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Abstract 

Self-assembly plays a crucial role in many natural and artificial systems. This manuscript 

illustrates the application of self-assembly principles to the design, synthesis and functions of molecular 

receptors and probes for biological targets. 

The objective of Chapter 2 was to synthesize macrocyclic metalloreceptors composed of two 

triazole-pyridine chelates connected via a xylyl spacer. In our design, the spacers provide interaction sites 

which define hydrophobic cavities for the binding of extrahelical nucleosides. To this end, three novel 

strand ligands with terminal hydroxyl, allyl, and amine groups were synthesized. Various metal ions were 

utilized to pre-organize the structure of the macrocycle through the self-assembly of 2:2 metal:ligand 

complexes. Following metal templation, macrocyclization would be achieved via Grubb’s metathesis, 

reductive amination or SN2 reaction. Coordination self-assembly studies with the hydroxyl- and allyl-

ligands were hindered due to poor solubility. However, preliminary data analysis of the self-assembly of 

the more soluble amine-ligand with zinc(II) acetate2, as studied by 1H NMR spectroscopy, suggests that 

the desired metal templated complex has been formed.  

In Chapter 3, two ligands using the bis(pyrazole)pyridine chelate as the central platform 

connecting two aromatic moieties were synthesized. Upon metal coordination, the conformation of the 

ligands switches to adopt a shape similar to that of molecular tweezers. To explore the self-assembly of a 

novel molecular tweezer with two metal-binding sites, a third ligand was synthesized. This ligand is 

comprised of the tridentate (bis(pyrazole)pyridine) unit connected to two terminal bidentate (triazole-

pyridine) chelating units via xylyl spacers. In the presence of coordinating anions, the self-assembly 

outcome of this ligand with proper metal ions would provide a  metalloreceptor wherein the substrate 

binding event is controlled by the coordination chemistry of the terminal chelates.  

In Chapter 4, a technique known as RNA Fluorescence In Situ Hybridization (RNA-FISH) was 

used to visualize ribonucleic acids (RNA) in cells. In this method, the detection of RNA relies on the self-

assembly of RNA with partially complementary oligonucleotide probes through weak non-covalent 
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interactions. A number of such fluorescein and biotin labeled oligodeoxynucleotide probes were therefore 

synthesized and utilized for the selective detection of particular RNA molecules in archived formalin-

fixed paraffin-embedded tissues. 
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Chapter 1 

Introduction 

1.1 Supramolecular Self-Assembly 

Molecular self-assembly is the spontaneous association of molecular subunits under 

equilibrium conditions into stable and well-defined structures via non-covalent interactions. [1] In 

general, molecular self-assembly is a crucial feature displayed in many natural processes; 

biological systems execute complex tasks by utilizing reversible noncovalent interactions to 

impose structural, physical, and functional properties on their targets.[1,2] The double helices of 

DNA is perhaps the best known self-assembled structure carried out in nature. The two strands 

are held together via hydrogen bonds between purine (Adenine and Guanine) and pyrimidine 

(Cytosine and Thymine) bases (Figure 1.1).[3] 

 

 

 

 

 

 

 

 

 

Figure 1.1 Self-assembled double-stranded DNA formed by hydrogen bonding between 

complementary bases (Figure adapted from reference [3]).[3] 
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Protein folding, selective ability of enzyme receptor sites to interact with a particular 

substrate, and the control displayed by metalloproteins, such as hemoglobin and zinc fingers, over 

a metal coordination environment, are other examples that occur in nature.[4] 

Inspired by nature, chemists have been developing various ways to apply non-covalent 

interactions into artificial systems to induce the spontaneous self-assembly of supramolecular 

architectures.[2,4,5] The ability of scientists to generate complex self-assembled structures through 

synthetic chemistry provides a better understanding of how similar examples apply in biological 

systems.[2a] The synthesis of structures with such level of complexity relies on non-covalent 

interactions. Classical organic synthesis, which is achieved through the formation of covalent 

bonds, has been successfully utilized to create many simple organic molecules. However, forming 

complex multicomponent systems by classical covalent synthesis may be very difficult because of 

the harsh reaction conditions and low yields of many desired products.[2a,6a]  Meanwhile, self-

organization protocols may reduce the synthetic costs, and allow the facile preparation of 

complex multicomponent systems by mixing simpler and carefully designed molecular subunits. 

The key principle is to design building blocks such that steric and electronic complementarity 

takes place between corresponding binding sites. Also, it often results in the formation of a single 

thermodynamic product in high yields.[2a] Therefore, to some extent, self-assembly is considered 

the essential basis of non-covalent synthesis.  

In addition, the use of non-covalent interactions in self-assembled molecules becomes 

significant due to two main reasons.[4] First, the weak interactions maintaining the molecules 

together integrate a notable flexibility into the overall structures. The flexibility allows 

conformational changes, frequently required for function. Such an inherent capacity for self-

correction is not often available to systems that are thoroughly covalently bound.[7] Second, the 

weak interactions have a cumulative effect creating specificity. The latter is widely applicable in 

a variety of fields, including the area of separation (chromatography, solid phase extraction, 
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membrane separation, etc.), immunoassays, artificial enzymes, drug delivery, sensor, catalysis, 

organic synthesis.[2b] Therefore, self-assembly is not only ubiquitous in chemistry and biology but 

also in materials science, polymer science, nanotechnology and engineering. It is a fast-

developing research field with an extremely broad scope.[2,4,8] 

  The purpose of my thesis is to employ the concept of self-assembly in designing and 

synthesizing molecular receptors for binding biological targets. This chapter, therefore, is 

restricted to molecular self-assembly examples, mostly with the goal of molecular recognition. 

Hydrogen bonding and metal-ligand coordination are the most widely used interactions to direct 

the formation of self-assembled structures. That being said, they are usually combined with other 

intermolecular interactions to yield more robust structures.  

1.2 Hydrogen Bonding-Directed Self-Assembly 

In early studies of supramolecular self-assembly, hydrogen bonds were extensively used 

for the spontaneous generation of supramolecular structures as they are in all biological 

systems.[7] Moreover, hydrogen bonding promotes directionality, specificity and complementarity 

of the individual subunits.[9a] With respect to diversity, there are numerous examples of hydrogen 

bonding directed self-assembly which cannot be thoroughly covered in this manuscript. Using 

networks of hydrogen bonds of the N-H-O type for making self-assembled systems has been 

widely investigated.[7,10] Studies have demonstrated an impressive range of different architectures, 

for example 1:1 host-guest systems, cyclic assemblies, grids, capsules, molecular tweezers, 

rotaxanes, catenanes, helices, tubes, dendrimers. A few selected examples are described below.  

The simplest class of hydrogen bonding controlled self-assembly belongs to the 1:1 

complexation of two molecules, also known as host-guest complexation. Various examples of 

host-guest complexes have been studied because a comprehensive understanding of features 

affecting their formation can assist researchers to design larger and more complex self-assembled 

aggregates. For instance, Figure 1.2 demonstrates a hydrogen bonding motif that directed the 
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constitution of a self-assembled complex.[11] Two aminopyridine groups were linked through a 

rigid aromatic spacer. When the length of the aromatic spacer was in accordance with that of the 

adipic acid, a discrete 1:l complex was formed. Considering the pKa values (pKa of 6.7 for 2-

aminopyridine and 4.7 for carboxylic acid), it is worth mentioning that the motif should be 

originally based on acid/base proton transfers, followed by two bidentate hydrogen bonding 

interactions between ionic conjugated acid and base.   

 

 

 

Figure 1.2 Self-assembly directed by N-H-O hydrogen bonding between bis-carboxylic acid and 

bis-aminopyridine (Figure reproduced from reference [11]).[11] 

 

In comparison with a two-component self-assembly structure, it is more challenging to 

manipulate the self-assembly of multiple components into a single aggregate. One strategy is 

through hydrogen-bonded cyclic aggregation achieved by using molecules with complementary 

hydrogen bonding sites.[6a,6b] The hydrogen bonding lattice between cyanuric acid (CA) and 

melamine (M) molecules is a particular example in this regard, which forms infinite sheets in the 

solid state (Figure 1.3).[10]   

 

 

 

 

 

Figure 1.3 The infinite network of hydrogen bonding between cyanuric acid and melamine 

(Figure adapted from reference [10]).[10]  
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The use of peripheral crowding and preorganization strategies by Whitesides and co-

workers has resulted in disfavoring infinite aggregates and manipulated the assembly into well-

defined structures, termed rosette. [6a,7] Their design featured three melamine components 

connected to a common hub to build a tritopic receptor (HubM3). HubM3 bound to three 

isocyanuric acid derivatives to produce a cyclic rosette (Figure 1.4). Their intention was to exhibit 

the concepts of self-assembly in non-covalent synthesis, which provides practical routes for 

synthesizing entities with high molecular weights.[6a] 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Formation of a cyclic rosette motif through strategic self-assembly between cyanuric 

acid and melamine (Figure reproduced from reference [7]).[7] 

 

Considering the application of hydrogen bonding self-assembly in synthesis, it is also an 

effective strategy for the templated synthesis of compounds such as catenanes, pseudorotaxanes 

= 
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and rotaxanes.[12] As a typical reaction in this regard, Stoddart and co-workers utilized secondary 

dialkylammonium ions and appropriately sized crown ethers, dibenzo-24-crown-8 (DB24C8), to 

form a pseudorotaxane-like architecture.[13] Their approach was attributed to the affinity of the 

oxygen atoms of macrocyclic polyethers to form hydrogen bonds with the NH2 groups of the 

dication. In the following step, the self-assembled pseudorotaxne was converted into a rotaxane 

by attaching bulky groups to the end parts of the thread in order to prevent dissociation of the 

assembled structure (Scheme 1.1)  

Scheme 1.1 a) Threading process of [3]pseudorotaxane via hydrogen bonding self-assembly, b) 

followed by stoppering procedure to form [3]rotaxane in dichloromethane/acetonitrile (Figure 

adapted from reference [13a]).[13a] 

a) 

b) 
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It is worth noting that hydrogen bonding-based self-assembly is usually considered an 

essential feature in designing artificial receptors and molecular recognition processes. As for 

artificial receptors, capsular assemblies are one of the most significant areas of attention.[9,10] The 

fact that the chemistry of the trapped species can be manipulated at the nanoscale is very useful in 

research fields such as catalysis and drug delivery. The idea originates from synthesizing 

receptors that thoroughly surround the guest molecule using non-covalent intermolecular 

interactions.[9] Many of the reported self-assembled capsules incorporate arrays of N-H-O 

hydrogen bonds.[9,14] One system of this type is based on the assembly of self-complementary 

calix[4]pyrrole derivatives which produce a molecular capsule upon dimerization.[14b] 

Calix[4]pyrroles are known as suitable building blocks for designing host structures because of 

their bowl-like shape and synthetic availability.  

 

 

  

 

 

 

 

Figure 1.5 a) Schematic representation of the self-assembled dimeric tetraurea calix[4]pyrrole. b) 

CAChe minimized structure of the dimeric capsule (shown in stick view) encapsulating one 

molecule of bipyridine bis-N-oxide (shown in CPK representation) (Figure reproduced from 

reference [14b]).[14b]   

 

Figure 1.5 illustrates a calix[4]pyrrole functionalized with four urea groups in the upper 

rim. In non-polar solvents and in the presence of a template (i.e., 4,4’-bipyridine-N,N’-dioxide), 

the urea groups from two half capsules formed a hydrogen bonded belt in a head-to-tail fashion. 

b) 
a) 
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The overall result was the formation of a dimeric capsule which encapsulates one molecule of 

bis-N-oxide. The encapsulated guest was hydrogen bonded to two NHs of calix[4]pyrrole centers 

within the cavity. 

While hydrogen bonding typically presents flexibility and fast equilibration, coordinate 

bonds provide more strength and rigidity.[9a]  

1.3 General Comments on Coordination-Driven Self-Assembly 

Incorporation of the metal-ligand bonds into self-assembly blurs the line between what 

were the clearly defined fields of organic and inorganic chemistry.[15] In comparison with 

conventional organic synthesis, the directionality and architectural diversity of the metal-ligand 

bonds provide an easier, and in some cases, reversible synthetic strategy. Chemists use metal ions 

as ‘glue’ to assemble suitable organic components into a whole.[16] Coordination bonds include 

both kinetically inert and labile metal-ligand interactions. The metal bonds in the former type are 

kinetically stable with regards to ligands displacement while in the latter one the ligands may 

exchange readily. In the systems with kinetically labile metal-ligand interactions, the association 

is reversible, allowing interconversion to form  the most thermodynamically stable complexes as 

favored products.[2a,4] Therefore, it provides an opportunity to choose either a thermodynamic or a 

kinetic product by the judicious choice of transition metals, ligands and reaction conditions.[17] 

Moreover, the labile nature of the metal-ligand bonds usually allows the system to undergo self-

correction without too much difficulty.[2a,4] In view of synthetic methods, two of the main 

strategies are outlined below. Such strategies are used to make metal-mediated self-assembled 

architectures with different sizes and shapes.  

1.3.1 Directional-Bonding Approach 

This method involves metal complexes wherein the metal ion acts as a highly directional 

unit, and interacts with carefully designed ligands in a predictable manner (Figure 1.6).[4] The 

high-yield synthesis of the desired product requires a judicious selection of metal corners units 
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and bridging ligands. It is relatively difficult to control the self-assembly outcome when the 

ligands are mixed with metal ions that are bound to weakly coordinating functional groups, as 

they can be readily exchanged. Therefore, in order to increase the selectivity of the desired 

product, some of the metal ions’ coordination sites are blocked by strongly coordinating ligands. 

However, other coordination sites that are either free or ligated to the weakly coordinated ligands 

are replaced by strong chelate reagents through a kinetic or thermodynamic exchange. Therefore, 

the shape and structure of the complex are determined by the geometric information of the 

building components such as the number of coordination sites, bond angles, and bond lengths. 

The corner angles are substantial in forming the proper geometric shape.[18,19]   

 

 

 

 

 

 

 

 

 

 

Figure 1.6 The construction of self-assembled metallosupramolecular structures by directional-

bonding approach; a) rhomboid or dinuclear macrocycle, b) molecular triangles, c) and d) 

molecular squares. Metal ions are used in conjugation with directing or blocking ligands; (Figure 

reproduced from reference [4]).[4]  

 

For instance, Scheme 1.2 demonstrates the self-assembly reaction of the bis(4-

pyridyl)silane ligands with bis(triethylphosphine)-platinum(II) and -palladium(II) bistriflates. The 
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pyridine-based ligands substituted the weakly coordinating triflate groups on the cis-metal corner 

to yield the rhomboid shaped complex.[20] 

 

 

 

 

 

 

 

Scheme 1.2 Directional-bonding approach to synthesize the rhomboid shaped metallosupra-

molecules through the reaction of bis(triethylphosphine)-platinum(II) and -palladium(II) 

bistriflates and bis(4-pyridyl)silanes ligands (Figure reproduced from reference [4]).[4,20] 

 

The directional-bonding approach is a general and high-yielding synthetic strategy to 

produce metallosupramolecular architectures with a broad range of sizes and shapes. However, 

there are two main limitations. First, the structure of the ligands is rigid and thus prevents the 

constitution of flexible structures. The rigidity might limit the use of such structures in molecular 

recognition or other applications that require conformational changes. Second, the metal ions in 

the final complex are coordinatively inert and prevent the application of such compounds as 

metal-based catalysts. It also impedes the use of transition metal center for additional 

coordination bonds, preventing it from creating more sophisticated structures. [4]  

1.3.2 Symmetry-Interaction Approach 

In this procedure, metals free of robustly coordinating ligands are introduced to the 

multidentate chelating ligands to form a symmetrically designed architecture. The outcome of this 
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self-assembly is dependant on the symmetry of the ligands and favorable coordination geometry 

of the metal centers. Moreover, the positions of multiple chelating units in relation to one another 

within the ligand structure must be precisely designed.[4] This method has addressed issues 

regarding the ligand rigidity and coordinatively inert metal center mentioned in the previous 

approach.[21,22] However, this strategy requires further synthetic considerations such as metal 

geometry, ligand orientation and steric interactions between ligands. The inherent complexity of 

this strategy has produced a large number of self-assemblies with a variety of elegant shapes and 

structures. 

Most interesting, this approach has enabled researchers to build structures that are 

tangentially more similar to biological self-assembly systems.[4] Most notably, Lehn et al. 

established the spontaneous formation of double-stranded helicates wherein two oligopyridine 

ligands are wrapped around tetrahedrally coordinated Cu(I) centers (Figure 1.7).[23] Their research 

resulted in complex characteristics similar to the double-helical structure of nucleic acids, such as 

helical parameter and stacking of bipyridine bases. Such structures are valuable in organic, 

inorganic and biological chemistry; variations in the structure of ligands, investigation of other 

metal ions binding, examination of the photoactivity and electroactivity of the metal complex, 

and special features of the resulting complexes in molecular recognition have attracted many 

researchers’ attention in the last two decades. [24]  

 

 

 

 

Figure 1.7 Cu(I)-chelated double helix formed by spontaneous complexation of Cu(I) ions and 

bipyridine ligands (Figure reproduced from reference [15]).[15,23] 
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Along with synthetic advantages, self-assemblies containing transition metals offer rich 

photophysical and electrochemical benefits, compared to metal free self-assembled systems. 

Depending on the structure, these features can aid form new optical materials and chemical 

sensors. [16]  

1.4 Molecular Squares and Metallocages 

Two-dimensional (2D) molecular squares and three-dimensional (3D) metallocages are 

the most studied categories of metal-assisted self-assembled architectures.[17,25] Molecular squares 

have most notably demonstrated the feasibility of constructing self-assembled structures by using 

coordination chemistry. Furthermore, they are attractive because of their application in gas-

storage and molecular recognition.[15,26] Metallocages are three-dimensional metal based 

structures with various sizes and shapes such as tetrahedrons, octahedrons, and cubes.  In addition 

to their elegant shapes, metallocages incorporate an internal cavity most applicable in drug 

delivery, catalytic reactions, environmental sensing, materials science and chemosensing.[26] 

Herein, my focus is to discuss the synthetic strategies towards molecular squares and 

metallocages, and, to some extent, the variety of their shapes. In addition, I will briefly describe 

the host properties of such structures. However, their applicability as metalloreceptors will be 

explained in more detail in section 1.5. 

Fujita et al. are the pioneers in the field of molecular squares. They combined linear 

bridging ligand, 4,4′-bipyridine (4,4′-bpy) with cis-protected Pd(II) ions at ambient temperature. 

The resulting molecular square offered a tunable hydrophobic cavity in water for binding neutral 

organic molecules such as 1,3,5-trimethoxybenzene.[15] In Fujita’s example, the metal complexes 

provided the 90° corners. These metal centers are usually coordinatively saturated, meaning that 

they do not offer a direct interaction site for guest molecules. However, in an alternative approach 

developed by Maverick et. al, organic ligands served as corners and coordinated the metal ions 

with the center of the sides.[27]  Figure 1.8 illustrates a molecular square based on tetradentate β-
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diketonates and Cu(II), which accommodates 4,4′-bipyridine as a guest. In this structure, the 4,4′-

bpy molecules were bound within the square’s cavity and coordinated externally to the squares 

via the metal centers.  

Scheme 1.3 Self-assembled molecular squares composed of protected Pd(II) cations and 

bipyridine ligands (Figure reproduced from reference [15]).[15] 

 

 

  

 

 

 

 

Figure 1.8 a) Metal-assisted self-assembly of the molecular square made of tetradentate β-

diketonates ligands and Cu(II) ions. b) Crystal structure of the resulting molecular square 

accommodating three bipyridine molecules inter- and intramolecularly (igure reproduced from 

reference [27]).[27] 

 

Early work on metallocages is mostly attributed to the synthesis of tetragonal prismatic 

structures, capable of encapsulating small molecules such as counter ions and solvent molecules. 

Square-planar geometry metal ions, such as Pd(II) and Pt(II), and pyridine-based ligands are the 

b) 
a) 
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most ubiquitous metal-ligand combinations used for self-assembly of these systems.[25]  A simple 

metallocage is shown in Scheme 1.4, consisting of two palladium centers in square-planar 

geometry bridged by four units of the ligand.[28]  X-ray crystallography indicated the inclusion of 

one nitrate ion inside the cavity held by ionic interactions.  

 

 

 

 

 

Scheme 1.4 Self-assembly of the tetragonal Pd(II) cage encapsulating a nitrate anion (Figure 

adapted from reference [28]).[28] 

 

Figure 1.9 features another example of Pd(II) cages based on bis(amidopyridine) 

ligands.[29] The combination of dynamic coordination chemistry and hydrogen bonding results in 

the formation of a functional system. The amide group can adopt different conformations. 

Depending on the ligands’ conformation and the interaction of guests with electron deficient 

NH(δ+) or electron-rich CO(δ-) groups, the cage can encapsulate anions, cations or neutral 

molecules.  

 

 

 

 

Figure 1.9 a) Schematic representation of the possible rotation around the amide bonds in the 

ligand’s structure; b) Crystal structure of the Pd2L4 tetragonal prism composed of 

bis(amidopyridine) ligands (Figure adapted from reference [25]).[25,29] 

a) 

– 
4 OTf 

b) 
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As mentioned above, helicates are attractive due to their special structures, chirality and 

host properties. Case in point, Crowley and co-workers published a self-assembled quadruple-

stranded metallohelicate obtained by treating the di-1,2,3-triazole ligand with 

[Pd(NCCH3)4](BF4)2 in a 2:1 ligand to metal  stoichiometry.[30] The resulting structure included 

two distorted square-planar coordinated palladium ions, bridged by four ligands with an 

azimuthal angle of about 45°. The metallocage was stabilized via face to face π-π interactions 

between the phenyl spacer components and the 1,2,3-triazole rings on the adjacent ligand. It is 

also worth mentioning that Crowley et al. have exemplified that the easily synthesized 1,4-

substituted 1,2,3-triazole ligands can be used as a substitute for commonly used dipyridyl ligands. 

 

 

 

 

 

 

Figure 1.10 a) Self-organization of a helical cage through combining 1,2,3-triazole ligands and 

Pd(II) ions (Figure reproduced from reference [25]).[25] b) The crystal structure of the resulting 

cage complex (Figure adapted from reference [30]).[30]   

 

Most metallocages incorporate homometallic coordination moieties, which usually 

restricts the variety of functional groups within the structures. Recently, the incorporating of 

various metal centers to make metallocages with more structural complexity and diverse 

functions has generated a great deal of interest.[31] One main designing strategy is the use of the 

hard/soft acid/base (HSAB) principle which plays a decisive role in dictating the affinity of the 

metal ions for a particular ligand. For instance, Figure 1.11 demonstrates carefully selected metal 

b) a) 
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ions with remarkably different coordination donors forming a self-assembled heterometal-

decorated cage. 2,2′-Bipyridine-5,5-dicarboxylic acid (H2bpydc) is used as a ligand, which 

features both hard (carboxyl) and soft (bipyridyl) chelating units. The cage was synthesized by 

mixing H2bpydc with Cp2ZrCl2 and Cu(NO3)2 through a convenient one-pot reaction procedure. 

The vertices of the cage are occupied by bowl-like Cp3Zr3O(OH)3 moieties, whereas the edges are 

composed of bipyridyl components bound to Cu(II) ions. This example demonstrates that HSAB 

theory controls the formation of different coordination bonds, and can be used as an effective way 

to construct metalloarchitectures with novel properties and functionalities.  

 

 

 

 

 

Figure 1.11 Cartoon representation of the components forming orthogonal heterometal-decorated 

cage based on HSAB theory (Figure adapted from reference [31]).[31]  

 

Considering all potential applications of metal-assisted self-assembled structure, their 

role as metalloreceptors is of particular interest in the context of my thesis. Therefore, selected 

metalloreceptors with different properties are discussed below.  

1.5 Self-Assembled Metalloreceptors   

Amongst the many examples of receptors developed in the last two decades, considerable 

research has focused on the design of metal-based receptors. Metal ions were initially 

incorporated as the most efficient manner to impart a positive charge into the binding agent’s 

design. However, it was soon realized that metals can offer other features such as luminescence 

and redox properties.[16,32] In addition to providing coordination interactions, metal complexes can 

Cu(II) 

Zr3Cp3 Cluster 

= 
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be designed with other constituents capable of interacting with the substrate through hydrogen 

bonding, π-π interaction, and electrostatic interactions. In some cases, metal ions not only 

organize the binding pocket but can also act as a selective Lewis acid binding sites for substrate 

recognition. Metal-based receptors wherein the metal ion fulfills these roles, possess a range of 

functionalities which cannot be accessed with purely organic structures.[32] There are countless 

numbers of chelating units and coordination motifs, as well as various organic structures used as 

subunits for noncovalent interactions with substrates. Therefore, the scope of metalloreceptors is 

extremely broad, hence only a few examples are described below to overview the features of self-

assembled metalloreceptors. 

One of the primitive instances is depicted in Figure 1.12. Two ditopic acac-derived 

ligands are bound to metal ions, such as Cu(II), Ni(II) and Pd(II).[33] Due to its strong UV/vis 

response in titration experiments, most complexation studies were carried out using Cu(II).  The 

coordinated macrocycle acts as a host for nitrogenous bases such as pyridine, pyrazine, 

quinuclidine, and DABCO. Substrate binding studies indicated bis-nitrogen donating guests 

displayed greater binding affinity than that of mono-nitrogen guests. This observation is 

consistent with simultaneous internal coordination with both copper (II) centers 

 

 

 

 

 

 

 

Figure 1.12 Dinclear metalloreceptor binding DABCO as a nitrogen donating guest molecule 

(Figure adapted from reference [33]).[33] 
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Pyridine-based ligands are well-known for forming complexes with most metal ions.[10] 

Thus, they have been vastly used as coordination units in a broad range of metalloreceptor 

architectures. In one particular example, Harding et al. developed a helical zinc metalloreceptor 

with selective recognition properties.[34] In their design, the ligand was composed of two 6,6′-

disubstituted-2,2’-bypridine chelating units linked through  a naphthalene diimide (NDI) 

interaction site. The treatment of the ligand with an equimolar Zn(OTf)2 in CD3CN yielded the 

2:2 complex. The diastereorophic methylene protons was consistent with the formation of the a 

helical 2:2 self-assembled metal complex. However, at high concentration (8.3 mM), several AX 

spin systems with different intensities were observed, indicating the equilibrium between cyclic 

metal complexes with different stoichiometries and polymeric acyclic complex (Figure 1.13a). 

When the mixture was diluted (<0.75 mM) the exclusive formation of the 2:2 species was 

observed, as the low ligand concentration favored the formation of the 2:2 metallomacrocycle. 

The exclusive formation of a helical 2:2 self-assembled metallomacrocycle was also achieved in 

the presence of an aromatic guest molecule (p- or o-dimethoxybenzene), through a process known 

as substrate templating. In the presence of the substrate, the equilibrium shifts to favor the most 

stable species resulting from an interaction with the substrate molecule. The unique feature 

demonstrated in this example is the use of a molecule, not directly coordinated to the metal ions, 

controlling the self-assembly outcome. In this case, substrate inclusion within the cavity was 

characterized by a color change as a result of a charge transfer between electron-deficient NDI 

units and electron-rich substrate molecules. Most interesting, the cavity size of the metallorecptor 

was dictated by the bound substrate, since the X-ray studies demonstrated that the metalloreceptor 

adjusted its shape and dimensions to optimize π-stacking and electrostatic interactions with the 

substrate (Figure 1.13b). It is worth noting that the fully occupied d orbitals of zinc(II) allow for 

flexible coordination with respect to different geometries. Therefore, the requirement for 

substrate binding to zinc metalloreceptors are less rigid than that of other cations such as Cu(II), 
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Ni(II) and Fe(II). In other words, upon substrate binding, zinc complexes can generate the more 

appropriate conformation with less difficulty. [35] 

 

 

 

 

  

 

Figure 1.13 a) Cartoon representation of the equilibrium, in the absence of the substrate, between 

metal complexes with different stoichiometries. In the presence of the aromatic substrate, the 

helical 2:2 metalloreceptor was exclusively formed (Figure reproduced from reference [34]).[34] b) 

Chemical structure of the helical 2:2 metalloreceptor formed two bipyridine ligands and two 

zinc(II) ions (Figure adapted from reference [34]).[34] 

 

As an additional example of bipyridine-based ligands, Figure 1.14 illustrates a metallo-

helicate receptor capable of binding small anionic guests. Coordination of bisamido-2,2′-

bipyridine with Fe(II) resulted in the formation of a dinuclear triple-stranded complex.[36] Upon 

coordination, six amide hydrogen atoms were pre-organized around an intrahelical cavity of 

appropriate size for anion binding. Moreover, Fe(II) centers introduced a positive charge into the 

receptor scaffold which enhanced the electrostatic contribution and facilitated the anion binding 

process. 1H NMR titration of the metal complex with Bu4N
+Cl- exhibited a significant downfield 

shift in the amide and bipyridine H6 protons. It indicated two chloride ions were bound within the 

internal cavity via hydrogen bonding with the amide and bipyridine H6 protons. Furthermore, 

when the ligand was mixed with Fe[(H2O)]6•2BF4, the resulting iron complex existed as both 

helical and non-helical isomers in a 1:2 ratio in DMSO-d6 solution. However, upon introducing 

chloride ions, the helical conformation was exclusively favored. 

b) 
a) 
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Figure 1.14 a) Structure of the bisamido-2,2′-bipyridine ligand. b) Molecular model of the triple 

helical complex obtained from the bisamido-2,2′-bipyridine ligand Fe(II) ions. The model shows 

two chloride anions are bound within the intra-helical cavity (Figure adapted from reference 

[36]).[36] 

 

As a different class of self-assembled metalloreceptors, metallocages have experienced 

extraordinary progress. Metallocages not only illustrate the power of self-assembly as a synthetic 

tool, but they also manifest interesting host-guest chemistry.[25] For instance, Lusby and co-

workers reported a palladium cage that bound neutral molecules in apolar media (Figure 

1.15a).[37] The main challenge of guest, particularly in the case of charge-neutral guest binding, is 

competition with associated counter ions. So, polar solvents are usually preferred as the polar 

solvent molecules better stabilize the counter ions. Furthermore, certain polar solvents, such as 

water and methanol, promote stronger guest encapsulation due to the hydrophobic and/or 

solvophobic effect. The significance of Lusby’s work is that the metallocage showed considerable 

binding constants for charge-neutral guests in the apolar environment. Their design relied on the 

following conditions: a) the low charge assisted host-guest studies in apolar solvents, b) the non-

coordinating anions (i.e., BF4
-, BArF-) and strong Pd-pyridine interaction yielded the anion-free 

a) 

b) 

2+ 

Fe(II) 
Cl- 

Cl- 

Fe(II) 
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cavity. The hydrogen atoms at o-pyridyl positions were polarized by Pd(II) ions which generated 

a pocket of H-bond donors, suitable for guest molecules such as quinone derivatives (Figure 

1.15b). 

 

 

 

 

 

 

Figure 1.15 a) Chemical structure of the self-assembled palladium cage. b) X-ray crystal 

structure of the palladium cage encapsulating 6,13-pentacenequinone in dichloromethane (Figure 

adapted from reference [37]).[37] 

 

Another point of this particular example is changing the photoelectronic properties of the 

encapsulated guest molecule. The guest alone was slightly luminescent while the host-guest 

complex of metallocage and entrapped guest displayed a strong emission in the UV region. With 

respect to the free guest molecule, the switch-on emission of the host-guest complex was 

probably ascribed to preventing the constitution of weakly emissive aggregates upon 

encapsulation.[37] 

In another example, Raymond et al. developed a highly charged metal-mediated self-

assembled cage in which bidentate ligands spanned each edge and Ga(III) ions occupied the 

vertices.[38] As a consequence, the self-assembled structure relied on hydrogen-bonding and ion-

dipole interactions. The 12– overall charge causes solubility in water whereas the naphthalene 

walls created a hydrophobic cavity isolated from the bulk aqueous solution (Figure 1.16). As a 

host, the metallocage stabilized reactive guest such as tropylium and iminium cations that are 

Pd 

Pd 

O 

O 

b) 
4+ 
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only stable in anhydrous or extremely acidic conditions. Interestingly, it also encapsulated a 

variety of amines in their conjugated acid forms. This is because the protonated amine is more 

highly solvated than the neutrally charged amine, and upon encapsulation, the protonated guest 

caused entropic gains by releasing solvent molecules. The significant feature of this example is 

the dramatic shifts of the effective basicity of the encapsulated protonated amines, suggesting a 

strong cavity stabilization of the protonated form of the guest molecule.  

  

 

 

 

 

 

Figure 1.16 a) Schematic representation of the tetrahedrally self-assembled M4L6 where M is 

G(III) and only one ligand structure is illustrated for clarity. b) A molecular model of the host 

M4L6 encapsulating N,N,N’,N’-tetramethyl-1,4-diaminobutane in the forms of conjugated acid 

(Figure reproduced from reference [38]).[38] 

 

Since metallocages are considered as discrete supramolecular architectures, they can be 

good receptors to encapsulate catalysts and act like micro reactors as well.  Case in point, the 

tetragonal prismatic cage presented in Figure 1.15 shows two zinc-porphyrin moieties connected 

by four bridging macrocyclic walls. The cage structure was achieved by self-assembly of Pd-

macrocyclic synthons with carboxylate units of the zinc-porphyrin moieties.[39a] The resulting 

cage entrapped monophosphoramidite-Rh(I) catalysts thanks to the well-known ability of zinc-

porphyrin to bind pyridine ligands. The catalytic performance of the encapsulated Rh(I) catalyst 

was investigated in the asymmetric hydroformylation of styrene derivatives (Figure 1.17). [39b] 

a) b) 
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The encapsulated Rh-catalyst catalyzed this reaction with greater level of stereoselectivity, as 

compared to the non-capsulated Rh analogue. Spectroscopic studies indicated that encapsulation 

alters neither the electronic properties nor the first coordination sphere of the catalyst. However, 

the stereoselectivity is attributed to the modification of the second coordination sphere. Such 

modification is controlled by the structural restrictions of the cage.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.17 a) Schematic representation of the building units used in the synthesis of 

heterometal-metal decorated supramolecular cage. The entrapped Rd-catalyst in the metallocage 

conducted enantioselective hydroformylation of styrene derivatives. b)  Rh-catalyzed asymmetric 

hydroformylation of styrene derivatives (Figure adapted from reference [39]).[39] 

 

These are compelling examples showing that guest molecules can behave differently 

when they are encapsulated within the cavity, compared to when are unconfined. Such functional 

properties are considered to be useful features in chemical sensing.  

Pd 
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1.6 Research Objectives 

During my PhD program, I have worked on three different projects discussed in the next 

three chapters. In Chapter 2 which was the major focus of my research, our goal was to 

synthesize novel helical macrocyclic metalloreceptors based on triazole-pyridine chelating units. 

The coordination entities were connected via xylyl spacers as aromatic interaction sites to create 

hydrophobic cavities for the binding of extrahelical nucleosides. In order to synthesize the 

macrocyclic metalloreceptor, we exploited the application of self-assembly in synthesis through a 

process known as metal templating. To this end, we synthesized novel strand ligands based on 

triazole-pyridine chelating units, and utilized metal ions to organize the structure of the 

macrocycle through self-assembly. Following metal templation, we planned to strap the strand 

ligands via Grubb’s metathesis and/or reductive amination to obtain the macrocyclic 

metallorecptor. The strapped ligand should be able to form stable complexes upon coordination to 

metal ions. Therefore, a binuclear cationic cage with distorted tetrahedral geometry around each 

metal is expected. The cationic cage may be able to target the phosphates in the polyanionic DNA 

backbone through electrostatic interactions, and the intact or damaged bases of DNA may be 

stabilized within the cavity of the cage via π- π stacking. In terms of the metal type, we were 

particularly interested in using Zn(II) due to a couple of reasons. First and foremost, Zn(II) 

possesses a low stereochemical preference and can adopt a range of coordination geometries, 

therefore zinc(II)'s coordination flexibility may allow the metalloreceptor to adjust the size and 

shape of its cavity in order to optimize the favorable binding interactions with the substrate 

molecule. Second, the labile nature of Zn(II) allows for dynamic DNA binding. Third, it is 

relatively one of the most abundant metal ions in biological systems. 

In Chapter 3, I synthesized two ligands using the tridentate bis(pyrazole)pyridine chelate 

as the central platform which connects two aromatic moieties. Upon coordination of the chelating 

unit, the conformation of the ligands switches from a “W” to a “U” shape. The conformational 



 

25 

 

change allows the ligand to adopt a shape similar to that of molecular tweezers. Moreover, to 

expand the possibility of forming a novel molecular tweezer, a segmental ligand was synthesized. 

The ligand is comprised of a sequence of bidentate (triazole-pyridine), tridentate 

(bis(pyrazole)pyridine) and bidentate (triazole-pyridine) chelating units connected via xylyl 

spacers. The presence of multiple chelating units whithin the structure provides a cooperative 

binding, and consequently allows to control the conformational switch by using proper metal 

ions. It is expected that coordination of the stronger central bis(pyrazole)pyridine chelate to the 

metal ion facilitates the coordination of the weaker terminal triazole-pyridine units. As a result, 

coordination of the terminal triazole-pyridine units closes up the structure forming an internal 

cavity, which may potentially be used for substrate binding. 

During my PhD program, my supervisor, Dr Anne Petitjean and I embarked on a 

collaboration with Dr Neil Renwick (Laboratory of Translational RNA Biology, Queen’s 

University) to synthesize barcoded adapters for his small RNA sequencing (miRNA expression 

profiling) project. Through this collaboration, I have been offered an exceptional opportunity to 

work with Prof. Thomas Tuschl in the HHMI_Laboratory of RNA Molecular Biology at The 

Rockefeller University. In this chapter, my research focused on visualizing RNA molecules in 

archived pathology samples. The ability of the single strands to form double-stranded molecular 

hybrids through hydrogen bonding self-assembly has formed the basis for the development of a 

fluorescence detection method for visualizing RNAs known as RNA Fluorescence In Situ 

Hybridization (RNA-FISH). I investigated the applicability of a particular RNA-FISH protocol, 

developed by Renwick et al. to detect low abundant RNA molecules in archived formalin-fixed 

paraffin-embedded (FFPE) tissues.To this end, I synthesizing oligodeoxynucleotide probes 

complementary to target RNA sequences. With respect to hydrogen-bonding self-assembly, 

probes collectively hybridize along the targeted RNA via standard Watson-Crick base pairing. 
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After washing the samples to remove excess probes, the tissue sections are ready for imaging. 

Each individual transcript is detected as a discrete spot by using fluorescence microscopy. 
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Chapter 2 

Towards the Synthesis of Metalloreceptors via Metal Templated 

Reactions 

2.1 The 2-(1,2,3-Triazol-4-yl)pyridine Ligand: An Overview 

Since metallosupramolecular chemistry has displayed fascinating features in a wide range 

of research areas, including molecular recognition, drug delivery, catalysis and molecular 

electronics, a diverse range of structures containing metal binding units has been generated.[1] For 

instance, compounds constituted of polypyridine ligands such as substituted 2,2′-bipyridines 

(bpy) are one of the most extensively studied examples in the development of self-assembled 

architectures.[1a] However, their synthesis, functionalization, and purification are troublesome. 

Thus, developing facile and high yielding synthetic strategies to create multidentate ligands 

owning well-defined coordination features is desirable. The Cu(I)-catalyzed 1,3-cycloaddition of 

organic azides with terminal alkynes (the CuAAC 

reaction) has generated a great deal of interest in 

this respect. The reaction is modular, highly 

efficient and compatible with various solvents. 

Most importantly, the 1,4-functionalized 1,2,3 

triazoles prepared in the CuACC reaction provide a 

number of donor sites for metal coordination via 

N3, N2 and C5 (Figure 2.1 for numbering).[2,3] In 

addition to acting as N-donor ligands, previous studies by our group and others demonstrated that 

the triazole ring imparts special characteristics of coordination, electrochemistry, luminescence 

and magnetism to the overall complex.[4,5] The complexation of 1,4-functionalized 1,2,3 triazole 

ligands with transition metals have been examined in homoleptic and heteroleptic systems.[5] 

Figure 2.1 Chemical structures of 

2,2′-bipyridine (bpy) and 1,2,3-

triazole-pyridine (tpy) bidentate units. 
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Since the goal of this project was to synthesize metallomacrocyclic receptors based on 1,2,3-

triazol-4-ylpyridyl scaffolds, the metal complexes discussed herein are mostly limited to the those 

containing the 1,2,3-triazol-4-ylpyridyl diad. 

2.2 Monofunctional Triazole-pyridine Ligands; Photophysical and Electrochemical 

Properties 

The ligands containing 1,2,3-triazole-4-ylpyridyl bidentate unit(s) were initially studied 

as easily tunable bipyridine counterparts. Much like the 2,2′-bipyridine chelating unit,  the 2-

(1,2,3-triazol-4-yl)pyridine scaffold mostly acts as an N-N five-membered chelate where the 

ligand coordinates through the pyridyl and triazole N3 nitrogen atoms.[5] Therefore, introducing 

the triazole-pyridine diad as an alternative bidentate chelating unit to traditional bipyridine-based 

ligands encouraged researchers to investigate how the replacement of one pyridine unit with a 

triazole might affect the physical and chemical properties of the overall complex. For example, 

the self-assembly studies of Cu(I) with a monofunctional ligand composed of a triazole-pyridine 

unit connected to a benzyl group yielded a well-defined 2:1 ligand to metal complex. The binding 

constant studies by Petitjean et al. have shown that the resulting complex is less stable than its 

bipyridine counterparts.[3a] This may be due to the electron-withdrawing nature of the triazole, 

which makes the triazole a poorer σ-donor than pyridine. Although Cu(I) is useful in 

coordination-driven self-assemblies thanks to its predictable tetrahedral arrangement, the 

susceptibility of Cu(I) complexes to oxidation by O2 always remains a concern. The author also 

compared the oxidation potential of the Cu(I) complexes of triazole-pyridine ligands (tpy) to 

corresponding bipyridine-based ligands, 2,2′-bipyridine (bpy) and 6,6′-dimethyl-2,2′-bipyridine 

(Mebpy), in non-coordinating solvents (Figure 2.2). Results indicated that Cu(bpy)2
+ was quickly 

oxidized whereas Cu(Mebpy)2
+ exhibited no oxidation over a few days.[6] The stability of 

Cu(Mebpy)2
+ is attributed to the presence of four methyl groups on the pyridine rings; the methyl 

groups protect the Cu(I) center from O2, and cause steric destabilization in the square planar 
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conformation of Cu(II). Even though the copper center in Cu(tpy)2
+ was receptive to O2, it was 

relatively stable, with an oxidation potential between that of Cu(bpy)2
+

 and Cu(Mebpy)2. 

 

 

 

 

 

Figure 2.2 Oxidation/reduction induces geometrical changes in the triazole-pyridine copper 

complex. R represent a benzyl group (Figure reproduced from reference [3a]).[3a] 

 

  Fletcher[7] and Schubert,[8] working independently from each other, synthesized 

homoleptic tris-(1H-1,2,3-triazole)-pyridine Ru(II) complexes. In general, coordination of three 

unsymmetrical ligands to an octahedral metal ion results in the formation of two different 

stereoisomers, facial (fac) and meridional (mer) (Figure 2.3). The formation of each of these 

stereoisomers is difficult to control. The resulting Ru(II) complexes contained a statistical 

mixture of the fac and mer isomers. However, the stereoisomers were separable by 

chromatography only in the case of a bulky substituent bound to the triazole nitrogen N1. Their 

photophysical studies have demonstrated that the homoleptic complexes were slightly colored 

and not emissive, as compared to their [Ru(bpy)3]
2+ counterparts. Several heteroleptic Ru(II) 

complexes were also synthesized based on triazole-pyridine and bipyridine ligands with the 

formulation of [Ru(bpy)3-n(tpy)n]
2+. The photophysical and electrochemical properties of the 

resulting complexes were greatly affected by the number of triazole-pyridine ligands attached to 

the Ru(II) core. Both the UV/vis and the luminescence spectra displayed blue-shifts as more 

triazole-pyridine ligands were incorporated into the complexes. 
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Figure 2.3 Structures of a) fac and b) mer stereoisomers of the triazole-pyridine Ru(II) complex 

(Figure adapted from reference [8]).[8] 

 

As mentioned above, chelation 

by the triazole-pyridine unit frequently 

involves coordination through the pyridyl 

and N3 nitrogen of the triazole ring. 

Nevertheless, due to the side-by-side 

nitrogen donor atoms within the triazole 

ring, the system has been used as the 

bridging ligand as well. Case in point, 

Crowley et al. published a trisilver 

complex using a chelating unit wherein 

the triazole and pyridine units are 

connected by methylene hinges.[9] 

Although the ligand used in this structure 

does not feature the direct attachment 

between triazole and pyridine, the 

chelating unit (i.e., triazole-CH2-pyridine) illustrates both chelating and bridging coordination 

modes. . As shown in Figure 2.4, the Ag(I) ions at the ends of the trimer are coordinated to 

Ag(I) 

Ag(I) 

Ag(I) 

3+ 

– 
3 SbF6 

Figure 2.4 Crystal structure of the trisilver 

complex, composed of four triazole-CH2-

pyridine coordinated to three silver ions in 

tetrahedral fashions. Hydrogen atoms, counter 

ions and solvent molecules are omitted for clarity 

(Figure adapted from reference [9]).[9]   
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pyridyl and N2 nitrogen of the triazole ring. These two distorted tetrahedral silver complexes 

sandwich the third Ag(I) ion bound to the N3 nitrogen of the triazole units in a tetrahedral 

geometry. The trinuclear silver complex is also stabilized through π-π stacking between the 

phenyl ring on one ligand and triazole component of the other ligand. It is worth noting that the 

outcome of complexation may be driven by crystal packing forces, as this complex could not be 

observed by ESI-MS. This suggests that the complex is unstable in solution or under the 

conditions of ESI-MS experiment, possibly due to the electrostatic repulsion between three 

cationic centers. 

2.3 Coordination Properties of Triazole-pyridine Ligands in Bifunctional Systems 

The synthetic versatility and special properties of the triazole-pyridine ligands have 

encouraged researchers to generate multinuclear self-assembled architectures in order to exploit 

their properties and possible applications.[2,3,10] For instance, Figure 2.5 shows a dimeric Ag(I) 

complex, consisting of two strand ligands composed of two triazole-pyridine units connected via 

an o-xylyl spacer.[2] Ag(I) has been frequently used in the formation of metallosupramlecular 

structures because it can adopt various coordination numbers ranging from 2 to 6. The X-ray 

crystallography of the Ag(I) complex confirmed the formation of the expected 2:2 ligand to metal 

complex in the presence of non-coordinating anions. Surprisingly, as opposed to its 

corresponding mononuclear complex in which the Ag(I) displayed tetrahedral coordination 

geometry, the Ag(I) ions in the dinuclear complex have adopted the rare square planar geometry. 

The stability of the square planar coordination geometry is supported by intramolecular π-π 

interactions between the planar chelating units. The 1H NMR analysis also demonstrated that such 

intramolecular π-π interactions are retained in solution. The pyridyl H6 and benzyl protons are 

moved downfield upon complexation to Ag(I) while the triazole proton and other protons of the 

pyridine ring are shifted upfield, which is consistent with π-π interactions. 
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Figure 2.5 A side view of the crystal structure of the dinuclear square planar complex composed 

of tetradentate triazole-pyridine ligands bound to Ag(I) centers. Hydrogen atoms, counter ions 

and solvent molecules are omitted for clarity (Figure adapted from reference [2]).[2] 

 

In another example, Maverick and co-workers reported a cyclic metalloreceptor in which 

the triazole-pyridine units from two different ligands coordinate to two Cu(II) ions in a head-to-

tail fashion.[11] According to the crystal structure, the coordination geometry is almost square 

pyramidal, which allows the open coordination sites of the square pyramidal Cu(II) centers to be 

used for small guest encapsulation (Figure 2.6). 

 

 

 

 

 

 

 

 

Figure 2.6 a) Copper complexation with the tetradentate triazole-pyridine ligand yielding dimeric 

macrocycles. b) Crystal structure of the resulting complex shown in the ball and stick view. 

Hydrogen atoms, counter ions and solvent molecules are omitted for clarity (Figure adapted from 

reference [11]).[11] 

 

In a simple and intriguing approach, the Cu(II) complex was reduced to Cu(I) using 

sodium ascorbate. The Cu(I) complex selectively captured CO2 from the air, and reduced it to 

Ag(I) 

Ag(I) 

2+ 

2 SbF6 

– 

b) 

Cu(II) 

Cu(II) 

Cl 

Cl 

a) 

X= NO3, Cl 

2+ 

 
CuX2. n H2O 
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oxalate in the form of a bridged ligand between two copper centers. The addition of mineral acids 

released the bound oxalate anion as oxalic acid, and regenerated the original empty Cu(II) 

complex (Figure 2.7).   

 

 

 

 

 

 

 

 

Figure 2.7 Schematic representation of a) Cu(II) complex’s reduction to Cu(I); b) the resulting 

Cu(I) complex fixes CO2 into oxalate; c) treatment with acids releases the bound oxalate in the 

form of oxalic acid; (Figure reproduced from reference [11b]).[11b] 

 

Our group has synthesized several novel bifunctional ligands, in which pyridine and 

1,2,3-triazole rings were used as the building block to form self-assembled coordination 

architectures.[3b,4] The scope of my thesis stems from previously conducted coordination 

investigation of such ligands. By UV-vis spectroscopy, our studies revealed that the 

stoichiometric outcome of the triazole-pyridine ligands' self-assembly with metal ions such as 

Ni(II) and Fe(II) depends on the environment in the solution.[4] In the presence of non-

coordinating anions such as tetrafluoroborate and hexafluorophosphate, they form “saturated” 

triple-stranded complexes with a 3:2 ligand to metal ratio. However, in the presence of a 

coordinating anion, such as chloride or acetate, these ligands form an “unsaturated” double-

stranded complex, with a 2:2 ligand to metal ratio. In this context, the term “saturated” is used to 

address complexes in which all the available coordination sites from the octahedral metal center 

a) 

b) c) 
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are occupied by the ligand. The term “unsaturated” defines the complexes whose metal ions’ 

coordination sphere is not fully occupied by the chelating ligands. In the latter case, there are 

available coordination sites which can be occupied by other species such as anions or solvent 

molecules. The diamagnetic nature of Zn(II) complexes provided insights into the detailed 

structural information about metal-ligand interactions through 1H NMR spectroscopy.  For 

example, Figure 2.8 shows the 1H NMR titration of the ligand L
H

 with Zn(OTf)2. From 0.1 to 0.7 

equivalents of Zn(II) ions, the gradual formation of the triple-stranded complex was observed. 

The shielding of the pyridine H6, induced by the shielding cone of the neighboring aromatic 

ligands, and the diastereotopic protons of the CH2 group are the signatures of the triple-stranded 

assembly. From 0.8 equivalents  on, the complex dissociates into a double-stranded species. Thus, 

the pyridine H6 is no longer shielded but the protons of the phenyl ring appear at a significant 

lower chemical shift, probably because of the π-π interaction. 

Figure 2.8 Stacked plot of the 1H NMR spectra of L
H 

with Zn(OTf)2 in 5:3 CDCl3/CD3CN, 25 

°C, 500 MHz, [L
H
]0 = 10 mM. Signals of the triple-stranded Zn2(L

H
)3

4+
 complex are shaded and 

those of double-stranded Zn2(L
H
)2

4+
 species are contained in rectangles. The numbers on the left 

represent the number of equivalents of Zn(II) with respect to the ligand (Figure reproduced from 

reference [4]).[4] 

 



 

38 

 

Figure 2.9 illustrates the crystal structure of the complex obtained from the self-assembly 

of L
H
 with Ni(II) and Fe(II).[3b] Three ligands are wrapped around two octahedral metal ions in a 

helical fashion to yield the triple-stranded complex.   

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 Crystal structure of the self-assembled dinuclear cylindrical helicate consisting of 

three strand L
H
 ligands made of 1,2,3-triazol-4-yl-pyridine chelating units and xylene spacer 

wrapped around two Fe(II) or Ni(II) centers. Hydrogen atoms, counter ions and solvent molecules 

are omitted for clarity (Figure adapted from reference [3b]).[3b] 

 

After reviewing previous studies, we focused on the application of coordination 

chemistry to the assembly of triazole-pyridine macrocyclic complexes with selective recognition 

properties for hydrophobic substrates such as damaged nucleobases.  

2.4 Metalloreceptor Design 

Choosing the right metal ion, with carefully designed ligands, can result in spontaneous 

assembly of macrocyclic structures with different shapes and sizes.  This provides an efficient 

route for mimicking the complicated architectures of the helical binding units of transcription 

factors that play an important role in DNA binding.[12] For instance, zinc fingers, which are the 

Fe(II) 

 

Fe(II) 

 
Ni(II) 

 

Ni(II) 
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most abundant subunits in DNA-binding proteins, consist of a zinc ion that holds together a β-

hairpin and an α-helix protein secondary structures (Figure 2.10). The cylindrical (α-helical) 

portion of each zinc finger inserts itself into the major groove of DNA, and as a result of the 

consecutive binding of fingers, wraps around the DNA. 

 

 

 

 

 

 

Figure 2.10 a) Crystal structure of Cys2His2 zinc finger peptide unit which contains cysteine and 

histidine residues coordinated to a zinc ion that stabilizes their fold. Zn(II) is shown in green; 

(Figure adapted from reference [12]).[12] b) Crystal structure of a single domain of Zif268 protein 

bound to double-stranded DNA; (Figure reproduced  from reference [13]).[13] 

 

In one particular example, Hannon et al. developed a supramolecular tetracationic 

cylinder whose shape and size are comparable with that of a zinc finger peptides (Figure 2.11).[14] 

According to NMR studies, the cylinder fits into the major groove of DNA, resulting in a 

conformational change of the DNA structure. This designed cylinder incorporates three 

bis(pyridylimine) strand ligands wrapped around two iron(II) centers in a helical fashion.  Each 

strand contains two pyridylimine binding sites separated by a spacer. Pyridine is known to be a 

good sigma donor and π-acceptor ligand which coordinates with most metal ions. An imine is a 

weaker binding unit that provides some advantages such as the facile and high yield synthesis of 

the strand ligand through simple mixing of the corresponding commercially available aldehyde 

and amine. The octahedral metal ion induces formation of the triple-stranded helical structure. In 

addition to the metal-ligand coordination on either side of the structure, which plays a crucial role 

a) 
b) 
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in the assembly, face-edge π-π interactions between the phenyl rings also contribute to the rigidity 

of the complex.  

 

 

 

 

 

 

Figure 2.11 a) The molecular structure of the bis(pyridylimine) ligand, formation of the triple 

helical supramolecular cylinder induced by Fe(II), and the crystal structure of the resulting metal 

complex. b) Structure derived from NMR studies which shows the iron cylinder docking into the 

major groove of duplex DNA (Figure a) and b) adapted from references [15] and [14b], 

respectively).[14b,15] 

 

Hannon’s cylinders bind to DNA primarily through electrostatic interactions and 

hydrophobic effects. There are no available interaction sites for substrate recognition, as the metal 

ions are fully coordinated and the triple-stranded structure does not possess a cavity for this 

recognition. However, such self-assembled architectures can present available interaction sites for 

molecular recognition if carefully designed ligands are employed. Taking into account Hannon’s 

work and our previous studies, we decided to design metalloreceptors using triazole-pyridine 

ligands for the binding of extrahelical nucleosides. As previously identified, the stoichiometric 

outcome (2:2 vs. 3:2 ligand: metal) of the triazole-pyridine ligands' self-assembly with metal ions 

depends on the environment in solution.The difference between the double-stranded complex and 

the triple-stranded complex is that the former contains a central accessible cavity that can be 

further modified for selective substrate recognition (Figure 2.12). When a substrate is bound 

N

N

N

N

Fe2+3 2+

a) b) 
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within the central cavity, the resulting metal complex is categorized as a metalloreceptor.  It is 

worth mention that the aromatic spacers connecting two triazole-pyridine units provide a 

hydrophobic cavity that might be used for molecular recognition. Depending on the electron 

properties of the aromatic spacers (i.e., electron-poor or electron-rich), the substrate can be 

stabilized through donor/acceptor π-π interactions. However, due to its rigid structure and to the 

extra space occupied by the third ligand, this cavity is not accessible in the complexes’ triple-

stranded counterparts. Moreover, the available binding sites from the metal ions in the 2:2 

complex can be used for substrate binding if the substrate contains donor units.  

  

 

 

 

 

 

 

Figure 2.12 Cartoon representation of the self-assembled a) triple- stranded (2:3 metal: ligand 

ratio) and b) double-stranded (2:2 metal: ligand ratio). Rectangles and spheres represent triazole-

pyridine chelating units and metal ions, respectively. The arrows indicate the available binding 

sites of the metal ion which can be occupied by anions or other species. As shown, there is a 

cavity inside the double-stranded architecture. 

 

In order to design the metalloreceptor, we considered two main features: the properties of 

the metal ion and the structure of the organic ligand. Regarding the metal ion, we were 

particularly interested in zinc(II) for several reasons. Compared to Fe(II) and Ni(II), which have 

more restricted geometries, Zn(II) has a low stereochemical preference and can adopt a range of 

coordination geometries. Moreover, zinc(II)'s coordination flexibility may allow the 

 Cavity 

Available 

binding sites 

a) b) 
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metalloreceptor to adjust the size and shape of its cavity in order to optimize the favorable 

binding interactions with the substrate molecule. It is worth noting that affinity studies of 

synthesized metalloreceptors towards DNA need to occur in a buffer solution in which 

coordinating anions such as phosphates and chlorides can compete with chelating units of the 

corresponding ligand for coordination to the metal ion. In this regard, our previous studies proved 

that zinc binds weakly to the triazole-pyridine chelate under conditions used for DNA binding. 

One way to counteract the weak binding of the triazole-pyridine chelate to Zn(II) is to “strap the 

ligand”. The cartoon representation of these strapped ligands is illustrated in Figure 2.13 in which 

two strand ligands are linked on either side of the assembly by covalent bonds, forming a 

macroycle with four triazole-pyridine chelates. In this case, the entropic cost associated with 

formation of the metal-complex is partially negated by strapping the ligands via covalent bonds.  

Binding of the strapped ligand will be entropically less disfavoured than that of the individual 

strands. Consequently, it should result in the formation of a more thermodynamically stable 

metalloreceptor which has the enhanced binding affinity needed to function at a micromolar 

concentration. Such stable metal-complexes can be studied by various characterization 

techniques, ranging from low concentration methods (mass spectrometry) to higher ones (NMR 

spectroscopy).  

 

 

 

 

 

Figure 2.13 Cartoon representation of the covalently strapped triazole-pyridine ligands with 

metal ions. Rectangles and spheres represent triazole-pyridine chelating units and metal ions, 

respectively. 

Covalent connection 
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We designed two different strapped ligands, L
O

 and L
N
. Both consist of two strand 

ligands (I and II), composed of two metal-chelating triazole-pyridine units connected via an 

aromatic interaction site and methylene hinges. These metalloreceptors can be strapped on both 

side of the molecule. L
O
 can be strapped via ether bonds on both side while L

N
 can be strapped 

via amine bonds (Scheme 2.1). In macrocyclic synthesis, a major challenge is limiting the 

formation of oligomers. One strategy to prevent oligomerization is to pre-organize the structure of 

the favored molecule by keeping the two ends of the molecules within close proximity such that 

the ring-closure is favored. Therefore, we proposed using a metal ion to act as a template for the 

formation of a well-defined entity (as opposed to polymers) followed by Grubb’s metathesis 

(pathway a) or reductive amination (pathway b). This should yield strapped ligands L
O

 and L
N
, 

respectively. 

 

 

 

 

 

 

 

 

 

 

Scheme 2.1 Synthetic strategies to ligand strapping using the combination of metal ion 

templating and Grubb’s metathesis (pathway a), or reductive amination (pathway b). Gray 

spheres and parallelograms represent the metal ions and aromatic interaction sites, respectively.  
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Metal-template metathesis has proven to be a successful strategy in the synthesis of 

macrocyclic ligands for supramolecular chemistry, as Sauvage et al. demonstrated with the 

efficient synthesis of catenane structures through this method (Scheme 2.2).[16] 

 

Scheme 2.2 Metal template synthesis of [2]catenane using Ring Closing Metathesis.
 [16] 

 

As discussed above, the strapped ligand should be able to form stable complexes upon 

coordination to zinc, and a binuclear cationic cage with distorted tetrahedral geometry around 

each metal is expected. The cationic cage may be able to target the phosphates in the polyanionic 

DNA backbone through electrostatic interactions, and the intact or damaged bases of DNA may 

be stabilized within the cavity of the cage via π- π stacking. It is worth mentioning that Zn(II)'s 

coordination flexibility should allow the aromatic walls to have optimum π-interactions with the 

hydrophobic substrate inside the cavity.[17] It is also noteworthy that changing the length of the 

strap should impact the flexibility of the chelating units around the metal centers, therefore tuning 

the size of the cavity.  

2.5 Strand Synthesis 

The synthesis commenced with strand ligands I and II, followed by coordination studies 

for their metal templated macrocyclization via Grubb’s metathesis or reductive amination, 

respectively. In order to explore the possibility of making a strapped macrocylic ligand, our initial 
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ligands featured a benzene ring as the aromatic interaction site for several reasons. Its 

corresponding reagent (1,4-dibromoxylene) is commercially available. Most importantly, our 

previous studies demonstrated that the ligand containing triazole-pyridine units connected via a p-

xylyl spacer (Figure 2.8) gave easily identified patterns when self-assembly was studied by 1H 

NMR. The symmetrical structure of the benzene ring can result in a simple NMR spectrum that 

provides valuable insight into the strapped macrocylic ligand’s characteristics and its interaction 

with the substrate. This information will facilitate the interpretation of results later acquired for 

more complicated aromatic interaction sites. As shown in the retrosynthetic analysis of the strand 

ligands I and II, the same starting material was used for the syntheses of both strand ligands 

(Scheme 2.3). The synthetic strategies corresponding to each pathway are discussed in details 

below.  

 

 

 

 

 

 

 

 

 

 

Scheme 2.3 Retrosynthetic analysis of strand ligands I and II. 
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2.5.1 Strand I Synthesis 

The hydroxyl pathway resulting in the synthesis of strand I was investigated first (Scheme 2.4). 

Ipso-substitution,[18] reduction[19] and diazonium[20] reactions were successfully carried out 

according to published procedures. We replaced the chlorine atom with iodine in the initial step 

as it was suspected that the hydroxyl group may interfere with the organosilane function on the 

protected alkyne. Since iodine is known to be more reactive than chlorine in palladium-catalyzed 

reactions of aryl halide and acetylene derivatives,[21] this replacement would increase the rate of 

Sonogashira coupling. A faster Sonogashira coupling would limit the extent of C-Si cleavage.  

Scheme 2.4 Synthesis of strand I. 
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Accordingly, 4 was synthesized[22] in high yield and purified by column chromatography. 

However, the 1H NMR of the purified product contained residual iodide starting material (14%). 

This could be due to the similar polarity of 3 and 4, resulting in poor separation during column 

chromatography. The product of silyl deprotection contains 3 as well. Therefore, full 

characterization of the alkyne product 5 could not be completed. Moreover, calculating the 

number of moles of ethynylpyridine 5 in this mixture was problematic. This resulted in a mixture 

of mono- and disubstituted product of the Click (CuAAC) reaction when it was first carried out. 

This problem was subsequently addressed by using the internal standard method to calculate the 

correct number of moles of ethynylpyridine 5 before the Click reaction. Eventually, 6 was 

obtained as a pure, bis-functional product without contamination by the product of reaction on 

only one alkyne.[4] In the conversion of 5 to 6, two reactions take place subsequently in situ: the 

substitution of the bromine for an azide, followed by the copper-catalyzed cycloaddition reaction 

between 1,4-bis(azidomethyl)benzene and the ethynylpyridine 5 to yield the bis-pyridinol 6. 

Despite a very good conversion to 6 in the crude, several attempts have been made to obtain 

analytically pure 6. However, due to its poor solubility, typical purification methods such as 

recrystallization and column chromatography did not improve the purity of the sample. As a 

result, the bis-OH compound was directly converted to the bis-allylated[23] which was expected to 

be more soluble, thus offering more options for purification. The alkylation reaction did result in 

a more soluble product, but an analytical purification of 7 nevertheless required repeated column 

chromatography and recrystallization. 

We were interested in synthesizing metalloreceptors with different strap lengths since, as 

previously mentioned, the length of the strap impacts the flexibility of the chelating units around 

the metal centers in the resulting macrocycle. Therefore, we initially used an allyl group to 

synthesize a metalloreceptor containing four carbon atoms in the strap, L
O
1. 
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2.5.2 Strand II Synthesis 

Strand II was successfully synthesized in three steps by Nicole Calvert, and reproduced later by 

myself and Leah Egan, two fourth-year thesis students under my supervision. Scheme 2.5 

represents the synthetic scheme towards Strand II. 

 

Scheme 2.5 Two possible pathways for the synthesis of strand II.  

 

Initially, we planned to utilize pathway (a) for two reasons. First, the initial two reactions 

had been successfully carried out in order to synthesize strand I. Second, the substitution of 

chlorine with iodine resulted in a more reactive precursor for the Sonogashira reaction. Compared 

to bromine and iodine, the chlorine-carbon bond is stronger which reduces the ability of chlorine 

to depart. Since the oxidative addition of aryl halide to the palladium catalyst occurs in the rate-
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determining step of Sonogashira coupling, aryl bromides and aryl iodides are more common 

precursors than their chlorine counterparts due to their heightened reactivity. However, we 

hypothesized that the electron-withdrawing nature of the nitro group might facilitate the ability of 

chorine to depart in 2-chloro-5-nitropyridine, resulting in a more efficient Sonogashira reaction. 

Upon locating similar published reactions,[24] we attempted to devise a shorter synthetic plan, 

pathway (b).  

The successful synthesis of 8,[24] as measured by a high yield, confirmed that the presence 

of an electron withdrawing nitro group caused an accelerated departure of chlorine through an 

oxidative addition to the palladium catalyst. In an effort to synthesize 9, we encountered 

unexpected challenges. In the first trial, excess zinc dust and acetic acid were mixed with 8 in 

95% ethanol at room temperature, and the reaction was stopped after 10 minutes (method 1, 

Scheme 2.6).[25] The 1H NMR analysis of the crude demonstrated two products. The relatively 

low chemical shift of 6.88 ppm for pyridyl H4 (doublet of doublet) served as an indicator for the 

electron-donating nature of the amine adjacent to it, confirming the presence of the desired 

product (60% yield). The chemical shifts of the side-product were slightly higher than those the 

desired product but lower than those of the starting material. As such, the side product might have 

been an intermediate of the reaction, resulting from the early termination. Therefore, some of the 

crude was mixed with excess amounts of reagents in an NMR tube to drive the reaction towards 

completion. However, this did not change the ratio of the mixture. Having considered the poor 

separation of the mixture in a TLC analysis, and the moderate yield of the reaction, we decided to 

proceed with a different protocol. In the second trial, 8 with an excess amount of SnCl2•2H2O in 

NH4Cl/ EtOH were heated at 65 °C for three days and the reaction progress was followed by TLC 

and 1H NMR analysis (method 2, Scheme 2.6).[26] This reaction also resulted in a mixture of two 

main products. As a result of column chromatography, the two major spots were separated, but 

their 1H NMR spectra demonstrated that both products contained unique impurities. The two 
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main products were identified as the desired product, containing the TMS group, and an alkyne 

analogue that had lost the TMS group. If it were not for the impurities, the results were promising 

because both TMS and alkyne groups are compatible with a Click reaction. It was not possible to 

determine the structure of the impurities. However, the chemical shifts of the closest aromatic 

proton to the alkyne and the TMS group, pyridine H3 was mostly affected (moved downfield).  It 

could mean the alkyne or the TMS group components may have undergone a reaction.  This 

would provide a partial explanation for why the reaction did not produce a high yield of the 

desired product, as nitro reductions are usually easily completed and quantitative. Therefore, we 

decided to attempt a two-step one-pot reaction, beginning with silyl deprotection using potassium 

fluoride, [27] followed by a reduction reaction utilizing SnCl2•2 H2O (method 3, Scheme 2.6).  

Scheme 2.6 Different attempted approaches for reducing the nitro group of 8.  
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The small-scale reaction was conducted in CD3OD at 65 °C for three days, and according 

to the NMR analysis, the desired product was obtained in a yield of 85% along with some minor 

impurities. Since the small scale NMR reduction was successful, we decided to scale up the 

reaction using ethanol at 95 °C over two days. The reason for using methanol was so the reaction 

progress could be monitored by 1H NMR. The methanol was replaced by ethanol in the large-

scale reaction because the reduction reaction of 1 was successfully carried out using ethanol at 95 

°C.[19] Surprisingly, this change was unsuccessful, possibly due to the elevated temperature. 

Therefore, the large-scale reaction was attempted again at 65 °C in methanol over the course of 

three days, but less than 50% of the reaction mixture accounted for the desired product. Since the 

results of the last trial were promising, the reaction was carried out one more time at 40 °C in 

methanol to investigate whether the lower temperature would cause a better conversion. This 

resulted in the formation of the desired product in a decent yield. Table 2.1 displays the summary 

of the discussed attempts to optimize the reaction condition. 

Table 2.1 Attempts to optimize the reaction condition to synthesize 9.  

Entry Mass of 8 used 

(mg) 

Solvent Time 

(days) 

Temperature 

(°C) 

Conversion 

(%) 

1 5 CD3OD 3 65 85 

2 100 EtOH 2 95 <30 

3 50 CH3OH 3 65 <50 

4 20 CH3OH 3 40 85 

Note: the reaction concentration was consistent in all experiments. 

 

The reaction crude 9 was purified by the column chromatography. However, the 1H NMR 

demonstrated a mixture of alkyne product and a residue of unknown by-product. Prior to 

conducting the next step, it was essential to calculate the correct number of moles of 
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ethynylpyridine 9 in the resulting mixture using the internal standard method, since the incorrect 

calculation of the number of moles of ethynylpyridine 9 could lead to a mixture of mono- and 

disubstituted product of the Click reaction. Eventually, 10 was obtained in a one-pot procedure as 

a pure, bis-functional product without contamination of mono-functional click byproduct. 

2.6 Strand I Self-Assembly and Reactions towards Synthesis of LO1 

Supramolecular chemistry provides efficient routes utilizing templates to initiate the construction 

of macrocyclic molecules.[28,29] In our studies, this approach takes advantage of a metal ion 

template to favor macrocyclization over polymerization. In order to form the 2:2 metal: ligand 

template 11, the proper choice of the metal ion was crucial. One might suggest using tetrahedral 

and square planar metal ions. However, it should be considered that H-bonding interactions 

between the pyridine H6 and the triazole nitrogen N2 in the square planar geometry would likely 

result in the head-to-tail arrangement of the ligands bound to the metal ions. Such head-to-tail 

binding mode would result in oligomerization. Since a tetrahedral geometry accommodates the 

head-to-head binding mode for the triazole-pyridine ligand, our choice was limited to the metal 

ions that prefer tetrahedral geometry. It is also notable that the self-assemblies were studied by 1H 

NMR since the concentration using in NMR spectroscopy is similar to the concentration need for 

reaction.  
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Scheme 2.7 Proposed 2:2 ligand to metal template formation followed by Grubb’s metathesis to 

synthesize macrocycle L
O
1. 

2.6.1 Self-assembly of Strand I (7)  with Cu(I) 

As the first trial for metal templating, Cu(I) was utilized because it is a low-valent 

transition metal preferring tetrahedral geometry, and would consequently produce the 2:2 metal to 

ligand assembly. Mixing a 1:1 solution of tetrakis(acetonitrile)copper(I) tetrafluoroborate and bis-

allyl 7 in acetonitrile-d3 resulted in a yellow precipitate that is consistent with our previously 

studied mixture of Cu(I) complexes and triazole-pyridine ligands.  Although a clear 1H NMR 

spectrum was not obtained due to limited solubility of both the ligand and the complex in 

acetonitrile, Figure 2.14 illustrates the stacked plot of the free strand ligand 7 and its complex 

with copper(I). Changes in the chemical shifts associated with CH2 hinges (∆δ  = -0.16 ppm) and 

H6 (∆δ = +0.05 ppm) of the pyridine rings seem to indicate Cu(I) binding.  
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Figure 2.14 a) Stacked plot of 1H NMR spectra of bis-allylpyridine 7, b) 

its complex with Cu(I) in degassed CD3CN, 25 °C, 500 MHz, [7]0 = 22 

mM.1 The NMR samples are a suspension due to the low solubility of 

the materials in CD3CN. c) Expected structure of metal templated 

complex consisting of two bis-allylpyridine 7 coordinated to two Cu(I) 

centers. 
*
According to the 1H NMR of 7 in CDCl3, the peaks corresponding to H4 and Ha appear 

very close to each other. It is difficult to identify which peak is associated with Ha in CD3CN. 

Peaks are assigned based on a 1H-1H COSY experiment.  

 

ESI mass spectrometry was utilized as an alternative method for characterizing the self-

assembled Cu(I) complex with bis-allyl strand. As shown in Figure 2.15, the peak at m/z of 

569.15 g/mol corresponds to the formation of 2:2 and 1:1 (ligand to metal ratio) complexes which 

were assigned on the basis of the m/z values and isotopic patterns. The peak at m/z 1075.71 g/mol 

is also associated with a Cu+ “corner” bound to two ligands. 

 

 

 

 

 

 

                                                   

1 Due to the low solubility, 7 yielded a suspension. Therefore, the concentration is based on assuming 7 

would completely dissolve in acetonitrile-d3.  
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Figure 2.15 a) HR-ESI mass spectrum of the mixture of 7 and [Cu(CH3CN)4]BF4. b) Zoomed 

spectrum in the area of 2:2 and 1:1 (ligand to metal ratio) complexes. Theoretical calculation of 

mass analysis of c) 2:2, and d) 1:1 complexes.[30]  

 

As a preliminary NMR-scale test of the templated macrocyclization, the resulting Cu(I) 

complex was mixed with Grubbs’ catalyst second generation in CDCl3 at room temperature.[16] 

However, the 1H signals of the ligand were broad and could not be assigned. Therefore, the 

progress of the reaction was followed by TLC which allows a convenient monitoring of the 

starting material.  Based on TLC analysis of the reaction suspension, the conversion of the 
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starting material did not occur. Therefore, the reaction was stopped. The 1H NMR spectrum of the 

demetallated crude presented the signature of the intact strand ligand as well.  Most likely, the 

first trial of ring closing metathesis was not successful because of the limited solubility of the 

Cu(I) complex in CDCl3.  As a side note, ruthenium catalyzed metathesis reactions are influenced 

by the choice of the solvent;[31] therefore solvent selection is a major factor that needs to be 

considered. A limited number of solvents are appropriate for ring closing metathesis that are not 

compatible with the solubility of the self-assembled metal complex.[32] It is therefore essential to 

address the solubility issue in order to run a successful ring closure reaction. Since the templated 

metal complex is a charged species, it should be more soluble in polar solvents that are 

compatible with SN2 reactions and less good for metathesis reactions. Thus, in an attempt to drive 

the formation of the metal template, another strategy was undertaken using the strand 6 (Figure 

2.16). We presumed the phenolic protons would become more acidic upon coordination to the 

metal ions. As a result of deprotonation, more nucleophilic oxygen atoms should react with the 

appropriate dihalide through a typical SN2 reaction to yield the strapped ligand. This part of my 

research can be broken down into two different metal templates with varying flexibilities in 

coordination geometry: a more flexible metal, Zn(II), and a rigid metal, Fe(II).  

 

 

 

 

 

 

 

Figure 2.16 Cartoon representation of the 2:2 template using the ligand 6 followed by an SN2 

reaction to form the metallomacrocycle.  
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2.6.2 Self-Assembly of 6 with Zn(II) 

The poor solubility of bis-OH 6 in commonly used organic solvents encouraged us to 

explore its in situ complexation with Zn(OTf)2 in DMSO-d6. Very weak binding was observed, as 

Zn(II) is a hard metal and is likely coordinated by the oxygen atoms of the DMSO molecules. To 

improve ligand solubility in solvents other than DMSO, such as CD3CN, a polar and non-oxygen 

containing solvent, we proposed the use of an organic base such as 1,8-diazabicyclo[5.4.0]undec-

7-ene (DBU) to deprotonate the phenolic protons. Adding 2.0 equivalents DBU did enhance the 

solubility of the 6 in CD3CN, but it was still only partially soluble. Due to the low solubility of 6, 

acquiring the free ligand's NMR signature in CD3CN was impossible. However, all of the ligand’s 

peaks became broad after the addition of DBU (Figure 2.17). Unfortunately, adding Zn(II) ions 

into the mixture caused a white precipitate to deposit at the bottom of the NMR tube, resulting in 

lost signals. After the addition of 2.0 equivalents of Zn(II), the 1H NMR signals were restored and 

all protons appeared at higher chemical shifts. The analysis of the stacked spectra provided the 

following results. First, DBU is likely not strong enough to fully deprotonate the phenolic 

hydrogen atoms and thoroughly dissolve 6 (note the small changes in the chemical shifts of DBU 

in the presence and absence of 6). Second, Zn(II) addition would induce the formation of a 

neutral complex (two chelates and two triflate anions around each divalent zinc center) in a 

relatively polar solvent, which then precipitated out as a white solid.  In the meantime, the excess 

Zn(II) ions coordinated to DBU (note DBU protons moved downfield when Zn(II) was added). 

Third, the ligand protons that reappeared at this point are at higher chemical shifts, as compared 

to the typical signatures of double- and triple-stranded complexes. Such high chemical shifts 

suggest the formation of a single strand bound to two Zn(II) ions due to the excess metal ions in 

solution.  
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Figure 2.17 1H NMR stacked plot of 6 self-assembly with Zn(OTf)2 using 2.0 equivalents DBU 

in CD3CN, 25 °C, 500 MHz, [6]0 = 21.4 mM.2 The spectra at the bottom correspond to a) free 

ligand b) DBU as a reference signal. The water peak is denoted by the star sign. The numbers on 

the left represent the number of equivalents of Zn(II) with respect to the ligand. The proposed 

structure of the metal complex, and the chemical structure of DBU are shown on top.  

 

In another effort to improve the solubility, tetramethylammonium hydroxide (TMAH) 

was used as a stronger base.[33] The poor solubility of TMAH in CD3CN required working in a 

mixture of solvents (15:1 CD3CN/CD3OD); 6 was also slightly more soluble in this mixture than 

in pure CD3CN. The addition of 1.0 equivalent of TMAH notably increased the solubility of the 

ligand in CD3CN/CD3OD (Figure 2.18). As observed in previously discussed experiments, 

introducing Zn(OTf)2 initiated the formation of white precipitates. The amount of precipitate 

increased as more Zn(II) was added. This precipitation led to a broadening of the spectra and the 

eventual loss of signals (at 0.5 equivalents Zn). We believe the outcome of complexation is the 

neutral double-stranded species that precipitated out of solution because of its low solubility.  The 

slow precipitation of 2:2 species was first observed during self-assembly studies of L
H
 and 

                                                   

2 All concentrations of 6 reported in this manuscript are based on assuming 6 completely dissolves in the 

solvent(s). However, due to the low solubility, 6 always yielded suspensions.  
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another ligand (same structure as L
H 

but with an ethylene spacer instead of a p-xylyl spacer) with 

Zn(OTf)2 in CD3CN.[4] 

 

 

 

 

 

 

 

 

 

 

Figure 2.18 1H NMR stacked plot of self-assembly of the ligand 6 with Zn(OTf)2 using 1.0 

equivalent TMAH in 15:1 CD3CN/CD3OD, 25 °C, 500 MHz, [6]0 = 19.8 mM. The numbers on 

the left represent the number of equivalents of Zn(II) with respect to the ligand. Proposed 

assembled architecture is shown on top.  

 

Since identifying conditions in which ligand 6 was soluble proved not to be successful, 

we then focused on using 1H NMR to determine whether the 2:2 templated metal complex formed 

in solution, in the absence of any interfering species such as base. To this end, ligand 6 was 

suspended in CD3CN and titrated with an acetonitrile solution of Zn(OTf)2. Zn(II) is a labile 

metal that leads to a dynamic equilibrium between the free ligands and the metal-bound species. 

As more Zn(II) is added, the equilibrium shifts towards the metal-bound species. So, we expected 

that the in situ formation of the metal complexes would be detectable by 1H NMR provided the 

resulting complex remained in solution.  
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Figure 2. 19 a) Cartoon representation of the dynamic equilibrium between self-assembled Zn(II) 

structures with different stoichiometry. b) Stacked plot of 1H NMR spectra of 6 with Zn(OTf)2 in 

CD3CN, 25 °C, 500 MHz, [6]0 = 20.2 mM. Signals of the triple-stranded Zn2(6)3
4+, double-

stranded Zn2(6)2
4+

, and single-stranded Zn2(6)4+
 are color coded in orange, green and red, 

respectively. The numbers on the left represent the number of equivalents of Zn(II) with respect 

to the ligand. Note the move of exchangeable water peak which might be the result of its 

involvment in binding. 
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As seen in Figure 2.19, the addition of 0.2 equivalents of Zn(II) resulted in the 

observation of signals corresponding to a triple-stranded structure, as evidenced by the typical 

relative chemical shifts of pyridine H6 and methylene protons. At 0.4 equivalents, a new set of 

resonance peaks appeared consistent with the signature of the double-stranded complex. As more 

Zn(II) was added, the formation of a single strand bound to the metal ions was also observed, 

coexisting with both triple- and double-stranded species (from 0.6 to 1.5 equivalents). As 

expected, the gradual addition of Zn(II) decreased the population of the triple- and double-

stranded species and shifted the equilibrium in favor of the single-stranded complex.  

Not only did the addition of Zn(II) not result in a precipitate, but it dissolved some of the 

suspended 6 in the form of metal complexes. Some ligand 6 remained undissolved throughout the 

titration process, even after the application of heat and ultrasound. As a result, the number of 

equivalents of Zn(II) added to the NMR tube exceeded that of the ligand existing in the solution. 

This excess amount of zinc adjusted the equilibrium to favor the formation of more single-

stranded species. Despite this phenomenon, this titration of 6 with Zn(OTf)2 in CD3CN was the 

most promising approach to form the desired 2:2 complex. Thus, we preliminarily attempted a 

templated macrocyclization using conditions in which the double-stranded assembly coexisted 

with the single-stranded complex. We avoided utilizing conditions that allowed for the triple-

stranded assembly to exist because macrocyclization could occur between different strands of the 

same complex (i.e., strand 1 and 2 cyclized on one end and strand 2 and 3 cyclized on the other 

end), producing oligomers after demetallation. Treatment of 6 with 2.0 equivalents of Zn(OTf)2 in 

CD3CN afforded a mixture in which the double- and the single-stranded species presumably exist 

in an equilibrium state, as confirmed by 1H NMR. 1,4-Diidobutane (1.0 equivalent compared to 

ligand) was added to the mixture and it was heated at 60 °C. After 24 hours, a white solid 

precipitated from the solution. The 1H NMR spectrum showed no changes in the chemical shifts 

of 1,4-diiodobutane while the intensity of the double-stranded complex’s peaks decreased. We 
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concluded that the oxygen atoms of 6 were not basic enough to execute the nucleophilic 

substitution, and once again the neutral charge of the 2:2 complex and its poor solubility led to 

the formation of a precipitate.  

2.6.3 Self-Assembly of 6 with Fe(II) 

In comparison with Zn(II), Fe(II) is a softer metal and consequently more compatible 

with the soft N-containing triazole-pyridine chelate. Furthermore, our previous UV-vis studies 

demonstrated the octahedral coordination geometry of Fe(II) in a coordinating environment can 

be used to construct the desired 2:2 species (at 10-5 M). Therefore, we proposed using Fe(II) with 

coordinating anions such as chloride and acetate. It was expected that the six available 

coordination sites of the metal would be occupied by two bidentate triazole-pyridine units and 

two coordinating anions that would complete the ion coordination sphere to form the 2:2 

complex. Since FeCl2•2H2O is not soluble in acetonitrile, 6 was suspended in CD3OD and titrated 

with a methanolic solution of Fe(II). Upon addition of 0.2 equivalents of Fe(II), a dark orange 

color was observed, consistent with our previously studied mixture of Fe(II) complexes with 

triazole-pyridine ligands. The poor solubility of 6 in pure CD3OD prevented the acquisition of the 

free ligand’s NMR signature. However, the addition of Fe(II) induced very broad 1H NMR 

signals. At 0.4 equivalents, a reddish-brown precipitate formed in solution. The titration was 

continued, adding 1.2 equivalents of Fe(II), resulting in the formation of more precipitate. We 

believe the precipitation was likely attributed to the formation of the neutrally charged 2:2 

complex. Due to the broad signals, it was not possible to determine whether the species present in 

solution is the saturated or unsaturated complex. As a result, the NMR tube was gently heated at 

40 °C overnight to dissolve the precipitates, but it was not successful and the 1H NMR showed no 

changes.  
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Figure 2.20 1H NMR spectrum of 6 self-assembly with 1.2 equivalents of FeCl2 in CD3OD, 25 

°C, 400 MHz, [6]0 = 20.3 mM. Signals were assigned based on a 1H-1H COSY experiment.  

 

Compared to chloride, acetate is a stronger coordinating anion, therefore, the possibility 

of constructing a 2:2 complex using Fe(OAc)2 was explored. Since 6 takes several steps to 

synthesize and is poorly soluble, limiting the 1H NMR analysis of its metal complexations, we 

decided to proceed with the experiment using the L
H
 ligand. The advantages of L

H
 are its 

solubility in commonly used organic solvents and easy one-step preparation. Shortly thereafter, 

we realized Fe(OAc)2 is soluble in water and mostly in alcohols, whereas L
H
 is not soluble in 

water. Therefore, after Fe(OAc)2 was dissolved in a minimum amount of D2O, CD3OD was 

gradually added until a precipitate formed. This method utilized the smallest amount of D2O 

needed to dissolve Fe(OAc)2 and the maximum volume of CD3OD that could be used without 

causing further precipitation of Fe(OAc)2. As a result, Fe(OAc)2 was dissolved in a degassed3 

mixture of 6:1 CD3OD/D2O in the NMR tube.  L
H
 was added portion-wise as a solid, and the 

                                                   

3 Due to the high oxidation potential of Fe(OAc)2, all solvents were degassed before making the solution.  
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NMR tube was gently flushed with argon after each addition of L
H
. After 0.5 equivalents of L

H
 

was added, it did not completely dissolve even after the application of heat and ultrasound.  

However, the original yellow color of the Fe(OAc)2 solution turned orange upon L
H

 addition, an 

indication of metal-to-ligand charge transfer. The 1H NMR spectrum showed one set of broad 

resonance peaks, consistent with the formation of a metal complex. At 1.0 equivalent of L
H

, the 

second set of broad resonance peaks appeared, and their intensity increased as more L
H
 was 

introduced into the NMR tube (L
H
 was added up to 2.0 equivalents).  Throughout this 

experiment, some L
H

 ligand remained undissolved, after the application of heat and ultrasound. 

The broadening of the spectrum, which might have been caused by the paramagnetic nature of 

certain forms of iron or instrument error (poor shimming on 500 MHz Bruker instrument), did not 

allow for signal assignment. Surprisingly, a 600 MHz Bruker instrument resulted in a clearer 1H 

NMR spectrum (Figure 2.21) in which one set of resolved peaks corresponded to the metal 

complex and one set of broad peaks was consistent with the signature of the free ligand (proton 

assignment confirmed by COSY and HSQC). As stated above, in the presence of Zn(II), shielding 

of pyridine H6 and diastereotopic methylene protons are consistent with the formation of the 

triple-stranded assembly. However, when the double-stranded complex is formed, the protons in 

the CH2 group are no longer diastereotopic on the NMR-time scale and the protons of the phenyl 

ring are shielded. In the case of the Fe(II) complexation, the upfield movement of pyridine H6 in 

the bound species might be indicative of the triple-stranded formation, but the diastereotopicity of 

the methylene protons is arguable. Zn(II) is a flexible metal ion, capable of adjusting the 

coordination geometry around itself, whereas Fe(II) is more rigid.  So the appearance of 

diastereotopic methylene protons might be attributed to either 2:2 or 2:3 metal to ligand 

complexes. As a result, the stoichiometry of the resulting complex was inconclusive based on the 

current observations. 
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Figure 2.21 Partial 1H NMR spectra of L
H
 self-assembly with Fe(OAc)2 (after 2.0 equivalents 

addition) in degassed 6:1 CD3OD/ D2O, 25 °C, 600 MHz, [Fe(OAc)2]0 = 9 mM. It shows the slow 

exchange between the free and bound ligand on the NMR-time scale.  

 

In order to perform a further structural analysis of the resulting complex, Diffusion-

Ordered Spectroscopy (DOSY) was used, as it provides a way to resolve molecules with different 

shapes and sizes in a mixture based on differing diffusion coefficients. We were hoping to 

observe that the acetate peak would align with the metal complex peaks if the resulting complex 

was double-stranded and acetate were to bind to the metal center, completing its coordination 

sphere. The DOSY spectrum confirmed the existence of two species in the mixture, free and 

bound ligands.  However, the acetate peak did not belong to any of these species as it appeared as 

a separate peak (Figure 2.22). 

= = 
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Figure 2.22 1H DOSY spectrum of L
H

 self-assembly with Fe(OAc)2 in degassed 6:1 

CD3OD/D2O, 25 °C, 600 MHz, [Fe(OAc)2]0 = 9 mM.  *Residual ethanol peaks in L
H

 stem from 

the recrystallization solvent.  

 

Furthermore, the NOESY experiment displayed cross peaks between the corresponding 

protons within the free and bound ligands and new peaks between the protons of each species 

(note the negative NOE between methylene protons, pyridine H4 and H3 protons of each 

species).The latter indicated the chemical exchange of the ligand between bound and free states 

producing transferred NOE signals. Since Fe(II) is a labile metal, it leads to a dynamic 

coordination equilibrium in which ligand binding appears to occur slowly on the NMR time-

scale, resulting in the appearance of both species (Figure 2.23). 
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Figure 2.23 Partial NOESY spectrum of L
H
 self-assembly with Fe(OAc)2 in degassed 6:1 

CD3OD/D2O, 25 °C, 600 MHz, [Fe(OAc)2]0 = 9 mM. The spectrum illustrates the transferred 

NOE between the free and bound ligand. Cross peaks indicating the negative NOE between 

methylene protons, pyridine H4 and H3 protons of each species are shown in dashed lines.  
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The previously discussed data is presented in table format in order to more easily 

compare the results obtained from the self-assembly of 6 with Zn(II) and Fe(II). 

Table 2.2 Summary of the self-assembly studies with ligand 6. 

Features of the metal 

ion and anion 

Cation Count

er ion 

Solvent Results 

Low affinity metal ion 

and non-competitive 

anion 

Zn2+ -OTf DMSO-d6 Weak binding 

Zn2+ -OTf CD3CN 

White precipitate and   triple-, 

double-, and single-stranded species 

in solution 

High affinity metal ion 

and competitive anion 

Fe2+ Cl- CD3OD 

Reddish brown precipitates and 

either triple- or double-stranded 

complex in solution 

*Fe2+ -OAc 
CD3OD/D2O 

 

Either triple- or double-stranded 

complex is in slow exchange with 

free ligand 

*Note: ligand 6 was used for all self-assembly studies except the last experiment in which L
H

 was utilized. 

 

2.7 Strand II Self-Assembly  

Scheme 2.8 illustrates the self-assembly of strand II (10) followed by reductive amination in 

order to synthesize macrocycle L
N
. Compared to the attempts toward the synthesis of macrocycle 

L
O

, this approach might be more promising because the ionic conditions of reductive amination 

should be more compatible with the solubility of the self-assembled metal complex.  
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Scheme 2.8 2:2 Metal: ligand template formation followed by reductive amination to synthesize 

macrocycle L
N
. 

 

In an effort to form the 2:2 metal: ligand template, the self-assembly of  10 with Zn(II) 

and Fe(II) was studied by 1H NMR. It is worth mentioning 10 is more soluble than 6, allowing the 

acquisition of the free ligand’s NMR signature in commonly used deuterated solvents in the 

following coordination studies.  

2.7.1 Self-Assembly of Strand II (10) with Fe(II) 

We attempted complexation of 10 with FeCl2•2H2O in the hope each metal would be bound to 

two chelating units and two coordinating anions, resulting in the formation of a 2:2 species. Since 

dissolving FeCl2 requires using CD3OD, a mixture of 3:2 CD3OD/CD3CN was chosen to 

accommodate the solubility of both FeCl2•2H2O and 10. Figure 2.23 shows the   1H NMR 

titration of Fe(II) to a solution of 10.  Upon addition of Fe(II), the original pale yellow color of 
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the ligand solution turned orange, indicating a metal-to-ligand charge transfer. As more Fe(II) 

was added, the peaks corresponding to the metal complex increased and eventually dominated the 

spectrum. As discussed before, due to the rigid stereochemistry of Fe(II), the formation of 

double- or triple- stranded complexes could not be concluded based on the appearance of 

diastereotopic protons in the CH2 group. However, the low chemical shift of pyridyl H6 could be 

due to the shielding cone of the neighboring aromatic ligands in the triple-stranded species. As a 

result, the stoichiometry of the resulting complex was inconclusive.  

Figure 2.24 Stacked plot of 1H NMR spectra of 10 and its self-assembly with FeCl2 in degassed 

3:2 CD3OD/CD3CN, 25 °C, 400 MHz, [10]0 = 11.8 mM. The numbers on the left represent the 

number of equivalents of Zn(II) with respect to ligand.  
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2.7.2 Self-Assembly of Strand II (10) with Zn(II) 

Since the complexation of 6 with Zn(OTf)2 in CD3CN generated the most promising results, we 

attempted the same complexation using 10. Ligand 10 was mostly dissolved in CD3CN and 

titrated with an acetonitrile solution of Zn(OTf)2. As more Zn(II) was added, the equilibrium 

shifted towards the formation of structures with lower ligand: metal ratios. Namely, the 

complexation started with the formation of the triple-stranded assembly, followed by its 

dissociation into the double- and single-stranded species, as more Zn(II) was added (Figure 2.24). 

This was similar to the results obtained from the titration of 6, but some additional small peaks 

were observed which might be associated with the self-assembly of oligomers at millimolar 

concentrations. A concentration-dependent self-assembly of oligomers was reported by Harding 

et. al while studying the complexation of bipyridine-based ligands with Zn(OTf)2 in CD3CN.[17] 

Furthermore, throughout the titration of 10 with Zn(II), a creamy precipitate was observed in the 

NMR tube. It was difficult to determine whether the precipitate was attributed to the undissolved 

ligand or a result of the titration.  
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Figure 2.25 a) Cartoon representation of the gradual formation of various Zn(II) self-assembled 

structures. b) 1H NMR titration of 10 with Zn(OTf)2 in CD3CN, 25 °C, 400 MHz, [10]0 = 19.3 

mM. Signals of the triple-stranded Zn2(10)3
4+, double-stranded Zn2(10)2

4+
, and single-stranded 

Zn2(10)4+
 are color coded in orange, green and red, respectively. The small peaks in the spectra 

might be associated with the formation of oligomers. The numbers on the left represent the 

number of equivalents of Zn(II) with respect to the ligand.  
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Triflate is considered to be a non-coordinating anion, so we decided to undertake another 

Zn(II) complexation utilizing acetate as a coordinating anion. The titration was carried out in 1:1 

CD3OD/CD3CN to accommodate the solubility of both Zn(OAc)2•2H2O and 10. However, the 

addition of Zn(OAc)2 induced peak broadening which might be due to the intermediate exchange 

rate between coexisting multiple species with different stoichiometries. Since the free ligand 10 

was more soluble in 1:1 CDCl3/CD3OD than in 1:1 CD3CN/CD3OD, the complexation of 10 with 

Zn(OAc)2 was repeated in the former solvent mixture. The addition of Zn(OAc)2 resulted in peak 

broadening again, but the spectra were clear enough to assign the signals. Upon addition of 

Zn(OAc)2, the pyridyl H3 signal was shifted upfield, implying the triazole-pyridine chelating unit 

adopted a cisoid conformation as a result of coordination to Zn(II). This conformational change 

eliminated the hydrogen bond formed between pyridine H3 and triazole N3 when the free ligand 

was in transoid conformation. Also, the downfield movement of pyridine H4 and the triazole 

proton confirmed the coordination of the chelate to Zn(II). The 1H NMR titration illustrated the 

existence of an intermediate exchange rate between the free and coordinated ligand (Figure 2.26). 

The plots of the chemical shift changes of well-resolved protons (pyridine H4, H6, triazole Ht, 

and CH2 protons) as a function of added equivalents of Zn(II) illustrate moderate binding (Figure 

2.27). It is noteworthy that three different protons, Ht, H6 and CH2, have relatively similar 

binding curves with plateaus in the same area.  However, the binding curve of H4 indicated the 

formation of more than one species.  
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Figure 2.26 1H NMR titration of 10 with Zn(OAc)2 in 1:1 CDCl3/CD3OD, 25 °C, 400 MHz, [10]0 

= 11.8 mM. The numbers on the left represent the number of equivalents of Zn(II) with respect to 

the ligand 10. 

 

 

Figure 2.27 Changes in the chemical shifts of a few proton signals of 10 upon addition of 

Zn(OAc)2. Note that n refers to the number of moles. 

 

Due to the smoothness of the binding curves, the direct titration curve is not obviously 

informative in determining the stoichiometric outcome of self-assembly; therefore, further 
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analysis was required. From previous examples, we know that possible ligand: metal 

stoichiometries might include 3:2, 2:2, 2:1, and possibly 3:1 and 1:1 ligand to metal species. 

Therefore, we proposed using HypNMR software to fit data in order to identify species present in 

solution and to obtain binding constants.[34] Since Zn(II) is a labile metal that leads to a dynamic 

equilibrium between different species, the population of the resulting species is dependent on the 

Zn(II) concentration. Initially, when the concentration of Zn(II) is very low, the major species 

contains more ligands within their structures. However, increasing the concentration of Zn(II) in 

solution shifts the equilibrium towards the formation of species containing less ligands in their 

structures. Therefore, the major species is different depending on the concentration of Zn(II) in 

solution. This provides the opportunity to anticipate a range of concentration in which the 2:2 

species is dominant. The data fitting conclusively identified the presence of 3:1 and 3:2 ligand to 

metal complexes, which dissociate into what is likely a 2:2 complex [see association constants as 

determined by Dr Petitjean in Table 2.3]. Unfortunately, due to the reasonably large uncertainty, 

the possibility that this dissociated species is a 1:1 ligand to metal complex cannot be ruled out. 

This data fitting considered both the presence and absence of acetate anions in the resulting 

species. Using these binding constants, species distribution curves were plotted to identify the 

range of concentrations in which the 2:2 is dominant.  The simulated species distribution curves 

revealed the contribution of 3:1 and 3:2 ligand to metal species followed by their dissociations. 

The 2:2 complex is the major species at a range of 20 to 40 mM of Zn(II) ions when the ligand 

concentration is 10 mM. The presence and absence of the acetate anions generated similar results, 

strengthening the case for using simulation software (Figure 2.28). Although we have not 

attempted the metal template reductive amination, the feasibility of this reaction to work is 

discussed in section 2.9. 
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Table 2.3 Binding constants for the self-assembly of 10 with Zn(OAc)2. L:M:A represents the 

stoichiometry ratio of the ligand (L), metal (M) and anion (A) in each complex.  

L:M:A ratio 3 :1: 0 3: 2: 0 2: 2: 0 2: 2: 2 

Log β (No acetate) 9.79 ± 0.63 13.03 ± 0.60 8.88 ± 0.51 _ 

Log β (with acetate) 9.95 ± 0.60 13.21 ± 0.60 _ 12.72 ± 0.42 

 

 

 

Figure 2.28 Species distribution curves for the outcome of the self-assembly of 10 (initial 

concentration of 10 mM) with Zn(OAc)2, left: no acetate; right: with acetate, simulated by 

Hyperquad HySS software.  

The previously discussed data is presented in table format in order to more easily 

compare the results obtained from the self-assembly of 10 with Zn(II) and Fe(II). 

Table 2.4 Summary of the self-assembly studies of 10.  

Features of the 

metal ion and anion 

Cation Counter 

ion 

Solvent Results 

High affinity metal 

ion and competitive 

anion 

Fe2+ Cl- CD3OD/ CD3CN 
Either double- or triple-stranded 

complex 

Low affinity metal 

ion and non-

competitive anion 

Zn2+ -OTf CD3CN 

A slow exchange between triple-, 

double-, and single-stranded 

species 

Low affinity metal 

ion and competitive 

anion 

Zn2+ -OAc 

CD3CN/ CD3OD Very broad signals 

CDCl3 /CD3OD 
An fast exchange between the free 

and bound ligand 

[ZnII] M 

 

[ZnII] M 

 

[Species] M 

 

[Species] M 

 

0
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2.8 Alternative Synthetic Approaches towards LO1 Synthesis: Ends First 

Our attempts towards metal-templated macrocyclization were challenging because of the 

large number of variables including solubility, concentration and a limited choice of metal ions. 

Therefore, we developed an alternative strategy aimed at limiting the number of variables. The 

main idea of the alternative strategy was to strap one side of the macrocycle as a precursor to 

synthesizing the entire macrocyclic ligand. Moreover, using a partially strapped precursor should 

reduce the entropic cost associated with the macrocyclization. Our first alternative synthetic 

approach is shown in Scheme 2.9. Molecule 13 was successfully synthesized using commercially 

available 2-bromo-5-hydroxypyridine and 1,4-diiodobutane via a typical SN2 reaction. The 

Sonogashira coupling and subsequent silyl deprotection afforded the bis-alkyne 15 in a decent 

yield.[35] We expected that mixing 0.5 equivalents of bis-alkyne 15 with the in situ formed diazide 

under dilute conditions would cause a double-click reaction to yield 16. Then introducing another 

0.5 equivalent of bis-alkyne 15 would form a macrocycle via a second double click reaction. In a 

typical click reaction, a catalytic amount of Cu(I) is used. However, our intention was to combine 

Cu(I) template synthesis with click chemistry, in hopes that Cu(I) could act as both a template to 

pre-organize the entity and as a catalyst to direct the CuAAC reaction. Such a dual role of Cu(I) 

has been reported in the synthesis of [2]catenanes[36]  and  [3]rotaxanes.[37]  
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Scheme 2.9 First alternative synthetic approach for synthesizing L
O
1. 

 

As a first trial, the potentially explosive diazide (required for the formation of 15) was 

produced in situ by mixing 1,4-dibromoxylene and NaN3 in DMF at room temperature for 1.5 

hours.  Then CuSO4•5H2O (2.0 equivalents), sodium ascorbate (2.5 equivalents) and water were 
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added to the resulting diazide (1.0 equivalent) solution and the reaction mixture was degassed. 

The degassed DMF solution of the bis-alkyne 15 (0.5 equivalents) was added dropwise to the 

reaction mixture over a period of 6 hours, and then stirred overnight at room temperature. After 

demetallation of an aliquot, the 1H NMR spectrum showed no terminal alkyne peak, meaning the 

reaction proceeded to completion. However, it was difficult to assert whether the desired product 

was formed, as the spectrum was relatively broad and complicated. The creation of an 

unassignable spectrum might be ascribed to the formation of different products; in addition to the 

double- and mono-click reactions, there is also a risk of polymerization since the resulting azide 

functionality in 16 can proceed in another click reaction.  

Instead of using a diazide intermediate, we modified our approach by utilizing 1-azido-4-

bromoxylene. Since alkyl bromide is unreactive in a click reaction, it will not cause 

polymerization, and it can be easily substituted with an azide to undergo the double-click ring 

closure reaction. The isolation of 1-azido-4-bromoxylene was reported in literature as being very 

inefficient and potentially explosion-prone. [38] Therefore, it was generated in situ by mixing an 

excess amount of 1,4-dibromoxylene with NaN3 in DMF for 1.5 hours. Then CuSO4•5 H2O (2.0 

equivalents), sodium ascorbate (2.0 equivalents), water and the bis-alkyne 15 (0.5 equivalent) 

were added to the reaction mixture, then stirred overnight at room temperature.  After 

demetallation, the TLC analysis showed several trailing spots in various solvent mixtures and the 

1H NMR was again broad, preventing the assignment of peaks or any other analysis.  

As stated above, one of the main challenges of macrocyclization is to utilize a strategy 

that will avoid oligomerization. There are two possible reasons that the aforementioned reactions 

failed. First, the formation of the well-defined entities with Cu(I) 16 and 17 was unsuccessful. 

Second, both ends of the molecule were reactive in reaction conditions which enhanced the 

possibility of oligomerization. It is notable that controlling the formation of the monoazide versus   
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diazide was not really manageable. Since oligomerization seemed to be the major issue, we 

devised another strategy (Scheme 2.10). 

 

Scheme 2.10 Second alternative synthetic approach for synthesizing L
O
1. 
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Similar to the first alternative approach, the main idea was to strap one side of the 

macrocycle as a precursor in order to reduce the entropic cost associated with the 

macrocyclization. However, as shown, alkylation of one end of the molecule blocks off the 

activation sites, preventing the oligomerization. Mono-allylation of 6 resulted in the formation of 

18.[39] Treating the resulting product with 1,4-diiodobutane in a standard SN2 reaction condition 

should generate 19, similar to the synthesis of 13. Although this approach has not been 

thoroughly investigated yet, it is expected that metal templated Grubb’s metathesis of 20 followed 

by hydrogenation would yield the macrocycle L
O

1. Metal templating is required in order to fold 

the olefin groups in close proximity with respect to each other and consequently prevent 

oligomerization.  

2.9 Conclusion 

Cyclization reactions constitute a major challenge in organic synthesis. However, 

supramolecular chemistry provides alternate routes utilizing templates to initiate the construction 

of macrocyclic molecules. In our studies, this approach takes advantage of a metal ion template to 

favor macrocyclization over polymerization. Our previous UV/vis studies of the Fe(II) and Ni(II) 

L
H
 complexes at micromolar concentrations demonstrated that the formation of double and triple 

stranded complexes depends on the coordination environment. However, in order to synthesize a 

reasonable amount of the metallomacrocycle we needed to conduct the metal macrocyclization 

reaction at a millimolar concentration.  NMR spectroscopy unlike UV/vis can be utilized at these 

millimolar concentrations and therefore allowed us to explore the self-assembly of strands I and 

II by 1H NMR.  

To summarize the results of the experiments, when bis-allyl 7 was complexed with Cu(I), 

it was difficult to confirm the formation of the desired 2:2 complex as a major species because of 

the poor solubility of the complex. Moreover, the standard Grubb’s metathesis is usually 

conducted in relatively nonpolar solvents which is not compatible with the solubility of the ionic 
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species. Therefore, we proposed using the bis-OH ligand 6 for metal templating followed by an 

SN2 reaction which requires a polar solvent. Unfortunately, due to the poor solubility of 6 

precipitation of the resulting metal complexes during the experiments, we could not determine the 

formation of the desired 2:2 complex. We presume the precipitation might be associated with the 

neutral charge of the 2:2 complex. The only promising results were obtained from the self-

assembly of 6 with Zn(OTf)2 in CD3CN, demonstrating the formation of 3:2, 2:2 and 1:2 metal: 

ligand complexes in an equilibrium state. However, our attempt at macrocyclization via SN2 

reaction failed, presumably because of the low nucleophilicity of the oxygen atoms. 

Unlike the self-assembly results of 6, the metal complexation of bis-NH2 10 was 

encouraging. The enhanced solubility of 10 and resulting metal complexes allowed us to monitor 

the titration process by 1H NMR. In particular, the self-assembly of 10 with Zn(OAc)2 resulted in 

an fast rate exchange, allowing us to fit the titration data. Consequently, using species distribution 

curves based on fitting association constants provided an opportunity to anticipate a range of 

concentration in which the 2:2 species is dominant.  It is our opinion that there is a high 

probability that this strategy may prove successful in the future.  

At the same time, we devised two alternative synthetic approaches for macrocyclization. 

The main idea of both methods was to connect two strand ligands via one strap as a precursor to 

synthesizing the entire macrocyclic ligand. Using a strapped precursor reduces the entropic cost 

associated with the macrocyclization. In our first alternative approach, we proposed conducting a 

double-click reaction in which Cu(I) acts both as a catalyst and as a template to pre-organize half 

of the macrocycle structure. Unfortunately, the experiment failed, presumably because both ends 

of the molecules are reactive, leading to oligomerization. Therefore, we suggested another 

approach in which one end of each strand ligand is protected and can not react under the reaction 

conditions. Therefore, we are very optimistic that Grubb’s metathesis should yield the macrocycle 

in this approach.  
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2.10 Experimental Section 

Commercially available compounds were purchased from Aldrich and Alfa Aesar, and all 

were used as received. The 1H NMR analyses of compounds were performed using 300, 400, 500 

and 600 MHz Bruker instruments. 1H and 13C NMR assignments were confirmed using 2D NMR 

(COSY, HSQC, and HMBC). In 13C NMR assignment, Cq indicates quaternary carbon. Peak 

listings for all NMR spectra are given in ppm and referenced against the residual solvent signal. 

CDCl3 was neutralized via passage through a short column of basic alumina, prior to use. Column 

chromatography was performed with Silica-P flash silica gel (40-63 μm particle size, 60 Å pore 

diameter).  Melting points were recorded on a MEL-TEMP (laboratory Device USA) apparatus. 

Mass spectrometry was carried out using spectrometer LTQ Velos and Orbitrap Mass Analyser.  

2.10.1 Successful Syntheses 

Synthesis of 2-iodo-5-nitropyridine (1)[18]  

Sodium iodide (18 g, 0.12 mol, 5.0 equiv.) and acetyl chloride (2.7 mL, 0.037 mol, 2.0 

equiv.) were added to a solution of 2-chloro-5-nitropyridine (3.0 g, 0.019 mol, 1.0 

equiv.) in acetonitrile (80 mL). The reaction was refluxed at 95 °C for 5 h under argon. 

A fine white precipitate, presumably sodium chloride, was filtered, and the filtrate was 

evaporated to dryness. The residue was partitioned between dichloromethane and 10% sodium 

thiosulfate 10% aqueous sodium carbonate. The organic layer was washed with brine, dried over 

Na2SO4, filtered and evaporated. The crude product was purified by column chromatography 

(SiO2, 1.00: 0.10 dichloromethane/ hexane, Rf = 0.40) to yield 3.6 g of a pale yellow solid (76%). 

1H NMR (300 MHz, CDCl3) δ 9.17 (d, 4J = 2.7 Hz, 1 H, H6), 8.09 (dd, 3J = 8.6 Hz, 4J = 2.7, 1 H, 

H4), 7.97 ppm (3J = 8.6 Hz, 1 H, H3).  

Synthesis  of 6-iodopyridin-3-amine (2)[19]  

A solution of 2-iodo-5-nitropyridine (2.8 g, 0.011 mol, 1.0 equiv.) and tin(II) chloride 

dihydrate (15 g, 67 mmol, 6.0 equiv.) in 95% ethanol (40 mL) was refluxed at 95 °C 
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for 4 h. After being allowed to cool down, the reaction mixture was evaporated to dryness, and 

the residue was taken up in ethyl acetate and 2 M aqueous sodium hydroxide. The white 

precipitate was collected by filtration in vacuo, and the filtrate was partitioned. The organic layer 

was washed with 2 M NaOH aqueous solution and water. The combined organic extracts were 

dried over Na2SO4, filtered and evaporated to yield 2.4 g of a crude product (98%). The crude 

was used for the next step without further purification. 1H NMR (300 MHz, CDCl3) δ 7.89 (d, 4J 

= 3.0 Hz, 1 H, H6), 7.42 (d, 3J = 8.4 Hz, 1 H, H3), 6.69 (dd, 3J = 8.4 Hz, 4J = 3.0 Hz, 1 H, H4), 3-

4 ppm (broad s, NH2). 

Synthesis of 6-iodopyridin-3-ol (3)[20]   

A solution of 6-iodopyridin-3-amine (2.4 g, 0.011 mol, 1.0 equiv.) in 50% aqueous 

tetrafluoroboric acid (6.0 mL, 0.049 mol, 4.4 equiv.) and water (6.0 mL) was cooled 

to 0 °C.  Sodium nitrite (0.84 g, 0.012 mol, 1.1 equiv.) in water (6 mL) was added 

dropwise. The reaction mixture was stirred for 1 hour in the ice/ water bath. Water (6 mL) was 

added and the mixture refluxed for 5 h. After being allowed to cool to room temperature, the 

reaction mixture was neutralized using 5% aqueous NaHCO3, and extracted with ethyl acetate. 

The combined organic extracts were dried over Na2SO4, filtered and evaporated. The crude was 

purified by column chromatography (SiO2, 1.0: 0.3 hexane/ethyl acetate, Rf = 0.29) to yield 1.56 

g of an off-white solid (60%). 1H NMR (300 MHz, DMSO-d6) δ 10.24 (broad s, 1 H, OH), 7.94 

(d, 4J = 3.0 Hz, 1 H, H6), 7.58 (d, 3J = 8.6 Hz, 1 H, H3), 6.95 ppm (dd, 3J = 8.6 Hz, 4J = 3.0, 1 H, 

H4). 

Synthesis of 6-(2-(trimethylsilyl)ethynyl)pyridin-3-ol (4)[22] 

A solution of 6-iodopyridin-3-ol (1.3 g, 6.0 mmol, 1.0 equiv.), copper (I) iodide (35 

mg, 0.18 mmol, 0.03 equiv.) and bis(triphenylphosphine)palladium(II)dichloride (127 

mg, 0.18 mmol, 0.03 equiv.) in anhydrous THF (85 mL) was cooled in an ice/ water 

bath. Freshly distilled triethylamine (3.8 mL, 24 mmol, 4.0 equiv.) and 
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ethynyltrimethylsilane (2.1 mL, 15 mmol, 2.5 equiv.) were then added. The reaction mixture was 

degassed for 5 minutes, and then heated at 45 °C for 3.5 days under argon (1H NMR monitoring). 

After cooling to room temperature, the reaction mixture was diluted with dichloromethane and 

quenched by 1 M aqueous ammonium chloride. The black precipitate was filtered and the filtrate 

partitioned. The organic layer was washed with water, and the combined aqueous layers were 

extracted with dichloromethane. The combined organic extracts were dried over Na2SO4, filtered, 

evaporated and the crude purified by column chromatography (SiO2, 1.0: 0.3 hexane/ethyl 

acetate, Rf = 0.30) to give 0.95 g of an off-white solid (82%). 1H NMR (300 MHz, DMSO-d6) δ 

10.41 (broad s, 1 H, OH), 8.38 (d, 4J = 2.6 Hz, 1 H, H6), 7.37 (d, 3J = 8.4 Hz, 1 H, H3), 7.12 (dd, 

3J = 8.4 Hz, 4J = 2.6 Hz, 1 H, H4), 0.22 ppm (s, 9 H, CH3). 

Synthesis of 6-ethynylpyridin-3-ol (5)[22]  

 6-(2-(Trimethylsilyl)ethynyl)pyridin-3-ol 4 (1.1 g, 6.0 mmol, 1.0 equiv.) and potassium 

carbonate (2.5 g, 18.0 mmol, 3.0 equiv.) were stirred in 1:2 methanol/ dichloromethane 

(60 mL) at room temperature for 3 h. The reaction mixture was filtered in vacuo, and the 

filtrate evaporated. The residue was taken up in dichloromethane and water, and the pH 

was adjusted to 5 (acetic acid). The mixture was partitioned, and the aqueous layer was extracted 

with dichloromethane. The combined organic extracts were dried over Na2SO4, filtered and 

concentrated in vacuo to yield 542 mg of a cream colored solid (77%). The crude product was 

used for the next reaction without further purification. 1H NMR (300 MHz, DMSO-d6) δ 10.34 

(broad s, 1 H, OH), 8.08 (d, 4J = 2.6 Hz, 1 H, H6), 7.38 (d, 3J = 8.4 Hz, 1 H, H3), 7.14 (dd, 3J = 

8.4 Hz, 4J = 2.6 Hz, 1 H, H4), 4.03 ppm (s, 1 H, terminal-alkyne). 
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Calculating the correct number of moles of ethynylpyridine 5 using the internal standard 

method for Click reaction 

1,3,5-Trioxane was used as the internal standard, as it is symmetrical and diplays a 

peak at 5.12 ppm which does not overlap with the peaks corresponding to 5 and 3. A 

mixture containing 5 and 3 (3.8 mg) and 1,3,5-trioxane (2.0 mg, 0.020 mmol) were dissolved in 

600 μL DMSO-d6 in an NMR tube. The number of moles corresponding to 1,3,5-trioxane was 

calculated based on its integration value divided by 6. (16.3/6 = 2.7, 2.7 ≈ 0.020 mmol). The 

correct number of moles of the ethynylpyridine 5 in the NMR mixture was calculated based on 

the number of moles found from the integration value of the peak corresponding to 1,3,5-trioxane 

(
1.6×0.020

2.7
 = 0.012 mmol). This value was multiplied by the ratio of the weight of the original 

mixture and the NMR mixture in order to find correct number of moles of the ethynylpyridine 5 

in the original mixture (
265×0.012

3.8
 = 0.84 mmol). 

Synthesis of bis-OH 6-Click reaction: one-pot, two step synthesis [4]  

To a solution of 1,4-dibromoxylene (90 mg, 0.34 mmol, 1.0 equiv.) in DMF (7 mL) was 

added sodium azide (49 mg, 0.75 mmol, 2.2 equiv.).  The mixture was stirred at room 

temperature for 1.5 h.  Then water (1 mL), copper(II) sulfate pentahydrate (35 mg, 0.14 

mmol, 0.4 equiv.), sodium ascorbate (61 mg, 0.31 mmol, 0.9 equiv.) and 6-

ethynylpyridin-3-ol (101 mg, 0.85 mmol, 2.5 equiv.) were added. The reaction mixture 

was degassed and stirred under argon at room temperature overnight. After addition of 

water, the precipitate was filtered and stirred in saturated aqueous EDTA solution (10 

mL) in air.  The solid was dissolved in water by adjusting the pH to 13 (1 M NaOH), re-

precipitated by adjusting the pH to 5 (acetic acid) and filtered in vacuo, washed with 

water, and dried to yield 138 mg of an off-white solid (80%). 1H NMR (600 MHz, 

DMSO-d6) δ 10.02 (broad s, OH), 8.41 (s, 2 H, Ht), 8.02 (d, 4J = 3.0 Hz, 2 H, H6), 7.73 (d, 3J  = 

9.0 Hz, 2 H, H3), 7.35 (s, 4 H, Ha), 7.01 (dd, 3J = 9.0 Hz, 4J = 3.1 Hz, 2 H, H4), 5.64 ppm (s, 4 H, 

O O

O
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CH2). 
13C NMR (150 MHz, DMSO-d6) δ 153.1 (Cq5), 147.7 (Cqt), 141.1 (Cq2), 137.6 (C6), 

135.9 (Cqa), 128.3 (Ca), 122.9 (C4), 121.9 (Ct), 120.2 (C3), 52.5 ppm (CH2). Melting point > 260 

°C. HR-ESI-MS [6 + H]+: 427.1630 (calc.), 427.1631 (found). HR-ESI-MS [6 – H]–: 425.1474 

(calc.), 425.1474 (found). 

Reference [4] was just used as an inspiration to create the new compound 6. 

 Synthesis of  bis-allylpyridine (7)[23] 

To a solution of 6 (95 mg, 0.22 mmol, 1.0 equiv.) in DMF (2.5 mL), were 

added potassium carbonate (76 mg, 0.55 mmol, 2.5 equiv.) and allylbromide 

(76 μL, 0.88 mmol, 4.0 equiv.). The reaction mixture was heated at 50 °C for 

3 h under argon. The reaction mixture was partitioned between water and 

ethyl acetate. The aqueous layer was extracted with ethyl acetate.   The 

combined organic layers were washed with water, and the organic extracts 

were dried over Na2SO4, filtered and concentrated in vacuo. Repeated 

recrystallization and column chromatography (SiO2, 1.0: 0.3 

dichloromethane/acetone, Rf = 0.35) were run to purify 7 (45%).1H NMR 

(500 MHz, CDCl3) δ 8.24 (d, 4J = 3.0, 2 H, H6), 8.08 (d, 3J = 9.0 Hz, 2 H, 

H3), 7.95 (s, 2 H, Ht), 7.33 (s, 4 H, Ha), 7.29 (dd, 3J = 9.0 Hz, 4J = 3.0 Hz, 2 

H, H4), 6.0-6.1 (m, 2 H, Hd), 5.56 (s, 4 H, CH2), 5.43 (dq, 3J = 17.2 Hz, 2J = 

1.4 Hz, 2 H, Hb), 5.33 (d, 3J = 10.6 Hz, 2J = 1.4 Hz, 2 H, Hc), 4.68 ppm (dt, 3J = 5.3 Hz, 4J = 1.4 

Hz,  4 H, He). 13C NMR (125 MHz, CDCl3) δ 154.5 (Cq5), 148.8 (Cqt), 143.2 (Cq2), 138.7 (C6), 

135.4 (Cqa), 132.3 (Cd), 128.8 (Ca), 122.2 (C4), 121.7 (Ct), 121.3 (C3), 117.6 (Cb,c), 69.0 (Ce), 

54.4 ppm (CH2). Melting point: decomposed at 220 °C. HR-ESI-MS [7 + H]+: 507.2257 (calc.), 

507.2251 (found). 

Reference [23] was just used as an inspiration to create the new compound 7. 
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Synthesis of  5-nitro-2-((trimethylsilyl)ethynyl)pyridine (8) [24] 

2-Chloro-5-nitropyridine (1.5 g, 9.5 mmol, 1.0 equiv.), copper (I) iodide (90 mg, 

0.48 mmol, 0.05 equiv.) and bis(triphenylphosphine)palladium(II)dichloride (334 

mg, 0.48 mmol, 0.05 equiv.) were mixed in dry toluene (115 mL). Freshly distilled 

triethylamine (5.0 mL, 38 mmol,  4.0 equiv.) and ethynyltrimethylsilane (2.0 mL, 14 

mmol, 1.5 equiv.) were then added. The reaction mixture was degassed for 5 minutes, and was 

left stirring overnight at room temperature under argon. The black precipitate was filtered using a 

Büchner funnel, and the filtrate was washed with water followed by extraction with ethyl acetate. 

The combined organic extracts were dried over Na2SO4, filtered, evaporated and the crude 

purified by column chromatography (SiO2, 1.5: 1.0 dichloromethane/ hexane, Rf = 0.32) to give 

1.7 g of pale yellow crystals (82%). 1H NMR (400 MHz, CDCl3) δ 9.38 (d, 4J = 2.5 Hz, 1 H, H6), 

8.44 (dd, 3J = 8.6 Hz, 4J = 2.5 Hz, 1 H, H4), 7.61 (d, 3J = 8.6 Hz, 1 H, H3), 0.30 ppm (s, 9 H, 

CH3). 

Synthesis of 6-ethynylpyridine-3-amine (9) (method 3) [19,27] 

A mixture of 8 (0.80 g, 3.6 mmol, 1.0 equiv.) and potassium fluoride (0.64 g, 11 

mmol, 3.1 equiv.) in methanol (115 mL) were stirred at room temparature for 30 

min. Tin(II) chloride dihydrate (8.2 g, 36 mmol, 10 equiv.) was added to the reaction 

mixture which was stirred at 40 °C for three days. The reaction mixture was 

evaporated to dryness, and the residue was taken up in ethyl acetate and 2 M aqueous sodium 

hydroxide. The white precipitate was collected by filtration in vacuo, and the filtrate was 

partitioned. The organic layer was washed with 2 M NaOH aqueous solution and water. The 

combined organic extracts were dried over Na2SO4, filtered and evaporated. Purification by 

column chromatography (SiO2, 2.0: 0.7 dichloromethane/ ethyl acetate, Rf = 0.25) yielded 0.3 g 

of a reddish brown solid (70%). 1H NMR (400 MHz, CDCl3) δ 8.04 (d, 4J = 2.9 Hz, 1 H, H6), 
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7.28 (d, signal overlapping with that of CHCl3, 1 H, H3), 6.89 (dd, 3J = 8.4 Hz, 4J = 2.9 Hz, 1 H, 

H4), 3.87 (broad s, NH2), 3.01 ppm (s, 1 H, terminal alkyne). 

Synthesis of bis-amine 10-Click reaction: one-pot, two step synthesis[4]  

To a solution of 1,4-dibromoxylene (135 mg, 0.51 mmol, 1.0 equiv.) in DMF (10 

mL) was added sodium azide (73 mg, 1.1 mmol, 2.2 equiv.).  The mixture was 

stirred at room temperature for 1.5 h.  Then water (2.5 mL), copper(II) sulfate 

pentahydrate (51 mg, 0.21 mmol, 0.4 equiv.), sodium ascorbate (91 mg, 0.46 mmol, 

0.9 equiv.) and 6-ethynylpyridine-3-amine (169 mg, 1.4 mmol, 2.8 equiv.) were 

added. The reaction mixture was stirred under argon at room temperature overnight. 

The next day, concentrated aqueous ammonia (5 mL) and saturated EDTA aqueous 

solution (5 mL) were added and the mixture was left to stir in the air until the 

solution turned green, and an off-white precipitate formed. The precipitate was 

filtered in vacuo, washed with water, dried,  and used for self-assembly studies without further 

purification (80%).1H NMR (600 MHz, DMSO-d6) δ 8.33 (s, 2 H, Ht), 7.92 (d, 4J = 2.3 Hz, 2 H, 

H6), 7.67 (d, 3J  = 8.5 Hz, 2 H, H3), 7.35 (s, 4 H, Ha), 6.98 (dd, 3J = 8.5 Hz, 4J = 2.3 Hz, 2 H, 

H4), 5.59 (s, 4 H, CH2), 5.46 ppm (broad s, 4 H, NH2). 
13C NMR (150 MHz, DMSO-d6) δ 148.3 

(Cqt, ), 144.3 (Cq2), 137.8 (Cq5), 136.0 (Cqa), 135.8 (C6), 128.3 (Ca), 121.0.7 (Ct), 120.3 (C4), 

119.8 (C3), 52.4 ppm (CH2). Melting Point: 179–181 °C. HR-ESI-MS [10 + H]+: 425.1951 

(calc.), 425.1945 (found).  

Reference [4] was just used as an inspiration to create the new compound 10. 

Synthesis of 13 

2-Bromo-5-hydroxyl-pyridine (0.18 g, 1.0 mmol, 2.8 equiv.), potassium iodide 

(0.42 g, 3.0 mmol, 8.4 equiv.) and 1,4-diiodobutane (47 µL, 0.36 mmol, 1.0 

equiv.) were dissolved in acetonitrile, and heated at 90 °C overnight. The 

cooled reaction mixture was filtered, and the filtrate was evaporated to 
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dryness.  The crude residue was dissolved in ethyl acetate and washed with 1 M HCl, water and 

brine. The organic layer was dried over Na2SO4, filtered and evaporated. Purification by column 

chromatography (SiO2, 1: 0.1 dichloromethane/ ethyl acetate, Rf = 0.22) afforded the product as a 

white solid (64%). 1H NMR (400 MHz, CDCl3) δ 8.05 (d, 4J = 3.2 Hz, 2 H , H6), 7.37 (d, 3J = 8.7 

Hz, 2 H, H3), 7.08 (dd, 3J = 8.7 Hz, 4J = 3.2 Hz, 2 H, H4), 4.06 (m, 4 H, Ha), 2.00 ppm (m, 4 H, 

Hb).  

Synthesis of 14[35] 

A solution of 13 (0.12 mg,  0.30 mmol, 1.0 equiv.), copper (I) iodide (3.8 mg, 

0.02 mmol, 0.06 equiv.) and bis(triphenylphosphine)palladium(II)dichloride 

(13 mg, 0.02 mmol, 0.06 equiv.) in dry THF (7.0 mL). Freshly distilled 

triethylamine (0.34 mL, 2.4 mmol, 8.0 equiv.) and ethynyltrimethylsilane 

(0.13 mL, 0.91 mmol, 3.0 equiv.) were then added. The reaction mixture was 

degassed for 5 minutes, and then heated at 45 °C for 20 h under argon. After cooling to room 

temperature, the reaction mixture was diluted with ethyl acetate and quenched by saturated 

aqueous ammonium chloride. The black precipitate was filtered and the filtrate partitioned. The 

organic layer was washed with water, and the combined aqueous layers were extracted with ethyl 

acetate. The combined organic extracts were dried over Na2SO4, filtered, evaporated and the 

crude purified by column chromatography (SiO2, 1: 0.2 dichloromethane/ ethyl acetate, Rf = 

0.36) to yield the white solid (54%). 1H NMR (400 MHz, CDCl3) δ 8.24 (d, 4J = 2.8 Hz, 2 H , 

H6), 7.39 (d, 3J = 8.6 Hz, 2 H, H3), 7.10 (dd, 3J = 8.6 Hz, 4J = 2.8 Hz, 2 H, H4), 4.08 (m, 4 H, 

Ha), 2.00 (m, 4 H, Hb) , 0.22 ppm (s, 9 H, CH3).  

 Synthesis of bis-alkyne 15[22] 

Compound 14 (52 mg, 0.12 mmol, 1.0 equiv.) and potassium carbonate (99 mg, 

0.71 mmol, 6.0 equiv.) were stirred in 1:2 methanol/ dichloromethane (4.0 mL) at 

room temperature for 3 h. The reaction mixture was filtered in vacuo, and the 
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filtrate evaporated. The residue was taken up in dichloromethane and water for extraction. The 

combined organic extracts were dried over Na2SO4, filtered and concentrated in vacuo to yield a 

cream colored solid (79%). The crude product was used for the next reaction without further 

purification. 1H NMR (400 MHz, CDCl3) δ 8.27 (d, 4J = 2.9 Hz, 2 H, H6 ), 7.42 (d, 3J = 8.6 Hz, 2 

H, H3), 7.13 (dd, 3J = 8.6 Hz, 4J = 2.9, 2 H, H4), 4.10 (m, 4 H, Ha), 3.07 (s, 2 H, terminal-

alkyne),  2.02 ppm (m, 4 H, Hb). 

Synthesis of 18[39] 

To a solution of bis-OH 6 (0.13 g, 0.31 mmol, 3.0 equiv.) in dry DMF (5.5 

mL), were added potassium carbonate (0.14 g, 0.11 mmol, 1.0 equiv.) and 

allylbromide (9.2 μL, 0.11 mmol, 1.0 equiv.). The reaction mixture was stirred 

at room temperature overnight under argon. Upon addition of 1:1 ethyl 

acetate/ water to the reaction mixture, the excess bis-OH 6 precipitated. The 

precipitate filtered and the filtrate was extracted with ethyl acetate. The 

organic extracts were dried over Na2SO4, filtered and concentrated in vacuo. 

Purification of the crude by column chromatography (SiO2, 1: 0.2 

dichloromethane/ acetone, Rf = 0.25) afforded a white solid (60%). 1H NMR 

(600 MHz, DMSO-d6) δ 10.03 (s, 1 H, OH), 8.52 (s, 1 H, Ht′), 8.45  (s, 1 H, 

Ht), 8.29  (d, 4J = 2.9 Hz, 1 H, H6′), 8.11  (d, 4J = 2.8 Hz, 1 H, H6), 7.93 (d, 3J 

= 8.7 Hz, 1 H, H3′), 7.83 (d, 3J = 8.5 Hz, 1 H, H3), 7.49 (dd, 3J = 8.7 Hz, 4J = 

2.9 Hz, 1 H, H4′), 7.37 (broad s, 4 H, Ha and Hb), 7.24 (dd, 3J = 8.5 Hz, 4J = 2.8 Hz, 1 H, H4), 

6.02-6.08 (m, 1 H, He), 5.63 (s, 2 H, CH2′), 5.62 (s, 2 H, CH2), 5.42 (dq, 3J = 17.2 Hz, 2J = 1.4 

Hz, 1 H, Hd), 5.28 (dq, 3J = 10.4 Hz, 2J = 1.4 Hz, 1 H, Hc), 4.67 ppm (dt, 3J = 5.3 Hz, 2 H, Hf). 

13C NMR (150 MHz, DMSO-d6) δ 153.8 (Cq5′), 153.1 (Cq5), 147..7 (Cqt), 147.3 (Cqt′), 142.6 

(Cq2′), 141.1 (Cq2), 137.7 (C6 and C6′), 135.9 (Cqa and Cqb), 133.1 (Ce), 128.2 (Ca and Cb), 

122.9 (C4), 122.73(Ct′), 122.1 (C4′), 122.2 (Ct), 120.1 (C3), 119.9 (C3′), 118.0 (Cc,d), 68.6 (Cf), 
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52.5 ppm (CH2 and CH2′). Melting Point: 209–213 °C.  HR-ESI-MS [18 + H]+: 467.1943 (calc.), 

467.1939 (found). 

Reference [39] was just used as an inspiration to create the  new compound 18. 

Synthesis of L
H
 [3b] 

To a solution of 1,4-dibromoxylene (455 mg, 1.7 mmol, 1.0 equiv.) in DMF (5.0 

mL) was added sodium azide (257 mg, 3.9 mmol, 2.3 equiv.).  The mixture was 

stirred at room temperature for 1.5 h.  Then water (1.5 mL), copper(II) sulfate 

pentahydrate (175 mg, 0.69 mmol, 0.4 equiv.), sodium ascorbate (309 mg, 1.6 

mmol, 0.9 equiv.) and 2-ethynylpyridine (435 μL, 4.3 mmol, 2.5 equiv.) were 

added. The reaction mixture was stirred under argon at room temperature overnight. 

The next day, concentrated aqueous ammonia (5.0 mL) and aqueous saturated 

EDTA solution (5.0 mL) were added and the mixture was left to stir in air until the 

solution turned green, and an off-white precipitate formed. The precipitate was 

filtered in vacuo, washed with water, air-dried, recrystallized from hot 95% ethanol (80%). 1H 

NMR (300 MHz, CDCl3) δ 8.53 (d, 3J = 4.8 Hz, 2 H, H6), 8.17 (d, 3J = 7.9 Hz, 2 H, H3), 8.06 (s, 

2 H, Ht), 7.78 (td, 3J = 7.6 Hz, 4J = 1.5 Hz, 2 H, H4), 7.35 (s, 4 H, Ha), 7.22 (m, 2 H, H5), 5.59 

ppm (s, 4 H, CH2). 

2.10.2 Unsuccessful syntheses 

 Ring closing metathesis using Cu(I) complex towards L
O

1 synthesis [16] 

The acetonitrile-d3 was removed in vacuo. Under exclusion of air and moisture, a solution of 

Grubbs’ catalyst second generation (0.90 mg, 1.1×10-3 mmol, 0.1 equiv.) in CDCl3 was added to 

the metal complex mixture. The reaction suspension was stirred overnight at room temperature. 

The progress of the reaction was followed by TLC. An additional portion of catalyst (0.45 mg, 

5.5×10-4 mmol, 0.05 equiv.) was added and stirring continued overnight at room temperature. The 

progress of the reaction was monitored by TLC. Another additional portion of catalyst (0.45 mg, 
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5.5×10-4 mmol, 0.05 equiv.) was added and the mixture was heated at 50 °C overnight. The 

reaction was stopped, as it did not make progress. An excess aqueous solution of potassium 

cyanide was added to the reaction mixture, and stirred for 30 min at room temperature. The 

aqueous layer was extracted with dichloromethane. The organic phase was washed with water, 

dried over Na2SO4, filtered and concentrated in vacuo. The aliquots were also demetallated by 

potassium cyanide before analyzing the sample’s TLC.  

Synthesis of 9 (method 1)[25] 

Compound 8 (0.17 g, 0.79 mmol, 1.0 equiv.) and acetic acid (1.4 mL, 2.5 mmol, 32 equiv.) were 

mixed in 29 mL 95% EtOH. Zinc dust (0.55 g, 8.8 mmol, 11 equiv.) was added to the reaction 

mixture, and stirred at room temperature for 10 minutes. The reaction mixture was filtered and 

the ethanol was evaporated to dryness. The residue was partitioned between dichloromethane and 

water, and then washed with saturated sodium bicarbonate and brine.  The organic layer was 

dried over Na2SO4, filtered and concentrated in vacuo to yield the crude as a dark brown solid.  

Synthesis of 9 (method 2)[26] 

8 (0.10 g, 0.45 mmol, 1.0 equiv.) and tin(II) chloride (1.5 g, 97 mmol, 15 equiv.) were mixed in 

NH4Cl/ EtOH (0.5 M, 14 mL). The reaction mixture was stirred at 60 °C for 45 h under argon. 

After cooling, the mixture was adjusted to pH 11 using saturated sodium bicarbonate. The white 

precipitate was collected by filtration through a celite in vacuo. The aqueous layer was extracted 

with ethyl acetate. The combined organic layer was washed with brine, dried over Na2SO4, 

filtered and evaporated to produce a dark brown solid. The reaction crude purified by column 

chromatography (SiO2, 0.5: 1 dichloromethane/ ethyl acetate). 

Synthesis of 16 [36,37] 

To a solution of 1,4-dibromoxylene (157 mg, 0.59 mmol, 1.0 equiv.) in DMF (7 mL) was added 

sodium azide (89 mg, 1.3 mmol, 2.2 equiv.).  The mixture was stirred at room temperature for 1.5 

h.  Then water (2 mL), copper(II) sulfate pentahydrate (297 mg, 1.2 mmol, 2.0 equiv.), sodium 
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ascorbate (295 mg, 1.5 mmol, 2.5 equiv.) and bis-alkyne 15 (87 mg, 0.30 mmol, 0.5 equiv.) were 

added. The reaction mixture was stirred under argon at room temperature overnight. The next 

day, concentrated aqueous ammonia and saturated EDTA aqueous solution were added and the 

mixture was left to stir in the air until the solution turned green, and an off-white precipitate 

formed. The precipitate was filtered in vacuo. 

Synthesis of 17  

To a solution of 1,4-dibromoxylene (244 mg, 0.93 mmol, 3.0 equiv.) in DMF (4 mL) was added 

sodium azide (20 mg, 0.31 mmol, 1.0 equiv.).  The mixture was stirred at room temperature for 

1.5 h.  Then water (1 mL), copper(II) sulfate pentahydrate (155 mg, 0.62 mmol, 2.0 equiv.), 

sodium ascorbate (137 mg, 0.78 mmol, 2.5 equiv.) and bis-alkyne 15 (45 mg, 0.16 mmol, 0.5 

equiv.) were added. The reaction mixture was stirred under argon at room temperature overnight. 

The next day, concentrated aqueous ammonia (5 mL) and saturated EDTA aqueous solution 

(5mL) were added and the mixture was left to stir in air until the solution turned green, and an 

off-white precipitate formed. The precipitate was filtered in vacuo and washed with water.  

2.10.3 General Method for 
1
H NMR Titration 

Titrations were conducted by adding aliquots of known volumes of the metal salt solution to a 

ligand solution in the same solvent in all cases except L
H

 and Fe(OAc)2 where L
H
 was added 

portion-wise as a solid to a solution of Fe(OAc)2. The typical concentration range for ligand and 

metal solutions were 10–20 mM and 0.07-0.1 M, respectively.  
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Chapter 3 

Conformational Switches as Potential Metalloreceptors 

3.1 Molecular Shape Changes: An Overview 

In nearly all biological processes, dynamic behaviors can be induced by changes in the 

shape of a molecule in response to changes in the environment, including temperature, light, pH, 

ion concentration, and ligand binding.[1] The most vital functions occurring in the natural systems, 

including processes such as photoisomerization of retinal in vision, transport across membranes, 

and enzymatic reactions, rely on biomolecular shape changes.[1-3] Inspired by nature, this ability 

to control the molecular shape change has enabled a fine control of mechanical and non-

mechanical motions at the molecular scale. In particular, the emergence of such systems is of 

great interest in host-guest chemistry since it provides an opportunity to design structures in 

which the trigger-controlled molecular shape switching can be used to allosterically control the 

binding of ligands.[1] Amongst the rich variety of artificial receptors, dynamic molecular tweezers 

have been significantly utilized in designing switchable receptors.  

3.2 Molecular Tweezers 

Molecular tweezers are synthetic receptors, composed of two interaction sites which are 

connected by a central platform or spacer (Figure 3.1).[4] The guest molecule is held between the 

interaction sites mainly through π-π interactions promoted by the solvophobic effect, coupled 

with other non-covalent interactions such as hydrogen bonding and metal coordination. The 

structure of the molecular tweezer essentially varies according to two subunits: a) interaction 

sites, and b) connecting platform or spacer. While the interaction sites are the major active units 

in molecular recognition process, the connecting platform is responsible for the rigid/flexible 

character of the system.[4-6] Since the nature of the connecting platform plays a decisive role in the 

molecular recognition process, molecular tweezers in literature are basically classified based on 
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the flexibility of the connecting platforms.[4,5] Therefore, the properties of two main types of 

connecting platforms, flexible and rigid, are discussed below.  

Figure 3.1 Cartoon representation of the a) flexible and b) rigid molecular tweezers’ structure 

and their ability in substrate binding (Figures reproduced from reference [4]).[4]  

3.2.1 Flexible vs. Rigid Connecting Platforms 

Flexible connecting platforms are mainly composed of linear chains or aromatic groups held by 

aliphatic hinges. As a result of bond rotation occurring in the central platform unit, the interaction 

sites do not necessarily adopt a syn arrangement which is ideal for substrate binding.[5] In such 

systems, the nature of the substrate dictates the conformation of the tweezer through an “induced-

fit” mechanism in order to provide the optimal intermolecular interactions.[4] Although the 

flexibility of the tweezer offers versatility in substrate binding, the enthalpic benefit associated 

with the binding event must be sufficient to compensate for the loss of entropy. For instance, 

Figure 3.2 illustrates a water-soluble tweezer, developed by Chen and Whitlock, made of two 

caffeine units separated by a flexible diyne moeity.[7] Although the rotation around the C-C bonds 

allows various molecular conformations in substrate binding, the guest molecules induced a 

conformation where the interaction sites are in cofacial arrangement that is ideal for guest 

inclusion.  
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Figure 3.2 Structure of flexible molecular tweezers composed two caffeine units connected by an 

alkyl-diyne moeity which illustrates conformational change upon guest binding (Figure adapted 

from references [5] and [7]).[5,7] 

 

Since the entropic cost associated with substrate binding is significant in flexible systems, 

it can partially be reduced by using rigid platforms such as polyarenes in the course of synthesis. 

The rigidity of the connecting platform presents a high degree of pre-organization which enforces 

the syn conformation of the interaction sites.[4,5] As a result, it facilitates complexation of 

substrate molecules and increases the binding strength. It is also notable that such a pre-

organization forces the molecular recognition to occur through the “lock and key” model.[4] Case 

in point, Zimmerman and co-workers designed a molecular tweezer using a fused cyclic platform 

which confers a pre-organized “U” shape conformation (Figure 3.3).[8] The rigidity of the 

connecting platform maintains the parallel orientation of the binding sites. However, possible 

rotation around the bond connecting the interaction sites to the central platform provides a certain 

degree of conformational mobility. Such rotation allows the receptor to adjust the cavity size for 

binding an aromatic guest such as 2,4,7-trinitrofluorenone (TNF) and 2,4,5,7-tetranitrofluorenone 

(TENF).  
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Figure 3.3 Structure of the rigid molecular tweezers composed of dibenzo[c,h]acridine 

connecting two acridine units. The rigid polyarene platform imposes the “U” shape, R and R’ = 

OMe, R” = 4-tBu (Figure adapted from references [5] and [8]).[5,8] 

3.2.2 Switchable Molecular Tweezers Triggered by Metal Ion Binding  

As previously discussed, a rigid scaffold pre-organizes the molecular tweezers’ structure 

such that the interaction sites are in an ideal conformational state for substrate binding. The pre-

organization can be achieved through conventional covalent synthesis. However, time-consuming 

and tedious syntheses of fused covalent structures have encouraged researchers to take advantage 

of weak interactions, especially hydrogen bonding and metal coordination.[4] Using weak 

interactions in a carefully designed system should guide the connecting platform group to fold 

into an appropriate conformation that favors guest binding. Beyond pre-organization, reversible 

interactions provide an opportunity to create stimuli-responsive systems in which the guest 

binding can be controlled by a physical or chemical trigger. For instance, metal ion binding 

involves conformational changes between the free and bound ligand. Such shape switching can be 

exploited in dynamic substrate binding and release processes.[9-11] Case in point, Petitjean et al. 

have developed two switchable molecular tweezers consisting of heterocyclic rings in the central 

platform.[9] The molecular tweezers undergo metal ion-induced conformational changes, resulting 

in “on” and “off” states for substrate binding. Due to the preferential transoid conformation of 

heterobiaryls, the pyridine-pyrimidine-pyridine scaffold adopts an active “U” shape where it 

binds the aromatic guest molecule (i.e., TNF) via donor/acceptor π-π interactions. Upon 
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introduction of Cu(I), each side of the pyridine-pyrimidine-pyridine motif adopts a cisoid 

conformation to bind to the metal ion.  As result, the tweezers adopt the inactive “W” shape and 

release the guest (Figure 3.4).  

Figure 3.4 Conformational change of the metal-ion controlled molecular tweezer that modulates 

the substrate binding event. The pyridine-pyrimidine-pyridine unit switches the conformation 

between “U” and “W” shapes in response to a Cu(I) stimulus (Figure adapted from reference 

[9]).[9]  

 

  When the central pyrimidine unit was replaced with a pyridine ring, the opposite behavior 

was observed. The terpyridine unit adopts the open “W” shape due to the transoid conformational 

preference. However, in the presence of Zn(II), the conformation switches to the close “U” shape 

to coordinate to the metal ion (Figure 3.5 a). Substrate binding with the resulting Zn(II) tweezer 

was investigated using coordinating and non-coordinating guest molecules. In the case of a 

coordinating substrate such as phenanthroline, guest inclusion was observed in a 1:1 mixture of 

Zn(OTf)2 tweezer and substrate. The crystal structure confirmed the coordination of the two 

nitrogen atoms of the phenanthroline to the zinc ion, which in turn oriented the guest to π stack 

with the two parallel acridine units of the receptor in its “U” form. The geometry of the Zn(II) ion 

is distorted octahedral, as it takes up a water molecule to complete its coordination sphere (Figure 

3.5 b). 
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Figure 3.5 a) Switching process of the terpyridine-based molecular tweezers, controlled by 

metal-ion binding. b) Substrate binding process and the crystal structure of the resulting host-

guest complex in capped stick view (Figure adapted from reference [9]).[9] 

 

It is noteworthy that no binding was observed when non-coordinating electron-poor 

substrate such as TNF and TCNQ were used. Since Zn(II) is known to impose pinching of the 

terpyridine backbone,[12] it was initially presumed that the pinching which leads to the non-

parallel orientation of the binding sites prevents the substrate inclusion. However, using a larger 

metal ion such as Pb(II), known to induce a smaller pinching angle, did not result in substrate 

binding. The poor substrate binding is therefore not only due to pinching but is also due to the 

solvation sphere of the octahedral metal ion, which obstructs the binding cavity, and consequently 

prevents intercalation of the guest molecule.  

Having considered the previous work based on the terpyridine chelate, we proposed to 

replace the two end pyridine moieties with pyrazole rings to design molecular tweezers consisting 

of a 2,6-bis(pyrazole-3-yl)pyridine motif. To the best of our knowledge, the bis(pyrazole-3-

b) 

a) 

2+ 

– 
2 OTf 
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yl)pyridine unit has not been used as a switching platform in molecular tweezers. Most 

importantly, from the structural point of view, we were interested in studying the substrate 

binding ability of bis(pyrazole-3-yl)pyridine-based molecular tweezers as compared to that of the 

terpyridine-based tweezers. Although coordination to the metal ion causes pinching in both 

scaffolds, this pinching can affect the binding ability of the tweezers in different ways. Figure 3.6 

illustrates the crystal structures of the unsubstituted chelating units and how the positions of the 

interaction sites are impacted by the pinching of the switching platform. In our design, the 

attachment of the interaction sites is achieved by functionalizing the pyrazole NH groups. The 

bond angles of the five-membered rings cause their binding arms to reside in a divergent 

orientation.  When pinched, the vectors of these interaction sites (or also called as “tweezers’ 

binding arms”) are brought closer together, resulting in a parallel arrangement that is ideal for 

substrate binding. However, when using terpyridine, the parallel vectors of its interaction sites are 

pinched into a converging arrangement which prevents substrate inclusion. Therefore, unlike the 

detrimental outcome caused by the pinched orientation of the binding arms in terpyridine, we 

expect the pinching of bis(pyrazole-3-yl)pyridine platform to benefit substrate binding by 

directing its binding arms into a parallel orientation. Similar to previously discussed metal-ion 

induced molecular tweezers, the “on/off” states of the newly designed tweezers for substrate 

binding is controlled through the coordination of the chelating central platform. Therefore, it is 

worth reviewing the coordination properties of the tridentate bis(pyrazole-3-yl)pyridine motif 

prior to discussing the design of the new molecular tweezers. 
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Figure 3.6 Chemical and crystal structures of the tridentate terpyridine and bis(pyrazole-3-

yl)pyridine  motifs bound to Zn(II) and Cu(II) respectively, with chemical structures representing 

a theoretical coordination geometry that does not account for the pinching observed in the crystal 

structures. a) Front view of the the five-coordinate Zn(II) ion bound to the terpyridine unit and 

two chloride anions, adopting a distorted trigonal bipyramidal geometry. Selected distances (Å): 

Zn–Nend pyridine: 2.189–2.216, Zn–Ncenter pyridine: 2.112.[12b] b) Front view of the five-coordinate 

Cu(II) ion bound to the bis(pyrazole-3-yl)pyridine unit and two chloride anions with a geometry 

somewhere between trigonal bipyramidal and a square pyramidal. Selected distances (Å): Cu–

Npyrazole: 1.997–2.004, Cu–N pyridine: 2.020.[13] The similar coordination geometries of both 

complexes as well as metal ion radii (rZn(II) = 74 pm, rCu(II) = 73 pm) allow for a comparison of the 

pinching effects on the orientation of the interactions sites for substrate binding. The circled 

hydrogen atoms indicate the positions of the interaction sites in the scaffolds. 

 

3.3 The 2,6-Bis(pyrazol-3-yl)pyridine Motif 

Due to the commercially availability of starting materials and the facile synthesis of the 

pyrazole ring and its derivatives, pyrazole-containing ligands have been the focus of extensive 

Converging binding arms 

Diverging binding arms 

Cu2+ 

Parallel binding arms 

Zn2+ 

Parallel binding arms 

b) 

a) 
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investigation in coordination studies.[14,15] It is relatively straightforward to substitute positions 3 

and/or 5 which are adjacent to the nitrogen atoms (see Figure 3.7 for numbering) in order to affect 

the steric environment around the N-donors and the metal ions coordinated to them. Moreover, 

1H-pyrazoles can be deprotonated using strong bases (i.e., NaH, LDA, NaOH), generating a 

nucleophilic anion in order to add substituents to one of its nitrogen atoms. Therefore, the 

pyrazole ring is one of the most versatile N-donor heterocycles to introduce into polydentate 

ligand structures.[14] For instance, incorporating two pyrazole rings into the positions 2 and 6 of a 

pyridine ring yields a polydentate N-heterocyclic unit, 2,6-bis(pyrazole-3-yl)pyridine, that is more 

conventionally known a di(pyrazole)pyridine (dPzPy). Approximately twenty different 

coordination modes have been reported for pyrazole ring.[14,15] Of these, a few examples 

particularly relevant to this manuscript are discussed below.  

 

 

 

 

Figure 3.7 Structures of the pyrazole ring and the tridentate bis(pyrazole)pyridine chelate with 

atomic numbering scheme.  

3.3.1 Tridentate Coordination Modes of Bis(pyrazol-3-yl)pyridine: General Comments 

The 2,6-bis(pyrazole-3-yl)pyridine is structurally related to 2,2’:6’,2”-terpyridine which 

has been used as a common chelating units in coordination chemistry.[16] Much like in this 

terpyridine, coordination by 2,6-bis(pyrazole-3-yl)pyridine occurs via the nitrogen atoms of the 

pyridine unit and one of the two nitrogen atoms on each of the two adjacent pyrazole rings. 

However, the remaining two nitrogen atoms of the two pyrazole rings in this stable tridentate 

complex could coordinate to metal ions and generate binuclear and some more complicated 

structure.[17] It is also notable that 1H-pyrazole compounds exhibit a tautomeric equilibrium in 
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solution, as the hydrogen atom of pyrazole NH can transfer to the adjacent nitrogen atom.  

Therefore, featuring NH groups of pyrazole rings or derivatizing at the NH bonds can result in the 

formation of complexes with different properties.[14] Figure 3.8 shows the crystal structure of a 

2,6-bis(pyrazole-3-yl)pyridine containing ligand with ZnCl2. The Zn(II) is coordinated to three 

nitrogen atoms and two chloride ions in a distorted trigonal bipyramidal geometry. Due to the 

chelating effect, the coordination occurs through the pyrazole N2′, and the hydrogen atoms of NH 

are located at pyrazole N1′, as confirmed by the crystal structure.[18]  

 

 

 

 

 

 

 

Figure 3.8 a) Chemical structure of the 2,6-bis(pyrazole-3-yl)pyridine- based ligand substituted 

by a phenyl ring at C5’-pyrazole. b) Crystal structure of the ligand with ZnCl2 representing a 

distorted trigonal bipyramidal geometry. Solvent molecules are omitted for clarity (Figures 

reproduced from reference [18]).[18] 

 

The ditopic nature resulting from the NH group at N1 and the nitrogen donor N2 of the 

pyrazole rings means that 2,6-bis(pyrazole-3-yl)pyridine can be considered as one of the most 

flexible chelating units in supramolecular assembly.[14] Binding to metal ions through N2 leaves 

the NH group available for hydrogen bonding. For instance, Massi et. al reported the self-

assembly of a twisted grid shaped supramolecular structure using 2,6-bis(pyrazole-3-yl)pyridine-

containing ligand and CoCl2.
[16] The core of the assembly is formed by a distorted octahedral 

Co(II) in which the two ligands lie perpendicularly with respect to each other and the other four 

N1 N2 

a) 

b) 
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ligands anchor the central complex via hydrogen bonding. Each external ligand is hydrogen 

bonded through N-H…N’ groups of the pyrazole rings to the three perpendicular ligands. The 

novelty of this structure relies on the coexistence of the diverse tautomeric species of the pyrazole 

ring. In other words, the ligands coordinated to Co(II) possess a 1H,1H tautomeric form whereas 

the external ligands assemble with a 1H, 2H configuration. Overall, the structure is also partially 

stabilized through π-stacking. 

 

 

 

 

 

 

 

 

 

Figure 3.9 a) Crystal structure of the self-assembled twisted grid shape using 2,6-bis(pyrazol-3-

yl)pyridine ligands. The central core is composed of two ligands (red) bound to the Co(II) in an 

octahedral fashion.  The peripheral ligands (blue) are anchored the central core via hydrogen 

bonding between the pyrazole NH groups. Hydrogen atoms, counter ions, and solvent molecules 

are omitted for clarity. b) Perspective view of the hydrogen bonds formed within the 

supramolecular assembly. c) The ligand structure (Figures reproduced from reference [16]).[16] 

 

Further derivatization at the NH group of pyrazole ring can be achieved through a 

nucleophilic substitution using alkyl or aryl halide substrates.[14] Therefore, functionalization of 

the NH groups has produced bis(pyrazole)pyridine-based ligands that have been exploited in 

many fields such as homogeneous catalysis, catalytic transfer hydrogenation of ketones, and 

a) b) 

c) 
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biological activity.[19-21] For example, Thiel and co-workers synthesized a series of Fe(II) and 

Co(II) complexes using N-substituted bis(pyrazole)pyridine ligands to compare their catalytic 

activity to that of the 2,6-diiminopyridine in ethylene polymerization (Figure 3.10). [20]   

 

 

 

 

 

 

 

 

Figure 3.10 Structural comparison of a) 2,6-diiminopyridine and b) bis(pyrazole)pyridine 

scaffolds (M = Fe(II) and Co(II)). Their corresponding molecular models, calculated with the 

semiempirical method PM3, illustrates the metal site is more shielded in the bis(pyrazole)pyridine 

than in the 2,6-diiminopyridine complex (Figures adapted from reference [20]).[20] 

 

The iron(II) and cobalt(II) dichloride complexes of 2,6-diiminopyridine are known for 

their high catalytic activities in ethylene polymerization.[22] However, the polymerization process 

depends on the steric demands of the ligand coordinated to the metallic active site. Therefore, the 

2,6-diiminopyridine scaffold needs to be functionalized by aryl groups at the imine nitrogen 

atoms, and the aryl units have to be substituted at positions 2 and 6 with alkyl groups to enhance 

the steric demand of the ligand. Utilizing the five-membered pyrazole rings, functionalized by a 

phenyl group, resulted in different bond angles in the ligand backbone, increasing the shielding of 

the catalytically active site as compared to the case for 2,6-diiminopyridines. The geometric 

parameters of the pyrazole units provides shielding of the metal site preventing chain termination 
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reactions.  Therefore, iron(II) and cobalt(II) complexes of the bis(pyrazole)pyridine seems to be 

promising catalysts for ethylene polymerization.  

As another example, Che et al. reported a series of platinum complexes acting as G-

quadruplex DNA binders. [21] G-quadruplex binders frequently consist of planar aromatic scaffold 

which bind to guanine tetrads through π-π interactions. The binding event is usually strengthened 

by incorporating pendant side chains which interact with G-quadruplex loops and grooves. Since 

the bis(pyrazole)pyridine backbone offers a planar π-conjugated surface for π–π interactions with 

the G-tetrad and pyrazole NH groups allow for further functionalization, the 

bis(pyrazole)pyridine unit possesses both of these features. Figure 3.11 shows the structure of a 

G-quadruplex binder based on the bis(pyrazole)pyridine motif that remarkably suppresses c-myc 

transcription in cultured cells, probably through the stabilization of the G-quadruplex structure 

(Figure 3.11). The planar π-conjugated dPzPy scaffold interacts with the c-myc G-quadruplex via 

π-stacking at one terminal of the G-quadruplex structure. The side chains appended to the 

pyrazole N1 improved the water solubility, and more interestingly, enhanced the binding strength 

between the ligand and G-quadruplex via the formation of secondary interactions with G-

quadruplex loops and grooves.  

 

 

 

 

 

 

Figure 3.11 a) Structure of the bis(pyrazole)pyridine ligand with Pt(II). b) Schematic 

representation of the Pt(II) complex binding to the G-quadruplex of c-myc. The metal complex 

and G-quadruplex are shown in space filling and ribbon, respectively (Figure a) adapted and 

Figure b) reproduced from reference [20]).[20] 

 b) a) 
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3.4 LP1 and LP2 Design and Synthesis 

Having considered Dr. Petitjean’s prior work, we proposed to synthesize molecular 

tweezers in which the terpyridine scaffold is substituted by the bis(pyrazole)pyridine unit. 

Similar to terpyridine-based molecules, the conformational state of the tweezers is controlled by 

cation binding, as they convert from “W” to “U” shape upon coordination to the metal ion. 

Therefore, the cation binding induces an “off” to “on” substrate binding state conversion by 

folding the receptor into an active binding states. As previously discussed, our goal was to 

investigate the effect of triad pinching on the orientation of the binding sites, and consequently   

the capability of the resulting metal complex in substrate binding, as compared to the terpyridine-

based tweezers. As a result of coordinating to the metal ion, pinching of the switching platform 

should bring the diverging binding arms closer to adopt the parallel orientation which is ideal for 

substrate binding (Figure 3.12). 

 

 

 

 

 

 

 

 

 

Figure 3.12 Cartoon representation of the conformational switch of the bis(pyrazole)pyridine-

based tweezers upon metal ion binding. As a consequence, the molecule adopts the “U” to bind 

the guest molecule.  
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Along with the bis(pyrazole)pyridine switching platform, the second main component considered 

in the design is the interaction site. Our design features interaction sites that are mainly aromatic 

rings, differing in how they connect to the central platform. To this end, we synthesized two 

compounds, LP
1 and L

P
2. The naphthalene rings in L

P
1 are linked via semi-flexible methylene 

hinges to the switching chelate platform whereas the anthracene rings in L
P
2 are directly attached 

to the switching unit.  

Scheme 3.1 Syntheses of L
P
1 and L

P
2. 

 

L
P
1 and L

P
2 were successfully synthesized according to Scheme 3.1. Compound 22 was 

obtained from the condensation reaction of commercially available 2,6-diacetylpyridine and N,N-

dimethylformamide dimethylacetal (DMF-DMA).[13] Treating 22 with hydrazine monohydrate in 

95% EtOH yielded the bis(pyrazole)pyridine triad 23 (dPzPy).[13] As previously mentioned, 1H-

pyrazole compounds exhibit a tautomeric equilibrium in solution due to the hydrogen transfer 
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between two adjacent nitrogen atoms. In the first attempt, the dPzPy triad was isolated as a white 

solid which gave one set of the resonance peaks by 1H NMR. This is consistent with the 1H NMR 

signature of the dPzPy reported in the literature. Surprisingly, further attempts to prepare dPzPy 

resulted in products which generated more than one set of resonance peaks in 1H NMR, 

suggesting the existence of dPzPy in different tautomeric forms in solution. As a proof-of-

concept, the addition of 1.0 equivalent of Zn(OTf)2 to the tautomeric mixture of dPzPy in 

DMSO-d6 led to one set of broad peaks, indicating Zn(II) coordination led the tautomeric 

equilibrium to a single species. As shown in Figure 3.8, the participation of pyrazole N2 in 

coordination, due to the chelating effect, has also been confirmed by crystallography. [18] Finally, 

the deprotonated dPzPy triad underwent an SN2 reaction with commercially available 2-

bromomethylnaphthalene to yield L
P
1.[23] 

L
P
2 was synthesized through a copper-catalyzed N-arylation with commercially available 

9-bromoanthracene in relatively low yield.[24]  It is worth mentioning that N-arylation, was also 

attempted using 9-iodoanthracene, which was obtained through a halogen exchange reaction 

using 9-bromoanthracene. Although the iodo derivative is supposed to be more reactive, this 

strategy did not significantly improve the reaction yield. Given that the mono N-arylation of 

nitrogen-containing heterocycles with aryl halides has been reported in a moderate to excellent 

yield in the literature,[24,25] the relatively low yield of L
P
2 might be attributed to the double N-

arylations on the triad.  
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Figure 3.13 Tautomeric equilibria of the dPzPy in solution and the 1H NMR spectra of the 

dPzPy triad: a) isolated from the first trial displaying a single species, b) isolated from the second 

trial showing three species, c) introducing 1.0 equivalent of Zn(OTf)2 to the solution containing 

three tautomers, (i.e., b) leads to the formation of one major species, presumably due to the 

chelating effect. All spectra were acquired in DMSO-d6, 25 °C, 400 MHz. Peak assignment is 

based on a COSY experiment.  

 

3.5 LP1 Coordination and Potential Substrate Binding 

The transoid preference of the ortho-connected bi-heteroaryl units leads the dPzPy triad 

to adopt the “W” conformation.[26] However, introducing metal ions into the solution causes 

conformational switching from the “W” to “U” shape which is a proper shape for substrate 

binding.[9] The conformational switching behavior of L
P
1 was studied by an 1H NMR titration in 

which a solution of L
P
1 was titrated by zinc(II) bromide. Since dissolving zinc(II) bromide 

requires using methanol, a mixture of 1:1 CDCl3/CD3OD was chosen to accommodate the 



 

115 

 

solubility of both zinc(II) bromide and L
P
1.  Upon Zn(II) addition, a second set of resonance peak 

appeared indicating a slow exchange on the NMR time-scale. Compared to the chemical shifts of 

the free ligand, the pyridine H4 of the new species appeared at a higher chemical shift which 

indicates the coordination of the triad to Zn(II). Interestingly, the significant upfield movement of 

the naphthalene protons Ha and Hc, pyrazole H4’, and the methylene protons suggested the 

formation of a dimeric complex (2:1 ligand to metal ratio) wherein the protons of one ligand 

would be shielded by the ring current of the second ligand. At 0.4 equivalents of Zn(II), we 

observed another set of resonance peaks located at higher chemical shifts, as compared to the 

signals of the free ligand and dimer complex. This is consistent with the gradual dissociation of 

the 2:1 to a 1:1 ligand to metal complex, as would be expected upon addition of more Zn(II) ions. 

Moreover, upon appearance of the signals corresponding to the 1:1 complex, a white precipitate 

formed. The precipitation is likely due to the formation of the neutral 1:1 complex, as Zn(II) 

might bind two bromide anions to complete its coordination sphere.  
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 Figure 3.14 a) Schematic representation of the self-assembled 2:1 L
P
1 to Zn(II) dimer followed 

by its dissociation to the desired 1:1 complex. Gray rectangles represent naphthalene interaction 

sites. A represents a coordinating anion or a solvent molecule. b) Stacked plot of 1H NMR spectra 

of L
P
1 with ZnBr2 in 1:1 CDCl3/CD3OD, 25 °C, 500 MHz, [L

P
1]0 = 10.6 mM. Signals 

corresponding to the free ligand L
P
1, 2:1, and 1:1 complexes are color coded in blue, yellow, and 

red, respectively. The numbers on the left represent the number of equivalents of Zn(II) with 

respect to the ligand. 

a) 

b) 
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As discussed above, L
P
1 adopts the “U” conformation as a result of coordinating to 

Zn(II) which is appropriate for substrate binding. The ability of the resulting 1:1 Zn(II) ⊂ L
P
1 in 

substrate binding was first investigated by 1H NMR using 24 as the guest molecule. Compound 

24 was easily prepared by refluxing the mixture of commercially available 1,8-naphthalic 

anhydride and 2-aminoethanoic acid in DMF.[27] We proposed using 25 since its shape is 

complementary to the receptor’s cleft and it offers different interaction sites; a) the aromatic rings 

for π-π interactions with the naphthalene sites, b) the carboxylic group which could act as a 

coordination site to the metal center to anchor the substrate within the cavity. Since the 1H NMR 

titration of L
P
1 with ZnBr2 in 1:1 CDCl3/CD3OD resulted in the formation of a precipitate, a 

mixture of 4:1 CDCl3/CD3OD was utilized for substrate binding, as decreasing the polarity of the 

solvent mixture led to a better solubility of the complex. Unfortunately, no changes were 

observed when 1.0 equivalent of 24 was introduced to the solution containing Zn(II) ⊂ L
P
1 (data 

not shown). We presumed that the carboxylic acid group might not be strong enough to 

coordinate to the Zn(II) ion. Therefore, we decided to utilize 25, as the carboxylate is a stronger 

coordinating site. As a result of adding 1.0 equivalent of 25 to the solution containing Zn(II) ⊂ 

L
P
1 complex, all pyridine, and pyrazole protons shifted upfield whereas naphthalene protons 

moved downfield. Most importantly, the signal corresponding to the methylene hinges of the 

receptor appeared at a lower chemical shift and became significantly broad. The broadening of 

the methylene hinges’ peak can be due to the restricted rotation resulting from the inclusion of the 

substrate.  

  

 

 

 

Scheme 3.2 Synthesis of 24 and 25. 
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Figure 3. 15 Cartoon representation of Zn(II) ⊂ L
P
1 binding 25. A represents a coordinating 

anion or a solvent molecule. Rectangles represent aromatic interaction sites. 

Figure 3.16 Substrate binding studies of Zn(II) ⊂ L
P
1 by 1H NMR. a) 1H NMR spectra of L

P
1 

was first acquired in 4:1 CDCl3/CD3OD, 25 °C, 600 MHz, [L
P
1]0 = 4.1 mM.  b) 1.0 equivalent of 

ZnBr2 was added to the solution of L
P
1, affording the Zn(II) ⊂ L

P
1 complex. c) 1.0 equivalent of 

the substrate 25 was introduced to the solution containing Zn(II) ⊂ L
P
1. The structure of L

P
1 and 

25 are shown to illustrate the numbering of their protons.  
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In order to gain further insight into Zn(II) ⊂ LP
1’s ability in substrate binding,  a solution 

containing 1:1 L
P
1 and 25 was titrated with ZnBr2. Interestingly, no dimer complexation was 

observed throughout the experiment. However, from 0.1 to 0.7 equivalents of Zn(II), the titration 

showed the gradual formation of the 1:1 Zn(II) ⊂ LP
1 complex in a slow exchange with the free 

ligand.  

Figure 3.17 Substrate binding studies of Zn(II) ⊂ L
P
1 by 1H NMR titration. A solution 

containing 1:1 L
P
1 /25 was titrated with ZnBr2 in 4:1 CDCl3/CD3OD, 25 °C, 600 MHz, [L

P
1]0, 

[25]0  = 3.7 mM. The numbers on the left represent the number of equivalents of Zn(II) with 

respect to the ligand.  

 

The absence of dimer formation can be concluded to be due to the effect of substrate 

inclusion, which stabilizes the 1:1 Zn(II) ⊂ L
P
1 complex. The other possibility is that the 

substrate binds to the metal ion and complete its coordination sphere such that binding of the 
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second ligand to Zn(II) is not required. Moreover, when an excess amount of Zn(II) was added, 

the broad peak corresponding to the methylene hinges sharpened, and all of the protons of 24 and 

receptor underwent deshielding. Although there were no clear NOE correlations between the 

receptor’s and substrate's protons, Zn(II) ⊂ LP
1 seems to binds the substrate 24, as both substrate 

binding approaches demonstrate similar spectra at  1:1:1 Zn(II): L
P
1:24 ratio. 

We proposed using Pb(II) in hopes the larger ionic radius of Pb(II) might cause a wider 

cavity for the substrate to intercalate. Similar to the ZnBr2 titration, a mixture of 1:1 CDCl3/ 

CD3OD was chosen to accommodate the solubility of both Pb(OAc)2 and L
P
1. The addition of 

Pb(OAc)2 to L
P
1 induces an fast exchange rate between the free and coordinated ligand on the 

NMR time-scale. Deshielding of the pyridine H4 throughout the experiment indicates the 

coordination of the triad to Pb(II). At low concentration of Pb(OAc)2 (from 0.1 to 0.5 

equivalents), the upfield shift of naphthalene, pyrazole and methylene hinges protons are 

consistent with the self-assembly of the dimer complex (2:1 ligand to metal). When more Pb(II) is 

introduced (from 0.5 to 1.2 equivalents), the aforementioned protons started to move downfiled, 

meaning the dimer complex dissociates into the 1:1 complex. Interestingly, the peak associated 

with acetate originally moved upfield which also may suggest the formation of the dimer complex  

where acetate is not involved in coordination (from 0 to 0.5 equivalents). As the dimer complex 

dissociates into the 1:1 complex (from 0.5 to 1.2 equivalents), the acetate peak underwent 

deshielding as a result of coordinating to the lead ion. Unlike the ZnBr2 titration, no precipitate 

formed. 
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Figure 3.18 Stacked plot of 1H NMR spectra of L
P
1 with Pb(OAc)2 in 1:1 CDCl3/CD3OD, 25 °C, 

600 MHz, [L
P
1]0 = 10.2 mM. a) and b) represent the chemical shift changes corresponding to 

L
P
1 protons and acetate peaks respectively. The numbers on the left represent the number of 

equivalents of Zn(II) with respect to the ligand. 

 

In the first attempt to investigate Pb(II) ⊂ L
P
1’s ability in substrate binding, 23 was 

utilized. Upon addition of 1.0 equivalent of 24 to the solution containing 1:1 Pb(II) ⊂ L
P
1 

complex, a white solid precipitated from the solution. Also, the addition of 23 induced peak 

broadening in the 1H NMR spectrum (data not shown).  Therefore, 25 was used in the less polar 

a) 

b) 
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solvent mixture, 4:1 CDCl3/CD3OD. The addition of 25 to Pb(II) ⊂ L
P
1 did not cause 

precipitation in the less polar solvent mixture. However, the signals of the aromatic region were 

not well-resolved in 4:1 CDCl3/CD3OD, as compared to 1:1 CDCl3/CD3OD. Similar to the 

substrate binding using Zn(II) ⊂ L
P
1, we carried out two experiments; a) addition of 25 into the 

solution containing 1:1 Pb(II) ⊂ L
P
1, b) titration of the 1:1 L

P
1 and 25 with Pb(OAc)2. The 1H 

NMR spectra of both experiments at 1:1:1 Pb(II):L
P
1:25  yielded similar results, but due to the 

overlap of peaks in the aromatic region, the inclusion of the substrate was inconclusive. The 

NOSEY experiment did not show any NOE correlations between the receptor’s and substrate’s 

protons.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19 Substrate binding analysis of Pb(II) ⊂ L
P
1 in 4:1 CDCl3/CD3OD, 25 °C, 600 MHz, 

[L
P
1]0 = 4.1 mM. First, 1H NMR spectrum of L

P
1 was acquired then 1.0 equivalent of Pb(OAc)2 

was added affording Pb(II) ⊂ LP1 complex. Finally, 1.0 equivalent of the substrate 25 was 

introduced to the solution containing Pb(II) ⊂ LP1. The signals corresponding to LP1, Pb(II) ⊂ 

LP1 and 25 are shown in blue, pink and green, respectively. 
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Figure 3.20 Substrate binding analysis of Pb(II) ⊂ L
P
1 in 4:1 CDCl3/CD3OD, 25 °C, 600 MHz, 

[L
P
1]0 = 3.7 mM. A solution containing 1:1 L

P
1 /24 was titrated with Pb(OAc)2. The signals 

corresponding to L
P
1, Pb(II) ⊂ LP

1 and 24 are shown in blue, pink and green, respectively. 

3.6 Coordination Studies of LP2 

The conformational behavior of L
P
2 was monitored by 1H NMR using ZnBr2 in 2:1 

CDCl3/CD3OD. The by 1H NMR titration demonstrated the free L
P
2 converted into a single new 

species in a slow exchange process. The significant upfield movements of the new peaks again 

suggest the formation of the dimer complex (2:1 ligand to metal). As previously discussed, the 

self-assembly of the dimer complex was observed in the case of L
P
1 with Zn(II) and Pb(II), 

followed by its dissociation to 1:1 complex when more metal ions was added. However, as shown 

in Figure 3.21, introducing more Zn(II) did not lead to the dissociation, indicating the dimer 

complex is very stable. In the dimer complex, two bispyrazolepyridine ligands oriented 

perpendicularly should be bound to a Zn(II) ion in an octahedral geometry.   
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Figure 3.21 a) Schematic representation of the dimer complex formation from L
P
2 and Zn(II). 

Gray rectangules represent anthracene interaction sites. b) 1H NMR titration of L
P
2 with ZnBr2 in 

2:1 CDCl3/CD3OD, 25 °C, 600 MHz, [L
P
2]0 = 3.3 mM. The signals corresponding to free and 

bound ligand are shown in blue and red, respectively. The numbers on the left represent the 

number of equivalents of Zn(II) with respect to the ligand.  

 

Although the dimer complex is stabilized through π-π interactions when L
P
1 was used,  

dissociation of the dimer complex into the 1:1 complex would result in an entropic gain due to the 

a) 

b) 
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flexibility of the methylene hinges. However, the rigid polyarene structure of the anthracene arms 

offers stronger π-π interactions, and consequently results in a highly stable dimer complex. 

Moreover, the coordination properties of L
P
2 in response to ZnBr2 were studied by UV-

vis spectroscopy (Figure 3.22).  This technique allowed us to resolve whether or not L
P
2 forms a 

dimer complex at lower concentrations. The initial titration of L
P
2 with Zn(II) led to changes in 

the region corresponding to n-π* transitions. The smooth titration curve allowed us to use 

Hyperquad software for data fitting in order to to identify species present in solution and obtain 

binding constants. The preliminary data analysis identified the presence of 1:1:2 

metal:ligand:anion with a binding constant of Log β equal to 9.5 ± 0.01. Since the model 

representing the 1:2 metal: ligand failed to converge, it can be concluded that the dimer complex 

does not form at lower concentrations. However, a Job plot experiment should be carried out in 

order to strengthen the conclusion.  

Interestingly, when L
P
2 was treated with Pb(OAc)2, no binding was observed.  In the 

“W” shape, the anthracene arms and dPzPy triad are in the same plane resulting in a π-

conjugation throughout the structure. Coordinating to a metal ion causes L
P
2 to fold and adopt the 

“U” shape, leading the arms to lose conjugation with the dPzPy triad. If the metal ion is not 

strongly coordinated, as is the case for Pb(II), metal coordination does not compensate for the 

loss of conjugation. Therefore, metal binding does not occur.  
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Figure 3.22 a) UV-vis titration data of L
P
2 (5.5×10-6 M) with ZnBr2 (6.5 mM) in 2:1 

CHCl3/CH3OH. b) Absorbance as a function of [nZn / nL
P
2] ratio for peaks at 325 and 369 nm. 

Note that n refers to the number of moles. 

3.7 LP3 Design and Synthesis 

From a structural standpoint, there might be some limitations in L
P
1 's and L

P
2's ability 

to engage in substrate binding. Although L
P
2 has not been fully investigated, there exists a 

likelihood its cavity might be partially limited by the solvation sphere of the metal ion. One of the 

possible ways to encounter this issue in the future is extending the aromatic interaction sites using 

polyaromatic cyclic compounds such as pyrene. Regarding L
P
1, the methylene hinges provide 

flexibility but they also can result in the collapse of the naphthalene sites and limiting its ability in 

substrate binding. To address this issue, we proposed to incorporate another chelating unit to 

control the opening and closing actions of the structure. Therefore, we designed L
P
3 which might 
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potentially act as a metalloreceptor. Similar to L
P
1 and L

P
2, the bis(pyrazole)pyridine unit is used 

as the central switching platform for designing L
P
3. However, in addition to the aromatic 

interaction sites, we modified the structure of the tweezers’ arms by introducing another chelating 

triazole-pyridine unit. Therefore, L
P
3 is comprised of a sequence of bidentate (triazole-pyridine), 

tridentate (bis(pyrazole)pyridine) and bidentate (triazole-pyridine) chelating units connected via 

methylene hinges and benzene rings (Scheme 3.3).  

 

Scheme 3.3 Schematic representation of the L
P
3 structure and its conformational change upon 

cation binding.  

 

Since L
P
3

 
possesses a floppy structure, some conformational changes are required to 

shape the structure and form a receptor for substrate binding.  The conformational changes can be 

controlled by the proper choice of metal ions; the stronger tridentate bis(pyrazole)pyridine 

chelating unit primarily coordinates to the metal ion, which facilitates the coordination of the 

weaker triazole-pyridine units.  The coordination of the terminal triazole-pyridine units closes up 

the tweezers and results in the formation of a cavity which can be used for substrate binding. The 

available binding sites of the metal ion(s) can also be involved in substrate binding if the substrate 

contains donor units.  For instance, the resulting complex can be used as an intercalator for DNA 
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recognition, as the planar π-conjugated dPzPy scaffold can insert between the base pairs and the 

terminal bidentate ligands wrap around the phosphate backbone of DNA duplex. It is notable that 

there are two significant features about L
P
3. First, in all previously discussed metallo-controlled 

dynamic molecular tweezers, the conformational change of the central platform was used to 

control the binding and non-binding states of the tweezers. However, the coordination of the 

terminal triazole-pyridine units in L
P
3 should be used to control a dynamic switching behavior of 

the guest inclusion and release. Second, the presence of two distinctive coordination domains 

provides versatility and variety in coordination chemistry, as same or different metal ions can be 

used to form homo- and hetero-nuclear complexes.  

The design of L
P
3 is not without precedent.[28,29] Regarding self-assembled polynuclear 

arrays, Ward et al. described the synthesis and solid-state coordination studies of a ligand 

consisted of a sequence of bidentate, tridentate and bidentate chelating units (Figure 3.24 a). The 

binding domains are separated by p-xylyl spacers generating a segmental ligand which possesses 

different binding units along the strand. The reaction of the ligand with Cu(I) in air afforded a 

self-assembled helical arrangement of the two ligands around three metal ions. Two Cu(I) ions 

coordinate to bidentate units in tetrahedral geometries at the terminal sites while a Cu(II) occupies 

the central six-coordinated site. The oxidation state distribution of +1, +2, +1 for copper ions 

reveals the oxidation of Cu(I) to Cu(II) due to the stereoelectronic preferences of Cu(I) and Cu(II) 

for four- and six-coordinated sites, respectively. It is notable that there is a substantial π-π 

interaction between parallel aromatic units (Figure 3.24 b). 
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Figure 3.23 a) Structure of the segmental ligand developed by Ward’s et al. The ligand is 

composed of the bidentate (pyrazole-pyridine), tridentate (bis(pyrazole)pyridine) and bidentate 

(pyrazole-pyridine) chelates connected via xylyl spacers. b) The crystal structure of the double 

helical complex in which the terminal metal ions are tetrahedral Cu(I) ions bound to two 

bidentate pyrazole-pyridine units and the central metal ion is Cu(II) coordinating to two tridentate 

bis(pyrazole)pyridine chelates in an octahedral geometry. The ligands are shown in gray and 

black for clarity. Hydrogen atoms, counter ions and solvent molecules are omitted for clarity 

(Figure adapted from reference [28]).[28] 

 

Due to the successful isolation of the self-assembled Cu(I)-Cu(II)-Cu(I) complex, the 

formation of a mixed-metal complex was pursued. In this case, since the selection process is 

dictated by the metal ions’ geometrical preferences, Ag(I) and Fe(II) were utilized for the 

tetrahedral and octahedral sites, respectively. Due to the kinetically labile nature of Fe(II) and 

Ag(I), it was expected that each ion would seek out the binding sites that give the most 

thermodynamically stable complex.  Accordingly, the self-assembly of the ligand with a mixture 

of [Ag(MeCN)4]•BF4 and Fe[(H2O)2]6 •2 BF4  (2:2:1 ratio) in acetonitrile resulted in the formation 

of the expected double-helical heteronuclear complex in a high yield. As seen in the crystal 
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structure, the complex is isostructural with the Cu(I)-Cu(II)-Cu(I) complex except for 

insignificant perturbation caused by the larger ionic radius of Ag(I) (Figure 3.25). 

 

 

 

 

 

 

 

Figure 3.24 The crystal structure of the self-assembled heteronuclear complex in a double helical 

fashion. On each end of the ligand, the Ag(I) ions are tetrahedrally coordinated to two bidentate 

pyrazole-pyridine chelates, while the central tridentate bis(pyrazole)pyridine moieties coordinates 

to Fe(II) with an octahedral geometry. The ligands are shown in gray and black for clarity. 

Hydrogen atoms, counter ions and solvent molecules are omitted for clarity (Figure adapted from 

reference [28]).[28] 

 

The recently discussed examples illustrate how the disposition of more than one binding 

units within a structure and the stereoelectronic preference of the metal ions can result in the 

formation of architecturally complex systems. In addition to their elegant structures, such 

polynuclear complexes are of interest for photoelectronic studies and metal-controlled substrate 

recognition. It is worth noting that Ward and co-workers used non-coordinating anions in their 

coordination studies which allows the metal ion to complete its coordination sphere through 

binding to the nitrogen chelating ligands. However, our purpose is to utilize coordinating anions 

in L
3
P’s studies which is expected to promote the formation of the tweezer-like receptor.  
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3.7.1 LP
3 Synthesis 

L
P
3 was successfully synthesized through a four-step reaction pathway by Yasmine 

Madagh, a Master’s student from France (Scheme 3.4). Deprotonation of the triad 22 followed by 

an SN2 reaction using 1,4-dibromoxylene as the substrate yielded 26.[28] In order to avoid the 

substitution on only one pyrazole ring, a large excess of 1,4-dibromoxylene was used. 

Recrystallization from 2:7 dichloromethane/hexane resulted in isolating 26 in 40% yield. Due to 

the reactive benzylic position, 26 undergoes hydrolysis. Therefore, it should be stored under 

argon and utilized for the next step as soon as possible.  

 

Scheme 3.4 Synthesis of L
P
3. 
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 Eventually, L
P
3 was synthesized through a two-reaction, one-pot process;[30] sodium 

azide was used to convert 25 into its corresponding in situ bis-azide derivative which underwent 

the copper-catalyzed azide-alkyne cycloaddition reaction (CuAAC) with 2-ethynylpyridine. 

According to the typical click procedure in our lab, a concentrated ammonia and EDTA solution 

are typically used during work-up, and the reaction mixture is stirred in air in order to remove the 

catalytic Cu(I). The appearance of a green color indicates the oxidation of the catalytic Cu(I) to 

Cu(II) has occurred. This in turn usually causes the precipitation of the free ligand as a white 

solid. Following the same procedure resulted in isolating green solid, indicating the high affinity 

of tridentate dPzPy unit to bind to Cu(II).  Therefore, the daily addition of concentrated ammonia 

and saturated EDTA solution over the course of five days afforded L
P
3 as a cream colored solid 

in 80% yield.  

3.7.2 LP
3 Coordination Studies  

Generally, when different chelating units are used within a ligand structure, a suitable 

match of the binding units with the stereochemical preferences of the metal ions can lead to the 

selective formation of homo- or hetero-polynuclear complexes with different topologies. Since 

the low stereochemical preference of Zn(II) allows it to adopt a range of coordination geometries, 

we decided to initially investigate the coordination properties of L
P
3 using Zn(II). In the presence 

of coordinating anions such as bromide and acetate, we expected the stronger tridentate core to 

bind to the metal first, and as more metal ion is introduced the bidentate units participate in 

coordination. Therefore, the conformational change of L
P
3 was first studied using ZnBr2 in 4:1 

CDCl3/CD3OD, [L
P
3]0 = 1 mM.  
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Figure 3.25 Stacked plot of 1H NMR titration of L
P
3 with a) ZnBr2 and b) Zn(OAc)2 in 4:1 

CDCl3/CD3OD, 25 °C, 600 MHz, [L
P
3]0 = 1.0 mM. The numbers on the left represent the number 

of equivalents of Zn(II) with respect  to the ligand. 

 

Adding Zn(II) ions into the solution containing L
P
3 induced peak broadening, and a slow 

exchange between the free and bound ligand was observed (0.1-1.0 equivalent). At 1.0 

equivalent, Zn(II) addition caused a white precipitate to deposit at the bottom of the NMR tube. 

a) 

b) 
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Although the peak broadening did not allow a complete signal assignment, the original downfield 

movement of central pyridine H4 suggests the binding of the tridentate unit to the metal ion (0.1-

1.0 equivalent). As more Zn(II) was added, the triazole Ht and pyridine H6 drastically shifted to a 

higher chemical shift, implying the coordination of the bidentate units. Comparable results were 

obtained from the titration of L
P
3 with Zn(OAc)2 in 4:1 CDCl3/CD3OD, [L

P
3]0 = 1 mM, yet no 

precipitation was observed throughout the experiment (Figure 3.26 b). 

We strongly believe that the dimer complex observed in L
P
1 and L

P
2 does not form when 

L
P
3 coordinates to Zn(II) in the presence of coordinating anions (i.e., bromide and acetate).  

According to our previous observations, shielding of the methylene hinges and benzene protons is 

indicative of dimer formation which did not occur during the titration of L
P
3 with ZnBr2 and 

Zn(OAc)2. In order to confirm this conclusion, Zn(OTf)2 was utilized because triflate is not a 

coordinating anion and should allow the formation of an octahedral complex where two L
P
3 

ligands are bound to a Zn(II) through tridentate units.  As shown in Figure 3. 27, the addition of 

Zn(OTf)2 caused a new set of resonance peak with different chemical shifts as compared to the 

ZnBr2 and Zn(OAc)2 experiments. The appearance of central pyridine H4 and pyrazole H5′ at 

higher chemical shifts indicates the donation of the nitrogen lone pairs to the Zn(II) ion. Most 

importantly, the significant shielding of methylene hinges and benzene protons indicates the 

formation of octahedral complex between two tridentate cores. After 0.5 equivalent, the solution 

became opaque as more Zn(II) was added which led to a broadening of the spectra and the 

eventual loss of signals (at 0.8 equivalents). We presumed as more Zn(II) was added, the dimer 

complex might have dissociated to the neutrally charged 1:1 metal to ligand complex wherein the 

Zn(II) ion coordinates two triflate anions to complete its coordination sphere. Due to the low 

solubility of the neutral complex, it precipitates from the solution. Interestingly, when more 

Zn(II) was introduced, new signals were reacquired. Appearance of signals at high chemical 

shifts that might be related to the terminal pyridine H6 and triazole Ht shows the participation of 
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the triazole-pyridine unit in coordination. However, the relatively low chemical shifts of the 

benzene ring suggest the side-by-side arrangement which may be possible when the Zn(II) ion is 

five-coordinated to the tridentate chelate of one ligand and bidentate unit of another ligand.  

Figure 3.26 1H NMR analysis of L
P
3 titration with Zn(OTf)2 in 3:1 CDCl3/CD3CN, 25 °C, 600 

MHz, [L
P
3]0 = 1.0 mM.  The numbers on the left represent the number of equivalents of Zn(II) 

pertaining to the ligand. The structure of L
P
3 is shown to illustrate the numbering on the 

hydrogen atoms. The only COSY correlation was observed between the peaks denoted by the 

circle signs in COSY. 

.  
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3.8 Conclusion 

We exploited the bis(pyrazole)pyridine entity as the switching unit in two ligands L
P
1, L

P
2 to 

control their conformational states by cation binding, as they convert from the “W” to “U” shape 

upon coordination to the metal ion. Moreover, our goal was to investigate the pinching effect of 

the central platform on the orientation of binding arms in ligands containing bis(pyrazole)pyridine 

unit, as compared to terpyridine-based ligands. Such comparison requires crystallographic data 

which has not yet been obtained in this project.  

To summarize the results, according to coordination studies with Zn(II) and Pb(II), L
P
1 

originally formed a dimer complex (2:1 ligand to metal) and subsequently dissociated to a 1:1 

complex. According to the 1H NMR titration, there were no signals corresponding to the dimer 

complex when a 1:1 mixture of L
P
1 and the guest molecule 24 was titrated with Zn(II), possibly 

because the guest inclusion did not allow the formation of the dimer complex. The 1H NMR 

coordination studies of L
P
2 with Zn(II) also illustrated the formation of a dimer-type octahedral 

complex. However, it did not dissociate when an excess amount of Zn(II) was added (3.0 equiv.), 

possibly because of the π- π interaction between the two semi-rigid aromatic ligands. The 

coordination studies of L
P
2 with ZnBr2 by UV-vis spectroscopy showed the dimer complex is 

concentration dependent, as it did not form at micromolar concentration. Further experiments are 

required to study the coordination properties and capability of L
P
2 in substrate binding, which are 

discussed in Chapter 5.   

Moreover, we designed and synthesized a segmental ligand L
P
3 composed of bidentate 

(triazole-pyridine), tridentate (bis(pyrazole)pyridine) and bidentate (triazole-pyridine) chelating 

units connected via methylene hinges and a xylyl unit. Due to the presence of multiple chelating 

units, the conformational changes can be controlled by the proper choice of metal ions. In the 

presence of coordinating anions, we expect the stronger tridentate bis(pyrazole)pyridine chelating 

unit to primarily coordinate to Zn(II), which facilitates the coordination of the weaker triazole-
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pyridine units.  Finally, coordination of the terminal triazole-pyridine units closes up the structure 

yielding an internal cavity. Therefore, L
P
3 may potentially be used for substrate binding. The 

coordination studies of L
P
3 is in its early stage and requires further investigations. However, our 

preliminray studies with Zn(II) showed when the non-coordinating triflate anion was used, L
P
3 

formed a dimer complex, while using coordinating bromide and acetate anions prevented the 

formation of the dimer complex that would not allow for substrate binding.  

3.9 Experimental Section 

Commercially available compounds were purchased from Aldrich and Alfa Aesar, and all 

were used as received. The 1H NMR analyses of compounds were performed using 300, 400, 500 

and 600 MHz Bruker instruments. 1H and 13C NMR assignments were confirmed using 2D NMR 

(COSY, HSQC, and HMBC). In 13C NMR assignment, Cq indicates quaternary carbon. Peak 

listings for all NMR spectra are given in ppm and referenced against the residual solvent signal. 

CDCl3 was neutralized via passage through a short column of basic alumina, prior to use. Column 

chromatography was performed with Silica-P flash silica gel (40-63 μm particle size, 60 Å pore 

diameter).  UV-vis analyses were performed using HPLC grade solvents and a Cary 50 

spectrometer. 

Synthesis of 22[13] 

Commercially available 2,6-diacetylpyridine (0.50 g, 3.1 mmol) was 

mixed with dimethylformamide-dimethylacetal (DMF-DMA) (1.3 mL, 

9.5 mmol, 3.1 equiv.) and heated at 105 °C overnight. After cooling to 

room temperature, the orange crystals were collected by filtration in 

vacuo (64%). The product was used for the next step without further purification.   1H NMR (400 

MHz, CDCl3) δ 8.21 (d, 3J = 7.6 Hz, 2 H, H3 and H5), 7.87– 7.94 (m, 3 H, H4 and H7), 6.61 (d, 

3J = 12.2 Hz, 2 H, H6), 3.19 (s, 6 H, CH3), 2.99 ppm (s, 6 H, CH3).  
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Synthesis of  bis(pyrazol-3-yl)pyridine (23) [13] 

A mixture of 21 (0.13 g, 0.48 mmol) and hydrazine monohydrate 

(0.14 mL, 5.5 mmol, 6.0 equiv.) in 95% ethanol (6 mL) was heated 

at 60 °C for 2 h. The reaction was cooled down, and water (15 mL) 

was added resulting a light yellow precipitate. The solid was collected by filtration in vacuo and 

washed with hexane (95%). The product was used for the next step without further purification.   

1H NMR (400 MHz, DMSO-d6) δ 13.11–13.40 (br, 2 H, NH), 7.88 (t, 3J = 7.7 Hz, 1 H,  H4), 7.80 

(d, 3J = 7.7 Hz, 2 H, H3 and H5), 7.72 (broad  s, 2 H, H5’), 7.01 ppm (broad s, 2 H, H4’).  

Synthesis of L
P
1[23]  

Bis(pyrazol-3-yl)pyridine (85 mg, 0.40 mmol) 

and sodium hydride (60% dispersion in mineral 

oil, 49 mg, 1.2 mmol, 3.0 equiv.) were 

suspended in dry THF, and stirred for 30 

minutes. Then 2-bromonaphthalene (0.27 g, 1.2 mmol, 3.0 equiv.) was added and the reaction 

mixture was heated at 70 °C overnight under argon. The next day, the white solid was filtered in 

vacuo and the yellow filtrate was partitioned between water and dichloromethane. The combined 

organic layers were washed with brine, dried over Na2SO4, filtered and evaporated. The crude 

product was purified by column chromatography (SiO2, 2.0: 0.4 dichloromethane/acetone) to 

yield a white solid (63%).1H NMR (400 MHz, CDCl3) δ 7.93 (d, 3J = 7.8 Hz, 2 H, H3), 7.79–7.83 

(m, 6 H, Hd, He and Hh), 7.75 (t, 3J = 7.8 Hz, 1 H, H4), 7.69 (broad s, 2 H, Ha), 7.47–7.49 (m, 4 

H, Hf and Hg), 7.44 (d, 3J = 2.1 Hz, 2 H, H5′), 7.38 (dd,  3J = 8.4 Hz, 4J = 1.1 Hz, 2 H, Hc), 7.08 

(d, 3J = 2.1 Hz, 2 H, H4′), 5.56 (s, 4 H, CH2), 5.01 ppm  (s, 2 H, CH2). Meltig Point: 161–164 °C. 

Compound L
P
1 was synthesized as described in reference [23]. 
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Synthesis of L
P
2[24]  

To a flame-dried flask were added bis(pyrazol-3-

yl)pyridine (0.10 g, 0.74 mmol), 9-

bromoanthracene (0.30 g, 1.2 mmol, 2.5 equiv.), 

copper(I) iodide  (18 mg, 0.09 mmol, 0.2 equiv.), 

cesium carbonate (31 mg, 0.09 mmol, 0.2 equiv.), and DMF (2 mL). The reaction flask was 

evacuated and backed filled with argon three times. The mixture was heated at 120 °C for 40 h. 

The reaction was cooled to room temperature and diluted with ethylacetate (3 mL). The 

precipitate was filtered in vacuo, and the filtrate was partitioned between ethylacetate and water 

for extraction purposes. The combined organic extracts were dried over Na2SO4, filtered and 

evaporated. Purification of the crude product by column chromatography (basic alumina, 2.5:1.0 

dichloromethane/hexane) afforded a yellow solid (18%). 1H NMR (600 MHz, CDCl3) δ 8.64 (s, 2 

H, He), 8.09– 8.11(m,  6 H, H3 and Hd),  7.91 (d, 3J = 2.1 Hz, 2 H, H5′), 7.75 (t, 3J = 7.8 Hz, 1 H, 

H4), 7.61 (d, 3J = 8.6 Hz, 4 H, Ha), 7.59 (d, 3J = 2.1 Hz, 2 H, H4′), 7.49– 7.54 ppm (m, 8 H, Hb 

and Hc). 13C NMR (250 MHz, CDCl3) δ 157.9 (Cq2), 153.7 (Cq3′), 137.1 (C4), 134.9 (C5′), 

119.0 (C3), 105.6 (C4′), 122.8, 125.7, 125.9, 127.2, 128.2, 128.6, 1316, 131.9 ppm (antharcene 

carbon atoms).  Melting point > 260 °C. ESI-MS (+): 564.2188 (calc.), 564.2182 (found).  

Reference [24] was just used as an inspiration to create the new compound L
P
2. 

Synthesis of 23[27] 

1,8-Naphthalic anhydride (0.51 g, 2.6 mmol) and glycine (0.20 g, 2.6 mmol, 

1.0 equiv.) were dissolved in DMF (25 mL) and heated at 120 °C overnight. 

The next day, ice/cold water was added resulting in precipitation. The white 

solid was collected by filtration in vacuo (75%). The product was used for 

the next step without further purification.  1H NMR (300 MHz, CDCl3) 8.63 
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(d, 3J = 7.5 Hz, 2 H, Hm), 8.25 (d, 3J = 8.1 Hz, 2 H, Ho), 7.78 (dt, 3J = 7.9 Hz, 2 H, Hn), 5.01 

ppm (s , 2H, CH2).  

Synthesis of 25[28] 

Bis(pyrazol-3-yl)pyridine (90 mg, 0.43  mmol) 

was suspended in a mixture of  aqueous sodium 

hydroxide (10 M, 7.9 mL) and 

tetrabutylammonium hydroxide (40% aqueous 

solution, 51 μL). To the reaction mixture were 

added 1,4-dibromoxylene (0.45 g, 1.7 mml, 4.0 equiv.) and toluene (25 mL). The mixture was 

heated at 60 °C for 2 h. The reaction was cooled down and diluted with water (20 mL). The 

precipitate was filtered in vacuo, and the filtrate was extracted with toluene. The combined 

organic extracts were dried over Na2SO4, filtered and evaporated to yield a white solid. The crude 

product was recrystallized from dichloromethane (24 mL) and hexane (86 mL). The next day, the 

white solid was collected by filtration in vacuo (40%). 1H NMR (500 MHz, CDCl3`) δ 7.89 (d, 

3J =7.8 Hz, 2 H, H3), 7.73 (t, 3J =7.8 Hz, 1 H, H4), 7.42 (d, 3J =2.1 Hz, 2 H, H5′), 7.37 (d, 3J 

=8.1  Hz, 4 H, Ha), 7.21 (d, 3J =8.1 Hz, 4 H, Hb), 7.06 (d, 3J =2.1 Hz, 2 H, H4′), 5.38 (s, 4 H, 

CH2-N), 4.47 ppm (s, 4 H, CH2-Br). 13C NMR (150 MHz, CDCl3) δ 152.5 (Cq3′), 151.8 (Cq2), 

137.6 (Cqa), 136.9 (C4), 136.9 (Cqb), 130.8 (C5′), 129.5 (Ca), 127.9 (Cb), 118.7 (C3), 105.3 

(C4′), 56.2 (CH2-N), 33.2 ppm (CH2-Br). 

Synthesis of L
P
3[30]  

To a solution of 25 (99 mg, 0.17 

mmol, 1.0 equiv.) in DMF (2 

mL) was added sodium azide (34 

mg, 0.53 mmol, 3.1 equiv.).  The 
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mixture was stirred at room temperature for 1.5 h.  Then water (210 μL), copper(II) sulfate 

pentahydrate (17 mg, 0.07 mmol, 0.4 equiv.), sodium ascorbate (31 mg, 0.15 mmol, 0.9 equiv.) 

and 2-ethynylpyridine (44 μL, 0.44 mmol, 2.6 equiv.) were added. The reaction mixture was 

stirred under argon at room temperature overnight. To the reaction mixture were added 

concentrated aqueous ammonia (5 mL) and saturated aqueous EDTA (5 mL), and the mixture 

was stirred vigorously in air until the solution turned dark green and an off-white solid 

formed. The precipitate was filtered in vacuo, washed with water, air dried (80%).   1H NMR 

(500 MHz, CDCl3) δ 8.53 (d, 3J = 3.3 Hz, 2 H, H6*), 8.16 (d, 3J = 7.9 Hz, 2 H, H3*), 8.04 (s 

,2 H, Ht), 7.78 (d, 3J = 7.8 Hz, 2 H, H3), 7.75 (td, 3J = 7.9 Hz, 4J = 1.6 Hz, 2 H, H4*), 7.72 (t,  

3J = 7.8 Hz, 1 H, H4), 7.41 (d, 3J = 2.1 Hz, 2 H, H5′), 7.30 (d, 3J = 7.8 Hz, Hb), 7.25 (d, 3J = 

7.8 Hz, 2 H, Ha), 7.19– 7.21 (m, 2 H, H5*), 7.04 (d, 3J = 2.1 Hz, 2 H, H4′), 5.56 (s, 4 H, CH2-

triazole), 5.38 ppm (s, 4 H, CH2-pyrazole). 13C NMR (100 MHz, CDCl3) δ 152.7 (Cq3′), 151.8 

(Cq2), 150.3 (Cq2*), 149.4 (C6*), 148.9 (Cqt), 137.7 (Cqb), 136.1 (Cqa), 137.0 (C4), 134.3 

(C4*), 130.9 ( C5′), 128.9 (Cb), 128.4 (Ca), 123.0 (C5*), 122.0 (Ct), 120.3 (C3*), 118.8 (C3), 

105.6 (C4′), 55.8 (CH2-pyrazole), 54.1 ppm (CH2- triazole). Melting Point: Melting point > 260 

°C. ESI-MS (+): 708.3060 (calc.), 708.3054 (found). 

Reference [30] was just used as an inspiration to create the new compound L
P
3. 
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Chapter 4 

Fluorescent Detection of RNA Molecules in Archived Pathology 

Specimens   

4.1 RNA Fluorescence in situ Hybridization (RNA-FISH): An Overview 

Over the past decade, an increasing amount of evidence has shown that RNA molecules 

are responsible for an extensive range of functions in cells, such as the interpretation of genetic 

information, regulation/silencing of gene expression and structural support for molecular 

machines.[1] Moreover, both healthy and diseased cells have distinct RNA signatures composed of 

many different types of RNA that can be used as biomarkers in the diagnosis and treatment of 

diseases.[1,2] Due to the crucial role that RNA plays in dictating cell behavior, significant efforts 

have been devoted to developing methods for visualizing RNA molecules. Acquiring insights at 

the molecular level has provided opportunities for understanding cell function in healthy and 

diseased conditions, consequently resulting in advances in medical diagnostics, disease 

pathophysiology and drug discovery.[3]  

The ability of the single strands to form double-stranded molecular hybrids through 

hydrogen bonding self-assembly has formed the basis for the development of a fluorescence 

detection method for visualizing RNAs known as RNA Fluorescence In Situ Hybridization 

(RNA-FISH).[4] RNA-FISH is an emerging method for simultaneous detection, localization and 

quantification of individual RNA molecules which can  provide insights into gene structure and 

diagnosis at the level of individual cells.[5-7]  In this process, fluorescent labeled oligonucleotide 

probes that are complementary to specific RNA sequences are added to a sample and collectively 

hybridize along their target via standard Watson-Crick base pairing. Afterwards the sample is 

washed to remove excess probes and prepare it for imaging. Each individual transcript is detected 

as a discrete spot by fluorescence microscopy.[6] The hybridization process depends on numerous 
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parameters such as temperature, salt concentrations, pH, the nature of the probes and target 

molecules, and the composition of the hybridization and washing solutions.[4] The probes utilized 

in this process are specific nucleic acid strands composed of deoxyribonucleic acid (DNA), 

ribonucleic acid (RNA), or nucleic acid analogs such as LNA. Locked nucleic acid (LNA) is a 

bicyclic RNA analogue in which the ribose 2′-O and 4′-C atoms are connected via a methylene 

bridge (Figure 4.1).[8] LNA nucleosides contain the standard nucleobases as DNA and RNA 

possess. Therefore, LNA nucleotides can be utilized with RNA and DNA residues in 

oligonucleotide to hybridized with DNA or RNA strands according to Watson-Crick bases-

pairing. The conformational rigidity conferred by LNA on the oligonucleotide probe allows a 

more stable duplex with target DNA/RNA to be formed by increasing base stacking and 

backbone-preorganization.  

 

 

 

 

 

Figure 4.1 Chemical structures of ribonucleic acid (RNA), locked nucleic acid (LNA) and 

deoxyribonucleic acid (DNA).  

 

The oligonucleotide probes can be directly or indirectly labeled with a fluorophore.[4,5] In 

the direct labeling method, the nucleic acid probes are coupled to the fluorophores by chemical 

conjugation. However, in indirect labeling, the nucleic acid probe is chemically conjugated to a 

non-fluorescent molecule that can bind fluorescent material after hybridization (Figure 4.2). The 

molecule directly bound to the nucleic acid probe is usually biotin, fluorescein or a hapten such as 

dinitrophenol (DNP) or digoxigenin.[5] Since the directly labeled probes have limited sensitivity, 

hapten conjugated probes are often favored.  A hapten allows primary and secondary antibodies 
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(multiple immunological layers) to be utilized for signal enhancement.[9,10] It should be noted that 

using more than three detection levels causes immunological reagent-related background signals. 

This is very important when a target of low abundance is studied because reducing background 

signals is vital to increasing detection sensitivity.[10] 

 

 

 

 

 

Figure 4.2 Cartoon representation of the principles of a) direct and b) indirect fluorophore 

labeling (Figure adapted from reference [11]).[11] 

 

Although FISH has notably been developed to study gene structure and expression in 

cells and tissues, its applicability is often limited due to low signal intensity.[4,5] Low signal 

intensity can be caused by many factors including limited abundance and poor accessibility of the 

target sequence, chemical and physical interactions of the probe with molecules other than the 

target, and insufficient cell permeability that prevents probes from entering cells and reaching the 

target site.[6,12] Strategies to enhance the threshold levels of nucleic acid detection by FISH can be 

generally classified in three categories:[12,13] a) amplifying the target sequences before performing 

hybridization (e.g. in situ polymerase chain reaction (PCR)), b) increasing the amount of probes, 

(e.g. cocktails of oligonucleotide probes), c) enhancing the signals produced by the hybridization 

procedure by Tyramide Signal Amplification (TSA), also known as the Catalyzed Reporter 

Deposition method (CARD) (Figure 4.3). CARD can achieve very significant increases in signal 

sensitivity.  Since the goal of this project is the detection of RNA targets by TSA-FISH, this 

technology is briefly reviewed below. 
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Figure 4.3 Schematic representation of the principals of three different amplification systems, a) 

in situ PCR, b) probe cocktails, and c) catalyzed reporter deposition used for the in situ detection 

of RNA molecules (figure reproduced from reference [13]).[13] 

4.2 Tyramide Signal Amplification Technique (TSA) 

TSA is an enzyme-mediated detection method that, in the presence of low concentrations 

of hydrogen peroxide, utilizes the catalytic activity of horseradish peroxidase (HRP) to deposit an 

amplification agent at a probe-target hybridization site.[6,12] The amplification agent, tyramide, is a 

phenolic derivative that acts as a substrate for the enzyme horseradish peroxidase (HRP). The 

latter converts tyramide into an extremely reactive free radical intermediate, which non-

specifically reacts with electron-rich surface moieties, such as the tyrosine and tryptophan 

residues in proteins.[12,14] It is worth mentioning that the endogenous peroxidase in human tissues 

can also potentially catalyze the TSA reaction. Therefore, the endogenous peroxidase must be 

blocked in order to avoid this unwanted reaction.  
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Figure 4.4 a) Schematic depiction of three steps in TSA-FISH technique; 1) probe hybridization 

with target, 2) conversion of tyramide conjugate to fluorophore to active radical tyramide, 3) 

reaction of radical tyramide with electron-rich aromatic compounds of proteins. b) Radical 

formation of fluorescently-labeled tyramide via HRP-mediated and its coupling reaction to 

protein tyrosine side chains (figure adapted from reference [14]).[14] 

 

As shown in Figure 4.4, TSA technology is a combination of three steps.[14] 

1) Binding of a probe to the target through hybridization (nucleic acids) or an immuno-affinity 

process (proteins), and subsequent detection of the probe by an HRP-labeled antibody.  

2) Generation of multiple copies of highly reactive tyramide derivatives conjugated with a 

fluorescent dye by HRP.  

3) Covalent reaction of the resulting highly reactive tyramide radicals to electron-rich regions of 

proteins in the vicinity of the HRP-target interaction sites.   

Due to the short lifespan of radicals, the radical reaction occurs only in close proximity to 

the HRP molecules. Therefore, a large number of tyramide molecules are deposited around HRP 
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HRP 
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species, leading to a minimal diffusion-related loss of signal localization. Furthermore, the 

enhanced sensitivity resulting from the TSA method can be crucially important for the detection 

of both short and low abundance RNAs by fluorescence in situ hybridization. Conjugated 

tyramides with fluorescein, biotin and Alexa fluor dyes are commercially available or can be 

prepared by simple, rapid chemical reactions.[14] 

Although TSA is an easy, rapid, highly sensitive, and efficient detection procedure, there 

are several challenges in this technique.  Because of the high sensitivity, TSA can potentially 

amplify nonspecific background signals, which might lead to an unfavorable signal/noise ratio.[4] 

Therefore, highly expressed RNA molecules can be detected by TSA-FISH, but targets with low 

expression may need further signal amplifications. A “layering” technique is one alternative 

approach to increase signal intensity.[14] For instance, Figure 4.5 shows a two-pass TSA-FISH 

including two sequential TSA reaction; first, dinitrophenyl (DNP)-labeled tyramide is deposited. 

Second, after incubation with an HRP-conjugated anti-DNP, fluorophore-labeled tyramide is 

introduced to carry out the second TSA reaction. A second option to increase the signal intensity 

involves the use of long and multiply-labeled oligonucleotides. However, permeabilization and 

mishybridizations are consequences of utilizing a long probe, which require optimization of the 

experiment conditions.[14] Another challenge is cell penetration of probes conjugated with HRP. 

Since HRP is a large molecule, probes labeled with HRP penetrate fixed cells poorly, as 

compared to fluorescently-labeled probes. So, a permeabilization protocol must be optimized 

before conducting TSA-FISH.  However, the narrow range of optimal permeabilization makes 

this challenging work.  
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Figure 4.5 Cartoon representation of two-pass TSA-FISH (figure reproduced from reference 

[14]).[14] 

4.3 miRNA Detection by TSA-FISH 

miRNAs are a class of short (approximately 19-24 nt) noncoding RNA molecules that 

negatively regulate gene expression and are desregulated in many cancers. miRNAs make 

excellent disease biomarkers due to their cell-type specificity and relative abundance.[15] Due to 

the fundamental role of miRNAs in controlling many biological processes, developing a sensitive 

method for detection and analysis of miRNAs accumulation at the tissue and cellular level is in 

high demand. However, their small size and sometimes low level of expression causes technical 

challenges in their detection by the FISH method.[16] To address these challenges, Renwick et al. 

established a multicolor miRNA FISH protocol based on Tyramide Signal Amplification for 

archived formalin-fixed paraffin-embedded (FFPE) tissues.[17,18] This method differentiates two 

tumor-specific miRNAs, miR-205 in basal cell carcinoma (BCC) and miR-375 in Merkel cell 

carcinoma (MCC), by standardizing the amplified signals of miR-205 and miR-375 against the 

reference signal of directly detectable 28S rRNA (Figure 4.6). This research utilized antisense 

LNA-modified 14-nt and 15-nt oligodeoxynucleotide probes for targeting miRNA-205 and 

miRNA-375, respectively. The miRNA-205 probe, with the sequence 5′ GGTGGAAtgaAgga-
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(L)3-F-L-F-L-F-L-F-L-F-(F-CPG)4, was synthesized with a linker allowing conjugation of six 

fluorescein units. In this sequence, DNA nucleotides are denoted in uppercase letters, LNA 

modifications are denoted in lowercase letters, L represents spacer 18,5 F indicates 6-fluorescein 

serinol,2 and F-CPG represents 3′-6-fluorescein serinol CPG. The miRNA-375 probe, of sequence 

5’ AGCCGaaCGaAcaaA-(L)3-B-L-B-L-B-L-B-L-B-(B-CPG), was synthesized with a linker 

allowing conjugation of six biotin units.  B indicates protected biotinLC serinol2 and B-CPG 

represents 3′-protected biotinLC serinol CPG. 

The incorporation of hapten (biotin or fluorescein) and linker phosphoramidite at the 3′ end 

of the probe sequence addressed the issue of accessibility to the HRP-mediated amplification 

system. As shown in Figure 4.7, when the LNA probe is bound to the target, through an immuno-

affinity process, the hapten is detected by the antibody conjugated to HRP. It seems that using the 

linker with appropriate length increases the accumulation of biotin hapten fragments at the 

surface of the tissue sections and makes them more accessible for antibody detection. 

Subsequently, introducing fluorescently labeled tyramide deposits tyramide radicals at the probe-

target hybridization site.  The design of the linker conjugating 6 fluorescein or biotin moieties 

also increases the sensitivity of the TSA method by localizing the deposition of radical tyramide.  

 

 

 

 

                                                   

4 CPG (controlled pore glass) is a type of solid support which the oligonucleotide is bound during 

synthesis. 
5 See Appendix B for the chemical structures of spacer 18, fluorescein and biotin.  
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Figure 4.6 Detection of miR-205, miR-

375, and 28s rRNA in FFPE BCC and 

MCC tissue sections by multicolor miRNA 

FISH. Hybridization condition included 25 

nM for each probe, 16 h incubation at 55 

°C in buffer solution containing 50% 

formamide and 1.0 M NaCl. The 14-nt 

fluorescein-hexalabeled LNA-modified 

probe with anti-fluorescein-HRP antibody 

and tyramide/ATTO-532 signal 

amplification was used to detect miR-205. 

The 15-nt biotin-hexalabeled LNA-

modified probe with HRP-conjugated 

streptavidin and tyramide/ATTO-488 

signal amplification was utilized to detect 

miR-375. Comparing a) and b) illustrates 

the higher signal intensities of miR-205 in 

BCC than in MCC, while comparing c) 

and d) shows higher signal intensities of 

miR-375 in MCC than in BCC. 28S rRNA 

was detected using a cocktail of four 

directly labeled fluorescent ATTO-647N 

probes. e) and f) present similar 28s rRNA signal intensities in both BCC and MCC. g) and h) 

DAPI was used for nuclei visualization. i) and j) Merged images illustrating BCC in yellow and 

MCC in green. Exposure times are indicated in ms (Figure reproduced from refrence [17]).[17] 

 

 

 

 

 

 

 

a) b) 

c) d) 

e) f) 

g) h) 

i) j) 
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Figure 4.7 Cartoon representation of multicolor miRNA detection by TSA-FISH. The biotin- or 

fluorescein- hexalabeled LNA-modified oligonucleotide probe hybridizes to the target. Through 

an immunoaffinity process, strepavidine- or antifluorescein- conjugated with HRP binds to the 

corresponding biotin or fluorescein. In the presence of dilute H2O2, HRP catalyzes the 

fluorescently labeled tyramide to an active radical, which quickly binds to the electron rich 

residues of proteins.[17] 

 

Compared to typical FISH techniques, this method has several advantages. A discussion 

of how this method addresses typical technical challenges of TSA-FISH can be found below. 

 a) RNA fixation 

Traditionally, formaldehyde is used to fix proteins and nucleic acids in tissues, which requires 

proteinase K treatment to weaken formalin crosslinks and subsequently permeabilize the tissue. 

Such treatment leads to significant miRNA losses from tissue sections. Therefore, formaldehyde 

fixation can only work for highly abundant miRNAs, as it yields inconsistent results for those less 

abundantly expressed.[19] In this method, the issue of RNA diffusion is addressed by employing an 
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additional fixation step, which introduces an irreversible crosslink between the 5′ phosphate of 

the miRNA and the protein matrix. As shown in Scheme 4.1, 1-ethyl-3-[3-dimethylaminopropyl] 

carbodiimide (EDC) is a water-soluble condensation reagent which activates the 5′-phosphate 

group in miRNA to form a phosphoamide bond with an amino group from the amino acid side 

chains of surrounding proteins. Due to the low stability of EDC-activated miRNA in water, 1-

methylimidazole and 5-ethylthio-1H-tetrazole (5-ETT) are used to form more stable reaction 

intermediates and reduce hydrolysis.  The use of these two heterocyclic compounds produces a 

competing intermediate that expedites the nucleophilic attack of the amino group on the peptide 

and the crosslinking reaction. The reaction of amines as nucleophiles is preferred when the 

reaction is carried out in basic conditions (e.g. pKa of 10.5 for the Lys side chain). However, 

under such conditions, hydroxide ions compete for the nucleophilic attack of the EDC-5′-p-RNA 

intermediate. Therefore, optimal EDC crosslinking occurs at pH 8 as the effects of the side 

reaction are balanced. Consequently, EDC-hydrochloride (EDC-HCl) and 5-ETT in a 1-

methylimidazole buffer were utilized for the crosslinking reaction that improves miRNA 

retention in tissues. 

b) Signal amplification and detection 

EDC treatment also results in protein crosslinking through amide bond formation 

between carboxylic acid and amino groups. This enhances protein matrix fixation, which 

obstructs the access of antibody-based signal amplification reagents to haptens of the probes 

bound to target RNA. To resolve this problem, the relationship between linker length and signal 

intensity was investigated. The systematic studies of signal detection using probes with different 

lengths showed that linker lengths above 10 nm significantly boosted signal amplification-based 

fluorescence detection. Presumably, expanding the linker length increases the display of biotin 

hapten fragments at the surface of the tissue sections and makes them more accessible for 

antibody detection. It should be noted that increasing the linker length is a novel idea to avoid 

tissue permeabilization and related miRNA loss. 
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c) Probe design  

Another significant feature of this multicolor miRNA FISH method is the elimination of probe 

mishybridization by abundant RNAs through the use of carefully designed LNA-modified DNA 

probes. The initial studies revealed that 22-nt probe for miR-375 and miR-205 offered an rRNA-

like pattern, resulting in cross-hybridization. Therefore, sequence analysis illustrated that 

shortening the probe to 15-nt decreased the overlap pattern with abundant rRNAs. Moreover, 

placing LNA modifications outside regions that are complementary to the rRNA sequence 

strengthened the hybridization and led to specific miRNA signals.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4.1 a) Reaction sequence involved in EDC condensation for crosslinking 5' 

phosphorylated RNA to surrounding proteins protein in 1-methylimidazole. b) To decrease the 

recation time for EDC crosslinking, 5-ETT and 1-methylimidazole are used to produce a 

competing intermediate species (i and ii), which eventually react with amino group on the peptide 

to induce crosslinking reaction.[17]  

a) 

b) 

(i) 

(ii) 



 

156 

 

4.4 Detection of RNAs in FFPE Tissues by TSA-FISH  

Developing RNA-FISH for molecular diagnostics is the ultimate goal of this project, as it 

provides a valuable platform to determine and visualize disease-specific biomarkers. Although 

Renwick et al. focused on two relatively abundant miRNAs in two skin cancers in their studies, 

we expect this method could more broadly utilized for the following reasons.  First, EDC fixation 

is applicable to all miRNAs in any FFPE tissue samples. Second, probe design and signal 

amplification steps are flexible. I therefore joined the Tuschl lab at Rockefeller University to 

investigate the applicability of Renwick et al.’s method for detecting other types of RNAs. Part of 

this work is discussed below.  

Since we used Alexa Fluor 594 in our studies, ATTO-594-tyramide was first synthesized 

through a one-pot coupling reaction.[17,20] Scheme 4.2 illustrates the general synthesis of tyramide 

conjugated to fluorescent ATTO dyes, which obtains from the succinimidyl ester of Alexa Fluor 

594 was mixed with tyramine-HCl. The reaction was complete within two hours and the product 

was used without undergoing further purification. 

 

 

 

 

 

Scheme 4.2 General synthesis of the fluorescently-labeled tyramide moiety.[17,20] 

 

In our initial attempt, RNY5, KRT8 and U7 were chosen as targets because they 

represent different classes of RNA molecules in various locations in the cells of the FFPE sample 

(probe sequences are listed in Table 4.1). Due to the high abundancy and constant expression 

level across the cell sample, 18S rRNA is known as a good internal control.[21] Therefore, a 
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cocktail of four ATTO-488N-conjugated probes complementary to 18S rRNA (directly labeled) 

was used as an internal control.  

Table 4.1 RNA targets for detection by TSA-FISH. 

Target Features 
Target sequence 

(5′ to 3′) 

Complementary 

probe sequence 

RNY5 

small non-coding 

cytoplasmic RNA, associated 

with Y RNA class 

GGTTATTGTTAAGTTG 

 

CAaCTtAACaATAaCC 

 

KRT8 
cytoplasmic mRNA, found in 

T47D and not in HEK 293 

CTCCTACACGAGTGG 

 

CCaCTCGtGTaGGaG 

(KRT8-28) 

AAGTTGTCCGAGCTG 

 

CaGCtCGGaCAACtT 

(KRT8-54) 

U7 
small nuclear RNA and 

found in cajal body6 

TAGGCTTTCTGGCTT 

 

AaGCCaGAaAGCCtA 

 

Note: due to the long length of KRT8, two separate probes (KRT8-28 and KRT8-54) were designed for 

distinct regions.  

 

All probes were synthesized with a linker (L) that enabled conjugation of 6 fluorescein or 

biotin moieties to the oligonucleotide probe. Therefore, two sets of probes, fluorescein-

hexalabeled and biotin-hexalabeled, were synthesized for each target. As an example, the 

fluorescein-hexalabeled U7 probe is made of 5’ AaGCCaGAaAGCCtA-(L)3-F-L-F-L-F-L-F-L-

F-(F-CPG), while the biotin-hexalabeled U7 probe is composed of   5’ AaGCCaGAaAGCCtA-

(L)3-B-L-B-L-B-L-B-L-B-(B-CPG). In both cases, DNA nucleotides and LNA modifications are 

denoted in uppercase and lowercase letters, respectively, and L represents spacer 18.  In 

fluorescein-conjugated probes, F indicates 6-fluorescein serinol and F-CPG represents 3′-6-

fluorescein serinol CPG. In biotinylated probes, B indicates protected biotinLC serinol and B-

CPG represents 3′-protected biotinLC serinol CPG. All probes were synthesized at 1.0 µmol scale 

                                                   

6 “Cajal bodies are spherical sub-organelles found in proliferative cells such as embryonic cells and tumour 

cells, or metabolically active cells like neurons.”[22] 
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on an ABI 3400 DNA synthesizer, deprotected and quantified by measuring the absorbance using 

a NanoDrop 2000 spectrometer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Quality control of probes synthesized with biotin and fluorescein conjugated linkers 

via 20% PAGE gel.  

 

As a quality control test, an aliquot of the synthesized probes was run on a 20% 

polyacrylamide gel electrophoresis. As shown in Figure 4.8, probes with different lengths were 

used to compare the migration of spots. The probes were then used for signal amplifications 

without further purification. According to the published protocol, [15,17] FFPE tissue sections from 

HEK 293 cell lines were prepared for probe hybridization for 16 h at 55 °C in buffer solution 

50% formamide and 1.0 M NaCl (probe concentration was 25 nM each). Following hybridization, 

signal amplification steps were carried out at room temperature. Figure 4.9 illustrates the 

workflow diagram of our TSA-FISH method. The imaging processing showed our attempts to 

Probes (lowercase letters indicate LNA residues) 

U7:            AaGCCaGAaAGCCtA 

RNY5:        CAaCTtAACaATAaCC 

KRT8-28:   CCaCTCGtGTaGGaG 

KRT8-54:   CaGCtCGGaCAACtT 

Linker 

B1: Probe-B 

B6: Probe-(L)3-B-L-B-L-B-L-B-L-B-(B-CPG) 

F1: Probe-F 

F6: Probe-(L)3-F-L-F-L-F-L-F-L-F-(F-CPG) 

Where L represents spacer phosphoramidite 18, 

 B represents biotinLC, and F represents 6-

fluorescein. 

 



 

159 

 

detect RNY5, KRT8 and U7 was not successful (data not shown). The ineffective results may be 

due to several reasons including relatively low abundance of the targets, poor hybridization 

conditions, or low specificity and/or stability of the probes under the experimental conditions 

used.  

Since the method was originally optimized for visualizing abundant transcripts, we 

applied the protocol for visualizing the more abundant target, 28S rRNA. To this end, a 

fluorescein-hexalabeled LNA-modified oligodeoxynucleotide probe, 5′ 

AGTtGTtACACAcTCcTtaG-(L3)-F-L-F-L-F-L-F-l-F-(F-CPG), was utilized, which was 

previously synthesized by Pavol Cekan. We used the fluorescein linker probe, as using biotin 

linker probes require additional steps to block endogenous biotin. Similar to previous study, a 

cocktail of four directly labeled 18S probes were utilized as an internal control.  As shown in 

Figure 4.8, the cytoplasmic signals are attributed to successful detection of 28s rRNA by TSA-

FISH method. It is worth mentioning that when lower concentrations of antibody and/or tyramide 

were used, weaker signals were observed. 
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Figure 4.9 Summary of TSA-FISH protocol.[15] 
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Figure 4.10 a) Detection of 28S rRNA in FFPE tissue sections from HEK 293 cell lines by TSA-

FISH. b) and c) Negative controls. d), e), and f) Detection of 18S without signal amplification by 

using a cocktail of four fluorescent ATTO-488N-conjugated probe. g), h), and i) DAPI staining 

was used to visualize nuclei. j), k), l) Merged images. Exposure times for DAPI, Alexa 594, and 

Alexa 488 are 5, 10, and 200 ms, respectively.  

4.5 Conclusion.  

The protocol previously developed by Renwick et al. was applied to the detection of 

miRNA by TSA-FISH. Compared to commercially available TSA-FISH kits containing long 

probes, relatively short LNA-modified oligodeoxynucleotide probes (less than 20 nt) are used in 

the design. Moreover, the probes are connected to a linker that enables the conjugation of six 

fluorescein or biotin residues. The antibody attached to HRP binds to fluorescein or biotin 

moieties via immunoaffinity. When fluorescently-labeled tyramide is introduced, in the presence 

of dilute H2O2, HRP converts it to a tyramide radical. As a result of covalent bonds between the 

b) 

c) 

d) 

e) 

f

a) g) 

h) 

i) 

j) 

k) 

l) 

MergDAPI 18S-ATTO-488N 28S  

1:250 Anti-fluorescein 

1: 50 ATTO-594-Tyramide 

1:250 Anti-fluorescein 

1: 50 ATTO-594-Tyramide 

No 28S probe 

No Anti-fluorescein 

No 28S probe 
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radical and aromatic compounds of surrounding proteins, the signals around the probe-target 

hybridization site can be detected. Using the linker confers two special features in designing our 

probes; first, the increased length of the linker should increase the accessibility to HRP-mediated 

amplification systems. Second, using fluorescein or biotin units within the linker structure 

increases the concentration of tyramide at the probe-target hybridization site, resulting in an 

amplification of the signal. This method has successfully used to detected miR-205 in BCC and 

miR-375 in MCC cells.  

In order to investigate the applicability of this method for detecting relatively low 

abundant RNAs, four biotin-hexalabeled and four fluorescein-hexalabeled LNA-modified probes 

were synthesized to detect different classes of RNAs, such as U7, RNY5, and KRT8. While the 

more abundant 28S was successfully detected by TSA-FISH, detection using these eight other 

probes requires protocol optimization. This may be due to several reasons including relatively 

low abundance of the targets, poor hybridization conditions, or low specificity and/or stability of 

the probes under the experimental conditions used. Moreover, according to our preliminary 

melting point determination, U7 and particularly RNY5 probes displayed relatively lower melting 

temperature compared to 28S probes. Although the melting temperature tests need to be repeated, 

the relatively low melting temperature indicates further analysis of the probe sequence design 

might be required. Furthermore, using a cocktail probe can be considered as an alternative 

approach for detecting low abundant targets.  

4.6 Experimental Section 

LNA probes were synthesized by ABI 3400 DNA synthesizer. Probe concentrations were 

determined using Nanodrop 2000 spectrometer. Tthe images were captured by a Olympus VS110 

Virtual Microscopy system.  
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Synthesis of ATTO-594-tyramide [17,20] 

ATTO-594-NHS (5.0 mg, 6.1 µmol) was dissolved in anhydrous DMF (500 µL) to obtain 

an active ester stock solution A (10 mg/mL). Tyramine-HCl (10 mg, 0.58 µmol) was dissolved in 

anhydrous DMF (1.0 mL) to yield solution B (10 mg/mL). Triethylamine (10 µL, 1.25 equiv.) 

was then added to solution B. The stock solution A (500 µL) was mixed with solution B (84 µL) 

and the reaction mixture was left overnight at room temperature in the dark. The next day, 

ethanolamine (10 µL) was dissolved in 990 µL anhydrous DMF to prepare solution C. To quench 

unreacted ATTO-594-NHS ester, ethanolamine stock solution C (5.9 µL) was added to the 

reaction mixture, and stirred for 30 min.  The synthesized ATTO-594-tyramide was diluted with 

anhydrous DMSO (4.4 mL) to obtain a final volume of 5 mL. The tyramide solution was 

aliquoted into 1.5 mL brown (light protected) Eppendorf tubes. 

General protocol for probe synthesis [15,17] 

LNA probes were synthesized at 1.0 µmol scale on an ABI 3400 DNA synthesizer using 

3′-amino-modifier C7 CPG (500 Å) solid glass support, and DNA and LNA phosphoramidites. 

Following synthesis, the synthesis columns were washed with 6 mL diethylamine/anhydrous 

acetonitrile (10% v/v) solution over ten minutes. Columns were rinsed with 6 mL anhydrous 

acetonitrile, then air was gently blown through the columns to dry.   CPGs were transferred to a 

1.5 mL screw up tubes containing 1.3 mL ammonium hydroxide solution. The mixture was 

incubated for 16 h at 55 °C. After cooling the tubes on ice for 5 minutes, the supernatant was 

transferred to a 13 mL centrifuge tube. Each CPG mixture was vigorously mixed with 10 mL 1-

butanol, and the oligonucleotide pellet was collected by centrifugation in a Sorvall RC5C Plus 

(floor model) centrifuge (SS-34 rotor) at 2000 g at 4 °C for 20 minutes. The pellet were dried in 

an Eppendorf vacufuge concentrator, redissolved in 400 µL, and transferred to 2 mL Eppendorf 

tubes. After deprotection and precipitation, probes were directly used for FISH experiments 

without further purification.  
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General protocol for TSA-FISH [15,17] 

Day 1: The FFPE tissue sections were deparaffinized by Histo-Clear II twice for five 

minutes. The slides were then rehydrated by successive washes with 100%, 90%, 70%, and 50% 

ethanol (each for one minute), and rinsed in cold water. Sections were fixed in 4% 

paraformaldehyde in TBS (100 mM NaCl, 10 mM Tris-HCl, pH 7.4) for 45 minutes. 

Subsequently, they were washed in TBS for 5 minutes, and incubated in 1-methylimidazole 

buffer (0.1 M 1-methylimidazole adjusted to pH 8.0 using 1 M HCl, 0.3 M NaCl) for 3 minutes. 

Slides were placed on a stainless-steel slide rack to add 500 μL EDC fixative solution (0.1 M 

EDC-HCl 0.1 M 5-ETT, 2X Denhardt’s solution, 0.1 M 1-methylimidazole buffer, readjusted to 

pH 8.0 using 10 M NaOH), and incubated in a humidified chamber at 50 °C for 3 hours. After 

washing slides in TBS twice for 6 minutes, 1 mL freshly prepared hybridization buffer was added 

to each slide and incubated at room temperature for one hour. Hybridization buffer is composed 

of 50% formamide, 1.0 M NaCl, 75 mM Tris-HCl (pH 8.5), 1X Denhardt’s solution, 250 μg/mL 

baker’s yeast tRNA, 500 μg/ml salmon sperm DNA 2.5 mM CHAPS and 0.5% (v/v) Tween 20. 

After decanting the hybridization buffer, the slides were incubated with hybridization solution at 

55°C for 16 hours. The hybridization solution contains the hapten-conjugated probes and four 

18S rRNA probes directly labeled with ATTO-488N, each at 25 nM in hybridization buffer. In 

order to prevent cross-contamination, it is critical to assign one coupling jar for each probe when 

more than one probe is used.  

Day 2: Slides were washed once in wash buffer 1 (50%[v/v] formamide, 250 mM NaCl, 75 mM 

Tris-HCl [pH 8.5], and 0.1% [v/v] Tween 20) for 10 minutes at 25°C, followed by washing once 

in wash buffer 2 (50 mM NaCl, 75 mM Tris-HCl [pH 8.5], and 0.1% [v/v] Tween 20) for 5 

minutes at 25°C, and once in TBS-T (TBS with 0.1% [v/v] Tween 20) for 3 minutes at 25°C. To 

block endogenous peroxidase, slides were incubated in freshly prepared 0.3% hydrogen peroxide 

in TBS-T for 25 minutes at room temperature, and washed 3 times in TBS-T at 25°C. 
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Slides were incubated with antibody “blocking” solution (5% goat serumin TBS-T) for 

one hour at 25°C. After removing anti-body blocking solution, 500 μL HRP-conjugated anti-

fluorescein antibody diluted 1:250 in blocking solution was added to each slide and incubated in 

500 μL HRP-conjugated anti-fluorescein antibody diluted 1:250 in blocking solution at 25°C. 

Slides were washed twice in TBS-T for 10 minutes, and then incubated in 400 μL amplification 

solution containing tyramide-ATTO-594 (1:50 dilution) and hydrogen peroxide. Slides were 

washed three time in TBS-T. After washing slides 3 times in TBS-T for 3 minutes, each slide was 

counterstained with 500 μL DAPI (5 μg/mL in TBS-T) for 30 minutes, and then washed twice in 

TBS-T for 3 minutes. Finally, to mount the slides, two drops of mounting solution was added on 

tissue section and a glass coverslip was carefully places over each slide. Slides were air-dried in 

the dark for 30 minutes prior to imaging.  
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Chapter 5 

Conclusions and Perspectives 

5.1 Overview 

This manuscript describes three projects. In Chapter 2 and 3, we have exploited organic 

synthesis along with coordination chemistry to synthesize metalloreceptors. The concepts of these 

two chapters are mainly based on coordination driven self-assembly and conformational changes, 

and required utilizing different spectroscopic methods for characterization. The project described 

in Chapter 4 presents part of my research as a visiting PhD student in Prof. Thomas Tuschl’s 

laboratory at The Rockefeller University in New York. Although the last project presented 

involved more biochemistry than synthetic or coordination chemistry features, the principle of 

detecting nucleic acids using oligonucleotide probes also relies on self-assembly driven by weak 

non-covalent interactions. The summary and perspective of each chapter is briefly outlined 

below.  

5.2 Summary and Conclusion of Chapter 2  

The major focus of my PhD research is described in Chapter 2.  Our goal was to 

synthesize novel macrocyclic metalloreceptors based on triazole-pyridine chelating units. Since 

cyclization reactions constitute a major challenge in organic synthesis, we studied the possibility 

of forming our proposed metallomacrocycle through a metal templating process. To this end, we 

synthesized novel strand ligands composed of two triazole-pyridine chelates connected via a xylyl 

spacer. The strand ligands also possess particular functional groups for macrocyclization via 

different types of reactions. Namely, strand 7 contains olefin and strand 10 possess amine groups 

for strapping through Grubb’s metathesis and reductive amination, respectively. We also explored 

the possibility of strapping to achieve the same macrocycle through SN2 reactions using strand 6, 

which contains hydroxyl groups. We expected that these synthetic methods would afford the 
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desired macrocycles provided that the appropriate metal ions could be utilized to pre-organize the 

structure of the macrocycle (2:2 metal to ligand complex) through coordination-driven self-

assembly. The idea for metal-templated synthesis stems from our previous UV-vis studies of 

triazole-pyridine-based ligands with Fe(II), Ni(II) and Zn(II).[1] However, obtaining a 

considerable amount of final macrocycle requires reactions to be conducted at higher millimolar 

concentrations, rather than the micromolar conditions used for UV-vis studies. Therefore, the 

coordination-driven self-assembly of the aforementioned strand ligands were studied by 1H NMR, 

as the concentration used in NMR spectroscopy is similar to the concentration needed for 

macrocyclization reactions. The poor solubility of strands 6 and 7 and their resulting metal 

complexes in commonly used organic solvents did not allow for a thorough investigation of their 

coordination behaviour in solution. Therefore, when 6 and 7 were titrated with Zn(II) and Fe(II), 

formation of the templated 2:2 metal to ligand complex as the main species in solution was not 

observed. However, the better solubility of 10 allowed us to monitor its self-assembly with 

Zn(OAc)2 by 1H NMR. Preliminary data fitting of the fast exchange titration between 10 and 

Zn(OAc)2 is promising, and suggests that the formation of 2:2 metal to ligand complex does 

occur. Moreover, the solubility issue of the self-assembled metal complex might be addressed by 

running the synthesis in a polar solvent as these are typically used for reductive amination 

reactions. 

5.2.1 Future Direction of Chapter 2 

Forming templated 2:2 metal to ligand complex for macrocyclization reaction was much 

more challenging than anticipated. The challenges are caused by a large number of variables 

including solubility, concentration and a limited choice of metal ions. Therefore, further solution 

studies are required to determine the possible conditions that might favour the formation of this 

stoichiometry. As discussed in Chapter 2, in most cases, addition of the metal ion to the stock 
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solution of the ligand induced precipitation. The precipitation might be associated with the 

neutrally charged 2:2 complex, which could come out of solution at millimolar concentrations..  

The results obtained from the self-assembly of 10 with Zn(OAc)2 seem promising. Using 

species distribution curves based on fitted association constants provided an opportunity to 

anticipate a range of concentration in which the 2:2 species is dominant. Therefore, a reductive 

amination should be conducted at the concentration obtained from the species distribution curves. 

It is our opinion that there is a high probability that this strategy may prove successful in the 

future. Moreover, our alternative synthetic approach whereby the strands are strapped on one side 

and form the macrocycle through a subsequent metal-templated strapping reaction should afford 

the macrocycle.  

As previously mentioned, the ultimate goal of this chapter was synthesizing metal-

templated macrocycles for the recognition of hydrophobic damaged nucleobases such as 

benzo[a]pyrene adducts. When the metallomacrocycle is synthesized, two main features need to 

be taken into account: a) the aromatic interaction sites, and b) the length of the strap.  Due to the 

various reasons including commercially availability of starting materials and simplified signals in 

1H NMR, both L
O
 and L

N
 macrocycles feature a xylyl unit as the aromatic spacer. However, we 

planned to expand the structure of the aromatic spacer to polyarenes such as naphthalene. 

Utilizing expanded aromatic spacers would provide a larger and more efficient hydrophobic 

cavity for stabilizing the substrate through π-π interactions. With regards to the strap length, we 

originally incorporated four carbon atoms. However, studying the effect of the strap length on the 

flexibility of the chelating units around the metal centers requires the synthesis of macrocycles 

with different strap lengths. The flexibility of the strap should allow the metal ion, particularly if 

Zn(II) is used, to adjust the size and shape of cavity in order to optimize favorable binding 

interactions with the substrate molecule.[2]  
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5.3 Summary and Conclusion of Chapter 3 

We utilized the bis(pyrazole)pyridine entity as the switching unit in two ligands L
P
1, L

P
2 

to control their conformational states by cation binding, as they switch from a “W” to a “U” 

shaped tweezers upon coordination to the metal ion. The coordination properties of the L
P
1 with 

ZnBr2 and Pb(OAc)2 were investigated by 1H NMR. In both cases, a dimer-type octahedral 

complex was originally formed (2:1 ligand to metal), which subsequently dissociated to 1:1 

complex. We observed a slow exchange on the NMR time-scale when Zn(II) was used, whereas 

the more labile Pb(II) led to a fast exchange results. Interestingly, when L
P
1 was titrated with 

Zn(II) in the presence of 25 as a guest molecule, the dimer’s signals were not observed.  This 

might be due to the guest inclusion by Zn(II) ⊂ L
P
1. The other possibility is binding of the guest 

molecule to the metal ion to complete its coordination sphere so that the coordination of the 

second ligand is not required.  

The coordination properties of the L
P
2 with ZnBr2 was investigated by 1H NMR and UV-

vis spectrscopies.  Similar to L
P
1, the octahedral dimer complex was observed in 1H NMR 

titration of L
P
2 with Zn(II). However, the dimer complex did not dissociate in the presence of an 

excess amount of Zn(II) (3.0 equivalents). The stability of the L
P
2 dimer complex might be due 

the rigid architecture of the ligand resulting in π-π interactions. Interestingly, the data fitting 

acquire from the titration of L
P
2 with ZnBr2 by UV-vis is not consistent with the formation of 

dimer complex at micromolar concentration. Therefore, the dimer formation might be a 

concentration dependent phenomenon.  

Moreover, we designed and synthesized a segmental ligand L
P
3 comprised of a sequence 

of bidentate (triazole-pyridine), tridentate (bis(pyrazole)pyridine) and bidentate (triazole-

pyridine) chelating units connected via xylyl spacers. The presence of different chelating units 

within the structure should promote cooperative binding, and consequently allow the 

conformational switch to be controlled through the use of appropriate metal ions.  In the presence 
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of coordinating anions, we expected the stronger central bis(pyrazole)pyridine chelate to 

originally bind to metal ion such as Zn(II). As more Zn(II) is added, the terminal triazole-pyridine 

units would coordinate to Zn(II) in a tetrahedral geometry. Coordination of the terminal triazole-

pyridine units closes up the structure, yielding an internal cavity. Therefore, the coordination of 

triazole-pyridine unit can be utilized to control the opening and closing behavior of L
P
3. This 

feature may allow L
P
3 potentially be used for dynamic substrate binding. The coordination 

studies of L
P
3 is in its early stage and requires further investigations. However, our preliminary 

studies with Zn(II) showed when the non-coordinating triflate anion was used, L
P
3 formed a 

dimer complex, while using coordinating bromide and acetate anions prevented the formation of 

the dimer complex that would not allow for substrate binding. 

5.3.1 Future Direction of Chapter 3 

Our initial goal was to investigate the pinching effect of the central platform on the 

orientation of the binding arms in ligands containing bis(pyrazole)pyridine unit, as compared to 

terpyridine-based ligands. Such comparison requires an X-ray quality crystals of metal complexes 

of L
P
1 and L

P
2, which has not yet been obtained in this project. In order to gain a further 

understanding of the formation of L
P
2 dimer complex, a reverse 1H NMR titration should be 

conducted.  In this process the ligand will be added to a stock solution of zinc(II) bromide. Since 

the concentration of the metal ions presenting in solution would be much greater than that of the 

ligand, the formation of the dimer complex might not be favored.   

The scope of coordination studies of L
P
3 is very broad. The presence of sequential 

bidentate (triazole-pyridine), tridentate (bis(pyrazole)pyridine) and bidentate (triazole-pyridine) 

units allows the use of the same or different metal ions for coordination to the chelates. Therefore, 

a variety of homoleptic and heteroleptic complexes can be obtained. Most interestingly, the 

coordination self-assembly outcome of L
P
3 might be different when coordinating or non-

coordinating anions are used. For instance, when a metal ion with flexible coordination geometry 
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such as Zn(II) and coordinating anions are used, a 1:2 ligand to metal complex is expected to 

form. Zn(II) binds to the central tridentate chelate and one or two anions to complete its 

coordination sphere, while the terminal triazole-pyridine units wrap around Zn(II) in a tetrahedral 

fashion. Therefore, binding of the coordinating anion to the metal ion should prevent the 

formation of the dimer complexes and lead to a metal complex within an internal cavity. The 

resulting cavity might be used for substrate recognition. Utilizing coordinating anions and a 

combination of an octahedral metal ion such as Zn(II) or Fe(II) with a tetrahedral metal ions such 

as Ag(I) and Cu(I) should afford the heteroleptic complexes. Finally, the coordination of the 

triazole-pyridine unit can be utilized to control the open/close structure of L
P
3 for substrate 

binding.  

However, when non-coordinating anions are used, the octahedral metal ion bind to two 

tridentate units and might yield self-assembled helicates similar to Ward’s metal complexes.[3]  

5.4 Summary and Conclusions of Chapter 4 

In this chapter, my research focused on visualizing RNA molecules in archived pathology 

samples. The ability of the single strands to form double-stranded molecular hybrids through 

hydrogen bonding self-assembly has formed the basis for the development of a fluorescence 

detection method for visualizing RNAs known as RNA Fluorescence In Situ Hybridization 

(RNA-FISH). Renwick et al. developed a protocol to detect miRNAs using the combination of 

Tyramide Signal Amplification method and Fluorescence In Situ Hybridization (TSA-FISH) to 

detect micro RNAs.[4] The goal of the project was to investigate the applicability of Renwick et 

al.’s method for detecting other examples of RNA molecules. . Therefore, I synthesized 

fluorescein and biotin conjugated oligodeoxynucleotide probes for detecting relatively low 

abundant RNY5, KRT8 and U7. This target selection was chosen as they represent different 

classes of RNA molecules in various locations in the cells of the FFPE sample. Unfortunately, the 

detection requires further optimization. However, the method was initially optimized by targeting 
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the more abundant 28S rRNA and the fluorescence images illustrated the successful detection of 

cytoplasmic 28S rRNA. 

5.4.1 Future and Direction of Chapter 4 

Challenges which must be addressed to detect the RNY5, KRT8 and U7 targets may 

include relatively low abundance of the targets, poor hybridization conditions, and low specificity 

and/or stability of the probes under the experimental conditions used. This last point can be 

inferred from the relatively low melting temperature of U7 and particularly RNY5 probes in 

comparison to the more stable 28S probes. Further analysis of the probe sequence design might 

therefore be required. Furthermore, using a cocktail probe can be considered as an alternative 

approach for detecting these less abundant RNA targets.  
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Appendix A (NMR spectra) 

 

1
H NMR of 6 in DMSO-d6 (600 MHz, 25 °C)  
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13
C NMR of 6 in DMSO-d6 (150 MHz, 25 °C)  
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1
H -

13
C HSQC NMR of 6 in DMSO-d6 (600 MHz, 25 °C) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
H-

13
C HMBC NMR of 6 in DMSO-d6 (600 MHz, 25 °C) 
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1
H NMR of 7 in CDCl3 (500 MHz, 25 °C)  
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1
H-

1
H COSY NMR of 7 in CDCl3 (500 MHz, 25 °C)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
H -

13
C HSQC NMR of 7 in CDCl3 (500 MHz, 25 °C) 
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1
H-

13
C HMBC NMR of 7 in CDCl3 (500 MHz, 25 °C) 
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1
H NMR of 10 in DMSO-d6 (600 MHz, 25 °C)  
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13
C NMR of 10 in DMSO-d6 (150 MHz, 25 °C)  

 

1
H-

1
H COSY NMR of 10 in CDCl3 (600 MHz, 25 °C)  
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1
H -

13
C HSQC NMR of 10 in CDCl3 (600 MHz, 25 °C)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
H -

13
C HMBC NMR of 10 in CDCl3 (600 MHz, 25 °C) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

184 

 

 

1
H NMR of 18 in DMSO-d6 (600 MHz, 25 °C)  
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13
C NMR of 18 in DMSO-d6 (150 MHz, 25 °C) 
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1
H-

1
H COSY NMR of 18 in DMSO-d6 (600 MHz, 25 °C)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
H -

13
C HSQC NMR of 18 in DMSO-d6 (600 MHz, 25 °C) 
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1
H -

13
C HSQC NMR of 18 in DMSO-d6 (600 MHz, 25 °C) 
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1
H NMR of L

P
1 in CDCl3 (600 MHz, 25 °C)  
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1
H-

1
H COSY NMR of L

P
1 in CDCl3 (600 MHz, 25 °C)  
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1
H NMR of L

P
2 in CDCl3 (600 MHz, 25 °C) 
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1
H-

1
H COSY NMR of L

P
2 in CDCl3 (600 MHz, 25 °C) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
H-

13
C HSQC NMR of L

P
2 in CDCl3 (600 MHz, 25 °C) 
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1
H-

13
C HMBC NMR of L

P
2 in CDCl3 (600 MHz, 25 °C) 
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1
H NMR of L

P
3 in CDCl3 (500 MHz, 25 °C) 
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13
C NMR of L

P
3 in CDCl3 (100 MHz, 25 °C) 
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1
H-

1
H COSY NMR of L

P
3 in CDCl3 (500 MHz, 25 °C) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1
H-

13
C HSQC NMR of L

P
3 in CDCl3 (500 MHz, 25 °C) 
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1
H-

13
C HMBC NMR of L

P
3 in CDCl3 (500 MHz, 25 °C) 
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Appendix B (Chemical structures) 

 

 

 

 

 

Spacer Phosphoroamedite 18 (GlenResearch, catalog no. 10-1918-02) 

 

 

 

 

 

 

 

 

 

 

 

 

 

6-Fluorescein Serinol (GlenResearch, catalog no. 10-1994-02) 

 

 

 

 

Protected BiotinLC Serinol (GlenResearch, catalog no. 10-19945-02) 
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