Symposium on Macrocyclic Kingdom 1991 D. Fenton
Chemistry

17  XVII International Provo, Utah 9-14 August 1992 R. M. Izatt,
Symposium on Macrocyclic J. S. Bradshaw
Chemistry

18  XVIII International Enschede, The 27 June-2 July D.N. Reinhoudt
Symposium on Macrocyclic Netherlands 1993
Chemistry

19  XIX International Lawrence, Kansas 12-17 June 1994 D. H. Busch
Symposium on Macrocyclic K. Bowman-
Chemistry James

20 XX International Symposium  Jerusalem, Israel 2-7 July 1995 A. Shanzer,
on Macrocyclic Chemistry D. Meyerstein

21  XXI International Montecatini 23-28 June 1996 P. Paoletti,
Symposium on Macrocyclic Terme, Italy A. Bianchi
Chemistry

22 XXII International Seoul, Korea 3-8 August 1997 S. J. Kim
Symposium on Macrocyclic
Chemistry

23 XXIII International Turtle Bay, Oahu, 7-12 June 1998 J.L. Sessler,
Symposium on Macrocyclic Hawaii E.V. Anslyn

Chemistry
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XXIV International
Symposium on Macrocyclic
Chemistry

Barcelona, Spain

18-23 July 1999

J. Casabo,
E. Garcia-Espaiia

25 XXV International St. Andrews, 2-7 July 2000 R. W. Hay
Symposium on Macrocyclic United Kingdom (posthumous),
Chemistry M. Schroder

26 XXVI International Fukuoka, Japan 15-20 July 2001 S. Shinkai
Symposium on Macrocyclic
Chemistry

27  XXVII International Park City, Utah 23-27 June 2002 J. D. Lamb
Symposium on Macrocyclic
Chemistry

28  XXVIII International Gdansk, Poland 13-18 July 2003 J. F. Biernat
Symposium on Macrocyclic
Chemistry

29  XXIX International Cairns, Australia 4-8 July 2004 L.F. Lindoy,
Symposium on Macrocyclic F.R. Keene
Chemistry

30 XXX International Dresden, Germany  17-21 July 2005 K. Gloe
Symposium on Macrocyclic
Chemistry

Significant scientific breakthroughs involving macrocyclic compounds have
occurred during the past three decades. The ISMC meetings have had a positive
influence on this activity. In the material that follows, three examples of this influence
are presented, i.e., the Izatt-Christensen Award; IBC Advanced Technologies, Inc.
(IBC); and the awarding of the 1987 Nobel Prize in Chemistry to three individuals with
close ties to the Symposium.

3. The Izatt-Christensen Award

The papers presented at the ISMC and its predecessors since 1977 reflect the
developments in the field over nearly thirty years. During this time, the field has
broadened resulting in the design, synthesis and characterization of increasingly more
complex organic ligands and their application to new fields of chemistry that were
scarcely envisioned three decades ago. This trend is illustrated by the titles of the
lectures presented by the I-C awardees. The I-C Award was instituted in 1991 by IBC
(American Fork, Utah). This competitive annual award recognizes excellence in
macrocyclic chemistry and is given to individuals who have not received a major award
in chemistry. The awardee receives a small honorarium and is expected to present an
invited lecture at the ISMC meeting in the year of the award. In Table 2, the recipients
of the I-C Award are listed together with the locations and titles of their Award lectures.

It is informative to examine the present research in macrocyclic chemistry being
carried out by the I-C awardees. Their research interests reflect the variety of fields in
which macrocyclic chemistry is involved.
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TABLE 2. The Izatt-Christensen Award in Macrocyclic Chemistry

Year Recipient Location Title
1991 Jean-Pierre Sauvage Sheftield, United Synthetic Molecular Knots
Kingdom
1992 Eiichi Kimura Provo, Utah Roles of Zinc (IT) in Zinc
Enzymes
1993 J. Fraser Stoddart Enschede, The Self-Assembly in Unnatural
Netherlands Product Synthesis
1994 Daryle H. Busch Lawrence, Kansas A Sampling of Multi-receptor
Supramolecular Systems
and Beginnings in the
Chemistry of Orderly
Entanglements
1995 David N. Reinhoudt Jerusalem, Israel Synthesis and Self-Assembly
of Supramolecular
Structures for Switches
and Sensors
1996 George W. Gokel Montecatini, Terme, Italy ~ Synthetic Models for Cation
Channel Function
1997 Alan M. Sargeson Seoul, Korea Outer-Sphere Electron
Transfer Reactions of
Macro-Bicyclic Complexes
1998 Seiji Shinkai Turtle Bay, Oahu, Dynamic Control of Ion and
Hawaii Molecule Recognition
Processes in Macrocyclic
Host-Guest Systems
1999 Fritz Vogtle Barcelona, Spain Rotaxanes, Catenanes.
Pretzelanes- Template
Synthesis and Chirality
2000 Jerry L. Atwood St. Andrews, United Macrocycles as Building
Kingdom Blocks for Large
Supramolecular Assemblies
2001 Jonathan L. Sessler Fukuoka, Japan Novel Polypyrrole
Macrocycles
2002 C. David Gutsche Park City, Utah The Cornucopia of Calixarene
Chemistry
2003 Jeremy K.M. Sanders Gdansk, Poland The Ins and Outs of
Templating: A Dynamic
Future for Macrocyclic
Chemistry
2004 Makoto Fujita Caimns, Australia Self-assembly and Function of
Metal-linked Macrocyclic
and Cage-like Molecular
Frameworks
2005 Kenneth N. Raymond Dresden, Germany Chemistry in Chiral, Nanoscale

Flasks
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Jean-Pierre Sauvage is a CNRS director of research and is located at the Université
Louis Pasteur in Strasbourg, France. His current research interests include the
development of models of the photosynthetic reaction centre using transition metals and
porphyrins [5], topology (synthetic catenanes and knots) [6], and molecular machines
[7].

Eiichi Kimura is retired from the Department of Medicinal Chemistry at Hiroshima
University in Japan. His recent research interests have included the supramolecular
chemistry of macrocyclic polyamines and their use in molecular recognition and as
zinc-enzyme models. These interests have led to the development of fluorophore
sensors for Zn(II) [8] use of macrocycles to effect selective recognition of anions [9],
nucleobases in polynucleotides [10], thymidine mono- and diphosphate nucleotides
(11), carbonic anhydrase and carboxypeptidase [12], and development of Zn(II)-
macrocycle anti-HIV agents [13]. In May 2004, he received a Purple Ribbon Award
from the Emperor of Japan.

J. Fraser Stoddart is the Saul Winstein Professor of Organic Chemistry at the
University of California at Los Angeles. His current research interests involve the
application of molecular recognition to the development of molecular self-assembly
processes [14], template-directed protocols in noncovalent and covalent synthesis [15],
and artifical molecular machines [16]. Applications lie in the construction of artificial
molecular electronic devices on the nanoscale level [16, 17]. Stoddart and Atwood
(also an I-C awardee) collaborated recently in the novel synthesis and characterization
of molecular borromean rings [18]. These objects have interest in knot theory and are
composed of three rings interlocked in such a manner that scission of any one ring leads
to the other two falling apart. The symbol describing these rings can be traced back to
early Christian iconography and Norse mythology and is found on crests and statues
dating to the 15" century Borromeo family in Tuscany. In the synthesis, Zn(I) was
used as a template. The authors suggest [18] that these compounds could be used as
highly organized nanoclusters in a materials setting such as spintronics or in a biological
context such as medical imaging.

Daryle H. Busch is the Roy A. Roberts Distinguished Professor of Chemistry at the
University of Kansas. His research focuses on three subjects. First, the dynamics of
tight binding ligands [19]. Second, the application of tight-binding ligands to transition
metal ion control of the chemistry of O, and its reduction products HO, and H,0, [20].
Third, orderly molecular entanglements [21, 22]. Busch was a recent president of the
American Chemical Society. He was an early pioneer in the 1950s and 1960s in the
study of transition metal ion interactions with azamacrocycles.

David N. Reinhoudt is scientific director of the Laboratory of Supramolecular
Chemistry and Technology, MESA Research Institute at the University of Twente in
The Netherlands. His research is focused on supramolecular chemistry and technology
including nanofabrication, molecular recognition, and non-covalent combinatorial
synthesis [23, 24].

George W. Gokel is Professor of Molecular Biology and Pharmacology and Director
of the Chemical Biology Program at Washington University, St. Louis, Missouri. His
research interests lie in attempting to understand better the weak chemical interactions
that permit and control the binding of molecular cations to other molecules. A major
recent focus has been the development of models for cation and anion channels in
biological systems. Long-range goals are to develop systems that will selectively
transport cations, anions, and small molecular species through membranes having
specific compositions [25-28].
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Alan M. Sargeson is Professor Emeritus at the Research School of Chemistry,
Canberra, Australia. His work has involved the synthesis, structure determination and
characterization of metal-macrocycle complexes [29-31]. Potential applications of his
studies are in catalysis, organic synthesis and biology.

Seiji Shinkai is Professor of Chemistry in Kyushu University, Fukuoka, Japan. He is
currently serving as a leader at Kyushu University in the 21% Century Project entitled
Functional Innovation of Molecular Informatics®“. His research activities focus on
host-guest chemistry and molecular recognition [32-34]. A particular interest has been
the design of molecular nanomachines [33, 35]. Shinkai and Reinhoudt (another I-C
awardee) have worked together on an international collaborative research project aimed
at building host molecules capable of recognizing guest molecules of any size or shape
[32, 36].

Fritz Vogtle is Professor and Director at the Kekulé-Institute for Organic Chemistry
and Biochemistry at the University of Bonn, Germany. His research interests are
supramolecular chemistry; deformed helical molecules and their chiroptical properties;
and compounds with appealing architectures such as rotaxanes, catenanes, knots, and
dendrimers [37-40].

Jerry L. Atwood is Curator’s Professor of Chemistry at the University of Missouri-
Columbia. His research has focused on supramolecular chemistry. His research group
has synthesized and examined a broad array of host-guest chemical systems (e.g., liquid
clathrates, macromolecular hosts). A principal method for characterization of these
systems has been single crystal X-ray structure determination [41-43].

Jonathan L. Sessler is the Rowland K. Pettit Professor of Chemistry at the
University of Texas-Austin. His research involves the design and construction of
molecules carefully tailored so as to accomplish specific objectives. These molecules
often have architectural elegance and interesting chemical, physical, and/or biological
properties. He has made important contributions to the synthetic chemistry of
porphyrins and related compounds [44-46]. New drugs have resulted from his efforts
[47].

C. David Gutsche is retired from the position of Robert A. Welch Professor at Texas
Christian University. He is a pioneer in the use of calixarenes in systems designed to
mimic enzymes. He has prepared numerous calixarene-type molecules, evaluated their
host-guest binding abilities, and studied their catalytic potentials [48, 49].

Jeremy K.M. Sanders is Head of the Department of Chemistry at Cambridge
University, United Kingdom. His interests are in supramolecular chemistry with special
emphasis on molecular recognition. The aim of his work is to uncover and exploit the
rules which govern non-covalent interactions and to understand events that occur at
interfaces and on surfaces using spectroscopies and microscopies [50-53]. He has
collaborated with J. Fraser Stoddart, another I-C awardee [54].

Makoto Fujita is a professor in the Department of Applied Chemistry at The
University of Tokyo. His research interests have involved the design and preparation of
self-assembling molecular systems. For example, the combination of transition metal
geometry with well-designed bridging ligands can result in the quantitative self-
assembly of nano-sized, discrete organic frameworks [55-58]. He has also achieved
chemical syntheses in the nanospace present within cavities of self-assembled cages
[59].
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Three of the I-C awardees (Atwood, Gokel, and Sessler) have made important
contributions to macrocyclic chemistry by serving as editor or co-editor of several
journals of interest to workers in the macrocyclic chemistry field. The editorial work of
these individuals has provided an important means for the publication of macrocyclic
chemistry research.

4. IBC Advanced Technologies, Inc.

IBC has made an important contribution to the ISMC by providing financial support for
the I-C Award. This award, its recipients, and their contributions are described in
Section 3. Significant contributions to the commercialization of macrocyclic chemistry
have been made by IBC since it was founded in 1988 by Reed M. Izatt, Jerald S.
Bradshaw and James J. Christensen, three early workers in the field. These individuals
received much stimulus from contacts in the ISMC and made use of the ideas evolving
in macrocyclic chemistry during the 1970s and 1980s to design and prepare ligands with
high affinity and high selectivity for specific metal ions in the presence of other
competing metal ions that often have chemical properties very similar to those of the
target metal ion. The resulting high selectivity of the ligands enabled IBC to develop a
series of products (termed SuperLig) using solid-supported macrocycles that could
perform difficult and usually large scale metal ion separations. Descriptions of the
separation process and its applications are available [60-62]. SuperLig products are
used [61] in the separation of palladium and rhodium from other precious metals, of
bismuth and antimony from copper in electrorefineries, and of cesium from sodium,
potassium and other constituents of nuclear waste.

IBC has also developed a number of products (termed AnaLig) for use in analytical
scale separations. 3M Corporation markets disks (termed Rad Disks) for rapid and
selective testing of environmental samples featuring IBC AnaLig products. These disks
have been developed for analysis of Sr** and Ra*" [62]. The high selectivity of the IBC
product results in major advantages over conventional materials in terms of time and
high selectivity. For example, the published EPA Method 905 for radioactive Sr**
determination requires over 50 steps and considerable time. The Sr Rad Disk method
requires only six steps and approximately 20 minutes to complete the analysis [62]. The
introduction of high selectivity and other improvements inherent in the IBC method
results in appreciable savings in cost, time, and reagents [62].

5. 1987 Nobel Prize Awardees

An important indication of the importance of the effect on chemistry of the remarkable
early growth of macrocyclic chemistry was the awarding of the 1987 Nobel Prize to
three prominent workers in the field, Charles J. Pedersen, Donald J.Cram, and Jean-
Marie Lehn (Table 3). The award was given “for their development and use of
molecules with structure-specific interactions of high selectivity,” [63]. All of these
individuals have had close association with the ISMC either by personal contact or
through their students. The Symposium has honored them in special sessions at the
1987 Hiroshima meeting (Pedersen) and the 1993 Sheffield meeting (Lehn and Cram).
A special volume edited by two of us (RMI, JSB) honoring Pedersen has been published
[64]. This volume contains a first-hand account of the discovery of crown ethers by
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Pedersen, a description of the industrial scientific career of Pedersen by Herman E.
Schroeder of DuPont, and contributed papers by colleagues of Pedersen worldwide.

TABLE 3. Nobel Prize in Chemistry Awardees -- 1987

Awardee Affiliation Nobel Lecture Title
Donald J. Cram Department of Chemistry and The Design of Molecular Hosts,
Biochemistry; University of Guests, and Their Complexes

California; Los Angeles,
California. U.S.A.

Jean-Marie Lehn Institut Le Bel; Université Louis Supramolecular Chemistry
Pasteur, Strasbourg, France —  Scope and Perspectives
— Molecules
—  Supermolecules
—  Molecular Devices
Charles J. Pedersen E.I. du Pont de Nemours and The Discovery of Crown Ethers

Company, Wilmington,
Delaware, U.S.A.

The seminal contributions to macrocyclic chemistry of these three individuals at the
time they received the Nobel Prize in 1987 are summarized in the official record of the
event [63]. In papers presented by each person, the events leading to their decisions to
explore macrocyclic chemistry are given. In presenting the Nobel Prize recipients to the
King of Sweden, Professor Salo Gronowitz made several salient points [63]. First, he
pointed out the importance of specific and selective biological recognition to all life
processes. He suggested that the cyclic polyether molecules prepared by Pedersen hold
the promise of mimicking biomolecules through their common property of specific
recognition and high selectivity for metal ions. Second, the important contributions of
Cram and Lehn in carrying out extremely creative organic syntheses were recognized.
Gronowitz indicated that these individuals built on the explosive development of the art
of organic synthesis during the preceding decades and on the specific and selective
recognition capabilities of the new compounds prepared by Pederson. He mentions the
innovative way in which Cram and Lehn and their associates skillfully designed,
prepared, and studied complex macrocyclic molecules containing holes and clefts which
enabled them to selectively bind inorganic and organic anions, cations, and neutral
molecules. He also pointed out that some of these new host molecules could even
differentiate between the enantiomeric forms of a guest compound. Third, he
emphasized that these three individuals had laid the foundation for what, in 1987, was
one of the most expansive chemical research areas. He noted that in the twenty year
period between 1967, when Pedersen’s seminal paper was published [2], and the
awarding of the Nobel Prize in 1987, the research of these three scientists had been of
great importance in the development of coordination chemistry, organic synthesis,
analytical chemistry, bioinorganic chemistry, and bioorganic chemistry.

The continuing impact of the work of Pedersen, Cram, and Lehn on macrocyclic
chemistry is evident in the titles of the lectures delivered by the I-C awardees beginning
in 1991 (Table 2). There are close connections between a number of the first awardees
and the three Nobel Prize winners. The first I-C awardee, Jean-Pierre Sauvage received
his Ph.D. degree under the direction of Professor Lehn, Eichii Kimura had a close
connection with and interest in Pedersen whose mother was Japanese. George Gokel
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was a post-doctoral student with Cram. In addition, one of us (JSB) was a graduate
student with Cram in his pre-macrocycle years.

Professor Lehn has had a particularly close relationship with the IMSC. He has
presented lectures at several of the symposia. He was also instrumental in discussions
at the 2™ European Symposium on Macrocyclic Compounds in Strasbourg in 1982 that
led to the formation of the ISMC meetings beginning in 1985 (see Table 1).

6. Summary

The ISMC and its predecessor symposia have made significant contributions to the
development of the field of macrocyclic chemistry in the past nearly three decades.
These symposia have provided a venue for the presentation of new results, for the
discussion of new ideas, and for the development of new collaborations among
researchers young and old. As the meetings move from country to country, opportunity
was afforded for younger scientists to meet and interact with senior scientists in the
field.

The scientific programs of the Symposium have changed over the years and reflect
the changing nature of the field. A strength of macrocyclic chemistry that has emerged
over the decades has been its use in the hands of creative and skilled scientists to
explore new areas of chemistry. For example, the creation of host molecules of
predesigned shapes enables one to mimic on the molecular scale components of simple
machines such as molecular on-off switches, molecular axles, and molecular wires.
Macrocycles pre-designed to interact selectively with target inorganic or organic guests
have also had an important impact in separations chemistry. The future of the
macrocyclic chemistry field is limited only by the imagination and creativity of its
practitioners. It is expected that the ISMC will continue to play an important role in
facilitating personal interactions, exchanges of ideas, and the discovery of new
chemistry.
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1. Introduction

Remarkable progress in carrying out diverse macrocyclisation reactions in 1950™
prompted chemists to attempt threading of molecular chains through the macrorings to
get unprecedented by then interlocked species. Initial synthetic approaches to such
threading were of purely statistical character. For example, the first interlocked rings
reported in 1960 by Wasserman [1] resulted from statistical threading of a macrocyclic
hydrocarbon with linear 1,m-diester with following macrocyclisation of the latter by
means of acyloin condensation. Therefore, the first [2]catenane 1 was isolated in about
1% yield. Despite the small yield, the synthesis of the first catenane introduced a highly
important concept of mechanical bonding in chemistry and defined the field of
‘chemical topology’ [2, 3]. Research in the field of interlocked structures was
significantly boosted in 1967 when the discovery of catenated DNA was reported [4].

Preparation of the first rotaxanes was also accomplished by means of statistical
threading of a chain through a cycle with following attaching of bulky substituents to
the loose ends of the threaded chain [5]. Statistical means of molecular threading were
pushed out by much more efficient covalent templation procedures developed by Schill
etal. [6, 7].

Karsten Gloe (ed.), Macrocyclic Chemistry: Current Trends and Future Perspectives, 15-36.
© 2005 Springer. Printed in the Netherlands.
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Since late 1960™ the Schill group reported a number of more complex interlocked
structures such as [3]catenanes [7, 8]. Development of supramolecular templation
techniques [9], which exploit non-covalent interactions to preorganise reacting species
in a necessary manner, made a breakthrough in the field of mechanically interlocked
assemblies. For instance, the Sauvage group used for the first time copper(I) ions as an
external template in a high-yield assembly of a bis-phenanthroline [2]catenane 2 [3, 10].
This success was followed by numerous reports on a variety of interlocked structures of
Stoddart and coworkers [11] who made use of complexes between neutral n-donor and
positively charged m-acceptor units involved in macrocyclic architectures, e.g., one
shown in Figure 1.

Figure 1. Threading of 1,4-dimethoxybenzene (n-donor) through a tetraquat macrocycle (m-acceptor).

The successful utilization of hydrogen-bonding in cyclic oligo-amides led groups of
Hunter, [12] Vogtle [13] (both 1992) and Leigh [14] (1995) to the discovery of high-
yielding syntheses of amide-based catenanes 3-5 depicted in Figure 2.

Figure 2. Amide-based catenanes prepared by Hunter (catenane 3), Vogtle et al. (catenane 4), and Leigh et al.
(catenane 5).

Further investigations of the supramolecular templation procedures led to
preparation of even more complex topologies involving [4]-, [5]- and [6]catenanes [15,
16], doubly intertwined [2]catenane [17], [n]rotaxanes [18], and finally molecular knots
6-9 (Figure 3) [19-22]. Significant achievements in the synthesis of diverse intertwined
species stimulated an increase in communication among chemists of diverse sub-
disciplines as well as biochemists and mathematicians [23-25]. For instance, the
growing number of molecular catenanes, rotaxanes and knots has required a revision of
certain aspects of stereochemistry, especially with regard to the definition of chirality
[26, 27]. Topologically chiral catenanes and knots are testing the performance of the
latest chiral stationary phases [28, 29], while molecular switches [30] made up on the
basis of catenanes and rotaxanes are currently of high interest for molecular electronics,
photonics and nanotechnology. Furthermore, polymerised catenanes and rotaxanes have
intrigued polymer researchers [31]. It is now well recognised that functions of
intertwined species and their potential applications are dependent on the possibilities of
their specific functionalisation.
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Figure 3. Molecular knots (knotanes) prepared by Sauvage et al. (knotane 6), Stoddart et al. (knotane 7),
Vogtle et al. (knotane 8) and Hunter et al. (open knot 9).

The functionalisation also allows extending the complexity of intertwined molecular
assemblies involving molecular catenanes, rotaxanes and knots. Elaborate interlocked
assemblies constructed by means of metal-templation techniques and m-m-stacking
preorganisation were reviewed [3, 11]. Our last survey was devoted to the hydrogen
bond templated synthesis of amide-based catenanes and rotaxanes [32]. Since then a
considerable advancement in elucidation of mechanisms of templation and
derivatisation of the amide-based interlocked structures has been reached. Moreover, in
2000 we reported a one pot synthesis of amide-based knots such as 8 [21], which is so
far the easiest preparation of molecular knots. In the following, specific possibilities of
functionalisation of amide-based catenanes, rotaxanes and knots will be discussed.
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2. Template Synthesis of Amide-based Catenanes, Rotaxanes and Knots

Although the hydrogen-bond templated preparation of intertwined species of the amide-
type has already been reviewed [32], it seems essential for this survey to outline the
template technique that is used for the preparation of amide-based catenanes and
rotaxanes as well as its limits of application recognised by very recent efforts of the
Schalley group [33-36]. As mentioned in the preceding section, amide-based
intertwined species involving catenanes, rotaxanes and knots are obtained in a reaction
that is templated by numerous complementary hydrogen bonds between reacting
species. Figure 4 illustrates the principle of the hydrogen-bond templated preparation
that leads to catenanes and rotaxanes of the amide-type.

YQ\?Q

“"‘cr

/NH HN

*9”

Figure 4. Hydrogen bond templated threading of a tetraamide ring in synthesis of amide-based catenanes and
rotaxanes.

The template synthesis of amide-based catenanes and rotaxanes can be combined
with iterative approach of interlocked chain growth or multiple ring threading. This
iterative template strategy led to unprecedented amide-based oligocatenanes and
[n]rotaxanes [16, 18]. Unlike the well understood templation procedures for the
preparation of the latter topologies, the mechanism of formation of amide-based
molecular knots (knotanes) [21] still requires explanation. From available single crystal
X-ray structures of amide-knotanes (Figure 5) [21, 37] one can conclude that, most
probably, the specific folding of the linear precursor 10 is programmed by the pattern of
hydrogen bonds which should be strong in a non-competitive solvent such as
dichloromethane.

Figure 5. X-ray structure of amide-knotane 8 (C-H hydrogens are omitted).
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Figure 6 shows schematically our suggested mechanism of folding-and-knotting of
the linear diamine 10. Although our synthetic [29, 38] and theoretical studies [39]
support the latter conclusion, the analysis of folding of the linear precursor 10 has to be
carried out in order to verify the ‘knotting” mechanism.

Figure 6. Proposed mechanism of the amide-knotane formation.

In 1999 we developed another template technique of threading called ‘trapping’
[40]. As outlined in Figure 7, it consists in the efficient binding of a phenolate anion by
tetraamide macrorings (the anion is “trapped” in the macrocyclic cavity) followed by its
through-ring nucleophilic attack on benzyl bromide leading to a rotaxane formation.
This method attains up to 95% yield and is so far the most efficient procedure for the
preparation of rotaxanes.

Figure 7. An anion-assisted assembly of rotaxanes - “trapping” method.
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The procedure of the anion-templated synthesis was later used for the preparation of
various rotaxanes by the groups of Smith [41] and Schalley [34-36]. The anion-
templation technique was carefully tested by Schalley et al. Altering the length of the
axle-center pieces and the size of stopper groups they synthesized a variety of rotaxanes
and analysed their yields and de-slipping rates [34, 35].

It was found that sometimes subtle changes in the axle length and the stopper size
affect significantly the rotaxane yield. While larger trityl phenol stoppers give high
yields of rotaxanes (40-95% depending on the axle centre piece), smaller di-fert-butyl
phenol stoppers generate the corresponding rotaxanes in much lower yields (with some
centre pieces even < 5%). The most spectacular demonstration of such subtle effects
was a 10% increased de-slipping rate of the rotaxane 11a bearing fully deuterated -Bu
groups compared to its non-deuterated analogue 11b [36]. Moreover, the Schalley group
developed a novel anion-templated technique of rotaxane synthesis ionising 2,6-
substituted phenol bearing two terminal amine groups [42]. Acylation of the latter with
bulky acyl chlorides gives rise to rotaxanes such as 12. An interesting feature of 12 is a
high chemical inertness of the hydroxyl group of the axle as it is hidden inside the
cavity of the ring.

11a: R = CD, 12
11b: R = CH,

The advantages of all above amide-based assemblies include the electro-neutral
character of the compounds, their relative inertness and, last but not least, possibility of
their further functionalisation. The latter can be performed both by wise selection of
reagents prior to the assembly of an intertwined compound and by its post-assembly
derivatisation or by combination of these two methods. The next section discusses the
state-of-the-art in derivatising of the amide-based topologies.

3. Functionalisation of the Amide-based Catenanes, Rotaxanes and Knots

The functionalisation of interlocked structures is highly desirable (i) to improve and to
control the solubility, which is important if chiral HPLC resolution is necessary, (ii) to
study the influence of the topological chirality of catenanes, rotaxanes and knots
combining them with already known functional compounds, and (iii) to prepare higher
interlocked assemblies introducing new bridges between topological [43] and Euclidean
[44] stereochemistries. First functionalised catenanes and rotaxanes of the amide-type
were obtained via integration of one sulfonamide unit into their wheel and/or axle
components [45].
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As shown in Figure 8, sulfonamide centers render catenanes such as 13 and
rotaxanes such as 14 chiral, because these groups introduce the directionality into both
constituent parts.
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Figure 8. Chirality of sulfonamide catenanes and rotaxanes.

In addition, sulfonamides bear more acidic, compared to carboxamides, protons that
can be selectively N-alkylated or N-acylated. Thus, alkylation of sulfonamide catenane
and rotaxane with Frechet-dendrons of 2™ generation led to the first representatives of
the dendrocatenane 15 and dendrorotaxane 16 [46], respectively. These compounds
were of especial interest, since they allowed for the first time to study chiral induction
of topologically chiral cores on appended dendrons and to compare to the analogous
centrochiral dendrimers for which phenomenon of the crypto-optical activity was
postulated [47].
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18 19

Mechanically connected components of sulfonamide catenanes and rotaxanes can
also be connected in an intramolecular manner by linking their sulfonamide moieties
and producing the first pretzel-shaped compound 17 [48] and [1]rotaxane 18 [49],
respectively. Interestingly, the [1]rotaxane can be bridged intramolecularly giving rise
to a ‘molecular 8’ compound 19 [50].

Functionalisation of amide-knotanes, such as 8, is rather different. It is very difficult
to obtain and, even impossible, to purify knotanes containing one sulfonamide unit [51].
Additionally, all amide units in knotanes are remarkably deactivated on account of their
highly entangled structure [38]. Nevertheless, it turned out that amide-knotanes can
easily be functionalised at 4-positions of 2,6-pyridine dicarboxamide units constituting
their three peripheral edges. This makes amide-knotanes perfect, readily available nano-
sized scaffolds which can be modified in different ways [29, 38]. We were able to show
that amide knotanes could be equipped with various small substituents at isophthaloyl
and 2,6-pyridine dicarboxamide fragments [29] by means of direct selection of suitably
substituted 2,6-pyridindicarboxylic acid dichloride and elongated diamine prior the knot
assembly. Therefore, we termed the latter method ‘direct’ [52] approach to
functionalised knotanes. Despite the value of its one-pot procedure, the method of direct
functionalisation of amide-knotanes has significant drawbacks. Firstly, large
substituents are not tolerated and second, no rational selective derivatisation is possible.
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These limitations prompted us to look for other possible ways of the amide-knotane
functionalisation. The seminal concept that we call ‘indirect’ approach [52] to
derivatisation of amide-knotanes has been to take advantage of the protecting group
chemistry at 4-positions of their 2,6-pyridine dicarboxamide units. The first synthesis
utilizing the indirect approach was the complete and partial deprotection of the
tris(benzyloxy)knotane 20 [52] via Pd-catalyzed hydration followed by the alkylation
with Fréchet-type dendrons. The isolated dendronised knotanes 21-24 (or simply
dendroknots) which bear one to three dendritic wedges constituted the first examples of
selectively derivatised knotanes. The main disadvantage of the latter synthesis is the step
of deprotection that does not proceed completely giving rise to a mixture of mono-, di-,
and trihydroxyknotanes that could not be separated.

[+]

Qo{{ 5}09
22: Dn = 0?0

Consequently, the mixture of hydroxyknotanes was used for the alkylation and only
the resulting mixtures of dendroknots were later resolved on HPLC. The difficulty can
be overcome by selecting a better protecting group whose expected reactivity will
neither affect the amide-knotane synthesis nor its further derivatisation. 4-
allyloxypyridine 2,6-dicarboxylic acid dichloride seemed to be a suitable protected
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building block for this purpose. All three allyl-groups can be completely or selectively
removed from the periphery of the tris(allyloxy)knotane 25 with the aid of tributyltin
hydride and a Pd-catalyst resulting in the corresponding tri-, di-, and mono-
hydroxyknotanes 26-28 [37, 38]. Unlike the above case with the tris(benzyloxy)knotane
20 [52], the latter synthesis proceeds smoothly and cleanly, yielding the products that
can be purified by means of conventional column chromatography on a gram-scale.

Dj OH (}“ﬁ OH
o@ 0 HO@ OH HO @OH 0@ 0
< - ¢ -
25 26 27 28

Having developed a simple and reliable synthetic strategy for the complete and
selective removal of the outer protecting groups we have topologically chiral building
blocks with unprecedented reactivity for a whole array of conceivable synthetic
transformation. Subtle tuning and monitoring the properties of the amide-knotanes can
now be carried out in a rational manner.

The  hydroxyknotanes 26-28 can further be e.g., acylated with
diethylchlorophosphate giving rise to tri-, di-, and monophosphorylated knotanes [38].
Sulfonylation of the bis(allyloxy)hydroxyknotane 27 with p-toluenesulfonyl chloride in
the presence of triethylamine in acetonitrile gives rise to monosulfonate 29 in 95%
yield. Allyl groups, in turn, can be completely or selectively removed from the
periphery of 29 resulting in dihydroxy- and monohydroxy-knotanes 30 and 31,
respectively. The preparation of the knotane 31 with three different peripheral
substituents constitutes a remarkable synthetic breakthrough, because it allows for the
preparation of amide-knotanes with a wide range of substitution patterns and affords
exceptional opportunities for further synthetic variations.

o
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4. Construction of Assemblies of Amide Catenanes, Rotaxanes and Knots

In the introduction we mentioned extravagant interlocked structures of higher
complexity such as doubly intertwined catenane and molecular composite knots of
Sauvage et al. and multicatenanes made up of 4 to 7 interlocked rings obtained by
Stoddart et al. In this section, we will discuss assemblies made up of amide-based
catenanes, rotaxanes and knots. Here we use the term ‘assembly’ to describe covalent or
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non-covalent molecular architectures in which interlocked and intertwined compounds
are used as subunits. We tend to apply this term to well-defined mono-disperse species,
aside from known polymerised catenanes and rotaxanes [31].

33

In 1996 we reported on the first covalent dimerization of the [2]rotaxane with
sulfonamide function in its wheel component to give a [3]rotaxane 32 (bis[2]rotaxane)
[49]. Subsequently, we expanded the concept of covalent bridging and produced more
elaborate rotaxane assemblies such as an unsymmetrical bis[2]rotaxane 33, and 34,
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which involves two axle-linked [2]rotaxanes, and the first tris[2]rotaxane 35 possessing
a dendritic structure [53]. Rotaxane assemblies with dendritic architecture e.g., 36 were
also synthesized in our group taking advantage of both convergent and divergent
methods [54].
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These assemblies are unique, since not covalent but mechanical bonds are involved
in the branching of dendrimers. We also synthesized an oligomacrocycle 37 containing
four units of sulfonamide wheel. Furthermore, a tetrakis(rotaxane) 38 and a
bis(pretzelane) 39 [55] were prepared starting from the bis(sulfonamide) catenane and
the monosulfonamide rotaxane, respectively. The durene-based spacered tetrabromide
was used as the core unit in all three cases. It is noteworthy, the oligomacrocycle 37 and
the bis(pretzelane) 39 are residual topological isomers [27]. The latter type of
isomerism implies the physical impossibility of disentangling of two interlocked
moieties of the bis(pretzelane) without bond breaking, while the rules of mathematical
topology allow such a disentanglement. Catenanes and knotanes, in turn, belong to the
truly topological structures, since both chemical and topological concepts agree about
the impossibility of their disentangling.
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An original approach to assemblies of rotaxanes was suggested by Schalley et al.
[56]. The authors synthesized a rotaxane 40 containing the bis-quinoline unit in its
wheel component. Subsequent exo-coordination of copper cations leads to a copper-
bridged bis(rotaxane) 41 with perpendicularly oriented axles.

Compared to the above assemblies which are composed of amide-catenanes and
rotaxanes, construction of assemblies of molecular knots represents a considerable
challenge. Thus, our previous efforts highlighted in the previous section showed that
significant achievements were reached in the synthesis and derivatisation of knotanes.
As in the case of catenanes and rotaxanes, the preparation of higher covalently linked
knotanes implies the availability of selectively functionalised molecular knots e.g., the
monohydroxy-knotane 28. Reaction of 28 with biphenyl-4,4’-disulfonylchloride 42 in
the presence of Et;N yielded covalently linked molecular knots 43 which we termed
topologically chiral molecular dumbbell [37]. The dumbbell 43 contains two
topologically chiral stereogenic units meaning that similarly to centrochiral species with
two asymmetric carbon atoms (e.g., tartaric acid) it should consist of two enantiomers
and a meso-form. Chiral resolution of the dumbbell 43 carried out on a non-commercial
Chiralpak AD HPLC column confirmed its expected isomeric composition [37].
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The dumbbell 43 is a prerequisite for the construction of more elaborate assemblies
of molecular knots which would have more complex isomeric compositions. We
decided to use the rotaxane platform in which knotanes would play the role of nano-
sized stoppers. The rotaxane concept makes this assembly, which we call “knotaxane”
[57], a particularly attractive architecture with an option to control the directionality of
rotation or shuttling of mechanically linked constituent parts with the aid of
topologically chiral knotted stoppers. Therefore, we designed an elongated axle 44 that
according to the preliminary molecular modeling can efficiently thread the
monosulfonamide macrocycle 45 and prevent noticeable overcrowding of the
mechanically bound parts both in the transition state and the final assembly. The
reaction of the monohydroxy-knotane 28 with disulfonyl chloride 44 affords the desired
knotaxane 46 in a yield of 19%. Structure of the knotaxane 46 constitutes the first
example of three topological stereogenic units which are held together, both in covalent
and an interlocked manner. Isomeric composition of the knotaxane 46 is more complex
than that of the dumbbell 43. The isomerism of knotaxanes resembles that of
trihydroxyglutaric acid which contains two enantiomers and two meso-forms. The
enantiomeric pair of 46 was successfully separated using, as in the case of 43, the non-
commercial Chiralpak AD HPLC column.

Generally, we have shown that the suggested strategy towards linear knotane
assemblies consists in the selective removal of allyl groups with following linking of
intermediate hydroxy-compounds with a disulfonyl chloride. Further growth of the
knotted backbone can therefore be achieved in an iterative way. Consequently, the
selective removal of one allyl group from 43 gives rise to a monohydroxy-dumbbell 47,
which is sulfonylated with 4,4’-biphenyldisulfonyl chloride yielding 55% of linear
tetraknotane 48 [58].

This synthetic strategy can be altered for the preparation of branched oligo-knotanes,
which necessitate a multifunctional core and monofunctional branching units. Reaction
of the monohydroxy-knotane 28 with an excess of biphenyl-4,4’-disulfonyl chloride 42
readily gives a sulfonylated knotane 49 containing one reactive sulfonyl chloride unit.
49 is converted by reaction with the trihydroxy-knotane 26 to yield a branched
tetraknotane 50 [58]. As we mentioned above, the isomerism of the topological
dumbbell 43 and the knotaxane 46 bears a close analogy with that of open-chain sugar
acids and can be described with the aid of Fischer-type schemes. Thus, the chirality
designations of the topologically chiral non-symmetrical dumbbell 47 and the linear
tetraknotane 48 are reminiscent of the Fischer projections [44] for erythrose/threose and
for hexaric acid, respectively. The isomeric composition of the branched tetraknotane
50 is completely unique, because no centrochiral analogues with this constitution can
exist. However, the chiral resolution of these new tetraknotanes attempted on
chemically bonded Chiralpak AD stationary phases met severe difficulties on account of
their highly complex isomeric compositions and a significant overlap of the isomer
fractions was observed in most cases.
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Finally, we aimed at the preparation of cyclic molecular architectures involving
amide-knotanes. The preparation of macrocyclic knotane oligomers implies the
availability of a selectively bifunctionalised knotane such as the dihydroxy-knotane 30.
Reaction of 30 with an equivalent amount of 4,4’-biphenyldisulfonyl dichloride 42
under high dilution conditions results in a mixture of the oligomeric macrocycles
composed of two (51), three (52), and four (53) amide-knotane moieties in an overall
yield of 65% [58]. Following the rules of the cyclophane nomenclature [59], we termed
the latter macrocyclic knotane oligomers “knotanophanes” [58]. The preparative
isolation of the individual compounds 51-53 from their mixture was afforded by using a
standard silica gel HPLC column. As in the case of the tetraknotanes 48 and 50, further
attempts of chiral resolution of the knotanophanes proved difficult. Only enantiomers of
the simplest knotanophane 51, composed of two doubly bridged knots, were resolved.

5. Conclusions and Outlook

The successful synthesis of the oligomeric rotaxanes, catenanes and knotanes
possessing linear, branched as well as cyclic architectures highlights the advance in
synthetic chemistry of such complex topological compounds. We have shown that
multiple covalently linked topological stereogenic units can be arranged in a desired
manner. Topologically chiral covalent assemblies of amide-knotanes seem to be of
especial significance. Taking into account their sizes and masses reaching 10 nm and
12000 Da, respectively, these assemblies define a new class of artificial
macromolecules beyond polymers and dendritic species, yet perfect in shape and
dispersity. Despite the limitations of the modern chiral separation science which do not
allow for a complete isolation of all isomers of the synthesized topologies, they have
been shown to be of high fundamental value in developing new knowledge about
isomerism and chirality. For example, the chirality designations of the topologically
chiral non-symmetrical dumbbell 47 and the linear tetraknotane 48 are analogous with
the Fischer projections of erythrose/threose and hexaric acid respectively, while the
isomeric composition of the branched tetraknotane 50 is original since no centrochiral
analogues with this constitution can exist. Chirality of the knotanophanes represents, in
turn, analogies with known cyclic forms of peptides or sugars having chiral centers.

Our vision is to use the knotanophanes and the linear oligomeric knotanes as chiral
wheel and axle components, respectively, in future giant rotaxanes which would mimic
naturally occurring enzyme complexes [60].

54 55 56
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At the outlook, we hope that the studies of the mechanisms of template-controlled
molecular threading and entangling will lead to functional topological species with
nanotechnological applications in the future. Indeed, the number of more and more
complex intertwined structures steadily grows. For instance, the research group of
Stoddart [61] has recently accomplished a supramolecular template-assisted assembly of
molecular Borromean rings 54 while the group of Sauvage is currently completing the
preparation of five-star knotane 55 and a David star catenane 56 [62] which can be
assembled with the aid of metal templated entangling of oligophenanthrolines. We, in
turn, have recently been successful in the milligram-scale preparation of an
intramolecularly bridged diastereoisomeric [3]rotaxane 57 that is the simplest member
of a new topological family which we call bonnanes [63]. Bonnanes are expected to
expand to the field of the rotaxane-based molecular motors in which rotary motion is
controlled by link design. Structure 58 is a cartoon representation of such future
bonnane in which two covalently connected terminal rings can reversibly jam the
middle ring. Further investigations on the use of intertwined assemblies as molecular
switches or motors will hopefully point to their concrete applications, most of which are
still in the realm of the imagination.
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1. Introduction

As the area of supramolecular chemistry [1] has expanded from the studies of simple
crown ethers to larger molecules with functions, the so-called supramolecular machines,
the employed synthetic strategies have also become more elaborate. In the world of
supramolecules where weak intermolecular interactions play a pivotal role in governing
the overall structures, tactics in building the desired supramolecules are not limited to
basic synthetic programming. Thus, self-assembly [2] of the parts building the
supramolecular systems and the use of sophisticated template strategies [3] emerged as
two new approaches in this area.

2. Template Strategies in the Synthesis of Functional Macrocycle Assemblies

It was not only for the basic scientific knowledge but also for the new challenges in the
synthesis and the beauty of the final structures that nearly half a century ago, chemists
started to investigate intertwined macrocyclic supramolecules such as rotaxanes and
catenanes [4]. Earlier, when the syntheses of such structures were at their infancy, the
routes to such systems were troublesome. The statistical methods [5] proved to be low-
yield processes. Multistep procedures [6] involving a covalent junction which is formed
between two parts that are needed to stay together until the structure is complete were
not convenient as well. The use of non-covalent templates thus provided a more
straightforward and high-yield approach to the problem.

Rotaxanes and catenanes are two of such interlocked systems which can be
described simply as a rod threaded in a macrocycle and captured by two stoppers at
each end (rotaxane), and two or more rings which can not be separated unless one or
more covalent bonds are broken (catenane). Specific non-covalent interactions are not
required to make these systems stable. They do not break apart because of the presence
of mechanical bonds [4] in these structures. The fact that they are interlocked does not
mean that they are “frozen”. Conversely, the motions within the final supramolecule can
be tailored and controlled by external stimuli making them supramolecular machines

Karsten Gloe (ed.), Macrocyclic Chemistry: Current Trends and Future Perspectives, 37-52.
© 2005 Springer. Printed in the Netherlands.
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[7]. This is one of the most important features of these architectures, which make them
not only aesthetically attractive species, but also molecules that have functions which
could be incorporated in more complex operations.

Although structurally and functionally appealing, the synthetic ways to build these
species remained a hard task until mid 80s. Then, a strategy was developed by Sauvage
and his co-workers that used coordination to a Cu(I) ion prior to the macrocyclization in
the catenane synthesis (Figure 1a). The metal that served as a template with tetrahedral
coordination geometry was then removed by demetallation with cyanide [8].

a)

Figure 1. Different template strategies: a) Metal ions, b) m-acceptor m-donor interactions and c) hydrogen
bonding mediate the template synthesis of rotaxanes.

Later, other template strategies employed different kinds of non-covalent
interactions to improve the yield of the desired mechanically bound product and to
avoid side products. To preorganize the reactands, Stoddart and his co-workers used -
acceptor m-donor interactions [9]. As an example the interaction between the electron-
poor paraquat (N,N-dialkyl 4,4’-bipyridinium) macrocycle precursors (Figure 1b) and
electron-rich hydroquinones or naphthoquinones have been used to achieve a suitable
preorganization. This precursor can then be successfully converted into a rotaxane by a
macrocyclization of the wheel in a clipping synthesis. The inverse way can also be
chosen: Threading a paraquat axle into a bis-hydroquinone wheel and locking the
centerpiece by stoppers or macrocyclization is also successful [10].

Because of the advantage of having directionality in hydrogen bonds, hydrogen
bonding is also used in template synthesis of interlocked molecules [11] (Figure 1c). It
is also advantageous because it allows us to use non-ionic templates. One example for
hydrogen-bond-mediated templates is the use of amide binding inside a tetralactam
macrocycle which turned out to permit a huge structural diversity of rotaxanes to be
synthesized.

The most recently discovered template effect is the one that makes use of anions.
Vogtle and coworkers [12] have found that a phenolate equipped with one stopper can
bind in the cavity of the tetralactam macrocycle by two strong hydrogen bonds. Then
this nucleophile complex is reacted with an electrophilic semi-axle to obtain rotaxane in
very high yields up to 95%.

2.1 AMIDE BASED SYNTHESIS OF INTERLOCKED MOLECULES

The amide-based template synthesis of rotaxanes, catenanes and knots were first
discovered by Vogtle and coworkers when they tried to synthesize macrocycle 3 [13].
The cyclization to yield the tetralactam ring was carried out under high-dilution



TOWARDS FUNCTIONAL MACROCYCLES 39

conditions where intramolecular reactions are more favored over intermolecular
reactions. This should prevent polymerization and provides higher yields of
macrocycles. Three different products: Tetralactam wheel 3, and octalactam macrocycle
5 as well as catenane 4 (Figure 2). This result was verified simultaneously by Hunter
[14].

O
Cl

P ol
oY,

1 50°C
high dilution

N

Figure 2. Under high-dilution conditions, the reaction of 1 with isophthaloyl chloride 2 yields tetralactam
macrocycle 3, the catenane 4, and octalactam ring 5.

When other dicarboxylic acids were used to investigate this result, it was found that the
catenane could not be isolated with 2,6-pyridine dicarboxylic acid dichloride, whereas
the yield of the tetralactam macrocycle was increased significantly [15]. This was
attributed to the special feature of pyridine to bind nearby amide hydrogens by
intramolecular two hydrogen bonds [16] (Figure 3). Thus, the open ring precursor is
preorganized for the formation of the tetralactam macrocycle. It also induces a narrower
cavity as shown by calculations, which likely disfavors the catenane threading [17].

In another reaction, the para-substitution pattern in terephthaloyl chloride that is used
instead of isophthaloyl chloride induces the formation of larger octalactam macrocycles
which provide two suitable binding sites for threading two semicycles and thus yield
higher chain-like catenanes [18].
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Figure 3. Preorganization of intermediate 7 through bifurcated hydrogen bonding with the central pyridine
favors the formation of the tetralactam wheel at the expense of the corresponding catenane.

These results obtained from experiment with structurally different building blocks
are meaningful in a geometric sense. Theoretical calculations provide a more detailed
insight into the features of these systems. Figure 4 shows that two amide hydrogens of
the isophthaloyl amide bind the carbonyl oxygen of the guest, and also, one amide
hydrogen of the guest is coordinated a to carbonyl oxygen of the host [19]. The latter of
these main interactions is proved to be of significant importance since ketones, esters or
tertiary amides exhibit much smaller binding constants [20]. Single crystal X-ray
structures show the presence of all these hydrogen bonds in the final structure providing
evidence for a good agreement of theory and experiment [21].

Erel 28 kJ/mol 0 kJd/mol

Figure 4. Structures of an axle (left), its complex with “oxygens out” conformer of the tetralactam ring
(middle) and the complex with the most stable conformer. The third hydrogen bond plays an important role in
stabilization of the complex. All structures were optimized by DFT methods.

A successful synthesis of a rotaxane of this type is shown in Figure 5. First, one
trityl aniline stopper is reacted with the terephthaloyl chloride to from semiaxle 9. This
semiaxle threads into the tetralactam macrocycle 3 and is held by the amide template.
Then, the preorganized complex is reacted with the second stopper 11 to yield rotaxane
12. Figure 5 shows three hydrogen bonds to form, which is in accord with AM1
calculations on this system [19] and X-Ray crystal structure analysis [22].
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Figure 6. The formation of knot from a helical intermediate preorganized through hydrogen bonds.

A molecule with an even more spectacular topology was obtained when extended
diamine 13 was reacted with 2,6-pyridine dicarboxylic acid dichloride. This was just a
reversal of the order of the reaction steps in Figure 3. As well as the expected
tetralactam macrocycle, its larger analogue octalactam wheel and a knot were formed
[15]. It was very surprising that a knot which bears three crossing points in its molecular
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graph, and whose synthesis is thus a challenge to template design [23], has formed with
a surprisingly high yield up to 20%. The structure was verified by X-ray analysis which
showed that the knot has three different loops. The formation of the knot was also
evident from CD spectra: Even though it contains no chiral centers in the structure, a
knot is topologically chiral [24]. After enantiomeric separation it was straightforward to
differentiate a knot from the achiral macrocycles and catenanes formed as side products
[25]. The third evidence came from a so-called tandem-MS experiment by which a
mono-macrocycle, a catenane and a knot can be differentiated from each other [26]. The
mechanism of knot formation was analyzed by theory and likely follows the pathway
indicated in Figure 6. Formation of a helical loop which just like a rotaxane binds the
third extended diamine as an axle-like thread is finally followed by adding the two
missing pyridine moieties which close the knot structure.

a) b) pyridine
inducing
curvature

H-bond l
stabilizing
loop

pyridine f

inducing pyridine

curvature inducing

curvature

Figure 7. a) The lowest energy conformation of the intermediate 14 which promotes knot formation. b) The
reversed sequence of adding the diacyl chlorides 2 and 6 into the reaction does not produce the helical
intermediate; knot formation does not occur.

The reason why the knot was formed in this reaction but not in the reaction
summarized in Figure 3 was cleared again by looking at the hydrogen bond patterns.
When 2,6-pyridine diacylchloride reacts at both arms, it forms a helix-shaped,
preorganized structure 14 by intramolecular hydrogen bond formation. Into this loop
one of the reactant diamines 13 is threaded as expected from the template behavior of
amides. Then the open ends of the threaded axle and the helical loop, which are in close
vicinity of each other are tied with two 2,6-pyridine dicarboxylic acid dichlorides to end
up with knot 16. This is the main reason why the reversed sequence does not yield a
knot: pyridine is not at the central position of the intermediate analogous to 14 and thus
induces curvature in the wrong parts of the intermediate (Figure 7).

This mechanism was also supported by an experiment where isophthalic acid moiety
is substituted by its bulkier t-butyl- analogue. No knot formation was observed
suggesting that the isophthalic acid units are inside the knot and pyridines are located at
the periphery (Figure 8).
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a) b) <)

substitution
‘forbidden’
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Figure 8. a) Lowest energy conformation of the extended diamine axle 13 that threads into the helix shaped
intermediate 14. b) Side view of the intermediate complex: the ends that will react are in close vicinity of each
other. ¢) The “inner” part of the intermediate can not stand any bulkiness that is created by using bulkier
isophthaloyl chlorides.

2.2 ANION TEMPLATE SYNTHESIS OF ROTAXANES

A very surprising and fruitful result was obtained when a control experiment related to
an amide templated synthesis was made. Dibromo compound 19 utilized in the reaction
looked similar to the axle centerpiece used in the amide template synthesis but lacked
the amide in the middle which was crucial for this purpose. However, when the reaction
was complete, it was found that rotaxane 24 was formed with 80-95% yield [12] (Figure
9). It seemed reasonable to assume that this time not the axle but the stopper
coordinated to the macrocycle [27]. This suggestion was supported by the high binding
constant of the deprotonated stopper-wheel complex 2118 (> 10° M) derived from 'H
NMR titrations. In the rotaxane synthesis, this complex reacts with the semiaxle 23
producing a rotaxane.

The anion template effect proved to be successful not only for ether linkages
between the stopper and the axle, but also for the ester and acetal analogues [28].
Michael addition with a thiophenolate stopper could also be accomplished with yields
up to 53% [29]. The yields of the rotaxane synthesis by anion template strategy depend
strongly on the nucleophilicity of the stopper and structures of both the stoppers and the
centerpieces. This fact was clearly seen when 3,5-di-t-butyl phenol stopper was used in
the reaction [17,30]. The yield of the rotaxane was only 2% to 5% which was
independent of the length of the axle centerpieces used. The reason for this behavior
could be uncovered by a conformational search which yielded different families of
favorable conformations [31] (Figure 10). This shows the larger trityl phenolate stopper
complexes the wheel such that the axle centerpiece is attacked from the opposite side to
form rotaxane with high yield. However, the 3,5-di-t-butyl phenolate stopper is bound
to the wheel in such a conformation that it can not be attacked by the semiaxle
electrophile from the opposite side but reacts more favorably from the same side of the
wheel. After the reaction, a weakly bound, non-threaded axle-wheel complex is formed
which easily dissociates into the two compounds.
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Figure 9. a) The amide-mediated template which was hypothesized to provide access to rotaxane 22. b) A
control reaction which was thought not to yield any rotaxane, but led to almost quantitative formation of
rotaxane 24.

To overcome this difficulty, a new solution is developed that involves spatial
separation of the functional group for stopper attachment from the phenolate that
provides the basis for anion template. Rotaxanes can be synthesized with yields up to
45% [32] (Figure 11).

One highly interesting feature of this synthetic approach is that rotaxanes are
generated that contain a functional group at their axle centers. This permits to control
the rotaxanes’ properties by external stimuli, e.g. by protonation and deprotonation.
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Figure 10. Top view and side view of the minimal energy conformations of the stopper-wheel complexes with
trityl phenolate (left) and 3,5-di--butyl phenolate (right) as obtained from a 3000 step Monte Carlo
conformational search with the AMBER" force field. The arrows show the most favorable attack paths for the
electrophile. (E* = approaching electrophile)

o 8 e o

O O
- > BocHN -~ ~~NHBoc
23 X‘w 24

an

N
I 26 BB

WP l '3

OY©\PO CN’d N o oo
OyNH HN =0 () P1Base
HZN\/\N”\." O ‘—. N/\/NHZ HzN\/\HJ‘\©/KH/\,NH2
HA “l H tetralactam wheel 25

D o
SNH O

0 NH O@ “ © ¥©¥ O@

o o
27 & H Oy NH HN =0 H
NEts YN 0 ANy
o) A A\ H (0]
oF
NH 28

SNH O

5

S

Figure 11. Anion-mediated rotaxane synthesis generating rotaxanes with functionalized axle center-pieces.
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3. Self-Assembly in the Synthesis of Functional Macrocycle Assemblies

The synthetic approach of “molecular self assembly” combines features of most widely
used organic synthetic strategies to constitute huge assemblies [2]. Among these
synthetic strategies, the strategy referred as “self-organizing synthesis” aims to organize
atoms, ions or molecules into of two- and three dimensional discrete supramolecular
architectures, and it uses weaker and less directional bonds, such as ionic bonds,
hydrogen bonding, and van-der-Waals forces, coulombic interactions, and dipole-dipole
interactions instead of covalent bonds. Molecular triangles, squares and rectangles,
pentagons and hexagons, catenanes, nanotubes and polytubes are prominent examples
of transition metal-directed self assembled macrocycles [33].

3.1 METAL-DIRECTED SELF-ASSEMBLY OF MACROCY CLIC COMPLEXES

Up to now, metallo-supramolecular squares and rectangles have been extensively
studied with respect to self-assembly strategies. A fascinating aspect of these
macrocycles is their behavior as “inorganic cyclophanes” that is, they have an inner
cavity surrounded by aromatic rings and have the ability for molecular recognition in
aqueous solution. Both charge transfer interactions and hydrophobic interactions
between electron-deficient pyridine nuclei and electron-rich aromatic guest molecules is
attributed to complexation [34].

Initial work in this area by Fujita et al. [35] includes the synthesis of a series of
ligand systems and the investigation of the dynamic behavior of the macrocycles in

solution.
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Figure 12. Molecular squares 29a and 29b synthesized by Fujita and coworkers [35], assembling from
ethylenediamine complex of M(II) dinitrate [M(en)(NOs),] in which M= Pt(Il) and Pd(II) and 4,4’-bipyridine
in water, and macrocyclic tetranuclear complexes 30a and 30b prepared by Stang and coworkers [38]
assembled by treating (dppp)M(OTY), (M= Pt(1l) and Pd(Il)) with 4,4’-bipyridine in dichloromethane.

An attempt to synthesize 29a, a combination of [Pt(en)(NO;),] and 4,4’-bipyridine,
afforded a mixture in D,O which was not straightforward to analyze at first [36]. For the
transformation of kinetically distributed mixture of products into the thermodynamically
most stable square, this oligomeric mixture needed to be heated at 100°C and then led to
simple NMR spectra. Unlike the Pt containing analogue, the preparation of molecular
square 29b using [Pd(en)(NOs),] and 4,4’-bipyridine is straightforward. This effect is a
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consequence of the metal-nitrogen bond strenghts which are considerably higher for the
Pt compound (Figure 12).

In contrast, Stang and co-workers [37] used lipophilic phosphane-substituted metal
centers 30a and 30b [38]. Due to stacking of the phenyl groups with the pyridine rings,
the N-Pt-N bond angle decreased to 84° and the entire molecule was slightly puckered.
The crystal structure showed an almost perfect square at room temperature with the
pyridine rings slightly twisted.

Hydrophobic forces are also important in the assemblies of metallo-supramolecular
catenanes. One of the most interesting examples is formed when one of the unpolar
bipyridine ligands of one macrocycle is included spontaneously in the other
macrocycle’s internal cavity [39]. Here, the benzene unit of the one macrocycle serves
as a guest molecule for the other macrocycle, and the cyclization is favored by m-nt
interactions. In addition, the minimization of hydrophobic surfaces in polar medium
constitutes the second driving force for the catenane formation. The quantitative
formation of the [2]catenanes 31a and 31b based on this principle are depicted in Figure
13. Formation of catenane 31b was found to be reversible. Even at room temperature,
two monomeric ring structures equilibrate quickly due to the labile nature of Pd-N bond
and interlocked molecular ring system 31b is formed.

4+

H,0

Figure 13. [2]Catenanes 31a and 31b self-assemble in water through hydrophobic interactions.

More elaborate catenanes were reported by Fujita in the following years [40]. It was
discovered that modified ditopic ligands were quantitatively self-assembled with
platinum and palladium complexes when the rectangles have ideal van-der-Waals
interplane separation about 3.5 A. In fact, it was revealed from the X-ray analysis that
the aromatic rings stack on each other with distances of 3.2 — 3.6 A, which provide the
most efficient aromatic stacking. The building blocks and resulting catenanes are shown
in Figure 14. Unlike the catenanes 31a and 31b shown in Figure 13, these catenanes
were found to be stable in less polar media, (D,O-CD;OD 1:1). In addition to this,
dissociation of the catenanes into their components were not observed even at low
concentration. Formation of these structures was found to be reversible only when
Pd(IT) was used as a metal cation and even at room temperature, the catenane was in
equilibrium with its precursors. The catenated structures 32a and 32b were confirmed
by CSI-MS and they were unambiguously characterized by NMR spectroscopy and X-
ray crystallography [41].
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Figure 14. [2]Catenanes 32a and 32b which self-assemble in water through hydrophobic interactions.

3.2 COMBINATION OF TEMPLATE AND SELF-ASSEMBLY SYNTHETIC
STRATEGIES

The combination of template and self-assembly strategies constitutes a new approach
for the preparation of higher order structures. Interlocked architectures composed of
transition metal coordinating ligands such as disubstituted bidentate ligands, e.g. [1,10]-
phenanthrolines and 2,2’-bipyridines, or a tridentate ligand such as 2,2°,6°,2”’-
terpyridines, in their macrocycles are promising candidates for the development of new
synthetic methods [42]. Metal coordination to copper(I) has been used extensively as
templating metal center, allowing the preparation of simple to complex interlocking or
knotted topologies. This phenomenon was exemplified for [2]catenane 34 [43]. Two
building blocks 33 of the [2]catenane, i.e. the unclosed rings, are held together by
attractive interactions between a copper(I) ion and two [1,10]-phenanthroline moieties
to form a precursor of the desired [2]catenane. Furthermore, the organic building blocks
of the [2]catenane are equipped with two pyridine ends, which can be “closed” with
palladium(II) ethylenediamine [Pd(II)(en)] moieties quantitatively (Figure 15).
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Figure 15. Self assembly of a [2]catenane using a metal-ion template effect.

3.3 SURFACE TEMPLATION OF MOLECULAR SQUARES

In order to utilize self-assembled macrocycles in the construction of nanoscale devices,
their ordered deposition on surfaces seems a necessity. A surface-induced templating
effect could be a very useful approach when the ordered deposition of supramolecular
entities on a surface is desired. Especially, charged species are expected to organize on
an oppositely charged surface. Also, a particular orientation of the square could be
achieved by enhancing its interaction. When a highly-ordered pyrolytic graphite
(HOPG) which was used by Stoddart et al. [44] to deposit a cationic cyclophane was
incorporated in deposition of the molecular squares, substrate-induced template effect
is not observed. Rather, strong intersquare forces determine the order of the deposited
layer.

To overcome this problem, we used second-order templation in order to deposit
square 29 on a surface [45]: First, chloride ions are deposited on a Cu(100) surface in
the cell of an electrochemical STM cell (Figure 16). Cu(100) is chosen to meet the
fourfold symmetry requirement. Since the chloride retains practically its full charge
upon adsorption it was the preferred anion for the first layer deposition. Chloride ions
are adsorbed from electrolyte containing e.g. 10 mM HCI. After preparation and
characterization of the negatively charged layer, the pre supporting electrolyte (10 mM
HCI, 5 mM KCl) was changed under potential control by a solution containing 10 mM
HCIL, 5§ mM KCI and 0.1 mM of the water-soluble metallosupramolecular square 29.
Due to strong Coulomb interactions with the surface, cationic squares can then be
deposited flat on top of the layer of anions.
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Figure 16. Left: MM2 minimized space filling molecular model of square 29 of the squares used in surface
templation studies and. The dimensions along the edge and along the diagonal are given as metal-metal
distances and as total width including Van-der-Waals radii. Right: (a) The principle of second-order
templation: First, chloride ions are deposited on a Cu(100) surface in the cell of an electrochemical STM cell.
Due to strong attractive interactions with the surface, cationic squares can then be deposited flat on top of the
layer of anions. (b) STM image of the chloride-modified Cu(100) surface with the direction of the steps
visible (inset: same surface at atomic resolution; CI” ions are oriented along the direction of the steps in a
tetragonal grid, 1.7 nm x 1.7 nm). (c) Schematic representation of the chloride orientation on the Cu substrate.

Figure 17. (a) Squares 29a deposited onto the anion-covered surface. Quite many oligomer chains can be seen
due to the acidic conditions of sample preparation; 20.5 nm x 20.5 nm. (b) Lateral ordering of squares 29a,
7.6 nm x 7.6 nm.(c) Long-range order of squares 29a to yield large perfect domains under optimized sample
preparation conditions (see text); 35.6 nm x 35.6 nm.

It is obvious from the Figure 17a that the local ordering of molecular assemblies
reveals a pronounced cavity in the center. This feature points to supramolecular square
lying flat on the electrode surface. The distance of 1.9 nm to the nearest neighbor
(Figure 17b) agrees well with the calculated size of the square in Figure 16. Most likely,
the adsorbate-substrate interactions are mainly governed by attractive electrostatic
interactions between the negatively charged chloride layer and the positively charged
Pt(Il) cations, while the lateral ordering is apparently dominated by van-der-Waals
interactions. Note that the presence of chainlike oligomers strongly hinders the lateral
ordering of molecular squares on the electrode surface (Figure 17a). Oligomeric
degradation is one of the most serious problems on the electrode surface. Degradation
was found to be time dependent and it takes place within 30 minutes. Therefore,
application of aqueous solution of square molecules in droplets into the electrochemical



TOWARDS FUNCTIONAL MACROCYCLES 51

cell to the pure supporting electrolyte was preferred to keep the presence of 29 in the
acidic medium as short as possible. With these optimized sample preparation
conditions, large perfectly ordered domains of the squares can be obtained, for which
the amount of oligomer is reduced to a minimum (Figure 17c).

4. Conclusions

Macrocyclic chemistry spans the whole range from molecular recognition to template
effects to STM experiments. The fundamentals for the development of macrocyclic
molecules with more complex functions are laid. This basic knowledge that has been
compiled over years, allows us now to more elaborate systems with diversity of
functionalities. We discussed two of the many methods used in this respect, template
and self-assembly strategies, and their combination. Current research in this area
includes construction of systems bearing functions that allow incorporation into high-
order architectures.
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1. Introduction

Over recent years there has been a trend in super- and supramolecular chemistry
towards the synthesis of extended molecular entities that are multi-component in nature.
Such a trend has also occurred in macrocyclic ligand chemistry.

In this article the design, synthesis and d-block metal ion chemistry of some more
recent examples of covalently-linked, macrocyclic ligand systems are discussed. The
use of macrocyclic rings in such systems is not surprising given that the resulting
macrocyclic complexes often exhibit both enhanced kinetic and thermodynamic
stabilities and hence tend to retain their integrity under a variety of conditions - a lesson
that nature knows well.

There have been a number of motivations for synthesising such ligands and
investigating their metal ion binding properties. First, multi-metal ion complexes
(including homo- and heterometallic systems) may yield unusual electronic, magnetic
and/or redox properties that may arise as a consequence of the presence of cooperativity
between the metal binding ion sites. Nevertheless, even when no cooperativity occurs
there is the prospect that the metallo species may act as a multi-electron redox reagents.
In addition, such metal-bound linked rings may serve as simple models for related
metal-containing biochemical systems reflecting, at least in part, the relatively defined
spatial and electronic environments associated with the metal binding sites in these
structures. Further, linked systems are of considerable intrinsic interest since a number
have now been demonstrated to give rise to new metal derivatives whose properties
may be somewhat more than the 'sum of the parts'. Many examples of linked
macrocyclic rings together with their metal ion chemistry have been reported. In
particular, linked two-ring tetraaza macrocycles have been widely studied and interest
in this ligand category has been heightened by the finding that individual compounds
(and selected metal-ion derivatives), incorporating either alkyl or aromatic linking
groups between the rings, are effective in inhibiting several strains of human
immunodeficiency virus type 1 (HIV-1) and type 2 (HIV-2) [1].
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The metal ion chemistry of such linked bis-ring macrocycles has been extensively
reviewed over recent years [2-6]. In view of this, the present discussion is restricted to
linked tri- and higher-ring systems.

2. Linked Aza Macrocyclic Ligand Systems

A range of three-ring, linked aza macrocycles incorporating 9-membered 1,4,7-
triazacyclononane (tacn), 12-membered cyclen and 14-membered cyclam and its
derivatives have been reported but the number is much less than for the corresponding
systems incorporating two linked macrocycles; systems containing four or more linked
rings are quite rare.

Although 1,4,7-triazacyclononane was first incorporated into linked macrocyclic
systems around three decades ago [7], it was only in 1997 that the corresponding three-
ring analogue 1 was synthesised and investigated. The synthesis of 1 [8] (Scheme 1)
proceeds from the tricyclic orthoamide derivative of 1,4,7-triazacyclononane 2 [9] and
involves reaction with 1,3,5-tris(bromomethyl)benzene in acetonitrile in a 3:1 molar
ratio followed by base hydrolytic work-up of the product. The addition of excess HBr to
the reaction mixture led to isolation of 1 as its nonahydrobromide salt in 76% yield.

Reaction of 1 with Cu(Il) yielded a magnetically dilute, trinuclear complex of type
[Cus(1)(H,0)4](Cl0O4)s - 6H,0. This species reacts with phosphate ion in the presence of
hexafluorophosphate to yield the polymeric species {[Cus(1)(U-OH)(l3-
HPO,)(OH,)](PF¢); - 3H,O}, whose X-ray structure shows that the cationic unit
contains three Cu(II) ions coordinated to each of the tacn rings in a tetragonal distorted
square pyramidal arrangement defined by the three nitrogens of a tacn ring and two
oxygen atoms. The oxygen donors for two of these metal centres are provided by a
bridging hydroxide ion together with an oxygen to each from the L;-phosphate anion.
The phosphate also binds to a third Cu(II) belonging to a neighbouring complex, giving
rise to the polymeric structure, with the coordination sphere of this latter copper ion
being completed by a water molecule. A variable temperature magnetic study of the
complex suggested that anti-ferromagnetic coupling occurs between the Cu(u-OH)(u-
HPO,4)Cu bridged centres as well as between these centres and the phosphate bridged
centre; the complex has a S = /2 molecular ground state.

In a subsequent study two further hydroxo-bridged copper complexes of 1 were
prepared [10]. The trinuclear species [Cu;(1)(UL-OH),(H,0),](ClO,)s - 3.2H,0O was
isolated from an aqueous solution of [Cus(1)(H,0)s](ClO4)s - 6H,O that had been
adjusted to pH 6. The former species was shown to contain a [Cuz(u-OH)z]2+ core as
well as an isolated Cu(Il) centre. The magnetic properties of this species are in accord
with the presence of an antiferromagnetically coupled Cu(Il) pair and a magnetically
isolated Cu(Il) centre - overall the complex has an S = % ground state. When the pH of
the above aqueous solution was adjusted to 9.5 a new species of type [Cug(1)(1-
OH)6](CIO4)¢ - 2H,O was isolated whose structure incorporates two trinuclear
[Cus(1)(u-OH),] units that are linked by two p-hydroxo groups.

The synthesis and interaction of the related tetra-macrocyclic ligand 3 with Ni(II)
and Cu(Il) has been reported [11]. The synthesis of 3 follows a similar procedure to that
employed for 1 starting from the tacn derivative 2 and 1,24,5-
tetrakis(bromomethyl)benzene.
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Reaction of four equivalents of Ni(Il) with 3 resulted in a mixture of di- and
trinuclear complexes, [Niy(3)](ClO,4), and [Ni3(3)(OH,)s](ClO4), which were separated
by cation exchange chromatography. A tetranuclear complex, [Niy(3)(OH;);,](ClOy)g,
was also obtained when the reaction mixture contained a fifty-fold excess of Ni(II).

The X-ray structure of [Niy(3)](ClO,), shows that two pairs of ortho-attached tacn
macrocycles each form a sandwich arrangement about a Ni(I) ion such that the
coordination of each nickel is distorted octahedral. The two metal centres are separated
by 9.09 A and lie on opposite sides of the plane of the aromatic linker. A sandwich
arrangement involving one pair of ortho-related tacn rings again occurs in the above
trinuclear species; the other two rings bind one Ni(Il) each with water ligands
occupying the remaining sites to yield distorted octahedral arrangements.
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Di- and tetranuclear Cu(Il) complexes were obtained on reaction of 3 with two and
four equivalents of Cu(Il), respectively. The former complex has a similar structure to
the dinuclear nickel complex mentioned above, although the presence of Jahn-Teller
distortion is also evident in the copper complex.

In the tetranuclear species, [Cuy(3)(OH,)g](ClO,)g, each copper is bound to the four
nitrogens of a separate macrocyclic ring as well as to two water molecules. The
secondary amines and the waters around each copper form the basal plane of a square
pyramid while the axial position is occupied by the tertiary amine. The arrangement of
the ligand is such that ortho- and para-related macrocyclic compartments are anti, the
shortest metal-metal distance being 7.04 A between ortho-related pairs. Magnetic
susceptibility measurements and EPR spectra confirmed the absence of coupling
between metal centres in this complex.

The above study has been extended to the synthesis of 4 which was prepared in a
similar fashion to 1 and 3 starting from tris(1,4,7-triazacyclonon-1-ylmethyl)benzene
[12]. The X-ray structure of the [Niy(4)(H,0);]*" cation shows that both nickel ions
adopt distorted octahedral coordination geometries, with one nickel being sandwiched
between two tacn residues while the other is coordinated to the third tacn residue with
the coordination sphere being completed by three water ligands. Electrochemical
studies indicate that the sandwiched Ni(II) centres in this and the related nickel
complexes mentioned above may the be reversibly oxidised to the Ni(IIl) state. In the
case of the dinuclear bis-sandwich complex, [Niy(4)](ClO,),, the electrochemical results
indicate that the two nickel centres behave in an essentially independent manner.

The two dendritic structures, 5 and 6, incorporating tetra- and deca-macrocyclic
sites, respectively, were both synthesised by a divergent procedure. This involved the
use of (mono)tosylated N-protected tacn as the precursor for generation of the
branching synthons and tacn itself for the core [13]. Spectrophotometric titrations in
acetonitrile and DMF demonstrated that these ligands take up the expected four and ten
Cu(Il) ions, respectively.
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The trinuclear zinc complex of the tris(cyclen) derivative 7 linked through a 1,3,5-
trimethylbenzene spacer has been shown to be an excellent receptor for organic
phosphate dianions in aqueous solution relative to the parent Zn(cyclen)*" complex
[14]. The tritopic ligand was synthesised by reaction between tris-Boc (fert-
butyloxycarbonyl) protected cyclen and 1,3,5,-tris(bromomethyl)benzene in a sodium
carbonate/acetonitrile mixture. Treatment of the tri-linked, N-protected product with
concentrated HBr led to removal of the Boc substituents to yield the required
tris(cyclen)  derivative as its 9-HBr salt. An X-ray structure of
[Zn3(7)(NOs),(OH,)](NO3),, shows that each zinc ion is bound to the four donors of a
single cyclen ring with each ion residing on an equivalent face of the ring. An apical O-
donor is also bound to each zinc (from nitrate ions in two cases and a water molecule
for the third) to yield distorted tetragonal-pyramidal coordination spheres in each case.

CH Y
NH HN

N HN
O L oo
NA NE_/ NH ONH [ ] [ j [ j
( i? O)\ N /& o NwN NLN N\—l'}N
NH N — >4

A 2:3 mixture of [Zns(7)(H,0);]®" and cyanuric acid (8, CA) self-assemble in
aqueous solution above pH 6 to yield a sandwich-like 2:3 supramolecular complex [15].
An X-ray diffraction study showed a hollow framework structure in which each doubly
deprotonated CA group is sandwiched between two Zn(cyclen)*" moieties extending
from two trinuclear zinc units. Unexpectedly, at pH 11.5 a new, highly symmetric 4:4
product was observed to form between the trinuclear zinc complex and CA*. This
product may be represented as a truncated tetrahedron formed by binding four
equilateral triangles and four scalene hexagons to each other through CA™ to Zn(II)
bonds. The tris-zinc species also interacts with thiocyanuric acid (TCA) to yield a self-
assembled supramolecular species of type (ZnL),(TCAY),. Bonding features of this
assembly include the presence of Zn-S bonds as well as the presence of hydrogen bonds
between the 1,3,5-triazine nitrogens and NH groups on cyclen [16]. An X-ray structure
determination showed this species to be capsule-like: it corresponds to a twisted cubo-
octahedral framework containing a truncated tetrahedral cavity.

The linear, xylyl-linked, tris-cyclen derivative 9 has also been prepared using a
protecting group strategy [17]. Once again this species forms a trinuclear zinc complex
which was demonstrated to exhibit selective and efficient binding of
thymidylylthmidylylthymidine. In other work, the above “linear” tris-zinc complex has
also been shown to recognise selectively an uridine-rich single strand in a biologically
important RNA [18] as well as showing high binding affinity for AT-rich sequences in
double-stranded DNA [19].

It has been well established that metal-directed condensation between metal-
coordinated primary amines with aldehydes and dibasic acids such as nitroalkanes or
primary amines provide a ready route to selected pendant arm macrocyclic ligands and
their metal complexes [20]. In such a reaction a new six-membered chelate ring is
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generated between a pair of adjacent (cis-disposed) primary amines, with the pendant
group attached to an uncoordinated nitrogen atom at the 'apex' of the 6-membered ring.
A reaction of this type has been employed to generate the trinuclear copper complex of
the tris-ring species 10 via reaction of three molar equivalents of the 1:1 copper
complex of N N-bis(2-aminoethyl)-1,3-propanediamine ~ with melamine and
formaldehyde [21]. The X-ray structure of the complex cation shows that each ring
adopts a trans-IIl configuration, as is often observed in aliphatic 14-membered
macrocyclic complexes [22]. The relative dispositions of the macrocyclic rings are
different; two rings are located on the same side of the triazine core while the other is
on the opposite side. The axial positions of each coordinated copper ion are filled by
oxygens from either water or a perchlorato ligand. The presence of weak (three-way)
dipole-dipole interactions was detected in the EPR spectrum of this complex. In other
studies [23], a spectrophotometric investigation confirmed that a solution of the above
complex interacts with its complementary 1,3,5-benzene-tricarboxylate anion. The 2:1
adduct of this anion with the trinuclear complex was isolated and its structure
confirmed by X-ray diffraction.

The synthesis of 11 (an analogue of 7 in which its 12-membered cyclen had been
replaced by 14-membered cyclam rings) was reported in 1998 using the tri-N-
tosylamide derivative of cyclam and 1,3,5-tris(bromomethyl)benzene as precursors
[24]. The trinuclear Hg(II) derivative was shown to selectively recognise and bind a
tripodal tris(histidine) ligand in which the three (S)-histidines are 12 A apart. The
system was seen as a model for peptide recognition.

Cyclam, with its 14-membered ring, has been demonstrated to complex with a very
wide range of metal ions (and especially d-block metal ions) and tends to generate
metal complexes that are especially kinetically and thermodynamically stable [22]. In
particular instances it is also known to aid the stabilisation of less common oxidation
states such as Ni(III), Cu(IIl), Ag(I) and Ag(III) [25,26].

Based on published procedures for preparing both di- and tri-N-protected terz-
butoxycarbonyl (Boc) cyclam derivatives [27], we developed the alternate procedure
shown in Scheme 2 for obtaining the tri-branched species 11 [28] as well as related
procedures for the new tri-branched derivative 12 (see Scheme 3) [28], the linearly
linked derivative 13 [28] and the linked cyclic derivative 14 [29]. In the case of the
phloroglucinol derivative, tri-Boc protected cyclam was first acylated with chloroacetyl
chloride; the resulting chloromethylamide was then used to trialkylate phloroglucinol in
DMF at 70 °C over caesium carbonate as outlined in Scheme 3. Subsequent
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deprotection of this product followed by reduction with BHj;Me,S afforded the

corresponding deprotected species 12 [28].
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The interaction of above two symmetrically branched tris-cyclam derivatives 11 and
12 with Ni(II), Cu(Il), Zn(II) and Cd(II) has been investigated [30]. All four metal ions
yield solid complexes for which the metal:ligand ratio is 3:1. For both ligand types,
spectrophotometric titrations also confirm the formation of Ni(Il) and Cu(IT) complexes
of similar 3:1 stoichiometry in dimethylsulfoxide. Where possible, visible spectral,
electrochemical, magnetic moment, ESR and NMR studies have been performed to
probe the nature of the respective complexes and the results compared with those from
parallel investigations in which the corresponding mono-substituted cyclam analogues
were employed as the ligands. In general, the metal ion chemistries of the latter ligands
are similar to those of the corresponding tri-branched ligand systems. Little
communication between individual metal centres in the complexes of 11 and 12 was
evident. A structural determination employing a small crystal of the trinuclear Ni(II)
complex of 11 was successfully carried out with the aid of a synchrotron radiation
source [30]. A nickel ion was shown to occupy each cyclam ring in a square-planar
(low-spin) coordination arrangement, with each cyclam ring adopting the stable trans-
III configuration [31].

Scheme 2
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Scheme 3

The interaction of the linearly linked tris-cyclam derivative 13 with Ni(II), Cu(Il),
Zn(II), Cd(II), and Pd(II) has been investigated [32]. As for the above tri-branched
systems, all five metals yield solid complexes in which the metal:ligand stoichiometry
is 3:1 with, for Cu(Il), a spectrophotometric titration also confirming the formation of a
complex of this stoichiometry in acetonitrile. Cyclic voltammograms of both the Ni(II)
(low-spin) and Cu(II) complexes both yield evidence for the presence of M(I1)/M(III)
as well as M(I)/M(II) couples in acetonitrile.

O e T ey O,

13
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The novel tetra-linked derivative 14, which forms 4:1 (metal:ligand) complexes
with Ni(IT) and Cu(Il), [29] incorporates a large central cavity that has the potential to
act as a large receptor for inclusion of a suitable guest. Variation of the coordinated
metal in such a system provides the potential for 'tuning' the electronic nature of this
cavity and hence influence the electronic environment of an included guest.

3. Linked mixed-donor Ring Systems
In an early study, the author's group synthesised the lipophilic, tri-branched ligand 15
for use in two-phase solvent extraction as well as three phase membrane transport

studies [33]; the parent ring system in this case has been well documented to interact
with a range of first-row transition and post transition ions [34].
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Based in part on parallel studies during which strategies for obtaining linked two-
ring, mixed donor systems were developed [35], successful procedures for the
preparation of the linked systems 16 and 17 incorporating 16-membered, N,S,-donor
macrocycles and 1,3,5-tribenzyl or phloroglucinol cores were carried out [36]. The
latter procedures are also related in broad detail to those outlined above for preparing
the linked tetraaza macrocyclic systems 11 - 14. The procedure for 16 (R = H), outlined
in Scheme 4, is representative. It involves the use of both fert-butoxycarbonyl (Boc)
and 2,2,2-trichloroethoxycarbonyl (Troc) N-protecting groups in order to provide
differential deprotection at different stages in the step-wise synthesis.
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Scheme 4

The metal ion binding properties of 16 and 17 (with R= H and benzyl) towards the
soft metal ions Ag(I) [37], Pd(II) [38] and Pt(I) [38] have been investigated. A number
of complexes of type [Ag;L](NO;); (L = 16, 17) and [M;L](PFs)¢ M =Pd or Pt, L =
16, 17) were isolated and their properties compared with the corresponding complexes
of the analogous (similarly substituted) single-ring macrocycles. Both the
microanalytical and the mass spectrometric results confirmed the 3:1 (metal:ligand)
stoichiometries of the tris-ring complexes. Undoubtedly the metal ions occupy the
macrocyclic cavities in each of these complexes. In this context it is noted that the X-
ray structure of mononuclear [PdL](PF¢), (where L is a mono N-benzylated derivative
of the corresponding single-ring, N,S,-donor macrocycle) showed that the palladium
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coordinates to all four donor atoms of the macrocycle in a square planar fashion. NMR
titrations in the case of Ag(I) [37], and spectrophotometric titrations for Pd(II) and
Pt(I1) [38], all confirm that 3:1 stoichiometries once again occur for the complexes of
the tri-linked ligands in non-aqueous solution. Clear step-wise coordination was
detected in the case of Ag(l) interacting with both 16 and 17, with the individual step-
wise stability constants showing the expected decrease for formation of the respective
1:1, 2:1 and 3:1 metal complex species.
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Competitive (seven-metal) solvent extraction experiments (water/chloroform) and
related bulk membrane transport (water/chloroform/water) experiments have been
performed in which each of the four tri-branched ligands as well as their single ring
analogues were employed as the extractant/ionophore in the respective chloroform
phases [37]. In both sets of experiments the aqueous source phases contained an
equimolar mixture of Co(II), Ni(I), Cu(Il), Zn(IT), Cd(II), Ag(I) and Pb(II) nitrates and
were buffered at pH 4.9. For membrane transport the aqueous receiving phase was
buffered at pH 3; under these conditions any transport will be driven by the 'back'
transfer of protons. Under the conditions employed, the results from the solvent
extraction and the bulk membrane transport experiments clearly paralleled each other -
for each ligand system high extraction/transport selectivity for Ag(I) was observed over
the other six metal ions present in the respective source phases.

In an extension of the above studies the tri-branched system 16 (R = H) was
employed as a first generation core for the synthesis of a second generation dendritic
system [39]. Tris N-alkylation of 16 (R = H) with three equivalents of the bis
macrocycle-containing fragment 18 yielded the nine-ring dendritic species 19 which
was readily characterised using normal spectroscopic techniques (including high
resolution mass spectrometry). This product reacts with Pd(II) and Pt(II) to yield yellow
complexes that, however, proved more difficult to characterise. For example, both
resisted mass spectral characterisation despite the use of a variety of ionisation methods
(EL, FAB, MALDI or ES); this may reflect the presence of an 18+ charge arising from a
Pd(Il) or Pt(II) occupying each of the macrocyclic sites. Nevertheless, a
spectrophotometric titration involving the addition of the nine-ring dendrimer to Pd(II)
chloride in acetonitrile yielded a sharp 9:1 endpoint, confirming the uptake of nine
Pd(IT) ions per dendrimer molecule in this case.
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1. Introduction

The coordination chemistry of the tridentate macrocycle 1,4,7-triazacyclononane
([9]aneN;) and its N-alkylated analogues (R3-[9]aneN;) with main group and transition
metal ions has been comprehensively studied over the last thirty years [1-7]. In addition
to kinetically inert and thermodynamically stable sandwich complexes, a series of
polynuclear complexes have also been prepared in the presence of suitable bridging
ligands. In these species, the [9]aneN; macrocyclic framework serves as a face-capping
group, allowing variation of the donor array at the remaining coordination sites of a
coordinated metal ion.

The binding properties of [9]aneN; to metal cations can be finely adapted through
sequential functionalisation of the secondary amines with pendant arms bearing
additional coordinating groups to generate ligands with increasing number of donor
atoms. Symmetric N-functionalisation of [9]aneN; via incorporation of three identical
pendant arms terminated with neutral or anionic N-, O-, S-, or P-donor groups has
afforded a great variety of effective hexadentate ligands. These often confer remarkable
stability upon metal centres in low nuclearity complexes, and can adapt to their binding
mode to the preferred coordination geometries and oxidation states of metal centre(s)
[8-15]. However, much less work has been reported on selectively N-functionalised
derivatives of [9]aneN; bearing only one or two pendant arms having identical
coordinating donor groups or “innocent” alkyl substituents [8-10, 16-21]. Even less
work has been reported on the synthesis of asymmetric derivatives of [9]aneN; having
different N-attached pendant-donors groups, reflecting the increased and significant
synthetic difficulty encountered in the preparation of these types of ligands using a
multistep approach [22, 23].

Karsten Gloe (ed.), Macrocyclic Chemistry: Current Trends and Future Perspectives, 67-86.
© 2005 Springer. Printed in the Netherlands.
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Nevertheless, pendant arm derivatives of [9]aneN; and other polyaza-macrocycles
have garnered great interest in recent years for their use in many different chemical
applications such as catalysis [24-30], selective cation binding [30-32], surfactants [33,
34], mimicry of enzymes and siderophores [35-39], tumor-directed radioisotope
carriers, and use in magnetic resonance imaging reagents [40].

The synthesis, structure, and coordination properties of [9]aneN; and other polyaza-
macrocycles bearing N-attached coordinating pendant groups have been reviewed [1, 8-
10, 40]. The present review covers the last four years of our work in this field and is
only focussed on synthetic aspects and coordination properties of nitrile- and amino-
functionalised pendant arms derivatives of [9]aneNs. Their use in developing new high-
yield synthetic routes for the preparation of asymmetric derivatives of [9]aneN; with
more than one type of pendant donors and featuring amino-functionalised pendant arms
are also discussed.

2. Nitrile-Functionalised Pendant arm Derivatives of [9]aneN;

N-Functionalised derivatives of [9]aneN; bearing three nitrile pendant arms have been
successfully used as precursors in the synthesis of the corresponding amino derivatives
(see next paragraph)[41-45]. However, their coordination chemistry has not been
studied extensively. To date few examples have been reported for the synthesis of
mono- and di-nitrilealkyl pendant arm derivatives of [9]aneN; [42], although an
efficient synthetic procedure has been developed for the ligands illustrated in Scheme 1
[41, 43-45]. Thus, addition of chloroacetonitrile to [9]aneN;-3HBr in EtOH in the
presence of an excess of EtN affords L' [43, 45], while Michael addition of
acrylonitrile to the appropriate [9]aneN; precursor gives L’-L* in high yield [41, 44,

45].
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Scheme 1. Summary of nitrile-functionalised pendant arm derivatives of [9]aneNs.
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2.1 REACTIVITY TOWARDS Ag'

In principle, L'-L* should not form sandwich complexes or encapsulate a metal centre
due to the steric hindrance of the nitrile-functionalised pendant arms and to the inability
of the nitrile group to bind via 6 M«—:N=C-R donation in a chelate fashion to a metal
ion sitting within the macrocyclic cavity. These ligands should instead promote the
formation of multinuclear or polymeric complexes via exo coordination of the nitrile
functionality. In fact, reaction of one molar equivalent of AgPF, with L' gives the
polymeric complex {[Ag(Ll)]PF(,}N in which the Ag' ion is bound to N-donors is a
distorted octahedral geometry [45, 46]. One face is taken up by the three N-donors of
the triaza ring [Ag-N([9]aneN;) 2.523(4)-2.547(4) A], with the remaining three
positions occupied by the N-donors of nitrile groups [Ag-N(C=N) 2.311(4)-2.486(4) A]
belonging to three different [Ag(L")]" complex cation (Fig. la). An uncommon 3D
inorganic network is, therefore, formed in which each molecule of L' is a node linked to
four different Ag' centres and each Ag' ion represents a six-connected junction via
NCH,CN linkers to six other Ag' ions in an overall 3D single network (Fig. 1b).
Interestingly, the structure of this inorganic network does not depend upon whether
BF, or PFs is the counter anion since the channels within the polymer can
accommodate both anions.

(@) (b)

Figure 1. (a) View of the coordination sphere in the complex cation [Ag(L")]"; (b) partial view of the
{[Ag(LH]'}.. 3D polymer: the ethylene units belonging to [9]aneN; frameworks are omitted for clarity to
better show the six-connected single network at Ag' centres.

The ligand L?, which differs from L' in the length of each pendant arm, gives the
polymeric complex {[Ag,(L*),][BF4],}.. upon reaction with AgBF, in a 1:1 molar ratio
in MeCN [45, 46]. In this compound the repeating unit is the binuclear complex cation
[Agy(L?),]*" lying across a crystallographic inversion centre in which each Ag' centre is
bound to four N-donors in a distorted tetrahedral geometry: three are provided by the
[9]aneN; framework of L? [Ag-N([9]aneNs) 2.412(5)-2.504(5) A] and the fourth comes
from the nitrile group [Ag-N(C=N) 2.192(6) A] of a pendant arm from a symmetry
related [Ag(L*)]" unit (Fig. 2). Each Ag' ion interacts also with one of the two
remaining pendant arms of L’ [Ag-N(C=N) 2.779(7) A] of an inversion-related
[Agy(L?),]*" binuclear fragment to give an infinite zigzag polymer along the [100]
direction (Fig. 2).
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Figure 2. Packing diagram showing part of an {[Agy(L?),]*"}.. polymeric chain.

Interestingly, the reaction of L* with two molar equivalents of AgPF, in MeCN
gives the 2D polymeric complex {[Agz(L4)][PF6]2}N [45]. In this compound the
repeating unit is the binuclear complex cation [Ag,(LY]*" lying across a
crystallographic inversion centre. Each [9]aneN; moiety in the ligand hosts one Ag'
centre, and each Ag' ion in the repeating unit [Agz(L‘*)]2+ is bound to five N-donors in a
highly distorted trigonal bipyramical coordination geometry, with one axial position and
two equatorial positions taken up by the three N-donors of a triaza ring moiety [Ag—
N([9]aneN;) 2.464(4)-2.483(3) A], and the remaining sites occupied by the N-donors of
nitrile groups from two different symmetry-related [Ag,(L*)]*" units [Ag-N(C=N)
2.262(4), 2.501(4) A]. The two pentadentate compartments of L* are arranged in an anti
configuration and a 2D inorganic network is, therefore, formed in which each penta-
coordinate Ag' ion is connected to two other Ag' centres through two NCH,CH,CN
linkers of the pendant arms of L4, and to a third metal centre via an NCH,CH,N linker
of ethylene bridge between the two [9]aneN; units of L*. As observed in the structure of
the polymeric complex cation {[Agz(Lz)z]H}m (Fig. 2), ribbons of fused 12-membered
rings connected at Ag' spiro-centres can be envisaged within the 2D architecture of
{[Agz(L4)]2+}m, each comprising two metal centres and two NCH,CH,CN linkers
connecting them. These ribbons run along the [010] direction, are stacked along [100],
and are connected at the metal centres via NCH,CH,N linkers. In terms of connectivity,
the 2D network is perhaps best viewed as a distorted “brick wall” structure constructed
using two different type of linkers (Scheme 2c). Thus, by simply changing the pendant
arm length from CH,CN in L' to CH,CH,CN in L2, and the number of [9]aneN;
moieties within the ligand from one in L* to two in L*, different network motifs and
dimensionalities for the resulting coordination polymers with Ag' are obtained (Scheme

 HZ =

(a) (b) (c)
Scheme 2. Schematic representation of the connectivity in the structures of the
polymeric complex cations: (a) {[Ag(LN]}., O}[Ag(L?),]*'}., and (c)
{[Ag(LY]) '}
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2.2 REACTIVITY TOWARDS Cu"

Further evidence for the inability of the nitrile groups in L'-L* to participate in efficient
6 M«:N=C-R endo-binding to a metal ion sitting within the [9]aneN; cavity is
afforded by their reaction with one equivalent of Cu(BF,),-4H,0 in MeOH at 65°C [47].
Methanolysis of two nitrile groups is observed in these reactions and blue crystalline
complexes in which Cu" is encapsulated by the resulting ligands L-L7 featuring imino-
ether groups (Scheme 3) have been isolated and characterised.

HN,
OMe OMe
HN:

N (\N/> <\N/>
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Scheme 3. Summary of the ligands obtainable starting from L'-L* by Cu'-assisted
methanolysis of cyano groups.

The stereochemistry at the Cu' centres in these complexes is square-based
pyramidal with two imine donors from the pendant arms and two tertiary amines from
the macrocyclic framework occupying the basal positions. The apical position is
occupied by the remaining N-donor of the [9]aneN; moiety bearing a nitrile-
functionalised pendant arm (Fig. 3).

In [Cu(L®)]*" [Cu-N([9]aneNs) 2.044(5)-2.249(5), Cu-N(C=N) 1.942(5), 1.947(5)
A] (Fig. 3a) three five-membered chelate rings are formed in the basal plane with very
similar angles [82.8(2)-86.1(2)°] subtended at the metal centre. However, due to the
high degree of planarity in the imino-ether moieties, the torsion angles about the central
C—C bonds for the chelate rings involving the pendant arms [16.9(8) and 21.8(8)°] are
significantly different from the corresponding torsion angle in the chelate ring involving
the [9]aneN; framework [46.7(11)°].

In [Cu(L%]*" [Cu-N([9]aneNs) 2.050(3)-2.280(3), Cu-N(C=N) 1.979(3), 2.003(3)
A] (Fig. 3b), because of the longer pendant arms, one five- and two six-membered
chelate rings are formed in the basal coordination plane, with angles subtended at the
metal centre of 81.6(1)° for the former and of 90.7(1) and 92.3(1)° for the latter. While
the five-membered ring adopts a gauche conformation with a torsion angle about the
central C—C bond of 47.3(4)°, the two six-membered chelate rings show pseudo-boat
conformations due to the planarity of the imino-ether fragments. Interestingly, for both
complexes, [Cu(L*)]*" and [Cu(L?)]*", the nitrile group on the pendant arm attached to
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the apical N-donor does not undergo nucleophilic attack by MeOH, and this group is,
therefore, oriented away from the square-based pyramidal sphere of the metal centre. To
our knowledge, only one example of Cu"-promoted nucleophilic attack on nitrile groups
has been reported previously; this report concerns the alcoholysis of bis(2-
cyanoguanidine) ligands with the formation of square-planar Cu' complexes of the
resulting (amidino-O-alkylurea) ligands [48]. This reaction takes place with either
MeOH or EtOH and with different Cu" salts (BF,, CI', Br, and SO42’).

Figure 3. View of the coordination sphere in the complex cations: (a) [Cu(L%)]*"; (b) [Cu(L®)]*"; and (c) in the
complex [Cu(L?)Cl,].

Treatment of L? and L? with one molar equivalent of CuCl,-2H,0 in MeCN at room
temperature (ie. under conditions where the the nitrile groups cannot undergo
solvolysis) gives the mononuclear complexes [Cu(L})Cl,] and[Cu(L*)Cl,] having two
chloride anions coordinated to the metal centre [Fig. 3c for [Cu(L})Cl,], Cu—
N([9]aneN;) 2.1203(17)-2.2368(16), Cu—Cl 2.2871(6), 2.2624(6) A] [47]. In both
structures, the basal positions of a distorted square-based pyramidal geometry are
occupied by two tertiary N-donors from the [9]aneN; framework and by two chloride
ligands, while the nitrile-functionalised pendant arms are oriented away from the metal
centres.

Interestingly, the reaction of L? with CuCl,2H,O in refluxing MeOH gives upon
slow diffusion of Et,0O vapour into the reaction mixture, first a small amount of
[Cu(L*)Cl,], then a blue oil showing a band at ca. 1630 cm ™ typical for the v(C=N)
stretching vibration of an imino group [47]. On treating this blue oil with excess of
Me,NBF, in MeOH a very hygroscopic blue solid, [Cu(L¥)CI]BF,, in which a nitrile
group of L* has undergone methanolysis, can be isolated by diffusion of Et,0 vapour
into the resulting solution (Scheme 3) [47]. Scheme 4 summarises the different
complexes that can be isolated from the reaction of L? with CuCl,-2H,O and
Cu(BF,),"4H,0 as a function of solvent and reaction conditions.



PENDANT ARM MACROCYCLIC COMPLEXES 73

§N
b
N N
NCTTNAN \/\CN
2
L CN
N i Jn; i v
oN <\N 2+
X i NN amEy
i - ch
AN N~ BF, U
NC Rt CN (\N =N N=
4 an!
cr’ al N, :"N\/\CN MeO OMe
Cu
[Cu(L3)Cly] — ol [Cu(L9)(BF4),
H

MeO
[Cu(L¥)C1]BF,

Scheme 4. Products obtained from the reaction of L? with CuCl,2H,0 and Cu(BF,),-4H,0 under different
experimental conditions. i: CuCl,,2H,O MeCN, r.t., 3 h; ii: CuCl,-2H,0, MeOH, reflux, 5h; iii: MesNBF,,
MeOH; iv: Cu(BF,),'4H,0, MeOH, reflux, 2 h.

These results support a reaction pathway for the Cu'-assisted methanolysis of cyano
groups in L'-L? in which intermediate Cu" complexes of L'-L? having basal positions
occupied by MeOH are initially formed [47]. The coordinated solvent molecules are
then activated via metal-assisted deprotonation leading to nucleophilic attack on the
nitrile group(s). The roles of the metal centre are, therefore, to template and activate the
reaction of MeOH with nitrile groups of the ligands, and to bind and protect the
resultant imino-ether groups in L>-L® having different N-attached pendant-donors
groups. Thus, selective methanolysis of one or two nitrile groups in L'-L? can be readily
acl}lieved via control of choice of the coordinating properties of the anion in the starting
Cu" salt.

3. Amino-Functionalised Pendant arm Derivatives of [9]aneN;
3.1 SYNTHESIS

The most successful synthetic procedure for the preparation of amino-functionalised
pendant arm derivatives of [9]aneN; involves the reduction of pendant nitrile groups
using 1M BHj solution in THF, followed by hydrolysis of the borane complexes in
refluxing concentrated HCI solution. The free amine can be obtained from the resulting
hydrochloride salt by passing an aqueous solution of this salt through a Dowex column.
Using this route the ligands L"*-L'® in Scheme 5, which feature tertiary N-donors within
the [9]aneN; crown, can be prepared pure and in high yield [41-45]. Sargeson and
Hammershei have reported an alternative synthetic route for L' which consists of a
reductive alkylation of [9]aneN; with phthalimidoacetaldehyde in the presence of
NaBH;CN, followed by the acid hydrolysis of the recovered product to remove the
protecting phthalol group [49]. The first reaction step has to be performed under
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anhydrous conditions in MeCN using phthalimidoacetaldehyde, which has previously
been dehydrated by azeotropic removal of water with benzene, while the final product
can only be partially purified by chromatography.

H,N H,N
NH, NH,

f i) f T Nﬁw S

L9 LIO Lll LIZ

HN H,N
NH,
g NH,

N At
Nj ( /> EN P!

N N
HoN k/N HZN/\/ \ \/\NHZ J_/
\ H,N

L13 L14 L15

2 x\ /ﬁ /_/—NH2

HZNJ_/ K/ \KNH

Scheme 5. Summary of amino-functionalised pendant arm derivatives of [9]aneN;.

The synthesis of mono- and di-aminoalkyl pendant arm derivatives of [9]aneN; is
less straightforward due to the necessity of preserving two or one secondary N-donors in
the macrocychc framework, respectively. McAuley and co-workers reported the Co™,
Cu", and Ni" complexes of L10 and L' and studied their properties both in solution and
in the solid state [41, 42]. However, the two ligands were prepared as a mixture in low
yield and their separation and purification were achieved only by column
chromatography of the corresponding Ni" complexes. An efficient synthetic method for
the selective preparation of L’ and L' has been reported recently [50, 51] (Scheme 6),
and it illustrates the suitability of p-tolylsulfonyl derivatives of [9]aneN; as precursors
to selectively functionalise this macrocyle.
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Scheme 6. Reagents and conditions for the synthesis of L’ and L', i: Ts-aziridine,
MeCN, reflux, 28 h for 2, and 3 h for 4; ii: H,SO,4 conc. 110 °C, 72 h; iii: Amberlite
IRA-416.

Reaction of 4,7-bis(p-tolylsulphonyl)-1,4,7-triazacyclononane (1) or 1-(p-
tolylsulphonyl)-1,4,7-triazacyclononane (3) with a stoichiometric amount of N-tosyl-
aziridine in MeCN under an atmosphere of N, gives high yields of 2 and 4, respectively.
These can be readily transformed into L’ and L', respectively, by detosylation with
concentrated sulphuric acid.

In principle, mono- and di-aminoalkyl pendant arm derivatives of [9]aneN; could be
functionalised at the secondary macrocyclic N-centres with different pendant-donor
groups. Any synthetic strategy designed for this purpose should provide for an efficient
protection of the primary pendant-amine groups. Thus, direct [2+2] Schiff-base
condensation of L' with one molar equivalent of 2,6-diformyl-4-methylphenol in
MeOH gives, after partial removal of the solvent and addition of light petroleum, the
cofacial macropolycycle H,L" (Scheme 7) [50, 52]. The imine bonds in this new
phenol-based compartmental system can be readily reduced with a mixture of
NaBH,/NaBH;CN in MeOH to give H,L'" [53]. Having twelve potential coordination
sites, both HzL17 and H2L18 can also be effectively used for the formation of binuclear
complexes with various metal ions (see next paragraph) [52, 53]. Imines are not
normally used as protective groups for amines because of their low stability and
potential high reactivity, especially under acidic conditions. However, H,L'" can be
transformed to 5 and 6 via reaction with tert-butylbromoacetate and 2-bromoethanol,
respectively (Scheme 7). 5 and 6 can be isolated as thick orange oils, but can also be
used in situ for subsequent reactions. Infact, hydrolysis of the imino bonds in § and 6
with diluted aqueous HCI affords the hydrochloric salts of the two asymmetric
derivatives of [9]aneN; HL" and L* having different N-attached pendant-donors
groups [50]. In the case of 5, the reaction with dilute aqueous HCI also hydrolyses the
tert-butyl ester group to the free carboxylic acid function in HL".
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Scheme 7. Synthetic scheme for the asymmetric functionalisation of [9]aneN; with different pendant
donor groups starting from L" i 2,6-diformyl-4-methylphenol, MeOH, reflux, 2 h; ii:
NaBHs/NaBH;CN, MeOH, r.t., 30 h; iii: tert-butylbromoacetate, CHCl;, NEt(Pr),, r.t., 12 h; iv: 2-
bromoethanol, EtOH, K,COs, 50 °C, 16 h; v: HC10.01 M, r.t., 12 h.
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Schiff-base condensation of aminoalkyl pendant arm derivatives of [9]aneN; with
the appropriate carbonylic reagent can be used either to protect the primary pendant-
amine groups, or to extend the pendant arms with additional coordinating groups. This
latter approach affords ligands with an increased set of donor atoms capable of fully
encapsulating metal ions of larger ionic radii. Thus, Schiff-base condensation in MeOH
of L' and L with two or three molar equivalents of sodium pyruvate in the presence
of a lanthanide ion template, gives the complexes [Ln(L*")X] (Ln = Y", Gd", Eu"
Dy" , X = CI" or CH;COO") and [Ln(L**)] (Ln = Y™ La" Sm", me Gd“I “‘
Dy™), respectively (Scheme 8) [43, 54].

NH,

N
HzN/\/ ~N NH2

LM [Ln(L?)]

Scheme 8. Synthetic scheme for the preparation of complexes [Ln(L*")X] (Ln = Y", Gd", Eu", Dy"™ , X =
CI” or CH;COO") and [Ln(L*)] (Ln = Y™, La™, sm™, Yb", Gd", Eu™, Dy"): i: MeCOCOONa, LnCl;,
MeOH, reflux, 2 h; ii: MeCOCOONa, LnCl;, CH;COONa, MeOH, reflux, 2 h.

L?? incorporates nine donor atoms which fulfil a slightly distorted tricapped trigonal
prismatic stereochemistry at Ln"" centre affording thermodynamically and kinetically
stable complexes [Ln(L*%)]. Acidic media hydrolyses the C=N bonds in [Lo(L*)]
within several hours [43, 54]. In contrast, L*' has only seven donor centres, providing
an opportunity for coordination of anions or water molecules to the metal centre.
Therefore, the complexes [Ln(L*")X] can potentially act as MRI or ion recognition
agents, while at the same time maintaining elements of stability of their [Ln(L**)]
analogues. Hydrolysis of the C=N bonds in [Ln(L*")X] occurs within several hours at
neutral pH. The number of water molecules bound to the metal centre estimated using
NMR relaxivity measurements for Gd"' complexes, dysprosium induced shift (DIS)
measurements for Dy complexes, and emission lifetime measurements for Eu"
complexes is close to one for complexes of L*' and zero for complexes of L?.
Complexes structurally similar to [Ln(L*?)] have also been obtained from the Schiff-
base condensation in MeOH of L' with methyl sodium acetyl phosphonate and methyl
sodium 4-methoxybenzoyl phosphonate in the presence of Y, La™, Yb", and Gd"
[55].
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3.2 COORDINATION CHEMISTRY

The protonation constants of the ligands L’, L' LY and L (Scheme 5), having one,
two or three aminoethyl or three aminopropyl pendant arms, respectively, on the
[9]aneN; framework, and the thermodynamic stabilities of their mononuclear complexes
with Cu" and Zn" have been investigated by potentiometric measurements in aqueous
solutions (Table 1) [51].

TABLE 1. Protonation constants of ligands L’, LY, LY and L' and formation
constants of their Cu" and Zn" complexes in aqueous solution (0.1 mol dm™
NMe,Cl, 298.1 K).

Reaction log K
L L LY L

H +L — [HL]* 10.7(1)  10.72(6) 10.77(6) 11.1(1)
[HL]" + H' — [H,LJ?* 9.1(1) 9.32(5) 9.52(5) 10.1(1)
[HL]* + H' — [H:L]** 5.3(1) 8.53(6) 8.72(6) 9.4(1)
[H:L] + H' p— [HL]* 1.9(1) 2.2(8) 5.16(7) 8.5(1)
[HL]¥ +H ~— [HsL]™ 2.43(5) 3.4
[HSL]5++H+ : [H(,L]6+ 19(1)

2041(3) 2378  22.0(1) 19.83)
292(1) 3.946) 95(1) 10.13)
34(1)  5.9(1)

Cu’'+L ~—— [Cu(L)]"
[Cu(L]" +H ~—— [Cu(HL)]*

[CuHL)P + H* ~— [Cu(HhL)]*"

[Cu(lLL)* + H ~— [Cu(H,L)]" 3.7(1)
[Cu(L)]* + OH p— [Cu(L)(OH)]" 4573) 2.78 3.3(1)
[Cu(L)* +20H ~— [Cu(L)(OH),] 3.0(1)

13.81(3) 17.48(1) 21.28(6) 18.91(4)
32(1)  4.13(6) 5.97(5)

Zn**+L ~— [ZnL]*

[Zn(L)] + HY ~— [Zn(HL)"

[Zn(HL)P' + H* ~— [Zn(H,L)]" 5.44(5)
[Zn(HD)]* + H ~— [Zn(H:L)] 4.9(1)
[Zn(L)P +OH ~— [zayomy]* 7 3.743) 34(1)  3.5506)
[Zn(L)P" +20H ~—— [Zn(L)(OH),] >-30®) 3.47(5)

'H NMR spectroscopic studies performed in D,0 as a function of pH allow
determination of the protonation sites of these ligands. Generally, it is observed that the
primary -NH, groups of the pendant arms are protonated first to minimize electrostatic
repulsions with subsequent protonation of the secondary and tertiary macrocyclic N-
centres. Interestingly, the crystal structure of [H,L’]Cl, shows the two acidic protons
localised on the secondary amine and stabilised by a hydrogen bonding network
involving the neutral -NH, group of the side-arm and chloride counterions [51].

The data in Table 1 confirm that all ligands considered form very stable complexes
in aqueous solutions with Cu". Comparing the binding abilities of L’, L', L', and L",
the stability constants of the complexes [Cu(L)]*" increase from L’ to L' and then
decrease from L' to L' and L'® (Table 1). However, L’ shows a binding ability toward
Cu" higher than [9]aneN; (log K = 20.41 for L’ vs. log K = 15.5 for [9]aneN;) [51],
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indicating that in [Cu(L*)]*" the aminoethyl pendant is involved in metal coordination.
The increased stability of [Cu(L")]*", therefore, can be ascribed to the coordination of
both the —NH, groups of the side-arms to the metal centre, which is then penta-
coordinated by the five N-donors of the ligand. The increased coordination number in
[Cu(L'™)]*" compared with [Cu(L’)]*" is also confirmed by the lower constant for the
addition of OH to the former (Table 1), which indicates an almost saturated
coordination sphere for the metal in this complex.

L" incorporates a further aminoethyl pendant arm as a potential donor group, but its
Cu" complex displays a somewhat lower stability than with L', but at the same time, a
much higher tendency to form a monoprotonated [Cu(HL")]** complex (Table 1). This
behaviour can be ascribed to the presence in [Cu(L')]*" of an uncoordinated
aminoethyl pendant arm which can be readily protonated in aqueous solution.

The replacement of the aminoethyl pendant arms in L' with aminopropyl ones in
L" leads to an overall weaker ligand-metal interaction, as shown by the lower
formation constant for [Cu(L'®)]*" compared to [Cu(L'*)]*" (Table 1). This effect can be
attributed to the larger N-Cu—N chelating bond angle arising from the larger bite angle
of the NCH,CH,CH,N fragment, which reduces the stability of the complex
[Cu(L)]*". However, like [Cu(L')]*", [Cu(L')]*" is readily protonated, and the
particularly high value of the first protonation constant for this complex (log K = 10.1,
Table 1) strongly suggests that in this case too, at least one of the amino pendant-donor
groups is not involved in binding to the meta ion.

As observed for the Cu" complexes, the stability of the Zn" complex with L’ is
higher than that with [9]aneN; (log K = 13.81 for L’ vs. log K = 11.62 for [9]aneN;)
[51]; at the same time, [Zn(L*)]*" is considerably less stable than [Zn(L'"]* (Table 1).
These observations suggest the involvement of all the N-donors of L’ and L" in
complex formation. A different behaviour is found on passing to L'* and L', since the
stability of the complexes [Zn(L'*)]*" and [Zn(L')]*" are higher than that found for
[Zn(L'")]*, the opposite trend to that observed for Cu" complexation. This strongly
suggests that in [Zn(L'*)]*" and [Zn(L")]*" all six N-donors are bound to the metal
centre. Notably, these two Zn" complexes also show a much lower tendency to
protonate than the corresponding Cu" complexes, which contain an uncoordinated
aminoethyl group. The somewhat lower stability in solution for [Zn(L")]** compared
with [Zn(L'"]*, can be ascribed, as in the case of Cu", to the replacement of ethylene
chains in the side-arms with longer propylene ones.

The results of the potentiometric studies are confirmed by the crystal structure
determinations on the complexes [Cu(L’)(Br)]Br, [Zn(L*)(NO;)]NO;, [Cu(L')](ClO4),,
[Cu(L")](BF4)»MeCN, and [Zn(L')](BF4),MeCN [51]. In both complex cations
[Cu(L’)(Br)]" and [Zn(L*)(NO5)]" all N-donors of L’ are involved in complex formation
[Cu-N([9]aneN;) 2.077(9)-2.119(10), Cu-N(NH,;) 1.955(9) A; Zn-N([9]aneN3)
2.083(3)-2.223(3), Zn—N(NH,) 2.025(3) A] and the two metal ions are five-coordinate
(Fig. 4a,b). A Br ligand [Cu-Br 2.4089(14) A] and a monodentate nitrate ion [Zn-O
2.128(2) A] complete a distorted square-based pyramidal (SBP) and a distorted trigonal
bipyramidal (TBP) environment in the Cu" and Zn" complexes, respectively. In
[Cu(L")]*", the metal ion is still five-coordinate, and according to the solution studies,
all N-donors of L' are involved in metal complexation [Cu—N([9]aneNs) 2.033(2)-
2.206(2), Cu-N(NH,) 2.018(3), 2.019(3) A]. They impose a distorted SBP geometry at
the metal centre with the basal coordination sites occupied by the two primary N-donors
from the pendant arms and two tertiary N-donors from the [9]aneN; framework. The
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apical position is occupied by the remaining secondary amino group of the pentadentate
ligand L" (Fig. 4c).

(b)

(© (d)

Figure 4. View of the coordination sphere in the complex cations: (a) [Cu(L’)(Br)]"; (b)
[Zn(L)(NO3)T'; (¢) [Cu(L'H]*; (d) [Zn(L5)]*.

The coordination sphere around Cu" in [Cu(L")]*" is very similar to that observed
in the complex cations [Cu(L')]*" [41], [Cu(L™)]*" [44], and [Cuy(L'®]*" [44],
(Scheme 5). Overall five coordination at Cu" seems, therefore, to be the norm for
complexes with these types of ligands. Indeed, the metal centre in [Cu(L'*)]*" is again
five-coordinate via three N-donors of the [9]aneN; ring and two aminoethyl pendant
arms [51]. The third pendant arm of L' in [Cu(L'*)]*" is disordered over two sites with
one of the two components being uncoordinated to the metal centre. This strongly
support the results of the potentiomatric studies which indicate that in [Cu(L'*)]*" and
[Cu(L")]*" one of the three amino-functionalised pendant arm is not involved in metal
coordination and can be easily protonated in aqueous solution. Interestingly, the
reaction of L' with one molar equivalent of Cu(BF;),4H,0 in MeOH gives the
complex [Cu(L"")](BF,), via cleavage of one of the three aminopropyl pendant arms of
L". Thus, as already noted by McAuley on comparing the structure of [Cu(L'?)]*" with
those of [Ni(L'")(H,0)]*" and [Co(L'")CI]*" [42], the very small crystal-field
stabilisation energy difference between octahedral and SBP complexes for Cu" with L'
does not compensate for the steric strain imposed by the addition of a sixth ligand to the
metal centre in [Cu(L'%)]*. Unfortunately, the detailed mechanism of cleavage of one
pendant arm in L' upon reaction with Cu" remains unclear.
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According to the potentiometric studies, all six N-donors of L' are bound to the
metal centre in the complex cation [Zn(L'*)]*" [Zn-N([9]aneN;) 2.219(4)-2.224(4), Zn—
N(NH,) 2.149(3)-2.167(3) A] (Fig. 4d) with the coordination sphere around Zn"
showing a slight trigonal elongation from an ideal octahedral geometry [51]. Six
coordination is also preferred by other first row transition metal ions such as Ni", Co'",
and Mn" with amino-functionalised pendant arm derivatives of [9]aneNs. In fact, the X-
ray crystal structures of the complex cations [Niz(Llo)z(u-Cl)z]2+ [42],
[NIL")(MeCN)P** [51], [Ni(L)(HO)I*" [42], [Co(L)CIT*" [42], [Co(L™)*" [41],
and [Ni(Lls)]2+ [41], all show the metal ions in a distorted octahedral coordination
geometry which is reached in same cases by coordination of exogenous ligands. In
contrast, a distorted trigonal prismatic coordination geometry is observed for the
complex cations [Mn(L'")(NO5)]* [50], [Mn(L"%)]* [51], and [Mn(L")]" [50].

H,L'"” represents not only a useful intermediate in the synthesis of asymmetric
derivatives of [9]aneN; having different N-attached pendant-donors groups (Scheme 7),
but is also a new phenol-based compartmental system in which, for the first time, a
preformed macrocycle is introduced as part of the lateral chains connecting the two p-
cresol units to afford a large binucleating cofacial macropolycycle. In H,L", the
particular binding properties of phenol-based compartmental macrocycles are combined
with those of [9]aneN; to afford a ligand characterised by two large adjacent chambers,
each with a potential N5O,-donor set capable of accommodating, in close proximity, two
metal ions with large ionic radii. The ability of H,L'” to form homo-binuclear
complexes in which the two metal centres are bridged by the phenolate oxygen atoms
depends on the nature of the metal ion.

Figure 5. View of the coordination sphere in the complex cations (a) [Cda(L'")]*"; (b) [Y2(L'")(OH)]*".

In the binuclear Cd" complex [Cd,(L'")]*" [Cd-N([9]aneN3) 2.342(3)-2.511(3), Cd—
N(C=N) 2.293(3), 2.313(3), Cd-O 2.283(2), Cd--Cd 7.017(1) A] the two O-donors are
not shared by the two metal centres, which are each bound within an independent N;O-
donating compartment (Fig. 5a) [52]. A face-to-face m-m interaction between the two
aromatic rings and additional hydrogen-bonding involving MeOH molecules force the
O-donors of the anionic ligand (L'* to assume a peculiar arrangement with the
phenolate oxygens twisted in opposite direction and each pointing toward an individual
metal ion. However, bridging phenolate O-donors are observed in the binuclear Y
complex [Yo(L')(OH)J* in which the two eight-coordinated metal centres are also
bridged by a hydroxo group [Y-N([9]aneN;) 2.436(9)-2.655(7), Y-N(C=N) 2.418(8),
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2.472(8), Y-0 2.277(7)-2.391(6), Y--Y 3.4295(19) A] (Fig. 5b) [52]. It is important to
note that the smaller Cd" ion seldom adopts coordination numbers higher than six in
these and related systems, while the larger Y™ ion normally shows higher coordination
numbers of 8 or 9 in its complexes.

Reduction of the imine bonds in H,L'” affords H,L'® which is conformationally
more flexible. Potentiometric and Uv spectrophotometric measurements in aqueous
solutions reveals that H,L" binds up to seven protons in the pH range 2.5-10.5. Two
further equilibria, relative to the ligand deprotonation [H,L" ~—— HL"®) + H and
(HL'®y =—— (L'®* + H'], take place at pH>10.5 [53]. The calculated protonation
constants suggest that successive protonation steps of H,L'® (log K = 10.9-4.5) occur on
the two separated pentamine compartments of the ligands, alternatively. Thus (HgL'®)®*"
would contain six -NH," functions separated by a tertiary unprotonated N-donor to
reduce the electrostatic repulsion between the charged ammonium functions. This
hypothesis is corroborated by the crystal structure of [HsL'®)(C10,)¢-8H,0, which
shows protonation of all six secondary amines in the ligand H,L' [53]. The further
protonation step (log K = 1.8) occurs on amine groups adjacent to already protonated
nitrogens, thus decreasing the stability of the resulting species (H,L'®)"".

In aqueous solution, Hle8 shows a similar coordination behaviour toward Cu", Zn",
Cd", and Pb" giving rise to stable mono- and binuclear metal complexes in the presence
of one or two molar equivalents of metal ion [53]. The mononuclear species [M(L'®)]
can bind up to five protons with high protonation constants, the first three being only 1-
2 log units lower than the corresponding protonation constants of H,L'® alone. This
behaviour is typical of ditopic polyamine macrocycles which display two well-separated
binding sites. In other words, in [M(L")] (M = Cu", Zn", Cd", and Pb") the metal
resides in one of the two pentamine compartments, while the other, which is not
involved in binding to the metal, can be readily protonated. The mononuclear
complexes [M(L'®)] are much more stable than the corresponding complexes with L"
(log K = 30.1 and 23.8 for the Cu" complexes, and 20.2 and 17.48 for the Zn"
complexes with (L'*)* and L", respectively) [53]; this suggests the involvement of
deprotonated phenolate functions in metal coordination.

The mononuclear complexes show a marked tendency to encapsulate a second metal
ion in aqueous solutions to give stable binuclear complexes. The formation of the
binuclear species [M,(H,L'*)]*" with the neutral ligand H,L" at slightly acidic pH is
followed by deprotonation of the Ar—OH functions in neutral or weakly basic solutions
for Cu" and Zn", and at basic solution for Cd" and Pb", to give the species [M,(HL'®)]**
and [My(L"*)]*, respectively [53]. The facile deprotonation of the Ar—OH functions,
especially in the case of Cu' and Zn" binuclear complexes [Ma(H,L'®)]*, which occurs,
in the absence of metal cations, only at strongly alkaline pH, indicates the participation
of the metal ions in this process. This feature is confirmed by the X-ray crystal structure
of the complexes [Cuy(L'®)](BF,),2MeCN, [Zny(HL'®)](ClO4)s2MeCN, and
[Pby(L'®)](C104),2MeCN (Fig. 6) [53].

In the complex cation [Cuy(L'™)]*, each Cu" ion is bound to an N,O-donor set
within a slightly distorted square-based pyramidal environment (Fig. 6a). The basal
positions of the pyramidal coordination sphere are occupied by two tertiary N-donors
from the [9]aneN; moiety [Cu—N 2.016(12)-2.102(12) A, one secondary N-donor from
the aliphatic chain of the anionic ligand (L'®)*” [Cu-N 2.008(12)-2.008(13) A] and by
one phenolate oxygen [Cu—O 1.909(9), 1.910(9) A]. The apical position is occupied by
the secondary N-donor from the [9]aneN; moiety [Cu-N 2.283(10), 2.312(11) A].
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Figure 6. View of the coordination sphere in the complex cations (a) [Cua(L'*)]*"; (b) [Zn,(HL'®)]*"; (c)
[PbZ(LIS)]ZJr.

A long interaction with the remaining secondary N-donor of the anionic ligand [Cu—N
2.597(10), 2.593(11) A] complete an overall Ns;O-coordination around each metal
centre. The two NsO-donating compartments of (L)% act, therefore, as isolated donor
sets with the phenolate O-donors not bridging the metal ions [Cu-+-Cu 5.954(2) A] [53].

Each Zn" ion in the complex cation [Zn,(HL")]*" is six-coordinate and bound by an
N;sO-donor set within a slightly distorted octahedral environment [Zn-N 2.177(4)-
2.204(4), Zn—0 2.058(3), Zn-~Zn 5.572(1) A] (Fig. 6b) [53]. Only one of the two Ar—
OH groups of the starting ligand is deprotonated and is involved in a strong
intramolecular hydrogen bond with the remaining —OH function, Thus, the two N;O-
donating compartments of the macropolycyclic anion (HL'®)" , although acting as
isolated donor sets, are connected by an unusual Zn—O---H-O—Zn bridge.

Finally, the two Pb" centres in the cation [Pb,(L'*)]*" lie within the two N;O-
donating compartments of (L'*)*” [Pb-N 2.586(5)-2.744(5), Pb—O 2.487(4), 2.630(4) A]
and are bridged by the phenolate O-donors with a short interatomic Pb---Pb distance of
3.9427 (5) A comparable to that observed between the two metal centres in
[Y,(L'"YOH)]*" (Fig. 6¢c) [53]. On going from [Cuy(L'®)]*" to [Zny(HL'™)]*" and to
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[Pby(L"*)]*", we observe the ligand gradually adopting a more extended conformation
(Fig. 6) allowing the O-donors to be shared between the two metal centres.
Interestingly, and similar to the observations with the more rigid H,L'" (Fig. 5), a
bridging coordination mode for the phenolate O-donors is achieved with metal ions
having a large ionic radius and high coordination number.
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1. Introduction

The creation of function and properties on the molecular level is one of the challenges
of modern chemistry. A molecular function can be as simple as a selective recognition
of a guest molecule or as complex as a molecular motor. Always reversible
intermolecular non-covalent interactions are key elements in the design of molecular
functionality. We summarise in this review recent examples of functional
supramolecular compounds. All examples have in common an azamacrocycle as their
core element, whereby we have to focus on cyclen and cyclam. We start with simple
functions, such as the recognition or sensing of anions and cations, leading to examples
where neutral guest molecules — as complex as a HIV-1 regulatory protein — are bound.
In model compounds that mimic biological processes, such as hydrolysis or redox
reactions, the ability to act as a functional model very much depends on their molecular
structure. This allows to derive structure — property relations, from which the most
significant structural parameters can be identified. From the numerous examples of aza-
macrocycle-based lanthanides chemosensors we can only present a few illustrative
examples due to the limited size available for this review article. We apologise to all
authors whose excellent contributions could not be included.

2. Recognition of Anions

Selective recognition of anions is important for environmental assays and analysis of
biological samples. Due to their more complicated shape, charge distribution and
smaller charge-to-radius ratios, recognition of anions is more difficult than the
recognition of spherical cations. High selectivities can be achieved in neutral receptor
molecules where the distance dependent Coloumb forces can be combined with the
spatially more specific hydrogen bonding.

A neutral macrocyclic receptor of nitrate was designed by a rational approach.[1] A
hexagonal grid was constructed around the trigonal nitrate anion and the molecular
frame was cut from the chicken wire pattern (Scheme 1).

Karsten Gloe (ed.), Macrocyclic Chemistry: Current Trends and Future Perspectives, 87-103.
© 2005 Springer. Printed in the Netherlands.
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Scheme 1. Design of a neutral macrocyclic receptor using a chicken wire pattern

Thiourea units were chosen as the hydrogen bond donors, because this motif is often
found in crystal structures of nitrate salts. Although this approach was crude, there were
three positions (X) which could be further modified. Size and shape of the cavity should
slightly change with different groups (S, O, NH, CH,) in this position. To find the
optimum arrangement around the nitrate anion, a density functional theory calculation
was performed. The results revealed that molecules with oxygen and sulphur bridges are
good candidates for the given task. Both molecules were synthesised and their binding
properties studied by NMR titrations in dimethylsulphoxide. As the theoretical
considerations indicated, the binding of nitrate anion to the receptor with oxygen
bridges was among the strongest for neutral molecules with defined binding motifs.
Small structural changes (sulphur bridges instead of oxygen bridges or more sterically
demanding linkers between the thiourea units) resulted in a complete loss of the binding
affinity. Surprisingly, the receptor also exhibited binding selectivity for bromide anions
which are even poorer acceptors of hydrogen bonds than nitrates.

An important class of naturally occurring anions are the nucleoside phosphates (i.e.
nucleotides) present in nucleic acids, sugar nucleotides for glycosylation of oligo-
saccharides or proteins, activated forms of proteins and chemical mediators which play
a central role in intracellular signals. Artificial phosphate receptors allow for detection
and separation of biologically important compounds. However, most chemical receptors
are soluble in solution and cannot be therefore separated easily from the solution
binding the desired compound.

This problem was overcome by anchoring the recognition unit — zinc cyclene — onto
a polymer.[2] Cyclene bearing a vinylbenzyl group was co-polymerised with an
ethylene glycol dimethacrylate cross-linker, yielding a solid material (Scheme 2).

The amount of zinc(I) ions bound to the polymer was quite elegantly determined by
the use of a zinc(II) selective fluorophore developed by the same group.[3] Adsorption
of phosphates such as 5'-dAMP and 4-NPP, adenosine 3',5'-cyclic-monophosphate
(3,5'-cAMP) and the corresponding dephosphorylated compounds, deoxyadenosine
(dA) and 4-nitrophenol (4-NP) was studied. The polymer was stirred in a solution
containing the studied guest in a buffered aqueous solution. The adsorption efficiency
was determined by the decrease of the guest molecule concentrations by UV
measurement.
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Scheme 2. Synthesis of a zinc(Il) complex-conjugated polymer

It was found that the polymer exhibited selectivity towards phosphomonoester
dianions. Less polar compounds were found to bind non-specifically to the polymer.
The polymer was then used as a stationary phase for a HPLC column. A mixture
containing dA, 5'-dAMP and 3',5'-cAMP was thus separated. As expected, the retention
time of 5'-AMP was larger than those for dA and 3',5'-cAMP. The same was true for
other nucleotides compared to the corresponding nucleosides. When the Zn*"free
control polymer was used, all compounds were immediately eluted. The possibility to
use polymer-anchored recognition units to separate biologically important phosphates
was thus proved.

3. Recognition of Cations

Cyclenes are a useful component of metal sensor molecules. The common structure of
such chemosensor is fluorophore — linker — sensor. Various fluorophores were
connected to the cyclene which ensured the detection of the desired cation. These
molecules were often water soluble and worked under physiological conditions what
made them interesting from the biomedical point of view.

Recently, a selective receptor for copper(Il) ion consisting of a ruthenium chromophore,
lysine spacer and a cyclene unit was prepared (Scheme 3).[4]
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Scheme 3. Receptor for the selective recognition of copper(1I)

The luminescence properties of the compounds were studied in solution alone and in
the presence of various metal cations. The emission spectra of the free ligand were
almost identical over the whole pH range studied (2 to 12). In the presence of nickel(Il),
a minimum at pH 9.5 was observed and the emission was quenched by ca. 20 %.
Manganese(1l), iron(II), cobalt(Il) and zinc(II) did not result in pH-dependent emission
quenching. However, the presence of copper(Il) ions efficiently quenched the
ruthenium-based emission at pH 6.8. Binding of copper(I]) to the ligand was reversible
upon protonation. When going from low pH value upwards, the emission intensity
decreased to reach the minimum at pH 6.8. Back titration from pH 7 to 2 recovered the
emission intensity. The cycle was almost reversible as shown by repetition of the
experiment. Titrations of the ligand with nickel(Il), copper(Il) and zinc(II) ions at
neutral pH (buffered aqueous solution) showed that the receptor was selective for
copper(Il) ions. Addition of other metal ions did not result in significant emission
quenching. The copper(Il) ion formed a 1:1 complex with the ligand and the quenching
could be observed in low metal concentration (10 M). A competitive experiment was
also performed and copper(Il) ions were added to a solution which — apart from the
ligand — already contained a 10-fold excess of zinc(Il) and nickel(IT) perchlorate. The
emission was even in this case quenched equally well. Hence, a copper(Il) selective
ligand, undisturbed by the presence of other metal cations was prepared. The ligand
worked in aqueous solutions at neutral pH and the binding of copper(Il) ions was
reversible.

On the other hand, Koike et al. [3] described a fluorescent ligand which was
selective for zinc(Il) ions. The photoactive part of the molecule was in this case the
dansyl moiety, connected to a cyclene unit by a diethylamino linker. In order to shift the
analytical range to higher concentrations, a similar structure containing [12]aneNj
instead of cyclene was also prepared (Scheme 4).

The binding of metal cations to these ligands was studied by potentiometric pH
titrations which showed i) a 1:1 stoichiometry of the complexes and ii) the [12]aneN;
containing ligand may be used at intracellular zinc(II) concentration range. The effect of
the binding event on absorbance and fluorescence was studied in an aqueous solution at
pH 7.8. Upon addition of zinc(Il) ions, the fluorescence intensity at 538 nm (A, =
320 nm) increased 5.2 times. However, the fluorescence emission was almost
unaffected by the presence of sodium(l), potassium(I), calcium(Il), magnesium(Il) or
iron(I1I) ions under the same conditions.
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Scheme 4. Receptor for the selective recognition of zinc(Il) cation

Only the presence of copper(Il) quenched the fluorescence emission. Nevertheless,
in ordinary biological systems, copper(Il) ions are strongly bound to amino acids,
peptides or proteins, and the ligands described may be therefore used for the dynamic
analysis of the biologically important zinc(II) ions.

Later on, Aoki et al. [5] described a similar ligand, bearing an anthrylmethylamino
group instead of the dansyl group (Scheme 5).
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Scheme 5. A zinc(II) receptor with an anthryl group

Zinc(II) complexation properties were studied by potentiometric pH titrations and it
was found that zinc(II) bound even more strongly to the anthryl-bearing ligand than to
the ligand described previously. Fluorometric titrations at pH 7.4 showed that upon
complexation of zinc(I) ion, the fluorescence emission from the anthryl group
increased 3.1 times. The detection limit was 10”7 M of zinc(II) ions. The ligand signalled
more strongly zinc(Il) than cadmium(II). However, similar to the previous ligand
described, the fluorescent emission was quenched upon the addition of copper(II). The
effect of other cations [magnesium(II), calcium(Il) and potassium(I)] or counterions
(nitrate, perchlorate, sulphate, fluoride, chloride, bromide, iodide, hydrogenphosphate,
thymidyl and barbiturate anion) on the zinc(II) signalling was negligible.

The same group also originated a selective fluorescent probe for yttrium(III) and
lanthanum(IIl) ions based on the cyclene moiety.[6] Again, the cyclene ring bore a
fluorescent dansyl group, but in this case, the other nitrogen atoms were substituted with
carbamoyl groups (Scheme 6). These were believed to create a microenvironment
around the dansyl group to increase its fluorescence, once the cyclene moiety was
deprotonated.
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Scheme 6. A doubly-substituted cyclen as a receptor for Y** and La*" ions

Upon pH-dependent fluorescence titration, the fluorescence of the dansyl group
increased 8.5 times as the pH value increased. The quantum yield at pH 11.0 was 6
times higher than at pH 7.4. The fluorescence emission was greatly enhanced by the
presence of yttrium(III) and lanthanum(III) ion (8.6 times and 3.8 times, respectively).
On the other hand, the fluorescence was not affected by the presence of a great many
similar cations. This means the ligand was a selective probe for Y** and La*" working in
aqueous solutions.

Lowe ef al. [7] and Frias et al. [8] described complexes of cyclene-based molecules
with lanthanoids. A gadolinium complex which would exhibit pH-dependent relaxivity
thanks to a switch in hydration state was prepared.[7] Cyclene bore a sulphonamide
substituent in order to achieve a variation of the coordination environment of the
lanthanide centre as a function of pH (Scheme 7).
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Scheme 7. pH-dependent microenvironment around the metal centre (q = number of coordinated water
molecules)
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Sensitivity of the lanthanide complex was considered likely to be determined by
nature of the substituent R (R") (Scheme 8).
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Scheme 8. Structure of the prepared ligands

The pH dependence of luminescence and relaxivity revealed that the complexes with
europium, gadolinium and lanthanum might be used for MRI imaging. The concept was
later verified by Frias et al. [8] by the use of structurally similar lanthanide complexes
(Scheme 9).
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Scheme 9. Structure of the ligands for MRI imaging

The tetraazatriphenylene chromophore attached to the cyclene ring acted as an
efficient sensitiser for Eu’" and Tb”>" emission but also intercalated between the base
pairs of DNA. The complexes were tested as cellular imaging and reactive probes using
the mouse fibroblast cell line. The complexes were quickly taken up by the fibroblast
cells and localised in nucleus and around the cell membrane. The process was visualised
by fluorescence microscopy. Photolysis at 340 nm and 350 nm damaged plasmid
supercoiled DNA producing nicked (form II) and linear (form III) DNA. DNA damage
is known to induce apoptotic cell death and these complexes may be therefore
considered for the development as therapeutic probes, for example in the treatment of
accessible tumours, such as skin melanoma.
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4. Recognition of Neutral Molecules

The technique of molecular imprinting was successfully used to create a polymer with
specific recognition sites.[9] A template was used to organise monomers during the
polymerisation process. After the polymerisation, it was washed away from the
insoluble network, leaving behind domains of complementary size and shape (Scheme
10).
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Scheme 10. Preparation of a molecular imprinted polymer

Potential candidates for the templates were e.g. riboflavin and thymine as they
exhibit similar imide pK, values but differ in sterical demands (Scheme 11).
A more challenging template was creatinine which is — due to its weaker electron
acceptor properties and lower acidity — bound 34 times weaker to the zinc(II)-cyclene
than thymine.
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Scheme 11. Structures and pKa values of riboflavin tetraacetate, creatinine and thymine
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Stoichiometric =~ complexes of the  zinc(Il)-cyclene  monomer  with
tetraacetylriboflavin and creatinine were prepared and co-polymerised with ethylene
glycol dimethyl acrylate. After exhaustive extraction of the material which removed
impurities and the templates, a functional polymer was formed. Control polymers
without template and with cobalt(II) instead of zinc(IT) were also prepared.

The studied polymer contained all accessible cyclene units as zinc(II) complexes.
The recognition properties of the polymer were than studied by shaking the polymer
with an aqueous buffered solution of thymin, creatinine, tetraacetylriboflavin or a
mixture of thymin and creatinine. It was found that the cobalt(Il)-containing control
polymer did not bind thymin or creatinine, but irreversibly bound flavine. The control
polymer without metal ions did not bind any guest, only weak non-specific adsorption
to the polymer surface occurred. The binding of creatinine was found to be 97 %
reversible and ca. 60 % of all the sites were accessible. For creatinine, a uniform
binding situation was found, while thymine distinguished two types of sites: one with
unrestricted access and the other with some sterical hindrance. The competition
experiment revealed preferred binding for creatinine over thymine in a ratio of 3.5:1. In
a polymer prepared without the imprint, a selectivity of 1:77 for thymine was found.
This proved the fact that the imprinting process creates binding selectivity. Hence,
binding of biologically important guests to molecular imprinted polymers containing
metal binding sites under physiological conditions is possible.

Similar to the aforementioned polymer containing binding sites for nucleotides, a
polymer for the selective binding and reversible release of riboflavin was prepared.[10]
Cyclene was immobilised as a binding site on a polymer surface by reaction with
Fractogel® EMD epoxy (Scheme 12).
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Scheme 12. Synthesis of a riboflavin-binding polymer

Remaining epoxide groups of the tentagel were then deactivated by reaction with
glycine, Boc protecting groups of the cyclene were removed and a complex with
zinc(II) was formed. Because of the large amount of the binding sites present on the
polymer surface, the polymer was capable of riboflavin binding in aqueous solutions.
Buffered solution of riboflavin was passed through a column filled with the polymer.
Riboflavin was retained as proved by both naked eye observation and UV measurement.
However, riboflavin was quantitatively released by using a more acidic buffer solution.
The polymer exhibited an apparent binding constant to riboflavin in the millimolar
range at pH 7.4 and selectively recognised imide bonds. To prove the ability of the
polymer to selectively remove riboflavin from a mixture of compounds, the polymer
was treated with a commercial vitamin dietary supplement, containing a mixture of
vitamins Bj, B,, Bg, B2, C, E, folic acid, biotin, panthothenic acid and nicotinamide in
amounts corresponding to recommended daily amounts for adults. Passage through the
column filled with the polymer selectively removed riboflavin, whose typical absorption
bands disappeared from the UV spectrum. Elution of the column with an acidic buffer
solution yielded a solution of pure riboflavin whose amount corresponded to the amount
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present in the supplement tablet. Hence, a polymer which facilitates the isolation of
riboflavin from natural source and analysis of riboflavin containing mixtures was found.
Kikuta ez al. [11] described a potent zinc(Il)-cyclene based inhibitor of the HIV-1 TAR
RNA-Tat peptide binding (Scheme 13).
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Scheme 13. Inhibitors of the HIV-1 TAR RNA-Tat binding

Single zinc(Il)-cyclenes had been known to bind to uridine and thymidine
nucleotides by the specific zinc(Il)-imide N bonding. The repeated binding motif was
found to selectively bind to a dinucleotide dTpdT or a trinucleotide dTpdTpdT,
according to the number of zinc(Il)-cyclene units.

Transcription of HIV-1 genome is facilitated by a HIV-1 regulatory protein Tat
which activates the full-length synthesis of HIV-1 mRNA by binding to a trans-
activation responsive (TAR) element RNA. The TAR element consists of the first 59
nucleotides of the HIV-1 primary transcript and adopts a hairpin structure with an
uracil-rich bulge (UUU or UCU). The bulge is the Tat binding site. The tris-zinc(II)-
cyclene complex was found to bind selectively to the TAR element and hence to
prevent the TAR — Tat binding thanks to the extremely strong binding to the UUU
bulge. Efficiency of the inhibition was studied by a footprinting analysis using
micrococcal nuclease and a TAR3; model of the binding site. The footprinting analysis
showed the tris-zinc(II)-cyclene complex was one of the most potent inhibitors of the
binding ever described and may be therefore considered as a new “small molecule”
targeting HIV-1 RNA.

Another group of cyclene-based molecules interacting with nucleic acids was
described by us.[12] In this case, cyclene nitrogen atoms were substituted with
carbamoyl groups which irreversibly reduced the basicity and binding abilities but were
useful for the synthesis of more complex molecules (Scheme 14). Simple carbamoyl-
substituted cyclenes were obtained by standard protection — acylation — deprotection
procedures.
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Scheme 14. Carbamoyl-substituted cyclenes

The use of diisocyanates (hexyl-1,6-diisocyanate and m-tolyl-diisocyanate) yielded
bridged bis-cyclenes (Scheme 15). Complexes of the ligands with copper(Il) and
zinc(Il) perchlorate were prepared.
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Scheme 15. Bridged bis-cyclenes

The ability to bind to DNA was studied by ethidium bromide displacement
titrations. The phosphodiester backbone of DNA was fully stable in the presence of the
coordination compounds. The apparent binding constants were dependent on the charge
of the macrocycles. Apparent binding constants of the metal complexes were even
stronger and co-operative effect could be observed for the dinuclear ligands.

Bridger et al. studied bis-tetraazamacrocycles which differed in the size of the
azamacrocyclic ring.[13] These macrocycles had high potency and selectivity against
HIV. The systematic study revealed that the most promising structure was the para-
phenylenemethylenebis-[ 14]aneN, (Scheme 16).
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Scheme 16. Lead structure for the HIV inhibition

The anti-HIV activity of corresponding zinc(Il), copper(Il) and palladium(II)
complexes was also evaluated. Activity inversely correlated with stability of the
complexes: a kinetically labile bis-zinc(II) complex exhibited similar ECs, value against
HIV-1 as the free ligand, but was 2-fold more potent against HIV-2. Derivatives with
substituted aromatic linker were also studied. However, activity against HIV seemed
independent of substituent electron properties. Bulky groups reduced the activity. In
subsequent work [14], compounds with heteroaromatic linkers were evaluated, but none
of the compounds was better than the original lead structures.

5. Biological System Models

A model of a flavin-based redox enzyme was prepared.[15] Redox enzymes are often
flavoproteins containing flavin cofactors flavin adenine dinucleotide (FAD) or flavin
mononucleotide (FMN). They mediate one- or two-electron redox processes at
potentials which vary in a range of more than 500 mV. The redox properties of the
flavin part must be therefore tuned by the apoenzyme to ensure the specific function of
the enzyme. Influence by hydrogen bonding, aromatic stacking, dipole interactions and
steric effects have been so far observed in biological systems, but coordination to metal
site has never been found before. Nevertheless, the importance of such interactions for
functions and structure of other biological molecules make this a conceivable scenario.
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In order to predict feasibility of such a motif, changes in redox properties of 10-
butylflavin and riboflavintetraacetate upon reversible coordination to Lewis-acidic
zinc(II) complexes were studied, posing very simple models for metalloprotein binding
(Scheme 17).

R, = ribytyl, butyl
R, = H, dodecyl

Scheme 17. A model system for flavoenzyme activity

The effect of complexation on redox properties was studied by cyclic voltammetry.

Unbound flavin, dissolved in an aprotic solvent (dichloromethane), undergoes a two
electron reduction perfectly explained by the ECE mechanism. Upon addition of
cyclene ligand and coordination of flavin to the zinc ion complex, the
flavohydroquinone redox state was stabilised.
Aprotic solvents mimic the hydrophobic protein interior. However, a functional
artificial receptor for flavin binding under physiological conditions must be able to
interact with the guest even in competitive solvents. As found by spectroscopic
measurements with phenothiazene-labeled cyclene, the coordinative bond between
flavin and Lewis-acidic macrocyclic zinc in methanol was strong enough for this
function. Stiochiometry of the complex was proved by Job’s plot analysis. Redox
properties of the assemblies in methanol were studied by cyclic voltammetry which
showed that the binding motif allowed interception of the ECE reduction mechanism
and stabilisation of a flavosemiquinone radical anion in a polar solvent. As a
consequence, the flavin chromophore switched from a two-electron-one-step process to
a two-step-one-electron-each by coordination.

A different redox system model — the model for NADH — was also described by our
group.[16] As electron transfer mediators, FMN and FAD accept two electrons from
NAD(P)H and transfer one electron to metal centres in heme-containing proteins,
nonheme iron, or molybdenum sites. However, the transfer of electrons between
reduced pyridine — dinucleotide cofactors is slow under physiological conditions and
must be catalysed by enzymes. Function of these enzymes was mimicked by a
modification of the cofactor by a recognition site for its counterpart and, thus, efficient
electron transfer was enabled directly. Functionalised 1,4-dihydronicotinamides bearing
a recognition unit for flavins were synthesised (Scheme 18).
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Scheme 18. NADH model systems

The prepared compounds systematically differed in the distance of the
dihydropyridine and the flavin recognition part. Binding between flavin and the NADH
model systems was proved by potentiometric pH titrations. Redox reaction between the
NADH model systems and flavin was monitored by UV — VIS spectroscopy. The
intensity of the long-wave absorption of flavin at 456 nm significantly decreased during
the reaction and the decrease was attributed to the reduction of flavin to the fully
reduced flavohydroquinone. At the same time, the intensity of the peak around 360 nm
decreased as well, because of the reduction of flavin and the concerted oxidation of the
1,4-dihydronicotinamide to the corresponding pyridinium species. Kinetics of the
electron transfer was studied and two reasonable kinetic models were proposed.

To compare these two mechanisms, an NADH model without the recognition site was
synthesised. The contribution of the flavin binding to the rate constant was thus
evaluated and it was shown that the proximity of flavin and NADH model influenced
the electron transfer rate. Mechanistic computations helped to show that with the
appropriate NADH model system, both components were optimally arranged for the
electron transfer. Although the exact mechanism of the reaction is still under debate, the
kinetic isotope effect experiment indicated that in this case, the hydrogen at 4-position
was transferred in the rate determining step which supported the hydride mechanism.

By the use of a model system, Kimura et al. [17] tried to mimic the function of the two
mechanistically most typical zinc(II) enzymes. Carbonic anhydrase (CA, EC 4.2.1.1)
catalyses the reversible hydration of carbon dioxide to bicarbonate ion and its zinc(I)
active site is bound to three histidine residues and a water molecule. Carboxypeptidase
A (CPA, EC 3.4.17.1) catalyses the hydrolysis of the hydrophobic C-terminal amino
acids from polypeptides, and its active-site zinc(II) is bound to two histidine residues, a
glutamine residue and a water molecule which is hydrogen bound to a glutamine residue
(Scheme 19).
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Scheme 19. Structure of CA and CPA active sites

The widely accepted Zn>"-hydroxide mechanism of CA and CPA says the zinc(II)-
bound waters that are generated at neutral pH are activated to attack polarised carbonyl
substrates. It is noteworthy that carboxamides are substrates for CPA but inhibitors for
CA. The visible spectral study of binding of iodoacetamide to colbalt(Il)-substituted CA
indicates coordination of the amidate N ion to the metal. In order to answer the
question how do zinc(Il) ions work differently toward the carboxamides in CA and
CPA, the different modes of recognition were mimicked by the use of carboxamide-
appended cyclenes (Scheme 20).
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Scheme 20. Carboxamide-appended cyclenes

The protonation constants of the new ligands were determined by potentiometric pH
titrations. Deprotonation of the amide hydrogen atoms was not observed. The 1:1
zinc(I) complexation equilibria were studied by potentiometric pH titrations with the
protonated ligands and it was found that the complexes with the shorter pendant formed
more stable complexes as the amide oxygen coordinated to the metal ion to form five-
membered chelates. On the contrary, six membered chelates from the ligands with
longer pendant were less likely. Under basic conditions, the coordination of the amidate
nitrogen atom to the zinc(II) centre was proved by IR, UV and NMR measurements and
finally by X-ray crystal analysis. Hence, the authors concluded, the reactive sites of the
Zn*"-cyclenes were occupied by the carboxamide oxygens in acidic pH and
carboxamidato nitrogens in basic pH.

A biomimetic artificial photylase model was described by Wiest et al.[18] The
model recognised pyrimidine dimers in both organic solvents and water. Excitation of
the complex with visible light led to cycloreversion of the pyrimidine dimer through
photoinduced electron-transfer catalysis (Scheme 21).
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Scheme 21. An artificial photolyase model

6. Electron-transfer Dyads

The feasibility of intramolecular electron- and energy-transfer depends on distance and
is usually studied in covalently linked systems. However, donor-acceptor dyads can be
also arranged by self-assembly what resembles the situation of electron transfer in
biological systems. Artificial dyads tethered by a small number of hydrogen bonds
immediately dissociate in methanol or water. To improve the binding while keeping the
reversibility, a photoinducible electron donor-acceptor dyad linked by a kinetically
labile bond was designed.[19]

Zinc(IT) cyclene was linked to phenothiazene group which served as electron-donor
(Scheme 22). To the complexed zinc(II), a riboflavin tetraacetate molecule coordinated.
Upon irradiation, the flavin became a strong oxidant and the transfer of electrons could
be easily observed by emission quenching.

Scheme 22. A phenothiazine — riboflavin dyad
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Binding of the components in a neutral aqueous solution was confirmed by
potentiometric titrations. The feasibility of electron transfer between the components
was predicted by cyclic voltammetry and an efficient outer-sphere fast electron transfer
was foreseen. Fluorescence spectroscopy measurements showed that the formation of a
defined donor-acceptor complex worked even in water at neutral pH. Electron transfer
as the quenching mechanism was proved by laser flash photolysis.

A similar dyad was described by Cibulka et al.[20] The flavin part was in this case
covalently bound to the zinc(II)-cyclene. 4-Methoxybenzyl alcohol was bound to the
metal centre and was upon irradiation oxidised to the corresponding benzaldehyde
(Scheme 23).

Scheme 23. A flavin — benzylalcohol dyad

7. Summary

The discussed examples clearly demonstrate the importance of azamacrocycles as
structural element to create supramolecular function. Their rigid structure, the basicity
and transition metal-ion coordinating ability make them suitable as scaffolds and
binding sites. Lanthanide chemosensors containing azamacrocyclic ligands have already
reached applications in medical diagnostics. Other applications of azamacrocyclic
systems with supramolecular functions, particularly in biochemistry, will follow.
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1. Introduction

For a number of years the research interests of the Beer group have covered many areas
of macrocyclic coordination and supramolecular chemistry. This article reviews our
latest results of current research by focusing on three major sections: sensing of cations
and anions; anion templated assembly of pseudorotaxanes and rotaxanes, and metal-
directed self-assembly using the dithiocarbamate ligand.

2. Sensing

2.1  INTRODUCTION

With the aim of advancing chemical sensor technology, the development of host
molecules that contain signalling or responsive functional groups as an integral part of a
host macrocyclic framework is a highly topical research field.' The incorporation of a
redox- and/or photo-active signalling moiety in close proximity to a host binding site
enables the host-guest recognition event to be sensed via a macroscopic electrochemical
and/or photophysical response. An ongoing research programme in our group is
concerned with the design and construction of innovative electrochemical and spectral
sensory reagents for target cation and anion guest species of biological and
environmental importance. The following sections review recent progress made with (i)
a new family of redox-active ionophores’ which exhibit remarkable selectivity
preferences and substantial electrochemical recognition effects toward cesium and
rubidium cations and (ii) anion recognition and sensing by self-assembled monolayers
of amidoferrocene derivatives’ and zinc metalloporphyrin-functionalised gold
nanoparticles”.

Karsten Gloe (ed.), Macrocyclic Chemistry: Current Trends and Future Perspectives, 105-119.
© 2005 Springer. Printed in the Netherlands.
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2.2 CESIUM- AND RUBIDIUM-SELECTIVE REDOX-ACTIVE IONOPHORES

A number of research groups have incorporated redox-active transition metal and
organic centres into a variety of frameworks based on crown ethers, cryptands and
calixarenes, and have shown some of these systems to be selective and
electrochemically responsive to the binding of metal cations, in particular lithium®,
sodium® and potassium’. However, the construction of redox-active ionophores for the
selective recognition of the larger rubidium and cesium metal cations has not been
described, a fact which is surprising in view of the environmental concern for
monitoring radioactive cesium in nuclear waste streams® and the potential use of
rubidium isotopes in radiopharmaceutical reagents’.

Taking into account our calix[4]tube ligand design'’, the novel bis-calix[4]diquinone
receptors were prepared via the initial synthesis of various bis-calix[4]arene derivatives
connected by alkylene chain units and subsequent oxidation of the remaining phenolic
groups to quinone moieties (Scheme 1 ).

(% S TI(OCOCF;), (% Q,
%
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OHOH QHHO
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(3),n=3 (5),n=3
Scheme 1.

Stability constant determinations by UV-visible titration experiments with Group I
metal cations in a highly competitive solvent mixture of 99:1 DMSO:water revealed the
propylene spaced receptor (4) forms a strong selective complex with rubidium cations
and exhibits the selectivity trend Rb™>Cs™>K">>Na" (TABLE 1). In contrast, receptor
(5) containing longer butylene spacers exhibits a remarkably high selectivity for cesium
ions; in fact in this competitive aqueous DMSO solvent medium, (5) does not form
complexes with either sodium or potassium cations (TABLE 1). This very high Cs"/Na"
selectivity preference is of real significance for the separation of radioactive cesium
from nuclear waste as such solutions typically contain sodium ions at high
concentrations.

TABLE 1. Stability Constant Data® for Group I Metal Complexes of (4) and (5).

K/M'
4) )
Na* b b
K* 7.9 x 10° b
Rb* 6.3 x 10* 40
Cs" 1.3 x 10* 1.6 x 10°

* At 298K. Maximum error estimated to be +10%. Experiments conducted in 99:1
DMSO:H,0. °No evidence of complexation was observed.



SENSING, TEMPLATION AND SELF-ASSEMBLY 107

An X-ray crystal structure of the cesium complex of butylene-bridged bis-
calix[4]diquinone (5) illustrates that the cation resides within the cavity bonded to all
eight oxygen donor atoms (Figure I). Molecular modelling shows that the cavity size of
(5) is highly complementary to the cesium ion. Molecular dynamics studies reveal
effective strong metal cation binding is only observed for systems where the metal
cation is of sufficient size to simultaneously bind to all eight oxygen donor atoms of the
alkyl-bridged bis-calix[4]diquinone structural framework. In addition to metal cation
size, the stability constant values reported in TABLE 1 show the length of the alkyl
bridging chain between the two calix[4]diquinone moieties crucially dictates the

Figure 1. The structure of the cesium complex of bis-calix[4]arene (5).

Cyclic and square wave voltammetric investigations in 4:1 CH,Cl,:CH;CN solutions
demonstrated that both (4) and (5) can electrochemically sense the binding of Group I
metal cations via substantial anodic perturbations of the respective quinone reduction
redox couples (TABLE 2). Electrochemical competition experiments showed that (5) is
capable of selectively sensing cesium ions in the presence of large excess of sodium
cations, confirming this ionophore’s potential use as a novel prototype redox-responsive
cesium ion sensor.

TABLE 2. Electrochemical data® for the binding of Group I metal cations by bis-
calix[4]arenes (4) and (5).

) )
E, (V) -1.04,-1.16 -1.06, -1.15
E,e (V) -1.70 -1.75
AE (Na', mV)° 350 330
AE (K, mV)° 250 250
AE (Rb', mV)° 250 210
AE (Cs', mV)" 240 190

* Obtained in 4:1 CH,ClL:CH;CN solution containing 0.1M BusNBF, as
supporting electrolyte. Receptor concentration = 1 x 10°M. AE recorded upon
addition of 5 equivalents of Group I metal cations. ° Anodic shift of new redox
couple relative to the first process of the original couple.
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2.2 ANION RECOGNITION AND SENSING BY AMIDOFERROCENE SELF-
ASSEMBLED MONOLAYERS ON GOLD ELECTRODES AND ZINC
METALLOPORPHYRIN-FUNCTIONALISED GOLD NANOPARTICLES

Anions play numerous indispensable roles in biological and chemical processes, as well
as contributing significantly to environmental pollution.'" Since the beginning of anion
co-ordination chemistry in the late 1960s, the main strategies in the design of synthetic
anion complexing reagents have focused on cationic polyammonium'’, quaternary
ammonium ", guanidinium'®, expanded porphyrin host systems'” and a variety of Lewis
acid-containing receptors such as tin'®, boron'’, silicon'®, mercury'’ and uranyl*.
Neutral organic receptors containing amide®', urea®, thiourea''® and pyrrole™ groups
which bind anions solely via hydrogen bonding interactions have also been exploited.
Reviews on various aspects of anion coordination chemistry can be found in the
references.'**

In more recent years, attention has turned towards anion sensory reagents.''**** For
example, we'”* and others®®*® have exploited the redox-active ferrocene moiety in the
selective electrochemical sensing of anions in organic and aqueous media. In particular,
acyclic, macrocyclic and calixarene amide functionalised ferrocene derivatives have all
been shown to undergo substantial perturbations of the respective metallocene redox
couple in the presence of a variety of anions. In an effort to fabricate a robust prototype
anion sensory device, we prepared the new 1,1’-bis(alkyl-N-amido)ferrocene derivative
(7) which contains two disulfide functional groups for attachment to planar gold
electrode surfaces (Scheme 2.)° Stable self-assembled monolayers (SAMs) of (7) were
prepared on gold macroelectrodes which exhibited a reversible ferrocene/ferrocenium
surface confined electrochemical response in both organic and aqueous electrolyte

(Figure 2).
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Figure 2. An illustration of a SAM of (7).
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TABLE 3 compares the diffusive electrochemical anion recognition behaviour of (7)
with that of the SAM of (7). The most striking aspect of data obtained on confining (7)
to a monolayer is the consistent observation of “surface sensing amplification”, that is,
the magnitudes of anion-induced cathodic shifts on the SAM are consistently greater
(Figure 3) than that observed diffusively, highlighting significant advantages associated
with preorganisation of the host pseudo-macrocycle on a surface (Figure 2).
Specifically, redox responses are more cathodically shifted by ca. 90 and 60 mV for
phosphate and chloride respectively. Competition experiments carried out on the
addition of H,PO, to electrolytic solutions of (7), 100 fold excess in halide, confirmed
the ability of H,PO, to compete effectively for the amide binding site; only the resultant
H,PO, shifted ferrocene couple is observed. This is the case both when (7) is analysed
diffusively and surface confined.

TABLE 3. Perturbation of the ferrocene/ferrocenium couple of (7)
and the SAM of (7) on addition of anions (8 mM).

Cathodic Shift Cr Br H,PO,
AE (mV)
@) 40 20 210
SAM of (7) 100 30 300
2
<
T
=
8
é 0
=il
-600 -400 -260 0 200 400

mV vs. Ag/AgNO;

Figure 3. The voltammetric response of a monolayer of (7) in the absence (dashed line)
and presence of HoPO; (8 mM).

Coordination mediated anion detection in an aqueous medium is challenging due to
the accompanying unfavourable energetic requirements of dehydration and the low
binding constants of anions, particularly to neutral anionophores. Monolayers of (7) in
water, however, give reproducible cathodic shifts (15-20 mV) in the presence of
perrhenate, a comparatively poorly hydrated anion.

Metal nanoparticles have extraordinary size-dependent optical properties, not
present in the bulk metal and have, consequently, been the subject of intense research
during the past decade or so.”’ Attention has recently focused on functionalising
colloidal nanoparticles with molecular recognition components for potential sensing
applications.”***° We have prepared a new amido-disulfide functionalised zinc
metalloporphyrin (8) which was self-assembled on to gold nanoparticles to produce a
novel anion-selective optical sensing system (9) (Scheme 3).*
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Scheme 3.

Comparative UV-visible titrations of the zinc metalloporphyrin (8) and the
metalloporphyrin functionalised nanoparticle (9) with a variety of anions in CH,Cl, and
DMSO solutions gave association constant values shown in TABLE 4 and TABLE 5.
This data highlights the striking result that the porphyrin functionalised nanoparticle (9)
exhibits significantly larger magnitudes of anion association constant in comparison to
the free zinc metalloporphyin (8). In particular, in DMSO solution, the strength of
binding of CI" by nanoparticle (9) is more than two orders of magnitude greater than that
of the free metalloporphyrin (8) (TABLE 5).

TABLE 4. Association constant (log K) data in dichloromethane
determined at 293 K, errors 0.1.

Anion [¢)) 9)*
cr >6 >6
Br 4.1 5.0
r 32 4.0
NOj3~ 24 32
H,yPO,~ >6 >6

Cloy 0 0

* Association constant values for the 1:1 porphyrin-anion complex
on the nanoparticle surface.

TABLE 5. Association constants (log K) data in DMSO determined
at 293 K, error +£0.1.

Anion (8) ()
Cr- <2 43
H,PO," 25 4.1

* Association constant values for the 1:1 porphyrin-anion complex
on the nanoparticle surface.
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This remarkable enhancement of anion complexed stability observed on confining
the receptor to a surface is significant. Host-guest binding affinity is determined by
factors controlling enthalpy and entropy. By preorganising receptors on surfaces, and
thereby reducing their conformational flexibility, entropic contributions would be
expected to be more favourable. Solvation effects associated with close packing of
receptors in a dominantly hydrophobic self-assembled monolayer environment are also
likely to be significant. The surface preorganisation of optical and/or electrochemical
group functionalised host systems offers the opportunity to fabricate highly sensitive
sensory devices.

3. Anion Templated Assembly of Pseudorotaxanes and Rotaxanes

Imaginative template methodologies are increasingly being used in the construction of
complex supramolecular architectures.”’ ranging from molecular cage-like assemblies
and helicates to mechanically interlocked supramolecules such as rotaxanes, catenanes
and knots.”® Cationic and neutral species have dominated the templated synthetic
strategies reported to date by employing metal-ligand coordination®, m—m stacking
interactions™*, hydrogen bonding™ and solvophobic effects™® to effect assembly between
two or more components. The challenge of exploiting anions to direct supramolecular
assembly formation remains largely under-developed, which may be attributed to their
diffuse nature, pH-dependence and relative high solvation energy as compared to
cations.' Although various serendipitous discoveries of where anions have templated
the formation of, in particular, inorganic-based polymetallic cage complexes’’ and
circular double helicates® have now appeared, strategic anion-templated syntheses and
assemblies are rare.”” This is especially the case when employing anions in the
construction of interpenetrated compounds.

We have recently demonstrated the use of a rational design procedure to develop a
general method of using anions to template the formation of a wide range of
pseudorotaxanes based on the coupling of anion recognition with ion-pairing (Figure
4).2%4142 This templation strategy is designed to operate in non-competitive solvent
media where the anion of the ion-pair is strongly associated with the potential cationic
threading component and importantly remains coordinatively unsaturated. Subsequent
anion recognition by the macrocyclic ligand results in pseudorotaxane formation as the
cationic thread strongly associates with the complexed anion within the macrocyclic
cavity.

Strong lon-Pairing

Anion Recognition

Figure 4. Anion-templated self-assembly of pseudorotaxanes. Recognition of the anion by macrocycle results
in the formation of an interpenetrated structure.
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Inspired by Crabtree and co-workers” who showed that simple isophthalamide
molecules are receptors for anions in chloroform (Figure 5), the first success using this
general anion template procedure was illustrated by the halide directed assembly of
pyridinium pseudorotaxanes (Figure 6 and Figure 7). The efficacy of the
pseudorotaxane formation was shown to depend critically on the nature of the halide
anion, with association constant evaluations showing the pyridinium-halide ion-pair
threading component’s strength of binding order to be CI' > Br” > I'. No evidence of
pseudorotaxane assembly was noted with the pyridinium PF¢ salt.

0Y©\fo
N, N
H. _H
©/ \CI-

Figure 5. Crabtree’s isophthalamide anion receptor.
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Figure 6. Assembly of pseudorotaxane from the ion-paired thread and the macrocycle.
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Figure 7. '"H NMR spectra of the free thread, macrocycle and the 1:1 mixture of the two components.

The solid state structure of the pyridinium-chloride pseudorotaxane (Figure &)
reveals the interpenetrative nature of the components and provides evidence for anion
complexation by the macrocycle’s isophthalamide motif, m—m donor-acceptor
interactions between the electron rich hydroquinone units of the macrocycle and
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electron deficient pyridinium group, together with hydrogen bonding between the
pyridinium methyl group and the macrocycle polyether linkage.

Figure 8. Two views of the structure of the pyridinium-chloride pseudorotaxane.

The versatility of this pseudorotaxane anion templation methodology was further
illustrated with the assembly of a series of pseudorotaxanes containing pyridinium
nicotinamide (Figure 9), imidazolium, benzimidazolium and guanidinium threading
components.*' Extensive '"H NMR titration investigations revealed the thermodynamic
stability of the pseudorotaxane assembly depends critically on the nature of the halide
anion template, with chloride proving to be the optimum template anion, which
correlates with this halide forming the strongest complexes with the isophthalamide
macrocycles.

Figure 9. Structure of the nicotinamide-chloride pseudorotaxane.

Exploiting this work further led to the anion templated assembly of a [2]rotaxane.*”
An acyclic chloride anion template (10) based on a “stoppered” pyridinium thread was
designed to act as the “axle” of the target rotaxane. The second component was a neutral
acyclic molecule (11) incorporating an isophthaloyl anion binding cleft functionalised
with two long hydroquinone containing side chains terminating with alkyl groups
capable of ring closing metathesis (RCM). The two components associate strongly in
non-competitive solvents and RCM reaction with Grubbs’ catalyst facilitated rotaxane
formation (12a) in yields of up to 47% (Scheme 4).
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Scheme 4.

No rotaxane formation occurred with analogous stoppered pyridinium bromide or
hexafluorophosphate salts, indicating the crucial templating role of the chloride anion.
An impressive feature of this method of rotaxane assembly is that the resultant product
retains a degree of functionality based on the anion template itself. Anion exchange of
the templating chloride anion for the non-competitive hexafluorophosphate anion leaves
a highly selective anion binding site within the rotaxane (12b) (Scheme 4).
Complexation studies have shown that although the pyridinium PF¢ thread alone binds
anions with a selectivity trend AcO™ >> H,PO, > CI, the rotaxane PF¢ receptor exhibits
a complete selectivity reversal with a high selectivity for chloride, the templating anion.
The solid state molecular structure of the chloride complexed rotaxane (Figure 10)
reveals this halide anion selectivity is a result of a unique hydrogen bond donating
pocket within the [2]rotaxane superstructure which is of a complementary topology to
the chloride guest anion. Lager anions cannot penetrate this diamide cleft and bind at
the periphery of the rotaxane, or via a large displacement of the pyridinium axle thread
from the macrocyclic cavity.

Figure 10. Structure of [2]rotaxane (12a).
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4. Metal-directed Self-assembly of Cryptands and Catenanes Using the
Dithiocarbamate Ligand

Metal-directed self-assembly of three-dimensional macrocycles and cage-like structures
including supramolecular architectures of nanoscale dimensions, is currently an area of
intense research activity.** By judicious choice of metal and multidentate ligand
components the resulting polymetallic assemblies may exhibit unique redox, magnetic
and photochemical properties, and have the potential to bind guest substrates. With
labile metals the assembly process is often thermodynamically controlled and yields of
self-assembled constructs commonly exceed those of traditional covalent synthesis. To
date the field has been dominated by multidentate pyridine ligands, followed by
catecholates and others.** We recently reported for the first time the use of
dithiocarbamate (dtc) ligand as a self-assembling construction motif in the synthesis of
a range of structures including nano-sized resorcinarene-based assemblies”, assorted
macrocycles*® and trinuclear cages®’.

The application of new bis-substituted dtc ligands containing various polyether and
amide spacer groups has lead to the construction of a wide range of metal-directed
assembled bimetallic macrocycles and cryptands (Scheme 5).* Cryptands can be
assembled through careful choice of a suitable octahedral stereochemical directing
metal centre such as iron(III) and cobalt(III).

N—{ spacer group—N

1. base, CS,
2.M

(0]
n=1 n=2 n=3 L = ethyl L = o-phenyl L = m-phenyl
(13a) M =Co(lll) (14a) M =Co(lll) (15a) M =Co(lll) (16a) M =Co(lll) (17a) M =Co(lll) (18a) M = Co(lll)
(13b) M =Fe(lll) (14b) M=Fe(lll) (15b) M = Fe(lll) (16b) M=Fe(lll) (17b) M =Fe(lll) (18b) M = Fe(lll)

Scheme 5.

The redox-active polyether containing cryptands were shown to complex Group I
metal cations, initially by ESMS. The bis-cobalt(Ill) cryptands also recognised these
metal cations electrochemically via significant anodic shifts of the Co(IV)/Co(III)
oxidation couple (TABLE 6). It is noteworthy that a correlation between magnitude of
anodic shift and complementary metal cation:cryptand size was observed, and not with
the metal cation polarising character. For example, with the large cryptand (15a), Cs"
causes the greatest perturbation of 45 mV whereas with the smaller cryptands (14a) and
(13a), K" and Na" respectively induce the largest anodic shifts.
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Electrochemical recognition experiments with Co(Et,NCS,); revealed no evidence of
interactions with Group I metal cations.

TABLE 6. Electrochemical Group I metal cation recognition data®

AE, (mV)°
Li" Na® K" Cs
(13a) 20 25 15 5
(14a) 0 25 35 10
(15a) 0 20 30 45

* Square wave voltammogram recorded in 1:1 CH,Cl/MeCN
solutions containing 0.1 mol dm® NBuBF, as supporting
electrolyte. ® Anodic shift of the Co(IV)/Co(1II) oxidation potential
produced by presence of Group I metal cations (up to 5
equivalents) added as their perchlorate, hexafluorophosphate and
triiodide salts.

The bimetallic amide containing macrocycles and cryptands recognise anionic guest
species.*” Although labile iron(Ill) complexes proved unsuitable for anion binding
studies, the cobalt(Ill) complexes (16a) — (18a) were capable of electrochemically
sensing anions. Cathodic perturbations of up to AE = 125 mV with H,PO, of the
respective Co(IV)/Co(Ill) redox couple were noted in dichloromethane solutions,
compared to no anion-induced shifts with Co(Et,CS,);.

In a serendipitous fashion, a novel mixed valence tetranuclear copper(Il)/copper(11I)
dithiocarbamate [2]catenane was prepared in near quantitative yield by partial chemical
oxidation of a preformed dinuclear copper(I) naphthyl dtc macrocycle (Scheme 6).*° X-
ray structure, magnetic susceptibility, ESMS and electrochemical studies all support the
tetranuclear catenane dication formulation. The combination of the lability of copper(1l)
dtc coordinate bonds and favourable copper(Il) dtc-copper(Ill) dtc charge transfer
stabilisation effects are responsible for the high yielding formation of the interlocked
structure.”’

9% i iE
N—<§\Cu\>}N
R-N N-R
R
S~s S™s S~ /SS>—N _
\/ \ /1) 2FeCls TG ~g
Cu Cu ——— | / 7\ (ReOy),
/\ /\ §\
S. s S 5 2)Excess N-< cu_ >>—
Y Y NaReOy4
R-N N-R
N—§§\Cu >>'N
90 -
(19) R = butyl or hexyl. (20)
Scheme 6.

Exploiting the labile copper(Il) dtc coordinate bond, a heteropolymetallic
copper(II)/gold(IIl) catenane (22) has also been recently prepared in a ‘magic ring’ high
yielding reaction simply by mixing the dinuclear copper(Il) naphthyl dtc macrocycle
(19) with the dicationic gold(III) cyclic analogue (21) (Scheme 7).
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Scheme 7.

Applying this new exciting transition metal dtc-based catenane high yielding
synthetic procedure to the construction of novel redox-controlled molecular machines
and switches is the subject of ongoing research within the group.
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SIGNALLING REVERSIBLE ANION BINDING IN AQUEOUS MEDIA
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1. Introduction and Background

The study of selective anion recognition by synthetic receptors has been a key feature in
the development of supramolecular chemistry [1]. Over the past 30 years, several
groups have sought to devise systems that are able to bind certain anions selectively in
an aqueous medium. Several of these, for example the protonated aza-cryptands,
exhibit a marked size selectivity and hence are able to bind certain spherical anions with
relatively high affinity, (e.g. halides) [2]. Examples of 'shape selectivity' in anion
binding are also most strikingly exemplified by macropolycyclic receptors, and often
rely on the appropriate disposition of hydrogen-bond donors [1]. Some of these systems
have been inspired by our growing appreciation of the importance of anion recognition
in biological chemistry. The sulfate and phosphate-binding proteins, for example, may
be considered as refined examples of receptors relying upon shape and size selectivity
determined by directed hydrogen-bonding [3,4].  Moreover, there are many
metalloenzymes, whose function requires marked selectivity in anion binding at the
metal centre.  The zinc-containing enzymes, carbonic anhydrase and alkaline
phosphatase are the classical examples of such systems [5], and the anion-binding step
usually involves competitive displacement of a metal-bound water molecule.

2. Anion Binding in Aqueous Media

The majority of work published on anion-recognition has been devoted to the study of
systems operating in non-aqueous media. This is not surprising, of course, because
anion desolvation is often a key step in determining the free energy of binding to a
given receptor.

Karsten Gloe (ed.), Macrocyclic Chemistry: Current Trends and Future Perspectives, 121-136.
© 2005 Springer. Printed in the Netherlands.
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2.1 ENERGETICS AND SPECIATION

An analysis of the free energies of hydration of the more common anions [1,6] (Table 1)
reveals some clear trends. Hydration free energy is generally larger for the smaller
anions. It is also much greater for doubly/triply charged species and is therefore
markedly sensitive to the degree of protonation (i.e. charge) of the anion. Thus, in the
binding of key oxyanions hydrogencarbonate/carbonate and  hydrogen
phosphate/phosphate, the pH of the solution needs to be assessed and controlled in order
to determine the relative proportion of these species. At pH 7.23, 50% of HPO42‘ and

H,PO,~ exist in solution. Given that for both a charge neutral receptor possessing

stabilising H-bonding donor sites and a positively charged receptor (e.g. a metal centre),
it is electrostatic attraction which dominates the enthalpic contribution, the more highly
charged anionic species is likely to be bound at equilibrium, notwithstanding the
energetic cost of desolvation. The enhanced free energy of hydration of the more
charge dense and of the doubly charged anionic species in Table 1 also reflects the
enhanced electrostatic ordering of the water molecules in the second hydration sphere.

TABLE 1. Size, shape and hydration free energies® for common anions [1,6].

Shape Thermochemical® AGOhyd
radius (kJmol™)
(nm)
Spherical
F 0.126 —465
cr 0.172 —340
Br 0.188 -315
r 0.210 275
s* 0.191 -1315
Linear
SH 0.207 -295
OH 0.133 -430
Ny 0.195 -295
CN 0.191 -295
Trigonal
planar
NO;y 0.196 -300
HCO5 0.156 -335
COy* 0.178 -1315
OAc 0.162 -365
Tetrahedral
H,PO, 0.200 —465
PO* 0.238 2765
S0,* 0.230 -1080
clo, 0.240 205

*Derived from analysis of lattice energies and typically within 5% of the crystallographic ionic radii.
®Refers to transfer of the gas-phase ion to aqueous solution at 298K, (AGOM [H] -1056 kJmol™).
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Given that water is one of the best solvents at promoting the favourable interaction
between receptors containing significant structural apolar regions and anions that
possess some apolar region or surface in their structure, it is also appropriate to consider
the local hydrophobicity of the anion binding pocket in the receptor. The contribution
of this “hydrophobic effect” to the overall free energy of binding can therefore be
enhanced by local structural modification of the receptor. An intrinsic component of
this term is receptor desolvation and the less the degree of local hydration around the
receptor's anion binding site, the greater the overall free energy change accompanying
anion binding. A simple example of such an effect is provided by the enhanced binding
affinity of the N-alkylated derivatives, [Ln.1b]3* versus the derivatives bearing an N-H
group, [Ln.1a]3*. Free energies of binding (298 K), in the former case are typically 7 to
10 kJ mol-! greater, for anions such as HCO5™, acetate and lactate [7,8].

Me
>< Ph ><002R
OH,
Ph —Ln“ OH2 R’ 02C Ln
/'\ JC N /'\ ,IC N
ey OJ
Ph>< R'o2c—<
Me R
[Ln.1la]’*R=H [Ln.2a]** R = Me, R'= Et
[Ln.1b]** R=Me [Ln.2b]> R = CH,CH,CO, , R'=H

[Ln.2¢] R=Me,R'=H
2.2 STEREOELECTRONICS AND ELECTROSTATICS

The differing size, shape and charge density of the common anions are issues requiring
careful consideration in the design of appropriate receptor systems. Spherical anions
obviously exhibit no directional preference and can only function as a monodentate
ligand to a single metal ion centre. Trigonal oxyanions frequently chelate to octahedral
(90°, OMO) and even more commonly to square antiprismatic (70°, OMO) metal
centres. On the other hand, phosphate tends to act uniformly as a monodentate ligand to
a single metal centre. Indeed, in CCD database surveys of phosphate binding to Na®,
K", MgZ", Ca?* and Zn?", no examples of phosphate chelation were revealed [9].

For a given anion, modulation of the overall charge on the receptor will also define
the strength of the binding interaction. Thus, in the series of complexes [Eu.2],
variation of the peripheral substituents allowed macrocyclic complexes with overall
charges at ambient pH of +3, 0 and -3 to be defined. The anionic complex bound most
weakly to HCO;™ in a high salt aqueous environment, allowing the effective association

constant to be tuned to the desired local analyte concentration [10]. In this example the
dissociation constant characterising hydrogen carbonate binding varied from 11 mM
(cationic) and 32 mM (neutral zwitterion) to 100 mM for the anionic system.
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3. Signalling Methods

Signal transduction is a key element in any recognition process. Ideally, the anion
binding event should be signalled by the modulation of a measurable parameter that is
independent of local receptor concentration and is easily calibrated to the desired anion
concentration range. The response time and spatial resolution of the analytical
measurement are other salient features to be considered. —Magnetic resonance
measurements afford very limited spatial resolution, are rather insensitive, require
expensive dedicated instrumentation but give a significant amount of structural
information through analysis of chemical shift or relaxation rate data. Electrochemical
methods rely upon the measurement of a change in current (amperometry) or emf
(potentiometry) that is proportional to the concentration of the anion present.
Potentiometric ion selective electrodes have been devised based on the incorporation of
neutral anion receptors (e.g. alkyltin or metalloporphyrins) into plasticised lipophilic
polymeric membranes [11,12]. Such methods are intrinsically invasive, require careful
calibration and possess rather slow response times. In contrast, optical methods of
signalling anion binding are sensitive and fast. They rely upon a change in absorption
or emission intensity (preferably as a ratio of two absorption/emission bands), although
variations in emission lifetime or polarisation may also be used.

The use of luminescent probes dominates biological and clinical applications for the
detection and monitoring of a wide range of chemical species, from simple cations to
complex bioactive molecules. Many fluorescent organic molecules are available [13],
either incorporating or attached to suitable binding sites for the target species. This area
of research is dominated by purely organic molecules, but the number of systems
capable of detecting anions is very small. Most success has come in the development of
chloride sensors operating in the 10 to 100 mM range, in which the emission of a
zwitterionic quinolinium dye is quenched by electron transfer from the halide analyte.
The method is limited by the absence of a ratiometric analogue, being dependent purely
on an emission intensity change that is proportional to chloride concentration.

A considerable effort is being directed to the development of new emissive sensory
systems using luminescent metal complexes, including those of transition metal ions
[14] and of the lanthanide (III) ions [15]. Metal complexes may possess an extensive
excited state chemistry, owing to the presence of metal-centred (e.g. dd and ff) and
charge-transfer states primarily involving the metal, in addition to the singlet, triplet and
charge transfer excited states of the ligand. Thus they not only offer additional
opportunities for perturbing the emission characteristics but also may give rise to
longer-lived luminescence. The lowest energy, metal-centred excited states of several
lanthanide (III) ions possess long radiative lifetimes in the millisecond range. Such
long-lived emission is an attractive feature in a luminescent probe or sensor, as it allows
the use of time-resolved detection methods, affording very good discrimination between
probe and background emission. A time delay may be introduced between the pulsed
excitation of the sample and the measurement of the probe's luminesence. During this
period the shorter-lived background fluorescence characteristic of biological and
clinical samples decays to negligible levels. Such procedures obviate experimental
problems associated with light scattering. The large Stokes' shifts of emissive
lanthanide complexes also negates the problem of autofluorescence, that can restrict the
use of sensors based on organic fluorophores.
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4. Reversible Anion Binding at Lanthanide Centres

The ability of the lanthanide ions to exhibit high coordination numbers (generally 8/9)
allows scope for the design of specific anion receptors wherein the affinity and
selectivity may be modulated by suitable choice of ligand and lanthanide ion.
Lanthanide complexes with heptadentate macrocyclic ligands are particularly effective.
They form well-defined, relatively stable 1:1 ML complexes and the bound water
molecules may be displaced by a variety of monodentate (e.g. F~, HPO,4") or chelating

(e.g. HCO5~, lactate) anions [7,8]. Furthermore, the rich optical and magnetic

properties exhibited by the lanthanide ions allows anion binding to be signalled and
structural information to be gleaned through NMR (Eu, YD), luminescence (Eu, Tb, Yb)
and chiroptical techniques (Eu, Yb).

4.1 NMR PROPERTIES

The paramagnetic properties of the lanthanides have been exploited in NMR
spectroscopy for many years [16,17]. The paramagnetic lanthanide induced shift is
generally considered as the sum of the contact and pseudocontact terms (Equation 1)
[16-18]

C
8para =(S2) Fi +CiB0Gj = 8+, (1)

where <S_>; is the reduced value of the average spin polarisation, F; is the contact term
proportional to the hyperfine Fermi constant (A;), Cj is the Bleaney constant dependent
on the given 4f" electronic configuration, By is the second order crystal field
coefficient and G; is a geometrical term containing structural information (G; o
(3cos?0— 1) / r3). The pseudocontact contribution usually predominates for the
lanthanides as the unpaired electron spin density largely resides on the Ln3" ion. In the
case of axially symmetric systems Equation 2 provides a good approximation for the

pseudocontact NMR shift and is frequently used to estimate the lanthanide induced shift
in structural analyses, even for complexes lacking an axis of symmetry [8,18].

2
pe_ 2Ci [3cos29—1]B2

- 2
1] (KT) 2 r 3 0 2)

The angular and distance information provided by the lanthanide induced shift has
found widespread application from the determination of solution structures of Ln
chelates [18,19] to gaining structural information on proteins, nucleotides and amino
acids [19]. More recently anion binding to coordinatively unsaturated lanthanide
complexes has been effectively signalled as the observed lanthanide induced shift has
been directly correlated to the nature of the donor atom in the axial position [8,20,21].
It is the polarisability of the axial donor that ranks the second order crystal field
coefficient, Boz, and hence determines the magnitude of the observed shift. Values of

the mean shift of the four most-shifted axial protons of the 12-Ny ring for [Yb.1a]3" are
collated in Table 2.
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TABLE 2. Effect of the axial donor on the "H NMR spectral range observed for [Yb.1a]*" in D,0 (295 K, 200
MHz).

Anion Axial Shift range Mean shift H,,*
donor (ppm) (ppm)

Phosphate H,O +124 to -98 100
Water H,O +110 to —82 75
Lactate OH +96 to —74 71
Acetate co* +96 to —100 68
Succinate” Cco* +98 to —108 73
Gly-Ala NH; +65 to —59 50
Glycine NH, +68 to —56 43
Malonate CO +57 to —55 39
Oxalate CcO +55 to 41 37
Carbonate CO +45 to —40 27

* Mean chemical shift (ppm) of the four most-shifted axial ring protons of the 12-Ny ring.
"'H NMR titration and ESMS analysis give no evidence for a succinate bridged 2:1 complex.

Hard, uncharged donors such as water give rise to the largest shifts whereas more
polarisable donors (e.g. carbonate, serine) give much smaller shifts. This simple
correlation has proved to be invaluable in determining the binding modes for a variety
of chelating anions. For example, NMR data for each of the a-amino acid adducts with
[Yb.1a]3" is consistent with a common binding mode [21]. The observed chemical shift
range (av. +68 to -56 ppm) is indicative of a chelated structure involving the more
polarisable amine N in the axial position and a carboxylate O in the equatorial position,
forming a favourable 5-ring chelate. The observed chemical shift range rules out
bidentate chelation through the C-terminal carboxylate oxygens (c.f. acetate : +96 to —
100 ppm) or through side-chain functionality (e.g. serine, threonine, aspartate,
glutamate). Similarly, an NMR analysis on simple peptide adducts ruled out five of the
six possible binding modes, revealing the preferred chelate to involve the terminal
amine (axial) and proximate amide oxygen (equatorial) [21].

The use of aqueous chiral lanthanide complexes in the determination of the
enantiomeric purity of chiral o-hydroxy acids has also been assessed by 'H NMR [21].
Large lanthanide induced shifts, chemical shift non-equivalence and an apparent
absence of kinetic resolution in complex formation is observed upon addition of racemic
lactate to [Yb.3a]3" (Figure 1). The lactate CH; resonances are clearly resolved for the
R and S diastereomers (AAS = 10 ppm) and experience a large lanthanide induced shift
with the CH; resonating at +21 and +31 ppm respectively for (R)- and (S)-lactate
respectively (c.f. +1.3 ppm in the free form). The large shifts exhibited by this unique

chiral derivatising agent may be compared to the much smaller AAS values reported for
shift reagents which are generally of the order 1 ppm, and often < 0.1 ppm.
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(H3C)2HCH,C, a.

,-\—Nf ‘N
e L N

CHyCH(CHz)2

[Yb.3a] Ub
C.

100 80 60 40 ppm

Figure 1. Partial "H NMR (200MHz, D,0) of (a) [Yb.3a] (diaqua species) showing four axial (+) and four
equatorial (L]) ring protons; (b) in the presence of 5 equivalents of (S)-lactate [(*) (S)-lactate CH3]; (c) 5
equivalents of racemic lactate [(#) (R)-lactate CH;).

4.2 LUMINESCENCE ASPECTS

Both the excited state lifetime and intensity of lanthanide emission are sensitive to
changes in the local coordination environment about the Ln ion, providing an effective
probe to signal anion binding. Analysis of the rate constants for radiative decay of the
Eu 5D0, Tb 5D4 and Yb 2F5/2 excited states in H,O and D,O allows the solution

hydration state of emissive Ln complexes to be estimated, using established
methodology [23]. As a consequence, information concerning the mode of binding of a
variety of anions may be assessed. Hydration states (q) are tabulated for ternary
complexes of [Tb.1a]3" (Table 3) [7].

TABLE 3. Effect of added anion on the rate constants (+ 10%) for depopulation of the excited states of
[Tb.1a]*" (295 K, 1 mM complex, 10 mM anion) and derived hydration numbers, q (x 20%).*

Anion kHZO szo Akcorr q
(ms)' (ms)”' (ms)”

Triflate 0.84 0.39 0.39 2.0
CI,Br,T 0.87 0.39 0.42 2.1
F 0.61 0.36 0.19 1.0
HPO.* 0.57 0.37 0.14 0.7
Lactate 0.56 0.40 0.10 0.5
Citrate 0.55 0.41 0.08 0.4
Acetate 0.58 0.45 0.07 0.3
Malonate 0.49 0.43 0.0 0

CO3*/HCOy 0.53 0.45 0.02 0.1

* Apparent values of q were derived using q =5 Ak.r after correcting for the estimated effect of unbound
water molecules (0.06ms™).
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Corrections were applied to account for quenching contributions of closely diffusing
(second sphere) water molecules [23]. The [Tb.1a]3" triflate complex possesses two
bound water molecules and a q = 2 hydration state was also observed with CI~, Br~ and
I". Addition of acetate, malonate and carbonate gave a q = 0 complex, consistent with
bidentate chelation involving displacement of the two bound water molecules (Figure
2). Phosphate, however, did not chelate, preferring a monodentate binding mode with
one water molecule remaining (q = 1), consistent with water as the axial donor as
observed in the 'H NMR shift for [Yb.1a]3* discussed above. The a-hydroxy acids,
lactate and citrate also appeared to chelate, as expected, but gave a residual q value (0.4-
0.5) due to the presence of an (exchangeable) OH oscillator close to the Ln ion which
may independently quench the excited state with approximately half the efficiency of a
coordinated water molecule.
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o
Chelating dianions 0 (l) o T\(
o
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malonate oxalate carbonate
R H,0
o R H,0
HO _—0 ' |
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a-hydroxy acid acetate/succinate phosphate fluoride
R H0 R
HoN | _-0 i HaA /S_
o Ln \n/\ NH,
o) R COy
Ln— o
a-amino acid a-amino acid dipeptide
(Yb) (Eu, Tb)

Figure 2. Structures of Anion Adducts Established by "H NMR, Ln Emission and X-Ray.

The emissive 5D0 excited state for Eu is non-degenerate and Eudt species give rise
to relatively simple emission spectra that may be readily analysed [17]. For the highest
energy 5D0 - 7F0 (AJ = 0) emission band at 580 nm one component arises for every

chemically distinct species that is not undergoing chemical exchange on the millisecond
scale. The transition is sensitive to the ligand field and symmetry [23]. The intensity of

the magnetic-dipole allowed 5D0 - 7F1 transition (AJ = 1, 591 nm) is relatively

independent of the coordination environment. Two transitions are allowed if the
complex possess a C3 or C4 axis, the separation of which is a direct measure [24] of

Boz, and three transitions in complexes of lower symmetry. Both the hypersensitive

5D0 - 7F2 (AJ = 2, 619 nm) and the 5D0 - 7F4 transitions (AJ = 4, 690 nm) are
predominantly electric dipole in character and the intensity is highly sensitive to ligand
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field, especially the nature and polarisability of the axial donor, if present [24,26].
Furthermore, the ratio of AJ=2/AJ=1 band intensities is a useful parameter in evaluating
changes in the Eu coordination environment [7,27]. In establishing an order of Ln ion
donor preferences, it was found that the bigger this ratio, the more polarisable the axial
donor and the greater the affinity for the lanthanide ion [20].

Displacement of water molecules by a coordinating anion is signalled by an increase
in the emission intensity (as coordinated and closely diffusing OH and NH oscillators

quench the 5D0 excited state of Eu) [23] as depicted in Figure 3.

7 1 189
—O0mM AJ=2 161

6 1.4 4
—5mM 124

10 mM 14
—15mM 084
—20mM \ 06
—35mM 0 044
— 50 mM | 024
0

Normalised Intensity
(6]

635 655
Wavelength /nm

Figure 3. Variation in the Eu emission spectrum for [Eu.2¢] (pH 7.4, 0.1M MOPS) following incremental
addition of sodium hydrogencarbonate; spectra in the insets show formation of isoemissive points at 588 and
702 nm.

The increase in the relative intensity of the AJ = 2 band at 616 nm is particularly
apparent, following incremental addition of HCO;~ to [Eu.2¢] (pH 7.4, 0.1 M MOPS

buffer). The process is further characterised by the formation of isoemissive points at
588 and 702 nm, allowing ratiometric analyses to be used to characterise the binding of

HCO;.

4.3 CHIROPTICAL SPECTROSCOPY

Chiral lanthanide complexes are amenable to study by circular dichroism, CD, and
circularly polarised luminescence, CPL. CD is the differential absorption of right and
left handed circularly polarised light and reflects ground state structure. As most f-f
transitions are parity forbidden and have low molar absorptivities, the CD is rather weak
and can be difficult to observe. CPL is the emission analogue of CD and probes the
chirality of the excited state. CPL is very sensitive, combining the specificity of natural
optical activity with the measurement sensitivity of optical emission techniques.
Chiroptical properties of the lanthanides are particularly sensitive to ligand coordination
geometry and stereochemistry, electronic state structure and the local coordination
environment [28]. With the exception of Eu"™ in CPL, spectral analysis is not
straightforward due to the large number of transitions possible between the different J
states. Therefore full exploitation of structural studies awaits further spectral-structure
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correlation. However, CD and CPL have both been used to signal anion binding at
coordinatively unsaturated lanthanide complexes [7,21]. The form of the CD and CPL
spectra is remarkably sensitive to the nature of the axial donor ligand.

YD absorbs in the near-IR region and is the most CD-sensitive of all the lanthanides,
exhibiting bands centred around 980 nm due to magnetic-dipole allowed 2F 7 - 2F 50
transitions. Although spectra are complicated by the large number of sub-levels of the
%F,, state, a distinct trend is apparent. The band centred around 990 nm moves to
shorter wavelength as the polarisability of the axial donor increases (phosphate > diaqua
> lactate > acetate > serine > carbonate) as depicted in Figure 4 [7].

30 ~
20 A
10 | ——diaqua
- —— phosphate
_E’ 0 carbonate
E 9 serine
a -10
o —— acetate
-20 — lactate
-30 1
-40

Wavelength (nm)

Figure 4. Near-IR CD spectra of [Yb.1a]*" in the presence of added anions (295 K, 10 mmol, H,0).

CPL spectroscopy may also be used to signal the nature of the ternary anion adduct.
In the series of phospho-anion complexes of [Eu.1a]’*, Figure 5, complexes of HPO,>~
and glucose-6-phosphate give identical CPL spectra — consistent with their very similar

'H NMR spectral profile. Adducts with phospho-tyrosine, N-acetyl phospho-Tyr and a
short peptide (phosphorylated at the Pyr residue) are also near-identical, consistent with
chemoselective binding of the Tyr-OP phospho-anion.
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4.4 STRUCTURAL ANALYSIS

X-Ray crystallographic analysis used alongside solution phase techniques such as
NMR, is invaluable in the design of selective anion receptors as it can be used to define
the solid-state structure of the anion-bound complex. Several X-ray structures of anion-
bound complexes of [Ln.1a]>" have been defined recently (acetate, lactate, citrate,
alanine, glycine, methionine, serine and threonine) [8,21,22]. The complexes adopt a
monocapped square antiprismatic structure with one base comprising of four N atoms of
the macrocycle and the other base containing three O atoms of the pendent arms. The
latter base is completed by a carboxylate O donor of the anion, which binds in a
bidentate manner and simultaneously caps this base by O~ (acetate), OH (o-hydroxy
acids) or NH, (o-amino acids). The nature of the donor atom in the capping (or axial)

position correlates well with the observed NMR shift in the solution phase.

Figure 6. Crystal structures of the ternary complexes of [Yb.1a]** with (R)-alanine (left) and (S)-alanine
(right). Note the axial and equatorial conformations of the pendent side chains, respectively, and the opposite
chirality of the macrocyclic ring and pendent arm configuration.
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Depicted in Figure 6 are the X-ray structures for the ternary complexes of (RRR)-
[Yb.1a]3" with (R)- or (S)-alanine respectively. 'H NMR of the two ternary complexes
show the presence of two isomers in solution, A(8888) and A(AAAA) [21,29]. With an
(R)-configuration at the remote chiral centre of the pendent amide arm of [Yb.1a]3* the
A(8888) isomer adopts a more 'open' structure, with the pendent arms arranged in an
equatorial position. However, the A(AAAA) isomer adopts a 'pocket-like’ structure with
the pendent arms axially disposed [30]. The relative proportion of the 'open'
A(8008) and more 'pocket-like' A(AAAL) diastereomeric complexes with all the amino
acids is independent of amino acid configuration and is a function of the nature of the
o-substituent [21]. Substituents with sterically demanding side-chains or the potential
to undergo stabilising H bond interactions with solvent or counter-ions (e.g. threonine,
Figure 7) favour the open A(333d) structure. Substituents that offer opportunities for
hydrophobic interactions or closer van der Waals contact with the ligand, stabilise the
A(AAAL) complex (e.g. methionine, Figure 7).

Figure 7. Crystal structures of the ternary complexes of [Yb.1a]*" with (S)-threonine (left) and (S)-methionine
(right). The methinione side chain is enclosed in a tight hydrophobic pocket formed by the axial arrangement
of the pendent arms.
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4.5 SELECTIVITY IN ANION BINDING

Although lanthanide complexes are highly effective at signalling anion binding, they
must show selectivity in a competitive anion background to be useful as anion
receptors. The affinity of an anion for the lanthanide centre may be modulated by
variation of the lanthanide ion: the higher the charge density, the greater the affinity (Yb
> Tm > Tb > Eu), or by modification of the ligand structure. Tb adducts of a variety of
bound anions (e.g. hydrogencarbonate, phosphate, lactate, acetate) are found to be an
order of magnitude more stable than their Eu analogues, reflecting the differential
complex hydration and enhanced Lewis acidity [7]. Similarly, the increased charge
density of the Yb ion favours a chelated structure with the common o-amino acids,
whereas Eu and Tb analogues exist as monoaqua species with an apical bound water
molecule (Figure 2) [8]. Variation in the overall charge of the lanthanide complex
modulates binding affinity, the order being dictated by the degree of electrostatic
repulsion (e.g. cationic > neutral > anionic) [10]. The actual ligand structure also plays
an important role, for example, binding affinities for N-methylated analogues [Ln.1b]3"
are an order of magnitude greater [7] than their NH analogues, [Ln.1a]3*. NMR and
emission studies reveal that selectivity in binding is also observed with these
complexes. Lanthanide complexes may bind to the phosphorylated amino acids OPSer,
OPThr and OPTyr either via phosphate coordination or chelation to the amino acid, the
degree of which is determined by the lanthanide ion and ligand structure. Moving along
the Ln series favours amino acid chelation: [Eu.1b]3" binds through the phosphate
group (>95%) whereas the increased charge density of ytterbium and thulium analogues
favour the amino acid chelate (>95%) [31]. Amino acid chelation is also more
competitive for the N-methylated analogues [Ln.1b]3* compared to the parent
complexes [Ln.1a]®": [Yb.1a]3" binds to OPTyr via phosphate and amino acid
(~50:50) whereas [Yb.1b]3" favours the amino acid chelate (>95%). Furthermore,
chemoselective ligation of phosphorylated tyrosine has been observed in competitive
media, both for the free Tyr-OP and in a doubly phosphorylated model hexapeptide
(Gly-Ser-Pro-Tyr-Lys-Phe) with [Ln.1a]3" and [Ln.2], probably due to the lesser degree
of hydration around the anion and a subsequent lower desolvation energy contribution
to the overall free energy of binding [31].
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Selectivity for carbonate in a competitive anion background (30 mM carbonate, 100
mM NaCl, 0.9 mM phosphate, 2.3 mM lactate, 0.13 mM citrate) simulating an
extracellular anionic environment has been assessed [7]. The solution pH determines
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the effective concentration of HCO;™, falling from ~90 % of all dissolved C; species at

pH = 8.9 to <2 % at pH = 4.9 [32]. The emission spectra for the cationic [Eu.1a]3",
zwitterionic [Eu.3b] and anionic [Eu.4]3~ complexes at pH = 10 in the stated anion
mixture resembles that of the carbonate adducts. On reducing the pH, the effective
concentration of first carbonate then hydrogencarbonate decreases, reaching a limiting
value below pH = 6.5 in all cases. The emission spectra at pH = 5.5 reflects bound
lactate for the cationic complexes [Eu.1a]>" whereas the diaqua complex is evident for
the anionic complex [Eu.4]3.

At pH 7.4, in buffered media containing the common endogenous anions,
incremental addition of HCO;™ to a solution containing these Eu complexes is signalled

by an increase in the ratio of the AJ=2/AJ=1 transitions. A ratiometric analysis method
has now been devised [10] in which the apparent dissociation constant, K, is tuned to

the required, physiologically relevant concentration range by permutation of the
peripheral ligand substitution pattern. Moreover, such complexes, e.g. [Ln.2] are not
toxic in cells such as NIH-3T3 (mouse-skin) and HEK-293 (human kidney) and show
some encouraging uptake behaviour that will stimulate further work. Key issues to
address will include pinpointing the structural factors that determine the efficiency of
complex uptake, their localisation profile (compartmentalisation, speed of uptake and
egress) and thereby define their potential to act as genuine practicable probes for the
intracellular environment or related biologically oriented applications.
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1. Introduction

Over the past thirty years, a large number of macrocyclic receptors have been
synthesized and evaluated for their abilities to bind cations. More recently, increased
attention has been directed towards receptors for anions. Many of these synthetic
receptors are uncharged molecules and operate in organic solvents. Under these
conditions the target salts exist as associated ion-pairs which can hinder the single-ion
recognition process. [1] A strategy to circumvent this problem is to design a single
receptor with specific cation and anion binding sites. In other words, a heteroditopic
receptor that can simultaneously bind both of the salt ions. The chronological
development of salt receptors has been reviewed a number of times in the past few
years, [2-6] and so the exercise will not be repeated here. Instead, the chapter will focus
on the more specific topic of ion-pair recognition.

2. Ditopic Receptors for Separated Ions

Most salt receptors in the literature bind the cation and the anion as spatially separated
ions. Early examples are receptors 1 and 2 that were developed by groups lead by
Reinhoudt, [7] and Beer, [8] respectively. In both cases, the metal cation binds to the
crown ether rings and the anion binds simultaneously to the Lewis acidic uranyl center
in the case of 1, and to the amide NH residues in the case of 2. A more recent example
is Kilburn’s ditopic receptor 3 which coordinates the metal cation via the calixarene
oxygens, and binds the anion in a hydrogen bonding pocket formed by the two thiourea
groups. [9] A conceptually different receptor for separated ions is Gellman’s
macrocyclic phosphine oxide 3. [10] Hydrogen bonding with a monoalkylammonium
cation on one face of the macrocycle induces receptor polarization and preorganization
which promotes association with a CI" counter-ion on the reverse face. In other words,
the receptor is inserted between the two ions.

Karsten Gloe (ed.), Macrocyclic Chemistry: Current Trends and Future Perspectives, 137-151.
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A fascinating property with some of these ditopic salt receptors is the feature of
complexation by induced fit; that is, the binding of one ion induces a major
conformational change in the receptor such that affinity for the counter-ion is improved.
The mechanism is conceptually related to the allosteric action of enzymes and
biological receptors. Two examples are illustrated here. The first is the Lockhart system
5 where the central polyamine linker wraps around a CI anion which brings the two
benzo-5-crown-15 ether rings together and allows them to bind a K* cation. [11] The
second example is Kubo’s receptor 6 which acts in reverse, that is, the dibenzo-30-
crown-10 wraps around a K cation and forms a preorganized binding pocket for a
phosphate dianion. [12]
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3. Ditopic Receptors for Associated Ion-Pairs

A potential drawback with ditopic receptors that bind salts as separated ions is the
Coulombic penalty that must be paid to enforce charge separation. This problem is
circumvented if the receptor binds the salt as an associated ion-pair; thus, ditopic
receptors for associated ion-pairs are expected to have generally superior affinities.
However, the design of convergent heteroditopic receptors is quite a challenge because
the ion binding sites have to be incorporated into a suitably preorganized scaffold that
holds them in close proximity, but not so close that the sites interact. One of the first
successful examples of a ditopic salt receptor for associated ion-pairs is compound 7
reported by Reetz. [13] The Lewis acidic boron atom can form a reversible dative bond
with a F~ anion which promotes simultaneous coordination of a K™ cation by the oxygen
atoms in the surrounding crown ether. Other early examples are the Kilburn
macrobicycle 8, which appears to bind the mono-potassium salts of dicarboxylic acid
acids as contact ion-pairs, [14] and our receptor 9 which was shown by X-ray
diffraction to complex NaCl as a solvent separated ion-pair. [15] More recently, the
Beer group has reported that macrocycle 10 is able bind an organic ion-pair in solution
and form the pseudo rotaxane 11. [16]
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A growing area of supramolecular research is the topic of controlled self-assembly,
and a number of groups have shown how salts can be used to template the dimerization
of receptors with water often acting as a stabilizing agent. [17,18] In some cases, the
assembled aggregate is large enough to act as a capsule and completely encapsulate
both ions of the salt. [19] A related design is the so-called “venus fly trap” capsule.
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An example of this design was recently reported by Atwood and coworkers, who
showed that an extended, deep-cavity resorcinarene derivative can completely
encapsulate a NMe,' cation with a Cl” anion positioned by hydrogen bonding at the
capsule entrance (see schematic receptor 12). [20]
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4. Ion-Pair Recognition Using Ditopic Receptor 13

As stated above, the most effective way to enhance salt binding by electrostatic effects
is to use a receptor that binds the salt as a contact ion-pair. In 2001, our group prepared
the simple ditopic receptor 13 and evaluated its ability to bind salts as associated ion-
pairs (Scheme 1). We discovered that the receptor is able to extract a wide range of
monovalent salts into weakly polar solvents. Furthermore, the resulting receptor/salt
complexes are very stable. For example, most can survive column chromatography
using silica gel and weakly polar solvents. Shown in Figure 1 is a series of '"H NMR
spectra that monitor the receptor mediated extraction of KCI into CDCl;. Note that the
exchange of salt between occupied and unoccupied receptor is slow on the NMR time
scale; thus, the complexation system provides a unique opportunity to investigate the
structure and dynamics of an isolated, associated ion-pair. After each extraction is
completed, the uncomplexed salt is removed by filtration, and the filtrate evaporated to
leave the 13/salt complex as a solid residue which most times can be readily
recrystallized. The resulting X-ray structures provide high-resolution pictures of the
complexes, and the following sections illustrate the mechanisms that receptor 13
employs to recognize a wide range of salts with different shapes and coordination
properties.
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Scheme 1. Receptor 13 with bound salt.
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Figure 1. Partial "H NMR spectra of receptor 13 in CDCl; at 295K after addition of solid KCI. See structure of
13 for proton labeling. (Reprinted with permission from ref. 21. Copyright 2001 American Chemical Society.)

4.1 COMPLEXATION OF ALKALI HALIDES

NMR titration experiments showed that the presence of an alkali metal cation greatly
enhances halide-binding constants. [21] For example, the 13/Cl association constant in
CDCl3:DMSO-d; (85:15) was increased from 80 M™' to 2.5 x 10* M™' by the presence of
one molar equivalent of potassium tetraphenylborate. Additional NMR titration
experiments showed that receptor 13 binds KCI better than NaCl. X-ray analysis of the
13+KCI complex uncovered two independent but structurally similar complexes in the
unit cell. One of the structures is shown in Figure 2. The salt is clearly a contact ion—
pair whose K-ClI distance of 2.989 A is slightly shorter than that observed in solid KCI.
We also obtained the X-ray structures of receptor 13 complexed with LiCl, LiBr, NaCl,
NaBr, Nal, KCI, KBr, and KI. [22,23] As expected, the larger anions do not fit perfectly
inside the macrocyclic cavity, and so salt affinities are decreased.
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Figure 2. X-ray crystal structure of [13+K"+CI'].
(Reprinted with permission from ref. 21. Copyright 2001 American Chemical Society.)

We evaluated the ability of 13 to transport salts through a liquid organic membrane.
[22] Transport experiments using a supported liquid membrane, and high salt
concentration in the source phase, showed that 13 can transport alkali halides up to ten
times faster than a monotopic cation receptor or a monotopic anion receptor. All
transport systems exhibited the same qualitative order of ion selectivity, that is, for a
constant anion, the cation selectivity order is K" > Na "> Li", and for a constant cation,
the anion transport selectivity order is I" > Br" > CI'. These trends are in general
agreement with the Hofmeister series, a solvation-based selectivity bias that is typically
observed for liquid/liquid partitioning processes. [24] Transport fluxes decrease with the
smaller, more charge-dense ions because they have a more unfavorable Gibbs free
energy for aqueous to organic transfer. [25] It appears that the Hofmeister bias
overwhelms any difference in receptor/salt binding affinities. Receptor 13 can also
transport NaCl or KCl across vesicle membranes. [26] Chloride efflux from unilamellar
vesicles was monitored using a chloride selective electrode and significant transport was
observed even when the transporter/phospholipid ratio was as low as 1:2500.
Mechanistic studies indicate that the facilitated efflux is due to the uncomplexed
transporter diffusing into the vesicle and the transporter/salt complex diffusing out.

Receptor 13 was also evaluated in competitive solid/liquid extraction experiments.
Remarkably, the cation selectivity order is strongly reversed when the receptor extracts
solid alkali chlorides and bromides into organic solution; that is, the process is highly
lithium selective. For a three-component mixture of solid LiCl, NaCl and KClI, the ratio
of salts extracted and complexed to the receptor in CDCl; was 94:4:2, respectively. The
same strong lithium selectivity was also observed in the case of a three-component
mixture of solid LiBr, NaBr and KBr where the ratio of extracted salts was 92:5:3.
These contrasting results can be rationalized in terms of the equilibria that govern
aqueous/organic extraction and solid/organic extraction (Scheme 2). Extraction of a salt,
M'A’, into an organic phase mediated by a salt receptor, R, can be considered as a two
step process. The first equilibrium, K,,, involves partitioning of the salt into the organic
phase and the second equilibrium, K,, concerns association of the partitioned salt with
the receptor. In the case of aqueous/organic extraction (eq 1), the equilibrium step
controlling liquid membrane transport and determining cation selectivity is K, (which
follows the Hofmeister series). The selectivity of the solid/liquid extraction mediated by
13 (eq 2) is also due to large differences in the partitioning equilibrium K,,, however, the
order of K,, for solid/liquid extraction is opposite to that for aqueous/organic extraction.
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Solid LiCl and solid LiBr are significantly more soluble in non-polar solvents than the
corresponding sodium or potassium salts. The bonding in alkali halides, including
lithium halides, is predominantly ionic, however, many lithium salts are known to have
unusually low melting points and good solubilities in organic solvents. [27] This is due
to the small size of the lithium cation and the molecular nature of its associated ion-
pairs. The mechanism for salt transfer from aqueous to organic is not the same as the
mechanism for solid/organic partitioning. Aqueous/organic partitioning involves the
transfer of individual, hydrated ions that subsequently associate in the organic phase;
whereas, solid/organic partitioning more likely involves the transfer of associated ion-
pairs from solid to organic phase. In this latter case, it appears that receptor 13 binds the
solubilized ion-pairs, and retains them in organic solution, which converts the large
differences in solid/organic K, into a potentially useful, lithium-selective extraction
process. These results suggest that solid/liquid extraction may be a purification strategy
that is applicable to other salts. The aim would be to design and construct multitopic
receptors with an ability to extract the solid salts as associated ion-pairs.
Ka
Ko
M+aq + A-aq - .

(M+A-)org R'(M+A_)org (eq 1)

Ka

K
, p R
(M+A )solid =—= (M+A_)org _—

R'(M+A_)org (eq 2)

Scheme 2. Two-step process for extraction of salt, M"A", using a salt receptor R. Aqueous/organic extraction
(eq 1) and solid/organic extraction (eq 2). (Reprinted with permission from ref. 23. Copyright 2004 American
Chemical Society.)

In an effort to increase salt binding affinities we collaborated with the Gale research
group and prepared the second-generation macrobicyclic receptor 14, which contains a
bridging 2,5-diamidopyrrole group. [28] NMR titration experiments indicated that 14
has a three-fold higher affinity for CI than 13. The 14/Cl association constant is hardly
changed by the presence of one molar equivalent of Na' ions but it is increased
substantially by the presence of K' ions. As expected, an X-ray structure of the
[14-NaCl] complex confirmed that the receptor binds NaCl as a contact ion-pair (Figure
3). The crystal structure shows clearly why 14 exhibits enhanced CI affinity relative to
13. Not only does the CI" form hydrogen bonds with both amide but also with the
pyrrole NH. The Na-Cl distance of 2.65 A is shorter than the Na-Cl distance when
sodium chloride is bound in 13 (2.70 A).
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Figure 3. Chemical structure of 14 and X-ray structure of [14*Na"CI].

4.2 COMPLEXATION OF ALKYLAMMONIUM SALTS

Receptor 13 can also bind monoalkylammonium salts as contact ion-pairs. [29] The X-
ray structure of the 13*MeNH;Cl complex is shown in Figure 4. The methylammonium
cation fits deeply into the binding pocket of the receptor and forms three hydrogen
bonds; one to a crown oxygen, one to a crown nitrogen, and one to the chloride which is
in turn hydrogen bonded to the two receptor NH residues. The X-ray structure suggests
that the macrocyclic cavity can only accommodate alkylammonium cations with small
or narrow alkyl groups. This hypothesis was tested by measuring the ability of receptor
13 to bind various alkylammonium chloride salts in 85:15 CDCl;:DMSO-dg, a solvent
system where host/guest exchange is rapid on the NMR time scale. As shown in Table
1, the association constant for NBu,Cl is 50 M'. A control experiment with NBuyPFg
confirmed that the tetrabutylammonium cation does not bind to the receptor; thus, the
association constant is a measure of Cl™ affinity for 13. The association constant for
Et,NH,*Cl is 10 M which indicates that the diethylammonium cation lowers the CI'
affinity by sequestering the Cl" away from receptor 13. In the case of i-PrNH;+Cl and n-
PrNH;+Cl the association constants are 2.0 x 10% and 2.0 x 10* M, respectively. In the
case of #n-PrNH;+Cl binding, a Job plot indicated that the complex stoichiometry is 1:1.
The one hundred-fold selectivity for n-PrNH;+Cl over i-PrNH;°Cl was confirmed by a
competitive binding experiment where 'H NMR showed that one molar equivalent of #-
PrNHj;¢Cl can completely displace i-PrNH;3¢Cl from a complex of [13+-PrNH;<Cl] in
CDCl;. In addition, receptor 13 has an affinity for n-PrNH;+Cl that is two hundred times
stronger than for n-PrNH3;°AcO and n-PrNH;ep-TsO (Table 1). The relatively large
changes in chemical shift for several diagnostic receptor hydrogens upon salt binding
provides good evidence that the mode of binding in solution is very similar to that
observed in the solid state.
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Figure 4. X-ray crystal structure of [13sMeNH;"*CI'].

(Reprinted with permission from ref. 29. Copyright 2003 American Chemical Society.)

TABLE 1. Association constants (K,) and chemical shift changes (Ad) for receptor 13.

Guest K. M"Y NHAY HyAS’ H A&
BuyNCl 50 +0.90 +0.44 +0.44
n-PrNH;+Cl 2.0x10* +1.00 +0.11 +0.39
i-PrNH;+Cl 2.0x10? +1.02 +0.28 +0.42
Et,NH,*Cl 10 +0.78 +0.19 +0.31
n-PrNH;+p-TsO 1.0 x 10° +0.30 -0.31 +0.22
BuyNe+ p-TsO 4 +0.08 +0.01 +0.08
n-PrNH;+AcO 1.2 x10? +1.10 -0.11 +0.25
Bu,N*AcO 20 +1.82 +0.44 +0.45

“In CDCl;:DMSO-ds 85:15, T = 295 K, initial [13] = 10 mM. Uncertainty
£40%. "Change in receptor chemical shift (ppm) after addition of 200 mM
guest salt. See structure of 13 for proton labeling.

4.3 COMPLEXATION OF SALTS WITH TRIGONAL OXYANIONS

145

Most recently we have evaluated the ability of 13 to recognize alkali AcO™ and NO;
salts. We were particularly interested in seeing how these trigonal oxyanions, with lone
pair and m-electron density, simultaneously interact with the NH residues on 13 and the
bound alkali metal cation. We were motivated by a report by Hay and coworkers who
found crystallographic evidence indicating that trigonal oxyanions (like NO; and AcO")
prefer to form hydrogen bonds with R-H acceptors that have H--*O-A angles near 120°
and R-H:-O-N dihedral angles near 0° (Scheme 3). [30] In other words, the donor
hydrogen atom lies within the plane of the trigonal anion. Hay calculates that the
preference for hydrogen bonding to the oxygen lone pairs over the n-electron density is

about 2 kcal/mol. [31]
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Scheme 3. Hydrogen bonding with nitrate lone pair electrons (H-O-N-O dihedral angle
0°) is favored over hydrogen bonding with m-electrons (H-O-N-O dihedral angle 90°).

Shown in Figures 5-7 are three X-ray structures of receptor 13 complexed with
NaNOs3, KNOs;, or LiNOs. [32] The X-ray structure of 13*NaNO; (Figure 5) shows that
the NO; " is located deep inside the macrocyclic cavity and chelates the bound Na'. The
receptor NH residues form hydrogen bonds with the non-chelating NO;™ and the two H-
O-N-O dihedral angles are 34° and 78°. In the case of solid-state 13*KNOs, the larger K"
cation forces the chelating NOj™ to sit further out of the receptor cavity, which gives the
NO; more freedom to move (Figure 6). Indeed, the NO;™ flips between two unequally
occupied positions between the two receptor NH residues. The 70 % occupancy
structure is shown and has two quite different intermolecular N---O distances to the non-
chelating NO;™ oxygen and two quite different H-O-N-O dihedral angles of 15° and 70°.
This asymmetrical positioning of the NO;™ allows the receptor to better align one of its
two NH residues with the more basic lone pair electrons, thus forming a stronger
hydrogen bond. The X-ray structure of the 13*LiNO; complex (Figure 7) differs from
the sodium and potassium analogs in a number of ways. The Li" is coordinated by five
heteroatoms, one nitrogen and two oxygens from the crown and two water oxygens
(derived adventitiously from the atmosphere during the crystallization process). One of
the water molecules bridges the cation and anion. The receptor/NO;™ orientation is
rotated almost 90°, compared to the sodium and potassium structures, which means that
the receptor NH residues are directed primarily towards the two lone pairs on one of the
NO;™ oxygens (the two H-O-N-O dihedral angles are 28° and 37°), and the bridging
water OH is directed towards the NO;3™ oxygen’s m-electrons (H-O-N-O dihedral angle
of 90°). Thus, with these three receptor/NOs™ salt structures, the directionality of the
hydrogen bonding between the complexed NO;  and the receptor NH is strongly
influenced by the identity of the counter cation.

It appears that NO; orientation is controlled by a complex interplay of steric factors,
coordination bonding to the metal cation, and hydrogen bonding with the receptor NH
residues. This latter factor includes a modest preference to direct the two receptor NH
residues towards the more basic oxyanion lone pairs. The directionality can be
overwhelmed by stronger bonding effects such as ion-pairing. For example, in the case
of the sodium and potassium structures, the NO; is directly chelated to the counter
cation, but this is only achieved by twisting the receptor/NO; orientation such that one
or both of the receptor NH residues are pointing substantially at the NO; n-surface. This
weaker hydrogen bonding arrangement is more than offset by the formation of strong
coordination bonds.
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Figure 5. X-ray crystal structure of [13*Na"*NO;7]. (Reprinted with permission from ref. 32.
Copyright 2004 American Chemical Society.)

Figure 6. X-ray crystal structure of [13*K"*NO;’]. The 70% occupancy orientation is shown for
nitrate. (Reprinted with permission from ref. 32. Copyright 2004 American Chemical Society.)

Figure 7. X-ray crystal structure of [13Li *2H,0*NOj5]. Absent is a second water molecule that is
located underneath the crown and coordinated to the Li*. (Reprinted with permission from ref. 32.
Copyright 2004 American Chemical Society.)
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The preceding X-ray data provides a structural basis for interpreting the following
unusual NMR data. Listed in Table 2 are the changes in '"H NMR chemical shifts for the
receptor signals upon complexation with a variety of salts. In the case of NaCl, NaAcO
and KAcO, the NH signals moves downfield 0.7-0.9 ppm as expected. [33] On the other
hand, complexation with the nitrate salts induces quite different changes in chemical
shift. In particular, the NH signal moves upfield by 0.05-0.22 ppm (Table 2 and Figure
8). To the best of our knowledge, an upfield shift of a neutral receptor amide NH signal
upon anion complexation is unprecedented. Another unusual change is the large upfield
shift of equivalent protons ¢ (see Table 2 for a comparison of complexed-induced-
shifts). These unusual changes in chemical shift upon complexation indicate that the
magnetic shielding environment around the NO;  is anisotropic. Indeed, we used
Density Functional Theory to calculate the shielding surface around the NO;™ anion and
found that it is deshielding around the peripheral plane of the molecule and shielding in
a region above the central nitrogen (Scheme 4).

TABLE 2. Change in 'H NMR chemical shift (A8) of
selected protons upon saturation of 13 with salt.”

A3 (ppm)’
Salt a b NH c
NaCl +0.02 +0.66 +0.94 +0.87
NaAcO 0.00 +0.45 +0.72 +0.11
KAcO -0.03 +0.48 +0.87 +0.05
NaNO; 0.00 +0.21 -0.22 -0.18
KNO; 0.00 +0.32 -0.05 -0.21
LiNO; -0.01 +0.20 -0.22 -0.09

Bu,NNO;* -0.03 +0.04  +0.51 +0.27

“Solid salt extracted into solution of 13 (10 mM) in CDCl;
at T =295 K. "See structure of 13 for proton labeling. A3
= § 13esalt - d 13. “Data obtained after mixing 150 mM
BusNNO; and 10 mM 13 in CDCls.

Scheme 4. Anisotropic shielding surface surrounding the nitrate anion.
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Figure 8. Partial '"H NMR spectra of receptor 13 in CDCl; at 295K after addition of solid NaNO;. See
structure of 13 for proton labeling. (Reprinted with permission from ref. 32. Copyright 2004 American
Chemical Society.)

Having established that NO; has an anisotropic shielding surface, the next question
was whether the complexation-induced changes in chemical shifts that are listed in
Table 2 can be used to elucidate the structure of the receptor/salt complexes in solution.
In some cases, the solution state NMR data seems to match with the solid state
structure. For example, the signals for the NH and ¢ protons in 13 move upfield by -0.22
and -0.18 ppm, respectively, when 13 is saturated with NaNO;. The X-ray structure of
13+NaNO; (Figure 5) suggests that this is because the NH and ¢ protons are located in
shielding zones above and below the plane of the encapsulated NO;". However, when 13
is saturated with LiNO;, the solution state NMR data does not appear to match with the
solid state structure. For example, the receptor NH and ¢ protons move upfield by -0.22
and -0.09 ppm, respectively, but the X-ray structure of 13*2H,0<LiNO; (Figure 7)
shows that the NH and ¢ protons are located in the peripheral plane around the
encapsulated NO;™ (deshielding zones). This suggests that the X-ray structure is not the
predominant structure in solution. Evidence in favor of this hypothesis was gained from
a variable temperature 'H NMR study of the complex. The system undergoes dynamic
exchange because at low temperature the spectrum splits into three sets of signals.
Shown in Figure 9 are the signals for the NH residues at 213 K. The NH peak at 10.09
ppm corresponds to free receptor; whereas, the upfield peak at around 9.8 ppm is
attributed to a dehydrated 13°LiNO; complex with a structure that is analogous to
13eNaNO; in Figure 5 (i.e., the NO; is chelated to the Li" inside the cavity of the
receptor). The downfield NH peak at 10.15 ppm is attributed to a hydrated complex
with a structure that is very similar to 13¢2H,0°LiNO; in Figure 7. The relative ratio of
these three signals depends on the amount of water in the sample. As depicted in Figure
9, the peak at 9.8 ppm (corresponding to dehydrated salt complex with chelated LiNO3)
is diminished when water is added to the sample.

The large complexation-induced changes in 'H chemical shift for the protons that
line the cavity of receptor 13 indicate how the oxyanion salts bind to the receptor cavity
in solution. In principle, the direction and magnitude of the shieldings can be used to
elucidate the relative orientation of the encapsulated anisotropic anion, however, this
requires quantitative mapping of the shielding surface around the anion (which we have
done in the case of NOj3') and knowledge of the receptor/salt dynamics. In certain cases
(e.g., the 13°LiNO; system above), the signal averaging due to dynamic exchange can
be eliminated by acquiring the NMR spectrum at low temperature. Overall, the use of
ditopic salt receptors, such as 13, to solubilize salts as discrete, slowly exchanging,
associated ion-pairs, is a new and effective way to characterize the structure of ion-
pairs.
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Figure 9. Partial "H NMR spectrum of 13<LiNO; at 213 K. Top:
sample prepared by solid-liquid extraction using freshly opened
CDCl;. Bottom: sample prepared with water-saturated CDCls.
(Reprinted with permission from ref. 32. Copyright 2004
American Chemical Society.)

Summary

In the future, salt-binding receptors will be employed in various separation and sensing
applications. The work described in this chapter demonstrates that ditopic receptors,
with an ability to bind the salts as contact ion-pairs, have particularly attractive
properties as extraction and transport agents. Another future direction is the utilization
of salts as “molecular glue” to assemble complex supramolecular structures that have
dynamic properties and the capability to behave as molecular machines.
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CYCLIC AND ACYCLIC AMIDOPYRROLE CONTAINING ANION
RECEPTORS

S.J.BROOKS AND P. A. GALE
School of Chemistry, University of Southampton,
Southampton, SO17 1BJ, UK.

1. Introduction

Intense recent interest in anion complexation has resulted in significant advances in the
design of potent anion binding agents. The development and implementation of the
amidopyrrole motif for the complexation of anions is a relatively new and exciting area
of anion coordination chemistry. The motif is of particular interest due to the convergent
hydrogen bond donor characteristics that distinguish it from other dual hydrogen bond
donor systems such as urea (Figure I). The advances in this area are outlined in this
short review.
(a) (b)
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NN N
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Figure 1. Urea and 2-amidopyrrole provide parallel and convergent hydrogen bond donation respectively.
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2. 2-Amido and 2,5-Diamidopyrroles

In the latter half of the 1990’s, Crabtree and co-workers'” demonstrated that
isophthalamides are excellent receptors for fluoride and chloride in organic solution.

(Figure 2).

Figure 2. The isophthalamide motif has been employed in a variety of receptors possessing high affinities for
anions.

Karsten Gloe (ed.), Macrocyclic Chemistry: Current Trends and Future Perspectives, 153—172.
© 2005 Springer. Printed in the Netherlands.
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2,5-Diamidopyrroles may be regarded as analogues of this type of receptor. In
addition to the possession a third hydrogen-bond donor group which may be involved in
anion complexation, replacement of a six-membered aryl ring with a five membered
pyrrole causes a relative increase in the internal angles within the cleft relative to
isopthalamide derived clefts. Compounds 1 and 2 were synthesized from 3,4-diphenyl-
1H-pyrrole-2,5-bisacid chloride which was condensed with aniline and n-butylamine
respectively to afford the products in 18 and 47% vyields (Figure 3).* Analysis of the
stability constants of these compounds with a variety of anions was determined by 'H
NMR titration techniques fitted to a 1:1 binding model (performed in CD;CN and
DMSO-d4/H,0 0.5% respectively due to the relative solubility of the two compounds),
revealing a preference for oxo-anion complexation in both cases.

H H. H H
©\N H N/@ n-Bu—\’ H “N—n-Bu
N

Figure 3. First generation 2,5-diamido-1H-pyrrolic amide clefts.

Amongst the putative anionic guests studied, receptor 1 was found to bind benzoate
most strongly with a stability constant of 2.5 x 10° M™" whilst compound 2 bound
dihydrogen phosphate most strongly in DMSO-d¢/H,O 0.5% (used for solubility
reasons) with a stability constant of 1.5 x 10° M.

In an attempt to more fully understand the interactions between these novel pyrrolic
clefts with anions, in particularly the observed high oxo-anion affinity, 2-amido-5-
methylpyrrole analogues 3 and 4 were synthesized (Figure 4)."

Figure 4. 2-Amido-5-methyl-1H-pyrrole based analogues.

Problems resulting from precipitation when solutions of compound 4 underwent
addition of anions prevented an accurate titration data set from being collected, however
a direct comparison was possible between compounds 1 and 3, for which '"H NMR
titrations which could be titrated under the same solvent (CD;CN). The comparison of
the binding data revealed a significant reduction in the stability constants for oxo-anions
of the mono-amide relative to the bis-amide (stability constants for dihydrogen
phosphate and benzoate for 1 [3.6 x 10> M and 2.5 x 10° M™] whilst association
constants for 3 with the same anions [8.9 x 10' M and 2.0 x 10> M']). This important
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result gives a strong indication that during oxo-anion complexation, all three hydrogen
bond donor groups form significant interactions with the guest.

A subsequent development was the synthesis of a class of 2,5-diamidopyrroles in
which differently functionalized pendent arms were appended. Bowman-James® had
previously shown that amine containing macrocycles exhibited a strong selectivity for
protonated oxo-anions partially due to a proton transfer from the anion to the receptor
resulting in a more highly charged anion receptor pair. The resulting structure contained
protonated quaternary amines that introduced a significant additional electrostatic
attractive force between receptor and substrate.

Figure 5. The X-ray crystal structure of the benzoate complex of receptor 1 (tetrabutylammonium counter
cation and non-acidic hydrogen atoms have been omitted for clarity).

2PFa‘ HsC.__0O HsC.__O
o s
HN [

Figure 6. Pendent arm 2,5-d1am1d0pyrrole receptors.

NH2 H2N

By introducing basic groups tethered to the receptor through an amide linkage it was
hoped that the oxo-affinity that had been displayed by the diamidopyrrole motif could
be enhanced in the presence of the appropriate anions. A range of compounds 5-7 were
synthesized in order to determine and quantify any possible additional binding
interactions (Figure 6).” Compound 5 could undergo protonation at the amine site upon
addition of a protonated anion, such as hydrogen sulfate, thus facilitating the additional
electrostatic interaction whilst compound 6, which was a pre-protonated form, could not
remove a proton from the anion under the investigated binding conditions, thus
preventing SO4> formation. Compound 7, an amide derivative would provide a neutral
analogue for comparison.
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'H NMR titration studies performed in DMSO-d¢/0.5% H,O provided strong
evidence that pendent amine groups could indeed undergo a proton transfer from
appropriate oxo-anions. For instance, hydrogen sulphate was found to have a stability
constant of greater than 10* M™" with 5 and less than 20 M™' when titrated against 6
whilst no binding with hydrogen sulphate was observed with receptor 7. As all three
receptors have the same hydrogen bonding motif in terms of the pyrrolic centre the
additional binding effect of the protonatable amine derived pendant arms appears highly
significant.

Ferrocene appended 2,5-diamidopyrole receptors were subsequently developed in
order to produce electrochemical sensors for anions (Figure 7). The anion
complexation of these compounds was reported through the results of both 'H NMR
titration and cyclic voltammetry techniques.

Figure 7. Ferrocene appended amidopyrrole electrochemical molecular sensors.

'H NMR titrations with a variety of anions were performed in DMSO-d¢/0.5% H,0
and revealed that compound 8 showed significantly higher stability constants for all
anions investigated by approximately an order of magnitude as compared to receptor 9
possibly due to the higher rigidity of receptor 8. The presence of the methylene spacer
group between the ferrocene and anion binding site is postulated to provide extra
flexibility within the receptor and providing a mechanism in which the reporter group
can occupy a position directly adjacent to the cleft effectively reducing the binding
affinity of the receptor. Association constants calculated for fluoride reveal values of
705 and 170 M for 8 and 9.

The electrochemical behaviour of these two compounds was investigated using
cyclic voltammetry, performed in dichloromethane with tetrabutylammonium
tetrafluoroborate as the base electrolyte using a platinum disk microelectrode.
Unfortunately both for hydrogen sulphate and dihydrogen phosphate passivation of the
electrode resulted in a seriously distorted voltammetric wave, and in the presence of all
other anions, with the exception of bromide which did not significantly interact with the
receptors, the observed results were anodic shifts of the ferrocene/ferrocinium redox
couple. Addition of both fluoride and benzoate resulted in significant shifts in these
potentials for both of the investigated sensors with the observed shifts for 8 higher than
those of 9 (shifts in redox couple for fluoride —255 and—130 mV and benzoate —120 and
—60mV for 8 and 9 respectively). Presumably, a through bond mechanism’ is operating
upon addition of anions to receptor 8 which is not observed in receptor 9 due to the
methylene carbons breaking conjugation between the anion binding site and the redox-
active ferrocene groups.
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The introduction of electron-withdrawing substitutents to the 3- and 4-positions of
the pyrrole ring of a 2,5-diamidopyrrole resulted in the formation of a unique hydrogen
bonded dimer.'” Compounds 10 and 11 were synthesized and their stability constants
measured with a variety of anions (Figure 8). For chloride a stability constant of 2 x 10°
M was obtained for 11 in acetonitrile, whilst the analogous 3,4-diphenyl receptor 2
binds chloride with a stability constant of 1.4 x 10° M™". The increased affinity for
chloride of the 3,4-dichloro derived compound presumably results from the increase in
electron withdrawing nature of the chloride group compared to the phenyl substituents
in the first generation compounds.

/\/\NH H HN/\/\ Q\NH H HN/@
Cl Cl

10 11
Figure 8. 2,5-Diamido-3,4-dichloropyrrole anion receptors.

Cl Cl

Upon addition of tetrabutylammonium fluoride in CD,Cl,, it was found that the 'H
NMR titration curve produced when following the amide NH resonance chemical shift
for 11, shifted downfield until one equivalent of fluoride had been added (Figure 9).
Following this an upfield shift in the resonance was observed to reach a plateau after
two equivalents and then remaining constant at approximately 9.3 ppm. This behaviour
appeared indicative of a initially a binding event followed by a deprotonation process.
Support for this hypothesis was provided by treatment of receptor 11 with one
equivalent of tetrabutylammonium hydroxide to yield the tetrabutylammounium salt of
11. The chemical shift of the amide NH of the salt was found to be the same chemical
shift as that observed when the free receptor was treated with two equivalents of
fluoride.
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Figure 9. "H NMR titration curve for 11 vs. TBA.F in CD,Cl,.

Crystals of the tetrabutylammonium salt of (11-H") were obtained by slow
evaporation of a dichloromethane solution of the receptor in the presence of excess
tetrabutylammonium fluoride. X-ray structure analysis revealed that the deprotonated
pyrrole was stabilized via the formation of a ‘narcissistic’ dimer, in which the amide
groups of a second deprotonated receptor molecule formed hydrogen bond interactions
with the deprotonated pyrrolic nitrogen (Figure 10). In order to accommodate this
arrangement, the two amide groups adopt the syn-syn arrangement, whilst the two
receptor molecules arrange themselves in an orthogonal arrangement in space relative to
one another, so minimizing the steric interactions between phenyl groups.
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Cl Cl

Figure 10. Schematic representation and X-ray crystal structure of the Narcissistic interlocking deprotonated
dimer of 11. (Non-acidic hydrogen atoms and counter cations are omitted for clarity).

By combining two bis-amido-3,4-dichloropyrroles into one molecule, bridged by an
inflexible linker unit a new class of interlocking anionic polymer has been produced
(Figure 11)."" Compounds 12 and 13 were synthesized and exhibited limited solubility
in a variety of solvents although addition of tetrabutylammonium fluoride resulted in an
increase solubility to a point where full characterization could be determined.

Cl
AL, L, O ed e o
N A L
NH [e)
O °'
12

Figure 11. Compounds 12 and 13.

13

Crystals of both compounds were obtained by slow evaporation of acetonitrile
solutions in the presence of excess tetrabutylammonium fluoride. It was determined that
both compounds crystallized as the tetrabutylammonium salts of the doubly
deprotonated pyrrole anions (Figure 12). Each individual dianion essentially possesses a
planar conformation and forms the interlocking arrangement previously seen (Figure
10).
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Figure 12. Crystallographic representations of polymeric structure of 12 (top) and 13 (bottom). Reproduced
with permission from J. Am. Chem. Soc. (2002) 124, 11228. Copyright American Chemical Society 2002.
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Figure 13. Mono- and dinitro-derived pyrrolic receptors.

After the discovery of the observed deprotonation of 12 and 13, the effect of the
introduction of electron-withdrawing amide substituents was investigated.'” Synthesis
of compounds 14 and 15 where achieved by reaction of 3,4-diphenyl-1H-2,5-dicarbonyl
chloride with 4-nitro- and 3,5-dinitroaniline respectively, in dichloromethane in the
presence of triethylamine and DMAP to yield the receptors in 43 and 11% respective
yields (Figure 13). Comparison of the chemical shifts of the amide resonances of
compounds 1, 14 and 15 (9.36, 10.19 and 11.29 ppm) illustrate a trend indicative of the
increasing degree of de-shielding of this proton as the number of nitro groups increases.
Upon the addition of 10 equivalents of tetrabutylammonium fluoride to receptor 15 in
acetonitrile, an intense colour change was observed resulting in the formation of a deep
blue solution.

'"H NMR titrations performed on compound 14 in DMSO-d,/0.5% H,O for a variety
of anions, show a general increase in association constants when compared to the
phenyl derivative (fluoride is bound with a association constants of 1245 M™' by 14 and
74 M by 1). When fluoride was titrated against 15 an unusual three-step titration curve
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was observed (Figure 14). This may be due to initial binding of the anion by the amide
and pyrrolic NH, a secondary deprotonation step of the pyrrole NH, followed by
binding in the cavity formed between the two amides and two of the ortho phenyl CH,
which are acidic due to the presence of the electron withdrawing nitro- groups. X-ray
crystallographic data appears to support this proposal. Crystals obtained via slow
evaporation of an acetonitrile solution of receptor 15 with excess tetrabutylammonium
fluoride. The species which crystallized was again a tetrabutylammonium salt of the
deprotonated pyrrole however, in this case, an adventitious chloride anion was bound to
the deprotonated pyrrole (Figure 15). The anion was observed to form hydrogen bonds
with both amides and ortho positioned CH groups. Combining strongly electron
withdrawing groups on an aryl amide, with an open cleft generated by the presence of
five-membered core ring system can be clearly be seen to effectively produce a
secondary anion binding site within receptors of this nature.

9.3
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Figure 14. "H NMR titration curve of 15 vs. TBA.F. performed in DMSO-d/0.5% H,O.

Chemical shift of phenyl CH resonance (ppm)

Figure 15. The X-ray crystal structure of the chloride complex of 15-H" (tetrabutylammonium counter cations
and non-acidic hydrogens are omitted for clarity).

By appending crown ether moieties to the amidopyrrole skeleton it had been shown
that it is possible to both enhance the binding of anions to the cleft by the introduction
of caesium cations but only with a limited degree of success (Figure 16)."> Compounds
16 and 17 were synthesized by reaction of the 4’-aminobenzo-15-crown-5 with the 2-
methyl-5-mono-acid chloride-3,4-diphenylpyrrole and the analogous 2,5-bis-acid
chloride in 28 and 33% respective yields.
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Figure 16. Mono and di-crown appended amido pyrrole salt receptors.

Unexpectedly introduction of sodium and potassium did not result in a significant
increase the binding potential of these receptors to bind anions a result that might be
expected if the receptor has effectively gained a positive charge. What appears to occur
is that the ion-pairing effect between free ion in solution is greater a joint association
through the receptor of both anion and cation. The only exception where the anion
binding affinity of these receptors was observed when fluoride was titrated with
receptor 17 in the presence of caesium ions in which the association constants increased
from 67 to 308 M™', an increase by a factor of four. This may be due to the combined
facts that caesium due to its large size and diffuse charge, is inefficient in forming ion
pairs.

A more successful development of a salt receptor based upon the 2,5-diamidopyrrole
motif was synthesized via a collaboration with Bradley Smith at The University of
Notre Dame (Figure 17)."* In the case of compound 18 the crown used to coordinate the
cation was appended as a bridge between the amide groups. This configuration allows
the anion and to bind as a contact ion pair. Stability constants of the receptor with
chloride in DMSO-d, were determined in the absence of metal cations (109 M), and in
the presence of one equivalent of sodium (128 M) and with potassium (540 M™).
Interestingly, the addition of cations appears to substantially improve subsequent anion
complexation and the highest association in the presence of potassium reflects the
association constants of cations with the appropriate crown size. It was also found that
the presence of the bridging group improved the association relative to the
corresponding acyclic diphenyl receptor 1 by an order of magnitude, reflecting the
increase in the pre-organized structure of the receptor.

Crystallographic evidence of the contact ion pairing of sodium and chloride in the
presence of the receptor 18 (Figure 18) clearly shows the two ions within contact
distance (2.65 A) and interacting with the crown and the cleft respectively.
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"/ 18

Figure 17. Contact ion-pair salt receptor schematic and crystallographic representation (X-ray structure shows
receptor with methanol and water bound. Non-acidic receptor hydrogen atoms removed for clarity).
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Figure 18. Crystallographic representation of 18 with bound NaCl (non-acidic receptor hydrogens removed
for clarity).

A more recent development has been the synthesis of bisamidopyrrolylmethane
based anion receptor systems (Figure 19)."° These receptors might be regarded as
containing ‘half a calix[4]pyrrole’ combined with the 2-amido appendages in common
with the pyrrolic amide cleft. Compounds 19 and 20 were synthesized by reaction of
diethyl-5,5"-methylenebis(4-ethyl-3-methyl-2-pyrrole) carboxylate with aniline or n-
butylamine in the presence of trimethylaluminium in dry dichloromethane at 35°C in 40
and 43% respective yields.

Initial "H NMR titration data performed in DMSO-d4/5%H,0 revealed that whilst all
other anions (chloride, bromide, hydrogen sulphate and benzoate) could be fitted to a
1:1 binding model, association constants could not be reliably calculated for fluoride
and dihydrogen phosphate due to the sharp curve obtained. Consequently for these
anions, titrations were repeated in a more competitive solvent mix of DMSO/25%H,0,
providing stability constants with 19 of 114 and 234 M and with 20 11 and 20 M
respectively.
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Figure 19. Bis-pyrrolylmethane based anion receptors.

Unfortunately it was discovered that after a few days in solution, a red
discolouration was observed (particularly with compound 19). Mass spectrometry
revealed the loss of two mass units, consistent with oxidation of the product to the
dipyrromethene.

In order to overcome this oxidation problem the synthesis of 21 and 22 was achieved
in which two methyl groups occupy the positions bridging the two pyrrolic groups
(Figure 20).'° Although compounds 21 and 22 were found to be stable, less stable
complexes with anions were formed than with the first generation dipyrrolylmethane
systems. However, despite this reduction in affinity, the stability constants for these
receptors could only be calculated in DMSO-dy/5% H,O for fluoride (124 and 89 M™),
dihydrogen phosphate (1092 and 81 M™), benzoate (1092 and 81 M™) calculated for
receptors 21 and 22 respectively.

NH HN
o O

HiC

NH HN

HsC HiC CH; CHs HsC HiC CHy CHa

21 22
Figure 20. Second generation diamidodipyrrolylmethanes.

3. Guanidiniocarbonylpyrroles

Schmuck and coworkers have developed a range of guanidiniocarbonylpyrroles that
have been shown exhibit exceptionally high stability constants, in competitive solvents,
for binding carboxylate groups.

In early work, Schmuck synthesised the simple 2-guanidiniocarbonylpyrrole 23
(Figure 21) by the reaction of ethyl-1H-pyrrole-2-carboxylate with guanidinium
hydr01c7hloride in the presence of sodium methoxide affording the receptor in 52%
yield.
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Figure 21. 2-Guanidiniocarbonylpyrrole with proposed solution and solid-state acetate binding modes.

'H NMR titrations revealed that association of 23 with acetate was so strong that
accurate determination of the association constants became difficult (in DMSO-ds/50%
H,O association constant of the order of 10° M™"). A simple guanidinium cation titrated
in the same conditions showed no signs of association, whilst an acetyl derived
guanidinium cation produced association constants of around three times lower.

This effect shows that the pyrrole NH is indeed involved in complexation of
carboxylates and comparison of all of the NH signals in 23 upon addition of anion
reveal downfield shifts, indicative of the formation of a tridentate binding mode (figure
23b).

Solid state analysis of crystals obtained of receptor with acetate from
water/methanol solutions reveal that once again the guanidiniocarbonylpyrrole cation
exists in an extended conformation however in contrast to the proposed solution state
model, the pyrrole NH points away from the guanidium NHs with the acetate anions
bound by two separate receptor groups with solvent molecules helping to create a series
of 2D arrays (figure 23c).

The binding of anionic substrates has been further investigated with examples
detailing the complexation of short chain peptides'®'® and asymmetric carboxylates.”

Many of Schmuck’s guanidiniocarbonylpyrroles show an exceptional ability to self-
associate in solution through a combination of ion pairing and mutual hydrogen bonding
due to the complementary fit of 2,5- substituted heteroditopic charged species for
dimerization or the 2,4- substituted systems for the formation of chain like oligomers.

By the synthesis of 24 the advantageous introduction of charged groups onto the
pyrrole skeleton causes the main interaction between discrete molecules to now be ion
pairing (Figure 22).2" As a result of this the self-association process can now occur in
more highly competitive solvent mixtures.

The result of the positioning of the groups in the 2 and 5 positions allows
dimerization of discrete molecules to occur through the complementary geometrical
arrangement of the zwitterionic guanidiniocarbonyl and carboxylate groups.

Whilst the fully protonated version of the compound 24a was readily soluble in
methanol and water, solubility problems of the neutral zwitterionic form 24b meant that
analysis could only be performed in DMSO-d; and then only up to concentrations of
around SmM. Further deprotonation of the guanidine residue by treatment of a second
equivalent of base allows the formation of the anion 24c¢ that is once again freely
soluble in methanol and water.
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Figure 22. 5-(Guanidiniocarbonyl)-1H-pyrrole-2-carboxylate, its various ionic forms and proposed dimeric
structure adopted in DMSO solution.

Analysis of the 'H NMR of the protonated cation (in the form of the picrate salt) in
DMSO-d; revealed the expected signals, guanidinium (8.2 ppm), carboxylic acid (13.2
ppm), amide (11.1) and pyrrole (12.7) signals were all broad resonances. As no splitting
was observed due to the four guanidinium NH protons shows that in DMSO there is no
interactions between these protons and the adjacent carbonyl group. Upon deprotonation
of the acid group a markedly downfield shift can be observed. The guanidinium signal
splits into two distinct signals at chemical shifts of (8.1 and 9.8 ppm) correspond to two
NH protons each. This corresponds to the adoption of a more rigid structure. The drastic
downfield shift of only two of the guanidinium protons indicates that only these protons
are involved in hydrogen bonding, whilst the remaining two are not, consistent with
dimer formation. Downfield shifts also observed of the amide and pyrrole protons (14.8
and 13.1 ppm respectively) indicative of hydrogen bond formation also supporting the
formation of dimers in solution.

Due to the apparent very high stability constant of the dimer and the lack of
solubility in more competitive media, estimation of the association constant of the dimer
formation was made by comparing the association constants of various smaller
components in which the strength of the individual interactions could be calculated and
useld to give an approximate value of the dimer association constant in DMSO-ds of 10"
M.

Control over the structure adopted in solution by selective introduction of
appropriate anions has been detailed by Schmuck.” Compound 25 was synthesized and
it was observed that in DMSO discrete dimeric units could be observed by '"H NMR and
ESI mass spectrometry analysis. In the presence of halide anions, no discernable change
was noted, implying that there was no effect upon the relative stability of the dimer.
Introduction of picrate anions that have the ability to complete with the m-stacking
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interaction, results in a break up of the dimer and the formation of a 1:1 host:guest

system (Figure 23).
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Figure 23. Picrate disrupts the dimerization of 25 in DMSO-d

By studying the concentration dependence of the "H NMR spectra performed in
DMSO-dj the association constant of the dimer could be calculated at 673 M at 298 K.
This value is surprisingly high for a cationic species in a polar solvent such as DMSO
and is indicates that the binding within the dimer is not the result purely of hydrogen
bonding, with n-stacking and hydrophobic interactions potentially important.

The structure of the dimer was elucidated using ROESY NMR measurements
performed in DMSO-ds with the guanidioniocarbonyl group appearing to be in an
orientation in which the adjacent carbonyl group is in plane with the pyrrolic NH, as
only NOE interactions observed with the pyrrolic CH. The orientation of the amino acid
arm could not be determined due to the presence of various NOE interactions along the
chain.

Using data obtained from the ROESY experiments confirming the conformation
adopted by the guanidinum residue molecular modelling experiments were performed
which lead to structural elucidation of the dimer. According to this model the planar
aromatic parts of the molecules form n-stacks and although the amino acid amide is not
involved in forming the dimer, is probably extremely likely to participate in anion
coordination. The importance of the formation of n-stacking as a stabilising force of the
dimer in the presence of anions can be seen when the 'H NMR spectrum of the picrate
salt is examined, revealing no signs of dimerization has occurred, the result of anion
binding of the picrate anion in solution.

Positioning of a carboxylate group in the 4-position (Figure 24) as opposed the 5-
position as seen with 25, the preference for dimerization formation can be overcome and
allow oligomerization to become the dominant structure in solution.*
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Figure 24. 2,4-Substituted systems form linear coordination polymers.

In contrast with previous compound, the '"H NMR spectrum of 26 does not show any
signs of any intermolecular interactions at sub millimolar concentrations in DMSO-dj,
however there is indications of concentration dependent shifts that are consistent with
the formation of linear aggregates in solution with interactions between the carboxylate
and guanidinium moieties of neighbouring molecules.

The binding constant of this process was determined by analysis of the concentration
dependence observed in the '"H NMR spectrum in DMSO-d; through the concentration
range of 1-100 mM with the guanidinum NH resonance followed. A plot of the
observed chemical shift against concentration gives an isothermic binding curve that
indicates a concentration dependent intermolecular association is occurring. As the
pyrrole NH is not involved in the carboxylate binding mode due to geometric reasons
this compound binds the carboxylate in a bidentate fashion, as opposed to the tridentate
fashion seen previously and in this respect exhibits association constants that are
constant to those displayed by simple guanidinium cation binding. The association
constant of 22.2 M is consistently smaller with the bidentate verses tridentate binding
mode argument and is in agreement with similar values that are quoted in the literature.

Examination of the association process over a range of temperatures from 303 to
363 K using an NMR dilution experiment in which once again the guanidinium
resonances were followed gave association constants that varied from 22.2 M™" at 303 K
to 70.5 M at 363 K. Using a van’t Hoff plot of the calculated binding constants,
association in the temperature range studied was revealed to be endothermic and as a
result the process driving oligomerization must therefore be entropic, the process
presumablely be driven by the release of solvent molecules from the binding site
increasing the entropy of the system.

Compounds 25 and 26 both demonstrated the use of intermolecular interactions for
the formation of solution phase structures, however by combining carboxylate and
guanidinium residues into the same molecule which sufficient flexibility in which the
two groups can come into contact with one another has allowed Schmuck and co-
workers to form self folding, well-defined stable loops in DMSO.** As such these
molecules might present a way to access macrocyclic structures that in which the
structure, and therefore the resulting properties, may be controlled by affecting the
polarity of the solvent (Figure 25).
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Figure 25. Carboxylate-guanidinium containing loop forming compounds.

Compounds 27 and 28 were synthesized in order to demonstrate possible self-
association between carboxylate and guanidinium residues and thus the formation of
folded structures in solution. Determining the length of the linker between the two
pyrrolic centres allows control over the creation of loops in solution to be exerted upon
the system, the ethylene linker in 27 being too short to facilitate intramolecular folding
of the molecule whilst the butylene linked 28 possesses extra flexibility and thus should
allow the complementary groups to come into contact with one another.

'H NMR spectra performed in DMSO-d6 of the associated zwitterions of the two
compounds are markedly different, with the 27 displaying the typical guanidinocarbonyl
pyrrole spectra previously seen when no intermolecular/intramolecular interactions are
present, i.e. all signals are broad and relatively upfield with only one signals
corresponding to the guanidinium protons. The 'H NMR spectrum of 28 displays
completely different behaviour in the same conditions, with the guanidinium protons
split into two separate signals each now comprising of two protons, one of which
displays a significant downfield shift relative to the corresponding chemical shift
observed with 27. Also both the pyrrole and amide display significant downfield shifts,
with the amide shifting 3 ppm downfield. In theory this behaviour could be the result of
either an intra- or intermolecular complexation process, however as this behaviour is not
seen with 27 it is more likely that an intramolecular association is taking place.

The intramolecular self-association of 28 has been conformed by ROESY NMR
experiment that conform that the amide NH at the carboxylate terminus shows NOE
signals to all four CH, groups of the linker and the neighbouring pyrrole NH, indicating
that folding of the molecule must occur in order to bring these groups close enough for
the observed interactions to occur.
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4. Macrocyclic Systems

Sessler has combined amidopyrroles with the ferrocene moiety has resulted in new
macrocyclic anion receptors in which the anion-binding cavity could be adjusted in size
by variation of the bridging alkyl chain to allow selectivity of this class of receptor to be
fine-tuned (Figure 26).”
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e X 30 R = CHa, X = (CHp)s
/ 31 R = CHj3, X = CH,CH,OCH,CH,
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Z
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Figure 26. Pyrrole containing ansa-ferrocenes.

A crystal structure was obtained of 29 in which a water molecule was observed to be
contained in the cavity, with a second water molecule associated to it revealed
hydrogen-bonding interactions between the water oxygen and the pyrrole and amide NH
groups, and also between the water OH and the ethylene oxide oxygen atom. This
demonstrated a possible binding mode with dihydrogen phosphate in which alternate
hydrogen bond donor/acceptor groups in both the host and guest could result in a high
degree of association.

Subsequently three derivatives were synthesized in which the length of the bridging
arm was varied to determine the relative effect of chain length upon binding of
dihydrogen phosphate.

Association constants for 30-32 were determined by '"H NMR titrations performed in
dichloromethane-d»/2% DMSO-ds and revealed a general increase in the binding
affinity upon increasing numbers of oxygen atoms in the ethylene oxide based linker.
Compound 30 that possesses no hydrogen bond acceptor sites had a stability constant of
4050 M™', whilst compound 31 which contains one oxygen atom had a stability constant
of 13200 M, and compound 32 which contains two oxygen atoms has a stability
constant of 81400 M. This substantial increase relative to the number of oxygen atoms
in the chain suggests that the oxygen atoms present in the introduced chains are actively
involved in the complexation.

Square wave electrochemical analyses confirmed that the affinity of the receptors for
dihydrogen phosphate increase with increasing numbers of oxygen atoms in the
bridging chain, however the fact that there is no observed increase in the
electrochemical response between one and two oxygen atoms indicates that in these two
receptors, complexed dihydrogen phosphate occupies the same location within the
cavity, relative to the ferrocene moiety.

Whilst although not technically an amidopyrrole in the sense that the previous
examples, macrocycle 33 synthesised by Sessler, Ustynuk and co-workers displays a
high sulfate-to-nitrate selectivity (Figure 27).%
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Figure 27. Diamidodipyrromethane macrocycle that displays high sulphate to nitrate association.

The pyrrole units in this macrocycle are arranged in a manner identical to examples
21 and 22, however instead of appended amides, imides are present. An amide cleft is
present in this receptor in the form of the pyridine 2,5-diamide component in which the
favourable geometry of the amides is reinforced through the presence of the pyridine
nitrogen atom. The anion complexation of this receptor was measured by UV/vis
titrations performed in acetonitrile and it was discovered that 33 bound sulfate strongly
in a 1:1 fashion with an association constant of 64,000 M™' whilst there was no observed
affinity for nitrate. Strong association constants were also observed for dihydrogen
phosphate (342,000 M™), acetate (38,000 M) and cyanide (12,000 M™). Dihydrogen
phosphate bound in a 2:1 anion receptor stoichiometry with subsequent DFT
calculations revealing the presence of a secondary binding site that can be formed upon
complexation of one equivalent of anion as a result of the conformational shape adopted
by the receptor upon binding.

Catenanes containing bipyrroleamides have successfully demonstrated anion-
bin<12i7ng characteristics with selectivity observed for dihydrogen phosphate 34 (Figure
28).

34

Figure 28. Sessler’s bipyrrole based anion selective catenane.

Formed primarily from the condensation of bipyrrole-diacid chloride and p-
xylenediamine via two routes, a single step and a stepwise approach, with the latter
resulting in a higher yield, 4% verses 2% for the former.
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The conformational properties of catenane 34 were investigated by 'H NMR
spectroscopy in order to more fully understand the dynamics of the system. In a range of
investigated solvents, at ambient temperature, it was observed that broad peaks were
observed which indicates both the effects of intramolecular hydrogen bonding as well as
the dynamics associated with various circumrotation processes. Varying the temperature
of the solution could also change the behaviour of the catenane. At higher temperatures
it was determined that signals generally broadened and shifted and in the case of the
xylene protons coalesced.

Titration of fluoride into a 1,1,2,2-tetrachloroethane-d, solution of the catenane
revealed through NMR peak sharpening that the circumrotation process could in effect
be “frozen out” after the addition of less than two equivalents of fluoride as the effect of
anion binding contributions from each of the catenane macrocycles. It has been
theorised that the binding of the fluoride could be occurring through the formation of a
tetragonal anion-binding pocket that is comprised of a pyrrole and amide functional
group from both of the macrocycles.

Titrations performed with a range of anions in 1,1,2,2-tetrachloroethane revealed
that the association constants calculated for dihydrogen phosphate (>1 x 10’ M,
chloride (3.55 x 10° M) and acetate (9.63 x 10° M) proved to be higher than that
calculated for fluoride (1.48 x 10° M™).

5. Conclusions

The amidopyrrole motif is proving to have wide applicability in the formation of new
anion receptor species. It is clear that the use of this motif in macrocyclic systems is yet
to be fully exploited. We are currently working on a variety of macrocyclic
amidopyrrole containing species. The result of these studies will be reported in due
course.
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1. Introduction

Anion coordination chemistry is a growing field within the inorganic and organic
communities [1,2]. Findings compiled over the last several decades show that anions
form complexes with receptors (ligands) via hydrogen bonding interactions as opposed
to the coordinate covalent bonds operable in transition metal coordination. As binding
and structural data accumulate, more informed strategies are being devised to achieve
selective binding of anions of different topologies. Nonetheless, in terms of corollaries
with transition metal ions, the spherical anions, namely the halides, present the simplest
of topologies and the closest structural analogies. In fact, the first synthetic anion
receptors were the halide binding bicyclic receptors, 1, known as katapinands, and
reported by Park and Simmons in 1968 [3] (Figure I). Several years later,
crystallographic studies confirmed the encapsulation of chloride in Hy1*" (n = 9) [4].
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Figure 1. Encapsulation of chloride by diprotonated katapinands.

Receptors for anions vary widely, and are in many instances either the same or
modified versions of the ligands that bind transition metal ions [5-20]. For example,
polyamine macrocycles can bind transition metal ions, while polyammonium
macrocycles bind anions. In many instances the same ligand can bind either a transition
metal ion [21-24] or an anion [25-29].

Karsten Gloe (ed.), Macrocyclic Chemistry: Current Trends and Future Perspectives, 173—188.
© 2005 Springer. Printed in the Netherlands.
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That being the case, it is appealing to refer to anion receptors as ligands. However,
traditionally the commonly understood definition of ligand has been a Lewis base
capable of forming a coordinate-covalent bond with a metal ion. Since for anions, the
“ligand” actually behaves as a Lewis acid, the definition needs to be expanded to
include both Lewis acid and Lewis base behavior.

Small Azacryptand Azacryptands with Aliphatic Spacers
(-NH HNx /-NHK\O/KHNX (NH/\/\HN
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Figure 2. Azacryptands and amidocryptands of varying size and flexibility.

Over the last several years we have explored anion binding by systematically
varying ligands with similar frameworks with respect to hydrogen bond donor, charge,
and dimensionality [30-42]. We have examined polyammonium [30-38], polyamide
[39-41], and polythioamide ligands [42]; monocycles and bicycles; and neutral and
charged ligands. Crystallographic findings show that bicyclic ligands or cryptands, as
coined first by Lehn [43], more frequently bind anions via encapsulation, while
monocycles often do not. This chapter will compare structural effects of a series of
cryptands, including some reported by us and some by others, ranging in size from very
small and capable of encapsulating just the smallest of halides, to a size large enough to
hold multiple species within the cavity. These ligands include the tiny
“octaazacryptand,” 2; larger flexible azacryptands with aliphatic spacers, 3 and 4; more
“rigid” azacryptands with aromatic spacers, S and 6; and as corollaries to the rigid
azacryptands, the amidocryptands, 7 and 8 (Figure 2). Since this chapter focuses on
encapsulated anions, most of the structures shown will include only the ligand and
encapsulated anion.



STRUCTURES OF HALIDES WITH CRYPTANDS 175

2. Azacryptands
2.1 CHARACTERISTICS

Azacryptands tend to be highly water soluble, which makes them ideal for studying
biological systems. However, affinities for anions vary depending on the degree of
protonation. Binding usually commences only after several protons are added. For the
systems described in this chapter, the onset of protonation normally occurs somewhere
around pH 9-10, and the ligands are multiply protonated by pH 7. This results in
significant anion binding capability at physiological pH, an essential criterion for
biomimetic studies.

2.2 SMALL OCTAAZACRYPTAND, 2

The small octaazacryptand, 2, is selective for fluoride [44], with extremely high affinity,
log K, = 10-11 in aqueous solution [44-46]. As anticipated, the crystal structure of 2
with fluoride showed the halide to be encapsulated (Figure 3) [44]. Later theoretical
and modeling studies indicated that the small size of the cavity could preclude
encapsulation of larger anions [45].
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Figure 3. Crystal structure of the fluoride complex of 2 showing the encapsulated fluoride in the space filling
model (A), in the perspective side view (B), and in the view down the pseudo-threefold axis (C).

More recent crystallographic studies on crystals isolated at pH < 2, indicated that 2
can also bind chloride internally (Figure 4) [44]. The internal chloride is hydrogen
bonded with the six protons on the secondary nitrogens, with an average N-H-+Cl
distance = 3.10 A [32,36]. The distance between the two bridgehead nitrogens is 6.59
A, slightly shorter than that observed for the fluoride complex (6.65 A) [44].
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Figure 4. Crystal structure of the chloride complex of 2 showing the chloride in the space filling model (A), in
the perspective side view (B), and in the view down the pseudo-threefold axis (C).

We also observed interactions of 2 with chloride during a routine NMR study. In a
simple titration of a series of anions with 2, large chemical shift changes were observed
at pHs below 2.5 for chloride compared to the uncomplexed ligand [32,36], similar to
what was observed for fluoride (Figure 54). Other halides did not show these shifts.
By examining the entire range of pHs, it can be seen that chloride resonances are not
shifted from the signals for the uncomplexed 2 until pD 2.5, at which point a sharp
downfield shift occurs (Figure 5B).
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Figure 5. (A) '"H NMR spectra of 2 with one equivalent of halide salt (NaX) at pD = 2.0 + 0.1 in D,0. (B)
Titrations of 2 showing the change in chemical shift of the aliphatic protons (H1) for free and 1:1 adducts of
chloride and fluoride with [He2][TsO]s. H1 = HNCH,, H2 = NCH,CH,, H3 = NCH,CH,. The pD was
adjusted with TsOH and NaOD.

Crystals grown from the iodide salt of 2, indicate a molecule of water, not iodide, in
the cavity. In this structure, the tetraprotonated ligand is surrounded by four iodides and
four water molecules with an additional molecule of water inside the cavity [36]. The
two lone pairs of the internal water molecule are hydrogen bonded to two of the
protonated cryptand hydrogens, and the two hydrogens on the water are associated with
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the lone electron pairs of the two neutral secondary amines. The iodide ions sit outside
the cavity and form hydrogen bonds with the remaining water molecules and amines of
the ligand (Figure 6). The average hydrogen bond distance between the internal water
and the amines is both NH-+O and OH-N = 2.77 A, and the distance between the
bridgehead amines is 6.63 A.

Figure 6. Crystal structure of the iodide complex of 2 showing encapsulated water as viewed from the side
(A), and additionally the external iodides and waters as viewed down the pseudo-threefold axis (B).

2.3 AZACRYPTANDS WITH ALIPHATIC SPACERS, 3 AND 4

Lehn and coworkers were the first to evaluate the binding of anions in the larger
azacryptands [47]. After structurally characterizing the pseudo-halide azide complex
encapsulated in the cryptand “bis-tren,” 3, they proceeded to examine the binding of
other halides, including fluoride, chloride and bromide [45,48]. The structure of the
fluoride complex revealed a single encapsulated fluoride located closer to one tren unit
than the other, and a very distorted cryptand (Figure 7A4). Disappointingly perhaps,
there was no triatomic bifluoride, F-H-F, in the cavity that would resemble the azide
structure. Instead, the single fluoride exhibits pseudo-tetrahedral coordination with four
of the hexaprotonated cryptand amines. The cryptand distortion was attributed to the
mismatch of size between the small fluoride and the relatively large cryptand [48]. The
distance between the bridgehead amines is 7.66 A.
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Figure 7. Schematic representation of bis-tren with fluoride (A), and with chloride and bromide (B).
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In both the chloride and bromide structures, the halide was also found to be
encapsulated, but was positioned more centrally within the cavity, as explained by a
better size match between the ligand and halide (Figure 7B) [48]. In both cases the
cryptand is hexaprotonated and all six of the protonated amines exhibit hydrogen
bonding with the internal halide, with average NH--X distances of 3.30 A for chloride
and 3.39 A for bromide. The distance between the bridgehead amines is 7.40 A and
7.50 A for the chloride and bromide complexes, respectively.

Recently, Steed and coworkers reported a cryptand, 4 (Figure 2), linking a tren unit
with an aliphatic spacer to a rigid tripodal aromatic phenyl group (Figure &) [49]. The
new ligand forms 1:1 inclusion complexes with fluoride, chloride, bromide, and iodide
in the solid state, with all four structures displaying pseudo-octahedral coordination
geometries. While it might be anticipated that structural characteristics of 4 would
parallel those of bis-tren, the binding more closely approximated that observed in the
small octaazacryptand, 2 [32,36,44-46]. The halide in the cavity forms hydrogen bonds
with the three secondary amines of the tren group and three methylene hydrogens of the
aliphatic spacers instead of amines closer to the tripodal aromatic group. This hydrogen
bonding pattern results in six-membered chelate rings between the halides and the
ligand as seen for 2 both with fluoride and chloride. Potentiometric studies indicated
exceptionally high binding of He[4]’" for fluoride (log K, = 9.64 in water), almost as
high as the binding constants observed for fluoride with 2.

Figure 8. Crystal structures of 4 with fluoride (A) and iodide (B) showing the single anion encapsulated in the
cavity.

2.4 AZACRYPTANDS WITH AROMATIC SPACERS, 5 AND 6

A drawback to cryptands with aliphatic spacers such as 3 is that the synthetic routes are
long and tedious, requiring time-consuming protection and deprotection techniques in
order to accomplish the condensation reactions with reasonable yields. In the late 1980s
however, a couple of groups realized that azacryptands could readily be obtained via
Schiff base condensations between aromatic or heterocyclic dialdehydes and tren,
followed by borohydride reductions [50,51]. This simple pathway opened the door for a
number of new anion ligands, examples of which include 5 and 6.

In the smaller cryptand, 5, with the m-xylyl spacers, the structure of crystals
obtained from the reaction of the cryptand with HF indicated a single fluoride in the
cavity with a water molecule companion (Figure 9) [31,33]. The structure contained
two bifluorides, but outside the cavity, in addition to seven waters and 1.5 SiF62' ions.
The internal fluoride is pseudo-tetrahedrally hydrogen bonded to the internal molecule
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of water plus to three of the protonated amines of one tren unit, with hydrogen bonds of
2.84 A to the former and averaging 2.68 A for the latter.

Figure 9. Crystal structure of 5 with fluoride showing the side view (A) and view down the pseudo-threefold
axis (B).

In an effort to examine the influence of cavity expansion, the fluoride complex of 6
with p-xylyl spacers was prepared. The resulting tritopic complex contained two
fluoride ions, bridged by a molecule of water [35] (Figure 10). Such a complex is
reminiscent of the widely studied cascade metal complexes, referring to the term coined
by Lehn and coworkers in the late 1970s [52]. The two fluorides lie on the axis joining
the bridgehead nitrogens, and the water molecule is slightly displaced from the axis with
its hydrogen atoms linking the two fluorides. Each fluoride exhibits tetrahedral
coordination with the three NH groups and the bridging water molecule, with N-H:--F
distances ranging from 2.60 — 2.72 A. The distance between the bridgehead nitrogens
of the cascade complex is 10.72 A, which is larger than the corresponding distance (9.22
A) in the fluoride complex of 5.

Figure 10. Crystal structure of the fluoride cascade complex of 6 showing the side view (A) and view down
the pseudo-threefold axis (B).
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Figure 11. Crystal structures of the complex of 6 with chloride showing the side view (A) and view down the
pseudo-threefold axis (B).

Figure 12. Crystal structure of the bromide complex with 6 showing the side (A) and end-on (B) views for the
bromide and one water molecule, and the side (C) and end-on (D) views for the bromide and three water
molecules in the two crystallographically independent cryptates.
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The chloride structure with 6 indicated ditopic binding, with a chloride and water in
the cavity (Figure 11), as in the fluoride structure with 5 (Figure 9). The bromide
structure was slightly different from the chloride, exhibiting two crystallographically
independent cryptate units within the unit cell. In one, the coordination is analogous to
that observed for the chloride structure, with the same pseudo-tetrahedral coordination
(Figure 124 and B). The other cryptate also contained a single bromide on one side of
the cavity, but three water molecules sitting between the three arms of the cryptand at
the other (Figure 12C and D) [53]. In the first unit, the bromide exhibits the commonly
observed pseudo-tetrahedral geometry, while in the second, the hydrogen bond network
forms a pseudo-octahedral coordination environment. The distance between the
bridgehead nitrogens is 10.09 A in the chloride complex, and for the two bromide units
distances are 10.38 and 10.15 A, for the tetrahedral and octahedral forms, respectively.

A comparison of the binding geometries of the three halide complexes with 6 is
shown in Figure 13. Here the two most common geometries that are repeated in other
cryptand complexes are observed, tetrahedral (Figure 134 — C) and octahedral (Figure
13D).
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Figure 13. ORTEP views showing the hydrogen bonding interactions in the complexes of 6 with guests, F-
H,O-F (A), CI-H,O (B), Br-H,O (C) and Br-(H,0); (D).

3. Amidocryptands

3.1 CHARACTERISTICS

Amidocryptands were until recently unknown in anion circles [39-41,54-56]. However,
Raymond and coworkers previously synthesized catechol-based amidocryptands as
models for siderophores [57]. The appeal of polyamide cryptands over polyamines is
related to their solution properties, namely the former class of ligands is less susceptible
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to variations of pH. Furthermore, they are usually not very soluble in aqueous solutions,
which leads to more flexibility in analytical applications.

3.2 AMIDOCRYPTANDS WITH FLUORIDE, 7 AND 8

Two crystal structures of fluoride complexes have been obtained with the new
amidocryptands, 7 and 8 [41,58] (Figure 14). The structures are very similar in that a
single fluoride is encapsulated in the center of the cavity with hydrogen bonds to all six
amide hydrogens. The difference between the two structures in the solid state, however,
is that in 8 the fluoride also exhibits hydrogen bonding with the phenyl hydrogens that
are directed inside the cavity. The result is a nine-coordinate, pseudo-tricapped trigonal
prism geometry for 8, compared to a twisted trigonal prism for 7. The hydrogen bond
distances are shorter in 7, ranging from 2.84-2.89 A, while in 8 they vary over a wider
range and are longer, 2.95-3.11 A, averaging 3.05 A for both the NH---F and CH---F
bonds. In both structures the trigonal prism portion, consisting of the six amide groups,
is twisted slightly from ideal averaging about 37°.

Figure 14. The crystal structures of [7(F)] and [8(F)] showing the side (A) and end-on (B) views for [7(F)]”
and the side (C) and end-on (D) views for [8(F)] .
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F NMR spectroscopy is especially informative for probing solution structure in
fluoride receptors, and can provide an answer the question of whether or not fluoride is
encapsulated in solution. In both 7 and 8 the '’F NMR spectra indicate encapsulation in
solution. For 7 a clearly defined septet is observed at —111.6 ppm, resulting from
coupling between the encapsulated fluoride and all six amide hydrogens (Figure 15). A
similar definitive coupling pattern is seen for 8, but with an unresolved multiplet

assigned to a 10-line signal [58].

F-/7 — 1 ':111.| IRAAAS LRAAS RALA) \

4 1116 -1118

F_A

-95 97 -99 -101 -103 -105 -107 -109 -111 ppm

Figure 15. ""F NMR spectra of free [n-BusN][F] and [#-Bu,N][F] with 7 in DMSO-d,.

In addition to determining the solution structure of the fluoride complex, '’F NMR is
also useful in following chemical reactions in solution. Fluoride is a very strong base in
DMSO, known to deprotonate weak acids [59]. We have observed this phenomenon for
both 7 and 8, where the weak acids are the ligands and DMSO-ds. In the presence of the
fluoride complexes, hydrogens on the ligand exchange with deuteriums on the DMSO-
ds. Using a 2:1 ratio of F:7 a series of seven signals are observed, due to sequential
deuterium exchange between the amide hydrogens and the DMSO-d,; (Figure 16). The
series culminates in a singlet indicative of no 'H-"’F coupling and fully deuterated
ligand as shown schematically in Figure 17 [58]. A similar process is seen for 8;
however, in this case the series of signals culminates in a quartet, the result of fluoride
coupling with the three non-exchangeable phenyl hydrogens.

1(F)d,

7(F)d,

T(F)—d,s
T(F)~d,

-111.8 -112.4 -113.0 -113.6 -114.2 -114.8 ppm

Figure 16. ""F NMR spectrum of F:7=2:1 after 10 days.
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Figure 17. Deuterium exchange reaction for [7(F)]” and [8(F)]", X =N for 7 and CH for 8.
3.3 AMIDOCRYPTAND WITH CHLORIDE, 7

The third structure obtained to date in this new class of amidocryptands is the
monohydrochloride salt of the cryptand 7 [41]. In this structure the bridgehead amine of
the cryptand is protonated and a single chloride is sitting in the cavity (Figure 18). The
chloride is six-coordinate, with hydrogen bond distances ranging from 3.20-3.60 A.
The structure helped to explain puzzling solution phenomena observed in NMR studies
in CDCl;. While spectral data obtained in DMSO-ds showed the expected five-line
spectrum, the spectrum in CDCIl; indicated what appeared to be contamination and
additional signals (Figure 194). These signals increased in intensity over several days,
while the signals due to the uncomplexed cryptand decreased (Figure 19B). This
process has now been identified as the uptake of residual HCI in the chloroform
solution. With time, however, even these new signals began to decrease in intensity,
being replaced by new resonances, until finally a very simple, six-line spectrum was
obtained (Figure 19C). The second chemical process is attributed to uptake of another
HCI, with the cryptand becoming symmetrical with both bridgehead amines protonated
(and possibly two symmetrically-placed chlorides in the cavity). Additional signals due
to protonation of the bridgehead amines are observed downfield at about 11 ppm in both
the mono- and di-hydrochloride spectra. A schematic representation of the proposed
reaction sequence is shown in Figure 20.

Figure 18. The crystal structures of [H7(Cl)] showing the side (A) and end-on (B)
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Figure 19. "H NMR spectrum of 7 in CDCl; (A) immediately, (B) after 2 days, and (C) after 7 days.
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Figure 20. Proposed reaction of 7 with trace HCL.

4. Summary

Now that an entire series of cryptand structures with halides has been obtained, in which
mono-, di-, and tri-topic encapsulation are observed, some simple conclusions can be
drawn concerning “anion capacity,” i.e., the number of anions that can be incorporated
in the cavity. As might be anticipated, there appears to be a correlation between the
distances between the bridgehead amines and the number of the encapsulated species as
shown in Figure 21. For the tiny octaazacryptand, the distance between the bridgehead
amines is short and limited by the ethylene spacers between the two tren units. While
all of the cryptands with longer spacers might be anticipated to show multitopic
behavior, none of the structures with 3, containing the ether spacers, shows multitopic
binding of halides (except for the triatomic encapsulation of the pseudohalide azide).
Likewise, structural findings for the amidocryptands, 7 and 8 show only monotopic
behavior (at least to date), which is curious since the structurally similar azacryptands, 5
and 6 both show extensive ditopic and even tritopic inclusion species.

Distances between the bridgehead amines vary according to the “topicity” of the
receptors. For monotopic complexes, the bridgehead distances are between 6.5 and 7.9
A. In terms of incorporating multiple species, however, the azacryptands appear to be
the most flexible, as seen additionally in the dinitrate structure with 5 [30]. When
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multitopic binding occurs, the bridgehead distances increase dramatically to between 9
and 11 A, the largest being the 10.72 A observed for the tritopic fluoride cascade
complex with 6.

In conclusion, just within this series of tren-based cryptands, a breadth of
coordination chemistry exists. Coordination geometries of the encapsulated species
vary, with four- and six-coordination being more commonly encountered, although even
a nine-coordinate structure has been isolated (8 with fluoride). The field will certainly
continue to elicit excitement as more structural and binding data are forthcoming,
aiding in the design of elegant and highly selective ligands for anions.
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Figure 21. Encapsulated species in the cryptand as a function of N-N distances: a =6.65 A [44], b= 6.59 A
[32,36], c= 6.63 A [36], d = 7.66 A [45,48], e = 7.40 A [45,48], f=7.50 A [45,48], g = 7.39 [41], h = 7.07
[41],i=7.87[58],j=9.21[31], k=10.09 [53], 1 = 10.38 [53], m = 10.72 (&) [35,53].
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1. Introduction

The pioneering work of Lehn established the fundamental strategy of using preformed
three dimensional cage ligands, dubbed cryptands, to ensure enhanced thermodynamic
and kinetic stability for cation complexation [1]. Positively charged cryptands, typically
the N-donor azacryptands, can also serve to encapsulate anions.

Several anions currently cause environmental concern: The adverse environmental
effect of escalating concentrations of nitrate and phosphate in surface waters has been
recognised for some years. Other anions are of biological interest: perchlorate is present
in solid rocket fuel, and there may be links between its contamination of drinking water
and abnormal human thyroid activity [2,3]; use of nitrate-contaminated drinking water
to prepare infant formula is a well-known risk factor for so-called blue baby syndrome
(infant methemoglobinemia) [4]; chromate is a widespread contaminant of
groundwaters [5] in the form of hydrogen chromate and chromate (both of which are
toxic to humans [6]); carboxylates have many important biochemical roles, so that
analysis of e.g., oxalate in body fluids is important in some clinical situations, such as
primary hyperoxaluria and chronic renal failure. There is thus a need to realise strong
and selective anion complexation for applications in monitoring and clean-up.

Rational design of efficient anion binding cryptands and characterisation of their
properties are challenging tasks. Anions are larger and more variable in shape than
cations, and any potential complexant must overcome the strong competition presented
by solvation or hydration equilibria. Earlier work has shown that for oxoanions, stability
constants show a charge-dependent increase from mononegative anions such as
perchlorate to di- and tri-negative anions such as sulfate and phosphate, as well as a
dependence on the match between host and guest dimensions [7-9].

Karsten Gloe (ed.), Macrocyclic Chemistry: Current Trends and Future Perspectives, 189-201.
© 2005 Springer. Printed in the Netherlands.
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For greatest binding efficiency, the size and shape of the host should be
complementary to that of the anionic guest. The literature abounds with reports of
carefully designed receptors with demonstrated efficiency for isolated anionic targets
[10,11]. However, the field is now at a stage where a generic understanding of the
principles involved in host-guest association is required. Progress towards this objective
requires systematic quantitative analysis of solution equilibrium parameters (both
enthalpy- and entropy- related) and of structural features of the host-guest associates.
Such information should, through elucidation of the significance of factors such as host-
guest structural complementarity and the relative acidities/basicities of these partners,
together with consideration of changes of solvation upon aggregation, lead to improved
design of efficient, selective systems.

As a step towards this goal, we present a systematic structural and solution phase
study of complexation of a suite of oxoanionic guests by a series of protonated
azacryptand hosts. Over a series of anions, the relative values of free energy of
hydration of the different anions constitute a significant, sometimes dominant,
contribution to the free energy of complexation, while comparisons of this parameter for
the same anion with different cryptate hosts are affected by the linked properties of host
basicity and solvation. The consequences of steric matching of host and guest also
contribute in some degree to the observed complexation constants, so we first compare
structural data on anion cryptates. This body of data provides a database for
development and validation of models. Although pH-metric data had been obtained for
earlier macrobicyclic hosts, such as O-bistren, there was little corresponding structural
information. It must be kept in mind that X-ray crystallographic evidence cannot be
uncritically extrapolated to the solution phase: solubility effects can easily lead to
crystallisation of minor constituents of an equilibrium mixtures. Nevertheless, the links
between structural features and solution equilibria can be strengthened if a
comprehensive set of data, for a range of hosts and guests, shows consistent trends.

2. Structural Features

The series of azacryptands used in this study are relatively easily made via 2+3 Schift-
base condensation of the triamine, tren, with the appropriate dialdehyde, followed by
borohydride reduction of the imine functions (Schemel). Adjustment of pH in the
presence of the appropriate anion followed by slow evaporation of solvent yields the
anion cryptate, often in a form suitable for X-ray diffraction analysis.
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2.1 STRUCTURES OF THE MORE HIGHLY PROTONATED CRYPTATES

Earlier discussion [12] of the structures of protonated cryptand/oxoanion assemblies
was based on consideration of H-bonds between the encapsulated anion and the NH"
donors of the cryptand. These interactions are assumed to be responsible for retention of
the guest anion in the host cryptand cavity, both in the solid state and in solution. We
have shown that, in all cases, anion cryptates exhibit at least three, and often more,
direct H-bond NH™-Ojpjon contacts tethering the included oxoanion within the crypt.

These are often supported by indirect (water-mediated) NH -Oy~Oanion H-bonds,
both components shorter than the direct bonds because absence of geometric constraint
allows the water bridge to position itself to best advantage. Fig. 1 illustrates the binding
in a typical mononegative anion complex: the C1O, cryptate of hexaprotonated R3Bm.

Figure 1. Perchlorate cryptate of [HsR3Bm]*", N..O 2.790(5), N..O,, 2.712(6), O,..02.782(5) A.

In the analogous tetrahedral dinegative oxoanion cryptates a similar mix of direct
and indirect water-bridged H-bonds links the encapsulated oxoanion with the NH"
donors. The direct NH'--O contacts are (Table 1) on average, slightly shorter than those
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made by mononegatively charged oxoanionic guests. The cryptand hosts [HR3Bm]®"
and [HeR3F]® behave similarly in furnishing a cavity of adequate size for oxoanion
encapsulation, although there are minor differences in host dimensions leading to better
fit of dinegative anions within the [H¢R3F]®" cavity, which behaves as though smaller
and more spherical than [HR3Bm]*". In consequence of a slight degree of mismatch,
one NH" donor of [HgR3Bm]®" is sometimes left unexploited in these dinegative anion
cryptates (see colour pages Figs. 2-4) which leads to disorder in the corresponding
cryptand strand [13].

Where there is good complementarity of fit, the trigonal symmetry of host and guest
may be reflected in the appearance of a three-pronged crown motif, whereby NH"
functions which are individually chelated (via bifurcated H-bonds) by a pair of adjacent
oxoanion O-acceptors, in turn chelate each oxoanion O-acceptor (Figs. 4-6) [12-14].
This motif is prominent in binding of a pair of nitrate ions within [HgR3Bm]®". This
unusual dinuclear binding situation, however, does not extend to aqueous solution [15].

Anion encapsulation by these hosts is not constrained by a requirement for trigonal
symmetry in the guest. The dicarboxylate ion, oxalate, which is strongly complexed by
the protonated cryptand hosts, binds all six NH" donors via their triple chelation to each
of the two carboxylate O™-acceptors. Differentiation of the originally identical pair of

carboxylate oxygens has occurred, via polarisation of the -CO, functions into one

relatively long and one relatively short C-O bond; the longer C-O bond acting as
H-bond acceptor for the triply chelating set of NH" donors. This polarisation has also
resulted in twisting of oxalate ion away from its normal planar geometry [16] (Fig. 7).

Figure 6. Dinitrate cryptate of [HR3Bm]*" Figure 7. Oxalate crypt of [HR3Bm]®*
N..O 2.84-3.04, N-N3.391(1) A N..O distances in range 2.76-3.04 A.

The third cryptand studied, [H¢R3P]™", behaves quite differently from the other two
in its reluctance to present a cavity for anion encapsulation. Instead it prefers to adopt
cleft-binding conformations, where the associated oxoanion may be hydrogen bonded
via two of its O-acceptors to some or all of the NH" donors incorporated in the cleft
(Figs. 8, 9). With oxalate, this conformation generates a binding situation quite different
from that of the cavity-encapsulating hosts. The oxalate guest slots as far as possible
into the relatively shallow groove presented by the cleft, leaving the other end
protruding. Under aqueous synthetic conditions protonation occurs, the consequence of
which is the generation of a short, possibly symmetric oxalate/semioxalate hydrogen
bond, bringing the pair of cryptates together into a dimer [17] (Fig. 10).
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Figure 8. Perchlorate cryptate of [HgR3P]*". Figure 9. Nitrate cryptate of [HeR3P]*".

To summarise: for the tren-derived azacryptands, hydrogen bonding derives from
protonation of all six secondary amines, but not the tertiary bridgeheads. Consequently

each RR'NH; unit can act as donor for two hydrogen bonds so that the protonated

cryptand can form 12 hydrogen bonds, which is in many cases the observed pattern.
Geometric considerations mean that no more than six of the N-H bonds can be oriented
convergently toward an anionic guest in the cavity. The others diverge and can lead to
extensive hydrogen-bonded networks running through the lattice, typically involving
the cryptate, unencapsulated anions and water molecules. Examples involving six direct
NH..O hydrogen bonds are relatively uncommon (Figs. 4-6) and this pattern appears to
indicate a good fit. Where the fit is less good, the hydrogen bond capacity of anion and
cryptand can be better satisfied by “indirect” N-Oy-O links in which the protonated
amine is hydrogen-bonded to a water molecule which is in turn hydrogen-bonded to the
encapsulated anion (Figs. 1-3). In other examples, [21] one oxygen atom of the bound
oxoanion is not involved (Fig. 1) in any hydrogen bonding.

At first sight it may appear surprising that the anion-cation contacts are not more
dramatically shortened on doubling the charge of the encapsulated anion. However, as
structural data accumulates it becomes clear that the “direct” charge-assisted hydrogen
bonds are not, in general, the shortest H-bond contacts in the lattice. This is presumably
for geometric reasons: the siting of the oxoanion H-bond acceptor is not so well
optimised for effective H-bonding with the relatively fixed NH™ donors as with the
relatively unrestrained u' O,, bridge. Indeed it appears that the single-O,, bridge atoms
are still subject to minor restraint, as the shortest H-bond contacts tend to manifest
themselves in connection with the pair of water molecules in the bridging O..Oy,’
linking unit, which is a common motif in dinegative anion structures (see colour pages
Figs. 2-5).



194 J.NELSON ET AL.

06B

Figure 11. Tosylate crypt of [HER3Bm]®*, N..O distances in range 2.76-3.04 A showing 3 water molecules
encapsulated in preference to OTs” N..O(OTs) 2.73-3.03 A.
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In 1 (Table 1a) the direct NH"..Ooyoanion contacts (Fig. 5) lie in the range 3.21 —2.85 A
while the Oyoanion— O contacts average to 2.72 A and the O,,..0,,” contacts to 2.73 A.

TABLE 1.
(a) [HeR3Bm]®" H-bonds to encapsulated anions; 3 = CrO,”; 1= S,0%"; 4= SeO?

3

4

1

2.766(8) (N3B-O1)
2.841(9) (N3A-O1)

2.820(6) (N3A-O1)
2.924(6) (N3B-O1)

3.059(4) (N3B-O1)
3.214(5) (N3A-01)

2.950(9) (N4B-02)
3.214(10) (N4A-02)

2.927(6) (N4A-O2)
3.116(6) (N4B-02)

3.298(3) (N4B-S2)
3.455(3) (N4A-S2)
3.491(3) (N4C-S2)

2.852(4) (N3C-03)
2.957(4) (N3B-03)

2.75(3) (N3C-04)
2.75(4) (N3C’-04)

2.653(12) (N3C-O4)
2.913(13) (N3C’-04)

2.361(4) (N3A-O4)
3.087(4) (N3C-04)

(b) [HR3F]*" H-bonds to encapsulated anions; 3a = CrO,”; 1a= S,02"; 2a= SeO*

3a

2a

1a

2.970 (N4A-O11)
2.972 (N4C-O11)

3.009 (N11B-O11)

2.861 (N12A-O11)
3.080 (N12C-O11)

2.964 (N4A-012)
2.806 (N4B-012)

2.830 (N11A-O12)
3.057 (N11C-012)

3.256 (N4A-S2)
3.237 (N4B-S2)

3.059 (N4B-013)
2.960 (N4C-013)

2.959 (N11B-O14)
2.850 (N11C-014)

3.043 (N4B-O13)
3.185 (N4C-013)

2.792 (N12A-O14)
2.862 (N12B-014)
2.783 (N12C-014)

2.925 (N3A-013)
2.898 (N3B-013)
3.018 (N3C-013)

2.841 (N4A-O12)
2.846 (N4C-012)

In 3 (Fig. 3) a combination of O,-O,,’ and single O,, bridging strategies is used.
Here the direct NH"..Oy0anion cONtacts cover the range 3.21 —2.75 A, the singly bridging
Oy-Ogxoanion CONtacts average to 2.85 A, while that to the O,,..0,,” strand is shorter at
2.81A, and the O,,..0,, contact shortest of all at 2.70 A. Once again in 4, (Colour plate
Fig. 2) we see that the direct NH"..Ooxomion cONtacts are relatively long, in the range 3.11
— 2.78 A (apart from the apparently shorter contact (2.65 A) presenting as one
component of disorder at N3C). The single-water bridge contacts Oxoanion-Oyw average to
2.82 A, and those to and within the double-water O,-O,,’ bridged strand are at 2.85 and
2.71 A respectively. Finally (see colour pages Fig. 4) in 2a where only single-O,,
bridges are used, direct NH"..O, 0anion cONtacts are in the range 2.83 — 3.02 A, and the
average contact from the oxoanion to the O,, bridge is 2.73 A.



196 J.NELSON ET AL.

From data such as this we conclude that polarisation of bridging water via its linkage
to the doubly charged oxoanion enhances its H-bonding properties. This polarisation is
presumed responsible for the extensive water-mediated H-bonding interaction running
through these lattices, interconnecting O,, and O,,” molecules with lattice oxoanions and
NH" donors from neighbouring protonated hosts, which is particularly noticeable in
dinegative structures. Although we do not suggest that this lattice H-bonding will persist
in aqueous solution, its importance suggests that the solvation which replaces it can be
expected to impinge significantly on the energetics of complexation.

In the cleft-bound complexes, there is less concentration of charge on the anionic
guest, but more opportunity for intermolecular interaction, given the incomplete
protection of the anion from the lattice environment. One example is the perchlorate
cryptate of [HsR3P]*" [18], the only octaprotonated cryptate we have structurally
characterised, where the cleft bound anions connect both intramolecularly and
intermoleculary via O, chains containing distances as short as 2.66 A, to make an
extensive lattice network. The direct NH" - Oyoanion cONtacts are, in contrast, close to 2.9
A on average.

Finally the structure of the tosylate cryptate of R3Bp demonstrates the size exclusion
expected of the large cation (Fig. 11). Even so, it is not devoid of interaction with the
cationic host, in the lattice at least, as each anion exhibits one moderately short H-bond
contact to one of the NH' functions of the cryptate. These direct H-bond contacts are
often supported by indirect water-mediated links of shorter dimensions, acting as part of
branched hydrate chains which run through the less hydrophobic section of the lattice.

3. Solution Equilibria

Complexation constants for binding of mono- and di-negative oxoanions by the
cryptands can be determined by pH-potentiometry. For the more weakly-binding
mononegative systems, NMR shifts can provide complementary information. For these
studies we use the large size-excluded tosylate anion as the supporting electrolyte and
all log K values are thus relative to this notional standard [19].

3.1 MONONEGATIVE OXOANIONS

NMR titrations (of anion into ligand at fixed pH) and pH-potentiometric titrations (of
pH at fixed anion:ligand ratios) provide comparable values of the stability constants for
binding of mononegative oxoanions by protonated R3Bm, R3F, and R3P hosts
[15,20,21]; Table 2. The weak complexation at hexaprotonated levels for tetrahedral
monoanionic oxoanions makes it difficult to obtain reliable data for protonation levels
below 5. This has however been achieved for nitrate with the cleft binding host R3P as
well as for Re O, with the most basic cryptand R3Bm.

Although these binding constants for mononegative oxoanions are relatively low,
the value for HGR3Bm-nitrate is approximately an order of magnitude greater than that
reported for O-bistrenH!" (in tosylate supporting electrolyte) [22], and the detectable
binding of perchlorate is noteworthy. Previous studies have reported either no
perchlorate complexation [23] or tentative values of the order of 1 [7,24], and some
workers use perchlorate as a supposedly inert electrolyte for potentiometric studies of
other anions [25-27]. In general, we observe that nitrate and perrhenate are more
efficiently complexed than perchlorate, and that complexation by the encapsulating
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cryptands, R3Bm and R3F, at protonation levels above 5 at least, is stronger than by the
cleft-binding R3P; Table 2. The lower binding constants for R3F, as compared to R3Bm
is attributed to the lower basicity of the otherwise similar ligand, R3F: overall X log K; =
43.46 at the hexaprotonated level c¢f. 46.76 for R3Bm. Both of these cryptands have
lower basicity than O-bistren (for which the X log K; at this level is 47.90 [22]), C3-
bistrpn (52.35 [28]), or the hepta-methylene-linked bistrien macrocyle (54.35).
However, stability constants recorded [19] for oxoanion complexation by O-bistrenH?"
are in general one or two orders of magnitude smaller than those with [H,R3Bm]®" or
[HeR3F]®" apart from the log K for nitrate binding by O-bistrenH!", 2.80 [22], which is

practically the same as that determined by us for R3F. The lack of correlation with
basicity in the comparison of O-bistren with our azacryptand hosts may derive from an
overriding desolvation difference between the hosts. For a specific anion the efficacy of
a particular host will be influenced by its desolvation cost as well as its basicity: the
more hydrophilic the host, the larger this cost. O-bistren can be expected to have
substantially greater hydration in its uncomplexed state than the more hydrophobic
aromatic-linked azacryptand analogues, and thus to incur a larger enthalpic cost from
desolvation.

TABLE 2. Stepwise formation for binding of mononegative oxoanions

Equilibria R3Bm R3F R3P*
Nitrate
3.41+0.03* 2.67+0.04°
6+ N 5+ 3.00£0.03°
HgL™ + NO; H,LNO; 3.74+0.09 2.7740.08°
HsL + NO, == H,LNO* 2.5340.06° 2.22+0.08° 2.29+0.06°
Perchlorate
6+ 3.240.04° 2.34£0.03¢ nd®
- -~ 5+
HgL"+ Cl04 === H(LCIO; 3.53+0.04¢ 2.6640.13¢ 2.56:0.05¢
Perrhenate®
3.71£0.10° nd 3.20+0.10¢

6+ - S5+
H6L + ReO4 = H6LRGO4 3.76+0.10°

3.45+0.09° nd nd

5+ - 4+
H;L"+ReO, == H,LReO; 3.66+0.06°

nd = not detectable; * pH-metry [15]; ® pH-metry [21]; °NMR [21];  NMR [15]; © pH-metry [20];
"log K for [H,LNO;1**, [H;LNO5]*, [H,LNO;]": 2.18, 1.93, 1.70;
¢log K for [HyLReO,4]*", [H;LReO,]*", [H,ReO,]™: 3.06, 2.81, 2.72.

The relative stabilities of cryptand associations with various oxoanions in solution
are often consistent with structural features. The structure of the Hi(R3Bm-ReO, cation
[21] is not dramatically different from that of the C1O, analogue [15]: there is a similar
mix of direct NH™—O,,omion and indirect (water-mediated) H-bonds of similar length,
and one of the oxoanion O atoms in each case points in the direction of the bridgehead
N uninvolved in H-bonding. However, in contrast to perchlorate, the perrhenate is
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involved in direct H-bonding with NH' donors from both ends of the cryptand.
Furthermore, the larger size, and hence tighter cavity fit of the perrhenate anion

(thermochemical radius [29] 260 pm for ReO, vs 240 pm for ClO,) may partly

explain the higher stability of the perrhenate complexes, as could the lower competition
expected from hydration in this larger and thus less polar oxoanion [29]. In the case of
[HeR3F]", the larger size of the oxoanion perrhenate may preclude encapsulation.

3.2 TETRAHEDRAL DINEGATIVE OXOANIONS

Electrostatic interactions are accepted as a major determinant of stability in anion
complexation [30]. We have data for the dinegative tetrahedral oxoanions, thiosulfate,
sulfate, chromate, and selenate, for which charge is the major or only differentiator from
the mononegative analogues. As discussed previously [12], the greater stability of the
dianion-cyptand complexes means that '"H NMR titrations are not an appropriate means
for determining the formation constants. In contrast to the mononegative analogues, we
have been able via pH-potentiometric titrations to determine significant binding of
dinegative oxoanions down to the diprotonated host level for all cryptands studied
(Table 3). As expected, for all cryptands, the stability of the complexes formed with the
dinegative oxoanions decreases as the protonation level of the host decreases. At the
hexaprotonated level, the cavity-binding hosts, R3Bm and R3F, form complexes of the
greatest stability. However, R3P becomes the strongest complexant at lower protonation
levels, i.e. levels of 2 for sulfate, and 3 or 4 for the other two oxoanions. It is probable
that this greater stability arises from the greater conformational flexibility of the cleft-
binding R3P host, which allows for more energetically advantageous positioning of the
guest in lower protonation states than is possible in the cavity-binding hosts. The cleft
conformation allows a smaller number of NH" donors to bind any particular anion [21]
and is more flexible in response to repulsive interactions. However, extraction studies
demonstrate lower lipophilicity of R3P as compared to the other cryptands [21] which
will also impact on the size of the anion complexation constants via larger desolvation
costs. We do not yet have supporting calorimetric data to establish the relative
importance of enthalpic versus entropic contributions to the formation constants, but
consider calorimetric experiments to be of the highest priority for future work.

Considering the dinegative anions alone, free energies of hydration are in all cases
large. Literature data show the value for sulfate to be significantly larger than that of
selenate [29,31] and while no measurements of the hydration energy of thiosulfate in
aqueous solution have been reported, a gas phase study [31] shows that in that medium
at least, its hydration energy, as measured by the loss of one water molecule at a given
hydration level, is significantly less than that of selenate. Hydration is by no means
entirely lost on complexation, as the structural discussion illustrates, but it is certainly
reduced, and so the relative magnitude of an oxoanions hydration energy is expected to
be influential in determining its complexation energetics.
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TABLE 3. Stepwise formation for binding of dinegative oxoanions’

Equilibria R3Bm R3F R3P
Sulfate

H(LS + 80,5 == H,LSO,* 6.57£0.04 7.21+0.03 6.08 £0.03
HsL>* +S0,7 == H(LSOS" 4.72 +0.07 5.21+0.06 5.55+0.03
HsL*'+S0,>7 == H(LSO,*" 3.70 £0.12 432 +0.06 5.19 +0.03
H,L**+S0,>° == H/LSO," 3.47+0.05 4.02+0.03 4.84 +0.02
HsL?*+S0,> === H(LSO, 3.06 +0.10 3.37 +0.06 4.12 +0.04
Selenate

H(L% + Se0,> === H(LSeO,*" 7.24 +0.05 7.27 +0.06 5.38 £0.06
H(L> + Se0,> == H(LSeO,*" 5.39 +0.04 5.38 +0.08 4.93 +0.06
H(L* + Se0,> == H(LSeO,*" 4.77 +0.06 4,53 +0.08 4.66 + 0.08
HL* + Se0,> === H(LSeO," 4.18 +0.04 4.15+0.06 434 +0.06
H(L? + Se0,> == HLSeO, 3.64 +0.08 3.52+0.08 3.87 +0.07
Thiosulfate

HL® +S,0,% === HLS,0,* 8.51 +0.05 7.65+0.07 6.00 £ 0.06
HL> +8,0,% === HLS,0;*" 6.40 +0.09 5.11+0.10 5.63+ 0.05
HeL* +8,0, == H4LS,0:* 5.49 +0.08 5.09+0.10 5.30 +0.06
H(L** +S,0,% == H(LS,0;" 474 +0.05 4.56+ 0.06 4.95+0.05
H(L* +S,0,% === H(LS,0; 4.12+0.10 3.83£0.08 4.25+0.06

 Analogous data for carboxylate anions is presented and discussed in references 12 and 14

Less efficient competition from solvation equilibria may explain the generally larger
free energies of complexation of the thiosulfate ion by these protonated cryptand hosts
and vice versa in the case of sulfate. Other things being equal, selenate might then be
expected to be more efficiently complexed than sulfate by all three hosts. The fact that
this expectation is fulfilled only for R3Bm implicates geometric factors in modifying
the complexation energetics across the series of cryptates. Indeed, we observe that the
influence of the basicity of the host can be overridden by geometric factors in binding of
dinegative oxoanions, as illustrated by the complementarity of fit for sulfate with
[HeR3F]®" (which behaves as though smaller/more spherical than the [HeR3Bm]*"
analogue), and may explain the corresponding larger log K values in this system, Table
3 [14]. However, where comparisons are possible, the overall H-bond distances do not
consistently reflect the difference in strength of interaction between host and guest as
measured in solution, at least within the series of dinegative anion cryptates. This is
despite the demonstration by quantitative solution measurements (Table 3) of much
higher (by several orders of magnitude) formation constants in specific cases.

The lack of correlation with enthalpic (i.e. bond length-related) data highlights the
complexity of the system, and the need to consider solvation/desolvation-related effects
as contributing significantly to the free energies of complexation.
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4. Conclusions

All structures presented here show remnant hydration of the encryptated oxoanions. The
direct charge-assisted NH'-Ogyoanion hydrogen bonds are not generally the shortest H-
bond contacts. Oxoanion contacts to bridging water are, in general, noticeably shorter,
and particularly those involving the O-O,,’ links. This arises from lack of geometric
restraint affecting these hydrate water molecules together with their polarisation
deriving from the influence of dinegatively charged anions.

The tenacious retention of molecules of hydrated water by the oxoanions adds to the
difficulty of designing receptors, for example, using computational methods. In most
circumstances the anion must be considered as including some level of remnant
hydration involving bound water molecules which alter its shape, polarity and hydrogen
bonding properties. On the basis of present structural evidence we can see no way to
predict the disposition of such hydration even in the solid state.

Formation constants of dinegatively charged anion cryptates are much larger than
the analogous values for the mononegative analogues perchlorate, perrhenate, or nitrate,
which are not large to enough to generate interference in the determination of
dinegatively charged ions.

The effects of solvation/desolvation equilibria on the thermodynamics of
complexation can be discerned in the pattern of formation constant values across a
series of azacryptand hosts or anionic guests. In the dianionic series thiosulfate,
selenate, sulfate, formation constants, to a first approximation, decrease as the hydration
energy of the anion increases, reflecting the enthalpic cost of desolvation.

Solvation/desolvation effects in the cryptand also complicate the expected simple
dependence of stability constant on host basicity. For example the aliphatic cryptand
O-bistren shows lower formation constants than the less basic aromatic analogues such
as R3F, which we attribute to the greater desolvation cost of complexation with the
former, more hydrophilic host.

The effects of host conformation cannot be ignored and these are particularly
evident with the cleft-binding pyridine-spaced host R3P. In consequence of relative
access to the appropriate number of NH" donors, this host is less effective than cavity
binding analogues R3Bm and R3F at hexaprotonated levels, but more effective at
protonation levels less than four.

The effectiveness of the cleft-binding strategy is well demonstrated for oxalate,
which in addition to moderately strong H-bonds retaining one end of the carboxylate in
the cleft, also exhibits a short, possibly symmetric, H-bond linking the protruding
carboxylate functions of the other end.
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1. Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides consisting of various numbers of a-1,4-
linked glucose units (o-CD, B-CD and »CD for hexa-, hepta- and octamers,
respectively). Larger homologues are recently described, cf., [1,2]. CDs form inclusion
complexes with a variety of organic compounds [3]. Complexation influences solubility
of organic guests in water, and stabilizes the guest molecules towards oxidation and
other unwanted reactions. Also CDs catalyze some reactions playing role of
microreactors or serve as building blocks for nanotubes. For latest papers or books
dealing with cyclodextrin chemistry see [4-7] .

In this review are considered combinations of CDs and their derivatives, in which
compounds bearing azo unit are chemically bonded or mechanically associated with the
host. In this case, the binding properties are modified by light when the guest molecule
undergoes frans == cis isomerization [6a].

2. Combinations of Cyclodextrins with Guests
2.1 CYCLODEXTRINS AND DIAZONIUM SALTS

Cyclodextrins form complexes with diazonium salts. Rates and product distribution for
spontaneous dediazoniation of isomeric methylbenzenediazonium salts in the presence
of a-, -, and y-CD in aqueous acidic solution were found to be independent on acidity
and CDs concentration [8], cf. [9].

Exhaustive studies of f-CD inclusion complex with model p-nitrobenzenediazonium
(PNBD) tetrafluoroborate in acidic aqueous solutions were performed by Gonzalez-
Romero et al. [10]. Spectrophotometric and polarographic experiments suggest that -
CD promotes homolytic dediazoniation of the guest because large amount of the
reduction product nitrobenzene is formed at the expense of p-nitrophenol. Quantitative
conversion to products is achieved at any concentration of f-CD when pH < 5.

Karsten Gloe (ed.), Macrocyclic Chemistry: Current Trends and Future Perspectives, 203-218.
© 2005 Springer. Printed in the Netherlands.
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S-CD added to the diazonium salt solution hinders the reduction of the nitro group
since apparent peak potential E,, (-NO,) is shifted toward more
negative values, in contrast with the E,,, shift observed for the one-electron reduction of
the -N," group to form the aryldiazenyl radical, ArN,, which is shifted toward more
positive values. Quantitative analysis of the E,,, and peak current i, values allowed
estimations of the binding constant of ArN," and, for the first time, of the binding
constant of ArN, (or Ar) with f-CD, which is much higher than that of the parent
ArN,". Either the decrease in peak currents or E,pp shifts are interpreted in terms of the
formation of a 1:1 inclusion complex between f-CD and PNBD cation, with the -NO,
group inserted into the CD cavity. The specific spatial orientation of complexed PNBD
ions allows solvation of the positive charge of the -N," group mainly by the secondary
hydroxyl groups of f-CD, favoring further reaction to yield a highly unstable transient
intermediate, a Z-diazo ether, which was detected experimentally.

Gonzalez-Romero et al. [9] also found that cyclodextrin does not affect coupling
reactions of 2-, 3-, and 4-methyl benzenediazonium salt with typical electrophiles.
Recent study on coupling of o-ethoxybenzenediazonium salt with pyrrole revealed
important influence of f-cyclodextrin on the product distribution and the yield of
particular products [11,12]. Figure 1 shows changes of the ratio of mono- and
disubstituted pyrrole that are formed as main products. Similarly, cyclodextrin affects
coupling of o-nitrobenzenediazonium salt with pyrrole and imidazole. Cyclodextrin also
significantly increases the yield of macrocyclic products obtained by coupling pyrrole
and imidazole with bisdiazonium salts, cf. [13,14].

%
100 —

75
50

Al E

0
Ratio of B -CD [mol] to pyrrole [1 mol] and diazonium salt [2 mol]

Figure 1. Total yield [%] and ratio of 2-substituted to 2,5-disubstituted pyrrole coupling products with o-
ethoxybenzenediazonium salt in the presence of f-CD.

2.2 CYCLODEXTRINS AND AZOALKANES

Some papers are devoted to analysis of co-conformation of CD complexes with azo-
compounds. The structures of S-cyclodextrin complexes of 2,3-diazabicyclo[2.2.2]oct-
2-ene 1 and its 1-isopropyl-4-methyl derivative 2 (Figure 2) in solution have been
investigated by means of induced circular dichroism (ICD) and MM3-92 force-field
calculations [15,16]. The experimental and theoretical ICD as well as the calculated
low-energy complex geometries suggest solution co-conformations in which 1 adapts a
lateral arrangement with the ethano bridge of the guest penetrating deepest into the
cavity and the azo group aligning parallel to the plane of the upper rim. In contrast, the
alkyl derivative 2 prefers a frontal co-conformation with the iso-propyl group
penetrating deepest into the cavity and the azo group aligning perpendicular to the plane
of the upper rim. With respect to the co-conformational variability of the complexes of
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the two azoalkanes, it was observed that the nearly spherical guest 1 forms a
geometrically better defined complex than the sterically biased, alkyl-substituted
derivative 2.

CH,
.
CH, Cl CH,OH CH,NH, CH,NH,
N
7 N N
N N i N N N
1 H,C 2 3 N 4 N N

a N 5 6
Figure 2

Consecutively, the structural, kinetic and thermodynamic investigation of substituent
effect on host-guest complexation with S-CD for compounds 1 — 6 (Figure 2) was also
performed by time-resolved and steady-state fluorimetry, UV spectrophotometry, ICD
measurements, and '"H NMR spectroscopy [17]. The binding constants for 1 (1100 M~
1, 2 (900 M), 3 (1900 M™), 4 (180 M™), 5 (250 M™), and 6 (ca. 20 M™") were obtained
by UV, NMR, and ICD titrations. The ICD was employed for the assignment of the
solution structures of the complexes, in particular the relative orientation of the guest in
the host.

2.3 COMPLEXES OF AZO DYES WITH CYCLODEXTRINS

Numerous papers on CDs complexation of azo dyes concern stability, thermodynamics
and kinetics of complexation and co-conformation. The studies are followed frequently
by theoretical calculations.

Hirai et al. [18] found that B-CD forms 1:1 complexes with Methyl Orange and
Congo Red in water, whereas »~CD forms 1:2 complex with Methyl Orange and 1:1
complex with Congo Red. Induced circular dichroism of the dyes was studied allowing
determination of stability constants.

Yoshida and Hayashi [19] determined formation constants for a~CD inclusion
complexes with azobenzene derivatives 1 listed in Figure 3 that are in the range of 5.0 x
10° to 1.75 x 10* mol™"-dm”’. The rate constants for inclusion reaction and its mechanism
are dependent on the substituent group Y. For Y = CO, the reaction is very fast
(milliseconds) and proceeds as one step process. When Y = AsO;H™ the reaction is
slow. When Y = SO,NH, or SO;7, the inclusion proceeds as a two-step process.

R1
HO N, R1, R2 = H, CHj, CH,CH,CH,
N—@—Y Y = CO;, SO,NH,, SO;, AsO,%
R2 1
R

R

1
HO N,
< o
R2 N
Sy <
2 3 SO,Na

Figure 3
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The naphthalene derivatives 2 are included into CD from phenolic residue site. For
compounds 3 with different location of sulfonic group in naphthalene residue the
inclusion direction depends on the degree of steric hindrance, cf. [20].

The mechanism of guest complexation by a-cyclodextrin was studied by high-
pressure investigations. The first volume profiles obtained for azo dyes 1 — 4 (Figure 4)
are presented as a new approach in understanding inclusion phenomena.

R1 R1 R2 R3 Y
1. H N(Et), H SO,
R2 N 2. CH, OH COO- SO
h NOY 3. CH, OH CH, SO;

R3 4, CH, OH COO- SO,NH,

Figure 4

The behavior of the uncomplexed dyes was first studied in aqueous solutions to rule
out any competition reaction [21]. At pH ca. 6.5 the azo guests 1, 3 and 4 exist as a
monovalent anion and 2 as a divalent anion. Under the experimental conditions used for
the stopped-flow kinetic studies, only monomeric dyes are present indicating no
aggregation by m-m stacking interactions. Two-step kinetics of complexation was
evidenced. NMR experiments and kinetic evidences have shown that only directional
binding of the dye via the sulfonate/sulfonamide group through the wide rim of the a-
CD was possible. 2D NMR experiments served for a molecular dynamics calculation
leading to a structural representation of the intermediate and final complexes.

R3
R4 . )
HQ N SO;Na N N(CH,),CI
N N R1 N
H,C

Methyl Orange R2  Compounds 1 -5
Compound R1 R2 R3 R4 Association constants in Water
K (mol' dm3)

Methyl Orange 3600

1 H H H H 860

2 CH, H H H 1300

3 CH; CH; CH; H 550

4 Cl CH; CH; H 460

5 H CH; CH; NO, 290

Figure 5

The equilibrium constants (K) for the inclusion complex formation of f-
cyclodextrin with Methyl Orange (MO) and substituted azoanilinium chlorides (Figure
5) was determined spectrophotometrically [22]. Based on the results, the substituent
effect on the inclusion complexation of f-CD was discussed. Further, the solvent effect
on the inclusion complexation of Methyl Orange with f-CD and heptakis(2,6-di-O-
methyl)-f-cyclodextrin were examined in aqueous organic mixtures. The authors
suggest orientation of compounds 3 and 5 inside the CD as given in Figure 6.
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Figure 6

The anionic azo dye Orange II complexation with a-, and S-CD follow one-step
reaction mechanism [23]. Data obtained by the stopped-flow method and UV as well as
NMR are rationalized in terms of inclusion direction of the naphthalene side of the
guest azo molecule along the short axis into the cavity of both a- and 5-CD.

A method for the determination of Orange II has been established and the
supramolecular system of Orange II with cyclodextrins has been studied by
polarography. A sensitive and stable linear-sweep voltametric peak was obtained at
—364 mV (vs. SCE) in HAc — NaAc (pH 3.62) buffer solution [24]. Polarography has
demonstrated that Orange II forms 1:1 inclusion complex with a-, -, y-CDs and three
modified CDs. Modified f-CDs such as hydroxypropyl-5-CD, dimethyl-f-CD and
trimethyl-$-CD exhibit stronger inclusive ability. The inclusive ability of y-CD with
Orange II is the strongest. The inclusive ability of a-CD is very weak. Suggested
structures of complexes are shown in Figure 7.

B-cyclodextrin y-cyclodextrin

Figure 7

NMR studies of aqueous solutions (pH 7) of y-CD and the azo dye Congo Red show
distinct, concentration-independent "H NMR signals. A very stable 1:1 pseudorotaxane
(K;; = 38,000 M) is formed. The structure of the 1:1 pseudorotaxane involves fast
motion of the y-CD ring along the Congo Red backbone, leaving the outer naphthalene
rings free. This entity undergoes structural reorganization and dimerizes to form the 2:2
adduct (K5, = 13 M™"). Variable-temperature spectra did not lead to coalescence and
allowed for the calculation of the corresponding thermodynamic parameters. Formation
of the 1:1 complex is favorable and exothermic, whereas formation of the 2:2 entity is
also favorable but endothermic. The corresponding values for entropy change are both
positive. Isothermal titration calorimetry studies confirm the NMR findings [25].

Effect of B-cyclodextrin on cis = trans isomerization of azobenzenes was studied
by Sanchez and de Rossi [26]. It was found that the cis-trans thermal isomerization of
p-Methyl Red, o-Methyl Red and Methyl Orange is inhibited by 3-CD at constant pH.
The isomerization rate decreases 4, 8, and 1.67 times, respectively, in a solution
containing 0.01 M B-CD. This effect was attributed to the formation of inclusion
complexes hindering rotation of the -N=N- bond. Isomerization of Methyl Yellow and
naphthalene-1-azo-[4’-(dimethylamino)benzene] requiring mixed organic-aqueous
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solvent to increase solubility is not affected by the presence of CD as the solvent
replaces azobenzene derivatives from cyclodextrin cavity. More, in the case of the two
last dyes the isomerization proceeds more probably by inversion of nitrogen atom of
—N=N- group. The inversion requires less volume changes than rotation, so it is less
hindered by the complexation with 3-CD. The arrangement of each of the above dyes in
f-cyclodextrin inclusion complex, the strain energy involved and the interaction forces
driving towards the different kinds of stable structures were theoretically assessed [27].
The same authors studied theoretically inclusion complexes of 1:2 stoichiometry
between azobenzenes and cyclodextrins [28].

Organoselenium bridged S-cyclodextrin dimers as specific host molecules were
investigated [29]. The authors showed that the “dimeric” molecules (Figure 8) not only
significantly enhance the binding affinity of the parent p-cyclodextrin but also
remarkably extend its molecular recognition abilities towards different host molecules,
including Methyl Orange and Methyl Red.

D @ @

Figure 8

2.4 MOLECULAR MACHINES

Due to different complexation ability of cis- and trans-azobenzenes their assemblies
with CDs show signal-triggering functions leading to molecular machines. Tailoring of
such machines remains challenging research area. New materials based on
cyclodextrin—polyrotaxane have been investigated and resumed by Nepogodiev and
Stoddart [30], cf., [31]. Murakami ef al. [32] reported synthesis of the first light driven
molecular shuttle based on rotaxane consisting of CD and a compound bearing
azobenzene with two paraquat units. In this rotaxane the o-cyclodextrin moves forth
and back between two “stations” in response to external stimuli, i.e., by alternating
illumination of UV and visible light. The cyclodextrin forms inclusion complex with
trans-azobenzene moiety (Figure 9, cf. [30]).
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Intermolecular interaction between the pseudorotaxane molecules (Figure 10)
caused by N....H-O hydrogen bonds with cis-azobenzene-group was found to retard the
photoinduced cis = trans isomerization [33]. The cis-azobenzene is sterically less
crowded and has a higher proton affinity then the frans-azobenzene groups. By forming
the hydrogen bond, the cis form of azobenzene seems to be stabilized. Addition of large
excess of y~cyclodextrin to a DMSO solution of 3 (cis) retards the photoinduced cis- to
trans-isomerization, but j-cyclodextrin contained in 2 blocks the isomerization much
more effectively.

+ -
\WALE ‘Xe Q7 HOT@"“\\N Q on ELNCH,Ph) CI
) 0 T
1

AN
o]
N .Y O
[ F OO oo O
o] n
0.79 : 0.21
CH,OH OH

2. y-Cyclodextrin complexed polyester Y= —CH— or —CHyCH—
3. "Free" polyester

Figure 10

Anderson et al. [34] described rotaxanes of cyclodextrins with azo dyes that were
synthesized by coupling of bis-diazonium salt 1 or 2 with water-soluble 2-naphthol
derivative in the presence of o~ or f-cyclodextrin 3 (Figure 11). The products were
isolated by paper chromatography. The yield for rotaxane 4 varied from 12 to 15 % for
o- and B-CD, respectively.

If the 2-naphthol derivative was replaced by 2,6-dimethylphenol, the main
unexpected product is the [3]rotaxane (12%) among [2]rotaxane (9%) and the
unencapsulated dye 5 (Figure 11) [35]. The reaction mixture was separated by
ultrafiltration. In [3]rotaxane there are three possible relative orientations of the CD
units, but the compound is produced as a single stereoisomer. In DMSO [2]rotaxane
exists preferentially in the conformation shown in Figure 11.
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3= a-or B-CD [3]rotaxane [2]rotaxane
Figure 11

A review on molecular machines useful for the design of chemosensors
emphasizing, among others, modified CDs as molecular sensors, and on rotaxanes and
catenanes is published [36].

3. Cyclodextrins and Polymers

Electrostatic self-assembly was combined with supramolecular chemistry to obtain
inclusion complexes of a polymeric nonlinear optical (NLO) active dye and modified /-
cyclodextrin with induced chromophore orientation [37]. The polyanion is a N,N-
diallyl-aniline  and  sodium-2-acrylamido-2-methylpropanesulfonate = copolymer
functionalized with pendant azo group. The modified f-cyclodextrin oligo-cation was
obtained by treatment of heptakis(6-deoxy-6-iodo-f-cyclodextrin) with excess pyridine.
A linear polyamine, chitosan, was also combined with the polyanion, for comparison.
Films were deposited on glass slides by dipping them alternatively in aqueous solutions
of the cation and the polyanion. UV-visible spectra indicate dye aggregation and
suggest the formation of an inclusion complex of the dye with the cyclodextrin, thus
isolating the chromophores.

The adsorption isotherms of acid azo dyes onto water soluble and insoluble
polymers containing cyclodextrin were measured in aqueous solution. The adsorption of
dyes on both types of polymers increased with increase in the ratio of hydrophobic
components in the dyes [38]. Dyes derivative of dialkylaminobenzene were used for the
dyeing of nylon 6 and 6,6 in the presence of interacting f-CD [39]. f-CD showed good
levelling properties in the dyeing of polyamide fibers. The observed effect can be due to
the formation of complexes between f-cyclodextrin and dyes.

The copolymerization of a methylated-f-cyclodextrin 1:1 host-guest compound of
styrene with various molar ratios of sodium 4-(acrylamido)-phenyldiazosulfonate
carried out in water with free radical initiator is described [40]. Depending on the
amount of sodium 4-(acrylamido)-phenyldiazosulfonate incorporated in the copolymer,
water- or DMF-soluble copolymers of high molar mass were obtained. Irradiation of
the copolymers with UV light in solution resulted in rapid decomposition of the azo
chromophore. Irradiation of the polymers as films led to crosslinking and thus to
insolubility.
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A reactive dye inclusion compound 1 (Figure 12) was prepared by condensing di-
sodium salt of 7-[4-(methylamino)phenylazo]-2,4-naphthalenedisulfonic acid with
cyanuric chloride and sodium 3-aminobenzenesulfonate (1:1:1) in the presence of
hexakis(2,3,6-tri-O-methyl)-a-cyclodextrin [41]. Solutions of the bright yellow rotaxane
1 are more resistant to chemical bleaching than the uncomplexed dye. This compound
anchored to mercerized cotton 2 also showed more photofading resistance [42].

CH,  NaO$§

NH
NaOBSN:N/©/ HNT:;I'\‘(C' HN\Nr/N\IrO
SO,Na
‘ N‘CH3 \
NaO,S Hs
O“ N NaO,S O ® “

NaO,s —

SONa SO,Na
3
1 - - 2 o
hexakis-(2,3,6-tri- cellulose
O-methyl)-a-CD surface
Figure 12

4. Azobenzenes Chemically Bonded to Cyclodextrins

The hetero-dimerization behavior of dye-modified S-cyclodextrins with native CDs was
investigated by means of absorption and induced circular dichroism spectroscopy in
aqueous solution [43]. Three types of azo dye-modified [-CDs show different
association behavior, depending on the positional difference and the electronic character
of substituent connected to the CD unit in the dye moiety. p-Methyl Red-modified f-
CD (1), which has a 4-(dimethylamino)azobenzene moiety connected to the CD unit at
the 4' position by an amido linkage, forms an intramolecular self-complex, inserting the
dye moiety in its f-CD cavity (Figure 13). 1 also associates with native a-CD by
inserting the dye residue into the a-CD cavity. The association constants for such
hetero-dimerization are 198 M at pH 1.00 and 305 M at pH 6.59, which are larger
than the association constants of 1 for f-CD (43 M™" at pH 1.00).

O

—_—

Figure 13
Permethylated tosylated a-cyclodextrin was coupled with aminohydroxyazo-
benzene. The product was dimerized to Janus [2]pseudorotaxane, which in turn was bis-
azo coupled with 2-naphthol-3,6-disulfonic acid. The product undergoes self-
association as shown in Figure 14 [44]. Note that the final product has o-quinone
hydrazone structure.
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Figure 14

Ionically self-assembled monolayers possessing exceptional temporal and thermal
stability of y relative to poled polymers were prepared [45]. Molecules of non-
polymeric azo dyes (Mordant Orange 10) form pseudorotaxanes with f-cyclodextrin in
monolayers and polylayers.

The helical structure of peptides is stabilized by intramolecular host(CD) —
guest(azobenzene) bridges involving side amino-acid’s chains. The amide of N-acetyl-
heptadecapeptide incorporating one aminoacid bearing azobenzene unit exhibit 54%
helix content [46]. The same peptide incorporating both frans-azobenzene and a-
cyclodextrin derivatives of two different amino acid residues (Figure 15) shows 82%
helix content. The helix content changed by trans — cis photoisomerization indicating
exclusion of cis-azobenzene unit from a-cyclodextrin cavity. Replacement of a-CD by
P-CD in this peptide creates 94% helix content when azobenzene unit is in cis form,
whereas for frans isomer the helix content decreases to 87%. The photoregulation of
catalytic activity toward ester hydrolysis by prepared azobenzene tagged cyclodextrine-
peptide hybrid with histidine unit was examined.

Azobenzene

a- or f-CD residue

Figure 15

Inclusion properties of molecular nanotubes composed of crosslinked a-cyclodextrin
was investigated [47]. Induced circular dichroism was used to probe the formation and
dissociation of complexes between the nanotubes and azobenzene modified
poly(ethylene glycol), either with or without a hydrophobic alkyl chain. The inclusion
complex between the nanotubes and polymers formed at room temperature, and the
polymers dissociated from the nanotubes with increasing temperature.

Flexible compound consisting of two aminoethylamino-f-cyclodextrin residues
linked by azobenzene dicarbonyl moiety, and bearing two dansylglycyl groups (Figure
16) was synthesized. It was applied to detect chenodeoxycholic acid, ursodeoxycholic
acid and hyodeoxycholic acid with high selectivity [48].
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The series of photoresponsive, azobenzene modified CDs were prepared by Ueno e?
al. [49-51]. These compounds form complexes, in which either the E- and Z-forms of
the azobenzene moiety is intramolecularly included [52]. In concentrated solutions, the
parent compounds reversibly form association dimers (Figure 17). The intramolecularly
complexed residues undergo expulsion upon purposely-added guest molecules to form
new 1:1 complexes. The binding constants of the complexes with adamantanol and
adamantane carboxylic acid are approximately five times stronger for E- than for Z-
form leading to photocontrol of complexation. The authors suggest usefulness of such
systems for construction of molecular devices with which reactions and catalytic
properties can be regulated by light in an on-off fashion.
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Figure 17

Fukushima et al. reported analogously modified f-CD [50] and y-CD [51] with
shorter spacer. Association of regioisomer E takes place in concentrated solutions. Upon
UV irradiation the f-CD dimer dissociate and returns to its original form by visible light
illumination. Isomer Z of this compound does not form dimers. In aqueous solution, the
¥CD derivative upon UV induced photoisomerization afforded 79% cis form at the
photostationary state. The half-life of this isomer is 34 h in dark.

Ueno et al. found that amino-f-cyclodextrin acylated with Methyl Red (Figure 18)
undergoes selfcomplexation [52]. Although Methyl Red itself changes color from
yellow to red at pH 4-5; the cyclodextrin derivative is still yellow even at pH 1.6
suggesting prohibiting protonation of the dye moiety included in CD. However, aqueous
solution of this cyclodextrin derivative at pH 1.6 changes color from yellow to red when
the azobenzene moiety is thrown out from the cavity by purposely-added competing
guest molecules. Camphor, fenchone, menthol, geraniol, nerol, cyclohexanol, and
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cyclooctanol compete with azobenzene residue to a lesser extent than /-borneol, 1-
adamantanol, or 1-adamantanecarboxylic acid [53,54].

(P_(ONH
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®
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Figure 18

Ueno et al. [55,56] showed that B-cyclodextrin arched with azobenzene-4,4’-
dicarbonyl- and azobenzene-4,4’-disulfonyl- residues (Figure 19) have enlarged
hydrophobic cavity, particularly in the case of the cis isomers.
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The respective AD and AE regioisomers of azobenzene-4,4’-disulfonyl derivative of
Y-cyclodextrin were obtained by Hamada et al. [57] (Figure 19). The guest binding
ability of B-CD is higher for cis compared to trans-azobenzene shallow cap. In contrast,
complexation of /-borneol, 1-adamantane-carboxylic acid, cyclododecanol, nerol and /-
menthol by -CD derivative before and after illumination suggest that the cis form is
stabilized by including the cis-azobenzene moiety into the cavity (c.f. Figure 20), and
that the trans-azobenzene moiety acts as an effective hydrophobic cap increasing the
hydrophobicity of the environment around the cavity. Complexation process is
photocontrolled; the guest releases from the cavity by UV illumination and binds back
upon visible light irradiation or after spontaneous isomerization. At the photostationary
state, the cis-isomer content of the AE regioisomer of y-CD equals 47 %. The cis form
converts back to trans form in dark with a half-life of 262 h at 25°C.

D
B-CD N=N

cis cis

Figure 20

Jung et al. [58] obtained permethylated a-CD bridged with (nitrophenylazo)-phenol
dye (Figure 21). This compound exhibits time-dependend UV-Vis and NMR spectra in
aqueous solutions at room temperature in the dark. This phenomenon was interpreted in
terms of self-aggregation involving intermolecular inclusion of the p-
nitrophenylazophenol group with one of the two permethylated cyclodextrin residues of
the original compound.
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4,4’-Dihydroxyazobenzene derivative bearing two S-cyclodextrin units connected by
ether bonding at both ends was synthesized by Aoyagi et al. [59]. This compound
undergoes photoisomerization. The formed cis isomer returns to the stable form with
half life of 54.8 h at 25°.

The first [S]super-cyclodextrin whose nano-sized cyclo-pentameric array is held
only by a mechanical bond was synthesized by the pentakis-azo coupling of a new
hermaphrodite monomer with 2-naphthol as a stopper, isolated by chromatography, and
characterized by MS, 2D NMR, and visible spectral methods with the help of computer
simulation [60]. Cyclic pentamer (as red film, 15% yield) accompanied with the
corresponding monomer (20%) (Figure 22) was obtained.

H
/
0—CO N=N—®—N

Figure 22

5. Chromatographic Application of Cyclodextrins

Adsorption chromatography on cellulose was examined for azo dyes that form
complexes with CDs using aqueous solutions of a-CD as eluents. The cyclodextrin
substantially increases the Rg values [61]. Commercial a-, -, and y-CD polymers were
used for the same purpose, however changes of Rr were observed only for some azo
dyes [62]. 2-Hydroxypropyl-pB-cyclodextrin used in 10-20% concentration causes
complete elution of many compounds [63].

Chirality of derivatized cyclodextrin was used for recognition of stereoisomers.
Phenylazobenzoyl modified y-cyclodextrin was anchored onto silica gel used as
stationary phase in HPLC and photoresponsive chromatographic behavior of dansyl
amino acid enantiomers was studied [64].
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1. Introduction

Much attention is currently devoted to the synthesis and properties of shape-persistent
macrocycles[1]. Such compounds are interesting for a variety of reasons including
formation of columnar stacks potentially capable of performing as nanopores for
incorporation into membranes or for the generation of nanowires[2]. Furthermore, in
shape-persistent macrocycles incorporating coordination units, endo-cyclic metal-ion
coordination may be exploited to generate nanowires[3], whereas exo-cyclic
coordination can be used to construct large arrays of polynuclear metal complexes[4].
Shape-persistent macrocycles with reactive substituents may also be linked to other units
to yield multicomponent, hierarchical structures.

In the past few years it has been shown that suitably designed molecular and
supramolecular species can perform as nanoscale devices and machines[5]. An
important role in this regard could be played by shape-persistent macrocycles exhibiting
properties modifiable by photochemical, electrochemical, or acid/base inputs.
Particularly interesting are shape-persistent macrocyclic ligands containing 2,2’-
bipyridine (bpy) units and their Ru(IT) and/or Os(II) complexes. It is, indeed, since long
known that Ru(Il) and Os(II) polypyrindine-type complexes[6] exhibit suitable excited-
state and redox properties to be used as building blocks for the construction of photo-
and redox-active multicomponent systems|[7].

Karsten Gloe (ed.), Macrocyclic Chemistry: Current Trends and Future Perspectives, 219-234.
© 2005 Springer. Printed in the Netherlands.
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As an extension of our previous studies[4,8], we report here the syntheses, the
photophysical properties, and the electrochemical chracterization of the shape-persistent
macrocyclic ligand 1, containing one bpy unit, and its [Ru(bpy),(1)]*" and
[Os(bpy)z(l)]2+ complexes (Scheme 1). We also report the synthes