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ABSTRACT

SUPRAMOLECULAR PHOTOACTIVE ASSEMBLIES BASED ON
CYCLODEXTRINS

By

Zoe Pikramenou

The synthesis of new supramolecular architectures bearing multiple
recognition sites for substrate binding represents a central challenge to the
study of photoinduced energy and electron transfer processes. Of the
diverse molecular templates available for supramolecular design,
cyclodextrins (CDs) not only provide a well-defined microenvironment for
molecular recognition but are also well suited for functionalization with
organic ligands. When the CD is modified with a secondary receptor site
featuring a photoactive center, a supramolecular assembly is formed.

In our efforts to design structures in which luminescence is triggered
by molecular recognition, we have synthesized assemblies featuring a
cyclodextrin modified with a Ln*Caza crown ether (Ln = Eu, Tb)
appended to the CD in a swing or a cradle conformation (B-

CDU!azaoLn3* and B-CDU%aza>Ln3*, respectively). The modified



cyclodextrins are primarily characterized structurally by NMR techniques.
The inclusion of a light-harvesting guest (LHG) in the cyclodextrin is
heralded by light emission from the Ln3* center. The enhancement of the
lanthanide ion emission is attributed to an absorption-energy transfer-
emission process from the aromatic donors in the cavity of cyclodextrin to
the Ln3* ion residing in the appended aza macrocycle. These architectures
exemplify the antenna effect with the LHG playing the role of the antenna
and energy transfer donor. The efficiency of the migration process from
the LHG to the Ln3* ion is intimately related to the structure of the
supramolecular assembly as well as to the nature of the LHG. Association
constants of the different guests, measured by the Benesi — Hildebrand
method, reveal that the hydrophobic recognition of the guest by the CD is
cooperative with its interaction to the metal ion. It is shown that specificity
in binding coupled with shorter distances for energy transfer results in
much brighter luminescence from the cyclodextrin supramolecule.

The development of cyclodextrins modified with appended crown
ethers comprises a novel class of supramolecular systems. Practically, such
spatially organized assemblies provide the framework for the

development of luminescence-based sensors and materials.
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CHAPTER

INTRODUCTION

A. Perspective of Supramolecular Chemistry

Most biological and biochemical processes involve intermolecular
interactions between multi-component assemblies to produce
characteristic function. The energetic and stereochemical features of these
interactions are essential to this fundamental biochemical function. The
desire to understand these delicate structure/energy/function
relationships has inspired the relatively new field called supramolecular
chemistry. Jean-Marie Lehn introduced the new area as “the chemistry
beyond the molecule” [1]. Supramolecules have distinct characteristics
that differentiate them from any “large molecule”. They are formed from
two or more molecular species that are juxtaposed entities of higher
complexity organized by intermolecular forces (electrostatic forces,
hydrogen bonding, van der Waals forces, etc.). The molecular components

are subunits that exist independently, each having their own properties



2

which may be preserved or altered within the supramolecule. The
complementarity of the individual components is a requirement for the
preferential binding accompanying molecular recognition (Figure 1). The
origin of molecular recognition is found in the classic “lock and key”
concept of enzymes where the specificity between receptor and substrate is
critical to function.

The above requirements for a supramolecule may be satisfied by
adequately building the receptor with recognition sites not only for
substrate binding but also for substrate induced réactivity yielding a
supramolecular reagent or catalyst (Figure 2). These design features of
recognition and reactivity within a supramolecular architecture are
fundamental functions at the foundation of multiple-center catalysis, and
thermally and photochemically induced multi-electron processes. In
addition, these functions, coupled with the potential for organization by
self-assembly, are the determinants for the development of supramolecular
devices (Figure 2). An especially important emerging function of
supramolecules is to exploit self-assembled systems for information
storage and programming. Instead of storing all the information via a
preorganized molecular receptor, it is stored in the different molecular
components that may spontaneously aggregate into a supramolecular
architecture by self-assembling.

Although many supramolecular studies are motivated by biological
or biomimetic structure/ function relationships, the emphasis in
supramolecule design is definitely on abiotic, non-natural species that

perform desired chemical, biological or physical functions. At this point



Figure 1.  Schematic representation of the formation of a supramolecule
by the molecular recognition of individual components.
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Figure 2. The development of chemistry from molecular to
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some of the different types of supramolecular systems will be highlighted
[3]. An overview of the fundamental structural classes will reveal how the
structural features may engender remarkable properties and lead to the

design of supramolecular structures with desired function.

1. Fundamental Structures for Spherical Recognition: Crown Ethers,

Cryptands, Spherands and Cage-Type Compounds

One of the early breakthroughs in supramolecular chemistry came
with the development of crown ethers by Pedersen [4], cryptands by Lehn
[5], and spherands by Cram [6]. These receptors have provided the
skeletons for supramolecule construction and they have inspired a vast
array of shapes and functions for supramolecular architectures. Crown
ethers are macrocycles consisting of only ethyleneoxy units, which
- according to their number, yield different-sized cavities (Figure 3a). The
coronands are formed when heteroatom containing units are included in
the macrocycle (Figure 3b) [7]. The cryptands and spherands are spherical
macropolycyclic structures with the latter being completely preorganized
by rigid aromatic rings. Selective examples of these molecules are shown

in Figure 4.

The polar cavities of these macrocycles strongly and selectively
encapsulate cationic or anionic substrates. Thermodynamic and kinetic
studies of substrate binding [8] have revealed clearly the effect of
macrocycle organization. It has been found that crown ethers bind cations
more strongly by a factor of thousands than do the relevant non—cyclic

analogs (podands). Cryptands, spherands and cryptospherands



Figure 3. (a) Crown ethers with different ring sizes. (b) Coronands
containing heteroatoms and functional groups.



(a)

e
Lo

o
o

Figure 3



10

Figure 4. (a) Cryptands with different cavities and bridges. (b) Selective
examples of spherands.
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12
consecutively form even more stable complexes with alkali, alkaline-earth

and lanthanide ions, exhibiting at least four orders of magnitude higher
binding constants than the relevant crowns. This enhancement, which
demonstrates the importance of structural preorganization, is known as
the macrocyclic or cryptate effect.

The binding properties of these macrocycles have led to a greater
understanding of metal-ion binding in natural and unnatural materials. In
the case of the former, the structure/function relationship of natural
antibiotics, capable of binding alkali and alkaline earths, such as
valinomycin [9] has evolved from cryptand studies. Biomimetic model
crown ethers have been designed to incorporate the function of antibiotics
for applications in cation transport through membranes and as models for
enzymatic catalysis. Further practical applications for crown ether,
cryptand, and spherand type molecules, are solubilization of salts, cation
deactivation during chemical reactions or phase transfer catalysis by anion
activation, and pH- or redox-switching [10]. Another outcome of the
crown ether chemistry has been the development of crystalline materials
with tailored optical, magnetic and electronic properties. In alkalides [11]
and electrides [12], crown ethers and cryptands provide effective
coordination to the alkali metal cation in order to stabilize its salt with the
alkali metal anion or trapped electron, respectively.

Synthetic siderophore analogs [13] and cage-like compounds
introduced mainly by Vogtle [3e] also have spherical shapes similar to
crowns, cryptands and spherands. These systems are synthesized with a

molecular-LEGO based strategy of donor groups and spacer. The result is
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the design of cavities with high affinities for Fe(III), Ru(II) (Figure 5) or

organic molecules to engender novel photophysical properties.
Cyclophanes [14] and crown capped porphyrins [3] are other spherical
receptors with cage-type structures. Figure 6 shows some of the many

examples of these structures.

2. Super-Macropolycyclic Structures Based on Crowns, Cryptands,

and Spherands

The introduction of multiple cavities, clefts, functional branches and
bridges confers greater selectivity to the recognition process thereby
allowing for the binding of more than one substrate or the multiple
binding of a single polyfunctional substrate.

Cylindrical macrotricyclic ethers provide new topological features
that enable the linear recognition of charged substrates as representatively
shown in Figure 7a. Channel and bouquet shaped molecules (Figure 7b)
have been useful in cation transport [15]. The topological control in design
of other complicated supramolecules is demonstrated by different
synthetic approaches invoking threading [16], M&bius strip catenation [17]
and use of the template effects [18]. The charge transfer interaction
between 4,4’-bipyridinium and crown ether building blocks have also led

to the development of molecular knots, catenanes and rotaxanes [19].

3. Basket-like Molecules

Receptors shaped as baskets comprise the classes of spealands,

calixarenes, cyclodextrins, and carcerands. Spealands [1] consist of a polar



14

Figure 5. (a) Caged Fe(IIl) and Ru(Il) complexes with high affinity
ligands. (b) Schematic representation of different types of cage-like hosts.
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Figure 6. Cage-type structures derived from (a) cyclophanes and (b)
crown porphyrins.
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Figure 7. (a) Macrotricyclic structures with different possible
modifications and an example of linear recognition of the cationic
pentyldiamine. (b) Channel and bouquet type molecules composed from
macrocycles.
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macrocycle attached with bridges to a rigid non-polar backbone (Figure 8).

Characteristically, it is shown that the directional binding of a substrate
with a hydrophobic moiety such as methyl ammonium cation, depicted in
Figure 8, is enhanced coxhpared to its binding to a flat macrocycle.
Calixarenes [20] consist of phenolic rings connected via carbon atoms
whose number varies, yielding different sized oligomers (Figure 9). Their
name indicates the calix (= vase) shape, assuming the most stable, “cone”
conformation. The various possible conformations of calixarenes affect the
binding properties for both aromatics and ions. Most of the time, properly
chosen derivatives interlock the structure in a rigid conformation.
Calixarenes’ substitution chemistry is rich resulting in numerous
compounds functionalized in the lower or upper rim of the basket.
Calixcrowns, a double cavity calixarene, and a recent double porphyrin
double calixarene are representative examples [21, 22]. Cyclodextrins are
naturally occurring carbohydrates with a rigid non-aromatic conical cavity
whose chemistry and properties will be discussed extensively later in this
chapter. The spherands have led to the development of compounds
shaped like molecular vessels or cells, known as cavitands [6] and
carcerands [23]. These biomimetic compounds feature enforced concave
surfaces that are of large enough dimension to receive host molecules.

Some representative compounds are illustrated in Figure 10.
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Figure 8. Spealands, bearing a rigid aromatic region, enhance the
binding of the hydrophobic units of molecules as methyl amine.
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Figure 9. Calixarenes can be synthesized with different sizes of cavities
as a resemblance to crown ethers.
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Figure 10. Cavitands, at the top, and a carcerand, lower, which can
include different guests as shown.
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B. Supramolecular Photochemistry

The function of the diverse supramolecule structures presented
above has most extensively been exploited in an array of photochemical
schemes. The field of supramolecular photochemistry [24] has been very
attractive for many studies. On one hand, it gives the opportunity to study
systems that perform photochemical processes that occur in living
organisms, so that progress can be made towards the understanding of
complex photobiological processes [25]. On the other hand, the design of
artificial systems capable of performing useful light functions leads
towards the development of photoactive devices [1]. The organizational
architecture of a supramolecular system provides arrangements of
photoactive subunits according to space, time or energy so that
photochemical processes such as photoinduced energy migration, charge
separation by electron transfer or selective photochemical reactions can be
studied. In most cases, the event that triggers the processes is molecular
recognition of a species to form the supramolecular structure, as shown
pictorially in Figure 11. Energy and electron transfer processes will be
described as well as examples of biomodel compounds. Focus will be
given to the energy flow schemes in supramolecular species for the
development of devices. Finally, the fundamentals of our design of

supramolecular systems will be discussed.

1. Mechanisms of Photophysical Processes in Supramolecules

Energy and electron transfer processes are functions of the donor-
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Figure 11. Photophysical processes prompted by molecular recognition.
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acceptor distance, orientation, and environment. General unimolecular

descriptions of the processes are,

D-A—- D'-A— D - A" 1)
D-A— D'-A— D*-A" (2)

Models for the respective orbital interactions in the two processes
are shown in Figure 12. Energy transfer (eq 1) is described by two
mechanisms: one involves a Coulombic interaction proposed by Forster
[26] and the other an exchange interaction suggested by Dexter [27]. The
Coulombic mechanism involves induction of dipole oscillation in the
acceptor species (A) by the donor unit (D). The exchange resonance
interaction occurs via overlap of electron clouds and requires physical
contact between interacting partners. Consequently, the energy transfer
rate constant exhibits a 1/r° ( for Forster mechanism) or e (for Dexter
mechanism) distance dependence. Electron transfer is best described by
the classical model that Marcus, Hush and Sutin developed [28]. In many
ways, the electron transfer formalism is similar to that of exchange energy
transfer. However, there are differences. The reorganizational barriers are
larger for electron transfer than energy transfer since the solvent
repolarization is more important in the former process where a permanent
dipole is formed. Orbital overlap is important for both electron transfer
and exchange energy transfer processes, but in the case of electron transfer
only one electron is exchanged between acceptor and donor versus the two

electron formalism of the exchange energy transfer case. This is
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Figure 12. Schematic description of electron motion in energy and
electron transfer.
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manifested in the exponential distance dependence of the electron transfer

rate (e7P"/2) versus that of energy transfer (™). The studies of Closs and
Miller [29] on selected organic donor-acceptor systems covalently linked
with spacers, have elegantly elaborated these differences in the distance

dependencies between energy and electron transfer processes.

2. Energy Transduction in Nature and Biomimetic Systems

Photosynthetic events are fascinating benchmarks for the study of
energy transfer, electron transfer, or catalysis mechanisms. Photosynthesis
is the natural process that converts solar energy into chemical energy,
providing the fuel source for living processes. Light-sensitive biological
systems have an architecture that permits directional motion of electrons
and energy. Subunits consist of light-harvesting antennas that absorb one
or more visible photons and transport the absorbed energy in a particular
direction to a photoreaction center that converts the absorbed light to
chemical potential. A catalytic site converts this potential to high—energy
chemical products for long term storage.

Indeed, the molecules that are involved in the energy and electron
transfer process can be treated as a supramolecular assembly. The large
organized light-harvesting assemblies responsible for efficiently collecting
light are chlorophylls (Chl), bacteriochlorophylls (Bchl) and carotenoids.
They play an antenna role by transferring energy to the reaction center
where it is trapped rapidly and almost quantitatively [25]. From the
electron transfer standpoint, the crystal structure of Huber shows that the

primary electron transfer step occurs through the elegant supramolecular
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assembly of a special porphyrin pair that ejects an electron to the nearby

bacteriopheophytin [25]. The electron is then transferred to the primary
quinone and from there to the secondary quinone. The latter three
molecules comprise a supramolecular array that promotes a unidirectional
charge separation. There is a vast literature concerned with studies on
photoinduced electron and energy transfer in donor-acceptor systems. In
particular, the design of supramolecular systems that are able to mimic
stepwise energy and electron transfer have been very attractive.

Many biomimetic models for electron transfer have been developed.
Biporphyrins linked with rigid spacers [30] or bichlorophylls [31] mimic
the special pair of chlorophylls in green plants and photosynthetic bacteria
where the first electron transfer step occurs. Moreover, many models that
produce the photodriven charge separation have been synthesized.
Studies on porphyrins (donors) linked with quinones (acceptors) [32] have
investigated the effect of intervening spacer on the primary electron
transfer process as well as the charge recombination step. Gust and Moore
have developed and extensively studied polyad systems with linked
porphyrins (P), polyenes or carotenoids (C) and quinones (Q) to explore
sequential electron transfer steps that lead to charge separation (Figure 13)
[33]. The scheme that shows the sequential electron transfer after light

excitation of the porphyrin chromophores is shown below:
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Figure 13. A carotenoid - porphyrin - porphyrin - quinone tetrad.
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In addition to electron transfer studies, triplet-triplet energy transfer
from the porphyrin moiety to carotenoid and singlet-singlet energy
transfer from the carotenoid to the porphyrin have also been studied in
appropriate chosen systems. Recently, a supramolecular array has been
synthesized, combining quinone-substituted porphyrins linked by phenyl
bridges, which exhibits light-harvesting, energy migration, trapping and

photoinduced electron transfer [34].

3. Development of Photochemical Molecular Devices Based on

Photoinduced Energy and Electron Motion.

Many artificial systems are developed not only for mechanistic
purposes but also for potential device applications. Molecular devices
may be defined as structurally organized and functionally integrated
systems built into supramolecular architectures, and depending on the
features of the components incorporated in the structure, devices may be
photoactive, electroactive or ionoactive [1], [24], [35]. The receptors have

potential to generate, process, transfer or store signals by making use of
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the three dimensional structure and molecular recognition for substrate
incorporation.

Energy transfer studies on model assemblies provide the framework
for the design of light conversion schemes for the development of
luminescent materials and sensors. Employing Balzani’s block diagrams
for supramolecular device operations [24], two designs of energy transfer
devices important to this thesis — the remote photosensitization and the
antenna effect — are illustrated in Figure 14.

Remote photosensitization refers to systems that transfer excitation
energy from one component to the other; they are usually covalently
linked rigid systems. In order to obtain energy migration from a donor to
an acceptor over long distances, the design involves a sequence of energy
transfer processes along a vectorial array of components. Polynuclear
species containing M(bpy),"* units linked by cyano bridges and tri- or
tetra— metallic systems bridged by polydentate ligands are well studied
examples [36]. In the same context, polymers are important templates for
arranging donor-acceptor subunits over extended distances. M. A. Fox
and T. ]J. Meyer [37] have constructed polymers with organic backbones
and organic or metal subunits as pendant groups encompassing donor,
sensitization and acceptor function.

The antenna effect requires light-harvesting centers that absorb light
efficiently and at the same time are able to convey energy to a common
trap within the structure. The scheme effectively increases the absorption
cross section of the trap by incorporating light harvesting centers about the

trap. An illustrative example is the tetrametallic Os[(2,3-dpp)Ru(bpy),];®*
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Figure 14. Block diagrams that describe the function of molecular devices
based on energy transfer.
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complex shown in Figure 15 [38a]. The energy collected by the peripheral

ruthenium chromophores, by excitation in the charge transfer bands (CT),
is transferred to the “trap”, the central osmium unit. Further development

to cluster polynuclear arrays have been also reported [38].

4. Lanthanides as Photoactive Centers in Antenna Systems.

For the purpose of sensor development, the trap is a luminescent
center. A convenient photoactive center is a luminescent ion as a
lanthanide [39]. All of the Ln(III) ions with the exception of La(IIl) (4f%)
and Lu(IIl) (4f1%) are open shell paramagnetic species. Only four, Sm, Eu,
Tb and Dy trivalent ions, are known to luminesce in solution. They exhibit
narrow line luminescence, which has made them useful for lasing
materials, immunoassays, and structural indicators of the metal binding
sites in enzymes and proteins [40]. Two disadvantages of the Ln(III) ions
are their low absorption coefficients (usually < 1 lemol™ecm™) and their
luminescence quenching by water molecules due to high energy O-H
vibrations as efficient non-radiative traps.

These disadvantages are overcome when they are included in
macrocyclic cryptand ligands, which are structural precursors to
supramolecular assemblies [41]. Encapsulation of lanthanide ions in the
cryptand cage, forming the Ln3*C2.2.1 cryptate (Figure 16), shields the ion
from water molecules thereby increasing its luminescence [42]. When the
arms of the cryptand are light-harvesting units such as bipyridine or
phenanthroline, intense luminescence is observed owing to the efficient

intramolecular energy transfer from the light-harvesting subunit to the
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Figure 15. The tetrametallic Os[(2,3-dpp)Ru(bpy),];®* complex and a
schematic energy level diagram that illustrates the antenna effect.
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Figure 16. Structures of lanthanide complexes with cryptands and a
schematic energy level diagram that demonstrates the AETE process in the
bipyridine substituted Ln®* cryptate.
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luminescent lanthanide ion [43]. Such light conversion processes have
been described as absorption-energy transfer-emission (AETE). A
simplified Jablonski diagram presented in Figure 16 describes the AETE
process. Excitation of the light harvester to an energy level that is higher
than the luminescent excited state of the lanthanide permits efficient
energy transfer from light-harvesting center (LHC) to ion. The choice of
the sensitizer with the proper energy gap is the crucial factor in
establishing the antenna function. A simplified energy level diagram
shown in Figure 17 demonstrates the energy requirements for the LHC
compared with Eu(Ill) and Tb(II) energy levels. Ln>**Cbpy«bpy-bpy
architectures exemplify the antenna effect with the bipyridine arms
playing the role of the antenna and energy transfer donor.

Further elaboration has provided multiple bipyridine sites in an
effort to improve the efficiency of light absorption, lanthanide
encapsulation and consequently the luminescent properties [44].
Derivatized calixarenes have also used as receptors for lanthanide ions in
an AETE photophysical mechanism [22]. In this case, the aromatic sheath
of the calixarene is the antenna and the energy is channeled to the
lanthanide bound to the appropriate functional groups on the calixarene
rim. In a recent system, a calixarene was functionalized by amide groups
as lanthanide binding sites and a phenacyl or diphenacylcarbonyl group as
a sensitizer [22d]. It was shown that the presence of the sensitizer led to
high emission quantum yields of the system. A limitation of the bipyridine
or calixarene structures is that the systems are confined by the requirement

that the light-harvesting aromatic moiety must be synthetically
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Figure 17. Simplified energy level diagram describing the relative
energies between Tb>* or Eu3* and the LHC.
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incorporated into the structure.

The AETE process can also be initiated by light-harvesters that are
external to the supramolecular cage and capable of coordinating the
lanthanide encapsulated in the cryptand structure. There are two available
sites in the lanthanide coordination sphere after complexation in a
cryptand cage that provide the opportunity for light-harvesters to bind the
ion (Figure 18). For instance, the energy transduction steps in the AETE
process of the acetylacetonate (as LHC) bound to Ln3*C2.2.1 cryptate are
followed by picosecond laser spectroscopic techniques and the fast energy
transfer from acetylacetonate moiety to the lanthanide is established [45a].
The AETE process is very sensitive to distance of the LHC from the
luminescent ion and the shape of the LHC. The results of the AETE
process with aromatic acids as antennas for lanthanides show that the
most efficient energy transfer occurs when the light-absorbing benzene
ring is near the Ln®* center [45b]. As the number of methylene units
between the carboxylate and the ring is increased the luminescence
intensity decreases exponentially, as predicted by Dexter theory. In regard
to shape selectivity the AETE is suppressed when a methyl group near the
carboxylate functional group hinders approach of the aromatic acid to the

lanthanide.

C. Cyclodextrin Supramolecules Designed to Perform AETE

In the above photophysical schemes, the light-harvester must be

designed into the architecture or be capable of metal ion coordination. But
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Figure 18. Representation of the exogenous LHC approach and a
selective example of acid binding in Eu**C2.2.1.
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it is desirous in many applications, particularly in the design of optical
sensing schemes, to initiate AETE with a non—coordinating light-harvester.
The focus of this thesis is the design of a receptor capable of molecular
recognition of a light-harvester to initiate AETE within a supramolecule.
Figure 19 schematically illustrates our design. Supramolecular assemblies
of this type are capable of juxtaposing a variety of energy donors to an
acceptor without requiring donors to be directly bound to the photoactive
lanthanide center thus providing the framework for the development of
luminescence-based sensors and materials. Effectively, this design
represents a substitution of one arm of a cryptand structure by a secondary
receptor site that forms a new supramolecular assembly. Cryptand’s arms
have been substituted before with aromatic moieties [42d], [46] by taking
advantage of the nitrogen reactive site on an aza crown ether to react with
other functional groups in order to yield functionalized cryptands. A
properly functionalized cyclodextrin can ideally play the role of the

receptor in such a supramolecular approach.

1. Cyclodextrins as Receptors

Cyclodextrins (CD) are cyclic oligosaccharide molecules consisting
of 6, 7 or 8 & (1-4) linked D-glucose units (a-, B-, and y-CD, respectively)
that are arranged in a torus to give a rigid conical structure with a
hydrophobic cavity (Figure 20) [47]. The exterior of the molecule is
relatively hydrophilic and CDs are soluble in water. Cyclodextrins
provide an ordered medium capable of molecular organization since they

form inclusion complexes with a variety of aliphatic and aromatic
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Figure 19. Block description of a new design for AETE, consisting of a
receptor with two binding sites, for lanthanides and hydrophobic
substrates.
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Figure 20. Cyclodextrin cups of different size and the structure of 3-CD.
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molecules by insertion of the appropriate size guest into their cavity [48].
The binding forces responsible for the inclusion of guests are due to
hydrophobic interactions, van der Waals interactions, hydrogen bonding
and stabilization due to the displacement of “high-energy” water from the
cavity. The size of intramolecular cavity and therefore the complexation
properties depends on the number of glucopyranose units forming the
ring. Inclusion of luminescent probes in CDs modifies their photophysical
behavior [49]. Such changes are usually attributed to an effect on the
guest’'s radiative rate constant, a decrease in its rotational freedom,
shielding from external quenchers or interaction with other molecules in
the cavity. Characteristic examples are the fluorescence enhancement of
the guests, shifts in their emission maxima, observation of room
temperature phosphorescence [50] or intramolecular excimer formation
[51]. These properties find many applications in the development of
sensors [52]. Inorganic complexes bind to cyclodextrins that play the role
of second sphere ligands, and their properties have been examined [53].
Attempts to study electron transfer processes and some examples with
systems built for energy transfer have been reported [54].

Cyclodextrin derivatives have been widely studied particularly for
the development of models in enzymatic catalysis [55]. The substrate is
usually included in the cavity and reacts in the form of an inclusion
complex. The aim is to mimic the ability of enzymes to bind certain
substrates quickly and selectively, reversibly and non—covalently, and to

catalyze possible reactions.
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2. Crowned Cyclodextrins

The modification schemes of the CD [56] primarily rely on the
differences in chemical reactivity between the priméry and secondary
hydroxyl groups on the glucose subunits, with the former exhibiting
greater reactivity than the latter. This feature provides the foundation on
which to build cyclodextrins functionalized with a juxtaposed recognition
site external to the CD cup. To this end, the attachment of the macrocyclic
ligand 1,4,10,13-tetraoxa-7,16-diazacyclooctadecane (an aza crown) on one
site of a B-CD cup, first reported by Willner [57], inspired our studies to
work on aza modified cyclodextrins.

We have developed the syntheses of aza cyclodextrins which we
designate as B-CDU'aza and B-CDU?aza as described in Chapter II. We
use the mathematical symbol U to indicate the covalent union of the
cyclodextrin to the nitrogen of crown ether. A U! attachment is
distinguished from a U2 assembly in the number of nitrogens of the aza
ligand that are joined to the cyclodextrin cup. In the first structure the aza
crown has a swing conformation while in the latter it is rigidly situated at
the base of the CD cup as a cradle. In these architectures, the conical cavity
of the B-CD provides an ordered hydrophobic microenvironment capable
of molecular recognition to form inclusion complexes with a variety of
molecules, whereas the catenation of the aza ligand to the primary alcohol
rim of the B-CD (i.e. attachment at the bottom of the CD cup) provides a
receptor site for lanthanide ion binding. The successful incorporation of
lanthanide ions in the aza site, as described in Chapter II, gave us the

desirable supramolecular assemblies for photophysical studies. Within the
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same context, more swing CDs were synthesized as described in Chapter II

with different appended arms or modifications on the cup that would
result in improvement of their photophysical properties.

Chapters III and IV describe the characterization and properties of
the swing and cradle assemblies, respectively. Complete characterization
of the compounds came mainly from Nuclear Magnetic Resonance (NMR)
spectroscopy. NMR spectra of the precursors are included in the
Appendix. Detailed analysis is presented for each of the compounds. The
inclusion chemistry of different guests was elucidated by the
determination of the association constants. The ion in the appended
macrocycle not only affects the polarity of the whole assembly but also
induces cooperative binding of the guests that bear functional groups. We
also establish AETE photophysics for the supramolecular assemblies with
the demonstration of energy transfer from the light harvesting guests
(LHG) included in the cup of the CD to the Eu3* or Tb3* ion residing in the
aza macrocycle. The antenna units (LHGs) were chosen for their ability to
be incorporated in the CD cup. Since the inclusion chemistry of
cyclodextrins is so rich this was not a limitation in our studies as will be
shown. Bright luminescence from the lanthanides is triggered by the
binding of the LHG; thus the compounds are potential luminescent sensors
of aromatic moieties. Investigations on the nature of the LHG, its
association constant with cups, and the distance dependence on the energy
transfer studies will be discussed.

Chapter V reports a comparison on the energy transfer studies of the

swing and cradle CD architectures with the different guests along with
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final remarks on the development of this class of receptors, the crowned

cyclodextrins, that contributes to the design of photoactive supramolecular

structures towards new polymolecular devices.



CHAPTER 11

EXPERIMENTAL

A. Synthesis

1. General Procedures. Syntheses of all compounds were
performed using Schlenk-line techniques with emphasis on excluding
trace water from reaction mixtures. All chemicals were reagent grade. The
solvents were deoxygenated, dried, and freshly distilled prior to use
according to standard methods [58]. The syntheses of the modified B-CDs
required especially dry pyridine, N,N-dimethylformamide and
acetonitrile. In order to obtain pure, dry pyridine a special purification
procedure was followed. Pyridine was refluxed over potassium hydroxide
(KOH) for a week, distilled, and collected over barium oxide, where the
final distillation prior to its use took place. The starting materials were
purchased from Aldrich: B-CD was recrystallized from water and dried at
100 °C under a high vacuum manifold (107 Torr); 1,4,10,13 tetraoxa-7,16-
diazacyclooctadecane (indicated as aza) and triethylene tetraamine, which

was provided as a hydrate (indicated as tetraamine), were dried prior to
61
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use; p-toluenesulfonyl chloride, tert-butylchlorodiphenyl silane, biphenyl-

4,4'-disulfonyl chloride, imidazole, sodium hydride and diethylene
triamine (indicated as triamine) and finely powdered potassium iodide
99.9% were used as received; methyl iodide was distilled over Cu wire
under argon. Once isolated, all the products were dried under high

vacuum unless otherwise noted.

2. B-CDO-Ts. Monotosylation at the primary face of B-CD to
yield mono(6-O-p-tosyl)B-CD (B-CDO-Ts) was accomplished with the
methodologies elaborated by Matsui [59]. A solution of p-toluenesulfonyl
chloride (0.9 g, 4.7x10~3 moles) in 7.5 ml of dry pyridine was added to a
solution of B-CD (7.38 g, 6.50x10 moles) in 75 ml of dry pyridine cooled
below 5 °C. After stirring overnight at room temperature, the mixture was
evaporated under vacuum at 40 °C to dryness. Diethyl ether was added,
and the precipitate was collected and recrystallized from water to yield
pure mono(6-O-p-tosyl)-B-CD (yield 35%). The product, which was
recrystallized from water and dried, was characterized by 'H and 13C
NMR, FTIR, and positive ion FABMS. It absorbs at A, = 258 nm (in H,O
with 1% MeOH).

3. B-CDUlaza. The synthesis of B-CDU'aza from B-CDO-Ts was
accomplished by employing the procedures of Willner [57]. Reaction of
mono(6-O-p-tosyl)B-CD (0.63 g, 0.49x10~3 moles) with excess aza crown
ether (1.6 g, 6.10x1073 moles) in 260 ml of dry DMF at 80 °C leads to a

mixture of compounds, which are separated by flash chromatography over
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silica gel or by gel filtration chromatography over Licrogel or Sephadex

LH-20 as described later in this Chapter. The fragments were collected
and identified by TLC. Although the tosylate is readily substituted by aza,
as described by Willner and co-workers, our chromatographic separation
scheme is essential to obtaining compound free of tosylated impurities.
The substitution of B—CD tosylate by aza produces p-toluenesulfonic acid.
We have evidence (from 'H NMR spectra, vide infra) that the acid reacts
with the aza substituted CD to form the tosylate salt of the protonated B-
CDuU!'aza supramolecule. Pure B-CDU'aza can be recovered upon
dissolution of the proposed B-CDU'aza tosylate salt in basic aqueous
solution with subsequent precipitation by tetrachloroethylene (yield 30%,
mp = 260 °C). B-CDU'aza was further characterized by 13C NMR, FABMS,
and "H NMR COSY. The aza absorbs weakly at 300 nm.

4. PB-CDUltriamine. The triamine and tetraamine mono-
substituted CDs were first reported by Tabushi [60]. But a modification of
the procedure by Matsui [61] for the ethylene diamine CD gave us the best
results for a general procedure for the substitution of B-CDO-Ts by
amines. A solution of 1.0 g of B-CDO-Ts in 50 ml of degassed diethylene
triamine which is also the solvent for the reaction) was heated at 50 °C for
6 h, concentrated to 2 ml, and the residue was passed through a silica gel
column in a flash chromatography set-up. The eluent was 0.5 N NH,OH.
Treatment of the pure compound with basic aqueous solution, and
precipitation with tetrachloroethylene to eliminate the tosylated salt,

afforded the substituted triamine cyclodextrin. It was characterized by



NMR and IR.

5. B-CDU'tetraamine. The same procedure as for B-
CDUltriamine gave the tosylate salt of B—CDUltetraamine, characterized
by NMR. The tetrachloroethylene treatment is not sufficient, in this case to

completely remove the salt.

6. B-CDO-SiPhj(tert-Bu). A solution of 74 pul of (tert-Bu)Ph,SiCl
in 7 ml of DMF was added in portions, during a period of 30 min, to a
solution of 0.3 g of B-CD and 39.6 mg of imidazole in 40 ml of DMF which
was cooled at 0 °C. The mixture was left at room temperature for 48 h and
then heated at 60 °C for an hour to assure complete reaction. The solvent
was distilled off under vacuum and the residue was washed with water
and dried. The imidazole and the unreacted (tert-Bu)Ph,SiCl were
removed by this procedure. TLC confirmed the existence of one
compound that was proved to be monosubstituted CD by NMR. The same
procedure using pyridine as a solvent and no imidazole failed to give the

desirable product.

7. Methylation of B-CDO-SiPh,(tert-Bu). The popular procedure
of Szeijtli [62] for methylation of cyclodextrins was applied to methylate B-
CDO-SiPhy(tert-Bu). A solution of 175 mg of B-CDO-SiPhy(tert-Bu) in
DMF was cooled at 0 °C before the addition of 12 mg of sodium hydride.
The mixture was stirred at room temperature for 30 min. The jelly-like,

dark yellow mixture was cooled again to 0 °C and 1.1 ml of freshly
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methyl iodide was added over a period of 30 min. The solution was left at

room temperature for 48 h because these conditions are more dilute than
the reported ones. After 48 h the excess sodium hydride was decomposed
by the addition of methanol at 0 °C. The mixture was poured into crushed
ice with stirring. Extraction with chloroform gives a white precipitate in
the aqueous layer; the organic layer was washed with water to neutral pHs
and concentrated in vacuum. The residue was crystallized from
chloroform/light petroleum and then from cyclohexane. NMR shows

partial methylation of the hydroxyl groups.

8. Eu®*Caza (NOj);. The Eu**Caza complex was synthesized for
comparative photophysical studies to B-CDU'aza>Eu®*. Two methods
have been employed.

The procedure of Desraux [63] requires strictly anhydrous
conditions to prevent the hydrolysis of the Ln3* ions since aza is a strong
base. An anhydrous acetonitrile solution of Eu(NO3)3 (4.28 g in 50 ml, 0.2
M) was obtained by refluxing the solution for 24 h through a Soxelet
extractor packed with activated molecular sieves. This solution (0.5
mmoles, 2 ml) was added to neat macrocycle at 1:1 ratio (0.13 g aza in 10
ml CH3CN). After refluxing for 1 hr and reducing the volume, the solid
was collected by suction filtration (yield 80%).

A second procedure is similar as the one followed for the
preparation of lanthanide cryptates described by Pruett [64] but the
conditions were drier in our case. A solution of Eu(NO3);*5H>0 (0.343

mmoles) in 40 ml CH3CN and 10 ml trimethylorthoformate (TMOF, acts as
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drying agent) was refluxed overnight. A solution of aza (0.343 mmoles) in

15 ml CH3CN was added and the reaction was left refluxing for 20 h. After
cooling, the solution volume was reduced and diethyl ether was added to
facilitate further precipitation. The solid was quickly filtrated in air and

dried.

9. B-CDUazaoEu?*(NOj);. The complex was prepared following
the procedures described for the preparation of Eu3*Caza. Because B-
CDU'aza exhibits low solubility in cold acetonitrile, the reaction was
performed in lower concentrations and longer times (two days refluxing
after the B-CDU'aza addition in the Eu(NO3); salt) or it was dissolved in

warm acetonitrile.

10. Tb3*CazaCl; and B-CDU'aza>Tb3*Cly. The second procedure

as described in Section A. 3. was followed for both complexes.

11. Eu**(triamine),(NO;);. The complex was prepared according
to a procedure that Forsberg reported for ethylenediamine chelates with
trivalent lanthanides [65]. A solution of 0.496 g of Eu(NO3)3+5H70 in 135
ml of acetonitrile and 34 ml of trimethyl orthoformate was refluxed
overnight. This method is very efficient in providing anhydrous Ln3+
solutions. Neat amine (1 ml, 8 times molar excess over the lanthanide salt)
was added, to produce initially a clear solution but in short time it turned
cloudy and precipitation of the complex occurred. The reaction was

completed in 12 h. The complex, which is highly moisture sensitive, was
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vacuum filtrated and stored under argon. Elemental analysis proved the

stoichiometry of the complex.

12. Eu®*(tetraamine),(NO;);. The same procedure used for the
triamine complex was followed. The reaction solution turned cloudy after
the course of 6 or 8 h; thus it was left refluxing for 3 days. Again,

elemental analysis elucidated the stoichiometry of the complex.

13. Reaction of Eu(NO;); with B-CDUtriamine and B-CDU!
tetraamine. Two procedures were followed. The first one was the same as
for the amine complexes referred above. The reactions took place over 3 to
5 days to assure completion. The procedure was plagued by the low
solubility of the amines in acetonitrile, especially for the tetraamine case.
Another procedure relied on the partially protonation of the amines with
trifluoroacetic acid (for example 3 equiv of triamine/1 equiv of acid) and
then the reaction was allowed to proceed as described above. This method
gives a light yellow solid that might indicate partially oxidation of the

amine.

14. Biphenyl-4,4’-disulfonyl-A,D-capped B-CD. As elaborated by
Tabushi [66], reaction of the B-CD with biphenyl-4,4’-disulfonyl chloride
yields a cyclodextrin rigidly capped with the biphenyl sulfonate spanning
the (A, D) glucosyl subunits. To a solution of 6.56 g of dry B-CD in 175 ml
of dry pyridine at 50 °C, 1.74 g of biphenyl-4,4’-disulfonyl chloride was
added in four portions during 1 h while being stirred. After 3 h the
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pyridine was removed under vacuum at a temperature no more than 40

°C. The biphenyl-4,4’-disulfonyl chloride sublimes at low temperatures
under vacuum. The waxy residue (7.8 g), separated in portions, was
dissolved in the minimum amount of water and the solution was added
dropwise into a solution of CH3CN /H;0 5.5:1 v/v. Most of the
oligomeric products and unreacted B-CD were precipitated. The filtrate
was concentrated and introduced to the Sephadex LH-20 column, since in
our hands TLC shows that the oligomeric products cannot be completely
removed by the CH3CN method and there is also some amount of
byproduct, the A, C isomer. The pure A, D isomer was isolated in the
second chromatographic fraction collection (yield 17%). It was
characterized by NMR, and IR spectroscopies. Further attempts to change
the reaction conditions (more dilute solutions of the reactants, smaller ratio
of B-CD:biphenyl-4,4’-disulfonyl chloride, shorter reaction time) in order
to eliminate the oligomeric products gave lower yields for the pure A, D

product. It absorbs at UV A.,,, = 260 nm (in H,O with 1% MeOH).

15. Diiodo-B-CD. The method followed is similar as the one
reported for the A, C isomer [67]. 75 mg of biphenyl-4,4’-disulfonyl-A,D-
capped B-CD were dissolved in 10 ml of dry DMF and 0.27 g of KI were
added. The reaction solution was kept at 80 °C under argon for 2 h with
stirring. Higher temperature is not recommended as a yellow color
indicates iodine formation. The solution was dried under vacuum at 30 °C
and then dissolved in a minimum amount of water, kept at 0 °C, and a

couple drops of tetrachloroethylene were added under vigorous stirring.
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This procedure eliminates the bisulfonate salt formed during the reaction.

The precipitate was collected and dried under vacuum in a desiccator

(yield 85%). It was characterized by NMR spectroscopy.

16. B-CDUZ2aza. The diiodo-B-CD (0.06 g) was reacted in dry
dimethyl formamide (DMF) with a ten-fold molar excess of the aza crown
ether at 55 °C under argon. After 24 h, the DMF was distilled off under
reduced pressure. The residue dissolved in a small amount of DMF was
introduced on a Sephadex LH-20 for preparative scale liquid
chromatography in order to afford the pure compound (yield 40%). At
this step, there are no aromatic acids because they were eliminated in the
diiodo-CD treatment with tetrachloroethylene. Characterization was

employed by FABMS, NMR.

17. B-CDUZaza>Eu*(NOj;);. The same procedure described for B-
CDU'aza>Eu**(NO3); was employed.

18. B-CDU!azaoY3*(NO;); and B-CDU'azaoY3*(NO,;);. These
complexes were made analogous to the europium analogs, and used for

association constant studies.

B. Instrumentation and Methods

1. Chromatographic Procedures
a. Flash Chromatography. Rapid chromatographic technique
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(retention time 10 — 20 min) [68] was used initially for the separation of -

CDU'aza from the reactants. The apparatus that we used was similar to
the one previously described [68] with a 40 mm (0.d.) column and a home-
built flow controller. Argon was used as the driving gas to produce flow
rates ranging from 1-2 in/min. Silica gel 60 (Merck) with pore size 230-
400 mesh was used as the packing material and gives the best resolution
for the conditions of rapid flash chromatography. A low viscosity solvent
system consisting of AcOEt/i-PrOH/H,0 = 10:13:7 was used for eluent.
Even flash chromatography is ideal for separations of compounds with AR¢
> 0.1 units (as measured from analytical TLC) the use of silica gel for
separation of cyclodextrins is disadvantageous because of adsorption of
modified CDs on the silica gel due to polar interactions.

b. Molecular Exclusion Chromatography. This type of
chromatography is widely used for carbohydrate separations [69]. The
stationary phase is a gel with bead sizes to ensure that solutes applied to
the column will have a differential distribution between the liquid outside
and inside the beads. The small molecules penetrate the gel particles,
getting retarded and eluted later than large molecules, which will move
only in the interstitial volume (in the liquid surrounding the gel beads).
Therefore, the important factors for separation are both the molecular
volume of the solute and the distribution of pore sizes available in the gel
particles.

Initially, we used Licrogel as the stationary phase and
nPrOH/H;0/ Acetone = 1:1:2 as the eluent system in the liquid

chromatography set-up. In order to change the eluent system to solvents
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in which CDs are more soluble, we selected Sephadex LH-20 as the

column packing material and DMF/H;0 = 1:1 as the eluent solvent
system. Sephadex LH-20 is a lipophilic derivative of Sephadex G-25, a
polydextran, obtained by alkylation of most of its hydroxyl groups hence
having both hydrophilic and hydrophobic properties. It has a dry bead
diameter of 25 to 100 pm, it is stable in a wide range of pH (2-10), and
swells in water and organic solvents. Its exclusion limit is at a molecular
weight of approximately 4,000 [70].

A home-built apparatus whose representative block diagram is
shown in Figure 21 was used for separations. The gel was left to swell
overnight in degassed eluent, and then poured into the column. The
column was washed with solvent overnight. The eluent system was
degassed under vacuum obtained by suction filtration while the flask was
immersed in a sonicator (Bransonic Ultrasonic cleaner, Model 3200-4) in
order to remove the dissolved air. The flow was maintained by siphoning
solvent from the reservoir into the column, the rate being governed by the
hydrostatic pressure, developed from the difference in levels of liquid in
the reservoir and column outlet. The column is resistant to organic
solvents and has the dimensions 2.5x80 cm (Spectrum Medical Industries).
Silicon tubing, which is inert to organic solvents, was chosen with 1/32 in
internal diameter, in order to develop pump pressure according with the
specifications suggested from the manufacturer of the multistatic pump
(Buchler Instruments). The multistatic pump forwards the liquid after the
column to the detector (Linear Instruments Model 200). The double beam,

variable wavelength detector is equipped with a semi-preparative flow
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Figure 21. Block diagram of the preparative scale liquid chromatography
apparatus.
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cell (Linear Instruments Model 9550-0101), a deuterium lamp for UV

detection in the range 190-380 nm, and photodiodes for sample and
reference detection. For the aza modified CDs, detection wavelengths
were 300 nm and for the disulfonyl CD, it was 280 nm. The signal is
directed to an HP integrator, which is only used as recorder for this
application. The samples were collected with an automated fraction
collector (Spectrum Medical Industries) that changes test tubes when a
preset volume has been collected. The absorbance of the eluate is
displayed on the recorder and can be correlated with the time and the
number of tubes collected.

c¢. Thin Layer Chromatography (TLC). The detection of
modified CDs was confirmed by analytical TLC. Aluminum sheets coated
with silica gel 60 F254 (EM Separations) were used. The developing
solvent systems were ethyl acetate: isopropanol: water 10:13:7 for the tosyl
and aza modified CDs and n-propanol:ethyl acetate:water:ammonia
5:3:3:1 for the disulfonyl and diiodo CDs. Cyclodextrins were
characterized by dark blue-green spots appearing when AcOH/
anisaldehyde/H;50,/MeOH = 45:2:22:430 was used as the detection

solution.

2. Nuclear Magnetic Resonance
TH NMR spectra were recorded on a VXR-500 and a Gemini
300, at 500 and 300 MHz, respectively, while the '3C NMR spectra were
recorded on a Gemini 300 spectrometer at 75 MHz. The two-dimensional

experiments were performed on the VXR-500 instrument. Basic pulse
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sequences for the 'H-!H Correlated Spectroscopy (COSY), 'H-13C

Heteronuclear Multiple Quantum Coherence (HMQC) and 'H-'H Total
Correlation Spectroscopy (TOCSY) experiments, gave desirable sensitivity
and resolution. For the HMQC and TOCSY experiments the 500 MHz VXR
instrument, was equipped with an inverse detection probe. Deuterated
dimethylsulfoxide (d®-DMSO, 99.9%), which was employed most
commonly as solvent for the modified CDs, was purchased from Isotech
and was used after drying over molecular sieves. Deuterium oxide (D,0,
99.9%) from Cambridge Isotope Labs was also used as solvent in some

cases.

3. Infrared Spectroscopy
Infrared spectra were recorded on a Nicolet 740 FT-IR

spectrometer. Solid KBr pellets were prepared.

4. Mass Spectrometry
Positive ion fast atom bombardment mass spectrometry
(FABMS) was performed on a Jeol HX 110 double focusing mass
spectrometer housed at the National Institutes of Health/Michigan State
University Mass Spectrometry Facility. Triethanolamine and glycerol were

used as matrices.

5. Molecular Modeling Studies
The energy minimized conformation of the supramolecular

assembly was determined on a Silicon Graphics IRIS 40-70GTX computer
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by using a DREIDING force field [71] as implemented by BioGraph

software (BioDesign Inc.) in the carbohydrate mode. Because lanthanide
ions are not included in the software package, a hypothetical calcium

cation with 3+ charge was selected for the minimization.

6. Electronic Absorption Spectroscopy

Electronic absorption spectra were recorded on a Varian 2300

UV- Vis- NIR spectrometer. All the compounds were stable in air.

7. Steady State Luminescence Spectroscopy

a. Energy Transfer Studies and Characterization. Steady state
emission and excitation spectra were obtained by using a spectrometer
designed and constructed at Michigan State University [72]. For excitation
spectra, the source was a 150 W Xe lamp, and the Dy — ’F, emission for
Eu®* was monitored at 616 nm with R1104 Hammamatsu photomultiplier
tube as the detector; emission spectra were recorded by exciting at 313 and
394 nm with a Xe/Hg lamp. Both emission and excitation spectra were
recorded at 23 + 1 °C and were corrected for instrument response
functions.

Characterization by emission and excitation spectroscopy was
performed in acetonitrile (spectroscopic grade, Burdick & Jackson). The
energy transfer experiments required deuterium oxide (D,O, 99.9%,
Cambridge Isotope Labs) for solvent since water quenches lanthanide

luminescence as it was discussed in Chapter 1.
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Lanthanide complexes of the free aza crown ether hydrolyze in

aqueous solutions because the aza crown is very basic; the complexes tend
to form hydroxides in strongly basic aqueous solution, which form
immediately precipitates. In order to eliminate hydrolysis, the
experiments were carried out in D,O acidified solutions. Microliter
quantities of an acidified solution of D,O/DCl were added to the solid
lanthanide salt and subsequently the appropriate volume of D,O was
added. The pH was stabilized to values around 5.5 units and hydrolysis
was circumvented. The concentration of the lumophore was held constant
(3x107* or 6x1074 M), and the light harvesting guest (LHG) was added. The
areas of the two strongest luminescence peaks for the lanthanides were
integrated (Amay = 593, 616 nm for Eu®* and A, = 495, 546 nm for Tb3*).
The ratio of the integrated luminescence area after addition of LHG to the
initial (no LHG) luminescence area provides the relative emission intensity
as a function of LHG concentration. The LHG solutions were made in
D50, unless otherwise noted. Benzene was added neat in microliter
quantities so that there was no need for volume corrections. In the cases of
the acids the concentrations were corrected for volume additions higher
than 50 ul. The pH of the added LHG solution was adjusted as the same
way as for the lumophore. The acidic/anionic form of the acid plays the
role of the buffer for the solutions of the acids.

b. Association Constant Studies. For association constant
studies, a Perkin Elmer LS-5 luminescence spectrometer was used because
of the better response of its emission monochromator in the UV region

than the home-built instrument. Excitation light (A, = 375 nm) from a 10
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W Xe lamp was selected by a f/3 Monk-Gillieson monochromator. The

luminescence of the sample was directed through the monochromator to a
side-on photomultiplier (Aem = 400-600 nm). The slit widths for the
emission and excitation monochromators were 5 mm. The spectra were
corrected for the instrument response. A Zenith data station was used for
collection of data which were then analyzed using Kaleidagraph software
on a Macintosh computer.

Association constants were determined by the competitive binding
technique and the data treatment was based on the Benesi — Hilderbrand
method [73]. As referred in Chapter I, the introduction of aromatic guests
in CDs affects their fluorescent properties due to the change from a
hydrophilic to a hydrophobic environment. However, the changes in the
fluorescence intensity are more pronounced for certain fluorescent probes
originating from their intrinsic characteristics. Thus, we chose the
competitive binding technique [74] using a strong fluorescent probe in
order to accurately calculate the association constants of benzene, pyridine,
benzoic, picolinic and naphthoic acids. Anilinonapthalene sulfonates is a
class of compounds whose fluorescent properties are strongly affected by
binding in CDs [75]. The competitor was 1-anilinonaphthalene-8-sulfonic
acid (1,8 ANS). The concentrations of modified CD and ANS are chosen
such that most of the ANS is bound to the CD cup. Addition of the guest
in pl quantities displaces ANS from the CD cup thus decreasing its
fluorescence. The concentrations were ~10~> M ANS and ~6x1075 M
modified CD. It is important to note that these experiments were

performed with the yttrium modified CDs so that there will not be any loss
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of ANS fluorescence intensity by possible energy transfer processes from

ANS to europium or terbium ions. In addition, all the solutions were
made up in a buffer from acetic acid/ sodium acetate in high purity water.
An example of the changes in the ANS fluorescence upon addition of
another guest is shown in Figure 22.

The Benesi-Hildebrand method was applied for the calculation of
the association constant. Below is shown a typical case where an excess of
cyclodextrin is added to a solution of fluorescent guest, the equilibrium

described by eq 1,

G+CD G'CD [CD]>>[G*CD] (1)

The equilibrium constant for the above conditions is

[G.CD] (G-CD]

I<G’CD = [G] x [CD] = ([G]t- [G-CD)) «x [CD]t (2)

where [CD]=[CD}, 3

and finally expressed as a function of [CD]; by eq 4, as follows,

1 1 1
= +
[GCD] [G); K x[G]; x [CD]; (4)
Given that,

Fiot= FGg + Fg.cp = Qix [G] + Qx [G*CDJ = Qyx ([Gi- [G°CD)) + Qux [G*CD]
where F = fluorescence intensity, Q = relevant quantum yield, the final
expression for the observed AF as a function of the complex concentration

is given by eq 5 below
AFgps = Fi— Fgucp (Q2- Qpx [G°CD] ()

The observed change in fluorescence intensity AF 4 is proportional to the

concentration of complex formed [G*CD], which in turn is correlated to
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Figure 22. Emission spectra of 1,8 ANS with addition of pyridine as
competitor for cyclodextrin binding.
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the association constant. A plot 1/AF,,, versus 1/[CD]; gives a straight

line where intercept/slope will give Kg.cp.- The same principle was
applied for the competitive binding technique. The only modification is
keeping the guest whose association constant will be calculated in excess
concentration; the competitor guest displaces ANS from the formed
ANSeCD complex and the drop of the emission intensity of ANS is

monitored as the concentration of guest increases.

8. Time-Resolved Luminescence Spectroscopy. A Nd:YAG
pulsed laser system (Aexc = 266 nm, fwhm = 8 ns) [76] was employed for
lifetime measurements. The time-resolved response of luminescence was
measured at the selected emission maximum of the most intense band for
the lanthanides (Agyqm = 616 nm and ATy = 546 nm) with an R924

photomultiplier tube.



CHAPTERI 111

SWING CYCLODEXTRINS

A. Synthesis and Characterization

1. Background

Of the diverse molecular templates available for supramolecule
design, cyclodextrins are well suited for functionalization with groups
varying from alkyl chains to complex arms and macrocyclic receptors [56,
77]. A modification step, crucial for CD reactivity, is the selective
monosubstitution of the primary rim which is highly dependent on
reaction conditions. Derivatization requires the reaction to terminate after
one of the primary hydroxyl groups has been substituted and before any of
the secondary hydroxyl groups is modified. Although the synthetic
schemes for modification are typical for carbohydrates, the purification
and characterization of the products differ among reports in literature. A
characteristic example is the tosylation of the primary hydroxyl groups to

yield a key intermediate in cyclodextrin substitution chemistry. Various

83
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synthetic procedures yield different numbers of substituents on the rim of
the cup [59, 78]. Unfortunately, when the first procedures were reported,
2D-NMR spectroscopy, a main tool for the identification of the different
derivatives, was not well developed. The similarity between the CD
building blocks, the glucose units, engenders spectral complexity and
overlap that can only be unraveled with high-field spectrometers and
modern two-dimensional techniques to prove connectivities between
protons [79]. Stoddart has elucidated cases of overmethylation of CD,
which were not apparent with the conventional NMR techniques [80].
Consequently, many carbohydrate techniques for CD modification have
been re-investigated in recent years.

Our interest in designing new photoactive supramolecular
structures based on cyclodextrins led us to the synthesis of
monofunctionalized CDs bearing a second recognition side for lanthanide
ions. The flexible conformation of the resulting structure inspired the
name of swing CDs. We have elaborated single substitution of
monotosylated B—CD by the aza crown ether, triamine and tetraamine
branches, and protection of one hydroxyl group with a new silyl-derived
reagent for the subsequent methylation of the hydroxyl groups. In our
work we have focused on the purification and detailed identification of
each CD derivative by 2D-NMR since small impurities can drastically
affect further luminescence properties.

Tosylated cyclodextrins have been used as precursors in aza crown
functionalization since tosylate is a good leaving group for nucleophilic

attack by substrates. The procedure by Matsui [59] (see Experimental
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Section) gave in our hands the cleanest preparative method for the
monosubstituted tosylate. The monosubstituted aza crown CD
(designated as B-CDU!aza) was obtained by elaborating Willner’s
procedure followed with new purification procedures developed to give
the control of the photophysical properties needed in our studies.

The amine functionalization followed reports from different groups
[60, 78b, 81]). The lanthanide ions were then coordinated to the swing
amines or aza crown assemblies to yield new photoluminescent
supramolecules. Considering Tabushi’s results on flexibly capped amine
cyclodextrins with Cu?*, Mg?* and Zn?* that exhibited high association
towards anions with hydrophobic moieties [60], we expected similar
behavior for the lanthanide cyclodextrins.

Photophysical studies of the lanthanide modified aza and amine
CDs indicated that the OH environment of the CD rim quenches the
lanthanide emission. Protection and subsequent methylation
methodologies were developed to afford methylated swing CDs where the
absence of hydroxyl groups on the primary side would enhance the
lanthanide luminescence quantum yields. The methylation of
cyclodextrins also facilitates the handling of these compounds by
increasing their solubility in low boiling solvents such as chloroform and
dichloromethane, as opposed to the usual higher boiling aprotic solvents
such as dimethyl sulfoxide and dimethyl formamide. For purposes of
producing monosubstituted swing CDs, we needed to protect one of the
OH groups on the primary side and methylate the remaining OH

functionalities. Most literature approaches employ trityl protection.
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However trityl chloride is usually obtained in low purity and the
procedure for mono-, di-, or tri- tritylation requires tedious
chromatographic follow-ups [82]. For these reasons, silyl groups have
recently become popular protecting functionalities for the hydroxyl groups
in cyclodextrins. Specifically, chlorodimethylthexyl silane protects either
just the seven primary hydroxyl groups or both the primary and secondary
seven OH groups [83]. An earlier procedure used tert-butyldimethylsilyl
chloride to functionalize either one or seven of the primary OH groups but
the removal of the protecting group was not discussed [84]. Both
procedures give high purity compounds and eliminate the need for
chromatography. Tert-butyldiphenylsilyl chloride, used in the protection
of non cyclic carbohydrates, proves to provide an excellent protecting
group with greater stability towards acidic hydrogenolysis than the
corresponding silyl and trityl ethers [85]. The (tert-Bu)SiPh; ethers have
the advantage of permitting selective removal of trityl and acetal groups
existing in the structure without being displaced. Finally, the tert-
butyldiphenylsilyl group can be cleaved by treatment with tetra-n-butyl
ammonium fluoride in THF or hydrolyzed in methanolic solution by HC]
to regenerate the parent alcohol. For the advantages mentioned above we
employed tert-butyldiphenylsilyl chloride for protection. A clean

monosubstituted derivative of B-CD was obtained.

2. Results and Discussion

a. B-CDU'aza. The preparation of B-CDU'aza is accomplished by

the reaction sequence shown below. We have found that proper function
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of the supramolecular assembly as a photophysical template requires the
careful separation and isolation of each intermediate as described in

Chapter II.

TsCl aza
— ———
pyridine DMEF, 80 °C
25°C chromatography
N
OH OTs e
Ov_..Q NH

L

NMR spectroscopy was our main tool for the characterization [86].
The 'H and '*C NMR spectra of B-CD, B-CDO-Ts, and aza crown are
shown in Appendix (Figures A1-A6). Extremely dry B-CD, B-CDO-Ts, B-
CDuU!aza are established by the observation of a well-resolved triplet (5 =
4.42 ppm) and two doublets (& = 5.64 and 5.68 ppm) for the primary and
secondary hydroxyl proton resonances, respectively, in DMSO [87]. The
presence of interfering trace solvents at the very least obscures these
proton splittings and more usually causes the complete disappearance of
the hydroxyl resonances. Furthermore, in the case of B-CDO-Ts, the high
purity synthesis of the monotosylated compound is confirmed by

observation of a 4:7 ratio of the aromatic protons of the tosylate to the

anomeric H; signal of the cyclodextrin [88].
The monotosylate is substituted by aza to yield B-CDU'aza, but pure

compound was obtained only when chromatography was employed.
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Evidence of the product comes from the FABMS spectrum, which shows
the molecular ion cluster at 1380 amu with a profile in accordance with the
appropriate simulated isotope distribution (Figure A7). The loss of the
aza—CH, in the FABMS is observed with a fragment centered at 1105 amu.
Figure 23 shows the 'H NMR spectrum of purified B-CDU'aza. The peaks
at 4.8, 3.7-3.5, and 3.4-3.2 ppm have previously been assigned to the H;,
Hj3s56¢6, and Hj 4 proton resonances, respectively, of the glucopyranose
ring (see insert for numbering scheme) [88]. A signature of the
substitution is the appearance of the methylene protons of the aza attached
to oxygens at 3.50 and 3.45 ppm (singlet and triplet), which can be,
observed only with the high resolution conditions of a 500 MHz
instrument; at lower fields these resonances are obscured by the strong
Hj 566 resonances of the glucose subunits of the cyclodextrin. The
methylene protons a- to nitrogen are expected to shift upfield compared to
their resonance in free aza (2.63 ppm) because of the conversion of the
secondary amine to a tertiary amine upon reaction with the cyclodextrin.
Consistent with this expectation is the appearance of a triplet at 2.51 ppm
flanking the DMSO solvent peak (see inset of Figure 23). In addition, the
Hg ¢- resonance of the CD is expected to shift upfield upon substitution of
the primary hydroxyl of the glucopyranose with nitrogen of the aza
macrocycle. Obscured by the DMSO solvent peak, a resonance at 2.50 ppm
is observed for D,0 solutions of the modified CD, which we tentatively

assign to the Hg ¢- resonance. These assignments are supported
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Figure 23. The 500 MHz 'H NMR spectrum of B-CDU'aza in d®-DMSO.
The inset spectrum displays an expanded region showing the triplet peak
at 2.51 ppm flanking the DMSO solvent resonance; the numbering of the
carbons of the glucose subunit is also depicted in an inset. See text for
assignments.
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by the two-dimensional 'H-'H COSY contour plot of B-CDU'aza (Figure

24). The coupling between H,—H,, Hs—Hg, H,—H3;, H4—Hs and H3—H,
connectivities are easily distinguished from the cross-peak correlations. In
addition, the triplet peak at 2.51 ppm displays a cross peak with the 3.5
ppm diagonal peak, which is expected from the coupling between the
protons of the aza ligand. Further evidence for the swing came from total
correlation spectroscopy (TOCSY) (Figure AS8), which is ideal for
carbohydrates since the magnetization transmission paths through bond
and the coupling schemes are distinguishable. For the swing CD, the
TOCSY spectrum is reported for comparison with the cradle compound
(see Chapter IV).
Evidence for substitution at Cg4 is supported by '3C NMR. B-
CDU!aza (Figure A9) shows an upfield shift of one C4 from 60 ppm for B-
CD to 55 ppm for the aza substituted compound. This upfield shift is
 similar to that observed for primary hydroxyl substitution by alkylamines
[78b, 88].

Although the tosylate is readily substituted by aza, as described by
Willner and co-workers, our chromatographic separation scheme is
essential to obtaining compound free of tosylated impurities. In addition
to pure B-CDU'aza, a substituted B-CD is isolated with a downfield shift of
the aza methylene triplet resonance at 3.0 ppm. However this resonance is
always accompanied by resonances from the phenyl ring of tosylate. In
that the substitution of B-CD tosylate by aza produces p-toluenesulfonic
acid, we believe that the fraction displaying the 2.8 ppm resonance is the

tosylate salt of the protonated B-CDU'aza supramolecule. In support of
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Figure 24. The 300 MHz two-dimensional "H-"H COSY contour plot of
B-CDUaza.
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this contention are the following two observations: a downfield shift of the

aza methylene resonances (6 = 2.6 ppm to 6 = 3.0 ppm) occurs with
protonation of the native aza amine by p-toluenesulfonic acid; and pure p-
CDuU'aza can be recovered upon dissolution of the proposed B-CDU'aza
tosylate salt in basic aqueous solution with subsequent precipitation by
tetrachloroethylene.

The introduction of Eu* and Tb3* into the aza receptor site of B-CD
proceeds with the methodologies established for the preparation of

lanthanide ions encapsulated by crown and aza polycyclic ligands [41, 63].

Although residency of the lanthanide ion in the aza straps is established by
the large and obvious paramagnetic shifts of the aza and B—-CD proton
resonances, the quantitative assignment of many of these resonances was
frustrated by signal broadening coupled with the limited solubility of the

compound such that only modest concentrations were attained for NMR
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characterization. We were able to obtain good 'H signals only for a very
concentrated solution of Eu3*Caza in deuteurated nitromethane; the wide
window spread spectrum is shown in Figure A10. Luminescence
spectroscopy provides sufficient spectral sensitivity to monitor the
incorporation of Eu3* into the aza crown ether strap of B—CDU‘aza, as will

be discussed later in this Chapter.

b. B-CDUriamine and B-CDU!tetraamine. We found the most
effective substitution of tosylated CD by amines to proceed by Matsui’s

description. The synthetic scheme is shown below:

— — f e ———
TsCl R triamine for (2) or
pyridine, 25 o tetraamine for (3)
50 °C
OH OTs
chromatography

or

NH

(,Ef (,Ef
&NHZ e

B—CDUltetraamine B-CDU'triamine
(3) (2)
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The isolated CDs were characterized by 'H NMR. Figure 25 shows

the 300 MHz 'H NMR spectrum of B-CDUtriamine in D,O/ db-acetone.
The CD proton manifold spans 3.4 to 4.2 ppm and only the anomeric
protons distinctly appear at 5.1 ppm. Although the amine protons absorb
in the region 2.8-3.3 ppm, their resonances are perturbed by the neat
ligand (Figure A11). The difference in splitting in the overlapping region
of the triamine CD compared with the B-CD can not be identified. Along
with the ligand peaks, 'H phenyl resonances are also observed at 7.4 ppm
and 7.7 ppm and methyl protons absorb at 2.2 and 2.3 ppm for the tosylate.
As described for B-CDU'aza, it is possible to isolate the tosylate salts of the
amines. In the triamine case, the mono- or di- tosylate salt of the amine
substituted CD is isolated. As observed in the B-CDU'aza case an upfield
shift of the amine methylenes (3.2 to 3.0 ppm) is found. Purification with
tetrachloroethylene diminishes the tosylate peaks in the NMR, but the
signal to noise ratio is small due to the lower solubility of the compound.
Similar results are obtained for p-CDU tetraamine. The 'H NMR
spectrum, shown in Figure 26, is characterized by amine methylene
protons at 3.4-3.6 ppm. These resonances are accompanied by tosylate salt
peaks. Coordination of Eu3* to the amine swing was confirmed by

excitation spectroscopy.

c. Protection of OH Group by CISiPhx(tert-Bu) and Methylation
of the B-CDO-SiPhy(tert-Bu). The monosubstitution of B-CD with tert-

butyldiphenylsilyl chloride was successful using DMF as a solvent and
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Figure 25. The 300 MHz 'H NMR spectrum of B-CDu!triamine in
D,0/ db-acetone. Please note discontinuity in abscissa.
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Figure 26. The 300 MHz 'H NMR spectrum of B-CDU'tetraamine in
D,0/ d®-acetone.
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imidazole as a catalyst. The 300 MHz 'H NMR spectrum (Figure 27) of B-

CD-SiPha(tert-Bu) shows the characteristic absorptions of the phenyl
protons at 7.2-7.8 ppm and the methyl groups at 0.9-1.0 ppm. The
cyclodextrin anomeric protons are split as in the monotosylated CD case.
Their total integrated intensity compares with the intensity of the
unreacted primary hydroxyl groups (7: 6), confirming monosubstitution of
one primary hydroxyl group. The !3C NMR spectrum (Figure A12) shows
CD peaks occur at 60, 72-74, 81, 102 ppm and the silyl chloride peaks at 28
and 128-136 ppm. The upfield shift of the C¢ of the CD is consistent with
substitution. From these results we conclude that the cyclodextrin
monoprotected by tert-butyldiphenyl silyl group (4), shown below, is a

clean and reproducible intermediate.

(OH)14

Q.

Si_ CH; (O
CQ'CH3
CH,

(4)

The methylation is incomplete as determined by '"H NMR (Figure
28). Specifically, four secondary hydroxyl groups at 5.8 ppm and four
primary hydroxyl groups at 4.5 ppm indicate that methylation was

unsuccessful.



102

Figure 27. The 300 MHz 'H NMR spectrum of B-CDO-SiPhy(tert-Bu)in
d®-DMSO. Residual DMF peaks appear at 2.7, 2.9 and 7.9 ppm.
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Figure 28. The 300 MHz !'H NMR spectrum of B-CD-(OMe),
(OSiPhy(tert-Bu)) in d5-DMSO. Residual DMF peaks appear at 2.7, 2.9 and
7.9 ppm.
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(OMe)w(OH)4

®
NF#- O .
Si_ CH; (OMe),(OH),

\"'CH,
\CH3

(5)

The reduced reactivity of the primary groups can be attributed to the
bulkiness of our protecting group making it difficult for the methylating
agent to access the hydroxyls. Complete methylation of this compound
might be achieved with longer reactions times but unfortunately, we have

not continued on this project.

B. Luminescence Spectroscopy

1. Background

Generally, europium(III) and terbium(IIl) complexes are signified by
bright red and green luminescence, respectively, which originate from
transitions between the lowest energy excited state, >Dy, for Eu(IIl) or °D,
for Tb(II), to the ”Fj spin orbit manifold of the ground state. Partial energy
level diagrams of Eu(III) and Tb(III) are shown in Figure 29 [40]. The 4f°
and 4£8 electronic configurations of Eu(III) and Tb(III) respectively give rise

to terms split by electrostatic interaction (of the order of 104 cm™) that are
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Figure 29.Partial energy level diagrams of Eu(IIl) and Tb(III)
emphasizing the splitting of 4¢® and 42 configurations.
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further split by spin orbit coupling (103 cm™! splitting). The J levels are

split by the ligand field to 2J+1 closely spaced components. Usually seven
peaks are observed in Eu3* luminescence spectra Dy — “F; (580 nm), ’F,
(592 nm), ’F, (616 nm), ’F5 (650 nm),”F, (700 nm), ’F5 (750 nm), and ’F,
(810 nm)), with the Dy — 7F;,”F, and ’F, transitions accounting for over
95% of the emission intensity [89, 90, 91]. The Tb** emission consists of
seven peaks (°Dy— 7F¢ (488 nm), F5 (546 nm), "F, (588 nm), 7F; (620
nm),”F, (650 nm), ’F; (670 nm), and “F; (680 nm)), with the first four
transitions being the most intense [40, 89]. For a low resolution emission
experiment, the splitting of the ligand field is not detected. Therefore any
information as to the coordination environment of the lanthanides by
emission spectroscopy is not obtained.

Excitation spectroscopy has also been used to elucidate the
photophysics of lanthanide complexes [92]. Information regarding the
transitions leading to the emissive excited states is revealed by scanning
the absorption spectrum as a function of absorbing wavelength. Excitation
spectra in europium complexes are particularly useful for revealing ligand
to metal charge transfer transitions or ligand centered bands coupled to the

lanthanide emissive level.

2. Results and Discussion

a. B-CDUlazaoEu®*. The spectroscopic properties of Eu**Caza
provides the benchmark for the interpretation of the excitation spectrum of
the B-CDU'azaoEu>* supramolecular assembly [86]. Figure 30(a) displays

the excitation spectrum of Eu**Caza obtained by monitoring the °Dy — ’F,
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Figure 30. Excitation spectra of (a) Eu**Caza and (b) B-CDU'aza>Eu®* in
CH3;CN monitored at Ao, = 616 nm.
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transition at 616 nm. The dominant °L¢ « “Fj and °D, « ’F, transitions,

which also can be easily observed in the absorption spectra of solutions of
the Eu*Caza at modest concentrations, are in evidence at 394 and at 470
nm, respectively. Moreover the ultraviolet spectral region displays a broad
and rising profile with increasing energy that is also observed in the
absorption spectrum of this compound. A similar ultraviolet profile
observed in the absorption and excitation spectra of Eu**C2.2.1 has been
assigned to a ligand-to-metal charge transfer transition from the nitrogens
of the aza ligand to the Eu®* center [41, 42]. Our observation of a parallel
transition in Eu3*Caza is satisfying inasmuch as the skeletons of the aza
and 2.2.1 ligands are comparable, with the former differing from the latter
by only the absence of a diethyl ether strap. These unique spectral features
in the Eu**Caza excitation spectra are preserved in the spectrum of the
product obtained from the reaction of Eu* with B-CDU'aza. As shown in
| Figure 30(b), the SL¢ « “Fg and °D, « ’Fj transitions of the Eu3* ion and
the LMCT excitation profile in the ultraviolet are both clearly apparent.
Red luminescence is observed from acetonitrile solutions of
Eu*Caza and B-CDU 'aza>Eu3* when excited at wavelengths coincident
with the 5Ly « 7Ftransition (A¢,. = 394 nm). Steady-state luminescence
spectra reveal the characteristic Dy — ’Fj pattern of Eu** compounds
(Figure 31). Excitation into the LMCT transition at 313 nm shows the same
emission pattern, which is consistent with observations of energy transfer
from the ligand to the 3Dy state of the lanthanide ion for compounds in

solution and the solid state [41c].
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Figure 31. Emission spectrum of Eu(NOj3); in CH3CN (A, = 394 nm).
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b. B-CDU!aza>Tb3*. The ligand to metal charge transfer

transition of this complex is not observable in the excitation spectrum at
low energies because Tb3* is very difficult to reduce (E%(Tb3*/2%) = 3.7 V
vs NHE for the aquo ion) whereas for Eu®* this is not the case (EEu3+/2*)
= —0.38 V for the aquo ion) [89]. Since the coordination properties of the
two ions are very similar, we expect that the incorporation of Tb3* in the
aza crown moiety takes place. This is supported by the emission spectrum
of the complex, which shows the characteristic Tb>* luminescence pattern
(Figure 32). Furthermore, evidence of coordination is demonstrated by the

energy transfer experiments described later in this Chapter.

c. Amine Complexes with Eu3*. The excitation spectra of
Eu3*(triamine),(NOj;); and Eu*(tetraamine),(NO5); reveal a strong peak at
270 nm (Figure 33). We attribute this band to the expected charge transfer
from the amine groups to the Eu®*. This is in agreement with the charge
transfer transition assignment, from tertiary nitrogens to Eu3*, in the
cryptate complexes [41]. Moreover the same band is shown in the
excitation spectrum of the B-CDU'triamine complex with Eu(IIl) thereby
excluding any coordination of the hydroxyl groups to the ion, which
would contribute to a blue-shifted charge transfer band. We do not know
the stoichiometry of the complex (one or two modified CDs per ion) since
we do not have elemental analysis results. However, there is good
possibility that Eu(IIl) is coordinated by two amine branches. A complex
of two diethyl amine functionalized CDs with one Cu(II) ion has also been
reported by Matsui [93]. All experiments of the Eu(Ill) CD-amines were

performed in acetonitrile since their high basicity causes hydrolysis of the
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Figure 32. Emission spectrum of TbCl; in CH3CN (A, = 313 nm).
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Figure 33. Excitation spectrum of Eu3*(triamine),(NO3)3in CH,CN
monitored at A, = 616 nm, representative for the Eu(III) amine complexes.




119

Ayisuajuy uoissnuy

450

350

A/ nm

Figure 33



120
ion to hydroxides. Any attempt to protonate the amines and dissolve the

compounds in water was unsuccessful thus eliminating energy transfer

experiments.

C. Inclusion Complexes of B-CDU*aza>Ln3*

1. Background

The swing CDs provide a hydrophobic microenvironment for
aromatic guest association and the ionophoric moiety for lanthanide
binding thus juxtaposing an energy donor and acceptor. To this end, their
design is ideal for the study of absorption-energy transfer-emission
(AETE) mechanism within a supramolecular structure. The energy donor
can be chosen with only the requirement that it should be a light-harvester
and should incorporate in the CD cavity. In the following studies, we
selected two types of light harvesting guests: those only recognized by the
CD cavity and those recognized by the cavity and the lanthanide center.
As we show, the lanthanide luminescence is affected by the association
strength of the different guests in the supramolecular structure, and the
electronic characteristics of the guests.

These studies greatly expand investigations of energy transfer
within CD assemblies. Energy transfer within a modified cyclodextrin was
first reported by Tabushi [54e]. A benzophenone rigidly capped modified
CD was the energy donor and the included guest, 1-bromonaphthalene,
the energy acceptor. Organic systems developed later were concerned

mainly with excimer formation within the CD as discussed in Chapter I.
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2. Results and Discussion

a. Association of Guests. The association constants of 1,8-ANS
and various light-harvesting guests (LHGs) with B-CD and the B-
CDU'aza>Y3*(NOj3); are shown in Table 1. They were determined by
monitoring the fluorescence of 1,8-ANS (which is a competitor guest for
LHGs binding), employing Benesi — Hilderbrand method as described in
Chapter II. In order to avoid the complications of fluorescence quenching
of 1,8-ANS by Eu®*, association constants of the supramolecular assembly
were measured by using B-CDU'aza>Y?*. The Y3* ion is similar size and
has the same charge as Eu®*, but it is redox inactive and does not possess
low energy excited states; thus electron or energy transfer quenching of
1,8-ANS is not observed, thereby simplifying competition fluorescence
measurements. Inasmuch as 1,8-ANS and Bz can not directly interact with
the metal ion (sulfonates are poor ligands of metal ions), differences in
their binding to the unmodified and modified B-CDs are attributed to the
proximity of the metal cation to the hydrophobic binding site of the cup.
The more polar environment created by the introduction of the ionic
metal-aza crown at the bottom of the CD cup presumably assists in the
binding of the polar 1,8-ANS, as opposed to the apolar benzene, which
exhibits a lower binding constant than observed for 3-CD.

Whereas the binding constants of Bz in B-CD and the swing B-CD
are comparable, BzA and PcA show much higher association with the -
CD supramolecule. Of course for these latter guests, molecular recognition
does not occur only by hydrophobic binding within the CD cup, but is
further assisted by the propensity of the carboxylate functionality to ligate
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Table 1. Association constants (M™!) of various light-harvesting guests

with B-CD and B-CDU!aza>Y3* hosts

Guest K,(B-CD) K,(B-CDUaza>Y?")

1,8-ANS 242 170

Benzene (Bz) 196° 117

Pyridine (Py) - 1,047
Benzoic Acid (BzA) 546¢<4, 36 << 36,000
Picolinic Acid (PcA) 1,3704 43,000
2-Naphthoic Acid (2-NA) - 52,570
2-Naphthyl Acetic Acid (2-CH,NA) — 83,345

aref [60]. PHoshino M.; Imamura M.; Ikehara K.; Hama V. J. Phys. Chem.
1981, 85, 1820. €Gelb R.; Schwartz L. M. ]. Incl. Phenom. Mol. Recog. 1989, 7,

465.d protonated. € deprotonated.
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metal ions. Enhanced molecular recognition of anionic guests by modified

CDs featuring a metal ion juxtaposed to the CD’s hydrophobic cup has
been observed previously [5b, 57, 60]. It is noteworthy that PcA binds B-
CDU'aza>Y3* more strongly than BA. The increased binding might be a
result of the nitrogen coordinating to the lanthanide ion or an effect due to
a stronger metal-carboxylate interaction of the more basic PcA (pKa for
PcA is 5.4 towards 4.5 for BzA) [94]. The latter seems more reasonable in
light of our results for pyridine binding. Pyridine (Py) binds the swing CD
stronger than benzene as expected from the polarity of nitrogen, which
also confers orientation to pyridine within the CD cup [48b]. Moreover,
we measured the binding constants of 2-naphthoic acid (2-NA) and 2-
naphthylacetic acid (2-CH,;NA). Their association is of the same order of
magnitude and greater than pyridine, which is attributed to the increased
basicity of the carboxylate. In addition the naphthyl ring is expected to
have a tighter fit in the CD cavity, thus contributing to higher binding
constants than benzene or pyridine rings. In addition for the polar guests,
Ueno and Toda’s explanation of the higher association constants in
charged-modified cyclodextrin [95] may be operative. When cyclodextrin
is functionalized with a positive charge on the primary side, the
electrostatic potential gradient inside the cavity is enlarged resulting in a

stronger polar interaction with the polar guest.

b. AETE Studies for Various LHGs.
i. Benzene. Figure 34 displays the dependence of the
integrated emission intensity from D,O solutions of Eu*Caza and B-

CDU'aza>Eu3* compounds on the concentration of added benzene. In the
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Figure 34. Dependence of the emission intensity from D,O solutions of
Eu3*Caza and B-CDU'aza>Eu?* upon addition of benzene (Ag,. = 254 nm).
Concentrations of the lumophore are 2.5x10~4 M.
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case of the former compound, the relative luminescence intensity increases

marginally for concentrations of benzene as high as 5x103 M. Inasmuch
as benzene can not ligate the Eu3*Caza ion, energy transfer is restricted to
an inefficient bimolecular process. In comparison the relative
luminescence intensity of the B-CDU 'aza>Eu>* supramolecule increases
markedly over this same concentration range. In light of the affinity of
benzene for the hydrophobic cavity of cyclodextrin (K,seoc. = 117 M), we
attribute this enhancement of the emission intensity to the unimolecular
AETE process involving benzene as the energy donor and Eu3* ion as the
energy acceptor. A noteworthy observation is that H,O effectively
quenches the luminescence of the benzene-associated supramolecular
assembly. A similar result is observed for the Eu*Caza complex, which
displays an emission quantum yield in D,O that is attenuated by 75%
when dissolved in H;O. These results are not surprising inasmuch as the
high frequency O—H vibrations of coordinated water molecules result in
efficient nonradiative decay of lanthanide emission. Conversely,
Eu3*C2.2.1 is less susceptible to quenching by H,0 (¢.(H,0) is 25% that of
®e(D,0) for °Dy luminescence upon °Lg excitation). Presumably the
additional diethyl ether arm of the 2.2.1 cage as compared to aza
effectively shields the ion from H,O. For the case of the B-CDU 'aza>Eu3*
assembly, if the aza ligand was cradled below the cup, then its
conformation would be akin to the Eu3*C2.2.1 complex inasmuch as the
CD cup will cover the open face of the Eu®* ion in place of the diethyl ether
arm of 2.2.1. Thus we believe that the B-CDU lazaSEu3* compound would

be only marginally affected by H,O in a conformation with the aza
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tethered below the cup. However this is not the case and indeed the H,O

quenching effect of B-CDU 'aza>Eu3* parallels that of Eu**Caza. These
results suggest that the aza ligand is swung away from the base of the CD
cup. In such a swing conformation, the Eu* ion is accessible to
coordination by H;O, and therefore its emission will be quenched.

ii. Benzoic and Picolinic Acids. Figure 35 displays the
depéndence of the integrated emission intensity from D,O solutions of the
B-CDU'aza>Eu3* supramolecule on the concentration of light-harvesting
guest. For comparison the relative luminescence intensity for Bz is also
shown. The range of concentration is 102 less for BzA and PcA when they
trigger comparable Eu®* luminescence. This increase in the detection limit
parallels the increase in the association constant of the carboxylates with
the CD supramolecule. Moreover, as discussed above, the unimolecular
AETE process takes place from benzene to an aza>Eu3* that is swung
away from the base of the CD cup. Such a swing conformation is
undesirable to AETE because the distance for energy transfer is not
optimally short (energy transfer exhibits a 1/r° (Forster) or e (Dexter)
distance dependence). For the cases of BzA and PcA, the coordination of
guest to the Eu3* ion will shorten the distance for energy transfer leading
to increased emission enhancements.

A characteristic of the plots in Figure 35 is a saturation plateau. This
limit is clearly shown in the acids case but not in benzene due to the low
signal/ noise ratio. These results contrast with the Eu3*Caza case which
shows only a linear dependence of the luminescence intensity on the

concentration of light-harvester. This is attributed to a binding constant
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Figure 35. Relative emission intensity from D,O solutions of B-
CDU'aza>Eu3* upon addition of light harvesting guests (A, = 254 nm
for PcA, Bz and 280 nm for BzA). Please note abscissa discontinuity.
Concentrations of the lumophore are 5.8x10~* M for BzA and PcA and
2.5x1074 M for Bz.
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effect. The expected small association constants for binding of the acid to

the crown do not permit high complex concentrations to be formed
whereas for CD supramolecules they are easily achieved in slight excess of
the guest thus allowing observation of the saturation of the complex
property studied. These results are in agreement with the result of a recent
study on intramolecular electron transfer within a cyclodextrin [96]. Stern-
Volmer plots also show saturation when the intramolecular transfer occurs
from the appended donor to the acceptor guest, but they are linear when
the acceptor does not bind in the CD and electron transfer is limited to the
bimolecular component. Finally, in some cases the intensity increases
upon further addition of acid. This is observed when BzA is added to B-
CDU'azaoTb3* (Figure 36). This can be attributed to the binding of a
second molecule of BzA to the Tb3*, most probably from the outside of the
swing. The possibility for excimer formation is excluded, since no
fluorescence attributed to BzA excimer is detected. The excitation
spectrum of B-CDU!aza>Tb3* including BzA (Figure 37) reveals the
characteristic benzoic acid absorption thus demonstrating the energy
transfer from the acid to Tb>* ion.

It is interesting that the terbium complex exhibits higher
luminescence as compared with the europium, even though both
assemblies exhibit the same association constant for BzA. This is
consistent with lanthanide photophysics. Europium compounds have
additional deactivation mechanisms owing to low energy charge transfer
states, which siphon the energy from the donor before it is channeled to

the emissive level.
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Figure 36. Dependence of the emission intensity from D,O solutions of -
CDU'aza>Tb3* upon addition of benzoic acid (Aey, = 280 nm).
Concentration of the lumophore is 5.4x1074 M.
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Figure 37. Excitation spectrum of B-CDU'aza>Tb3* including benzoic
acid monitored at Ay, = 546 nm.
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iii. Other Guests. Consistent with benzene, only a small
increase of the luminescence intensity of B-CDU'aza>Eu3* is observed
upon pyridine addition (Figure 38). This confirms our suspicion that
pyridine does not coordinate strongly to the lanthanide ion. If it did, we
would expect a shortened distance for energy transfer and luminescent
intensities comparable to the carboxylates.

Figure 39 shows the effect of 2-NA and 2-CH,NA in B-
CDU'azaSEu3* luminescence. In order to evaluate the effect of the
methylene spacer we performed the same experiment with Eu(NO3); as
the acceptor (Figure 40). The latter case shows a significant decrease with
the addition of a methylene bridge as expected from an exponential
dependence of the distance (a factor of four on the exponential term when
one more C-C bond is considered). For the swing CD the 2-NA triggers
higher luminescence from the Eu(IIl) ion but the distance effect is not
observed to be as great due to a higher association constant of 2-CH,NA.
This finding suggests that an appropriate choice of LHG may induce
unexpected photophysical behavior as a result of better binding properties.

Finally, more efficient energy transfer appears from a solution of 10
% CH3CN in D,O in place of neat D,O (Figure 41). The enhancement of
Eu(III) luminescence in B-CDU 'aza>Eu®* with BzA as the light harvester
can be attributed to a higher binding constant of the assembly formed with
acetonitrile and BzA included in the cavity.

Summarizing, we observed that inclusion of guests within the cup
triggers luminescence from the Ln3* center by AETE. The most efficient

AETE process results when hydrophobic recognition of the guest by the
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Figure 38. Relative emission intensity from D,O solutions of B-
CDU'aza>Eu3* upon addition of pyridine (Aeye = 313 nm). Concentration
of the lumophore is 3.0x10~4 M.
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Figure 39. Dependence of the emission intensity from D,O solutions of
B-CDU'azaoEu* upon addition of naphthoic acids as LHGs (Aexe = 280
nm). Concentrations of the lumophore are 4.95x10~4 M.
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Figure 40. Dependence of the emission intensity from D,O solutions of
Eu(NO;)3 upon addition of naphthoic acids as LHCs (Aex. = 280 nm).
Concentrations of the lumophore are 4.5x107% M.
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Figure 41. Relative emission intensity from D,0 (A) and 10%
CH;CN/ D,0O (A) solutions of B-CDU'azaoEu3* upon addition of benzoic
acid (Aeyc = 280 nm). Concentrations of the lumophore are 6.4x1074 M.
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CD cup is cooperative with metal-guest recognition. This bifunctional
recognition of anionic guests by the CD supramolecule serves to increase
the association of the guest with the modified CD and shortens the

donor/ acceptor distance for energy transfer.



CHAPTER IV

CRADLE CYCLODEXTRINS

A. Synthesis and Characterization

1. Background

The energy transfer studies for the swing CD, reported in Chapter
III, indicated that the most efficient luminescence will occur for a
supramolecular assembly featuring the aza receptor site rigidly situated at
the base of the CD cup, and not as a swing. This inspired the synthesis of a
cradle CD where the aza crown ether is tethered to the primary side of the
CD cup via both of its nitrogens.

The development of regiospecific bifunctionalized cyclodextrins was
driven by the design of active artificial enzymes since sophisticated model
enzymes use more than one functional group for single catalysis.
Tabushi’s group developed modifying reagents with rigid skeletal
structures that regiospecifically functionalize two primary sides of the

cyclodextrin [66, 67]. The covalent attachment of the capping reagent to
145
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one side of the cyclodextrin rim forces it to come into proximity with the
rim and react with a second primary hydroxyl group with specificity. The
approach relies on the rigidity of the backbone of the modifying agent.
This mechanism is called Looper’s walk and is shown below for aromatic

bisulfonates as the modifying reagents [97]:

HO .. HoloH O

.+ HO OH -‘S-
cnio ©°
o

Rigid capping reagents give different isomers according to the
aromatic backbone size [97]. For B-CD the seven primary hydroxyl groups
result in three possible isomers A,B, A,C and A,D where the cyclodextrin

primary rim is represented as,

020
D
00

The introduction of sulfonate groups to the capped cyclodextrin provides
the potential for substitution reactions to yield symmetrical or
unsymmetrical derivatives, depending on whether the functional groups

are the same or not. Nucleophilic substitution by amines yielding



147

bifunctionalized CDs has been employed mainly with imidazole and
histidine groups for artificial enzyme applications [98].

In the same synthetic context for substitution by amines we have
tethered an aza crown ether to the primary side of the CD cup via its two
nitrogens providing a double-strapped (or cradled) CD. The
characterization of the compound was completed with NMR techniques.
Specifically, homonuclear total correlation spectroscopy (TOCSY) [99]
proved to give more information than COSY spectroscopy. Recently, the
former has been very popular in carbohydrate identification due to the
possibility of structural elucidation of the connectivities of building blocks

and stronger signals due to through-bond magnetization transfer [100].

2. Results and Discussion

The synthesis of the cradle CD with the aza attached to the (A,D)

positions of the B-CD cup [101] is summarized as follows,

@ Cl—X—Cl -
fos o0\ —
X

/:;owo\)
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Energy minimized calculations reveal that the (A, D) attachment is

the least sterically constrained. As elaborated by Tabushi, reaction of the
B-CD with biphenyl-4,4"-disulfonyl chloride yields a cyclodextrin rigidly
capped with the biphenyl sulfonate spanning the (A,D) glucosyl subunits.
Signature of the substitution in the 'H NMR spectrum (Figure A13) is the
splitting of the anomeric protons due to both ring currents on the
substituted glucose rings and dissymetry of the molecule. Subsequent
reaction with KI produces the diiodo-substituted CD, which is susceptible
to nucleophilic attack by amines. The aromatic peaks disappear in the H
NMR of the (Figure A14) indicating complete substitution and the absence
of any sulfonate salt. The advantage of using the diiodo-B-CD as the
intermediate before the nucleophilic substitution by amines is that
treatment with tetrachloroethylene is employed in this step to effectively
eliminate the sulfonate salts. The reaction with the aza crown provides
only one derivatized CD and unreacted crown.

Fast atom bombardment mass spectrometry (FABMS) of the product
in an acidified glycerol matrix shows a molecular ion cluster centered at
1367 mass units (M + 7H*), which is consistent with the derivatization of
one B-CD with a single aza crown; typical matrix adduct fragments appear
at +92 mass units (Figure A15). This cluster at 1367 amu is sigﬁiﬁcant
because it is 18 mass units less than that observed by us for the swing CD,
where the aza is attached to the CD cup via one nitrogen. This difference
corresponds to the mass of one hydroxyl group and a proton, which are
removed upon condensation of a the second aza nitrogen to the B-CD cup.

Another difference between the FABMS obtained from the double
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substitution and B-CDU 'aza is that the former appears to be more robust
under FABMS conditions. As opposed to the facile loss of the entire aza
swing in B-CDU 'aza, the FABMS pattern of the compound prepared here
is consistent with fragmentation of the aza crown followed by
fragmentation of the CD ring; the aza crown is not observed to depart as a
unit. From these FABMS data we infer that the aza crown is attached to
the CD molecule at both its nitrogens and we formulate the compound as
B-CDU?aza.

The compound was further characterized by NMR. The 'H NMR
spectrum of the B-CDU?aza in D,O shows a more complicated pattern
than that of B-CDU 'aza. Specifically, the resonances associated with the B-
CD exhibit higher multiplicity for the cradle CD as compared to the CD
swing compound. Therefore elucidation of the compound’s structure by
NMR was undertaken with {'H,'H]} total correlation spectroscopy
(TOCSY). For the B-CDU'aza compound, NMR spectra show a single
doublet in the anomeric proton region (5.0-5.2 ppm), as is observed for
other monosubstituted cyclodextrins [102]. In contrast, four distinct
doublets are distinguished in the TOCSY spectrum of the doubly strapped
CD shown in Figure 42. This indicates a symmetry perturbation at the
(A,D) sites of B-CDU?aza induced by the presence of the aza moiety.
These anomeric protons show relevant cross peaks with the remaining
glucosyl protons at 3.8-4.0 ppm (H35¢) and at 3.5-3.7 ppm (H,4). The
islands at 3.8 and 3.7 ppm, which we attribute to the aza crown methylenes
adjacent to oxygen, correlate to the 3.2 and 3.5 resonances respectively.

The 3.2 and 3.5 ppm peaks are consistent with assignment to aza
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Figure 42. The 500 MHz 'H TOCSY spectrum of B-CDU?aza in D,O at
30°C. The mixing time was 120 ms. The HDO signal is suppressed by
presaturation.
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methylene protons next to nitrogen and the CD’s Cg protons of the

substituted glucose residues. It is noteworthy that the 3.5 ppm peak
correlates with the remaining protons of the glucosyl subunit. In addition,
the peak at 4.1 ppm correlates to the (Hj5¢) at 4.0 ppm as well as to the
island at 3.7 ppm. This peak at 4.1 ppm appears to be attributed, as in
other cases [98a], to the H, proton of the substituted glucose rings.

The correlations between carbons and protons are identified from
heteronuclear multiple-quantum coherence measurements. The CD
proton resonances correlate to the relevant carbons as follows: Hp 4 at 3.5-
3.7 to C, at 68 ppm and to C4 at 79 ppm; H3 5 c at 3.8-4.0 to C35 ¢ at 67, 68
ppm; and H; at 5.1 to C; at 102 ppm (Figure 43). The protons of the
methylenes adjacent to nitrogen, as well as the C¢ protons of the glucosyl
units where aza substitution occurs, cannot be assigned because of the
spectral congestion. However, the aza methylenes adjacent to oxygen
show proton resonances at 3.7 ppm, which correlate to the carbon signal at
64 ppm.

In accordance with attachment of both nitrogens to the CD is an
indirect NMR experiment that indicates the absence of a secondary
nitrogen in the cradle CD. The protons on the nitrogen exchange fast and
they are not usually observable by NMR. Protonation of the nitrogens
shifts the adjacent methylenes downfield and according to the number of
protons, the methylenes are split characteristically. Trifluoroacetic acid
has been used as protonating agent in order to distinguish among primary,
secondary and tertiary amines from the splitting of the methylene units

[103]. We used this method to exclude the presence of secondary amine
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Figure 43. The 500 MHz 'H-13C HMQC spectrum of B-CDU2aza in D,0.
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since the double substitution should provide only tertiary nitrogens.

When both the nitrogens are secondary, as in free aza, the protonation
further splits the methylenes to a quintet observed at 3.2 ppm. The
multiplicity is a result of the splitting of the triplet from two protons. For
the swing CD we observe a quintet at 3.20 ppm and a combination of two
doublets at 3.40-3.48 ppm. In the case of cradle CD, only the latter peak is
shown, indicating the presence of tertiary nitrogens only.

The incorporation of Eu* in the aza crown was performed with the
same methodologies as for swing CD and was confirmed by luminescence

spectroscopy.

B. Luminescence Spectroscopy

1. Results and Discussion

Excitation spectroscopy was employed to confirm the incorporation

of Eu?* in B-CDU2aza>Eu?*.

3 L
podledsd

L
Cy

¢ N."
Gk '~P~:5
s

B-CDU%aza>Eu®
(6)
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The charge transfer band of the nitrogens to Eu* is observed, and as

described in detail in Chapter III for the swing CD confirms the identity of
the Eu3* ion in the aza cradle. Because of the low concentration, it was not
possible to extract more information (e.g. splitting of the bands) from the
excitation spectrum. Steady-state luminescence spectra of acetonitrile
solutions of B-CDU?aza>Eu?* do however reveal the characteristic >Dy -»
7Fy pattern of Eu®* ion resulting from transitions from the lowest energy
5Dy excited state to the F; spin orbit manifold of the ground state when
excited at Ae, = 394 nm, coincident with the ’L¢ « F transition. The small
signal/ noise ratio compared to that for the same concentration of the
swing CD indicates that the hydroxyl group environment on the primary
rim may be quenching the Eu* luminescence. This notion is supported by
the modeling studies, which indicate some coordination of hydroxyl

groups. The lifetime of the D, excited state of B-CDU2aza>FEu3* is 835 ps.

C. Inclusion Complexes of B-CDU 2aza>Eu’*

1. Results and Discussion

a.  Association of Guests. The association constants of different
light-harvesting guests with B-CDU?aza are shown in Table 2. The
surprising result was that the binding of benzene in the CD cavity was too
small to be measured. Apparently, the 3+ charge of the appended
Eu®*Caza cradle at the bottom of the CD cup decreases the hydrophobicity
of the aromatic hydrocarbon binding site thereby attenuating the

association of benzene. The polar pyridine enters the cup with a smaller
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Table 2. Association constants (M™!) of light-harvesting guests with B-

CDU%azaoY?

Guest K, (B-CDU%aza>Y?*)
Benzene (Bz) <10
Pyridine (Py) 348
Benzoic Acid (BzA) -

Picolinic Acid (PcA) 7.3x10°
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association constant than observed for the swing K, = 1047 M. This is

not the case though for picolinic acid which is polar enough to strongly
bind the cradle CD. The association constant for the latter was an order of
magnitude higher than for the swing. This enhancement in binding may
be due to increased association of polar substances when a positive charge
is appended at the primary side of the CD, described in Section 2.a in
Chapter III. For the cradle CD, the results are more pronounced since the
charge is rigidly situated at the bottom of the cup. This cradle provides a
compliment to the biphenylsulfonyl CDs, which are rigidly capped CDs
with hydrophobic moieties that enhance binding of non polar substrates

[97].

b. AETE Studies for Various LHGs. Energy transfer from the
light-harvesting guests to the lanthanide has been demonstrated with
emission and excitation spectroscopy. In all cases, the latter reveals the
respective LHG absorption profile when the lanthanide luminescence is
detected thereby verifying the presence of an AETE process.

The addition of benzene in solutions of B-CDUZ2aza>Eu?* did not
show any appreciable enhancement in Eu3* luminescence (Figure 44). This
is expected of the very low association constant limiting the energy
transfer only to a bimolecular component of benzene binding from the
outside. As we have shown in Chapter III the latter contribution is almost
negligible.

However, an increase of Eu3* luminescence upon association of the
acids is observed as illustrated in Figure 44. The strong emission is

attributed to the increased association of the polar LHGs coupled to
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Figure 44. Relative emission intensity from D,O solutions of B-
CDuU?aza>Eu3* upon addition of light harvesting guests (Aeye = 280 nm
for BzA, PcA and 254 nm for Bz). Concentrations of the lumophore are
2.4x10~* M for BzA and 2.6x10™* M for PcA and Bz.
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shorter AETE distances. A comparison of absolute intensities for the
swing and cradle CDs including LHG-acids is not clear at this point
because the conformation of the appended crown is different in the swing
even if it is pulled beneath the cup owing to carboxylate binding. The
swing and cradle Ln3*-CDs exhibit similar intensity versus concentration
plots for the acids with a rapid increase, plateau due to saturation binding
and then a further increase due presumably to the binding of a second
LHG on the external side of the aza. A comparison of the linear part of the
plot for Eu3* emission enhancement in the aza and cradle CD complex
upon addition of picolinic acid suggests that the binding of the one
picolinic acid molecule to one Eu3*Caza is much stronger than the
association of the second exogenous molecule in the CD case.

Pyridine proved to be an ideal guest to compare the results of
luminescence enhancement between the swing and the cradle. The relative
emission increase of Eu®* luminescence in the cradle CD upon pyridine
addition is shown in Figure 45. The respective enhancement of the swing
is also shown for comparison. The striking result is that even though
pyridine binds more weakly than in the cradle, the enhancement of
emission is higher for the latter at equivalent pyridine additions. On the
basis of binding constant data, the concentration of the inclusion
complexes are 1.9x10# M for the swing and 1.2x10™ M for the cradle for
2x103 M added pyridine ([CD] = 3.0x10~* M). The only factor for more
efficient AETE in the cradle CD is the shorter distance imposed by the

cradle geometry for AETE process between Eu®* and pyridine.
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Figure 45. Comparison of the dependence of the emission intensity from
D,0 solutions of B-CDU%aza>Eu?* (cradle) and B-CDU'aza>Eu3* (swing)
upon addition of pyridine (A, = 313 nm). Concentrations of the
lumophores are 3.1x1074 M.
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As an interesting side, intense pyridine fluorescence is also observed
from the cradle CD. Figure 46 shows the pyridine emission upon UV
excitation from B-CDU2aza>Eu®* and B-CDU 'aza>Eu3* solutions at the
same conditions. Neat pyridine exhibits fluoresce only in the vapor phase
due to quenching mechanisms of the (n, n*) excited state [104]. Here,
quenching processes by water and oxygen are minimized due to the
capping of the primary rim of the CD by the aza cradle that makes this site
unaccessible to these molecules. This is not the case for the swing that is
flexibly hanging away from the CD thereby leaving the primary site open.
Similar pyridine fluorescence behavior was obtained for the swing and
cradle CDs without the Ln3* ion residing in the aza site, thus eliminating
any binding effect on the pyridine luminescence properties.

In conclusion, shorter distances between the LHG and the Ln3*
imposed by the cradle CD are manifested in more efficient AETE
processes. The high binding constants observed for only polar LHGs by
the cradle enhance the luminescence properties of the assembly and permit
detection of LHGs by lanthanide luminescence in small concentrations.
Non-polar guests though do not associate strongly and they are eliminated

as LHG-templates for AETE studies within the cradle.
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Figure 46. Fluorescence of pyridine in D,O solutions of B-CDU%aza>Eu®*
(cradle) and B-CDU'aza>Eu?* (swing) (Aeye = 313 nm).
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CHAPTER V

CONCLUDING REMARKS

The successful syntheses of crowned, swing, and cradle
cyclodextrins afford new supramolecular templates for the study of
unimolecular AETE process. They incorporate many of the structural
features of other supramolecules displaying a crown subunit shown in
Figure 47. Spealand (top) [3] and calixarene (bottom) [22] receptors
functionalized with crowns provide a hydrophobic aromatic pocket for
substrate binding and a polar moiety for ion binding. But these
compounds have limited application as photoactive supramolecules
because the hydrophobic binding pocket is itself composed of
chromophores. The cyclodextrin cup of the swing and cradle CDs is
transparent to UV and visible irradiation thereby allowing photoinduced
energy and electron schemes to be established. The potential of studying
photophysical processes and developing photochemical devices is
therefore high because it is dictated by only the light-harvesting guest and
the photoluminescent center.

167
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Figure 47. Examples of receptors with structural characteristics similar to
crowned cyclodextrins.
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The recognition of poor- or non- coordinating LHGs, pyridine and

benzene, respectively, by the hydrophobic cavity of the swing CD results
in a triggered luminescence response not observable by a bimolecular
energy transfer event. When benzoic and picolinic acids are employed as
LHGs, the Ln3* luminescence enhancement is increased relative to benzene
and pyridine cases. This effect may be attributed to two reasons: (1)
bifunctional recognition of the guest resulting from the hydrophobic
interaction of the aromatic ring which is cooperative with the Ln3+
carboxylate moiety binding that leads to high association constants, (2) the
unimolecular AETE process occurs from benzene or pyridine to a
Ln3*Caza that is swung away from the rim of the CD cup. In the case of
the acids, the binding of the carboxylate to the Ln>* center pulls the swing
under the cup and shortens the donor/acceptor distance for energy
transfer. These conformations of the aza are supported by molecular
modeling and are illustratively shown in Figure 48.

The cradle CD was designed so that the Ln3*Caza site would be
nestled under the CD cup. Although this supramolecule offers an ideal
conformation for AETE, low association constants of benzene and pyridine
result in poor intensity enhancements upon molecular recognition.
Apparently, the 3+ charge of the appended Eu3*Caza cradle at the bottom
of the CD cup decreases the hydrophobicity of the aromatic hydrocarbon,
thereby attenuating the association constant especially in the case of
benzene. The effect of the cradle conformation, in comparison with the
swing, is established by the higher luminescence enhancement when

pyridine is the LHG. Since the binding constant of pyridine in the cradle is
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Figure 48. Conformations of the appended aza>Eu* moiety in the swing
CD (B-CDU'aza>Eu?*) in the presence of benzene and benzoic acid guests.
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smaller than that of the swing, more intense luminescence observed from

B-CDU?aza>Eu3* may be attributed to a more efficient AETE process
owing to the shorter distances imposed by the cradle geometry (Figure 49).
As might be expected the AETE between the acids and B-CDU?aza>Eu3*
does not show large differences from B-CDU 'azasEu3* since similar
conformations of the appended Eu*Caza are achieved.

Our AETE results with the cradle CD, generally indicate an
attenuated luminescence response by decreased association of the LHGs to
the CD cup. A different approach is needed to overcome the binding
limitation. It may be realized by the syntheses of new complexes in which
the Eu3* recognition site is a trianion group. A promising example is
shown below with carboxylate functionalities on the primary rim of the

CDh,

| NH I?TH
“00C g coo
COO
(7)

In this case, the Eu3* charge will be neutralized thereby preserving the

hydrophobic environment at the bottom of the CD cup. AETE processes
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Figure 49. Comparison of pyridine residing in the swing and cradle CD.
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Figure 49
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may also be realized between antennas appended on the CD rim and

energy trap guests. Appropriate functionalization on the CD may also
permit metal complex binding, expanding the application area of this class
of compounds.

Practically, the AETE within cyclodextrins represents a triggered
optical response that may lead to a generalized design of optical sensors.
The low concentration detection limits of the aforementioned LHGs
studies support this contention. Moreover, the supramolecular approach
is powerful for sensor design. The high selectivity achieved by the
molecular recognition of the analyte and the control of its communication
with the photoluminescent center are functions of the supramolecular
structural design, nature of the binding pocket, number of recognition
sites, and distance between analyte and luminescent center.

Different photophysical schemes may also be studied within an
architecture of a modified cyclodextrin relying only on the imagination of
the chemist to appropriately design the structure.

Since the burst of supramolecular chemistry gave control over
molecules, supramolecules and materials for expressing desired
properties, we need to develop and benefit as people did, using the fire

brought by Prometheus !
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Figure A1l. The 300 MHz 'H NMR spectrum of B-CD in d6-DMSO.
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Figure A2. The 75 MHz '3C NMR spectrum of B-CD in d®-DMSO.
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Figure A3. The 500 MHz 'H NMR spectrum of B-CDO-Ts in d5-DMSO.
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Figure A4. The 75 MHz !3C NMR spectrum of -CDO-Ts in d5-DMSO.
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Figure A5. The 300 MHz 'H NMR spectrum of aza in d®-DMSO.
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Figure A6. The 75 MHz *C NMR spectrum of aza in d®-DMSO.
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Figure A7. The positive ion FABMS spectrum of B-CDU 'aza with glycerol
as matrix. The molecular ion peak is shown at 1379.8 amu and the
fragment corresponding to the matrix adduct with a loss of the azaCH,—
group is at 1105.7 amu. The peak at 1381.7 amu corresponds to an adduct
of the matrix upon the fragmentation therefore it shows as a doublet
comparing with the molecular ion peak. A higher fragment corresponds to
a usual presence of sodium which tends to form complexes with
carbohydrates.
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Figure A8. The 500 MHz 'H TOCSY spectrum of B-CDU!aza in D,O at
30°C. The mixing time was 120 ms. The HDO signal is suppressed by
presaturation.
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Figure A9. The 75 MHz 3C NMR spectrum of B-CDU'aza in d5-DMSO.
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Figure A10. The 300 MHz 'H NMR spectrum of Eu**Caza in d3-
nitromethane.
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Figure A11. The 300 MHz 'H NMR spectrum of triamine in D,0 .
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Figure A12. The 75 MHz 13C NMR spectrum of B-CDO-SiPhy(tert-Bu) in
dé-DMSO.
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Figure A13. The 300 MHz 'H NMR spectrum of biphenyl-4,4’-disulfonyl-
A,D-capped B-CD in d®-DMSO.
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Figure A14. The 300 MHz 'H NMR spectrum of diiodo-B-CD in d®-DMSO.
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Figure A15. The positive ion FABMS spectrum of protonated B-CDU%aza
with glycerol as matrix. The (M + 5H¥) is shown at 1367.2 amu and the
fragment corresponding to the matrix adduct is shown at 1459.1 amu. The
loss of the azaCH,— group is at 1071 amu not shown at this scale. Higher
fragments correspond to presence of sodium and water molecules.
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