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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 30th 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. 
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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            Karsten Gloe 
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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% yield 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.  
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 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 (Knöchel, Gloe), Israel (Shanzer, Meyerstein), Italy (Paoletti, Fabbrizzi, 
Bianchi), Japan (Kimura, Shinkai), South Korea (Kim), Spain (Casabó, Garcia-España), 
Switzerland (Kaden), The Netherlands (Reinhoudt), UK (Hay, Clay, Fenton, Schröder, 
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 
Macrocyclic Compounds Provo, Utah 15-17 August 1977 R. M. Izatt,  

J. J. Christensen 

2 Second Symposium on 
Macrocyclic Compounds Provo, Utah 14-16 August 1978 R. M. Izatt,  

J. J. Christensen 
3 Third Symposium on 

Macrocylic Compounds 
Provo, Utah 6-8 August 1979 R. M. Izatt,  

J. J. Christensen 
4 First European Symposium 

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

5 Fourth Symposium on 
Macrocyclic Compounds 

Provo, Utah 11-13 August 1980 R. M Izatt,  
J. J. Christensen 

6 Fifth Symposium on 
Macrocyclic Compounds 

Provo, Utah 10-12 August 1981 R. M. Izatt,  
J. J. Christensen 

7 Second European Symposium 
on Macrocyclic Compounds 

Strasbourg, France 30 August-1 
September 1982 

M. -J. Schwing 

8 Seventh Symposium on 
Macrocyclic Compounds 

Provo, Utah 8-10 August 1983 R. M. Izatt,  
J. J. Christensen 

9 Third European Symposium 
on Macrocyclic Compounds 

Stirling, Scotland 29-31 August 1984 R. W. Hay,  
R. M. Clay 

10 X International Symposium 
on Macrocyclic Chemistry 

Provo, Utah 5-7 August 1985 R. M. Izatt,  
J. J. Christensen 

11 XI International Symposium 
on Macrocyclic Chemistry 

Florence, Italy 1-4 September 
1986 

P. Paoletti 
L. Fabbrizzi 

12 XII International Symposium 
on Macrocyclic Chemistry 

Hiroshima, Japan 20-23 July 1987 E. Kimura 

13 XIII International 
Symposium on Macrocyclic 
Chemistry 

Hamburg, 
Germany 

4-8 September 
1988 

A. Knöchel 

14 XIV International 
Symposium on Macrocyclic 
Chemistry 

Townsville, 
Australia 

25-28 June 1989 L. F. Lindoy 

15 XV International Symposium 
on Macrocyclic Chemistry 

Odessa, Ukraine 3-8 September 
1990 

S.A. Andronati, 
V.P. Kukhar,  
N.G. Lukyanenko 

16 XVI International 
Symposium on Macrocyclic 
Chemistry 

Sheffield, United 
Kingdom 

1-6 September 
1991 

F. Stoddart,  
D. Fenton 

17 XVII International 
Symposium on Macrocyclic 
Chemistry 

Provo, Utah 9-14 August 1992 R. M. Izatt,  
J. S. Bradshaw 

18 XVIII International 
Symposium on Macrocyclic 
Chemistry 

Enschede, The 
Netherlands 

27 June-2 July 
1993 

D.N. Reinhoudt 

19 XIX International 
Symposium on Macrocyclic 
Chemistry 

Lawrence, Kansas 12-17 June 1994 D. H. Busch 
K. Bowman-
James 

20 XX International Symposium 
on Macrocyclic Chemistry 

Jerusalem, Israel 2-7 July 1995 A. Shanzer,  
D. Meyerstein 

21 XXI International 
Symposium on Macrocyclic 
Chemistry 

Montecatini 
Terme, Italy 

23-28 June 1996 P. Paoletti,  
A. Bianchi 

22 XXII International 
Symposium on Macrocyclic 
Chemistry 

Seoul, Korea 3-8 August 1997 S. J. Kim 

23 XXIII International 
Symposium on Macrocyclic 
Chemistry 

Turtle Bay, Oahu, 
Hawaii 

7-12 June 1998 J.L. Sessler,  
E.V. Anslyn 
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24 XXIV International 
Symposium on Macrocyclic 
Chemistry 

Barcelona, Spain 18-23 July 1999 J. Casabo,  
E. Garcia-España 

25 XXV International 
Symposium on Macrocyclic 
Chemistry 

St. Andrews, 
United Kingdom 

2-7 July 2000 R. W. Hay 
(posthumous), 
M. Schröder 

26 XXVI International 
Symposium on Macrocyclic 
Chemistry 

Fukuoka, Japan 15-20 July 2001 S. Shinkai 

27 XXVII International 
Symposium on Macrocyclic 
Chemistry 

Park City, Utah 23-27 June 2002 J. D. Lamb 

28 XXVIII International 
Symposium on Macrocyclic 
Chemistry 

Gdansk, Poland 13-18 July 2003 J. F. Biernat 

29 XXIX International 
Symposium on Macrocyclic 
Chemistry 

Cairns, Australia 4-8 July 2004 L.F. Lindoy,  
F.R. Keene 

30 XXX International 
Symposium on Macrocyclic 
Chemistry 

Dresden, Germany 17-21 July 2005 K. Gloe 

___________________________________________________________________________________ 

 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 Sheffield, United 
Kingdom 

Synthetic Molecular Knots 

1992 Eiichi Kimura Provo, Utah Roles of Zinc (II) in Zinc  
   Enzymes 

1993 J. Fraser Stoddart Enschede, The 
Netherlands 

Self-Assembly in Unnatural  
   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, 
Hawaii 

Dynamic Control of Ion and  
   Molecule Recognition  
   Processes in Macrocyclic  
   Host-Guest Systems 

1999 Fritz Vögtle Barcelona, Spain Rotaxanes, Catenanes.  
   Pretzelanes- Template  
   Synthesis and Chirality 

2000 Jerry L. Atwood St. Andrews, United 
Kingdom 

Macrocycles as Building  
   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 Cairns, 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 15th century Borromeo family in Tuscany.  In the synthesis, Zn(II) 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 O2 and its reduction products HO2

- and H2O2 [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]. 



 R. M. IZATT ET AL. 8

 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 21st 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 Vögtle 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 Sr2+ and Ra2+ [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 Sr2+

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 
Biochemistry; University of 
California; Los Angeles, 
California. U.S.A. 

The Design of Molecular Hosts,  
   Guests, and Their Complexes 

Jean-Marie Lehn Institut Le Bel; Université Louis 
Pasteur, Strasbourg, France 

Supramolecular Chemistry 
— Scope and Perspectives  
— Molecules 
— Supermolecules 
— Molecular Devices 

Charles J. Pedersen E.I. du Pont de Nemours and 
Company, Wilmington, 
Delaware, U.S.A. 

The Discovery of Crown Ethers 

__________________________________________________________________________________ 

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 2nd 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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FROM FUNCTIONALISED CATENANES, ROTAXANES AND KNOTS TO 
HIGHER INTERTWINED ASSEMBLIES 

OLEG LUKIN AND FRITZ VÖGTLE 
Kekulé-Institut für Organische Chemie und Biochemie der  
Rheinischen Friedrich-Wilhelms-Universität Bonn, 
Gerhard-Domagk-Str. 1, 53121 Bonn, Germany  

1. Introduction 

Remarkable progress in carrying out diverse macrocyclisation reactions in 1950th

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, -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].  

1 2

 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 
et al. [6, 7]. 
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 Since late 1960th 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 -donor and 
positively charged -acceptor units involved in macrocyclic architectures, e.g., one 
shown in Figure 1. 

N+
O

O

N+

N+N+

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

 The successful utilization of hydrogen-bonding in cyclic oligo-amides led groups of 
Hunter, [12] Vögtle [13] (both 1992) and Leigh [14] (1995) to the discovery of high-
yielding syntheses of amide-based catenanes 3-5 depicted in Figure 2.  
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Figure 2. Amide-based catenanes prepared by Hunter (catenane 3), Vögtle 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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76

8 9
Figure 3. Molecular knots (knotanes) prepared by Sauvage et al. (knotane 6), Stoddart et al. (knotane 7), 
Vögtle 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 - -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.  

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. 
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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.  
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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-tert-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 t-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 = CD3

11b: R = CH3
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 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 2nd 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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 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.  
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 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.  

26 27 2825

 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. 

29 30 31

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].  
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 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 Et3N 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]. 
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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 
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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) b) c)

Figure 1. Different template strategies: a) Metal ions, b) π-acceptor π-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 π-
acceptor π-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. 
Vögtle 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 Vögtle and coworkers when they tried to synthesize macrocycle 3 [13].
The cyclization to yield the tetralactam ring was carried out under high-dilution 
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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].
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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].

28 kJ/mol 0 kJ/molErel

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. 

H-bonding
sites

H-bond
stabilizing
loop

4.1 A

3.3 A

pyridine
inducing
curvature

pyridine
inducing
curvature

pyridine
inducing
curvature

a) b)

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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substitution
‘forbidden’

substitution
‘allowed’

a) b)

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. c) 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 21•18 (> 105 M-1) derived from 1H
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-t-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) 
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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 MACROCYCLIC 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)(NO3)2] in which M= Pt(II) 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(OTf)2 (M= Pt(II) and Pd(II)) with 4,4’-bipyridine in dichloromethane. 

 An attempt to synthesize 29a, a combination of [Pt(en)(NO3)2] and 4,4’-bipyridine, 
afforded a mixture in D2O 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 100oC and then led to 
simple NMR spectra. Unlike the Pt containing analogue, the preparation of molecular 
square 29b using [Pd(en)(NO3)2] 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 84O 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 π-π
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. 
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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 Å. 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 Å, 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, (D2O-CD3OD 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(II) 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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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 HCl. After preparation and 
characterization of the negatively charged layer, the pre supporting electrolyte (10 mM 
HCl, 5 mM KCl) was changed under potential control by a solution containing 10 mM 
HCl, 5 mM KCl 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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1.14
nm2.59 nm

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; Cl− ions are oriented along the direction of the steps in a 
tetragonal grid, 1.7 nm × 1.7 nm). (c) Schematic representation of the chloride orientation on the Cu substrate. 

a) b) c)

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 × 20.5 nm. (b) Lateral ordering of squares 29a,
7.6 nm × 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 × 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(II) 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 
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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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CHEMISTRY OF LINKED MULTI-RING MACROCYCLIC LIGANDS  
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NSW, Australia, 2006 

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(II) yielded a magnetically dilute, trinuclear complex of type 
[Cu3(1)(H2O)6](ClO4)6 ⋅ 6H2O. This species reacts with phosphate ion in the presence of 
hexafluorophosphate to yield the polymeric species {[Cu3(1)(µ-OH)(µ3-
HPO4)(OH2)](PF6)3 ⋅ 3H2O}n 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 µ3-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(µ-OH)(µ-
HPO4)Cu bridged centres as well as between these centres and the phosphate bridged 
centre; the complex has a S = ½ molecular ground state. 

In a subsequent study two further hydroxo-bridged copper complexes of 1 were 
prepared [10]. The trinuclear species [Cu3(1)(µ-OH)2(H2O)2](ClO4)6 ⋅ 3.2H2O was 
isolated from an aqueous solution of [Cu3(1)(H2O)6](ClO4)6 ⋅ 6H2O that had been 
adjusted to pH 6. The former species was shown to contain a [Cu2(µ-OH)2]2+ core as 
well as an isolated Cu(II) centre. The magnetic properties of this species are in accord 
with the presence of an antiferromagnetically coupled Cu(II) pair and a magnetically 
isolated Cu(II) centre - overall the complex has an S = ½ ground state. When the pH of 
the above aqueous solution was adjusted to 9.5 a new species of type [Cu6(1)(µ-
OH)6](ClO4)6 ⋅ 2H2O was isolated whose structure incorporates two trinuclear 
[Cu3(1)(µ-OH)2] units that are linked by two µ-hydroxo groups. 

The synthesis and interaction of the related tetra-macrocyclic ligand 3 with Ni(II) 
and Cu(II) has been reported [11]. The synthesis of 3 follows a similar procedure to that 
employed for 1 starting from the tacn derivative 2 and 1,2,4,5-
tetrakis(bromomethyl)benzene. 



MULTI-RING MACROCYCLIC LIGANDS 55

N N

N

N N

N

N

N

N N

N

N

NH N
H
N

HN
H
N

NH HN

N

N

Br

Br

Br+3

+

+ +3Br-

H2O reflux 4h
NaOH reflux 4 h
HBr

2

+

.9HBr

1
Scheme 1 

Reaction of four equivalents of Ni(II) with 3 resulted in a mixture of di- and 
trinuclear complexes, [Ni2(3)](ClO4)4 and [Ni3(3)(OH2)6](ClO4)6, which were separated 
by cation exchange chromatography. A tetranuclear complex, [Ni4(3)(OH2)12](ClO4)8,
was also obtained when the reaction mixture contained a fifty-fold excess of Ni(II).  

The X-ray structure of [Ni2(3)](ClO4)4 shows that two pairs of ortho-attached tacn 
macrocycles each form a sandwich arrangement about a Ni(II) ion such that the 
coordination of each nickel is distorted octahedral. The two metal centres are separated 
by 9.09 Å 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(II) each with water ligands 
occupying the remaining sites to yield distorted octahedral arrangements. 
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Di- and tetranuclear Cu(II) complexes were obtained on reaction of 3 with two and 
four equivalents of Cu(II), 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, [Cu4(3)(OH2)8](ClO4)8, 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 Å 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 [Ni2(4)(H2O)3]4+ 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(III) state. In the 
case of the dinuclear bis-sandwich complex, [Ni2(4)](ClO4)4, 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(II) 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)2+ complex 
[14]. The tritopic ligand was synthesised by reaction between tris-Boc (tert-
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)(NO3)2(OH2)](NO3)4, 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. 
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A 2:3 mixture of [Zn3(7)(H2O)3]6+ 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)2+ 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 CA3-. This 
product may be represented as a truncated tetrahedron formed by binding four 
equilateral triangles and four scalene hexagons to each other through CA3- to Zn(II) 
bonds. The tris-zinc species also interacts with thiocyanuric acid (TCA) to yield a self-
assembled supramolecular species of type (ZnL)4(TCA3-)4. 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-III 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.  
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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 Å 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(III), Ag(II) and Ag(III) [25,26].  

Based on published procedures for preparing both di- and tri-N-protected tert-
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 oC over caesium carbonate as outlined in Scheme 3. Subsequent 
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deprotection of this product followed by reduction with BH3
.Me2S 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(II), 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(II) and Cu(II) 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].  
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The interaction of the linearly linked tris-cyclam derivative 13 with Ni(II), Cu(II), 
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(II), 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(II)/M(III) 
as well as M(I)/M(II) couples in acetonitrile. 
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The novel tetra-linked derivative 14, which forms 4:1 (metal:ligand) complexes 
with Ni(II) and Cu(II), [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, N2S2-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 tert-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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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(II) [38] have been investigated. A number 
of complexes of type [Ag3L](NO3)3 (L = 16, 17) and [M3L](PF6)6 (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](PF6)2 (where L is a mono N-benzylated derivative 
of the corresponding single-ring, N2S2-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(II) [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(I) 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(II), Cu(II), Zn(II), 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 
(EI, FAB, MALDI or ES); this may reflect the presence of an 18+ charge arising from a 
Pd(II) 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(II) ions per dendrimer molecule in this case.  
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BINDING AND STRUCTURAL ASPECTS OF NITRILE- AND AMINO-
FUNCTIONALISED PENDANT ARM DERIVATIVES OF 1,4,7-
TRIAZACYCLONONANE ([9]aneN3)

 MARTIN SCHRÖDERa AND VITO LIPPOLISb

a School of Chemistry, The University of Nottingham, University Park,   
Nottingham NG7 2RD, U.K. 
b Dipartimento di Chimica Inorganica ed Analitica, Università degli Studi 
di Cagliari, S.S. 554 Bivio per Sestu, 09042 Monserrato (CA), Italy

1. Introduction 

The coordination chemistry of the tridentate macrocycle 1,4,7-triazacyclononane 
([9]aneN3) and its N-alkylated analogues (R3-[9]aneN3) 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]aneN3 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]aneN3 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]aneN3 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]aneN3 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]aneN3 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]. 
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Nevertheless, pendant arm derivatives of [9]aneN3 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]aneN3 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]aneN3. Their use in developing new high-
yield synthetic routes for the preparation of asymmetric derivatives of [9]aneN3 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]aneN3

N-Functionalised derivatives of [9]aneN3 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]aneN3 [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]aneN3·3HBr in EtOH in the 
presence of an excess of Et3N affords L1 [43, 45], while Michael addition of 
acrylonitrile to the appropriate [9]aneN3 precursor gives L2-L4 in high yield [41, 44, 
45].
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Scheme 1. Summary of nitrile-functionalised pendant arm derivatives of [9]aneN3.
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2.1 REACTIVITY TOWARDS AgI

In principle, L1-L4 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 σ 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 AgPF6 with L1 gives the 
polymeric complex {[Ag(L1)]PF6}∞ in which the AgI 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]aneN3) 2.523(4)-2.547(4) Å], with the remaining three 
positions occupied by the N-donors of nitrile groups [Ag–N(C≡N) 2.311(4)-2.486(4) Å] 
belonging to three different [Ag(L1)]+ complex cation (Fig. 1a). An uncommon 3D 
inorganic network is, therefore, formed in which each molecule of L1 is a node linked to 
four different AgI centres and each AgI ion represents a six-connected junction via 
NCH2CN linkers to six other AgI ions in an overall 3D single network (Fig. 1b). 
Interestingly, the structure of this inorganic network does not depend upon whether 
BF4

– or PF6
– is the counter anion since the channels within the polymer can 

accommodate both anions.  

(a) (b) 

Figure 1. (a) View of the coordination sphere in the complex cation [Ag(L1)]+; (b) partial view of the 
{[Ag(L1)]+}∞ 3D polymer: the ethylene units belonging to [9]aneN3 frameworks are omitted for clarity to 
better show the six-connected single network at AgI centres. 

The ligand L2, which differs from L1 in the length of each pendant arm, gives the 
polymeric complex {[Ag2(L2)2][BF4]2}∞ upon reaction with AgBF4 in a 1:1 molar ratio 
in MeCN [45, 46]. In this compound the repeating unit is the binuclear complex cation 
[Ag2(L2)2]2+ lying across a crystallographic inversion centre in which each AgI centre is 
bound to four N-donors in a distorted tetrahedral geometry: three are provided by the 
[9]aneN3 framework of L2 [Ag–N([9]aneN3) 2.412(5)-2.504(5) Å] and the fourth comes 
from the nitrile group [Ag–N(C≡N) 2.192(6) Å] of a pendant arm from a symmetry 
related [Ag(L2)]+ unit (Fig. 2). Each AgI ion interacts also with one of the two 
remaining pendant arms of L2 [Ag–N(C≡N) 2.779(7) Å] of an inversion-related 
[Ag2(L2)2]2+ 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 {[Ag2(L2)2]2+}∞ polymeric chain.  

Interestingly, the reaction of L4 with two molar equivalents of AgPF6 in MeCN 
gives the 2D polymeric complex {[Ag2(L4)][PF6]2}∞ [45]. In this compound the 
repeating unit is the binuclear complex cation [Ag2(L4)]2+ lying across a 
crystallographic inversion centre. Each [9]aneN3 moiety in the ligand hosts one AgI

centre, and each AgI ion in the repeating unit [Ag2(L4)]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]aneN3) 2.464(4)-2.483(3) Å], and the remaining sites occupied by the N-donors of 
nitrile groups from two different symmetry-related [Ag2(L4)]2+ units [Ag–N(C≡N) 
2.262(4), 2.501(4) Å]. The two pentadentate compartments of L4 are arranged in an anti
configuration and a 2D inorganic network is, therefore, formed in which each penta-
coordinate AgI ion is connected to two other AgI centres through two NCH2CH2CN 
linkers of the pendant arms of L4, and to a third metal centre via an NCH2CH2N linker 
of ethylene bridge between the two [9]aneN3 units of L4. As observed in the structure of 
the polymeric complex cation {[Ag2(L2)2]2+}∞ (Fig. 2), ribbons of fused 12-membered 
rings connected at AgI spiro-centres can be envisaged within the 2D architecture of 
{[Ag2(L4)]2+}∞, each comprising two metal centres and two NCH2CH2CN linkers 
connecting them. These ribbons run along the [010] direction, are stacked along [100], 
and are connected at the metal centres via NCH2CH2N 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 CH2CN in L1 to CH2CH2CN in L2, and the number of [9]aneN3
moieties within the ligand from one in L2 to two in L4, different network motifs and 
dimensionalities for the resulting coordination polymers with AgI are obtained (Scheme 
2).

(a)     (b)     (c) 

Scheme 2. Schematic representation of the connectivity in the structures of the 
polymeric complex cations: (a) {[Ag(L1)]+}∞, (b){[Ag2(L2)2]2+}∞, and (c) 
{[Ag2(L4)]2+}∞.
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2.2 REACTIVITY TOWARDS CuII

Further evidence for the inability of the nitrile groups in L1-L3 to participate in efficient 
σ M←:N≡C–R endo-binding to a metal ion sitting within the [9]aneN3 cavity is 
afforded by their reaction with one equivalent of Cu(BF4)2·4H2O in MeOH at 65oC [47]. 
Methanolysis of two nitrile groups is observed in these reactions and blue crystalline 
complexes in which CuII is encapsulated by the resulting ligands L5-L7 featuring imino-
ether groups (Scheme 3) have been isolated and characterised.  
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Scheme 3. Summary of the ligands obtainable starting from L1-L3 by CuII-assisted 
methanolysis of cyano groups. 

 The stereochemistry at the CuII 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]aneN3 moiety bearing a nitrile-
functionalised pendant arm (Fig. 3).  
 In [Cu(L5)]2+ [Cu–N([9]aneN3) 2.044(5)-2.249(5), Cu–N(C=N) 1.942(5), 1.947(5) 
Å] (Fig. 3a) three five-membered chelate rings are formed in the basal plane with very 
similar angles [82.8(2)-86.1(2)o] 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)o] are 
significantly different from the corresponding torsion angle in the chelate ring involving 
the [9]aneN3 framework [46.7(11)o].

In [Cu(L6)]2+ [Cu–N([9]aneN3) 2.050(3)-2.280(3), Cu–N(C=N) 1.979(3), 2.003(3) 
Å] (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)o for the former and of 90.7(1) and 92.3(1)o 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)o, the two six-membered chelate rings show pseudo-boat 
conformations due to the planarity of the imino-ether fragments. Interestingly, for both 
complexes, [Cu(L5)]2+ and [Cu(L6)]2+, 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 CuII-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 CuII complexes of the 
resulting (amidino-O-alkylurea) ligands [48]. This reaction takes place with either 
MeOH or EtOH and with different CuII salts (BF4

–, Cl–, Br–, and SO4
2–).

(a) (b) (c) 

Figure 3. View of the coordination sphere in the complex cations: (a) [Cu(L5)]2+; (b) [Cu(L6)]2+; and (c) in the 
complex [Cu(L2)Cl2]. 

 Treatment of L2 and L3 with one molar equivalent of CuCl2·2H2O in MeCN at room 
temperature (ie. under conditions where the the nitrile groups cannot undergo 
solvolysis) gives the mononuclear complexes [Cu(L2)Cl2] and[Cu(L3)Cl2] having two 
chloride anions coordinated to the metal centre [Fig. 3c for [Cu(L2)Cl2], Cu–
N([9]aneN3) 2.1203(17)-2.2368(16), Cu–Cl 2.2871(6), 2.2624(6) Å] [47]. In both 
structures, the basal positions of a distorted square-based pyramidal geometry are 
occupied by two tertiary N-donors from the [9]aneN3 framework and by two chloride 
ligands, while the nitrile-functionalised pendant arms are oriented away from the metal 
centres. 
 Interestingly, the reaction of L2 with CuCl2·2H2O in refluxing MeOH gives upon 
slow diffusion of Et2O vapour into the reaction mixture, first a small amount of 
[Cu(L2)Cl2], then a blue oil showing a band at ca. 1630 cm–1 typical for the ν(C=N) 
stretching vibration of an imino group [47]. On treating this blue oil with excess of 
Me4NBF4 in MeOH a very hygroscopic blue solid, [Cu(L8)Cl]BF4, in which a nitrile 
group of L2 has undergone methanolysis, can be isolated by diffusion of Et2O vapour 
into the resulting solution (Scheme 3) [47]. Scheme 4 summarises the different 
complexes that can be isolated from the reaction of L2 with CuCl2·2H2O and 
Cu(BF4)2·4H2O as a function of solvent and reaction conditions. 
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 These results support a reaction pathway for the CuII-assisted methanolysis of cyano 
groups in L1-L3 in which intermediate CuII complexes of L1-L3 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 L5-L8, having different N-attached pendant-donors 
groups. Thus, selective methanolysis of one or two nitrile groups in L1-L3 can be readily 
achieved via control of choice of the coordinating properties of the anion in the starting 
CuII salt. 

3. Amino-Functionalised Pendant arm Derivatives of [9]aneN3

3.1 SYNTHESIS 

The most successful synthetic procedure for the preparation of amino-functionalised 
pendant arm derivatives of [9]aneN3 involves the reduction of pendant nitrile groups 
using 1M BH3 solution in THF, followed by hydrolysis of the borane complexes in 
refluxing concentrated HCl 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 L13-L16 in Scheme 5, which feature tertiary N-donors within 
the [9]aneN3 crown, can be prepared pure and in high yield [41-45]. Sargeson and 
Hammershøi have reported an alternative synthetic route for L14 which consists of a 
reductive alkylation of [9]aneN3 with phthalimidoacetaldehyde in the presence of 
NaBH3CN, 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. 
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Scheme 5. Summary of amino-functionalised pendant arm derivatives of [9]aneN3.

The synthesis of mono- and di-aminoalkyl pendant arm derivatives of [9]aneN3 is 
less straightforward due to the necessity of preserving two or one secondary N-donors in 
the macrocyclic framework, respectively. McAuley and co-workers reported the CoIII,
CuII, and NiII complexes of L10 and L12 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 NiII complexes. An efficient synthetic method for 
the selective preparation of L9 and L11 has been reported recently [50, 51] (Scheme 6), 
and it illustrates the suitability of p-tolylsulfonyl derivatives of [9]aneN3 as precursors 
to selectively functionalise this macrocyle. 
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 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 N2 gives high yields of 2 and 4, respectively. 
These can be readily transformed into L9 and L11, respectively, by detosylation with 
concentrated sulphuric acid.  

In principle, mono- and di-aminoalkyl pendant arm derivatives of [9]aneN3 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 L11 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 H2L17 (Scheme 7) [50, 52]. The imine bonds in this new 
phenol-based compartmental system can be readily reduced with a mixture of 
NaBH4/NaBH3CN in MeOH to give H2L18 [53]. Having twelve potential coordination 
sites, both H2L17 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, H2L17 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 5 and 6
with diluted aqueous HCl affords the hydrochloric salts of the two asymmetric 
derivatives of [9]aneN3 HL19 and L20 having different N-attached pendant-donors 
groups [50]. In the case of 5, the reaction with dilute aqueous HCl also hydrolyses the 
tert-butyl ester group to the free carboxylic acid function in HL19.
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Scheme 7. Synthetic scheme for the asymmetric functionalisation of [9]aneN3 with different pendant 
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NaBH4/NaBH3CN, MeOH, r.t., 30 h; iii: tert-butylbromoacetate, CHCl3, NEt(iPr)2, r.t., 12 h; iv: 2-
bromoethanol, EtOH, K2CO3, 50 oC, 16 h; v: HCl 0.01 M, r.t., 12 h. 
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Schiff-base condensation of aminoalkyl pendant arm derivatives of [9]aneN3 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 L11 and L14 with two or three molar equivalents of sodium pyruvate in the presence 
of a lanthanide ion template, gives the complexes [Ln(L21)X] (Ln = YIII, GdIII, EuIII,
DyIII , X = Cl– or CH3COO–) and [Ln(L22)] (Ln = YIII, LaIII, SmIII, YbIII, GdIII, EuIII,
DyIII), respectively (Scheme 8) [43, 54].  
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MeOH, reflux, 2 h; ii: MeCOCOONa, LnCl3, CH3COONa, MeOH, reflux, 2 h. 

 L22 incorporates nine donor atoms which fulfil a slightly distorted tricapped trigonal 
prismatic stereochemistry at LnIII centre affording thermodynamically and kinetically 
stable complexes [Ln(L22)]. Acidic media hydrolyses the C=N bonds in [Ln(L22)] 
within several hours [43, 54]. In contrast, L21 has only seven donor centres, providing 
an opportunity for coordination of anions or water molecules to the metal centre. 
Therefore, the complexes [Ln(L21)X] can potentially act as MRI or ion recognition 
agents, while at the same time maintaining elements of stability of their [Ln(L22)] 
analogues. Hydrolysis of the C=N bonds in [Ln(L21)X] occurs within several hours at 
neutral pH. The number of water molecules bound to the metal centre estimated using 
NMR relaxivity measurements for GdIII complexes, dysprosium induced shift (DIS) 
measurements for DyIII complexes, and emission lifetime measurements for EuIII

complexes is close to one for complexes of L21 and zero for complexes of L22.
Complexes structurally similar to [Ln(L22)] have also been obtained from the Schiff-
base condensation in MeOH of L14 with methyl sodium acetyl phosphonate and methyl 
sodium 4-methoxybenzoyl phosphonate in the presence of YIII, LaIII, YbIII, and GdIII

[55].
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3.2 COORDINATION CHEMISTRY 

The protonation constants of the ligands L9, L11, L14, and L15 (Scheme 5), having one, 
two or three aminoethyl or three aminopropyl pendant arms, respectively, on the 
[9]aneN3 framework, and the thermodynamic stabilities of their mononuclear complexes 
with CuII and ZnII have been investigated by potentiometric measurements in aqueous 
solutions (Table 1) [51].  

TABLE 1. Protonation constants of ligands L9, L11, L14, and L15 and formation 
constants of their CuII and ZnII complexes in aqueous solution (0.1 mol dm–3

NMe4Cl, 298.1 K). 

Reaction log K

L9 L11 L14 L15

H+ + L  [HL] + 10.7(1) 10.72(6) 10.77(6) 11.1(1) 

[HL] + + H+  [H2L]2+ 9.1(1) 9.32(5) 9.52(5) 10.1(1) 

[H2L]2+ + H+  [H3L]3+ 5.3(1) 8.53(6) 8.72(6) 9.4(1) 

[H3L]3+ + H+  [H4L]4+ 1.9(1) 2.2(8) 5.16(7) 8.5(1) 

[H4L]4+ + H+  [H5L]5+   2.43(5) 3.4(1) 

[H5L]5+ + H+  [H6L]6+    1.9(1) 

Cu2+ + L  [Cu(L)]2+ 20.41(3) 23.78 22.0(1) 19.8(3) 

[Cu(L)]2+ + H+  [Cu(HL)]3+ 2.92(1) 3.94(6) 9.5 (1) 10.1(3) 

[Cu(HL)]3+ + H+  [Cu(H2L)]4+   3.4(1) 5.9(1) 

[Cu(H2L)]4+ + H+  [Cu(H3L)]5+    3.7(1) 

[Cu(L)]2+ + OH–  [Cu(L)(OH)]+ 4.57(3) 2.78  3.3(1) 

[Cu(L)]2+ + 2OH–  [Cu(L)(OH)2]    3.0(1) 

Zn2+ + L  [ZnL]2+ 13.81(3) 17.48(1) 21.28(6) 18.91(4) 

[Zn(L)]2+ + H+  [Zn(HL)]3+  3.2(1) 4.13(6) 5.97(5) 

[Zn(HL)]3+ + H+  [Zn(H2L)]4+    5.44(5) 

[Zn(H2L)]4+ + H+  [Zn(H3L)]5+    4.9(1) 

[Zn(L)]2+ + OH–  [Zn(L)(OH)]+ 3.57(1) 3.74(3) 3.4(1) 3.55(6) 

[Zn(L)]2+ + 2OH–  [Zn(L)(OH)2] 3.30(4)   3.47(5) 

 1H NMR spectroscopic studies performed in D2O as a function of pH allow 
determination of the protonation sites of these ligands. Generally, it is observed that the 
primary -NH2 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 [H2L9]Cl2 shows the two acidic protons 
localised on the secondary amine and stabilised by a hydrogen bonding network 
involving the neutral –NH2 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 CuII. Comparing the binding abilities of L9, L11, L14, and L15,
the stability constants of the complexes [Cu(L)]2+ increase from L9 to L11 and then 
decrease from L11 to L14 and L15 (Table 1). However, L9 shows a binding ability toward 
CuII higher than [9]aneN3 (log K = 20.41 for L9 vs. log K = 15.5 for [9]aneN3) [51], 
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indicating that in [Cu(L9)]2+ the aminoethyl pendant is involved in metal coordination. 
The increased stability of [Cu(L11)]2+, therefore, can be ascribed to the coordination of 
both the –NH2 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(L11)]2+ compared with [Cu(L9)]2+ 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. 
 L14 incorporates a further aminoethyl pendant arm as a potential donor group, but its 
CuII complex displays a somewhat lower stability than with L11, but at the same time, a 
much higher tendency to form a monoprotonated [Cu(HL14)]3+ complex (Table 1). This 
behaviour can be ascribed to the presence in [Cu(L14)]2+ of an uncoordinated 
aminoethyl pendant arm which can be readily protonated in aqueous solution.  
 The replacement of the aminoethyl pendant arms in L14 with aminopropyl ones in 
L15 leads to an overall weaker ligand-metal interaction, as shown by the lower 
formation constant for [Cu(L15)]2+ compared to [Cu(L14)]2+ (Table 1). This effect can be 
attributed to the larger N–Cu–N chelating bond angle arising from the larger bite angle 
of the NCH2CH2CH2N fragment, which reduces the stability of the complex 
[Cu(L15)]2+. However, like [Cu(L14)]2+, [Cu(L15)]2+ 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 CuII complexes, the stability of the ZnII complex with L9 is
higher than that with [9]aneN3 (log K = 13.81 for L9 vs. log K = 11.62 for [9]aneN3)
[51]; at the same time, [Zn(L9)]2+ is considerably less stable than [Zn(L11)]2+ (Table 1). 
These observations suggest the involvement of all the N-donors of L9 and L11 in 
complex formation. A different behaviour is found on passing to L14 and L15, since the 
stability of the complexes [Zn(L14)]2+ and [Zn(L15)]2+ are higher than that found for 
[Zn(L11)]2+, the opposite trend to that observed for CuII complexation. This strongly 
suggests that in [Zn(L14)]2+ and [Zn(L15)]2+ all six N-donors are bound to the metal 
centre. Notably, these two ZnII complexes also show a much lower tendency to 
protonate than the corresponding CuII complexes, which contain an uncoordinated 
aminoethyl group. The somewhat lower stability in solution for [Zn(L15)]2+ compared 
with [Zn(L14)]2+, can be ascribed, as in the case of CuII, 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(L9)(Br)]Br, [Zn(L9)(NO3)]NO3, [Cu(L11)](ClO4)2,
[Cu(L14)](BF4)2·MeCN, and [Zn(L15)](BF4)2·MeCN [51]. In both complex cations 
[Cu(L9)(Br)]+ and [Zn(L9)(NO3)]+ all N-donors of L9 are involved in complex formation 
[Cu–N([9]aneN3) 2.077(9)-2.119(10), Cu–N(NH2) 1.955(9) Å; Zn–N([9]aneN3)
2.083(3)-2.223(3), Zn–N(NH2) 2.025(3) Å] and the two metal ions are five-coordinate 
(Fig. 4a,b). A Br– ligand [Cu–Br 2.4089(14) Å] and a monodentate nitrate ion [Zn–O 
2.128(2) Å] complete a distorted square-based pyramidal (SBP) and a distorted trigonal 
bipyramidal (TBP) environment in the CuII and ZnII complexes, respectively. In 
[Cu(L11)]2+, the metal ion is still five-coordinate, and according to the solution studies, 
all N-donors of L11 are involved in metal complexation [Cu–N([9]aneN3) 2.033(2)-
2.206(2), Cu–N(NH2) 2.018(3), 2.019(3) Å]. 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]aneN3 framework. The 
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apical position is occupied by the remaining secondary amino group of the pentadentate 
ligand L11 (Fig. 4c). 

(a) (b) 

(c) (d) 

Figure 4. View of the coordination sphere in the complex cations: (a) [Cu(L9)(Br)]+; (b) 
[Zn(L9)(NO3)]+; (c) [Cu(L11)]2+; (d) [Zn(L15)]2+.

 The coordination sphere around CuII in [Cu(L11)]2+ is very similar to that observed 
in the complex cations [Cu(L12)]2+ [41], [Cu(L13)]2+ [44], and [Cu2(L16)]4+ [44], 
(Scheme 5). Overall five coordination at CuII seems, therefore, to be the norm for 
complexes with these types of ligands. Indeed, the metal centre in [Cu(L14)]2+ is again 
five-coordinate via three N-donors of the [9]aneN3 ring and two aminoethyl pendant 
arms [51]. The third pendant arm of L14 in [Cu(L14)]2+ 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(L14)]2+ and 
[Cu(L15)]2+ 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 L15 with one molar equivalent of Cu(BF4)2·4H2O in MeOH gives the 
complex [Cu(L11)](BF4)2 via cleavage of one of the three aminopropyl pendant arms of 
L15. Thus, as already noted by McAuley on comparing the structure of [Cu(L12)]2+ with 
those of [Ni(L12)(H2O)]2+ and [Co(L12)Cl]2+ [42], the very small crystal-field 
stabilisation energy difference between octahedral and SBP complexes for CuII with L15

does not compensate for the steric strain imposed by the addition of a sixth ligand to the 
metal centre in [Cu(L15)]2+. Unfortunately, the detailed mechanism of cleavage of one 
pendant arm in L15 upon reaction with CuII remains unclear.  
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 According to the potentiometric studies, all six N-donors of L15 are bound to the 
metal centre in the complex cation [Zn(L15)]2+ [Zn–N([9]aneN3) 2.219(4)-2.224(4), Zn–
N(NH2) 2.149(3)-2.167(3) Å] (Fig. 4d) with the coordination sphere around ZnII

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 NiII, CoIII,
and MnII with amino-functionalised pendant arm derivatives of [9]aneN3. In fact, the X-
ray crystal structures of the complex cations [Ni2(L10)2(µ-Cl)2]2+ [42], 
[Ni(L11)(MeCN)]2+ [51], [Ni(L12)(H2O)]2+ [42], [Co(L12)Cl]2+ [42], [Co(L15)]3+ [41], 
and [Ni(L15)]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(L11)(NO3)]+ [50], [Mn(L15)]2+ [51], and [Mn(L19)]+ [50]. 

H2L17 represents not only a useful intermediate in the synthesis of asymmetric 
derivatives of [9]aneN3 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 H2L17, the 
particular binding properties of phenol-based compartmental macrocycles are combined 
with those of [9]aneN3 to afford a ligand characterised by two large adjacent chambers, 
each with a potential N5O2-donor set capable of accommodating, in close proximity, two 
metal ions with large ionic radii. The ability of H2L17 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.  

(a) (b) 

Figure 5. View of the coordination sphere in the complex cations (a) [Cd2(L17)]2+; (b) [Y2(L17)(OH)]3+.

 In the binuclear CdII complex [Cd2(L17)]2+ [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) Å] the two O-donors are 
not shared by the two metal centres, which are each bound within an independent N5O-
donating compartment (Fig. 5a) [52]. A face-to-face π-π interaction between the two 
aromatic rings and additional hydrogen-bonding involving MeOH molecules force the 
O-donors of the anionic ligand (L17)2– 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 YIII

complex [Y2(L17)(OH)]3+ in which the two eight-coordinated metal centres are also 
bridged by a hydroxo group [Y–N([9]aneN3) 2.436(9)-2.655(7), Y–N(C=N) 2.418(8), 
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2.472(8), Y–O 2.277(7)-2.391(6), Y···Y 3.4295(19) Å] (Fig. 5b) [52]. It is important to 
note that the smaller CdII ion seldom adopts coordination numbers higher than six in 
these and related systems, while the larger YIII ion normally shows higher coordination 
numbers of 8 or 9 in its complexes. 
 Reduction of the imine bonds in H2L17 affords H2L18 which is conformationally 
more flexible. Potentiometric and Uv spectrophotometric measurements in aqueous 
solutions reveals that H2L18 binds up to seven protons in the pH range 2.5-10.5. Two 
further equilibria, relative to the ligand deprotonation [H2L18  (HL18)– + H+ and 
(HL18)–  (L18)2– + H+], take place at pH>10.5 [53]. The calculated protonation 
constants suggest that successive protonation steps of H2L18 (log K = 10.9-4.5) occur on 
the two separated pentamine compartments of the ligands, alternatively. Thus (H8L18)6+

would contain six –NH2
+ 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 [H8L18](ClO4)6·8H2O, which 
shows protonation of all six secondary amines in the ligand H2L18 [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 (H9L18)7+.
 In aqueous solution, H2L18 shows a similar coordination behaviour toward CuII, ZnII,
CdII, and PbII 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(L18)]
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 H2L18 alone. This 
behaviour is typical of ditopic polyamine macrocycles which display two well-separated 
binding sites. In other words, in [M(L18)] (M = CuII, ZnII, CdII, and PbII) 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(L18)] are much more stable than the corresponding complexes with L11

(log K = 30.1 and 23.8 for the CuII complexes, and 20.2 and 17.48 for the ZnII

complexes with (L18)2– and L11, 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 [M2(H2L18)]4+ with the neutral ligand H2L18 at slightly acidic pH is 
followed by deprotonation of the Ar–OH functions in neutral or weakly basic solutions 
for CuII and ZnII, and at basic solution for CdII and PbII, to give the species [M2(HL18)]3+

and [M2(L18)]2+, respectively [53]. The facile deprotonation of the Ar–OH functions, 
especially in the case of CuII and ZnII binuclear complexes [M2(H2L18)]4+, 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 [Cu2(L18)](BF4)2·½MeCN, [Zn2(HL18)](ClO4)3·½MeCN, and 
[Pb2(L18)](ClO4)2·2MeCN (Fig. 6) [53].  

In the complex cation [Cu2(L18)]2+, each CuII ion is bound to an N4O-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]aneN3 moiety [Cu–N 2.016(12)-2.102(12) Å], one secondary N-donor from 
the aliphatic chain of the anionic ligand (L18)2– [Cu–N 2.008(12)-2.008(13) Å] and by 
one phenolate oxygen [Cu–O 1.909(9), 1.910(9) Å]. The apical position is occupied by 
the secondary N-donor from the [9]aneN3 moiety [Cu–N 2.283(10), 2.312(11) Å]. 
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(a) (b) 

(c) 

Figure 6. View of the coordination sphere in the complex cations (a) [Cu2(L18)]2+; (b) [Zn2(HL18)]3+; (c) 
[Pb2(L18)]2+.

A long interaction with the remaining secondary N-donor of the anionic ligand [Cu–N 
2.597(10), 2.593(11) Å] complete an overall N5O-coordination around each metal 
centre. The two N5O-donating compartments of (L18)2– act, therefore, as isolated donor 
sets with the phenolate O-donors not bridging the metal ions [Cu···Cu 5.954(2) Å] [53].  
 Each ZnII ion in the complex cation [Zn2(HL18)]3+ is six-coordinate and bound by an 
N5O-donor set within a slightly distorted octahedral environment [Zn–N 2.177(4)-
2.204(4), Zn–O 2.058(3), Zn···Zn 5.572(1) Å] (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 N5O-
donating compartments of the macropolycyclic anion (HL18)– , although acting as 
isolated donor sets, are connected by an unusual Zn–O···H–O–Zn bridge. 

Finally, the two PbII centres in the cation [Pb2(L18)]2+ lie within the two N5O-
donating compartments of (L18)2– [Pb–N 2.586(5)-2.744(5), Pb–O 2.487(4), 2.630(4) Å] 
and are bridged by the phenolate O-donors with a short interatomic Pb···Pb distance of 
3.9427 (5) Å comparable to that observed between the two metal centres in 
[Y2(L17)(OH)]3+ (Fig. 6c) [53]. On going from [Cu2(L18)]2+ to [Zn2(HL18)]3+ and to 
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[Pb2(L18)]2+, 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 H2L17 (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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93040 Regensburg, Germany 

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). 
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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, CH2) 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(II) 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(II) 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 Zn2+-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(II) ion consisting of a ruthenium chromophore, 
lysine spacer and a cyclene unit was prepared (Scheme 3).[4] 
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 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(II), 
a minimum at pH 9.5 was observed and the emission was quenched by ca. 20 %. 
Manganese(II), iron(II), cobalt(II) and zinc(II) did not result in pH-dependent emission 
quenching. However, the presence of copper(II) ions efficiently quenched the 
ruthenium-based emission at pH 6.8. Binding of copper(II) 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(II), copper(II) and zinc(II) ions at 
neutral pH (buffered aqueous solution) showed that the receptor was selective for 
copper(II) ions. Addition of other metal ions did not result in significant emission 
quenching. The copper(II) ion formed a 1:1 complex with the ligand and the quenching 
could be observed in low metal concentration (10-5 M). A competitive experiment was 
also performed and copper(II) ions were added to a solution which – apart from the 
ligand – already contained a 10-fold excess of zinc(II) and nickel(II) perchlorate. The 
emission was even in this case quenched equally well. Hence, a copper(II) 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(II) ions was 
reversible. 
 On the other hand, Koike et al. [3] described a fluorescent ligand which was 
selective for zinc(II) 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]aneN3
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]aneN3
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(II) ions, the fluorescence intensity at 538 nm (λex = 
320 nm) increased 5.2 times. However, the fluorescence emission was almost 
unaffected by the presence of sodium(I), potassium(I), calcium(II), magnesium(II) or 
iron(III) ions under the same conditions. 
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 Only the presence of copper(II) quenched the fluorescence emission. Nevertheless, 
in ordinary biological systems, copper(II) 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(II) 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(II) 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(II) 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(III) 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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 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 Y3+ and La3+ working in 
aqueous solutions. 
 Lowe et 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 Eu3+ and Tb2+ 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).

Scheme 10. Preparation of a molecular imprinted polymer 

 Potential candidates for the templates were e.g. riboflavin and thymine as they 
exhibit similar imide pKa 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(II)-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(II) 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(II)-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 B1, B2, B6, B12, 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 et al. [11] described a potent zinc(II)-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(II)-cyclenes had been known to bind to uridine and thymidine 
nucleotides by the specific zinc(II)-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(II)-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 TAR33 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(II) and 
zinc(II) perchlorate were prepared. 
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 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]aneN4 (Scheme 16). 
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 The anti-HIV activity of corresponding zinc(II), copper(II) and palladium(II) 
complexes was also evaluated. Activity inversely correlated with stability of the 
complexes: a kinetically labile bis-zinc(II) complex exhibited similar EC50 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). 
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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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 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(II) 
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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 The widely accepted Zn2+-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(II)-substituted CA 
indicates coordination of the amidate N- ion to the metal. In order to answer the 
question how do zinc(II) 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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 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(II) 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 
Zn2+-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(II) 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. 
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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). 
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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.1 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 ionophores2 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 derivatives3 and zinc metalloporphyrin-functionalised gold 
nanoparticles4.
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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 lithium5,
sodium6 and potassium7. 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 streams8 and the potential use of 
rubidium isotopes in radiopharmaceutical reagents9.

Taking into account our calix[4]tube ligand design10, 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).2
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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 Dataa for Group I Metal Complexes of (4) and (5).

 K / M-1

(4) (5)
Na+ b b 
K+ 7.9 × 103 b
Rb+ 6.3 × 104 40 
Cs+ 1.3 × 104 1.6 × 103

a At 298K. Maximum error estimated to be ±10%. Experiments conducted in 99:1 
DMSO:H2O. b No evidence of complexation was observed. 
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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 1). 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 
selectivity and strength of Group I metal cation binding. 

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

Cyclic and square wave voltammetric investigations in 4:1 CH2Cl2:CH3CN 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 dataa for the binding of Group I metal cations by bis-
calix[4]arenes (4) and (5).

(4) (5) 
E½ (V) -1.04, -1.16 -1.06, -1.15 
Epc (V) -1.70 -1.75 

∆E (Na+, mV)b 350 330 
∆E (K+, mV)b 250 250 
∆E (Rb+, mV)b 250 210 
∆E (Cs+, mV)b 240 190 

a Obtained in 4:1 CH2Cl2:CH3CN solution containing 0.1M Bu4NBF4 as 
supporting electrolyte. Receptor concentration = 1 x 10-3M. ∆E recorded upon 
addition of 5 equivalents of Group I metal cations. b 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.11 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 polyammonium12, quaternary 
ammonium13, guanidinium14, expanded porphyrin host systems15 and a variety of Lewis 
acid-containing receptors such as tin16, boron17, silicon18, mercury19 and uranyl20.
Neutral organic receptors containing amide21, urea22, thiourea11a and pyrrole23 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.11,24 

In more recent years, attention has turned towards anion sensory reagents.11,24,25 For 
example, we1,25 and others26-28 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.)3 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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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 H2PO4

- to electrolytic solutions of (7), 100 fold excess in halide, confirmed 
the ability of H2PO4

- to compete effectively for the amide binding site; only the resultant 
H2PO4

- 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 
∆E (mV) 

Cl- Br- H2PO4
-

(7) 40 20 210 
SAM of (7) 100 30 300 
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Figure 3. The voltammetric response of a monolayer of (7) in the absence (dashed line) 
and presence of H2PO4

- (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.27 Attention has recently focused on functionalising 
colloidal nanoparticles with molecular recognition components for potential sensing 
applications.28,29,30 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).4
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 Comparative UV-visible titrations of the zinc metalloporphyrin (8) and the 
metalloporphyrin functionalised nanoparticle (9) with a variety of anions in CH2Cl2 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 Cl- 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 (8) (9)a

Cl- > 6 > 6 

Br- 4.1 5.0 

I- 3.2 4.0 

NO3
- 2.4 3.2 

H2PO4
- > 6 > 6 

ClO4
- 0 0 

a 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) (9)a

Cl- <2 4.3 

H2PO4
- 2.5 4.1 

a 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.31 ranging from molecular cage-like assemblies 
and helicates to mechanically interlocked supramolecules such as rotaxanes, catenanes 
and knots.32 Cationic and neutral species have dominated the templated synthetic 
strategies reported to date by employing metal-ligand coordination33, π−π stacking 
interactions34, hydrogen bonding35 and solvophobic effects36 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.11a Although various serendipitous discoveries of where anions have templated 
the formation of, in particular, inorganic-based polymetallic cage complexes37 and 
circular double helicates38 have now appeared, strategic anion-templated syntheses and 
assemblies are rare.39 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).40,41,42 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. 
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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-workers43 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).40 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 Cl- > Br- > I-. No evidence of 
pseudorotaxane assembly was noted with the pyridinium PF6

- salt. 

OO

N N
H H

Cl-

Figure 5. Crabtree’s isophthalamide anion receptor. 

ON

N
O

O

H

H

O O

O O

O

ON

N

N
H
H

O

Hx

Hx

H

H
HX +-

ON

N
O

O

H

H

O O

O O

O

O

N

O

N

O

N
H HxHx H

CH3+

X-

X- = Cl-, Br-, I-.

Figure 6. Assembly of pseudorotaxane from the ion-paired thread and the macrocycle. 

4.05.06.07.08.09.010.0

b,d

po
m

n

Free Thread

Free Macrocycle

1:1 Mixture

Free Thread

Free Macrocycle

1:1 Mixture

c
g,h

a f

i
e,j

k,l

p

o mn dc

g,h

a
f

e,j,k,l

b i

i
k

jhgfe

d
c

b

a m
l

n
p

o
ON

N
O

O

H

H

O O

O O

O

ON
N

N
H
H

O

Hx

Hx

H

H
HCl-

NMR

Figure 7. 1H 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 8)
reveals the interpenetrative nature of the components and provides evidence for anion 
complexation by the macrocycle’s isophthalamide motif, π−π 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.41 Extensive 1H 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.42

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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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 PF6

- thread alone binds 
anions with a selectivity trend AcO- >> H2PO4

- > Cl-, the rotaxane PF6
- 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.44 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.44 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 assemblies45, assorted 
macrocycles46 and trinuclear cages47.

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).48 Cryptands can be 
assembled through careful choice of a suitable octahedral stereochemical directing 
metal centre such as iron(III) and cobalt(III). 
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Scheme 5. 

The redox-active polyether containing cryptands were shown to complex Group I 
metal cations, initially by ESMS. The bis-cobalt(III) 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(Et2NCS2)3 revealed no evidence of 
interactions with Group I metal cations. 

TABLE 6. Electrochemical Group I metal cation recognition dataa

∆Ep (mV)b

 Li+ Na+ K+ Cs+

(13a) 20 25 15 5 
(14a) 0 25 35 10 
(15a) 0 20 30 45 

a Square wave voltammogram recorded in 1:1 CH2Cl2/MeCN 
solutions containing 0.1 mol dm-3 NBu4BF4 as supporting 
electrolyte. b Anodic shift of the Co(IV)/Co(III) 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.48 Although labile iron(III) complexes proved unsuitable for anion binding 
studies, the cobalt(III) complexes (16a) – (18a) were capable of electrochemically 
sensing anions. Cathodic perturbations of up to ∆E = 125 mV with H2PO4

- of the 
respective Co(IV)/Co(III) redox couple were noted in dichloromethane solutions, 
compared to no anion-induced shifts with Co(Et2CS2)3.

In a serendipitous fashion, a novel mixed valence tetranuclear copper(II)/copper(III) 
dithiocarbamate [2]catenane was prepared in near quantitative yield by partial chemical 
oxidation of a preformed dinuclear copper(II) naphthyl dtc macrocycle (Scheme 6).49 X-
ray structure, magnetic susceptibility, ESMS and electrochemical studies all support the 
tetranuclear catenane dication formulation. The combination of the lability of copper(II) 
dtc coordinate bonds and favourable copper(II) dtc-copper(III) dtc charge transfer 
stabilisation effects are responsible for the high yielding formation of the interlocked 
structure.49
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Exploiting the labile copper(II) dtc coordinate bond, a heteropolymetallic 
copper(II)/gold(III) catenane (22) has also been recently prepared in a ‘magic ring’ high 
yielding reaction simply by mixing the dinuclear copper(II) naphthyl dtc macrocycle 
(19) with the dicationic gold(III) cyclic analogue (21) (Scheme 7).50



SENSING, TEMPLATION AND SELF-ASSEMBLY 117 

N

N

N
S
SS

AuS

S
SS

AuS

R

R R

N

N

N

S
SS

CuS

S
SS

CuS

RR

RN N

N N

SS

S
Cu

S

SS

S
Cu

S

RR

R R

N N

N N

SS

S
Au

S

SS

S
Au

S

RR

R R

2Cl-2Cl-

2+

Stir in 1:1 DCM/MeCN 
at room temperature

2+

(21) (19) (22)

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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8.
SIGNALLING REVERSIBLE ANION BINDING IN AQUEOUS MEDIA 

RACHEL S. DICKINS AND DAVID PARKER 
Department of Chemistry, University of Durham 
South Road, Durham, DH1 3LE, U.K. 

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. 
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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 HPO4

2– and 
H2PO4

– 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 energiesb for common anions [1,6]. 

Shape Thermochemicala

radius 
(nm) 

∆G0
hyd

(kJmol-1)

Spherical 
F- 0.126 –465 
Cl- 0.172 –340 
Br- 0.188 –315 
I- 0.210 –275 
S2- 0.191 –1315 
Linear 
SH- 0.207 –295 
OH- 0.133 –430 
N3

- 0.195 –295 
CN- 0.191 –295 
Trigonal 
planar 
NO3

- 0.196 –300 
HCO3

- 0.156 –335 
CO3

2- 0.178 –1315 
OAc- 0.162 –365 
Tetrahedral 
H2PO4

- 0.200 –465 
PO4

3- 0.238 –2765 
SO4

2- 0.230 –1080 
ClO4

- 0.240 –205 

a Derived from analysis of lattice energies and typically within 5% of the crystallographic ionic radii. 
b Refers to transfer of the gas-phase ion to aqueous solution at 298K, (∆G0

hyd [H+] –1056 kJmol-1). 
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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–1 greater, for anions such as HCO3

–, acetate and lactate [7,8]. 
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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 
(90º, OM̂ O ) and even more commonly to square antiprismatic (70º, OM̂ O ) 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+, Mg2+, Ca2+ and Zn2+, 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 HCO3

– 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–, HPO4

–) or chelating 
(e.g. HCO3

–, 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, Yb), 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] 

para Sz j Fi C jB0
2Gi ij

c
ij
pc             (1)

where <Sz>j  is the reduced value of the average spin polarisation, Fi is the contact term 
proportional to the hyperfine Fermi constant (Ai), Cj is the Bleaney constant dependent 
on the given 4fn electronic configuration, B0

2 is the second order crystal field 
coefficient and Gi is a geometrical term containing structural information (Gi α
(3cos2θ – 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]. 

ij
pc 2C j

2

(kT)2
[ 3cos2 1]

r 3 B0
2                (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, B0

2, and hence determines the magnitude of the observed shift.  Values of 
the mean shift of the four most-shifted axial protons of the 12-N4 ring for [Yb.1a]3+ are 
collated in Table 2.  
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TABLE 2. Effect of the axial donor on the 1H NMR spectral range observed for [Yb.1a]3+ in D2O (295 K, 200 
MHz). 

Anion Axial 
donor 

Shift range 
(ppm) 

Mean shift Hax
a

(ppm) 
Phosphate H2O +124 to –98 100 
Water H2O +110 to –82 75 
Lactate OH +96 to –74 71 
Acetate COδ- +96 to –100 68 
Succinateb COδ- +98 to –108 73 
Gly-Ala NH2 +65 to –59 50 
Glycine NH2 +68 to –56 43 
Malonate CO- +57 to –55 39 
Oxalate CO- +55 to –41 37 
Carbonate CO- +45 to –40 27 

a Mean chemical shift (ppm) of the four most-shifted axial ring protons of the 12-N4 ring. 
b 1H 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 α-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 α-hydroxy acids has also been assessed by 1H 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 CH3 resonances are clearly resolved for the 
R and S diastereomers (∆∆δ = 10 ppm) and experience a large lanthanide induced shift 
with the CH3 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 ∆∆δ values reported for 
shift reagents which are generally of the order 1 ppm, and often < 0.1 ppm. 
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Figure 1. Partial 1H NMR (200MHz, D2O) of (a) [Yb.3a] (diaqua species) showing four axial (•) and four 
equatorial ( ) ring protons; (b) in the presence of 5 equivalents of (S)-lactate [(*) (S)-lactate CH3]; (c) 5 
equivalents of racemic lactate [(#) (R)-lactate CH3]. 

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 H2O and D2O 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]3+ (295 K, 1 mM complex, 10 mM anion) and derived hydration numbers, q (± 20%).a

Anion kH2O
(ms)-1

kD2O
(ms) -1

∆kcorr
(ms) -1

q

Triflate 0.84 0.39 0.39 2.0 
Cl-, Br-, I- 0.87 0.39 0.42 2.1 
F- 0.61 0.36 0.19 1.0 
HPO4

2- 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

2-/HCO3
- 0.53 0.45 0.02 0.1 

a Apparent values of q were derived using q = 5 ∆kcorr after correcting for the estimated effect of unbound 
water molecules (0.06ms-1). 

a.

b.

c.

*

#*

• • • •
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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 Cl–, 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 1H NMR shift for [Yb.1a]3+ discussed above.  The α-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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Figure 2. Structures of Anion Adducts Established by 1H NMR, Ln Emission and X-Ray. 

 The emissive 5D0 excited state for Eu is non-degenerate and Eu3+ species give rise 
to relatively simple emission spectra that may be readily analysed [17].  For the highest 
energy 5D0 – 7F0 (∆J = 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 (∆J = 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 

B02, and three transitions in complexes of lower symmetry.  Both the hypersensitive 
5D0 – 7F2 (∆J = 2, 619 nm) and the 5D0 – 7F4 transitions (∆J = 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 ∆J=2/∆J=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.   
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Figure 3. Variation in the Eu emission spectrum for [Eu.2c] (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 ∆J = 2 band at 616 nm is particularly 
apparent, following incremental addition of HCO3

– to [Eu.2c] (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 
HCO3

–.

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 Eu3+ 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. 
 Yb 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 2F7/2 - 2F5/2
transitions.  Although spectra are complicated by the large number of sub-levels of the 
2F7/2 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].   
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Figure 4. Near-IR CD spectra of [Yb.1a]3+ in the presence of added anions (295 K, 10 mmol, H2O). 

 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]3+, Figure 5, complexes of HPO4

2–

and glucose-6-phosphate give identical CPL spectra – consistent with their very similar 
1H 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]3+ 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 (α-hydroxy 
acids) or NH2 (α-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]3+ 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.  1H NMR of the two ternary complexes 
show the presence of two isomers in solution, Λ(δδδδ) and ∆(λλλλ) [21,29]. With an 
(R)-configuration at the remote chiral centre of the pendent amide arm of [Yb.1a]3+ the 
Λ(δδδδ) isomer adopts a more 'open' structure, with the pendent arms arranged in an 
equatorial position.  However, the ∆(λλλλ) isomer adopts a 'pocket-like' structure with 
the pendent arms axially disposed [30]. The relative proportion of the 'open' 
Λ(δδδδ)  and more 'pocket-like' ∆(λλλλ) diastereomeric complexes with all the amino 
acids is independent of amino acid configuration and is a function of the nature of the 
α-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 Λ(δδδδ) structure. Substituents that offer opportunities for 
hydrophobic interactions or closer van der Waals contact with the ligand, stabilise the 
∆(λλλλ) complex (e.g. methionine, Figure 7). 

              

              

Figure 7. Crystal structures of the ternary complexes of [Yb.1a]3+ 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 α-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]3+:  [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 HCO3
–, falling from ~90 % of all dissolved C1 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]3+ 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 HCO3

– to a solution containing these Eu complexes is signalled 
by an increase in the ratio of the ∆J=2/∆J=1 transitions.  A ratiometric analysis method 
has now been devised [10] in which the apparent dissociation constant, Kd, 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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ION-PAIR RECOGNITION BY DITOPIC MACROCYCLIC RECEPTORS 
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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 Cl- counter-ion on the reverse face. In other words, 
the receptor is inserted between the two ions. 
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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 Cl- 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]  

 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 NMe4

+ cation with a Cl- anion positioned by hydrogen bonding at the 
capsule entrance (see schematic receptor 12). [20] 

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 1H NMR 
spectra that monitor the receptor mediated extraction of KCl into CDCl3. 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. 

Scheme 1. Receptor 13 with bound salt. 
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Figure 1. Partial 1H NMR spectra of receptor 13 in CDCl3 at 295K after addition of solid KCl. 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-d6 (85:15) was increased from 80 M-1 to 2.5 x 104 M-1 by the presence of 
one molar equivalent of potassium tetraphenylborate. Additional NMR titration 
experiments showed that receptor 13 binds KCl better than NaCl. X-ray analysis of the 
13•KCl 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-Cl distance of 2.989 Å is slightly shorter than that observed in solid KCl. 
We also obtained the X-ray structures of receptor 13 complexed with LiCl, LiBr, NaCl, 
NaBr, NaI, KCl, 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+•Cl-].  
(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- > Cl-. 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 KCl, the ratio 
of salts extracted and complexed to the receptor in CDCl3 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, Kp, involves partitioning of the salt into the organic 
phase and the second equilibrium, Ka, 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 Kp (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 Kp, however, the 
order of Kp 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 Kp 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. 

                                                    

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 Cl- 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 Cl- affinity relative to 
13. Not only does the Cl- form hydrogen bonds with both amide but also with the 
pyrrole NH. The Na-Cl distance of 2.65 Å is shorter than the Na-Cl distance when 
sodium chloride is bound in 13 (2.70 Å). 

M+
aq + A-

aq (M+A-)org R•(M+A-)org

Kp
Ka
R

(eq 1)

(M+A-)org R•(M+A-)org

Kp
Ka

(M+A-)solid
R

(eq 2)
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Figure 3. Chemical structure of 14 and X-ray structure of [14•Na+•Cl-].

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•MeNH3Cl 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 CDCl3:DMSO-d6, a solvent 
system where host/guest exchange is rapid on the NMR time scale. As shown in Table 
1, the association constant for NBu4•Cl is 50 M-1. A control experiment with NBu4PF6
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 
Et2NH2•Cl is 10 M-1 which indicates that the diethylammonium cation lowers the Cl-

affinity by sequestering the Cl- away from receptor 13. In the case of i-PrNH3•Cl and n-
PrNH3•Cl the association constants are 2.0 x 102 and 2.0 x 104 M-1, respectively. In the 
case of n-PrNH3•Cl binding, a Job plot indicated that the complex stoichiometry is 1:1. 
The one hundred-fold selectivity for n-PrNH3•Cl over i-PrNH3•Cl was confirmed by a 
competitive binding experiment where 1H NMR showed that one molar equivalent of n-
PrNH3•Cl can completely displace i-PrNH3•Cl from a complex of [13•i-PrNH3•Cl] in 
CDCl3. In addition, receptor 13 has an affinity for n-PrNH3•Cl that is two hundred times 
stronger than for n-PrNH3•AcO and n-PrNH3•p-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 [13•MeNH3
+•Cl-]. 

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

TABLE 1. Association constants (Ka) and chemical shift changes (∆δ) for receptor 13.

Guest Ka (M-1)a NH ∆δb Hb ∆δb Hc ∆δb

Bu4N•Cl 50 +0.90 +0.44 +0.44 
n-PrNH3•Cl 2.0 x 104 +1.00 +0.11 +0.39 
i-PrNH3•Cl 2.0 x 102 +1.02 +0.28 +0.42 
Et2NH2•Cl 10 +0.78 +0.19 +0.31 

n-PrNH3•p-TsO 1.0 x 102 +0.30 -0.31 +0.22 
Bu4N• p-TsO 4 +0.08 +0.01 +0.08 
n-PrNH3•AcO 1.2 x 102 +1.10 -0.11 +0.25 

Bu4N•AcO 20 +1.82 +0.44 +0.45 
aIn CDCl3:DMSO-d6 85:15, T = 295 K, initial [13] = 10 mM. Uncertainty 
±40%. bChange 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 

Most recently we have evaluated the ability of 13 to recognize alkali AcO- and NO3
-

salts. We were particularly interested in seeing how these trigonal oxyanions, with lone 
pair and -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 NO3

- 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 -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 
0o) is favored over hydrogen bonding with -electrons (H-O-N-O dihedral angle 90o). 

 Shown in Figures 5-7 are three X-ray structures of receptor 13 complexed with 
NaNO3, KNO3, or LiNO3. [32] The X-ray structure of 13•NaNO3 (Figure 5) shows that 
the NO3

- is located deep inside the macrocyclic cavity and chelates the bound Na+. The 
receptor NH residues form hydrogen bonds with the non-chelating NO3

- and the two H-
O-N-O dihedral angles are 34o and 78o. In the case of solid-state 13•KNO3, the larger K+

cation forces the chelating NO3
- to sit further out of the receptor cavity, which gives the 

NO3
- more freedom to move (Figure 6). Indeed, the NO3

- 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 NO3

- oxygen and two quite different H-O-N-O dihedral angles of 15o and 70o.
This asymmetrical positioning of the NO3

- 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•LiNO3 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/NO3

- orientation is 
rotated almost 90o, 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 
NO3

- oxygens (the two H-O-N-O dihedral angles are 28o and 37o), and the bridging 
water OH is directed towards the NO3

- oxygen’s -electrons (H-O-N-O dihedral angle 
of 90o). Thus, with these three receptor/NO3

- salt structures, the directionality of the 
hydrogen bonding between the complexed NO3

- and the receptor NH is strongly 
influenced by the identity of the counter cation.  
 It appears that NO3

- 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 NO3

- is directly chelated to the counter 
cation, but this is only achieved by twisting the receptor/NO3

- orientation such that one 
or both of the receptor NH residues are pointing substantially at the NO3

- -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+•NO3
-]. (Reprinted with permission from ref. 32. 

Copyright 2004 American Chemical Society.) 

Figure 6. X-ray crystal structure of [13•K+•NO3
-]. 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 [13•Li+•2H2O•NO3
-]. 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 1H 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 c (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 NO3

- is anisotropic. Indeed, we used 
Density Functional Theory to calculate the shielding surface around the NO3

- 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 1H NMR chemical shift (∆δ) of 
selected protons upon saturation of 13 with salt.a

∆δ (ppm)b

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 
NaNO3 0.00 +0.21 -0.22 -0.18 
KNO3 0.00 +0.32 -0.05 -0.21 
LiNO3 -0.01 +0.20 -0.22 -0.09 

Bu4NNO3
c -0.03 +0.04 +0.51 +0.27 

aSolid salt extracted into solution of 13 (10 mM) in CDCl3

at T = 295 K. bSee structure of 13 for proton labeling. ∆δ 
= δ 13•salt - δ 13. cData obtained after mixing 150 mM 
Bu4NNO3 and 10 mM 13 in CDCl3.

Scheme 4. Anisotropic shielding surface surrounding the nitrate anion. 
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Figure 8. Partial 1H NMR spectra of receptor 13 in CDCl3 at 295K after addition of solid NaNO3. See 
structure of 13 for proton labeling. (Reprinted with permission from ref. 32. Copyright 2004 American 
Chemical Society.) 

 Having established that NO3
- 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 c protons in 13 move upfield by -0.22 
and -0.18 ppm, respectively, when 13 is saturated with NaNO3. The X-ray structure of 
13•NaNO3 (Figure 5) suggests that this is because the NH and c protons are located in 
shielding zones above and below the plane of the encapsulated NO3

-. However, when 13
is saturated with LiNO3, the solution state NMR data does not appear to match with the 
solid state structure. For example, the receptor NH and c protons move upfield by -0.22 
and -0.09 ppm, respectively, but the X-ray structure of 13•2H2O•LiNO3 (Figure 7) 
shows that the NH and c protons are located in the peripheral plane around the 
encapsulated NO3

- (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 1H 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•LiNO3 complex with a structure that is analogous to 
13•NaNO3 in Figure 5 (i.e., the NO3

- 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•2H2O•LiNO3 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 1H 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 NO3

-) and knowledge of the receptor/salt dynamics. In certain cases 
(e.g., the 13•LiNO3 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 1H NMR spectrum of 13•LiNO3 at 213 K. Top: 
sample prepared by solid-liquid extraction using freshly opened 
CDCl3. Bottom: sample prepared with water-saturated CDCl3.
(Reprinted with permission from ref. 32. Copyright 2004 
American Chemical Society.)

5. 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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10.
CYCLIC AND ACYCLIC AMIDOPYRROLE CONTAINING ANION 
RECEPTORS 

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

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 1). The advances in this area are outlined in this 
short review. 

O

NN

H H

RR
N

O

N
H

H R

(a) (b)

Figure 1. Urea and 2-amidopyrrole provide parallel and convergent hydrogen bond donation respectively.

2. 2-Amido and 2,5-Diamidopyrroles 

In the latter half of the 1990’s, Crabtree and co-workers1,2 demonstrated that 
isophthalamides are excellent receptors for fluoride and chloride in organic solution. 
(Figure 2).

O

N

O

N
H H

Figure 2. The isophthalamide motif has been employed in a variety of receptors possessing high affinities for 
anions. 
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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% yields (Figure 3).3 Analysis of the 
stability constants of these compounds with a variety of anions was determined by 1H
NMR titration techniques fitted to a 1:1 binding model (performed in CD3CN and 
DMSO-d6/H2O 0.5% respectively due to the relative solubility of the two compounds), 
revealing a preference for oxo-anion complexation in both cases.  

N
NN

HH
H

O O

N
NN

H
n-Bu

H
n-Bu H

O O

1 2

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 × 103 M-1 whilst compound 2 bound 
dihydrogen phosphate most strongly in DMSO-d6/H2O 0.5% (used for solubility 
reasons) with a stability constant of 1.5 × 103 M-1.
 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).4

N
H3C

N

H
H

O

N
H3C

N

H
n-BuH

O

3 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 1H NMR 
titrations which could be titrated under the same solvent (CD3CN). 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 × 102 M-1 and 2.5 × 103 M-1] whilst association 
constants for 3 with the same anions [8.9 × 101 M-1 and 2.0 × 102 M-1]). 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-James6 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). 
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NH HN

O

H3C H3CO O2PF6
-

5 6 7
Figure 6. Pendent arm 2,5-diamidopyrrole receptors. 

 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).7 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

2- formation. Compound 7, an amide derivative would provide a neutral 
analogue for comparison. 
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1H NMR titration studies performed in DMSO-d6/0.5% H2O 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 104 M-1 with 5 and less than 20 M-1 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).8 The anion 
complexation of these compounds was reported through the results of both 1H NMR 
titration and cyclic voltammetry techniques. 

   

H
N

HN

O

H
N

HN

O
NH

O

FeFe
NH

OFe Fe

8 9
Figure 7. Ferrocene appended amidopyrrole electrochemical molecular sensors.  

 1H NMR titrations with a variety of anions were performed in DMSO-d6/0.5% H2O
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-1 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 mechanism9 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.10 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 × 103

M-1 was obtained for 11 in acetonitrile, whilst the analogous 3,4-diphenyl receptor 2
binds chloride with a stability constant of 1.4 × 102 M-1. 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.  

H
N

HN

ClCl

O

NH

O

H
N

HN

ClCl

O

NH

O

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

 Upon addition of tetrabutylammonium fluoride in CD2Cl2, it was found that the 1H
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.  

Figure 9. 1H NMR titration curve for 11 vs. TBA.F in CD2Cl2.

 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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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).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.  
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Figure 11. Compounds 12 and 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.12 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. 
 1H NMR titrations performed on compound 14 in DMSO-d6/0.5% H2O 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-1 by 14 and 
74 M-1 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.  

Figure 14. 1H NMR titration curve of 15 vs. TBA.F. performed in DMSO-d6/0.5% H2O. 

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).13 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-1, 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).14 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-d6 were determined in the absence of metal cations (109 M-1), and in 
the presence of one equivalent of sodium (128 M-1) and with potassium (540 M-1).
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 Å) and interacting with the crown and the cleft respectively.  
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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).  

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).15 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 1H NMR titration data performed in DMSO-d6/5%H2O 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%H2O, 
providing stability constants with 19 of 114 and 234 M-1 and with 20 11 and 20 M-1

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).16 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-d6/5% H2O for fluoride (124 and 89 M-1), 
dihydrogen phosphate (1092 and 81 M-1), benzoate (1092 and 81 M-1) calculated for 
receptors 21 and 22 respectively.   
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H3C CH3

H3C CH3H3C CH3
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NH HN
O O
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H3C CH3H3C CH3

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 
hydrochloride in the presence of sodium methoxide affording the receptor in 52% 
yield.17
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Figure 21. 2-Guanidiniocarbonylpyrrole with proposed solution and solid-state acetate binding modes. 

 1H NMR titrations revealed that association of 23 with acetate was so strong that 
accurate determination of the association constants became difficult (in DMSO-d6/50% 
H2O association constant of the order of 103 M-1). 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 peptides18,19 and asymmetric carboxylates.20

 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).21 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-d6 and then only up to concentrations of 
around 5mM. 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 1H NMR of the protonated cation (in the form of the picrate salt) in 
DMSO-d6 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 
used to give an approximate value of the dimer association constant in DMSO-d6 of 1012

M-1.
 Control over the structure adopted in solution by selective introduction of 
appropriate anions has been detailed by Schmuck.22 Compound 25 was synthesized and 
it was observed that in DMSO discrete dimeric units could be observed by 1H 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 -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-d6

 By studying the concentration dependence of the 1H NMR spectra performed in 
DMSO-d6 the association constant of the dimer could be calculated at 673 M-1 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 -stacking and hydrophobic interactions potentially important. 
 The structure of the dimer was elucidated using ROESY NMR measurements 
performed in DMSO-d6 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 -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 -stacking as a stabilising force of the 
dimer in the presence of anions can be seen when the 1H 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.23
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 In contrast with previous compound, the 1H NMR spectrum of 26 does not show any 
signs of any intermolecular interactions at sub millimolar concentrations in DMSO-d6,
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 1H NMR spectrum in DMSO-d6 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-1 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-1 at 303 K 
to 70.5 M-1 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.24 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.  
 1H 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 1H 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 CH2 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).25
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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 1H NMR titrations performed in 
dichloromethane-d2/2% DMSO-d6 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-1, whilst compound 31 which contains one oxygen atom had a stability constant 
of 13200 M-1, and compound 32 which contains two oxygen atoms has a stability 
constant of 81400 M-1. 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).26
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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-1 whilst there was no observed 
affinity for nitrate. Strong association constants were also observed for dihydrogen 
phosphate (342,000 M-1), acetate (38,000 M-1) and cyanide (12,000 M-1). 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-
binding characteristics with selectivity observed for dihydrogen phosphate 34 (Figure 
28).27
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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 1H 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-d2 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 × 107 M-1),
chloride (3.55 × 106 M-1) and acetate (9.63 × 105 M-1) proved to be higher than that 
calculated for fluoride (1.48 × 105 M-1).

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 1).  Several years later, 
crystallographic studies confirmed the encapsulation of chloride in H212+ (n = 9) [4]. 

1 (n = 1, 2) 

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].  
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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. 

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, 5 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.  
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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 Ka = 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].   

A    B    C 

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 Å [32,36].  The distance between the two bridgehead nitrogens is 6.59 
Å, slightly shorter than that observed for the fluoride complex (6.65 Å) [44].  
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A    B    C 

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 5A).  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).

A      B

Figure 5. (A) 1H NMR spectra of 2 with one equivalent of halide salt (NaX) at pD = 2.0 ± 0.1 in D2O.  (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 [H62][TsO]6.  H1 = HNCH2, H2 = NCH2CH2, H3 = NCH2CH2.  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 Å, and the distance between the 
bridgehead amines is 6.63 Å.     

    A      B 

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 7A).  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 Å.

    A       B 
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 Å for chloride 
and 3.39 Å for bromide.  The distance between the bridgehead amines is 7.40 Å and 
7.50 Å 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 8) [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 H6[4]5+ for fluoride (log Ka = 9.64 in water), almost as 
high as the binding constants observed for fluoride with 2.

     A     B 

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 SiF6

2- 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 Å to the former and averaging 2.68 Å for the latter.  

    A      B 

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 Å.  The distance between the bridgehead nitrogens 
of the cascade complex is 10.72 Å, which is larger than the corresponding distance (9.22 
Å) in the fluoride complex of 5.

    A      B 

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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    A      B 

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

    A      B 

    C      D 

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 12A 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 Å in the chloride complex, and for the two bromide units 
distances are 10.38 and 10.15 Å, 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 13A – 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-
H2O-F (A), Cl-H2O (B), Br-H2O (C) and Br-(H2O)3 (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 Å, while in 8 they vary over a wider 
range and are longer, 2.95-3.11 Å, averaging 3.05 Å 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 37o.

    A      B 

    C      D 

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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19F 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 19F 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].  

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

F-

F- / 7 = 1 

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

-111.8-111.6-111.4 -111.8-111.6-111.4 -111.8-111.6-111.4 -111.8-111.6-111.4

ppm-111--107-105-103--99-97- -111--107-105-103--99-97- -111--107-105-103-99-97- -111--107-105-103--99-97- -111--107-105-103--99-97- -111--107-105-103--99-97- -111--107--103--99-97- -111--107----99-97- --------

F-

F- / 7 = 1 

Figure 15. 19F NMR spectra of free [n-Bu4N][F] and [n-Bu4N][F] with 7 in DMSO-d6.

In addition to determining the solution structure of the fluoride complex, 19F 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-d6.  In the presence of the 
fluoride complexes, hydrogens on the ligand exchange with deuteriums on the DMSO-
d6.  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-d6 (Figure 16).  The 
series culminates in a singlet indicative of no 1H-19F 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. 
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Figure 16. 19F 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 Å.  
The structure helped to explain puzzling solution phenomena observed in NMR studies 
in CDCl3.  While spectral data obtained in DMSO-d6 showed the expected five-line 
spectrum, the spectrum in CDCl3 indicated what appeared to be contamination and 
additional signals (Figure 19A). 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 HCl 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 
HCl, 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.

    A      B 

Figure 18. The crystal structures of [H7(Cl)] showing the side (A) and end-on (B)
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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 
Å.  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 Å, the largest being the 10.72 Å 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 Å [44], b= 6.59 Å 
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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]. 
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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 Schiff-
base condensation of the triamine, tren, with the appropriate dialdehyde, followed by 
borohydride reduction of the imine functions (Scheme1). 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+-Oanion contacts tethering the included oxoanion within the crypt.
 These are often supported by indirect (water-mediated) NH+-Ow-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 ClO4 cryptate of hexaprotonated R3Bm. 

Figure 1. Perchlorate cryptate of [H6R3Bm]6+, N..O 2.790(5), N..Ow 2.712(6), Ow..O2.782(5) Å.

 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 [H6R3Bm]6+

and [H6R3F]6+ 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 [H6R3F]6+ cavity, which behaves as though smaller 
and more spherical than [H6R3Bm]6+. In consequence of a slight degree of mismatch, 
one NH+ donor of [H6R3Bm]6+ 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 [H6R3Bm]6+. 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 2-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 [H6R3Bm]6+   Figure 7. Oxalate crypt of [H6R3Bm]6+     
N..O 2.84-3.04, N-N3.391(1) Å    N..O distances  in range 2.76-3.04 Å. 

 The third cryptand studied, [H6R3P]n+, 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 [H8R3P]8+.     Figure 9. Nitrate cryptate of [H6R3P]6+.    

 To summarise: for the tren-derived azacryptands, hydrogen bonding derives from 
protonation of all six secondary amines, but not the tertiary bridgeheads. Consequently 
each 2RR ' 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-Ow-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 µ1 Ow bridge. Indeed it appears that the single-Ow 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 Ow..Ow’
linking unit, which is a common motif in dinegative anion structures (see colour pages 
Figs. 2-5).  
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Figure 10. Oxalate cryptate of [H6R3P]6+ showing H-bond dimer linked by O1-O1A 2.474 Å. 

Figure 11. Tosylate crypt of [H6R3Bm]6+, N..O distances in range 2.76-3.04 Å showing 3 water molecules 
encapsulated in preference to OTs-

, N..O(OTs) 2.73-3.03 Å. 
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In 1 (Table 1a) the direct NH+..Ooxoanion contacts (Fig. 5) lie in the range 3.21 – 2.85 Å 
while the Ooxoanion – Ow contacts average to 2.72 Å and the Ow..Ow’ contacts to 2.73 Å.  

TABLE 1.
(a) [H6R3Bm]6+ H-bonds to encapsulated anions; 3 = CrO4

2-; 1= 2
2 3S O ; 4= 2

4SeO

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-O1) 

2.950(9) (N4B-O2) 

3.214(10) (N4A-O2) 

2.927(6) (N4A-O2) 

3.116(6) (N4B-O2) 

3.298(3) (N4B-S2) 

3.455(3) (N4A-S2) 

3.491(3) (N4C-S2) 

  2.852(4) (N3C-O3) 

2.957(4) (N3B-O3) 

2.75(3) (N3C-O4) 

2.75(4) (N3C′-O4) 

2.653(12) (N3C-O4) 

2.913(13) (N3C′-O4) 

2.861(4) (N3A-O4) 

3.087(4) (N3C-O4) 

(b) [H6R3F]6+ H-bonds to encapsulated anions; 3a = CrO4
2-; 1a= 2

2 3S O ; 2a= 2
4SeO

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-O12) 

2.806 (N4B-O12)

2.830 (N11A-O12) 

3.057 (N11C-O12) 

3.256 (N4A-S2) 

3.237 (N4B-S2)

3.059 (N4B-O13) 

2.960 (N4C-O13)

2.959 (N11B-O14) 

2.850 (N11C-O14)

3.043 (N4B-O13) 

3.185 (N4C-O13)

2.792 (N12A-O14) 

2.862 (N12B-O14) 

2.783 (N12C-O14)

2.925 (N3A-O13) 

2.898 (N3B-O13) 

3.018 (N3C-O13)

2.841 (N4A-O12) 

2.846 (N4C-O12)

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



J. NELSON ET AL. 196

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 Ow and Ow’ 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 [H8R3P]8+ [18], the only octaprotonated cryptate we have structurally 
characterised, where the cleft bound anions connect both intramolecularly and 
intermoleculary via Ow chains containing distances as short as 2.66 Å, to make an 
extensive lattice network. The direct NH+ - Ooxoanion contacts are, in contrast, close to 2.9 
Å 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 4ReO  with the most basic cryptand R3Bm.
 Although these binding constants for mononegative oxoanions are relatively low, 
the value for H6R3Bm-nitrate is approximately an order of magnitude greater than that 
reported for 6

6O-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 Σ log Ki = 
43.46 at the hexaprotonated level cf. 46.76 for R3Bm. Both of these cryptands have 
lower basicity than O-bistren (for which the Σ log Ki 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 6

6O-bistrenH
are in general one or two orders of magnitude smaller than those with [H6R3Bm]6+ or 
[H6R3F]6+ apart from the log K for nitrate binding by 6

6O-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 R3Pf

Nitrate    

H6L6+ + 3NO 5
6 3H LNO

3.41±0.03a

3.74±0.09d 3.00±0.03e
2.67±0.04b

2.77±0.08c

H5L5+ + 3NO 4
5 3H LNO 2.53±0.06b 2.22±0.08e 2.29±0.06e

Perchlorate    

H6L6++ ClO4
- 5

6 4H LClO
3.24±0.04b

3.53±0.04d

2.34±0.03e

2.66±0.13d

nde

2.56±0.05d

Perrhenateg    

H6L6++ 4ReO 5
6 4H LReO

3.71±0.10b

3.76±0.10c

nd 3.20±0.10d

H5L5++ 4ReO 4
5 4H LReO

3.45±0.09b

3.66±0.06c

nd nd 

nd = not detectable; a pH-metry [15]; b pH-metry [21]; c NMR [21]; d NMR [15]; e pH-metry [20];  
f log K for [H4LNO3]3+, [H3LNO3]2+, [H2LNO3]+: 2.18, 1.93, 1.70;  
g log K for [H4LReO4]3+, [H3LReO4]2+, [H2ReO4]+: 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 H6R3Bm-ReO4 cation 
[21] is not dramatically different from that of the ClO4 analogue [15]: there is a similar 
mix of direct NH+–Ooxoanion 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 4ReO vs 240 pm for 4ClO ) 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 
[H6R3F]6+, 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 1H 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 
H6L6+ + SO4

2-  H6LSO4
4+ 6.57 ± 0.04 7.21 ± 0.03 6.08 ± 0.03 

H5L5+ + SO4
2-  H6LSO4

3+ 4.72 ± 0.07 5.21 ± 0.06 5.55 ± 0.03

H5L4+ + SO4
2-  H6LSO4

2+ 3.70 ± 0.12 4.32 ± 0.06 5.19 ± 0.03 

H5L3+ + SO4
2-  H6LSO4

+ 3.47 ± 0.05 4.02 ± 0.03 4.84 ± 0.02 

H5L2+ + SO4
2-  H6LSO4 3.06 ± 0.10 3.37 ± 0.06 4.12 ± 0.04 

Selenate 

H6L6+ + SeO4
2-  H6LSeO4

4+ 7.24 ± 0.05 7.27 ± 0.06 5.38 ± 0.06

H6L5+ + SeO4
2-  H6LSeO4

3+ 5.39 ± 0.04 5.38 ± 0.08 4.93 ± 0.06 

H6L4+ + SeO4
2-  H6LSeO4

2+ 4.77 ± 0.06 4.53 ± 0.08 4.66 ± 0.08 

H6L3+ + SeO4
2-  H6LSeO4

+ 4.18 ± 0.04 4.15 ± 0.06 4.34 ± 0.06 

H6L2+ + SeO4
2-  H6LSeO4 3.64 ± 0.08 3.52 ± 0.08 3.87 ± 0.07 

Thiosulfate 

H6L6+ +S2O3
2-  H6LS2O3

4+ 8.51 ± 0.05 7.65 ± 0.07 6.00 ± 0.06 

H6L5+ +S2O3
2-  H6LS2O3

3+ 6.40 ± 0.09 5.11± 0.10 5.63± 0.05 

H6L4+ +S2O3
2-  H6LS2O3

2+ 5.49 ± 0.08 5.09 ± 0.10 5.30 ± 0.06 

H6L3+ +S2O3
2-  H6LS2O3

+ 4.74 ± 0.05 4.56± 0.06 4.95 ± 0.05 

H6L3+ +S2O3
2-  H6LS2O3 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 
[H6R3F]6+ (which behaves as though smaller/more spherical than the [H6R3Bm]6+

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+-Ooxoanion 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 Ow-Ow’ 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 -1,4-
linked glucose units (α-CD, β-CD and γ-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 trans  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 -, -, and -CD in aqueous acidic solution were found to be independent on acidity 
and CDs concentration [8], cf. [9]. 
 Exhaustive studies of -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 -CD when pH < 5.   
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-CD added to the diazonium salt solution hinders the reduction of the nitro group 
since apparent peak potential Eapp (-NO2) is shifted toward more
negative values, in contrast with the Eapp shift observed for the one-electron reduction of 
the -N2

+ group to form the aryldiazenyl radical, ArN2
·, which is shifted toward more 

positive values. Quantitative analysis of the Eapp and peak current ip values allowed 
estimations of the binding constant of ArN2

+ and, for the first time, of the binding 
constant of ArN2

· (or Ar·) with -CD, which is much higher than that of the parent 
ArN2

+.  Either the decrease in peak currents or Eapp shifts are interpreted in terms of the 
formation of a 1:1 inclusion complex between -CD and PNBD cation, with the -NO2
group inserted into the CD cavity.  The specific spatial orientation of complexed PNBD 
ions allows solvation of the positive charge of the -N2

+ group mainly by the secondary 
hydroxyl groups of -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 -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]. 
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Figure 1. Total yield [%] and ratio of 2-substituted to 2,5-disubstituted pyrrole coupling products with  o-
ethoxybenzenediazonium salt in the presence of -CD.

2.2 CYCLODEXTRINS AND AZOALKANES

Some papers are devoted to analysis of co-conformation of CD complexes with azo-
compounds. The structures of -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.
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 Consecutively, the structural, kinetic and thermodynamic investigation of substituent 
effect on host-guest complexation with -CD for compounds 1 – 6 (Figure 2) was also 
performed by time-resolved and steady-state fluorimetry, UV spectrophotometry, ICD 
measurements, and 1H NMR spectroscopy [17].  The binding constants for 1 (1100 M-

1), 2 (900 M-1), 3 (1900 M-1), 4 (180 M-1), 5 (250 M-1), and 6 (ca. 20 M-1) 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 β-CD forms 1:1 complexes with Methyl Orange and 
Congo Red in water, whereas γ-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 α-CD inclusion 
complexes with azobenzene derivatives 1 listed in Figure 3 that are in the range of 5.0 x 
103 to 1.75 x 104 mol−1·dm3. The rate constants for inclusion reaction and its mechanism 
are dependent on the substituent group Y. For Y = CO2

− the reaction is very fast 
(milliseconds) and proceeds as one step process. When Y = AsO3H− the reaction is 
slow. When Y = SO2NH2 or SO3

−, the inclusion proceeds as a two-step process.  
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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 -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.   
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4.         CH3       OH         COO-    SO2NH2

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 -  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 -
CD was possible.  2D NMR experiments served for a molecular dynamics calculation 
leading to a structural representation of the intermediate and final complexes. 
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 The equilibrium constants (K) for the inclusion complex formation of –
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 -CD was discussed. Further, the solvent effect 
on the inclusion complexation of Methyl Orange with -CD and heptakis(2,6-di-O-
methyl)- -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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 The anionic azo dye Orange II complexation with -, and -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 - and -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 -, -, -CDs and three 
modified CDs. Modified -CDs such as hydroxypropyl- -CD, dimethyl- -CD and 
trimethyl- -CD exhibit stronger inclusive ability. The inclusive ability of -CD with 
Orange II is the strongest. The inclusive ability of -CD is very weak. Suggested 
structures of complexes are shown in Figure 7. 
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 NMR studies of aqueous solutions (pH 7) of -CD and the azo dye Congo Red show 
distinct, concentration-independent 1H NMR signals. A very stable 1:1 pseudorotaxane 
(K11 = 38,000 M-1) is formed.  The structure of the 1:1 pseudorotaxane involves fast 
motion of the -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 (K22 = 13 M-1).  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 β-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 β-CD at constant pH. 
The isomerization rate decreases 4, 8, and 1.67 times, respectively, in a solution 
containing 0.01 M β-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 β-CD. The arrangement of each of the above dyes in 
-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 -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 -cyclodextrin but also 
remarkably extend its molecular recognition abilities towards different host molecules, 
including Methyl Orange and Methyl Red. 

Se Se SeSe OSeSeO
O OCDCD CD CD CD CD

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 et 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 α-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 trans-azobenzene groups. By forming 
the hydrogen bond, the cis form of azobenzene seems to be stabilized. Addition of large 
excess of γ-cyclodextrin to a DMSO solution of 3 (cis) retards the photoinduced cis- to 
trans-isomerization, but γ-cyclodextrin contained in 2 blocks the isomerization much 
more effectively.  
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 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 α- or β-cyclodextrin 3 (Figure 11). The products were 
isolated by paper chromatography. The yield for rotaxane 4 varied from 12 to 15 % for 

- and -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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 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 -cyclodextrin oligo-cation was 
obtained by treatment of heptakis(6-deoxy-6-iodo- -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 -CD [39]. -CD showed good 
levelling properties in the dyeing of polyamide fibers. The observed effect can be due to 
the formation of complexes between -cyclodextrin and dyes. 
 The copolymerization of a methylated- -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)- -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]. 
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4. Azobenzenes Chemically Bonded to Cyclodextrins 

The hetero-dimerization behavior of dye-modified -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 -
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 -CD cavity (Figure 13). 1 also associates with native -CD by 
inserting the dye residue into the -CD cavity.  The association constants for such 
hetero-dimerization are 198 M-1 at pH 1.00 and 305 M-1 at pH 6.59, which are larger 
than the association constants of 1 for -CD (43 M-1 at pH 1.00). 

Figure 13 
 Permethylated tosylated -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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Ionically self-assembled monolayers possessing exceptional temporal and thermal 
stability of  relative to poled polymers were prepared [45]. Molecules of non-
polymeric azo dyes (Mordant Orange 10) form pseudorotaxanes with -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 trans-azobenzene and -
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 -cyclodextrin cavity. Replacement of -CD by 
-CD in this peptide creates 94% helix content when azobenzene unit is in cis form, 

whereas for trans 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. 

Figure 15 

 Inclusion properties of molecular nanotubes composed of crosslinked -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- -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].  

Azobenzene 
residue - or -CD
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 The series of photoresponsive, azobenzene modified CDs were prepared by Ueno et 
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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 Fukushima et al. reported analogously modified -CD [50] and -CD [51] with 
shorter spacer. Association of regioisomer E takes place in concentrated solutions. Upon 
UV irradiation the -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
γ-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- -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 l-borneol, 1-
adamantanol, or 1-adamantanecarboxylic acid [53,54]. 
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 Ueno et al. [55,56] showed that β-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 
γ-cyclodextrin were obtained by Hamada et al. [57] (Figure 19). The guest binding 
ability of β-CD is higher for cis compared to trans-azobenzene shallow cap. In contrast, 
complexation of l-borneol, 1-adamantane-carboxylic acid, cyclododecanol, nerol and l-
menthol by γ-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 -CD equals 47 %. The cis form 
converts back to trans form in dark with a half-life of 262 h at 25oC. 
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 Jung et al. [58] obtained permethylated α-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 -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 25o.
 The first [5]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.  

O
O

N N N
N

H

-CD
(OMe)17

CO

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 -CD as eluents. The cyclodextrin 
substantially increases the RF values [61]. Commercial -, -, and -CD polymers were 
used for the same purpose, however changes of RF were observed only for some azo 
dyes [62]. 2-Hydroxypropyl- -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 -cyclodextrin was anchored onto silica gel used as 
stationary phase in HPLC and photoresponsive chromatographic behavior of dansyl 
amino acid enantiomers was studied [64].  

6. Acknowledgements 

Financial support from Gda sk University of Technology, Grant No. DS 014668/003, 
and from State Committee for Scientific Research, Grants No. 3 T09A 151 27 and 3 
T09A 128 27, are kindly acknowledged. 



E. LUBOCH ET AL. 216

7. References  

1. Ueda, H. (2002) Physicochemical Properties and Complex Formation Abilities of Large-Ring 
Cyclodextrins, J. Incl. Phenom. 44, 53-56.  

2. Ueda, H. Wakisaka, M. Nagase, H. Takaha, T. and Okada, S. (2002) Physicochemical Properties of 
Large-Ring Cyclodectrins (CD18 – CD21), J. Incl. Phenom. 44, 403-405. 

3.  Szejtli, J. (1988) Cyclodextrin Technology, in: J.E.D. Davies (ed.), Topics in Inclusion Science, Kluwer 
Academic Publishers, Dordrecht/Boston/London. 

4. Szejtli J. (1998) Introduction and General Overview of Cyclodextrin Chemistry, Chem. Rev. 98, 1743-
1753. 

5. Fr mming, K.-H. and  Szejtli, J. (1994) Cyclodextrins in Pharmacy, in J.E.D. Davies (ed.) Topics in 
Inclusion Science, Kluwer Academic Publishers, Dordrecht/Boston/London. 

6. Lehn, J.-M. Atwood, J.L. Davies, J.E.D. McNicol, D.D. and Vögtle F. (eds.) (1995) Comprehensive 
Supramolecular Chemistry, Pergamon, New York, 1996; 6a) Shinkai, S. Switchable Guest-binding 
Receptor Molecules, Vol. 1; G.W. Gokel (volume ed.), pp. 671-700.  

7. Proceedings of the 11th International Cyclodextrin Symposium, (2002) J. Incl. Phenom. Special issue, 
Vol. 44.

8. Bravo-Diaz, C. Sarabia-Rodriguez, M.J. Barreiro-Sio, P. and Gonzalez-Romero, E. (1999) Heterolytic 
Dediazoniation of 2-, 3-, and 4-Methylbenzenediazonium Tetrafluoroborate in the presence of -, -, and 
-Cyclodextrins, Langmuir 15, 2823-2828.  

9. Bravo-Diaz, C. Romero-Nieto, M.E. and Gonzalez-Romero, E. (2000) Micellar-Promoted Homolytic 
Dediazoniation of  p-Nitrobenzenediazonium Tetrafluoroborate, Langmuir 16, 42-48.  

10. Gonzalez-Romero, E. Malvido-Hermelo, B. and Bravo-Diaz, C. (2002) Effects of -cyclodextrin on the 
electrochemical behavior of a model arenediazonium ion. Kinetics and mechanism of the reaction, 
Langmuir 18, 46-55. 

11. Jamrógiewicz, M. Wagner-Wysiecka, E. Luboch, E. and Biernat, J.F. (2004) Effect of β-cyclodextrin on 
coupling of diazonium salts, XXIX International Symposium on Macrocyclic Chemistry, Cairns, 
Australia, Abstracts, KL – ISMC – 9.  

12. Jamrógiewicz, M. Luboch, E. and Biernat, J.F. (2004) Wp yw β-cyklodekstryny na reakcje sprz gania 
soli diazoniowych, XLVII Meeting of Polish Chemical Society, Wroc aw, Poland, Abstracts, Vol. II, 
K001, p. 780. 

13. Wagner-Wysiecka, E. Luboch, E. Kowalczyk, M. and Biernat, J.F. (2003) Chromogenic macrocyclic 
derivatives of azoles – synthesis and properties, Tetrahedron 59, 4415 – 4420.  

14. Jamrógiewicz, M. Wagner-Wysiecka, E. and Biernat, J.F. Cyclodextrin mediated synthesis of 
macrocyclic imidazole derivatives with two azo units, manuscript in preparation.

15. Zhang, X. and Nau, W.M. (2000) Chromophore Alignment in a Chiral Host Provides a Sensitive Test for 
the Orientation – Intensity Rule of Induced Circular Dichroism, Angew. Chem., Int. Ed. Engl. 39, 544-
547. 

16. Mayer, B. Zhang, X. Nau, W.M. and Marconi, G. (2001) Co-conformational Variability of Cyclodextrin 
Complexes Studied by Induced Circular Dichroism of Azoalkanes, J. Am. Chem. Soc. 123, 5240-5248.  

17. Zhang, X. Gramlich, G. Wang, X. and Nau, W.M. (2002) A Joint Structural, Kinetic, and 
Thermodynamic Investigation of Substituent Effects on Host-Guest Complexation of Bicyclic 
Azoalkanes by -Cyclodextrin, J. Am. Chem. Soc. 124, 254-263. 

18. Hirai, H., Toshima, N., and Uenoyama, S. (1985) Inclusion Complex Formation of γ-Cyclodextrin. One 
Host-Two Guest Complexation with Water-soluble Dyes in Ground State, Bull. Chem. Soc. Jpn. 58,
1156-1164. 

19. Yoshida, N., and Hayashi, K. (1994) Dynamic Aspects in Host-Guest Interactions. Part 2. Directional 
Inclusion Reactions of Some Azo Guest Molecules with α-Cyclodextrin, Perkin Trans. 2 1285-1290. 

20. Yoshida. N. (1995) Dynamic acpects in host-guest interactions. Part 4. Kinetic and 1H NMR evidence 
for multi-step directional binding in the molecular recognition of some 2-naphthylazophenol guests with 
α-cyclodextrin, Perkin Trans. 2  2249-2256. 

21. Abou-Hamdan, A. Bugnon, P. Saudan, Ch. Lye, P.G. and Merbach, A.E. (2000) High-Pressure Studies 
as a Novel Approach in Determining Inclusion Mechanisms: Thermodynamics and Kinetics of the Host-
Guest Interactions for -Cyclodextrin Complexes, J. Am. Chem. Soc. 122, 592-602. 

22. Sueishi, Y. Kasahara, M. Inoue, M. and Matsueda, K. (2003) Effect of substituent and solvent on 
inclusion complexation of –cyclodextrins with azobenzene derivatives, J. Incl. Phenom. 46, 71-75.  

23. Zheng, P. Li, Z. Tong, L. and Lu, R. (2002) Study of Inclusion Complexes of Cyclodextrins with Orange 
II, J. Incl. Phenom. 43, 183-186. 

24. Guo, Y.-J. Pan, J.-H. and Jing, W.-J. (2004) Determination of Orange II and the Supramolecular System 
of Orange II with Cyclodextrins by Polarography, Dyes and Pigments 63, 65-70. 



CYCLODEXTRIN COMBINATIONS WITH AZOCOMPOUNDS 217

25. Mourtzis, N. Cordoyiannis, G. Nounesis, G. and Yannakopoulou, K. (2003) Single and Double 
Threading of Congo Red into -Cyclodextrin. Solution Structures and Thermodynamic Parameters of 1:1 
and 2:2 Adducts, as Obtained from NMR Spectroscopy and Microcalorimetry, Supramol. Chem. 15,
639-649.   

26. Sanchez, A.M., and de Rossi, R.H. (1996) Effect of β-cyclodextrin on the thermal cis-trans
isomerization of azobenzenes, J. Org. Chem. 61, 3446-3451. 

27. Barbiric, D.J. Castro, E.A. and De Rossi, R.H. (2000) A molecular mechanics study of 1:1 complexes 
between azobenzene derivatives and -cyclodextrin, J. Mol. Struct. (Theochem.) 532, 171-181. 

28. Barbiric, D.J. De Rossi, R.H. and Castro, E.A. (2001) Inclusion complex of 1:2 stoichiometry between 
azobenzenes and cyclodextrins: a molecular mechanics study, J. Mol. Struct. (Theochem.) 537, 235-243.  

29. Liu, Y. Li, L. and Chen, Y. (2002) Molecular Recognition Studies on Supramolecular Systems. Part 38. 
Inclusion Complexation of Organic Dyes by Organoselenium Bridged Bis-( -cyclodextrin)s with a Short 
Linker, J. Incl. Phenom. 42, 151-155. 

30. Nepogodiev, S.A., and Stoddart, J.F. (1998) Cyclodextrin-Based Catenanes and Rotaxanes, Chem. Rev.
98, 1959-1976. 

31. Harada, A. (1998) Polyrotaxanes, Acta Polymer. 49, 3-17. 
32. Murakami, H., Kawabuchi, A., Kotoo, K., Kunitake, M., and Nakashima, N. (1997) A light-Driven 

Molecular Shuttle Based on a Rotaxane, J. Am. Chem. Soc. 119, 7605-7606. 
33. Yamaguchi, I. Osakada, K. and Yamamoto, T. (2000) Pseudopolyrotaxane composed of an azobenzene 

polymer and -cyclodextrin. Reversible and irreversible photoisomerization of the azobenzene groups in 
the polymer chain, Chem. Commun. 1335-1336. 

34. Anderson, S., Claridge, T.D.W., and Anderson, H.L. (1997) Azo-Dye Rotaxanes, Angew. Chem. Int. Ed. 
Engl. 36, 1310-1312. 

35. Craig, M.R., Claridge, T.D.W., Hutchings, M.G., and Anderson, H.L. (1999) Synthesis of 
cyclodextrinazo dye [3]rotaxane as a single isomer, Chem. Commun. 1537-1338. 

36. Shinkai, S. Takeuch, M. and Ikeda, A. (2000) in Osada Y. De Rossi D.E. (eds.) Polym. Sens. Actuators,
Springer-Verlag, Berlin, Germany,183-206; Harada, A. (2001) Cyclodextrin Based Molecular Machines, 
Acc. Chem. Res. 34, 456 – 464.  

37. Fischer, P. Koetse, M. Laschewsky, A. Wischerhoff, E. Jullien, L. Persoons, A. and Verbiest, T. (2000) 
Orientation of Nonlinear Optical Active Dyes in Electrostatically Self-Assembled Polymer Films 
Containing Cyclodextrins, Macromolecules 33, 9471-9473.   

38. Ihara, Y. (2000) Adsorption of acid dyes from aqueous solution onto polymers containing cyclodextrin, 
Yamaguchi-kenritsu Daigaku Seikatsu Kagakubu Kenkyu Hokoku 25, 23-28; C.A. (2001) 134, 257290.  

39. Savarino, P. Parlati, S. Buscaino, R. Piccinini, P. Degani, I. and Barni, E. (2004) Effect of additives on 
the dyeing of polyamide fibers. Part I. -Cyclodextrin, Dyes and Pigments 60, 223-232 and papers cited 
therein. 

40. Storsberg, J. Glockner, P. Eigner, M. Schnoller, U. Ritter, H. Voit, B. and Nuyken, O. (2001) 
Cyclodextrins in polymer synthesis: photocrosslinkable films via free radical copolymerization of 
methylated -cyclodextrin-complexed styrene with sodium 4-(acrylamido)-phenyldiazosulfonate in 
aqueous medium, Designed Monomers and Polymers 4, 9-17. 

41. Craig, M.R. Hutchings, M.G. Claridge, T.D.W. and Anderson, H.L. (2001) Rotaxane-encapsulation 
enhances the stability of an azo dye, in solution and when bonded to cellulose, Angew. Chem., Int. Ed.
40, 1071-1074. 

42. Anderson, H.L. Craig, M.R. and Hutchings, M.G. (2002) PCT Int. Appl. WO 2002024816 A1 28 Mar 
2002, 28 pp.; C.A. (2002) 136, 280778. 

43. Kuwabara, T. Aoyagi, T. Takamura, M. Matsushita, A. Nakamura, A. and Ueno, A. (2002) Hetero-
Dimerization of Dye-Modified Cyclodextrins with Native Cyclodextrins; J. Org. Chem. 67, 720-725. 

44. Fujimoto, T. Sakata, Y. and Kaneda, T. (2000) The first Janus [2]rotaxane, Chem. Commun. 2143-2144. 
45. Gibson, H.W. Guzy, M.T. Shah, S. Wang, H. Neyman, P.J. Van Cott, K.E. Davis, R.M. Figura, C. 

Brands, C. and Heflin, J.R. (2001) Second-order nonlinear optical properties of ionically self-assembled 
films, Polymeric Materials: Science & Engineering of Composite Materials 84, 251-252. 

46. Ueno, A. Shimizu, T. Mihara, H. Hamasaki, K. and Pitchumani, K. (2002) Supramolecular Chemistry of 
Cyclodextrin-Peptide Hybrids: Azobenzene-Tagged Peptides, J. Incl. Phenom. 44, 49-52. 

47. Shimomura, T. Funaki, T. Ito, K. Choi, B.-K. and Hashizume, T. (2002) Circular dichroism study of the 
inclusion-dissociation behavior of complexes between a molecular nanotube and azobenzene substituted 
linear polymers, J. Incl. Phenom. 44, 275-278. 

48. Kikuchi, T. Narita, M. and Hamada, F. (2002) Synthesis of bis dansyl-modified -cyclodextrin dimer 
linked with azobenzene and its fluorescent molecular recognition, J. Incl. Phenom. 44, 329-333. 

49. Ueno, A. Fukushima, M., and Osa, T. (1990) Inclusion Complexes and Z-E Photoisomerization of β-
Cyclodextrin Bearing an Azobenzene Pendant, Perkin Trans. 2 1067-1072. 



E. LUBOCH ET AL. 218

50. Fukushima, M., Osa, T., and Ueno, A. (1990) Photocontrol of Molecular Association Attained by 
Azobenzene-modified Cyclodextrin, Chem. Commun. 15-17. 

51. Fukushima, M. Osa, T. and Ueno, A. (1991) Photoswitchable Multi-response Sensor of Azobenzene-
modified γ-Cyclodextrin for Detecting Organic Compounds, Chem. Lett. 709-712. 

52. Ueno, A. Kuwabara, T. Nakamura, A. and Toda, F. (1992) A modified cyclodextrin as a guest 
responsive color-change indicator, Nature 356, 136-137. 

53. Ueno, A. (1993) Fluorescent Sensors and Color-Change Indicators for Molecules, Adv. Mater. 
(Weinheim) 5, 132-134. 

54. Ueno, A. (1993) Modified cyclodextrin as supramolecular sensors of molecular recognition, New Funct. 
Mater. C. 521-526. 

55. Ueno, A. Yoshimura, H. Saka, R. and Osa, T. (1979) Photocontrol of Binding Ability of Capped 
Cyclodextrin, J. Am. Chem. Soc. 101, 2779-2780. 

56. Moriwaki, F. Kaneko, H. Ueno, A. Osa, T. Hamada, F. and Murai, K. (1987) Excimer Formation and 
Induced-Fit Type of Complexation of β-Cyclodextrin Capped by Two Naphthyl Moieties, Bull. Chem. 
Soc. Jpn. 60, 3619-3623. 

57. Hamada, F. Fukushima, M. Osa, T. Ikeda, H. Toda, F. and Ueno, A. (1993) Azobenzene-capped γ-
cyclodextrin as photo-switchable host, Makromol. Chem., Rapid Commun. 14, 287-291. 

58. Jung, J.H., Takehisa, C., Sakata, Y., and Kaneda, T. (1996) p-(4-Nitrophenylazo)phenol Dye-bridged 
Permethylated α-Cyclodextrin Dimer: Synthesis and Self-aggregation in Dilute Aqueous Solution, 
Chem. Lett. 147-148. 

59. Aoyagi, T. Ueno, A. Fukushima, M. and Osa, T. (1998) Synthesis and photoisomerization of an 
azobenzene derivative bearing two β-cyclodextrin units at both ends, Macromol. Rapid Commun. 19,
103-105. 

60. Kaneda, T. Yamada, T. Fujimoto, T. and Sakata, Y. (2001) The first [5]supercyclodextrin whose 
cyclopentameric array is held only by a mechanical bond, Chem. Lett. 1264-1265. 

61. Huynh, T.K.X. Lederer, M. and Leipzig-Pagani, E. (1995) Adsorption chromatography on cellulose XII. 
General effects of  aqueous solutions of -cyclodextrin as eluent, J. Chromatogr. 695, 155-159. 

62. Lederer, M. and Nguyen, H.K.H. (1996) Adsorption chromatography on cellulose XIV. Some results 
using aqueous solutions of soluble cyclodextrin polymers as eluents, J. Chromatogr. 723, 405-409.  

63. Hostettmann, K. Lederer, M. and Marston, A. (2000) A study of the cyclodextrin complexes of 
flavonoids and azodyes by thin layer chromatography. Part II. Hydroxypropyl-cyclodextrins, 
Phytochemical Analysis 11, 380-382.  

64. Yoshida, K. Nakagama, T. Uchiyama, K. and Hobo, T. (1998) Photo responsive chromatographic 
behavior of dansyl amino acid enantiomers using azobenzene-modified cyclodextrin stationary phases in 
HPLC, Chromatography 19, 310-311. 



Karsten Gloe (ed.), Macrocyclic Chemistry: Current Trends and Future Perspectives, 219–234.
© 2005 Springer. Printed in the Netherlands.

14.
Ru(II) AND Os(II) COMPLEXES OF A SHAPE-PERSISTENT MACROCYCLIC 
LIGAND: SYNTHESIS, PHOTOPHYSICAL PROPERTIES, AND 
ELECTROCHEMICAL CHARACTERIZATION 

MARGHERITA VENTURIa, VINCENZO BALZANIa,
FILIPPO MARCHIONIa, DORINA M. OPRISb, PETER FRANKEb

AND A.-DIETER SCHLÜTER b, c

a Dipartimento di Chimica "G. Ciamician", Università di Bologna,  
via Selmi 2, 40126 Bologna, Italy 
b Freie Universität Berlin, Institut für Chemie,  
Takustrasse 3,14195 Berlin, Germany 
c Present Address: Department of Materials, Institute of Polymers ETH-
Hönggerberg, HCI J 541, 8093 Zürich, Switzerland

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(II) and/or Os(II) complexes. It is, indeed, since long 
known that Ru(II) 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]. 
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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)2(1)]2+ and 
[Os(bpy)2(1)]2+ complexes (Scheme 1). We also report the syntheses of simpler Ru(II) 
and Os(II) complexes that together with other previously synthesized species (Scheme 
2) have been used as model compounds for interpreting the behavior of the new 
macrocyclic ligand and its complexes. 
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Scheme 1. Structures of the macrocyclic ligand 1 and its Ru and Os complexes.

N

NN

N

N

NN

N

Br

Br
OHex

OHex

OHex

OHex
Br

Br

N

NN

N

OHex

OHex
Br

Br

NN

HexO OHex

BrBr

N

NN

N

OHex

OHex

N N

OHexHexO

HexO OHex

2

Ru

Ru
2

Os
2

[Ru(bpy)2(5)]2+

[Ru(bpy)(5)2]2+[Os(bpy)2(5)]2+

5

2+

2+2+

Ru
2

[Ru(bpy)2(2)]2+

2+

2

3

4
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2. Synthesis 

The synthetic route to macrocycle 1 is shown in Scheme 3. It was constructed from the 
building blocks 8b and 9. The synthesis of 8b starts from the boronic acid ester 6[9]
which was coupled with the diiodobiphenyl 7 to give 8a. Its silyl groups were virtually 
quantitatively converted into the diiodo analogue 8b with iodochloride[9]. The other 
building block, 9, was prepared as described[10]. Both cycle precursors were obtained 
as analytically pure materials on the gram scale (8b: 1.7 g, 9: 2.3 g). The ring closure 
was done according to a literature procedure[1a] and gave cycle 1, a presumably cyclic 
compound with double molar mass ([1]2), and linear oligomers. Cycles 1 and [1]2 (not 
described here[11]) were obtained on the 300 mg (Yield: 20%) and 100 mg scale, 
respectively, after preparative gel permeation chromatography. The oligomeric material, 
though it may be of interest for its capacity to form helical structures[12] was not further 
investigated[13]. The 1H and 13C NMR spectra prove the cyclic nature of 1. Specifically 
signals of end groups are completely absent. The FAB mass spectrum shows a signal at 
m/z = 1544 Da which corresponds to the molecular ion. 
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X X
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H H

7 8a: X = SiMe3
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+     8b
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1
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Scheme 3. a) Pd(PPh3)4, 1M Na2CO3/water, toluene, r.f. 3 d (57%); b) ICl, DCM, -15°C, 30 min. (97%);  
c) Pd(PPh3)4, CuI, toluene, triethylamine, 60°C for 4 d, 95°C for 1 d (20%).

Bipyridines have been intensely used as ligands in transition metal complexes[6].
Within a broader investigation of the redox and photophysical behavior of Ru and Os 
complexed macrocycles[4,8], the Ru(II) and Os(II) complexes shown in Schemes 4 and 
5 were prepared.

The complexations were done with either [Os(bpy)2Cl2], [Ru(bpy)2Cl2], or 
[Ru(bpy)Cl3]x. Refluxing of the respective bipyridine (5, 10, Scheme 4, and 1, Scheme 
5) in either ethanol (or mixtures of it with dioxane and water) or butanol afforded the 
corresponding complexes [Os(bpy)2(5)]2+, [Ru(bpy)(5)2]2+, and [Ru(bpy)(11)2]2+

(Scheme 4), and [Ru(bpy)2(1)]2+ and [Os(bpy)2(1)]2+ (Scheme 5), in yields of 38, 84, 84, 
56, and 50%, respectively. During complexation the colors changed from purple to 
green for the Os and from red to orange for the Ru complexes. Purification was done by 
column chromatography through neutral aluminium oxide or silica gel. 10 carries the 
rather sensitive THP protecting group. This was cleaved off during complexation to give 
the diol [Ru(bpy)(11)2]2+, instead of the expected THP-protected analogue. 
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Scheme 4. a) ethanol, r.f., 3 d, (38%); b) ethanol, dioxane, water, r.f., 24 h, (84%).

1 [Ru(bpy)2(1)]2+
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a

+
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Scheme 5. a) for [Ru(bipy)2(1)]2+: dioxane, propylene glycol, ethanol, r.f., 24 h (56%); for [Os(bipy)2(1)]2+:
buthanol, r.f., 5 d, (50%).

The complexes were characterized by FAB ([Os(bpy)2(5)]2+, [Ru(bpy)(5)2]2+, and 
[Ru(bpy)(11)2]2+) and MALDI-TOF mass spectrometry ([Ru(bpy)2(1)]2+ and 
[Os(bpy)2(1)]2+) as well as high field 1H and 13C NMR spectroscopy. They have two 
enantiomeric forms (Λ and ∆). Figure 1 shows the 1H NMR spectrum of complex 
[Ru(bpy)2(1)]2+ with a signal assignment which was possible by means of HMQC and 
COSY pulse sequences. Two sets of signals were observed for each of the two pyridines 
of the bpy ligands and one set for those of the cycle's bpy. The MALDI-TOF mass 
spectra of [Ru(bpy)2(1)]2+ and [Os(bpy)2(1)]2+ were recorded in dithranol matrix and 
show the signals at m/z = 2102, 1957 for [Ru(bpy)2(1)]2+ and m/z = 2192, 2047 for 
[Os(bpy)2(1)]2+ which are characteristic for M+(-PF6

−) and M+(-2PF6
−), respectively 

(Figure 2). 
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Figure 1. 1H NMR spectrum (500 MHz) of [Ru(bipy)2(1)]2+ complex in CDCl3 at 20 °C with partial signal  
assignment based on COSY pulse sequences.
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Figure 2. MALDI-TOF mass spectrum (dithranol matrix) of [Os(bipy)2(1)]2+ complex with partial 
assignment.

The syntheses of compounds 2[8], 3[14], [Ru(bpy)2(2)]2+[8], and [Ru(bpy)2(5)]2+[4b]
have been previously reported.

3. Photophysical Properties 

Macrocyclic ligand 1 (Scheme 1) is soluble in dichloromethane and tetrahydrofuran. It 
shows in dichloromethane solution (Figure 3) a structured and intense absorption in the 
UV region, that is practically the sum of the absorption spectra of compounds 2, 3, and 
4 (Scheme 2, Figure 3), taken as models of the macrocycle’s component units. This 
result indicates that in 1 the component units behave independently, i.e., they do not 
interact in the ground state. A different behavior, however, is observed as far as the 
luminescence properties are concerned. A comparison with the emission spectra in 
dichloromethane solution of compounds 2, 3, and 4 (Table 1, Figure 4) shows that the 
strong and structured emission band of 1 is very similar in shape and energy (Table 1, 
Figure 4) to that of compound 2. Therefore it can be concluded that light excitation of 1
is followed by energy transfer to the component unit 2, whose fluorescent excited state 
lies at lowest energy than the fluorescent excited states of compounds 3 and 4. The fact 
that 1 shows a quantum yield higher than that of compound 2 is most probably ascribed 
to its rigid structure which slows down radiationless deactivation. 
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TABLE 1. Luminescence properties

aAir-equilibrated acetonitrile. bDichloromethane/methanol (1:1 v/v) rigid matrix, unless otherwise noted. 
cDichloromethane/chloroform (1:1 v/v) rigid matrix.
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Figure 3. Absorption spectra in dichloromethane solution of macrocyclic ligand 1 (full line), and its model 
compounds 2 (dashed and dotted line), 3 (dashed line), and 4 (dotted line). 

298 Ka 77 Kb

λmax, nm Φ τ, ns λmax, nm τ, ns 
        

1 380 0.7 0.7 378c 0.8

2 372 0.4 0.5  372c 0.8

3 340 0.3 2.7  340c 4.4

4 365 0.5 0.8  358c 0.5

[Ru(bpy)2(1)]2+ 619 0.05 733  593 5500 

[Os(bpy)2(1)]2+ 744 0.002 80  710 1400 

[Ru(bpy)3]2+ 600 0.03 338  570 5800 

[Ru(bpy)2(2)]2+ 607 0.07 630  591 5700 

[Ru(bpy)2(5)]2+ 626 0.05 775  601 5600 

[Ru(bpy)(5)2]2+ 618 0.05 679  598 5700 

[Os(bpy)3]2+ 730 0.004 68  715 1300 

[Os(bpy)2(5)]2+ 754 0.003 62  727 1100 
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Figure 4. Emission spectra in dichloromethane solution of macrocyclic ligand 1 (full line), and its model 
compounds 2 (dashed and dotted line), 3 (dashed line), and 4 (dotted line). 

In dichloromethane solution, the [Ru(bpy)2(1)]2+ complex (Scheme 1) exhibits an 
absorption band at 455 nm (εmax = 10400 M–1cm–1, Figure 5) and an emission band at 
619 nm (τ = 733 ns, φ = 0.05, Figure 5, Table 1). These bands can straightforwardly be 
assigned to spin-allowed and, respectively, spin-forbidden metal-to-ligand-charge- 
transfer (MLCT) excited states, characteristic of Ru(II) polypyridine complexes[6a,c,e].  

In a rigid dichloromethane/methanol (1:1 v/v) matrix at 77 K (Table 1), 
[Ru(bpy)2(1)]2+ shows a structured emission band with λmax = 593 nm (Figure 5) and τ = 
5.5 µs, again typical of Ru(II) polypyridine complexes[6a,c,e]. As far as the absorption 
properties in dichloromethane solution are concerned, the complexes [Ru(bpy)3]

2+ (λmax 
= 450 nm, εmax = 9900 M–1cm–1), [Ru(bpy)2(2)]2+(λmax = 455 nm, εmax = 10000 M–1cm–1),
and [Ru(bpy)2(5)]2+ (λmax = 455 nm, εmax = 11000 M–1cm–1) can be considered good 
model compounds (Scheme 2) of [Ru(bpy)2(1)]2+. A slightly different behavior is, 
however, observed in emission (Table 1, Figure 6) showing that the different nature of 
the third ligand affects the emitting excited state. At room temperature the maximum of 
the emission band is shifted to lower energy along the series [Ru(bpy)3]

2+ > 
[Ru(bpy)2(2)]2+ > [Ru(bpy)2(1)]2+ > [Ru(bpy)2(5)]2+. This shift can be attributed to the 
different electron-acceptor abilities of the ligands, as shown by the reduction potential 
values (see electrochemical characterization). 
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Figure 5. Absorption (dichloromethane solution, full line) and emission (dichloromethane solution at 298 K, 
dashed line; dichloromethane/methanol rigid matrix at 77 K, dashed and dotted line) spectra of 
([Ru(bpy)2(1)]2+ complex.

 , nm

500 550 600 650 700 750 800

I ,
 a

.u
.

0

50

100

150

200

Figure 6. Comparison of the emission bands in dichloromethane solution at 298 K of [Ru(bpy)2(1)]2+ (full 
line) and its model compounds [Ru(bpy)3]

2+ (dotted line), [Ru(bpy)2(2)]2+ (dashed line), and [Ru(bpy)2(5)]2+

(dashed and dotted line). 
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Concerning [Ru(bpy)(5)2]2+ (Scheme 2), it is interesting to note that its absorption 
band in the visible region (λmax = 462 nm, εmax = 11700 M–1cm–1) is similar to that of 
[Ru(bpy)2(5)]2+, while its emission band (Table 1), contrary to the expectations, is blue 
shifted compared to [Ru(bpy)2(5)]2+. This behavior can be attributed to the fact that the 
presence of two ligands easy to reduce withdraws negative charge from the metal, thus 
moving the metal-to-ligand-charge-transfer excited state at higher energy[6a]. All the 
analyzed Ru-based model compounds show lifetimes at room temperature and in rigid 
matrix at 77 K (Table 1) typical of Ru(II) polypyridine complexes[6a,c,e]. 

In dichloromethane solution, the [Os(bpy)2(1)]2+ complex (Scheme 1) exhibits 
absorption (λmax= 490 nm, εmax = 8000 M–1cm–1; λmax= 650 nm, εmax = 2000 M–1cm–1)
and emission bands (λmax = 745 nm, τ = 80 ns, φ = 0.002, Table 1) in the visible region. 
These bands, straightforwardly assigned to spin-allowed and, respectively, spin-
forbidden MLCT excited states, are characteristic of the Os(II) polypyridine 
complexes[6c,e], as also shown (Table 1) by the model compounds [Os(bpy)3]2+ and 
[Os(bpy)2(5)]2+ (Scheme 2). In a rigid dichloromethane/methanol (1:1 v/v) matrix at 77 
K (Table 1), [Os(bpy)2(1)]2+ shows a structured emission band with λmax = 710 nm and τ
= 1.4 µs, again typical of Os(II) polypyridine complexes[6c,e]. 

4. Electrochemical Characterization 

The electrochemical properties of macrocyclic ligand 1 were investigated in purified 
tetrahydrofuran under vacuum conditions. In the accessible potential window (+1/–3 V 
vs SCE), compound 1 undergoes two reversible and monoelectronic reduction processes 
at –1.78 and –2.02 V vs SCE, and no oxidation process (Table 2). A comparison with 
the data obtained under the same conditions for ligand 2, which can be considered as a 
model compound of the bpy unit of 1, and bpy (Table 2) shows that the macrocyclic 
ligand 1 is easier to reduce than the other two ligands. Ligand 5 shows only weak and 
overlapping irreversible processes, difficult to attribute, a behavior that is most probably 
caused by the presence of the Br substituents. Although it is impossible to obtain 
quantitative information from the electrochemical analysis, it is expected that ligand 5,
because of the electron-withdrawing effect of the two Br substituents, is easier to reduce 
than the ligand 2 and also the macrocyclic ligand 1, in agreement with the photophysical 
results and the electrochemical data obtained for [Ru(bpy)2(5)]2+ (see below). 

In the electrochemical experiments performed in argon-purged dichloromethane 
solution (accessible potential window: +1.7/–1.7 V vs SCE), [Ru(bpy)2(1)]2+ undergoes 
a reversible monoelectronic oxidation at +1.45 V vs SCE (Table 2), that can be assigned 
to the oxidation of the metal-center[6a,e]. The potential value at which the Ru ion is 
oxidized is similar to that observed for the metal oxidation in the model compounds 
[Ru(bpy)2(2)]2+, [Ru(bpy)2(5)]2+, and [Ru(bpy)3]

2+ (Table 2). On reduction, two 
reversible and monoelectronic processes are observed in the accessible potential 
window, which are attributed to the reduction of the ligands (Table 2)[6a,e]. By 
comparison with the data obtained for [Ru(bpy)2(2)]2+, [Ru(bpy)2(5)]2+, and [Ru(bpy)3]

2+

(Table 2), the first process at –1.12 V vs SCE is assigned to the reduction of the bpy unit 
of the macrocycle 1, considering that such a ligand is easier to reduce than bpy, whereas 
the second process at –1.47 V vs SCE involves one of the bpy ligands. This process 
occurs at a potential value which is (a) more negative than that of the first reduction of 
[Ru(bpy)3]

2+, because in [Ru(bpy)2(1)]2+ the bpy reduction is preceded by the reduction 
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of the bpy unit of 1, and (b) less negative than that of the second reduction of 
[Ru(bpy)3]

2+ because of the greater delocalization of the charge introduced by 
replacement of one bpy with the ligand 1.

TABLE 2. Redox potentials.a

Metal centered oxidation 
SC

Ligand centered reduction 
E1/2, V vs SCE 

Os Ru 

1 b −2.02 −1.78

2 b −2.13 −1.85

bpy b   −2.69 c −2.18

[Ru(bpy)2(1)]2+ −1.47 −1.12  +1.45 

[Os(bpy)2(1)]2+ −1.36 −1.03 +1.03

[Ru(bpy)3]2+   −1.50 −1.24  +1.43 

[Ru(bpy)2(2)]2+ −1.43 −1.12  +1.45 

[Ru(bpy)2(5)]2+ −1.44 −1.07  +1.47 

[Ru(bpy)(5)2]2+ −1.65 −1.24 −0.99  +1.54 

[Os(bpy)3]2+   −1.35 −1.06 +1.03

[Os(bpy)2(5)]2+ −1.36 −1.03 +1.04

aRoom temperature argon-purged dichloromethane solution and reversible and monoelectronic 
processes, unless otherwise noted; tetrabutylammonium hexafluorophosphate as supporting 
electrolyte, glassy carbon as working electrode. bPurified tetrahydrofurane under vacuum 
conditions. cIrreversible process; potential value estimated by the DPV peak. 

The same considerations can be used to compare the behavior of [Ru(bpy)2(2)]2+,
[Ru(bpy)2(5)]2+, and [Ru(bpy)3]

2+. A closer inspection of the data obtained for 
[Ru(bpy)2(1)]2+ and [Ru(bpy)2(5)]2+ (Table 2) shows that in the complex containing 
ligand 5 the metal oxidation and the first reduction process occur at more positive and 
less negative potential values, respectively, than in the complex containing ligand 1.
This result indicates, in agreement with the expectation and the photophysical results, 
that ligand 5 is easier to reduce than macrocyclic ligand 1.

Concerning the [Ru(bpy)(5)2]2+ complex (Table 2), it is interesting to note that the 
metal-centered oxidation is shifted to a more positive potential value in comparison to 
the other complexes, as expected because of the presence of two ligands easier to reduce 
than bpy. On reduction, this complex shows three monoelectronic and reversible 
processes (Table 2) that, on the basis of the electron-acceptor abilities of the two 
different ligands present in the complex, can be assigned, the first two, to the reduction 
of the two ligands 5, and, the third one to the reduction of the bpy ligand. 

In the electrochemical experiments performed in argon-purged dichloromethane 
solution, [Os(bpy)2(1)]2+ undergoes a reversible monoelectronic oxidation at +1.03 V vs
SCE (Figure 7, Table 2), that can be assigned to the oxidation of Os(II)[6c,e]. The 
potential value at which the metal ion is oxidized is very close to those obtained for the 
metal oxidation in the model compounds [Os(bpy)2(5)]2+ and [Os(bpy)3]

2+ (Table 2). On 
reduction, two reversible and monoelectronic processes are observed in the accessible 
potential window (Figure 7, Table 2). 
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Figure 7. Cyclic voltammogram obtained for [Os(bpy)2(1)]2+ complex (argon-purged dichloromethane; 
complex concentration 4 × 10–4 M; glassy carbon as working electrode, scan rate of 100 mV/s). 

In agreement with the above discussed Ru-based complex and by the comparison 
with the results obtained for its model compounds (Table 2), the first process at –1.03 V 
vs SCE is assigned to the reduction of ligand 1, while the second process at –1.36 V vs 
SCE concerns the reduction of one of the two bpy ligands. The fact that in 
[Os(bpy)2(1)]2+ and [Os(bpy)2(5)]2+ these processes occur at potential values very 
similar to those observed for [Os(bpy)3]2+ can be explained by considering that the Os 
ion is capable of delocalizing the introduced charges better than the Ru ion[15]. 

5. Conclusions 

The shape-persistent macrocycle 1 exhibits interesting photophysical properties, 
including a fluorescence band with very high quantum yield. Because of the presence of 
one bpy coordination unit, macrocycle 1 reacts with Ru(bpy)2Cl2 and Os(bpy)2Cl2 to 
give the [Ru(bpy)2(1)]2+ and [Os(bpy)2(1)]2+ complexes, respectively. These complexes 
do not show any ligand-centered emission and exhibit absorption and emission bands in 
the visible region, characteristic of the Ru(II) and Os(II) polypyridine-type complexes. 
The electrochemical investigation has evidenced metal-centered oxidation and ligand-
centered reduction processes, again in agreement with the behavior of the Ru(II) and 
Os(II) polypyridine-type complexes. For a conclusive interpretation of the results, model 
compounds of the component units of macrocycle 1 and of the Ru and Os complexes 
have been synthesized and investigated. Among the Ru and Os compounds, 
[Ru(bpy)(5)2]2+ and [Ru(bpy)(11)2]2+ are of additional interest as models for future 
nanoconstructions with shape-persistent macrocycles containing two bipyridine units. 
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6. Experimental Section 

6.1 SYNTHESIS 

All the substances were purchased from Aldrich or Acros and were used without 
further purification. Compounds [Ru(bpy)3]2+, and [Os(bpy)3]2+, [Ru(bpy)2(2)]2+, and 
[Ru(bpy)2(5)]2+, and ligand 2 were available from previous studies. Compounds 6[9],
9[10], 5[16], 10[16], [(bpy)RuCl3]x[17], and [Os(bpy)2Cl2][18] were prepared according 
to the literature. Toluene and triethylamine were distilled from sodium/benzophenone 
ketyl and CH2Cl2 from CaH2. All reactions sensible to oxygen were carried out under 
oxygen-free conditions. Column chromatography: Merck flash silica gel 60, 0.040 - 
0.063 nm (230 - 400 mesh) or Fluka aluminium oxide neutral 507 C, 0.05-0.15 mm. 
NMR: Bruker AC 250, AM 270, AMX 500 (1H: CDCl3 at  = 7.24, 13C: CDCl3 at  = 
77.00 as internal standards, 20°C). MS: Perkin - Elmer Varian MAT 711, electron-
impact (EI) mode. Elemental analyses: Perkin - Elmer EA 240. The experimental values 
for [Ru(bpy)2(1)]2+ and [Os(bpy)2(1)]2+ differ from the calculated ones by more than 
what is normally acceptable. The reason is seen in their hygroscopy. 

5,5’’’-Bis-hexyloxymethyl-3,3’’’-bis-trimethylsilanyl-[1,1’;4’,1’’;4’’,1’’’]-quaterphenyl (8a):
to a degassed mixture of 6 (3.62 g, 9.27 mmol) and 4,4’-diiododiphenyl 7 (1.79 g, 4.40 mmol) in 
toluene (60 ml) and aq. 1M Na2CO3 (60 ml), Pd(PPh3)4 (280 mg, 0.24 mmol) was added and the 
mixture refluxed for 72 h. The layers were separated and the aqueous one was extracted with 
toluene (3 x 50 ml). The combined organic phases were dried over MgSO4 and the solvent was 
removed. The yellow oil was purified by column chromatography through silica gel (hexane/ethyl 
acetate 30:1) to get 1.7 g (57%) of 8a as a white solid. Rf (hexane/ethyl acetate 30:1) = 0.29; m.p. 
73.5-75°C. 1H NMR (CDCl3, 250 MHz): δ = 0.33 (s, 18 H, Si(CH3)3), 0.93 (t, 6 H, CH3), 1.24-
1.45 (m, 12 H, γ-, δ-, ε-CH2) 1.65 (m, 4 H, β-CH2), 3.53 (t, 4 H, α-CH2), 4.60 (s, 4 H, benzyl-
CH2), 7.47 (s, 2 H, phenyl-H), 7.61 (s, 2 H, phenyl-H), 7.71 (s, 10 H, phenyl-H); 13C NMR 
(CDCl3, 63 MHz): δ = -1.10, 14.02, 22.59, 25.91, 29.73, 31.66, 70.59, 72.92, 126.98, 127.25, 
127.64, 131.16, 131.52, 138.40, 139.50, 140.08, 140.41, 141.08; MS (EI): m/z (%) = 678 (100), 
663 (5.47), 5.77 (6.00), 91 (27.32); Elem. anal. calcd (%) for: C44H62O2Si2 (679.13): C 77.82, H 
9.20; found: C 77.45, H 8.83. 

5,5’’’Bis-hexyloxymethyl-3,3’-diiodo-[1,1’;4’,1’’;4’’,1’’’]quaterphenyl (8b): to a stirred 
solution of 8a (1.52 g, 2.24 mmol) in dry CH2Cl2 (60 ml) a solution of ICl (1.10 g, 6.77 mmol) in 
CH2Cl2 (15 ml) was added dropwise over a period of 30 min at -15°C. The resulting mixture was 
stirred at this temperature for 30 min. Then a saturated solution of Na2S2O5 (30 ml) was added. 
The layers were separated, the aqueous one was extracted with CH2Cl2 (2 x 30 ml). The combined 
organic phases were washed with water (20 ml), dried over MgSO4 and the solvent removed to 
give 1.72 g (97%) of 8b as a pure colorless powder. Rf (hexane/ethyl acetate 10:1) = 0.32; m.p. 
58-59°C. 1H NMR (CDCl3, 250 MHz): δ = 0.89 (t, 6 H, CH3), 1.27-1.38 (m, 12 H, γ-, δ-, ε-CH2)
1.62 (m, 4 H, β-CH2), 3.50 (t, 4 H, α-CH2), 4.50 (s, 4 H, benzyl-CH2), 7.55 (s, 2 H, phenyl-H), 
7.64 (d, 4 H, phenyl-H), 7.67 (d, 4 H, phenyl-H), 7.67 (s, 2 H, phenyl-H), 7.89 (s, 2 H, phenyl-
H); 13C NMR (CDCl3, 63 MHz): δ = 14.04, 22.62, 25.87, 29.68, 31.66, 70.89, 71.90, 94.86, 
125.41, 127.40, 127.52, 135.01, 135.25, 138.60, 139.90, 141.53, 142.74; MS (EI): m/z (%) = 786 
(100), 685 (7.5), 559 (9.73); Elem. anal. calcd. (%) for: C38H44O2I2 (786.568): C 58.03, H 5.64; 
found: C 58.02, H 5.41.

Macrocycle 1: a solution of 9 (993 mg, 0.98 mmol) and 8b (771 mg, 0.98 mmol) in a mixture 
of triethylamine (320 ml) and toluene (320 ml) was carefully degassed. Then [Pd(PPh3)4] (85 mg, 
0.04 equiv) and CuI (14 mg, 0.04 equiv) were added and the reaction was stirred at 60°C for 4 d 
and then at 95°C for 1 d. The solvent was removed and purification of the residue by GPC gave 
302 mg (20%) of 1 as a white powder. 1H NMR (CDCl3, 250 MHz): δ = 0.93 (m, 18 H, CH3),
1.38 (m, 36 H, γ-, δ-, ε-CH2), 1.69 (m, 12 H, β-CH2), 3.55 (m, 12 H, α-CH2), 4.45 (s, 4 H, 
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benzyl-H), 4.48 (s, 4 H, benzyl-H), 4.53 (s, 4 H, benzyl-H), 7.40 (s, 6 H, phenyl-H), 7.48 (s, 2 H, 
phenyl-H), 7.56 (s, 4 H, phenyl-H), 7.66 (m, 14 H, benzyl-H), 8.03 (d, 3J = 6.4 Hz, pyridyl-H), 
8.51 (d, 3J = 6.6 Hz, 2 H, pyridyl-H), 8.91 (s, 2 H, pyridyl-H); 

13
C-NMR (CDCl3, 63 MHz): δ = 

14.02, 22.63, 25.91, 29.75, 31.71, 70.84, 70.91, 71.02, 72.00, 72.19, 72.39, 88.72, 89.36, 89.53, 
90.15, 121.57, 123.41, 123.51, 123.70, 124.07, 125.56, 125.76, 127.17, 127.27, 129.12, 129.49, 
129.97, 130.07, 131.84, 134.35, 135.49, 137.05, 138.72, 139.44, 139.53, 139.64, 140.20, 140.46, 
146.74; MS (FAB) m/z (%) = 1544 (100), 1459 (59.21); elemental analysis calcd. (%) for 
C108H122N2O6 (1544.13): C 84.01, H 7.96, N 1.81; found: C 82.26, H 7.54, N 1.50. 

[Os(bpy)2(5)](PF6)2: [Os(bpy)2Cl2] (41 mg, 0.072 mmol) and 5 (50 mg, 0.072 mmol) were 
dissolved in ethanol (20 ml) and the mixture was stirred under nitrogen at reflux for 3 d. The 
solvent was removed to give a dark green residue which was purified by column chromatography 
through neutral aluminium oxide (CH2Cl2/methanol 95:5). The green fraction was collected and 
the solvent removed. The solid was dissolved in methanol (1 ml) and added to a solution of 
NH4PF6 (240 mg) in water (2 ml). The precipitated was separated by filtration, washed with water 
(5 x 2 ml) and dried in vacuum to give 41 mg (38%) of [Os(bpy)2(5)](PF6)2 as a green solid. 1H
NMR (CDCl3, 500 MHz):  = 0.86 (t, 6 H, CH3), 1.27-1.36 (m, 12 H, -, -, -CH2), 1.59 (m, 4 
H, -CH2), 3.47 (t, 4 H, -CH2), 4.45 (s, 4 H, benzyl-H), 7.24 (s, 4 H, phenyl-H), 7.44 (t, 4 H, 
pyridyl-H), 7.53 (s, 2 H, phenyl-H), 7.56 (s, 2 H, pyridyl-H), 7.78 (d, 3J = 5.5 Hz, 2H, pyridyl-H), 
7.77-7.82 (m, 6 H, pyridyl-H), 7.93 (d, 3J = 7.5 Hz, 2 H, pyridyl-H) 8.36 (d, 3J = 8 Hz, 4 H, 
pyridyl-H), 8.48 (d, 3J = 9 Hz, 2 H, pyridyl-H). 13C NMR (CDCl3, 63 MHz):  = 14.06, 22.61, 
25.80, 29.66, 31.65, 71.17, 71.32, 123.43, 124.04, 124.39, 124.85, 124.98, 128.86, 129.36, 
131.57, 135.68, 136.19, 137.24, 137.69, 139.90, 142.91, 147.42, 151.11, 151.32, 157.45, 157.87, 
158.55; MS (FAB): m/z (%): 1343 (2.13) [M+H-PF6]+, 1198 (2.38) [M+H-2PF6]+; Elem. anal. 
calcd. (%) for C56H58Br2F12N6O2OsP2 (1487.07): C 45.23, H 3.93, N 5.65; found: C 44.43, H 
4.07, N 5.53. 

[Ru(bpy)(5)2](PF6)2: A solution of 5 (76 mg, 0.11 mmol) and [Ru(bpy)Cl3]x (20 mg, 0.055 
mmol) in dioxane (2 ml), ethanol (3.5 ml), water (1.5 ml) was refluxed for 24 h. The solvent was 
removed and the residual orange material purified by column chromatography through silica gel 
(methanol/2M NH4Cl/nitromethane 7:2:1). The combined orange fractions were diluted with 
chloroform and the organic phase was separated, and the solvent removed. The orange precipitate 
was then dissolved in the minimal amount of methanol (2 ml) and added to a solution of NH4PF6
(200 mg) in water (3 ml). The precipitated was separated by filtration, washed with water (6 ml), 
and dried in vacuum to give 88 mg (83%) of [Ru(bpy)(5)2](PF6)2 as an orange solid. 1H NMR 
(CDCl3, 500 MHz): δ = 0.79 (t, 12 H, CH3), 1.14-1.3 (m, 24 H, γ-, δ-, ε-CH2) 1.45 (m, 4 H, β-
CH2), 1.5 (m, 4 H, β-CH2), 3.33 (t, 4 H, α-CH2), 3.42 (t, 4 H, α-CH2), 4.33 (s, 4 H, benzyl-CH2),
4.4 (s, 4 H, benzyl-CH2), 7.13 (s, 4 H, phenyl-H), 7.21(s, 4 H, phenyl-H), 7.44 (s, 2 H, phenyl-H), 
7.5 (s, 2 H, phenyl-H), 7.58 (s, 2 H, pyridyl-H), 7.67 (d, 4 H, pyridyl-H), 7.9 (s, 2 H, pyridyl-H), 
7.98 (s, 2 H, pyridyl-H), 8.13 (s, 4 H, pyridyl-H), 8.45 (s, 2 H, pyridyl-H), 8.64 (s, 4 H, pyridyl-
H); 13C NMR (CDCl3, 63 MHz): δ = 13.91, 22.47, 25.65, 25.68, 29.48, 31.52, 71.18, 123.35, 
123.59, 124.40, 124.84, 125.13, 125.50, 128.66, 131.46, 135.94, 136.22, 136.33, 136.72, 138.34, 
139.36, 142.69, 143.05, 147.98, 152.15, 155.11, 155.81, 156.35; MS (FAB): m/z (%): 1791 [M-
PF6]+ (100), 1646 [M-2 x PF6]2+ (90.29); Elem. anal. calcd. (%) for C82H92Br4N6O4P2F12Ru 
(1936.26): C 50.86, H 4.79, N 4.34; found: C 51.04, 4.73, N 4.11. 

[Ru(bpy)(11)2](PF6)2: a stirred solution of 10 (150 mg, 0.21 mmol) and [Ru(bpy)Cl3]x (39 
mg, 0.10 mmol) in dioxane (4 ml), ethanol (4 ml), water (2 ml) was refluxed for 24 h. The solvent 
was removed and the residual orange material purified by column chromatography through silica 
gel (methanol/2M NH4Cl/nitromethane 7:2:1). The combined orange fractions were diluted with 
chloroform, the organic phase separated, and the solvent removed. The orange precipitate was 
then dissolved in methanol (20 ml) and added to a solution of NH4PF6 (200 mg) in water (3 ml). 
The precipitated was separated by filtration, washed with water (6 ml), and dried in vacuum to 
give 144 mg (84%) of [Ru(bpy)(11)2](PF6)2 as an orange solid. 1H NMR (DMSO, 500 MHz): δ = 
4.45 (s, 4 H, benzyl-CH2), 4.54 (s, 4 H, benzyl-CH2), 5.39 (s, 4 H, -OH), 7.43 (s, 4 H, phenyl-H), 
7.56 (s, 2 H, phenyl-H), 7.61 (s, 2 H, pyridyl-H, 4 H, phenyl-H), 7.65 (s, 2 H, phenyl-H), 7.86 (s, 
2 H, pyridyl-H), 7.92 (s, 2 H, pyridyl-H), 8.11 (d, 2 H, pyridyl-H), 8.27 (t, 2 H, pyridyl-H), 8.62 
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(d, 2 H, pyridyl-H), 8.69 (d, 2 H, pyridyl-H), 8.88 (d, 2 H, pyridyl-H), 8.95 (d, 2 H, pyridyl-H), 
9.02 (d, 2 H, pyridyl-H); 13C NMR (DMSO, 126 MHz): δ = 62.26, 122.85, 124.35, 125.14, 
128.13, 130.29, 135.82, 136.13, 136.73, 137.06, 137.33, 137.86, 138.24, 146.84, 149.31, 149.66, 
153.03, 155.77, 156.16, 157.30; MS (FAB): m/z (%): 1451 (2.21) [M-PF6]+, 1306 (3.28) [M-
PF6]2+; Elem. anal. calcd. (%) for C58H40F12Br4N6O4P2Ru (1595.59): C 43.66, H 2.53, N 5.27; 
found: C 44.06, H 2.84, N 5.15. 

[Ru(bpy)2(1)](PF6)2: a stirred solution of 1 (50 mg, 0.032 mmol) and [Ru(bpy)2]Cl2•2H2O
(24 mg, 0.066 mmol) in dioxane (5 ml), propylene glycol (3 ml) and ethanol (3 ml) was refluxed 
for 24 h under nitrogen. The solvent was removed and the brown-orange solid purified by column 
chromatography through silica gel (CH2Cl2/methanol 95:5). The solvent was removed to give an 
orange solid which was dissolved in 1 ml methanol. This solution was added to a solution of 
NH4PF6 (50 mg) in H2O (2 ml). The precipitated was separated by filtration, washed with H2O (4 
x 2 ml) and dried in vacuum to give 40 mg (56%) of [Ru(bpy)2(1)](PF6)2 as an orange solid. Rf = 
0.54 (dichloromethane/methanol = 95:5). 1H NMR (CDCl3, 500 MHz):  = 0.89 (m, 18 H, CH3),
1.25-1.42 (m, 36 H, -, -, -CH2), 1.53-1.70 (m, 12 H, -CH2), 3.47 (t, 4 H, -CH2), 3.52 (m, 8 
H, -CH2), 4.40 (s, 4 H, benzyl-H), 4.49 (s, 4 H, benzyl-H), 4.54 (s, 2 H, benzyl-H), 7.05 (s, 2 H, 
phenyl-H), 7.42 (s, 2 H, phenyl-H), 7.45 (s, 4 H, phenyl-H), 7.46 (s, 2 H, phenyl-H) 7.48 (s, 2 H, 
phenyl-H), 7.90 (t, 3J = 6.5 Hz, 2 H, pyridyl-H), 7.54 (s, 2 H, phenyl-H), 7.56 (t, 3J = 6.5 Hz, 2 H, 
pyridyl-H), 7.62 (s, 2 H, pyridyl-H), 7.63-7.69 (mc, 4 H, phenyl-H), 7.71-7.74 (m, 6 H, phenyl-
H), 7.77 (s, 2 H, phenyl-H), 7.84 (d, 3J = 4.5 Hz, 2 H, pyridyl-H), 7.87 (d, 3J = 4.5 Hz, 2 H, 
pyridyl-H), 7.92 (t, 3J = 7 Hz, 2 H, pyridyl-H), 7.99 (t, 3J = 7 Hz, 2 H, pyridyl-H), 8.07 (d, 3J = 8 
Hz, 2 H, pyridyl-H), 8.33 (2d overlapped, 3J = 8 Hz, 4 H, pyridyl-H), 8.51 (d, 3J = 8.5 Hz, 2 H, 
pyridyl-H); 13C NMR (CDCl3, 500 MHz):  = 14.19, 22.76, 25.98, 29.86, 31.82, 71.00, 71.08, 
71.19, 71.76, 72.05, 72.48, 88.82, 89.17, 90.15, 90.40, 123.61, 123.85, 124.62, 124.82, 125.39, 
127.35, 127.51, 128.39, 128.95, 129.58, 129.84, 130.11, 130.22, 130.26, 131.16, 134.69, 134.94, 
136.52, 137.80, 138.25, 138.81, 139.50, 139.74, 139.90, 140.60, 141.07, 148.03, 151.99, 152.32, 
155.30, 156.15, 156.75; MALDI-TOF m/z: 2103 [M-PF6]+, 2025 [M+Na-PF6-OC6H13]+, 1958 
[M-2PF6]+; Elem. anal. calcd. for C128H138N6O6RuP2F12 (2247.50): C 68.40, H 6.19, N 3.74; 
found: C 67.13, H 6.19, N 3.41. 

[Os(bpy)2(1)](PF6)2: a stirred solution of 1 (40 mg, 0.026 mmol) and [Os(bpy)2]Cl2 (17 mg, 
0.030 mmol) in butanol (15 ml) was refluxed for 5 d. The solvent was removed and the brown-
green solid purified by column chromatography on neutral aluminium oxide (CH2Cl2/methanol 
95:5) to remove unreacted macrocycle. Then the complex was eluted off the column using 
methanol. The green fraction was collected and the solvent removed to give a green solid which 
was solved in methanol (2 ml). This solution was added to a solution of NH4PF6 (86 mg) in H2O
(2 ml). The precipitated was separated by filtration, washed with H2O (4 x 3 ml), and dried in 
vacuum to give 30 mg (50%) of [Os(bpy)2(1)](PF6)2 as a green solid. 1H NMR (CDCl3 500
MHz):  = 0.88 (m, 18 H, CH3), 1.24-1.44 (m, 36 H, -, -, -CH2), 1.56-1.72 (m, 12 H, -CH2),
3.47 (t, 4 H, -CH2), 3.52 (m, 8 H, -CH2), 4.42 (s, 4 H, benzyl-H), 4.48 (s, 4 H, benzyl-H), 4.54 
(s, 4 H, benzyl-H), 7.05 (s, 2 H, phenyl-H), 7.42 (s, 4 H, phenyl-H), 7.45-7.53 (m, 10 H, 6 
phenyl-H, 4 pyridyl-H), 7.56 (s, 4 H, 2 pyridyl-H, 2 phenyl-H), 7.64-7.84 (m, 20 H, 12 phenyl-H, 
8 pyridyl-H), 7.91 (d, 3J = 8 Hz, 2 H, pyridyl-H), 8.32 (t, 3J = 9 Hz, 4 H, pyridyl-H), 8.5 (d, 3J = 8 
Hz, 2 H, pyridyl-H); 13C NMR (CDCl3, 500 MHz):  = 14.16, 22.74, 25.97, 29.83, 31.81, 71.00, 
71.06, 71.17, 71.75, 72.00, 72.48, 88.8, 88.84, 90.16, 90.40, 99.57, 102.14, 116.68, 123.28, 
123.6, 123.85, 123.97, 124.39, 124.57, 125.00, 125.47, 126.05, 127.36, 127.50, 128.87, 129.19, 
129.35, 129.57, 129.80, 130.22, 131.16, 132.54, 134.56, 134.89, 135.92, 136.51, 137.11, 137.63, 
138.81, 138.99, 139.53, 139.74, 139.89, 140.26, 140.62, 141.06; MS (MALDI-TOF): 2192 [M-
PF6]+, 2047 [M-2PF6]+; elemental analysis calcd for C128H138N6O6OsP2F12 (2336.66): C 65.79, H 
5.95, N 3.60; found: C 64.23, H 5.75, N 3.29. 
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6.2 PHOTOPHYSICS AND ELECTROCHEMISTRY  

The equipments used for investigation of absorption spectra and luminescence 
properties (in fluid solution and in rigid matrix) have been previously described [19]. 
Anthracene in air-equilibrated ethanol (φ = 0.21)[20] and [Ru(bpy)3]

2+ in air-equilibrated 
aqueous solution (φ = 0.028)[21] were used as standards for evaluating the luminescence 
quantum yield of 1 and the Ru and Os complexes, respectively. Air equilibrated 
solutions were used. 

The electrochemical investigation of ligands 1, 2, 5 and bpy was carried out by using 
the equipment and procedure previously described [8]. The equipment[19] and 
procedure [8] used for investigation of the electrochemical behavior of the complexes in 
argon-purged Hi-dry dichloromethane have been previously described. 

Experimental errors: molar absorption coefficients, +/–5%; luminescence quantum 
yield, +/–10%, luminescence lifetime, +/–5%; redox potentials, 10 mV and 20 mV for 
reversible and irreversible processes, respectively. 
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1.    Introduction  

Photochromism is a reversible transformation of a single chemical species between two 
states, the absorption spectra of which are clearly different, the transition in at least one 
direction being induced by electromagnetic radiation [1]. The widest and most 
important group of the photochromic system is based on electrocyclic reactions [2,3]; a 
few have been commercially successful (polymer-based photochromic eyewear, novelty 
items and security printing inks). Several other photochromic systems based on E,Z-
isomerization, cycloaddition reaction, electron or proton transfer have potential 
industrial applications [4].  

Photochromic macrocyclic compounds constitute a new class of artificial receptors 
in which the recognition of metal cations induces a conformational change in the 
receptor framework accompanied by signalling (coloration). In addition, since binding 
of cations is sensitive to the ligand environment, the binding constant can be controlled 
effectively by employing photochromic systems which change in the light [5,6].  

PHOTOCHROMIC

h

IONOPHORIC

Men+

This review surveys our studies devoted to the photoswitchable molecular receptors 
based on photochromic crown ethers. Photochromic systems described in the review 
may be classified into three groups according to the reaction types: E,Z-isomerization,
[2+2]-photocycloaddition reactions and electrocyclic reaction. It has proved the groups 
to be an especially suitable basis for photochromic systems, and promising for the 
industrial applications. 
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It is known from literature that several reversible photochemical reactions, such as 
geometric isomerism of azobenzene [7], electrocyclic reaction of dihydroindolizines, 
fulgides and diarylethylenes with heterocyclic groups [8-10], dimerization of anthracene 
[11], and photochromic reaction of spirocompounds [12] have been also employed to 
provide photocontrol over metal-ion binding ability of crown ethers. 

2.    Macrocyclic Systems with Ability for E,Z-isomerization 

It was found that the linking of styryl dye fragment to benzocrown ether results in novel 
photochromic compounds CESD (Crown Ether Styryl Dyes) possessing interesting 
physico-chemical properties (Scheme 1) [13]. The dyes are intensively colored and 
show significant hypsochromic shifts upon complexation with alkaline earth metal 
cations in acetonitrile solution. Reversible photochemical reaction E,Z-isomerization is 
observed for both dyes and their complexes. 
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Scheme 1 

The CESD 1c-f with terminal sulfo group are able to form anion-“capped” 
complexes (Scheme 2) upon E,Z-photoisomerization owing to the interaction of the 
sulfo group of the N-substituent (spacer) with a metal cation in the crown-ether cavity. 
However, the dates obtained that the Z-isomer of 1a,b is unable to form an anion-
“capped” complex [14].  

N

S

R
+

N
S

R
+

[(Z)-1a,b].Mg2+

[(Z)-1c-f].Mg2+

N
S

+ Mg2+

SO3
-

h 1

h 2   or 

[(E)-1a-f].Mg2+

O

O

O

O

O

O

O

O

O

O

O
OO

OO

Mg2+

Mg2+

Scheme 2 

It should be noted that the influence of the spacer structure on the stability of the 
complexes is much more pronounced in the case of Z-isomers. This refers most of all to 
CESD 1e,f with conformationally rigid spacers. The ratio of the stability constants of 
the anion-“capped” complexes [(Z)-1f]·Mg2+ and [(Z)-1e]·Mg2+ is about 500 (Scheme 3) 
[15,24]. 
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The E,Z-isomerization of the styryl dyes 2c containing aza-15-crown-5 ether moiety 
is characterized by great hypsochromic shifts, equal to 170 nm, of the spectrum of [(Z)-
2c]⋅Ca2+ with respect to the spectrum of [(E)-2c]⋅Ca2+ (see Figure 1). Apparently, it can 
be explained by the fact that in anion-“capped” complex the molecule of dye acquires a 
twisted conformation with marked disruption of the conjugation in the chromophoric 
system. When (E)-2a is converted into the Z-form, the stability of complex increases 
approximately 2.5 fold. On going from the cationic dye 2a to the betaine 2c, stability of 
the complexes formed by Z-isomer increases by more than three orders of magnitude 
[16].
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Figure 1. Absorption spectra of CESD 2c in 
MeCN (CL = 1.0×10-5mol L-1) in the presence of 
Ca(ClO4)2 at CM/CL = 100; E-isomer (1); E-Z-
photosteady (2) state formed on exposure to light 
with a wavelength of 546 nm and intensity of ∼
1⋅1016cm-1s-1.

Styryl dyes CESDs 3a-e, 4a-e incorporating thiacrown ether moieties exhibit a 
strong preference for the formation of complexes with heavy metal salts (Hg2+, Pb2+,
Cd2+, Ni2+ or Zn2+ perchlorates) [17,18].  
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Scheme 4 

Exposure of (E)-3a-e, 4a-e in MeCN solutions in the presence of Hg2+ or Pb2+ to 
visible light, leads to UV-Vis spectral changes typical of E,Z-isomerization [18]. The 
behaviour of complexes [(E)-4a-d]⋅Hg2+ is analogous to that previously described for 
the [(E)-1c]⋅Mg2+ complex, whose Z-isomer is anion-“capped”. Observed long 
absorption band (LAB) shifts of 50-70 nm on complexation of (Z)-4a-d with Hg2+ are 
consistent with diminished conjugation between the three moieties comprising the 
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CESD chromophore, due to the pronounced departure from planarity that accompanies 
formation of anion-“capped” complexes. Enhanced stability due to intramolecular 
coordination in the anion-“capped” [(Z)-4c]⋅Hg2+ complexes are reflected in the stability 
constants in Table 1 (Kc/Kt equals 10 for 4c⋅Hg2+ and 15 for 4c⋅Pb2+) and causes sharp 
decelerations of their dark Z → E isomerizations. The saturated coordination capacity 
of Hg2+ in complex [(E)-4e]⋅Hg2+ explains why its Z isomer does not form an anion-
“capped” complex. For the Z isomers of CESDs 4a-d no spectral evidence of anion-
“capped” complex formation could be found when Cd2+, Ni2+ or Zn2+ was substituted 
for Pb2+ or Hg2+. As expected, based on the theory of “hard” and “soft” acids and bases, 
the strength of the coordination bond between Cd2+, Ni2+ or Zn2+ and the SO3

- group 
appears to be to small to stabilize the Z isomer [19,25]. 

TABLE 1: Equilibrium Constants for Pb2+ and Hg2+Complex Formation with CESDs 

Complex log K Complex log K

(E)-3b.Hg2+ 15.9(1)a; 15.7(1)b (E)-4b.Hg2+ 18.0(1)b

(E)-3c.Hg2+ 18.2(1)a; 18.0(1)b (E)-4c.Hg2+ 19.8(1)b,c

(E)-3c.Pb2+ 5.61(2)b (E)-4c.Pb2+ 7.57(3)b

(E)-3e.Hg2+ 21.0(1)a (E)-4e.Hg2+ 20.7(1)b

BDT12C4e.Hg2+ 22.7(2)a,d (Z)-4c.Hg2+ 20.8(1)b,c

BDT15C5e.Hg2+ 18.0(1)a (Z)-4c.Pb2+ 8.75(3)b

BDT18C6e.Hg2+ 19.5(1)a,c   

BDT18C6e.Pb2+ 7.26(2)b   

a These values were determined polarographically for 0.01 M solution of Et4NClO4 in MeCN at 20 °C; values 
in parentheses are uncertainties in the last significant figure shown. b These values were determined 
spectrophotometrically in MeCN at 20 °C; values in parentheses are uncertainties in the last significant figure 
shown. c These values were taken from ref 19. d For complex 2 ligand : 1 metal. e BDT12C4 –benzodithia-12-
crown-4; BDT15C5 – benzodithia-15-crown-5; BDT18C6 – benzodithia-18-crown-6. 

Substantial changes are observed in the 1H NMR spectra when a solution of [(E)-
4c]·Pb2+ is exposed to visible light (Figure 2). In the novel photoproduct, the spin-spin 
coupling constants for the olefinic proton signals at 6.70 and 7.52 ppm were 12.2 Hz, 
which implied the formation of [(Z)-4c]·Pb2+. In the Z-isomer, the signals of aromatic 
protons of the benzocrown ether moiety and of the olefinic protons shift upfield, while 
the benzothiazole proton signals shift downfield relative to those of [(E)-4c]·Pb2+. The 
pronounced spectral difference between the two photoisomers is due to the substantial 
conformational rearrangement induced by the formation of the anion-“capped” 
complex. The formation of this complex enforces a twisted conformation on the 
chromophore, resulting in a distortion of the conjugated system and concentration of the 
positive charge in the benzothiazole fragment of the molecule. The greatest changes 
were found for the chemical shifts of the H(a) and H(2’) protons, which is apparently 
due to the fact that the protons fall into the areas of shielding of the benzothiazole 
fragment and the double C=C bond [20]. 
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Figure 2. 1H NMR spectra of the complexes [(E)-4c]⋅Pb2+(a), [(Z)-4c]⋅Pb2+(b) and cyclobutane (c) (CL = 1×10-

3 M; CPb
2+ = 5×10-3 M) in CD3CN at 50°C.

Thus, the CESD with anionic terminal substituent are able of anionic “capping” 
complex formation during the irradiation and thus to achieve photochemical control 
over binding of metal cations. 

3.    Macrocyclic Systems with Ability for [2+2]-Photocycloaddition Reaction 

A promising tool for controlling the regio- and stereoselectivity of photocycloaddition 
reaction (PCA) as well as the efficiency may be provided by assembling alkenes into a 
supramolecular structure with pre-organization of reactants such that the spatial 
arrangement of molecules would be favorable for the formation of only one cyclobutane 
isomer in a high yield. 

This idea was realized using crown ether styryl dyes (CESD) 1c,d, 4c (Scheme 1,4). 
The compounds 1c,d, 4c having betaine structures form supramolecular dimers with a 
crossed arrangement of molecules (anti-head-to-tail) in the presence of ions, due to the 
intermolecular interaction between the sulfo group of one of the molecules and a ion 
located in the crown-ether cavity of the other molecule [20,21]. It was shown that 
photoirradiation of solutions of dimer  results in stereospecific PCA giving only one of 
the 11 possible derivatives of cyclobutane, which is expected in conformity with the 
concerted superficial (s,s) addition of the reactants (Scheme 5) [22,23]. It is noteworthy 
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that neither (E)-1c,d, 4c without metal cations nor complexes of (E)-1a,b with Mg2+,
Ca2+, Ba2+ undergo PCA even in saturated solutions.
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Transition from spacers with flexible polymethine chains to N-substituents in which 
the sulfo group is rigidly arranged in space (CESD 1e,f), makes it possible to influence 
the efficiency of these photochemical reactions and also to change the route of 
transformation of CESD [15,24]. Thus, upon irradiation with UV light reversible [2+2]-
photocycloaddition reaction takes place only in case of styryl dye 1e with ortho-
sulfobenzyl substituent.  
The single [2+2]-photocycloadduct obtained by irradiating thiacrown-containing dye 
4a-e in the presence of either Pb2+ or Hg2+ was assigned the cyclobutane structure (see 
figure 2c). The quantum yield of photodimer formation is substantially more efficient in 
the presence of Pb2+ than in the presence of Hg2+ (Table 2) [20,25]. The efficiency of 
cycloadduct formation depends strongly on the size and S/O ratio of the crown ether 
moiety. It is not known at present whether the quantum yield difference is due to a) a 
more favorable orientation of the dye units dimeric complex, b) a longer excited state 
lifetime dimeric complex and/or c) a higher dimeric complex concentration as a result 
of stronger Pb2+/SO3

- than Hg2+/SO3
- coordination bonds.

TABLE 2: Photodimerization Quantum yields of the Hg2+ and Pb2+ Complexes of CSDs (E)-4a–ea

Complex 104 ϕPCA

[(E)-4a]⋅Hg2+ 1.3 

[(E)-4b]⋅Hg2+ 28

[(E)-4c]⋅Hg2+ 1.3 

[(E)-4c]⋅Pb2+ 10

[(E)-4d]⋅Hg2+ 0.79 

[(E)-4e]⋅Hg2+ -

a Excitation intensity = 2.3 x 10-6 einstein/(s L); 
ligand concentrations were 4.0 x 10-5 M, and 
Pb(ClO4)2, and Hg(ClO4)2 concentrations were 
7.0 x 10-5 and 4.1 x 10-5 M, respectively, in 
acetonitrile. 

Isomeric chromogenic 15-crown-5-ethers of the quinoline series 5 and 6 were shown 
to undergo PCA in acetonitrile to give cyclobutane derivatives only in the presence of 
Mg(ClO4)2 and Ca(ClO4)2 [26,27]. The modification of the benzocrown-ether position 
from 2 to 4 appears to change in principle the PCA route (Scheme 6). The overall 
quantum yield in the PCA of 5⋅Mg2+ was 0.0007. In the case of the PCA of 6⋅Mg2+, the 
high quantum yield (0.13) was found, which indicates that the degree of dimerization of 
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the complexes of this dye remains rather high even in a very dilute solution and that the 
spatial structure of dimeric complexes is probably rather favourable for PCA.  
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The structure of the spacer has a significant effect on the efficiency of 
photocycloaddition reaction of 6a-d [27]. The PCA quantum yield is of 0.20 (6a), 0.13 
(6b), 0.073 (6c) and 0.024 (6d) (irradiation at 436 nm). The reaction is photochemically 
reversible. Upon irradiation of the cycloadducts with 313 nm light, the initial dyes are 
formed with a quantum yield ranging from 0.02 to 0.01.  

Bis-crown-containing styryl dye (E,E)-7 having the structure and properties of 
molecular pincers has been synthesized. In acetonitrile solution, dye (E,E)-7 is able to 
form intramolecular sandwich complexes with Ca2+ and Ba2+ cations (Scheme 7) 
[28,29]. 
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The analysis of 2D COSY and NOESY NMR spectra of the PCA products showed 
the presence of two isomeric crown-containing cyclobutane derivatives 7a and 7b in 
17 : 83 ratio (Scheme 8).
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Recently, synthesis and investigation of stilbene analogues containing a crown ether 
fragment were developed [30,31] (Scheme 9). 
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The alkaline earth metal cations with a large diameter (Sr
2+

, Ba
2+

) and benzo-15-
crown-5 stilbene derivatives are characterized by the formation of the 2 : 1 sandwich-
type complexes (Scheme 10). In the case of Ba2+ the sandwich complex possesses the 
highest stability. According to the NMR studies and X-ray analysis of the sandwich 
complex of 8, molecules of dye are arranged in a “head-to-head” stacking.  
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Figure 3. X-Ray structure of the [82⋅Ba2+](ClO4
-)2 complex 

In the sandwich complex with Ba2+ cations, the mutual arrangements of 2-
styrylbenzothiazole molecules 9 are favourable for the occurring of the reaction of the 
photocycloaddition. Upon irradiation with blue light, 9 undergoes stereoselective [2+2]-
photocycloaddition (PCA) to afford isomeric cyclobutane derivatives “E+E” (78%) and 
“E+Z” (22%) isomers with relatively high combined quantum yield (0.13) (Scheme 11) 
[32].
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The photochemical investigation of the bis-crown-containing benzobis(thiazole) 10
showed that the irradiation of the compound results in the proceeding of two 
photochromic processes: E,Z-photoisomerization and [2+2]-photocycloaddition 
(Scheme 12). The last process occurs due to organization of molecules in dimers 
through the π-stacking interaction of large chromophore systems of molecules. The 
complex formation of sandwich type between 10 and Ba2+ cations increases the 
effectivity of photocycloaddition reaction what fully suppresses the E,Z-
photoisomerization around the double C=C bonds. The photochemical behaviour of the 
complex 10⋅(Mg2+)2 is similar to one of the free ligand 10 [33]. 
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Thus, the CESD are capable to form supramolecular complexes containing two dye 
molecules and metal cations. The self-assembly of the dimeric complexes was shown to 
be a unique tool for controlling regio- and stereoselectivity of [2+2]-photocycloaddition 
reaction. The variation of the structure of CESD would make it possible to change the 
supramolecular spatial structure of the dimer in a desired direction and thus to control 
the efficiency of interaction and stereochemistry of the final product of PCA. 

4.    Macrocyclic Systems whose Photochromism is Based on Electrocyclic Reaction 

4.1. CROWN-CONTAINING SPIROOXAZINES 

The structure and the position of the crown-containing fragments in spiro compound are 
important factors influencing the stability of the merocyanine form upon complex 
formation. Thus, investigations into spiroindolinonaphthoxazines bearing an aza-15-
crown-5 moiety in 9′-positions (11a-c) of naphthalene ring showed insignificant 
influence of the metal cation presence on the spectral and kinetic characteristics of 
compounds (Scheme 13) [34]. Otherwise, spironaphthoxazine derivatives with a 
monoazacrown ether moiety at the 5′-position (12a-c) are discovered to be sensitive to 
the presence of metal cations [35].  
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Binding of alkaline earth metal ions (Mg2+, Ca2+ and Ba2+) by the crown moieties in 
12a-c leads to isomerization of the crowned spironaphthoxazines even in the dark. UV-
Vis, NMR and Raman spectroscopy suggests that a metal ion complexed by the crown 
moiety in the merocyanine isomer is subject to intramolecular interaction with the 
phenoxide anion. In fact, the metal ion is bound more strongly than in the corresponding 
closed isomer, owing to the additional-binding-site effect. On exposure to visible light, 
the cation-bound merocyanine form readily reverts to the spiro form, releasing the metal 
ions to some extent. The alternating irradiation with UV and visible light or alternating 
switching-on and -off of the visible light causes isomerization of the crowned 
spironaphthoxazines, which, in turn, provides a tool for controlling their cation-
complexing capacity (Scheme 14). 
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For the spironaphthoxazines conjugated with aza-15(18)-crown-5(6)-ether moieties 
at 6'-position of naphthalene fragment (13a,b) it was found that the addition of Li+ and 
alkaline earth (Mg2+, Ca2+, Sr2+ and Ba2+) metal cations to 13a,b solutions results in a 
hypsochromic shift of the UV absorption band of the spiro form and a bathochromic 
shift of the absorption band of the merocyanine form in the visible region [36]. In 
addition, the equilibrium shifts to the merocyanine form, and the lifetime of the 
photoinduced merocyanine form increases (Scheme 15). The isomerization of crown-
containing compound 13a,b to the colored merocyanine form was promoted most 
strongly by the presence of metal ions, which are expected to be the best recognized by 
the crown ether ring (Scheme 15). 
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The UV-induced isomerisation of 13a,b into the merocyanine form causes a 
decrease of the cation binding ability (Scheme 16). 
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The method for synthesis of the spirobenzothiazolinonaphthoxazine 14 stable in 
merocyanine form and containing crown ether fragment in the heterocyclic part was 
developed [37]. The presence of alkali earth metal cations in the solution of crown ether 
containing merocyanine dye in MeCN results in coordination of metal cations with two 
binding centers: crown ether fragment and merocyanine oxygen atom (Scheme 17). 
These complexes are structurally differ from each other. The complex formation process 
causes the changes in spectral characteristics and influences on the photochromic 
behaviour of the prepared compound.  
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4.2. CROWN-CONTAINING BENZOCHROMENES 

The complex formation and photochromic behaviour of the azacrown-containing 
chromene 15b and its crown-free analogue 15a were studied in detail [38,39]. The 
addition of Ca(ClO4)2 to a solution of 15b led to the shift of the band at 400 nm, 
indicating the binding of Ca2+ by the macrocyclic unit of 15b. In contrast, the presence 
of Ca(ClO4)2 in a solution of 15a even at a high concentration of 0.1 mol dm−3 had no 
effect on the absorption spectrum of 15a.
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The photochromic transformation of the closed form of 15b to merocyanine form 
(P15a) leads to a marked decrease in the ability of 15b to bind Ca2+. Thus, the stability 
constant for the merocyanine complex P15b • Ca2+ is almost one order of magnitude 
lower than that for the corresponding complex of the closed form. The dimethylamino 
substituted chromene 15a unable to bind Ca2+ in the dark shows small Ca2+-binding 
ability upon UV irradiation. The formation of a week 1:1 complex between 
merocyanine form of P15a and Ca2+ leads to a large bathochromic effect and to a 
significant decrease in the rate constant of dark ring-closure reaction of P15a, indicating 
that the metal ion in the 1:1 complex P15a • Ca2+ coordinates to the oxygen atom of the 
merocyanine (Scheme 18). The formation of a 1:1 complex between merocyanine form 
of P15b and Ca2+ leads to a large hypsochromic effect. For P15b, the decrease in the 
rate constant of dark ring-closure reaction upon 1:1 complexation is less considerable 
than in the case of P15a (Scheme 18). This indicates that the Ca2+ ion in this complex 
coordinates to the crown ether moiety. In addition to the 1:1 complex, the photoinduced 
merocyanine P15b is able to form a very week 1:2 complex P15b • (Ca2+)2 involving 
two Ca2+ ions. Judging from the spectrokinetic data, the 1:2 complex arises from the 
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coordination of Ca2+ to the metal-free carbonyl oxygen in the P15b • Ca2+ complex 
(Scheme 18). 

The results of the spectral and kinetic investigations of the benzochromenes 16a-c
and their complexes with Mg2+, Ba2+ and Pb2+ were presented in [40] (Scheme 19). 
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Compounds 16a-c in MeCN exhibited very similar UV-Vis absorption spectra. The 
addition of Mg2+, Ba2+and Pb2+ cations to a solution of 16a-c led to the small changes in 
absorption spectra. In contrast, the presence of the metal cations in the solution of 
photomerocyane form of 16a-c led to a significant change in the dark lifetime of 
photomerocyanines and caused strong shifts in their absorption spectra, indicating that 
these compounds were able to bind metal cations.  

The formation of a 1:1 complex between open form of 16a-c and Mg2+ leads to an 
increase in the rate constant for the dark ring-closure reaction of 16a-c (Scheme 20, 
Table 3). The Mg2+ ion binds with carbonyl oxygen atom what leads to the increase of 
the polarity of molecule (Scheme 20). In the polar form the dark ring-closure reaction 
occurs more easily.
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The formation of a 1:1 complex between open form of 16b,c and Ba2+, Pb2+ leads to 
a large bathochromic effect and the decrease in the rate constant for dark ring-closure 
reaction. The effect is explained by the formation of the anion-“capped” complex of 
metal cation located in crown ether cavity with carbonyl oxygen atom (Scheme 20). 
Substantial difference in the changes of magnitude of kd/s−1 was obtained for the 
complexes of mono- and bischromene 16b,c with Ba2+ (Table 3). The difference is due 
to in the complex of 16c with Ba2+ the carbonyl atoms of both chromene units 
participate in the formation of anion-“capped” complex, whereas, the anion-“capped” 
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complex between 16b and Ba2+ is formed by formation of one coordination bond 
(Scheme 20). For the complexes of mono- 16b and bischromenes 16c with Pb2+ the 
magnitudes of kd/s−1 are closed to each other, what means the participation of only one 
chromene unit of 1c in the formation of anion-“capped” complex with Pb2+ (Scheme 
20).

TABLE 3. Effect of the Mg2+, Ba2+and Pb2+ presence on the rate constant kd / s−1of dark ring-closure reaction, 
relationship ligand:metal cations=1:1 

kd / s−
Chromene --- Mg2+ Ba2+ Pb2+

16a 0.11 0.44 0.18 0.12 
16b 0.11 0.49 0.0016 0.00035 
16c 0.15 0.19 0.00034 0.00054 

Thus, the study of the crown containing systems whose photochromism is based on 
the electrocyclic transformation demonstrates that the complex formation process can be 
successfully applied for controlling of its spectral and photochemical properties. 

5.    Conclusions  

The intense research efforts made in photochromic crown ethers convincingly 
demonstrated that this type of systems represent a novel class of photochromic 
molecules suited for some possible applications. A substantial influence of complex 
formation on the spectral characteristics of the molecules and on the kinetics of 
phototransformation was found. Thus, incorporation of a crown ether moiety, which is 
able to bind metal ions into the photochromic skeleton, can help to tune the 
photochromic properties by using complex formation. The development of these 
photochromic systems is aimed at improving the photostability, increasing the 
sensitivity and obtaining a broader range of operating wavelengths.  

In turn, the conformational transformations of molecules that accompany the 
photoreaction sharply influence the ability of molecules to bind metal cations. This 
implies that photocontrolled complex formation is possible in this type of system. 

Examples of potential applications utilizing the physical or chemical changes that 
accompany the observed shift of the absorption maxima include: 

• photoswitching extraction of metal cations; 
• optoelectronic systems; 
• photoswitching transport through membranes; 
• optical information storage; 
• photochemical switchable enzymatic systems; 
• nonlinear optical devices. 

The results obtained were extended to novel series of photochromic systems. The 
important objectives for the future research include: a) synthesis of new compounds; b) 
more extensive and more detailed investigation of their physico-chemical properties in 
order to find structure-property correlations; and c) modification of already known 
systems by incorporating them physically or chemically into liquid crystals or polymers 
in order to develop new effective materials based on the novel photochromic molecules. 
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1. Crown Ethers and Biological Activity 

“Biological activity” refers to a compound’s ability either to alter or to mimic a living 
system or one of its components. A living system could be an entire animal, or even a 
cell in a Petri dish. Components of a living system 
would include organelles, proteins, or DNA. Crown 
ether compounds have been studied to determine 
their effects at these various levels of life. Crown 
ethers interact directly with such molecules as DNA 
and enzymes. Numerous crowns have also been 
tested for their toxic effects to various mammalian 
and bacterial cell lines, as well as animals including 
mice.
 Pedersen’s reports of the compounds he called 
crown ethers (Pedersen, 1967) began a world wide 
synthetic effort to prepare novel macrocycles, to 
define the limits of crown ether structure, and to 
assess the range of their biological and chemical 
properties. Among the latter, great effort was 
expended to define and understand cation 
complexation by these remarkable molecules. On the 
biological side, the toxic effects of crown ethers to 
cell lines and animals were assayed to understand 
their inherent safety or danger and the 
pharmacological value, if any, of crown compounds.

Early reports (Takayama et al., 1978; Hendrixson 
et al., 1978; Gad et al., 1978, 1985) indicated that the 
macrocycles 18-crown-6, 15-crown-5 and 12-crown-
4 were all well tolerated by dogs, rabbits and mice, 
with a toxicity profile generally similar to aspirin.
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 However, alkyl-substituted crown ethers such as (1) were found to be toxic to Gram-
positive bacteria and some species of yeast when administered at concentrations in the 
5-10 µM range (Konup et al., 1989; Kato et al., 1980; Yagi et al., 1984).
 Recently, the crown ether based hydraphile channels of Gokel (see Section 5.3) were 
shown to be lethal to the Gram-negative E. coli when administered in the 2-10 µM 
range (Leevy et al., 2002, 2004). While activity levels for these compounds surpass 
those of many antibiotics, including penicillin, selective killing between bacteria and 
mammalian cells remains the limiting factor in the use of macrocycles as antibiotics 
(Huang et al., 2002).  

Crown ethers have been tested for their interactions with a number of biological 
molecules, including proteins and DNA. Crowns bearing an acridine-terminated 
sidearm were found to intercalate into DNA and to protect the double helix from 
enzymatic cleavage (Basak and Dugas, 1986). The strength of the binding by (2) to 
DNA was enhanced by the presence of a Na+ or K+ cation present in the crown ring that 
could interact with the negatively charged phosphate backbone (Fukuda et al., 1990).
Crown ether compounds have been developed that cleave DNA. Kerwin reported the 
synthesis of a bis(propargylic) sulfone crown ether, (3), that could cleave DNA when 
co-incubated with it in buffer for 24 h (Kerwin, 1994). These compounds were shown to 
operate in the 90-200 µM range; the cleavage reaction was enhanced by the presence of 
Li+, Na+, or K+ cation (Kerwin, 2000). These compounds were tested against over 50 
cancer cell types, and found to inhibit their growth at concentrations ranging from 1-20 
µM (McPhee and Kerwin, 2001). Another crown containing an integral 
aziridinylcyclophosphazene subunit (4) was developed that cleaves DNA and was 
highly active against AIDS-related lymphoma cell lines at a concentration of 0.6 µM 
(Brandt et al., 2001). The latter compound is being evaluated in vivo at the National 
Cancer Institute. 
 Certain crown ethers have been found to interact with enzymes in organic solvents.
It is known, for example, that simple macrocycles, such as 18-crown-6 and 15-crown-5, 
aid the solubilization of proteins in organic solvents (Odell and Earlam, 1985).
Furthermore, crowns can enhance the catalytic activity of enzymes in certain instances.
The reaction rates of lipase enzymes in methanol were enhanced by up to 87-fold by the 
use of crown ethers and thiol-crown ethers (Tsukube et al., 2001). The presence of these 
crown compounds also enhanced the enantioselectivity of the enzymes (Itoh et al.,
1996). Similar effects were noted with the enzyme subtilisin Carslberg (van Unen et al.,
1998; Santos et al., 2001) and also α-chymotrypsin (van Unen et al., 2002). Crowns are 
thought to complex amine residues, such as lysine, that are present on the surface of the 
protein. This complexation is thought to help protect the enzymes during lyophilization 
(freeze-drying), and also to stabilize the protein once dissolved in non-aqueous solvents 
(van Unen et al., 2002). The basis for crown-enhanced enzyme activity is currently 
unclear, but these systems remain under investigation.  
 Crown compounds have been explored in a number of biological contexts. They 
have shown activity in toxicity studies to bacteria and cancer cell lines. A very recent 
and striking example of the biological activity of crown compounds involves the 
tris(macrocyclic) hydraphile channels developed in the authors’ lab. These purely 
synthetic, non-peptide compounds were recently shown to form channels in the bilayer 
of living human embryonic kidney (HEK 293) cells (Leevy et al., 2004). Their activity 
was up to 4-fold higher than native cation channels, and these molecules may hold 
potential under the developing concept known as “channel replacement therapy” (Cook 
et al., 2004). These current advances, and those noted above, ensure that crown ether 
chemistry has clearly found a niche in biology. 
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2. Biological Look-alikes 

Interest in biological mimics probably started in the late 1800s with the discovery of 
cyclodextrin (CD), obtained from the starch digest of a strain of Bacillus. The 
realization that CDs could form host-guest complexes with a variety of small molecules, 
and the myriad of uses implied therein, led to extensive study in both academics and 
industry.
 Early work in the area of crown ether biological mimics was reported by Vögtle and 
coworkers (Tummler, 1977). These early compounds were made in an effort to 
duplicate natural ion carriers in the sense that they could complex biologically important 
ions for transport. The early, two-
dimensional crowns (such as 5) and 
non-cyclic polyethers gave way to 
the three-dimensional cryptands (6), 
which generally complexed ions 
more tightly but which lack the 
dynamics of podands, crown ethers, 
or lariat ethers. 
 Mertes and Mertes used 
ammonium crowns and their 
protonated forms as enzyme mimics (Mertes and Mertes, 1990; Bianchi et al., 1997). 
These receptors afforded a platform for enzyme mimetic chemistry due to their 

synthetic accessibility. An advantage of the approach to (7) is that 
a modular synthetic route provided a scaffold for changes in 
hydrophobicity, shape, electronic distribution, and redox potential, 
among other properties. Mertes and Mertes reported that these 
crowns demonstrated activity as ATPases, presumably owing to 
their ability to interact both with the ATP phosphate groups and 
with magnesium and calcium ions in solution. Formyl transferase 
activity by these enzyme mimics was also noted.  
 Compounds that combine crown ethers with porphyrins have 

been developed in order to mimic the binuclear 
metal binding sites of some metalloproteins. 
Compound (8) was designed to provide two 
proximate metal binding sites, similar to those 
that might be found in natural systems (Chang, 
1977). This “crowned porphyrin” can bind a 
transition metal ion and an alkali metal ion 
simultaneously.  
 In other work, Dandliker et al. have reported 
the inclusion of iron porphyrins within dendrimers to serve as functional mimics of 
redox-based proteins (Dandliker et al., 1994, 1995, 1997). These redox-switchable 
porphyrins show that the Fe3+/Fe2+ redox couple can be altered by the polarity of the 
surrounding environment. By changing the polarity imposed by the tightly packed 
branches of the dendritic core, the authors have illustrated that electrochemical behavior 
can be controlled by slight and subtle through-space environmental factors. These 
mimics may potentially model a wide variety of redox-driven enzymes and possibly 
provide mechanistic insights into their function. 
 Attempts by chemists to develop enzyme mimics have ranged from the use of 
dendrimers (“dendrizymes,” reviewed by Brunner, 1995) to metal-templated superoxide 
dismutatese (SOD) mimics (reviewed in Riley, 1999, 2000) to supramolecular 
cytochrome P450 mimics. The role of cytochrome P450 in biology is diverse. A known 
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chemical role is to split molecular oxygen, incorporating one atom into its organic 
substrates and converting the other to water. The oxidative substrates include both 
endogenous molecules and xenobiotics; there are several P450 enzymes that do not have 
a known oxidative role. This surprising diversity presents both biologists and chemists 
with the challenge to determine the enzyme’s mechanism of action.
 Several cytochrome P450 mimics have been reported. Early model systems utilized 
iron porphyrins having sterically bulky groups arrayed about the periphery. Evolution of 
these systems has focused on functionalized porphyrins, as well as variation of the 
complexed metal. More recently, attachment of cyclodextrin (CD) or other residues 
onto the porphyrin has been reported. Breslow and coworkers have prepared several 
CD-based porphyrins that have demonstrated catalytic activity for a variety of hosts 
(reviewed in Breslow and Dong, 1998). Activity and specificity as an enzyme mimic 
were improved by increasing the number of attached CD units. One example, which 
contains four CD units, was shown to bind cholesterol and alkene derivatives in a site-
specific manner and to permit stereoselective hydroxylation as known for the 
cyctochrome P450 enzyme itself (Breslow et al., 1997; Yang et al., 2002). Others, 
including Tabushi and Ogoshi, have reported related compounds and activities 
(Tabushi, 1982, 1986; Tabushi et al., 1988; Kuroda et al., 1991). 
 Iron transporters known as siderophores occur in various bacteria. They coordinate 
iron in a complex that 
involves three catechol 
residues. A natural host 
molecule called entero-
bactin is shown along 
with a cryptand-like 
molecule (9) that is one 
of several that were 
devised to mimic this 
complexation behavior 
(reviewed in Roosen-
berg, 2000; Raymond, 2003). The catechols deprotonate to the catecholate anions, 
which provide six oxygen donors for ferric ion. The host thus completely envelops the 
cation permitting transport as the complex.  

3. Development of Ionophore Mimetics 

Lariat ethers, which were designed to add 
dimensionality to the essentially flat crown ether, 
have been used as synthetic ionophores for 
decades. The binding properties of crown ethers 
are now well documented and generally well 
understood. Most such studies have been 
conducted with metal ions, although 
complexation of ammonium species and some 
neutral species (Gokel, 1973; Kyba, 1977) have 
also been reported.  
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 There are hundreds of reports in the literature of crown ethers that have been used in 
ion-selective electrodes (ISEs). Many such compounds were designed to differentiate 
the ion of interest from other similar metal ions. Among the many potential applications 
of these systems is the removal of ionic species from wastewaters.  
 Other crown ether ionophores have been developed as ion sensors. The first reports 
of crown ethers as dyes appeared in the 1970s. These derivatives of benzo-15-crown-5 
undergo a color change when bound to specific ions and can be used as efficient 
extractors for ions from aqueous solution. Numerous other chromoionophores have also 
been prepared and were reviewed by Takagi (1984). 
 The anthracenylmethyl lariat ether shown as (10) was reported by de Silva and 
coworkers (1986) as a crown that is useful for fluorescence sensing. Binding of K+

resulted in a detectable fluorescence emission signal. Recent advances in this area 
include the development of compounds that can sense ion pairs. The anthracenyl crown 
shown as (11) was designed to simultaneously sense sodium and phosphate ions (de 
Silva, 2003). Excitation of the complex with ultraviolet radiation results in a fluorescent 
output only when Na+ is complexed in the crown and the ammonium groups are bound 
to the anion. The complex self-quenches in the case when either no or only one of the 
ions is present.  
 Extensive effort in our own laboratory has been devoted to documenting cation-π
interactions. Lariat ethers have proved to be an excellent vehicle for these studies. Using 
a variety of sidearms, especially the 
sidechains of the aromatic amino acids 
(Meadows, 2001; Hu, 2002), double bonds 
(Hu, 2001a), and triple bonds (Hu, 2001b), 
we have clearly demonstrated cation-π
interactions. A complex of diaza-18-crown-
6 having phenethyl sidearms is shown in the 
accompanying illustration. It is the KI 
complex. The potassium cation is 
completely encapsulated by the macrocycle 
and the π-donor sidearms. The anion, which has an obvious affinity for the cation, is 
completely excluded from the solvation sphere in the solid state. Numerous solid-state 
structures of this type have been obtained for K+ and Na+ with a variety of counterions. 
Solution NMR studies (both cation-induced shifts and NOEs) confirm the presence of 
these complexes in solution (Meadows, 2001). Given that 1 in every 11 amino acids in 
nature has an aromatic side chain, coupled with the high concentrations of sodium and 
potassium in vivo, it is possible that nature has developed a purpose for such an 
interaction.  

4. Crown Ethers as Membrane Amphiphiles 

The presence of multiple heteroatoms in crown ethers makes them potential headgroups 
in the amphiphilic sense. Two groups in Japan recognized the possibility of making 
crown-ether based amphiphiles in the 1980s. Okahara (Okahara et al., 1980; Gu et al.,
1986; Ikeda et al., 1986, 1988, 1990), Kuwamura (Kuwamura and Yoshida, 1980; 
Inokuma et al., 1988, 1989; Furusawa et al., 1990; Matsumura et al., 1990) and 
coworkers prepared and studied several crown ether systems. Much of this work was 
published in Japanese journals and is not as widely known as it should be. Our own 
efforts in this area involved mostly azalariats (14) (Gokel et al., 1987; Echegoyen et al.,
1988) that formed either micelles or bilayer vesicles, depending on their chain length 
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and structure. In addition, twin-crown 
“bola-amphiphiles” (12) were prepared 
that were found to form stable vesicles 
(Muñoz et al., 1992, 1993). The ability 
of crown ethers to serve as headgroups in 
amphiphiles was critical to the 
development of synthetic ion channels, 
as described in section 5.  
 Crowns have also been used in 
concert with other amphiphiles to form 
mixed bilayers. An example is the 
mixture of amphiphilic crown and 
amphiphilic ammonium salt (16) blended 
to form a mixed bilayer. Circular 
dichroism (CD) was used to detect the 
presence of Na+ ion (Nakashima et al., 1987). Amphiphilic 12-crown-4 derivatives 
prepared by Katoh and coworkers inserted into lipid bilayers and showed significant 
transmembrane currents in aqueous 
NaCl, KCl, and RbCl solutions 
(Katoh et al., 1996). X-Ray 
scattering of amphiphilic crowns has 
been conducted at the air-water 
interface. Increased surface pressure 
gave results consistent with two-
layer packing (Larson et al., 2001). 
 Shinkai and coworkers prepared 
numerous novel amphiphilic crowns (Shinkai, 1990) and incorporated them into 
membranes, formed membranes from them, or used them in liquid crystalline 
assemblies to control properties (He et al., 1990). Interest in this area continues. Four 
chiral amphiphilic crown ethers were recently reported that recognize enantiomeric 
amino acids when examined as Langmuir films (Badis et al., 2004). Finally, it is 
interesting to note that liposomes formed from amphiphiles (e.g., crown ethers) having 
neutral headgroups (i.e., niosomes) have been studied as drug delivery vehicles 
(Uchegbu and Vyas, 1998). 

5. Ion Channel Models

From the biological perspective, an ion channel is a compound that transports ions 
through a phospholipid bilayer membrane. Crowns interact more or less selectively with 
a whole range of cations, but the ones most relevant to biology are H+, Na+, K+, and 
Ca2+. The transport of these ions is closely regulated in vivo. For example, typical cells 
have high (~150 mM) concentrations of K+ within them and Na+ without. Internal Na+

concentrations are typically 5-10 mM as are external K+ concentrations. The ideal 
synthetic ion channel would insert in a phospholipid bilayer and transport only one of 
these ions (i.e., show selectivity) predominantly in a single direction (i.e., exhibit 
rectification). At present, these goals have not been completely met, but progress has 
been made.  
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 An important observation needs to be made about channel models and, indeed, 
model systems in general. Chemists can design molecules to have remarkable shapes 
and sizes. For a model system, however, it is the properties that determine whether the 
compound is relevant. A compound that looks like it should be a channel is, as 
Fitzmaurice has put it, only a “long thin thing” absent a demonstration of efficacy 
(Fitzmaurice, 2004). There is no rule that demands selectivity for the biologically 
relevant ions. Indeed, transport of divalent cobalt has been studied. A cobalt-
transporting channel is not, however, a biological mimic so far as is currently known. 

5.1 ADVANTAGES OF CROWN ETHERS IN SYNTHETIC CHANNEL MODELS 

Simple crown ethers possess alternating ethylene units and oxygen atoms. As such, they 
are both hydrophobic and hydrophilic. When a long hydrocarbon chain is attached, they 
become excellent amphiphiles in which the polar oxygens comprise the polar end. The 
oxygen atoms also serve as donors for Lewis acids generally. Thus, amphiphilic crown 
ethers can anchor in the membrane and the macrocycle can serve as a headgroup. The 
crown can also serve as an entry portal that may confer ion selectivity upon the system. 
It is problematic to assume that a cation-selective crown will impart the same selectivity 
to the channel, however. After all, crown selectivity has to do with binding, and channel 
selectivity has to do with transport or passage of the ion.  

5.2 EARLY CROWN-ETHER CONTAINING CHANNEL MODELS 

Probably the best known early crown ether example is the “chundle” reported by Jullien 
and Lehn (Jullien and Lehn, 1988). Their strategy used a central crown ether unit with 
sidearms radiating from it. The stereochemistry of the sidearms was fixed by 
incorporation of tartaric acid units within the macrocycle. The name was given because 
the compound was a channel formed from a bundle of fibers. In this first report, no 
information about insertion or transport appeared, and the assertion that the compound 
was a channel apparently rested on the intent of the design. Later work from this group 
showed that related compounds, called “bouquet” molecules, did conduct cations, albeit 
rather slowly (Canceill et al., 1992).  
 Drenth, Nolte and their coworkers developed polyisonitriles as channel mimics in 
the 1980s (Beijnen et al., 1982). These compounds were characterized more fully later 
(Roks and Nolte, 1992), but this pioneering never provided true biomimetic activity.  

5.3 SYSTEMATIC EFFORTS TO DEVELOP BIOLOGICALLY-RELEVANT 
CHANNEL MODELS 

In the late 1980s, efforts initiated by Fyles in Canada (Carmichael et al., 1989) and by 
our own group (Nakano et al., 1990) resulted in two different channel models, both of 
which incorporated crown ethers. Both of these efforts resulted in channels that show 
significant transport of alkali metal cations through phospholipid bilayers. Both groups 
(Gokel and Murillo, 1996) have undertaken extensive structure-activity studies to 
characterize their function.  
 The Fyles family of channels is illustrated schematically in the accompanying 
figure. The tartaric-acid-based crown ether central unit defines the position of the 
sidearms and serves as a selectivity filter and central relay within the bilayer membrane. 
Four phospholipid molecules are also shown in cartoon form to illustrate the position in 
which the channel is thought to reside. The spacer chains or “walls” of the channel are 
based on substituted succinic acid groups, terminated at each membrane boundary by a 
polar residue, designated “H” for headgroup in the figure (Fyles et al., 1993). A typical 
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headgroup is ~SCH2COOH. The channels differed in the number of spacer chains (4 or 
6) and in the identities of the strands designated “A” and “B” in the figure. An 
interesting finding of these studies is that channel activity was higher when these chains 
were alkyl rather than ethyleneoxy. Presumably, in the latter case, cations were better 
bound and therefore transported more slowly.  
 The Fyles approach illustrates an important aspect of design strategy. The channels 
are highly modular and individual elements can be added, eliminated, or exchanged 
fairly readily. Once a working model is in hand, such a design strategy permits one to 
assess how each of the various structural elements affects channel function. A 
competition between 
metal cation and proton 
transport was used to 
assay function in these 
systems. In addition, the 
voltage clamp technique 
common to biology was 
applied to study transport 
and voltage gating (Fyles 
et al., 1998). 
 Our initial channel 
design incorporated three 
crown ethers rather than 
the single macrocycle used by Lehn or by Fyles. Our design required that two of the 
crowns would serve both as headgroups in the amphiphilic sense and as entry portals for 
cations. The third macrocycle would be positioned at the midplane of the bilayer. We 
felt that this would increase channel efficacy by reducing the distance that a cation must 
travel in the nonpolar regime of the membrane. We referred to the third proximal 
macrocycle as the “central relay.” At the time of the design, no channel crystal structure 
was known and the presence of such a structure (a water and ion-filled capsule) in 
protein ion channels was only revealed in 1998 by the Nobel-prize winning structural 
efforts of the MacKinnon lab (Doyle et al., 1998).  
 Simple hydrocarbon spacers connected the three macrocycles in our design. Two 
additional chains of comparable length were appended to each distal macrocycle. It was 
thought that these hydrocarbon chains would fold back into the bilayer and comprise 
structural counterparts to the spacers linked covalently to both distal and proximal 
crowns. The overall structure was made flexible so that it could adjust after insertion 
into the bilayer. Certainly at that time, and even today, many of the properties of 
bilayers remain uncertain (Tristram-Nagle and Nagle, 2004). The spacer chains and side 
chains were both dodecyl units in the original design. This gave the channel, in the 
presumed active conformation, a span between the two distal macrocycles of about 30-
35 Å. This corresponded to the thickness of the bilayer’s insulating regime 
(“hydrocarbon slab”). The first channel we prepared and reported is shown in the 
accompanying figure. It is shown in the top part of the figure in the conformation we 
assumed it would have in the bilayer. The actual conformation, determined by extensive 
structural, analytical, and biophysical studies, is shown below (Gokel, 2000).  
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 Stylized phospholipid membrane 
monomers are illustrated in the figure. 
The conformation was established as 
follows. First, replacement of the central 
macrocycle either by diaza-15-crown-5 or 
diaza-12-crown-4, or open-chained units 
gave a channel that was functional, albeit 
diminished in transport activity (Murray 
et al., 2000). If so, the smaller ring should 
have slowed transport or the channel 
should simply have failed to conduct 
cations. A relative of the channel shown 
above was prepared in which the dodecyl 
sidechains were replaced by fluorescent dansyl groups. The shift in dansyl fluorescence 
observed when this functional channel was inserted in the bilayer showed that this side 
chain experienced a dielectric of ε = 25. If the side chain was in contact with the 
aqueous phase, the dielectric should be 80. Within the hydrocarbon insulator regime, ε
= 2-5. Further, fluorescence depth quenching showed that the dansyl groups were about 
30 Å apart, as expected for the indicated conformation. Finally, fluorescence resonance 
energy transfer (FRET) experiments involving the dansyl channel and another 
fluorescent channel gave an aggregation number for the system of 1.1. This comports 
with the monomer structure shown in the figure above (Abel et al., 1997).  
 Additional studies have disclosed significant biological activity. We call the 
compound in which two benzyl groups replace the dodecyl sidearms of the channels 
shown above “benzyl channel.” The benzyl channel is toxic to the Gram negative 
bacterium E. coli. A corresponding dibenzyl structure that has 8-carbon spacers and is 
too short to effectively function as a channel is at least 15-fold less toxic (Leevy et al.,
2002). In very recent work, the benzyl channel has been found to function in live cells. 
This has been determined by the electrophysiological technique known as whole cell 
patch clamping (Leevy et al., 2004). 
 A number of other synthetic ion channels have been developed that incorporate 
crown ethers as critical elements. They cannot all be described and illustrated in this 
short chapter but it is important to note them. Voyer and coworkers developed channels 
that use an α-helical backbone to align a series of crowns into a channel that was both 
functional and biologically active (Voyer and Robataille, 1995; Voyer et al., 1997). 
Pechulis and coworkers developed a channel in which a central crown used tartaric acid 
subunits to anchor steroids, which formed the channel’s walls (Pechulis et al., 1997). 
Mendoza and coworkers prepared an active channel based on a calixarene central unit 
but that had crown ether headgroups (de Mendoza et al., 1998). Hall and coworkers 
modified the tris(macrocycle) design originating in our lab to form a redox-switchable 
crown that was active in bilayers (Hall et al., 1999, 2003). 

6. Conclusions 

Crown ether compounds now have a nearly 40-year history. Early studies sought to 
define their variety and properties. As the class became well defined, crowns became 
useful as scaffolds for the development of novel and complex systems that model 
natural structures and processes.  
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1. Introduction 

Cytochrome c (cyt. c) has become a major protein for testing new approaches and 
techniques in protein science.1 This is partly due to the venerable position that 
cytochrome c holds in the field of biochemistry since it was isolated and characterized 
more than 70 years ago.  Cyt. c was one of the first proteins to be sequenced,2  and to 
have its X-ray structure determined in 1967.3  Cyt. c also has the advantage of stability 
and a spectroscopically distinct heme group.  More than 23,000 articles mentioning cyt. 
c were published between 1945-2002 (ISI Web of Science).  Here, we describe an 
approach to tetraphenylporphyrin-based protein surface receptors and the 
characterization of their interactions with the principal target cyt. c.

2. Interactions of Cytochrome c with Physiological and Non-physiological Binding 
Partners 

The principal function of cyt. c is to form complexes through a defined interface with 
protein partners in our cells. This is most established for eukaryotic cytochrome c
within the mitochondrial electron transport chain (ETC), a process required for carrying 
out the oxidative phosphorylation of ATP.4  Formation of a complex with cyt. c
reductase (an electron-donor protein from complex III) and cyt. c oxidase (an electron-
acceptor protein from complex IV) leads to the transfer of electrons between otherwise 
separated proteins.  More recently cyt. c has been found to play a critical role in the 
process of apoptosis or programmed cell death.  This in turn has led to a resurgence of 
interest in all aspects of cyt. c research.5  Again protein-protein interactions have been 
shown be essential with mitochrondrial cyt. c binding to such proteins as APAF-1 to 
form the multi-protein species known as the apoptosome that  is now thought to be a 
requirement for apoptosis.6,7 
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 At physiological pH, horse heart cytochrome c is strongly positively charged with 
approximately 8 protonated lysines and arginines, and a pI value of 10.  The crystal 
structures of horse cyt. c, (Figure 1a)8 and its complex with yeast cytochrome c-
peroxidase (ccp) (Figure 1b)9 show that a critical array of lysine and arginine residues 
are found near the exposed heme edge of cyt. c.  In conjunction with these structural 
studies, mutation analysis has allowed the identification of the energetic contributions 
made by these cationic residues on the binding to CCP. Margoliash and co-workers 
have generated several cyt. c mutants with certain surface lysines modified by carboxy-
dinitrophenyl groups.10  Measurement of the interaction of these mutants with various 
protein partners, including cyt. c reductase, cyt. c oxidase, sulfite oxidase, and  ccp 
allowed an assessment of which lysines were important for stabilizing the complex. The 
most important residues were found on the face of the protein (lysines 13, 27, 72, 73, 
86, 87) surrounding the exposed heme-edge.  In some cases, where mutations were 
distant from the heme edge, changes in activity could be ascribed to changes in the 
dipole moment of the protein.  The critical interaction domain of cyt. c with its partners 
was thus clearly established to be close to the heme edge, defined by the surrounding 
lysines. 
 Negatively charged species other than proteins have been shown to interact, albeit 
weakly (mM-µM), with the positively-charged heme edge domain of cyt. c.  These 
include small peptides,11-12 lipid vesicles,13 inorganic and organic anions14 (phosphate, 
oxalate), and the egg yolk storage protein phosvitin.15  An early strategy for the 
development of synthetic binding agents for cyt. c is exemplified by the work by Fine 
and coworkers.16-18  Anionic sulfated sugar polymers were prepared and shown to bind 
cyt. c, through charge complementarity and hydrophobic forces leading to significant 
affinity. In 1985, Fisher showed that a functionalized tetracarboxyphenylporphyrin 
(TCPP) possessed the correct size and charge complementarity to match the 
hydrophobic and charged residues on the heme edge surface of cyt. c and established a 
moderate binding  affinity for the protein (Kd ~5µM).19

Figure 1.  (a) X-ray crystal structure of horse-heart ferricytochrome c.8 All protein atoms are shown in the C.-
P.-K. form, while the heme group is shown in the stick form.  All Arg and Lys residues are colored blue, 
while Glu and Asp are colored in red, to contrast the destribution of the most ionizable side chains. (b) The X-
ray crystal structure of horse heart ferricytochrome c in complex with horse cytochrome c peroxidase (ccp).9
The peroxidase is shown as a molecular surface model, with blue regions depicting positive and red 
representing negative electrostatic potential. Note the cluster of negative potential on ccp that surrounds the 
contact interface. A coloured version is given in the Appendix. 
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3. Designs Based on Macrocyclic Scaffolds Appended with Amino Acids and  
 Peptides 

Macrocylic structures, in general, are ideal molecular  scaffolds for constructing synthetic 
protein surface receptors.  A wide range of macrocyclic structures have been designed and 
exploited in all areas of host-guest chemistry.20  Among the most attractive features of 
macrocycles are the potential for small molecule binding to the inner cavity and the possibility 
of derivatization around the perimeter to construct an “external” binding site.   Importantly, 
most macrocycles are relatively restrained with respect to their conformation, primarily due to 
the loss of rotational degrees of freedom upon cyclisation, and by stabilization due to 
intramolecular forces.21  Finally, many macrocycles have subnano-to nanoscale dimensions 
spanning a large area of space.  This type of dimension in addition to their conformational 
rigidity would be ideal for projecting multiple binding groups towards a protein surface in a 
directed manner.    
 While cyclic peptides have proven to be problematic, we believe that amino acids are 
ideal candidates for derivatization of our macrocyclic scaffolds. Many natural and unnatural 
amino acids with appropriately protected side chains are commercially available or can be 
readily prepared, providing facile access.22 The α-amino- and α-carboxy- groups common to 
all of these will provide constant sites for attachment to a macrocyclic scaffold core.  Side 
chains varying in aromatic, aliphatic, polar and ionic characters should provide sufficient 
chemical diversity.  Finally, amino acids may be combined in many ways to form short 
acyclic peptides, allowing access to more diverse chemical properties not found in individual 
amino acids. 

4. Design and Synthesis of Tetraphenylporphyrin-based Protein Surface 
Receptors 

Among the world of macrocyclic molecules, porphyrins23 hold a particularly important place 
due to their extensive synthesis and applications literature and their potential compatibility 
with the biological milieu.24  Both natural and unnatural porphyrins and porphyrinoids have 
been used in medical applications such as tumour photodynamic therapy (PDT)25 and cancer 
cell imaging.26  Furthermore, the very presence of metalloporphyrin derivatives in the heme 
and chlorin prosthetic groups of hemoglobin (and the cytochromes) and the photosynthetic 
apparatus confirm their central role in biochemistry.  As a result porphyrin derivatives have 
been intensely investigated in terms of their structural characterization, their physicochemical 
properties and their synthetic accessibility.27 The consequence of this detailed investigation is 
that many porphyrin derivatives have been used as key structural components in the 
construction of synthetic hosts, artificial enzymes and various model systems in bioorganic 
and bioinorganic chemistry.28

 The most widely studied porphyrin core is 5,10,15,20-meso-tetrakis-phenyl porphine 
(TPP) and this derivative is particularly suited to the purpose of protein surface recognition.  
A wide range of TPP derivatives have been investigated and there are several methods of 
preparation available.  The most frequently used approach for the synthesis of TPP involves 
the condensation of benzaldehyde and pyrrole under acidic conditions, followed by air 
oxidation of the intermediate porphyrinogen.29  More recently, Lindsey30 has developed a 
much improved method of TPP synthesis involving equilibrium control under high dilution 
and significantly milder conditions.  As a result many chemically sensitive functional groups 



R. K. JAIN ET AL. 270

can be tolerated in the reaction.  Various TPP derivatives have also been shown to dissolve in 
a wide range of aqueous and organic solvents.  
 Depending on the nature of the peripheral functionalization, aggregation can occur and 
this aspect of their chemistry has been extensively investigated. These studies are all made 
more straightforward by the highly chromogenic and flurogenic properties of most TPPs.  A 
critical issue in the design of protein surface receptors is the large surface area defined by 
most protein interfaces.  The size and shape of TPP offers the potential of complementing a 
large fraction of the protein surface in the design of receptors. Molecular modeling using the 
MM-2 force field shows (Figure 2) that the distance between two diagonally opposed phenyl 
groups (from their para positions) is approximately 19 Å.   

Figure 2.  C.-P.-K. model of energy minimized (MM-2, chem 3D) meso-tetrakis (p-methyl) phenyl porphyrin. 

 As peptidic appendages were chosen as elements for receptor diversification, 
porphyrins that allow the attachment of peptides through their amino- or carboxy 
termini were desirable. Analogous to the calix[4]arene tetraacid, we chose a tetraacid 
derivative of TPP, 5,10,15,20-m-tetrakis-p-carboxyphenyl porphyrin (TCPP) 1 as the 
porphyrin scaffold. The carboxylic acid allows the linkage of peptides and amino acids 
through amide bond formation.  The synthesis  of our TPP-based protein surface 
receptors is outlined in Figure 3. 
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5. Tetraphenylporphyrin-based Synthetic Receptors for Targeting the 
Cytochrome c Surface 

Porphyrin-based receptors 2 – 12, and 12 (coproporphyrin I), a naturally occurring 
porphyrin, were screened for binding against horse heart ferricytochrome c.  Rodgers 
and co-workers have previously reported on the use of fluorescence quenching for 
convieniently determining the Kd's of porphyrin guests against cyt. c.31 Quenching is 
believed to occur due to the enforced proximity of the Fe (III) heme to the porphyrin 
macrocycle (Figure 4).  All porphyrins synthesized possessed similar fluorescence 
properties, thus allowing for direct comparison of Kd values obtained by quenching 
titrations.  

Figure 4.  A schematic depiction of the fluorescence quenching-based binding assay. The synthetic receptor is 
fluorescent when unbound but when the porphyrin macrocycle is forced into proximity with the Fe(III) 
containing heme, fluorescence is quenched. The ratio between free and bound receptor can be equated to the 
change in fluorescence due to protein binding. 

 Addition of cytochrome c to solutions containing some of our TPP-based receptors 
resulted in quenching of porphyrin fluorescence emission (Ex = 420, Em = 650 nm).  In 
contrast, titrations with tetracationic m-tetrakis-(4-trimethylaminophenyl) porphyrin 
(11,TTMAPP) and cationic TPP-based receptor 10 showed no quenching even at high 
concentrations. This demonstrates the clear preference for anionic species by the 
cationic cytochrome c recognition surface, in agreement with previously reported 
studies.   
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 Titrations were performed by addition of cyt. c., and the change in fluorescence was 
plotted against the concentration of cyt. c.  Dissociation constants were derived by curve 
fitting to a 1:1 binding equation.   Significant changes in affinity for cyt. c were 
observed by altering the relative proportions of acidic and aromatic functionalities in the 
receptors.  Receptors 5 and 6 differ only by the substitution of four methyl esters by 
carboxylic acids, respectively, providing controls for probing the charge requirements 
for cyt. c recognition.   A ~5 fold increase in affinity was seen, on going from receptor 5
to receptor 6, indicating a preference for octaanionic receptors over their tetraanionic 
counterparts.   Receptor 5 and TCPP-1, with the same number and type of charged 
groups, show little difference in their binding affinities.   Similar trends were observed 
when aromatic groups were incorporated into the receptor while keeping the number of 
charged groups constant. Rodgers had earlier shown that 13 (uroporphyrin I), containing 
eight carboxylate groups, binds cytochrome c with µM affinity. However, receptor 6
which has eight carboxylate groups and 4 aryl groups binds to cytochrome c 
approximately six fold stronger than 13 (uroporphyrin I).  In a similar analysis, receptor 
5 binds cytochrome c nine-fold stronger than tetraanionic 12  (coproporphyrin I). These 
results suggested that an appropriate combination of charged and hydrophobic groups 
on the porphyrin periphery would give a molecule with exceptionally high affinity for 
cytochrome c. To confirm this, we designed receptor 8 to contain 8 carboxylate groups 
and 8 aryl groups.  The titration curve (Figure 5) shows a sharper achievement of 
saturation with 8 compared to 6.

Figure 5. Fluorescence quenching of 8 (black dot), 6 (+), and 11 (O) upon addition of cytochrome c. Curve fit 
indicates a Kd of 20 nM ,160 nM respectively.
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 This corresponds to a Kd of 20 nM  for 8 binding to cytochrome c and represents an 
eight fold increase in affinity compared to 6. A receptor containing peptidomimetic 
sidechains of 8, receptor 7, was synthesized to determine if the observed trend applies to 
receptors of comparable charge and hydrophobicity but with different connectivity.  We 
saw no significant affinity change by truncating the Tyr(OH)-Asp-OH dipeptide on 8 to 
Tyr(OCH2COOH)-OH on receptor 7, a modified tyrosine with a carboxymethyl group 
on the side chain phenol.  These results strongly indicated that the side chains from the 
porphyrin scaffold do not have to be stringently oriented as long as the ionizable and 
hydrophobic groups are in the general proximity of interacting protein side chains. 
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SUPRAMOLECULAR COMPLEXES WITH MACROCYCLES: 
SURPRISES AND INSIGHTS 

   HANS-JÖRG SCHNEIDER 
   FR Organische Chemie der Universität des Saarlandes,  
   66041 Saarbrücken, Germany 

“All we can and need do is create theories and eliminate error.” 
(Karl Popper) 

1. Introduction 

Progress in fundamental science lives on falsification of existing theories or 
hypotheses.[1] This is a major reason why we need experiments, and why we must not 
only be prepared for surprises, but should actually seek for those. Chemists all too often 
find satisfaction only if their results confirm their anticipation. Progress in 
supramolecular chemistry as a relatively new field of science especially relies on 
conclusions from unexpected results. Although there are many reviews and already 
several monographs in the field,[2] authors and even more students understandably 
prefer rules and orders, and dislike complications. This could lead to the impression that 
as e.g. in classical mechanics only the intelligent application of recognized laws is what 
will in future count in our field. However, even if one only would be interested in 
making e.g. perfect new receptor molecules a better understanding of the relevant 
interaction mechanisms will be of significant help in a rational approach to such goals. 
Synthetic supramolecular chemistry is particularly suited for experiments which 
challenge existing hypotheses, as entirely new experimental systems such as new host-
guest complexes can be designed in order to answer specific questions. In the present 
chapter an attempt is made to illustrate results in macrocyclic chemistry, which at least 
at first sight are unexpected, but can lead to new insights in theory. Most of the 
illustrations will be taken from work of the author’s laboratory; these and the selected 
other examples are meant to be an incentive for both experimentalists and theoreticians 
for the future development of one of the most promising fields in chemistry.  

2. Structure of Macrocyclic Complexes - Solution vs. Solid State 

The examples given in Figure 1 illustrate not only the persisting problems to identify the 
structure of supramolecular complexes, but at the same time represent an interesting 
piece of history. The complex of a benzidino-cyclophane with a benzene guest molecule 
inside the macrocycle is likely the oldest published picture of such a supramolecular 
complex.[3]
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It was based on the finding from e.g. elemental analysis that crystals showed a 1:1 
composition of host and guest molecule. Some 27 years later X-ray crystallography 
revealed, that in these crystals the benzene was in fact not inside the macrocyle cavity, 
but outside.[4] Again, some decades later, work in our lab has now shown, that in 
aqueous solution the benzene indeed is complexed inside the cavity.[5] This is evident 
not only from the observed complex stability itself -which exceeds the immeasurably 
low affinity to a corresponding monomer-, but mainly from the NMR shielding effects 
of the macrocyclic host on the benzene protons. The NMR shifts are small as a result of 
averaging between six protons, which only partially are exposed to the in addition rather 
asymmetric shielding cones of the host phenyl rings. With p-toluenesulfonic acid as 
guest the shielding effects on the macrocyclic host protons illustrate the intracavity 
inclusion also.  

Figure 1. Stetter’s cyclophane (1955) , and evidence for complexation in aq. solution (unpublished).

 An opposite example of intracavity guest inclusion in the solid state, but not in 
solution is documented in Figure 2. X-ray crystallography shows as expected 
innersphere coordination of the lanthanide ion with the [2.2.2] cryptand.[6] However, if 
one dissolves the solid Eu complex in methanol, one observes only at the beginning 
NMR signals which correspond to the D3h symmetry depicted as structure I, and 
characterize the innersphere complex also by large upfield shifts and linewidth increases 
of the CH2 protons. After short time the metal ion moves out and forms a complex II 
with C2v symmetry , as obvious from the number of now nine CH2 signals.[7] After 
longer time the free diprotonated ligand III appears; in water III is formed more 
rapidly, with a rate constant of 8.7×10-4 s-1. Particularly in the solid state it is also not 
unusual to find not only the expected guest inside the cavity, as shown e.g. with a 
macrocyclic octalactam host encapsulating besides two Cl- ions also two water 
molecules.[8] 
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Figure 2. Complexation of the [2.2.2] cryptand with EuCl3 (=MX3); symmetries derived from the 
number of NMR signals (the metal ion M is covered in the front view of structure I ). 

3. Some Unusual Properties of Crown Ether and Calixarene Complexes 

Crown ethers continue to be one of the most useful parts of supramolecular chemistry.[9] 

From the beginning computations of metal ions complexes with synthetic ionophores,[10]

which have been aptly reviewed,[11] emphasized the importance of including explicitly 
solvation in free energy calculations, also with ab initio calculations on calixarene 
complexes.[12] Molecular dynamics simulations of 18-crown-6 ether complexes in 
aqueous solutions predict too low affinities, but at least correctly reproduce the 
sequence trend K+ > Rb+ > Cs+ > Na+. However, only the selection of K+ over Rb+ and 
Cs+ is ascribed to the cation size relative to that of the crown cavity, whereas K+ appears 
in these calculations to be selected over Na+ as consequence of the greater free energy 
penalty involved in displacing water molecules from Na+.[13] 

 One of the early puzzles in host-guest chemistry was the difference of complex 
stabilities with the crown ether 18-C-5 in comparison to 18-C-6.[14] Although 18-C-5 
has only 20% less donor atoms than 18-C-6, its stability constant with e.g. K+ is more 
than 4000 times smaller than with 18-C-6 (Figure 3). Molecular mechanics calculations 
have shown, that the exchange of only one out of six oxygen atoms by a methylene 
group leads to the almost identical basic conformation (see Figure 3), but to the 
presence of a single C-H pointing inwards the 18-C-5 cavity, thus generating a steric 
hindrance of insertion and preventing full contact of the ion with the other oxygen 
atoms.[15] Such distortions suggest to be careful with the interpretation of experiments 
with e.g. site-directed mutagenesis, where usually one interacting function is replaced 
by another one under the assumption that no other significant changes at the binding 
sites will occur.[16]
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KCl with  18-C-5: 0.26 with 18-C-6 1 120   K6/K5= 4310 
PhNH3Cl   0.025        12      480 

Figure 3. Stability constants K (in 103 M-1 units) for 18-C-5 in comparison to 18-C-6 and superposition of K+

complexes with 18-crown-6 and 18-crown-5, showing the same conformation of both (in side and top view), 
but the expulsion of the metal ion out of the cavity (after energy minimization in gas phase with MM2, Ph.D. 
Dissertation of V. Rüdiger, Universität des Saarlandes, Saarbrücken). 

 Another significant deviation from known rules has been observed in the rather low 
affinity of K+ with the 1,10-diaza crown 18-C-6 with only ∆G=10 kJ/mol (in methanol). 
It has been shown that the free energy of binding ∆G in crown ether and cryptand 
complexes usually is an additive function of number and electron donicity of the host 
donor atoms which are in contact with the metal ion.[17] Molecular mechanics 
calculations suggest the reduced affinity with the diazacrown to be due to the N-lone 
pairs in pseudoaxial position, pointing away from the metal ion (Figure 4). This has led 
to experiments with the N-methyl substituted crown: here the N-alkyl substituents 
would clash which each other inside the macrocycle, therefore a pseudoequatorial lone 
pair orientation towards the cation is enforced, and the stability of the complex indeed 
returns to the normal scale with an increase to 29.5 kJ/mol.[ 18]

Figure 4. Conformations of 1,10-diaza-18-crown-6 with either diaxial orientation of the N-lone pairs (a), or 
pseudo-equatorial orientation of the lone pairs (b) (conformation (a) has lower energy if substituent at N is R 
= H, but higher energy with R = Me, favoring then conformer (b); models after energy minimization in gas 
phase with MM2, Ph.D. Dissertation of V. Rüdiger, Saarbrücken), Exp. observed (in MeOH): ∆G(complex): 
for R = H 10.0 kJ/mol; for R = Me : 29.5 kJ/mol.  

(a) (b) 
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 Of the many other experimental studies revealing at first sight unexpected structures 
of crown ether complexes we can only cite some recent ones. Unusually weak cation 
affinities of diaza-18-crown-6 ethers having aromatic sidearms was found to due to 
interference between the crown's macroring and both sidearms, involving 
intramolecular C-H…O contacts.[19] In 11-membered ring crown trithioethers the lowest 
energy conformation are not suitable for tridentate coordination with first row transition 
metals , so that the lack of ideal preorganization dominate the complexation behavior of 
the ligands.[20] In the dibenzyl-diaza-18-crown C-H-π interactions between the phenyl 
groups and ring methylene protons dominate the overall conformation of the 
macrocycle. [21] Cesium ions in tetrabenzo-24-crown-8 were reported to show in crystals 
unprecedented linear η2-acetonitrile and even dichloromethane ligation.[22] In the solid 
state often disorder and occurrence of several conformations is encountered, as for 
example in a 1,10-diaza-18-crown-6 complex.[23] 

The presence of sulfur atoms in calixarenes, involving only exchanges of methylene 
groups, lead to large differences in structural and chemical behavior; thus the 
thiacalix[4]arenes seem to prefer a 1,2-alternate conformation instead of the usual cone 
structure.[24] Calix[4]arenes themselves can show unusual 1,3-alternate conformations, 
depending on substitution.[25] On the other hand other calix[4]arenes were found to 
retain their cone conformation independent of substitution in solid state, in solution and 
on complexation with alkali metal ions.[26] Mobile calix[4]arene ligands with pendent 
proton-ionizable groups show different conformations as function of the metal ion; thus 
Li+ salts prefer the cone conformation, while for the Na+ and K+ salts more than two 
conformations are observed, and with Cs+ and Rb+ ions partial cones.[27] With 
ketocalixarenes only the use of chiral solvents has made it possible to detect by NMR 
otherwise silent ring-inversion process, with unusual 1,3-alternate conformations.[28] A
resorcinol based calixcrown ether crystallizes in two equally populated conformations, 
with unusual O-C-C-O and C-C-O-C geometry.[29] Tetraacetylcalix[4]pyrrole was 
shown to complex in DMSO selectively fluoride  vs. acetonitrile, with dramatic effect 
of water present in the DMSO solution only at lower anion concentrations.[30] 

 That solvents can have a profound and until now often little understood effect on 
selectivity and affinity of macrocylic hosts is illustrated with the complexation of halide 
anions with calix[4]pyrrole (Table 1).[31]

N
H

NH

N
H

NH
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TABLE 1. Dependence of complex stabilities of a calix[4]pyrrole with halide anions on solvent; 
   ( i: results from different addition modes ) 

Halide lgK in 
CH2Cl2

lgK in 
DMSO 

lgK in 
MeCN  

lgK in 
MeCN  

∆H in 
MeCN  

∆H in 
MeCN  

T∆S in 
MeCN  

F- 4.23 3.02 5.15 6.21 34/43 i 41 8 
Cl- 2.54 3.01 4.90 4.72 44/ 41 i 45 18 
Br- 1.00 -  3.66 - 31 10 
Ref. 29a 29b 29c 29e 29c 29e 29e 

 The impressive selectivity for e.g. fluoride over chloride drops from a factor of fifty 
in dichloromethane to zero in DMSO, and is also small in acetonitrile. Calorimetric 
measurements show, that the complexation is dominated by enthalpy, but influenced 
also by entropy disadvantage which is larger for Cl- than for F- (it should be noted that 
several published data differ significantly, also as function of addition modes). 
Obviously, the prediction of structures and stabilities, but in particular of selectivities in 
different environment is still a demanding challenge.  

4. Thermodynamics / Enthalpic  vs. Entropic Contributions  

Thermodynamics of complex formation, discussed in detail by Schmidtchen in the 
present volume, hold many surprises.[32] In comparing enthalpic with entropic 
parameters one should not forget that ∆G and ∆S depend on the chosen units for relative 
concentration, which can be either mol/l, or can be given in dimensionless mole 
fractions; in consequence the usual partition of absolute numbers for ∆H and ∆S
becomes to some degree arbitrary (see e.g. ref. 2d, p. 24, p. 106). In addition, 
complexation is usually characterized by sizeable changes of heat capacity, making the 
thermodynamic partitions temperature-dependent. 
 It should be remembered here that the stability increase with macrocycles in 
comparison to open chain analogs – the so-called macrocyclic effect – is not generally 
due to the commonly discussed entropy advantage. This is obvious from the small 
differences between complexes of e.g. with either triethylenetetramine or the 
macrocycle cyclam, which with water as solvent for Cu2+ are T∆∆S = -0.8 kJ/mol with a 
large ∆∆G = -19 kJ/mol, and even T∆∆S = -7.1 kJ/mol with ∆∆G = -16 kJ/mol for 
Ni2+.[33] With oxygen containing ligands, on the other hand, one sees to a variable 
degree both enthalpic and moderate entropic advantages of the macrocyclic host.  
 Remarkably, enhanced binding by the chelate effect is occasionally seen not in free 
energies of complexation: the association constants of e.g. amino acids with 
sulfonatocalix[4]arenes are quite close the ones observed with phenol-4-sulfonic acid as 
single host unit ! Only ∆H shows an advantage of the macrocycle with ∆H = 30 
compared to 1 kJ/mol, compensated by a much smaller entropy disadvantage with the 
smaller monomeric host, which changes from e.g. T∆S = -12 kJ/mol to favorable +12 
kJ/mol.[34]
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 Entropy driven complexation is usually believed to be the hallmark of 
hydrophobic interactions, but associations in water with cyclodextrin and other strongly 
lipophilic macrocycles even with hydrophobic guest ligands are invariably driven by 
enthalpy, most often with large adverse entropy contributions. Strongly enthalpy driven 
complexations in water were observed with a cyclophane bearing for the sake of 
solubility external positive charges as host, and 1,4-disubstituted benzene derivatives or 
steroids as guest. With a similar but more lipophilic cyclophane calorimetric 
measurements were possible also in other solvents, and showed  again a dominating 
enthalpic driving force, with small positive entropy effects only in benzene or DMF as 
solvent.[35] In contrast, associations involving either hydrophilic ions or strongly polar 
interactions, are often endothermic and dominated by favorable entropy contributions, 
brought about mainly by liberation of solvent molecules from the solvation shell.[2d,36]

Complexes of an electroneutral cyclohexapeptide host with anions in methanol-water 
mixtures are enthalpically as well as entropically favored.[37]

 Electroneutral combinations are often favored by enthalpic against entropic 
contributions, however with noticeable exceptions. Thus, crown ether 18-C-6 
complexes with e.g. free amines in methanol show stability constants around lgK= 2.5 ± 
0.1, quite independent of the amine structure, but very sizeable differences in ∆H,
ranging from 1 or 2 kJ/mol for secondary or tertiary amines to 30 kJ/mol for primary 
amines; with surprisingly favorable entropic T∆S values of up to 13 kJ/mol. Protonated 
amines show increased lg K values of up to 4.4, mainly due to enthalpic advantages, and 
not. as one might expect for the more polar combinations, due to entropic effects, 
although these are also sizeable.[38]

 Calorimetric measurements with e.g. urea and various crown ethers, both 
representing electroneutral, yet polar compounds, showed even in methanol favorable 
T∆S values between 12 to 13 kJ/mol, with ∆H of only 1 to 2 kJ/mol; as expected 
complexation with the ionic guanidinium salt shows increased values of T∆S = 19 to 21 
kJ/mol.[39] The experimentally found T∆∆S differences between urea and guanidinium 
as guests are found to agree with entropies of fusion[40] for 1 or two methanol molecules 
(T∆S = 4.1 kJ/mol each) which are liberated upon complexation. Surprisingly, 
association of zwitterionic amino acids and peptides with anionic 
sulfonatocalix[4]arenes in water [41,42] are favored by enthalpic and disfavored by 
entropic contributions, with negligible influence of the macrocycle ring size on the 
affinities.[34]

 In water, related sulfonatocalixarene complexes with e.g. benzylammonium salts 
showed by NMR also a complexation mode without ion pairing, with the phenyl moiety 
inserted in the calix cone, as well as a conformation allowing a salt bridge; the observed 
thermodynamics were more in line with the absence of dominating ion pair interactions 
(Figure 5).[43]
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Figure 5. Two conformations in a calixarene complex (ref.42). 

 Metal complexes also can show contradictive behavior: with benzo-15-crown-5 the 
complexation of lanthanide perchlorates is entropy-driven in acetonitrile, while the 
complexation of lanthanide nitrates with corresponding disubstituted derivatives is 
primarily enthalpy-driven, with small entropic differences.44

 Obviously, reliable predictions for thermodynamics even for long-established crown 
ether complexes are a far-reaching goal. Few efforts have been made until now to 
correlate quantitatively the often dominating complex entropies with independent 
parameters, such as with entropies of fusion for the used solvent molecules,[40] and 
known values for solvation and desolvation of the partner molecules.[45] Restriction of 
conformational mobility within host or guest molecules has experimentally[46] been 
shown to hinder complex formation less than anticipated earlier on the basis of entropic 
terms by loss of rotational freedom.[47] Free energies of complexation are usually better 
suited for stability predictions than enthalpy or entropy parameters, also as a result of 
the well known enthalpy-entropy compensation;[48] in particular ∆G values often show 
additivity of the many non-covalent binding contributions present in a macrocycle.[49] 

5. Van der Waals or Hydrophobic Effects ? 

Interactions between lipophilic partners in aqueous media are often ascribed to 
hydrophobic forces, although they may as well be due to van der Waals-type 
interactions. The cyclophane CP-a with X= +NR2 (R = Me or H) was found to bind 
saturated compounds with much smaller affinity than aromatic guest molecules; only 
after removing as in CP-b the positively charged nitrogen centers of the host the reverse 
is seen, as expected by the higher lipophilicity of aliphatic guest molecules (Figure 
6).[50] Similarly, the cyclophane CD-a binds guest molecules containing positively 
charged nitrogen centers with remarkable affinities, with significantly increased 
complex stability if the host walls are made completely aromatic (CD-b) instead of 
aliphatic.[51] These observations initiated the discovery of the now well-established 
cation-π-interactions in many organic and biological complexes,[52] which until then 
were known only from e.g. mass-spectroscopic studies of K+-benzene complexes in the 
gas state.[53]
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A dissection of hydrophobic from van der Waals interactions is possible by 
comparing the affinity of saturated with more polarizable guest molecules with suitable 
host compounds. Using water-soluble porphyrin host compounds it has been found, that 
saturated systems such as 1,4-cyclohexane dicarboxylates bind only by ion pairing to 
the porphyrin macrocycle, which bears positive charges at the periphery. In contrast, the 
almost isosteric 1,4-benzene-dicarboxylate binds by orders of magnitude better. In 
addition, many substituents at benzoic acid as guest lead to significant complexation 
stability increases, essentially as function of their polarizibility, whereas e.g. a methyl or 
isopropyl group has only a negligible effect (Figure 7).54 Larger hydrophobic 
contributions have reported for associations between porphyrins and peptides;[55]

however, they can be due to formation of 1:2 complexes and to simultaneous dispersive 
interactions with the backbone amide groups. 

Figure 7. Complexation free energies ∆G of the porphyrin macrocycle with benzoic acid derivatives, showing 
the absence of hydrophobic effects with R = CH3, and the large effect of polarizable groups such as R = NO2.

 The observed free energy changes are additive and demonstrate, that many 
interactions summarized as hydrophobic are in fact of dispersive nature.[56] The 
hydrophobic effect itself may have quite different origins. As mentioned above the 
classic hydrophobic effect in terms of the Frank-Evans picture of water liberation is in 
conflict with many calorimetric data of macrocyclic complexes such as cyclodextrins, 
showing the absence of entropic driving contributions.[35,36] The so-called non-classical 
hydrophobic effect has its origin in cohesive forces between solvent molecules, which 
for water are particularly large.[57, 35] Release of solvent molecules out of a macrocyclic 
cavity upon complexation with a guest molecule inside allows the liberated solvent 
molecules not only more freedom (the classical, entropic effect), but also more solvent-
solvent interactions, leading to the more often observed enthalpic gain.  

6. Acknowledgements 

The work of my able collaborators in Saarbrücken was supported by the Deutsche 
Forschungsgemeinschaft, the A.v. Humboldt foundation and the Fonds der Chemischen 
Industrie. I appreciate valuable suggestions by Professor A. Yatsimirksi, UNAM 
Mexico. 

NN
H

N
H

N
R R

R

R

NR =   CH2CH2CH3

COO

R

R

R = H : ∆G = 12.9  kJ/mol  
R = CH3           13.3 
R = NO2           17.5 



SUPRAMOLECULAR COMPLEXES WITH MACROCYCLES 287 

7.  References and Notes 

1 Popper, K. R. (1959, new edition: London, Routledge, 2002) The Logic of Scientific Discovery.
2 a) J.-M. Lehn, Supramolecular Chemistry. Concepts and Perspectives, Wiley VCH Weinheim etc 1995; b) 
F. Vögtle, Supramolecular Chemistry: An Introduction, Wiley 1993; c) P. D. Beer, P. A. Gale, D. K. Smith, 
Supramolecular Chemistry (Oxford Chemistry Primers, 74) Oxford University Press; d) H.-J. Schneider and  
A. Yatsimirski, Principles and Methods in Supramolecular Chemistry, Wiley Chichester etc, 2000; e) J. W. 
Steed and J. L. Atwood, Supramolecular  Chemistry, Wiley New York etc, 2000; f) Comprehensive 
Supramolecular Chemistry, Vol. 1-11; J. M. Lehn, J. L. Atwood, J. E. D. Davies, D. D. MacNicol, D. D. 
MacNicol and F. Vögtle, eds., Pergamon/Elsevier Oxford etc, 1996.
3 Stetter, H. and Roos, E. E. (1955): Macrocyclic ring systems. II. Bis[N,N'-Alkylenebenzidine], Chem.Ber.
88, 1390-1395. 
4 Hilgenfeld and R.; Saenger, W. (1982) Stetter's Complexes are no Intramolecular Inclusion Compounds, 
Angew. Chem. Int. Ed. Engl. 21, 1690-1701. 
5 Wald, P.and Schneider, H.-J.; unpublished results. 
6 Ciampolini, M., Dapporto, P., and Nardi, N. (1979): Structure and properties of some lanthanoid(III) 
perchlorates with the cryptand 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane, Dalton Trans,
974-977; Hart, F. A., Hursthouse, M. B., Abdul Malik, K. M., and Moorhouse, S. (1978): X-ray crystal 
structure of a cryptate complex of lanthanum nitrate, Chem. Commun. 549-50. 
7 Shestakova, A.K., Chertkov, V.A., Schneider, H.-J. (2000) Structures and equilibria involving the [222] 
cryptand and europium ions, Tetrahedron Lett. 41, 6753-6756. 
8 Szumna, A., and Jurczak, J. (2001): Unusual encapsulation of two anions in the cavity of neutral macrocyclic 
octalactam, Helv. Chim. Acta 84, 3760-3765. 
9 See e.g. Gokel, G. W., Leevy, W. M., and Weber, M. E. (2004): Crown ethers: Sensors for ions and 
molecular scaffolds for materials and biological models, Chem. Rev. 104, 2723-2750. 
10 Grootenhuis, P. D. J., and Kollman, P. A. (1989): Crown ether-neutral molecule interactions studied by 
molecular mechanics, normal mode analysis, and free energy perturbation calculations. Near quantitative 
agreement between theory and experimental binding free energies, J. Am. Chem. Soc. 111, 4046-4051. 
11 Wipff, G. (1992): Molecular Modeling Studies on Molecular Recognition - Crown Ethers, Cryptands and 
Cryptates - from Static Models in Vacuo to Dynamic Models in Solution, J. Coord. Chem. 27, 7-37; and 
chapter in this volume. 
12 Schatz, J. (2004): Recent application of ab initio calculations on calixarenes and calixarene complexes. A 
review, Coll. Czech. Chem. Comm. 69, 1169-1194. 
13 Dang, L. X. (1995): Mechanism and Thermodynamics of Ion Selectivity in Aqueous- Solutions of 18-
Crown-6 Ether - a Molecular-Dynamics Study, J. Am. Chem. Soc. 117, 6954-60. 
14 Timko, J. M.; Moore, S. S.; Walba, D. M.; Hiberty, P. C.; and Cram, D. J., (1977) Structural units that 
control association constants between polyethers and tert-butylammonium salts, J. Am. Chem. Soc., 99, 4207-
4219. 
15 Raevsky, O. A., Solovev, V. P., Solotnov, A. F., Schneider, H. J., and Rüdiger, V. (1996): Conformation of 
18-crown-5 and its influence on complexation with alkali and ammonium cations, J. Org. Chem. 61, 8113-
8116. 
16 Thus, it has been found with complexes of vancomycin with a mutated peptidoglycan that exchange of a 
single amide group by an ester group reduces the affinity constant by a factor of 1000; this has been ascribed 
to various structural changes accompanying this single point mutation; see Walsh, C. T., Fisher, S. L., Park, I. 
S., Prahalad, M., and Wu, Z. (1996): Bacterial resistance to vancomycin: five genes and one missing hydrogen 
bond tell the story, Chem. & Biol. 3, 21-8; McComas, C. C., Crowley, B. M., and Boger, D. L. (2003): 
Partitioning the Loss in Vancomycin Binding Affinity for D-Ala-D-Lac into Lost H-Bond and Repulsive Lone 
Pair Contributions, J. Am. Chem. Soc. 125, 9314-9315. 
17 Schneider, H. J., Rüdiger, V., and Raevsky, O. A. (1993): The incremental description of host-guest 
complexes: free energy increments derived from hydrogen bonds applied to crown ethers and cryptands, J. 
Org. Chem. 58, 3648-3653. 
18 Solov'ev, V. P., Strakhova, N. N., Kazachenko, V. P., Solotnov, A. F., Baulin, V. E., Raevsky, O. A., 
Rüdiger, V., Eblinger, F., and Schneider, H. J. (1998): Steric and stereoelectronic effects in aza crown ether 
complexes, Eur. J. Org. Chem. 1379-1389. 
19 Meadows, E. S., De Wall, S. L., Barbour, L. J., Fronczek, F. R., Kim, M. S., and Gokel, G. W. (2000): 
Structural and dynamic evidence for C-H⋅⋅⋅O hydrogen bonding in lariat ethers: Implications for protein 
structure, J. Am. Chem. Soc. 122, 3325-3335 
20 Grant, G. J., Shoup, S. S., Baucom, C. L., and Setter, W. N. (2001): Complexation and conformational 
analysis studies of 11-membered ring crown trithioethers, Inorg. Chim. Acta 317, 91-102. 



H.-J. SCHNEIDER 288  

21 Evans, D. J., Junk, P. C., and Smith, M. K. (2002): Intramolecular C-H center dot center dot center dot π
interactions influence the conformation of N,N‘-dibenzyl-4,13-diaza-18-crown-6 molecules, New J. Chem. 26,
1043-1048. 
22 Bryan, J. C., Kavallieratos, K., and Sachleben, R. A. (2000): Unusual ligand coordination for cesium, Inorg. 
Chem. 39, 1568-1572. 
23 Chekhlov, A. N. (2000): Crystal structure of the 1,10-diaza-18-crown-6 complex with calcium thiocyanate, 
Russ. J. Coord. Chem. 26, 157-161. 
24 Lhotak, P. (2004): Chemistry of thiacalixarenes, Eur. J. Org. Chem, 1675-1692. 
25 Simaan, S., Agbaria, K., Thondorf, I., and Biali, S. E. (2003): Conformation of syn- and anti-
phenylquinazoline calix[4]arene diethers, New J. Chem. 27, 236-238. 
26 Creaven, B. S., Deasy, M., Gallagher, J. F., McGinley, J., and Murray, B. A. (2001): Unusual cone 
conformation retention in calix[4]arenes, Tetrahedron 57, 8883-8887. 
27 Talanov, V. S., Hwang, H. S., and Bartsch, R. A. (2001): Unusual conformational control of mobile mono- 
and diionizable calix[4]arene ligands by alkali metal cations, Perkin Trans. 2, 1103-1108  
28 Seri, N., Simaan, S., Botoshansky, M., Kaftory, M., and Biali, S. E. (2003): A conformationally flexible 
tetrahydroxycalix[4]arene adopting the unusual 1,3-alternate conformation, J. Org. Chem. 68, 7140-7142. 
29 Buchanan, G. W., Laister, R. C., and Yap, G. P. A. (2000): Stereochemical investigations of resorcinol 
based crown ethers: X-ray crystal structure, molecular mechanics and NMR studies of benzo-13-crown-4 
ether, J. Mol. Struct. 523, 261-268. 
30 Woods, C. J., Camiolo, S., Light, M. E., Coles, S. J., Hursthouse, M. B., King, M. A., Gale, P. A., and 
Essex, J. W. (2002): Fluoride-selective binding in a new deep cavity calix[4]pyrrole: Experiment and theory, 
J. Am. Chem. Soc. 124, 8644-8652. 
31 a) Gale, P. A., Sessler, J. L., Kral, V., and Lynch, V. (1996): Calix[4]pyrroles: Old yet new anion-binding 
agents, J. Am. Chem. Soc. 118, 5140-5141; b) Camiolo, S., and Gale, P. A. (2000): Fluoride recognition in 
'super-extended cavity' calix[4]pyrroles, Chem. Commun. 1129-1130; c) Schmidtchen, F. P. (2002): Surprises 
in the energetics of host-guest anion binding to calix[4]pyrrole, Org. Lett. 4, 431-434; d) Danil de Namor, A. 
F. D., and Shehab, M. (2003): Selective recognition of halide anions by calix[4]pyrrole: A detailed 
thermodynamic study, J .Phys. Chem. B 107, 6462-6468; e) Sessler, J. L., Camiolo, S., and Gale, P. A. (2003): 
Pyrrolic and polypyrrolic anion binding agents, Coord. Chem. Rev. 240, 17-55.  
32 Danil de Namor, A. F. D., Cleverley, R. M., and Zapata-Ormachea, M. L. (1998): Thermodynamics of 
calixarene chemistry, Chem. Rev. 98, 2495-2525. 
33 Compiled data see ref . 2d, p. 15. 
34 Buschmann, H. J., Mutihac, L., and Schollmeyer, E. (2003): Complexation of some amino acids and 
peptides by p- sulfonatocalix[4] arene and hexasodium p-sulfonatocalix[6] arene in aqueous solution, J. Incl. 
Phenom. Macrocycl. Chem. 46, 133-137; see also Douteau-Guevel, N., Perret, F., Coleman, A. W., Morel, J. 
P., and Morel-Desrosiers, N. (2002): Binding of dipeptides and tripeptides containing lysine or arginine by p-
sulfonatocalixarenes in water: NMR and microcalorimetric studies, Perkin Trans. 2 524-532. 
35 Meyer, E. A., Castellano, R. K., and Diederich, F. (2003): Interactions with aromatic rings in chemical and 
biological recognition, Angew. Chem. Int. Ed. Engl. 42, 1210-1250. 
36 Schneider, H.-J. (2004), (a) “Hydrophobic Effects”; (b) “Van der Waals Effects“ in: Encyclopedia of  
Supramolecular Chemistry, Atwood, J. L.; Steed, J. W., eds; Marcel Dekker, Inc., New York; (c) Southall, N. 
T., Dill, K. A., and Haymet, A. D. J. (2002): A view of the hydrophobic effect, J. Phys. Chem. B 106, 521-
533, and references cited therein. 
37 Kubik, S., Kirchner, R., Nolting, D., and Seidel, J. (2002): A molecular oyster: A neutral anion receptor 
containing two cyclopeptide subunits with a remarkable sulfate affinity in aqueous solution, J. Am. Chem. 
Soc. 124, 12752-12760. 
38 Buschmann, H. J., Mutihac, L., and Jansen, K. (2001): Complexation of some amine compounds by 
macrocyclic receptors, J. Incl. Phenom. Macrocycl. Chem. 39, 1-11. 
39 Buschmann, H. J., Dong, H., Mutihac, L., and Schollmeyer, E. (1999): Complex formation between crown 
ethers and urea and some guanidinium derivatives in methanol, J. Thermal Anal. Calor. 57, 487-491. 
40 Hefter, G., Marcus, Y., and Waghorne, W. E. (2002): Enthalpies and entropies of transfer of electrolytes 
and ions from water to mixed aqueous organic solvents, Chem. Rev. 102, 2773-2835; and references cited 
therein.  
41 Arena, G., Contino, A., Gulino, F. G., Magri, A., Sansone, F., Sciotto, D., and Ungaro, R. (1999): 
Complexation of native L-α-aminoacids by water soluble calix[4]arenes, Tetrahedron Lett. 40, 1597-1600. 
42 Kalchenko, O. I., Perret, F., Morel-Desrosiers, N., and Coleman, A. W. (2001): A comparative study of the 
determination of the stability constants of inclusion complexes of p-sulfonatocalix [4]arene with amino acids 
by RP-HPLC and H-1 NMR, Perkin Trans. 2 258-263.  
43 Arena, G., Casnati, A., Contino, A., Lombardo, G. G., Sciotto, D., and Ungaro, R. (1999): Water-soluble 
calixarene hosts that specifically recognize the trimethylammonium group or the benzene ring of aromatic 



SUPRAMOLECULAR COMPLEXES WITH MACROCYCLES 289 

ammonium cations: A combined H-1 NMR, calorimetric, and molecular mechanics investigation, Chem. Eur. 
J. 5, 738-744. 
44 Liu, Y., Zhang, H. Y., Bai, X. P., Wada, T., and Inoue, Y. (2000): Molecular design of crown ethers. 21. 
Synthesis of novel double-armed benzo-15-crown-5 lariats and their complexation thermodynamics with light 
lanthanoid nitrates in acetonitrile, J. Org. Chem. 65, 7105-7109; see also Danil de Namor, A. F. D., Chahine, 
S., Jafou, O., and Baron, K. (2003): Solution thermodynamics of lanthanide-cryptand 222 complexation 
processes, J. Coord. Chem 56, 1245-1255; Israeli, Y., Bonal, C., Detellier, C., Morel, J. P., and Morel-
Desrosiers, N. (2002): Complexation of the La(III) cation by p-sulfonatocalix[4]arene - A La-139 NMR study, 
Canad. J. Chem. 80, 163-168. 
45 Buschmann, H. J., and Schollmeyer, E. (2000): The interpretation of thermodynamic data for the complex 
formation of cations with crown ethers and cryptands. Part I: The reaction entropy, J. Incl. Phenom. 
Macrocycl. Chem. 38, 85-97. 
46 Eblinger, F.; Schneider, H.-J. (1988), Stabilities of Hydrogen-Bonded Supramolecular Complexes with 
Variable Numbers of Single Bonds. Attempts to Quantify a Dogma in Host-Guest Chemistry, Angew. Chem. 
Int. Ed. Engl. 37, 826-829; Hossain, M. A. S., and Schneider, H. J. (1999): Flexibility, association constants, 
and salt effects in organic ion pairs: How single bonds affect molecular recognition, Chem. Eur. J. 5, 1284-
1290. 
47 Jencks, W. P. (1981): On the attribution and additivity of binding energies, Proc. Nat. Acad. Sci. USA 78,
4046-50.; Searle, M. S., and Williams, D. H. (1992): The cost of conformational order: entropy changes in 
molecular associations, J. Am. Chem. Soc. 114, 10690-7, and references cited therein. 
48 see e.g. a) Liu, L., and Guo, Q. X. (2001): Isokinetic relationship, isoequilibrium relationship, and enthalpy-
entropy compensation, Chem. Rev. 101, 673-695; b) Liu, Y., Han, B. H., and Chen, Y. T. (2000): The 
complexation thermodynamics of light lanthanides by crown ethers, Coord. Chem. Rev 200, 53-73; 
Rekharsky, M. V., and Inoue, Y. (1998): Complexation thermodynamics of cyclodextrins, Chem. Rev. 98,
1875-1917; Terekhova, I. V., Lapshev, P. V., and Kulikov, O. V. (2003): Thermodynamics of α-cyclodextrin 
complexation with bases of nucleic acids and their derivatives, Russian J. Coord. Chem. 29, 73-75. 
49 Schneider, H. J. (1994): Linear Free-Energy Relationships and Pairwise Interactions in Supramolecular 
Chemistry, Chem. Soc. Rev. 23, 227-234. 
50 Schneider, H.-J.; Blatter, T.( 1988) Modification of Hydrophobic and Polar Interaction by Charged Groups 
in Synthetic Host-Guest Compounds, Angew. Chem., Int. Ed. Engl. 27, 1163-4; Schneider, H.-J.; Blatter, T.; 
Simova, S.; Theis, I. (1989): Large Binding Constant Differences between Aromatic and Aliphatic Substrates 
in Positively Charged Cavities Indicative of Higher Order Electrical Effects, Chem.Commun. 580-1. 
51 Shepodd, T. J.; Petti, M. A.; Dougherty, D. A. (1988) Molecular recognition in aqueous media: donor-
acceptor and ion-dipole interactions produce tight binding for highly soluble guests, J. Am. Chem. Soc. 110,
1983-1985. 
52 Ma, J. C., and Dougherty, D. A. (1997): The cation-π interaction, Chem. Rev. 97, 1303-1324. 
53 Sunner, J., Nishizawa, K., and Kebarle, P. (1981): Ion-solvent molecule interactions in the gas phase. The 
potassium ion and benzene, J. Phys. Chem. 85, 1814-20. 
54 Schneider, H. J., Tianjun, L., Sirish, M., and Malinovski, V. (2002): Dispersive interactions in 
supramolecular porphyrin complexes, Tetrahedron 58, 779-786. 
55  Huffman, D. L., and Suslick, K. S. (2000): Hydrophobic Interactions in Metalloporphyrin-Peptide 
Complexes, Inorg. Chem. 39, 5418-5419. 
56 Liu, T. J., and Schneider, H. J. (2002): Additivity and quantification of dispersive interactions-from 
cyclopropyl to nitro groups: Measurements on porphyrin derivatives, Angew. Chem. Int. Ed. Engl. 41, 1368-
1370. 
57 Jencks, W.P. (1989) Catalysis in Chemistry and Enzymology, McGraw Hill, New York.  



Karsten Gloe (ed.), Macrocyclic Chemistry: Current Trends and Future Perspectives, 291–302. 
© 2005 Springer. Printed in the Netherlands.

19.
CALORIMETRY: AN INDISPENSIBLE TOOL IN THE DESIGN OF 
MOLECULAR HOSTS 

FRANZ P. SCHMIDTCHEN
Technical University of Munich, Department of Chemistry, 
85747 Garching, Germany

1. Introduction 

The design of molecular host compounds is at the heart of supramolecular chemistry. In 
essence we strive to construct and assemble covalently bound sets of atoms that are 
capable of performing certain functions better than any other ensemble under given 
conditions. In order to approach this goal we look out for conceptual ideas that in any 
generality will not reflect the entirety of the true or putative facets of the real system but 
will rather be a xylographic projection of the bare necessities supposed to govern the 
desired properties. We seek a model, a faithful yet simple representation of the original 
that undoubtedly must contain a bias, but by virtue of the reduction in complexity 
enables the physical realization of the underlying idea. Even though the model might 
describe a systems behaviour in one particular situation it is a consequence of its 
fictitious nature that it may totally fail in another. Learning about the limitations of a 
model is as important for success in molecular design as is the parent concept, because 
it helps to avoid futile efforts and false reasoning. 

2. On the Role of Calorimetry 

A powerful tool in this respect is calorimetry since the measurement of heat effects 
addresses the most fundamental result of an interaction between chemical species. 
Whenever there is an interaction between non-ideal particles there is an energetic 
exchange which is characteristic in sign and magnitude of the microscopic event within 
the system and is communicated to the outside (∆H). In all real cases relevant in 
macroscopic chemistry the determination of the enthalpy of a supramolecular process 
does not allow direct back tracing to identify and quantify the molecular origin, because 
the observable is the composite result of myriads of basic events encompassing all 
components of the system and not just the species of interest to the investigator. On the 
basis of averaging over truly huge numbers of individual species and events the 
measurable outcome is highly reproducible and thus constitutes a reliable platform to 
build any real application upon.  
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For weak interactions as they occur in host-guest-binding it is important to realize a 
conceptual difference between the experimental value that is based on the weighted 
average ensemble of species and the merging of this ensemble into one more or less 
representative structure that is then commonly used in the delineation of interaction 
types between the binding partners. 
 This virtual shrinking in applying a model condenses and removes many of the quite 
subtle features of the binding partners that are certainly relevant in their mutual 
interaction and are present in somewhat disguised form in the experimental result but 
cannot be accounted for and in principle cannot even be recognized from model 
reasoning unless dedicated measures are taken. Thus, detecting and respecting the limits 
of applicability of a model is of paramount necessity.  

Figure 1. The selectivity of molecular recognition addresses two steps: The equilibrium binding between the 
host and the competing guest species A and B and their subsequent conversion. Either step may be dominant 
in selectivity generation.

 In spite of the lack of immediate expressiveness in terms of the molecular events 
calorimetry is an invaluable aid in the elucidation of molecular recognition as it poses 
blunt restrictions on any explanatory attempt. However, in order to tap its usefulness 
one prerequisite must be met that is not self-evident in molecular recognition processes 
at large and is even constitutively absent in rapidly changing systems as they occur in 
the biological world: Reversibility! [1] To the extent that molecular recognition emerges 
from different rates on competing pathways the measurement of heat effects in the 
ground state may be of quite limited value. If instead discriminatory action (selectivity) 
preponderantly arises from equilibrium processes prior to the product generating step 
(this can be a new chemical species as resulting from catalysis, but also a physical 
signal, a flux across a barrier or a vectorial translation on a surface, see Figure 1) the 
influential factors of differential binding are open to energetic inspection. In many cases 
equilibrium conditions can be readily established and checked and even form the 
physical basis for selectivity as e.g. in two-phase extractions. In others the kinetic 
process is very fast and sensible to the molecular environment to yield an instantaneous 
response on the equilibrium status as in analyte sensing. These applications are so 
prominent that molecular recognition is frequently looked upon as a time and 
concentration independent status which can be expressed as a ratio of formation 
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constants. This is clearly a misconception as pointed out above, because it deliberately 
suppresses the kinetic aspect,[2] which certainly is the dominant factor in a broad 
variety of applications from catalysis to membrane transport or to the friend-foe 
distinction in the immune response where some binding event beyond doubt is 
mandatory, yet, the decisive action is the removal of the antigen from the body which is 
subject to a series of kinetically controlled steps. 
 Taking the ratio of binding constants as a measure of molecular recognition is only 
justified to ease the comparison of different host designs since it refers to the rather odd 
situation when two guest species compete for the same site on the host in the absence of 
the respective competitor. The relation builds on the assumption that no complexes of 
higher stoichiometries than in a 1:1 host-guest-relationship are relevant in association. 
Furthermore, also no cooperative effects (be them positive or negative) triggered by the 
mere presence of the competitor should occur which is the more unlikely the more 
subtle and flexible (adaptable to different molecular situations) the host is. Negligence 
in the proper appreciation of the various caveats may lead to erroneous conclusions as 
was demonstrated recently in a couple of concrete cases. [3,4] In total, the comparison 
of binding constants yields a rather skew and distorted image of the genuine molecular 
recognition processes, yet the simplicity of the procedure and the availability of the 
binding constants renders this way the preferred mode of assessing host design.  
 Calorimetry can readily contribute to the production of the required data on this 
stage since both methodological distinct versions, differential scanning calorimetry 
(DSC) and isothermal titration calorimetry (ITC) provide equilibrium constants of the 
supramolecular events from the direct fit of the prima facie observables to a binding 
scheme. [5-8] There is benefit and burden combined owing to the fundamental nature of 
these methods that rest on heat effects. On one hand they reflect in the most 
encompassing way the molecular processes running all simultaneously in the system 
and thus they mirror the true energetics without retreat to any structural peculiarity (e. g. 
a chromophore or a special NMR signal) and they do so in particularly sensitive fashion 
(association constants in the 102 – 109 M-1 range can be directly determined and stronger 
or weaker complexes are accessible by indirect variants) [9,10]. On the back side 
calorimetry also senses all non-specific interactions which makes the measurement very 
sensible to impurities and to the exact adjustment of the composition of third-party-
ingredients (buffer, salts, solvent, counterions etc.) Naturally these influences gain 
weight the less specific and strong the host-guest-complexes under study are, since 
simple dilution, the most effective way to elude interfering complications, would also 
render the desired interaction unobservable.   
 In addition to binding constants that emerge from a fitting process itself requiring 
the input of a binding model that even in the case of a good fit might not resolve the 
ambiguities in the underlying molecular scenario [11] calorimetry yields enthalpies or 
heat capacities that are not readily available by any other means. Owing to the direct 
method of determination calorimetric enthalpies do not require model assumptions or 
excessive extrapolations that put the so called van’t Hoff enthalpies obtained from the 
temperature dependence of the equilibrium constants into question [12]. Connecting 
enthalpies ∆H with Gibbs enthalpies ∆G via the Gibbs-Helmholtz equation (∆G = ∆H - 
T∆S) yields the change in the system’s entropy ∆S at the temperature of the 
measurement, a piece of information that is dramatically underappreciated in the design 
of artificial host compounds. As molecular chemistry traditionally was engaged in the 
construction and rearrangement of covalent molecular frameworks addressing enthalpy-
dominated processes [13] it was safe to neglect entropic factors. This is improper in 
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supramolecular chemistry, because here enthalpic and entropic influences frequently 
balance each other (enthalpy-entropy compensation [14]) undermining all 
rationalizations on the exclusive basis of attractive and repulsive binding interactions.  
 Though entropies in principle can be determined from the temperature dependence 
of the heat capacity starting from zero Kelvin, in all practical instances it is obtained by 
calculation from ∆G and ∆H. Since both state functions are available from the same 
calorimetric measurement e.g. by ITC, this provides also the immediate access to the 
relevant entropy change possessing no equally precise alternative way of determination 
[12].
 The following examples were selected from our own work in order to illustrate the 
power, however, also the shortcomings of titration calorimetry in the investigation of 
artificial host-guest-binding. The case studies are directed to the question of solvent 
participation in hydrophobic complexation by -cyclodextrin and the use of solvent 
isotope effects to find out about supramolecular enantiodifferentiation. The prominent 
guanidinium-oxoanion interaction on the other hand is taken to explore the correctness 
of the purported singularity of the binding mode in this widely-spread supramolecular 
motif.  

3. Estimating Solvent Contributions to Host-guest Binding 

-cyclodextrin 1 ( -CD) forms complexes with both enantiomers of camphor (+)2, (-)2
in water. Chromatographic and NMR-analysis [16,17] gave evidence of 2:1 
stoichiometric complexes which result in a highly synergistic process, the second step 
yielding a 10000-fold higher affinity constant than the initial 1:1 binding. Based on 
NMR-data [17] and the comparison to the complexation of other guest molecules by -
CD the camphor guest is occluded in a cavity prepared by the toroidal host compounds. 
This mechanism requires that most if not all water molecules solvating the host and 
guest contact surface must be stripped off on guest encapsulation. Since the host-guest 
interface area, however, not the rim region of the host molecules mediating the host-
host contacts is almost entirely hydrophobic, it seems safe to apply a peculiarity of 
hydrophobic hydration: The free enthalpy of hydration is unaffected on switching the 
solvent from light to heavy water (a solvent isotope effect, SIE). This experimental 
observation arises from an almost exact compensation of the change in enthalpy by a 
counteracting change in entropy (solvent isotope effect: ∆G0
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Figure 2. Thermodynamic cycle to relate the observable ∆Hass to the change in solvation ∆Hhyd(bound-
unbound) and the direct mutual interaction ∆Hintrinsic.

 It is well known from hydration studies in the gas phase that the hydrogen bond in 
D2O is about 10% stronger than in H2O resulting in a distinct differential heat effect 
when a hydrophobic surface is desolvated from light versus heavy water.[18] In as far 
as the total interaction enthalpy between water molecules emerge solely from hydrogen 
bonding (which is a good approximation) the measurement of the solvent isotope effect 
allows the estimation of the enthalpy contribution of solvent reorganisation to the total 
observable enthalpy change ∆Hass.[19] The thermodynamic cycle (Figure 2) illustrates 
the relations which shows the measurable quantity ∆Hass as a merger of the intrinsic 
interactions of host and guest, ∆ Hintrinsic , that remains unaffected by a solvent change 
and the difference in the hydration enthalpies of the bound and unbound partners 
(∆H(bound-unbound)). It is this contribution that is estimated as ten times the enthalpic 
solvent isotope effect. In the calorimetric measurement the system is well behaved (cf. 
Figure 3) and furnishes the following energetic parameters for the complexation of (-)-
camphor at 298 K : ∆G0 = -31.4 kJ mol-1; ∆H0 = -68.4 kJ mol-1; T∆S0 = -37.0 kJ mol-1.
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Figure 3. ITC-measurement of the complexation of (-)camphor by α-cyclodextrin in water. Left: Primary heat 
pulse trace (CFB = cell feedback current); the saw-tooth shape arises from changing the aliquots of titrand 
solution.; Right: The time integral of the heat pulses furnishes the titration curve. The solid line represents the 
best fit to a 2:1 host-guest sequential binding model. 

 The exergonicity (∆G0) is entirely enthalpy-driven, whilst a respectable negative 
entropy contribution testifies to the formation of a well ordered complex structure. The 
energetic signature is quite different from ordinary hydrophobic bonding in water which 
is commonly characterized by positive association entropies thereby reflecting the poor 
structural definition of the associate.  

-cyclodextrin camphor camphor CD2

camphor CD2 aqcamphor aq-cyclodextrin aq

Hintrinsic

Hhyd (unbound) Hhyd (bound)

+

+ + n H2O

∆Hass

approximation: ∆Hhyd(bound – unbound) ~ 10 ∆∆Ho
SIE 

∆Hass = ∆Hintrinsic + ∆Hhyd(bound-unbound) 
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Figure 4. Energetics of (-)camphor binding to -cyclodextrin in light (black lines) versus heavy water. 

 Repetition of the measurement this time in heavy water yielded the expected distinct 
difference with the corroboration of the initial premise that the enthalpic and entropic 
differences between the two solvents almost cancel (Figure 4). The difference in 
enthalpy, the solvent isotope effect at 298 K, was determined to be -5.2 kJ mol-1.
Correspondingly, the total change in the enthalpy of hydration is estimated as 10 × -5.2 
= -52 kJ mol-1 leaving (-68-(-52)) = -16 kJ mol-1 for the intrinsic enthalpy of the mutual 
interaction of host and guest. In view of many other biological host guest systems which 
show similar or even more massive solvent contributions the result appears as a rule 
rather than an exception. Only 25% of the observable association enthalpy arises from 
the direct interaction and as such can operate in the enantiodifferentiation of the guest. 
A 75% share of solvent contribution if taken as the basis for generalization would 
clearly compromise any attempt in host design that exclusively focuses on a two-partner 
two-state binding scheme (e.g. a lock-and-key picture). 
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Figure 5. Enantiodifferentiation of camphor by host-guest complexation with -cyclodextrin. Left: The 
temperature dependence in light water; Right: comparison of the differences in the enantiodifferentiation in 
light versus heavy water. 

 Despite the small fraction of association enthalpy attributable to the intrinsic binding 
it suffices to allow equilibrium discrimination between the camphor enantiomers to an 
extent that outmatches most other enantiodifferentiations with cyclodextrins studied to 
date.[20] Binding of the (+)-enantiomer is better by a factor of ∼ 2 than for the (-)-
antipode (Figure 5) and this enantioselectivity increases with decreasing temperatures. 
In light water the discrimination is exclusively enthalpy based (Figure 5, right) whilst in 
D2O the enantioselectivity emerges from the partial compensation of a greater 
difference in enthalpy that is levelled by an unfavourable entropy component. The 
puzzling difference in the energetic pattern is even amplified in considering the 
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variation of the heat capacity. This parameter characterizes the change in the thermally 
excitable degrees of freedom. Comparing the difference in heat capacity of the 
diastereomeric complexes {(+)2 ⊂  - CD} / {(-)2 ⊂  - CD} (Figure 5, right) in light 
versus heavy water it is clear from the switch in sign and the grossly different 
magnitude that in the light of the small and rigid guest structures this result cannot be 
accounted for by a change in the host-guest binding modes alone. We are guided by the 
energetic signature of this interaction to assume the participation of “structural” water 
molecules. Such solvent molecules have been detected in biological and artificial host 
systems [21] and must be considered as stoichiometric ligands fortifying the structural 
layout. Though calorimetry due to the global response character is certainly not a first 
choice tool in answering structural problems, it may in some instances reveal subtleties 
that are quite hard to probe by any other means.  

4. Evaluation of Binding Mode Diversity 

Many host-guest interactions especially in polar solvents are characterized by positive 
association entropies. This is surprising in the light of the formal attachment of two 
species to make one since enthalpy is an extensive state function and thus depends on 
the sheer number of particles belonging to the system. The puzzling increase in disorder 
on binding is commonly explained [22, 23] by the release of bound solvent molecules 
from the interacting interfaces to the bulk. Of course, this explanation is valid only if the 
solvation shell is more structured than the surrounding bulk solvent. Since polar 
solvents, in particular the hydrogen bonding variety, possess a distinct near-neighbour 
structure that even prevents the free translation of particles making diffusion a very 
slow process one can expect only very tight binding or totally non-binding surfaces to 
provide enough urge to order the directly attached solvent molecules. Thus, only ionic 
or hydrophobic moieties of host or guest qualify as potential candidates to show this 
effect especially in well structured solvents like water or acetonitrile. A prominent 
example of biological and artificial host-guest binding is the guanidinium-oxoanion 
motif (Figure 6) that might serve as a touchstone to probe this hypothesis. Nature’s 
recurrent use of the guanidinium group to bind anions in water in spite of its well 
proven extreme hydrophilicity [24] may signal a special virtue of this functional group 
that is not apparent at first sight [25]. Numerous X-ray crystal structures suggest a 
greatly predominant binding mode of an anionic guest in which the oxoanion is held 
and positioned in the way depicted in Figure 6 by joint action of the ionic charge and 
two parallel isodirectional hydrogen bonds 
suggesting an optimal complementary fit. This 
view was challenged by neutron diffraction 
studies [26] that did not detect a strongly held 
hydration shell in aqueous solution around the 
guanidinium cation. If there is only weak 
enthalpic hydration, the proven hydrophilicity of 
the guanidinium cation must arise from a 
strongly positive entropy of hydration meaning 
that guanidinium cation is a structure breaker. 
This conclusion is in line with guanidiniums’ 
role as a protein denaturing agent, however, it 
raises a question mark for the supposition that 
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Figure 6: A sketch of the guanidinium 
oxoanion binding motif as it occurs in 
many biological and abiotic receptors.  
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this cation forms a uniquely dedicated host-guest structure with oxoanions. Rather one 
should expect the presence of an ensemble of different relative configurations of host 
and guest in solution that undergo very rapid interconversions as sketched in Figure 7.  

Figure 7. A sketch of the proposed solution ensemble of bicyclic guanidinium-carboxylate associated species. 
The configurations can also be considered as snapshots taken from an individual host-guest pair in certain 
time intervals, because all configurations should be rapidly interconverting. 

 Such a theatre would be completely compatible with the results of host-guest 
complexation with respect to stoichiometry and the effects observed with structural 
probes e.g. by NMR, yet it offers an additional rationalization for the positive entropies 
observed. If not one host-guest structure is formed, but a huge family of interconverting 
configurations that are all populated at ambient temperature because of the tiny 
energetic differences resulting from the levelling effect of the participating solvent 
molecules an increase in entropy versus the situation of the separated binding partners 
seems well conceivable. For many if not most applications using the guanidinium-
oxoanion motif the difference between a snug-fit or fuzzy-family structural 
representation would go unnoticed and would be essentially irrelevant. However, there 
are fields of supramolecular applications where the structural integrity of the complexes 
is vital for success. Prominent examples encompass self-assembly and catalysis both of 
which cannot tolerate ambiguity of the topological and orientational layout in the host-
guest complex. Thus, we are in need of some experimental confirmation on the 
“fuzziness” of supramolecular binding in solution which in general cannot be addressed 
by NMR due to the averaging of fluctuating configurations. X-ray crystallographic 
analyses in turn are also silent in this respect, because of their origin from a kinetic
selection process (crystallization) and their confinement to a low entropy environment 
(the lattice). Calorimetry can help here if the multitude of reasons for an observable 
enthalpic effect can be limited. A promising way to do so is trend analysis where 
common patterns of response are correlated with subtle structural modifications in an 
ensemble of closely related compounds. One example documenting the success of this 
strategy refers to an attempt in designing improved affinity and directionality into the 
guanidinium-oxoanion interaction taking the bicyclic variant depicted in Figure 6 as the 
parent structure. Reasoning that supplementary hydrogen bond donor groups would help 
in the attraction of the anionic guest we envisaged the implementation of four sec-
carboxamido functions, since this donor group is of proven virtue in anion binding. [27]  
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Figure 8. NMR titration of guanidinium host 1 (amide NH signal) with dihydrogenphosphate in acetonitrile at 
1.0 mM, ambient temperature. The solid line represents the best fit to a 1:1 binding model. 

 First choice as a respective derivative was the tetracarboxamide 4, because the 
introduction of the four carboxamido functions next to the ionic guanidinium moiety 
hampers their adequate solvation and should surface as an enhanced binding affinity due 
to reduced desolvation costs. Moreover, the stickiness towards the guest is spatially 
condensed creating a binding module that can readily be integrated into polymodular 
host compounds. The optimal convergence of all hydrogen bond donor groups 
necessitates the quite unfavourable superposition of the dipolar vectors resulting in 
additive, however, somewhat attenuated attractive contributions, that may even be 
compromised by some back bonding within the malonamide moieties. Nevertheless, 
stronger enthalpic interaction with oxoanionic guests are expected which must show in 
an augmented exothermicity relative to a tetraallyl-substituted analogue 5 that is 
incapable of additional hydrogen bonding. When subjected to dihydrogenphosphate 
complexation using NMR monitoring, host 4 displayed saturation behavior indicative of 
complex formation, yet the data evaluation disclosed significant deviations from the 
anticipated 1:1 stoichiometric model (Figure 8) suggesting the participation of higher 
complexes.  
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Figure 9. ITC-traces of the titration of 4 into dihydrogenphosphate (1.53 mM) in acetonitrile at 293 K (panel 
A) or adding H2PO4- into host 4 solution at 0.69 mM (panel B). The lines represent the best fit to a two-
independent-site-model.  
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 Whilst the data analysis did not allow a more concrete quantification at this stage, 
ITC measurements proved to be more telling. The addition of host 4 into the solution of 
H2PO4

-
in acetonitrile produced a heat response distinguishing various successive 

phases (Figure 9, panel A). Obviously, several processes happened depending on the 
actual stoichiometric ratio of the host and guest partners. The initial stages featuring a 
high excess of phosphate anions over the guanidinium host (host : guest ratio < 0.3) 
undoubtedly mirror higher order complexation but eluded our quantitative analysis. The 
stoichiometric regime with n > 0.5 was cleanly described by a binding model in which a 
low affinity and endothermic 1:2 host : guest binding step is taken over by an 
exothermic 1 : 1 complexation as soon as the host-guest ratio allows the latter complex 
to be formed in substantial amounts. The validity of this sequence of events was probed 
by inverting the titration sequence (panel B). Under these conditions the exothermic 
formation of the 1:1 complex precedes the endothermic 1:2 process after which the heat 
evolution ceases because higher complexes are not formed due to their lower affinity 
and the moderate excess of guest applied.  
 The thermodynamic state functions obtained by non-linear regression in both 
experiments are identical within the error limits and are considered reliable contrary to 
the parameters of higher complexation that suffer from dramatically increased errors 
and their cross correlation. 

On comparing the binding energetics of the carboxamido substituted guanidinium 
host 4 to the tetraallyl substituted congener 5 that is incapable of supplementary 
hydrogen bond donation we notice a quite unexpected, yet seemingly constitutive 
feature of polytopic guest binding. In the entire series of oxoanions probed (Figure 10) 
the 1:1 complex formation constants of host 4 versus host 5 are enhanced, putatively 
corroborating the naïve anticipation that the sheer number of attractive interactions 
leads to increased binding strength and thereby determines the affinity. The inspection 
of the calorimetric data discloses this as an error. Throughout the series the 
exothermicity of binding representing the enthalpic outcome of the host-guest attractive 
interactions compromised by the cost of desolvation at the interacting sites is 
diminished in the multitopic host 4 with respect to the alkyl substituted analogue 5. The 
enhanced affinity observed is exclusively due to an overwhelming increase in the 
entropic component of association, T ∆S. A straightforward explanation to account for 
this surprising result can name the release of the supposedly well structured solvent 
shell solvating the polar amido functions to the bulk solvent. We note, however, that 
commonly solvent release correlates with the interface area of host and guest [23] which 
is very similar within the ensemble of oxoanions tested. The significant differences 
found are thus believed to originate from variations in the number and stiffness of 
mutual binding modes encompassing the partners. The importance of this entropic 
contribution has been analyzed recently.[28] 

5. Conclusions 

Affinity and selectivity in directional supramolecular systems are composite responses 
of frequently counteracting influences. The analysis of structure in many instances may 
then be a dull tool in their study because of the averaging between rapidly 
interconverting species. Here, an example from abiotic host-guest complexation 
demonstrates the utility of an energetic analysis how to avoid the pitfall of false 
reasoning that may follow from all too simple complementarity concepts.  
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With the advent of modern instrumentation that furnish all pertinent thermodynamic 
data from a single experiment within a few hours calorimetry can help to tackle 
problems in host-guest binding that are inaccessible (principally or on a quantitative 
basis) to any other method. The power of enthalpic measurements, however, is 
unleashed only if put in a well-defined structural context. As a corollary, the benefit of 
sound structure-energy correlation on this basis calls for a more intense synthetic input. 
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1. Introduction

The history of the International Symposia of Macrocyclic Chemistry and this series of 
articles on current trends and possible future developments in the area of macrocycles 
indicate that applications of macrocycles, which range from thorough investigations of 
fundamental principles (photophysics, electrochemistry, spectroscopy, mechanistic 
problems, molecular recognition and chemical bonding) to applications in analytical 
chemistry, separation science, catalysis, biomimetics and medicine, usually have host-
guest interactions, often metal complexation, as a focal point. The salient feature of 
macrocyclic hosts is a degree of rigidity of the ligand and the concomitant enforcement 
of a particular shape to the host-guest complex. In all areas mentioned the (ligand-
enforced) geometry of the complex and the fit (or misfit) between various guests 
(ligands) and a specific host (metal ion) are of particular importance. A good host/guest 
fit leads to the selective stabilization of specific complexes, i.e., to metal-ion-selective 
complexation. A misfit between guest and host may lead to the selective destabilization 
of a specific assembly (energization) and therefore to a selectively enhanced reactivity. 
These two principles are well known from natural systems (bioavailability of metal 
ions, detoxification and stabilization of reactive intermediates on one hand and 
energization (entatic states) on the other),1-9 and have also been discussed extensively, 
some times controversially, in the area of macrocyclic ligand metal complexes.9-19

 With the importance of the shape of the complex and the fit of the guest into the host 
cavity, the conformational flexibility of the host (ligand), i.e., the number of isomers, 
their relative energies and the energy barriers between conformations, the elasticity of 
the ligand, i.e., the shape persistence of a particular ligand conformation and the 
elasticity of the structure of the complex (variation of the complex geometry with rigid 
ligand structures, i.e., the translation of the metal ion within a rigid ligand cavity) are 
decisive for successful thermodymanic and kinetic selectivity.19 Ligand preorganization 
and host-guest (metal-ligand) complementarity (geometry, electronics, solvation) are 
the two important and well-defined principles which help to design, understand and tune 
selectivity.14,19-25
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 Conformational freedom (flexibility) of a ligand and ligand preorganization with 
respect to a specific coordination geometry (this depends on the metal ion - on the guest 
molecule in a more general sense); complementarity between a ligand and a specific 
metal ion (elasticity in terms of geometry, the type of donors with respect to the 
bonding); dynamics and secondary interactions, solvation; ligand- and metal-ion-
enforced distortions; the stabilization of specific oxidation and spin-states: all these are 
properties, where modeling is hoped to be able to give qualitative, semi-quantitative or, 
in favorable cases, quantitative answers. 

2. Methods 

The entire range of computational methods has been used to model structures, stabilities 
and properties of transition metal complexes (specifically those of macrocyclic ligands), 
including Hartree-Fock and post-Hartree-Fock methods, approximate density functional 
theory (DFT), semi-empirical molecular orbital approaches, QM-MM hybrid methods, 
empirical force-field calculations (MM) and, for specific problems, methods involving 
neural networks and genetic algorithms, ligand field theory (LFT, specifically the 
angular overlap model, AOM), molecular dynamics (MD), quantitative structure-
activity or structure-property correlations (QSAR, QSPR), and data mining (statistical 
analysis of experimental structural data). These are also the methods found in the 
discussion of published data in Section 3. It is beyond the scope of this review to go into 
details for any of these methods or to compare them comprehensively. A number of 
authoritative textbooks do this in great detail,26-28 and monographs on macrocyclic 
ligand chemistry often have short sections on molecular modeling.29-31 For the most 
frequently used approaches, i.e., DFT18,32 and MM18,33 there are monographs and many 
reviews (see below for some of these, specifically in Section 3). 
 The two main methods currently used in computational and combined 
computational/experimental studies in the general area of transition metal coordination 
compounds, and specifically also with macrocyclic ligands, are DFT and MM. While 
DFT yields structural data, energies and molecular vibrations, as well as electronic 
information (the ground state wave function, spin density, charge distribution etc.), the 
latter is missing in MM.  
 Despite the fact that the awareness of experimentalists in computational chemistry 
has increased to a high level, that the infrastructure and experience in many research 
labs are present to perform detailed computational studies, that efficient and user-
friendly software has become available and CPU time has become relatively cheap, for 
a number of reasons MM is still extensively used, specifically in the area of macrocyclic 
ligand coordination chemistry. (i) There are reliable and extensively validated methods 
and force fields available for the accurate computation of structures and conformational 
equilibria of transition metal complexes; (ii) full conformational analyses of even 
relatively small molecules require the refinement of hundreds and thousands of 
structures, and this often is not possible with quantum mechanical methods (similar 
arguments emerge for the inclusion of solvation and crystal lattices); (iii) typical 
questions in the area of macrocyclic ligand chemistry (see Section 1) relate to structural 
distortions and concomitant strain energies, where reliable results from MM can be 
expected; reactivities, transition state structures and general information on bonding, 
where MM does not necessarily yield useful information, are often not of central 
importance in the area of macrocyclic ligand coordination chemistry. 
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MM modeling of transition metal compounds has been reviewed extensively.18,33-37

One reason for the excellent performance of MM in terms of structural modeling (and to 
a lesser but still astonishingly large extent for the energetics) is that there are highly 
parameterized and thoroughly validated force fields which are based on large data sets. 
Also, the assertion that MM fully neglects electrons and specific effects of bonding is 
not entirely correct. Rather, the type of a bond (e.g., single vs. double) is accounted for 
by the corresponding potential energy function and the force field parameters, both of 
which are selected by the atom types.35 An elegant extension of these principles is the 
VALBOND force field which is based on valence bond electronic theory and computes 
the hybridization, followed by the selection of the pertinent force field from an atom-
based parameter set.38-42 While this approach might be difficult to apply to transition 
metal coordination compounds (and it never has been developed in this area) the 
DOMMINO force field includes a ligand field term in addition to the usual set of 
potential energy functions which describe bond-stretching, angle-bending, non-bonded 
and for other interactions.43-46 Advantages of this latter approach are that specific 
electronic effects such as Jahn-Teller distortions in copper(II) complexes or spin 
transitions as, e.g., in nickel(II), are automatically included with a single parameter set 
and without additional functions or specific and not always unambiguous assignments 
of variable atom types.47

The critical and in many ways most important part of MM is the parameterization of 
the force field, and this is true in general for the methods discussed above, even for 
generic force fields (e.g. the UFF),48,49 for adaptions of general force fields such as 
MM2, MM350 and AMBER,51,52 and for specific force fields for transition metal 
compounds such as MOMEC.53,54 Various methods to develop parameter sets have been 
reviewed,55-57 and these also include automatic parameter fitting,55,58-62 neural 
networks63,64 and genetic algorithms.63,65-68 Limits and possible pitfalls of MM, which 
relate to the approximations and over-simplifications of the empirical force field 
approach, have been discussed in detail.18,35,69

3. Applications

3.1  SCOPE 

Small cyclic ligands such as tacn (1,4,7-triazacyclononane),70 clathrochelates (cage 
ligands) such as the sarcophagines (sar=3,6,10,13,16,19-hexaazabicyclo eicosane),31,71-

73 calixarenes30 and other “container molecules”,74 and rigid open-chained polydentate 
ligands such as the bispidine-type ligands (2,4-, 3,7-, 2,3,4-, 2,4,7-, 2,3,4,7-substituted 
3,7-diazabicyclo nonane)75-78 are not typical macrocycles but have rigid cavities and 
will also be discussed, where appropriate, in the following Sections. It is not our aim to 
give a comprehensive overview in terms of all systems and modeling studies which 
have been published in the area of macrocycles in recent years. However, the selection 
of published work discussed here represents examples of all areas, where the various 
computational methods have helped to understand macrocyclic ligand coordination 
chemistry. 



P. COMBA AND B. MARTIN 306  

3.2  SHAPE, DYNAMICS AND CONFORMATIONAL SPACE 

Structure optimization still is a major area of molecular modeling, specifically, where 
no crystals for X-ray structural studies are available, where the structure in solution is of 
particular interest or where geometries of short-lived intermediates and exited or 
transition state structural data is sought. A recent highlight of an MM structure is that of 
the dicopper(I) complex of the macrocyclic Schiff-base ligand L1 shown in Figure 1. 
This complex is extremely air sensitive and, therefore, no solid state structural data was 
available; rapid oxygenation, followed by hydroxylation of one of the benzene rings 
indicates tyrosinase-like reactivity.79 Indeed, the MM-optimized structure80 had a 
Cu···Cu distance similar to that of the enzyme.81,82 Of particular interest here is the fact 
that the computed structure80 was confirmed by X-ray structural analysis six years after 
publication.83,84 There are minor structural differences between the computed and 
experimental structures, which are believed to partially be due to the fact that the 
computed structure has two relatively bulky NH3 donors as co-ligands, while in the two 
experimental structures there are two sterically less demanding NCCH3 donors. More 
important is that the conformations of all four five-membered chelate rings have been 
predicted correctly. This helps to give credit to other published structures, where still no 
single crystal structural analyses are available,85-90 and which all have been solved with 
the same philosophy, i.e., structure optimization coupled with the computation of a 
molecular property, based on the computed structure (for more examples, see Section 
3.4).

Figure 1. MM-optimized80 and experimentally observed (X-ray)83,84 structures of [Cu2L1(Y)2]2+; Y=NH3
(computed) or Y=NCCH3 (experimental). 

 For a thorough structural analysis an extensive search of the conformational space is 
required,18 and this may be done with deterministic or stochastic search protocols or 
with MD.91-94 It is interesting to note here that conformational analysis was the 
pioneering application of MM in coordination chemistry.95,96 An accurate prediction of 
isomer distributions requires a force field which is well tuned with respect to the 
energetics, and this might be different from a structural force field.18 Also, for the 
accurate prediction of isomer ratios, entropic terms and secondary interactions, such as 
solvation, ion-pairing, hydrogen bonding and intermolecular van der Waals interactions 
(see Section 3.3), need to be considered.18 The classic example in this area is that of the 
three isomers of [Co(dien)2]3+ (dien = 3-aza-pentane-1,2-diamine).18,97-101 Many similar 
studies have been performed with hexaaminecobalt(III) complexes, and the 
corresponding force field is accepted to be very well tuned and very reliable.18 Isomer 
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ratios have also been used for structure determination (comparison of computed and 
observed isomer distributions (NMR, HPLC, etc.) to confirm the computed structures, 
see also Section 3.4),102-104 and this has been extended to other transition metal ions and 
donor sets, and used to evaluate materials for racemate separation,105 metal-ion-selective 
extractions106 and to determine structures in solution.107

 For the conformational analysis of macrocyclic ligand transition metal complexes a 
range of methods are used. The relative energies of the various configurations and 
conformations are computed by MM,108-112 semi-empirical MO theory113 or DFT.114 The 
conformational space is searched by stochastic (Monte Carlo) methods or MD94 or on 
the basis of structures available from the CSD115 which then are analyzed by MM.116-122

MM has also been used to analyze pathways of metal ion incorporation to macrocyclic 
ligands.123 MM in combination with structural studies and solution NMR spectroscopy 
has been used to analyze the dynamics of figure-of-eight shaped, folded, large 
macrocyclic ligand dicopper(I) complexes.124-126 For the Schiff-base ligands with two 
N2S2 coordination sites and para-substituted xylylene-spacer groups there are two low 
energy conformations, which are interconverted via an energy barrier of approx. 50 
kJ/mol (Figure 2). For the corresponding ligands with meta-substituted xylylene spacer 
groups there is a considerably higher energy barrier between two low energy 
structures.125,126

Figure 2. Experimental (  isomer) and computed (  isomer) low energy structures of the dicopper(I) complex 
of the macrocyclic Schiff-base ligand with para-xylylene spacer groups, and computed energy barrier 
(confirmed by NMR spectroscopy).125,126

 Due to the biochemical importance of porphyrine systems their metal complexes 
have been modeled extensively. Metalloporphyrines are assumed to be planar but there 
is a relatively high degree of flexibility, and six low energy distortion modes have been 
described (Figure 3).127 MM with a variety of force fields has been used to compute the 
structural and dynamic properties,65,66,128-131 and these studies also include information 
on the orientation of the axial donors.132,133 Reaction dynamics related to the interaction 
of substrates with the metal site have also been modeled,134-136 and MM has been used 
to correlate structural and spectroscopic properties (primarily Raman frequencies).137,138
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Figure 3. The common distortions of a porphyrin, written in terms of the irreducible representations of the D4h

point group.66,127[Phys. Chem. Chem. Phys. 2002, 4, 5878] - Reproduced with permission of the PCCP Owner 
Societies. 

 Of particular interest in terms of the shape of the coordination sphere are complexes 
with bispidine-type ligands (Figure 4). These ligands have a very rigid adamantane-
derived structure but the corresponding coordination geometries are highly elastic (see 
also Section 3.5).75-77 In the particular case of copper(II) complexes of tetra- and 
pentadentate bispidine-type ligands various minima on the warped rim of the Mexican 
hat potential energy surface could be trapped and characterized both structurally and 
spectroscopically, and the combination of experimental data with MM, AOM and DFT 
helped to understand the factors which are responsible for the 
stabilization/destabilization of the various structural forms.76-78,139,140
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3.3 WEAK INTERACTIONS 

Weak interactions are of importance in the general areas of supramolecular chemistry,23

self-assembly24, molecular devices and machines,141,142 in host-guest chemistry in 
general (see Sections 1 and 3.5), in stereoselective synthesis and racemate separation, 
and in areas which are based on solvation effects, selective interactions between liquid 
and solid phases and crystal lattice effects (solvent extraction, chromatography, crystal 
engineering and polymorph prediction). Computer modeling in these areas relies on the 
prediction of small energy differences (typically less than 5 kJ/mol), and these usually 
are the result of a large number of interactions. In addition, due to the large size of the 
systems to be analyzed, the search for the global and close lying local energy minima of 
the system requires computationally efficient methods. Therefore, predominantly force-
field-based methods are used in this area. The thorough development of reliable model 
potentials used for the simulation of weak intermolecular forces has also been based on 
ab-initio calculations of small diatomic molecules,143 and perturbation theory was used 
for the computation of the weak interaction energy of van der Waals complexes.143

 There is a conceptional difference between computational force fields used for the 
optimization of isolated molecules (note that, generally, these are parameterized to 
reproduce experimental structural data and therefore do not yield “gas phase 
structures”18,144), and force fields tuned to the modeling of condensed phases, because in 
those attractive long range non-bonded interaction contribute to the total energy.18,144

This has been tested in comparative studies on copper(II)-amino acid complexes.145,146

The prediction of polymorphs and the solution of structures by powder diffraction147

involves the generation and optimization of possible structures, the computation of 
lattice energies, the Rietveld refinement and, if possible, comparison with 
experiment.148

 There are similar problems and methodologies in the modeling of solvent-solute 
interactions. In the area of solvent interactions (see also Sections 3.4 and 4) the 
combination of QM- or MM-based methods with MD has been used successfully in the 
computational modeling and rather accurate predictions of the ligand-assisted 
distribution of metal ions between aqueous and organic liquid phases.149,150

 There are various methods for the prediction of stereoselectivities, both in racemate 
separation (thermodynamics, usually computed by force field methods) and 
enantioselective catalysis (reactivity, usually computed by quantum mechanics)18.
Promising recent developments, primarily based on force field and statistical methods, 
but also involving QM modeling, are based on stereocartography, the computation of 
the chirality content and the evaluation of chirophores.151-154

3.4 MOLECULAR PROPERTIES 

Molecular properties depend on molecular structures and, with appropriate methods and 
software, it is possible to compute these on the basis of structural information, 
established by experiment or computation (see Sections 2 and 3.2).18,155,156 This allows 
for the design of new materials with given properties and often is used for structure 
determination (see Section 3.2 for more examples in this area). Complex stabilities will 
be discussed separately and in detail in Section 3.5; the application of molecular 
modeling in the area of isomer distributions (conformational equilibria), in combination 
with experimental data (usually spectroscopy and chromatography), is discussed in 
Section 3.2.  
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 Clearly, the best known, most available and commonly used method in structural 
chemistry, which relies heavily on computation but incorrectly is generally not 
associated with molecular modeling, is structure determination by single crystal (or 
powder) X-ray diffraction (recent developments in crystal structure refinement also 
include QM-based methods157,158). The best known structural method which uses a 
combination of spectroscopy and computational structure optimization is the structure 
determination by NMR spectroscopy, which primarily is based on nuclear Overhauser 
effects (NOEs),159 and which is best known in the field of protein structure 
determination,160-163 where also an increasing number of metalloproteins are structurally 
characterized.164,165 Structures of other biomolecules160,166 and small molecular weight 
coordination compounds167-171 have also been reported. The computation of NMR 
chemical shifts (and EPR spin Hamiltonian parameters) relies on accurate charge and 
spin distributions, and these usually are computed quantum-mechanically172. There are 
also more efficient yet accurate empirical173 and semi-empirical methods174 for the 
calculation of charge distributions and NMR chemical shifts175,176 but, so far, these are 
only parameterized for a very limited range of elements in the periodic table. 
 The computation of molecular vibrations is possible with all methods for structure 
refinement which compute the Hessian matrix (for MM this is the case for optimizers 
based on second derivatives such as the Newton-Raphson method18). The computed 
frequencies may then be used for comparison with experimental data90. Recent 
developments in this area are novel QM-based approaches for the efficient computation 
of specific vibrational frequencies in large molecules.177

 Reactivities and mechanisms, including product selectivities and catalytic cycles, are 
quite generally computed with quantum mechanical approaches, in the field of 
transition metal complexes often with DFT-based methods. There are few examples 
where MM has been used for the computation of bond-breaking / bond-making 
processes42,46 and transition states.178,179 In the field of macrocyclic ligand coordination 
chemistry the largest contribution of computational work on reactivities and 
mechanisms has appeared in the area of porphyrine systems, and there are numerous 
studies on heme-iron oxidation catalysis, primarily based on DFT.180-182 There are also 
various studies based on semi-empirical MO theory and using QM-MM either with 
semi-empirical183 or DFT-based modules used for the quantum-mechanical region.184

 With respect to the various spectroscopic methods not discussed so far there are four 
methodologically different concepts of molecular modeling: (i) quantum-mechanical 
methods which result structural and electronic information; (ii) MM-based structural 
modeling, followed by a single-point MO-based computation of the electronic 
properties; (iii) spectra simulation with given electronic parameters in cases, where 
structural parameters (e.g., distances such as used in protein modeling, see above) are 
involved in the simulation; (iv) structure property correlations. The latter approach will 
be discussed briefly at the end of this Section (redox potentials) and in Section 4. 
 (i) Among the QM-based methods time-dependent DFT (TD-DFT) is gaining in 
popularity although, in terms of the theoretical basis and obvious problems in terms of 
accuracy, TD-DFT clearly is not a routine method for the computation of excitation 
energies of transition metal complexes.185 TD-DFT has been used for the computation 
of electronic absorption and CD spectra.186,187 A very promising method for the 
computation of spectroscopic properties (Mössbauer, electronic and EPR spectra), based 
on multireference ab-initio methods, has recently been developed.188-191 Another 
interesting new approach for the computation of ligand-field-spectroscopic parameters 
of transition metal complexes is a recently developed DFT-based ligand field method 
(LF-DFT).192
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 (ii) Ligand field transitions and EPR spectra of transition metal complexes can be 
computed with the Angular Overlap Model, AOM,193,194 based on a set of electronic 
parameters and the coordinates of the chromophore. MM-AOM provides the accurate 
computation of electronic dd-transitions and EPR g-values (based on first order ligand 
field or on MO theory the hyperfine constants A are also available).195-197 MM-AOM 
has been used to compute electronic spectra of chromium(III), cobalt(III) and nickel(II) 
hexamines,195 EPR g-values of low spin iron(III) complexes196 and ligand field and EPR 
spectra of copper(II) tetraamines.197 Three highlights of structure determinations by 
solution (and single crystal) spectroscopy, in combination with MM-AOM calculations, 
are shown in Figure 5. (a) The MM-AOM optimized structure of the low spin iron(III) 
complex of a bis-pendent-amine-tetraazamacrocycle ([Fe(L2)]3+) is shown in Figure 
5(a).196 Three independent molecular cations of two X-ray crystal structural analyses 
have been known198,199 but, due to structural disorder, the conformations (  or ) of the 
two in-plane five-membered chelate rings (three possible diastereomeric forms) were 
not known from crystallography, but could be analyzed unambiguously by the 
combination of experimental spectroscopy and MM-AOM modeling.196 (b) Solution 
spectroscopy and electrochemical experiments, together with MM-AOM and in 
combination with MM-Redox (see below), were used to determine the structure of the 
pair of stable conformations of a hexamine cobalt(III) cage complex [Co(L3)]3+.85,200

The two isomers have similar stability, the structure of the cobalt(III) complex of the 
ob3-isomer and that of the cobalt(II) complex of the lel3-isomer are known from 
crystallography and, most importantly, the spectroscopic and redox parameters of the 
two isomers are accurately reproduced (notable are the low energy dd transition (1A1
1T1) of the elusive, blue isomer which is at an unprecedentedly low energy (600 nm, 
16700 cm-1), and which has a very high reduction potential (+0.84 V vs. SHE).85 (c) The 
cyclam-derived bis-bispidine-caped macrocycle L4, shown in Figure 5 (c), has the 
strongest ligand field observed with copper(II) tetraamines88 (see also Section 3.5). The 
[Cu(L4)]2+ and [Cu(L4)(OH2)2]2+ complexes are, so far, only available in very low yield; 
the structure was solved by MM-AOM.88

 (iii) The known technology to simulate EPR spectra of dipole-dipole-coupled 
dicopper(II) systems, based on electronic parameters, which may be available from 
mononuclear reference complexes or MM-AOM modeling, and a set of geometric 
parameters (distance and orientation of the two g-tensors of the copper(II) sites201-203)
has led to the development of EPR-constrained molecular mechanical structure 
optimization (MM-EPR).80,86,89,204-207 MM-EPR has been used to solve structures of bis-
macrocyclic ligand dicopper(II) complexes and of dicopper(II) complexes of cyclic 
peptides. In the most recent example207 MM-EPR allowed to show that the 
bismacrocyclic ligand dicopper(II) complex shown in Figure 6 has a solution structure 
(d) which is different from that in the solid (a) and that two additional stable 
configurations (no experimental structures available) can also be isolated (b, c). There 
probably is no other method than MM-EPR, which could have solved this structural 
problem unambiguously and also very quickly. 
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 (iv) There is a geometric contribution to the stabilization of a specific oxidation state 
of a transition metal complex, and in the context of macrocyclic ligands (with a given 
donor set) this is the primary feature (geometric complementarity, see Section 1 and 
Section 3.5). This involves the ligand-enforced orientation of the donor groups around 
the metal ion (e.g., square planar vs square pyramidal vs tetrahedral), the orientation of 
the ligand lone pairs with respect to those of the metal ion, and the metal-donor 
distances. MM-based strain energy differences between the oxidized and reduced forms 
of complexes have been correlated with experimentally determined redox potentials, 
and the resulting linear fit can be used to predict redox potentials of new compounds or 
for structure determination (MM-Redox).18,85,208,209 A good visualization of the 
correlation of the geometry with the redox potential (and with spectroscopic parameters) 
is given in Figure 7, where the ring sizes of tetraazamacrocyclic ligands are plotted 
against structural (tetrahedral twist), electrochemical and various spectroscopic 
parameters.210 One of the most convincing examples of the MM-Redox approach is the 
pair of isomeric hexamine cobalt(III) cage complexes discussed above (see Figure 5(b)), 
where the conformational change leads to a difference in redox potential of over 800 
mV,85 accurately predicted by MM. 
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Figure 6. (a) – (c) are the computed structures and relative strain energies of  the three possible (R,R,S,S)2

configurations of [Cu2(L4)(OH2)4]4+ , (most stable conformers; chair/chair, λ⁄δ), (d) is the observed chair/boat 
conformer of [Cu2(L4)(OH2)3]4+; corresponding observed (top) and simulated (bottom) EPR spectra; g- and A-
parameters (g⊥, g||, A⊥, A|| in 10-4cm-1): (a,b) 2.045, 2.19, 23, 200; (c) 2.045, 2.185, 23, 205; (d) 2.045, 2.185, 
23, 205; 2.045, 2.13, 19, 180. 
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 Clearly, other factors, such as solvation and electronic complemetarity also 
contribute to the redox potential and, therefore, MM-Redox is strictly restricted to the 
comparison of systems which involve identical redox couples (e.g., cobalt(III/II)), donor 
sets (e.g., hexamines) and solvents (e.g., water).208 The well-known effect of solvation 
(solvent-dependent redox potentials) has been studied with complexes of N-alkylated 
cyclam derivatives211-213 and confirmed by DFT calculations.214 The electronics of the 
donor groups have been included in ligand additivity models.215-218 However, these 
largely neglect steric influences. A multi-parameter fit, including geometric as well as 
electronic descriptors, has also been proposed219 but this also has severe limitations.

3.5 FIT AND MISFIT 

Molecular recognition in general and specifically metal-ion-selective complexation rely 
on the selective and strong binding of a host by a guest molecule, of a metal ion by a 
(macrocyclic) ligand (see also Section 3.2). Based on the fundamental lock-and-key 
concept220 the complementarity of shape, size and functionality, more specifically, 
shape, size and electronic compatibility221,222 between the host and the guest is generally 
accepted to be a major factor in molecular recognition. With ligands which exist in 
various conformations, high stability is observed when there is no necessity for 
conformational rearrangement, i.e., when the ligand is preorganized.20-22 It follows (see 
Figure 8) that ligand rigidity is of importance for metal ion recognition: (i) a lack of 
rigidity in the sense of conformational flexibility may lead to various shapes of the host 
molecule with different size, i.e., to various hosts with different selectivity; (ii) a lack of 
rigidity in the sense of a high elasticity of a single host isomer (steepness of the 
individual potential energy curves in Figure 8 (b)) also reduces the selectivity.19 These 
two ligand-based properties have also been described as multiple juxtapositional 
fixedness.11,223 Not generally appreciated but also of importance for metal-ion-selective 
and strong coordination are poor solvation of the ligand21 and a rigid coordination 
sphere (which does not necessarily result from a rigid ligand, see Section 3.2 and 
below).19 Fit and misfit between a host and a guest are also of importance in other areas 
of molecular recognition, including those with supramolecular and biomolecular 
systems (receptor modeling, substrate binding and activation, enzyme 
inhibition).9,166,224-226

 The application of molecular modeling techniques to the prediction and 
interpretation of metal-ion-selective complexation by macrocyclic and other ligands has 
been used, described and reviewed abundantly.10,12-19,227-230 A thorough theoretical study 
of the energetics of complex formation needs to include the solvation (desolvation) of 
the metal ion, ligand and complex; a full conformational analysis of the ligand 
(preorganization) and complex (coordination number and geometry); and the geometric 
and electronic complementarity of the ligand / metal ion couple. The problem to solve is 
of similar complexity to that of the computation of redox potentials (see Section 3.4) 
and, in fact, the two problems are related,231 and the electrochemical determination of 
stability constants is a common procedure. Quite generally, modeling studies 
concentrate on influences derived from preorganization and geometric 
complementarity.15,232 In many cases these are not even well separated,17-19 and the 
determination of the size, shape and elasticity of the ligand cavity and its fit to the guest 
(metal ion) is often the major or only problem which is addressed. Studies which 
include the electronics of metal-ligand binding, solvation and dynamics are available 
but not abundantly.233-235
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Figure 7. Correlation of the CuN4 plane twist angle , the reduction potential E˚, the EPR hyperfine parameter 
A||, the d-d transition ~ and its extinction coefficient  with the macrocycle ring size.210

 A number of approaches for the computation of cavity shapes, sizes and elasticities 
have been reported and discussed in detail and controversially, and the methods, 
applications and interpretations have been reviewed extensively.9,10,16-19,228-230,236-238

These also include models which appreciate chelate ring sizes12,17,239,240 and the 
directionality of the metal d-orbitals and the ligand lone pairs (misdirected 
valences).14,19,197,241

 The ligand field splitting has been used to probe the complementarity in macrocyclic 
ligand complexes10,12,18 (note that ligand field strengths have also been correlated with 
redox potentials,18,242-244 and these are related to complex stabilities, see above). An 
interesting study in this context is that involving the set of copper(II) complexes with 
the three tetraazamacrocyclic ligands in Figure 9 (L5, cyclam has secondary amines, the 
two reinforced ligands L6 and L7 have tertiary amines with similar nucleophilicity). 
Interestingly, the ligand field induced by L6 is smaller than that by L7 (540 vs. 500 nm), 
the unresolved dd transition of [Cu(L7)(OH2)2]2+ is at 430 nm (that of [Cu(L5)]2+ is at an 
unprecedented 390 nm), see Table 1;19,245-247 the stability constants follow qualitatively 
a similar trend.19 The conclusion, based on the computed structures (MM, full 
conformational analysis) and electronic spectra (AOM, see MM-AOM in Section 3.4), 
is that the lack of complementarity with L6 is due to misdirected valences, and this also 
emerges from Figure 8.19 The bispidine-based macrocyclic ligand L7 is not only very 
rigid but also highly complementary with respect to copper(II).  
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Figure 8. (a) Rigidity and selectivity (b) elasticity (different line shapes) (c) conformational flexibility.  

Figure 9. Visualization of the lone pair directionality (complementarity) of three tetraazamacrocyclic ligands 
L5, L6 and L7. 19
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TABLE 1. Experimentally determined and computed (MM-AOM) electronic transitions in cm-1 (nm) of 
[Cu(L5)(OH2)2]2+, [Cu(L6)(OH2)n]2+ and [Cu(L7)(OH2)n]2+ (n=0,1,2).88

Compound  E1(xz) E2(yz) E3(xy) E4(z2)
[Cu(L5)(OH2)2]2+ (n=1,2) exp.248 19900 (500)   
[Cu(L5)(OH2)2]2+ calc. 19200 20020 20400 13600 
[Cu(L6)(OH2)n]2+ (n=1,2) exp.246 18590 (540)    
[Cu(L6)(OH2)]2+  18654 20330 17506 16590 
[Cu(L6)(OH2)2]2+  21070 21600 20395 17225 
[Cu(L7)(OH2)n]2+

in H2O  (n=1,2) 
exp. 23250 

(430) 
~19200 
(520) 

λλ-[Cu(L7)(OH2)2]2+ calc. 23000 23380 22120 19530 
λδ-[Cu(L7)(OH2)2]2+ calc. 23560 23640 22650 19640 
[Cu(L7)]2+ 

in MeNO2
exp. 25640  

(390)
   

λλ-[Cu(L7)]2+ calc. 24660 25040 23400 23580 
λδ-[Cu(L7)]2+ calc. 24660 25220 23770 23770 

 A cavity size curve of the related hexadentate ligand is shown in Figure 9.78 The 
hexadentate bispidine-based ligand L8 is, with respect to the bispidine (3,7-
diazabicyclo[3.3.1]nonane) core, very rigid and highly preorganized; the pyridine 
donors in 2,3,4,7-positions are flexible (low energy C-C rotational barriers). 
Qualitatively similar cavity size curves have also been observed for 2,4-disubstituted 
tetradentate and 2,3,4- or 2,3,7-trisubstituted pentadentate ligands. A general 
observation, based on experimental structural data19,75,76,78 is that, with a large variation 
of the metal ion size (0.1 – 0.2  per M-N bond), the ligand structure is basically 
constant, with the exception of low energy rotations of the pyridyl groups. However, the 
metal center has little restriction to move within and out of the ligand cavity. 

Figure 10. Ni(II) complex of the bispidine-based hexadentate ligand L8 (bispidine= 3,7-
diazabicyclo[3.3.1]nonane) with the corresponding cavity size function, i.e. the strain energy as a function of 
the averaged metal donor distances.78
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 This is nicely supported by the cavity size curve (Figure 10): the high degree of 
elasticity of the coordination geometry is a result of the very flat tail towards longer 
metal donor distances. For metal ions with larger average M-N distances than approx. 
2.1  the hexadentate ligand L8 is virtually unselective (note that this analysis does not 
include electronic effects). Complexes of small metal ions are destabilized. This is due 
to subtle metal-ion-enforced ligand distortions as shown in Table 2. This analysis, based 
on the cavity size curves and a detailed MM analysis is supported by spectroscopy, 
electrochemistry and potentiometrically determined stability constants (the latter are 
also shown in Table 2).78

TABLE 2. Selected structural data of [Co(L8)]2+, [Ni(L8)]2+, [Cu(L8)]2+, [Zn(L8)]2+ (distances in Å, angles in 
degrees). 

[Co(L8)]2+ [Ni(L8)]2+ [Cu(L8)]2+ [Zn(L8)]2+

distances Å   
6

1

)(
i

iNM (12.83) 12.64 (12.62) 13.04(13.09) 13.04 (13.11) 

N3•••N7 (3.06) 2.88 (3.02)     2.84(2.91) 2.90 (3.11) 

strain energies kJ/mol     

Estrain 6.0 11.0 45.0 0.0 

stability constants log K     

Mn + L  [ML]n 15.0 14.1 19.8 21.5 

 The interesting observation, unexpected on the basis of limited published data of a 
tetradentate derivative of L8 249,250 but in full agreement with the MM analysis is that the 
stabilities do not follow the usual Irving-Williams behavior (Co2+ < Ni2+ < Cu2+ > 
Zn2+)251,252 but that L4 is zinc(II)-selective. This was interpreted as a combination of the 
steric effects discussed above, electronic effects (distorted coordination geometries, 
misdirected valences), which are unimportant for the d10 ion zinc(II), in contrast to 
copper(II), especially nickel(II) and smaller metal ions such as cobalt(III).78

4. Conclusions and Outlook

The fundamental basis, hard- and software and the education in theoretical and 
computational chemistry have developed to an extent where experimentalists in 
molecular chemistry generally have the basic knowledge, experience and tools to 
compute structures and properties of compounds of their interest. The increasing 
awareness of both the power of simple, empirical and approximate approaches, and 
their limits and pitfalls leads to the hope that “the danger that the cowboys of the 
keyboard could turn a serious pursuit into disrepute and a circus of pretty pictures” 253 is 
decreasing. The collection of examples in the previous Sections indicates that structures, 
conformational equilibria and dynamics, as well as many properties of isolated 
molecules, solids and systems in solutions may be thoroughly and reasonably accurately 
computed. The design of novel compounds with given properties is a possible aim but 
in reality, for a number of reasons (not least also based on difficulties with the 
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experimental part of the studies19) not usually fulfilled. More often, molecular modeling 
is used for the interpretation of structures and properties (stabilities, reactivities and 
electronics) of novel compounds, and in this way is of much help to design (by further 
computation or pure intuition) ligands (macrocycles) and complexes with improved 
performance. 
 Specifically for experimentalists, simple methods are required, which allow to 
compute real-life molecules in their preferred conformation and in the medium studied 
in the laboratory. Within limits (discussed in Section 2 and extensively in the literature 
cited there) empirical force field and ligand field calculations are such approaches, 
specifically for macrocyclic ligand complexes. However, it is not only the enormous 
difference in CPU and real time and effort which have to be invested, which make 
empirical models appealing: there are examples where interpretations based on a 
combination of empirical models are at least as insightful as heavy computations on “a 
higher level of theory”;77,78,196,207 however, there also are many examples where 
simplistic models alone do not yield the required answers.245 While one of the major 
advantages of empirical modeling is that full conformational analyses and dynamics of 
relatively large systems with solvents or crystal lattices included are accessible, the truth 
is that these are often neglected. While, in some examples, there might be good reasons 
to do this, it is clear that this will have to (and probably will) change in the future. 
 Methods which are attracting increasing attention are data mining which often (but 
not necessarily always) are based on searches in structural data bases (e.g. the CSD115)
and concomitant statistical analyses122,254 and structure correlations in general.255,256 So 
far, less widely used, specifically in the area of macrocyclic ligand and general 
coordination chemistry are quantitative structure-activity and structure-property 
relationships (QSAR, QSPR) and related methods150,208,257-264. There are interesting 
developments in the area of QSAR, which include, apart from structural information, 
electronics in the description of the molecules (e.g., the electron-topological (ET) 
method).265 Specifically, for transition metal compounds this seems to be a promising 
approach. 
 A large variety of methods and the corresponding computer programs for modeling 
of macrocyclic ligand complexes are available – the choice is dictated by the problem to 
be solved and, quite generally, this is not the confirmation of a known structure. 
However, whether modeling is used for designing novel macrocycles with interesting 
and useful properties or for the interpretation of challenging new experimental results, 
the basis or aim always is the comparison with an experimental structure or data on 
other experimentally determined molecular properties and, in the area of macrocycles, 
usually the most critical and important part is preparative chemistry. A good reason 
why, in most of the chapters in this book experiments and, specifically, syntheses are a 
central feature.  
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SIMULATIONS OF THE DYNAMICS OF 18-CROWN-6 AND ITS 
COMPLEXES: FROM THE GAS PHASE TO AQUEOUS INTERFACES WITH 
SC-CO2 AND A ROOM-TEMPERATURE IONIC LIQUID 

A. CHAUMONT, R. SCHURHAMMER,  
P. VAYSSIÈRE AND G. WIPFF  
Laboratoire MSM, Institut de Chimie,  
4, rue B. Pascal, 67 000 Strasbourg, France 

1. Introduction 

There have always been tight connections between supramolecular and theoretical 
chemistry. In the early seventies, quantum chemists introduced the "supermolecule" 
approach to analyze the strength and nature of the non -covalent interactions which 
assemble simple systems like the water dimer or water-ion adducts in the gas phase, and 
presumably larger host-guest complexes in solution.[1] Among the many 
macro(poly)cyclic hosts developed experimentally,[2-4] 18-crown-6 ("18C6") turned out 
to be the most studied by theoreticians. Indeed, in spite of its simplicity and relative 
small size, 18C6 is a highly versatile molecule which acts as a selective host for small 
ions and molecules and displays fundamental features of molecular recognition: 
preorganization and macrocyclic effect, flexibility, induced fit upon ligand binding and 
solvent dependent recognition properties.[5-7] In the early eighties, it was still too 
computer time demanding to study real host-guest complexes by quantum mechanical 
(QM) ab initio methods, and most of the studies employed empirical force field 
approaches, in which the system is represented by soft charged spheres (atoms) 
connected by harmonic springs (bonds). The first simulations were of molecular 
mechanics type, i.e. based on energy minimized "static" models in the gas phase.[8] Later 
on, insights into the motions of 18C6 and its cation complexes were obtained from 
harmonic dynamics (normal modes of vibration), or classical molecular dynamics (MD) 
simulations, also employing a force field representation of the potential energy.[9] The 
simulated time scales evolved with the computer resources, from about 0.1 ns for the 
first simulations in vacuo, to about 10 ns today for complexes in a solvent environment 
represented explicitly at the molecular level. The possibility to calculate thermodynamic 
properties via statistical perturbation theory coupled with MD simulations was a major 
breakthrough in the field of molecular recognition for host-guest complexation in 
solution [10, 11] and has been developed for 18C6 complexes.[12-14]
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 Meanwhile, cation - crown complexes were fully optimized by ab initio QM 
techniques in the gas phase, allowing to investigate the effect of electronic 
reorganization (mainly charge transfer + polarization effects) on the recognition 
properties.[15, 16] QM/MM hybrid methods which combine a QM representation of the 
ion coordination sphere with a MM representation of the more remote species, have 
been tested on 18C6/ cation complexes.[17, 18] Typical applications of "computational 
approaches in supramolecular chemistry" up to 1994 can be found in ref. [19] There are 
also reviews on more specialized fields like calixarenes.[20, 21]

 In this paper, we present three recent applications of computer modeling, again 
focusing on 18C6. The first one is mainly methodological and concerns the application 
of Car-Parrinello molecular dynamics (CP-MD) on "supermolecules" involving 18C6, 
i.e. the 18C6-H2O adduct. It will be shown that a dynamic picture of the system solves 
the apparent conflicting results on hydrogen binding patterns obtained by IR 
spectroscopy, and solid-state or classical MD or Monte Carlo results. The two other 
applications, based on classical MD simulations, address the question of solvation and 
liquid-liquid extraction of the Sr2+ cation by 18C6 to "green solvents", namely 
supercritical-CO2 (SC-CO2) and a room temperature ionic liquid, for which the "dry" 
versus "humid" states will be compared, focusing on what happens at the aqueous 
interface.  

2. Methods 

2.1 CLASSICAL MOLECULAR DYNAMICS 

An introduction to the modeling methods can be found in refs. [22, 23]. The classical MD 
simulations reported here were performed with the modified AMBER software,[24] in 
which the potential energy consists of harmonic deformations of bond and angles, 
dihedral energies, plus non-bonded interactions represented by a sum of pair wise 
additive coulombic and van der Waals contributions:  
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One important feature is the representation of ion interactions by a non-covalent model, 
which allows for changes in its coordination sphere during the dynamics, while MM3-
derived covalent models cannot.[25] The parameters for 18C6 and its hydrates are from 
ref. [26] and we used ESP derived atomic charges of Kollman et al. [27] on the crown (qO
= -0.404, qC = 0.244 and qH = -0.021 e). The H2O and CO2 molecules were represented 
with the TIP3P [28] and Murthy et al. [29] three point models, respectively. The Sr2+ ion 
parameters were fitted from its free energy of hydration.[30] For the study of the water / 
SC-CO2 interfacial system, more details are given in ref. [31]. The corresponding non-
bonded interactions were calculated with a 15 Å cutoff and a reaction field correction 
for long range electrostatics, while for the ionic liquid simulations, the electrostatics was 
calculated with a 12 Å cutoff plus Ewald correction. After energy minimization and 
stepwise equilibration of each system, MD was run in the (N,V,T) ensemble, typically 
for 1 - 10 ns. The methodology and parameters used for the MD simulations in the 
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[BMI][PF6] ionic liquid are described in refs. [32-34] The solvent box contains about 300 
BMI+ PF6

- ions for the dry liquid, plus 300 H2O molecules for the humid liquid. Several 
distinguishing features of these ionic liquid compared to water systems should be noted. 
(i) As concerns the force field, there is presently limited experience and validations, 
compared to the many studies on water, particularly as far as the consistency between 
the solvent and solute parameters, and the possible importance of many-body, charge 
transfer and polarization effects are concerned. (ii) The ionic nature of the liquids 
requires an adequate treatment of long range electrostatics (with e.g. Ewald summation 
methods), which may be more critical than with liquids based on neutral components. 
(iii) The relaxation times of the solvent and solutes are several orders of magnitude 
slower in the ionic liquid than in water, thus rising the important issue of adequate 
sampling of the different configurations of the system. 

2.2 CP-MD CALCULATIONS 

While classical MD methods assume a fixed electrostatic representation (atomic 
charges) of the system, QM methods focus on the electron distribution within the Born-
Oppenheimer approximation, i.e. with a given configuration of the nuclei. During the 
last few years, it has become feasible to perform ab initio molecular dynamics, in which 
the forces between nuclei are determined "on the fly" from QM calculations based on 
the density-functional theory (Car-Parrinello molecular dynamics "CP-MD"). CP-MD 
simulations have been successfully employed in the study of many ions in solution,[35-37]

and gas phase water clusters. In contrast to classical MD, they allow for bond-making or 
bond-breaking processes during the dynamics.[38-43] The CP-MD results presented here 
were obtained using the density-functional based Car-Parrinello scheme [44] as 
implemented in the CPMD program.[45] The BLYP functional combination was 
employed, together with norm-conserving pseudopotentials generated according to the 
Martins and Troullier procedure [46] and transformed into the Kleinman-Bylander form 
(BLYP MT).[47] Periodic boundary conditions were imposed using cubic supercells with 
box length of 15 Å. Kohn-Sham orbitals were expanded in plane waves up to a kinetic 
energy cutoff of 80 Ry. The CP-MD simulations were performed starting from the 
lowest-energy structure, using a fictitious electronic mass of 600 a.u. and a time step of 
0.121 fs. The simulations were performed in the N,V,E ensemble over 2 - 10 ps at ca. 
300(±30) K. More details are given in refs. [48, 49]

3. Results 

3.1 18-CROWN-6 AND ITS HYDRATE: THE MERRY-GO-ROUND DYNAMICS 
OF H2O OVER THE D3D CROWN 

Figure 1. Hydration of the D3d crown (X-ray structure of the 18C6.4H2O, from refs. 56,57). Orthogonal 
views. Only 2 H2O molecules are shown on the left side for clarity. 
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The 18C6 crown is very flexible, as shown by the diversity of structures found in the 
solid state,[50] and by sampling simulations in the gas phase [51] or in solution.[52, 53] Two 
forms, respectively of Ci and D3d symmetry, are however particularly important: the Ci
form adopted by the uncomplexed crown in the solid state has no cavity, while D3d
displays a "circular cavity" in which K+ fits nicely, leading to the K+ recognition by the 
crown in solution. In 1984, Monte Carlo calculations predicted that dissolution of the 
crystal (Ci form) in water would lead to conformational change to D3d, due to specific 
hydration patterns.[54] The predicted D3d hydration scheme involved centro-
symmetrically related 2+2 H2O molecules (Figure 1). There are two H2O molecules at 
each face of the crown, one in O1

...O7 bridging position, and the second also bridging 
over the O4 oxygen of the crown and the O(H2O) oxygen. These predictions were 
confirmed by X-ray crystallography on crystals of 18C6 containing H2O molecules,[55-57]

by Raman or IR spectroscopy of 18C6 hydrates [58-61] and by more refined MD 
simulations of 18C6 in water.[62] The bridging hydration of the crown seems however to 
be inconsistent with the IR spectroscopy results in humid CCl4

[63] or in humid SC-CO2
solutions.[64] According to these IR studies, H2O mainly binds monodentate to the crown 
("linear" HO-H…O18C6 hydrogen bonds, see Figure 2) while a smaller amount, whose 
proportion increases at lower temperatures, binds bidentate.[63] Which form of 18C6 is 
present in solution cannot be inferred from these IR studies.  
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Figure 2. Schematic representation of single-out, single-in (monodentate) and bridging (bidentate) 
coordination of H2O to 18C6, and of the D3d bridging hydrate. 

 Recent QM and CP-MD investigations on 18C6 and its hydrates solve this apparent 
contradiction between IR observations and the large occurrence of bridging hydration of 
18C6.[49] First, high level QM DFT calculations at the BLYP/6-311G++(3df,3pd) // 
BLYP/6-31G* level reveal that the Ci and D3d forms are quasi iso-energetic in the gas 
phase (∆E = 0.1 kcal/mol) as found with AMBER calculations (∆Ε = 0.3 kcal/mol), but 
contrasts with previously reported MP2 calculations which used nonoptimized structures 
(∆E = 17 kcal/mol in favor of Ci).[65]
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18C6, and relative energies (kcal/mol). 
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 Several forms of the 18C6-H2O adduct were then modeled, based on the Ci versus
D3d crown, where H2O is either bridging or makes a "single" hydrogen bond with the 
crown, turned "inside" or "outside" the crown (Figure 3). They were found to follow the 
order of relative energies: Ci-single-in > Ci-single-out > D3d-single-out > Ci-bridging > 
D3d-bridging (see Figure 3), thus confirming the highest stability of the D3d-bridging 
hydration and that, for a given conformer of the crown, bridging is more stable than 
"single" hydrogen bonding. The calculated binding energy of bridging water (6.1 
kcal/mol for the D3d crown, and 3.8 kcal/mol for the Ci form) also favors the D3d crown. 
As mentioned above, this D3d-bridging "static" structure of the hydrate is not consistent, 
however, with IR data. We notice that the two hydrogen bond distances formed by this 
H2O molecule are relatively long (2.12 and 2.16 Å, respectively) and not equal, which 
suggests that the D3d crown is somewhat too big to accommodate the H2O guest, and this 
will have consequences for the dynamics of the 18C6-H2O adducts.  
 The CP-MD trajectories of the 18C6-H2O "supermolecule" were then calculated for 
the Ci and D3d crowns starting with one bridging water molecule. The latter dissociated 
from the Ci crown in less than 1 ps, indicating that this complex is too weakly bound to 
compete with the kinetic energy at 300 K. This contrasts with the hydrate of the D3d
crown, which remained bound when the dynamics was pushed up to 10 ps, indicating 
that it is kinetically stable. 
 The D3d crown -H2O adduct reveals very interesting dynamics features, in which the 
motions of the water molecule and the crown are coupled. Typical snapshots are shown 
in Figure 4 and the time evolution of O...O distances is shown in Figure 5. First, it should 
be noted that the crown is never of exact D3d symmetry but deforms in such a way that 
opposite Oi

...Oi+7 distances fluctuate (between about 4.6 and 5.6 Å), which prevents 
optimal bridging interactions with the H2O molecule. As a result, the latter is most often 
"monodentate", with one proton anchored to one Oi oxygen (i = 1, 7, 13) on top of the 
crown, while its other proton is loosely bound to the Oi+7 or the Oi-7 oxygens, at too large 
distances (> 2.5 Å), however, to form real hydrogen bonds. From time to time, this free 
HH2O proton "jumps" towards and anchors to one of the crown oxygens, while the other 
HH2O proton becomes "free". As a result, the H2O molecule undergoes a merry-go-round 
rotation motion over the crown during the dynamics. Due to its shape, the D3d crown 
"catalyzes" this process during which quadrupole (18C6) / dipole (H2O) interactions are 
retained, while the Ci form cannot, thus also explaining why the bridging hydrate 
dissociates from the Ci crown. As a result of the dynamics, the lifetime of the "bridging" 
hydration is much shorter than the "linear" hydration. Among the 10 000 saved 
structures, only 15 % simultaneously display two HO-H...O "hydrogen bonds" shorter 
than 2.5 Å. Molecules are always in motion and, given the threefold symmetry of the 
crown, one can make an analogy with "waltzing": the H2O molecule is "dancing" over 
the crown, sometimes hesitating between on foot or the other, between one direction or 
the other, and has therefore statistically one foot (hydrogen) “on the ground”, and the 
other one lifted. The slower the music (reduced temperature), the slower is the dance, 
and the larger is the probability of seeing the "two feet on the ground" (bridging 
hydration). This is what is seen by IR spectroscopy in weakly humid apolar media like 
CCl4 or CO2.
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Figure 4. CP-MD dynamics of the 18C6 D3d monohydrate. Selected structures with schematic representation 
of the H2O anchoring and motions 

 It should be noted that in aqueous solution, as well as in solid state structures of 
hydrates, the D3d crown is generally tetra-hydrated, and that the bridging H2O molecule 
is prevented from "waltzing" by another, cooperatively bound, H2O molecule (Figure 2). 
This CP-MD study thus demonstrates the importance of dynamics in host - guest 
complexes, and solves the apparent contradiction between different binding modes 
"observed" at different time scales in somewhat different environments. The recent CP-
MD study of the H3O+⊂18C6 "supermolecule" provides another example of how the 
host's topology "catalyzes" the motions of the guest.[48] As pointed out previously,[9]

dynamics coupling of the host and guest motions may have deep consequences in the 
field of molecular recognition in supramolecular chemistry, as well as in biology. 
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Figure 5. CP-MD dynamics of the 18C6 D3d monohydrate. O18C6
...O18C6 and O18C6

...OH2O distances (Å) as a 
function of time (ps). See Figure 2 for atom labels. 

 On the methodological side, it is gratifying to note, once these computer time 
consuming CP-MD calculations have been performed, that rapid classical dynamics 
AMBER calculations on the 18C6-H2O hydrate essentially yield similar qualitative 
conclusions: instability of the Ci hydrate, and "waltzing dynamics" of H2O over the D3d
crown, which also validates early and subsequent force field studies,[8] also pointing out 
the limitations of static views, even obtained by sophisticated quantum calculations. 

3.2 THE STRONTIUM EXTRACTION BY 18C6 TO SC-CO2: IMPORTANCE OF 
INTERFACIAL PHENOMENA AND COUNTERIONS 
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There are strong analogies between metal ion extraction by complexant molecules to 
classical organic liquids (e.g. haloalkanes, aromatics) and to supercritical fluids like SC-
CO2, thus leading to promising developments in the context of "green chemistry".[66-69]

In this section, we focus on the ion extraction by crown ethers, which is generally 
conducted with lipophilic counterions (e.g. phenolate derivatives, fatty acids) in classical 
conditions, and with more CO2-philic fluorinated anions to SC-CO2.[70, 71] More 
specifically, we wanted to understand why the perfluorooctanoate anion (noted PFO-)
promotes the Sr2+ extraction to SC-CO2,[70, 72] while the picrate anion (noted Pic-),
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widely used in classical extraction does not. We thus simulated a concentrated solution 
of Sr⊂18C6(X)2 complexes, with X- = Pic- versus PFO- as counterions (see Figure 6) at 
the water / SC-CO2 interface. The interface is presumably the place where hydrophobic 
extractants and anions (initially in the "receiving phase") and metallic ions (initially in 
water) meet, recognize each other and form a complex hydrophobic enough to be 
extracted. Computer simulations contributed to our understanding of "what happens at 
the interface",[73] and highlighted the importance of interfacial phenomena in ion 
extraction. The first simulations at classical interfaces showed that extractant molecules 
like calixarenes, crown ethers, cryptands phosphoryl-containing ligands are highly 
surface active, be they uncomplexed or complexed,[74-78] as do most of hydrophobic ions, 
even lacking an amphiphilic topology.[79] Later on, MD simulations pointed to the 
analogies between aqueous interfaces with classical and SC-CO2 phases.[80, 81] A recently 
reported paper allows us to understand why PFO- anions are more effective than Pic-

anions in promoting the extraction of Sr⊂18C62+ to SC-CO2.[26]

 Figure 7 shows the interfacial CO2 / water landscape of concentrated solutions of 
strontium complexes at the end of the simulation, and reveals the importance of 
interfacial phenomena for both Sr⊂18C6(PFO)2 and Sr⊂18C6(Pic)2 complexes. None of 
them sits in water, as anticipated for these complexes which instead concentrate at the 
interface. This can be rationalized from the fact that, at the interface, they still enjoy 
significant attractions with the aqueous phase (-117 and -202 kcal/mol, respectively on 
the average per complex, according to an energy component analysis) without having to 
pay for a high "cavitation energy" in water. There are however remarkable counterion 
effects on the interfacial distributions. With Pic- as counterions, all complexes are 
trapped at the interface. An important driving force is the tendency of Pic- anions to 
aggregate via Pic- /Pic- hydrophobic π−stacking interactions (Figure 7). According to 
MD studies,[82] these anions self-assemble in aqueous environments and at aqueous 
interfaces [79] and these interactions also contribute to the supramolecular 2D-
arrangements formed by the Sr⊂18C6(Pic)2 complexes at the interface. In the context of 
liquid-liquid extraction, this is deleterious, however, as the resulting two dimensional 
film forms a kind of "interfacial crust" which prevents the interface crossing by the 
complexes and the ligands. 
 The case of Sr⊂18C6(PFO)2 complexes differs, as the PFO- counterions are 
amphiphilic in nature and their carboxylate head coordinates to strontium, while their 
perfluoroalkyl chain cannot and do not attract each other, thus preventing self-
aggregation of the complexes. The affinity of these fluorinated chains for CO2

contributes to solubilize the strontium complexes. As a result, the Sr⊂18C6(PFO)2
complexes sitting at the interface are "diluted", while the others migrated from the 
interface to SC-CO2: 40 % are found at more than 8 Å from the interface, and can thus 
be considered as "extracted" at 305 K.  
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Figure 7. Distribution of 25 Sr⊂18C6(Pic)2 complexes (top) and 25 Sr⊂18C6(PFO)2 (bottom) complexes at 
the CO2 / water interface. Left: snapshots after 1.2 ns of dynamics at 305 K, where CO2 is not shown for 
clarity. Right: zoom on typical complexes. A color version is given in the Appendix. 

 The uncomplexed forms of the SrX2 salts display marked analogies with the 
strontium complexes of 18C6: two-dimensional self-assembling of Sr(Pic)2 species at 
the interface, and diluted monolayer of PFO- anions, neutralized by the Sr2+

counterions.[31] In real extraction systems, the PFO- anions stem from the PFOH acid, or 
from salts (e.g. quaternary ammonium+ PFO-). Like 18C6 itself, these species are surface 
active and compete with the strontium complexes to saturate the interface, leading to an 
equilibrium between adsorbed and extracted species, thus pointing to the importance of 
interfacial phenomena in ion extraction and, in the context of supramolecular chemistry, 
to the importance of self-assembling processes. Beyond simple molecules or 
"supermolecules" of host-guest type, it is thus important to study concentration and 
collective effects at interfaces. Depending on the concentration of ions, extractants, 
"synergy agents" (e.g. counterions, co-extractants, solvent modifiers) and on the water - 
"oil" ratio, the "interface" may evolve from a well-defined "flat" abrupt zone of 15- 20 
Å width, to a mixed "third phase" between aqueous and CO2 phases, to micelles or 
microemulsions, and important microscopic insights into these systems can be gained by 
simulation studies.[83, 84]
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3.3 THE STRONTIUM EXTRACTION BY CROWN ETHERS TO A ROOM -
TEMPERATURE IONIC LIQUID. SOLVATION IN DRY VERSUS "HUMID" 
FORMS OF THE LIQUID, AND PARTITIONING AT THE AQUEOUS 
INTERFACE 

Figure 8. Ionic components of RTILs. 

When mixed with water, room temperature ionic liquids "RTILs" based on an organic 
cation (e. g. alkyl-substituted phosphonium+, -pyridinium+, -imidazolium+) and 
hydrophobic anions (e.g. PF6

-, [CF3SO2]2N-) form distinct phases and can be used for 
liquid-liquid ion extraction purposes. Recent applications involve the extraction of 
actinide and lanthanide cations by phosphoryl-containing ligands, and of alkali and 
alkaline-earth cations by crown ethers or calixarenes.[85-89] These liquids, although 
inherently ionic in nature, display interesting analogies with classical organic solvents 
used for liquid-liquid extraction purposes. Due to their low volatility, non-flammability 
and presumed chemical stability (see however [90]) they can be regarded as "green 
solvents".[91-94] Their properties can be tailored experimentally via an appropriate design 
of the cation and anion components or substituents, but their microscopic properties are 
yet poorly known. This led us to simulate by classical molecular dynamics RTILs like 
[EMI][TCA] that is miscible with water, and [BMI][PF6] that is not at the macroscopic 
level (see Figure 8 for definitions). We investigated the solvation of uncomplexed 
lanthanide (La3+, Eu3+, Yb3+) and uranyl UO2

2+ cations [32, 95] in these "neat" liquids, also 
looking at the effect of Lewis basicity (added Cl- anions) and solvent humidity [96] on the 
nature and solvation of the complexes.[33, 34]

Figure 9. The Sr⊂18C6(NO3)2 complex in humid [BMI][PF6][H2O] solution, showing the BMI+, PF6
- and 

H2O components side by side instead of superposed for clarity. 

 In this section, we focus on the Sr2+ extraction by crown ethers to [BMI][PF6], as this 
system has been recently investigated by experiment, revealing that extraction to RTILs 
is several orders of magnitude more efficient than to classical organic solvents.[97-100] We 
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thus investigate the solvation of 18C6 free, comparing its Ci and D3d forms, as well as 
two forms of its strontium complex, namely Sr⊂18C62+ without counterions and 
Sr⊂18C6(NO3)2 with neutralizing bidentate nitrate counterions. Indeed, according to 
EXAFS studies, the strontium coordination to the nitrates is retained upon dissolution of 
the Sr⊂18C6(NO3)2 complex in the RTIL, but is likely to be lost when the complex is 
extracted from water, presumably because the cation coordinates to water molecules.[101, 

102] We also compare two forms of the RTIL: the dry [BMI][PF6] form, and the "humid" 
[BMI][PF6][H2O] form which contains one H2O molecule per BMI+ PF6

- ion pair, and is 
thus somewhat sursaturated in water.[103] Figure 9 represents the simulated humid solvent 
box with one 18C6 strontium complex.  

3.3.1 Solvation of the 18C6 free Crown. The Ci to D3d Conversion 

The simulations in the dry and in the humid RTIL started with 12 crowns (Ci form) 
"diluted" in the solvent box. The crowns rapidly underwent a conformational change to 
D3d, showing that this structure is more stable in the two forms of the RTIL. Typical 
snapshots at the end of the dynamics (1.5 ns) and radial distribution functions (see 
Figure 10) reveal the importance of solvent cations.  
 In the dry RTIL, about one BMI+ cation is, on the average, "complexed" at each face 
of 18C6, pointing its butyl or its methyl chain towards the crown's cavity. This is 
consistent with the well-known affinity of 18C6 for positively charged guests. The Ci
form of 18C6 has no cavity and cannot therefore enjoy such stabilizing interactions, as 
confirmed by an energy component analysis on the Ci (constrained geometry) and D3d
monomers: both display attractive interaction energies with the dry RTIL, but these are 
≈20 kcal/mol stronger for the D3d than for the Ci form, thus explaining the solvation-
induced conformational change of the crown.  
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Figure 10. Solvation of twelve 18C6 crowns "diluted" in dry versus humid [BMI][PF6] solutions. Typical 
snapshots of the "first shell" solvent molecules and radial distribution functions "RDFs" around the center of 
the crown: 18C6…BMI (bold), 18C6…F (dotted), 18C6…P (plain) and Sr…OH2 (inversed ordinate).  

 In the humid RTIL, somewhat different solvation patterns are observed. Ten of the 
twelve crowns are solvated as in the dry liquid, with about one BMI+ cation at each face, 
while the two others are solvated by 1 BMI+ + 1 H2O, or by 1+1 H2O molecules (Figure 
10). Interestingly, the "first shell" H2O molecules sit in bridging position as described in 
section 1, and are further stabilized by second shell interactions with other H2O, or 
BMI+ species. In the two forms of the liquid, there is no solvent anion at less than 7 Å 
from the center of the crown, thus confirming the importance of the solvent cations and, 
to a lesser extent, of water. Comparison of the two forms of the RTIL shows that one 
18C6 interacts somewhat more with the humid than with the dry liquid (-64 and -58 
kcal/mol, respectively). 
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3.3.2 Solvation of two Forms of the Strontium Complex: Sr⊂18C62+ (no Counterion) 
and Sr⊂18C6(NO3)2 with bidentate Counterions 

Figure 11. Solvation of the Sr⊂18C62+ complex (no counterions) in dry versus "humid" [BMI][PF6] solution. 
Left: typical snapshots at the end of the dynamics. Right: RDFs Sr…BMI (bold), Sr…P (plain) Sr…F (dotted) 
and Sr…OH2 (inversed ordinate). 

 Two forms of the strontium complex, one without counterions and one with bidentate 
nitrate counterions, were simulated for 2 ns in the dry versus humid liquid. For the 
Sr⊂18C62+ charged complex, two models were compared, i.e. one with remote (> 15 Å) 
Cl- counterions, and one "without counterions", thus removing two BMI+ solvent ions to 
maintain the system neutral. The two neutralization procedures led to similar solvation 
patterns, revealing the importance of solvent humidity. In the dry RTIL, the complexed 
Sr2+ cation is further coordinated to 1+2, or 1+3 PF6

- anions, i.e. a monodentate one at 
one face and two or three bidentate ones at the other face of the crown (Figure 11). A 
modelbuilt Sr⊂18C6(PF6)4

2- complex with 2+2 symmetrically coordinated PF6
- anions 

also spontaneously evolved to an 1+2 coordination during the dynamics, which hints for 
an equilibrium between 1+2 and 1+3 solvation patterns. These anions are surrounded by 
BMI+ cations, at more than 7 Å from Sr2+.
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 In the humid RTIL, the strontium solvation is completely different and dominated by 
water, as seen from two independent simulations. First, in Sr⊂18C62+ (with remote Cl-

anions) Sr2+ captured 3 H2O + 1 PF6
- molecules in its inner sphere (Figure 11). These 

water ligands are further hydrogen bonded to second shell H2O molecules or to BMI+

cations. Another simulation started with the 2+2 coordinated Sr⊂18C6(PF6)4
2- complex 

as above, but the four PF6- ligands dissociated during the dynamics and were replaced 
by 1+4 H2O molecules. The substitution of negatively charged PF6

- ligands by neutral 
H2O ones upon moistening of the RTIL is, according to an energy component analysis, 
beneficial: the Sr⊂18C62+ interacts better with the humid than with the dry RTIL (-390 
kcal/mol and -330±10 kcal/mol, respectively). 

The Sr⊂18C6(NO3)2 complex with bidentate counterions 

When the two NO3
- anions lock Sr2+ at the center of the crown, the cation is shielded 

from the solvent. In the dry liquid, the nitrates remained mostly bidentate during the 
dynamics, but adopted a less symmetrical arrangement, in order to further coordinate 
one PF6

- monodentate anion on the average, and the complex was surrounded by BMI+

cations at about 7 Å from strontium (Figure 12). In the humid liquid, the two nitrates 
became monodentate. When they were constrained being bidentate, Sr2+ coordinated one 
H2O molecule, on the average (Figure 12) leading to a total coordination number of 11 
oxygens (6 from the crown, 4 from the nitrates, 1 from H2O), i.e. one more than 
suggested by EXAFS studies on the extracted complex.[102] One also finds H2O
molecules at 4 - 7 Å, which solvate the nitrate anions, and display therefore repulsive 
interactions with Sr2+. These likely contribute to make the complex somewhat 
"hydrophobic", a prerequisite in the context of liquid-liquid extraction. In terms of 
energetics, the Sr⊂18C6(NO3)2 complex with bidentate counterions is better solvated in 
the humid than in the dry RTIL: its interaction energies with the solvent are -133 and 
-107±15 kcal/mol, respectively. 
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Figure 12. Solvation of the Sr⊂18C6(NO3)2 complex with coordinated nitrates in dry versus "humid" 
[BMI][PF6] solution. Left: typical snapshots at the end of the dynamics. Right: RDFs Sr…BMI (bold), Sr…P
(plain) Sr…F (dotted) and Sr…OH2 (inversed ordinate). 

3.3.3  The 18C6 Molecules and their Strontium Complexes at the Ionic Liquid / Water 
Interface 

We initiated MD simulations on the interfacial behavior of the 18C6 molecules, in order 
to gain insights into the nature of the interface and on the distribution of the crowns and 
of their complexes, and to compare with the results obtained at the "classical" aqueous 
interface with chloroform.[104] The interface was first modelbuilt, as in the case of 
classical interfaces, starting with adjacent "cubic" boxes of the two liquids, and the 
solutes were immersed near the interface. After equilibration and 4 ns of dynamics at 
300 K, important solvent mixing was observed (Figure 13 top), as found in a previous 
work,[96] suggesting that the BMI+ and PF6

- ions represented with +1 and -1 charges are 
somewhat too hydrophilic. We thus decided to scale down the BMI+ and PF6

- charges by 
a factor 0.9, which also somewhat mimics the anion to cation charge transfer. For the 
neat interface after 9 ns of dynamics, this was found to lead to molar fractions of about 
0.26 for water in the RTIL, and of 0.0023 for the ionic liquid in water, in good 
agreement with experimental solubilities.[105] We note that the resulting interface (see 
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Figure 13) is broader, with more inter-solvent mixing than at aqueous interface with, e.g. 
chloroform [106] or dichloroethane,[107] and this have deep consequences as far as the 
mechanism of Mn+ cation extraction is concerned. In classical extraction, the solvent 
molecules are neutral and the neutrality of the receiving organic phase is generally 
achieved by co-extracting anions from the aqueous phase, or by exchanging n protons of 
acidic extractants with Mn+. Extraction to RTILs may proceed via another mechanism, 
i.e. by exchanging n solvent (e.g. BMI+) cations of the RTIL with Mn+, and the 
simulated interfacial landscape observed with [BMI][PF6] is clearly consistent with such 
an ion exchange mechanism. When the solvent cations become more hydrophobic (e.g. 
by using longer alkyl imidazolium substituents), the interface becomes narrower with 
less solvent mixing, and extraction rather proceeds via an anion exchange mechanism.   
The uncomplexed 18C6 was simulated for 4 ns, starting with a 3x4 grid of Ci crowns 
initially equally shared between the aqueous and the RTIL sides of the interface. Figure 
13 shows the resulting distribution after 4 ns of dynamics at 300 K. Interestingly, most 
of the crowns sit now on the RTIL-side of the interface. In particular, those which were 
on the water-side diffused to the RTIL. All crowns rearranged from Ci to a D3d-type of 
conformation, as seen in the pure or humid RTIL. Most of them are finally solvated by 
BMI+ cations, which point their N-alkyl chains to the center of the crown, as in the 
humid RTIL. The better solvation of 18C6 by the RTIL cations, compared to water, 
presumably explains why 18C6 moves to the RTIL side of the interface. With classical 
organic solvents, the crowns cannot enjoy such stabilizing interactions and sit therefore 
more on the aqueous side of interface.[104]

 The strontium complexes were simulated for 4 ns as a mixture of two Sr⊂18C62+ (no 
inner sphere counterion) plus two Sr⊂18C6(NO3)2 complexes, initially right at the 
interface. During the dynamics, the complexes oscillated near the interface and, after 4 
ns (see Figure 14) the two neutral Sr⊂18C6(NO3)2 ones sit right at the border between 
the two liquid phases, while the charged ones Sr⊂18C62+ sit somewhat deeper in water. 
There is thus no extraction to the RTIL phase under these conditions. Not surprisingly, 
Sr⊂18C62+ is too hydrophilic and too much hydrated to be extracted.  
 For Sr⊂18C6(NO3)2, interesting aggregation between the two complexes is observed 
at the interface, due to bridging nitrate counterions. Such a static view may be, however, 
somewhat misleading as, during the last 2 ns, the two types of complexes exchange their 
position. For instance, at 2 ns (Figure 14), the Sr⊂18C6(NO3)2 complexes sit more 
deeply in water, while the Sr⊂18C62+ complexes are closer to the interface.  
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Figure 13. The [BMI][PF6] / water neat interface (top - charges +1/-1 after 4ns and middle - charges +0.9/-
0.9 after 9ns) and with twelve 18C6 crowns (bottom) after 4 ns of dynamics. Solvents are shown side by side, 
instead of superposed, for clarity. A color version is given in the Appendix. 

Figure 14. The [BMI][PF6] / water interface with two Sr⊂18C62+ plus two Sr⊂18C6(NO3)2 complexes after 2 
ns (top) and 4 ns (bottom) of dynamics. Solvents are shown side by side, instead of superposed, for clarity. A 
color version is given in the Appendix. 

 The interface itself is dynamics, non-planar and ill-defined, due to important local 
solvent mixing, and the position of the complexes with respect to the interface fluctuates 
much more than at classical aqueous interfaces. There is thus likely an equilibrium 
involving two types of positions for the strontium complex at the interface, which is 
consistent with cation exchange, as well as anion co-extraction mechanisms. 
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4. Conclusions 

We have presented computer modelling studies on 18C6, focusing on the importance of 
dynamics at different times scales system of different sizes. The CP-MD studies in the 
gas phase account for the vibrations of the systems without a priori hypothesis on their 
harmonic character, and thus account for the coupling between atomic motions 
(sometimes involving bond making or bond breaking processes) and electron 
reorganization as a function of time. They are presently limited to small systems and 
short time scale (a few picoseconds), but will no doubt find important applications in 
supramolecular chemistry, for instance in the field of metal complexes in which the bond 
is hardly modelled by classical force field methods. Quantum mechanical calculations 
can also be "routinely" performed on real complexes involving, e.g. trivalent lanthanide 
or actinide ions and calixarenes, thus giving important insights into their coordination 
patterns in the gas phase. Ion extraction and transport has been one of the cornerstones 
of supramolecular chemistry, and the applications presented here illustrate the power of 
MD simulations to investigate complex systems in heterogeneous environments 
represented explicitly at the atomic level. A major issue in modelling is the sampling of 
the different states of the systems, and this can be presently achieved by simulations of 
several nanoseconds for systems of about 20 000 atoms in a day on PC-clusters. The 
processes of phase separation and organization to form, e.g. interfaces, micelles, 
microemulsions can thus be simulated, involving new media like supercritical fluids or 
ionic liquids. Further challenges will be to move from the micro- to the mesoscopic scale 
and to longer time scales, and to investigate the energetics of recognition or assembling 
between nano-objects. This is important for the basic, as well as technological and 
industrial viewpoints. 
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1. Introduction 

As recognized from the time of their discovery, one of the most intriguing features of 
macrocyclic hosts is the selectivity with which they bind specific guest species.  Cation, 
anion, and neutral guests have been selectively sequestered by macrocycles of widely 
varying design and size.  This selectivity has prompted the incorporation of macrocyclic 
hosts into a variety of practical separations systems, including but not limited to, solvent 
extraction, liquid membranes, capillary electrophoresis, and chromatography.  Such 
separations systems typically fall into three categories: batch processes designed to 
recover and concentrate desired species, e.g., the recovery of precious metals; 
purification processes designed to remove undesirable species, such as the purification 
of water; and analytical methods designed to analyze species of interest, such as the 
determination of metal ions in water.  Related to this last category is the incorporation 
of macrocycles into other types of analytical techniques which do not rely on 
separations, such as luminescent sensors and ion selective electrodes.  Several reviews 
detail the broad range of applications of macrocyclic ligands to analytical applications 
in general, many of which are referenced below.  
 This review chapter focuses on research in one important separations-based 
analytical technique, chromatography.  Specifically, we summarize recent advances in 
the application of macrocyclic ligands to analytical chromatography for the 
determination of ions and neutral species.  We have organized the review by macrocycle 
type, beginning with synthetic macrocycles, and followed by a series of naturally-
occurring macrocycles and their analogs, including porphyrins, cyclodextrins, and 
macrocyclic antibiotics. Most of the review describes the direct incorporation of 
macrocycles into the stationary or mobile phases of high performance chromatographic 
systems.  However, brief mention is also made of analyte concentration methods which 
exploit macrocyclic ligand selectivity and which are based on chromatographic 
principles. 
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2. Synthetic Macrocyclic Ligands 

The era of synthetic macrocycles effectively got its start with the work of Pedersen, who 
reported the synthesis and cation-binding characteristics of the crown ethers in 1967. [1]  
Not long thereafter, the selectivity of macrocycles was first applied to a 
chromatographic separation when Cram’s group [2-4] reported using optically pure 
(RR)-tetranaphthyl-22-crown-6 in the chloroform mobile phase for the separation of 
cationic amino acid isomers.  During subsequent years, a host of investigators has made 
steady progress in advancing the use of macrocyclic ligands in chromatographic 
systems, including the separation and analysis of cations and anions, as well as of 
organic species.  This progress is detailed up to the early 1990’s in the chapter by Lamb 
and Smith in Comprehensive Supramolecular Chemistry [5], some highlights of which 
are summarized below.  The major emphasis of this chapter is on work performed since 
that review.   

2.1 ADSORBED TO THE STATIONARY PHASE 

A successful approach in applying macrocycles to chromatography has involved the 
adsorption of hydrophobic macrocycles to reversed phased chromatographic packings.  
This approach avoids the complications inherent in attempting to covalently attach the 
ligand to the packing material.  Kimura and coworkers [6,7] pioneered the adsorption of 
hydrophobic crown ethers and cryptands onto silica-based reversed-phase HPLC 
packings for the effective separation of alkali metal cations.  Around the same time, 
Shinbo et al. [8] achieved highly efficient separations of amino acid enantiomers using a 
chiral crown ether adsorbed onto a reversed phase packing.  Daicel Chemical Industries 
markets an HPLC column [9] which contains a chiral crown adsorbed to silica gel for 
the rapid and efficient analysis of chiral amines, amino alcohols and up to 25 amino 
acids. 

 Lamb’s group has adsorbed the hydrophobic crown ethers and cryptands shown in 
Fig 1 onto reversed phase chromatography packings for application to ion 
chromatography in the analysis of cations and anions.  A brief introduction to ion 
chromatography (IC) is in order to lay the foundation for a description of this work. 

The term “ion chromatography” has taken on a specific meaning in analytical 
chemistry:  it refers to high performance liquid chromatographic analysis of ions, as first 
described by Small et al. in 1975. [10]  The key to their innovation was the development 

Figure 1. Structures of hydrophobically 
substituted 18-crown-6 (above) and 2.2.2 
(below) adsorbed onto ion chromatography 
polymer resins for ion separations. 
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not only of high efficiency column packings for cation  and anion separations, but also 
of a universal form of detection (conductimetry) which was made practical by an 
innovative “suppressor” technology.  The suppressor currently employs an ion-
permeable membrane to remove the background conductivity of the ionic eluent.  In the 
case of anion separations, which employ a basic eluent, after separation has been 
achieved on the column, protons pass through the membrane into the eluent stream to 
neutralize the eluent.  In the case of cation separations, the opposite acid-base reaction is 
used.  Such IC systems were the first to achieve true HPLC analysis of ions and have 
become a standard tool now found in almost all analytical labs. 
 Lamb and Drake [11] introduced the use of macrocycles in IC when they described 
using column-adsorbed macrocycle-cation complexes for the IC analysis of anions in 
aqueous solution in 1989. [12] Since the macrocycle-cation complexes are labile in 
water solution, the anion capacity of the resulting columns was variable, according to 
the type and concentration of metal cation in the eluent. This variable capacity of the 
column opened the door to a new type of gradient separation, which they called a 
“capacity gradient”.  In typical chromatography, when a gradient is carried out to more 
rapidly elute late-eluting peaks, it is the eluent strength which is modified over time.  
But in capacity gradient IC, it is the capacity of the column which varies over the course 
of the chromatogram, achieved by switching from one metal cation to another with a 
different affinity for the macrocycle.  In Fig 2, a capacity gradient is used to achieve 
good separation among a series of anions of widely varying hydrophilicity.  Without a 
gradient, the late peaks in these separations would emerge (if at all) at extremely long 
times in very broad, unusable peaks.   

 The gradient capacity in each case is achieved by changing from an eluent cation of 
high affinity for the cryptand adsorbed to the polystyrene column to one of low affinity. 
This gradient can be achieved either by the gradual substitution of one ion for another, 
or by a step substitution. [15] Furthermore, organic modifiers may be added to the 

Figure 2. Ion chromatographic separation of a 
series of anions on polymer-based column with 
adsorbed decyl-2.2.2 using gradient capacity 
from sodium hydroxide to lithium hydroxide 
aqueous eluent.  Anions: 1) fluoride 2) acetate 
3) chloride 4) nitrite 5) bromide 6) nitrate 7) 
sulfate 8) oxalate 9) chromate 10) iodide 11) 
phosphate 12) phthalate 13) citrate 14) 
thiocyanate (from refs. 13,14) 
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eluent to adjust elution times and peak resolution. [16]  High resolution separations of 
carbohydrate oligomers of increasing chain length was achieved using gradients of this 
type. [17]  This approach is especially effective for the determination of fluoride ion in 
environmental samples. [18] 
 Capacity gradients can be achieved in another way in IC: by changing the 
temperature of the macrocycle-based column.  Since the reaction of cryptands with 
metal cations is typically exothermic, raising the temperature reduces the degree of 
complexation.  Based on this concept, gradient separations of anions can be achieved 
using a 2.2.2 column when the temperature is raised to 80 ºC during the separation. [19] 
 In addition to their application to liquid chromatography, macrocycles have been 
applied to gas chromatographic separations as well.  Kartsova et al. [20] performed a 
systematic study of a series of crown ethers and cryptands adsorbed onto GC stationary 
phases. The influence on the polarity and selectivity of the stationary phases of the type 
and number of heteroatoms, conformational lability of the cavity, the presence of 
substituents, and the concentration of macrocycle was studied with respect to the 
separations of various classes of organic compounds.  Phases containing mixtures of 
two macrocycles were found to be most promising. 
 In addition to crown ethers and cryptands, macrocycles of more complex structure 
have been adsorbed to stationary phase materials to effect separations.  For example, the 
lipophilic calix[4]resorcinarene shown in Figure 3 was adsorbed to ODS silica by 
Petraszkiewicz [21] for HPLC separations of pyrimidine bases and substituted phenols.  
Furthermore, Sokoliess et al. [22] used six calix[n]arene phases (n=4, 6, 8) and a 
calix[4]resorcinarene columns to separate a number of organic species and their cis-
trans isomers using organic modifiers in the eluent.  Selectivities were influenced by 
macrocycle ring size as well as the degree of substitution on the upper rim with p-tert-
butyl groups.  The same group also reported the use of bonded columns. [23]
Calix[4]arene derivatives were used by Yu et al. [24] to separate aromatic isomers. A
recent review summarizes the use of calixarenes as stationary phases in gas, liquid, and 
capillary chromatography techniques. [25] They note that one of the attractive features 
of these macrocycles for chromatographic applications is their ability not only to 
sequester substrates in the native cavity, but also the ease of their derivatization.  
Specifically, additional substituents and functional groups are easily appended at the 
macrocycle rims to act as independent binding sites or to adjust cavity interactions. 

OHOH
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OHOH
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Figure 3. Structure of hydrophobically substituted calix[4]resorcinarene adsorbed onto silica-based resin for 
HPLC separations (see ref. 21). 
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2.2 BONDED TO THE STATIONARY PHASE  

In recent years, the chemistry described above using adsorbed crown ethers and 
cryptands in IC has been incorporated into commercially available polymer-based 
columns for anion analysis by Dionex Corporation. Specifically, 18-crown-6 was 
bonded to the polymeric substrate of the traditional cation separator column which 
originally contained only phosphonate and carboxylate cation exchange sites to produce 
a new column, the CS15, which facilitated the analysis of ammonium ion in the 
presence of high concentrations of sodium ion. Addition of 18-crown-6 as a third cation 
exchange moiety improved resolution between some cation peaks. [26-29] In another 
column, cryptand 2.2.2 was covalently bonded to polystyrene/divinylbenzene packing 
materials. The column performed both for cation and anion separations in fashion very 
similar to comparable columns in which the macrocycle was adsorbed to the substrate, 
as described in the section above.  The extra stability gained by bonding the macrocycle 
to the substrate did not detract from the separations, nor from the ability to carry out 
capacity gradient separations. The separation of a series of anions by this column using 
a capacity gradient is shown in Figure 4. [30,31]. 
 The 2.2.2 column is especially advantageous in the determination of fluoride ion, 
which in traditional IC often elutes so early as to be masked by the injection peak. [32]  
In similar fashion, Tsai and Shih [33] derivatized polystyrene/divinylbenzene resin with 
cryptand 2.2.2 for the ion chromatographic separation of cations or anions. 
 In the early 1980’s, the groups of Blasius and of K. Kimura pioneered the grafting of 
macrocycles to silica particles for use in chromatographic separations of cations. [34-
37] Lauth and Gramain [38,39] were subsequently able to effect good anion separations 
in water samples using benzo-18-crown-6 derivatized silica stationary phases and a 
common cation.  Unlike polymer-based column particles, these stationary phase 
materials have not found practical application in ion chromatography because of their 
strong sensitivity to acid/base degradation. 

Figure 4. Ion chromatographic separations of a 
series of anions on polymer-based column with 
covalently bonded (A) 2.2.2 and (B) 2.2.1.  
using gradient capacity step changes from one 
alkali metal cation to another.  Anions: 1) 
fluoride 2) chloride 3) nitrite 4) bromide 5) 
nitrate 6) sulfate 7) thiosulfate 8) phosphate 9) 
iodide 10) thiocyanate 11) perchlorate (from ref. 
31) 
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 As an example of the latter application, the group of Izatt and of IBC Advanced 
Technologies has applied chromatographic materials based on silica-bound macrocycles 
to the separation and concentration of chemical species, especially metal cations, for 
subsequent analysis by various methods. [40-42]  Heavy metal ions such as Pb2+ and 
precious metals can be concentrated from the ppm to the ppt range with high selectivity 
using these materials.  In a recent example, Talanova et al. [43] report the preparation of 
dibenzo-18-crown-6 covalently grafted onto polystyrene.  The structure is shown in 
Figure 5. 
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Figure 5. Recent example of crown ether bonded to polymer substrate (see ref. 43) 

 The group of Alexandratos has reported attaching a variety of macrocyclic ligands, 
such as crown ethers and calixarenes, to polymer supports for chromatographic 
separations.  The calixarenes were substituted with phosphorus-containing ligands for 
selective cation coordination. [44,45] Although these materials were not specifically 
prepared for high performance chromatographic separations, they have the potential for 
application in sample pretreatment and concentration.  And the same principles could be 
used to synthesize high performance chromatographic packings. A recent review 
summarizes the strategies available to the synthetic chemist for covalently bonding 
macrocycles to organic polymers. [46]
 Among more complex macrocycles, Li et al. [47-52] reported the preparation and 
characterization of stationary phases incorporating calixarenes or calix-crowns bonded 
to silica.  With individual columns, high selectivity was observed in the separation of 
alkylated aromatics, aromatic carboxylic acids, sulfonamides, nucleosides, and water-
soluble vitamins.  In other work, Sokoliess et al. [53] have characterized calixarene- and 
resorcinarene-bonded stationary phases similar to those described in the previous 
section of this chapter.  And Huai et al. [54] used an end-capped p-tert-butyl-
calix[4]arene-bonded silica phase for HPLC separation of a number of organic 
compounds.  Resorcinarenes have also found application in GC.  [55-57] Recently, 
exotic macrocycles have been used in capillary electrochromatography, as reported by 
Gong et al. [58]  

2.3  POLYMERIZED AS STATIONARY PHASE MATERIALS 

In addition to post-functionalizing polymers by bonding the macrocycle to the pre-
formed polymer backbone, macrocycles can be incorporated into polymer matrices by 
direct polymerization of the macrocycle, either by a step-growth mechanism or a chain-
growth mechanism. [46] Polymeric crown ether stationary phases were pioneered by 
Blasius et al. [34, 59-62] These resins were used to separate both cations (including 
protonated amines) with a common anion, and anions with a common cation in high 
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performance mode.  More recent examples of incorporating macrocycles into polymer 
chains (shown in Figure 6) display metal cation selectivities which typically echo the 
selectivity of the native macrocycle.  The hydrophilicity of the resin is a strong 
determinant of loading capacities and overall ionic affinities.  These latter materials 
have largely been applied to preparative chromatography.   
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Figure 6. Recent examples of polymerized crown ethers (see ref. 46) 

 For our purposes here, the problem with resins formed by co-polymerization of the 
macrocycle is that they are often soft and unable to endure the pressures needed for 
HPLC applications.  Furthermore, adsorption kinetics are slow and band broadening 
more significant when exchange sites are distributed throughout the polymer, rather 
than on the surface.  However, these resins present good candidates for sample 
preparation applications where separation efficiency is not critical. 

2.4 DISSOLVED IN THE MOBILE PHASE 

Although the majority of reports of macrocycles in analytical chromatography have 
involved ligand association with the stationary phase, their use as mobile phase 
constituents has also been investigated.  Lamb and Drake [11] showed that addition of 
water-soluble crown ethers to the mobile phase altered the retention of alkali metal 
cations on an underivatized reversed phase column.  Nakagawa et al. [63-66] also used 
crown ether-containing mobile phases in the separation of protonated amines, amino 
acids and peptides, and -lactam antibiotics.   
 Interest in this mode of introducing macrocycles into the chromatographic 
separation has increased in recent years.  For example,  Ohta and Tanaka [67] used 
mobile phase 18-crown-6 on a silica get column for the determination of common 
mono- and divalent cations. Läubli and Kampus [68] demonstrated how mobile phase 
18-crown-6 improves the separation of NH4

+ and Na+ on a column containing 
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carboxylate groups.  Dumont and Fritz [69] explained how the addition of 18-crown-6 
improved peak shape of some cations.  Okada [70] showed how mobile phase 18-
crown-6 on an aminopropylated silica gel (Si NH3

+NO3
-) could be used to alter the 

retention times of several anions.  Finally, Jensen and Joppert [71] described how the 
use of mobile phase 18-crown-6 with a low capacity column based on carboxylate and 
phosphonate functional groups could cause K+ to elute after the divalent cations. 
 Using a macrocycle as a mobile phase additive is only practical for simple, 
inexpensive, relatively low-toxicity macrocycles such as 18-crown-6.  A recent example 
of the benefits to be derived from addition of 18-crown-6 to an ion chromatographic 
eluent is found in work published by Lamb’s group. [72] Specifically, in separating 
alkali, alkaline earth and amine cations by IC, it was found that addition of the 
macrocycle to the mobile phase could be used to adjust the retention time of ammonium 
cation so that ammonium ion could be determined under concentration ratios of 
60,000:1 Na+ to NH4

+ (see Figure 7).  This method has specific application in the 
determination of ammonia produced by nitrogenase—analysis time and sample size are 
considerably reduced over traditional wet chemical methods.   

 Another interesting application of mobile phase 18-crown-6 in IC involves the 
analysis of perchlorate in water samples. [73]  The U.S. Environmental Protection 
Agency has focused recently on perchlorate as a toxin of interest, proposing to reduce 
the acceptable level in drinking water from the current 4 ppb to 1 ppb.  Analytical 
methods which can reliably determine perchlorate at this low level are few.  The only 
currently accepted method is an IC method using a separator column based on standard 
quaternary amine exchange sites. [74] Lamb’s group has recently found that an 18-
crown-6 based mobile phase coupled with a polystyrene reversed phase column can be 
used to determine perchlorate at this level, as in the chromatogram in Figure 8. 
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Figure 7. Ion chromatographic separation 
of ammonium ion (3) from sodium (1) and 
calcium (2) ions with a concentration ratio 
of sodium to ammonium of 60,000:1.  
Column:  Dionex CS15; eluent: sulfuric 
acid and 18-crown-6. (from ref. 32) 
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 Several papers have reported use of a weak acid/crown ether eluent in ion-
exclusion/cation exchange chromatography with conductimetric detection on a weakly 
acidic cation-exchange column to effect the simultaneous determination of both cations 
and anions.  Resolution was significantly improved when 18-crown-6 was present in the 
eluent.  Detector response was positive for anions and negative for cations. [76-80]    A 
sample chromatogram is shown in Figure 9.  
 Cyclam has also been used in the mobile phase for HPLC analysis.  For example, 
Colgan et al. [81] added the macrocycle to a reversed phase analysis of the drug tenidap 
to reduce peak tailing and improve reproducibility. 

3. Naturally Occurring Macrocycles 

3.1 PORPHYRINS  

Porphyrins and their analogs have been investigated for inclusion as mobile phase 
modifiers and in novel stationary phases which offer unusual resolution in HPLC, as 
summarized in a number of reviews. [82-86]  For example, porphyrins have been used 

Figure 9. Analysis of anions and cations in 
river water using tartaric acid/18-crown-
6/methanol-water eluent with a carboxylated 
polyacylate stationary phase in the protonated 
form.  Ions:  1) sulfate 2) chloride 3) nitrate 
4) eluent dip 5) unknown 6) sodium 7) 
ammonium 8) potassium 9) magnesium 10) 
calcium (from ref. 80) 
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as complexing agents in HPLC for transition metal determination.  An obstacle to metal 
ion determination is the slow kinetics of complexation, which leads to significant band 
broadening.  Porphyrin complexes serve as exchange sites in immobilized metal ion 
affinity chromatography (IMAC).  In a very recent example of IMAC work,  Mifune et 
al. [87] report the preparation of HPLC silica stationary phases modified with metal-
porphines and metal-phthalocyanines for the separation of πp-electron-rich 
polyaromatic hydrocarbons (PAH’s).  Similarly, Kibbey et al. [88] reported a 
tetraphenylporphyrin-based stationary phase for HPLC separation of PAH’s; and when 
the ligands were metalated with tin(IV) or indium(III), the stationary phase was useful 
in the separation of aromatic sulfonates and aromatic carboxylates.  Stationary phases 
containing metal-complexed porphyrin analogs have been used in the HPLC separation 
of anions, including common anions, aromatic carboxylates, and sulfonates. [88-89] 
Sessler’s group used a silica gel-bound sapphyrin as a stationary phase for the HPLC 
separation of anions, as well as adenosine, AMP, ADP, and ATP. [90]  As is true for 
several other types of macrocycles, recent reports describe the inclusion of porphyrin 
analogs and their metal complexes in electrochromatographic systems. [91] 

3.2 CYCLODEXTRINS 

Biologically derived cyclodextrins and their synthetically derivatized analogs form 
inclusion complexes with a host of guest molecules, often with unusually high 
enantioselectivity. For this reason, they make good candidates for use in 
chromatographic separations and analysis of many species, including positional 
isomers, analogs containing different functional groups, homologs and enantiomers.  
The latter are of particular interest to those working with pharmaceuticals.  Applications 
of -, -, and -cyclodextrins to thin layer chromatography, gas chromatography, 
HPLC, and supercritical fluid chromatography have been extensively reviewed in a 
number of recent, highly informative sources, including a 2003 Royal Society 
monograph and a 2004 book on chiral separations. [92-99]  The vast majority of 
anantiomeric separations have been performed using -cyclodextrin and its many 
derivatives.
 In gas chromatography, the addition of bulky substituents at the primary C6-hydroxy 
groups improves solubility in the polysiloxane coating and affects access of substrates 
to the ligand cavity.  GC columns coated with modified cyclodextrins have been used 
for the enantiomeric analysis of essential oils, flavors and fragrances, ingredients in 
alcoholic beverages, clinically-important species, terpenoids, pheromones, enzymatic 
reaction ingredients, pesticides, atmospheric ingredients, and pharmaceuticals. [98] 
Sometimes these methods include multidimensional chromatography performed in two 
or more stages, with an initial cut to separate components of interest (by GC or LC), 
followed by the separation of enantiomers using the cyclodextrin column.  A mixed 
chiral stationary phase for GC has been described containing modified resorcinarene 
and -cyclodextrin bonded to polysiloxane for the separation of enantiomers of apolar 
hydrocarbons and polar amino acids. [100]
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 In LC, cyclodextrins have been used in both the mobile and stationary phases, 
although the latter application predominates using bonded phases.  Both normal and 
reversed phase separations are possible.  With polar mobile phases, the cyclodextrin 
cavity hosts and retains hydrophobic analytes; but when large concentrations of organic 
solvent are used in the mobile phase, solvent molecules occupy the cavity—inclusion of 
analytes is suppressed and hydrogen bonding and dipole-dipole interactions with 
analytes predominate.  Applications to electrochromatography have also been described. 
[96]

3.3 MACROCYCLIC ANTIBIOTICS 

Macrocyclic antibiotics such as teicoplanin and vancomycin have been used in chiral 
stationary phases separations of amino acids, drugs, and other species using HPLC and 
other separations methods.  These applications have been reviewed in a number of 
recent sources, including a 2004 monograph on chiral separations. [97, 101-107]       
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LIGAND DESIGN FOR BASE METAL RECOVERY 

 P. A. TASKER AND V. GASPEROV 
School of Chemistry, The University of Edinburgh,  
Edinburgh, EH9 3JJ, U.K.

1. Introduction 

Historically, base metals have been recovered from primary sources mainly by 
pyrometallurgy which “produces metals or intermediate products directly from the ore 
by use of high-temperature oxidative or reductive processes”.[1] The sequence of unit 
operations: concentration, separation, reduction and refining [2-4] usually only makes 
use of organic ligands in flotation processes in which the finely ground mineral particles 
are separated from silicaceous materials on the basis of their different surface 
activities.[5] Separation by froth flotation is frequently employed to concentrate sulfide 
ores using collectors with soft, typically sulfur, donors which preferentially bind to the 
ore particles and increase their hydrophobicity, transferring them to an oil-based froth. 
Approximately two billion tonnes of material per year is currently treated by froth 
flotation.[6] The nature of the chemi- and physi-sorption shown by these collector and 
related activators, depressants and dispersants falls outside the scope of this review and 
has been very effectively discussed by others.[5, 7, 8] The nature of the downstream 
processing of the ore concentrates by roasting and smelting result in destruction of the 
organic ligands. In contrast, ligands used in extractive hydrometallurgy are largely 
recovered and recycled.[9] 

Figure 1. A simplified flowsheet for the hydrometallurgical recovery of base metals using metal complexing 
agents.
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 There has been a significant growth since the mid-1980s in the use of 
hydrometallurgy to recover base metals. This has come about as a result of the proven 
robustness of technology based on solvent extraction in the nuclear industries, [10-12] 
and in the very successful heap/leaching/solvent extraction/electrowinning recovery of 
copper [13-16] which has stimulated the development of new leaching and separation 
processes for a wide range of base metals.[9] Once contents of the ore have been 
transferred to an aqueous medium it is possible to use organic reagents to effect the 
separation and concentration of the target metal (see the flowsheet in Figure 1). The 
design of ligands with the appropriate “strength” and selectivity to interface with the 
front-end (leaching) and the back-end (reduction to generate pure metal) of such a 
flowsheet presents challenging targets for the coordination chemist. 
 For base-metal production the separation technology most commonly employed is 
solvent extraction because this can be operated in continuous rather than batch 
processing on a very large scale. Solvent extraction using conventional mixer-settlers is 
inefficient when used to treat very dilute aqueous feeds because an impracticably large 
volume of the aqueous phase must be contacted with an organic extractant to achieve 
concentration along the flowsheet. For dilute feeds solid state supported reagents (ion 
exchange resins) are preferred although these generally have low metal capacities and 
thus very large quantities of resin are required for bulk recovery of base-metals. This 
review will focus on the use of complexing agents in solvent extraction for the primary 
recovery of base metals. In such processes, even though the reagents are usually 
recycled with high efficiency, their cost is a major factor in determining commercial 
viability. As a consequence, no macrocyclic reagents are currently used in commercial 
operations. However, the principles of ligand design which have been established from 
studies of macrocyclic chemistry [17-19] underpin the development of extractants 
which have the appropriate strength and selectivity to achieve “separation” and 
“concentration” in Figure 1. 

2. The Design of Solvent Extractants for Base Metal Recovery 

As organic solvent extractants have been applied for many years [20, 21] in qualitative 
and quantitative analysis of metals it is logical to use similar classes of molecules as a 
starting point for the development of industrial reagents, particularly those which are 
required to show high selectivity of phase transfer. However, other requirements of 
extractive hydrometallurgy differ considerably; the very high distribution coefficients 
needed for quantitative analysis are often inappropriate for processes in which the metal 
has to be stripped efficiently and the reagent recycled. In the laboratory, the chemistry 
of the feed solution will normally be under control of the analyst. The pH can be 
adjusted using buffers, masking agents can be added and generally reagent costs and 
toxicities are not major concerns. In contrast, in hydrometallurgy the extractant must 
meet the requirements of the front-end (leaching) and the back-end (electro-winning) of 
a flowsheet (Figure 1), and with minimal adjustment of the composition of aqueous 
process streams must give high mass transport efficiency and show high stability to 
chemical degradation by oxidation or hydrolysis under what are frequently fairly 
aggressive conditions.[9] 
 High boiling inert diluents such as kerosenes are preferred for large scale industrial 
operations. Consequently, the extractants are usually functionalized with large, often 
branched, alkyl groups to ensure high solubilities in such media and negligible 
solubility of the ligand or metal complexes in the aqueous phase. High solubility in such 
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low polarity diluents is only possible if metal-containing complexes are charge-neutral. 
The four methods for achieving this can be classified [1, 9] as follows: Extraction by
cation exchange involves the formation of an electrically neutral complex in which the 
desired metal cation displaces another cation (most commonly a proton) from a 
complexing agent. 

Mn+ + nLH(org)  [MLn](org) + nH+

When the extraction involves the release of a proton, from an organic acid, LH, the 
equilibrium is dependent on the pH of the aqueous phase and the pH associated with 
50% loading of the reagent (the pH½) defines the "strength" of a reagent at a stated 
concentration for a defined composition of an aqueous feed. 
 Extraction by anion exchange is characterised by the transfer of an anionic metal 
complex from the aqueous phase, displacing an anion from the organic medium. Such 
reactions are commonly used for transport of chlorometallate complexes, e.g. 

FeCl4
- + [R4N]Cl(org)  [R4N][FeCl4](org) + Cl-

Often the cationic component of the ion pair is generated by the protonation of an 
organic base, e.g. 

FeCl4
- + HCl + R3N(org)  [R3NH][FeCl4](org) + Cl-,

and consequently extraction and stripping are dependent on both the pH and the 
chloride concentration of the aqueous phase. 

Extraction by solvation involves the displacement of some or all of the water 
molecules in the coordination sphere of a metal complex by neutral organic donors, 
conferring high solubility in water-immiscible solvents. Solvating extractants are 
typically ethers, ketones, or neutral phosphorus(V) molecules containing P=O units, e.g. 
the extraction of uranium(VI) from nitrate solutions by tri-n-butyl phosphate (TBP). 

   UO2(NO3)2 + 2TBP(org)  [UO2(NO3)2(TBP)2](org)

Extraction by physical distribution involves the transfer of a discrete molecular entity 
from the aqueous phase to an inert solvent and has little relevance to extractive 
metallurgy. 

Whilst such a classification [1, 9] is useful because it indicates the different types of 
chemical changes which can occur at the metal centres during phase transfer, it 
oversimplifies the situation in many cases and fails to indicate the importance of the 
outer sphere coordination chemistry and of solvation effects in general on the free 
energies of extraction. Alternative classifications of extraction processes which take 
better account of these have been presented recently by the Moyer Group.[22] The 
importance of such supramolecular effects in the design of reagents will be stressed in 
the examples below. 

The anion exchange and solvation mechanisms make it possible to transport metal 
salts across flowsheets. Stripping a loaded chlorometallate solution of an anion 
exchanger back into an aqueous phase which contains a low chloride concentration 
liberates a metal chloride, e.g. 

[R4N][FeCl4](org)  [R4N]Cl(org) + FeCl3

and effectively transports FeCl3.
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Table 1.  Examples of commercial solvent extractants for metals.
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Similarly uranyl nitrate is moved across a circuit by stripping a solvating reagent, 

[UO2(NO3)2(TBP)2](org) UO2(NO3)2 + 2TBP(org) 

into an aqueous solution containing nitrate at relatively low concentrations. 
 The advent of anion recognition has opened up the possibility of developing ditopic 
ligands for extraction of metal salts, 

Mn+ + nX- + L(org)  [MLXn](org)

which have separated binding sites for a metal cation and its attendant anion(s).[23] In 
principle the cation and anion can then be separately stripped for downstream 
processing (section 5). 

3. Macrocycles in Extractive Metallurgical Research and Development 

The high costs associated with multistep syntheses of macrocyclic extractants have 
limited their application in commercial recovery of base metals from primary sources. 
They have been more seriously considered for the recovery and recycling of precious 
metals (see Section 3.2) and for use as “polishing agents” to remove harmful impurities 
present in process streams. Solid-state supported crown ethers and related ligands are 
offered commercially for a wide range of such applications. The ligand design and 
synthesis for such systems which show very high selectivities has been underpinned by 
fundamental work on the thermodynamics and kinetics of metal complex formation by 
groups at the Universities of Utah and Sydney.[24, 25] The commercial sensitivity 
associated with many of the metal-recovery systems offered by companies means that it 
is often not possible to identify the nature of the ligating groups present.
 Macrocyclic reagents have proved particularly useful in understanding the ligand 
design requirements for efficient solvent extraction processes. The increased stability of 
macrocyclic complexes over their open chain counterparts and the ability to tune their 
selectivity (by controlling the type, number and disposition of the donor atoms, using 
variations of ring size, the flexibility/rigidity of the backbone and the substituents on the 
inner great ring) has underpinned many investigations of metal solvent extraction. 
Polyethers have been most extensively studied, [21, 26-30] focusing particularly on the 
extraction of alkali and alkaline earth metals, [21] and lanthanides and actinides.[31-37] 
The following chapter in this volume by B. A. Moyer et al. deals specifically with the 
recovery of these metals. Aza macrocycles have been used most in transport of a wide 
variety of transition and post-transition metals, [21, 26, 38-45] whilst thioethers have 
attracted interest for the recovery of precious metals or other “soft” metal ions such as 
Cu+, and Hg2+.[46, 47] The ability to append a variety of functional groups to 
calixarenes has facilitated the development of extractants showing selectivity for 
particular alkali and alkaline earth as well as transition and heavy metal ions.[40, 48] 
 Whilst it is unlikely that most of the macrocyclic extractants studied will be used in 
bulk recovery processes on cost grounds, the principles of supramolecular and 
coordination chemistry that have emerged are of great consequence in the design of 
“strong” and selective new commercial reagents. 
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3.1 SYNERGISM AND SELF-ASSEMBLY 

In the context of solvent extraction, synergism is the enhancement that is observed 
when two reagents, L1 and L2, in combination extract more than they would separately 
under otherwise similar conditions.[20] 

DM(L1 + L2) > DM(L1) + DM(L2)

The increase in extraction efficiency, evaluated by the distribution coefficients DM, is 
often considered to be the result of an increase in the overall lipophilicity of a system. 
Synergism has been studied systematically using four types of extractant combinations: 
1) chelating extractant/neutral extractant; 2) acidic extractant/neutral extractant; 3) two 
neutral extractants; 4) two chelating extractants, with the observed synergistic effect 
generally decreasing from class 1 to 4.[49] 
 The majority of the reported synergistic combinations involve crown ethers.[49] 
Synergism has been observed mainly in the extraction of alkali and alkaline earth metals 
where crown ethers have been used in combination with hydrophobic organic acids 
such as alkyl phosphoric, alkyl sulfonic or alkyl carboxylic acid extractants.[30] It has 
also been reported for combinations of crown ethers and chelating agents such as 
thenoyltrifluoroacetone which have been used successfully for the extraction of alkali 
and alkaline metal ions as well as Mn2+, Co2+, Zn2+ and Cd2+.[49] This combination has 
also been used in the extraction of lanthanides.[49] Neutral ligands such as tri-n-
octylphosphine oxide and p-tert-butylcalix[4]arene have also been used with crown 
ethers although the observed synergism is slight.[49]  
 Few reports give an explanation for the origins of the synergism at a molecular level 
although the thermodynamic basis of the beneficial effects of admixtures has been 
discussed.[20, 49] It has been suggested that a combination of extractants ensures the 
saturation of the coordination sphere, thus increasing the lipophilicity of the 
complex.[20, 49] Such an explanation accounts for the efficient synergistic extraction 
by either O- or S-donor macrocycles in the presence of carboxylic, phosphoric or 
sulfonic acids and is supported by X-ray structure determinations of some mixed-ligand 
complexes. In the Mn2+ complex of di-tert-butylnapthelenesulfonate and cyclohexano-
15-crown-5, [Mn(C18H23O3S)(C14H26O5)] C18H23O3S, the cation is bound to the five 
oxygen atoms from the crown ether, one from a sulfonate anion and one from water 
molecule which form a pentagonal bipyramidal arrangement.[50, 51] A second 
sulfonate ion is hydrogen bonded to the water molecule.  
 In some systems it has been possible in synergistic mixtures of extractants to 
identify assembled ligand-packages in the absence of metal cations which contain 
complete donor sets needed for metal complexation.[52, 53] NMR titrations provide a 
useful method of establishing the stoichiometry of metal-free ligand assemblies.[52] In 
some cases crystal structure determinations of adducts of carboxylic acids and 
azamacrocycles show these to be salts in which the transfer of a proton to an amino 
group results in close association of the carboxylate with the macrocycle donor set, 
based on a combination of electrostatic and hydrogen bonding.
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The assembly of 4-tert-butylbenzoic acid and cyclam (A, Figure 2) [54] has a 
planar arrangement of the macrocycle’s N4 donor set with a trans disposition of the 
carboxylates very similar to that observed in the structure of the nickel complex, 
[Ni(cyclam)(benzoate)2], (B, Figure 2).[55] Formation of the nickel complex from the 
assembly and extraction of the nickel ion can then be represented by the “pH-swing” 
equilibrium 

Ni2+ + [(LH2)(RCO2)2](org)  [NiL(RCO2)2](org) + 2H+

in which two protons are displaced from the centre of the assembly and the hydrophobic 
ligand packages [(LH2)(RCO2)2](org) effectively function as cation exchange reagents 
(section 2).  

Figure 2. Structures of [(cyclamH2)(4-t-butylbenzoate)2], (A) and [Ni(cyclam)(benzoate)2], (B).[54, 55] 
A coloured version is given in the Appendix. 

Very similar assemblies are proposed to explain the synergism of extraction of 
Cu2+, Co2+, Ni2+ and Zn2+ by the macrocycles shown in Figure 3 in combination with 
either carboxylic or phosphinic acids.[53, 56] 

A B 
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Figure 3. Synergistic extraction of Cu2+ from a 10-3 M aqueous nitrate solution, pH 5.0, by mixtures of a 
lipophilic N3O2-macrocycle (10-3 M) and a carboxylic or phosphinic acid in chloroform.[53]  

 The high development costs associated with the design, synthesis, manufacture, 
toxicity-testing and registration of new organic compounds provide a strong driving 
force for the development of synergistic combinations of existing reagents rather than 
investment in new types of complexing agents.[9, 57] The recent expansion of 
supramolecular chemistry and the development of techniques for determining the 
stability and structures of organic assemblies in solution should underpin a more 
rational approach to the development of synergistic mixtures of extractants based on 
molecular design. 

3.2 PRECIOUS METAL RECOVERY 

α-Hydroxy-ketoximes, phenolic-oximes, dialkylsulfides, esters of pyridine mono and 
di-carboxylic acids, alkyl derivatives of 8-hydroxyquinoline, trialkylamines, alkyl 
derivatives of aniline, aliphatic ethers and ketones have all been evaluated as solvent 
extractants for precious metals.[9] The high metal values make the application of 
macrocyclic ligands more potentially viable but there is no evidence that they are used 
yet on any scale in PMG recovery.  

Calixarenes with pendant sulfur donors show a high affinity for Au3+.[58, 59] 
Sulfur-containing macrocycles, including calixarenes, with pendant sulfur and nitrogen 
donors also show very high selectivity toward Ag+ over other cations.[9] An 
investigation of mono- and tri-nucleating mixed donor (nitrogen and sulfur) 
macrocycles has revealed their ability to transport Ag+ exclusively from solutions 
containing Co2+, Ni2+, Cu2+, Zn2+, Pb2+ and Cd2+. Macrocyclic tetrathioethers have also 
been reported to be selective for Pt2+. While extraction of Pt2+is reportedly very slow, 
enhanced extraction is observed with the addition of thiourea.[60] 
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4. “Pseudo-macrocyclic” Systems in Extractive Metallurgy 

A feature of the use of very low polarity diluents such as the kerosenes used in solvent 
extraction of base metals is that it favours the formations of secondary bonds based on 
hydrogen-bonding components or strong dipoles present in ligands or in the outer 
coordination spheres of metal ions. Such secondary bonding is probably responsible for 
many of the “modifier” and “synergism” phenomena observed by extractive 
metallurgists (see section 3.1).[61] In this section, we deal with intra-complex 
hydrogen-bonding which leads to the formation of pseudo–cyclic ligand assemblies 
which have a significant effect on the strength and selectivity of extraction of metal 
cations. One of the best examples of this is the 14-membered pseudo-macrocycle 
formed by the phenolic oxime copper extractants.  

Both the aldoximes, shown in Figure 4, and related ketoximes form pseudo-
macrocyclic complexes.[62] Those with divalent cations, VO2+, CoNO2+, Ni2+, Cu2+,
Zn2+ and Pd2+, have been shown to have approximately planar N2O2

2- donor sets in solid 
state structures. The metal cation lies at the centre of these donor sets in the 4-
coordinate Ni2+, Cu2+ and Pd2+ complexes but is displaced to one side in square-
pyramidal VO2+and CoNO2+ complexes.[62] 
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Figure 4. The pre-assembly of bis-salicylaldoxime 14-membered pseudo-macrocyclic extractant in non-polar 
solvents. 

The pseudo-macrocyclic structure is also present in the solid state forms of some 
free ligands.[62] Overall, these are less planar than their 4-coordinate metal complexes, 
having a step conformation to reduce the repulsion between the central phenolic 
protons. Nevertheless, they are apparently well organized for complex formation and 
donor cavity sizes [63] give a good fit for divalent copper.[62] 
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The cyclic structures are retained in solution [16, 61, 64] and such dimers must be 
considered in modelling the extraction equilibria for the recovery of copper using the 
commercial extractants shown in Table 1.[61, 65] 

(LH)2(org) + M2+   ML2(org) + 2H+

In commercial operations which now account for nearly one third of the world’s 
copper extraction,[15] reagents can be selected or combined to meet the “strength” 
requirements of particular circuits.[16] Ketoximes are slightly weaker extractants than 
aldoximes and are often used when the pregnant leach solution is warm or has a pH of 
1.8 or above.[15] The aldoximes are stronger and are preferred when processing feeds 
with higher Cu content or lower temperature and pH. It is also common practice to add 
“modifiers” to the aldoxime extractants to generate weaker formulations which match 
the requirements of a particular circuit. Most of such modifiers, e.g. 4-alkylphenols, 
“fatty” alcohols and esters (Y below), have the potential to form hydrogen-bonds to 
monomeric, dimeric or other forms of the extractant in kerosene solutions, e.g. 

(LH)2(org) + 2Y(org)   2LHY(org)   or 

(LH)(org) + Y(org)   LHY(org)   etc, 

and the modifier then competes with metal cations for the donor functionalities, 
depressing metal-loading. The reagent suppliers’ ability to formulate reagents in this 
way is crucial to commercial success and represents a good example of the practical 
application of supramolecular chemistry. 

The favourable intra-molecular hydrogen-bonding between the oxime proton and 
the phenol oxygen atom will reduce or overcome ligand:ligand repulsion enthalpy terms 
normally involved in the formation of bis-chelate complexes. The integrity of this head-
to-tail macrocyclic assembly is preserved in cis-octahedral complexes which are formed 
in the presence of α,ω-diamines.[66, 67] 

2LH(org) + diamine(org) + Ni2+    [NiL2(diamine)](org) + 2H+

The addition of lipophilic 1,2-diamines to the extractant formulation enhances nickel 
extraction.[66, 67] The solid state structures of a series of diamine adducts 
[NiL2(diamine)] all contain the trans-oxime isomer in Figure 5 in which the pseudo-
macrocycle is folded about the Nimino-Nimino diagonal. This allows both of the oxime OH 
to phenolate hydrogen-bonds to remain intact, and permits the N and O donors to form 
longer bonds to the larger high-spin Ni2+ ion than would be possible with the flat N2O2

2-

donor set. 
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Figure 5. Isomers of [NiL2diamine] complexes labelled to show differences in the orientation of the donors in 
the two salicylaldimato chelates (L-). 
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 Inter-ligand hydrogen bonding is also very significant in the mode of action of most 
of the commercial phosphorus(V) acid extractants containing at least one P-OH or P-SH 
group (examples are listed in Table 1). Such ligands are strongly associated in the non-
polar solvents, the dimeric form (A) predominating. The 8-membered rings in these 
dimers are preserved when complexes (B) are formed in the presence of excess 
extractant.[1, 9] The large bite angle defined by these eight-membered chelate rings 
favours tetrahedral coordination geometry.[68] 
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Figure 6. The dimers formed by phosphorus(V) acids in non-polar solvents, (A) and the structurally related 
pseudo-chelates (B) formed on extraction of metal cations. 

 As a consequence, the selectivity of extraction of first transition series dications 
does not follow the Irving Williams order when these reagents are used in base metal 
recovery. The bis(2-ethylhexyl)ester of phosphoric acid (D2EHPA) shows [1] a 
preference: Zn2+ > Cr2+ > Mn2+ > Fe2+ > Co2+ > Ni2+ ~ V2+ which is exploited in the 
recovery of zinc from primary sources.[69] M2+ ions which form tetrahedral complexes 
and M3+ ions which show a preference for octahedral donor sets give neutral complexes 
with 4 : 1 and 6 : 1 D2EHPA : metal stoichiometries respectively, 

4LH(org) + M2+  [ML2(LH)2](org) + 2H+

6LH(org) + M3+  [ML3(LH)3](org) + 3H+

These stoichiometries allow the 8-membered pseudo-chelate rings (B in Figure 6) to be 
preserved and provide the complex unit with a very hydrophobic exterior. 
 D2EHPA has been used to effect the separation of Co2+ from Ni2+, reflecting the 
greater ease by which the former adopts tetrahedral geometry.[1] D2EHPA is a poor 
extractant for Ni2+ as this shows a preference for a pseudo-octahedral structure in which 
two axial sites are occupied either by fully protonated LH molecules, or by fully 
protonated (LH)2 dimers or by water molecules, depending on extractant concentration 
and the equatorial plane contains two 8-membered pseudo-chelates (B in Figure 6). 
Selectivity of extraction of Co2+ from Ni2+-containing feeds can be enhanced by using 
phosphonic acid and phosphinic acid reagents such as Ionquest 801 and Cyanex 272 
(Table 1).[70-72] This has been ascribed to the destabilisaton of the octahedral Ni2+

complexes which results from the greater steric bulk of the ligands with alkyl groups 
attached directly to the phosphorus atom rather than through an oxygen atom in alkoxyl 
unit.[68]  
 Ligand assembly in the metal coordination sphere is also implied by the unusual 
stoichiometries of extraction shown when hydrophobic carboxylic acids are used in 
hydrocarbon diluents.[1, 9]  
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Distribution data for the extraction of Ni2+ by Versatic acid (Table 1) are consistent 
with a generalized reaction, [73, 74] 

Ni2+ + pH2O + (1+m/2)[HA]2(org)  1/x[NiA2.mHA.pH2O]x(org) + 2H+

 At low Ni-loading a monomeric species [NiA2.4HA] predominates. Dinuclear 
complexes and hydrated species are found at higher Ni-loadings.[73, 74] It is possible 
that 8-membered or other pseudo-chelate rings could be formed in the hydrocarbon 
phase in a similar manner to that show in Figure 6, enhancing the lipophilicity of the 
complexed package. Alternatively, or additionally, the hydrogen bonding arrangements 
between undeprotonated carboxylic acids and carboxylate ligands could lead to more 
effective solvation of the complex and enhanced stability in a hydrocarbon phase. 
 The secondary bonding between ligands and the resulting assembly processes which 
characterize the modes of action of most of the commercial extractants for base metals 
appear to be essential to their efficacy in commercial operations. They lead to increased 
“strength” and selectivity of metal-extraction, essentially by enhancements of 
thermodynamic stability analogous to those involved in the chelate and macrocyclic 
effects. Consequently the development of new reagents, or formulations of reagents, to 
achieve concentration and separation in flowsheets such as Figure 1 will be 
substantially improved if the principles of supramolecular chemistry are employed. 
These principles apply particularly to the design of systems to transport both a metal 
cation and its attendant anion(s), see below. 

5. Reagents to Transport Metal Salts 

The systems described above all result in the transport of metal cations across a metal-
recovery circuit. In many cases this leads to very good materials balances in metal-
recovery, especially when the circuit uses acid-leaching of the ore followed by solvent 
extraction using an organic acid (LH). The extraction then releases protons back into the 
aqueous phase, regenerating the acid needed for leaching. This underpins the very 
successful copper recovery operations outlined in Figure 7 in which copper oxide in the 
crude ore is essentially split into its component elements with the consumption of only 
electrical power.

Leach
Extraction

Strip

Electrowin

Overall

Residues
+ water

LEACH EXTRACT ELECTRO-
WIN

STRIP

Water +
power

Cu + ½O2
CuO

H2SO4 2LH

CuL2 CuSO4

CuO  +  H2SO4 CuSO4  +  H2O

CuSO4  +  2LH (org) CuL2 (org) +  H2SO4

CuL2 (org)  +  H2SO4 CuSO4  +  2LH (org)

CuSO4  +  H2O Cu  +  ½ O2  +  H2SO4

CuO Cu  +  ½ O2

CuSO4

H2SO4

Figure 7. A simplified flowsheet and materials balance for the recovery of copper from oxidic and transition 
ores by heap leaching, solvent extraction and electrowinning.[9] 
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 When the leaching step does not consume acid it is not possible to obtain such 
excellent materials balances using the commercial cation exchange reagents LH. This is 
the case when processing sulfidic ores, the most common source of base metals, and 
until recently these have largely been recovered by pyrometallurgy. There has been 
significant investment in the development of technology to leach sulfidic ores.[9] In the 
CUPREX process outlined in Figure 8, oxidative leaching with ferric chloride generates 
elemental sulfur, avoiding the liberation of SO2, and generates a pregnant leach solution 
containing high concentrations of metal chlorides and chlorometallate anions.[75] 
Solvating extractants such as esters of pyridine carboxylic acids can then be used to 
transport CuCl2 across the circuit.[76-79]  

Leach
Extraction at high Cl- activity

Stripping at low Cl- activity

Electrowinning

Overall

Residues + S

LEACH EXTRACT ELECTRO-
WIN

STRIP

power

2CuCu2S

4FeCl3 4L

2CuL2Cl2 2CuCl2

4FeCl3  +  Cu2S 4FeCl2  +  2CuCl2  + S

2CuCl2  +  4L 2CuL2Cl2 (org)

Leach regeneration

2CuL2Cl2 (org) 2CuCl2  +  4L (org)

2CuCl2 2Cu  +  2Cl2
4FeCl2  +  2Cl2 4FeCl3

Cu2S 2Cu  +  S

2CuCl2 + 4FeCl2

2Cl2

Figure 8. A simplified flowsheet and materials balance for the recovery of Cu from sulfidic ores by oxidative 
chloride leaching, using “solvating” extractants involving formation of dichloroCu(II) complexes. 

 In these processes chlorometal complexes are formed in the organic phase and 
loading and stripping is largely controlled by variation of the chloride concentration in 
the aqueous phase. Processing sulfate-based feed solutions obtained by microbial or 
pressure leaching with oxygen by a similar mechanism is problematic because sulfate 
does not coordinate strongly to base metal cations. The hydrophilicity of sulfate also 
contributes to its poor extractability into organic media.[80] To overcome these 
problems ditopic ligands which contain a ‘tailor-made’ binding site for sulfate and a 
separate site for the metal cation (Figure 9) have been developed.[81]

Figure 9. A schematic representation of the loading of a metal(II) sulfate into the zwitterionic form of a 
ditopic reagent and sequential stripping of the cation and sulfate by pH-adjustment.[81] 
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 Relatively simple reagents containing a “salen”-like metal binding unit with 
protonatable pendant tertiary amine groups to accommodate the sulfate dianion have 
been developed to establish proof-of-concept,[82] and the incorporation of the metal 
cation in the salen cavity has been shown to template the sulfate-binding site and 
enhance extraction (Figure 10).[83] 

      

Figure 10. A NiSO4 complex of a bis-morpholinomethyl substituted “salen” ligand showing the binding of 
sulfate by a combination of electrostatic forces and hydrogen bonds to the protonated morpholine groups. A 
coloured version is given in the Appendix.

6. Conclusions 

Hydrometallurgical methods for the recovery of base metals are becoming increasingly 
preferred over the more traditional pyrometallurgical processes and the mining industry 
has invested considerably in the development of new leaching technology to transfer 
metal values from mineral deposits to aqueous feed streams.[9] The downstream 
separation and concentration of metal values require new technologies and present 
challenging targets for coordination chemists and those involved in ligand design. One 
of the major challenges is to identify relatively inexpensive reagents which are highly 
selective in transporting metal ions or metal salts, but are very robust and can be 
efficiently stripped and recycled. Whilst macrocyclic ligands are not yet used in any 
large scale operations, the development of macrocyclic chemistry over the last 30 years 
and, more recently, of supramolecular chemistry provides important guidelines on how 
to achieve high selectivity through organization of donor sets and recognition of anions. 
This review, while not comprehensive, has attempted to demonstrate that a feature of 
extraction into the hydrocarbon solvents used in extractive metallurgy is that secondary 
bonding between ligands, especially hydrogen bonding, can have a very significant 
effect on assembly of ligating packages both before and after binding to the metal 
ion/salt. As a consequence it should now be possible to approach the design of “strong” 
and selective reagents using the principles of supramolecular chemistry. 
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1.  Introduction 

Crown ethers and more recently calixarenes have long been thought to have potential 
application in the separation of the fission products 137Cs and 90Sr from nuclear waste 
[1–8]. Through the 1980s, however, practical extraction systems proved elusive. 
Although much research toward this end had demonstrated a wealth of creative 
chemistry, fundamental problems related to insufficient extractive strength and 
selectivity and lack of an efficient means to reverse the extraction stood as barriers to 
progress. In this review, a solution to the problem of extracting cesium from alkaline 
nuclear waste will be presented based on calixcrown chemistry originally reported by 
European investigators starting in 1994 [9–16]. This chemistry was extended and 
developed toward the specific technology now called the Caustic-Side Solvent 
Extraction (CSSX) process [17,18] for the separation of cesium from the legacy high-
level wastes stored in underground tanks at U.S. Department of Energy (USDOE) sites 
[19–21]. The technology has been designed and successfully demonstrated for near-
future application at the Savannah River Site (SRS) [22–24], but because of the 
similarity in waste compositions, it is expected that the CSSX process stands as a well-
suited candidate for application to Hanford wastes [25–27] as well. The science 
background and technology development pertaining to the CSSX process have been 
described previously in various publications [28–48] and open-literature reports (not all 
of which are cited here) [48–61]. Thus, in this contribution, we will describe the overall 
technology itself, both in terms of the underlying chemistry and the engineering that 
makes the use of CSSX practical. As such, this article is intended to serve as an 
example of how macrocyclic chemistry can be adapted for an industrial use to meet the 
demanding requirements of real-world systems. Below, the CSSX process is introduced 
via a brief historical summary of its development, followed by a description of solvent 
extraction as applied to nuclear problems and a description of the chemistry and 
engineering of CSSX. 
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2. Historical Background 

In the 1990s, needs emerged at multiple sites in the USDOE complex for separations 
technologies applicable to the problem of fission-product removal from high-level waste 
(HLW) [19–27]. The motivation for concentrating high-activity fission-products, 
especially 137Cs, is based on cost and handling issues aimed at (a) minimizing the 
amount of transuranic waste volume due to limited disposal space and high disposal 
costs, and (b) minimizing the volume of waste that requires vitrification due to the 
relatively high costs associated with production of this waste form. 
 The most urgent needs were identified at the Hanford Site and SRS, where 
respectively 55 and 37 million gallons of alkaline HLW had accumulated from defense-
related reprocessing activities. Other than the roughly 10–15% of the waste mass that 
consists of mostly metal hydroxide sludge, the bulk of the waste, often referred to as salt 
waste, can be described as a mixture of sodium hydroxide, sodium nitrate, and other 
soluble salts whose radionuclide content is dominated by 137Cs. 
 In accord with the general need to divert the 137Cs to the HLW stream destined for 
vitrification and geologic disposal [20], several technologies were developed and 
demonstrated for removal and concentration of the 137Cs from the alkaline waste. 
Among these, the most promising were initially either based on ion exchange with 
crystalline silicotitanate (CST) [62] or cation-exchange resins [63–66] or based on 
precipitation with tetraphenylborate [23,24]. As the CSSX process did not appear until 
the late 1990s, ion exchange with SuperLig [66] and precipitation with 
tetraphenylborate, by what is referred to as the In-Tank-Precipitation (ITP) process 
[23,24], became the baseline technologies for 137Cs removal at respectively Hanford and 
the SRS. CSSX was fundamentally not possible until late 1994, when European 
researchers reported the first extractants possessing sufficiently high selectivity to 
remove cesium from a 104–106 higher background concentration of sodium [9–16]. 
Thereupon, a viable solvent-extraction alternative became possible, with its attendant 
advantages in throughput, liquid handling, and low radionuclide holdup. Given the high 
selectivity of the new extractants, called calixarene-crown ethers or simply calixcrowns, 
and the ability to strip them with essentially water, it was realized that a process could 
likely be developed that would require little adjustment to the waste feed, produce little 
secondary waste, and deliver a concentrated and nearly pure cesium stream ideal for 
vitrification in borosilicate glass. The intervening period through 2002 entailed finding 
and demonstrating an optimal solvent system [37,43,49] and flowsheet [32,35,41] that 
would possess these advantageous qualities. The extractant that was adopted, called 
BOBCalixC6, is shown in Figure 1; it will be described in greater detail below. Batch 
tests on waste simulants and real Hanford wastes demonstrated that rudimentary 
extraction and stripping was possible [42], spurring further solvent and flowsheet 
development. In 1998, the first flowsheet was developed and demonstrated on simulated 
SRS HLW [51,67], and an improved solvent [43,50] and flowsheet [41] were 
demonstrated on both simulated [41] and real [32] SRS HLW in 2000 and 2001.  
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Key Advantages of SX 

High throughput 
High selectivity 
All-liquid handling 
Continuous processing 
Stage-wise design flexibility 
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Calix[4]arene-bis(4- tert -octylbenzo-crown-6)
"BOBCalixC6"

(As complexed with Cs+ ion)

Figure 1.  Calixcrown extractant adopted for CSSX, as complexed with Cs+ ion.  Left: chemical drawing of 
the complex. Right: a space-filling view of part of a crystal structure of the model complex Cs2Calix[4]arene-
bis(benzo-crown-6)(NO3)2•3CHCl3 [69] showing the good fit of the Cs+ ion inside the calixarene cavity; the 
crown ether atoms have been removed for clarity. 

 In 2001, the SRS announced its choice of CSSX as the baseline cesium-removal 
technology over small-tank precipitation (a small-scale version of the ITP process) and 
ion exchange with CST for its Salt Waste Processing Facility (SWPF) to go into 
operation in 2010 [22]. An optimized solvent system, model, and flowsheet were 
developed and demonstrated in 2001 and 2002 [37,49], and a modular concept was 
developed by ORNL in 2003 [68]. Thus, the past decade has seen the emergence and 
maturation of a powerful new technology based on a macrocyclic cation receptor 
designed to function in solvent extraction to meet the critical need of the USDOE for a 
means of cleanly separating Cs from alkaline tank waste. 

3. Generic Advantages of Solvent Extraction 

Although solvent extraction in acid-side processing 
has long been established as a standard technology 
in the nuclear industry [70–76], precedent for 
caustic-side solvent extraction is a recent 
development. On the acid side, introduction of 
solvent extraction with REDOX and then PUREX 
processes five decades ago greatly reduced waste 
generation in reprocessing compared with previous 
precipitation technology [26]. Other recognized 
advantages of solvent extraction included improved 
selectivity, ability to handle only liquid streams, continuous processing, stage-wise 
operation, and high throughput. These same advantages were later exploited in 
processes developed to treat HLW, as in TRUEX, SREX, and DIAMEX, to name a few 
[70]. SREX is notable in that it demonstrated the technical and economic feasibility of 
employing a relatively expensive extractant, the crown ether di(tert-butylcyclohexano)-
18-crown-6 (DtBuCH18C6), for removal of the fission product 90Sr from HLW [77]. 
Russian researchers demonstrated processes for removing 90Sr from HLW using 
dicyclohexano-18-crown-6 [5] and 137Cs from HLW using the crown ether, dibenzo-21-
crown-7 [4,5]. On the caustic side, a close analog of SREX called SRTALK was 
developed for removal of technetium as pertechnetate from a Hanford simulant [78–80]. 
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SRTALK was the first example of a solvent extraction process applied to caustic HLW 
waste. It employed the same crown ether as SREX, DtBuCH18C6, and was 
demonstrated using a 12-stage cascade of centrifugal contactors to achieve a 
decontamination factor (DF) of 10.7, meeting the process goal, and to produce a stream 
of 10-fold concentrated sodium pertechnetate [78]. Economic calculations showed that 
the process was competitive with ion exchange using a commercial anion exchange 
resin. Thus, prior to the appearance of CSSX, there was ample precedent for use of 
effective solvent-extraction process technology for nuclear separations in general, for 
fission-product separation, for caustic-side feeds, and for exploiting the unprecedented 
performance of designer extractants like crown ethers in an economical manner. 
 One key property of all of the processes named above is the fact that extraction is 
driven by the mass-action effect of high nitrate (CSSX, SREX, TRUEX, etc.) or sodium 
(SRTALK) concentration in the aqueous feed. That means that stripping can be effected 
in principle with water, which greatly reduces waste production and chemical 
consumption. This concept is illustrated in the chemical cycle as depicted for CSSX in 
Figure 2. In actual practice, a simple solvent-extraction flowsheet employs a water-
immiscible solvent that flows counter-current to the aqueous phases that enter and exit 
the cascade at defined stages [81]. In the extraction section, the aqueous phase is the 
feed to be treated, whereupon the solvent becomes loaded with the desired metal and 
also lesser amounts of other extractable species. Often these other extractable species 
are scrubbed out of the loaded solvent by a scrub solution that leaves the bulk of the 
target metal in the solvent. The solvent leaving the scrub section is then stripped with an 
aqueous solution that removes the target metal in a concentrated stream. The solvent 
may then be contacted with a wash solution that removes traces of solvent degradation 
products or other troublesome species, whereupon the solvent can be reused, ideally 
thousands of times. The flowsheet actually used in CSSX will be described in greater 
detail below. 
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Figure 2.  Chemistry occurring in three sections of a simple flowsheet in solvent extraction using CSSX as an 
example. In the extraction step, essentially all of the Cs+ and a minor fraction of the K+ ions in the waste are 
extracted (i.e., M+ = Cs+ or K+). The K+ ions are removed in scrubbing as shown, while the calixcrown-Cs+

complex effectively remains in the solvent so that a pure cesium nitrate product is obtained on stripping. 
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Key Features of the CSSX Solvent 

High selectivity, good DCs values 
Reversible: can be cycled many times 
Commercial availability of components 
Robust to degradation 
Degradation products wash out 
Low solubility loss to the aqueous phase 
Resists effects of impurities 

4. CSSX Solvent Composition 

The CSSX process utilizes a novel 
solvent made up of four components: 
calix[4]arene-bis-(4-tert-octylbenzo-
crown-6) known as BOBCalixC6 as 
extractant; a lipophilic fluorinated 
alcohol, 1-(2,2,3,3-tetrafluoropropoxy)-
3-(4-sec-butylphenoxy)-2-propanol 
known as Cs-7SB, as diluent modifier; 
tri-n-octylamine as a suppressor of 
impurity effects; and the isoparaffinic 
diluent Isopar L, a mixture of branched 
hydrocarbons with an average chain-
length of 12 carbons. Figure 3 shows the composition of the solvent as currently 
optimized for the SWPF application at the SRS [37,49]. The chemistry of the solvent is 
well understood, with regards to both its fundamental properties and its performance 
under process conditions. All of the components are commercially available, and 
efficient synthetic and purification procedures have been worked out [17,18,37]. Thus, 
these key components may be obtained from multiple chemical suppliers capable of 
specialty synthesis. 
 The chemistry of calixcrown extractants has advanced to maturity in the past decade, 
lending a great deal of confidence in CSSX from this perspective. Many structural 
variations of calixcrowns have been reported in the literature, and extensive 
investigations of the applicability of such extractants to separation of cesium and other 
metals from acidic HLW have taken place in Europe [6]. As shown in Figure 1, 
calix[4]arene-crown-6 compounds like BOBCalixC6 possess the appropriate crown 
bridging length (i.e., 6 oxygen atoms in the bridge) and calixarene ring size (i.e., 4 
phenol units) to create an excellent cavity for Cs+ ion, giving rise to high selectivity. It 
may be noted that BOBCalixC6 possesses two cavities, only one of which is expected to 
be occupied by a Cs+ cation at any time under normal CSSX operating conditions [45]. 
Although the high selectivity of the calixcrown extractant is essential for removing the 
trace concentration of Cs+ ions (ca. 3 × 10–4 M) from a sea of Na+ ions (5–7 M), the 
strength of the extraction is on the order of 10- to 100-fold higher than is attainable with 
conventional crown ethers [45]. We have attributed this strength to a combination of 
preorganization of the calixarene cavity and weak or absent solvation of the cavity [39].
The strong extraction strength translates to minimal concentration of BOBCalixC6 (7 
mM) needed to achieve a useful cesium distribution ratio (see below), which in turn 
minimizes the cost of the solvent.  
 A crystal structure of BOBCalixC6 [82] was made possible by the fact that the 
compound can be crystallized from certain solvents (Figure 4). As so often is the case 
for crown ethers, the flexible polyether chain twists in upon itself, and the cavity does 
not exist until a guest species such as Cs+ ion is present. 
 BOBCalixC6 was chosen as the preferred extractant for the CSSX solvent on the 
basis of synthetic accessibility, solubility characteristics, and selectivity. Calix[4]arene-
crown-6 compounds may be synthesized with one or two crown loops, and both mono- 
and bis-crown calixes have good Cs+ extraction strength [9–16].  
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Figure 3.  CSSX baseline solvent for the Salt Waste Processing Facility (SWPF) application at the Savannah 
River Site (SRS) [49]. 

Figure 4.  Crystal structure of BOBCalixC6 [82]. 
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 Because the bis-crown calixes require fewer synthetic steps, they offer an economic 
advantage, other factors being equal. Selectivity considerations led us to prefer a benzo 
ring substituent, which confers a lower affinity for Na+ ions without sacrifice of Cs+

affinity [46]. The branched alkyl substituent on each benzo group was originally 
considered to be capable of both increasing the solubility of the calixcrown in alkane 
diluents and boosting lipophilicity. BOBCalixC6 indeed has a demonstrated 
lipophilicity great enough to render its loss to the process aqueous phases negligible 
over the course of annual use, but accurate measurements showed that its actual 
solubility is only slightly more than 7 mM in the CSSX solvent shown in Figure 3 
[49,50]. This solubility limit is not considered an issue for process purposes, as a good 
cesium extraction strength is still obtained. Nucleation and crystallization of 
BOBCalixC6 from slightly supersaturated solvent was noted to be exceedingly slow 
[50], and thus, even excursions of BOBCalixC6 into the supersaturated state do not 
represent a risk. Nevertheless, if desired this limitation can be removed by employing 
the alternative calixcrown calix[4]arene-bis[4-(2-ethylhexyl)benzo-crown-6], or 
BEHBCalixC6, which possesses 2-ethylhexyl groups in place of the tert-octyl groups 
on BOBCalixC6 [30]. The 2-ethylhexyl groups confer solubility greater than 50 mM 
and otherwise have no apparent effect on the extraction behavior.  
 Extensive tests of thermal and radiation stability of the CSSX solvent under 
expected operating conditions consistently showed negligible degradation of 
BOBCalixC6 [33,49–51,60,84]. The only apparent degradation detected was slow 
nitration of the benzo group at elevated nitric acid concentrations and temperature 
[50,84], conditions not encountered in the CSSX flowsheet. However, BOBCalixC6 
would therefore be inappropriate for cesium removal from nitric acid solutions. In that 
case, other calixcrowns not possessing an alkylbenzo group would be preferred [44].
 A product of years of basic and applied research at ORNL, the solvent modifer Cs-
7SB plays a critical role in boosting the extraction power of BOBCalixC6 and 
promoting adequate solubility of all solvent species [18,37]. Without the modifier, the 
calixcrown is both poorly soluble in the preferred aliphatic diluent and incapable of 
extracting cesium. Careful analysis of solvation phenomena in ion-pair extraction by 
crown ethers led to the conclusion that the hydrogen-bond donor (HBD) ability of the 
solvent medium strongly influences the overall extraction power of the crown ether by 
specific solvation of the co-extracted anion [83]. Accordingly, we found alcohols to be 
effective modifiers and were able to model the enhancement in cesium extraction 
strength in terms of the formation of organic-phase species of the form 
CsCalix(NO3)2•(ROH)n [28]. The extraction strength of BOBCalixC6 correlated with 
the HBD ability of the modified solvent as measured by the solvatochromic ET
parameter [40]. Therefore, it was advantageous to boost the solvating power of the 
modifier by employing electron-withdrawing fluorinated substituents in proximity to the 
–OH group. A forerunner of Cs-7SB possessing a 1,1,2,2-tetrafluoroethoxy group 
proved unstable under simulated process conditions [18,37,51]. Replacing this group 
with a 2,2,3,3-tetrafluoropropoxy group conferred the needed stability. 
 Tests consistently showed the alkylphenoxy platform to be effective and versatile 
for modifier design, and the starting materials are economical. The sec-butyl group in 
particular was chosen to balance the needs for resistance to third-phase formation, 
lowest loss to the aqueous phase, and greatest ease of washing out degradation products. 
The ability to wash out degradation products was ultimately a decisive design factor. 
Although tests showed that the alkylphenoxy modifiers possess very good stability with 
application of heat or radiation within the range of expected operating conditions, slight 
degradation to give the respective alkylphenol was detected [49–51]. Although our 



B. A. MOYER ET AL. 390

original choice was to employ a tert-octyl group, which conferred very good solubility 
behavior, low loss to the aqueous phase, and good economics, the 4-tert-octylphenol 
breakdown product distributes weakly to alkaline aqueous solutions and therefore 
cannot be efficiently washed out. To prevent buildup of alkylphenol in the solvent, an 
alkyl substituent with fewer carbon atoms was needed, but this compromised the 
solubilizing power of the modifier, leading to greater tendency to form a third phase. 
Among the choices, Cs-7SB was found to be the best compromise. Stability tests 
[33,49–51,60,84] showed Cs-7SB to have adequate radiation and thermochemical 
stability overall. Negligible absolute degradation of the Cs-7SB inventory may be 
expected in annual use, and the traces of degradation products, such as sec-butylphenol, 
are readily washed out of the solvent. The lipophilicity of Cs-7SB is good, and only 
minor losses to the aqueous phase are expected in annual use [49]. Though originally 
available only from ORNL, Cs-7SB has been recently commercialized. 
 The tri-n-octylamine (TOA) is present in the solvent to improve stripping 
performance by suppressing the deleterious effect of lipophilic anion impurities [31,49–
51,85]. Since stripping is carried out under acidic conditions, the amine in the 
ammonium form provides an available concentration of cations in the solvent to act as 
counterions for traces of surfactant anions, dibutylphosphate, or other lipophilic anions 
that might be present. The effect of anions is therefore suppressed, allowing cesium 
nitrate to be stripped. During extraction of cesium, the alkaline conditions will render 
the amine neutral, in which form its effect on extraction equilibria will be negligible. 
Figure 5 illustrates the function of the amine in this regard. The well-known commercial 
tertiary amine extractant TOA works well and was adopted at 3 mM concentration [49]. 

Figure 5.  Stripping under three conditions: normal, hindered by the presence of a lipophilic anion, and 
restored by addition of tri-n-octylammonium cation. The tri-n-octylamine in the solvent exists in its 
protonated form under stripping conditions, where it provides charge balance for traces of lipophilic anions 
such as surfactants or dibutylphosphate, allowing cesium nitrate to be stripped. Under extraction conditions, 
the amine is in the neutral form and has negligible effect. 

An isoparaffinic diluent, Isopar L, available from ExxonMobil Chemical Company, 
was chosen for the CSSX solvent. Isopar L is a blend of C10 to C12 branched alkanes 
with a distillation range of 185–211 °C, a viscosity of 1.6 centipoise at 25 °C, a specific 
gravity of 0.765–0.772 g/mL at 60 °F (15.6 °C), and a thermal closed-cup flash point of 
at least 60 °C (data courtesy of ExxonMobil Chemical Company). Aliphatic diluents are 
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desirable because they improve hydraulics (low density and viscosity), have excellent 
stability, and dissolve negligibly in water. Straight-chain hydrocarbons would be 
preferred for maximum radiation stability, but use of the equivalent straight-chain 
diluent Norpar 12, for example, entails a slightly greater tendency to third-phase 
formation. Radiation degradation effects were found to be minimal in any case for SRS 
waste, as the radiation dose expected for the solvent is modest (ca. 100 krad/yr [33]). 
Hanford wastes tend to have lower levels of cesium on average, and accordingly, 
radiation effects are not considered a problem either for potential Hanford applications. 

5. Flowsheet Design 

Given the high performance of the CSSX solvent, engineering flowsheets can be 
designed to meet varied needs, including exceedingly demanding ones. The flowsheet 
designed to treat SRS feed and to deliver a stream of nearly pure cesium nitrate with a 
decontamination factor (DF) of 40,000 (99.9975% removal) and a concentration factor 
(CF) of 15 [35] is shown in Figure 6. Demonstration-phase tests on simulated waste 
feed and on actual waste (both supernatant liquid and dissolved salt cake) at the SRS 
showed the CSSX process to be capable of meeting these stringent goals [32,86,87].  
 Designed to operate by a "nitrate-swing" principle, the chemistry occurring in the 
flowsheet is simplistically depicted above in Figure 2. Batch-contacting results in Table 
1 show a relatively high cesium distribution ratio (DCs) in extraction, moderate in 
scrubbing, and low in stripping. Generally, simulant testing was shown to be a valid 
predictor of performance by direct comparison of DCs values obtained using simulants 
with those obtained with actual waste [34]. 

TABLE 1.  Performance of optimized CSSX solvent in extract-scrub-strip (ESS) batch testsa

DCs

Extract Scrub #1 Scrub #2 Strip #1  Strip #2 Strip #3  Strip #4 

14.16 1.14 1.35 0.115 0.079 0.091 0.053 
aAverage SRS simulant was employed for extraction (O:A = 1:3), 50 mM HNO3 for scrubbing 
(O:A = 5:1), and 1 mM HNO3 for stripping (O:A = 5:1). All contacts were made at 25 °C. Fresh 
aqueous phase was used for each contact (cross-current contacting). Data from reference [49]. 

 In the flowsheet (Figure 6), the solvent is contacted with the alkaline waste feed 
stream in a series of centrifugal contactors configured for countercurrent flow, resulting 
in the transfer of the cesium to the solvent phase. The high aqueous nitrate 
concentration drives the extraction, forming organic-phase complexes consisting of a 
Cs+ ion bound inside the calixcrown and an associated nitrate anion. The high alkalinity 
also drives the extraction by what is thought to be deprotonation of the modifier (i.e., 
cation exchange), as supported by equilibrium modeling [36,52–54]. The existence of 
dual extraction mechanisms contributes to the ability of the solvent to accommodate 
varied feeds. Following the extraction step, the solvent is scrubbed with 0.05 M nitric 
acid to remove other soluble salts, mainly sodium and potassium, and to acid-condition 
the solvent. These salts would otherwise be stripped in the first strip stage, thereby 
raising the aqueous nitrate concentration, inhibiting cesium stripping, and adding to the 
mass of material to be vitrified.  
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Figure 6.  CSSX demonstration flowsheet for SRS feed giving DF  40,000 and CF = 15 [35]. 

 The scrub solution joins the aqueous waste feed stream to constitute the aqueous 
phase in the extraction section of the contactor cascade; its low flow rate and low 
electrolyte concentration have little effect on the extraction section. The scrubbed 
solvent passes to the strip section of the cascade, where it is contacted with 1 mM nitric 
acid to transfer the cesium to the aqueous phase. This concentration of nitric acid was 
chosen to minimize the DCs for best stripping efficiency, while maintaining sufficient 
acidity to keep the amine protonated and sufficient ionic strength for adequate 
coalescence. 
 The stripped solvent is then recycled to the extraction section after first passing 
through a solvent-wash stage, shown in Figure 6 as stage #1. The wash stage employs 
0.01 M NaOH to remove any rogue anions such as surfactants, sec-butylphenolate 
(degradation product of Cs-7SB), and possibly other anionic components of the feed 
(e.g., dibutylphosphate) that persist in the solvent through scrubbing and stripping. The 
solvent is designed to be recycled thousands of times and retain its integrity for at least 
one year of use, which is necessary for both environmental and economic reasons. In the 
first simulant test in centrifugal contactors in 2001 [88], a test of 71 h duration, the 
solvent was recycled 42 times. This and subsequent tests on real waste have repeatedly 
shown the CSSX process to be robust and to meet SRS processing goals [32,86,87]. 
 The flowsheet has three aqueous effluents. The first is the decontaminated aqueous 
raffinate stream. For economic reasons, entrained solvent in the raffinate must be 
recovered; test results show that coalescers are practical and effective [89]. In the 
baseline SWPF, the raffinate stream will be transferred to the Saltstone Facility, where 
it will be disposed of in a cementitious low-activity waste form called saltstone. The 
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second effluent is the mildly acidic aqueous strip solution containing the cesium 
concentrated by a factor of 15. Consisting of a few millimolar CsNO3 in 0.001 M 
HNO3, the strip effluent is an ideal feed for vitrification, one of the key advantages of 
the CSSX process. The third effluent is the NaOH effluent from the solvent-wash stage. 
 A modular CSSX flowsheet concept has been designed to increase the flexibility of 
deployment [68]. The ORNL concept was developed in specific response to a need to 
expedite deployment of cesium treatment technologies at the SRS. The primary design 
criteria for the SRS system were attainment of a cesium decontamination factor of 40 
with a cesium concentration factor of 15. This was achieved using a flowsheet similar to 
that of Figure 6, but with stages and flow-rates configured to meet the less stringent 
goals. The design throughput was 3 million gallons per year, based on 90% system 
availability. The process was configured to be housed in three, standard-size shipping 
containers that would be delivered to the deployment site for integration with existing 
facilities, with the treatment equipment already installed inside the modules. 

6. Secondary Waste Generation 

CSSX chemistry features minimal consumption of chemicals and generation of 
secondary waste. The fact that stripping may in principle be effected by contacting the 
loaded solvent with water provides an ideal means of closing the solvent cycle, from the 
perspective of both secondary-waste generation and vitrification of the cesium product 
stream. Some compromises to the ideal situation were required, however, to effect 
scrubbing, ensure good phase coalescence in stripping, and minimize buildup of 
impurities in the solvent over repeated cycles. As discussed above, scrubbing with 
dilute nitric acid represents a minor chemical addition to the bulk waste stream. To 
effect good phase coalescence, some aqueous electrolyte is generally required in 
practical solvent-extraction systems, and thus, a very dilute nitric acid stripping solution 
is employed, virtually of no consequence in terms of a burden to vitrification. Likewise, 
washing the solvent with a slow stream of 10 mM NaOH is quite acceptable. Thus, the 
CSSX process will effectively generate two secondary waste streams: (a) a dilute 
caustic effluent stream produced by washing the solvent as it is recycled through the 
solvent extraction cascade and (b) the spent solvent. The caustic wash waste is 
generated continuously during cascade operation. Since this solution contacts the 
solvent only after stripping, it will contain extremely low levels of cesium, and can be 
combined with the treated waste feed (i.e., the raffinate from extraction) for final 
disposal. Despite continuous washing during use, the solvent will periodically require 
replacement on a batch basis. The total volume of solvent in a full-scale system capable 
of processing waste at an annual rate of a few million gallons is estimated to be on the 
order of a few hundred liters. While the spent solvent may contain minor concentrations 
of radionuclides, it will not contain significant levels of transuranics. Due to the 
infrequent and batchwise nature of solvent disposal, installation of a dedicated solvent-
destruction process is not practical. It is expected that spent solvent can be immobilized 
for disposal using any of a number of additives that have been tested and found 
acceptable for disposal of organic wastes at the SRS [90]. 
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Centrifugal Contactor 

High-throughput 
Small footprint 
Minimizes solvent degradation 
Minimizes solvent inventory 
Proven in nuclear industry 

7. Equipment Design 

The CSSX process is best performed using 
centrifugal solvent-extraction contactors. One 
imperative when employing an expensive 
extractant is that the extractant must be "turned 
over" very rapidly. This requires both rapid 
chemical kinetics and fast phase contacting. It was 
found by simple batch contacting experiments by 
hand vortexing that extraction takes place on the 
order of seconds [51]. Thus, for fast solvent 
cycling a contacting device that can generate a 
dispersion with a huge interfacial area (20 µm droplets) and coalesce the dispersion in a 
matter of seconds is needed. Such a device is the centrifugal contactor [91,92], which 
was initially developed for use in actinide recovery (PUREX processing) as an 
evolution of mixer-settlers. Centrifugal contactors utilize force generated by centrifugal 
acceleration to obtain highly efficient separation of dispersed, immiscible liquid phases. 
Feed solutions to the contactor are introduced into a narrow vertical annulus between 
the stationary contactor housing and a moving hollow rotor, where shear forces exerted 
on the solution promote rapid formation of a dispersion (Figure 7). It is within this 
region of the contactor that mass transfer occurs. As the dispersion flows downward 
inside the housing, it enters the rotor through an opening located in the bottom end of 
the rotor at the centerline. The configuration of the rotor is such that the liquid is 
supported along the rotor wall as the dispersion separates into light and heavy phases 
under the influence of centrifugal force. Channels inside the upper end of the rotor 
direct the separated phases from the rotor into collection troughs that are machined into 
the stationary housing. Withdrawal nozzles are connected to these collection troughs, 
and are configured to facilitate connection of multiple contactors in a cascade 
arrangement with countercurrent flow. 
 Because of its ease of operation, rapid attainment of steady state, high mass-transfer 
rate, rapid coalescence, and compact size, the centrifugal contactor is the preferred 
device for solvent-extraction processing. A key advantage of centrifugal contactors for 
radioactive processing is the short contact time between organic solvent and aqueous 
phases, typically less than 10 seconds, thereby minimizing solvent degradation due to 
radiolysis and extending solvent life. A second key advantage of centrifugal contactors 
is the low solvent holdup and rapid turnover, which translates into a low solvent 
inventory and acceptable capital cost. Finally, centrifugal contactors require a small 
horizontal and vertical footprint, minimizing facility capital costs and allowing modular 
design. In nuclear plants, footprint is the most important capital-cost determinant. 
 Contactor-based solvent extraction systems have been operated successfully at 
several USDOE sites in various applications involving radioactive materials. Designs 
incorporating features for remote maintenance and operation are easily implemented. 
While initial multi-stage testing of CSSX was carried out using 2-cm minicontactors 
[32,35,41,67,78,86–88], tests of 5.5-cm contactors [56,58,68] have validated the 
expectation that scale-up may be accomplished in a straightforward manner. 
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Figure 7.  Cross-section of a centrifugal contactor. 

8. Issues Related to Further Development and New Applications of CSSX 

8.1 GENERIC CRITERIA 

As new types of applications emerge for macrocyclic extractants such as found in 
CSSX, future development and R&D opportunities may be expected. Accordingly, a set 
of generic criteria have been identified pertaining to the key properties of a solvent- 
extraction system, specifically focusing on CSSX, that must be assured for proper 
functioning of the process over long-term operation, including the ability to demonstrate 
the flowsheet on both simulants and real feed streams. Chemical development issues of 
CSSX in particular have been discussed in an available report [49]. 
 Four generic criteria must be addressed for development of any solvent-extraction 
process in the nuclear or hydrometallurgical industries. Namely, the solvent must 
maintain its integrity over time and use. The process must accept wide feed variation, 
and the solvent components cannot be lost at an appreciable rate. The solvent must 
possess a relatively high affinity and selectivity for the component that is to be 
recovered from the feed stream. Also, the opposing phases in the process must be 
immiscible or very nearly so in order to effect efficient phase separation. Finally, the 
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prototype process must undergo successful demonstration on the feed types expected 
and under the conditions expected, meeting the specified processing requirements.  

8.2 SOLVENT INTEGRITY 

Elements of solvent integrity include resistance to a) third-phase formation, b) 
formation of emulsions and cruds, c) radiation and chemical degradation, and d) buildup 
of impurities that do not readily wash out. Although emulsions have been observed in 
contactor tests, it has been concluded that this phenomenon is a matter of proper 
contactor design and operation parameters [57]. Cruds have not been observed in CSSX 
tests, though this phenomenon tends to be ubiquitous in long-term operation in any 
solvent-extraction process. Radiation degradation and thermal/chemical degradation 
have been studied in extensive tests under the conditions of SRS "average" salt waste 
[33,37,49-51,59,60,84]. All results have indicated that the solvent will withstand 
stresses at the extreme of temperature (35 °C constant with spikes to 60 °C), all 
expected aqueous components (including numerous potential trace catalysts), and 
radiation (15-y dose) without consequence to performance for at least one year, even 
without solvent washing [49,50]. It was shown that the traces of degradation products 
that could be identified (fluoride ion and sec-butylphenol for the modifier and 
dioctylamine for TOA) would be washed out by the process streams and wash stage. No 
evidence was found that minor aqueous components present in the waste build up in the 
solvent. Traces of anionic species that might be extracted are both neutralized by the 
TOA suppressor and washed out in the wash stage.
 Resistance to third-phase formation is generally regarded as a development issue in 
solvent extraction, because of the preferred use of aliphatic diluents, which are naturally 
poor solvents for the polar extractants and complexes that must be held in solution. For 
CSSX in particular, we are demanding that the solvent system accept ion pairs 
consisting of the Cs+-calixcrown complex and associated counter-anion. Tests show that 
this is generally not a problem, apparently because of the nature of this complex and 
because of the relatively low concentration of complex formed, cesium being at trace 
levels in the waste. However, the concentrations of K+ ion in the waste can be 
significant, especially at Hanford, and the resulting high loading of potassium has been 
linked to third-phase formation in previous tests [50]. Third-phase formation is defined 
as the splitting of the solvent into two phases. It is basically a solubility phenomenon 
wherein certain extraction complexes exceed their solubility limit, falling out of solution 
in the form of a heavy, viscous liquid phase that collects usually at the interface. The 
heavy solvent phase is rich in some extracted component (e.g., potassium and cesium in 
this case) together with extractant, modifier, diluent, and water molecules. The presence 
of a third phase is unacceptable, as it would seriously impair contactor performance and 
flowsheet chemistry.  
 The CSSX solvent exhibits good resistance to third-phase formation. Tests have 
indicated that the temperature at which the third phase appears decreases rapidly as 
BOBCalixC6 concentration decreases and as Cs-7SB concentration increases [49]. The 
current CSSX solvent was formulated in part to increase resistance to third-phase 
formation and accordingly has a lower BOBCalixC6 concentration and a higher Cs-7SB 
concentration than previous formulations [37,50,51]. From the reported results, it may 
be expected that a third phase would not form above 10 °C when the current CSSX 
solvent is contacted with the SRS average waste composition at its maximum potassium 
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concentration (50 mM). Since the solvent is highly loaded with potassium under these 
conditions, approaching its loading plateau, further increase in aqueous potassium 
concentration is not expected to entail a significant risk. 

8.3 EXTRACTION ROBUSTNESS TO FEED VARIATION 

As discussed above, aqueous feed variation presents a generic issue for flowsheet 
design in order to handle the worst-case aqueous feed. Fortunately, the performance of 
the strip section is independent of the waste feed to the extraction section, because trace 
aqueous species other than cesium nitrate are scrubbed out of the solvent prior to 
stripping. Batch tests at the SRS [34,93] demonstrated good performance for seven 
types of feeds, including supernatant liquid and dissolved salt cake, and DCs values were 
closely predicted by the computer model [52–54]. Hanford wastes present even greater 
variability, including waste types high in competing K+ ion concentration or organic 
complexants, for example. Cesium was extracted from two real Hanford supernatant 
tank wastes and stripped with 10 mM nitric acid [42]. The DSSF waste represents a 
severe case, since extraction of K+ ion (at ca. 1 M in the waste) competes significantly 
with Cs+ ion extraction. Values of DCs around 2 were obtained, considered low but 
usable for flowsheet design. By comparison, excellent extraction (DCs = 20) was 
obtained from the CC waste, which contains low levels of K+ ion but a high 
concentration of organic complexants. Excellent results were also obtained in extraction 
of cesium from Hanford B-110 sludge wash solution [37]. 
 Extraction DCs values have been shown to be affected most strongly by the 
potassium concentration in the feed, temperature variation, nitrate concentration, and 
hydroxide concentration [41,49–51,53,54]. Flowsheet design parameters include O/A 
ratios, number of extraction stages, and possibly temperature control, and the computer 
model developed for CSSX extraction behavior [53,54] may be employed to estimate 
the values of DCs for various waste compositions at 25 °C. The model remains to be 
expanded to cover expected changes in some compositional variables (especially high 
K+ concentrations), temperature, and concentrations of solvent components.  
 Selectivity is not considered an issue regardless of the expected feed composition. A 
survey of the elements present in the average SRS simulant, including Al, Cr, Cu, Fe, 
Mo, Hg, Ag, Pb, Pd, Rh, Ru, Zn, Sn, Cl, and F, could not detect any buildup in the 
previous CSSX solvent on limited cycles, nor did these elements appear in the scrub or 
strip stages in significant concentrations [43,50]. Five metals not included in the full 
simulant recipe, namely U, Np, Pu, Sr, and Tc, were not significantly extracted by the 
earlier CSSX solvent nor did they affect extraction or stripping of cesium. In tests of the 
optimized CSSX solvent [49], certain organic anions like dibutylphosphate, present in 
the waste in trace amounts, were found to  partition weakly into the solvent on 
extraction, remaining in the solvent through stripping, ultimately being washed out 
efficiently by the NaOH wash stage. Trace Ag, Cr, Cu, Hg, Mn, Mo, Pb, Pd, Rh, Ru, 
Sn, and Zn were not extracted; traces of Al, Ca, Sr, and Fe were weakly detected in the 
optimized solvent after extraction but were found to be scrubbed out. The bulk metals 
Na and K were also extracted as expected, and these also were scrubbed out. 
Technetium as pertechnetate anion was extracted very weakly from the simulant (DTc = 
0.038 or 1% extracted) and, like dibutylphosphate, remained in the solvent in the acidic 
scrub and strip steps, subsequently to be washed out in the NaOH wash step. 
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8.4 SOLVENT LOSS RATE 

All solvent components have very high partition ratios, as demonstrated on average SRS 
waste simulant [49–51]. The annual processing losses estimated from partition data 
under the SRS conditions were <4% of BOBCalixC6, <27% Cs-7SB, and <9% of TOA 
[49]. These values are upper limits, because the partition ratios were higher than could 
be accurately measured. Thus, there is no basis to believe that reagent loss by 
partitioning to the aqueous phase poses an issue in normal applications (e.g., SRS and 
Hanford).  
 In the absence of a solvent-recovery method, entrainment is expected to be the major 
solvent-loss factor in all solvent-extraction applications [94], including CSSX [89], 
potentially amounting to several hundred ppm of the aqueous effluent. Solvent loss is 
known to be the economic determinant in most commercial solvent-extraction systems 
[94], and its mitigation is essential for expensive extractants such as BOBCalixC6. 
Indeed, CSSX would be economically prohibitive if the solvent entrained in the aqueous 
raffinate destined for bulk vitrification is not recovered for reuse. Test data show that 
90% of the entrainment loss of CSSX solvent may be recovered by fibrous coalescers 
[89]. Because economics might be further improved by further reducing entrainment 
losses, it may be beneficial to examine other possible techniques, such as centrifugation.  
 Diluent evaporation and accompanying increase in solvent density, viscosity, and 
component concentrations has been documented [55]. Evidence of diluent loss during 
the CSSX demonstration and downselect indicates that such losses will not be large, but 
diluent makeup will be needed. Solvent density measurement is a convenient indicator, 
as it is a sensitive and easily determined solvent property.  
 Stability tests indicated that the CSSX solvent performance would meet SRS 
processing requirements for more than a year under maximum bounding conditions of 
radiation, chemical, and thermal stress [33,37,49–51,59,60,84]. Losses of BOBCalixC6, 
Cs-7SB, and TOA were significant only when bounding conditions were greatly 
exceeded (e.g., for a 160-year radiation dose or contacting for many weeks at 61 °C).  

8.5 VERIFICATION OF PROCESS CONCEPT 

In addition to issues related to the fundamental chemistry of the process, there are two 
general, engineering-based aspects of system performance that must be verified to 
ensure successful process operation in any new application of solvent extraction: phase 
separation performance and efficient transfer of solute(s) between phases.   
 Efficient phase separation is critical, since cross-phase contamination has an 
inherently adverse effect on mass-transfer efficiency. In addition, carryover of solvent 
in aqueous effluent streams results in loss of solvent from the process, impacting 
process economics. Phase separation is affected by several physicochemical factors, 
including the viscosities and densities of the opposing bulk phases and the interfacial 
tension of the two-phase system. All of these properties contribute to the dimensionless 
dispersion number, which describes the tendency of two dispersed phases to separate 
[95]. The separation residence time determines the relationship between separator size 
and separator throughput. Extensive property determinations were made during prior 
development and testing of candidate CSSX solvent formulations [49]. 
Phase separation in all solvent extraction systems, including CSSX, is greatly enhanced 
by the application of relatively high centrifugal forces that are generated in the 
separating zone of centrifugal solvent extraction contactors. Typical acceleration fields 
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applied in engineering- and production-scale contactors exceed 300 times the 
acceleration due to gravity. Consequently, dispersions that do not separate readily by 
gravity settling, (i.e., solution pairs having high viscosities or having nearly equal 
densities) can be separated at efficiencies exceeding 99%.  
 As part of prior CSSX process demonstration testing, the ability of engineering-scale 
centrifugal contactors to efficiently separate the phases present in the extraction, 
scrubbing, and stripping sections of the baseline CSSX flowsheet was evaluated over 
ranges of phase ratios [58]. In all cases, carryover of opposing phases in contactor 
effluents was so low as to be undetectable. However, it is generally recommended for 
new feed types that phase-separation evaluations be included in development work.  
 In addition to phase-separation performance, mass-transfer efficiency in solvent-
extraction applications is controlled by the extent to which interfacial area between 
phases is maximized (thereby enhancing solute transfer) and by the ability to maintain 
the dispersed condition long enough to accommodate the kinetics of the solvation 
and/or coordination processes. During demonstration of CSSX technology for 
application to SRS waste, mass-transfer performance in single, engineering-scale 
centrifugal contactor stages was demonstrated under extraction and stripping conditions 
[58] using simulated waste solution. In addition, multi-stage mass-transfer performance 
was confirmed using a cascade of laboratory-scale contactors to process actual SRS 
waste solution [96]. However, because the flow ratios in any new CSSX flowsheet may 
differ from those in the SRS CSSX process, and because these differences affect 
interfacial area and residence time, demonstration and quantification of mass transfer 
performance in lab- and engineering-scale contactors are desirable prior to final design 
of a process system for deployment. Experience with contactors of various sizes 
indicates that mass-transfer efficiencies obtained in contactors having rotor diameters of 
4-cm and greater are scaleable to larger units. Efficiencies obtained in smaller 
contactors tend to be lower than those in larger devices; consequently, flowsheets 
designed based on lab-scale performance are overly conservative.   

9. Conclusions 

From the perspective of the macrocyclic chemistry community, the development of the 
CSSX process represents validation of the value of basic research in recognition and 
inclusion phenomena. The treatment of nuclear waste is one of the greatest technical 
challenges of our times. It involves tremendous complexity, extreme requirements, 
harsh conditions, high cost, and low tolerance for failure. It puts to the test the pervasive 
assumption in our community that macrocyclic chemistry offers the potential to meet 
demanding situations. The long path through fundamental research, technology 
development, demonstration, plant design, and final implementation for any application 
subjects the elegant macrocycle to conditions and expectations that could not have been 
conceived at the time of the initial synthesis and characterization. Having ushered one 
system through this maze, we may observe that the fundamental understanding of the 
macrocycle is but one part of the total understanding needed to develop a fully 
functional system for real-world needs. Its response to every chemical variable and 
condition comes into play and must be understood well enough that the behavior of the 
system is predictable within a defined envelope of operating parameters. For the 
specific application involving cesium removal from alkaline nuclear waste, macrocyclic 
chemistry has offered a number of possible approaches. The CSSX process, with its 
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advantages summarized below, stands as one such example that has now been taken 
through a rigorous demonstration phase.  
 The CSSX process features an ability to handle many types of reprocessing wastes 
and even has an acid-side variant that may be applicable to INEEL waste. Laboratory 
batch tests have shown applicability of CSSX for the range of expected SRS wastes, and 
contactor tests have been successfully conducted on both SRS supernatant and SRS 
dissolved salt cake. Batch tests on Hanford wastes, both real and simulated, lend 
encouragement for a direct application at Hanford. Because CSSX uses a nitrate swing 
principle, a nearly pure, concentrated cesium nitrate product is produced upon stripping 
with 0.001 M HNO3. This product stream is ideal for direct vitrification or other end 
processing. Very little secondary waste is generated, as dilute scrubbing and washing 
solutions are used at low flow rates. The solvent is reusable for at least a year. The 
flexibility of solvent-extraction flowsheet design allows the CSSX flowsheet to be 
easily configured for different feed types and processing requirements. Centrifugal 
contactors feature small footprints, allowing modular designs as well as fixed-plant 
applications. Centrifugal contactors are easily maintained, and recovery from process 
interruptions is rapid. These contactors also minimize solvent inventory, which makes it 
possible to employ expensive extractants. Unlike ion exchange, there is no significant 
inventory of radionuclides. Extracted 137Cs is immediately stripped, minimizing 
radiation damage to the solvent, lowering shielding requirements, and enhancing 
radiation safety. CSSX chemistry is well understood. An equilibrium model has already 
been implemented and used in conjunction with flowsheet-design codes and 
performance prediction. The solvent has been commercialized. 
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1. Introduction  

Cancer, despite significant research efforts, remains a major health issue and the second 
leading cause of death, exceeded only by heart disease [1]. In both, cancer and heart 
disease, the ability to image diseased tissues, the use of localizing therapeutic agents, 
and the elaboration of therapeutic mechanisms has resulted in useful treatment options.  
The localization and fluorescence of porphyrins in tumors was seen as early as 1924 [2]. 
From this early foundation, a mixture of hematoporphyrin oligomers, (Photofrin®), was 
developed as a photodynamic therapy agent (PDT) for clinical treatment of tumors in 
the 1960’s [3]. The medical usefulness of Photofrin® is unfortunately hampered by the 
high light absorption of biological tissues at the excitation wavelength, and a nearly 
unacceptable level of skin phototoxicity. As a consequence, a number of so-called 
second generation photosensitizers have received attention in recent years [4,5]. 

Texaphyrin (Fig. 1) was first reported in 
the late 1980’s [6]. The texaphyrins are 
pentaaza Schiff-base expanded porphyrins 
that are known to form stable 1:1 complexes 
with many metal cations, including those of 
the trivalent lanthanide series.  Peripheral 
ring substitution with alcohol and PEG-like 
functionalities in 1 and 2 endows the 
compounds with sufficient water solubility 
for clinical use [7,8]. 

N

N

N

AcO

M
N

N

OH

OH

OAc

O(CH2CH2O)3CH3

 1 M = Gd

 2 M = Lu

O(CH2CH2O)3CH3

Figure 1. 



W.-H. WEI ET AL. 408

The gadolinium(III) complex, 1 (motexafin gadolinium; MGd; Xcytrin®), has been 
extensively studied as a potential MRI detectable anticancer agent [9-17].  Both clinical 
and preclinical studies have confirmed that this agent is taken up into, and retained in, 
tumors with high specificity [12-15]. Likewise, the lutetium(III) complex (motexafin 
lutetium, MLu; Antrin®; 2) is currently being tested clinically as a photosensitizer for 
the PDT treatment of age-related macular degeneration, atherosclerotic plaque 
indications, peripheral vascular, coronary artery disease, and cancer [11,18-21].  

Although structurally and spectrally similar, the differing redox and photophysical 
properties of the various lanthanide(III) texaphyrin complexes allow their use in such 
disparate areas as PDT, direct cancer treatment, and both X-ray and chemotherapy 
enhancement protocols. Both compounds 1 and 2 generate reactive oxygen species 
(ROS), albeit via mechanistically distinct pathways (vide infra). The ROS are thought to 
be responsible, at least in part, for the observed biological activity of MGd and MLu 
[22].

Promising as these agents are, efforts are underway to develop systems with 
improved therapeutic efficacy. Towards this end several conjugates with known 
chemotherapeutic agents are being prepared. To date, conjugates containing L-
buthionine-S,R-sulfoximine (glutathione synthesis inhibitor), nitroimidazole (hypoxic 
radiation sensitizer), doxorubicin (DNA synthesis inhibitor), cisplatin (DNA modifier), 
and methotrexate (folate inhibitor), have been prepared [23]. Related systems, 
containing covalently linked fluorophores have also been synthesized. This chapter 
provides an update concerning these ongoing synthetic efforts and places them in the 
context of other texaphyrin-related studies. 

2. Chemistry 

2.1 INITIAL SYNTHETIC EFFORTS 

The preparation of the basic texaphyrin ring starts from the diformyl tripyrrane fragment 
5 (Scheme 1), an intermediate that in turn is prepared in three steps from the simple 
monomeric pyrroles 3 and 4.
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Scheme 1. Synthesis of sp3 texaphyrin. 

 An acid catalyzed double Schiff-base condensation of 5 with o-phenylenediamine, 6,
then gives the cyclic non-aromatic sp3 texaphyrin ring 7, a macrocyclic product that can 
be viewed as being an “expanded porphyrinogen” [24].  The sp3 form can be oxidized 
with ferrocenium ion to give the corresponding aromatic derivative, namely the metal-
free sp2 form 8 (Scheme 2) [25].  
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Scheme 2. Synthesis of sp2-texaphyrin and sp2-metallotexaphyrin. 

Alternatively, reaction of 7 with the appropriate metal salt in the presence of base 
and air gives the stable aromatic (sp2) texaphyrin metal complex 9 in a one-step 
oxidation and metalation procedure [6,7,20,26-28]. 
 The cadmium(II) complex corresponding to 9 (M = Cd; n = 2) was the first 
texaphyrin made [6]. This aromatic expanded porphyrin was found to differ 
substantially from various porphyrin complexes and it was noted that its spectral and 
photophysical properties were such that it might prove useful as a PDT agent. However, 
it was also appreciated that the poor aqueous solubility and inherent toxicity of this 
particular metal complex would likely preclude its use in vivo [29-31]. Nonetheless, the 
coordination chemistry of texaphyrins such as 9 was soon generalized to allow for the 
coordination of late first row transition metal (Mn(II), Co(II), Ni(II), Zn (II), Fe(III)) 
and trivalent lanthanide cations [26]. This, in turn, opened up several possibilities for 
rational drug development. For instance, the Mn(II) texaphyrin complex was found to 
act as a peroxynitrite decomposition catalyst [32] and is being studied currently for 
possible  use in treating amyotrophic lateral sclerosis. This work, which is outside the 
scope of this review, has recently been summarized by Crow [33].  
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Figure 2. Generalized metallo-texaphyrin structure. 

 Of the lanthanide complexes, the gadolinium(III) and lutetium(III) complexes 
(abbreviated in a general sense as Gd-Tex and Lu-Tex, respectively) were immediately 
recognized as being the most interesting. The interest in the Gd(III) species reflects the 
fact that gadolinium(III) is the single most paramagnetic monoatomic cation known. 
The realization that this cation forms a stable texaphyrin complex thus led to the 
consideration that it might display MRI signal enhancing properties [26,28,34]. By 
contrast, Lu(III) is diamagnetic and this fact, coupled with the ability of texaphyrins to 
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absorb strongly in the >700 nm spectral region, led to the proposal that Lu(III)-
containing texaphyrin complexes might be useful as PDT photosensitizers [30,35].  

2.2 SYNTHESIS OF CURRENT CLINICAL CANDIDATES 

Although the spectral and redox properties of this initial set of lanthanide(III) 
texaphyrin complexes appeared suitable for various medical uses, the alkyl substituents 
present in the original series (cf. generalized structure 9, Fig. 2) made them largely 
insoluble in water.  The alkyl substitution on the diformyl-tripyrrane was thus modified 
to give the bis-hydroxypropyl derivative. The phenyl ring was also modified to allow 
for PEG-like substitution. This afforded a new series of texaphyrins with generalized 
structure 10, as shown in Figure 2. Fortunately, within this series the Gd(III) and Lu(III) 
complexes, structures 1 and 2 shown in Figure 1, proved sufficiently water soluble for 
use in vivo. It has thus been these species that have been carried forward for preclinical 
and clinical studies [26,35-37]. 

3. Summary of Current Clinical Studies  

Motexafin gadolinium, MGd, utilized both as a single agent and in combination therapy 
approaches is either currently in or has been  involved in clinical trials for several 
indications. For the lead indication, involving the use of MGd as an adjuvant in the 
radiation therapeutic treatment of metastatic brain cancers, a first Phase III trial has been 
completed and a definitive, Phase III international trial (termed “SMART”) is ongoing 
in patients with brain metastases from non-small cell lung cancer [15,38]. Additionally, 
several Phase I and II trials, involving the study of MGd as a single agent in the 
treatment of low-grade lymphoma, multiple myeloma [39], chronic lymphocytic 
leukemia and renal cell cancer are ongoing. Data derived from these trials provide 
support for the notion that MGd is well tolerated when administered at the established 
clinical dose levels (e.g., 10 days at 5 mg/kg  per day in the case of the Phase III trial) 
and serve to highlight the fact that good uptake and retention in tumors is achieved as 
judged by MRI scans (vide infra) [13,40].   
 Motexafin lutetium is also in clinical trials, having completed several Phase I and II 
studies.  The completed trials are for the photodynamic treatment of recurrent breast 
cancer [41,42], light-based treatment of choroidal neovascularization, [43] and the 
photoangioplastic reduction of atherosclerotic plaque in peripheral [19,44] and coronary 
arterial disease [20,45].  On the basis of these studies, MLu (Antrin® Phototherapy) is 
currently being developed for the treatment of atherosclerotic plaque.  Additionally, the 
National Cancer Institute is testing MLu for the PDT based treatment of prostate [46,47] 
and cervical cancers. 

4. Biolocalization Studies  

One of the salient features of MGd is that it contains a highly paramagnetic Gd(III) 
center. This has provided the added benefit in clinical work of allowing neoplastic 
lesions to be imaged by MRI [9,28,48]. These studies have also served to establish inter 
alia that MGd localizes well to tumors. In the case of MLu, which displays stronger 
fluorescence than MGd, localization in tumors and abnormal cells has repeatedly been 
demonstrated in experiments. The mechanisms by which this texaphyrin complex in 
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particular and porphyrins in general, are selectively concentrated in tumors and 
abnormal tissues is still not completely understood. Nonetheless, it is appreciated that 
macroscopic tumor targeting as well as sub-cellular localization plays a significant role 
in the activity of (at least) PDT agents [49-53]. Moreover, the specifics of porphyrin 
localization at the sub-cellular (organelle) level have been shown to be correlated with 
the charge, polarity, and lipophilicity of the compound [54,55]. The main targets for 
many porphyrin type agents are the mitochondria and lysosomes, organelles where the 
production of singlet oxygen and other ROS leads to oxidative stress, and, generally, 
apoptosis mediated cell death. UV-Vis, Raman, and fluorescence spectroscopy have 
allowed in situ detection of texaphyrins in both cancer cells and various sub-cellular 
organelles. Intact cell studies, using interferometric Fourier fluorescence microscopy 
and high sensitivity charge coupled device (CCD) cameras, have demonstrated a 
gradual uptake of MGd, MLu, and other texaphyrins. Localization is primarily in the 
lysosomes and endoplasmic reticulum, with lesser distribution to other organelles such 
as the mitochondria [56-60]. On a more macroscopic level, the uptake of MLu in 
atherosclerotic plaque has been demonstrated in vivo [21,61-64]. 

5. Redox Chemistry and Therapeutic Mechanism  

The structurally similar, but magnetically distinct, lanthanide(III) texaphyrin complexes,  
MLu and MGd both generate reactive oxygen species (ROS), albeit via different 
mechanisms.  Photoirradiation of MLu causes excitation from the singlet ground state to 
the triplet state (Fig. 3).   

Sens. (So)
1. h

2. ISC
Sens. (T1)

+ 1O2Biomolecule Products

Sens. (T1) + 3O2 Sens. (So) + 1O2

Photodynamic Therapy

Figure 3. The PDT singlet oxygen toxicity mechanism. 

 In aerobic environments, relaxation of this latter excited state can be coupled to up-
conversion of normal triplet oxygen to singlet oxygen.  The high reactivity of singlet 
oxygen with biomolecules is thought to account for much of the effect, as well as 
toxicity, displayed by this and other photosensitizers under conditions of 
photoexcitation. Thus, while the mode of action of MLu is not new, it does have several 
potential advantages when considered as a photosensitizer for treating vascular disease. 
These include, 1) its long wavelength absorption (which reduces interference from 
endogenous chromophores such as heme) and 2) its ability to localize well in plaque (a 
key prerequisite to selectivity). The high quantum yield for singlet oxygen production is 
also considered a positive attribute [65].  Mechanistically, X-ray therapy differs from 
PDT in that the irradiation of water generates hydroxyl radical among other products. 
Under normal conditions of clinical application, it is this species (OH·) that is 
considered the active cytotoxin. However, radiation also leads to oxidative stress, 
making irradiated cells more susceptible to agents that can produce other reactive 
oxygen species (ROS) or block the synthesis of so-called reducing metabolites like 
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ascorbate, glutathione, or NADP(H). Such considerations are important in the case of 
texaphyrins. Indeed, MGd is thought to mediate its effect, at least in part, as the result of 
its ability to produce ROS, while concurrently depleting electron rich species, such as 
ascorbate or glutathione that can protect against the cytotoxic effects of ionizing 
radiation.  The actual mechanism of MGd radiation sensitization is likely to be quite 
complex, and may well involve more than one apoptosis triggering pathway. 
Nonetheless, as implied above and detailed in Figure 4, one postulated mechanism for 
MGd sensitization is that electron transfer from a reducing metabolite (e.g., ascorbate) 
serves to produce a one-electron reduced MGd radical cation (MGd+·) which then reacts 
with molecular oxygen, to give superoxide as the initial product.  Rapid 
disproportionation in conjunction with chemically or biologically enhanced conversion 
then gives hydrogen peroxide, a known apoptosis triggering agent [66].  The net result 
is additional cell damage beyond that produced by the hydroxyl radical arising from 
ionizing radiation [10,67,68].  Because the aromatic MGd complex (a dication) is 
regenerated in the course of the electron transfer from MGd+· to O2, this reaction 
sequence can play a catalytic role in the overall process of electron transfer from a 
biological reductant (e.g., ascorbate) to oxygen. Since the net result is the depletion of 
species, such as ascorbate and glutathione, that can protect against the effects of 
ionizing radiation (as well as the production of ROS) this process is potentially quite 
potent as a drug development paradigm. It has thus come to be termed “futile redox 
cycling” (Fig. 4), [66,69].     
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Figure 4. Postulated schematic showing the mechanism for the metabolic effects of MGd under X-ray 
sensitization conditions. 

6. Synthesis of Conjugates

To improve the therapeutic efficacy of MGd, several conjugates are being developed. 
These are elaborated texaphyrin derivatives wherein the texaphyrin core is linked to 
various “active species,” such as electron deficient species, hypoxic radiosensitizers, 
fluorophores, or therapeutic agents with alternate modes of action.   The result of this 
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conjugation process could be MGd analogues that either enhance the futile redox 
coupling process or which serve to deliver known cytotoxins to cancerous sites more 
effectively. In the case of the fluorophore linked systems, the result could be agents with 
improved diagnostic potential.  

XL

Tumor localizing 
texaphyrin entity Labile or 

solubilizing 
linker

Electron deficient 
species, 
chemotherapeutic agent 
or fluorophore

Figure 5. Generalized approach to conjugate construction.

 As illustrated schematically in Figure 5, conjugation could be effected either through 
direct covalent attachment, or through solubilizing linkers. In the case of an appended 
cytotoxic agent it is possible that the conjugation process could end up interfering with 
activity (by, e.g., targeting an active species to a different sub-cellular site than is 
required for action). Because of this, efforts are being made to develop conjugates that 
incorporate so-called fusible linkers, i.e., tethers that will undergo cleavage under 
biological conditions [23,70]. 

6.1 CONJUGATES BASED ON REDOX ACTIVE GROUPS 

As noted above, the X-ray sensitization of cells using MGd has been investigated 
extensively and appears to operate at least in part in an oxygen dependent manner, with 
cytotoxic activity that is substantially enhanced upon the addition of ascorbate to the 
media [69]. The cytotoxic activity of MGd can also be enhanced with L-buthionine-S,R-
sulfoximine (BSO), an irreversible inhibitor of an enzyme involved in glutathione 
biosynthesis ( -glutamylcysteine synthetase), that serves to suppress the synthesis of 
ROS-protective glutathione. Presumably, this activity is responsible for the in vitro 
radiation enhancing effect of BSO [66,71].  
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 This potential mechanistic synergy made BSO an early candidate for conjugation to 
MGd.  Thus, FMOC protection of the amine group of BSO 11 was carried out to give 
the corresponding carboxylic acid 12.  Subsequent Mitsunobu coupling to MGd and 
deprotection afforded the desired conjugate 13 in 35% yield (Scheme 3).  

Nitroimidazoles have long been recognized for their potential as radiation sensitizers 
[72].  These species are easy to reduce and have been used off-label as adjuvants for 
radiation therapy; however, their lack of tumor localizing specificity and their high 
toxicity has tended to limit their widespread clinical use [72-76].  Given the 
enhancement a combined texaphyrin nitroimidazole system might be expected to 
display, complex 14, a texaphyrin nitroimidazole conjugate, was targeted for synthesis. 
It was prepared in good yield by conjugating 2-nitroimidazole 15 to MGd 1 under 
Mitsunobu conditions (Scheme 4). 
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Scheme 4. Synthesis of bis-nitroimidazole-MGd conjugate 14. 

6.2 CONJUGATES BASED ON KNOWN CHEMOTHERAPEUTIC AGENTS  

Doxorubicin (Adriamycin®) is an important chemotherapeutic agent. However, it 
suffers from dose-limiting cardiomyopathy. It thus represents an attractive building 
block for the preparation of an MGd conjugate.  In particular, the easy-to-reduce 
quinone functionality could provide an additional site for electron capture (from, e.g., 
NAD(P)H), which in turn could aid in the production of ROS [77-87].  

Consistent with such a proposal is the finding that administering doxorubicin in 
conjunction with MGd, 1, leads to an enhanced effect in vivo. Thus, an effort was made 
to attach this “active agent” to a Gd(III) texaphyrin [88].  The resulting synthesis is 
shown in Scheme 5. It involves protection of one alcohol of MGd as the acetate ester. 
The other free hydroxyl is then converted to the activated succimidyl carbonate (giving 
intermediate 16), and then coupled to doxorubicin 17 to give the conjugate 18.
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Cisplatin, is one of the most widely used of all cancer chemotherapeutics. It displays 
high activity against a variety of tumors. However, it is also plagued by toxicity, and 
displays little if any in the way of inherent tumor localization [89,90]. Because of these 
limitations, cisplatin represents an attractive target for conjugation. A significant 
advantage of cisplatin-MGd conjugates would be a possible reduction in the kidney 
toxicity normally associated with cisplatin [91,92]. This reduction in toxicity, it is 
proposed, could arise from an ability to lower the administered dose levels by using a 
cancer targeting conjugate, or from possible changes in clearance pathway that arise as a 
result of being tethered to the texaphyrin core.  There is another potential benefit 
associated with a putative texaphyrin cisplatin conjugate. This benefit has its origins in 
the fact that cisplatin, after cellular uptake, undergoes hydrolysis of the reactive 
chlorides, to give the therapeutically active “diaquo” species. These latter species react 
with DNA, forming G-G crosslinks. In a conjugate where cisplatin is bound to a MGd 
core, this targeting could allow for increased levels of texaphyrin derived ROS within or 
near the DNA backbone, thus potentially enhancing DNA damage and apoptosis 
triggering [91,93-95].   
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To date, two cisplatin-type texaphyrin conjugates have been prepared (Scheme 6). 
The first of these, 20, was synthesized by treating a Gd(III) texaphyrin diamine 
conjugate 19a with K2PtCl4 under aqueous conditions.  Unfortunately, the resulting 
product, 20, proved too insoluble in both aqueous and non-aqueous media to allow for 
characterization by methods other than UV-Vis spectroscopy and mass spectrometry.  
The second conjugate, 19b, incorporates increased PEG substitution which was 
included in the design in an effort to improve the solubility characteristics.  Sadly, like 
its congener 20, complex 21 proved too insoluble to permit analysis by any means other 
than UV-Vis spectroscopy and mass spectrometry.  Current efforts are therefore focused 
on producing platinum-containing texaphyrin conjugates with improved aqueous 
solubility. 
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Recently, a set of water soluble texaphyrin conjugates that rely on the use of 
methotrexate (MTX, 22), rather than cisplatin, as the active chemotherapeutic group has 
been prepared (Scheme 7) [23].  The MTX conjugates may be more suitable for use in 
vitro and in vivo. This is because methotrexate bears diacid functionality and is thus 
inherently water soluble; however, therapeutically the -carboxyl group must be free in 
order to retain activity. Mechanistically, MTX is an anti-folate type cell cycle inhibitor, 
poorly taken up by cells through the folate transport system [96,97].  Tumors are known 
to rapidly develop resistance to MTX. A significant resistance mechanism in multi-drug 
resistant tumor cells is lowered MTX uptake. Conjugation to MGd may provide a 
means of overcoming this type of resistance.  To date, three MTX-MGd conjugates, 
24a, 24b, and 25 have been prepared. In the case of the amide 24a, the first key steps 
involved protection of one of the hydroxyls present in MGd as the dimethoxytrityl 
(DMT) ether followed by conversion of the other hydroxyl to the corresponding 
phthalimide by a Mitsonobu reaction. Methylamine deprotection then gave the amine 
23a. Finally, direct DCC mediated coupling of this latter intermediate to MTX, 
followed by deprotection of the DMT ether, gave the amide-linked product 24a. In the 
case of the ester-linked conjugate 24b, protection of one hydroxyl group, also as the 
dimethoxytrityl (DMT) ether, gave the alcohol 23b. Direct DCC mediated coupling to 
MTX gave the product 24b after DMT deprotection. The PEG solubilized conjugate 25
was also synthesized from the PEG mono-ester of MTX 22b. In this case, the DMT 
protected MGd alcohol 23b was converted to the corresponding iodide 23c through a 
Mitsonobu reaction. Direct coupling to the MTX-PEG monoester and deprotection then 
gave the solubilized conjugate 25. In all cases, a mixture of the  and  isomers was 
obtained in the coupling steps and in the MTX esterification. This mixture was found to 
favor the reaction products slightly.  
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In preliminary studies, A549 lung cancer cells were treated with the ester conjugate 
24b or the amide conjugate 24a for 8 or 24 h, and analyzed for cellular proliferation 
after 3 days. Non-conjugated methotrexate, MGd, and the combination of these were 
also tested for comparison. Only MTX-Gd-Tx ester 24b led to significant inhibition of 
cellular proliferation after 8 h treatment. After 24 h treatment, free methotrexate was 
more active than the ester conjugate at the lower concentrations tested. Amide conjugate 
24a displayed modest activity after 24 h treatment. We interpret these findings as being 
consistent with an altered mode of cellular uptake of methotrexate by conjugation to the 
texaphyrin moiety, and with the greater stability of the amide relative to the ester 
linkage in the biological milieu.   

These results are also consistent with the finding that the ester product 24b was seen 
to hydrolyze slowly in aqueous solution, whereas the amide conjugate 24a was stable. 
However these results could also reflect an alternate uptake mechanism. Support for this 
latter explanation comes from the finding that alkylation of the  site of MTX is thought 
to lead to enhanced uptake [98]. Previously, tumor localizing monoclonal antibody 
conjugates containing methotrexate were prepared by Umemoto, containing both fusible 
and non-fusible linkers. In mouse mammary tumor cell studies, the fusible conjugate 
had an IC50 of 0.043 µM, compared to 0.021 µM for MTX. Compared to the fusible 
conjugate, the non-cleavable conjugate showed similar uptake patterns, but a 100-fold 
reduction in the potency of the drug over the fusible conjugate. This result from the 
literature coincides with those inferred from our own studies of 23b and 24b and thus 
supports the conclusion that the choice of linker is an important one [99,100]. 

6.3 CONJUGATES BASED ON FLUOROPHORES 

The use of fluorescence imaging techniques to show the location of texaphyrins in 
abnormal cells (tumors, lesions, plaques) and in animal models is a potentially attractive 
means of obtaining detailed localization information. Metallotexaphyrins, although 
displaying a low fluorescence quantum yield, and although subject to photobleaching 
under strong illumination, may nonetheless be visualized in the 750 nm spectral region 
using CCD cameras. Use of this technique allows differentiation of the tumor from 
surrounding tissues, as has been demonstrated in mice using both MGd and MLu. MLu 
was also used to effect selective visualization of early stage lesions in a hamster cheek 
pouch model. In these studies the fluorescence centered at 758 nm was monitored  
[58-60]. 

The availability of additional fluorescent texaphyrin marker systems would allow 
these kinds of studies to be extended and expanded. This would be particularly useful in 
the case of the gadolinium(III) derivatives, since these paramagnetic species are 
inherently less fluorescent than MLu and related diamagnetic texaphyrin complexes.  
The selection of fluorophores with higher quantum efficiency and lower photobleaching 
(than MGd or MLu) would allow localization of the conjugate using techniques such as 
fluorescence and confocal laser microscopy (CFM). It is possible that the development 
of these “dual fluorophore” conjugates would permit the study of photoelectronic/redox 
phenomena using techniques such as fluorescence resonance electron transfer (FRET), 
sub-cellular movement using fluorescence recovery after photobleaching (FRAP), and 
allow dual wavelength imaging to be used to define localization. Confirmatory studies 
using MRI would also be possible in the case of the Gd(III) systems. 
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Additionally, fluorophores are available that are cationic and lipophilic, raising the 
possibility of sub-cellular targeting of the conjugates and/or detailed studies of 
structure-function relationships. 

With the above considerations in mind, several MGd fluorophores were prepared. 
The fluorophore FITC could be coupled to MGd directly by heating in MeCN. This 
provided conjugate 26 (Scheme 8) in 32% yield as a mixture of the 5(6) isomers.  The 
resulting conjugate displays low solubility in aqueous media, which may limit its 
usefulness. Accordingly, the fluorescein and rhodamine 6G conjugates 27a and 27b,
respectively, were targeted for synthesis (Scheme 9). They were prepared from the 
solubilized-dinitrobenzene fluorophores 28a and 28b, respectively. After reduction, 
cyclization with dialdehyde 29 to the sp3 texaphyrin and oxidative metal insertion, the 
respective fluorophore conjugates were obtained.  

All three MGd-fluorophores could be observed in imaging studies with Jurkat-T 
lymphoma cells as a result of the fluorescence produced by the marker fluorophores 
(Fig. 6). The cells displayed punctate localization predominantly, as would be expected 
for retention that is primarily in cellular vesicles or lysosomes. Importantly, 
fluorescence from the MGd core could not be seen under standard CFM conditions. 
This means that the paramagnetic Gd(III) center does not quench the fluorescence of the 
appended fluorophore. It also highlights the fact that these new conjugates are 
potentially far more effective as detectable targeting agents then MGd alone. 
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7. Future Prospects and Directions 

An increasing number of preclinical and clinical studies are attesting to the unique 
biolocalization, safety, potential therapeutic utility, and imaging ability of MGd and 
MLu.  The ability to produce ROS upon photoirradiation (MLu) or in the presence of 
reducing metabolites via “futile redox cycling” (MGd), coupled with their documented 
biolocalization ability, endows these texaphyrin complexes with several perceived 
advantages relative to more classic and generally less specific cytotoxic 
chemotherapeutic agents.  The texaphyrins, being small molecules in the biological 
sense, have a further advantage in that they may be “custom built” for a needed 
application.  One way of doing this involves the construction of so-called conjugates 
wherein a texaphyrin core is linked to either some other active species or to a 
fluorescent marker subunit.  As discussed in this chapter, the linkage used to effect the 
tethering may be labile or nonlabile such that bond scission either occurs or does not 
occur in various biological milieus.  In both cases, the well-recognized ability of 
texaphyrins to localize to, e.g., rapidly proliferating tissues is considered advantageous 
since it may allow for the site-selective delivery of cytotoxic agents while mitigating 
their potentially adverse effects, either by lowering the required dosage levels or by 
altering the pathways for elimination.  In a similar vein, the attachment of a fluorophore 
is considered potentially useful since it may permit a normally poorly fluorescent 
species, such as MGd, to become the foundation for the construction of new tissue 
selective, fluorescence-based diagnostic agents.   

The range of texaphyrin conjugates prepared to date serves to illustrate some of the 
structural diversity that is possible within the context of this general paradigm.  It also 
serves to highlight some of the synthetic approaches that are making the construction of 
such systems feasible.  While the chemistry of texaphyrin conjugates is still in its early 
days, it is gratifying to note that the MGd-MTX ester conjugate 24b, containing a 
fusible linkage, shows an observable improvement in efficacy over MTX in cell studies 
at early time points.  Such improvements are not seen in the case of the corresponding 
amide-linked conjugate 24a.  Several of the MGd-fluorophore conjugates, notably 26,
27a, and 27b, were found to be readily visible as the result of their built-in fluorescent 
tags.  Further studies with such systems should allow, at least in principle, the 
importance of charge, polarity, and lipophilicity on sub-cellular localization to be 
probed in a detailed manner.  These same kinds of studies are also expected to provide 
important insights into which kinds of linkers are most appropriate for any given drug 
delivery task or biological targeting application.  As such, it is hoped that the conjugates 
prepared to date and discussed in this chapter will help provide a firm foundation for the 
rational design of yet-improved texaphyrin-type therapeutic and diagnostic agents.   
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3. TOWARDS FUNCTIONAL MACROCYCLES: SELF-ASSEMBLY AND TEMPLATE 
 STRATEGIES (pp. 37-52) 
 C. A. Schalley, H. T. Baytekin and B. Baytekin

28 kJ/mol 0 kJ/molErel

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.  
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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.
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‘allowed’
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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. c) The “inner” part of the intermediate can not stand any bulkiness that is created by using bulkier 
isophthaloyl chlorides. 
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7. SENSING, TEMPLATION AND SELF-ASSEMBLY BY MACROCYCLIC  
 LIGAND SYSTEMS (pp. 105-119) 
 P. D. Beer and W. W. H. Wong 

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

Figure 9. Structure of the nicotinamide-chloride pseudorotaxane. 

Figure 10. Structure of [2]rotaxane (12a).
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8. SIGNALLING REVERSIBLE ANION BINDING IN AQUEOUS MEDIA (pp. 121-136) 
 R. Dickens and D. Parker

Figure 6. Crystal structures of the ternary complexes of [Yb.1a]3+ 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. 

Figure 7. Crystal structures of the ternary complexes of [Yb.1a]3+ 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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11. STRUCTURAL ASPECTS OF HALIDES WITH CRYPTANDS (pp. 173-188) 
 MD. A. Hossain, S. O. Kang and K. Bowman-James

  A   B    C 
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). 

          
    A    B 
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). 

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

    A    B 
Figure 18. The crystal structures of [H7(Cl)] showing the side (A) and end-on (B). 
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12. OXOANION SELECTIVITY WITH PROTONATED AZACRYPTATE HOSTS:  
 THE  INFLUENCE OF HYDRATION ON STRUCTURE AND STABILITY 
 (pp. 189-201)  
 J. Nelson, V. McKee and R. M. Town 

Figure 2. Selenate cryptate of H6R3Bm6+.

Figure 3. Chromate cryptate of H6R3Bm6+.
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Figure 4. Sulfate cryptate of H6R3F6+.

Figure 5. Thiosulfate cryptate of H6R3Bm6+.
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17. RECOGNITION OF CYTOCHROME c BY TETRAPHENYLPORPHYRIN-BASED 
 PROTEIN SURFACE RECEPTORS (pp. 267-275) 
 R. K. Jain, L. K. Tsou and A. D. Hamilton 

Figure 1. (a) X-ray crystal structure of horse-heart ferricytochrome c.8 All protein atoms are shown in the C.-
P.-K. form, while the heme group is shown in the stick form.  All Arg and Lys residues are colored blue, 
while Glu and Asp are colored in red, to contrast the destribution of the most ionizable side chains. (b) The X-
ray crystal structure of horse heart ferricytochrome c in complex with horse cytochrome c peroxidase (ccp).9
The peroxidase is shown as a molecular surface model, with blue regions depicting positive and red 
representing negative electrostatic potential. Note the cluster of negative potential on ccp that surrounds the 
contact interface. 
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21. SIMULATIONS OF THE DYNAMICS 18-CROWN-6 AND ITS COMPLEXES:  
 FROM THE GAS PHASE TO AQUEOUS INTERFACES WITH SC-CO2 AND  
 A ROOM-TEMPERATURE IONIC LIQUID (pp. 327-348) 
 A. Chaumont, R. Schurhammer, P. Vayssière and G. Wipff 

Figure 7. Distribution of 25 Sr⊂18C6(Pic)2 complexes (top) and 25 Sr⊂18C6(PFO)2 (bottom) complexes at 
the CO2 / water interface. Left: snapshots after 1.2 ns of dynamics at 305 K, where CO2 is not shown for 
clarity. Right: zoom on typical complexes. 

Figure 14. The [BMI][PF6] / water interface with two Sr⊂18C62+ plus two Sr⊂18C6(NO3)2 complexes after 2 
ns (top) and 4 ns (bottom) of dynamics. Solvents are shown side by side, instead of superposed, for clarity.  
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Figure 13. The [BMI][PF6] / water neat interface (top - charges +1/-1 after 4ns and middle - charges +0.9/-0.9 
after 9ns) and with twelve 18C6 crowns (bottom) after 4 ns of dynamics. Solvents are shown side by side, 
instead of superposed, for clarity. 
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23. LIGAND DESIGN FOR BASE METAL RECOVERY (pp. 365-382) 
 P. A. Tasker and V. Gasperov 

Figure 2. Structures of [(cyclamH2)(4-t-butylbenzoate)2], (A) and [Ni(cyclam)(benzoate)2], (B).[54, 55] 

Figure 10. A NiSO4 complex of a bis-morpholinomethyl substituted “salen” ligand showing the binding of 
sulfate by a combination of electrostatic forces and hydrogen bonds to the protonated morpoline groups.

A B 
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24. USE OF MACROCYCLES IN NUCLEAR-WASTE CLEANUP: A REAL-WORLD  
 APPLICATION OF A CALIXCROWN IN CESIUM SEPARATION TECHNOLOGY  
 (pp. 383-405) 
 B. A. Moyer, J. F. Birdwell, JR., P. V. Bonnesen and L. H. Delmau

O
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O O
Cs+

Calix[4]arene-bis(4- tert -octylbenzo-crown-6)
"BOBCalixC6"

(As complexed with Cs+ ion)

Figure 1. Calixcrown extractant adopted for CSSX, as complexed with Cs+ ion. Left: chemical drawing of the 
complex. Right: a space-filling view of part of a crystal structure of the model complex Cs2Calix[4]arene-
bis(benzo-crown-6)(NO3)2•3CHCl3 [69] showing the good fit of the Cs+ ion inside the calixarene cavity; the 
crown ether atoms have been removed for clarity. 

Figure 7.  
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