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Preface

This book is dedicated to the memory of our friend Angelo Mugnoli
(2 September 20, 2004)

Heterocyclic derivatives are important in organic chemistry as products (including
natural) and/or useful tools in the construction of more complicated molecular entities.
Their utilization in polymeric, medicinal and agricultural chemistry is widely
documented. Both dyestuff structures and life molecules frequently involve heterocyclic
rings that play an important role in several biochemical processes.

Volume 8 (2004) keeps the international standard of THS series and contains
fifteen chapters, covering the synthesis, reactivity, activity (including medicinal) and
mass spectrometry of different heterorings. Reviews from France, Germany, Italy, Poland,
Russia, Spain and Switzerland are present in this book.

Comprehensive Reviews reporting the overall state of the art on wide fields as well
as personal Accounts highlighting significative advances by research groups dealing with
their specific themes have been solicited from leading Authors. The submission of articles
having the above-mentioned aims and concerning highly specialistic topics is strongly
urged. The publication of Chapters in THS is free of charge. Firstly a brief layout of the
contribution proposed, and then the subsequent manuscript, may be forwarded either to a
Member of the Editorial Board or to one of the Editors.

The Authors, who contributed most competently to the realization of this Volume,
and the Referees, who cooperated unselfishly (often with great patience) spending
valuable attention and time in the review of the manuscripts, are gratefully acknowledged.

The Editors thank very much Dr. Lucia De Crescentini for her precious help in the

editorial revision of the book.

Orazio A. Attanasi and Domenico Spinelli
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CYCLODEXTRINS: HETEROCYCLIC MOLECULES ABLE
TO PERFORM CHIRAL RECOGNITION (PART I)

Francesca D’Anna, Paolo Lo Meo, Renato Noto* and Serena Riela
Dipartimento di Chimica Organica “E. Paterno”, Universita degli studi di Palermo
V.le delle Scienze, Parco d’Orleans II, Pad. 17, 90128 Palermo, Italy

(e-mail: rnoto @unipa.it)
In memory of Professor Marino Novi and Professor Angelo Mugnoli

Abstract. The present paper collects the most significant advances appeared since late 1998 up to June 2005

in the field of chiral recognition performed by natural and modified cyclodextrins.
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1. Introduction

Enantiomeric discrimination/recognition is a topic of major importance in current supramolecular
chemistry. It is a fundamental issue in biotransformations and enzyme catalysis, as well as a key step in
stereocontrolled processes in vitro and in separation technologies.1 Under this perspective, both natural and
modified cyclodextrins have been object of an enormous interest,” as witnessed by the huge amount of work
carried out during the last decades. Native cyclodextrins (Scheme 1), as cyclic oligosaccharides, are at the
same time hetero-, poly- and macro-cycle hydrophilic molecules. Their bucket shaped and fairly flexible
overall structure makes them able to form inclusion complexes with a very large number of suitably sized
and structured organic species.3 Because of the intrinsical chirality of their constituting sugar units, they are
chiral molecules, and are consequently ideal candidates for performing supramolecular chiral recognition.

Indeed, the former examples reported in literature date up to the late 50’s.* Moreover, it has been
widely shown that inclusion and discrimination abilities’ of cyclodextrins can be largely varied and tuned® by

means of their chemical derivatization, i.e. by substitution of one or more (or even all) -OH groups, on either

1



the primary or the secondary cavity rim, with suitable pendant groups. Properties, transformations and
utilizations of cyclodextrins are the subject of an immense literature. Papers on these topics appear at the
rhythm of thousands every year, and are virtually countless. Reviews are periodically published. In particular,
a volume of Comprehensive Supramolecular Chemistry (1996)" and an entire issue of Chemical Reviews in
1998 have been devoted to them. A specific review on enantiomeric recognition by cyclodextrins already
appeared in 1996 t0o.® These publications constitute a sort of milestone in cyclodextrin literature. Since

then, other minor reviews on particular topics have been published.” "

OH
o oH oS HO
o)
g O—x OH OH_0O HO o
HO OH Ho o 5 OH HO OH
HO 0
o Ho— < OH OH
HO HO
O OH HO OH 0 0
0 HO,
HO o) 0 OH HQ 5 OH
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--llllo——|

HO\&’\\E/ k :n=6

o) OH nh=7
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HO

v-Cyclodextrin (yCD)

Scheme 1

Structures of native cyclodextrins.

The present paper is aimed to collect the most significant advances appeared during the last years
(namely since late 1998 up to June 2005) in the field of chiral recognition performed by natural and modified
cyclodextrins. In particular, we will focus mainly on the “conceptual” aspects of the recognition
phenomenon, on its origin, characteristics and on investigation methodologies. Reviewing of particularly
significant advances in “applicative” fields (recognition of pharmaceuticals and natural products,
microanalysis, separation, asymmetric catalysis) will not be treated herein, but will be object of a future

publication.



2. General features and concepts on chiral recognition by cyclodextrins
2.1. General concepts

Chiral discrimination ability is primarily related to the difference between the binding constants, Ky
and Ks, towards the enantiomers of the same guest chemical species. Such a difference is the obvious
consequence of the formation of two distinct diastereomeric complexes by the intrinsically chiral host,
having different stabilities. Thus, an “enantioselectivity factor” ¢ can be easily defined, as the ratio:

a= Kr/Kg

which represents a quantitative measure of the discrimination effectiveness. Binding constants are usually
measured by means of any suitable physico-chemical technique,'® such as UV-vis spectrophotometry,
circular dichroism (CD), NMR, potentiometric titration and, of course, microcalorimetry (data up to 1998 are
collected in a review by Rekharsky and Inoue;’ subsequent available data are collected and tabulated in
appendix to the present paper). Fluorescence anisotropy”'19 has been recently proposed as a useful technique
in order to obtain thermodynamic information. Analytical techniques (HPLC,?**' GC,”*** CE*®) may also be
used for an evaluation of absolute binding constants. However for applications such as chromatography or
electrophoresis, a selectivity factor is rather defined in terms of the different retention times of the
enantiomers, which is matter-of-factly equivalent. It should also be mentioned that, from analysis viewpoint,
the enantiodiscrimination might not be regarded as a strictly “thermodynamic” fact, but operationally as the
actual possibility to detect distinct peaks on a chromatogram for the enantiomers. In a similar way, NMR
discrimination may be simply considered as the ability for the chiral host to perform an effective signal
splitting for the guest enantiomers. In this sense, evidence for enantiodiscrimination may also be obtained by

FAB mass spectrome‘[ry.26’27 Nonetheless, Near-Infrared spectrometryzg’29

and chemometric analysis of UV-
vis spectra3 %31 have been recently proposed as useful methods for the determination of enantiomeric
composition of mixtures.

Aminoacids, dipeptides, and their simple derivatives have been by far the substrates of choice in order
to perform systematic studies on the discrimination abilities of cyclodextrins towards “central” chirality (see
sections 3.1.-3.), because of their importance, easy availability, and particularly because of the possibility to
explore the effects of large variations in guest molecular properties, such as hydrophobicity, polarity, steric
hindrance, conformational freedom and charge (as a function of the pH value of the solvent medium). For the
same purpose other simple classes of molecules, such as aromatic and aliphatic alcohols, amines and acids
(section 3.4.), have been used too. Natural products (for instance camphor and related molecules, other
simple terpene derivatives or alkaloids) have also been object of interest, particularly in the analysis field.
However the structural complexity of this class of guests makes difficult to state any structure-discrimination
correlation. Anyway these guests will not be considered in the present paper. Examples of discrimination
towards axial or helical chirality have been occasionally reported (section 3.5.).

Despite any reasonable expectation, native cyclodextrins do not show outstanding discrimination
properties.s’”’33 Indeed, from data reported, calculated or measured selectivity factors rarely exceed the value
of 1.25.** Much better results have been rather obtained with either chemically modified cyclodextrins
(particularly with “non-symmetrically” substituted ones) and in more organized or sterically restricted or
constrained systems, such as in ternary complexes. For instance, selectivity is usually poor for non-rigid

32,33,35

guests experiencing sufficient conformational freedom within the host cavity. In general, it is hardly

possible to predict a priori the preference for a given stereoisomer. However it can be presumed that

3



selectivity does not change along a series of homologous chiral guests, provided that the hydrophobicity
order of the groups around the stereogenic center does not change.3 2 As it will be illustrated in detail
afterwards, discrimination properties of cyclodextrins - as well as binding ability itself - are the result of a
very fine balance between several (and often contrasting) interactions at a molecular level, so assessing any
general rule is usually difficult. The general application of well assessed ideas, such as the “lock & key” or
the “three point attachment” models,*' has been variously discussed and sometimes questioned.
Nonetheless, it has been proposed that appreciable recognition requires a sort of “structural cooperativity”,
irrespective of the overall binding strength. As a matter of fact, an enhancement in binding affinity, along a
homologous series, frequently results in a reduction of chiral discrimination (in agreement with the

reactivity-selectivity principle), owing to a “non-specificity” of the interaction forces.™

2.2. Thermodynamics of chiral recognition

Since Ky, Ks and « are only phenomenological parameters, their crude evaluation is not sufficient in
order to gain a deep understanding of the intimate mechanisms involved in the discrimination process.
Therefore, two complementary ways should be followed. The first one is the evaluation and discussion of the
complete set of macroscopic thermodynamic parameters AG°, AH°, AS°®, Acp for the inclusion processes and
of the differential enantioselectivity parameters AgsAG°, AgsAH®, AgrsAS°. The second way is an
investigation of the microscopic structural characteristic of the host-guest complexes, by means of
experimental (NMR, crystallography) or computational tools.

Thermodynamic parameters can be obtained directly from calorimetric measurements or alternatively
by application of van t’'Hoff equation to binding constants. Moreover, it is also possible to obtain directly the

21-23

differential parameters from selectivity factors measured by chromatography, electrophoresis42 or

1719 at different temperatures, by means of a suitable data processing. The selectivity

fluorescence anisotropy
factor «ris bound to Ag SAG®, Ag sAH® and Ag sAS° by the relationship:
RTIna=-ArsAG° =- AgsAH® + T Ag sAS°

As well as inclusion itself, recognition may be either enthalpically or entropically driven or both. As a
general guideline large negative enthalpy variations are usually attributed to the occurrence of strong van der
Waals or hydrogen bonding, rather than electrostatic (ionic, dipolar), host-guest interactions.*>**** Negative
entropy variations are related to severe loss of conformational freedom for both host and guest on
inclusion,* while positive entropy variations are rather attributed to desolvation phenomena, in particular
when charged species interact.’”* At this regard, Rekharsky and Inoue introduced the interesting concept of
“ordering entropy”.33

In principle, we can properly speak of chiral discrimination only if Ag sAG® is significantly larger than
its own indetermination. However, cases of scarce or no discrimination are not devoid of interest. As a
matter of fact, we can properly claim for absolute lack of selectivity, indeed, only if also Ag JAH® and Ag sAS®
values are negligible.3 ? Nevertheless, it is not uncommon to find examples of no apparent selectivity to
whom correspond significant Ag SAH® and Ag sAS° values. This implies an almost “perfect” compensation
between inclusion enthalpies and entropies on passing from one enantiomer to the other, i.e. AgsAH® =
TAgsAS°. Enthalpy-entropy linear correlations for a series of homologous processes®® (“isokinetic” or
“isoequilibrium” compensation correlations), according to the general relationship:

TAS®; = TAS®, + (T/ &) AH®;
4



are a well assessed topic in supramolecular chemistry that is very frequently discussed in the present context.
Therefore, “perfect” compensation and lack of selectivity at room temperature implies that Ag sAS°, = 0J
mol™ K™ and (T/®) = 1. Differently, we could observe at the same time both compensation and selectivity.
The occurrence of compensation accounts for a situation where, on increasing host-guest interactions along a
series of guests, at the same time both a more exothermic process (i.e. a larger enthalpic gain) and a more
severe loss of conformational freedom (i.e. a less favourable entropy variation) are involved. However, the

actual origin of the compensation effect is still matter of debate,*****’

owing to its extra-thermodynamic
nature, and because it could sometimes be an artifact of the measurement method. Its correct interpretation
has been variously questioned too, and there is yet no general agreement about some of its aspects. Thus,
particular caution is needed when its occurrence in chiral recognition is taken into account in order to

achieve any structural/microscopic information.

2.3. Molecular models...

The possible occurrence of the compensation effect, within a general overview of all available data,
suggested that any lack in selectivity may be somehow related to the ability of both the cyclodextrin and the
chiral guest to apt themselves onto each other, in order to gain the best reciprocal fit.*® This, in turn, supports
the idea of a quite flexible and ‘““adjustable” host, contrasting with the familiar picture of cyclodextrins as
rigid buckets. However, this obsolete image should be now definitively abandoned,” thus some words have
to be spent about the point. Despite any common thinking, the formal C, axial symmetry of natural
cyclodextrins is a mere pictorial artifact, based on the assumption of an essential conformational steadiness.
However, it has been largely demonstrated since the early’90s>® that cyclodextrins may experience a quite
fair conformational freedom, with consequent loss of the axial symmetry, owing to both the free rotation of
the -C(6)H,-OH units and the partially free rotation around the glycosidic bonds. This dynamic behaviour
occurs not only in the gas phase or in solution, but to some extent also in the solid phase, as recently
reviewed.*

Now, the question is whether and how we can draw up any suitable microscopic model able to account
for the interactions working at molecular level, when the recognition phenomenon occurs, and thus
correlating the structural features of the host, the chiral guest and their complex. As it will be illustrated in
the following sections, the general idea is now currently agreed that recognition may be somehow related to
the interaction of the stereogenic unit of the guest with either rim of the cyclodextrin, rather than with its
inner cavity. This idea has been supported by Rekharsky and Inoue™ and by Liu,”" and has been particularly

developed by Kano,>*?

who used it in order to explain the reverted selection of different modified
cyclodextrins towards some helical transition metal complexes (see section 3.5.). Kano’s model considers
that the two cyclodextrin rims possess a somewhat specular helicity, due to both the intrinsical chirality of
the sugar units and a suitable distortion of the cavity itself, as shown in Scheme 2. It is worth noting that the
loss of C, symmetry for the host is consequently a key point in discrimination ability. The latter statement
easily explains the observation that partly modified (and low symmetry) cyclodextrins usually show much
better selection abilities than natural or symmetrically modified ones.

Investigation on the microscopic structural features of cyclodextrin complexes may be carried out with
either experimental or computational techniques. Among the former ones, NMR'" has by far played the most

important role. ROESY experiments, in particular, allow to individuate the correct mode of penetration and
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to get a reasonable picture of the mean behaviour of the guest within the host cavity. It should be
remembered that NMR is a “slow response” technique, and therefore it allows to get time-mediated
information. NMR results have been object of a very recent review by Dodziuk,'’ so we will not discuss
them in detail herein, but we will occasionally cite some particular result in the following sections when
needed. Nevertheless, it is worth just mentioning here that modified cyclodextrins able to act as ligands
towards lanthanide ions, have been used as supramolecular shift reagents.5 436 Microscopic information have
been also occasionally obtained by UV-vis, CD>"® and, of course, by crystallography for the solid phase.
The latter technique has been used only occasionally, in particular as support in studies on the bulk-scale

enantioseparation by differential precipitation of the two different complexes.

secondary rim
| —

primary rim

Scheme 2

Kano’s model for cyclodextrin inclusion complexes (each bold or empty triangle represents a glucose unit).

2.4. ...and Molecular Modeling
Proceeding with the previous discussion, in the present section we will briefly report on the most
recent computational studies. Molecular Modeling techniques have been occasionally used in chiral

discrimination studies; three reviews by Lipkowits cover the subject up to 2000.”°'

In principle,
computation offers the fascinating perspective to provide us with an easy way to get insights into the intimate
life of host-guest complexes. However, there are also some serious difficulties to face. Indeed, systems
involving cyclodextrins are “large” for a quantum-mechanical approach, and plenty of conformational
freedom degrees makes the corresponding potential energy surfaces extremely complex.” Thus, very large
cpu time and hardware resources are needed to accomplish a reliable computation, in particular if also an
explicit solvent environment has to be taken into account. As a consequence, conformational searches and
sampling of the potential surfaces become a hard work, and searching for full geometry optimized minima
can easily afford artifact results. Moreover, these systems usually have several different conformations very
close in energy, so that searching only for a full-optimized absolute minimum energy structure could be
somewhat pointless.

In order to cope with these problems, Molecular Dynamics (MM-MD)* or Monte Carlo (MC)*
calculations have usually been the approach of choice; different force fields (MM2, MM+, MMX, AMBER,
CHARMM, CVFF, CFF91, Tripos) have been used for this purpose. It is worth noting that, as well as NMR,
these kinds of calculations provide with a time-mediated picture of the inclusion complex. However,
computations are frequently used only for qualitative comparisons with experimental findings, so several

papers report only some suitable optimized minimum energy models. Such models can be obtained starting
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from the dynamic simulation pool or from a sort of “hand made” docking sampling. Energy minimizations
and geometry optimizations are sometimes accomplished dynamically by Simulated Annealing techniques. A
recent example is provided in an investigation by Lebrilla on the structure of inclusion complexes formed by
heptakis-(2,3,6-tri-O-methyl)-B-cyclodextrin 1 (Scheme 3) with some aminoacids.® Recently Cai introduced
a particular Fast Annealing Evolutionary Algorithm (FAEA) for the same purpose;** this technique was used
for instance to study the inclusion of a group of aminoacids with o«CD. For the sake of completeness, it has
to be mentioned that in a few occasions a semi-empirical (AM1) quantum mechanics approach has been

attempted for similar systems,“'67 despite Lipkowitz advised against this.”
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The joint use of NMR and computational studies may constitute a powerful tool for structural
elucidation studies. Recent examples are reported concerning the study of the interaction between o-pinenes
2 and aCD,”®® enantiodiscrimination of mandelic acid 3, hexahydromandelic acid 4 and 1-cyclohexyl-
ethylamine S by BCD,70 enantiodiscrimination of acetylmandelic acid 6 and phenyl-succinic acid 7 in their
anionic forms with mono-(6-amino)-(6-deoxy)-CD 8,”! inclusion of carvone 9 enantiomers in BCD65 or the
inclusion of Ala-Phe and Ala-Tyr dipeptides in BCD, heptakis-(2,3-O-diacetyl)-BCD 10, heptakis-(6-O-
sulfate)-fCD 11 and heptakis-(2,3-O-diacetyl-6-O-sulfate)-fCD 12.7% A nice example of a joint use of
NMR, EPR, ESI-MS and MD calculations on the inclusion of several chiral nitroxydes and amines in

heptakis-(2,6-O-dimethyl)-BCD 13 was recently provided by Lucarini and Mezzina”® (see section 3.4.).



Beside structural elucidation problems, computational information has been used to support
investigations on analytical separations. This means to predict or rationalize the correct preference for one
stereoisomer and, in particular, the difference in energy among the inclusion complexes. In these cases it may
be particularly interesting to explore interactions acting at a molecular level. Unfortunately, the validity of
quantitative computational results has been recently questioned.®®’* One major point is the fact that usually
the two different complexes are very close in energy (a difference of 0.2 kJ mol™ is often sufficient in order
to observe chromatographic or electrophoretic peak resolution).*” The second, more important point is the
simulation time, that can hardly exceed few ns. It has been shown that a wrong choice could affect the final
result, if one is not sure that convergence has been really achieved.®® There is a recent example of
comparison between different force fields in predicting the affinity of BCD for the stereoisomers of decalin
14.”* Tt was found that reliability of results is only qualitative. Although this is only a very particular system
(it should be taken into account that no specific interaction could be ascribed to the simple aliphatic guest),
nonetheless it shows that particular caution is needed in evaluating computational results.

Mendicuti” analyzed the components of the binding energetics between a group of mentane terpenoids
(menthol 15, neo-menthol 16, i-menthol 17, neo-i-menthol 18, menthone 19, i-menthone 20 and 3-oxo0-1,8-
cineole 21) and octakis-(2-O-methyl-3-acetyl-6-O-(t-hexyl-dimethyl)silyl)-yCD 22 or octakis-(2-acetyl-3-O-
methyl-6-O-(r-hexyl-dimethyl)silyl)-yCD 23. Jung®® discussed more simply the chiral recognition of
Fenoprofen 24 in terms of total interaction energies and structural parameters. Study of potential surfaces
was exploited by Holtje’® to investigate the interaction between heptakis-(2,3-O-dimethyl)-(6-O-(z-butyl-
dimethyl)silyl)-BCD 25 and four dihydrofuranones 26-29. The methodology adopted allows simulating the
multiple contacts between host and guest, and in particular outlines the importance of hydrogen bond in both
binding and enantiorecognition. Similarly, Jung45 investigated the interaction of N-acetyl-Phe with BCD, by
means of Poisson-Boltzmann surface area approach (for discussion see section 3.1.). More trivially, AMI1
semiempirical calculations were used by Zborowsky66 to predict the correct order of elution of the
enantiomers of four thiobarbituric 30-33 acid derivatives in reversed-phase HPLC in the presence of BCD as
chiral additive. The Author used an arbitrary docking procedure to obtain only suitable minimum energy
fully optimized structures. Sohlberg® also studied the interaction of 1-methoxybicyclo[3.2.0]hepta-3,6-dien-
2-one 34 with fCD by means of AM1 calculations to predict the order of elution of the enantiomers in GC.
In this case the Author used a docking procedure to generate a set of starting structures, which were

optimized and whose energies were submitted to statistical analysis.

3. Chiral recognition on stage

In the following sections we will present the latest acquisitions on chiral discrimination properties of
cyclodextrins by the “conceptual” viewpoint. Applications or uses in analytical context are not considered
here, however we will cover also some paper dealing with analysis techniques when pertaining to the present

subject.

3.1. Recognition of aminoacids, peptides and their derivatives (1): native cyclodextrins
Affinity of native cyclodextrins towards non-derivatized aminoacids is generally poor, with most of the
binding constants reported having values below 100.>%*"" Therefore, calculated enantioselectivity ratios

seem sometimes excellent, but caution is needed in order to evaluate any report, because of high
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experimental indeterminations. Most of earlier data have been obtained by calorimetric measurements. More

recently other experimental approaches have been tried.
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Shaomin’® for instance used competitive spectrophotometric titration in order to evaluate the binding
constants between some o-aminoacids and olCD in acidic medium. Methylorange 35 (Scheme 4) was used as
molecular probe. A good chiral selection between the enantiomers of leucine (a=1.35) was found; however,
lack of any information on experimental indetermination, within a general overview of the work, makes the
finding questionable. Holzgrabe™ used potentiometric titrations to study the behavior of aCD and BCD
towards several aliphatic and aromatic aminoacids and dipeptides. His approach allows to obtain the binding
constants of both the zwitterionic and anionic forms of the guests, but suffers for the fact that determinations
are carried out in not-buffered systems at continuously varying pH values. Under these circumstances,
binding constants significantly different from other literature reports are found, and experimental
indeterminations are often high, in particular when complexes with a 2:1 stoichiometry may be formed
together with the expected 1:1 complexes. Apparently very good selectivities are found for bulky aminoacids
(aup to 7.0), which may afford also good separations in capillary electrophoresis, but data are not further
discussed. Capillary electrokinetic chromatography was used by Waldron™ to obtain the binding constants
with BCD for the stereisomers of Ala-Phe and Leu-Phe in acidic buffered media and in presence of urea as
additive; also in this case selectivities were poor (zup to 1.1).%!

Much more attention has been devoted in the last years to derivatives of aminoacids and peptides.
Rekharsaky and Inoue have examined in several occasions the thermodynamic behaviour of native (as well
as variously modified, see below) cyclodextrins towards several classes of guests, including aminoacids and
related molecules. Examination of a series of Phe deriva‘[ives,3 Zin comparison with some suitable derivatives
of Ala, Tyr, and Trp, led the Authors to the conclusion that an effective enantioselection (up to =1.35) in
favour of the S (L) isomer can be achieved when the stereogenic center is held near the secondary host rim,
irrespective of the actual binding affinity (which is in turn influenced by several different factors, such as the
hydrophobicity of the guest, its charge and the actual distance between the cavity and any occurring charged
group). It is worth noting that selection can be inverted in favour of the R (D) isomer by N-derivatization of
the guest with a highly hydrophobic group (& values up to 1.14). In this case it may be presumed that the
latter group is the one actually included into the cavity. Selectivity is entropy-driven in some cases, enthalpy-
driven in others, with no satisfactory rationale. These conclusions are partly in disagreement with the data
reported by us,* on examining a series of N-(p-nitrophenyl)-amines, including the derivatives of Ala 36 and
Pro 37 and the related alcohols alaninole 38 and prolinole 39. Indeed, the S isomer of all these derivatives is

preferred by BCD. Selection is enthalpy-driven for 37 and 39, but entropy-driven for 36 and 38, as a function
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of the number of hydrogen bonds allowed for the “ancillary chain” of the guest. In fact, these guests have to
be included in two different enthalpy-entropy compensation plots, having different @ values. It is interesting
to notice that no significant selection towards the aminoalcohols is shown by aCD, while a modest selection
is found for the aminoacid derivatives, that is inverted on passing from pH=2.5 (o up to 1.23) to pH=6.0 (&
up to 1.11). The latter finding is in agreement with some similar observations by Waldron.* For the sake of
completeness, it is worth mentioning that computational results by Jung suggest the occurrence of different
conformational population distribution induced by the host on the guest enantiomers, which may justify the
fair enantiodiscrimination of N-acetyl-Phe by native BCD.45

Rekharsky and Inoue also examined the behaviour of some derivatives bearing two aromatic rings.****
These guests can selectively insert one of their aryl groups into the relatively small aCD or BCD cavities, but
they are able to introduce both rings in the widest YCD. In this context, NMR has been an effective tool in
order to individuate the correct inclusion mode. With N-Cbz-Glu-Tyr, for instance, «CD and BCD include
preferentially the more hydrophobic carbobenzyloxy moiety. With yCD the two aromatic groups are co-
included, but they can surprisingly assume at least two different arrangements within the host cavity. Rings
co-inclusion is interesting, on the assumption that non-covalent stacking interactions could be able to induce
significant enantioselectivity, due to steric and conformational requirements. Under this perspective the
characteristics of the chain tether linking the rings can constitute very important factors. The Authors found
in general relatively modest affinities and enantioselectivities for these derivatives (up to a=1.6), which
become lower on increasing the tether length and conformational freedom, but also excellent
diastereoselectivities (up to a=7). These effects are generally entropic in origin, and depend also on the
solvation of the tether, so that interesting consideration on conformational equilibria for proteins could be
inferred. The same Authors examined also the binding properties of BCD and YCD towards N-dansyl-Phe
and N-naphtyl-Phe.*> Owing to the bulky N-derivatizing group, YCD was found to be a better ligand, and
inclusion is enthalpy-driven due to the occurrence of large van der Waals interactions. Curiously the S
isomer of N-naphtyl-Phe is preferred by BCD (a=1.72), whereas in the other three cases the R isomer is
preferred, as expected (& up to 1.6). On the basis both thermodynamic and NMR data, the finding was
explained admitting the occurrence of a peculiar “perpendicular” penetration mode into the host in the
former case. Data, in general, suggested that chiral selection increases on increasing the depth of guest
penetration.

Co-inclusion of different aromatic groups has been exploited also by Jursic™ for a curious recognition
experiment on benzo[de]isoquinoline aminoacid derivatives. On the basis of NMR and MS evidences, the
Author found that the tryptophane derivative 40 may form polymeric assemblies in the presence of YCD due
to the favourable 7-7 stacking of the electronically complementary rings of subsequent guest molecules, held
together by the YCD units. Similar assemblies are not formed by the alanine or phenylalanine derivatives, or
in the presence of aCD or BCD. As a consequence, outstanding NMR signal splitting is observed for the
racemate in the presence of YCD; partial splitting is observed also for BCD, due to the formation of the usual

1:1 complex. However, apparent thermodynamic parameters indicate CD as the best selector.

3.2. Recognition of aminoacids, peptides and their derivatives (2): modified cyclodextrins

85,86

Chemical modification of cyclodextrins can deeply change their physico-chemical properties and

affects the microscopic interactions with a given guest. Modification may be accomplished on either the

10



primary (narrow) or secondary (wide) host rim, may regard one or more or even all the hydroxyl groups on a
rim, with the introduction of neutral, anionic or cationic (stably charged or ionizable) pendant groups.

Studies on chiral recognition of aminoacids and their derivatives have rarely dealt with hosts bearing
neutral pendant groups, because their presence only affects hydrophobic interactions. Liu recently
synthesized a series of mono-(phenylseleno)-BCD 41-44 (Scheme 5), and studied their selection properties
towards some aminoacids.®” Aromatic pendant group are well known to give usually self-inclusion, as
demonstrated in this case by CD spectra. Discrimination properties of these cyclodextrins seem excellent,
with selectivity values up to 8.4 for Leu; however there is no neat preference for one enantiomer over the
other (the S isomer is preferred in 10 cases on 15). Unfortunately, evaluation of the differential
thermodynamic parameters was not performed. Inclusion complexes of Leu enantiomers were also studied
by means of NOESY NMR. Surprisingly, completely different interaction modes were found for the two
enantiomers: the S form is completely embedded within the host cavity, together with the co-included
pendant group; differently the R enantiomer partly protrudes with its zwitterionic head out of the primary
rim, whereas the pendant group is outside the cavity. Liu’s work is one of the rare examples of the use of a 2-
substituted-cyclodextrin (it is well known, indeed, that chemical modification of the primary hydroxyl

groups of a cyclodextrin is by far easier to accomplish!).
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Liu and Inoue recently synthesized a series of phosphoryl-tethered BCDs,” and used them in particular
to study their inclusion thermodynamic properties towards N-Cbz-Ala. The R enantiomer is generally
preferred, with good selectivities (up to @=2.2), probably owing to ineffective enthalpy-entropy
compensation due to the particular tether groups. Discrimination abilities of permethylated aCD 45, BCD 1
and yCD 46 towards some aminoacid 2-propyl esters (Ala, Val, #-leucine 47, Trp, Phe, phenylglycine 48,
Pro, Ser, Met) was also evaluated by Shizuma using FAB-MS techniques.27 Discrimination ratios do not
exceed the value of 1.3, but seem in fair agreement with values measured in solution. The gas-phase
behaviour of 1 and 46 towards simple aminoacids has been thoroughly investigated by means of MS
techniques also by Lebrilla.’*®® In particular, he studied the guest exchange reaction between the

protonated cyclodextrin-aminoacid complexes and suitable alkylamines. Kinetic enantioselectivities (ks/kg)
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can vary from 3.8 (exchange Ile — n-propylamine) to 0.67 (exchange Tyr — n-propylamine) in the presence of
1. Data suggest that a good dimensional host-guest fit is a crucial factor in determining a good
enantioselectivity, which seems to pass trough a maximum on increasing guest dimensions. Computational
models®® seem to suggest that different interaction modes occur for the inclusion of Val enantiomers
(resulting in a high kg/kg ratio), whereas enantiomers of Phe or Tyr (low kg/kg ratio) are forced to interact
similarly. Experimental results are also discussed under the perspective of the “three point attachment”
model,*® suggesting that the occurrence of two attractive and one repulsive interactions constitute the
optimum condition to observe high enantioselectivity. As a further development, such guest exchange
reactions have been exploited as a suitable methodology for enantiomeric excess determination,’®™ by the
use of both Fourier-transform (FTMS) and quadrupole ion trap (ITMS) mass instruments. It is worth noting
that in the latter case lower selectivity ratios are observed, owing to the peculiar operational conditions.

Most of the works dealing with modified cyclodextrins and aminoacid derivatives use charged or easily
ionizable hosts as selectors. As a matter of fact, this allows to study how the occurrence of electrostatic
interactions, along with the other usual interactions, may affect both binding abilities and chiral recognition
properties of the host - considered that also the guests may be charged, depending on the pH value of the
aqueous medium. Lincoln, for instance, studied the interaction of Trp and Phe with mono-(6-(2-
amino)ethylamino)-(6-deoxy)-BCD 49 and mono-(6-bis-(carboxymethyl)-amino)-(6-deoxy)-BCD 50 by
means of pH titration and ROESY NMR;¥ unfortunately poor or no discrimination was found. Kano has
investigated both cationic and anionic cyclodextrins.’”* By means of NMR titration, he found that heptakis-
(6-amino)-(6-deoxy)-BCD 51 at pH=6.0 (the host is supposed to be in the hepta-cationic form) shows high
binding affinities towards acetyl derivatives of Trp, Val, Phe and Leu, with good discrimination for the
former two derivatives (aup to 1.6). The S isomer is always preferred. NMR spectra suggest that the anionic
head group of the included guests protrudes out of the primary host rim. Computational studies also indicate
that the host is distorted in such a way to minimize the interactions among the charged groups, making the
primary rim as the wider one. Interestingly, inclusion in these cases is almost exclusively entropy-driven.
Mono-(6-amino)-(6-deoxy)-BCD 8 at pH=6.0 shows worse binding and selection abilities. On the other
hand, anionic heptakis-(6-carboxymethyltio-6-deoxy)-BCD”° 52 showed only fair binding abilities towards a
series of cationic aminoacid and dipeptide methyl esters (it is noteworthy that binding constants depend also
on the buffer concentration). Significant enantioselectivities are found in particular for tryptophane
derivatives (a values up to 1.8), and this time R enantiomers are always found to be preferred.

The behaviour of aminated cyclodextrins has been thoroughly examined also by Rekharsky and
Inoue.*> 439192 Mono-(6-amino)-(6-deoxy)-BCD 8 at pH=6.9, for instance, was compared with BCD.”’91 The
cationic host shows fair selectivities (slightly better with respect to BCD) towards some aminoacid
derivatives, in favour of the S isomer for N-acetyl derivatives of Phe, Tyr and Trp (all monoanions) and for
Gly-Phe (zwitterion), in favour of the R isomer for N-"Boc-Ala, N-Cbz-Ala and N-Cbz-Asp (monoanions)
and N-Cbz-Ala-methyl ester (neutral); ¢ values range up to 1.7 in the former case, up to 1.17 in the latter
one. Binding enthalpies and entropies are less negative (or more positive) than those found for BCD.
Considering that electrostatic interactions should make binding enthalpies and entropies more negative,
experimental findings have been interpreted assuming that desolvation of the charged interacting groups of
both host and guest should be the actual inclusion driving force. Enantioselectivity seems in most cases

slightly enthalpy-driven. Better discrimination performances of 8 with respect to PCD have been also

12



interpreted in terms of the lesser symmetry of the substituted host. Therefore the even less symmetrical AB-,
AC- and AD—bis—(6—t1rimethylamm0nium)—(6—deoxy)—BCDsgl’43 53-55 were tested by the same Authors
towards N-Cbz-Glu and N-Cbz-Asp, N-acetyl-Tyr and N-Cbz-Glu-Tyr. NMR ROESY spectra showed that
the presence of the charged groups is able to revert the penetration mode of N-Cbz-Glu and N-Cbz-Asp with
respect to BCD, in such a way to achieve the best electrostatic interaction between the charged groups of
both host and guest. Dicationic hosts show fair selectivity for the S isomer of N-Cbz-Glu and N-acetyl-Tyr (¢
up to 1.4), and a good diastereoselectivity for the R,S isomer of N-Cbz-Glu-Tyr over the S,S isomer, but
nearly no selectivity with N-Cbz-Asp. Different selectivities are tentatively discussed in terms of the
plausible structural features of the inclusion complexes. A detailed discussion of the NMR spectra of 53 with
the enantiomers of N-Cbz-Glu has also been reported by Yamamura.” The same Author 1rep0rted94
appreciable selection properties for mono-(6-trimethylammonium)-(6-deoxy)-BCD cation towards N-acetyl-
Phe enantiomers (a=1.24). Binding constants were measured by capillary zone electrophoresis (CZE);
noticeably, constants were obtained applying a suitable data normalization processing, in order to correct
errors due to variations of medium viscosity. Finally, Scriba reported a curious peak inversion in CE
separations, on varying the pH value of the medium, for a series of dipeptides and tripeptides in the presence
of several BCD derivatives as selectors.””® This observation could be ascribed in some cases to different
variations of the apparent binding constants for the enantiomers of the same species (leading to a reversal of
their order) on changing the pH, but it is also due indeed to different variations of the mobility of the
different complexes. Moreover, NMR studies suggested the occurrence of different host-guest interaction
modes, depending on the substitution pattern on the secondary host rim.”®

As a concluding remark, an interesting work by Holzgrabe on NMR and Molecular Modeling for

cyclodextrin-dipeptide inclusion complexes have been already mentioned in section 247

3.3. Recognition of aminoacids, peptides and their derivatives (3): higher order systems

The examples reported above easily suggest that introduction of specific structural constraints or steric
requirements may result in remarkable stereoselectivity. Such constraints/requirements have been achieved
in more organized species, such as non-1:1 stoichiometry complexes or, better, in ternary or higher order
complexes. More common examples involve complexes containing either metal cations or highly
hydrophobic and rigid organic molecules as ternary agent.

Cyclodextrins bearing pendant groups able to act as ligands towards metal ions have been used in

1% and by Rizzarelli'®' since the ‘90s. The fundamental idea is that the

chiral recognition studies by Lincoln
constraints due to the formation of a complex species, in which the metal centre links at the same time the
pendant group and the aminoacid head, may induce an effective selection. In particular, Lincoln examined
selection properties of Co™, Ni'", Cu™ and Zn"™" complexes of mono-(6-(2-amino)-ethylamino)-(6-deoxy)-
BCD 49 towards Trp by potentiometric titration.'®* Observed discrimination was good for the Cu™ complex
(a=2.18) and fair for the Co™ complex, while scarce or no discrimination was found with Ni** or Zn™"
complexes. By contrast, complexes of mono-(6-(3-amino)-propylamino)-(6-deoxy)-BCD 56 (Scheme 6) with
Co™, Ni"" and Cu™ all showed good discrimination (¢ values up to 10). Selectivity of mono-(6-(2-hydroxy)-
ethylamino)-(6-deoxy)-BCD 57 complexes with the same metal cations towards Phe, Trp and His was
investigated by Russell.'” Excellent selectivities were found in the presence of Ni'", and quite good

selectivities are shown also by Co™ and Cu™, but not by Zn™". As a tentative explanation, differences could

13



be attributed to geometric constraints arising from ligand field effects. It is worth noting that both the
previous Authors found no correlation between enantioselections and absolute stability constants. Rizzarelli
used  mono-(6-(4-(2-aminoethyl)-imidazolyl))-(6-deoxy)-BCD 58 and  mono-(6-(2-(4-imidazolyl)-
aminoethyl))-(6-deoxy)-BCD 59 Cu™" complexes to discriminate the enantiomers of Ala and Trp.104 By
potentiometric titration, no chiral recognition was found for Ala. Host 58 showed good selection towards the
S isomer of Trp, while a fair selection towards the R isomer was found for 59. On the basis of ESR, UV-vis
and CD evidences, these findings have been tentatively explained admitting a preference for a cis
arrangement of the amino-groups belonging the aminoacid and the cyclodextrin; such an arrangement
favours the inclusion of the side chain of the aminoacids into the host cavity for the R isomer in the former
case, for the S isomer in the latter one. Mono-(3-amino)-(3-deoxy)-A(2S,3R)-BCD 60 was synthesized and
used for electrophoresis enantiodiscrimination of aminoacids by Cucinotta.'” Stability constants for the
ternary complexes formed in the presence of Cu™" ions with Phe and Ala were obtained by potentiometric

measurements, indicating excellent selection properties towards the former aminoacid (& up to 8.9).
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64 68 é
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Scheme 6

Fluorescent B-cyclodextrins 61-68 bearing suitable ligand pendant groups able to bind Cu™ ions,
specifically designed for aminoacid detection, were recently synthesized and studied by Marchelli.'%"% The
pendant groups were constituted by an aminoacid residue (R or S phenylglycine and Phe, S Pro, S
cyclohexylglycine) linked to a dansyl fluorophoric group.

Rt N O o cyclodextrinHy | g+ - cyclodextrin.Cu Lo
e (fluorescent) (non fluorescent)
Cuy .,,
/ w‘N IIR

o) N \H,
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+ Aminoacid + H* -—
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cyclodextrin.Cu.Aminoacid.H* + Aminoacid + H* .. cyclodextrin.Ha

+ Cu(aminoacid
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Scheme 7 Scheme 8
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Chiral selection was detected as different variation in fluorescence response consequent to binding.
Data relevant to a series of analytes indicate that cyclodextrins derivatized with an S aminoacid show good
selection properties; moreover, N-alkylation or o,0-disubstitution of the analyte molecule are factors
enhancing chiral discrimination. A likely structure for the ternary complex is illustrated in Scheme 7.
Nevertheless, further investigations'®’ clarified that a multi-step equilibrium mechanism is involved in the
enantioselective fluorescence “switching on” process (Scheme 8).

Yang and Bohne'” had observed that the 2:1 inclusion complex between PCD and pyrene can be
stabilized by the co-inclusion of a further organic molecule (“ternary agent”), able to be placed in the
residual cavity let free by the pyrene. Starting from this finding, we investigated by spectrofluorimetric
titration the interaction of some binary complexes, formed by BCD or heptakis-(6-amino)-(6-deoxy)-BCD 51
(at pH 8.0 and 9.0) and various fluorophoric guests (namely pyrene 69, xantone 70, anthraquinone 71,
Scheme 9), with several model aminoacids (Leu, Ile, Phe, Met, Pro, Val, His) and their methyl esters as
ternary agents, in order to study chiral recognition abilities of these systems.''”'"! The chosen fluorophores
may form with BCD and 51 either 1:1 or 1:2 binary complexes as a function of their symmetry and
hydrophobicity; in the same way, ternary complexes may present either a 1:2:1 or a 1:2:2 stoichiometry. In
general, good to excellent enantioselectivities are found in favour of either isomer (& values up to 7.4; it is
worth noting that the dicationic 51 at pH 8.0 shows a neat preference for S isomers, and in general a stronger
stabilizing effect by the ternary agent). Both stability and selectivity of the complexes depend on a fine
balance between several factors (charge, polar, hydrophobic and solvation effects), which are complicated to
discuss in detail. However, data seem to suggest that the hydrophobic character of the ternary agent may be
the prevailing factor in controlling the interactions with neutral hosts, while electrostatic interactions

predominate with the cationic host.

T~ O
() U0

0}

69 70 71

Scheme 9

3.4. Recognition of simple alcohols, amines and acids

The study of the binding behaviour of cyclodextrins toward suitable classes of homogeneous simple
derivatives (alcohols, acids, amines and so on) constitutes the natural complement to the studies on
aminoacid derivatives illustrated in the previous sections. In fact, Rekharsky and Inoue have examined and
compared at the same time aminoacids derivatives and other classes of compounds (including some

monoterpene derivatives) in their investigations;3 233

so, part of their work has been already described
previously. Anyway, generally poor discrimination abilities by native BCD are confirmed by these Authors
for non-aminoacid guests t00.** Indeed, among 32 enantiomeric pairs 3-5,72-100 (terpene derivatives
included, Scheme 10), no significant discrimination within experimental indeterminations is found in 21
cases; moreover, in 12 of these cases nor the selectivity thermodynamic parameters Ag SAH® and Ag sAS° are
significantly non-zero, whereas in the other 9 ones nearly complete enthalpy-entropy compensation

apparently takes place. About the remaining cases, which show actual discrimination, good « values are
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found indeed only for di-benzoyl-tartaric acid dianion (a=1.6), camphoric acid dianion (=1.26) and «-
trifluoromethyl-a-methoxy-phenylacetic acid anion (a=1.25), all other ¢ values being smaller than 1.2. By
comparison of all the results obtained, some general conclusions may be drawn. Native BCD seems to show
a general preference for the R isomer of chiral compounds joining on the stereogenic center a hydroxyl
group, a hydrogen atom, a charged (carboxylate) group, and a hydrophobic group for inclusion; this
preference may be switched if the hydrophobicity order of the group is reverted (for instance by
esterification). Enantioselectivity seems disfavoured on increasing the flexibility of the host and, in general,
on increasing the overall binding affinity. The presence on the guest structure of a hydroxyl group alone on
the alkyl framework does not seem able to influence effectively the occurrence of chiral recognition.
Replacement of a hydroxyl group with a positively charged ammonium group on the host structure,
generally is found to improve chiral discrimination abilities, with only few exceptions (revert of
enantioselection is seldom observed). For this host overall binding abilities may be either improved (anionic
guests) or diminished (neutral or cationic guests) with respect to native BCD, and usually less negative
inclusion enthalpies and entropies are observed. Enhancement of enantioselectivity may be ascribed in

several cases to entropic factors (“ordering entropy”).
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These findings may be partly explained in terms of less effective van der Waals interactions (because
of the worst fit of the guest into the host cavity) and concomitant more favourable desolvation entropy, both
due to the occurrence of the interactions between oppositely charged groups. However both binding affinities
and chiral selectivities are so variously influenced by different structural factors, that an exaustive discussion
of all effects involved is rather complicated (interested readers are adviced to refer to the original papers).

An interesting attempt to improve enantioselectivity for native cyclodextrins is due to Koide.'"?
Starting from the observation that chiral crown ethers show good enantiodiscrimination abilities towards
primary amines, by means of capillary electrophoresis the Author studied the complexation equilibria
between the achiral 18-crown-6 ether, native BCD and the three chiral amines 1-aminoindane 90, 1-(1-
naphtyl)-ethylamine 101 and 1,2,3,4-tetrahydro-naphtylamine 102, (Scheme 11). Unlike bare amines, the

crown ether-amine complexes are effectively discriminated by BCD (with & values up to 1.5), as confirmed
also by NMR measurements.

7
HZNYF\’\RZ
OH
NH, NH, Ry
Ry Ry Ry Ry
OO 103 Ph OH 114 iPr OH
104 PhCH, OH 115 Bu OH
101 102 105 Ph(CHy)» OH 116  Cyclopropyl OH
106 2-Naphtyl OH 117 Cyclopentyl-CH, OH
107 0-Cl-Ph  OH 118 Cyclohexyl-CH, OH
108 m-Cl-Ph  OH 119 Ph H
109 p-Cl-Ph  OH 120 PhCH, H
110 1,3-Cl,-Ph  OH 121 PhCH,CH,  H
111 pNH,-Ph  OH 122 Ph CHs
112  p-HO-Ph  OH 123 Ph CoHs
113  p-CHg-Ph  OH 124 ‘Bu H

Scheme 11

Kafarsky used *'P NMR to detect, just qualitatively, the dicrimination properties of native oCD and
BCD towards a series aminophosphonic and aminophosphinic acids 103-124.'" Neat splitting of the p
NMR signal for most of the probe compounds can be observed in the presence of aCD (up to Ad=0.63 ppm
at a fixed 100 mM host concentration), whereas BCD is effective only in few cases. Better splitting is
observed at lower pH values. The presence of strongly polar groups on the guest structure decreases its
binding affinity and enantiodiscrimination. 'H NMR for qualitative detection of enantioselectivity was
exploited by Salvadori.''*'"> Variously benzoylated and benzylated a- and B-ciclodextrins 125-130 (Scheme
12) were found able to effectively perform signal splitting for a series of 3,5-dinitrophenyl derivatives 131-
137.""* Such results suggest that these hosts can be interesting candidates as chiral solvating agents for NMR
in non-polar solvents, provided that the guest to resolve could be derivatized with a 3,5-dinitrophenyl group.
The same Author examined the behaviour of a series of (3,5-dimethyl)phenyl-carbamoylated cyclodextrins
138-144 towards very different aromatic (and some aliphatic) derivatives t00.'"> ROESY data exclude that
the aryl-carbamoyl groups on the secondary rim penetrate into the cyclodextrin cavity, thus they constitute a

sort of extention of the host cone. Interestingly, host-guest interaction does not seem to involve directly the
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very cyclodextrin cavity, but rather such an extended aryl cone; nonetheless, derivatization of the primary

rim hydroxyl groups has a favourable effect on overall chiral discrimination abilities.
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Scheme 12

Intriguing recent investigations involved the combined use of different experimental approachs. For
instance, Lucarini and Mezzina used joint EPR, NMR, ESI-MS and Molecular Dynamics techniques in order
to study the enantiorecognition properties of heptakis-(2,6-di-O-methyl)-BCD 145 towards a series of chiral
N-benzyl-nitroxyde radicals 146-153 (Scheme 13) and their precursor amines.” Data indicate the occurrence
of different behaviours depending on whether a further aryl group is linked to the stereogenic C atom or not.
As a matter of fact, in the latter case the N-benzyl moiety is the one actually included into the host cavity,
resulting in poor enantiodiscrimination; differently, in the former case penetration direction of the guest is
reversed, resulting in direct interaction of the stereogenic center with the host and appreciable discrimination.
Enantiodiscrimination ratios ¢range up to 1.31 (from binding constants measured by NMR).

NMR and HPLC techniques were used by Marsaioli''® to study the interaction between three
cyclohexanone derivatives 154-156 with aCD, BCD, YCD and their permethyl-derivatives 1, 45 and 46.
Apparent binding constants and complexed populations, together with Be complexation and induced shifts
diffusion coefficients measurements by pulsed field gradient spin-echo, are used in order to predict whether
and to what extent it is possible to detect peak separation in HPLC experiments. The occurrence of both high
complexed populations and *C complexation induced shifts is judged as an effective prediction criterion.
However, the main drawback of the methodology used consist in the striking differences among the
equilibrium constant values for the same system estimated in different ways. A joint capillary zone
electrophoresis (CZE), 'H NMR and MM-MD approach has been exploited also by Kano,”' to study the
interaction of some phenylacetic acid anion related guests 3, 86-87, 157-159 with BCD, permethyl-BCD 1,
mono-(6-amino)-(6-deoxy)-BCD 8 and A,D-di-(6-amino)-(6-deoxy)-BCD 160 (the latter hosts in their
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cationic forms). This time, CZE trials were used to find out the best cases of enantioselection for undergoing
further investigation. Good results were indeed obtained only with monoamino-BCD (CZE « values up to
1.20) and for the separation of 2-phenylsuccinic acid dianion with 160 (CZE a=1.65).

R4 Rz R4 Rz
146 Me CH,OH 150 3-Indolyl-CH, CH,OH
147  Et CH,OH 151 Ph CHj
148  Bu CH,OH 152 Et CH,OMe
149  Ph CH,OH 153 Ph CH,OMe

154 :R=H 155
156 : R =Ac
COOH R, R,

157 H  OAc
158 H CH,COOH
159 Bu  Me

Ry
161 : R = -NH(CH»)4NH,

Ri 162 : R = -NH(CHz)gNH;

Scheme 13

The behaviour of some 6-(w-amino-alkylamino)-(6-deoxy)-BCDs 49, 56, 161-162 towards some
carboxylic acids, including the enantiomers of 2-phenyl-propionic acid 85, was examined by Lincoln using

pH potentiometric titration.""”

In principle, for these systems four different complexes might be detected
(namely dicationic host — neutral guest, dicationic host — anionic guest, monocationic host — anionic guest,
neutral host — anionic guest), whose relative stabilities may be tentatively rationalized in terms of different
solvation and hydrophobic character of both host and guest. However, for the complexation of the aforesaid
chiral guest no systematic rationale for the observed enantioselectivities could be found, with & values
randomly varying up to 2.46, and no neat preference for any configuration.

A concluding paragraph is deserved to thermodynamics investigations by the use of chromatographic
tecniques. Indeed, as stationary phases or additives for stationary phases, polyalkylated/acylated
cyclodextrins have been probably the most popular chiral selectors for GC. We already mentioned that in
general it is possible to derive enantioselectivity differential thermodynamic parameters from
chromatographic selectivity data at different temperatures. As we will discuss more in detail later, when GC
is concerned two different methodologies should be used,”** depending on the fact that the chiral selector is
used either as pure stationary phase or diluted in a suitable support phase. In the second case suitable
“retention increments” for the selectand enantiomers are measured with respect to an inert (achiral) reference
standard substance. The latter method is probably the most used. As a matter of fact, although the
introduction of a small systematic error in obtained data must be taken into account, overall results are
considered more reliable, as shown by Schurig23 in a comparative work relevant to the enantioseparation of
methyl lactate enantiomers on two LIPODEX E (octakis-(3-O-butanoyl-2,6-O-pentyl)-yCD) 163 columns

(Scheme 14). A comparison among the results obtained by means of the two different methods was carried
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out also by Bicchi,''® examining the selection performances of octakis-(2-O-methyl-3-O-acetyl-6-O-(t-
hexyldimethyl)silyl)-yCD 22 and octakis-(2-O-acetyl-3-O-methyl-6-O-(t-hexyldimethyl)sily)-yCD 23
towards a series of chiral y-lactones 164-169 (toghether with some menthane-type monoterpenes 15-21).
Thermodynamic data indicate the former cyclodextrin as the most effective in performing enantioseparation,

due to a sort of cooperativity between the substituent groups on the secondary host rim.
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Scheme 14

Sitangkoon119 carried out a systematic thermodynamic study on the GC enantioseparation of a series of
aromatic alcohols 81, 170-187 using a heptakis-(2,3-di-O-methyl-6-O-(¢-butyl-dimethyl)silyl)-fCD 188
coated capillary column. The presence of hydrophobic substituents on the aromatic ring seems to favour
chiral discrimination, enhancing AgsAH° values observed, whereas the presence of a long, bulky or
electronwithdrawing chain on the stereogenic centre has the opposite effect. Unfortunately, only graphical
presentation of experimental data can be found in the paper. The interaction between LIPODEX-D (heptakis-
(2,6-di-O-pentyl-3-O-acetyl)-BCD) 189 and a series of linear chain alkyl nitrates has been thoroughly
investigated by Ballschmiter.'® In particular, data suggest that the presence of an ethyl group on the
asymmetric carbon atom gives a strong contribution to Ag sSAH® values, which tend to decrease (at least for 3-
substituted derivatives) on increasing the chain length. Enantioselection appears to be essentially entropy-
driven. Finally, Lin'2""122 recently studied the CZE enantiodiscrimination of hydrobenzoin 190, benzoin 191
and benzoin methyl ether 192 using a dual cyclodextrin system - sulfated BCD 11 together with either BCD

123 _ as selector additive and in the presence of

or commercial hydroxypropyl-BCD (mixture of iosomers)
borate buffer. Reversal of enantiomer migration for hydrobenzoin could be observed on varying the

experimental conditions; apparent binding constants are reported.
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3.5. Recognition of axial and helical chiral molecules

Few but intriguing examples are reported in recent literature about the ability of cyclodextrins to
recognize non-central chirality. Kano studied,”® by means of capillary zone electrophoresis and NMR, the
behaviour of permethyl-oCD 45, BCD, hexakis-6-(carbomethoxymethylthio)-6-(deoxy)-oCD 193 (Scheme
15) hexaanion, mono-6-(carbomethoxymethylthio)-6-(deoxy)-BCD 194 monoanion, heptakis-6-
(carbomethoxy-methylthio)-6-(deoxy)-BCD 52 heptaanion and octakis-6-(carbomethoxy-methylthio)-6-
(deoxy)-YCD 195 octaanion towards the helical complexes Ru(phen);™, Ru(phen);"™, Fe(phen);™" and
Ru(bpy);"* 196-199.

196 : M = Ru**
194 197 : M = Ru*** 199

198 : M= Fe*™**

O, R R OO (@] Cl Cl
1 2
‘ O Re 204 H OH R O ) cl
205 H  OFt N |
NHRi 206 Boc OH OO NHR, N o
207 Boc OFt c
208 209
Scheme 15

In particular, the complete set of thermodynamic parameters for Ru(phen); "™ and Ru(phen); ™™ with 52
and 195 and for Ru(phen);"" and Ru(bpy);"" with 45 are reported. It is worth noting that the interaction with
the anionic hosts present remarkably positive inclusion entropies, and that significant Ac, values are found
for the complex of the YCD derivatives. Thorough examination of the entire set of data showed that
interaction of the metal complexes with the narrow aCD involves the secondary rim of the host, whereas for
monoanionic BCD derivative interaction involves the derivatized primary rim, with consequent inversion of
selection on passing from the former host to the latter one. This led to the structural hypothesis, already
mentioned in section 2.3., claiming for a sort of specular helicity of the two host rims, which could be
exalted by a suitable twisting of the host itself. The same Author reported also'**'® that BCD and YCD are
able to bind and effectively recognize the helicity of 1,12-dimethylbenzo[c]phenantrene-5,8-dicarboxylate
200 dianion in aqueous solution (& values are 8.5 and 4.5 respectively), probably due to hydrogen bonding

assistance. As a matter of fact, binding constants are strongly reduced and selectivity is lost on passing to
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DMSO solution. The P isomer presents less favourable binding constants and enthalpies than the M isomer,
but NMR evidence shows the former one penetrates more deeply into the cavity. Therefore it may be
concluded that penetration is an enthalpy-demanding process owing to the desolvation of the anionic
carboxylate groups.

McCarroll" exploited fluorescence anisotropy in order to obtain the differential thermodynamic
parameters for the interaction of the atropisomers of [1,1’-binaphtalene]-2,2’-diol 201, binaphtyl-2,2’-dihyl-
hydrogenophosphate 202 and [1,1’-binaphtalene]-2,2’-diamine 203 with CD. Recognition in these cases is
found to be entropy driven. The finding has been interpreted assuming that only one naphtyl moiety is
actually inserted in the host cavity, which could result in significant interaction between the other naphtyl
group and the host rim surface, with consequent disruption of the solvent shell environment. Zerbinati'**'*’
investigated the possibility to separate the enantiomers of the same substrate in capillary electrophoresis in
the presence of several hosts (aCD, BCD, YCD, methyl-BCD (s.d. 1.8), hydroxypropyl-BCD (s.d. 0.4),
ethylcarbonate-BCD (s.d. 1), ethylcarbonate-yCD (s.d. 0.4), dimethylamino-ethylcarbonate-BCD (s.d. 1.2),
mercaptosuccinic-BCD (s.d. 3), maleic-BCD (s.d. 3), heptakis-(6-amino)-(6-deoxy)-BCD) working out to
find the best separation conditions. Warner studied the separation of the same substrates by micellar
electrokinetic chromatography.128 Similarly, Péter investigated the HPLC separation of the dinaphthyl

derivatives 204-208 by means of four different B-cyclodextrin-bondend stationary phases.'*

132,133

Finally, it is worth just mentioning that GCPB or electrophoresis separation of the

atropisomers of several polychlorinated biphenyl pollutants has been recently reported, by the use of chiral
stationary phases or media containing several cyclodextrin derivatives. In a similar way, GC separation of the
atropisomers of 2,3,3’,4’,5,5’-hexachloro-1’-methyl-1,2’-bipyrrole 209 has helped to confirm the correct

structural determination of the compound.134
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Appendix: Most recent thermodynamic data pertaining chiral discrimination by cyclodextrins
(Cyclodextrin structures have been re-numbered according to the following Scheme, in order to

achieve a clearer and more recognizable data tabulation.)

i) a-Cyclodextrins

200 CH3 CH3 CH3

ii) Native and mono-functionalized B-cyclodextrins

R R
9 OCgH
1 H 38 —R-OCeHs
P o P "0C4Hs
—B-0CH o)
2B ROH 215 . _p-OCHs
B N(CoHs)e

iii) Mono-(6-deoxy)-functionalized B-cyclodextrins

R R R
5B -NH2 QB 'NH(CH2)4NH2 13[3 CSH5Se—
) 108 -NH(CHa)gNHa
68 ‘N(CHg)3 G0 148 p-Me-CgHsSe-
11B -N
78 -NH(CHa)aNH, \—COOH 158 p-MeO-CgHsSe-
88  -NH(CHa)gNH, 128 meHz

iv) Mono-(2-deoxy)- or —(3-deoxy)-functionalized B-cyclodextrins

R

16[5 CgHsSe-

18B
17[5 ,D-CHSO-CGH4SG-
m R m R
198 2 -NH» 21p 1 -N(CHg)s"
208 0 -N(CHs)s* 228 2 -N(CHg)3*
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vi) Per-functionalized B-cyclodextrins

28p

298

H

Hydroxypropyl-BCD (average s.d. 3.5)

-COC3H; (Lipodex E)

Ry Ry R3
238 -OSOsH -OSOzH  -OSOszH
248 -NH» H H
258 -SCH,COOH H H
268  -OCHs -CHj H
278 -OCHs -CHs -CHs
vii) Other B-cyclodextrin derivatives
HQ ORHQ OH HQ OH
Mol lile N i Mol th
o o~ | ':
L wo HN o c HN fo o
""""""""" ksl P e I e NP P
2
308 31p
Ry Ry Rs
1y H H
2y -SCH,COOH  -CHg -CHs
3y  -OCsHy1 -CsHy4
Host (charge) Guest (charge) Log K AH° (k] mol™)
la N-Ac~(R)-Tyr (-1) 095 + 0.10 16 = 3
la N-Ac~(S)-Tyr (-1) 085 + 0.12 24 £ 3
la N-Cbz-(R)-Glu (-2) 1.18 + 0.06 19 = 2
la N-Cbz-(S)-Glu (-2) 1.15 + 0.06 21 £ 2
la N-Cbz-(R)-Glu-(S)-Tyr (-2) 123 + 0.05 19 = 2
la N-Cbz-(S)-Glu~(S)-Tyr (2) 124 + 0.04 184 = 15
la (R)-Leu 1.13 61.29
la (S)-Leu 1.27 -62.03
la (S)-Met 1.26 -12.61
la (RS)-Met 1.26 26.59
la (R)-N-(p-Nitrophenyl)-Ala 2.86 + 0.03 -328 £ 0.7
1o (R)-N-(p-Nitrophenyl)-Ala
(-1) 3.05 + 0.02 -354 £ 04
1o (S)-N-(p-Nitrophenyl)-Ala 295 + 0.02 -339 £ 0.6
1o (S)-N-(p-Nitrophenyl)-Ala
(-1) 3.00 £ 0.01 -348 £ 0.5
1o (R)-2-(p-Nitrophenyl)-
amino-propanol 3.09 £ 0.01 36 £ 04
1o (S)-2-(p-nitrophenyl)-
amino-propanol 3.10 £ 0.02 -36.1 £ 04
la (R)-N-(p-Nitrophenyl)-
pirrolidin-3-ol 3.11 £ 0.01 -36.5 £ 04
1o (S)-N-(p-Nitrophenyl)-
pirrolidin-3-ol 313 + 0.03 -369 £ 04
la (R)-N-(p-Nitrophenyl)-
prolinol 325 £ 0.01 -385 £ 0.6
1o (S)-N-(p-Nitrophenyl)-
prolinol 325 + 0.01 -384 £ 0.6
la (R)-N-(p-Nitrophenyl)-Pro 297 £ 0.01 -343 £ 0.6

27

TAS® (kJ mol™)
11 0+ 3
219 £ 3
12 0+ 2
15 0+ 2
12 0+ 2
113 + 15
-55.20
-54.73
-5.94
-20.01
-165 = 07
-186 = 04
-17.0 = 0.6
-17.6 + 05
-184 + 05
4185 + 05
-187 = 04
4190 = 04
2199 + 0.6
4199 + 0.6
‘174 = 06

notes

pH 6.9
pH 6.9
pH 6.9
pH 6.9
pH 6.9
pH 6.9

pH 6.0

pH 6.0
pH 6.0

pH 6.0
pH 6.0
pH 6.0
pH 6.0
pH 6.0
pH 6.0

pH 6.0
pH 6.0

method

cal.
cal.
cal.
cal.
cal.
cal.
uv
uv
uv
uv
uv

uv
uv

uv

uv

uv

uv

uv

uv

uv
uv

: Carboxymethyl-BCD (average s.d. 3.5)
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1o
1o

200
200
200

200

1B
1
1
1

1B

1B
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Host (charge)

1
1
1
1
1
18
1B
18
18

1B
1B
1B

1B
1B
1B
1B
1B
1B
1B

1B
1B
1B

1B
1B

(R)-N-(p-Nitrophenyl)-Pro
-1
(S)-N-(p-Nitrophenyl)-Pro
(S)-N-(p-Nitrophenyl)-Pro
-1

(S)-Trp

(RS)-Trp

A-Tris-(2,2'-dipyridyl)Ru
(24
A-Tris-(2,2'-dipyridyl)Ru
(24

A-Tris-(1,10-
Phenantroline)Ru (2+)
A-Tris-(1,10-
Phenantroline)Ru (2+)

(R)-3-Acetoxy-2,2-
dimethyl-cyclohexan-1-one
(S)-3-Acetoxy-2,2-
dimethyl-cyclohexan-1-one
(R)-Acetylmandelic acid
-1

(S)-Acetylmandelic acid
QY]

N-Ac-(R)-Phe (-1)

N-Ac-(S)-Phe (-1)
N-Ac-(R)-Trp (-1)
N-Ac-(S)-Trp (-1)
N-Ac-(R)-Tyr (-1)
N-Ac-(S)-Tyr (-1)
(S)-Ala-(S)-Phe
(S)-Ala-(S)-Phe (+1)
(R)-Ala-(R)-Phe
(R)-Ala-(R)-Phe (+1)
Guest (charge)

(S)-Ala-(R)-Phe
(S)-Ala-(R)-Phe (+1)
(R)-Ala-(S)-Phe
(R)-Ala-(S)-Phe (+1)
(R)-Ala-(R)-Tyr
(R)-Ala-(S)-Tyr
(S)-Ala-(S)-Tyr
(S)-Ala-(R)-Tyr
(IR,2S)-2-Amino-1,2-
diphenylethanol (+1)
(1S,2R)-2-Amino-1,2-
diphenylethanol (+1)
(R)-1-Aminoindan.18-
crown-6
(S)-1-Aminoindan.18-
crown-6
(R)-Asp-(R)-Phe-OMe
(R)-Asp-(R)-Phe-OMe
(S)-Asp-(S)-Phe-OMe
(S)-Asp-(S)-Phe-OMe
(R)-Benzyl-glycidyl ether
(S)-Benzyl-glycidyl ether
2,3-0-Benzylidene-(R)-
threitol
2,3-0O-Benzylidene-(S)-
threitol
(2R,3R)-3-Benzyloxy-
1,2,4-butanetriol
(28,3S)-3-Benzyloxy-
1,2,4-butanetriol
O-Benzyl-(R)-Ser
O-Benzyl-(S)-Ser

3.09
3.02

3.07
1.60
1.64

1.77

1.89

1.73

2.03

2.89

3.00

1.36

1.78

1.83
1.10
1.23
2.10
2.11
0.60
1.62
0.30
1.64

Log K

1.36
1.78
1.61
1.82
2.24
2.04
2.10
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1.74

2.43
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1.58
1.46
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+ W W
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+
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+
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AH® (kJ mol™)
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+

+
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TAS® (kJ mol ™)
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+
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+

+
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D,0, pD 7.0
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DO
DO
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pD 6.0
pH 6.9

pH 6.9
pH 6.9
pH 6.9
pH 6.9
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urea 2 M
urea 2 M
urea 2 M
urea 2 M
notes

urea 2 M
urea 2 M
urea 2 M
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pH2.5
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uv
uv
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NMR

NMR

NMR

NMR

NMR

NMR

NMR

NMR

cal.

cal.
cal.
cal.
cal.
cal.
CE
CE
CE
CE
method

CE
CE
CE
CE
CE
CE
CE
CE

cal.

cal.

CE

CE
CE
CE
CE
CE
cal.
cal.

cal.

cal.

cal.

cal.
cal.
cal.

44
44

44
78
78

52

52

52

52

116

116

71

71

32

32
32
32
32
32
80
80
80
80
ref.

80
80
80
80
97
97
97
97

32

32

112

112
97
97
97
97
32
32

32

32

32

32
32
32



1B
1B

1B

1B
1B
1B
1B
1B

18
1
18

1B
1B
1B
1B

1B
1B
1B
1B
1B
1B

1B

Host (charge)

1
18
1
18
18
1
18
1

18
18
18

1B
1B
1B
1B

1B

1B
1B
1B
1B

N-"Boc~(R)-Ala(-1)
N-"Boc-(S)-Ala(-1)

N-'Boc-(R)-Ala methylester

N-"Boc-(S)-Ala methylester
N-"Boc-(R)-Ser(-1)
N-"Boc-(S)-Ser(-1)
N-Cbz-(R)-Ala(-1)
N-Cbz-(S)-Ala(-1)

Cbz-(S)-Asp (-2)
Cbz-(R)-Asp (-2)
Cbz-(S)-Glu (-2)

Cbz-(R)-Glu (-2)
N-Cbz-(R)-Glu~(S)-Tyr (-2)
N-Cbz-(S)-Glu-(S)-Tyr (-2)

(IR,2R)-1,2-Cyclohexanedio
(15,25)-1,2-
Cyclohexanediol
(R)-1-Cyclohexyl
ethylamine (+1)
(S)-1-Cyclohexyl
ethylamine (+1)
0,0'-Dibenzoyl-(R)-tartaric
acid (-2)
0,0'-Dibenzoyl-(S)-tartaric
acid (-2)
(M)-1,12-Dimethyl-
benzo[c]phenantrene-5,8-
dicarboxylic acid (-2)
(P)-1,12-Dimethyl-
benzo|c]phenantrene-5,8-
dicarboxylic acid (-2)
Guest (charge)

(R)-N,N-Dimethyl-1-
ferrocenylethylamine(+1)
(S)-N,N-Dimethyl-1-
ferrocenylethylamine(+1)
0,0'-Di-p-toluoyl-(R)-
tartaric acid (-2)
0,0'-Di-p-toluoyl-(S)-
tartaric acid (-2)

Gly-(R)-Phe

Gly-(S)-Phe
(R)-Hexahydromandelic
acid (-1)
(S)-Hexahydromandelic
acid (-1)
(R,R)-Hydrobenzoin
(S,S)-Hydrobenzoin
(R,R)-Hydrobenzoin-borate
complex
(S,S)-Hydrobenzoin-borate
complex
(R)-3-Hydroxy-2,2-
dimethyl-cyclohexan-1-one
(S)-3-Hydroxy-2,2-
dimethyl-cyclohexan-1-one
(R,R)-3-Hydroxy-2-methyl-
2-(2-propinyl)-cyclohexan-
1-one
(S,5)-3-Hydroxy-2-methyl-
2-(2-propinyl)-cyclohexan-
1-one

(R)-Leu-(R)-Phe
(R)-Leu-(R)-Phe (+1)
(R)-Leu-(S)-Phe
(R)-Leu-(S)-Phe (+1)

2.59
2.56

2.76
2.49
2.45
2.17
2.17

1.85

1.93

1.92
2.06
1.99

1.93

1.93

4.27

2.78
1.95
2.28

2.02

2.45

2.54

3.05

2.99
0.00
1.67
1.45
1.97

+

+

I+

+ + K+

+

I+

I+

H

I+

+

+

I+

+

I+

I+

I+

I+

+

I+

+

I+

+

I+

I+

+

+

0.01
0.01

0.01

0.01
0.01
0.01
0.01
0.01

0.01

0.01

0.01
0.01
0.01

0.04

0.21

0.02

0.03

0.02

0.01

0.01

0.03

0.03

-9.7
-9.8

-13.82

-12.8
-11
-10.6
-8.9
-10

-9.59

-10.49

-11.2
-14.8
-13.3

-3.98

-4.21

-7.85

-7.87

-51.1

-35.1

+

I+

+ + K+

+

I+

I+

+

I+

+

+

I+

+

I+

I+

+

0.1

0.1
0.1

0.1

0.1
0.1
0.2
0.2

0.1
0.1

0.1

0.1

0.8

0.6

0.8

1.1

AH® (kJ mol™)

-28.6

-28.7

-5.78

-4.59

-7.93

-8.59

-5.61

-5.36

+

I+

I+

+

I+

+

I+

+

0.5

5

29

5.1
4.8

2.3

3.0
32
3.4
3.5
2.4

1.1

1.1

0.53

-0.22
-3.0
-2.0

7.03

6.5

6.5

1.6

2.5

-26.9

+

I+

+ H K I

+

I+

I+

+

I+

+

+

I+

+

I+

I+

0.1
0.1

0.2

0.2
0.1
0.1
0.2
0.2

0.2

0.2
0.1

0.1

0.2

0.2
0.0

0.0

0.1

0.1

0.8

0.6

1.1

4159 £ 0.8
TAS® (kJ mol™)

-1.2

-6.9

5.8

6.7

1.6

1.3

10.44

10.51

+

I+

I+

+

I+

+

I+

+

0.5

0.5

0.2

0.3

0.2

pH 6.9
pH 6.9

pH 6.9

pH 6.9
pH 6.9
pH 6.9
pH 6.9
pH 6.9

pH 6.9
pH 6.9
pH 6.9

pH 6.9
pH 6.9
pH 6.9

pH 6.9
pH 6.9
pH 6.9
pH 6.9
pH 6.9

pH 6.9

D,0, pD 7.0

D20, pD 7.0
notes

pH 4.8
pH4.8
pH 6.9
pH 6.9
pH6.1
pH6.1
pH 6.9

pH 6.9
pH 7.0
pH 7.0

pH7.0
pH7.0
D,O

D,O

D,O

D20
urea 2 M
urea 2 M
urea 2 M
urea 2 M

cal.
cal.

cal.

cal.
cal.
cal.
cal.
cal.

cal.

cal.

cal.

cal.
cal.
cal.

cal.

cal.

cal.

cal.

cal.

cal.

NMR

NMR
method

cal.

cal.

cal.

cal.

cal.

cal.

cal.

cal.
CE
CE

CE

CE

NMR

NMR

NMR

NMR
CE
CE
CE
CE

32
32

32

32
32
32
32
32

91

91

91

91
43
43

32

32

32

32

32

32

124

124

ref.

32

32

32

32

32

32

32

32
121
121

121

121

116

116

116

116
80
80
80
80



1B
1B
1B
1B
1B
1B
1B

1
1
1
1
1
1

1B

18
1
18
1

Host (charge)
1B
1B
1B
1B
1B
1B
1
18
1
1B
1B
1
18
1B
1
1B
1B
1
1B
1
1B
1B
1
1B
1
1B

(S)-Leu-(R)-Phe
(S)-Leu-(R)-Phe (+1)
(S)-Leu-(S)-Phe
(S)-Leu-(S)-Phe (+1)
(R)-Mandelic acid (-1)
(S)-Mandelic acid (-1)
(R)-Mandelic acid methyl
ester

(R)-Mandelic acid methyl
ester

(S)-Mandelic acid methyl
ester

(S)-Mandelic acid methyl
ester

(R)-0-Methoxy-
phenylacetic acid (-1)
(S)- o-Methoxy-
phenylacetic acid (-1)
(R)- o-Methoxy-o-
trifluoromethyl-
phenylacetic acid (-1)
(S)- o-Methoxy-o-
trifluoromethyl-
phenylacetic acid (-1)
Methyl-(R)-3-bromo-2-
methyl-propionate
Methyl-(S)-3-bromo-2-
methyl-propionate
(R)-1-(1-Naphtyl)-
ethylamine.18-crown-6
(S)-1-(1-Naphtyl)-
ethylamine.18-crown-6

Guest (charge)

(R)-N-(p-Nitrophenyl)-Ala
(R)-N-(p-Nitrophenyl)-Ala
D
(S)-N-(p-Nitrophenyl)-Ala
(S)-N-(p-Nitrophenyl)-Ala
-
(R)-2-(p-Nitrophenyl)-
amino-4-methyl-pentanol
(S)-2-(p-Nitrophenyl)-
amino-4-methyl-pentanol
(R)-2-(p-Nitrophenyl)-
amino-propanol
(S)-2-(p-Nitrophenyl)-
amino-propanol
(R)-N-(p-Nitrophenyl)-
pirrolidin-3-ol
(S)-N-(p-Nitrophenyl)-
pirrolidin-3-ol
(R)-N-(p-Nitrophenyl)-Pro
(R)-N-(p-Nitrophenyl)-Pro
-1
(S)-N-(p-Nitrophenyl)-Pro
(S)-N-(p-Nitrophenyl)-Pro
-
(R)-N-(p-Nitrophenyl)-
prolinol
(S)-N-(p-Nitrophenyl)-
prolinol

(R)-Phe

(R)-Phe (+1)

(S)-Phe

(S)-Phe (+1)

(R)-Phe amide

(S)-Phe amide

(R)-Phe methylester (+1)
(S)-Phe methylester (+1)
(R)-Phe-(R)-Phe
(R)-Phe-(R)-Phe

1.00
1.95
0.70
1.63
1.04
0.95

1.82

1.04

1.00

2.24

2.15

2.42

2.43

Log K

2.58

2.60
2.74

2.73

3.07

3.08

2.75

2.98

2.98
2.93

2.71
3.01

3.07
2.21
1.92
2.19
1.93
2.00
2.04
1.04
1.08
1.64
1.53

+

I+

I+

+

+

I+

+

+

I+

+

+

I+

I+

I+

+

I+

+

I+

I+

+

+

I+

I+

+ + + + + + H+ K+ K+ K+

+

0.08
0.10

0.01

0.01

0.01

0.04

0.01

0.01

0.04

0.03

0.04

0.03
0.04

0.04

0.02

0.02

0.02

0.02

0.01

0.01
0.02

0.02
0.02

0.04

0.01

0.02
0.06
0.10
0.02
0.04
0.01
0.01
0.08
0.04
0.16
0.09

-4.9
-4.6

-8.2

-8.2

-8.44

-17.48

-16.35

-12.05

-12.4

+

I+

I+

+

+

I+

+

+

I+

+

0.3
0.3

0.1

0.2

0.1

0.1

0.3

0.3

AH° (k] mol™)

-22.4

-22.2
-19.3

-19.4

-13.0

-12.8

-18.3

-19.2

-13.0

-13.0
-16.5

-14.3
-17.7

-15.0

-19.2

-18.6

-10.0
-10.6
-5.6
-5.0

+

I+

I+

I+

+

I+

+

I+

I+

+

+

I+

+

+ + K

+

0.9

0.9
0.5

0.5
0.8
0.8
0.4
0.5
0.7

0.7
0.3

0.4
0.4

0.4
0.5

0.4

0.1
0.1
0.8
0.5

30

2.6

2.4

1.5

0.6

+

I+

I+

+

+

I+

+

+

I+

+

0.6
0.7

0.1

0.2

0.1

0.2

0.6

0.4

0.2

0.2

0.3

0.3

TAS® (k] mol™)

-1.7

-1.4
-3.7

-3.9

45

4.8

-2.2

-3.5

4.0

4.0
0.2

1.5
-0.5

1.1

-1.4

-1.1

1.4
1.0
0.3
1.2

+

I+

I+

I+

+

I+

+

I+

I+

+

+

I+

+

+ + K

+

0.9

0.9
0.5

0.5

0.8

0.8

0.4

0.5

0.7

0.7
0.3

0.4
0.4

0.4

0.5

0.4

0.1
0.1
0.9
0.6

urea 2 M
urea 2 M
urea 2 M
urea 2 M
pH 6.9
pH 6.9

pH 6.9
pH 4.8
pH 6.9
pH 4.8
pH 6.9

pH 6.9

pH 6.9

pH 6.9
pH 6.9
pH 6.9
pH7.0

pH7.0

notes

pH 6.0

pH 6.0
pH 6.0

pH 6.0
pH 6.0
pH 6.0
pH 6.0
pH 6.0
pH 6.0

pH 6.0
pH 6.0

pH 6.0
pH 6.0

pH 6.0
pH 6.0

pH 6.0

pH 10.0
pH 10.0
pH 4.8
pH 4.8
pH2.5
pH3.5

CE
CE
CE
CE
cal.
cal.

cal.
cal.
cal.
cal.
cal.

cal.

cal.

cal.
cal.
cal.
CE

CE

method

uv

uv
uv

uv
uv
uv
uv
uv
uv

uv
uv

uv
uv

uv
uv

uv
pot.
pot.
pot.
pot.
cal.
cal.
cal.
cal.
CE
CE

80
80
80
80
32
32

32

32

32

32

32

32

32

32

32

32

112

112

ref.

44

44
44

44

44

44

44

44

44

44
44

44
44

44

44

44
79
79
79
79
32
32
32
32
97
97



1B
1B
1B

1
18
1

18
18
1
18
1
18
18
1
1B
1
1
1
1

Host (charge)

1B
1B
1B
1B
1B
1B

1B

2p
2B

3p
3p

4p
4p

5
s

5

5B
5B
5B
5B
5B
5B
5p
5B

(+1)
(+1)

(+1)

(+1)
(+1)
(+1)
(+1)
(+1)
(+1)

(+1)
(+1)

(S)-Phe~(S)-Phe

(S)-Phe-(S)-Phe

(R)-2-Phenylbutyric acid
((.S:)l—)Z-Phenylbutyric acid
((1;)1-)3-Phenylbutyric acid
(%)1—33»Phenylbutyric acid

(R)-1-Phenyl-1,2-ethanediol
(S)-1-Phenyl-1,2-ethanediol
(R)-Phelyllactic acid (-1)

(S)-Phelyllactic acid (-1)
(R)-2-phenylpropionic acid
(S)-2-phenylpropionic acid
D

(R)-Phenylsuccinic acid (-1)
(S)-Phenylsuccinic acid (-
D
(R)-1,2,3,4-Tetrahydro-1-
Naphtylamine.18-crown-6
(S)-1,2,3,4-Tetrahydro-1-
Naphtylamine.18-crown-6

(R)-Trp
(R)-Trp (+1)
(S)-Trp
Guest (charge)

(S)-Trp (+1)

(R)-Tyr

(R)-Tyr (+1)

(S)-Tyr

(S)-Tyr (+1)
(R)-2-(1,3-dioxo-1H,3H-
benzo[de]-isoquinolin-2-yl)-
3-(1H-indol-3yl)-propionic
acid
(S)-2-(1,3-dioxo-1H,3H-
benzo|de]-isoquinolin-2-yl)-
3-(1H-indol-3yl)-propionic
acid.

N-Cbz-(R)-Ala (-1)
N-Cbz-(S)-Ala (-1)

N-Cbz-(R)-Ala (-1)
N-Cbz-(S)-Ala (-1)

N-Cbz-(R)-Ala (-1)

N-Cbz-(S)-Ala (-1)

(R)-Acetylmandelic acid (-1)
(S)-Acetylmandelic acid (-1)

N-Acetyl-(R)-Phe (-1)

N-Acetyl-(S)-Phe (-1)
N-Acetyl-(R)-Trp (-1)
N-Acetyl-(S)-Trp (-1)
N-Acetyl-(R)-Tyr (-1)
N-Acetyl-(S)-Tyr (-1)
N-"Boc-(R)-Ala (-1)

N-"Boc-(S)-Ala (-1)

N-"Boc-(R)-Ala methyl ester

1.54
1.49

1.97

1.98

1.94

1.92

1.53

1.56
1.56

1.53

2.71

2.90
2.15
1.94
2.76

2.65
2.37
1.82
2.26
1.61

2.14
2.10

1.79
1.48

1.72
1.75

1.76

1.89
1.19
1.42
2.06
2.13
2.84
2.71

+

I+

I+

+

I+

I+

+

I+

+

I+

+

+

+

o

+ + K+

+

I+

I+

I+

I+

+

I+

+

+ + K+ + + W

+

I+

0.23
0.06

0.01

0.01

0.03

0.02
0.06

0.06
0.08
0.08

0.08
0.04
0.11
0.03
0.10

0.14

0.06

0.02
0.01

0.01
0.03

0.01

0.03
0.03

0.01

0.01
0.02
0.01
0.01
0.01
0.02
0.01

0.01

-9.79

-9.91

-8.62

-8.86

-7.54

-7.30

-9.34

-8.65

-8.81

-8.69

I+

+

I+

+

I+

I+

+

I+

+

I+

AH° (k] mol™)

-15.0

-38.4

-10.95
-4.7

-16.4

-13.12

-6.62

-7.14
-20.8
-17.8
-12.4
-15.1
-11.0
-10.7

-13.73

I+

I+

I+

+

I+

+

+ + K+ + + W

+

I+

3.7

1.2

0.0

0.3

0.4

0.1

0.4
0.3
0.2
0.3

0.2
0.1

31

2.96

1.8

23

0.2

TAS® (k] mol™)

-6.84

-28.89

1.37
7.2

-8.0

8.3

-0.59

3.66

I+

+

I+

+

I+

I+

+

I+

+

I+

I+

I+

I+

+

I+

+

+ + K+ + + W

+

I+

0.1

0.1

0.2

0.2

3.4

1.5

0.0

0.4

0.6

0.2

0.2
0.0

0.7
0.4
0.3
0.2
0.3
0.2

0.2

pH25
pH3.5

pH 6.9
pH 6.9
pH 6.9
pH 6.9
pH 6.9
pH 6.9
pH 6.9
pH 6.9
pH 6.9

pH 6.9
pD 6.0

pD 6.0
pH7.0

pH7.0

notes

pH72
pH72

pH72
pH72

pH7.2

pH72

pD 6.0
pD 6.0

pH 6.9

pH 6.9
pH 6.9
pH 6.9
pH 6.9
pH 6.9
pH 6.9
pH 6.9

pH 6.9

CE
CE

cal.
cal.
cal.
cal.
cal.
cal.
cal.
cal.
cal.

cal.
NMR

NMR

pot.
method

pot.
pot.
pot.
pot.
pot.

NMR

NMR

cal.
cal.

cal.
cal.

cal.

cal.

NMR
NMR

cal.

cal.
cal.
cal.
cal.
cal.
cal.
cal.

cal.

97
97

32

32

32

32

32

32

32

32

32

32
71

71

112

112
79
79
79
ref.

79
79
79
79
79

84

84

35
35

35
35

35

35

71
71

33

33
33
33
33
33
33
33

33



s
s
s

5
s

s
5
5

5B
s

5B
5B
5B
5B
5B

s
5B
s

s

Host (charge)

5p

5B
5B
5p
5B

s
5p
5p
s

s

s
5

5B

5B
5B
5B
5B
5B
5B

5B
6B

6B
6B

D
D

(+1)

(+1)
(+1)

D
D
D

(+1)
(+1)

D
D
D
D

(+1)

D
(D
D

(+1)

(+1)

(+1)
(+1)

(+1)
(+1)

D
D
D

(+1)

(+1)

(+1)

(+1)

(+1)

(+1)
(+1)
(+1)
(+1)
(+1)
(+1)

(+1)
(+1)

(+1)
(+1)

N-"Boc-(S)-Ala methyl ester
(R)-3-Bromo-2-methyl-1-
propanol
(S)-3-Bromo-2-methyl-1-
propanol

N-Cbz-(R)-Ala(-1)
N-Cbz-(S)-Ala(-1)

N-Cbz-(R)-Asp (-2)
N-Cbz-(S)-Asp (-2)
N-Cbz-(R)-Glu (-2)

N-Cbz-(S)-Glu (-2)
(R)-1-Cyclohexyl
ethylamine(+1)
(S)-1-Cyclohexyl
ethylamine(+1)
0,0'-Dibenzoyl-(R)-tartaric
acid (-2)
0,0'-Dibenzoyl-(S)-tartaric
acid (-2)
0,0"-Di-p-toluoyl-(R)-
tartaric acid (-2)
0,0'-Di-p-toluoyl-(S)-
tartaric acid (-2)
Gly-(R)-Phe
Gly-(S)-Phe
(R)-Hexahydromandelic
acid (-1)
(S)-Hexahydromandelic
acid (-1)

Guest (charge)

(R)-Mandelic acid (-1)

(R)-Mandelic acid (-1)
(S)-Mandelic acid (-1)
(S)-Mandelic acid (-1)
(R)-Mandelic acid methyl
ester

(S)-Mandelic acid methyl
ester

(R)-0-Methoxy-
phenylacetic acid (-1)
(S)-o-Methoxy-
phenylacetic acid (-1)
(R)-0-Methoxy-o-
trifluoromethyl-
phenylacetic acid (-1)
(S)-o-Methoxy-o-
trifluoromethyl-
phenylacetic acid (-1)
(R)-o-methoxy-
phenylacetic acid (-1)
(S)-o-methoxy-
phenylacetic acid (-1)

(R)-2-Phenylbutyric acid (-1)

(S)-2-Phenylbutyric acid (-1)
(R)-3-Phenylbutyric acid (-1)
(S)-3-Phenylbutyric acid (-1)
(R)-Phenlyllactic acid (-1)
(S)-Phenyllactic acid (-1)

(R)-Phenylsuccinic acid (-1)
(S)-Phenylsuccinic acid (-
D

(R)-N-Acetyl-Phe
(S)-N-Acetyl-Phe
Cbz-(R)-Asp (-2)

2.55

2.06

2.05
2.26
2.24

1.95

1.74
1.77
1.64

1.62

1.52

1.08

2.75

1.92

1.73

2.30
2.63
2.64
2.40
2.28
2.09

1.59
1.69
2.05

I+

+

H

I+

+

I+

+

I+

+

I+

+

I+

+

+

I+

I+

+

+

I+

+

I+

I+

I+

I+

I+

+

+ + + +

I+

+

+

0.01

0.02
0.01
0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.02

0.01

0.02
0.02
0.02

0.01

0.03

0.02
0.03
0.02

0.05

0.11

0.01

0.01

0.02

0.04

0.01
0.02
0.01
0.01
0.01
0.02

0.02

-12.94

-8.5

-9.41
-10.5
-10.6

-12.18

-12.04

-11.32

-10.51

-6.86

-6.87

-5.09

-3.66

-6.67

-5.28
-1.4
-8.4

-10.3

-71.4

I+

+

+

I+

+

I+

+

I+

+

I+

+

I+

+ W

+

I+

+

0.1
0.1

0.3
0.2

0.2

0.2

AH® (kJ mol™)

-6.75

-6.9

-6.9

-3.8

-3.5

-19.1

-16.2

-8.2

-8.36
-8.4
-8.6

-12.7

-10.5

-10.6

+

+

I+

+

+

I+

I+

I+

+

+ + K

I+

+

0.1
0.5
0.2
0.3

0.6

0.2

0.2

0.2

32

1.6

3.3

23
2.4
2.2

0.45

0.54

1.38

2.1

6.1

6.2

52

5.7

6.9

8.3
1.7
0.9

8.9

10.7

I+

+

+

I+

+

I+

+

I+

+

I+

+

I+

+ W

+

I+

I+

0.2

0.3

0.2
0.2

0.2
0.1
5
0.1
5
0.1
5
0.1
5

0.1

0.1

0.2

0.2

0.1

0.2
0.3
0.2

0.2

0.2

TAS® (kJ mol™)

32

45

2.8

2.4

4.9

2.7

-3.4

-1.5

52

4.8
6.6
6.5

2.5

1.1

+

+

I+

+

+

I+

I+

I+

+

+ + K

I+

+

0.1

0.2

0.6

0.3

0.4

0.7

0.2

0.2

0.2

0.2
0.2
0.2
0.3
0.3

0.2

pH 6.9
pH 6.9

pH 6.9
pH 6.9
pH 6.9

pH 6.9
pH 6.9
pH 6.9
pH 6.9
pH 6.9
pH 6.9
pH 6.9
pH 6.9
pH 6.9

pH 6.9
pH 6.9
pH 6.9

pH 6.9
pH 6.9
notes
pD 6.0

pH 6.9
pD 6.0
pH 6.9

pH 6.9
pH 6.9
pH 6.9

pH 6.9

pH 6.9

pH 6.9
pD 6.0
pD 6.0
pH 6.9

pH 6.9
pH 6.9
pH 6.9
pH 6.9
pH 6.9
pD 6.0

pD 6.0
pH 6.9

pH 6.9
pH 6.9

cal.

cal.

cal.
cal.
cal.

cal.

cal.

cal.

cal.

cal.

cal.

cal.

cal.

cal.

cal.
cal.
cal.

cal.

cal.

method

NMR

cal.
NMR
cal.

cal.

cal.

cal.

cal.

cal.

cal.

NMR

NMR

cal.

cal.
cal.
cal.
cal.
cal.
NMR

NMR

CE

CE
cal.

33

33

33
33
33

91

91

91

91

33

33

33

33

33

33
33
33

33

33

ref.

71

33
71
33

33

33

33

33

33

33

71

71

33

33
33
33
33
33
71

71

94

94
91



6B

6B
6B

7B
7B
7B
7B
7B
7B

78
78

7B
7B
7B
7B

(+1)

(+1)
(+1)

(+2)
+2)

(+2)
(+2)

(+1)

(+1)

7B.Co™*
7BNi*
7B.Cu**
7B.Zn*™

7B
7B
7B
7B

Host (charge)

(+1)
(+1)

7B.Co**
7B.Ni**
7B.Cu™
7B.Zn™

8p
8p
8p
8p

9B
9B
9B
9B

108
108
108
108

118
118
118
118
118
118
118
118
118
118
118
118

(+2)

(+2)

(+2)

(+2)

(+1)

(+1)

(-2)
(-1
(-2)
(-1
(-2)
(-2)
(-2)
(-1
(-2)
(-1
(-2)
(-2)

12B.Cu**

12B.Cu™ H*

12B.Cu**

Cbz-(S)-Asp (-2)

Cbz-(R)-Glu (-2)
Cbz-(S)-Glu (-2)

(R)-Phe
(R)-Phe (-1)
(S)-Phe
(S)-Phe (-1)
(R)-Phenylpropionic acid
(R)-Phenylpropionic acid
-1
(S)-Phenylpropionic acid
(S)-Phenylpropionic acid
-1
(R)-Trp
(R)-Trp (-1)
(R)-Trp (-1)
(R)-Phe (-1)
(R)-Trp (-1)
(R)-Trp (-1)
(R)-Trp (-1)
(R)-Trp (-1)
(S)-Trp
(S)-Trp (-1)
(S)-Trp (-1)
(S)-Phe (-1)
Guest (charge)

(S5)-Trp (-1)
(S)-Trp (-1)
(S5)-Trp (-1)
(S)-Trp (-1)

(R)-Phenylpropionic acid
(R)-Phenylpropionic acid (-1)
(S)-Phenylpropionic acid
(S)-Phenylpropionic acid (-1)

(R)-Phenylpropionic acid
(R)-Phenylpropionic acid (-1)
(S)-Phenylpropionic acid
(S)-Phenylpropionic acid (-1)

(R)-Phenylpropionic acid (-1)
(R)-Phenylpropionic acid (-1)
(S)-Phenylpropionic acid (-1)
(S)-Phenylpropionic acid (-1)

(R)-Phe
(R)-Phe (-1)
(S)-Phe

(S)-Phe (-1)
(R)-Phe (-1)
(S)-Phe (-1)
(R)-Trp

(R)-Trp (-1)
(S)-Trp

(S)-Trp (-1)
(R)-Trp (-1)
(S)-Trp (-1)

(R)-Ala
(R)-Ala
(S)-Ala

2.05

2.06
2.08

4.78
3.82
4.83
4.12
2.93

2.90
2.54

2.80
5.11
4.92
4.83
4.34
8.71
5.38
8.20
5.79
5.11
4.72
4.92
4.41

8.54
5.41
7.86
5.79

2.60
2.88
2.84
2.67

2.62
2.80
2.76
2.80

2.40
3.06
2.45
3.25

4.12
4.85
4.12
4.85
4.02
4.00
3.35
4.25
3.43
4.33
3.40
3.30

7.44
9.26
7.43

=3
o0

+

I+

I+

+ + + +

I+

I+

I+

+ + + + +F + F+ F+ K+ + + W

+

+ W W

+

H+ +

I+

H+ +

I+

+ W W

+

= + + + + F+ K+ + + + W

I+

H

I+

0.01

0.01
0.01

0.03
0.05
0.04
0.02
0.09

0.04
0.05

0.02
0.01
0.01
0.02
0.01
0.06
0.06
0.04
0.01
0.02
0.03
0.04
0.01

0.07
0.04
0.02
0.05

0.05
0.04
0.04
0.06

0.07
0.02
0.06
0.07

0.06
0.11
0.12
0.04

0.03
0.02
0.05
0.03
0.06
0.05
0.09
0.04
0.07
0.03
0.10
0.10

0.03
0.03
0.01

-11.0

+

-10.11
-109 =+

I+

0.2

5
0.2

AH® (kJ mol™)

33

0.7 £ 02

1.6 + 02
1.0 + 02

TAS® (kJ mol ™)

pH 6.9

pH 6.9
pH 6.9

1=0.10 M
1=0.10 M
1=0.10 M
1=0.10 M
1=0.10 M

1=0.10 M
1=0.10 M

I1=0.10 M
I1=0.10 M
I1=0.10 M
I1=0.10 M
I1=0.10 M
I1=0.10 M
I1=0.10 M
I1=0.10 M
I1=0.10 M
I1=0.10 M
I1=0.10 M
I1=0.10 M
I1=0.10 M
notes

I=0.10 M
I=0.10 M
I=0.10 M
I=0.10 M

1=0.10 M
1=0.10 M
1=0.10 M
1=0.10 M

1=0.10 M
1=0.10 M
1=0.10 M
1=0.10 M

I=0.10 M
I=0.10 M
I=0.10 M
I=0.10 M

1=0.10 M
1=0.10 M
1=0.10 M
1=0.10 M
1=0.10 M
1=0.10 M
1=0.10 M
1=0.10 M
1=0.10 M
1=0.10 M
1=0.10 M
1=0.10 M

1=0.10 M
1=0.10 M
1=0.10 M

cal.

cal.
cal.

pot.
pot.
pot.
pot.
pot.

pot.
pot.

pot.
pot.
pot.
pot.
pot.
pot.
pot.
pot.
pot.
pot.
pot.
pot.
pot.
method

pot.
pot.
pot.
pot.

pot.
pot.
pot.
pot.

pot.
pot.
pot.
pot.

pot.
pot.
pot.
pot.

pot.
pot.
pot.
pot.
pot.
pot.
pot.
pot.
pot.
pot.
pot.
pot.

pot.
pot.
pot.

91

91
91

89
89
89
89
117

117
117

117
89
89
89
89
102
102
102
102
89
89
89
89
ref.

102
102
102
102

117
117
117
117

117
117
117
117

117
117
117
117

89
89
89
89
89
89
89
89
89
89
89
89

104
104
104



12B.Cu™ H
12B.Cu™
12B.Cu™

138
138
138
138
138
13p

14B
14p
14p
14B

158
158
158
158

Host (charge)

158
158
158
158
158
158

16B
168
168
168
168
168
168
168
178
178
178
178
178
178
178
178

18B.Cu**
18B.Cu**
18B.Cu™ H*
18B.Cu™ H*
18B.Cu™ H*
18B.Cu™ H*

198 (+2)
198 (+2)

208 (+2)
208 (+2)

208 (+2)
208 (+2)
208 (+2)

(S)-Ala
(R)-Trp
(S)-Trp

(S)-Ala
(R)-Ala
(S)-Leu
(R)-Leu
(S)-Ser
(R)-Ser

(+)-Borneol
(-)-Borneol

(+)-Menthol
(-)-Menthol

(R)-Ala
(S)-Ala
(R)-Leu
(S)-Leu

Guest (charge)

(R)-2-Octanol
(S)-2-Octanol
(R)-Ser
(S)-Ser
(R)-Val
(S)-Val

(R)-Ala
(S)-Ala
(R)-Leu
(S)-Leu
(R)-Ser
(S)-Ser
(R)-Val
(S)-Val
(R)-Ala
(S)-Ala
(R)-Leu
(S)-Leu
(R)-Ser
(S)-Ser
(R)-Val
(S)-Val

(R)-Phe (-1)
(S)-Phe (-1)
(R)-Phe (-1)
(S)-Phe (-1)
(R)-Ala (-1)
(S)-Ala (-1)

(R)-Phenylsuccinic acid (-1)
(S)-Phenylsuccinic acid (-
D

N-Ac-(R)-Tyr (-1)
N-Ac(S)-Tyr (-1)

Cbz-(R)-Asp (-2)
Cbz-(S)-Asp (-2)
Cbz-(R)-Glu (-2)

9.26
7.88
8.25

1.96
2.55
2.46
2.47
2.00
1.71

4.16
4.39
3.39
2.97

2.39
2.07
1.38
2.30

Log K

2.51
2.46
1.89
2.44
1.56
1.77

2.10
2.37
1.82
2.52
1.66
2.07
1.66
1.79
1.72
2.06
1.83
1.77
1.76
2.43
2.01
1.85

11.29
11.72
4.39
5.34
4.85
4.88

2.43

2.16
2.11

2.25
2.26
2.13

+

+

+ + + + +

+

H+ +

I+

H+ +

I+

+ + + + +

I+

+ + + +F +F + F+ K+ +F +F F+ F+ K+ K+ +

+

+ + + + +

I+

I+

+

I+

I+

H

I+

0.03
0.03
0.03

0.01
0.01
0.01
0.01
0.01
0.01

0.01
0.01
0.01
0.01

0.01
0.01
0.01
0.01

0.01
0.01
0.01
0.01
0.01
0.01

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.03
0.04
0.03
0.05
0.05
0.05

0.02

0.01
0.01

0.01
0.01
0.01

AH® (kJ mol™)
2192 £ 02
-19.1 £ 02
129 £ 02
129 £ 02
-100 = 0.1

34

TAS® (kJ mol ™)
69 = 02
7.0 + 02
0.1 + 02
00 = 02
216 = 0.1

I=0.10 M
I=0.10 M
I=0.10 M

pH7.2
pH7.2
pH7.2
pH7.2
pH7.2
pH7.2

pH72
pH72
pH72
pH72

pH72
pH72
pH72
pH72

notes

pH72
pH72
pH72
pH72
pH72
pH72

pH7.2
pH7.2
pH7.2
pH7.2
pH7.2
pH7.2
pH7.2
pH7.2
pH7.2
pH7.2
pH7.2
pH7.2
pH7.2
pH7.2
pH7.2
pH7.2

1=0.10 M
1=0.10 M
1=0.10 M
1=0.10 M
1=0.10 M
1=0.10 M

pD 6.0
pD 6.0

pH 6.9
pH 6.9

pH 6.9
pH 6.9
pH 6.9

pot.
pot.
pot.

uv
uv
uv
uv
uv
uv

CD
CD
CD
CD

uv
uv
uv
uv

method

CD
CD
uv
uv
uv
uv

uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
uv

pot.
pot.
pot.
pot.
pot.
pot.

NMR

NMR

cal.
cal.

cal.
cal.
cal.

104
104
104

87
87
87
87
87
87

51
51
51
51

87
87
87
87

ref.

51
51
87
87
87
87

87
87
87
87
87
87
87
87
87
87
87
87
87
87
87
87

105
105
105
105
105
105

71

71

43
43

91
91
91



208
208
208

21B
21B

218
21B
218

21B
21B
21B

228
228

228

228

Host (charge)

228

228
228
228

238
238
238
238
238
238

248
248
248
248
248
248
248
248
248
248
248
248
248
248

258
258
258
258
258
258

25p

(+2)
(+2)
(+2)

(+2)
(+2)

+2)
+2)
+2)

(+2)
(+2)
(+2)

(+2)
(+2)

(+2)

(+2)

(+2)

(+2)
(+2)
(+2)

-7
-7
-7
-7
-7
-7

(+7)
(+7)
(+7)
(+7)
(+7)
(+7)
(+7)
(+7)
(+7)
(+7)
(+7)
(+7)
(+7)
(+7)

-7
-7
-7
-7
-7
-7
-7

Cbz-(S)-Glu (-2)
N-Cbz-(R)-Glu~(S)-Tyr (-2)
N-Cbz-(S)-Glu-(S)-Tyr (-2)

N-Ac-(R)-Tyr (-1)
N-Ac~(S)-Tyr (-1)

Cbz-(R)-Asp (-2)
Cbz-(S)-Asp (-2)
Cbz-(R)-Glu (-2)

Cbz-(S)-Glu (-2)
N-Cbz-(R)-Glu-(S)-Tyr (-2)
N-Cbz-(S)-Glu-(S)-Tyr (-2)

N-Ac-(R)-Tyr (-1)
N-Ac~(S)-Tyr (-1)

Cbz-(R)-Asp (-2)

Cbz-(S)-Asp (-2)
Guest (charge)

Cbz-(R)-Glu (-2)

Cbz-(S)-Glu (-2)
N-Cbz-(R)-Glu-(S)-Tyr (-2)
N-Cbz-(S)-Glu-(S)-Tyr (-2)

(R)-Benzoin

(S)-Benzoin

(R)-Benzoin methyl ether
(R)-Benzoin methyl ether
(R,R)-Hydrobenzoin
(S,S)-Hydrobenzoin

(R)-Ac-Leu
(S)-Ac-Leu
(R)-Ac-Phe
(S)-Ac-Phe
(R)-Ac-Trp
(S)-Ac-Trp
(R)-Ac-Leu
(S)-Ac-Leu
(R)-Ac-Phe
(S)-Ac-Phe
(R)-Ac-Trp
(S)-Ac-Trp
(R)-Ac-Val
(S)-Ac-Val

(R,R)-Ala-Ala methyl ester
(+D)
(S,S)-Ala-Ala methyl ester
(+1)
(R,R)-Ala-Leu methyl ester
(+D)
(S,S)-Ala-Leu methyl ester
(+D
(R,R)-Ala-Trp methyl ester
(C)
(R,S)-Ala-Trp methyl ester
(+D)
(S,R)-Ala-Trp methyl ester
(+1D)

2.28
2.14
2.04

2.31
2.32

2.05

2.12
2.20
2.09

2.13
2.23

2.06

2.07

Log K

1.97

2.03
2.08
2.04

2.60
2.72
2.84
3.02
1.98
2.13

3.38
3.39
3.30
3.34
3.15
3.36
1.70
1.76
1.74
1.83
1.81
2.00
3.12
3.32

1.38

2.52

2.45

H

I+

I+

I+

I+

+

+

I+

+

+

+

+

+ + + + +F + F+ K+ +F + + H K

+

I+

+

I+

I+

+

I+

+

0.01
0.01
0.01

0.01
0.01

0.01

0.02

0.01

0.01
0.01
0.01

0.01
0.01

0.01

0.01

0.01

0.01
0.01
0.01

0.02
0.02
0.03
0.03
0.02
0.02
0.03
0.03
0.06
0.05
0.04
0.02
0.03
0.03

0.02

21279 = 0.1
136 + 02
-145 + 02
2197 £ 02
2195 £ 02

0.1

892 * 5
0.1

945 + 5
0.1

685 + 5
0.1

89 + 5

-13.1 = 03
4135 = 03
-17.1 = 02
2191 £ 02
0.1

823 + 5
0.1

783 + 5
AH® (kJ mol™)
0.1

752 + 5
0.1

78 % 5

-123 = 02
-135 = 02

35

5

0.1

02 + 5
‘14 + 02
29 + 02
65 + 02
63 + 02
32 + 02
28 + 02
49 + 02
32 + 02
06 + 03
-16 + 03
49 + 02
64 + 02
36 + 02
40 + 02
TAS® (kJ mol™)
37 + 02
38 + 02
04 + 02
‘19 + 02

pH 6.9
pH 6.9
pH 6.9

pH 6.9
pH 6.9

pH 6.9
pH 6.9
pH 6.9

pH 6.9
pH 6.9
pH 6.9

pH 6.9
pH 6.9

pH 6.9

pH 6.9
notes

pH 6.9

pH 6.9
pH 6.9
pH 6.9

borate buf. pH 9.0
borate buf. pH 9.0
borate buf. pH 9.0
borate buf. pH 9.0
borate buf. pH 9.0
borate buf. pH 9.0

D>0O. pD 6.0
D-0O. pD 6.0
D-0O. pD 6.0
D-0O. pD 6.0
D-0O. pD 6.0
D-0O. pD 6.0
D-0O. pD 6.0
D-0O. pD 6.0
D-0O. pD 6.0
D-0O. pD 6.0
D-0O. pD 6.0
D-0O. pD 6.0
D,0O. pD 6.0
D,0O. pD 6.0

D,0. pD 7.0
D;0. pD 7.0
D,0. pD 7.0
D,0. pD 7.0
D,0. pD 7.0
D,0. pD 7.0

D,0. pD 7.0

cal.
cal.
cal.

cal.
cal.

cal.

cal.

cal.

cal.
cal.
cal.

cal.
cal.

cal.

cal.
method

cal.

cal.
cal.
cal.

CE
CE
CE
CE
CE
CE

NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR

NMR

NMR

NMR

NMR

NMR

NMR

NMR

91
43
43

43
43

91

91

91

91
43
43

43
43

91

91
ref.

91

91
43
43

122
122
122
122
122
122

37
37
37
37
37
37
37
37
37
37
37
37
37
37

90

90

90

90

90

90

90



258 (7)
258 (1)
258 (-7)

258 (-7)
258 (-7)

258 (-7)
258 (-7)

258 (-7)
258 (-7)

258 (1)
258 (1)
258 (1)

258 (1)

Host (charge)
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Abstract. The aim of this contribution is to present an overview of the high synthetic potential of
multicomponent reactions (MCRs) involving the specific reactivity of easily accessible 1,3-dicarbonyl
derivatives. Recent developments of these new useful methodologies valuable for the selective construction

of highly functionalized heterocycles of high synthetic and biological values are surveyed.
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1. Introduction
Although not a very new problem, both the economic and ecologic pressures, coupled with the

concomitant emergence of high-throughput screening, are playing increasingly significant roles in the
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development of modern synthetic organic chemistry.! Selectivity, atom economy,” time saving,
environmental friendliness, cost effectiveness and the reconciliation of molecular complexity with
experimental simplicity are some of the pieces of the puzzle needing to be assembled by modern academic
and industrial synthetic chemists to reach the maximum of efficiency.3 All these constraints have resulted in
tremendous development of new concepts and new methodologies able to produce valuable elaborated
compounds.4 In this context, utilisation of multicomponent reactions (MCRs) involving domino processes,5
with at least three different simple substrates® reacting in a well-defined manner to form a single compound,
has emerged as a powerful strategy.” This methodology allows molecular complexity and diversity to be
created by the facile formation of several new covalent bonds in a one-pot transformation quite closely

approaching the concept of an ideal synthesis8

and are particularly well-adapted for combinatorial
chemistry.” Since the first MCR reported in 1850 by Strecker,'” this well-known concept,'’ also widely
represented in nature, has been extensively used in both liquid-phase’ and solid—phase12 chemistry for the
rapid assembly of complex heterocyclic structures of importance for pharmaceutical development.'’

Although isocyanide-based MCRs," introduced in 1921 by Passerini," generally predominate
nowadays for the construction of widely diverse heterocycles,'® one of the first substrate classes involved in a
MCR was that of 1,3-dicarbonyl derivatives, with Hantzsch’s dihydropyridine synthesis17 appearing as early
as 1882. The aim of this review is to present an overview of the high synthetic potential of MCRs involving
the specific reactivity of easily accessible 1,3-dicarbonyl derivatives'® and to stress their more recent
utilization for the development of new useful methodologies valuable for the selective construction of highly
functionalised small organic molecules of high synthetic and biological values. This presentation focuses
only on MCRs involving at least three different substrates, with no discussion being made of transformations

dealing with the utilisation of a two-fold excess of 1,3-dicarbonyls with another substrate.'’

2. Hantzsch’s heterocyclic syntheses
2.1. 1,4-Dihydropyridine and pyridine syntheses

1,3-Dicarbonyl derivatives constitute important synthetic intermediates, incorporating multiple
functionalities that can be involved either as nucleophilic or electrophilic species in a large variety of
synthetic transformations.'® Their versatility and effectiveness as potential multicomponent substrates were
first discovered and utilised by Arthur Hantzsch in 1882, with the one-pot, four-component synthesis of
symmetrically substituted 1,4-dihydropyridines (Scheme 1). Thanks to the simplicity of the method and the
availability of starting materials, this procedure was widely applied in the search for new heterocyclic

derivatives presenting new pharmacological properties.20

AN
R1 o
o] AcOH -
0 0 or EtOH, A 3 3
R1 _: N H +2 )J\/U\ + NHB R OzC COzR
= R2 OR? - H0 | ]
R2 [Tl R2
H
Scheme 1

The great biologic importance of the 1,4-dihydropyridine nucleus has over the years prompted the

development of new improved methodologies, including solid-phase synthesis,21 and activation with a
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catalyst such as molecular sieves and pyridine,*'® or more recently Lewis acids®* and iodo(trimethyl)silane.*
Replacement of ammonia by ammonium acetate allowed the efficient synthesis of Hantzsch’s compounds
under mild and solvent-free conditions.** Alternatively, microwave irradiation” represents an important
improvement in the transformation and has also been applied for the direct synthesis of pyridines26 by
concomitant in situ aromatisation of the 1,4-dihydropyridine intermediates®’ in the presence of ammonium
nitrate supported on bentonite clay.28 Not only traditional B-ketoesters, but also, for example,
malonaldehyde®™ and, more interestingly, cyclic 1,3-diketones can participate in this MCR, allowing four-
components Hantzsch’s syntheses of unsymmetrically substituted 1,4-dihydropyridines or pyridines with

good selectivity depending on the reaction conditions (Scheme 2).%**7°

(0]
o R O Microwave o o o R O
NH,NO./bentonit NH,OH/H,O
EtO B 4 /oentonite /u\)]\ + 4 2 EtO
| EtO |
o 110-140 °C .

+ RCHO

Scheme 2

Recently, reactions of aromatic aldehydes, p-toluidine and two equivalents of dimedone in water were
also carried out in the presence of p-dodecylbenzenesulfonic acid (DBSA) as a Bronsted acid-surfactant-
combined catalyst (Scheme 3).3! This method provides 1,8-dioxo-decahydroacridines with high yields, while
combining several advantages such as environment friendliness, simple work-up procedure and use of a

green solvent.

O Ar O
NH, 0 DBSA
H»0, reflux
ArCHO + s 2 N
0 79-91%
Me
Me
Scheme 3

Also of interest is the one-pot formation of simple 3,5-disubstituted 1,4-dihydropyridines, which upon
oxidation gave the pyridines involved in the total synthesis of the alkaloid iosalamarine.’” The key
transformation consisted of a cyclocondensation of sodium salts of functionalized malonoacetaldehydeszga in

the presence of ammonium acetate, followed by DDQ oxidation (Scheme 4).

o R 1) CH,COOH o R
Rt EtOH, reflux R
)Ku .\ MeOJ\( + NH, NHOAc 2 DDQ CiHy reflux | \/
one ONa 40 - 45% N S‘==HéglgMe, CN
Scheme 4

More recently, it was reported that alkynones could also be used as substrates, allowing direct access to

polysubstituted pyridines (Scheme 5).* This sequential addition-elimination-Michael —addition-
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cyclodehydration process would be related to the indirect Hantzsch pyridine synthesis, but with the
advantage of total control over regiochemistry and access to the target heterocycle in the correct oxidation

state without addition of any oxidant.

NH,OAc RS
R? .
(0] (0] acid cat. R'O.C
PN . Me F toluene, reflux ? [
R'O R2 —
o) 55-96% e N Me
Scheme 5

Another possibility for efficient formation of unsymmetrical dihydropyridines is to perform the
condensation with aldehydes with use of a 1,3-dicarbonyl derivatives in the presence of a preformed enamino
ester intermediates.* For example, utilisation of a B-ketolactone and simple acyclic primary amino esters in
condensations with aldehydes gave the corresponding fused heterocycles in high yields (Scheme 6). This
approach has recently been exploited for the synthesis of (pyrazolo)quinolinones,3 > deazadihydropterins, 22

ferrocene-containing heterocycles,*® and glycosyl 1,4-dihydropyridines.®’

R 4 COOR
SOIEER S 4
0 .
o] NH, H20

Scheme 6

Since a stereogenic center is formed during a Hantzsch-style MCR, diastereoselective transformations,

34,38

starting either with chiral enamino derivatives or with chiral B-ketoesters, have been studied.®* An

interesting example involves the four-component condensation between a mandelic keto ester derivative,
3,4-(methylenedioxy)benzaldehyde and 1,3-cyclohexanedione in the presence of ammonia, resulting in high
asymmetric induction to give the expected dihydropyridine in up to 98% diastereomeric excess’

(Scheme 7).

0 0o\ O
0O 0 EtOH
+ + NH; + ?L@
67%
o | d Me
0

Scheme 7

de > 98%

A variation of the Hantzsch reaction for the synthesis of 4H-pyran analogues of 1,4-dihydropyridines
has been proposed by Bayer AG.> 1,3-Cyclohexanedione was condensed with an aldehyde and a nitrile
bearing an activated methylene group in the presence of a catalytic amount of piperidine (Scheme 8). More
recently, it was reported that the same sequence could be conducted under microwave irradiation and solvent

free conditions, using sodium bromide as catalyst.40
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A o]
0 0~ "NH

2

Scheme 8

2.2. Pyrrole syntheses
Another contribution by Hantzsch in the field of MCRs concerns the synthesis of pyrroles from a
B-ketoester or a B-ketoamide, an a-halogenated carbonyl compound and aqueous ammonia*' (Scheme 9) and

it is also amenable to solid-support conditions.**

O« R
SN H,0, 60 °C, 2 h N
R2 + + NH3 \ /
Br R4 R2
0

Scheme 9

[

An important variation, with the utilisation of nitroolefins in the condensation with ketones and

primary amines, was reported by Meyer in 1981.%

This has recently been optimised and generalised to
monocyclic and fused-bicyclic pyrroles through the use of molten ammonium salt as a medium for the

reaction (Scheme 10).44
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Scheme 10

Also of interest is the unprecedented samarium(Ill)-catalysed four-component coupling reaction of
aldehydes, amines, and nitroalkanes (Scheme 11),45 which can be performed either on the surface of silica
gel or under microwave irradiation conditions.*®

cat. SmCl, R?
Q THF, 60 °C, 15 h \N R3
RZ 3 3
FFNH2 + \)J\H + RS/\NOZ \ I 8-65%
(-H,0, -HNO) R
RZ
Scheme 11

3. Biginelli dihydropyrimidine syntheses
3.1. The Biginelli condensation

In 1893, shortly after Hantzsch’s discovery, Biginelli published a related transformation with urea as
the amine component, allowing the facile preparation of multiply functionalised dihydropyrimidines
(Scheme 12).*" Although the synthetic potential of this particular condensation remained unexplored until

the beginning of the 1980s, it is now recognised as a powerful heterocyclic synthesis with many important
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applications.”® The increasing interest in the dihydropyrimidine scaffold (DHPMs), known as “Biginelli
compounds”, is mainly due to their therapeutic and pharmacological properties.49 The dihydropyrimidone-5-

. . . . . . . . . . ... 50
carboxylate core is also present in several marine alkaloids possessing interesting biological activities.
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Scheme 12

3.2. Variations of the traditional Biginelli condensation

The traditional Biginelli one-pot procedure, in its simplest form, is catalysed by mineral acids, typically
hydrochloric acid. In spite of its high simplicity, this method suffers from long reaction times and low to
moderate yields (20-60%) especially with aliphatic and some substituted aromatic aldehydes. Some other
protic acid promoters, such as p-toluenesulfonic acid,”! potassium hydrogen sulphate52 or reusable silica
sulfuric acid,53 have been used in order to overcome these drawbacks. Moreover, the elucidation of the
mechanism’® has prompted renewed interest in improving the efficiency of this process, and so a large
variety of reaction conditions have been investigated, with the aim of increasing the yield by favouring the
formation and interception of iminium ion intermediates. In this context, several improved procedures have
recently been reported, including the use of various Lewis acids,55 lithium salts,56 transition metal
complexes,57 zinc chloride® or cadmium chloride,59 bismuth®® and indium® derivatives, samarium
diiodide®® or other lanthanide compounds.63 Todine,** iodotrimethylsilane65 and trimethylsilyltriﬂate,66 and
also polyphosphate ester (PPE)”’ or reusable polyaniline-bismoclite complex68 have also been reported to
catalyse the Biginelli condensation.

Significant rate and yields enhancement were also reported for Biginelli reactions carried out under
microwave irradiation conditions, either in combination with PPE® or not.”” Under these solvent-free
conditions, large amount of products can be obtained in short reaction times, and with at least >95% purity

by a simple aqueous workup procedure (Scheme 13).

X
O « NH2 PPE o
H. MW, 90's
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Scheme 13

In addition, various solvent-free procedures have been reported to be efficient alternatives to the
classical Biginelli condensation.”' Thus, montmorillonite KSF clay has been used as a solid acid catalyst for
this transformation.”” Furthermore, a combination of KSF clay and microwave irradiation gave a faster and
higher-yielding one-pot synthesis of dihydropyrimidinones.73 These compounds can also be synthesised in
high yields in the presence of catalytic amounts of room temperature ionic liquids.74 Finally, it has recently

been reported that not only trialkylammonium halides,” but also the very inexpensive and easily available
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ammonium chloride,’® efficiently catalyze the three-component Biginelli condensation under neutral and
solvent-free conditions.

In order to exploit its synthetic potential, the original cyclocondensation has been extended widely to
include variations in all three components. Meldrum’s acid and barbituric acid derivatives,”’ or benzocyclic
ketones and substituted o-keto acids’® have been used as alternative substrates, while substituted ureas
proved able to replace the urea component,79 affording some novel drug-like dihydropyrimidinone scaffolds
in good to excellent yields. The aldehyde component has been widely varied, including not only many
aromatic, but also aliphatic and heterocyclic aldehydes. Of these, cyclic hemiaminals furnished high yields of
DHPMs when acetonitrile/trifluoroacetic acid was used as a reaction medium.* Also of particular interest
are reactions in which the aldehyde is derived from a carbohydrate, affording access to C-glycosylated
dihydropyrimidinones (Scheme 14). Although the Biginelli reaction has mostly been carried out in its achiral
version, it’s noteworthy that in this case a satisfactory asymmetric induction was observed, affording chiral

products with given configuration at the C-4 stereocenter of the DMPH ring.®!

CuCl (1.0 equiv.) OBn OBn
OBn OBn AcOH (0.2 equiv.)
BF,-Et,0 (1.3 equiv.)
2 THF, 65 °C, 24 h
>=0

BnO

BnO Me” Yo HN 65%

70% de

Scheme 14

The Biginelli condensation is particularly useful for the creation of DHPM libraries, and so some
combinatorial approaches of this sequence have been described in the literature.*” In this context, the

reaction has been successfully adapted to solid-phase techniques®® and fluorous-phase conditions.>

4. MCRs based on the Mannich reaction
4.1. The Robinson-Schopf reaction an its variants

In 1917, Robinson described the synthesis of tropinone through a double Mannich condensation
involving succinaldehyde, methylamine and acetone.® In 1937, Schopf improved this reaction by replacing
acetone by 1,3-acetonedicarboxylic acid or its diester derivatives.® It was thus shown that the reaction can be
run under biogenetic-like conditions (i.e. the ¢,@dialdehyde undergoes a decarboxylative double Mannich
condensation with methylamine hydrochloride and acetonedicarboxylic acid to furnish the expected

azabicyclo[3.2.1]octanone) (Scheme 15).

Me.
CHO COOH Ho N
[ + %o +  CH,NH,HCI m
CHO COOH 5
Scheme 15

Later, Paquette and Heimaster studied a variant of this reaction and published an efficient synthesis of

tricyclic amino ketones through the introduction of a cyclic 1,3-dialdehyde into the classical sequence.87
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More recently, some studies of the reactivity of tropinone derivatives, prepared by the Robinson-Schopf
methodology, were also reported.88 Similarly, cyclocondensation with functionalised 1,3-dialdehydes such as
B-ethoxyglutaraldehyde in the presence of ammonium chloride afforded the corresponding

9-azabicyclo[3.3.1]nonanones in good yields (Scheme 16).

COOH OEt
CHO
Eto—<: . %o +  NHO — @O
CHO He
COOH N
Scheme 16

4.2. Other MCRs based on the double Mannich condensation

Numerous other azacycles are accessible through double Mannich condensation. As early as 1934,
Mannich described the synthesis of piperidones by condensation of a salt of an aliphatic primary amine,
1,3-dimethyl acetonedicarboxylate and two equivalents of an aliphatic aldehyde in protic solvent and at room

tempelrature.89 Two years later, he developed the same reaction with formaldehyde (Scheme 17).%°

o]
COOR! 1 1
RE ._H  H,0/MeOH,r.t. R10OC COOR
O + R—NHHCI + 2 T
(0] R3 N 3
COOR! | R
RZ

Scheme 17

Piperidones can in turn be involved in a double Mannich condensation with formaldehyde and
methylamine, allowing efficient access, depending on the reaction conditions, either to diazabicyclo-
[3.3.1]nonanones,”’ sometimes called bispidines, or to unexpected 1,6-naphthyridine derivatives (Scheme
18).”

R H-CHO H-CHO
N R-NH -
0 2 o) Me—NH, 0 coMe
MeOH, 0-4 °C  MeOOC COOMe MeO.C “Me
MeOOC COOMe MeOH, reflux R N
N N 12% N
Ph Me Ph Ph Me Ph bbb
Scheme 18
Ph HCHO Q
COMe N MeOH, . t MeO,C CO,Me
o= " ™ e w0 /Ao,
zMe ph N ~Npp, 12% N N
Ph Ph
Scheme 19

However, N,N’-diarylbispidinone derivatives cannot be obtained directly from aromatic amine in this

way. To overcome this drawback, Gogoll and co-workers developed a condensation of dimethylacetone
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dicarboxylate with formaldehyde and trimeric methyleneaniline, in methanol at room temperature,
representing a direct synthesis of a bispidine derivative from an aromatic amine (Scheme 19).”

Finally, applications of this sequence to cyclic substrates such as 1,3,5-tricarbonyl”® derivatives,
[S—ketoestersg5 or B—ketoamides96 allowed access to azabicyclo[3.2.1]octanones or azabicyclo[3.3.1]-

. 7
nonanones (Figure 1).9
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Figure 1
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In 1962, Hohenlohe-Oehringen reported a novel three-component synthesis of piperidones by a
combination of the Mannich condensation and the Michael addition with use of a y-unsaturated 3-ketoester
as starting material.”® Alternatively, o,-unsaturated carbonyl compounds can also be used in the Mannich
sequence in combination with 1,3-dicarbonyls. Thus, Cravotto and co-workers recently reported that 4-
hydrocoumarin reacts with a,-unsaturated iminium salts derived from enals other than acrolein to give 1,2-

9

addition products.9 The resulting adducts further evolves through electrocyclization to afford

2H-pyrano|[3,2-c]coumarins with moderate to good yields (Scheme 20).
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5. MCRs based on the Knoevenagel reaction

Scheme 20

5.1. The domino-Knoevenagel hetero-Diels-Alder reaction

2219 4 highly reactive alkene moiety is first

In the domino-Knoevenagel hetero-Diels-Alder reaction,
formed in situ through a Knoevenagel condensation beween an aldehyde and a cyclic or acyclic 1,3-
dicarbonyl compound. In the subsequent step, the resulting 1-oxa-1,3-butadiene can undergo a cycloaddition
with a dienophile such as an enol ether or an enamine to afford functionalised dihydropyranes (Scheme 21).

In this sequence, ammonium salts are used as mild catalysts at room temperature in a wide range of solvents.

. O R O R
O amlmor:uzn:) socalt P Ay .
solvent,
k= + R-CHO ke I
X0 ~o0 o X
Scheme 21
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For the domino-Knoevenagel hetero-Diels-Alder reaction in its intermolecular three-component
version, there are almost no limitations concerning the natures of the aldehyde, the 1,3-dicarbonyl compound
and the enol ether. As a catalyst, the neutral ammonium salt ethylenediammonium diacetate (EDDA) or
piperidinium acetate are commonly used. The yields are as high as in the “two-component reaction”,
although the selectivity decreases and mixtures of cis and trans adducts are obtained. The Knoevenagel
condensation and the subsequent cycloaddition usually take place at ambient temperature, but they can also
be promoted by Lewis acids, allowing the domino sequence to proceed at lower temperatures. In addition,
this sequence has been adapted to solid phase synthesis, allowing generation of combinatorial libraries.'”!
Enantiomerically pure products can also be obtained through the use of enantiomerically pure aldehydes'** or

19 or in the presence of chiral Lewis acids.'™ For all these reasons, the range of

1,3-dicarbonyl compounds,
applications of this sequence is very large, especially in the field of natural product synthesis.'”> For
example, Tietze’s group described recently the enantioselective total syntheses of Ipecacuanha alkaloid
emetine and Alangium alkaloid tubulosine.'”® The strategy is based on an elegant stereochemical
combinatoric approach involving a domino-Knoevenagel hetero-Diels-Alder sequence with optically pure

aldehydes obtained by a catalyst-controlled hydrogenation of cyclic imines (Scheme 22).'%

MeO

MeO N

OTIPS

Scheme 22

5.2. Variants of the domino-Knoevenagel hetero-Diels-Alder reaction

Some variants of the domino Knoevenagel hetero-Diels-Alder reaction have been developed, further
illustrating the high synthetic potential of this sequence. Here we give two recent examples.

To begin with, the total synthesis of (+)-Preethulia Coumarin was achieved by starting from
4-hydroxy-5-methylcoumarin, with a new type of Lewis acid catalysed three-component domino-
Knoevenagel hetero-Diels-Alder reaction as a key step.108 The sequence employed o-dicarbonyl compounds

as electrophilic carbonyl component to generate chromandiones, and vinyl ethers to trap them (Scheme 23).

\i/ Yb(OTf),

Q ﬂ M.S.
X . Dioxane, r.t.
(0]
o "0 o j)k 79%

Scheme 23
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Optimisation of the sequence resulted in the use of activated molecular sieves, and ytterbium triflate as
a catalyst. Under these conditions, a total diastereoselectivity was observed during the cycloaddition step.

Another modified domino-Knoevenagel hetero-Diels-Alder reaction, involving the use of amino
aldehydes as electrophilic carbonyl components, was published at the same time by Tietze and co-workers
(Scheme 24).'” Condensation of a 1,3-dicarbonyl compound with an amino aldehyde and an enol ether,
followed by an intramolecular reductive amination, resulted in the formation of betaines, which could be
precipitated from the solution in high purity. This sequence illustrated a novel concept in combinatorial

chemistry, combining the advantages of reactions in solution with those of solid-phase synthesis.

Xz EDDA x "z &
- OMO ultra sounds 0" o Pd/C, H,, 1 bar R? e
)\M/U\ . Toluene, 50 °C, 15 h (. OBn MeOH.rt, 24h )
CozREN™ T, H g\osn CbzR2N" g, R? H1-71% (R
R3 R2
Scheme 24

As a complement to the dienophile character of Knoevenagel adducts, Barbas Il and co-workers
showed that enamines derived from L-proline and enones act as dienes in a concerted [4+2] cycloaddition
with arylidene intermediates derived from 1,3-dicarbonyls. Indeed, they found that L-proline catalysed three-
component asymmetric domino- Knoevenagel Diels-Alder reactions of readily available enones,

0 or Meldrum’s acid,''" affording highly substituted

arylaldehydes and either 1,3-indanediones
spiro[cyclohexane-1,2’-indan]-1’,3’ ,4-triones or spiro[5,5]undecane-1,5,9-triones, respectively. The reaction
proceeded in a highly diastereoselective fashion and usually with excellent yields and up to 71% ee (Scheme

25).
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Scheme 25

5.3. Combinations of the Knoevenagel reaction with Michael addition

So far, we have described synthetic applications in which Knoevenagel products react as heterodienes
or dienophiles. Because of their structures, however, they can also be viewed as Michael acceptors, and can
react with a variety of nucleophiles. Multicomponent reactions combining Knoevenagel condensation and
Michael addition have therefore been developed, and have found interesting applications in organic
synthesis.

Apart from the 1,3-dicarbonyl itself,''* a variety of nucleophiles have been used in the tandem

Knoevenagel condensation/Michael addition. Among them, enamines have been extensively studied. As
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3 . . 114 . . .
or more recently indolin-2-one” ~ with Meldrum’s acid and various

examples, condensation of indole,11
aldehydes resulted in the one-pot synthesis of ethyl indolylpropionates and of spiro[pyrrolidine-3,3’-
indolinones], respectively, in a so-called Yonemitsu condensation. Extending this three-component reaction
to 2-substituted indoles, Sapi and co-workers recently reported an easy access to functionalised
tetrahydrocarbazoles.'”” Finally, a variant of this reaction consisting on the diastereoselective trimolecular
condensation of indole, Meldrum’s acid and Garner’s aldehyde (Scheme 26) was reported as a key step in the
synthesis of chiral 2’,3’-pyranone(pyrrolidinone)-fused tryptamines''® and 3,4-heterocycle-annulated

tetrahydro-B-carbolines.'"’

Boc
[e) D,L-proline OXN/O
O—F hax® CH,CN
Do (et €9 g
N ! )—0 90%
H CHO 0
Scheme 26

In 2001, List and Castello reasoned that alkylidene derivatives and enamines should be generable in
situ from ketones, aldehydes and Meldrum’s acid by use of a catalytic amount of proline. In this way they
developed a novel three-component reaction consisting of a direct catalytic Michael addition of unmodified
ketones to a,B-unsaturated carbonyl compounds, avoiding the use of preformed enolate equivalents, but

unfortunately without any enantioselectivity (Scheme 27).18
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Scheme 27

At the same time, Barbas and co-workers reported an enantioselective version of this reaction using
(S)-1-(2-pyrrolidinylmethyl)-pyrrolidine as the catalyst.''® Thus, Michael adducts with up to 91% ees were
obtained by treatment of alkylidene malonates with simple unactivated ketones under mild conditions. In the
multicomponent variant of this sequence, one-pot treatment of benzaldehyde with diethyl malonate in an
acetone/DMSO mixture, in the presence of 20 mol % of the chiral amine, resulted in the formation of the
desired keto ester in 52% yield and with 49% ee (Scheme 28).

Another example of the use of enamines as nucleophile in the tandem Knoevenagel
condensation/Michael addition involving a four-component reaction was recently reported. 4-Aryl
substituted 5-alkoxycarbonyl-6-methyl-3,4-dihydropyridones were prepared in one-pot condensations from
Meldrum’s acid, methyl acetoacetate and the appropriate benzaldehyde in the presence of ammonium acetate

as the source of ammonia under microwave irradiation conditions in the absence of solvent (Scheme 29).120
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In this example, ressembling the Hantzsch dihydropyrimidine synthesis, the reaction consists of several
successive steps with prior formation of two intermediates: the compound resulting from Knoevenagel
condensation between Meldrum’s acid and benzaldehyde and the enamino ester produced from acetoacetate
and ammonia. The key step of the overall reaction is the Michael-type addition of the enamino ester to the
Knoevenagel product, followed by decarboxylative cleavage of the Meldrum’s acid nucleus. A similar
reaction with dimedone and utilisation of ionic liquids as catalysts under solvent-free conditions, affording
polyhydroquinoline derivatives in high yields, was developed very 1recent1y.121

Finally, it has also been reported that phenol derivatives can be used as nucleophiles in the tandem
Knoevenagel condensation/Michael addition. In this way, the methylene derivatives resulting from the
reaction between aldehydes and Meldrum’s acid have been intercepted with phloroglucinol, offering a

convenient route to certain dihydrocoumarins (Scheme 30).122
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6. MCRs based on Michael addition

As illustratred in the preceding paragraphs, MCRs involving 1,3-dicarbonyl compounds and based on
Mannich or Knoevenagel condensations are numerous and well-documented in the literature. In contrast,
only a few examples of MCRs involving such substrates and based on the Michael addition as starting point
have been reported so far.

To begin with, in 1979 Eschenmoser and co-workers described a fragmentational approach to
macrolides, starting from substrates accessible through a spectacular three-component condensation of
acrolein, 2-methyl-1,3-cyclohexanedione and dimethyl malonate (Scheme 31).'> The Michael addition of
2-methyl-1,3-cyclohexanedione to acrolein in methanol was catalysed by sodium methoxide, and the
resulting adduct was condensed with dimethyl malonate in a one-pot reaction. A crystalline bicyclic keto
hemiacetal diester was produced in 60% yield as a single diastereomer containing three stereogenic centers,

in which the stereochemistry of the ring junction has not been clearly elucidated.
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After these pioneering results, MCRs initiated by Michael additions remained unexplored for over 20
years. As part of our continuing efforts directed towards the development of new domino transformations
initiated by Michael addition,”*'** five years ago125 we developed the first multicomponent domino reaction
between 1,3-dicarbonyl derivatives, o,f-unsaturated aldehydes or ketones, and primary amines, providing a
one-pot route to polyheterocyclic compounds of biological and pharmaceutical interests. Products are
generally obtained with good purity simply by heating a mixture of the three components at reflux in toluene
in the presence of 4-A molecular sieves, followed by simple filtration through a short pad of celite.

The structures of the products obtained through this sequence strongly depend on the nature of the
amine. Therefore, by using ®-functionalized primary amines, we were able to prepare fused polyheterocyclic

or spiro-type polyheterocyclic compounds bearing aminal functions (Scheme 32).
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As illustrated in Figure 2, a large variety of polyheterocycles have been synthetised, starting from
functionalised primary amines including aliphatic o,®-diamines, amino-alcohols, amino-thiols or aromatic
diamines. Various substrates such as (ethoxycarbonyl)piperidone, cyclic B-ketoesters or 1,3-diketones can be

used in this sequence.
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CH,Ph CH,Ph N
CH,Ph
Figure 2

When o-hydroxyaniline was used as primary amine, a spiro-type tetracyclic compound was obtained
(Figure 3). In the particular case of the use of an aminodiol, the one-pot sequence resulted in the formation of
up to three new cycles, five novel bonds, and up to five stereogenic centres.

Alternatively, the introduction of various unfunctionalized primary amines into this three-component

domino reaction resulted in the formation of other families of polyheterocycles. The reaction between
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commercially available (ethoxycarbonyl)piperidone, acrolein and a primary amine in toluene at reflux and in
the presence of 4-A molecular sieves therefore resulted in the formation either of 1,6-hydronaphthyridines or

of amino azabicyclo[3.3.1]nonanones, depending on the substitution of the amines (Scheme 33).'%°
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From a mechanistic point of view, we have shown

that the first step of the reaction consists of a
molecular sieves-initiated Michael addition of the B-ketoester to acrolein to give the corresponding adduct,

which reacts chemoselectively with the primary amine to form an aldimine (Scheme 34).
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Then, depending on the substitution of the amine,'?® subsequent reversible nucleophilic addition of the
aldimine to the ketone, providing an iminium intermediate, may be observed. In the case of unfunctionalised
primary amines, when R’ is H, dehydration occurs on the iminium, giving access to the 1,6-hydro-
naphthyridines (Scheme 33, path A). Alternatively, when R' and R? are alkyl or aryl groups, steric
interactions disfavour the formation of the iminium, and the intramolecular Mannich reaction then takes
place to afford the amino azabicyclo[3.3.1]nonanones (Scheme 33, path B).
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In the case of nucleophilic functionalized amines, the two possible iminium intermediates can be
trapped by the nucleophilic function, leading to the formation of fused or spiro-type polyheterocycles bearing

aminal functions (Scheme 35).
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At the same time, some other developments of Michael addition-initiated MCRs were reported in the
literature. In 2002, for example, a series of substituted 5-oxo-octahydroquinoline derivatives were prepared
in high yields from dimedone and 1,3-diaryl-2-propen-1-one in DMF at 80 °C in the presence of ammonium
acetate (Scheme 36).'*° After the Michael addition, the resulting 1,5-dicarbonyl adduct is cyclodehydrated

with ammonium acetate as ammonia source.

o NH,OAc
Ary = Ar DMF, 80 °C
(0] 64-98% N Ar

Scheme 36

In 2004, an interesting three-component reaction between pyridine, p-benzoquinone and various
4-hydroxycoumarins was reported, leading to stable zwitterionic compounds (Scheme 37)."* The authors
proposed a possible mechanism consisting on the Michael addition of 4-hydroxycoumarin into

p-benzoquinone, followed by the attack of pyridine at the 3-position.
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Scheme 37

Finally, in 2005, we published a conceptually novel multicomponent domino reaction from simple

B-ketoamides, which are involved not only as substrates but also as nucleophilic partners, leading to original
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scaffolds having a highly functionalised 2,6-diazabicyclo[2.2.2]octane skeleton (2,6-DABCO) (Scheme
38)."*! The key steps of this one-pot process are the successive formation of two iminium intermediates,
trapped in situ by two different nucleophiles, one being substrate itself and the other one resulting from the

heterofunctionalisation of amine partners.
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Scheme 38

A range of valuable new elaborated polycyclic structures were synthesised in good to excellent yields
by simply heating a toluene solution of B-ketoamides, acrolein and functionalised amines, in the presence of
4A molecular sieves. These neutral heterogeneous conditions proved to be of general applicability and a
series of expected bridged bicyclic products were obtained, by simple filtration through a short pad of Celite,
with generally very high chemical purity (Figure 4).
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In all cases, the totally diastereoselective obtention of a single product is observed with concomitant
formation of up to three new cycles, five different bonds including two C-C ones, and up to five stereogenic
centers, two of them being chemically differentiable nitrogen atoms. Moreover, the one-pot sequence is step-
and atom-economic and also ecologically benign since water is the only by-product, easily trapped by

molecular sieves.

7. Miscellaneous
Other MCRs involving 1,3-dicarbonyls or their synthetic equivalents have received more and more
attention in the last few years. Some of the more recent examples in this field are reported in the following

sections.
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7.1. Metal-catalyzed MCRs involving 1,3-dicarbonyl derivatives

In 2003, Nair and co-workers published the synthesis of novel spiro-dioxolanes through a facile three-
component, rhodium-catalysed reaction of bis(methoxycarbonyl)carbene, aldehydes and o-quinones.'*
Rh(II)-catalysed decomposition of dimethyl diazomalonate in the presence of p-tolualdehyde and 3,5-di-tert-

butyl-1,2-benzoquinone, for example, afforded a 3:1 regioisomeric mixture of dioxolanes (Scheme 39).

N,C(CO,Me),
CHO Rh,(OAc), (cat.)
benzene, 80 °C, 14 h

O 59%
Me

Scheme 39

This multicomponent reaction probably involves the formation of a carbonyl ylide through the reaction
between a carbene and the aldehyde and its trapping by the quinone carbonyl. The reaction was found to be
general with respect to a variety of aromatic aldehydes and 1,2-benzoquinone. This sequence has more
recently been developed with B-nitrostyrenes, providing highly substituted tetrahydrofuran derivatives
(Scheme 40)."**

NO,
P N,C(CO,Me),
- CHO Rh,(OAc), (cat.)
. benzene, 80 °C, 14 h
R3 38-76%
R4 R?

Scheme 40

7.2. MCRs involving 1,3-dicarbonyls in combination with acetylenic derivatives
In 1997, three-component reactions between triphenylphosphine, 3-chloropentane-2,4-dione and
dialkyl acetylenedicarboxylates were reported. This procedure revealed to be an acceptable preparation of

butyrolactones with variable functionalities (Scheme 41)."**

COzR CHCl (Ph)sR. CO.R
OH O . 2
PPy + ||« M
o
CO.R & °
Scheme 41

More recently, Nair and co-workers reported a novel approach to pyran-annulated heterocyclic
systems, through an efficient multicomponent reaction involving the interception of the zwitterionic
intermediate between dimethyl acetylenedicarboxylate and isocyanides with some active methylene

compounds.135 As an illustration, treatment of 4-hydroxycoumarin with dimethyl acetylenedicarboxylate and
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stoechiometric amount of cyclohexyl cyanide at reflux in benzene afforded the corresponding product in
68% yield (Scheme 42).

NHCy

OH

CO,Me Benzene, 80 °C § co,Me
e I Ar,6h 0

+ Cy—N=C

o0 Yo o 689% N come

CO,Me °

o~ o
Scheme 42

7.3. MCRs involving 1,3-dicarbonyls in combination with isocyanide derivatives

In a recent publication, Démling and co-workers demonstrated that isocyanides, primary amines,
B-ketoaldehydes, and phosphonoacetic acids react smoothly at ambient temperature in methanol to afford the
corresponding Ugi products (Scheme 43).5¢ A subsequent Wittig ring-closing reaction, in its

Horner/Wadsworth/Emmons variant, afforded highly substituted pyridones in low to excellent yields.

o Rz RS O R2
Ne Z/NHZ o ’L - IL o
1 ~N o~
" " 5 U-4CR N PO(OE, H
Re R 0 o) WHE _
)\ R 10-94% R R
R ¥ HoOC” “PO(OE), s
CHO R R
o}
Scheme 43

Contemporaneously, Yavari and Habibi reported a three-component synthesis of pyrrolidine-2,5-diones
involving a 1,3-diester derivative as substrate."’ 5-isopropylidene Meldrum’s acid smoothly underwent
reaction with alkyl isocyanides in the presence of pyrrole or indole to give the corresponding products in
good yields (Scheme 44).

(0]
o 0o o

+ R-NC + N N-R
o o i - Me,CO N
| H O O

65-72%

Scheme 44

7.4. MCRs involving cyanomalonate derivatives

In the last few years, cyanomalonate derivatives -which can be regarded as 1,3-dicarbonyl equivalents-
have gained considerable attention as useful substrates in multicomponent reactions. Most of these sequences
are initiated by a Knoevenagel condensation between cyanoacetates, cyanoketones or malononitrile and
carbonyl compounds.

In 1965, Gewald reported a three-component condensation of a [-keto ester, a cyanoacetate and
elemental sulfur in the presence of an organic base to yield a thiophene nucleus.'*® This reaction remained

unexploited until 1999, when McKibben and Castelhano published an improvement of the reaction
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conditions for semi-automated synthesis to provide tetrasusbstituted thiophenes.'” Following this work,
Pinto et al. described the four-component preparation of 5-aminothiophenes through an extension of the
Gewald’s reaction (Scheme 45).'*’ Condensation of ethyl cyanoacetate, phenoxyacetone, elemental sulphur
and various cyclic secondary amines, for example, provided the corresponding 5-aminothiophenes in

moderate yields.

0 H CO,Et
)H CO,Et N Se, EtOH l—ﬁ\
+ < +
Q 19-39% /O“ s” ONH,
R R

Scheme 45

In the case of a-cyanoketones, Quiroga and co-workers described a simple and efficient synthesis of

pyrazolopyridines which are interesting biological targets, through three-component reactions involving

141

aminopyrazoles, benzoylacetonitrile and various aromatic aldehydes (Scheme 46)." More recently, by

replacing aminopyrazoles by aminopyrimidines, they succeeded in the development of a regioselective, facile

142

and practical method for the preparation of novel pyrimidinones. "~ The synthesis was conducted with the aid

of microwave irradiation under solvent-free conditions, providing the corresponding products in good yields.

(0]
R R‘N |
] Q Me. s
Ar N. e‘o N NH (6] Ar
o AN CN ,
+

R CN N NH, , R CN
| | | R MW, 15-20 min | |
N. I — =
N~ N” "Ph o MeO” "N~ N7 “Ph
R _ 70-75%
R H Ar—CHO |1|
Scheme 46

Malononitrile has also been widely exploited; to begin with, Ballini and co-workers in 2001 reported a
three-component process for the synthesis of 2-amino-2-chromenes simply by heating a mixture of an

aldehyde, malononitrile and a phenol at reflux in water in the presence of a catalytic amount of

143

cetyltrimethylammonium chloride (Scheme 47)." More recently it was shown that tetrabutylammonium

144

bromide'** and basic alumina'* could also act as catalysts for this transformation.

OH 2

H.__O cat.
CN Rt H,0, reflux
+ > + .
CN
Scheme 47

The key step in this one-pot sequence involves the ortho-C-alkylation of the phenol with the
electrophilic C=C double bond of the Knoevenagel adduct resulting from the condensation of malononitrile
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with the aldehyde. A subsequent nucleophilic addition of the phenolic OH group to the CN moiety produces

the final 2-amino-2-chromene (Scheme 48).

OH
R
cat.
CN  H,0 CN cat., H,0 OHy H,0 O NH,
PhCHO + < — =< - - - . |
CN Ph CN R CN CN
Ph H R PnH
Scheme 48

Some other nucleophiles have been introduced in this one-pot sequence, providing simple access to
various polyheterocycles (Scheme 49). As one example, microwave-assisted use of barbituric acids under
solvent-free conditions gave pyrano[2,3-d]|pyrimidines and pyrido[2,3-d]pyrimidines in excellent yields.146 A
clean synthesis of tetrahydrobenzo[b]pyran derivatives, with dimedone as nucleophile and
hexadecyltrimethyl ammonium bromide as catalyst in aqueous media, has also been reported.'*’ This
transformation was adaptable to solid-phase conditions, as illustrated by the efficient synthesis of 3-cyano-6-
(2-hydroxyphenyl)pyridines through condensation of hydroxyacetophenone immobilised on Wang resin with
malonitrile and various aldehydes.'*® Finally, the three-component reaction of sulfonium salts, malonitrile
and aldehydes in ionic liquid, in the presence of Et:N, provided a convenient synthesis of substituted 1,1-

dicyanocyclopropanes.'*’

0
H Ar [g] RI_ .9 A
R Br- N R'_ CN
NVAN 0 A S8
) 07 "N" "OH
o H CN I 0”7 "N” 07 "NH
R? R2 | 2
Et,N MW i
3
N

HTMAB
Ar
CN H,O
OH [ O/\o 0 o 0 0 Ar
~

Scheme 49

o Re Et,N (cat.)
CN

ﬁﬁ . N . < EtOH, rt, 12 h

N \ CN

. N\ 64-84%

= H (6]
Scheme 50

Finally, in 2002, Evans and co-workers reported a three-component condensation of substituted

piperidin-4-one, pyrazol-5-ones and malononitrile in the presence of a catalytic amount of Et;N, giving
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150

highly substituted spiro-pyrazolopyrans in good yields (Scheme 50).”" On replacement of the chemical base

by an electrogenerated base, the authors showed that the sequence became more regioselective and the yields

ca. 12-15% greater than those of the reaction catalysed by chemical bases.

8. Conclusion

This critical selection of diverse MCRs developed over more than a century clearly shows that simple
1,3-dicarbonyl derivatives still constitute versatile substrates in organic chemistry and can be accommodated
in many diverse synthetic pathways. The high synthetic potential of these very easily accessible reagents has
found numerous applications, especially for the synthesis of complex heterocyclic structures found in
important natural and unnatural compounds. Future development of new synthetic transformations making
use of the high reactivity of 1,3-dicarbonyls towards many other substrates should enlarge the scope of this
field, allowing the facile and selective construction of highly functionalised small organic molecules of high
synthetic and biological values.

We are currently engaged in efforts to develop new MCRs with 1,3-dicarbonyl systems, especially

L : . o 151
transformations involving Michael additions and Knoevenagel reactions.
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Abstract. An overview of photosensitizers for photodynamic therapy is presented. It is not intended as an
exhaustive description of the state of the art but just to account for the relevance of the use of number of
heterocycles in this fascinating topic. According to this strategy no photosensitizers syntheses are described

herein and the interested reader is expected to check with the original literature.
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1. Introduction

Photodynamic therapy' (PDT) is a new promising technique for the treatment of cancer disease, which
involves the use of two non-toxic components (light and a photosensitizer) that once combined can induce
cellular and tissue damage via singlet oxygen generation (Scheme 1). Ancient egyptians were the first to
employ light to treat a wide variety of diseases, including psoriasis, rickets, vitiligo and skin cancer. But the

real therapeutic use of light began only in the last century. Raab was the first scientist to report on the toxic
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effect due to the combination of light and acridine orange on living paramecium.” The modern era of PDT
started in the 1960s, when Lipson and colleagues introduced a preparation called Haematoporphyrin
Derivative. This preparation was found to be localized in tumours and emit fluorescence when irradiated in
the UV (366 nm). After that the Haematoporphyrin Derivative was investigated for a decade as a diagnostic
agent for cancer, it was understood that, upon changing the irradiation conditions, the PDT effect could be
turned from detection to photodegradation of tumours.

This kind of observation was first reported by Diamond in 1972; in the same years Weishaup identified
singlet oxygen as the cytotoxic agent in the photodynamic process.” In 1974 Dougherty showed that
fluoresceine could be used to reduce the growth rate of mammary tumours in animals. Because of its poor
singlet oxygen generation and penetration into organic tissues, new photosensitizers, most of them
possessing a porphyrinic skeleton, were studied.

The first photodynamic experiment on humans was carried out by Kelly and Snell in 1976; they found
that the Haematoporphyrin Derivative could be used as an aid for the diagnosis and treatment of some
bladder carcinoma.*

After several years spent in the isolation and identification of the active fractions of the
Haematoporphyrin Derivative, a more purified version named Photofrin® was produced and approved for
clinical use in United States, Canada, Netherlands, Japan and France against early- and late-stage lung
cancers and oesophageal cancers and dysphasia, with other indications pending.5 In addition to the approved
indications, clinical trials are under way to evaluate the use of PDT for brain cancers, skin, prostate, cervix,
and peritoneal cavity.® The most recent research is focused on the development of more powerful
photosensitizers able to target selectively cancer cells’ and specifically designed to work only upon longer
wavelength irradiation with consequent better penetration in the living tissues.® Researchers are also
investigating ways to improve the light delivery equipment in terms of focusing and wavelength selection.
From the time when Photofrin® was FDA approved, many of the mechanisms of PDT action have been
elucidated, several new photosensitizers prepared® and a wider scope for PDT demonstrated.

Cell death
Fed light

Propagation of
radical reactions:

- 1schemic necrosis
-cytotoxicity

Photosensitizer “

absorb s laser light

Formation of
photosensitizer
excited state

Scheme 1
Mechanism of action of PDT.

1.1. PDT Mechanism of action
The singlet oxygen generation process in PDT’ can be accounted by a simplified Jablonski diagram
(Scheme 2).°
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Scheme 2
A simplified Jablonski diagram showing the various modes of excitation and relaxation in a molecule:
(A) excitation via one-photon absorption; (B) excitation via two-photon absorption;
(C) fluorescence; (D) intersystem crossing; (E) phosphorescence; (F) non-radiative
transfer of energy to produce singlet oxygen; (G) internal conversion.

The photosensitizer is first excited to its singlet excited state via one (A) or two-photon absorption (B)
of light of the appropriate wavelength. The photosensitizer can then relax back to its ground state by
fluorescence (C) or can pass on its triplet excited state via intersystem crossing (D).

From the triplet excited state the photosensitizer can relax back to the ground state by phosphorescence
(E) or transfer energy to another molecule via a radiationless transitions (F). Moreover, the photosensitizer
can loose energy through internal conversion or radiationless transitions during collisions with other
molecules (G).” If oxygen is present in the environment,'® the photosensitizer can transfer its energy to
oxygen to form singlet oxygen ('0y), a highly reactive oxygen species that can interact with a large number
of biological substrates, inducing oxidative damage and eventually cell death (H). This kind of reaction is
defined as a Type II mechanism. It is generally accepted that this is the dominant process in PDT"" and that
singlet oxygen is the primary citotoxic agent. However, there is also a Type I mechanism that becomes
important at low oxygen concentration or in a more polar environment.

In this process the photosensitizer can react directly via electron transfer with organic substrates or the
solvent or else another photosensitizer to yield free radicals and radical ions. These free radical species are
highly reactive and can easily interact with molecular oxygen to generate superoxide anion or hydroxyl

radicals with consequent biological damage.

1.2. Oxygen in PDT

Ground state oxygen exists uniquely as triplet state with two unpaired electrons distributed in the
highest occupied orbitals. The spin-selection rule reduces its reactivity towards singlet ground state species,
the vast majority of the known compounds. The first oxygen excited state is described by a fully occupied
orbital and a completely unoccupied one; this state has an energy only 23 kcal above that of the ground state.
This singlet state can easily react with other singlet state molecules because its radiative decay to the triplet

ground state is a spin-forbidden transition resulting in a long-lived and highly reactive excited state (Scheme
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4). It should be noted that actually there are two singlet oxygen allowed states. The first one (1A,) has two
electron in one p* orbital as reported in Scheme 4. The second singlet oxygen state is termed 10, and
displays one electron with pair spin on each of the two p* orbital (this state behaves as a diradical species).
However, due to the relatively short life time of 16, (comparable with that of the 1A, state only in the gas
phase), the 1A, form is the prevalent one both in solution and in the solid state and is commonly referred as

the singlet oxygen species in photodynamic therapy.12

hv

1P ) 3P*
Type I Photoreactions Type II Photoreactions
3p* .- ot Sp* 1 1
P"+S ———> P"+S P*+0; ————> P+ 0;

PP+ O0,————> P+0," 'O+ Substrate ———3 Oxidative damage

SP* + Og.'ﬁ P + Og.-

Scheme 3
Type-I and Type-II photoreactions, where 'P and *P* are the photosensitizer in the ground state and the
triplet excited state respectively, S is the substrate molecule, P~ is the reduced photosensitizer molecule,
S* is the oxidized substrate molecule, O, is the molecular oxygen at the ground state,
O, is the superoxide anion, O, is the superoxide radical, P* is the oxidized photosensitizer and '0, is the
oxygen in the singlet excited state.

The lifetime of 'O, depends on the nature of the solvent (Table 1), but commonly it ranges from 10-
100 ps in organic solvents. Since singlet oxygen reacts so readily, PDT-induced oxidative damaged is highly

localized to a region no larger in diameter than the thickness of a cell membrane.

o* 2p
e | 2 2 | 8
N S S I
c 2p

o* 28

o* 1s

sisisisls
sisisIs 5

’0, 10,(1A,)

Scheme 4
Molecular orbital diagrams showing the electron distribution in the ground state and in the first excited state.
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Table 1. Lifetimes of singlet oxygen in various solvents.

Solvent T (us) Solvent T (us)
H,O 2 CHCI; 60+15
MeOH 7 CS, 200
EtOH 12 CDCl; 300£100
CeHi2 17 CCly 700£200
D,O 20 Freon 11 1000200
CeHe 24 CeFs 3900
CH;COCH3 26 Air 1 atm ~76000

1.3. Detection and evaluation of singlet oxygen

The detection of singlet oxygen is difficult due to its excited state nature, although a long living one.
Several analytical techniques have been developed and in the following subsection we will describe the most
commonly employed ones.

Singlet oxygen luminescence: as 'O, decays back to the ground state, some of the energy is emitted as
13-15

phosphorescence. The light from singlet oxygen appears in the infrared region at 1269 nm and can be

detected in biological system using a solid-state near-infrared detector.'®

Electron paramagnetic resonance: one of the most common detection methods is based on electron

paramagnetic resonance (EPR), a highly sensitive technique in the detection of free radicals. The reaction of
'0, with a stable molecule can generate a moderate long-lived free radical acting as a spin label and enabling
an unambiguous identification. As an example the spin label 2,2,6,6-tetramethly-4-piperidone (TEMP) can
react with singlet oxygen to form a stable nitroxide radical adduct, 2,2,6,6-tetramethyl-4-piperidone-N-oxyl
(TEMPO), easily detectable by EPR."” The oxidation of 2,2,6,6-tetramethyl-4-piperidone with singlet oxygen
to 2,2,6,6-4-piperidone-N-oxyl formation is shown in Scheme 5.

O @)
H3C>f‘j<CH3 + 102 H3C>ﬁiCH3
N

HC” N CH, HC® N “CH,
H o

Scheme 5

Chemical quenchers: chemical trapping by spectroscopic probes is also specific and much more

sensitive than the detection of the 1270 nm emission.'® The photochemical methods do not require large
instrumental efforts and can be easily carried out with a simple UV-Vis spectrophotometer. A mixture of the
photosensitizer, oxygen and the quencher, a molecule able to selectively react with '0,, is irradiated at the
photosensitizer absorption wavelength. The quencher reaction usually involves an interruption in its
conjugation path with a consequent UV-Vis bleaching, easily monitored by absorption spectroscopy. The
singlet oxygen rate of formation is proportional to the slope of the absorption loss plotted against light-

irradiation time. The most common chemical quencher in organic solvents are: a) 9,10-diphenylanthracene,
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which reacts specifically with 'O, to form an endoperoxide. Evidence for 'O, production'® is provided by the
decrease in absorbance of antracene at 355 nm, b) 1,3-diphenylisobenzofuran (DPBF) behaves similarly
(decrease of its Amax at 410 nm) (Scheme 6).20 In aqueous environments the p-nitrosodimethylaniline is

commonly employed (Ayax = 440 nm).

Ph Ph
hv, 02
0O
Ph Ph
9,10-diphenylanthracene
Ph Ph Ph
—
H
CQO hv, O @O 0 o
2 “Hz0; 0o
Ph O Ph
DPBF Ph
Scheme 6

2. Photosensitizers

Photosensitizers”' are chromophores able to efficiently generate singlet oxygen upon irradiation at their
HOMO-LUMO transition wavelengths. There are hundreds of natural and synthetic dyes that can act as
photosensitizers for PDT, ranging from active principles extracted from plants to complex synthetic
macrocycles. An optimized photosensitizer must posses quite a unique collection of different properties:

1.  a sharp and intense absorption band mainly localized in the biological tissues transparency

window (700-900 nm);

2 good solubility in a biological environment;

3 an almost complete dark non toxicity;

4.  high singlet oxygen sensitization quantum yield;

5 preferential localization within the tumour;

6 easy after-treatment removal from the body.

Table 2 provides an overview of the spectroscopic features of various photosensitizers currently in

clinical or preclinical trials.

2.1. Photofrin®

The first generation photosensitizers - up to now still the only one approved by FDA for human
treatment - are haematoporphyrin derivatives®' such as Photofrin® (Scheme 7).

Haematoporphyrin derivatives were originally described by Lipson ef al in 1961 and are prepared™” by
acetylation of haematoporphyrin (Hp), followed by neutralisation prior to alkaline hydrolysis. The resulting
mixture contains haematoporphyrin, hydroxyethylvinyldeuteroporphyrin (HVD) and protoporphyrin (Pp), as
well as a complex dimeric and oligomeric fraction containing ester, ether and carbon-carbon linkages33 of
haematoporphyrin. HpD is typically 45% monomeric/dimeric porphyrins and 55% oligomeric material, the
latter being accountable for the tumor localising activity of HpD in vivo. Partial purification of the most
active of these oligomers by high performance liquid chromatography (HPLC) or size-exclusion gel

chromatography lead to Photofrin®, 90-95% of which is the active component.3 4
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Table 2. Spectroscopic features of the photosensitizers presently investigated in clinical or preclinical trials.

Photosensitizer A (nm) o ecm'l) D,
Haematoporphyrin |30 30,708 .6
sAmiohewliveacid | g5 sox10t 067
Verteporfin 690 3.5x10" 0.7*
Tin etiopurpurin 660 2.8x10" 0.6”
Temoporfin 652 3.0x10* 0.43%
Cd(I) Texaphyrins 732 4.2x10* 0.69%
Phthalocyanines 670-680  2.5x10° 0.34%
Naphthalocyanines 750-780  >10° 0.3-0.5%
N-aspartyl chlorin €6 664 4.0x10* 0.8%
Rhodamines 511 2.0x10°  0.02%
Hypericin 590 4.4x10* 0.4

OH

Photofrin R= CH;CHOH or CH,CH
Scheme 7

Photofrin® (porfimer sodium) is marketed by Axacan Pharma Ltd and is used in the PDT of tumors
(lung, oesophageal, bladder, gastric and cervical) and high-grade dysplasia (HGD) in Barrett’s oesophagus

(BE) (http://www.glt-pdt.com®®). Moreover, Photofrin® promoted PDT is under investigation as a possible

therapy against Karposi’s sarcoma, cancers of the head, neck, brain, intestine, lung, breast, and skin. Other

. .. . .. . . 3637
possible target afflictions include psoriasis and arterial restenosis.™
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Photofrin®-mediated PDT has proved successful for a wide range of cancers; nonetheless a number of
drawbacks and side effects are well-documented. Being this drug a complex mixture, there are questions
concerning the identity of the active components and also the reproducibility of the synthetic process. The
treatment commonly involves the use of laser light at 630 nm. At this wavelength the laser beam can only
penetrate in the tissue to a maximum depth of 3-10 mm, clearly limiting the therapy applicability to
superficial diseases. After treatment, cutaneous light sensitization can last for several weeks and patients are
advised to avoid bright light during this period. Due to all of these drawbacks and according to the
requirements discussed in paragraph 2, new photosensitisers have been synthesised. The so called "second
generation" photosensitisers include modified porphyrins, chlorines, bacteriochlorins, phthalocyanines,

naphthalocyanines, pheophorbides, purpurins and squaraines.

2.2. 5-Aminolevulinic acid

Aminolevulinic acid®® (ALA) is the metabolic precursor of the real photosensitizer, protoporphyrin IX
(PpIX). The synthesis of ALA is normally tightly controlled by feedback inhibition of the ALA synthetase
presumably by intracellular heme levels. ALA, when provided to the cell, bypasses this control point and
results in the accumulation of PpIX, which is converted into heme by ferrochelatase through the addition of
iron to the PpIX nucleus.

Marketed by DUSA Pharmaceuticals (Toronto, Canada) under the name Levulan®, Aminolevulinic
acid is applied topically (directly to the skin) on the face or scalp to treat actinic keratosis lesions. Unlike
porfimer sodium, it does not reach other parts of the body. Therefore the lesions are sensitive to light but the
rest of the body is not.

Photosensitization following application of Levulan® occurs through the metabolic conversion of ALA
to PpIX (see Scheme 8) that when exposed to light of the appropriate wavelength and energy produces the
photodynamic reaction. The tumor selectivity of ALA is a consequence of the increased permeability of
abnormal keratin, increased levels of porphobilinogen deaminase, decreased levels of iron and decreased
activity of ferrochelatase in the tumour cells. These conditions result in an accumulation of protoporphyrin
IX in diseased cells, resulting in selectivity for the target tissue.® About 14 to 18 hours after the agent is
applied (usually the next day), the area is treated with a blue light source for about 15 minutes (see

http://www.dusapharm.com). The company has also announced Phase I/II clinical trials involving Levulan®

as a treatment for acne, for the removal of unwanted hair, and for the photodetection of bladder cancer. Other
clinical trials are under way using ALA as a therapy for non-melanoma skin cancer,* endometrial ablation,*'
late-stage oesophageal cancer,* gastrointestinal cancer,”’ Barrett’s oesophagus43 and psoriasis.41 Because of
the low molecular weight and polar properties of ALA, it can also be used as a topical PDT agent against a
number of dermatological conditions and has been shown to be effective against superficial basal cell
carcinomas, Bowen’s disease, erythroplasia of Queyrat, cutaneous T-cell lymphoma and hirsutism.*’

Because photosensitisation is still porphyrin-mediated, excitation of PpIX also occurs at 630 nm,
offering no advantage over HpD in the tissue penetration depth. The hydrophilic nature of ALA also limits
drug penetration through the skin, however this problem may be solved by the use of lipophilic ALA esters
which can penetrate cells more easily. PhotoCure AS (Oslo, Norway) is going to market the methyl ALA
ester, P1202, and is studying its potential against basal cell carcinomas and other skin lesions together with

several conditions that have been shown to be treated effectively by ALA.*
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2.3. Verteporfin

Visudyne™ was the first approved photodynamic therapy agent for wet age-related macular
degeneration (AMD) the leading cause of blindness in people over the age of 55. Visudyne™ is a verteporfin
(Scheme 9) and was launched in 2000 by QLT PhotoTherapeutics and distributed by Novartis Ophthalmics
(see http://www.qlt-pdt.com).** Moreover, in 2001 it was also approved for the treatment of pathological

myopia (a form of nearsightedness) and presumed ocular histoplasmosis (a fungal infection of the eye).
Verteporfin is also in Phase III clinical trials for cutaneous non-melanoma skin cancer and Phase I/II trials
against other non-melanoma skin cancers (such as multiple non-melanoma skin cancer),* psoriasis,*® and
psoriatic and rheumatoid arthritis. Extensive preclinical work has been carried out using verteporfin as a
therapy for multiple sclerosis and Barrett’s oesophagus and as an agent to achieve endometrial ablation and
bone marrow pulrging.45 Showing a much stronger absorbance at a longer wavelength (690 nm), verteporfin
enables an in depth tissue light penetration 50% greater than that achievable with Photofrin® at 630 nm. It is
also readily absorbed by the tumour - reaching an optimal tumour-normal tissue ratio 30-150 minutes after

intravenous injection - and cleared from the body so that skin photosensitivity lasts only a few days.

HO™ o o

Verteporfin
Scheme 9
2.4. Tin etiopurpurin
Miravant Medical Technologies (Santa Barbara, CA, USA) has developed a tin etiopurpurin (SnET2)"’
marked as Photorex™ (Scheme 10) as part of their PhotoPoint™ procedure. The PhotoPoint procedure is an
emerging treatment method based on drugs that respond to light. When administered to the body, PhotoPoint
drugs are designed to preferentially accumulate in rapidly reproducing (hyperproliferating) cells and blood

vessels based on the metabolic characteristics of these tissues. Since a number of disease conditions involve
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tissue proliferation, PDT has a range of potential applications. Photorex™ is among the most developed of
Miravant’s light-activated compounds, and has completed two Phase III clinical trials for the treatment of
wet AMD. Miravant has developed additional photosensitizers for dermatology, cardiovascular diseases and

oncology that are now under phase II and preclinical investigation respectively.

HyCH,COLG

LN

Tin etiopurpurin

Scheme 10

2.5. Temoporfin
Foscan® is a photosensititizing agent containing temoporfin (Scheme 11) or tetra(m-hydroxyphenyl)
chlorin (mTHPC)”’48 and is marketed by Scotia Pharmaceuticals (Guildford, Surrey, UK) as a new second-

generation photosensitizer for PDT (see www.bibliotecpharma.com). In 2001, Foscan® was approved in the

European Union, Norway & Iceland for the palliative treatment of patients with advanced head and neck
cancer who have failed prior therapies and are unsuitable for radiotherapy, surgery or systemic
chemotherapy. Foscan® is also in clinical trials for late stage oesophageal cancer and dysplasia in Barrett’s
oesophagus.** Future trials using this photosensitizer in Europe, the US and the Far East against malignant
and non-malignant diseases are anticipated and will include trials against gastric and prostatic cancers,
hyperplasia, field sterilization after cancer surgery and for the control of antibiotic-resistant bacteria. In
addition, topical formulations of temoporfin are being developed to compete with ALA against skin cancers

and other dermatological conditions.

HO

Temoporfin

Scheme 11

Foscan® requires an activation wavelength of 652 nm, with a delay of 4 days between injection into the
bloodstream and activation with laser light. This allows for accumulation of the photosensitiser in the cancer

cells. Temoporfin could be one of the most phototoxic of all the second-generation photosensitizers currently
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being investigated. It requires very low doses (as little as 0.1 mg kg™') as well as an unusually low light dose
(as low as 10 J cm™), making it 100-fold more photoactive than Photofrin®, which requires drug doses of 2-5
mg kg™ and strong light doses (100-200 J cm™).”® The reasons behind this exceptionally high activity are not
fully known. While improved optical properties and singlet oxygen quantum yields can partially explain this
increased phototoxicity, the explanation appears to reside in the subtumoral and subcellular localization of

the compound, still under investigation.@’50

Table 3. Photosensitizers currently in clinical trials or late preclinical development (in italic indications that
are registered in one or more countries).

Photosensitizer Tradename Clinical Application
Haematoporphyrin Photofrin® Oesophageal, lung, bladder, gastric and
derivative cervical cancer, HDG in Barrett’s

oesophagus,

Head and neck, intestinal, lung, skin, bladder
and metastatic breast cancer, Kaposi’s
sarcoma, psoriasis, arterial restenosis.

5-Aminolevulinic acid Levulan® Actinic keratoses

(ALA) Hair removal, acne, non-melanoma skin,
oesophageal and gastrointestinal cancer,
endometrial ablation, psoriasis, Barrett’s
oesophagus

Verteporfin Visudyne™ Macular degeneration

Verteporfin  Non-melanoma skin cancer, psoriasis

Psoriatic and rheumatoid arthritis, multiple
sclerosis, Barrett’s oesophagus, endometrial
ablation, bone marrow purging

Tin etiopurpurin Photorex™  Macular degeneration

Temoporfin Foscan® Head and neck cancer
Oesophageal cancer, Barrett’s oesophagus
Gastric and prostate cancer, hyperplasia,
sterilization, antibiotic, skin cancer

M

Texaphyrins Lutrin™ Breast cancer
Antrin™ Angioplasty
Optrin™ Macular degeneration
Xeytrin™  Brain methastases
Phthalocyanine CGP55847  Squamous cell carcinoma of upper
aerodigestive tract, psoriasis
Phthalocyanine Photosens ~ Endobronchial lesions, head and neck
tumours
N-aspartyl chlorin e6 NPe6 Endobronchial lung cancer and cutaneous
malignancies
Rhodamines TH9402 Bone marrow purging

2.6. Texaphyrins
Texaphyrins (Scheme 12) are small ring-shaped molecules containing a heavy metal cation in the
center and are marketed by Pharmacyclics (Sunnyvale, CA, USA) as photosensitizers (see

http://www.pcyc.com). Under the trade name Lutrin™, lutetium texaphyrin is undergoing Phase II clinical

trials as a possible therapy for breast cancer. The main advantage of using texaphyrins as PDT agents is that
such a molecule can be activated at the remarkably long wavelength of 732 nm, thus enabling a deep tissues

and blood penetration. In fact the treatment can be carried out effectively on larger tumours or at a greater
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depth with reduced damage to adjacent normal tissues. The lutetium texaphyrin derivative, Antrin™
photoangioplasty for the treatment of peripheral artery disease (PAD, i.e., blockages of the arteries in the
lower extremities), is also in Phase II clinical trials, while another derivative, Optrin™, is in Phase II trials
for age-related macular degeneration. In addition, the company is also developing radiosensitizers and
chemosensitizers based on the gadolinium texaphyrin, Xcytrin™, currently in Phase III clinical trials for the

treatment of brain metastases.
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2.7. Phthalocyanines

Phthalocyanines are a class of azaporphyrins in which the 3,4-positions of pyrrole ring are fused to
benzene rings and bridged by aza nitrogens rather than methine carbons (Scheme 13). Their major absorption
band is typically around 680 nm; this enable for the use of light of longer wavelength with increased tissue
penetration. A long-life triplet state is required for efficient photosensitisation and this criteria may be
fulfilled by the incorporation of a diamagnetic metal such as Zn or Al into the phthalocyanine macrocycle.

Their solubility can be improved by substituents at the periphery of the macrocycle.”

|

’
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Phthalocyanines Naphthalocyanines
Scheme 13

Ciba-Geigy Ltd (Basel, Switzerland), now part of the Novartis Group, in partnership with QLT
PhotoTherapeutics, has developed a zinc phthalocyanine (CGP55847) that has been in Phase I/II clinical
trials in Switzerland for patients with squamous cell carcinomas of the upper aerodigestive tract.”> The

oncological centre of the Russian Academy of Medical Sciences (Moscow, Russia) and the surgical clinic of
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the Moscow Medical Academy (Moscow, Russia) are developing a mixture of sulphonated aluminium
phthalocyanine derivatives against a wide variety of cutaneous and endobronchial lesions; it has been used to
treat malignancy and infection and it has been proved successful with head and neck tumours including the
lip, pharynx, larynx and tongue.5 396 Naphtocyanines are phtalocyanines with a further benzene ring in the
periphery. The absorption peak of these compounds is red-shifted by 100 nm with respect to the parent
phthalocyanines (770 nm versus 680 nm); this shift increases the therapeutic depth of application enabling

the therapy exploitation also in the case of melanomas.””’

2.8. N-Aspartyl chlorin e6%

Talaporfin (N-aspartyl chlorin e6, Npe6; Scheme 14)°" is under study as photosensitizer for PDT.%%% 1t
was developed by Nippon Petrochemical (Osaka, Japan), and is licensed to Miji Seika only for Japan and
South East Asia. It consists of chlorin e6 in chlorophyll and L-aspartic acid. Talaporfin has completed phase
I clinical trials in the US for cutaneous malignancies,”’ while phase II clinical trials are under test in Japan
for endobronchial lung cancer.’® The photodynamic activity of Npe6 also involves a combination of vascular
(indirect effect) and direct anti-tumour photodamage, which is a further potential advantage of this

photosensitizer.64
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N-Aspartyl chlorin e6
Scheme 14

2.9. Rhodamines

The commercial dye rthodamine 123 is a poor phototoxin because of its high fluorescence quantum
yield.®®

This problem was remedied by Celmed’s researchers by adding heavy atoms such as bromine to the
heterocycle (Scheme 15). In fact, the addition of heavy atoms to the chromophore increases the intersystem
crossing efficiency from the singlet to the triplet state by a spin-orbit coupling effect. Moreover, the addition
of halogens to the chromophore also red-shifts the absorption maximum.

The new halogenated rhodamine, Theralux™ (TH9402), is marked by Celmed BioSciences Inc. (see

www.celmedbio.com) and is currently evaluated in Phase I/II clinical trials for the prevention of acute graft-

versus-host disease (aGvHD), the purge of cancerous cells from bone marrow transplants in non-Hodgkin’s
lymphoma (NHL) and the treatment of chronic GvHD and other autoimmune diseases by extracorporeal

photochemotherapy (ECP).
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The most outstanding results of this photosensitizer are: the high selectivity for undesired cells, the

broad range of potential applications, the high purging efficiency and the safety results in clinical trials.

‘ CO.R
CLrC
HoN o) NH, Cl

Br Br

Brominated rhodamines

Scheme 15

2.10. Azadipyrromethenes

Azadipyrromethenes were firstly developed in 1940s°® but only in recent years their therapeutic
properties were studied. O’Shea and co-workers®’ developed a new class of photosensitizers based on
substituted azadipyrromethenes (Scheme 16) with excitation wavelength in the near IR, high singlet oxygen
generation efficiency and able to induce toxicity in vitro upon illumination. Moreover O’Shea group
demonstrate that it is possible to modulate the key properties of the new photosensitizers with minor

structural modifications. Although very promising, these dyes are not yet on clinical trial.

X; = H, Br, OCHj
X = H, Br
Xg = H, OCHj

Scheme 16

2.11. Squaraines

Squaraines are a class of dyes characterized by a sharp and intense low energy absorption band,
associated with a remarkably high extinction coefficient in the order of 100-500 x 10° M cm™. Their
intrinsic inter system crossing efficiency goes from poor to modest but can be effectively enhanced, as
described for thodamine derivatives, by means of the heavy atom effect, typically bromine or iodine. Scheme
17 shows, as an example, a class of squaraine dyes derived from the condensation of squaric acid with
phloroglucinol (1,3,5-trihydroxybenzene) and its halogenation derivatives. Biological essays®® demonstrated
that the halogenated chromophores display in vitro phototoxicity comparable to that of other porphyrins-
derived PDT molecules.

In the last decade several studies have focused on the design and synthesis of innovative squaraine dyes
but only a few of them deals with photodynamic therapy. Ramaiah and co-workers® described a series of
new quinaldine-based squaraine dyes (Scheme 18) focusing on the substituent effect on the electronic

properties of the final dye.
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Scheme 17

The Authors showed that the quinaldinium salts functionalized with electron-donating substituents
hinder the formation of the squaraine while electron-withdrawing substituents facilitate the formation of the
corresponding dye. These effects provide valuable information on the choice of substituent for the design and

synthesis of novel and efficient photosensitizers for PDT.

a)X=0H, Y=H
b) X= OEt, Y =H
¢c) X=OH, Y=Br
dX=H, Y=H
e)X=I, Y=H
fy X=Br, Y=H
9) X=NO, Y=H
hyX=CN, Y=H

Scheme 18

Pagani and co-workers’* designed and characterized three new classes of pyrrole-related squaraine
dyes with extended conjugation (Scheme 19). All of these chromophores show a sharp and intense
absorption band in the biological window (700-1100 nm), inherent singlet oxygen generation capabilities and
moreover a good water solubility. Although their singlet oxygen generation efficiencies still require

optimisation, squaraines are believed to play a major role in modern PDT.

Ro

a) R1= CHS’ R2 = R3 =Ph
b) Ry=~{0~~gCHs R, =Ry =Ph
¢) Ry=~{0~~gCHs Ry =Ry =CHs

d) R1= CH3’ Rz =H, R3 = p-Br-Ph

a) Ry= \{OwO)ZCHs Het = pyrid-4-yl

b) Ri= \’<O\/\(§SH3 Het = quinol-4-yl

Scheme 19
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2.12. Hypericin

Hypelricin71 is multicyclic quinone (Scheme 20) endowed with absorption wavelength at around 590
nm.® Recent studies have shown that PDT with hypericin successfully inhibits tumour growth in mouse
tumour models via apoptosis and necrosis.”*”* Promising results have been obtained also on tumour
diagnostic applications; in fact the sensitivity of hypericin for detecting carcinoma in situ seems to be of 93%
and the specificity of 98.5%. These results confirmed that hypericin accumulates specifically in superficial

urothelial lesions thereby fulfilling one of the most important prerequisite for PDT.

Hypericin
Scheme 20

2.13. Two-photon photosensitizers

All currently approved and employed PDT photosensitisers work with excitation wavelengths in the
630-690 nm range. In this spectral region light cannot penetrate the skin by more than 2-4 mm. The
photodynamic effect is generally seen up to 2-3 times deeper than that. As a result, the largest attainable
depth of PDT-induced cellular changes could reach up to 15 mm, but in most cases it is much less than half
of that. For this reason, the increase of light penetration is considered to be an important factor in widening
the clinical efficacy of PDT. As we have discussed in the previous section, possible approaches rely on the
design of new photosensitizers absorbing at longer wavelength in the NIR region. Another approach is the
use of two-photon absorption as a mechanism for photosensitizer activation. Properly designed organic
molecules, in the presence of intense laser pulses, can simultaneously absorb two photons (TPA), of the
same or different energy, to be promoted to one of its two-photon symmetry-allowed excited states, the
energy of which is higher than that of the ground state by the sum of the energies of the two absorbed
photons.75

In two-photon excitation (TPE) the simultaneous absorption of two photons in the near-infrared region
(NIR, A = 700-1500 nm) can promote a molecule into its singlet excited state. Then, as in One Photon
Excited-PDT, the excited molecule can undergo intersystem crossing into its triplet state from which the
PDT effect occurs. The use of TPE is advantageous for several reasons:

1. Ability to work with a smaller more confined treatment area

2. Deeper penetration into diseased tissues (low scattering, almost no tissue absorption)

3. Avoid photodamage to healthy tissue. The small TPE-PDT volume provides the possibility of

performing PDT on intricate tissues, such as the retina, as well as targeting individual cells.
Comparably, in OPE the photosensitizer is necessarily excited along the entire path of the laser

leading to a large amount of out focus damage to healthy tissue.
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The idea of using two-photon excitation for PDT has been proposed by many investigators.”® However,
the two-photon absorption cross-section of existing photosensitizers has been too small to be of practical
significance until very recently.’®

Using efficient two-photon pumped up-converting dyes in conjunction with a PDT photosensitizer,
Bhawalkar proposed a novel approach to PDT at NIR frequencies involving a resonant energy transfer. In
this approach, an efficient two-photon absorbing dye is excited by short laser pulse. The dye molecule
transfers the energy to the covalently bonded photosensitizer. The photosensitizer is thus excited to its singlet
state and from there the now familiar path (intersystem crossing and energy transfer to oxygen) efficiently
leads to singlet oxygen. The same approach was used by Fréchet and Prasad’’ who also exploited the light
harvesting concept. In this case a single porphyrin is covalently linked to eight two-photon absorbing units,

thus significantly enhancing the probability to sensitize singlet oxygen (Scheme 21). The singlet oxygen

generation in this configuration is 17 times than that measured for the porphyrin alone.
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Another interesting approach was developed by Pagani et al.™

who synthesized a new class of
functionalized porphyrins, in which the macrocycle is conjugated to a short push-pull fragment (Scheme 22).
The effect of the “arm” is to enhance the singlet oxygen generation and the TPA cross-section up to 3.5 times

with respect to the unfunctionalized porphyrins.
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M = 2H
M = Cu(ll)

Scheme 22

In the last years most of the effort on the development of two-photon PDT was made from the MPA
Technologies Inc..”” Its researchers designed and synthesized bi- and trifunctional agents for PDT.
Bifunctional agents include a targeting moiety linked to a two-photon photodynamic chromophore where the
targeting moiety is able to accumulate rapidly in the tissue of choice (e.g. tumour) and not in healthy ones.
Trifunctional agents include a targeting moiety and a photodynamic agent (one- or two-photon excitable) as
described for the bifunctional agents, together with a fluorescent probe enabling for the rapid three-
dimensional imaging of diseased tissues.

Two-photon photodynamic therapy is currently an active area of both in vitro and in vivo studies.
However, at the current time there have been no FDA-approved two-photon PDT protocols for cancer

treatment.

3. Conclusion and perspectives

Photodynamic therapy is a simple and economic therapy for the treatment of cancer and other
nonneoplastic diseases often otherwise involving an invasive surgery. After the success exhibited by
Photofrin®, a wide number of photosensitizers has been synthesized and tested in PDT. Several second
generation photosensitizers are now used in clinic or are under clinical trials. Unfortunately each
photosensitizer actually employed shows one or more drawbacks that limit its range of action, causing a
continuous development of new photosensitizers with optimal properties for treating a wide range of cancer

and diseases.
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