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Supervisor: Eric V. Anslyn

This dissertation describes work aimed at the development of fluorescent
sensors for various analytes in solution. In chapter 1, an introduction to molecular
recognition and sensing is presented to provide background information
pertaining to research discussed in the later chapters. Here, topics such as
molecular interactions in solution, single-analyte sensing using preorganized
scaffolds, installation of signaling groups for detection of binding, analytical
techniques for complexation and sensing using multiple component sensing
ensembles are reviewed.
Chapter 2 describes a project to develop a molecular sensor with a Noxide-bipyridine complex as a binding site and for signaling the association. The
project progressed through the synthesis towards three different sensor designs,
until 2.60 was obtained containing a bis-bipyridine-tetra-N-oxide europium
complex and two ammonium groups as binding sites.
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Binding studies were performed using a target guest, 2,3bisphosphoglycerate (2.1), a glycolytic intermediate involved in oxygen transport
regulation.

A 1:1 host-guest complex was observed in 50% methanol /

acetonitrile solution with a Ka of 6.70 x 105 M-1. Related glycolytic intermediates
lacking a second phosphate (2.2, 2.3, 2.63), however, showed 2:1 guest to 2.60
binding. Phenylphosphate bound 1:1 with a Ka of 2.0 x 105 M-1. Finally, all
compounds showed 2:1 guest to host binding with model host 2.61, which lacks
the ammonium groups. The data shows that of similar glycolytic intermediates,
only 2.1 undergoes 1:1 binding with 2.60 and indicates the importance of the
second phosphate on the guest and the host ammoniums in forming this complex.
In chapter 3, work towards the development of multiple differential
sensors for small metal cations is presented. Approaches included random
derivitization of resin beads with fluorophores and azacrown ethers and two
attempts at synthesizing resin bound azacrown ethers and cryptands with
covalently attached coumarins. Finally, in chapter 4, work concerning the
construction of a Brønsted plot using compounds which could potentially form
low-barrier hydrogen bonds is presented. Determination of the kinetics and
acidity of a series of compounds with varying electronics at hydrogen bonding
locations is discussed.
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Chapter 1: Introduction to and Background Information
Pertaining to Molecular Recognition and Sensing

1.0. SCOPE

Molecular recognition, the study of the interactions which lead to the
formation of complexes between host and guest molecules via non-covalent
interactions, represents a diverse and extensive field of study within the realm of
modern chemistry. Indeed, investigations within this domain cross the boundaries
of chemical analysis. In biochemical applications, the study of interactions in
biological systems yields insight into the complexity of living systems. Within
organic chemistry, understanding the behavior of small molecules in solution has
led to the ability to design and synthesize receptor molecules for target guests.
Analytical chemistry is required in the detection and analysis of molecular
binding. With regard to inorganic chemistry, the implementation of metal-ligand
complexation is invaluable in the enforcement of molecular assembly. Finally,
physical chemistry contributes to the understanding of molecular structure
through the development of instrumentation and theoretical modeling studies.
Due to the substantial nature of the field, this chapter is intended as a brief
discussion of specific subjects and a few recent literature examples which pertain
to the understanding of the work described in the later chapters of this
dissertation.
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1.1. MOLECULAR INTERACTIONS IN SOLUTION

Several different molecular characteristics lead to the association of
compounds in solution. The understanding of these binding forces and their
properties is essential in the design of artificial receptors as successful interactions
are required for host-guest complexation. One type of force which causes the
assembly of molecules in solution is electrostatic attraction. Here, positively
charged, such as ammonium, and negatively charged, such as carboxylate,
functional groups are attracted due to charge-charge interactions. Closely related
to this is the hydrogen bonding of two functional groups. Here, a hydrogen bond
donor, such as guanidinium, contains a highly polarized N-H bond with a partial
positive charge on hydrogen. A basic functional group, such as carboxylate, can
then associate to the partially charged hydrogen atom, forming a hydrogen bond
in which both functional groups interact with this hydrogen.
The complexations between a metal and its ligands represent another form
of attraction which promote the association of molecules in solution.

In

molecular recognition applications, a metal can be incorporated into the host as a
binding site for the guest, while in other cases, the metal is the guest analyte
which is being detected. In both situations, an understanding of the properties of
the metal ion of interest, such as preferred coordination geometry, ionization state
and ligand affinities, is crucial to successful studies. Also, aromatic groups are
known to interact with other species in solution. Here, the cation-π interaction
and π-π stacking, generally between electron rich donors and electron poor
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acceptors, lead to molecular associations.

Finally, the hydrophobic effect

involves the aggregation of non-polar molecules in high dielectric solvent.
These binding forces represent a list of well-studied interactions from
which one can pick and choose appropriately in order to design a host molecule to
interact with a target guest. However, when employing these interactions, it is
important to control the pH of the solution such that the functional groups possess
the proper charge and protonation state required for association. Similarly, the
polarity of the solvent in which the studies are performed must be taken into
account as the solvent generally has a large effect on the strength of the
interactions between solubilized species. For instance, high dielectric solvents
such as water and methanol can compete for hydrogen bonding sites, decreasing
the affinity of hydrogen bonding pairs. On the other hand, the hydrophobic effect
is increased in these solvents, as repulsive forces with the highly polar solvent
molecules lead to the aggregation of non-polar organic species.

1.2. THE ENERGETICS OF MOLECULAR RECOGNITION

Molecular recognition involves the association of molecules in solution
based on the previously discussed characteristics. For instance, when a molecule
containing hydrogen bond donating sites is found in solution with another
molecule containing hydrogen bond accepting sites, the two will generally form a
complex with varying affinity. The affinity, or extent of interaction between the
two molecules, is governed by the strength of the attractions in the complex
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relative to those in the starting components, analytically described by the change
in the Gibbs Free Energy of binding (∆G°). Generally, a greater number of
interactions formed between two molecules is thought to lead to a higher affinity
in the resulting complex, despite often being entropically unfavorable. For
instance, the formation of a hydrogen bond might yield 3 kcal/mol of stabilization
energy, whereas in the association of proteins, such as the avidin-biotin system,
the formation of several hydrogen bonds leads to over 20 kcal/mol of
stabilization.1
In pondering these recognition events, it is commonly presumed,
especially with electrostatic interactions, that favorable interactions in an
association lead to an enthalpic energy release as the main factor in the binding
affinity between a host and a guest. While this can be true, it is important to also
take into account the entropic component of the Gibbs free energy. Here, the
change in solvation and organization of all species upon complexation represents
an important factor in the overall energetics of binding. This term becomes
especially prominent in highly competitive polar solvents, where the strong
solvating ability of the media has a large effect on complexation. Recently, the
use of isothermal titration calorimetry (ITC) in the analysis of recognition has
become popular as it allows for the breakdown of the Gibbs free energy into the
entropic and enthalpic components. Studies of this type for systems such as
cyclodextrins2 by Inoue, cyclophanes by Diederich3, and guanidiniums4 by
Schmidtchen and Hamilton have revealed unexpected contributions of the
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entropic and enthalpic components to the overall stability of host-guest
complexes.

1.3. GEOMETRIC EFFECTS ON RECOGNITION

The presence of functional groups on a host which complement those of a
guest is not the only factor which leads to the formation of high affinity
complexes. For instance, extensive organization of the binding groups in proteins
leads to strong and selective interactions with guests containing the correct
functional groups in a certain geometry. This concept, known as the lock and key
principle, was proposed by Fisher.5 In these cases, the geometric location of these
moieties due to the complex structure in the folded proteins contributes greatly to
the strength of the association.

The functional groups involved in these

complexations are precisely located such that the interactions with
complementary groups on the substrates can be easily formed, without
necessitating the formation of high energy conformations. As a result, when
designing a receptor, it is seen as favorable to preorganize binding functionalities
into a geometry which is complementary to the guest in order to achieve optimal
affinities.
In addition to increased affinity, specificity for a target guest can also be
improved by the geometric organization of binding groups. That is, if a rigid host
molecule contains the optimal geometry of complementary binding groups for the
guest, this essentially forms an ordered series of advantageous associations,
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which, in addition to maximum affinity, also leads to high specificity. This is
because the precise sequence of binding functionalities is required to form the
positive interactions and avoid any unfavorable ones. Thus, any potential guest
which is not perfectly aligned will be penalized by repulsive forces, resulting in
selectivity in binding affinity for the correct guest. Also, the introduction of
rigidity in the host can disallow potential changes in conformation which would
be beneficial for the binding of other analytes. In this way, the preorganization of
binding moieties can be beneficial for the detection of the desired guest target,
even in the presence of similar molecules.
It should be noted here that preorganization is not necessarily always
beneficial. For instance, if the optimal configuration of groups in the host is not
achieved, rigidity in the system could actually hinder the ability of the host to
interact with the guest. Thus, there is a credible argument that it can be favorable
to have somewhat flexible systems in which the host and guest are free to
maneuver into the optimal geometry and thus increase affinity, a concept termed
induced fit. While the implications of this flexibility on binding affinity and
specificity are not fully understood, it most likely depends on each individual
system as to how much structural rigidity is advantageous. Nonetheless, in the
development of receptors, the amount of conformational locking which is
effective becomes a key issue.
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1.4.0. SCAFFOLDS FOR THE PREORGANIZATION OF BINDING GROUPS

Due to the beneficial effects on binding affinity and substrate specificity
which can be obtained by preorganizing binding functionalities on host
molecules, much work has focused on the implementation of binding groups
within molecular scaffolds with defined conformations. One of the goals of this
type of research is to develop host molecules in which the binding moieties have
the optimal geometry for a target guest. Towards this end, a series of platforms
have been developed and derivatized with known binding functionalities. In this
section, a few scaffolds which are most prevalent in the literature will be briefly
discussed, with a specific focus on hosts which bind small molecules.

1.4.1. Steroid Based Platforms

One class of structures with defined conformation which has been
exploited in the development of synthetic receptors is that of steroids. Here, the
rigid steroid backbone consists of multiple fused cyclohexanes, leading to the
defined constraint of substituents. The utility of these systems for molecular
engineering has been recently reviewed.6 One example of this is compound 1.1
(Figure 1.1), developed by Davis and co-workers.7

In this structure, a

guanidinium group and two carbamates are appended to the steroid core. This
compound was used in the enantioselective recognition of N-acetyl amino acids,

7

followed by their extraction from aqueous to chloroform solution.
selectivity of 9:1 in the extraction of

L

Here,

over D isomers was determined for valine

and phenylalanine, while other amino acids also showed good selectivity.

Figure 1.1: Receptors Based On Steroid, Crown and Calixarene Scaffolds.
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1.4.2. Crown Ether and Cryptand Based Hosts

A common method for the development of preorganized host molecules is
the constraint of binding groups within macrocyclic systems. Here, the inherent
rigidity of cyclic systems is utilized to provide defined geometry of the binding
groups. Also, macrocycles contain a cavity which can be beneficial for binding
guests and shielding them from potentially competitive interactions with solvent
molecules. One class of macrocyclic structures which has been successfully
implemented in the development of synthetic hosts includes crown ethers and
cryptands.8 Here, lone pairs on the heteratoms within these structures can
converge on a cationic guest within the central cavity. In the case of azacrowns,
the amines in the crown can be protonated, converting them to anion binders. For
further discussion of these structures and their implementation into sensors for
small metal cations, please see the introduction section of chapter 3.
An example of recognition using a crown ether involves the interaction of
dibenzo[24]crown-8 (1.2) with guest 1.3, as reported by Stoddart and coworkers.9 This association involves the threading of the guest through 1.2, which
can then be capped forming a rotaxane, in which the threaded unit is trapped
within the crown ether cavity.

Structure 1.3 contains ammonium and

bipyridinium groups, which can both associate with the crown ether of 1.2. In
acidic solution, the crown ether preferentially binds the ammonium group, but
upon deprotonation of this group, the complexation shifts to the bipyridinium.
Thus, this complex acts as a molecular switch controlled by solution pH.
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1.4.3. Calixarenes As Scaffolds for Molecular Recognition

Another example of macrocyclic platforms which have been exploited for
the purpose of binding guest molecules is the calixarene.10 These structures
contain multiple para-substituted phenols which are linked through methylene
spacers to form a macrocycle. As a result of the rigidity in the molecule, the
hydroxyl groups on each of the phenol moieties are convergent. With this
enforced directionality, these groups are effective binders of anions through
hydrogen bonding. This anion binding ability can also be converted to the
binding of cationic guests through the deprotonation or the etherification of the
phenol groups.
An example of calixarene based recognition involves compound 1.4,
developed by de Mendoza and co-workers.11 Here, a calix[6]arene, in which five
of the phenols are capped as methyl ethers, is attached to a bicyclic guanidinium.
In this case, the authors sought to develop a hydrolysis catalyst. Thus, they
designed 1.4 as a receptor for dioctanoyl-L-α-phosphatidylcholine, as this was
considered a transition state analog for the hydrolysis of esters and carbonates.
The calixarene subunit was included to bind the quaternary amnmonium group,
while the guanidinium group was used to bind the phosphate. This compound
was found to catalyze the methanolysis of p-nitrophenylcholine carbonate in 1%
methanol in chloroform, essentially acting as an artificial cholinesterase.
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1.4.4. Cyclodextrin Based Encapsulating Hosts

Cyclodextrins and analogous structures are also commonly used in the
binding of guests within a macrocyclic core. Here, the presence of several
hydroxyl groups pointing to the core of a macrocyclic cavity is beneficial for
complexing guest molecules. These compounds are often utilized as hosts for
aromatic compounds in aqueous solution, a complexation primarily driven by the
hydrophobic effect. The encapsulating ability of these hosts has also been
extended toward their use as artificial enzymes.12 An in depth discussion of
cyclodextrins and analogous systems can be found as the subject of an entire issue
of Chemical Reviews.13
One application for cyclodextrin based host systems is in the delivery of
drugs within the body.14 Here, cyclodextrins have been found to improve several
properties of drugs upon their incorporation into complexes, such as solubility,
stability and absorption. One such study investigated the ability of β-cyclodextrin
(1.5, Figure 1.2) and a variety of analogs to solubilize and stabilize
hydrocortisone (1.6), diazepam, digitoxin and indomethacin, all common
pharmaceutics.15 Here, derivitization of β-cyclodextrin with alkyl and alcohol
groups led to increased solubilization of all of the drugs, while stabilization of
indomethacin in aqueous solutions by these hosts was shown.
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Figure 1.2: Hosts Based on Cyclodextrin and Porphyrin Platforms.
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1.4.5. Recognition Using Porphyrin Based Systems

Another series of scaffolds which have been found to be advantageous in
the binding of guests are porphyrins and related compounds.16 Porphyrin
contains four pyrrole units attached through methylene spacers leading to an
extended conjugated π-system. Due to the planarity of the macrocycle which
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results from its aromaticity, the four nitrogens each face directly towards the
center of a cavity, leading to their utility in binding guests at this location through
hydrogen bonding and metal-ligand interactions. Similar to the previously
discussed crown ethers, molecules of this type can bind cationic moieties such as
metal ions when it is free-based, or can be used to complex anionic species when
each pyrrolic nitrogen has a proton. Also, a metal bound to the porphyrin can be
exploited as a binding site for a guest molecule. All of these possible roles which
porphyrins can play in the binding of guests reveal the versatility of this scaffold.
The fact that the pyrollic nitrogens in porphyrins and expanded porphyrins
all face the core of the structure has been exploited in the binding of anions.
Sessler and co-workers determined the binding of fluoride ion to diprotonated
sapphyrin (1.7).17 Here, the crystal structure revealed an ideal fit of the fluoride
within the cavity with hydrogen bonds to all five pyrrolic nitrogens, while
chloride bound in a 2:1 stoichiometry above and below the sapphyrin plane. The
attachment of extra binding groups to the porphyrin core has also yielded
successful sensors. Shinkai and co-workers appended a phenylboronic acid to a
zinc (II) metallated porphyrin, forming 1.8, towards this end.18 This host was
designed to target glucose-1-phosphate through interaction of the guest phosphate
with the zinc ion and diols of the guest with the host boronic acid. Compound 1.8
was found to selectively bind glucose-1-phosphate over glucose-6-phosphate due
to the favorable spacial relationship of the binding groups.
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1.4.6. Cage-Like Cyclophanes For the Encapsulation of Guests

In another type of preorganized host system, the cyclophane, polycyclic
cage-like structures are introduced to form cavities for the incorporation of guest
molecules.19 Hosts of this type are advantageous as they can effectively shield the
guest from the solvent, avoiding potential interactions between the two, which
could compete against host-guest association. One molecule of this type which
was developed in the Anslyn group is 1.9. This compound has been used to bind
nitrate20 and to bind enolates through the shifting of the pKa of the guest conjugate
acid21. Here, the six amide hydrogens of 1.9, which converge upon the center of
the cavity, are implemented to undergo hydrogen bonding with the anionic
guests.
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1.4.7. Triethylbenzene As a Preorganized Platform

Another scaffold which has been used to target the binding of small
molecules is the 1,3,5-tris-functionalized 2,4,6-triethylbenzene system. Here,
binding moieties at the benzylic positions alternate with ethyl groups on the
phenyl core. Due to steric repulsions between adjacent benzylic substituents, this
structure preferably adopts a staggered conformation, placing the three binding
groups towards the same face of the benzene ring, effectively forming a binding
cavity.22 Applications of this system as a molecular scaffold have been recently
reviewed.23
In the Anslyn group, a series of receptors have been developed based on
this platform (Figure 1.3). The first of these examples involved functionalization
of the scaffold with three aminoimidazolium groups (1.10).24 This host was
designed to bind citrate (1.11). Here, the three aminoimidazolium groups were
included to bind the three carboxylate moieties on the guest through hydrogen
bonding and charge pairing interactions. The formation of these associations in
the host-guest complex was supported by the obtainment of a crystal structure.
The host was found to form a strong interaction with 1.11 with a Ka of 6.9 x 103
M -1 in water, a solvent which generally competes very strongly for hydrogen
bonding sites such as these. This host was then successfully implemented in the
determination of citrate concentration in sport and fruit drinks, both highly
competitive environments.
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Figure 1.3: Receptors Based On the Triethylbenzene Scaffold.
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Another receptor developed in the Anslyn group based on this scaffold is
1.12, for which the target guest was tartrate (1.13).25

Again, two

aminoimidazolium groups were included within the host in order to bind the
carboxylate groups of tartrate.

In this case, however, the third site was

functionalized with a phenylboronic acid moiety to complement the diol of 1.13.
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This receptor was found to selectively bind tartrate over succinate, although the
affinity for malate was similar to that for tartrate. In spite of this, host 1.12 was
successfully applied for the quantification of the tartrate / malate concentration in
grape-derived beverages such as wines.
Expanding upon this concept led to the design, synthesis and study of
receptor 1.14.26 Here, another aminoimidazolium group is replaced with a
phenylboronic acid moiety for the binding of diols. This host was determined to
complex gallate (1.15) and molecules related to this structure. The detection of
these guests is of interest as their concentration in scotch whiskies can be
correlated to the age of the beverage. Thus, host 1.14 was successfully applied to
the determination of the age of scotch whiskies.

1.5. COMBINATORIAL METHODS IN RECEPTOR DEVELOPMENT

Up until this point, the receptors which have been discussed have
generally utilized rationally designed hosts to complement a target guest.27
Another approach is the use of combinatorial synthesis to create a large number of
potential host molecules. These can then be screened against a desired target
guest to identify the ones which undergo complexation. This concept is similar to
the way in which antibodies, which represent highly sophisticated host molecules,
are proposed to have evolved.28 A large number of molecules are created, and
those which successfully bind a target guest which is a species foreign to the body
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are employed. Often, these receptor libraries consist of a rationally designed core
platform to which binding groups are added in a combinatorial fashion.
An example of the development of a combinatorial library of hosts
targeting a desired guest molecule involved the development of compound 1.16
(Figure 1.4).29 The goal of these studies was to develop a sensor for ATP. The
designed core of this structure consists of a resin-bound triethylbenzene scaffold
with two guanidinium groups. A combinatorial library was obtained by growing
peptide arms off the guanidinium groups. Finally, fluorophores were added to the
peptide arms and to a lysine linker for detection purposes. The resulting library
was screened fluorometrically for ATP binding through UV lamp inspection to
obtain potential hosts. These were then sequenced and resynthesized. In the
final analysis, receptor 1.16 with Ser-Tyr-Ser residues on the peptide arms
showed selectivity for ATP over AMP and GTP.
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Figure 1.4: Receptors Developed Using Combinatorial Techniques.
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NMe2

fluorophore

A different approach which incorporates combinatorial methods into hostguest chemistry is the screening of a library of guest molecules against a synthetic
receptor. One such study involved the development of 1.17, which contains a
guanidinium group at the center of a tweezer-like core.30 This compound was
screened with a 1000 member resin-bound tripeptide library biased with
hydrophobic residues. The receptor was functionalized with a dansyl fluorophore
for sensing purposes and beads that exhibited fluorescence following addition of
the receptor were selected. Analysis of hits showed trends as 95 % of the bound
peptides contained valine at the C-terminus and 40 % included the t-butyl ester of
glutamate in the central position.

1.6. MOLECULAR RECOGNITION USING BIOLOGICAL SYSTEMS

The field of molecular recognition is not limited to abiotic receptors.
Biomolecules such as DNA, RNA and peptides, which were briefly discussed in
the formation of hosts using combinatorial methods, have also been developed as
receptors.31 This is not surprising as these molecules are primary sources for
recognition events in biological systems. These structures are advantageous as
receptors as they form highly sophisticated secondary structures with relatively
simple building blocks, they can be readily synthesized using methods which are
well understood, and they are amenable to both solid phase synthesis and the
production of large libraries of compounds using combinatorial synthesis. The
use of DNA and RNA for this purpose is especially beneficial due to in vitro
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selection methods in which several rounds of selection are used to amplify the
species which most tightly binds a given guest.32
One example involving the development of oligodeoxynucleotide
aptamers as sensors involves the binding of cocaine (1.18, Figure 1.5).33 Here, a
heterodimeric aptamer was determined which possesses high affinity for 1.18
using in vitro selection. The dimer was then split into its two components; 1.19,
which was labeled with a fluorophore and 1.20, which was labeled with a
quencher. In the presence of cocaine, tertiary complex 1.21 is formed, in which
the fluorophore (F) and quencher (Q) are brought together, thus quenching the
fluorescence and signaling the recognition event. The sensor showed high affinity
for 1.18 (Kd ~200 µM) and selectivity over corresponding metabolites of cocaine
1.22 and 1.23.
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Figure 1.5: Binding of Cocaine Using DNA Aptamers.
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Molecular recognition studies involving biological systems have also
focused on the binding of biomolecules such as DNA and RNA by synthetic
ligands. This type of study is attractive as molecules which bind at specific sites
on a certain piece of DNA or RNA could be used to block the binding of species
such as regulatory proteins and polymerases leading to control over these systems.
Dervan and co-workers have developed a series of hinged polyheterocyclic
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structures which can bind to a specific sequence of DNA through triple helix
formation.34 Here, different functionalized pyrrole and imidazole subunits have
been found to bind different base pairs, and thus a molecule that binds a specific
region of DNA can be achieved by combining the correct building blocks. This
concept has been applied to the inhibition of the expression of a series of HIV
transcription factors by > 99 % in human peripheral blood lymphocytes using
compounds such as 1.24.35
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1.7.0. MOLECULAR SENSING: THE SIGNALING OF BINDING EVENTS

Up to this point, discussions have focused on the development of receptors
to bind analytes of interest. When one designs such a receptor, it is important to
have a technique by which the binding event can be monitored, as it is necessary
to have a detectable signal for which modulations can be directly attributed to the
binding of a guest. Often, these properties are intrinsic to a system. For instance,
hydrogen bonding interactions generally cause shifts in the NMR spectra of
components upon complexation which can be followed to characterize the
interaction.
However, following binding by methods such as NMR shifts, which are
intrinsic to the system, can suffer from disadvantages. In the case of NMR, the
instrument possesses low sensitivity, thus requiring higher concentrations of
analytes, and it is not very practical if a real world application is the goal of the
research. A different approach is photophysically based signal transduction,
which has become popular due to the high sensitivity of the methods (especially
fluorescence) and practicality of the instrumentation required for detection (some
colorimetric assays even allow for observation of a signal change by the human
eye). For these reasons, the following discussion of signal transduction schemes
for the sensing of analytes will focus on systems detected through optical
methods. This subject has been reviewed.36
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1.7.1. Covalent Attachment of Dyes For Signal Transduction

Some host systems are advantageous in that they contain intrinsic
photophysical properties which can be exploited for signaling purposes. For
instance, the previously discussed interaction between diprotonated sapphyrin
(1.7) and fluoride can be detected through modulation of the fluorescence signal
of the sapphyrin. However, optical signals are often absent in traditional hostguest systems, and thus it is required to design and incorporate such a signal.
Here, examples of the successful incorporation of photophysical signaling groups
into receptors will be discussed.
One method of introducing an optical signal for detection purposes is
simply the covalent attachment of a known dye to a host at a position where its
photophysical properties will be modulated upon guest binding. Examples of this
sort can be seen in the previous discussions. Hosts 1.16 and 1.17 include attached
carboxyfluorescein and dansyl dyes adjacent to the binding groups. Upon binding
of the analyte, the fluorescent signal of these markers are modified, allowing for
detection.

Another approach is seen in host-guest complex 1.21.

Here,

fluorescein is attached to one piece of the dimeric host, while a dabcyl quencher is
attached to the second section. Upon complexation, the fluorophore and quencher
are brought within close proximity, causing a decrease of the fluorescein signal
which can be followed.
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1.7.2. Metal-Ligand Charge Transfer Fluorescent Groups

Another type of fluorescent reporter which is commonly included in host
systems for photophysical signaling undergoes metal to ligand charge transfer.37
In these systems, the ligand is generally excited, which is followed by the transfer
of charge to the metal leading to a charge transfer excited state intermediate. This
then emits a photon, yielding the emission signal. A prevalent species which
undergoes metal to ligand charge transfer is the ruthenium-bipyridine complex.
This complex was implemented in 1.25 (Figure 1.6), a sensor for sodium
developed by Beer and co-workers.38 Binding of sodium causes a shift in the
fluorescence signal of the complex, allowing for detection.
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Figure 1.6: Chemosensors Signaled by MLCT, PET and FRET Changes.
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1.7.3. Signaling By Perturbation of Photoinduced Electron Transfer

Another phenomena which can be exploited for signaling binding events is
photoinduced electron transfer (PET)39, which is well studied due to its prominent
role in photosynthesis.40 PET consists of the quenching of the excited state of a
fluorophore through the transfer of an electron into the newly vacant energy level
from a proximal donor, often an amine. Back electron transfer of the originally
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promoted electron to the donor resets the system.

The binding of the

neurotransmitter γ-aminobutyric acid (GABA) to host 1.26 was studied by de
Silva and co-workers.41 The host contains a guanidinium group to bind the
carboxylate functionality of GABA and an azacrown ether to bind the ammonium
of the guest. This interaction was detected fluorometrically due to the modulation
of PET. Prior to association, the fluorescent signal of the anthracene moiety is
quenched through PET from the adjacent amine. Upon binding, the amine lone
pairs interact with the guest, disrupting PET and increasing the fluorescent signal
of the anthracene.

1.7.4. Detection Using Fluorescence Resonance Energy Transfer

Another type of fluorescence modulation which can be employed in the
signaling of binding is fluorescence resonance energy transfer (FRET).42 Here,
the excitation of one molecule is followed by its relaxation through energy
transfer and the excitation of a separate species, leading to the emission of this
second species. Thus, for FRET to occur, the emission spectra of the donor must
overlap with the excitation of the acceptor. Also, the acceptor and donor must be
sufficiently close to one another for the energy transfer to occur.
Often, the excitation of the donor will yield emission from each of the
fluorophores and thus one can follow the signal of each individual species or the
ratio of the two, providing an internal standard. In recognition studies, both
components of a FRET pair can be attached to the host with perturbation upon
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guest binding. Alternatively, the host can contain one component, while the guest
is functionalized with the other. In this case, signal transduction is caused by the
interaction of the FRET pair in the formed complex.
An example in which FRET signaling is used to detect binding involves
host 1.27.43 This sensor contains two coumarins with different substituents such
that they can undergo FRET. Prior to binding, 1.27 exists in an unraveled state,
and thus the two fluorophores are not in close proximity, disabling FRET. Upon
binding of Pb(II), the ligand wraps around the metal guest, bringing the FRET
components close together. The appearance of the FRET signal can then be
correlated to binding.

1.7.5. Optical Signaling Using Dye displacement assays

The detection of the binding of a host to a guest can also be achieved
using a dye displacement assay.44 This technique involves the binding of a dye to
the host, causing a change in the optical properties of the dye. Addition of a
target guest which possesses higher affinity for the host then leads to the
displacement of the dye into solution. As a result, the dye signal returns to its
original state. This technique is beneficial as it does not require the extra
synthesis necessary to covalently incorporate signaling groups. This concept was
employed in the development of an optical signal transduction scheme for the
previously discussed tris-guanidinium receptor (1 . 1 0)
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for

citrate.45

Carboxyfluorescein was bound to the host and then displaced by citrate in a
process which was detected by the changes in the absorbance and fluorescence
signals of the dye. The binding of guests to receptors 1.12 and 1.14 have also
been analyzed using dye displacement assays.
Other dye displacement assays which are of interest involve hosts 1.28 and
1.29 (Figure 1.7). Host 1.28, which contains six aminoimidazolium groups, was
designed to bind the secondary messenger inositol triphosphate (IP3).46 This dye
displacement was performed with 5-carboxyfluorescein in methanol. In this
solvent, the dye is non-fluorescent due to formation of the five-membered lactone
from the 5-carboxylate group. Upon host introduction, the fluorophore was
bound with concurrent opening of the lactone. This led to a large increase in
fluorescence, which was reversed by guest addition. Host compound 1.29, based
on a 2,2':6,2'' terpyridine-type ligand-zinc complex, was designed to bind
aspartate and glutamate through three-point interactions in the host-guest
complex.47 In the displacement assay, pyrocatechol violet was found to undergo a
large shift in the absorbance spectrum (approximately 200 nm) due to interaction
at the metal center. As a result, the binding can be visually observed with a
change from yellow to deep blue color. Thus, these systems represent examples
of displacement assays in which large spectral changes are observed.
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Figure 1.7: Hosts for Which Binding Is Followed Through Dye Displacement.
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1.7.6. Groups Which Provide An Optical Signal and a Binding Site

Another approach for achieving signal transduction is the inclusion of a
group within the host which acts as both a binding site for the guest and a
photophysically active moiety for signal transduction.48 For this purpose, metal
complexes are advantageous as several fluorescent complexes are known and the
chelating properties of many metals are also well understood. While the covalent
attachment of these groups may increase the difficulty of the host synthesis, this
concept can have advantages over the dye displacement assay in applications in
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which additives in the determination of binding are undesirable such as in
multiple component sensing ensembles.
An example of this is sensor 1.30, which includes two aminoimidazolium
groups and a phenanthroline-copper complex.49 This host was developed to bind
citrate, and thus contains three anion binding sites. Upon introduction of the
copper to the phenanthroline, the fluorescent signal of the ligand is quenched.
The binding of citrate could then be observed due to the reemergence of this
signal upon chelation of the guest to the metal center. This analysis was again
implemented in the quantification of citrate in sports drinks.
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1.8.0. PROCESSING SIGNAL CHANGES: CHARACTERIZATION OF BINDING

Upon obtaining data representing a signal change caused by the formation
of a host-guest complex, one must be able to manipulate these results in order to
understand and characterize the interaction. The two pieces of information which
are generally of most interest in these situations are the stoichiometry of the
complex and the binding constant (Ka) or dissociation constant (Kd) of the
interaction. The stoichiometry indicates the ratio of the components in the formed
complex. The binding and dissociation constants are equilibrium constants for the
formation and breaking, respectively, of the interaction, which quantify the
strength of the association. In this section, a summary of the methods and
mathematical equations used to process binding data from optical signal changes
and obtain the stoichiometry and affinity constant of a recognition event will be
discussed.

1.8.1. Determining Binding Stoichiometry

The stoichiometry of a complex is usually discerned through the
generation of a mole ratio plot50 and/or a Job (mole fraction) plot51. A mole ratio
plot can be formed using data from a traditional titration. That is, the addition of
a solution with component S in excess of component L to a solution which has an
equal concentration of component L. To obtain this plot, the change in signal is
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plotted on the y-axis, while the concentration of component S divided by the
concentration of component L (mol ratio) is on the x-axis. The ratio of the two
components in the formed complex is then obtained by the intersection of two
lines which are drawn in tangential fashion to the starting and ending points on
the curve (Figure 1.8).

Figure 1.8: Typical Mole Ratio Plot Results for a 1:1 Complex.

14000000

∆ Fluorescence

12000000
10000000
8000000

6000000
4000000
2000000

Stoichiometry

0
0

0.5

1

1.5

2

[S]/[L]

A Job plot is formed by obtaining measurements with the same total
concentration of components S and L, but varying mole fractions (1:3 S:L, 2:2
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S:L, 3:1 S:L, etc.). The signal change is again plotted on the y axis, but this time
versus the mole fraction of either of the components ([S]/([S]+[L])). The
stoichiometry is determined by the ratio of the concentration of the two
components at the apex in the resulting parabola (Figure 1.9).

Figure 1.9: Typical Job Plot for a 1:1 Complex.
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1.8.2. Calculation of Binding Affinity and Isotherm Curve Fitting

The next step in recognition analysis is the calculation of the binding
constant. Here, the derivation of equations used in the computation of binding
constant from photophysical data will be presented. A deeper explanation of
these principles can also be found.52 First, a sample equilibrium 1:1 binding
interaction is observed in the titration of a ligand (L) into a substrate (S) (Eq. 1.1).

Eq 1.1

S + L

SL

Before ligand addition, the absorbance (A0) of S is defined by Beer's law
(Eq 1.2) within a certain concentration range. Here, ε is the molar absorptivity, b
is the path length of the excitation light and [S] is the concentration of the
substrate.

Eq. 1.2

A0 = εb[S]
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The equation for fluorescence (F0, Eq. 1.3) is similar, except for additional
terms including the quantum yield (φ) and the intensity of the excitation source
(I0). However, these factors are generally constants and thus the determination of
binding constant using fluorescence is essentially the same as that for absorbance.
As a result, for sake of simplicity, only absorbance will be discussed from this
point on.

Eq. 1.3

F0 = 2.3I0φεb[S]

After addition of L, the resulting absorbance of the overall solution is
equal to the combination of the absorption of each species. This is described by
Eq. 1.4, where Su and Lu represent the unbound substrate and ligand, respectively,
while SL is the complex between the two.

Eq. 1.4

A = εSb[Su] + εLb[Lu] + εSLb[SL]

The mass balance for the total concentration of substrate and ligand (St
and Lt) are given in Eqs. 1.5 and 1.6, respectively.
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Eq. 1.5

[St] = [Su] + [SL]
Eq. 1.6

[Lt] = [Lu] + [SL]
At this point, Eq. 1.5 and 1.6 can be rearranged to solve for Su and Lu,
which can then be inserted into Eq. 1.4, yielding Eq. 1.7

Eq. 1.7

A = εSb([St] - [SL]) + εLb([Lt] - [SL]) + εSLb[SL]

Expansion of Eq. 1.7 to Eq. 1.8 can be followed by the combination of like
terms, leading to Eq. 1.9. Finally, dividing out path length gives Eq. 1.10.

Eq. 1.8

A = εSb[St] - εSb[SL] + εLb[Lt] - εLb[SL] + εSLb[SL]
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Eq. 1.9

A = εSb[St] + εLb[Lt] + (εSL - εS - εL)b[SL]
Eq. 1.10

A

b

= εS[St] + εL[Lt] + ∆ε[SL]

Often it is the case that the added ligand does not absorb at the excitation
wavelength being monitored. In this case, the ligand term drops out to yield Eq.
1.11.

Eq. 1.11

A

b

= εS[St] + ∆ε[SL]

Focus will now be shifted to the equilibrium between the ligand and
substrate in solution in order to relate this relation to the solution absorbance.
This is defined by the equilibrium constant (K) in Eq. 1.12.
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Eq. 1.12

[SL]
K=
[Su][Lu]
This equation can be rearranged to solve for [SL] and then substituted into
Eq. 1.11 to give Eq. 1.13.

Eq. 1.13

A

b

= εS[St] + ∆ εK[Su][Lu]

Generally, in a titration of the ligand into substrate, the total substrate
concentration (St) is kept constant. In these cases, one can subtract out the
original signal of the substrate (A0) and obtain the change in absorbance upon
ligand addition (∆A, Eq. 1.14)

Eq. 1.14

∆A

b

= ∆εK[Su][Lu]
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Now, we return to mass balance Eq. 1.5. By substituting in [SL] =
K[Lu][Su], Eq. 1.15 is reached. Solving this for [Su] yields Eq. 1.16.

Eq. 1.15

[St] = [Su] + K[Su][Lu]
Eq. 1.16

[St]
[Su] =
1 + K[Lu]
Combination of Eq. 1.14 and 1.16 yields 1.17.

Eq. 1.17

∆A
b

=

∆εK[Su][Lu]
1 + K[Lu]

This equation contains the term Lu, though, which cannot be measured
under these conditions as the ligand does not absorb. Instead, the equation is set
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in terms of Lt through further derivation. This begins with the insertion of
rearranged Eq. 1.12, [SL] = K[Lu][Su], into Eq. 1.16 to get to Eq. 1.18.

Eq. 1.18

K[St][Lu]

[SL] =

1 + K[Lu]
Substituting Eq. 1.18 into Eq. 1.6 leads to Eq. 1.19, which relates total
ligand concentration to unbound ligand.

Eq. 1.19

[Lt] = [Lu] +

K[St][Lu]
1 + K[Lu]

Having related the total ligand to the unbound ligand, Eqs. 1.19 and 1.17
can now be used to calculate a binding constant for the association. To do this, an
iterative process is utilized in the calculation of ∆A. This process begins with
hypothetical values for K and ∆ε, which are then refined by iteration until the
closest curve fit is obtained.
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1.9. ANALYTE DETECTION USING MULTIPLE DIFFERENTIAL SENSORS

So far, this discussion of molecular recognition has focused on the
development of hosts which are designed to show specificity for the binding of a
given target guest over related compounds. Often, the goal here is to obtain
sensors which can be used for detection of these species in real world
applications, such as in biological samples. The achievement of this goal is often
very difficult, though, as the compounds which one would like to differentiate
from the target guest are often only minutely different, having very similar
functional groups and geometry as the analyte of interest. Due to this problem,
the successful development of a single analyte specific sensor often requires much
work in the design and synthetic stages to obtain a host which can discriminate in
binding one molecule over another in a useful environment. As a result, it takes
much skill, luck and work to develop an applicable sensor.
Recently, though, another approach, known as differential or crossreactive sensing, has been taken towards the detection of analytes in complex
mixtures. Here, instead of forming one sensor which is rigorously designed to be
specific to a single compound, a series of less complicated sensors may be
employed which each show partial selectivity for the analytes of interest. The
combination of the binding data from all these receptors can be used to detect the
makeup of the sample being analyzed through pattern recognition. This is similar
to the mechanism by which mammals are thought to detect smell and taste, in
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which relatively few sensors (for instance taste buds) are used to recognize a wide
variety of analytes through their combined output.53
This concept is schematically illustrated in figure 1.10. In section A,
single analyte specific sensing is demonstrated in the complementarity of the
ligand (L) for the substrate (S) leading to a tight fit in the resulting complex (L-S).
Conversely, differential sensing is shown in section B. Here, a series of ligands,
(DL1, DL2, DL4 to DL6), show partial complementarity to substrate S, while
another (DL3) cannot bind the guest at all. This topic was recently discussed in
more detail in the literature.54
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Figure 1.10: Cartoon of Single Analyte Specific and Differential Sensing
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1.10.0. MULTIPLE COMPONENT SENSING ENSEMBLES

The concept of differential sensing hinges on the ability to detect the
binding to and thus the signal changes for several differential sensors
simultaneously upon introduction of the analyte. At this point, it should be noted
that multiple component sensing is not limited to differential sensing. Both single
analyte specific and differential sensors can be mixed within sensor arrays for the
detection of analytes. In order to utilize this type of detection, an apparatus must
be developed to perform a series of operations. First of all, a construct must be
created to incorporate all of the sensors such that they can all be analyzed at the
same time. Next, a method for analyte introduction to this construct in such a
way that the sensors are all simultaneously exposed is required.

Also,

methodology is needed for the detection of the response of each of the
fluorophores. Finally, the data from the sensors must be processed such that a
conclusion can be drawn as to the make up of the sample of interest. The
apparatus utilized to accomplish these tasks is termed a multiple component
sensing ensemble. Examples of such systems are known, some of which will be
briefly discussed.

1.10.1. Multiple Component Sensing of Vapor Phase Analytes

One multiple component sensing ensemble which has been developed and
is commercially available as Aromascan.55 This system performs the detection of
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vapor phase analytes using an array of 32 different propietary semi-conducting
organic polymer layers which are placed on metal surfaces. The polymers each
contain different volume and makeup of void space. Upon introduction, gas
phase analytes are adsorbed into these void spaces differentially, and in doing so,
alter the resistance properties of these sensors. The conducting changes are
detected for each of the sensors and combined into a fingerprint for the given
analyte. This pattern can then be stored and the same analyte can be later
recognized upon analysis within the array. This system is very effective and
sensitive for vapor phase analytes, possessing the ability to differentiate toluene
from benzene and methanol from ethanol. However, it is limited to gas phase
analysis.
Other efforts towards developing multi-component sensing systems for
vapors have been made by Walt and co-workers. One example of this work is the
development of porous silica microspheres into which is incorporated a
fluorescent dye. The beads are distributed into an array of wells etched into an
optical fiber, by which fluorescence measurements are taken. Adsorption of
vapor phase analytes leads to a detectable fluorescence change. One such array
was used for the detection of explosives-like vapors such as 2,4-dinitrotoluene
and 1,3-dinitrobenzene.56 Another system of this type utilized over 250 replicates
of 6 different bead types (2683 total sensors) to achieve a 100% analyte
classification rate for three different types of coffee odors, toluene, acetone and
1,3-dinitrotoluene.57
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1.10.2. Solution Phase Multiple Component Sensing

Methods have been developed for the solution phase detection of analytes
using multiple component sensor arrays, essentially mimicking the sense of taste.
One such system, known as a multichannel taste sensor, utilizes an array of
polymer lipid membranes as sensors.58 These are positioned on electrodes, and
the change upon analyte addition is detected through potential changes. Another
utilizes an array of conducting polymers with polyaniline for immobilization and
electrical signaling purposes.59 A separate example uses crystalline colloid arrays
that are immobilized within polymers as sensors.60 Swelling of the polymers upon
solution introduction is detected by change in the diffraction wavelength of the
encapsulated colloids.
Another multiple component sensing array has been reported by Walt and
co-workers.61 This system is based upon the incorporation of individual sensors
into optical fibers via polymerization, which are then combined into a fiber optic
bundle. Signal changes of the sensors are detected using a charge coupled device
(CCD) attached to the fibers. This sensing ensemble can be used to detect both
solution and vapor phase analytes. After subjecting the sensor end of the fibers to
analyte, the fluorescent signal is transferred through the fibers to the CCD.
Further work led to systems termed microspot arrays.62 One specific
example incorporates fluorescein (a pH sensor) and penicillinase enzyme within a
polymer matrix.63

If the polymer is subjected to penicillin, hydrolysis to

penicilloic acid occurs with concurrent decrease of the pH and thus fluorescence
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change of the dye, which is detected. A similar approach, with the addition of
bacterial cytoplasmic membranes as a recognition element, led to a lactate sensing
system.64 Also, a more complex example allows for the simultaneous detection of
pH, carbon dioxide and oxygen.65 A more in depth discussion of many of the
examples of solution phase based multiple component sensing systems which
have been mentioned to this point can be found in the doctoral dissertation of Dr.
John J. Lavigne, formerly of the Anslyn group.66
More recently, Walt and co-workers have reported several studies which
elaborate on this concept, generally involving the placement of various beadbased sensors into a microarray of wells etched into optical fibers. For instance,
the immobilization of indicator-functionalized beads as sensors within wells
etched into the optical fibers has been performed.67 Also, beads containing
antithrombin DNA aptamers were used to detect thrombin in a similar array.68 A
separate gene-based system targets the sensing of DNA species.69 In this case,
oligonucleotide probes, termed molecular beacons, were employed which contain
a hinged structure and self-complementary 5' and 3' ends which are separately
derivatized with a fluorophore and a quencher for detection purposes. A similar
array is based on the random placement of NIH 3T3 mouse fibroblast cells into
the microwells. The cells were encoded with dyes and used to report changes in
the microenvironment upon analyte introduction.70 Yet another example is aimed
at the simultaneous detection of the drugs digitoxin and theophylline.71 Here, an
immunoassay is created by immobilizing antibodies for the two species, each
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labeled with a separate fluorescent dye for differentiation of signal changes, onto
beads.
At the University of Texas at Austin, several groups have been
collaborating on a multiple component sensing ensemble for the detection of
complex solution phase mixtures. A general description of the original design of
the apparatus is described herein. The recognition units in this system consist of
resin beads, for example poly(ethyleneglycol)-polystyrene (PEG-PS) and agarose
beads, which have been functionalized with sensors. These sensors can consist of
a wide variety of chemosensors such as fluorescent dyes, abiotic single analyte
specific supramolecular hosts, enzymes, combinatorial libraries of differential
sensors, etc.
The sensor beads are placed into microwells which are etched into silicon
chips and locked by a coverslip. Introduction of the analyte is achieved through
the passing of the fluid of interest through the chip and thus through each of the
wells in which the sensor beads sit. Detection of signal changes can be performed
through either fluorescence or absorbance spectroscopy.

In the case of

absorbance, generally a light source is fitted on one side of the array, while a
CCD on the opposite side measures the non-absorbed light yielding the signal.
For fluorescence, an epifluorescent microscope is used with the capability of both
exciting the sample and measuring the fluorescence along the same path at the
objective.
In experiments aimed at providing a proof of concept, a series of known
sensors were attached to PEG-PS beads and analyzed within the array.72 The
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sensors and their target analytes were fluorescein (pH), o-cresolphthalein
complexone (Ca+2, pH), alizarin complexone (Ce+3, Ca+2 and pH), and the boronic
ester of resorufin-derivatized galactose (sugars). Simultaneous analysis of these
analytes was accomplished through pattern recognition within the array based on
RGB color analysis of the absorbance signal of the functionalized beads. More
recently, beads derivatized with monosaccharide specific dehydrogenase enzymes
were used to detect β-D-glucose and β-D-galactose.73 Detection was achieved
both through fluorescence detection of enzymatic biproducts NADH and NADPH
and by a coupled reaction of these biproducts with a fluorescent species. A recent
in depth discussion of this system and some applications can be found in the
literature.74

1.11. SUMMARY AND OUTLOOK

In recent years, molecular recognition has grown into an extremely
substantial field within the realm of chemistry. A wide variety of hosts with
different molecular architectures have been designed, synthesized and studied. In
this research, concepts such as preorganization of host binding groups, installation
of signal transduction schemes, thermodynamics of binding and the
characterization of binding events through data analysis have been explored in
depth, leading to a vast increase in the understanding of the behavior of these
systems. In spite of these advancements, the goals which drive this realm of
research, such as the mimicking of the binding selectivity and catalysis of

51

biological systems, have yet to be fully realized. Specifically, further advances in
the binding affinity of host-guest complexes in competitive media, the
development of novel binding and signaling groups and scaffolds, increased
selectivity of receptors for a given substrate, exploration of the catalytic abilities
of hosts and an even deeper understanding of the chemical principles which drive
these interactions would all be beneficial. Thus, this field remains open for new
and creative research geared towards achieving these goals.
The goal of the research described in the following chapters was to
contribute to the advancement of this field. In chapter 2, we sought to develop a
novel host which contained a europium-bipyridine complex as both a binding site
and for signal transduction.

We looked to evaluate this complex as one

component within a supramolecular host for the binding of a guest species and in
doing so, present this complex as a viable option when incorporating binding
functionalities into host compounds. Another goal of developing a sensor based
on this complex was the application of the host in the detection of a guest, in this
case 2,3-bisphosphoglycerate. In chapter 3, our goal was to advance the multiple
component sensing array technology by developing a series of differential sensors
for small metal cations, lithium, sodium and potassium.
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Chapter 2: A Fluorescent Sensor for 2,3-Bisphosphoglycerate
Using a Europium Tetra-N-oxide Bis-bipyridine Complex For
Both Binding and Signaling Purposes

2.0. INTRODUCTION

This project involved the design and development of a single-analyte
sensor for 2,3-bisphosphoglycerate based on a fluorescent europium-bipyridine
complex. Here, we sought to examine the potential of the europium complex to
act as a binding site within a supramolecular host structure, and in doing so, to
signal this binding through fluctuations in the fluorescence signal of the complex.
The inclusion of the signaling group within the host was persued as this would
allow for the sensing of the analyte without requiring additives for signal
transduction (as in dye displacement assays). Also, 2,3-bisphosphoglycerate was
an attractive guest candidate due to its role in regulating the oxygen binding
affinity of hemoglobin.
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2.1.0. BACKGROUND

2.1.1. 2,3-Bisphosphoglycerate Guest Background

The recognition of 2,3-bisphosphoglycerate (formerly known as 2,3diphosphoglycerate 2.1, Figure 2.1) is of interest due to the involvement of this
compound in the regulation of oxygen transport in the body. In 1967, Benesch
and Benesch first reported that the oxygen-binding affinity of hemoglobin is
affected by the presence of 2.1.1 Later, a crystal structure of the hemoglobin-2.1
association revealed that one BPG molecule binds per α2β2 tetramer, interacting
with three positively charged residues on each β chain.2 This complexation
effectively stabilizes the deoxygenated form, thus leading to diminished oxygen
uptake. In inherited defects such as hexokinase and pyruvate kinase deficiency,
abnormal concentrations of 2.1 respectively lead to higher and lower oxygen
transport levels.3 Also, it has been determined that the increased oxygen affinity
of fetal hemoglobin is caused by a decrease in the ability to bind 2.1.4 More
recently, this has been attributed to altered N-terminal sequences on the
hemoglobin F ß-chain.5
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Figure 2.1: 2,3-Bisphosphoglycerate Target and Related Phosphoglycerates.
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In the glycolytic pathway, 2.1 exists as an intermediate in the
interconversion between 3-phosphoglycerate (2.2) and 2-phosphoglycerate (2.3).
This reaction is catalyzed by the enzyme phosphoglycerate mutase.6

The

mechanism for this transformation involves the phosphorylation of the substrate,
forming 2.1, followed by rephosphorylation of the enzyme leading to the product.
Previous methods of detecting 2.1 and other glycolytic intermediates have
involved the use of HPLC7 and enzymatic assays8. We looked to a fluorescencebased assay for 2.1 as a method with increased sensitivity. Also, the development
of this sensor would be beneficial as a method for sensing BPG within multiple
component sensing ensembles which utilize optical detection.9

2.1.2. Europium-Bipyridine Complexation and Fluorescence

The interaction between the europium (III) metal cation with bipyridine
based ligands has been the subject of extensive investigation, mostly due to the
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distinctive fluorescence spectrum of the complex.10 The triply positive charged
europium ion is known to exhibit line-like emission bands following excitation of
ground state electrons located in its f-orbitals. While the direct excitation of
europium yields little in the way of emission, the fluorescence signal can be
drastically increased through the binding of the metal to a sensitizer, such as
bipyridine. In this complex, the bipyridine is excited through irradiation, which
then undergoes energy transfer to excite the metal, followed by emission to the
ground state yielding the signal. On the other hand, europium fluorescence is
quenched when water ligates to the metal. This is due to non-radiative decay
routes of the excited cation into vibrational energy levels in the waters.
As a result of these properites, the focus of extensive investigations has
been the development of polypyridine cage-like ligands which can boost
europium fluorescence by both acting as sensitizers and by shielding the metal
from solvent molecules which quench the fluorescence signal. Examples of the
resulting ligands are shown in Figure 2.2. One ligand of this type is 2.4, a
tripodant bipyridine ligand containing an amino linker.11

Here, europium

fluorescence was found to be stable in methanolic solution, but decay of the signal
was detected in aqueous solution. In the same publication, 2.5, a tetrapodant
bipyridine linked via an ethylenediamine connector was also reported. The
emission signal of this structure was also found to disappear over time in aqueous
solution, however, the decomposition rate was much slower in this case. As the
deviation in the spectra was appreciable after over an hour, as opposed to within a
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few minutes for 2.4, fluorescence lifetime data was obtained in 4 : 1 v / v
methanol / water solution.

Figure 2.2: Polypyridine Polypodant and Cryptand Ligands for Europium.
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Another tetrapodant bipyridine compound evaluated was 2.6.12 However,
the fluorescence signal of this ligand was found to be steady in anhydrous
acetonitrile, but not in methanol or water. Molecules 2.7 through 2.10 contain
multiple bipyridine subunits, all the way up to six, arranged around variably sized
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central azacrown ethers.13 The fluorescence of these compounds was detectable
in alcohol and water solution, although the emission was very weak. In the case
of ligand 2.10, a 2 : 1 metal to ligand complex was formed. Overall, the study of
acyclic europium ligands containing multiple bipyridines produced some
complexes with invariable emission properties in various solutions, but a species
with robust fluorescence properties in aqueous media was not obtained.
In an attempt to further stabilize the fluorescence of bipyridine-europium
complexes, structures in which the bipyridine spacers were constrained within
macrocyclic structures were synthesized. Compound 2.11 exemplifies this
concept, featuring a macrocycle consisting of two bipyridines as well as two more
pendant bipyridines to increase the number of binding sites.14 This adjustment led
to steady fluorescence in methanolic solution, although the signal was still slightly
unstable in aqueous solvent. This idea was then further investigated with 2.12,
which contains a cage-like cryptand containing three bipyridines.15

The

introduction of the bicyclic system was successful in producing a complex with
robust fluorescence properties in aqueous solution.

2.1.3. Europium-N-oxide Bipyridine Complexation

Beyond the constraint of ligands into caged species, another method of
increasing europium affinity involves the oxidation of the bipyridines to the Noxides. This is based on reports that oxygen-based ligands form stronger
europium complexes than those which are based on nitrogen.16 Indeed, the
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complex of simple 2,2'-bipyridine 1,1'-dioxide with the metal cation has been
found to be stable in aqueous solution.17 As a result of these findings, N-oxidized
bipyridines were included within prospective europium ligands. Some examples
which resulted from this work are shown in figure 2.3. Of these compounds, a
few consist of the previously discussed ligands in which bipyridine binding sites
have been N-oxidized in order for comparison of europium complex stability.

Figure 2.3: N-Oxide Bipyridine Europium Chelating Ligands.
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Compound 2.13, the same as 2.11 but for the oxidation of the pendant
bipyridine arms, is one example of this technique.18 Here, the introduction of the
two bipyridine N-oxides led to a ligand-europium complex with a highly stable
and intense emission signal. The increase in emission is believed to be due to the
ability of the ligand to shield the metal from water and thus from non-radiative
decay routes. Similarly, attachment of these groups to the previous ligands based
on azacrown ethers (2.14, 2.15) also boosted europium affinity and emission
strength as compared with the original ligands (2.7, 2.8).13 Compound 2.16 was
another case where the fluorescence signal of the europium chelate was greatly
increased upon oxidation.19 These cases illustrate the efficacy of oxidized
bipyridine ligands in generating high fluoresence intensity in the corresponding
europium chelates.
Another example of this technique is compound 2.17.20 Again, oxidized
bipyridines were included to increase europium affinity and the fluorescence of
the resulting complex. However, this ligand was of strategic interest to us due to
the way in which it was synthesized. Here, the unoxidized structure was first
obtained, whereupon the compound was subjected to oxidation conditions to
oxidize both of the bipyridines. This differs from the previous examples (2.13 to
2.16) where the bipyridine N-oxides were incorporated early in the synthesis
using separate oxidized building blocks. In planning our receptor design, we felt
that we could exploit the strategy. That is, we could synthesize and study a
potential host compound based on bipyridine binding sites. If the stability of the

73

emission properties was not sufficient, we could then oxidize the entire compound
to obtain a more suitable ligand.

2.1.4. Recognition Using Europium-Pyridine Based Hosts

In terms of receptors in which europium is employed as a guest binding
site, Ziessel and co-workers reported 2.18 in 2001 (Figure 2.4).21

Here, a

bipyridine-europium complex is included in order to achieve signal transduction
through modification of the ligand to metal charge transfer fluorescent signal.
The phosphine is also included to increase the europium affinity of the ligand.
This host was found to bind three equivalents of the anionic guests nitrate,
chloride, fluoride and acetate leading to a shift in the absorbance spectra and
enhancement of the fluorescent signal of the complex.

Similarly, tris-(2-

pyridylmethyl)amine-europium complexes such as 2.19 showed fluorescence
modification upon anion introduction.22 Here, the emission intensity was charted
as a function of anionic guest. In addition, cyclen-based sensors have been
recently reviewed.23
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Figure 2.4: Europium-Pyridine Based Receptors for Anions.
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2.2.0. INITIAL RECEPTOR DESIGN

With the original receptor design, we hoped to combine the literature
precedent of fluorescent europium-bipyridine complexes with the previous
success in our group with receptors based on the triethylbenzene platform. In
doing so, we sought to build upon the previous europium complexation studies by
demonstrating the utility of the complex within a preorganized receptor
containing multiple binding sites. Thus, we designed compound 2.20 as a ligand
which could provide a fluorescent sensor upon metallation with europium. Here,
bipyridine units were included to bind to europium, with the understanding that
they could later be oxidized if necessary.

In the host, two positions are

functionalized with guanidinium groups, with the final position containing the
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two bipyridines linked to the benzylic nitrogen. These three cationic groups were
included to complement the three anionic moieties of 2.1, potentially leading to
both a strong association with this guest and selectivity over 2.2 and 2.3, with
only two anionic functionalities.
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N

HN
N

N
H
H
N

HN
N
H
2.20

2.2.1. Synthesis of the Original Host

The synthesis of the original host target begins with benzene (2.21), as
shown in figure 2.5. Installation of the three ethyl groups in the 1, 3 and 5
positions is achieved using aluminum chloride with ethyl bromide.24 In this
reaction, subsequent ethyl groups are first attached ortho or para to the original
ethyl group, but then aluminum chloride catalyzed rearrangement to the
thermodynamically favored meta-substituted product (2.22) occurs. Thus, if the
initial reaction does not run to completion, as evidenced by a complicated 1H
NMR spectrum, the crude can be simply remixed with aluminum chloride until all
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of the mixture is pushed to the desired product.

In the next two steps, three

bromomethyl groups are inserted on the remaining positions on the phenyl ring.
This is accomplished through reaction with paraformaldehyde, acetic acid and
hydrobromic acid leading to 2.23, followed by a second treatment with sulfuric
acid and potassium bromide to attach the final group in 2.24. More recently, a
new method was developed to access the analogous tris-chloromethyl
compound.25

Figure 2.5: Synthesis of the Bis-boc Protected Triethylbenzene Scaffold.
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The bromomethyl groups can then be converted to azidomethyl groups
through nucleophilic displacement utilizing sodium azide, yielding 2.25.
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O

Reduction of these functional groups is then performed via a Staudinger
Reduction, forming trisamine compound 2.26. Next, protection of the amines
with tert-butyloxycarbonyl (BOC) protecting groups can be performed forming a
statistical mixture of the tris, bis (2.27), mono and unprotected compounds. Upon
variation of the amount of BOC reagent equivalents, it was determined that the
optimal stoichiometry was 1.1 units, yielding 20% of the desired bis-protected
product, along with the useful mono and non-protected compounds.

The

bipyridine moieties were later attached to 2.27 following the synthesis of an
activated bipyridine which could be coupled with the amino functionality.
In order to access the final target, an electrophilic bipyridine source was
necessary. For this purpose, 6-bromomethyl-2,2'-bipyridine (2.30) was selected.
The synthesis of this fragment (Figure 2.6) began with 2,2’-bipyridine (2.28),
which was treated with methyllithium to perform the methylation of the 6position, forming 2.29.26 In this and all other reactions in which lithioreagents
were used, titration to assess concentration was undertaken using 1,3-diphenyl-2propanone tosylhydrazone.27
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Figure 2.6: Original Bromomethylbipyridine Synthesis.
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Next, the bromination of the methyl group to 2.30 was first attempted
utilizing radical halogenation with benzoyl peroxide (BPO) and Nbromosuccinimide (NBS).28

Unfortunately, in this reaction, the doubly

brominated (2.31) product is formed very quickly, before all starting material is
consumed, as evidenced by the crude 1H NMR spectrum. Thus, the optimal yield
of 2.30 was 31 %, obtained from 500 mg of 2.29, with a drop to 22 % upon
increase to one gram scale. The desired monobromide product (2.30), though,
was successfully separated through chromatography. Similarly, the synthesis of
the 6-chloromethyl-2,2'-bipyridine (2.32) was pursued, but also produced low
yields of the desired product. Both 6-chloromethyl and 6-bromomethyl-2,2'-
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bipyridine were successfully coupled to the amino-functionalized bis-boc
protected amino-scaffold. However, due to the low yields in synthesis, this was
not a practical route to an electrophilic bipyridine source.
Following the same publication28, another route to the desired bromide
was pursued. Here, the radical bromination could be forced to 2.31 using extra
equivalents of NBS while avoiding tris-bromide formation. Reduction of the bisbromide to 2.30 was then attempted using diisobutylaluminum hydride (DIBALH). Again, though, the yield of the desired bromide was very low using this
method and it was eventually abandoned. Finally, we attempted to access the
bromide by forming the carbanion at the methyl position followed by introduction
of an electrophilic bromine source. However, treatments of the 6-methyl-2,2’bipyridine with tert-butyllithium followed by either NBS or molecular bromine
were unsuccessful.
As a result of these ineffectual syntheses, a separate, more indirect route to
the compound was undertaken, this time targeting 6-chloromethyl-2,2'-bipyridine
(Figure 2.7).29 In this new route, conversion of the 6-methyl-2,2'-bipyridine
(2.29) commenced with silylation of the methyl position forming 2.33. Next, the
silyl group was deprotected in situ using cesium fluoride, and hexachloroethane
was added as a source of electrophilic chlorine leading to the 6-chloromethyl2,2’-bipyridine product (2.32).
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Figure 2.7: More Effective 6-Chloromethyl-2,2'-bipyridine Synthesis.
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This product was then successfully coupled to the triethylbenzene scaffold
at the amino position (Figure 2.8), forming 2.34. Next, the BOC protecting
groups on this compound were removed using trifluoroacetic acid to obtain the
free amine at these positions in 2.35. The molecule originally designed as the
receptor (2.20) was then obtained through the guanylation of these amino
positions using thiomethylimidazoline (2.36) in a solid melt reaction. This
compound was then purified using fast protein liquid chromatography (FPLC) on
C-18 reverse phase resin.
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Figure 2.8: Completion of the Synthesis of the Original Receptor Design.
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2.2.2. Metal Binding Studies on the Original Host Design

With the structure of the original receptor ligand (2.20) in hand, we moved
on to testing its metal binding abilities towards developing a metallated host.
While the metal which was of the most interest was europium, as was mentioned
in previous discussions, we attempted the complexation of several metal cations
in order to perform a rigorous study of the ligand. The metals utilized were Zn
(II), Cu (II), Co (II), Ru (III), La (III) and Eu (III), all of which are known to form
complexes with bipyridine-based ligands.
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The binding of Zn (II), Cu (II) and Co (II) to the ligand was tested through
titration of the metal into the ligand followed by absorbance measurements. Here,
the metal and host solution both contained the same concentration of host such
that the concentration of 2.20 was constant throughout the experiment. The metal
concentration in the titrant was generally five to ten times that of the host
solution. Upon introduction of the metal, the λmax underwent a shift from 285
nm to 305 nm, presumably due to the perturbation of the energy levels of the
ligand.
Titrations of the ligand with these metals were attempted several times,
including changing of the solvent from straight methanol to equivalent methanol /
buffer to 100 % buffer. The data from these experiments was analyzed through
mole ratio plots in order to determine the stoichiometry of the complex formed.
However, the inflection points on these plots were at 2:1 [H]/[G]. This suggests
that two hosts are interacting with one metal, most likely formed by the
contribution of one bipyridine from each host to the metal. As a result, it was
believed that the bipyridines in 2.20 were too constrained for the structure to act
as a bidentate ligand for these metals.
In the analysis of the chelation of Ru (III), La (III) and Eu (III) by this
ligand, no observable change was ever detected to suggest that complexation was
successful. Generally, the complexation was attempted in straight methanol with
these metals, as it offered increased stability over aqueous solutions. Heating of a
solution of the ligand and metal was also attempted for each case, but again
revealed no detectable binding. This was especially surprising for ruthenium, as
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ligands with similar geometry between the bipyridines were successfully
complexed to the metal.
Upon determining these results, we briefly attempted to increase the
affinity of the ligand for europium and lanthanum by introducing N-oxide
bipyridines. To do this, 6-chloromethyl-2,2'-bipyridine (2.32), was first oxidized
with meta-chloroperbenzoic acid (m-CPBA) to form the N-oxides of 2.37 (Figure
2.9). The coupling of 2.37 with the amine of bis-boc protected 2.27 always
yielded a mixture of the desired bis (2.38) and mono-substituted (2.39) products.
Unfortunately, the separation of these compounds was never successfully
achieved, and thus this route was abandoned.

Figure 2.9: Attempted Inclusion of Bipyridine N-Oxides Within the Host.
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Another attempt at forming 2.38 involved the direct oxidation of 2.34
using m-CPBA (Figure 2.10). The desired tetra-N-oxide product was achieved,
but only in a mixture. This is because the tertiary amine of 2.34 also began to
oxidize before oxidation of the bipyridine nitrogens was complete. Hence, the
crude mixture contained products with between one and five N-oxides, which we
were not able to separate. Though this route was never successful in producing a
pure sample of the desired tetra-N-oxide ligand 2.38, heating of the product
mixture with europium in methanol was nevertheless undertaken to attempt
complexation. Excitation of a methanolic solution of the resulting mixture at the
absorption λmax of 270 nm did in fact yield the traditional line-like fluorescence
spectra of europium, while free europium yielded no signal. This positive result
in the complexation of europium led us to continue our pursuit of a tetra-N-oxide
bipyridine containing host.

Figure 2.10: A Second Attempt to Access the Tetra-N-oxide Host.
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Due to the results of the metal complexation studies, we decided that the
bipyridines in the host might be too geometrically constrained to form a metal
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complex which could act as a binding site for a guest. This was backed up by
MM2 calculations of the structure, which suggested that the bipyridines might be
forced into the core of the molecule rendering them partially blocked. This also
effects the synthesis of the host as the steric bulk of the scaffold might decrease
reactivity of the aminomethyl group of 2.34, to which the bipyridines are coupled.
Due to these issues, we decided to reconfigure our receptor design to introduce
more flexibility for the bipyridine moieties.

2.3.0. GLYCINE-LINKED RECEPTOR DESIGN

In order to increase the accessibility of the bipyridines of the ligand, we
decided to introduce a linker between these functional groups and the
triethylbenzene core. Following deliberation, we decided to introduce a glycine
linker due to the short length and facility of synthesis. The revised host resulting
from the inclusion of the glycine linker is shown below (2.40). In this situation,
MM2 calculations seemed to illustrate that the bipyridines were much less
constrained and that both bipyridines could potentially interact with a metal.
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2.3.1. Glycine-Linked Receptor Synthesis

The first step in the synthesis of 2.40 (Figure 2.11) is the reaction of 9fluorenylmethyoxycarbonyl (FMOC) protected glycine (2.41) with oxalyl
chloride forming the corresponding acid chloride (2.42)30. This was then coupled
to 2.27, forming 2.43, followed by deprotection of the Fmoc group to yield 2.44.
This product was then allowed to react with N,N'-dioxide 6-chloromethyl-2,2'bipyridine (2.37) in an attempt to form the bis-boc protected scaffold containing
glycine linked to two oxidized bipyridines (2.45). Once again, though, the
reaction produced a mixture of 2.45 and the monosubstituted product which could
not be separated. We attempted to force the reaction to 2.45 using extra
equivalents of 2.37, but separation of the desired product (2.45) from the extra
starting material (2.37) proved just as difficult. As a result, this route was also
unsuccessful.
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Figure 2.11: Synthesis Towards the Revised Host with the Glycine Linker.
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2.4.0. RECEPTOR DESIGN INCORPORATING A SUCCINATE LINKER

At this point, we decided that the most favorable strategy would involve
the synthesis of a receptor containing two bipyridines followed by oxidation of
the entire molecule to obtain the bipyridine N-oxides towards the end of the
synthesis. Based on the failure of this strategy in the synthesis of the original
design, we knew to avoid the presence of aliphatic amines which could
themselves oxidize. As a result, we sought to devise a new structure in which all
amines would be protected from oxidation. Thus, the decision was made to
introduce a succinate linker between the scaffold and the bipyridines as all
nitrogens outside of the bipyridines would be incorporated into amides, and thus
should not oxidize so easily. The resulting target (2.46) is illustrated below.
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2.4.1. Synthesis of the Succinate-Linked Ligand

The synthesis of 2.46 commenced with manipulation of the previously
synthesized 6-chloromethyl-2,2'-bipyridine (2.32, Figure 2.12). Bis-bipyridine
structure 2.47 was first formed through dimerization of 2.32 using sodium
tosylamide (2.48). This procedure was developed through the modification of a
method to form macrocyclic bipyridines.31 Following the successful synthesis of
2.48, an existing literature prep for this molecule was found.32 The tosyl group
was then deprotected with sulfuric acid yielding the free amine of 2.49. Initially,
2.50 was synthesized through coupling of 2.49 to monomethyl succinate acid
chloride33 in 63 % yield. However, the synthesis was later revised using standard
peptide coupling to form 2.50 from 2.49 and monomethyl succinate (2.51) as the
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yield was improved to 97 %. Finally, saponification of the methyl ester yielded
2.52.

Figure 2.12: Initial Synthesis of the Final Host With A Succinate Linker.
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Next, the succinate linker needed to be coupled to the triethylbenzene
scaffold through the aminomethyl group of the bis-boc protected triethylbenzene
2.27. The first attempt at this involved the treatment of the succinate carboxylate
(2.52) with oxalyl chloride to form the desired acid chloride (2.53, Figure 2.13).
However, upon introduction of oxalyl chloride to a solution of 2.52, a black goo
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quickly forms and no product is retrievable. Thus, this synthetic attempt was
unsuccessful.

Figure 2.13: Attempt At Synthesizing Succinic Acid Chloride.
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The next effort to perform this coupling was through standard peptide
coupling chemistry (Figure 2.14). Here, the formation of 2.54 from 2.52 was very
successful with near quantitative yields. With the product of this reaction (2.54),
containing the bis-bipyridine and the triethylbenzene core linked via the succinate
diamide, we moved on to attempt the formation of the corresponding tetra-Noxide.
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Figure 2.14: Successful Coupling of the Succinate Linker to the Scaffold.
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The oxidation of 2.54 to form the tetra-N-oxide was first pursued using
dimethyldioxirane as the oxidant. This reagent was favorable as the bi-product
following oxidation is acetone, rendering a facile purification of the desired
product. This was especially attractive as separation of N-oxidized products from
m-CPBA and the side product of the reactant, meta-chlorobenzoic acid, had
formerly created some difficulty. Dimethyldioxirane (2.55) was synthesized
according to literature precedent from acetone, sodium bicarbonate and oxone.34
The concentration of the resulting solution of dimethyldioxirane was quantified
through treatment with a known amount of triphenylphosphine. Conversion to
triphenylphosphine oxide was followed by phosphorous NMR in this experiment.
We treated compound 2.54 with ten equivalents of dimethyldioxirane
(2.55) as we didn't anticipate any undesired oxidation elsewhere in the molecule
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(Figure 2.15). However, the oxidation to form the tetra-N-oxide (2.56) was still
incomplete. We attempted to force the reaction to product by adding twenty
additional equivalents of dimethyldioxirane, but no further oxidation of 2.54 took
place following addition. No separation of these products was attempted due to
previous troubles separating similar mixtures. As a result, we concluded that
dimethyldioxirane was not a powerful enough oxidant to force this reaction to
completion and thus the route was infeasible.

Figure 2.15: Oxidation Attempt Using Dimethyldioxirane.
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Due to this failure, we switched back to using m-CPBA as the oxidant.
Treatment of bis-bipyridine 2.54 with 10 equivalents was successful in forcing the
reaction to the desired N-oxide (Figure 2.16). As the reaction was pushed to
completion, the purification of 2.56 ended up being simple. Since 2.56 is
extremely polar, it interacted strongly with silica gel, allowing the undesired
components of the reaction to be easily washed out. A pure sample of 2.56 could
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then be removed by going to an extremely polar eluant, 100 % ammonia saturated
methanol. This facile purification was greatly appreciated after the travails
involved in attempts to purify previous similar compounds.

Figure 2.16: Oxidation Using m-Chloroperbenzoic Acid.
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Next, the deprotection of the BOC groups of 2.56 was performed using
trifluoroacetic acid to yield 2.57 (Figure 2.17). This compound was isolated as
the acetate salt following ion exchange chromatography and lyophilization. The
solution phase guanylation of this compound was then undertaken using BOC
protected thiomethylimidazoline (2.58).

However, several attempts at this

reaction were unsuccessful as nothing but starting material was ever detected. As
a result, we were not able to install the desired guanidinium groups on this
compound.
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Figure 2.17: Conversion To the Bis-ammonium and Unsuccessful Guanylation.
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While we were discouraged that we could not access our designed
compound containing two guanidiniums, we did not see this as a set back for the
project. This is because our purpose for the inclusion of guanidinium groups was
to act as hydrogen bond donors towards a guest molecule. However, ammonium
groups are also very effective at this interaction and thus would serve the same
purpose as the guanidiniums. As a result, we were very content with the isolation
of a pure sample of the bis-ammonium bis-bipyridine compound (2.57) such that
we could investigate the efficacy of this molecule as the basis for a host for small
anionic guest molecules.
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For the studies involving compound 2.57, a model compound was required
so that we could discern the extent to which each of the binding functionalities
contributed to the overall binding of guest molecules. Here, we decided upon a
2.59, which contains the tetra-N-oxidebipyridine portion of 2.57, but lacks the bisammonium functional groups as well as the triethylbenzene scaffold. The
compound was achieved using the same protocol as was developed for 2.56, as
2.50 was oxidized through treatment with 10 equivalents of metachloroperbenzoic acid (Figure 2.18).

Figure 2.18: Synthesis of the Model Host Compound Lacking the Scaffold
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2.5. METALLATION OF THE FINAL HOST COMPOUND

Formation of the complex between host 2.57 and europium was first
attempted by heating of the ligand in methanol at 60 °C with europium
trichloride. However, under these conditions we were unable to obtain mass
spectroscopic evidence for the complex. As a result, we switched to europium
acetate, anticipating that these counteranions would more likely survive ionization
due to the highly oxophilic nature of europium (Figure 2.19). In this case,
complex 2.60 was identified using ESIMS by the [2.57-Eu(OAc)2]+ peaks at 1017
and 1019 mass units. The europium complex of the model compound (2.61) was
produced by the same reaction and characterized by the [2.59-Eu(OAc)2] + peaks
at 800 and 802 in the ESI and FAB MS and by high resolution FAB MS.
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Figure 2.19: Formation of the Europium Complexes of the Host and Model.
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Following the formation of the complex, a stock solution was prepared in
order to examine the photophysical properties of europium host 2.60.

An

absorbance scan of the sample revealed a λmax of 260 nm. Upon excitation at
this wavelength, we obtained an emission spectra for the complex which agreed
with published reports of fluorescent bipyridine-N-oxide-europium complexes, as
multiple peaks of varying intensity were present (λmax = 577 nm, 590 nm, 610
nm, 650 nm, 690 nm, 699 nm) (Figure 2.20).
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Figure 2.20: Fluorescence Spectra of the Europium Host in Methanol
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Fluorescence titrations were performed between the host and both
europium trichloride hexahydrate and anhydrous europium chloride. While the
emission increased up to around a 1:1 stoichiometry of host and europium, a
binding constant could not be determined as the data could not be fit to a 1:1
binding isotherm. Also, the solvent dependance of the fluorescence was tested.
Much to our dismay, the fluorescence was virtually completely quenched above
5% water. Below this, however, reproducible data from titrations could be
obtained.
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2.6. GUEST BINDING STUDIES FOR THE EUROPIUM HOST

The introduction of 2,3-bisphosphoglycerate (2.1) to host 2.60 led to a
decrease in the emission signals in pH 7.4 solution, buffered with tris, which
agrees with literature precedent regarding the fluorescence intensity in the
presence of phosphate ligands.22 Initial titrations were carried out in methanol
solvent. When we attempted to determine the binding constant of this complex,
we were unable to fit the data to a 1:1 binding isotherm. A mole ratio plot of this
data showed an inflection point of 0.5 [G]/[H]. This result indicates that in 100 %
methanol, the complex which is formed contains two hosts bound to one guest.
Titrations were also successfully carried out in 1 % water solutions to ensure that
these emission decreases were not caused by the introduction of water in the form
of hydrated guests.
From this outcome, we hypothesized that in this solvent, guest 2.1 was
only interacting at the metal center, and thus the ammoniums were not involved in
binding. Potentially, this could arise from competition by the methanolic solution
for hydrogen bonding interactions with the host ammoniums, diminishing any
binding of the phosphate moieties on the guest. Thus, we felt that if we changed
the solvent to acetonitrile-methanol mixes, we could increase any interactions of
the host ammonium groups by decreasing solvent polarity and hydrogen bonding
ability. In the end, we determined that from 0 to 50 % methanol / acetonitrile, the
alteration of the host fluorescence signal reproducibly showed 1:1 binding in mole
ratio plot analysis. Also, the data was consistently fit to a 1:1 binding isotherm,
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while above 75 % methanol, a switch to 2:1 host to guest binding was observed.
A suggested binding mode based on these results illustrating the probable hostguest interactions is shown as 2.62 in figure 2.21.

Figure 2.21: Hypothetical Mode of the BPG-Host Association.
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In figure 2.22, data for the fluorescence decrease of 2.60 in the formation
of a 1:1 complex with 2.1 in 50 % methanol / acetonitrile is presented. The
isotherm and curve fit for the data are shown in figure 2.23. In this solvent
system, the results of several titrations were averaged to obtain a Ka of 6.7 * 105
M -1 (± 10%). In addition, a small shift was observed in the host absorbance
spectra upon introduction of 2.1 (Figure 2.24). The isosbestic point observed
further suggests the formation of a 1:1 complex.
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Figure 2.22: Emission Changes for Host-BPG in 50 % MeOH / MeCN.
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Figure 2.23: Isotherm and Curve Fit for Host-BPG Titration.
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Figure 2.24: UV Shift for Host-BPG Titration.
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Next, we titrated host 2.60 with a series of related compounds (Figure
2.25). Glycolytic pathway intermediates 3-phosphoglycerate (2 . 2),

2-

phosphoglycerate (2.3) and phosphoenolpyruvate (2.63) showed 2:1 host to guest
binding from 10 to 100 % methanol in acetonitrile. We believe that the lack of
the second phosphate as in 2.1 in these compounds diminishes potential
interactions with the host ammoniums causing the lack of 1:1 binding. This
indicates that 2.1 is the only one of the glycolitic intermediates studied which
binds to host 2.60 in a 1:1 fashion, although the extent of any binding
discrimination cannot be directly quantified in this case due to the altered binding
mode.
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Figure 2.25: Guests Used for Titrations with the Host.
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In addition to these compounds, phenylphosphate (2.64) was also titrated
with the host. Here, at 50 % methanol / acetonitrile, a 1:1 complex was observed
with an estimated Ka of 2.0 * 105 M-1 (± 10%). This value is only 3-fold less than
for 2.1, illustrating a small increase in affinity achieved with the presence of an
extra phosphate and carboxylate group.

However, the substantial binding

constant of the monophosphate points to a strong europium-phosphate association
in these complexes. Finally, the host was also titrated with acetate (2.65). No
change in the emission spectra was observed, as the host was synthesized with
europium acetate.
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In addition to the host, the glycolytic pathway intermediates (2.1, 2.2, 2.3
and 2.63) were also titrated into europium-N-oxide bipyridine model compound
2.61, which lacks the triethylbenzene scaffold and ammonium groups of the full
host. Here, all of these guests formed 2:1 host to guest complexations in all
solvents tested (20 - 50 % methanol / acetonitrile). These results provide further
evidence for the importance of the ammonium groups of 2.60 in forming a 1:1
complex with BPG. This is because the removal of these ammonium groups to
2.61 leads to this switch to 2:1 host to guest binding. Results from all these
titrations are illustrated in table 2.1.

Table 2.1: Host and Model-Guest Titration Results in 50 % MeOH / MeCN.
Guest

Ka with Host 2.60

Ka with Model 2.61

(*105 M-1)
2,3-BPG (2.1)

6.7 a

b

3-PG (2.2)

b

b

2-PG (2.3)

b

b

PEP (2.63)

b

b

Phenylphosphate (2.64)

2.0 a

d

Acetate (2.65)

c

d

a: ± 10 %
b: undergoes 2:1 Host to Guest Binding

c: No change in emission spectra observed
d: Not attempted
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2.7. ENERGY AND ELECTRON TRANSFER DISPLACEMENT FOR SIGNALING

Another aspect of this project which we pursued was a novel energy or
electron transfer based displacement assay for signaling guest binding. Here, we
could potentially bind a guest, illustrated as carboxynaphthofluorescein (2.66) in
figure 2.26, at europium, forming 2.67, which could go undergo electron transfer
to host 2.60. Next, 2,3-bisphosphoglycerate guest (2.1), should compete out the
bound energy transfer unit, thus modifying the emission spectra in the formation
of 2.62. This novel displacement assay could be advantageous as it allows for
the detection of either of the emission signals, or the ratio of the two, providing an
internal standard. Also, it could potentially allow for the detection of binding to
europium in aqueous solution, in which the emission signal is quenched.

Figure 2.26: Energy Transfer Based Displacement Assay.
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Our first approach focused on energy transfer displacement. In choosing
guest molecules to FRET pair to the host, the potential indicators needed to
adhere to the primary requirement of FRET, that is that the emission band of the
donor overlaps with the excitation band of the acceptor. Due to the low 260 nm
excitation wavelength for host 2.60, we first attempted to implement the host as
the donor in the system. Thus, we sought out dyes which absorbed in the range of
host emission (575 to 710 nm). After perusing the Molecular Probes website, we
chose carboxynaphthofluorescein (2.66) and sulforhodamine 101 (2.68, Figure
2.27) as those which most closely fit these requirements.

Figure 2.27: Indicators Studied In Transfer Based Displacement Assays.
HO

O
N

O

O

N
O

O3S

OOC

O
O

N
H

O
O

O S O
O

O

O

2.66

2.68

2.69

The first dye which was tested was 2.66. Upon screening the emission
properties of this compound in different solvents and pH ranges, we learned that a
pH greater than 9 and some aqueous component to the solvent were necessary to
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observe fluorescence. Following this, we tested the fluorescence of the dye in the
presence of host 2.60. Here, we found that at pH 10 in 50 % water / methanol, the
dye emission signal at 680 nm was present with excitation at both the absorbance
λmax of the dye (615 nm) and that of host 2.60 (260 nm). However, we found
that the dye itself emitted with excitation at 260 nm, disallowing a conclusion
regarding the occurrence of FRET in this system.
Next, we studied the interaction of host 2.60 with sulforhodamine B
(2.68). An absorbance scan of a pH 7.4 tris-buffered solution of the dye in
methanol revealed a λmax of 580 nm. Next, the fluorescence measurements of
the dye alone and the dye with 1 equivalent of host 2.60 were conducted at 50%
methanol / acetontrile, 100% methanol and 50% methanol / water with excitation
at both the λmax of the dye (580nm) and host 2.60 (260 nm). These studies
showed that again, the dye alone emitted when excited at 260 nm and that the
addition of host 2.60 to the samples showed no effect on the signal. Thus
attempts at the binding and displacement of electron acceptor guests to 2.60 were
unsuccessful and we modified our approach.
Our final effort was aimed at an electron transfer based displacement
assay and involved the use of a sensitizing guest. Here, chelidamic acid (2.69)
was chosen as it is known to undergo ligand to metal charge transfer to
lanthanides following excitation, leading to emission from the metal center.35
Titration of 2.69 into 2.60 led to a decrease in all of the host emission signals,
indicating binding. Upon introduction of 2,3-bisphosphoglycerate to a solution
containing 2.69 and 2.60, further decrease of the signals was detected. This
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suggests that bisphosphoglycerate displaces chelidamic acid from the host.
However, since the emission goes down in both cases, this is not an effective
displacement assay. This concluded our efforts at obtaining a displacement assay
for signal transduction.

2.8. BINDING STUDIES INVOLVING A NON-METALLATED HOST

In addition to studying europium-based host 2.60 for binding, we also
investigated the non-metallated host (2.57, Figure 2.28) for guest binding ability.
In this system, we felt that the N-oxide moieties could act as hydrogen bond
acceptors with a guest molecule, combined with the hydrogen bond donating
ammonium groups.

Thus, we looked to study guests which contained

functionalities complementary to both these groups, namely glucose-6-phosphate
(2.70) and creatine (2.71). Due to the lack of emission signal in host 2.57, we
evaluated dye displacement assays for signal transduction purposes. Also, we
performed these studies in non-polar solvents to minimize solvent competition for
binding sites.
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Figure 2.28: Potential Non-metallated Host and Corresponding Guests.
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In searching for a successful dye-displacement assay for host 2.57, we
performed titrations involving the host, guests and several dyes, including 5-(or 6)carboxyfluorescein, carminic acid, pyrogallol red, alizarin yellow GG and
alizarin complexone, generally in acetonitrile solutions containing less than 10 %
of N,N-dimethylformamide (DMF) or methanol. Overall, the photophysical
properties of the dyes were very erratic in the highly organic solvents. As a
result, conditions in which dye fluorescence was modified upon host addition and
then returned to the original signal upon introduction of guests 2.70 and 2.71 were
never realized.
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2.9. CONCLUSIONS AND OUTLOOK

Host 2.60 has been developed which binds 2,3-bisphosphoglycerate (2.1)
in a 1:1 fashion in 50% and less methanol / acetonitrile solutions. The fact that
binding of this guest to model compound 2.61, which lacks the ammoniums of
2.60 causes a switch to 2:1 guest to host binding indicates the involvement of
these groups in the binding to host 2.60. This is further evidenced by the 1:1
binding of monophosphate 2.64 with a lower affinity, again pointing to the
importance of the ammoniums for secondary interactions. Furthermore, related
glycolytic intermediates 2.2, 2.3 and 2.63 lacking the second phosphate undergo
2:1 binding with host 2.60 and thus 2.1 is the only guest which forms a 1:1
complex with this host, most likely due to these interactions with the host
ammoniums. As a result of the change in binding mode, however, we were
unable to directly quantify any potential selectivity in the binding of this guest.
Through this research, we sought to study the viability of a europiumbipyridine complex as a binding site and signaling unit within a supramolecular
host molecule. Towards this end, we were successful in demonstrating that the
metal can be used as a binding site and that modification of the photphysical
properties can be used to detect the binding of a guest molecule. Also, we were
able to observe differentiation in the binding of related guest molecules, which
shows promise for the application of this system in host-guest chemistry.
However, several problems will have to be worked out prior to realization of this
goal. The inability of the complex to detect guests in aqueous solution is a clear
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problem as most biological samples require testing in this solvent. We attempted
studies aimed at developing displacement assays which would circumvent the
quenching of europium in aqueous solution and render the host effective under
these conditions, but they were unsuccessful.
Another problem is the change in binding mode with the different
glycolitic guests which disallows the direct observation of any potential
selectivity for the 2,3-bisphosphoglycerate. In order to discern this, a resin-bound
version of the host could be developed as anchoring of the host could disallow the
interaction of multiple hosts with one guest, allowing a determination of the 1:1
binding affinity of all the guests. The development of a solid-phase based
derivative of 2.60 might also be beneficial for incorporation into a multiple
component sensing ensemble. Overall, we feel we have achieved the goal of
presenting the complex as a viable binding and detection group within a host, but
that further work is necessary to achieve a real world application of the complex
for molecular sensing purposes.

2.10. EXPERIMENTAL

General: Methanol was refluxed over magnesium, tetrahydrofuan (THF)
was refluxed over sodium and benzophenone, and triethylamine and
dichloromethane were refluxed over calcium hydride and distilled when noted.
NMR tubes were dried in an oven at 125 °C for at least 24 hrs prior to use.
Products were placed under high vacuum overnight before spectra and masses
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were obtained. Starting materials were generally purchased from Aldrich. 1H and
13

C NMR spectra were collected at 300 MHz and 75 MHz, respectively, on a

Varian Unity Plus spectrometer. High resolution mass spectra were recorded on a
Finnigan VG analytical ZAB2-E spectrometer.

1,3,5-Triethylbenzene (2.22)

Aluminum chloride (149.41 g, 1.12 mol) was added to a 1 L three neck
round-bottom flask, which was placed in an ice water bath. To this was added
ethyl bromide (297 mL, 3.92 mol), followed by dropwise addition of benzene
(100 mL, 1.12 mmol), at which time the reaction mixture turned dark yellow. A
condenser was attached and was vented via tubing into a water bath to collect
emitted hydrochloric acid gas. The reaction was then stirred overnight using a
mechanical stirrer and allowed to warm up to room temperature. The next
morning, quenching was performed with water, and the saturated sodium
bicarbonate solution was added until neutral pH was achieved, leading to a black
precipitate. The aqueous layer was then extracted with dichloromethane (2 x 150
mL), which was dried with magnesium sulfate, and filtered, followed by solvent
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removal through rotary evaporation and high vacuum pumping to give a yellow
liquid. The product was then distilled at 135 °C, yielding 2.22 as a clear,
colorless liquid product (138.4 g, 76 %).
1

H NMR (300 MHz, CDCl3): δ 7.26 (s, 3H), δ 3.01 (q, 6H, J = 7.5 Hz),

δ 1.64 (t, 9H, J = 6.9 Hz).
C NMR (75 MHz, CDCl3): δ 144.21, 124.78, 28.85, 15.64.

13

HRMS-CI+ m/z: calcd for C12H19: 163.1487; obsd 163.1486.

1,3-Bis(bromomethyl)-2,4,6-triethylbenzene (2.23)

Br
Br

75 mL of acetic acid was heated to reflux in a 250 mL round-bottomed
flask. To this was added slowly with stirring, 2.22 (12.98 g, 80 mmol) and
paraformaldehyde (7.92 g, 264 mmol). 50 mL hydrobromic acid was added via a
dropping funnel and the mixture was allowed to reflux for 23 1/2 hours. The
solvent was immediately removed by rotary evaporation to yield a brown liquid.
The liquid solidified upon cooling and was used in the next step without further
purification.
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1,3,5-Tris(bromomethyl)-2,4,6-triethylbenzene (2.24)

Br

Br
Br

The unpurified bis(bromomethyl) product (2.23) was combined with 80
mL of acetic acid and was heated to reflux with stirring. Paraformaldehyde (21.6
g, 720mmol) and potassium bromide (85.68 g, 720 mmol) were then added slowly
followed by swift addition of 60 mL sulfuric acid via a dropping funnel. The
reaction was allowed to reflux for 23 hours at which time the solvent was
removed by rotary evaporation yielding a black oil. When allowed to cool, the
crude oil solidified and was dissolved in water and dichloromethane. The
solution was neutralized by addition of 6 M sodium hydroxide followed by
sodium bicarbonate. The organic layer was then extracted, dried with magnesium
sulfate and filtered. The solvent was removed by rotary evaporation with silica gel
and the resulting mixture was placed on a long column (silica gel, hexanes). The
second band was removed and yielded 1,3,5-tris(bromomethyl)-2,4,6triethylbenzene (2.24) as yellow crystals (12.77 g, 36 % over 2 steps).
1

H NMR (300 MHz, CDCl3): δ 4.58 (s, 6H), δ 2.95 (q, 6H, J = 7.5 Hz),

δ 1.34 (t, 9H, J = 7.5 Hz).
C NMR (75 MHz, CDCl3): δ 144.96, 132.61, 28.54, 22.70, 15.56.

13
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HRMS-CI+ m/z: calcd for C15H21Br3: 437.9193; obsd 437.9199.
MP: 159 - 160 °C.

1,3,5-Tris(azidomethyl)-2,4,6-triethylbenzene (2.25)

N3

N3
N3

1,3,5-Tris(bromomethyl)-2,4,6-triethylbenzene (32.4 g, 73.5 mmol) was
dissolved in 600 mL N,N'-dimethylformamide in a 1 L round-bottomed flask, and
the solution was heated to 60 °C. Sodium azide (28.6 g, 441 mmol) was then
carefully added with a ceramic spatula. After addition, the neck of the flask was
washed with warm DMF to ensure that the azide was rinsed down. The reaction
was allowed to run for 19 hours. The solvent was then removed by vacuum
distillation at 60 °C to yield a brown crude.

This was dissolved in

dichloromethane and filtered to remove excess sodium azide, and
dichloromethane removal by rotary evaporation yielded a brown oil. Column
chromatography (silica gel, 65% hexanes / dichloromethane) yielded the second
band as 1,3,5-tris(azidomethyl)-2,4,6-triethylbenzene, a clear, colorless liquid.
The compound later crystallized upon cooling (21.69 g, 90 %).
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1

H NMR (300 MHz, CDCl3): δ 4.49 (s, 6H), δ 2.85 (q, 6H, J = 7.5 Hz),

δ 1.24 (t, 9H, J = 7.5 Hz).
C NMR (75 MHz, CDCl3): δ 144.93, 129.95, 47.89, 23.12 15.71.

13

HRMS-CI+ m/z: calcd for C15H21N9: 327.1920; obsd 327.1908.
MP: 61 °C.

1,3,5-Tris(aminomethyl)-2,4,6-triethylbenzene (2.26)

NH2

H2N
NH2

1,3,5-Tris(azidomethyl)-2,4,6-triethylbenzene (21.69 g, 66.3 mmol) and
triphenylphosphine (104.33 g, 398 mmol) were combined in a 1 L roundbottomed flask and 600 mL tetrahydrofuran and 60 mL water were added. The
solution was allowed to stir at room temperature for 7 hours during which time
the solution bubbled lightly. The THF was removed by rotary evaporation and
the resulting solution was acidified with 1 M hydrochloric acid. This was then
extracted with 3 100 mL portions of dichloromethane. The acidic aqueous layer
was basified beyond pH 9 by addition of 6 M sodium hydroxide followed by
concentrated ammonium hydroxide. This was extracted with 3 x 150 mL of
dichloromethane. The organic extracts were then dried with magnesium sulfate,
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filtered, and the solvent was removed by rotary evaporation to yield 1,3,5tris(aminomethyl)-2,4,6-triethylbenzene as a white solid (14.71 g, 89 %).
1

H NMR (300 MHz, CDCl3): δ 3.87 (s, 6H), δ 2.82 (q, 6H, J = 7.5 Hz),

δ 1.39 (s, 6H), δ 1.23 (t, 9H, J = 7.5 Hz).
C NMR (75 MHz, CDCl3): δ 140.38, 137.43, 39.67, 22.58, 16.80.

13

HRMS-CI+ m/z: calcd for C15H27N3: 250.2282; obsd 250.2283.
MP: 130 -132 °C.
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1,3-Bis[N-((tert-butoxy)carbonyl)aminomethyl]-5-(aminomethyl)-2,4,6triethylbenzene (2.27)

O

O
NH

H2N
HN

O
O

1,3,5-Tris(aminomethyl)-2,4,6-triethylbenzene (8.85 g, 35.5 mmol) was
dissolved in 300 mL of distilled dichloromethane in a 1 L round-bottomed flask
and was placed under nitrogen. Di-tert-butyl dicarbonate (8.53 g, 39.1 mmol)
was then dissolved in 150 mL distilled dichloromethane and placed under
nitrogen in an addition funnel mounted onto the reaction flask. This solution was
dropped into the reaction slowly over 2 hours. Upon addition, the solution turned
cloudy. The solvent was removed by rotary evaporation after 21 hours, and the
resulting milky white solid was purified by column chromatography (silica gel,
gradiant elution from 1% to 30 % ammonia sat. methanol / dichloromethane).
TLC analysis of the fractions was performed using ninhydrin spray, which stained
the otherwise unidentifiable spots of the amine products. The first band yielded
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the tris-boc protected compound as a white solid after evaporation (1.47 g, 8 %).
Next was the bis-boc protected amine (2.27) as a white fluffy solid (3.62 g, 23 %),
and the third band afforded the mono-boc protected product also as a white, fluffy
solid (2.65 g, 21 %). The unreacted amine was then removed using 30%
ammonia sat. methanol / dichloromethane, and obtained as a yellow solid (3.52 g,
40 %) after solvent removal through rotary evaporation.
1

H NMR (300 MHz, CDCl3) (free based compound): δ 4.48 (s, 2H) δ 4.26

(s, 4H), δ 3.79 (s, 2H), δ 2.68 (q, 6H, J = 7.5 Hz), δ 1.37 (s, 18H), δ 1.13 (t, 9H, J
= 7.5 Hz).
13

C NMR (75 MHz, CDCl3): δ 155.16, 142.38, 142.28, 136.91, 131.96,

78.97, 39.09, 38.49, 28.11, 22.55, 22.40, 16.36, 16.23.
HRMS-CI+ m/z: calcd for C25H44N3 O4: 450.3332; obsd 450.3332.
MP: 142-144 °C.
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1,3-Diphenyl-2-propanone tosylhydrazone (methyllithium titrating reagent)

HN
O

S

N
O

p-Toluene sulfonhydrazide (1.86 g, 10 mmol) was dissolved in 30 mL hot
ethanol with a trace of concentrated hydrochloric acid in a 100 mL Erlenmeyer
flask. Diphenylacetone (2.10 g, 10 mmol) was then added with swirling, at which
time white crystals formed. The solution was allowed to cool and was placed in a
-20 °C freezer. 1,3-Diphenyl-2-propanone tosylhydrazone was collected by
vacuum filtration as white crystals (3.02 g, 80 %).

Titration of methyllithium with 1,3-Diphenyl-2-propanone tosylhydrazone

1,3-Diphenyl-2-propanone tosylhydrazone (178 mg, 0.47 mmol), which
was previously recrystallized in methanol, was placed in an oven-dried 100 mL
round-bottomed flask under argon. To this was added 10 mL of distilled
tetrahydrofuran. The solution was allowed to stir, and placed in an ice bath.
Methyllithium was added via syringe until the solution became consistently
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orange (0.6 mL). The volume of methyllithium added and the number of moles of
titrating reagent were used to calculate the methyllithium solution concentration.

6-Methyl-2,2'-bipyridine (2.29)

N

N

2,2'-Bipyridine (6.12 g, 39.2 mmol) was placed in a 500 mL roundbottomed flask which had been oven-dried and placed under argon. 200 mL of
anhydrous diethyl ether was added, and the solution was allowed to stir in an ice
bath. Methyllithium (50.3 mL, 39.2 mmol) was then added causing the solution
to turn dark red. The reaction was run for 3 hours and then warmed to room
temperature and quenched with 50 mL water. Upon quenching, the solution
turned light yellow and bubbled vigorously. The ether layer was removed in a
separatory funnel, and the aqueous layer was washed with ether (3 x 100mL).
Ether extracts were combined, dried with magnesium sulfate, filtered and the
solvent was removed by rotary evaporation. The resulting orange oil was purified
by column chromatography (basic alumina, 80 % hexanes / ether). 6-Methyl-2,2'bipyridine was removed from the column as a light orange oil (3.61 g, 54 %).
1

H NMR (300 MHz, CDCl3): δ 8.68 (d, 1H, J = 4.8 Hz), 8.41 (d, 1H, J =

8.1 Hz), 8.17 (d, 1H, J = 7.8 Hz), 7.81 (dt, 1H, J = 7.8 Hz, 1.8 Hz), 7.71, (t, 1H, J
= 7.8 Hz), 7.30 (t, 1H, J = 5.4 Hz), 7.19 (s, 1H), 2.64 (s, 3H).
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13

C NMR (75 MHz, CDCl3): δ 158.20, 156.86, 155.93, 149.52, 137.39,

137.13, 123.91, 123.64, 121.50, 118.47, 25.073.
HRMS-CI+ m/z: calcd for C11H10N2: 171.0922; obsd 171.0923.

6-(Trimethylsilyl)methyl-2,2'-bipyridine (2.33)

N

N
SiMe3

One 500 mL and 3 50 mL round-bottom flasks, one 50 mL dropping
funnel, a joint adapter and a small distillation apparatus were all flame-dried prior
to the experiment. Diisopropylamine (3.33 mL, 23.7 mmol) was placed into the
500 mL flask under argon and 135 mL of distilled THF was added. The addition
funnel was placed on top of the flask via the joint adapter and the flask was placed
in a -78 °C dry ice-acetone bath. t-Butyllithium (24.3 mL, 21.9 mmol), which
was freshly titrated with 1,3-Diphenyl-2-propanone tosylhydrazone and
determined to be 1.17 M, was added via syringe to the solution, at which point the
reaction mixture turned yellow. The reaction was stirred for 10 minutes at -78 °C,
then brought up to 0 °C for 10 minutes and finally dropped back down to -78 °C
for ten minutes. At this point, the 6-methyl-2,2'-bipyridine (3.23 g, 19.0 mmol)
was dissolved in 35 mL of THF and added to the addition funnel. It was added
dropwise at -78 °C, at which time the reaction solution turned dark purple / black.
The reaction temperature was next returned to 0 °C for one and a half hours.

123

During this time, chlorotrimethylsilane (TMSCl) was distilled over calcium
hydride under argon using a small distillation apparatus. After the hour and a half
reaction time, the temperature was returned to -78 °C and the TMSCl (3.01 mL,
23.7 mmol) was quickly added with a syringe, causing the reaction to smoke. It
was then kept at -78 °C for ten minutes and then allowed to warm up to room
temperature with stirring. The mixture was left stirring overnight and was
quenched the next morning with 15 mL ethanol, leading to a yellow solution, and
added to a separatory funnel containing 160 mL saturated sodium bicarbonate.
This was then extracted with 2 x 150 mL of dichloromethane, and the extracts
were combined, dried with magnesium sulfate, filtered, rotovaped and dried on a
high vacuum pump yielding an orange oil. Through chromatography (silica gel,
20 % ethyl acetate / hexanes), 6-(Trimethylsilyl)methyl-2,2'-bipyridine was
obtained as a yellow oil (3.98 g, 87 %).
1

H NMR (300 MHz, CDCl3): δ 8.61 (m, 1H), δ 8.39 (d, 1H, J = 8.1 Hz),

δ 8.08 (d, 1H, J = 7.5 Hz), δ 7.72 (dt, 1H, J = 13.5 Hz, 1.5 Hz), δ 7.58, (t, 1H, J =
15.6 Hz), δ 7.19 (m, 1H), δ 6.92 (d, 1H, J = 8.7 Hz), δ 2.37 (s, 2H), δ 0.03 (s, 9Η).
C NMR (75 MHz, CDCl3): δ

13

157.91, 156.46, 155.52, 149.11, 137.03, 136.81, 123.46, 123.22, 121.13, 118.05, 2
4.64, −1.61.
HRMS-CI+ m/z: calcd for C14H19N2Si: 243.1318; obsd 243.1311.
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6-Chloromethyl-2,2'-bipyridine (2.32)

N

N
Cl

Into a 100 mL round-bottom flask which had been previously flame dried
was added 6-(trimethylsilyl)methyl-2,2'-bipyridine (1.56 g, 6.5 mmol) dissolved
in 40 mL distilled acetonitrile. To this was added cesium fluoride (1.98 g, 13
mmol) and hexachloroethane (3.08 g, 13 mmol). The solution was then heated to
60 °C with stirring for 5 hours. Following this, the reaction mixture was poured
into a separatory funnel which contained 40 mL water and 40 mL ethyl acetate.
The organic layer was removed and the aqueous washed with 40 more mL of
ethyl acetate. The organic layers were then combined, washed with 100 mL
brine, dried with magnesium sulfate, filtered, the solvent removed by rotary
evaporation and dried on a high vacuum pump yielding an orange oil. The crude
was purified using column chromatography (silica gel, 15 % ethyl acetate
hexanes), 6-chloromethyl-2,2'-bipyridine was obtained as a yellow oily solid
(1.15 g, 87 %).
1

H NMR (300 MHz, CDCl3): δ 8.61 (d, 1H, J = 4.5 Hz), δ 8.38 (d, 1H, J =

7.5 Hz), δ 8.29 (d, 1H, J = 8.1 Hz), δ 7.74 (q, 2H, J = 8.1 Hz), δ 7.41, (d, 1H, J =
7.8 Hz), δ 7.22 (m, 1H), δ 4.69 (s, 2H).
13

C NMR (75 MHz, CDCl3): δ 155.95, 155.63, 155.56, 149.06, 137.81,

136.79, 123.76, 122.58, 121.16, 120.15, 46.84.
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HRMS-CI+ m/z: calcd for C11H10N2Cl: 205.0533; obsd 205.0534.

1,3-Bis-[N-((tert-butoxy)carbonyl)aminomethyl]-5-[N,N-bis-(6-(2,2'bipyridyl)methyl)aminomethyl]-2,4,6-triethylbenzene (2.34)

N

N

O

N

HN O O

N
N

HN

O

2.27 (1.08 g, 2.41 mmol) and 6-chloromethyl-2,2'-bipyridine (1.11 g, 5.43
mmol) were combined in a 100 mL round-bottomed flask. 30 mL of acetonitrile
was then added followed by potassium carbonate (1.33 g, 9.64 mmol). The
reaction was heated to reflux at 95 °C with stirring overnight, after which a white
precipitate appeared. The reaction crude was then poured into a separatory funnel
which contained 50 mL dichloromethane and 50 mL 3 M NaOH. The organic
layer was extracted and the aqueous layer washed two times with 50 mL
dichloromethane. The organic extracts were combined, dried with magnesium
sulfate, filtered and the solvent was removed by rotary evaporation and a high
vacuum pump. The product was then purified by column chromatography over
silica gel with 1% ammonia saturated methanol / dichloromethane as eluant. The
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first compound removed from the column was excess 6-chloromethyl-2,2'bipyridine. Next, 2.34 was obtained as a yellow solid (1.68 g, 89 %).
1

H NMR (300 MHz, CDCl3): δ 8.69 (d, 2H, J = 4.5 Hz), δ 8.46 (d, 2H, J =

8.4 Hz), δ 8.27 (d, 2H, J = 7.5 Hz), δ 7.82 (q, 4H, J = 6.3 Hz), δ 7.51 (t, 2H, J =
7.8 Hz), δ 7.32 (t, 2H, J = 6.3 Hz), δ 4.39 (s, 2H), δ4.30 (s, 2H), δ 4.26 (s, 4H),
δ 3.902 (s, 6H), δ 2.88 (d, 2H, J = 7.2 Hz), δ 2.67 (q, 4H, J = 7.5 Hz), δ 1.22 (s,
18H), δ 1.12 (t, 3H, J = 7.2 Hz), δ 0.95 (t, 6H, J = 7.5 Hz).
13

C NMR (75 MHz, CDCl3): δ 159.29, 156.24, 155.34, 155.25, 149.12,

144.71, 143.66, 142.99, 137.05, 136.83, 132.78, 132.40, 131.83, 123.56, 123.30,
121.085, 119.24, 79.51, 79.36, 60.12, 51.50, 38.74, 29.65, 28.37, 22.87, 22.65,
16.46, 16.08.
HRMS-CI+ m/z: calcd for C47H59N7O4: 786.471; obsd 786.472.
MP: 86-89 °C.
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3,5-Bis(aminomethyl)-1-[N,N-bis-(6-(2,2'-bipyridyl)methyl)aminomethyl]2,4,6-triethylbenzene bis(trifluoroacetic acid) salt (2.35)

O

N

N

O

N

CF3

NH3

N
N

NH3

O
O

CF3

2.34 (1.34 g, 1.70 mmol) was dissolved in 13 mL dichloromethane in a 50
mL round-bottom flask. To this was added 13 mL trifluoroacetic acid and the
reaction was allowed to stir at room temperature for two hours. The solvent of the
crude mixture was then removed through rotary evaporation yielding an orange
goo. 30 mL of benzene was then added and removed by rotary evaporation. This
process was repeated two more times and was done to azeotrope off any extra
trifluoroacetic acid. Following this step, a caramel solid was obtained. This was
then dissolved in water and lyophilized to obtain 2.35 as a yellow, fluffy solid
(1.39 g, 96 %).
1

H NMR (300 MHz, CDCl3): δ 8.70 (d, 2H, J = 4.8 Hz), δ 8.48 (d, 2H, J =

8.1 Hz), δ 8.27 (d, 2H, J = 8.1 Hz), δ 7.81 (q, 4H, J = 8.1 Hz), δ 7.52 (d, 2H, J =
7.8 Hz), δ 7.32 (t, 2H, J = 4.8 Hz), δ 3.96 (s, 4H), δ 3.92 (s, 2H), δ 3.85 (s, 4H), δ
2.99 (d, 4H, J = 8.1 Hz), δ 2.79 (q, 2H, J = 7.2 Hz), δ 1.45 (s, 4H), 1.22 (t, 3H, J =
7.2 Hz), δ 1.03 (t, 6H, J = 7.5 Hz).
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13

C NMR (75 MHz, CDCl3): δ 159.43, 156.33, 155.12, 149.08, 142.47,

140.55, 136.97, 136.78, 132.50, 123.49, 123.34, 121.06, 119.10, 60.20, 51.58,
39.53, 22.61, 22.23, 16.62, 16.18.
HRMS-CI+ m/z: calcd for C37H44N7: 586.3658; obsd: 586.3631.
MP: 68-70 °C.

3,5-Bis(aminoimidazoliomethyl)-1-[N,N-bis-(6-(2,2'-bipyridyl)methyl)
aminomethyl]-2,4,6-triethylbenzene bis(acetic acid) salt (2.20)

N

N

AcO

N
N
N

HN

AcO HN

NH
HN

HN
N
H

Thiomethylimidazolium hydrofluoride salt was free based by dissolving in
50 mL ammonium hydroxide and 50 mL dichloromethane. Following stirring for
30 minutes, the organic layer was removed and the aqueous layer washed with 2 x
50 mL dichloromethane. The organic extracts were combined, dried with
magnesium sulfate, filtered and the solvent was removed by rotary evaporation
and overnight high vacuum yielding a white solid. The resulting free based
imidazole (.157 g, 1.35 mmol) was combined with 2.35 (.500 g, 0.614 mmol) in a
mortar and pestle and the two were ground together until homogeneous. This was
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then transferred to a conical vial and heated sealed at 100 °C for 68 hours. The
crude reaction mixture was dissolved in 5 % acetic acid solution and lyophilized
to obtain a light brown solid. Purification was performed using FPLC on C-18
reverse phase resin with gradient elution from 25 mM sodium acetate buffer to
straight acetonitrile. The fraction containing the product was rotovapped to
remove organics and lyophilized yielding 2.20 as a white solid (.392 g, 76 %).
1

H NMR (300 MHz, CD3OD): δ 8.65 (d, 2H, J = 4.5 Hz), δ 8.42 (d, 2H, J

= 7.8 Hz), δ 8.18 (d, 2H, J = 7.8 Hz), δ 7.91 (m, 4H), δ 7.59 (d, 2H, J = 7.5 Hz), δ
7.44 (t, 2H, J = 6.0 Hz), δ 4.37 (s, 4H), δ 3.94 (s, 6H), δ 3.75 (s, 6H), δ 3.33 (s,
2H), δ 2.93 (d, 4H, J = 8.1 Hz), δ 2.67 (q, 2H, J = 7.8 Hz) δ 1.18 (t, 3H, J = 6.6
Hz), δ 0.99 (t, 6H, J = 7.5 Hz).
HRMS-CI+ m/z: calcd for C43H52N11: 722.4407, obsd: 722.4404.
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6-Chloromethyl-2,2'-bipyridine-1,1'-dioxide (2.37)

N

N
O O

Cl

6-Chloromethyl-2,2'-bipyridine (2.05 g, 10 mmol) was dissolved in 375
mL chloroform and added to a 1 L round-bottom flask. meta-Chloroperbenzoic
acid (7.27 g, 21.1 mmol) was then dissolved in 200 mL chloroform and added to a
500 mL addition funnel. The reaction flask was dropped to 0 °C, and the mCPBA solution was dropped in slowly via the addition funnel. Following
addition, the ice bath was removed and the reaction allowed to warm to room
temperature for 3 hours. Next, another portion of m-CPBA (7.27 g, 21.1 mmol)
was added and the reaction stirred overnight. At this time, the reaction was
stopped, and the solvent removed via rotary evaporation. The product was
purified using chromatography over basic alumina with gradient elution from
straight dichloromethane up to 1 % methanol / dichloromethane. Here, there was
a slight overlap between the mono and bis-N-oxide, followed by pure 6Chloromethyl-2,2'-bipyridine-1,1'-dioxide (2.37 g, 40 %).
1

H NMR (300 MHz, CDCl3): δ 8.29 (d, 1H, J = 6.0 Hz), δ 7.70 (d, 1H, J =

7.8 Hz), δ 7.54 (m, 2H), δ 7.32 (m, 3H), δ 4.84 (s, 2H).
13

C NMR (75 MHz, CDCl3): δ 140.10, 128.48, 128.32, 127.27, 126.65,

126.09, 125.48, 125.23, 125.05, 124.55, 39.99.
HRMS-CI+ m/z: calcd for C11H10N2O2Cl: 237.0431, obsd: 237.0431.
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N-(9-Fluorenylmethoxycarbonyl) glycine acid chloride (2.42)

O
Cl

NHFMOC

N-(9-Fluorenylmethoxycarbonyl) glycine (527 mg, 1.77 mmol) was added
to a flame-dried 50 mL round-bottomed flask and dissolved in 10 mL
dichloromethane. To this suspension was added oxalyl chloride (2.66 mL, 5.32
mmol) and three drops of pyridine and the reaction was heated to 50 °C. At this
point, the reaction turned yellow and the white suspended particles dissolved.
After 16 hours, the reaction was stopped and the solvent removed by rotary
evaporation and high vacuum pumping yielding an orange goo. This was then
placed in an erlenmeyer flask and dissolved in 5 mL dichloromethane. 30 mL of
hexanes was added followed by the placement of the flask in an ice bath. Offwhite crystals of N-(9-Fluorenylmethoxycarbonyl) glycine acid chloride were
collected as the product (.544 g, 97 %).
1

H NMR (300 MHz, CDCl3): δ 7.77 (d, 2H, J = 7.2 Hz), 7.33 - 7.49 (m,

6H), 4.82 (d, 2H, J = 5.1 Hz), 4.43 (s, 2H), 4.26 (t, 1H, J = 5.1 Hz).
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3,5-Bis[N-((tert-butoxy)carbonyl)aminomethyl]-1-[2-(9-fluorenyl
methoxycarbonyl)aminoacetamidomethyl]-2,4,6-triethylbenzene (2.43)

NHBOC

FMOCHN
NH
O

NHBOC

2.27 (.114 g, .255 mmol) was dissolved in 5 mL of distilled
tetrahydrofuran in a flame-dried 50 mL round-bottomed flask. This was then
placed under argon and triethylamine (178 µL, 1.28 µmol) and N-(9Fluorenylmethoxycarbonyl) glycine acid chloride (.097 g, 306 µmol) were added.
The reaction was stirred at room temperature, and a white precipitate formed
quickly. The reaction was stopped after 20 hours. Following solvent removal by
rotary evaporation, the crude was purified through column chromatography (silica
gel, 50 % ethyl acetate / hexanes) to yield 2.43 as a yellow solid (.113 g, 61 %).
1

H NMR (300 MHz, CDCl3): δ 7.78 (d, 2H, J = 7.2 Hz), δ 7.58 (d, 2H, J =

7.5 Hz), δ 7.42 (t, 2H, 7.2 Hz), δ 7.32 (d, 2H, J = 7.5 Hz), δ 6.10 (s, 1H), δ 5.83
(s, 1H), δ 4.47 (s, 4H), δ 4.31 (s, 6H), δ 3.82 (s, 2H), δ 2.69 (m, 6H), δ 1.43 (s,
18H), δ 1.15 (t, 6H, 8.4 Hz), δ 0.90 (t, 3H, 7.5 Hz).
13

C NMR (75 MHz, CDCl3): δ 168.48, 167.63, 156.49, 155.23, 143.67,

143.49, 141.11, 132.47, 132.28, 131.93, 131.80, 131.29, 130.76, 128.65, 128.51,
128.35, 127.65, 126.92, 124.84, 119.90, 79.40, 67.99, 67.08, 46.84, 44.29, 38.57,
37.91, 30.21, 29.55, 28.77, 28.26, 23.60, 22.84, 16.30, 13.92, 10.83.
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HRMS-CI+ m/z: calcd for C42H57N4 O7: 729.4227, obsd: 729.4235.

3,5-Bis[N-((tert-butoxy)carbonyl)aminomethyl]-1-[aminoacetamido
methyl]-2,4,6-triethylbenzene (2.44)

NHBOC

H2N
NH

NHBOC

O

2.43 (.183 g, 251 µmol) was placed in a 50 mL round-bottom flask to
which was added 10 mL of a 20 % piperidine / DMF solution. The reaction was
stirred at room temperature for 3 hours. Following solvent removal, the crude
was purified through chromatography on silica gel with gradient elution from 1 %
to 5 % ammonia saturated methanol / dichloromethane. 2.44 was the second
fraction off as a white solid (.098 g, 77 %).
1

H NMR (300 MHz, CDCl3): δ 7.97 (s, 1H), δ 7.08 (s, 2H), δ 4.32 (m,

8H), δ 2.68 (q, 6H, J = 7.5 Hz), δ 1.42 (s, 18H), δ 1.16 (m, 9H).
13

C NMR (75 MHz, CDCl3): δ 155.33, 143.78, 135.69, 132.47, 131.94,

79.53, 38.77, 37.53, 36.45, 29.65, 28.37, 22.93, 16.44,
HRMS-CI+ m/z: calcd for C27H47N4 O5: 507.3547, obsd: 507.3557.
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N,N-Bis-(6-(2,2'-bipyridyl)methyl)-N-tosylamine (2.47)

N

N

N

N
N
O S O

6-Chloromethyl-2,2'-bipyridine (2.29 g, 11.1 mmol) was dissolved in 75
mL of DMF in a flame dried 250 mL round-bottomed flask. Sodium tosylamide
(1.08 g, 5.57 mmol) and potassium carbonate (2.31 g, 16.7 mmol) were then
added and the reaction heated to 100 °C under a condenser for 6 hours. The
solvent was removed through rotary evaporation and high vacuum pumping.
Next, the crude was dissolved in 100 mL of dichloromethane and washed with 3 x
100 mL portions of water. The organic layer was then dried with magnesium
sulfate, filtered and the solvent removed by rotary evaporation and a high vacuum
pump. The crude was then purified using column chromatography (silica gel, 70
% ethyl acetate / hexanes). This yielded 2.47 as a white solid (2.04 g, 72 %).
1

H NMR (300 MHz, CDCl3): δ 8.56 (d, 2H, J = 4.5 Hz), δ 8.10 (m, 4H),

δ 7.62 (m, 6H), δ 7.31 (d, 2H, J = 7.8 Hz), δ 7.18 (m, 2H), δ 7.06 (d, 2H, J = 8.1
Hz), δ 4.73 (s, 4H), δ 2.19 (s, 3H).
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13

C NMR (75 MHz, CDCl3): 155.24, 155.09, 154.74, 148.43, 142.62,

136.85, 136.56, 136.06, 128.97, 126.63, 123.11, 122.09, 120.52, 118.96, 53.23,
20.79.
HRMS-CI+ m/z: calcd for C29H26N5 O2 S: 508.1807, obsd: 508.1808.
MP: 112-114 °C

N,N-Bis-(6-(2,2'-bipyridyl)methyl)amine (2.49)

N
N

N
H
N

N

2.47 (1.54 g, 3.0 mmol) was dissolved in 40 mL of 90 % sulfuric acid in a
250 mL round-bottom flask. This was then heated to 120 °C for 2 hours under a
condenser. After cooling, the reaction was brought to pH 10 through addition of 1
M sodium hydroxide followed by concentrated ammonium hydroxide. Upon
basification, a white precipitate formed.

The solution was extracted with

dichloromethane (3 x 200 mL), after which the extracts were combined, dried
with magnesium sulfate, filtered and the solvent removed by rotary evaporation
and a high vacuum pump. This yielded 2.49 as a brown oil (1.02 g, 95 %).
1

H NMR (300 MHz, CDCl3): δ 8.65 (d, 2H, J = 4.8 Hz), δ 8.46 (d, 2H, J =

8.1 Hz), δ 8.25 (d, 2H, J = 7.8 Hz), δ 7.69 - 7.87 (m, 4H), δ 7.35 (d, 2H, J = 7.5
Hz), δ 7.27 (t, 2H, J = 6.3 Hz), δ 4.09 (s, 4H), δ 3.22 (s, 1H).
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13

C NMR (300 MHz, CDCl3): δ 158.81, 155.96, 155.23, 148.82, 137.03,

136.48, 123.33, 121.99, 120.92, 118.94, 54.40.
HRMS-CI+ m/z: calcd for C22H20N5: 354.1719, obsd: 354.1712.

Methyl-3-[N,N-Bis-(6-(2,2'-bipyridyl)methyl)carbamoyl] propanoate (2.50)

N

N

N

N
N
O

O
O

Dicyclohexyl carbodiimide (527 mg, 2.55 mmol), hydroxybenzotriazole
(345 mg, 2.55 mmol) and monomethyl succinate (337 mg, 2.55 mmol) were
dissolved in 5 mL of distilled dichloromethane in a flame dried 100 mL roundbottom flask. This was allowed to stir at 0 °C under an argon balloon for 30
minutes. 2 . 4 9 (752 mg, 2.13 mmol) was separately dissolved in 20 mL of
distilled dichloromethane and then added to the reaction flask. The reaction
mixture was allowed to stir at 0 °C for 30 minutes and then at room temperature
for 6 hours. Next, the crude was directly added to a silica gel column and purified
using gradient elution from 1 to 3 % methanol / dichloromethane. This afforded
2.50 as a white solid (963 mg, 97 %).
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1

H NMR (300 MHz, CDCl3): δ 8.59 (t, 2H, J = 4.2 Hz), δ 8.18-8.36 (m,

4H), δ 7.71 (m, 4H), δ 7.17-7.30 (m, 4H), δ 4.78 (s, 2H), δ 4.76 (s, 2H), δ 3.53 (s,
3H), δ 2.62-δ 2.79 (m, 4H).
13

C NMR (300 MHz, CDCl3): δ 173.35, 172.28, 156.56, 155.92, 155.82,

155.61, 155.49, 155.21, 148.92, 148.87, 137.59, 137.40, 136.76, 136.57, 123.68,
123.43, 122.18, 121.00, 120.91, 119.52, 119.28, 52.99, 51.63, 51.53, 29.07, 28.08.
HRMS-CI+ m/z: calcd for C27H26N5 O3: 468.2036, obsd: 468.2032.
MP: 88-90 °C

3-[N,N-Bis-(6-(2,2'-bipyridyl)methyl)carbamoyl] propanoate (2.52)

N

N

N

N
N
O

O
O

2.50 (765 mg, 1.64 mmol) was dissolved in 25 mL of methanol and 25 mL
of 1 M potassium hydroxide in a 250 mL round-bottomed flask. The reaction was
heated to 90 °C for 5 hours. The solvent was then removed through rotary
evaporation and a high vacuum pump to afford an orange oil. The crude was then
dissolved in chloroform, dried with magnesium sulfate, filtered and the solvent
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removed. Purification was performed using column chromatography on silica gel
with 20 % ammonia sat. methanol / dichloromethane as eluant, yielding 2.52 as a
brown solid (740 mg, 95 %).
1

H NMR (300 MHz, CDCl3): δ 8.48 (s, 2H), δ 8.21 (d, 1H, J = 8.1 Hz),

δ 8.06 (t, 2H, J = 8.1 Hz), δ 7.93 (d, 2H, J = 8.1 Hz), δ 7.47-7.63 (m, 4H), δ 7.077.09 (m, 4H), δ 4.67 (s, 2H), δ 4.62 (s, 2H), δ 2.68 (s, 2H), δ 2.43 (s, 2H).
13

C NMR (300 MHz, CDCl3): δ 177.55, 173.83, 156.59, 155.90, 155.80,

155.57, 155.23, 149.00, 148.96, 137.77, 137.64, 137.05, 136.86, 123.83, 123.60,
122.39, 121.24, 121.18, 119.71, 119.53, 53.16, 51.69, 50.54, 30.68, 28.78.
HRMS-CI+ m/z: calcd for C26H24N5 O3: 454.1880; obsd: 454.1871.
MP: 66-68 °C.
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1-[(3-(N,N-Bis-(6-(2,2'-bipyridyl)methyl)carbamoyl)propamoyl)
aminomethyl]-3,5-bis[N-((tert-butoxy)carbonyl)aminomethyl]-2,4,6triethylbenzene (2.54)

N

N
N
N
N

O
NHBOC
NH
NHBOC

O

2.27 was free based by addition of dichloromethane and concentrated
ammonium hydroxide, extraction of the dichloromethane, washing of the aqueous
layer, combination of the organic layers, drying and solvent removal. After
placement on a high vacuum pump overnight, this compound (483 mg, 1.08
mmol) was dissolved in 20 mL of distilled dichloromethane in a 100 mL roundbottomed flask. The flask was then dropped to 0 °C and placed under argon. To
this was added 2.52 (493 mg, 1.08 mmol), dicyclohexylcarbodiimide (270 mg,
1,29 mmol) and hydroxybenzotriazole (177 mg, 1.29 mmol). The reaction was
then warmed to room temperature and stirred for 14 hours. Solvent removal then
yielded a brown oil. Column chromatography over silica gel with gradient elution
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from 0.5 to 1.5 % methanol / dichloromethane was performed and yielded 2.54 as
a yellow solid (965 mg, 97 %).
1

H NMR (300 MHz, CDCl3): δ 8.55 (d, 2H, J = 4.8 Hz), δ 8.13-8.29 (m,

4H), δ 7.61-7.75 (m, 4H), δ 7.14-7.25 (m, 4H), δ 6.25 (s, 1H), δ 4.83 (s, 2H),
δ 4.76 (s, 2H), δ 4.62 (s, 2H), δ 4.33 (s, 2H), δ 4.21 (s, 4H), δ 2.97 (t, 2H, J = 6.0
Hz), δ 2.55-2.69 (m, 8H), δ 1.08 (s, 18H), δ 1.03-1.05 (m, 9H).
13

C NMR (300 MHz, CDCl3): δ 173.06, 171.95, 157.11, 156.42, 155.87,

155.63, 155.40, 155.23, 148.85, 143.49, 137.64, 137.41, 136.85, 136.68, 132.06,
131.67, 123.68, 123.50, 121.96, 121.11, 121.03, 120.99, 119.66, 119.39, 79.19,
33.65, 31.26, 29.44, 28.92, 53.27, 53.03, 51.48, 38.53, 37.84, 28.20, 22.63, 16.17.
HRMS-CI+ m/z: calcd for C51H65N8O6: 885.5027, obsd: 885.5028.
MP: 108 - 112 °C
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1-[(3-(N,N-Bis-(6-(2,2'-bipyridyl-1,1'-dioxide)methyl)carbamoyl)propamoyl)
aminomethyl]-3,5-bis-[N-((tert-butoxy)carbonyl)aminomethyl]-2,4,6triethylbenzene (2.56)

N

N
O
O
O N O

N
N

O
NHBOC
NH
O

NHBOC

Structure 2.54 (167 mg, 188 µmol) was dissolved in 2 mL of chloroform
in a 50 mL round-bottomed flask, which was then placed at 0 °C.

meta-

Chloroperbenzoic acid (233 mg, 943 µmol) was dissolved in 3 mL of chloroform
and added to the reaction mixture. The reaction flask was then brought to room
temperature with stirring for 3 hours. A second portion of m-CPBA (233 mg, 43
µmol) was dissolved in 3 mL of chloroform and added to the reaction, followed
by stirring for 17 more hours. Following solvent removal by rotary evaporation,
the crude mixture was purified through column chromatography over silica gel.
Here, 1 L of methanol was passed through the column to elute all biproducts.
Then, 1 L of ammonia saturated methanol was used to remove 2.56 as a yellow
solid (123 mg, 69 %).
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1

H NMR (300 MHz, CDCl3): δ 8.26 (s, 2H), δ 7.30-7.50 (m, 12H), δ 5.87

(s, 1H), δ 4.99 (s, 2H), δ 4.86 (s, 2H), δ 4.54 (s, 2H), δ 4.40 (s, 2H), δ 4.31 (s,
4H), δ 2.87 (t, 2H, J = 6.0 Hz), δ 2.64 (m, 6H), δ 2.48 (t, 2H, J = 6.0 Hz), δ 1.39
(s, 18H), δ 1.11 (m, 9H).
13

C NMR (300 MHz, CDCl3): δ 173.56, 171.59, 155.28, 147.56, 146.84,

143.67, 142.83, 142.74, 142.52, 142.39, 139.81, 132.32, 131.88, 128.12, 127.03,
126.57, 126.41, 126.28, 125.21, 125.02, 124.95, 124.83, 48.52, 45.76, 38.64,
37.96, 30.73, 30.19, 28.29, 25.03, 22.78, 16.34.
HRMS-CI+ m/z: calcd for C51H65N8O10: 949.4824, obsd: 949.4827.
MP: 173-175 °C
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1-[(3-(N,N-Bis-(6-(2,2'-bipyridyl-1,1'-dioxide)methyl)carbamoyl)propamoyl)
aminomethyl]-3,5-Bis(aminomethyl)-2,4,6-triethylbenzene bis(acetic acid)
salt (2.57)

N

N
O
O
O N O

N
N

O
NH3
NH
O

OAc

NH3 OAc

2.56 (140 mg, 148 µmol) was dissolved in 2 mL distilled dichloromethane
and 2 mL of trifluoroacetic acid. The reaction was stirred for three hours, at
which time solvent removal yielded an orange oil. The crude was then run down
an amberlite IRA-400 (Cl) anion exchange column which had been treated with
ammonium acetate. The resulting salt was lyophilized and redissolved in water
and lyophilized twice more to yield 2.57 as a brown solid (122 mg, 95 %).
1

H NMR (300 MHz, CD3OD): δ 8.36 (s, 2H), δ 7.48-7.62 (m, 13H), δ 4.97

(s, 2H), δ 4.74 (s, 2H), δ 4.35 (s, 2H), δ 3.98 (s, 4H), δ 3.21 (s, 4H), δ 2.44-2.91
(m, 6H), δ 1.80 (s, 6H), δ 1.07 (m, 9H).
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13

C NMR (300 MHz, CDCl3): 176.07, 174.37, 161.35, 160.83, 160.31,

159.79, 150.52, 149.35, 147.56, 145.95, 144.43, 144.25, 143.92, 141.73, 141.56,
134.36, 133.90, 132.81, 131.68, 130.97, 130.64, 129.68, 129.56, 129.04, 127.84,
122.52, 118.72, 114.92, 111.11, 38.59, 37.84, 31.35, 29.25, 24.18, 16.29.
HRMS-CI+ m/z: calcd for C41H49N8O6: 749.3775, obsd: 749.3784.
MP: > 200 °C

Methyl-3-[N,N-bis-(6-(2,2'-bipyridyl-1,1'-dioxide)methyl)carbamoyl]
propanoate (2.59)

N
N

O
O

O
O

N
N

N
O
O
O

2.50 (183 mg, 391 µmol) was dissolved in 2 mL of chloroform in a 100
mL round-bottomed flask, which was placed at 0 °C. meta-Chloroperbenzoic
acid (482 mg, 1.96 mmol) was then dissolved in 3 mL of chloroform and added to
the reaction flask via syringe. The reaction was stirred at 0 °C for 15 minutes and
then at room temperature for 4 hours. At this point, the reaction was returned to 0
°C, and another portion of m-CPBA (482 mg, 1.96 mmol) dissolved in 5 mL
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chloroform was added. After 15 minutes, the reaction was again allowed to warm
to room temperature, and was then allowed to stir for 15 hours. Next, the reaction
was directly loaded onto a silica gel column. First, the m-CPBA and resultant
meta-chlorobenzoic acid biproduct were removed using 100 % methanol as
eluant. This was followed by the removal of 2.59 using 25 % ammonia saturated
methanol / dichloromethane as eluant. The product was obtained as a light yellow
solid (208 mg, 97 %).
1

H NMR (300 MHz, CDCl3): δ 8.27 (t, 2H, J = 6.0 Hz), δ 7.28-7.50 (m,

12H), δ 4.97 (s, 2H), δ 4.87 (s, 2H), δ 3.65 (s, 3H), δ 2.82 (t, 2H, J = 6.0 Hz),
δ 2.67 (t, 2H,
6.0 Hz).
13

C NMR (300 MHz, CDCl3): δ 173.35, 173.10, 147.57, 146.92, 142.87,

142.48, 139.96, 139.90, 128.18, 127.06, 126.61, 126.45, 125.53, 124.95, 124.91,
124.81, 51.75, 48.55, 45.71, 28.84, 27.88.
HRMS-CI+ m/z: calcd for C27H26N5O7: 532.1832, obsd: 532.1840.
MP: 115-117 °C
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1-[(3-(N,N-Bis-(6-(2,2'-bipyridyl-1,1'-dioxide)methyl)carbamoyl)propamoyl)
aminomethyl]-3,5-Bis(aminomethyl)-2,4,6-triethylbenzene bis(acetic acid)
europium (III) tris (acetate) (2.60)

2.57 (26.7 mg, 30.8 µmol) was placed in a 50 mL round-bottomed flask
and dissolved in 5 mL spectroscopic grade methanol.

Europium acetate

hexahydrate (13.4 mg, 30.8 µmol) was then added and the solution heated to 60
°C under a condenser for 3 hours. Following the reaction, the mixture was diluted
into a stock solution and used for studies without further purification.
MS-ESI+ [2.60 - Oac] +: 1017, 1019.

N
N

N
O
O
O N O
N

Eu+3(OAc)3
O
NH3
NH
O
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OAc

NH3 OAc

Methyl-3-[(N,N-Bis-(6-(2,2'-bipyridyl-1,1'-dioxide)methyl)carbamoyl)
propanoate] europium (III) trisacetate (2.61)

N
N

N
O
O
O N O
N

Eu+3(OAc)3
O
OMe
O

2.59 (26.0 mg, 48.7 µmol) was dissolved in 5 mL spectroscopic grade
methanol in a 50 mL round-bottomed flask. To this was added europium acetate
hexahydrate (21.4 mg, 48.7 µmol). The reaction was heated to 70 °C under a
condenser. Following this, the solution was diluted into a stock solution and used
for studies without further purification.
MS-ESI+ [2.61 - OAc] +: 800, 802
MS-FAB+ [2.61 - OAc] +: 800, 802
HRMS- FAB+ m/z: calcd for C31H31N5O11Eu: 802.1233, obsd: 802.1223.

148

Titrations of Guests Into Host 2.60 and Model 2.61

Two solutions were freshly made for each titration, the cuvette solution
consisting of only host, and the titrant having the same concentration of host with
a guest concentration 4 to 5 times larger. The cuvette solution was formed by
adding 100 µL of an unbuffered host stock solution and diluting with 4.9 mL of 5
mM tris buffer, which was adjusted to pH 7.4 through methoxide addition, and 5
mL of spectroscopic grade acetonitrile. Thus, the final solution contained 5.52
nM host and 2.45 mM buffer in 50 % methanol / acetonitrile. The guest solution
contained 100 µL of the host as well, plus, in the case of BPG, 700 µL of guest
buffered to pH 7.4 with 5mM tris in methanol, 4.3 mL of 5 mM Tris-buffered
methanol and 5 mL acetonitrile. The resulting guest solution contained 5.52 nM
host, 22.9 nM BPG and 2.45 mM tris buffer in 50% methanol / acetonitrile.
Titrations were performed by adding 2 mL of the host solution to a quartz cuvette
and adding 50 µL of guest solution for each point, leading to a first addition
[BPG] /[ Host] ratio of around 0.1. Titrations were carried out to around 3
equivalents of guest.
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Chapter 3: Differential Sensors for Small Metal Cations

3.0. INTRODUCTION

The goal of this project was the development of differential sensors for the
detection of small metal cations; lithium, sodium and potassium, for use within a
multiple component sensing ensemble. These are desirable analytical targets as
they are involved in several highly important biological events. For instance, the
actions of Na+-K+ ATP-driven active transport pumps1 and Na+ and K+ channels2
create membrane potentials which control the transport of sugars and amino acids
into cells,3 and the response of the nervous system to external stimuli4. Also, this
detection would allow for the determination of the ionic strength of any sample
being analyzed within the array platform. As a result, we set out to develop a
series of resin-bound differential sensors for these cations in order to use pattern
recognition within the sensor array to quantify these components.
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3.1. BACKGROUND ON THE SENSING OF SMALL METAL CATIONS

In 1975, Lehn and Sauvage reported the binding of alkali and alkaline
earth metals by a wide range of hosts.5 Among these were seven bicyclic
azacrown ether-based cryptands with varying linker lengths, such as the [2.2.2]
bicycle (3.1, Figure 3.1). Here, data corresponding to the binding affinity and
selectivity of the [2.1.1], [2.2.1] and [2.2.2] bicyclic cryptands for lithium, sodium
and potassium respectively was reported. These cryptands exhibit strong binding
to the metal cations due to the presence of several heteratom lone pairs directed
towards the central cavity and thus aligned to interact with the cationic guests.
Since this report, much work has focused on the attachment of fluorophores to
structures based on crown ethers and cryptands for the purpose of obtaining
sensitive fluorescent sensors for these analytes.
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Figure 3.1: Sensors for Metal Cations
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Tsien and co-workers published a series of reports documenting
fluorescent indicators for metal cations towards the goal of determining the
concentration of these species in biological systems. In 1980, a series of sensors
for calcium based on the known ethylene glycol bis (o-aminoethyl ether)N,N,N',N'-tetraacetic acid (EGTA) chelator, such as 3.2, was reported.6 These
receptors showed large intensity changes in the absorption and emission spectra
upon calcium binding and showed selectivity over magnesium and proton. Later,
another family of calcium sensors, including 3.3 (fura-2), was presented which
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featured even larger spectral intensity changes upon chelation.7 For 3.3, Kds with
magnesium and calcium were 5.6 mM and 135 nM, respectively at ionic strengths
of 0.1-0.15.
Further investigations within this research group led to a publication
documenting 28 novel sodium sensors in which crown ethers were attached to
fluorophores.8 The structure which was labeled as most advantageous for sodium
sensing by the authors was 3.4, with two isophthalate groups appended at the
nitrogens of a diaza-15-crown-5 ether. This sensor showed 20-fold selectivity for
sodium over potassium with a dissociation constant of 20 nM for sodium in
aqueous solution.
Another example of this research involves the attachment of an
umbelliferone fluorophore to a series of mono- and diazacrowns, resulting in a
range of compounds including 3.5 (Figure 3.2).9 In this example, binding was
determined by the ability of the receptor to transfer the cations from aqueous to
organic solution, and following extraction, by modulation of the absorbance and
fluorescence signal of the host. Receptor 3.5 was found to be selective for
lithium, while the corresponding receptor containing 18-crown-6 discriminated in
favor of potassium.
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Figure 3.2: More Chemosensors for Small Metal Cations
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Two later publications focused on the attachment of coumarin dyes to
mono- and diazacrown ethers of various size leading to another series of sensor
molecules. For example, compound 3.6 contains a coumarin attached to an
azacrown ether via a methylene spacer.10 Authors attribute the spectral shifts
upon binding to the involvement of the coumarin carbonyl group in cation
binding, thus perturbing the electronics of the dye. In sensor 3.7, the coumarin is
directly attached to the azacrown nitrogen leading to conjugation of the π-system
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of the dye with the nitrogen lone pair.11 This leads to very large changes in the
photophysical properties of the host upon complexation.
Further elaboration of this concept led to the appending of two coumarin
dyes to a bicyclic [2.2.2] diazacryptand, forming 3.8.12 Here, both coumarins are
directly linked to one oxygen and one nitrogen within the cryptand, again causing
direct conjugation to the dye and thus large spectral changes upon complexation
of metal cations.

Another series of fluorescent sensors for these cations consists

of crown ethers of varying size appended to aryl thiophene fluorophores.13 With
3.9, three-fold selectivity for potassium over sodium was achieved, although the
analogous 15-crown-5 system did not show discrimination for sodium over other
cations.

3.2. RANDOM BEAD DERIVITIZATION WITH CROWN ETHERS AND
FLUOROPHORES

In this project, we hoped to build upon this previous research in order to
develop a series of resin bound sensors for small metal cations which could be
applied within a multiple component sensing ensemble. Our first approach
towards this goal involved the random functionalization of poly(ethylene glycol)
polystyrene (PEG-PS) beads with both crown ethers and fluorophores. From the
previously mentioned research, the crown ethers were known to show selectivity
for the cations based on size. Upon binding, a resin-bound fluorophore which is
within close range could also interact with the guest, leading to perturbation of the
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electronics and thus fluctuation of the emission spectra (Figure 3.3). Due to the
presence of the fluorescein-rhodamine FRET pair, modification of the signal
could potentially be detected through either the fluorescein or rhodamine emission
signal, or the ratio of the two. This approach would be beneficial as it requires
little synthesis, allowing for a quick, inexpensive application.

Figure 3.3: Potential Interactions of a Randomly Functionalized Bead with Li+.
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The synthesis of these randomly derivatized beads commenced with three
monoazacrown ethers (3.10 - 3.12, Figure 3.4). First, carboxymethyl groups were
appended at nitrogen through reaction with bromoacetic acid, yielding 3.13 - 3.15.
Following this, attachment of these products to amino-terminated PEG-PS beads,
which had previously been functionalized with carboxyfluorescein and coumarin
dyes, was performed using dicyclohexylcarbodiimide (DCC) and
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hydroxybenzotriazole (HOBT).14 Characterization of the resulting products,
expected to be 3.16 - 3.18, was not pursued due to difficulties in chemical
analysis of the resin beads.

Figure 3.4: Attachment of an Azacrown Ether to FRET Functionalized Resin.
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Following the synthesis, these beads were analyzed for fluorescence
changes upon introduction of 0.1 M solutions of the sodium, lithium and
potassium chloride salt solutions buffered at pH 7.4 with HEPES. A 5 x 5 array
was used to perform these studies, which consisted of 1 row of each of the
azacrown ether derivatized beads (3.16 - 3.18), 1 row of FRET-functionalized
PEG-PS beads and 1 row of underivatized PEG-PS beads. Emission of the beads
within the array was analyzed using a fluorescent microscope. In the study, no
substantial changes were observed in any of the beads upon analyte introduction.
As a result, we pursued another route aimed at developing resin bound sensors for
small metal cations.
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3.3. BEADS WITH COVALENTLY LINKED AZACROWN ETHERS AND
COUMARIN

Our next attempt focused on the elaboration of previously mentioned work
on 3.7 by Blackburn and co-workers.11 We felt that this type of structure would
be more likely to yield signal changes upon analyte binding due to the direct
attachment of the fluorophore at nitrogen on the azacrown ether. Our plan was to
attach three azacrown ethers to coumarins and then append each of them to resin
beads for analysis within the sensor array. The target sensors (3.19 - 3.21) are
illustrated below.
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To synthesize these structures, we began with tetraethylene, pentaethylene
and hexaethylene glycol (3.22 - 3.24, respectively, Figure 3.5). We decided to
form the tosylates of these compounds (3.25 - 3.27) to prepare them for
cyclization to the azacrown ether. Upon attempting this cyclization, the major
product obtained was that of mono-displacement (3.28 - 3.30), rather than the
desired products (3.31 - 3.33). We tried forcing the cyclization of the monotosylated products (3.28 - 3.30) through deprotonation at nitrogen with tertbutyllithium, but again no cyclization was observed. As a result of these
difficulties in synthesis, we decided to change target sensors.
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Figure 3.5: Attempts At Covalently Linking of Azacrown Ethers to Coumarins.
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3.4. BEADS WITH COUMARINS LINKED TO AZACROWN ETHERS AND
CRYPTANDS

Our next effort towards resin-bound sensors for small metal cations
focused on extension of the work involving compound 3.8, which contains two
coumarins linked to the nitrogens of a diazacryptand.12 Here, we looked to
develop a series of resin-bound sensors containing varying sizes of azacrown
(3.31 - 3.33) and cryptand (3.34 - 3.36) scaffolds. While this approach requires
more synthetic preparation, one advantage is that we could develop six
independent sensors which all share a common synthetic intermediate. Also, the
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inclusion of cryptands is beneficial for obtaining higher binding affinities and
selectivities towards the different analytes.
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The synthesis of the common intermediate towards these sensors was
prepared as previously reported in the literature (Figure 3.6).7,12 This commences
with the bis-benzylation of dihydroquinone (3.37), leading to 3.38. Next,
electrophilic aromatic nitration is performed, forming 3.39 in good yield.
Following this, the benzyl group adjacent to the nitro group is selectively
deprotected using trifluoroacetic acid resulting in compound 3.40. Dimerization
of this structure is then achieved using dibromoethane under basic conditions for
the formation of 3.41. After this, the nitro groups are reduced by hydrogenation
using platinum as catalyst leading to 3.42. This structure represents the last
intermediate which is shared by all of the proposed sensors.
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Figure 3.6: Synthesis of the Common Precursor for the Target Sensors.
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In order to undergo cyclization to form the crown ether substructures, 3.42
was allowed to react with the acid chloride of either diglycolic acid (3.43) or 3,6dioxaoctane diacid (3.44), which were both formed using oxalyl chloride (Figure
3.7). This forms the 15-crown-5 (3.45) and 18-crown-6 (3.46) type products.
These reactions were originally performed by addition of both reagents slowly via
dropping funnels under high dilution in order to avert oligomerization. Later,
utilization of syringe pumps for slow addition of the reagents led to higher yields
of the desired products. Next, the amide groups of both of these compounds were
successfully reduced using lithium aluminum hydride yielding 3.47 and 3.48. We
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attempted to form the corresponding 12-crown-4 containing precursor (3.49)
through reaction of 3.42 with oxalyl chloride, but were unable to obtain the
desired product.

Figure 3.7: Cyclization and Reduction to Form the Azacrown Ethers.
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At this point in the project, we were able to obtain a small amount of
sensor 3.50, which contains a [2.2.2]-diazacryptand linked to two coumarins,
from Molecular Probes before its sale was discontinued. In order to test the
efficacy of the approach utilizing compounds of this type, we set out to attach this
compound to the resin and analyze its potential for sensing metal cations within
the sensor array (Figure 3.8). Thus, a coupling reaction was performed to append
this structure to PEG-PS resin, leading to 3.51. This was then sent to the labs of
Professor John T. McDevitt to undergo analysis. Unfortunately, no fluorescence
changes were observed upon passage of salt samples through the array platform.
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Due to these unsuccessful studies and the difficulties and length involved with the
synthesis, we decided to shift our focus to the other projects we were pursuing. In
further studies towards the development of resin bound differential sensors for
small metal cations, other known ion sensors could be attached to solid phase and
analyzed within the array platform.

Figure 3.8: Attachment of Diazacryptand Coumarin 3.50 to Solid Support.
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3.5. EXPERIMENTAL

General: Methanol was refluxed over magnesium, tetrahydrofuran (THF)
was refluxed over sodium and benzophenone and triethylamine and
dichloromethane were refluxed over calcium hydride and distilled when noted.
NMR tubes were dried in an oven at 125 °C for at least 24 hrs prior to use.
Products were placed under high vacuum overnight before spectra and masses
were obtained. Starting materials were generally purchased from Aldrich. 1H and
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13

C NMR spectra were collected at 300MHz and 75 MHz, respectively, on a

Varian Unity Plus spectrometer. High resolution mass spectra were recorded on a
Finnigan VG analytical ZAB2-E spectrometer.

General protocol for carboxymethylation of azacrowns

O
O

n

OH

N
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O

The appropriate azacrown, bromoacetic acid and triethylamine were
dissolved in distilled tetrahydrofuran in an oven dried round-bottomed flask. The
reaction was heated to 60 °C for 18 hours, during which a white precipitate
formed. This solid was filtered out over celite. The solvent was then removed
through rotary evaporation and a high vacuum pump leading to an orange oil.
This was then acidified through addition of acetic acid, which was then removed
by rotary evaporation and the high vacuum yielding an orange oil. This was taken
on to the next step without further purification.

172

N-Carboxymethyl-1-aza-12-crown-4 (n = 1, 3.13)

1-Aza-12-crown-4 (316 mg, 1.80 mmol), bromoacetic acid (276 mg, 1.98
mmol), triethylamine (1.26 mL, 9.02 mmol) and 5 mL of distilled tetrahydrofuran
were used.
1

H NMR (300 MHz, CDCl3): δ 10.0 (s, 1H), δ 3.48-3.70 (m, 18H).

HRMS-CI+ m/z: calcd for C10H20NO5: 234.1342, obsd: 234.1345.

N-Carboxymethyl-1-aza-15-crown-5 (n = 2, 3.14)

1-Aza-15-crown-5 (220 mg, 1.0 mmol), bromoacetic acid (153 mg, 1.1
mmol), triethylamine (696 µL, 5.0 mmol) and 5 mL distilled tetrahydrofuran were
used.
1

H NMR (300 MHz, CDCl3): δ 10.21 (s, 1H), δ 3.40-3.78 (m, 22H).

HRMS-CI+ m/z: calcd for C12H24NO6: 278.1604, obsd: 278.1597.

N-Carboxymethyl-1-aza-18-crown-6 (n = 3, 3.15)

1-Aza-18-crown-6 (236 mg, 1.0 mmol), bromoacetic acid (153 mg, 1.1
mmol), triethylamine (696 µL, 5.0 mmol) and 5 mL distilled tetrahydrofuran were
used.
1

H NMR (300 MHz, CDCl3): δ 9.62 (s, 1H), δ 3.39-3.77 (m, 26H).

HRMS-CI+ m/z: calcd for C14H28NO7: 322.1866, obsd: 322.1875.
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General protocol for the coupling of aza-crowns to coumarin and fluorescein
functionalized poly(ethyleneglycol)polystyrene beads
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Poly(ethyleneglycol) polystyrene beads containing attached fluorescein
and coumarin with loading levels of 0.3 mmol / g were used. A portion of the
beads (100 mg, 30 mmol) was placed in a shaker and washed for 5 minutes with
10 mL each of dichloromethane, methanol, N,N-dimethylformamide,
diisopropylamineethylamine

and

50

%

dichloromethane

/

N,N-

dimethylformamide. N-Carboxymethylazacrown (30-50 mg, 150-170 mmol),
1,3-dicyclohexylcarbodiimide (30 mg, 152 mmol) and 1-hydroxybenzotriazole
hydrate (21 mg, 152 mmol) were dissolved in 10 mL 50 % dichloromethane /
N,N-dimethylformamide in a 50 mL round-bottomed flask and stirred at room
temperature for 10 minutes. This solution was then added to the solid phase
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shaker containing the beads and was shaken for 24 hours. The solvent was then
removed and the beads washed with 10 mL each of N,N-dimethylformamide,
methanol, dichloromethane, methanol, N,N-dimethylformamide, and methanol.
The product was then dried under high vacuum and scraped out of the shaker.

Fluorescence Analysis of Beads Within the Array Platform

Resin bound sensors were analyzed as described in the section regarding
the multiple component sensing ensemble being developed at the University of
Texas at Austin and references cited there. The beads were immobilized within
wells micromachined into a silicon chip. A 5 x 5 array was used to perform these
studies, which consisted of 1 row of each of the azacrown ether derivatized beads
(3.16 - 3.18), 1 row of FRET-functionalized PEG-PS beads and 1 row of
underivatized PEG-PS beads. Lithium, sodium and potassium chloride salt
solutions were passed over the array and emission data was analyzed using a
fluorescent microscope.
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General protocol for tosylation of poly(ethyleneglycol) derivatives

TosO

O

O

O

OTos
n

The appropriate poly(ethyleneglycol) was added to an oven-dried 500 mL
round-bottomed flask and dissolved in distilled dichloromethane

Distilled

pyridine was then added and the reaction temperature was dropped to 0 °C and
placed under argon.

Addition of tosyl chloride was then followed by stirring

overnight. Upon completion, 50 mL of water and 150 mL of ether were added.
The ether layer was removed and then washed with 2 x 100 mL of 2M
hydrochloric acid, 2 x 100 mL of 5 % sodium bicarbonate and 2 x 100 mL of
water. The organic layer was then dried with magnesium sulfate, filtered, and the
solvent was removed by rotary evaporation and a high vacuum pump to yield a
light blue oil. Purification was performed on silica gel with 20 % hexanes / ethyl
acetate. This yielded the products as clear, colorless oils.

Tetra(ethyleneglycol) di-p-tosylate (n = 1, 3.25)

Tetra(ethyleneglycol) (10.7 g, 55.0 mmol), distilled pyridine (17.4 g, 220
mmol), tosyl chloride (31.5 g, 165 mmol) and 100 mL distilled dichloromethane
yielded 3.25 (27.6 g, 89 %).
1

H NMR (300 MHz, CDCl3): δ 7.80 (d, 4H, J = 8.4 Hz), δ 7.35 (d, 4H, J =

8.1 Hz), δ 4.16 (t, 4H, J = 4.8 Hz), δ 3.69 (t, 4H, J = 4.5 Hz), δ 3.57 (s, 8H),
δ 2.45 (s, 6H).
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13

C NMR (75 MHz, CDCl3): δ 145.42, 133.53, 130.42, 128.55, 71.30,

71.12, 69.84, 69.26, 22.22.
HRMS-CI+ m/z: calcd for C22H31O9S2: 503.1410, obsd: 503.1405.

Penta(ethyleneglycol) di-p-tosylate (n = 2, 3.26)

Penta(ethyleneglycol) (11.3 g, 47.3 mmol), distilled pyridine (27.1 g, 142
mmol), tosyl chloride (27.1 g, 142 mmol) and 80 mL distilled dichloromethane
yielded 3.26 (16.6 g, 64 %).
1

H NMR (300 MHz, CDCl3): δ 7.75 (d, 4H, J = 6.6 Hz), δ 7.30 (d, 4H, J =

8.1 Hz), δ 4.11 (t, 4H, J = 4.8 Hz), δ 3.63 (t, 4H, J = 5.7 Hz), δ 3.56 (s, 4H),
δ 3.53 (s, 8H), δ 2.40 (s, 6H).
HRMS-CI+ m/z: calcd for C24H35O10S2: 547.1672, obsd: 547.1677.

Hexa(ethyleneglycol) di-p-tosylate (n = 2, 3.27)

Hexa(ethyleneglycol) (8.98 g, 31.8 mmol), distilled pyridine (10.1 g, 127
mmol), tosyl chloride (18.2 g, 95 mmol) and 60 mL distilled dichloromethane
yielded 3.27 (14.8 g, 79 %).
1

H NMR (300 MHz, CDCl3): δ 7.75 (d, 4H, J = 8.4 Hz), δ 7.31 (d, 4H, J =

7.8 Hz), δ 4.11 (t, 4H, J = 3.6 Hz), δ 3.64 (m, 4H), δ 3.58 (s, 6H), δ 3.54 (s, 10H),
δ 2.41 (s, 6H).
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13

C NMR (75 MHz, CDCl3): δ 145.58, 133.65, 130.58, 128.67, 71.40,

71.29, 71.23, 71.19, 70.05, 69.35, 21.76.
HRMS-CI+ m/z: calcd for C26H39O11S2: 591.1934, obsd: 591.1929.

1,4-Dibenzyloxybenzene (3.38)

BnO

OBn

Hydroquinone (55 g, 500 mmol) and benzyl chloride (139 g, 1.1 mol)
were combined in a 1 L Erlenmeyer Flask with 100 mL of ethanol. In a separate
500 mL Erlenmeyer Flask, potassium hydroxide (61.7 g, 1.1 mol) was dissolved
in 100 mL of ethanol. The basic solution was then added slowly to the reaction
flask causing the contents to solidify with a brown color. The crude was then
dissolved in a minimal amount of ethanol (700 mL total) and dumped into water.
The brown precipitate which formed was then filtered and dried and recrystallized
in 3.5 L of ethanol to yield 1,4-dibenzyloxybenzene as white crystals (85.6 g, 59
%).
1

H NMR (300 MHz, CDCl3): δ 7.38-7.42 (m, 10H), δ 6.91 (s, 4H), δ 5.01

(s, 4H).
13

C NMR (75 MHz, CDCl3): δ 153.10, 137.21, 128.51, 127.86, 127.44,

115.76, 70.61
HRMS-CI+ m/z: calcd for C20H18O2: 290.1307, obsd: 290.1303.
MP: 124 - 126 °C
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1,4-Dibenzyloxy-2-nitrobenzene (3.39)

NO2
BnO

OBn

1,4-Dibenzyloxybenzene (58 g, 209 mmol) was dissolved in 200 mL of
acetic acid in a 1 L round-bottomed flask. A dropping funnel was affixed to the
flask, to which was added nitric acid (13.2 g, 209 mmol) and 40 mL of acetic
acid. This solution was then added dropwise to the reaction flask with stirring,
causing a yellow solution and precipitate. The reaction was heated to 65 °C until
the precipitate dissolved (30 minutes). Upon cooling, yellow crystals formed and
were collected.

Next, water was added to the filtrate to induce further

crystallization. The two batches of yellow crystals were combined yielding 1,4dibenzyloxy-2-nitrobenzene (65.1 g, 97 %).
1

H NMR (300 MHz, CDCl3): δ 7.41 (d, 1H, J = 2.7 Hz), δ 7.37-7.39 (m,

10H), δ 7.04, (dd, 1H, J = 9.0 Hz, 2.7 Hz), δ 6.98 (d, 1H, J = 9.0 Hz), δ 5.16 (s,
2H), δ 5.03 (s, 2H).
13

C NMR (75 MHz, CDCl3): δ 152.23, 146.30, 140.22, 135.93, 135.82,

128.66, 128.61, 128.28, 128.13, 127.50, 127.07, 121.42, 117.17, 111.14, 72.01,
70.86.
HRMS-CI+ m/z: calcd for C20H17 NO4: 335.1158, obsd: 335.1165.
MP: 76 - 78 °C
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4-Benzyloxy-2-nitrophenol (3.40)

NO2
BnO

OH

1,4-Dibenzyloxy-2-nitrobenzene (50.4 g, 150 mmol), trifluoracetic acid
(22.8 g, 200 mmol) and 100 mL of chloroform were combined in a 500 mL
round-bottomed flask and stirred at room temperature for 18 hours. At this point,
the reaction mixture was neutralized through addition of 5M potassium
hydroxide, forming a red precipitate from the previously orange solution.
Filtering of the precipitate was performed, but was made difficult due to the
highly sticky nature of the compound and its tendency to clog filter paper. To this
was then added 150 mL of 2M hydrochloric acid, causing the solution to return to
orange color. This was then extracted with 3 x 150 mL of ethyl acetate. The
organic layer was then dried with magnesium sulfate, and the solvent was
removed by rotary evaporation and a high vacuum pump. The crude was then
recrystallized from methanol to yield 4-benzyloxy-2-nitrophenol as yellow fibrous
crystals (36.9 g, 81 %).
1

H NMR (300 MHz, CDCl3): δ 10.32 (s, 1H), δ 7.59 (d, 1H, J = 3.0 Hz),

δ 7.35-7.41 (m, 5H), δ 7.27 (dd, 1H, J = 9.3 Hz, 3.0 Hz), δ 7.08 (d, 1H, J = 9.3
Hz), δ 5.04 (s, 2H).
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C NMR (75 MHz, CDCl3): δ 151.61, 150.17, 135.83, 132.94, 128.73,

128.38, 127.85, 127.62, 120.90, 107.20, 70.92.
HRMS-CI+ m/z: calcd for C13H12 NO4: 246.0766, obsd: 246.0768.
MP: 68 - 70 °C

1,2-Bis(4-benzyloxy-2-nitrophenoxy)ethane (3.41)
NO2
BnO

O

O2N
O

OBn

Into a 250 mL flame dried round-bottomed flask was added 4-benzyloxy2-nitrophenol (19.3 g, 78.8 mmol) and 5 mL N ,N-dimethylformamide.
Dibromoethane (7.40 g, 39.4 mmol) was then separately dissolved in 5 mL N,Ndimethylformamide and transferred to the reaction via a canula. The reaction was
then heated to 140 °C for 37 hours. Next, 60 mL of water was added with
stirring, causing the formation of a brown precipitate. This was isolated and then
recrystallized

with

acetic

acid

yielding

1,2-bis(4-benzyloxy-2-

nitrophenoxy)ethane as dark brown needle-like crystals (11.4 g, 56 %).
1

H NMR (300 MHz, CDCl3): δ 7.35-7.44 (m, 12H), δ 7.17 (s, 4H), δ 5.05

(s, 2H), δ 4.42 (s, 2H).
13

C NMR (75 MHz, CDCl3): δ 152.83, 146.44, 140.51, 135.92, 128.72,

128.34, 127.55, 121.69, 118.35, 111.07, 70.94, 69.99.
HRMS-CI+ m/z: calcd for C28H25 N2O8: 517.1611, obsd: 517.1604.
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MP: 176-180 °C

1,2-Bis(4-benzyloxy-2-aminophenoxy)ethane (3.42)
NH2
BnO

O

H2N
O

OBn

1,2-Bis(4-benzyloxy-2-nitrophenoxy)ethane (5.0 g, 9.69 mmol) was
dissolved in 200 mL of distilled tetrahydrofuran and 100 mL of anhydrous
methanol in a 500 mL round-bottomed flask. Platinum on activated carbon (200
mg, ) was added and the reaction was placed underneath a hydrogen balloon. The
reaction was stirred overnight and then filtered to remove the catalyst. Removal
of the solvent by rotary evaporation yielded a brown solid.

This was

recrystallized in acetone to give 3.42 as brown powder (3.27 g, 74 %).
1

H NMR (300 MHz, CDCl3): δ 7.29-7.40 (m, 10H), δ 7.74 (d, 2H, J = 9.0

Hz), δ 7.38 (d, 1H, J = 2.7 Hz), δ 6.28 (dd, 1H, J = 9.0 Hz, 2.7 Hz), δ 4.96 (s, 2H),
4.24 (s, 2H).
C NMR (75 MHz, CDCl3): δ 154.27, 140.81, 138.06, 137.38, 128.50,

13

127.81, 127.42, 114.27, 103.41, 103.06, 70.33, 68.65.
HRMS-CI+ m/z: calcd for C28H29 N2O4: 457.2127, obsd: 457.2134.
MP: 155 - 157 °C
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Diglycolyl chloride (n = 1, 3.43) and 3,6-dioxaoctanediacid chloride (n = 2,
3.44)

O
Cl

O
O

n Cl

2,2'-Oxydiacetic acid (diglycolic acid) (112 mmol), or 3,6dioxaoctanedioic acid, when appropriate, was dissolved in 100 mL of benzene in
a flame dried 500 mL round-bottomed flask. This was placed under argon and
oxalyl chloride (20.5 mL, 235 mmol) and 3 drops pyridine were added. After
stirring overnight, the crude was filtered through sand and the solvent removed by
rotary evaporation and a high vacuum pump. Two portions of 100 mL of benzene
were then added and removed to azeotrope off any water biproduct. The
products, 2,2'-oxydiacetyl chloride (diglycolyl chloride)

and 3,6-

dioxaoctanediacid chloride, were obtained as orange oils and the next step was
performed without further purification.
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14,64-Dibenzyloxy-2,5,10-trioxa-7,13-diaza-1(1,2),6-(1,2)benzacyclobutadecaphane-8,12-dione (3.45)

O

O
O

HN
BnO

O

HN
O

OBn

A 500 mL three neck round-bottomed flask was flame dried, placed in an
ice bath and triethylamine (672 µL, 5.5 mmol) was added. Two flame dried 500
mL addition funnels were attached to the reaction flask. To one addition funnel
was added 1,2-bis(4-benzyloxy-2-aminophenoxy)ethane (500 mg, 1.1 mmol)
dissolved in 80 mL distilled tetrahydrofuran. In the second addition funnel,
diglycolyl chloride (188 mg, 1.1 mmol) was dissolved in 80 mL of distilled
tetrahydrofuran. The two solutions were then slowly added dropwise to the
reaction flask in an ice bath over 3 hours. Following addition, the reaction was
stirred at room temperature for two days. Next, the reaction solvent was removed
through rotary evaporation yielding a brown solid. Purification was performed
through column chromatography (silica gel, 50 % ethyl acetate / hexanes). First,
unreacted starting material was obtained, followed by the cyclized product.
Solvent removal yielded 3.45 as an off-white solid (255 mg, 42 %).
1

H NMR (300 MHz, CDCl3): δ 9.02 (s, 2H), δ 8.29 (d, 2H, J = 1.8 Hz),

δ 7.24-7.45 (m, 10H), δ 6.92 (d, 2H, J = 9.0 Hz), δ 6.68 (dd, 2H, J = 9.0 Hz, 1.8
Hz), δ 5.05 (s, 4H), δ 4.29 (s, 4H), δ 4.22 (s, 4H).
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13

C NMR (75 MHz, CDCl3): δ 165.30, 154.05, 140.85, 136.95, 128.67,

128.53, 127.93, 127.58, 114.41, 110.40, 106.74, 70.50, 70.37, 68.96.
HRMS-CI+ m/z: calcd for C32H31 N2O7: 555.2131, obsd: 555.2112.
MP: 217 - 219 °C

14,64-Dibenzyloxy-2,5,10,13-tetraoxa-7,16-diaza-1(1,2),6-(1,2)benzacyclohexadecaphane-8,15-dione (3.46)

O

O
O

O
HN

NH
BnO

O

O

OBn

1,2-Bis(4-benzyloxy-2-aminophenoxy)ethane (2.5 g, 5.48 mmol) was
dissolved in 450 mL of distilled tetrahydrofuran, 50 mL of which was taken up
into a flame dried 50 mL syringe. 3,6-Dioxaoctanediacid chloride (1.18 g, 5.48
mmol) was also dissolved in 450 mL of distilled tetrahydrofuran, followed by
uptake of 50 mL into a syringe. A 1 L flask was flame dried and was charged
with triethylamine (2.3 mL, 16.5 mmol) and dropped to 0 °C in an ice bath. The
two syringes containing the reagents were mounted onto a syringe pump
apparatus. They were attached to the reaction flask via tubing to cut syringe
needles. The two reactants were then added at a rate of 45 mL per hour. Syringes
were refilled after each 50 mL portion until the entire samples were added.
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Following the conclusion of the addition, the reaction was allowed to stir at room
temperature for 24 hours. The reaction was then filtered and the solvent removed
by rotary evaporation to yield a brown crude. Purification was performed through
column chromatography (silica gel, 50 % ethyl acetate / hexanes). Following the
removal of starting material, 3.46 was obtained as a white solid (1.56 g, 48 %).
1

H NMR (300 MHz, CDCl3): δ 9.09 (s, 2H), δ 8.18 (d, 2H, J = 3.0 Hz),

δ 7.28-7.43 (m, 10H), δ 6.75 (d, 2H, J = 9.0 Hz), δ 6.64 (dd, 2H, J = 9.0 Hz, 3.0
Hz), δ 5.02 (s, 4H), δ 4.32 (s, 4H), δ 4.10 (s, 4H), δ 3.81 (s, 4H).
13

C NMR (75 MHz, CDCl3): δ 167.23, 153.46, 141.02, 137.05, 128.50,

128.34, 127.86, 127.56, 70.72, 70.51, 69.94, 67.43.
HRMS-CI+ m/z: calcd for C34H35N2O8: 599.2393, obsd: 599.2403.
MP: 156 - 158 °C
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14,64-Dibenzyloxy-2,5,10-trioxa-7,13-diaza-1(1,2),6-(1,2)benzacyclobutadecaphane (3.47)

O

HN
BnO

O

HN
O

OBn

Lithium aluminum hydride (202 mg, 5.33 mmol) was placed in a flamedried 100 mL round-bottomed flask, to which 8 mL of distilled tetrahydrofuran
was added. A 50 mL addition funnel was placed on top of the reaction flask and
the apparatus was placed under argon. The reaction flask was then dropped to 0
°C. Compound 3.45 (227 mg, 410 mmol) was dissolved in 22 mL of distilled
tetrahydrofuran and placed in the dropping funnel. This solution was added
dropwise. After this, the addition funnel was replaced with a condenser and the
reaction heated to reflux at 80 °C for 21 hours. The crude mixture was added to
10 mL of 3 M sodium hydroxide, filtered through sand and the solvent removed
by rotary evaporation.

The resulting brown solid was dissolved in

dichloromethane and dried with magnesium sulfate. It was then chromatographed
over silica gel using 0.5 % methanol/dichloromethane as eluant. This yielded
3.47 as a brown solid (216 mg, 35 %).
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14,64-Dibenzyloxy-2,5,10,13-tetraoxa-7,16-diaza-1(1,2),6-(1,2)benzacyclohexadecaphane (3.48)

O

O
HN

NH
BnO

O

O

OBn

Lithium aluminum hydride (420 mg, 11.1 mmol) was dissolved in 15 mL
of distilled tetrahydrofuran in a 250 mL round-bottomed flask under argon. A
flame dried 50 mL addition funnel was installed on the reaction flask, to which
was added 3.46 (510 mg, 851 mmol) dissolved in 45 mL of distilled
tetrahydrofuran. The reaction flask was then dropped to 0 °C in an ice bath and
the addition funnel solution added dropwise. Following the addition, a condenser
was attached and the reaction was heated to 75 °C for 16 hours. Next, unreacted
hydride was quenched by dropping in 20 mL of 3M sodium hydroxide, causing
bubbling. This was then filtered over sand and the solvent removed by rotary
evaporation to yield a brown crude. Purification was performed by column
chromatography (silica gel, 40 % ethyl acetate / hexanes). This yielded 3.48 as a
brown solid (225 mg, 46 %).
1

H NMR (300 MHz, CDCl3): δ 7.32-7.47 (m, 10H), δ 6.68 (d, 2H, J = 8.7

Hz), δ 6.32 (d, 2H, J = 2.7 Hz), δ 6.23 (dd, 2H, J = 8.7 Hz, 2.7 Hz), δ 5.02 (s, 4H),
δ 4.26 (s, 4H), δ 3.68 (t, 4H, J = 4.2 Hz), δ 3.60 (s, 4H), δ 3.30 (t, 4H, J = 4.2 Hz).
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13

C NMR (75 MHz, CDCl3): δ 154.09, 140.67, 139.36, 137.41, 128.38,

127.66, 127.41, 110.81, 99.63, 99.01, 70.22, 68.59, 67.11, 42.81.
HRMS-CI+ m/z: calcd for C34H39N2O6: 571.2808, obsd: 571.2819.

Resin Bound [2.2.2]-Diazacryptand Coumarin (3.51)

O
N

O
O

O

O
O

N
O

O

O

O

O

O
O

NH

Amino-terminated PEG-PS beads (.191 g, 47.8 µmol) were placed in a
solid phase shaker. They were then washed for 5 minutes with 10 mL each of
dichloromethane,
diisopropylamineethylamine
dimethylformamide.

methanol,
and

50

%

N,N-dimethylformamide,
dichloromethane

/

N,N-

Solutions of dicyclohexylcarbodiimide (.121 M) and

hydroxybenzotriazole (.185 M) were prepared in N,N-dimethylformamide. A 50
mL round-bottomed flask was then flame and oven dried. To this was added 3.50
(1.0 mg, 1.43 µmol), DCC (23.6 µL, 2.86 µmol) and HOBT (15.5 µL, 2.86
µmol), which were dissolved in 50 % dichloromethane / N,N-dimethylformamide.
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This was then added to the shaker containing the PEG-PS beads and was allowed
to react with turning for 40 hrs. The solvent was then drained and the beads
washed with 10 mL each of N,N-dimethylformamide, methanol, dichloromethane,
methanol, N,N-dimethylformamide, and methanol. The beads were allowed to
dry under vacuum and were scraped out to obtain the product.

3.6. REFERENCES AND NOTES

1) Sweadner, K.J.; Goldin, S.M. Active Transport of Sodium and Potassium
Ions. New Engl. J. Med. 1980, 302, 777-783.
2) Catterall, W.A. Molecular Properties of Voltage-Sensitive Sodium Channels.
Ann. Rev. Biochem. 1986, 55, 953-985.
3) Semenza, G.; Kessler, M.; Hosang, M.; Weber, J.; Schmidt, U.
Biochemistry of the Na+ and D-Glucose Cotransporter of the Small
Intestine Brush-Border Membrane. Biochim. Biophys. Acta 1984, 779,
343-379.
Wright, J.K.; Seckler, R.; Overath, P. Molecular Aspects of Sugar: Ion
Cotransport. Ann. Rev. Biochem. 1986, 55, 225-248.
4) Hille, B. Ionic Channels of Excitable Membranes Sinauer, Sunderland, Ma,
1992, 2nd Ed.
5) Lehn, J.-M.; Sauvage, J.P. [2]-Cryptates: Stability and Selectivity of Alkali

190

and Alkaline-Earth Macrobicyclic Complexes. J. Am. Chem. Soc. 1975,
97(23), 6700-6707.
6) Tsien, R.Y. New Calcium Indicators and Buffers with High Selectivity
Against Magnesium and Protons: Design, Synthesis, and Properties of
Prototype Structures. Biochem. 1980, 19, 2396-2404.
7) Grynkiewicz, G.; Poenie, M.; Tsien, E.Y. A New Generation of Ca+2
Indicators with Greatly Improved Fluorescence Properties. J. Biol. Chem.
1985, 260(6), 3440-3450.
8) Minta, A.; Tsien, R.Y. Fluorescent Indicators for Cytosolic Sodium. J. Biol.
Chem. 1989, 264(32), 19449-19457.
9) Nishida, H.; Katayama, Y.; Katsuki, H.; Nakamura, H.; Takagi, M.; Ueno,
K. Fluorescent Crown Ether Reagent for Alkali and Alkaline Earth Metal
Ions. Chem. Lett. 1982, 1853-1854.
10) Bourson, J.; Pouget, J.; Valeur, B. Ion-Responsive Fluorescent Compounds
4. Effect of Cation Binding on the Photophysical Properties of a
Coumarin Linked to Monaza- and Diaza-Crown Ethers. J. Phys. Chem.
1993, 97, 4552-4557.
11) Blackburn, C.; Bai, M.; LeCompte, K.A.; Langmuir, M.E. Lithium
Responsive Fluorophores Derived from Monoaza-12-Crown-4 and
Coumarin. The Influence of a Methoxy Side-arm on Photophysical
Properties. Tetrahedron Lett. 1994, 35(43), 7915-7918.
12) Crossley, R.; Goolamali, Z.; Sammes, P.G. Synthesis and Properties of a
Potential Extracellular Fluorescent Probe for Potassium. J. Chem. Soc.
Perkin Trans. 2, 1994, 1615-1623.
13) Cielen, E.; Tahri, A.; Ver Heyen, K.; Hoornaert, G.J.; De Schryver, F.C.;

191

Boens, N. Synthesis and Spectroscopic Characterisation of Fluorescent
Indicators for Na+ and K+. J. Chem. Soc. Perkin Trans. 2, 1998, 15751580.
14) PEG-PS Beads Funtionalized With the Carboxyfluorescein and coumarin
FRET Pair Were Synthesized Within the Lab of John T. McDevitt.

192

Chapter 4: Determination of a Brønsted Plot For A Series of
Small Molecules with the Potential to Form Low Barrier
Hydrogen Bonds Upon Reacting

4.0. INTRODUCTION

This project involves the development of a series of compounds which
could potentially form low barrier hydrogen bonds during a chemical reaction.
To do this, it was necessary to design and synthesize compounds, which upon
reacting, would contain both a hydrogen bond donating and accepting group in
close enough proximity to form a low barrier hydrogen bond. In order to
investigate any effects on reactivity caused by the formation of a low barrier
hydrogen bond during reaction, we sought to form a Brønsted plot for these
compounds. Here, we looked to correlate the rate of reactivities to the pKas of the
substrates, which are differentiated through attachment of electron donating and
withdrawing groups. The energetics of the hydrogen bond donating groups are
modulated to obtain a range of compounds with different hydrogen bonding
capabilities. The vast majority of this work was performed by Dr. Timothy
Snowden, formerly of the Anslyn group, and can be found in his dissertation.1
Also, an excellent background section relating to these studies can be found there.
As a result, only a very brief introduction will be presented in this chapter.
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4.1. A BRIEF BACKGROUND CONCERNING LOW BARRIER HYDROGEN
BONDING

The phenomena of low barrier hydrogen bonding is known to occur when
a hydrogen bond donator and acceptor with appropriate potential energy profiles
are brought within close enough proximity that the hydron can interact with each
species. The result of these conditions is a very strong hydrogen bond in which
the hydron is shared between the acid and base components. The understanding
of low barrier hydrogen bonding is of interest as it is postulated to be involved in
the catalytic activity within enzymatic active sites. Here, these strong hydrogen
bonds are thought to explain the ability of enzymes to catalyze reactions despite
the fact the acidic and basic moieties in the active site are well outside of the
range in which they would normally be effective in protonating or deprotonating
the substrates.
Hydrogen bonding concepts such as the low barrier hydrogen bond can be
best understood by examining potential energy curves. Here, the proximity and
energetics of the donor and acceptor can be used to describe the hydron position
between the two. On the x-axis, the distance between the heavy atoms (A and B)
is presented, while the y-axis charts the potential energy of the hydron when
placed at each position. The depth of the well represents affinity of the donor or
acceptor for the hydron, while the well width illustrates the force constant of this
bond. Thus, the narrower, deeper wells indicate stronger hydrogen bonding
interactions.
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Potential energy diagrams for a few examples of hydrogen bonding
interactions are shown in figure 4.1. In diagram 4.1A, the potential energy well of
one heavy atom (A) is much steeper than that of the other (B). Thus, A has much
higher affinity for the hydron and the hydrogen bonding primarily occurs between
these species. This is termed an asymmetric double well potential. In diagram
4.1B, the two heavy atoms have equal affinities for the hydron, as evidenced by
the similar potential energy wells. However, the distance between the two heavy
atoms is too great for the hydron to be shared. Thus, the hydron will be localized
at one of the heavy atoms. This situation is known as a symmetric double well
potential.
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Figure 4.1. Potential Energy Diagrams Describing Various Hydrogen Bonds.

In 4.1C, the two heavy atoms have similar affinities for the proton and are
now close enough that the barrier to interconversion begins to disappear. The
result of this is a low barrier hydrogen bond, also known as a short, strong
hydrogen bond. Finally, if the heavy atoms approach even closer, such as in
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4.1D, the barrier can disappear altogether, leading to a no-barrier hydrogen bond.
These are termed single well potentials and represent very strong hydrogen bonds.

4.2. COMPOUNDS DESIGNED FOR BRØNSTED PLOT ANALYSIS

In order to construct a Brønsted plot, a series of compounds were designed
which could potentially form a low barrier hydrogen bond upon enolization
(Figure 4.2). The basic design consists of a ß- ketone off of a deuterated phenol.
Following enolization of the ketone, a low barrier hydrogen bond could
potentially be formed between the resulting enolate, which is in close proximity to
the deuteroxy group. A series of compounds with different energetics involving
the deuterated phenol moiety is achieved by attaching different functional groups
in the para position. The resulting compounds include the methoxy (4.1),
dimethyl (4.2), bromo (4.3), dichloro (4.4) and nitro (4.5) derivatives. All of
these compounds were synthesized by Dr. Timothy Snowden during his graduate
career in the Anslyn group.
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Figure 4.2: Compounds Designed For Brønsted Plot Analysis.
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4.3. KINETICS OF REACTIVITY OF THE ß-KETODEUTEROPHENOLS.

In order to determine a Brønsted plot for these molecules, the kinetics of
reactivity and the pKa of each of the structures needed to be uniformally
measured. First, the kinetics will be discussed. The reaction being studied is the
enolization of 4.1 - 4.5. To do this, conditions needed to be determined under
which the rate could be measured by following a signal change. The method
which was developed by Dr. Snowden is illustrated in figure 4.3 with methoxy
derivative 4.1. Here, conversion to the enolate, which can potentially undergo
hydrogen bonding as in 4.6, is performed using a buffer which consists of basic
(4.7) and acidic (4.8) components of 2,6-di-tert-butylpyridine. The reaction is run
in an aprotic solvent, deuterated acetonitrile, to avoid solvent effect on the
hydrogen bonding. The buffer is also used in 10 fold excess to achieve pseudofirst order kinetics in which the concentration drops out of the rate equation. The
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reaction is followed by the disappearance of the 1H NMR signal of the α-protons
of the ketone as a function of time.

Figure 4.3. Kinetic Assay for the Reactivity of the ß-Ketodeuterophenols.
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Dr. Snowden was able to successfully analyze nitro derivative 4.5 using
this technique prior to his departure. Thus, my participation in the project began
with the analysis of the other derivatives. The first compounds we tested using
this methodology, dichloro derivative 4.4 and methoxy derivative 4.1, showed a
traditional kinetic isotherm upon subjecting them to the buffered reaction
conditions. The isotherm plot for 4.4 is illustrated in figure 4.4. However, the
determination of the kinetics of dimethyl analog 4.2 and bromo derivative 4.3 led
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to problems. Upon introduction of the buffer, the α-proton signal for these
species immediately disappeared, even before the first scan could be run.
Initially, we attempted to use fresh batches of all the reagents to see if a
decomposed component was causing the problem. However, it was later noticed
that the α-proton signals of 4.2 and 4.3 were not only disappearing, but in fact the
entire spectra of these compounds were no longer present following buffer
addition. This suggested that the compounds might be falling out of solution.
However, analysis became very difficult as only minute amounts of these two
reactants were left.

Figure 4.4: Kinetic Isotherm For the Enolization of Dichloro Derivative 4.4
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4.4. POTENTIOMETRIC ANALYSIS OF THE ß-KETODEUTEROPHENOLS

The other measurement required to construct a Brønsted plot is the
determination of the pKa values of each of the phenols. To do this, potentiometric
titrations needed to be performed. In this case, the use of non-aqueous titrations
would be most accurate to directly match the conditions in which the kinetics
were determined, using acetonitrile as solvent. However, non-aqueous titrations
introduce much complexity into the analysis. To this point, the titrations which
have been run were simplified through determination in 50 % aqueous methanol
solution, which can be done using a standard pH electrode. The titration of
hydrochloric acid standard by sodium hydroxide standard was measured in the
presence of dichloro derivative 4.4, methoxy analog 4.1 and nitro-containing
compound 4.5, yielding data such as in figure 4.5. Titrations of the other analogs
were not attempted as we only had a minimal amount of these compounds and
thus they were saved for kinetic analysis.
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Figure 4.5: Potentiometric Analysis of Dichloro Derivative 4.4
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4.5. SUMMARY AND OUTLOOK

A method for the kinetic and potentiometric analysis of compounds 4.1 4.5 has been developed. In order to construct the full Brønsted plot for these
species, a few problems must first be worked out.

First, the kinetics of

compounds 4.2 and 4.3 must be determined, and thus the problems relating to the
spectra of these compounds upon buffer addition must be fixed. Following this,
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the final potentiometric measurements, strictly requiring titration in acetonitrile,
must be performed to obtain the final plot.

4.6. EXPERIMENTAL

General: The synthesis of all compounds, including the buffer components can
be found in Dr. Snowden's dissertation. Other compounds were purchased from
Aldrich. d-acetonitrile was further dried using molecular sieves. 1H spectra were
collected at 300 MHz on a Varian Unity Plus spectrometer.

General Method For the Kinetic Analysis of 4.1 - 4.6

The appropriate ß-ketodeuterophenol (4.1 - 4.5, 7 - 10 mg, 37.2 µmol) was
combined with the deuterated 2,6-di-tert-butylpyridine (4.8, 85.9 mg, 168 µmol)
and dissolved in 1.76 mL d-acetonitrile in an NMR tube. 0.5 µL of cyclohexene
was added as an internal standard. The time measurements began when the base,
2,6-di-tert-butylpyridine (4.7, 37.7 µ L, 168 µmol) was added. Scans were
generally taken every few hours. Between measurements, the NMR tube was
slowly turned using a modified rotovap setup to keep the reaction homogeneous.
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General Technique For the Potentiometric Titration of 4.1 - 4.5

The desired ß-ketodeuterophenol (4.1 - 4.5, 7 - 10 mg, 40.3 µmol) was
combined with hydrochloric acid (.0964 M, 100 µL, 9.64 µmol) and dissolved in
2.5 mL of 0.0973 M sodium chloride, 5.5 mL water and 8 mL methanol in a
three-neck flat-bottomed flask. The pH probe was then dipped into the solution.
Standard 0.0985 M sodium hydroxide solution was titrated into the solution using
a syringe pump and pH measurements were made every twenty minutes.
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