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 Supramolecular chemists can be thought of as architects, who combine individual 

non-covalently bonded molecular building blocks, designed to be held together by 

intermolecular forces to create functional architectures. Perhaps the most important assets 

of a supramolecular chemist, however, are imagination and creativity, which have given 

rise to a wide range of beautiful and functional systems. For years, analytical chemistry 

has taken advantage of supramolecular assemblies in the development of new analytical 

methods. The role of synthetic supramolecular chemistry has proven to be a key 

component in this multidisciplinary research. As such, the demand for synthetic receptors 

is rapidly increasing within the analytical sciences. The field “supramolecular analytical 

chemistry” involves analytical applications of synthetic organic and inorganic chemical 

structures that display molecular recognition properties and self-assembly but also signal 



these events. Chapter 1 presents an introduction to the background literature relevant to 

the central themes of the research presented in this thesis. 

 The nonthermal production of visible light by a chemical reaction leads to the 

term “cool light”, and the process is called chemiluminescence. Although 

chemiluminescent reactions are not rare, the production of “cool light” holds such 

fascination for both chemists and nonchemists that demonstrations of chemiluminescent 

reactions are always well received. A glow assay technology for the detection of a 

chemical warfare simulant is presented in Chapter 2, which is based on modulating the 

peroxyoxalate chemiluminescence pathway by way of utilizing an oximate super 

nucleophile that gives an off–on  glow response. 

 As an alternative to highly analyte-specific synthetic receptors, trends in chemical 

sensing have shifted to the design of new materials and devices that rely on a series of 

chemo- or biosensors. The research relevant to Chapter 3 focuses on investigating the use 

of a single receptor, for sensing two different analytes; thiols and metal ions, utilizing a 

squaraine as the receptor in a sensor array format. The data is interpreted with principal 

component analysis. 

 Finally Chapter 4 discusses an attempt to design and synthesize a chemosensor 

based on the luminophore-spacer-receptor format by incorporating the two concepts 

photoinduced electron transfer and peroxyoxalate chemiluminescence. 

 viii
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Chapter 1: Studies of Applying Supramolecular Chemistry to 

Analytical Chemistry 

1.1. Introduction 

Supramolecular chemistry is a highly interdisciplinary field of science. It covers 

the chemical, physical, and biological features of chemical species of greater complexity 

than individual molecules themselves which are held together and organized by means of 

intermolecular interactions. Traditional chemistry focuses on the covalent bonds whereas 

supramolecular chemistry examines the weaker and reversible noncovalent interactions 

between molecules. There are number of such interactions that can be utilized. They 

include: hydrogen bonding, metal coordination, hydrophobic or solvatophobic effects, 

Van der Waals forces, electrostatic effects and π- π stacking interactions.1   

Supramolecular chemists can be thought of as architects, who combine individual non-

covalently bonded molecular building blocks, designed to be held together by 

intermolecular forces in order to create functional architectures.2 As supramolecular 

chemistry is a multidisciplinary field, a range of basic principles is required to obtain an 

understanding of a particular system. Biological systems often provide inspiration, while 

organic and inorganic chemistry is required for the synthesis of the pre-designed 

supramolecular components, and physical chemistry is used to fully understand their 

properties. Finally, technical advances can lead to functioning devices ready for 

application to the real world. Perhaps the most important assets of a supramolecular 

chemist, however, are imagination and creativity, which have given rise to a wide range 

of beautiful and functional systems. Important concepts that have been demonstrated by 
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supramolecular chemistry include molecular self-assembly, molecular folding, molecular 

recognition, host-guest chemistry, mechanically interlocked molecular architectures, and 

dynamic covalent chemistry.  

 

1.2 Non-covalent interactions   

 The glue used by supramolecular chemists to hold molecules together are the non-

covalent interactions listed above. The bond energy of a typical single covalent bond is 

around 350 kJmol-1 rising up to 942 kJmol-1 for the very stable triple bond in N2. The 

strengths of many of the non-covalent interactions are generally much weaker, ranging 

from 2 kJmol-1 for dispersion forces to 20 kJmol-1 for a hydrogen bond, to 250 kJmol-1 for 

an ion-ion interaction. The power of supramolecular chemistry often lies in the 

combination of a number of weak interactions, allowing strong and selective recognition 

of specific guests to be achieved. 

 

1.2.1 Electrostatic interactions 

Electrostatic interactions are based on the coulombic attraction between opposite 

charges. Ion-ion interactions are non-directional, while for ion-dipole interactions the 

dipoles must be suitably aligned for optimal binding efficiency. The high strength of 

electrostatic interactions has made them a prized tool amongst supramolecular chemists 

for achieving strong binding.  



O

O O

δ

δ δ

δ

δ δ
 

Figure 1.1 Electrostatic interactions, ion-ion, ion-dipole, dipole-dipole. 

 

1.2.2 Hydrogen bonding 

 Hydrogen bonds have been utilized in receptors designed to coordinate neutral 

organic species, short chain alcohols, amides, and anions. The directional nature of 

hydrogen bonds, combined with the precision with which the individual components can 

be built into molecular systems has made them especially attractive to supramolecular 

chemists.. 

 

1.2.3 π- π stacking forces 

 These forces occur between systems containing aromatic rings. Attractive 

interactions can occur in either a ‘face-to-face’ or ‘edge-to-face’ manner. π-π interactions 

are caused by intermolecular overlapping of p-orbitals in π-conjugated systems, so they 

become stronger as the number of π-electrons increases. 
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H

face-to-face edge-to-face 

Figure 1.2. π- π stacking interactions 

 

1.2.4 Dispersion forces 

 Dispersion forces are due to an induced dipole - induced dipole interaction. Their 

strength depends on the polarisability of the interacting molecules. These van der Waals 

forces are believed to provide additional enthalpic stabilization to the coordination of a 

hydrophobic guest into a hydrophobic cavity.  

 

1.2.5 The hydrophobic effect 

 The hydrophobic effect is the specific driving force for the association of apolar 

binding partners in aqueous solution. Water molecules around apolar surfaces of a 

hydrophobic cavity arrange themselves to form a structured array.  Upon guest 

complexation water molecules are released and become more disordered, resulting in an 

increase in entropy. The hydrogen bonds between water molecules are stronger than the 

interactions between the water molecules and apolar solutes, thereby also providing an 

enthalpic force for apolar guest coordination in some cases. 
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1.2.6 Classical coordination chemistry 

 The interaction between metal centers and ligands is described as a Dative bond, 

whereby, the ligand donates two electrons to form a Lewis acid-base interaction.  

Although not strictly a non covalent interaction itself, this “classical bond” is widely 

employed in supramolecular chemistry. The geometric requirements of metal ions 

combined with the design of specific ligands have permitted the construction of complex 

and eye-catching molecular topologies, often by a self assembled process. 

 

 The forces described above can be used individually, but in reality more than one 

type of interaction is usually utilized in concert to maximize the selectivity and tunability 

of the new receptor, and also to increase the strength of the complex formed. 

 

1.3 Crown ethers 

 Crown ethers are macrocyclic polyether compounds containing oxygen atoms as 

ligand motifs. Recently many variants have been prepared that contain nitrogen or 

sulphur as heteroatoms separated by an ethylene spacers.3 The replacement of oxygen by 

sulphur or nitrogen led to the discovery of thia crown or aza crown ethers as shown in 

Figure 1.3. 
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O
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O
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S

S

S
S

S

N
N

N

N
N

N

H

H

H

H

H

H

1 2 3  

Figure 1.3. Crown ether, thia crown ether and aza crown ether 

 

 The most important property of crown ethers is their selective complexing ability. 

They bind cations due to ion-dipole interactions between the cation and electron rich 

donor atoms in ring structure of the cyclic polyether. Such selectivity depends upon the 

relative size of the cavity and diameter of the cation, number of donor atoms in the crown 

ring, and the charge of the cation.  

 

1.4 Chemical Sensors 

 Chemical sensors are generally understood to be devices that transform chemical 

information into analytically useful signals.4 The term chemosensor has been defined as a 

molecule of abiotic origin that signals the presence of matter or energy.5 Chemosensors 

are able to bind selectively and reversibly with the analyte of interest. This results in a 

concomitant change in one or more properties of the system, such as redox potentials, 

absorption, or fluorescence spectra.  Because of the two different processes occurring 

during analyte detection, i.e., molecular recognition and signal transduction, 

chemosensors are usually designed based on the classic reporting unit-spacer-receptor 

principle.6 The receptor is responsible for the selective binding of analyte, while the 
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reporting unit e.g. chromophore or lumophore changes its properties upon complexation. 

The spacer can establish the geometry of the system and tune the electronic interaction 

between the two active moieties.  

 Typically there are three approaches used by chemists in developing 

chemosensors for detection of analytes.7 These are classified according to the 

arrangement of binding sites or reactive sites, and the signaling subunit in the sensor 

system. In the first approach, the binding site and the signaling motif are both appended 

in the same molecule by a covalent bond.8 Once the analyte is bound to the binding site it 

induces a change in the electronic properties of the signaling unit indicating the sensing 

of the target anion, Figure 1.4a. The second approach is the Indicator Displacement 

Approach or the Indicator Displacement Assay (IDA) that was popularized by the Anslyn 

group, Figure 1.4b.9 This strategy represents a binding subunit-signaling subunit as 

“molecular ensembles”. Once the analyte is bound to the receptor, the signaling subunit is 

released to the solution with a concomitant change in their optical characteristics. A third 

approach is called as “chemodosimeter approach”, Figure 1.4c.10 The chemodosimeter 

strategy is based on the use of a selective reaction, generally irreversible, that is induced 

by the target species and gives rise to some observable signal in fluorescence or in color. 

When designing sensors for various types of analytes chemists usually utilize one of the 

three approaches cited above.  
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A. Attached motif 

B. Displacement motif 

C. Chemodosimeter motif 

Chemodosimeter Analyte Signal transduction

Receptor 

Signaling    Binding  Analyte 
     unit           unit 

Transduced    Bound 
   signal          analyte  

Analyte Bound Analyte Free Indicator

Bound Indicator

 

 

Figure 1.4. Different types of chemosensor designs 
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 Fluorescence-based chemosensors present many advantages. Fluorescence 

measurements are usually very sensitive, low cost, easily performed, and versatile. 

Furthermore they allow modulation of the photophysical properties of a lumophore, such 

as the introduction of proton, energy and/or electron-transfer processes. This offers a 

wide number of possibilities for tailoring efficient luminescent chemosensors.  

 

1.4.1 Photoinduced Electron Transfer (PET) systems. 

 A common design for a fluorescent sensor consists of a fluorophore that is linked 

to an amine moiety via a methylene spacer.6 Photoinduced electron transfer occurs via 

electron donation from the amino group to an aromatic fluorophore, resulting in 

fluorescence quenching. When the amino group is protonated, or strongly interacts with a 

cation, the electron transfer is hindered and fluorescence is observed. Figure 1.5 

illustrates the PET mechanism at the molecular orbital level. Upon excitation of the 

fluorophore, an electron of the highest occupied molecular orbital (HOMO) of the 

quencher is promoted to the lowest unoccupied molecular orbital (LUMO) of the 

fluorophore. Upon protonation or cation binding, the redox potential of the donor is 

raised so that the relevant HOMO becomes lower in energy than that of the fluorophore; 

consequently, PET is no longer possible and fluorescence quenching is suppressed. 
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Figure 1.5. Photoinduced Electron Transfer 

 

 Arguably the first and simplest PET based fluorescence sensor is illustrated in 

Figure 1.6.11 The anthracene fluorescence is quenched due to a PET process from the 

tertiary amine nitrogen atom of the appended crown ether to the fluorophore. Its 

fluorescence is recovered on incorporating alkali metal cations such as sodium or 

potassium into the monoaza crown ether.  
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Figure 1.6. PET sensor 

 

 A PET based sensor developed by AP deSilva and Roche pharmaceuticals, 

suitable for practical measurement of sodium in serum and whole blood samples is shown 

in Figure 1.7a.12 The fluoroionophore of the optical sensor is immobilized in a 

hydrophilic polymer layer. Key to the development of this sensor is the identification of a 

nitrogen-containing, sodium-binding ionophore, coupled with a fluorophore having the 

correct spectral and electron-accepting properties. This sensor has been implemented into 

a disposable cartridge, used for a commercially available critical care analyzer (Roche 

OPTICCA). Similarly extracellular K+ is tackled with the receptor shown in Figure 1.7b 

for practical measurements.13  
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Figure 1.7. PET sensors used for analysis of a) Na+ and b) K+ in extracellular fluids. 

 

 The fluorescent sensor shown in Figure 1.8 was designed by the Anslyn group for 

the detection and quantitation of the anticoagulant heparin in blood serum.14 The receptor 

showed remarkable selectivity and affinity for heparin, even in crude serum. Upon 

binding of heparin to the receptor, fluorescence is quenched likely due to the carboxylate 

and sulfate negative charges of heparin undergoing PET with the central trialkynyl arene 

fluorophore. 
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Figure 1.8. Sensor for the recognition of heparin in blood serum. a) sensor, b) heparin 

 

1.4.2 Chemiluminescence 

 Chemiluminescence is the emission of light after excitation of a fluorophore by a 

chemical reaction. Chemiluminescence assays have been extensively investigated 

because of their promising properties: high sensitivity, extensive dynamic range, and 

generally inexpensive instrumentation.15 The most frequently used systems are based on 

luminol, lucigenin or peroxyoxalate chemistry. Peroxyoxalate chemiluminescence 

(POCL) takes place when an oxalate ester reacts with hydrogen peroxide in the presence 

of a suitable fluorophore and a base catalyst.16 Chemiluminescence reactions involved in 

peroxyoxalate chemiluminescence can be described as follows.  
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Scheme 1.1 Peroxyoxalate chemiluminescent reaction 

 

 Peroxyoxalate chemiluminescence forms the basis of Cyalume "light sticks"17 

used for emergency and underwater lighting, fishing lures, and various novelty items 

such as glow necklaces.  This reaction has become widely used as an analytical tool for 

trace analysis of a wide variety of species such as hydrogen peroxide,18 fluorescent 

compounds,19 and enzyme bio assays20 and is currently the most sensitive and versatile 

chemiluminescence detection method for liquid chromatography.21 

 

1.4.3 Indicator displacement assays (IDAs) 
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 Indicator displacement assays differ from the traditionally used fluorophore-

spacer-receptor format in which the attachment of the fluorophore to the receptor may 

require lengthy and difficult synthesis. One of the advantages of IDA over traditional 

sensing assays is the fact that this method does not require the indicator to be covalently 

attached to the receptor. In an IDA, the indicator first binds reversibly to a receptor. An 

analyte is then introduced which displaces the indicator from the host, causing a change 

in its optical properties. The use of several different indicators with the same receptor is 

also possible because the indicator does not have to be covalently linked between 



indicator and the receptor. The IDA approach can readily be used in colorimetric, 

fluorimetric, or metal complexing assays with the appropriate indicator in each case.22 

 

Host-Indicator Guest Host-Guest Free Indicator

+

 

 

Figure 1.9. Indicator Displacement Assay 

 

 At neutral pH, citrate bears three negative charges and is thus quite distinctive 

from interfering species like mono and dicarboxylates, phosphates, sugars and simple 

salts. Building upon this observation, The Anslyn group designed a receptor consisting of 

three guanidinium moieties that form hydrogen bonds and ion pairs with carboxylate 

groups.23 The positively charged groups are all arranged in one face of a benzene ring. 

This conformation leads to good binding of citrate in water. 
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Figure 1.10. Detection of citrate using IDA 

 

 None of the involved species are fluorescent. Therefore, for fluorescence 

signaling of citrate recognition, carboxyfluorescein was added to the medium. The 

binding of carboxyfluorescein to the receptor in the absence of citrate is possible and 

induces a deprotonation of carboxyfluorescein which results in high fluorescence. When 

citrate is added, and because of its higher affinity for the receptor than 

carboxyfluorescein, it replaces the latter, which then emits less fluorescence in the bulk 

solvent as a result of increased protonation.  
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1.4.4 Multi-Analyte Sensing 

 Chemical sensing has been achieved through the rational design of a receptor that 

has a high binding affinity for a specific molecule, in accordance with ”lock and key” 

paradigm, wherein a specific receptor is synthesized in order to strongly and selectively 

bind the analyte of interest. This type of approach requires the synthesis of a separate 

highly selective sensor for each analyte to be detected. An emerging strategy that is 

complimentary to the conventional chemical sensing approach involves the use of sensor 

arrays. 24 The sensors can be chemo- or biosensors where analysis of complex mixtures 

arises from patterns produced by the combined response of all the sensors in the array. 

Nature indeed inspired this concept of sensor arrays due to its ability to recognize 

different tastes and smells with the gustatory and olfactory systems respectively.  

 The application of arrays of molecular receptors for the analysis of small and 

medium sized analytes and large bio analytes has been investigated.25 The array based 

methodologies capable of vapor and solution phase analysis utilize a range of detection 

schemes including fiber optic sensors,26 microelectrodes and electrochemical sensors,27 

conductive polymers,28 carbon black-polymer resistors,29 and surface acoustic field 

devices.30  

 The “electronic tongue” developed by Anslyn, McDevit, Shear and Neikirk, 

allows for the simultaneous identification of multiple analytes in solution phase. The 

electronic tongue consists of a number of micromachined pyramidal wells organized in a 

rectangular array.  Each well holds a receptor immobilized on a single synthetically 

derivatized resin bead to make individually addressable resin “taste buds” as a mimic to 
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the mammalian tongue. Each bead gives out a unique response to an analyte, and the 

combined fingerprint response forms a distinctive pattern for the analyte in solution. 

Chemometric methods can make pattern identification more facile by reduction of the 

response date. Principle component Analysis (PCA) is one such chemometric tool that 

chemists use to discriminate multiple analytes resulting from a single differential receptor 

array, without requiring the design of a specific receptor. 

 

1.4.5. Principle Component Analysis (PCA) 

 PCA is a statistical technique for finding patterns in data of high dimensionality. 

It is designed to capture the variance in a dataset in terms of principle components. In 

effect, one is reducing the dimensionality of the data to summarise the most important 

parts whilst simultaneously filtering out noise. PCA methods are commonly used to 

investigate variable interrelationships among different sample sets. The main objective of 

PCA is to simplify the dimentionality of a multivariant data set to a few components so 

that the structure of the data may be interpreted more readily. 

 

1.5 Summary and out look 

There are numerous examples in the past where scientists have used synthetic 

receptors to mimic natural receptors.31 For years, analytical chemistry has taken 

advantage of supermolecules and supramolecular assemblies in the development of new 

analytical methods.32 As such, the demand for synthetic receptors is rapidly increasing 

within the analytical sciences. The field involves analytical applications of synthetic 

organic and inorganic chemical structures that display molecular recognition properties 
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and self-assembly. Hence the term “supramolecular analytical chemistry” has recently 

been coined to describe the application of molecular sensors to analytical chemistry.31 

This chapter focused on a handful of examples of supramolecular ensembles that use 

analytical techniques for detection of various analytes. The examples chosen were mainly 

centered on the work relevant to this thesis, such as photo induced electron transfer, 

chemiluminescence, and pattern based recognition, all of which will be discussed in 

detail in relevant chapters. 
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Chapter 2: Chemiluminescent Detection of a Chemical Warfare agent 

Analog 

2.1 Nerve Agents 

Nerve agents are a group of particularly toxic chemical warfare agents. These 

chemicals are liquid at room temperature, and are a class of phosphorous containing 

organic chemicals known as organophosphates. They were developed just before and 

during World War II, and are related chemically to the organophosphorus insecticides.1 

Some common representatives of the major classes of Chemical Warfare Agents (CWAs) 

are shown in Figure 2.1.2 These include nerve agents (such as sarin and soman), vesicants 

(blister or mustard agents), blood agents (e.g. hydrogen cyanide), and pulmonary agents 

(choking agents such as phosgene). Another class of important chemical warfare agents 

includes natural toxins, such as the protein ricin and the alkaloid saxitoxin 
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Figure 2.1. Major classes of chemical warfare agents, pesticides, and nerve agent mimics 
and chemical structures of common representatives. 



Organophosphorous nerve agents such as tabun (GA), sarin (GB), soman (GD), 

cyclosarin (GF), and VX, are compounds which disrupt the nervous system.  The nerve 

agents block acetylcholine esterase, an enzyme that normally relaxes the activity of 

acetylcholine, a neurotransmitter.3 Nerve agents form a covalent bond with the site of the 

enzyme, where acetylcholine normally undergoes hydrolysis, thereby disrupting the 

nervous system by inhibiting the enzyme. This causes the build up of acetylcholine, 

which continues to act such that nerve impulses are continually transmitted, and muscle 

contractions do not stop (Scheme 2.1B).  These agents can be lethal within minutes when 

inhaled. 
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Scheme 2.1. A) Enzymatic reaction catalyzed by acetylcholine esterase. B) Inhibition of 
acetylcholine esterase by organophosphate compounds. 

 

The enzyme function can be restored with compounds that can dephosphorylate 

the enzyme and as a consequence such compounds can be used as antidotes. Examples of 

such reactivating agents include oximes, such as pralidoxime chloride.2 
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Figure 2.2. Pralidoxime chloride 

 

The proliferation and use of chemical and biological warfare agents has become 

relevant in our society. The use of weapons of mass destruction involves deployment of 

chemical, biological, or radiological weapons that cause massive destruction and large 

numbers of casualties. Organophosphorous nerve agents are generally stable, easy to 

disperse, and highly toxic. They can be absorbed through the skin, by ingestion, or by 

respiration. They are generally classified into two series known as G agents and V 

agents.4 Sarin, Soman and Tabun are included in the G series, and are generally volatile 

compounds. The V series consist of nerve agents that are typically less volatile oils such 

as VX. The V-agents generally degrade slower than G-agents, which along with their 

reduced volatility makes them more persistent. Furthermore, V-agents tend to be more 

toxic than representatives of the G-series (e.g. VX is about ten times more toxic than 

Sarin) and, as a consequence of their physicochemical properties, are primarily, although 

not exclusively, absorbed through the skin.    

Chemical weapons have been used through out history and their development 

continues throughout the world. The lethal compounds sarin and soman have been used 

by terrorists in the recent past. The nerve agent Sarin was used in a terrorist attack in 

Tokya, Japan, in 1995. Sarin was released by a cult called Aum Shinrikyo to the Tokyo 

subway system, and it remains one of the most deadly and easily produced chemical 
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agents, making it a favorite among terrorists. With the possible use of these dangerous 

chemicals in either warfare or terrorist actions, there has been a significant interest in 

developing efficient methods for their detection and decontamination.5 Sensitive and 

reliable detectors are desperately needed to provide advance warning of chemical agent 

exposure to reduce potential casualties. 

 

Name Year Lethal Dose

Breathing 

(mg min/m3)

 Lethal Dose 

skin(mg) 

Tabun (GA) 1936 150-400 1000-1700 

Sarin (GB) 1938 75-100 1000-1700 

Soman (GD) 1944 35-50 50-100 

VX 1952 10 6-10 

Other less common Agents (GE, GF, VE, VG  

and VM) 

G-Agents and V-(venomous)-Agents 

 

Table 2.1. Some common nerve agents with their lethal doses. 
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2.2. Recent advances in various strategies used in the detection of nerve agents. 

The development of reliable and affordable methods for the detection of chemical 

warfare agents has become a focal point in security screening methods. These efforts 

undoubtedly benefit safety, health, and welfare of the citizens, as well as in applications 

such as crime scene investigations and counterterrorism activities. It is of paramount 

importance to protect people, property and equipment supporting the infrastructure for 

daily commercial activities, and transportation systems associated with air, land, and sea 

travels. As a consequence, a variety of detection methods for CWA’s have been 

developed including surface acoustic wave (SAW) devices,6 enzymatic assays,7 and 

interferometry.8 However, these current systems have several drawbacks, for example: 

slow response times, lack of specificity, low sensitivity, operational complexity, lack of 

portability, difficulties in real time monitoring and false positive readings. The use of 

chemosensors is an attractive alternative to conventional procedures in which samples are 

sent for measurements to central laboratories equipped with expensive instrumentation 

and the results are returned after an unavoidable delay. Among the new analytical tools 

under development, chemical sensors are very attractive for on-site analysis in industrial 

processes, biomedical engineering, environmental control, and defense.  

The design of colorimetric or fluorimetric chemosensors, in which the detection is 

based on generating an optical event is an attractive alternative approach to the classical 

methods. In the presence of the target analyte optical output is altered by changes in 

absorption or emission bands. These methods have been extensively used in the 

recognition of various analytes such as ions and neutral molecules based on 

supramolecular sensing concepts.9 Among these systems the application of chromo-



fluorogenic supramolecular concepts is an area of increasing interest for nerve agent 

detection as it provides an added advantage of being able to visually detect the presence 

of analyte. 

 

2.3 Chromo-fluorogenic sensing motifs for nerve agent detection 

2.3.1 PET based fluorescent sensors. 

Many optical sensors employ photoinduced electron transfer (PET) to modulate 

the fluorescence intensity of a molecule as described in Chapter 1. Sensors of this type 

have been extensively used to detect cations and anions, and recently the same principles 

have been applied to the detection of nerve agents and nerve agent simulants. 

Diisopropylfluorophosphate (DFP) and diethylchlorophosphate (DCP) are two commonly 

used nerve agent simulants.2 They are less toxic compared to the typical nerve agents and 

are good model compounds for the design of indicators. 
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Figure 2.3. Nerve agent simulants DFP and DCP 

 

The first fluorescent active chemosensor for the detection of organophosphates 

was reported by Pilato et al.10 A non-emissive platinum 1,2 enedithiolate complex with 
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an appended primary alcohol was used as the chemosensor. It is known that nerve agents 

react with a serine hydroxyl group of acetyl cholinesterase to form a phosphate ester as 

shown in Figure 2. Taking this into account Pilato was able to produce a functional group 

specific sensor by converting the hydroxyl group to a phosphate ester leaving group, 

which induces a cyclization that resulted in the increase in emission intensity. Upon 

exposure to an electrophilic organophosphorous (OP) analyte and an activating agent 

(triazole) in dichloromethane, the alcohol is converted into the phosphate ester. This 

intermediate then undergoes a rapid intramolecular ring-closing reaction that is 

accompanied by the loss of a phosphate monoanion and gives rise to a fluorescent cyclic 

product. The rate determining step of this reaction is the nucleophilic attack of the sensor 

on the OP analyte. When immobilized in plasticized cellulose acetate/triethylcitrate films, 

chemosensors based on platinum 1,2-enedithiolate complexes were able to detect 

PO(OEt)2X, X = Cl, F and CN vapor in a nitrogen atmosphere. The fastest response time 

reported for such a sensor was 15 s. The main limitation of this particular series of sensor 

molecules appears to be the fact that the fluorescence of the cyclic platinum complexes is 

quenched by oxygen, which of course is a drawback for the use of these sensors in 

ambient conditions. 
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Scheme 2.2. Pilato’s fluorescent sensor for the detection of nerve gas. 
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Recently, Swager et al., reported a sensitive, fluorescent, ratiometric chemosensor 

for the detection of nerve agents utilizing a similar concept to Pilato,11 (Sheme 2.3). In 

this case a naphthalene scaffold effectively replaces the platinum complex utilized in 

Pilato’s system. In a similar fashion the mechanism involves the reaction of the alcohol 

group of the sensor molecule with the analyte to yield a phosphate ester intermediate that 

is converted into a fluorescent cyclic product. This intramolecular cyclization transforms 

flexible nonplanar weakly conjugated chromophores into rigid, planar, highly delocalized 

systems. Three different systems (Figure 2.3) were investigated with both DFP and DCP 

and resulted in quite different responses.  The thienyl-pyridyl scaffold 2.3a was able to 

form the phosphate ester intermediate readily with DCP and DFP, but were unable to 

undergo cyclization to give the highly fluorescent Cyc 1. However, with more forcing 

reaction conditions (SOCl2/KI, AgClO4), 2.3a produced the cyclized product Cyc 1 and 

the desired red shift. 
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By incorporating a phenyl ring in place of thiophene, both DFP and DCP showed 

a more profound sensing behavior with 2.3b due to more favorable cyclization geometry.  

The highly efficient fluorescence was observed only after the cyclization reaction, which 

is due to elimination of the rotation about the phenyl-pyridyl bond. In this reaction it was 

found that the formation of phosphate ester was fast and the cyclization reaction was rate 

limiting, giving rise to slow kinetics. Indicator 2.3c was synthesized and tested in order to 

enhance the reaction kinetics. The very rigid naphthalene subunit with a restricted 
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conformation undoubtedly favors cyclization and the substitutionally activated α-aryl 

phosphate ester intermediate. In addition, this fluorophore has the added advantage of 

direct use in ratiometric detection schemes because it has a relatively strong emission in 

its native state.  

 Rebek et al published a similar system to Swager’s work, whereby they synthesised 

a series of fluorescent sensors based on Kemp’s triacid functionalized with a primary 

alcohol.12 The primary alcohol was located in very close proximity to a tertiary amine 

which is connected to a pyrene fluorophore via 1 to 4 methylene units, Scheme 2.4. The 

varying number of methylene groups was employed for the investigation of efficiency of 

the sensor with respect to the distance between the fluorophore and the amine. Pyrene is 

known to accept electrons from tertiary amines in a PET process.  As a result, 

fluorescence of a methanol solution was quenched due to PET from the lone pair of the 

amine to the photo-excited pyrene fluorophore. Exposure of primary alcohol appended 

fluorophore to diethylchlorophosphate (DCP) converted the hydroxyl group to a 

phosphate ester which then triggered the formation of a quaternary ammonium salt by an 

intermolecular substitution reaction. Because the nitrogen lone pair no longer available 

for the quenching of fluorophore, a 22 fold increase of fluorescence was observed. The 

quenching efficiency was reduced as the length of the methylene spacer was increased.  
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Scheme 2.4. Conversion of the tertiary amines 1-4 to the ammonium salts. 

 

 The sensor design is modular and not limited to pyrene as the fluorophore because 

it is not involved in the reaction with the phosphorylating agent.  It only responds to the 

quaternization event. As a result, use of 6,7-dimethoxycoumarin as a fluorophore has 

shown 20-fold increase in the emission intensity upon addition of DCP to methanol 

solutions (Scheme 2.5). This also was due to phosphorylation, followed by formation of 

the corresponding quaternary ammonium salt. 
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Scheme 2.5. Dimethoxycoumarin-based sensor 

 

2.3.2 Oximate-containing sensors 

 The slow rates of the phosphorylation reactions are one important limitation of the 

PET-based sensors. To overcome this problem the Anslyn group investigated alternative 
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functional groups, in particular oxime and hydrazone moieties, in combination with a 

colorimetric system as an alternative strategy to prepare sensors for the detection of 

warfare agent simulants.13. These functional groups are highly nucleophilic moieties 

known as supernucleophiles. A supernucleophile is a reactive species whereby an atom 

containing an unshared electron pair, typically a nitrogen or oxygen atom, is adjacent to 

the nucleophilic center. This increases the nucleophilicity of the reactive center, a 

phenomena commonly known as the α-effect. Two such nucleophiles are oximate (R=N-

O-) functionalities and hydrazone (R=N-NH2) moieties.  Both the oximate and hydazone 

reactive sites can react with the phosphorous(V) center of the CWA simulants. These 

supernucleophiles were implemented into an organic scaffold with absorption bands 

centered in the visible region. As an example, a typical functional group that is an ideal 

UV-Vis chromophore is the nitro moiety accompanied by another amine (see Scheme 

2.6). The reaction with the phosphorous centers of the nerve agents induced changes in 

the uv/vis bands leading to consequent colorimetric recognition of these deadly gases. 

The oxime shown in Scheme 2.6 containing a chromogenic nitro-aminophenyl scaffold 

was synthesized and tested against DCP and DFP. Solutions of oxime in DMSO:NaOH 

(1:1) showed a visible band centered at 461 nm that was gradually shifted to 410 nm 

upon addition of DCP. In the presence of DFP a hypsochromic shift to 413 nm was 

observed. These shifts in the visible bands of oxime were ascribed to the formation of the 

corresponding oximate-DCP or oximate-DFP adducts. These oximate complexes were 

unstable over time and suffered dehydration to give 4-amino-3-nitrobenzonitrile.  
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Scheme 2.6. The reactivity of oxime in the presence of DCP in DMSO:NaOH 

 

 Strong bases such as NaOH can react with DFP to form the less toxic hydrolysis 

product. To confirm the results, a stronger but a far less nucleophilic base, a nitrogen-

phosphorus super base was used. The phosphazene base P4-tBu solution (DMSO pKBH+ = 

30.25) is approximately two orders of magnitude stronger than DBU, but is less 

nucleophilic. On the addition of P4 base to the oxime solution the same results were 

obtained as analogous to the NaOH experiment confirming that the oximate 

supernucleophile is phosphorylated by DFP. 
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 The advantage of using colorimetry is that the signal can be seen with the naked 

eye, but the sensitivity of the system is a particular disadvantage. According to Centers 

for Disease Control and Prevention (CDC) the concentration that is “Immediately 

Dangerous to Life and Health”, (IDLH value) of sarin and soman is 0.1 mg m-3 (1.7 ppm 

vapor). However the colorimetric approach is not sensitive enough at these 

concentrations. An alternative approach is the use of fluorescence spectroscopy as it 

allows for higher sensitivity when the signal is turned “on”. 

 

 In our labs the PET based fluorescent reactants 2.7a and 2.7b (Scheme 2.7) were 

synthesized: these contain hydroxylamine and coumarin moieties.14 A UV-Vis solution 

of oxime 2.7 in DMSO showed a broad band centered at 409 nm. Upon addition of 2 

equivalents of the P4 base a band at 443 nm appeared, that was ascribed to an oximate 

anion formed by deprotonation of 2.7a. Upon gradual addition of aliquots of DFP the 

band is hypsochromically shifted to 409 nm. These changes in the UV-Vis spectrum were 

assigned to the phosphorylation of the oximate anion upon addition of DFP. A control 

experiment was carried out in similar experimental conditions with coumarin and methyl 

oxime 2.7b. The addition of DFP induced negligible changes in the UV-Vis spectra. This 

confirms that the oximate is phosphorylated by DFP. 2.7a also acts as a fluorogenic 

reagent. The fluorescence signal of 2.7a with the P4 base alone is weak. This is a result of 

the high-energy lone pair of the oximate anion quenching the fluorescence via a PET 

mechanism. Yet, upon phosphorylation by DFP, the energies of these orbitals are 

lowered, reducing the PET quenching effect, and the fluorescence is turned “on”.  
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Scheme 2.7 Phosphorylation of coumarin oximate 2.7a with DFP. 

  

 The research relevant to this dissertation, described in section 2.5 our goal was to 

develop a glow assay technology to detect a chemical nerve agent simulant by utilizing 

chemiluminescence phenomena. 

 

2.4 Chemiluminescence  

 The nonthermal production of visible light by a chemical reaction leads to the term 

“cool light”, and the process is called chemiluminescence. Although chemiluminescent 

reactions are not rare, the production of “cool light” holds such fascination for both 

chemists and nonchemists that demonstrations of chemiluminescent reactions are always 

well received. 

 Chemiluminescence has become a powerful and versatile analytical tool for 

sensitive and selective detection of a wide variety of chemical species as mentioned in 

Chapter 1. Peroxyoxalate chemiluminescence was first observed by Chandross from the 

reaction between oxalyl chloride and hydrogen peroxide in the presence of 9,10-

diphenylanthracene, giving rise to an intense blue emission.15 This reaction has become 

the most frequently employed chemical source for chemiluminescence. 
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2.4.1 Chemical light generation in solution. 

 According to Schuster’s explanation, generation of light by a chemical process in 

solution can be divided into three steps.16 

Step 1.   

 The first step is the availability of a reagent or an intermediate that can react to 

liberate sufficient energy to produce a photon of visible light. Since the visible spectrum 

extends from 400 to 700 nm, this reagent or intermediate must be able to release between 

41 and 72 kcal/mol on its way to product in order to produce such a photon directly. This 

energy requirement restricts the number of potential chemiluminescent reactions and 

makes the study of their mechanism quite difficult. In addition, the high exothermicity 

makes most reagents unstable and their characterization cumbersome. This situation for 

peroxyoxalate chemiluminescence was relieved with the successful synthesis, isolation, 

and characterization of 1,2 dioxetane as the key reactive intermediate. 

Step 2. 

 The second requirement is the ability to convert the reagent formed in the first step 

or another species present in the system, to an electronically excited state. This excitation 

step distinguishes reactions that generate visible light from all other chemical 

transformations. The excitation step provides the mechanism whereby the energy 

released during the conversion of reactant to product is converted from heat to light. 
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Step 3. 

 Emission of light from an electronically excited state is the final step in all chemi- 

and bioluminescent reactions. When the ultimate emitter is the excited state formed as a 

direct consequence of the excitation step, chemiluminescence is referred to as direct 

chemiluminescence. Indirect chemiluminescence results when the emission is from a 

state formed indirectly by energy transfer from the first formed excited state.  

 The intensity of light produced in a chemiluminescence process is the product of the 

yield of each individual step. In order to maximize the light intensity, the yield of each 

step must be maximized. 

 

2.4.2 Chemically Initiated Electron Exchange Luminescence (CIEEL)  

  As discussed above, an efficient CL reaction requires a chemical pathway that 

results in the excited state of the product molecule, and this excited product molecule 

must be capable of emitting energy as light (direct CL) or transferring its energy to 

another molecule that has this potential (sensitised CL). Peroxyoxalate 

chemiluminescence (POCL) is a type of sensitised CL, in which the decomposition of the 

postulated intermediate dioxetanedione may provide the chemical energy required for 

excitation.16 In principle, POCL involves hydrogen peroxide oxidation of an aryl oxalate 

ester in the presence of a fluorophore. The reaction has been suggested to follow a 

chemically initiated electron exchange luminescence (CIEEL) mechanism via the high-

energy intermediate (dioxetandione) (Scheme 2.8). Hydrogen peroxide first reacts with 

the oxalate to form a peroxyoxalate intermediate, which then undergoes an intramolecular 

cyclization with the displacement of the second phenolic leaving group. The four 



membered ring, dioxetanedione (a dimer of carbon dioxide), formed in this process has 

been widely cited as the key intermediate in the chemiluminescence mechanism.17 
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Scheme 2.8. Chemically Initiated Electron Exchange Luminescence (CIEEL). 

 

 Dioxetanedione forms a charge transfer complex with the fluorophore whereby the 

latter donates one electron to the intermediate, which produces a radical cation-radical 

anion pair.18,19,20 The dioxetanedionyl radical anion fragments to carbon dioxide and the 

carbon dioxide radical anion, which is a better reducing agent than the dioxetanedionyl 

radical anion. The electron is transferred back to the fluorophore cation from the carbon 

dioxide anion, while in the process the fluorophore is brought to its singlet excited state. 

The relaxation of this excited state subsequently yields the observed fluorescence 

emission whose characteristics are highly dependent on the fluorophore. 
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POCL has been used for the determination of a number of species, such as hydrogen 

peroxide, and fluorescent compounds (e.g., polycyclic aromatic hydrocarbons),21 but 

applications also include enzyme bioassays22 and detection in liquid chromatography23 

and in capillary electrophoresis.24 

 

2.5 Applying POCL for detection of nerve gas analog DFP. 

2.5.1 Our goal and design criteria 

Our chemical strategy was to take advantage of the CIEEL mechanism to develop 

a glow assay technology to detect the presence or absence of phosphoryl fluoride type 

nerve gases. Our design involves modifying the CIEEL pathway in order to modulate the 

response of the DPA mediated light production upon binding of a specified analyte. It is 

evident that an oxalate ester is one of the essential reagents for CL generation. The idea 

was to create a competing reaction that scavenges the oxalate ester in the absence of an 

analyte such as Sarin gas, thus not allowing the light producing reaction to continue. 

When Sarin is present this scavenger is bound, and the oxalate ester is able to react with 

H2O2 in order to ultimately produce light. Blue light emitting diphenyl anthracene (DPA) 

was used as the fluorophore in these studies. 

 

 

 

 

 

 



2.5.2 Results and Discussion 

2.5.2.1 Synthesis of oxime 

It is well known that the oximate moiety is a highly nucleophilic center, known as 

a super nucleophile. It is capable of reacting with the phosphorous(V) center of the 

chemical warfare agent (CWA) simulants.13 A simple oxime 2.1 was synthesized by 

reacting acetophenone with hydroxyl amine hydrochloride and sodium hydroxide 

(Scheme 2.9).  

 

N
OH

O

2 eq. NH2OH.HCl

2 eq. NaOH
2.1  

Scheme 2.9 Preparation of oxime 

 

2.5.2.2 Inhibition of CL reaction in the presence of oximate nucleophile 

The oxime 2.1 was successfully converted to an oximate 2.2 by deprotonation 

with the super base P4-t-Bu phosphazene.13 As shown in Scheme 2.10, in the absence of 

analyte, the oximate super nucleophile reacts with trichlorophenyloxalate (TCPO) ester 

forming oximate-oxalate adduct 2.3. In this manner the oxalate ester cannot participate in 

CIEEL and there should be no signal.  
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Scheme 2.10 In the absence of analyte, (DFP) chemiluminescence is not observed. 

 
 

 

2.5.2.3 Turn “on” CL in the presence of nerve gas analog DFP. 

Alternatively, in the presence of the nerve gas analogue, DFP, an oximate-DFP 

adduct 2.4 was formed. The oxalate ester is now available to participate in the 

chemiluminescent pathway (Scheme 2.11). In this manner we sought to turn “on” the 

glow signal indicating the presence of analyte. 
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Scheme 2.11. Observe CL in the presence of nerve gas analogue. 
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2.5.2.4 NMR studies 

In order to observe whether the relevant species are reacting properly, the various 

reactions were monitored with proton, carbon, phosphorous, and fluorine NMR 

spectroscopy. NMR experiments were carried out in NMR tubes in deuterated acetonitrile 

as all solution studies were carried out in acetonitrile. The disappearance of the sharp 

oxime proton signal of 2.1 at δ 9.4 upon addition of P4 base confirmed the formation of 

oximate 2.2 by 1H NMR spectroscopy. In addition, there was a clear difference in the 

chemical shift of the aromatic region of the oxime and oximate anion. The oximate-

oxalate adduct 2.3 showed a distinct change in chemical shift in the aromatic region 

confirming its formation. A similar change was observed for the oximate-DFP adduct 

2.4. Further, the formation of oximate-DFP adduct 2.4 was evident from the 19F NMR 

spectroscopy: the doublet centered at δ -78.37 (characteristic of DFP) disappeared and a 

singlet at δ -149.69 appeared characteristic of free fluoride. 

 

2.5.2.5 Calibration Curves 

      All solution studies were carried out in acetonitrile as it resulted in high CL intensity.  

A calibration curve was developed by using varying amounts of DFP to demonstrate the 

change of CL intensity with the number of equivalents of DFP as shown in Figure 2.4.  

For the calibration curve, and for the solution studies, we first prepared a series of 

7.4×10-2 M oxime solutions in 5 vials. These solutions were titrated with 1 equivalent of 

P4 base. These 5 solutions were then treated with 0, 0.25, 0.5, 0.75, 1 equivalents of DFP 

and allowed to react for 2 minutes. Each mixture was then treated with 1 equivalent of 



TCPO ester for 5 minutes, followed by the diphenylanthracene fluorophore, and 

hydrogen peroxide. 

Vials 1 - 5

                                 

0.074 MOxime (1eq.) 

1 mL 

Excess 

0.074 M 

0.074 M 
 (1 eq.) 

0.074 M 

0.074 M 

1 mL

Excess

0.074 M

0.055 M 
(0.75 eq.) 

0.074 M

0.074 M
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Excess

0.074 M

0.037 M 
(0.5 eq.) 

0.074 M

0.074 M

1 mL

Excess

0.074 M

0.0185 M 
(0.25 eq.) 

0.074 M

0.074 M

1 mL CH3CN 

ExcessH2O2+Fluorophore 

0.074 MOxalate (1 eq.) 

0 M  
(0 eq.) 

DFP 

0.074 MP4 base (1eq.) 

Figure 2.4. Quantitative studies of DFP. 

 

Chemiluminescent intensity of each of these solutions was immediately measured 

in a Glowmax 20/20 Luminometer (Figure 2.5) and the measurements were repeated 

twice. The Chemiluminescent intensity increased with increasing concentrations of DFP, 

in good agreement with the proposed mechanism as shown in Figure 2.6. 

                                        

Figure 2.5. Luminometer 
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Figure 2.6. Chemiluminescence intensity correlates with concentration of DFP. DFP 
concentration at maximum CL intensity is 0.074 M. 

 

The same experiment was carried out in 10 times more diluted samples, and the 

results are shown in Figure 2.7. According to these findings, when the concentration of 

DFP is as low as 1.5x10-3 mol dm-3, it can be easily detected by this methodology. 

0.00E+00

2.00E+08

4.00E+08

6.00E+08

8.00E+08

1.00E+09

0 0.002 0.004 0.006 0.008

Concentration of DFP (M)

C
he

m
ilu

m
in

es
ce

nc
e 

in
te

ns
ity

 

Figure 2.7 Chemiluminescent intensity with increased concentration of DFP in 10 times 
more diluted samples. Maximum DFP concentration is 7.4x10-3 M.  
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2.5.6 Naked eye detection of chemiluminescence 

  The presence of DFP can also be conveniently detected with the naked eye in this 

approach, as seen in the Figure 2.8. The bright blue chemiluminescent signal was turned 

“on” immediately in the solution when DFP was added. Whereas a solution which did not 

contain DFP did not give any detectable chemiluminescent signal by eye. This reaction 

does not require an additional light source for detection, which is an advantage over 

colorimetric or fluorimetric methods that require an ultraviolet or visible light source to 

illuminate the sample. 

 

Figure 2.8 Glow signal indicating the presence of CWA stimulant. 

 

2.6 Conclusion 

In conclusion, we have presented here a proof of principle of how to detect CWAs 

by modulating the chemiluminescent pathway.25 It was successfully shown that oximate 

supernucleophile perturbed the CIEEL pathway by reacting with peroxy oxalate, one of 

the key components responsible for the production of light. The chemiluminescent signal 

is turned “on” by way of forming oximate-DFP adduct, indicating the presence of 

analyte. The dye used in this approach is not limited to diphenyl anthracene, which gives 

a blue emission; but rather the use of any other chemiluminescent fluorophore enables 
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further versatility of the system. Specifically bis-phenylethynyl anthracene is another 

well known fluorophore that could be used in place of DPA, and bis(carbopentyloxy-

3,5,6-trichlorophenyl) oxalate is another alternative for TCPO.  

The Centers for Disease Control and Prevention (CDC) has established the 

concentration that is Immediately Dangerous to Life or Health, IDLH value, of sarin and 

soman to be 0.1 mg m-3 (1.7 ppm vapor).14 In the future the goal of this project would be 

to put this concept into the detection of chemical warfare agents in real life situations by 

simplifying the procedure. Currently, work is in progress on lowering the detection limits 

approaching ppm in air, and testing for false positives for other electrophiles, for ultimate 

practical applications.  

Scientists in Beacon Sciences, a biotechnology company in Austin where Dr. Eric 

Anslyn is the Chief Scientific Officer, were able to reproduce the results indicated in this 

thesis with a rubrene fluorophore. With rubrene they were able to reach the human eye 

detection limit down to 1 micromolar. At the 10 micromolar level, with a PMT, the 

detector was saturated suggesting it could easily get into the nanomolar region of 

detection. 

  Ongoing research in this regard involves investigating ways of simplifying the 

number of reagents. For instance one could make the solvent a phthalate ester with an 

oxalate; or by adding functionality to the dye; or by making an anhydrous salt of the 

oximate that would be ruptured on a dry chemistry strip when the sample is introduced.  

These advances would take this concept into real time applications. 
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2.7 Experimental details for Chapter 2. 

1H and 13C NMR spectra were recorded on a Varian Unity Plus 300 MHz 

spectrometer in CHCl3-d.  Chemical shifts are reported in parts per million (δ) downfield 

from tetramethylsilane (0 ppm) as the internal standard and coupling constants (J) are 

recorded in Hertz (Hz).  The multiplicities in the 1H NMR are reported as (br) broad, (s) 

singlet, (d) doublet, (dd) doublet of doublets, (ddd) doublet of doublet of doublets, (t) 

triplet, (sp) septet, (m) multiplet.  All spectra are recorded at ambient temperatures. All 

chemicals and reagents where brought from Aldrich or Fluka and used without further 

purification.  Acetonitrile was degassed via displacement with N2.  Dilutions and aliquots 

were performed using FisherBrand Finnpipette autopipets calibrated by mass. 

Chemiluminescent measurements were made using GloMax 20/20 Luminometer. 

 

1-Phenyl-ethanone oxime 2.1 

To a solution of acetophenone (1.2 mL, 10 mmol) in ethanol (10 mL) was added a 1:1 

mixture of hydroxylamine hydrochloride (1.389 g, 20 mmol) and sodiumhydroxide (0.8 

g, 20 mmol) in ethanol (2 mL) and water (2 mL). This mixture was allowed to stir for 12 

h at rt. The resulting mixture was acidified with acetic acid (5 mL). After being stirred for 

10 min at rt Et2O was added and the mixture was successively washed with H2O and 

saturated aq. NaCl solution, dried over MgSO4, and concentrated. The residue was 

purified by flash chromatography (10% EtOAc-hexane) to afford 2.1 (1.18 g, 88%) as a 

colorless solid. 

1H NMR (250 MHz, CDC13: δ 2.221 (s, 3H), 8.90, (s, 1H), 7.3 (m, 2H), 7.6, (m, 3H),  

13C NMR (62 MHz, CDC13): δ 11.1, 117.6, 126.0, 128.6, 129.1, 137.3, 154.9 
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Chemiluminescence calibration curves. 

For calibration curves 10 mg of oxime 2.1 was dissolved in 1 mL acetonitrile to give a 

7.4x10-2 M solution. Five such oxime solutions were prepared. For each of these 

solutions 74 μL (1 equivelent) of phosphazene base (1 M in hexane) was added and 

stirred for 1 min. 5 vials labeled 1-5 were given increasing amounts of DFP: 0 μL, 3.25 

μL, 6.5 μL, 9.75 μL, and 13 μL such that concentration of DFP in vials 1-5 is, 0.0 M, 

1.85x10-2 M, 3.7x10-2 M, 5.55x10-2 M and 7.4x10-2 M. Each vial was then treated with 30 

mg of tricholorophenyl oxalate ester and stirred for 2 minutes. The cuvets were charged 

with 500 μL of these solutions separately and measured the chemiluminescence. To each 

of these solutions, 0.2 mL saturated solution of 9,10-diphenylanthracene in acetonitrile 

and 0.2 mL 30% hydrogen peroxide solution was added, and measured the 

chemiluminescence. This procedure was repeated with 10 times dilution of each reagent. 
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Chapter 3:  Pattern-Based Recognition of Thiols and Metals with a 

Single Receptor Squaraine  

3.1 Multicomponent Sensing in Arrays 

         As mentioned in the introductory chapter, chemical sensing has been achieved 

through rational design of a receptor that has high binding affinity for a specific 

molecule. For the analysis of a complex mixture it requires the synthesis of a unique, 

highly selective sensor for each type of analyte to be detected, which is often impractical 

and difficult.1 As an alternative to highly analyte-specific synthetic receptors, trends in 

chemical sensing have shifted to the design of new materials and devices that rely on a 

series of chemo- or biosensors. The recognition is achieved by the distinct pattern of 

responses produced from the combined effect of all the sensors in the array. To analyze 

the cumulative array responses, chemometric pattern recognition tools are employed to 

decrease the overwhelming dimensionality of the array response to simple patterned 

responses that are comprised of all the individual responses. For example, Principle 

Component Analysis (PCA) is one such chemometric tool.2 

           To overcome the difficulty in analyzing complex mixtures, one can turn to 

inspiration from nature, by mimicking receptors in the mammalian tongue and nose for 

the senses of taste and smell. To this end much work has been done in both vapor phase 

(noses) and solution phase (tongues).2,3,4,5,6 

There are numerous examples in the literature, including those from our own 

group on arrays and assays for differential sensing of various analytes using synthetic and 
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commercially available components. For example the Anslyn group has exploited 

differential array studies involving the recognition and discrimination of nucleotide 

phosphates,7 proteins and glycoproteins,8  and tripeptides and tripeptide mixtures.9  

 

3.2 Principal Component Analysis (PCA) 

     Principle component analysis is an excellent tool that leads to discrimination of 

various analytes resulting from positioning on a principal component space. In general, 

multiple trials are run with the same analyte. Good separation is obtained when the same 

analytes cluster in close proximity with considerable spatial discrimination from any 

other analyte(s) tested, i.e., one can distinguish between different analytes in a complex 

mixture. For example, if four substrates are run through an array four times each, 

resulting in 16 separate trials, it is known as a case. If this array is composed of 30 

different receptors, each providing a response to an a different analyte, then each receptor 

in the array is termed a variable. Each analyte leads to 30 distinct responses, one for each 

variable. This is similar to a 30 dimensional graphical response for each analyte. In 

general it is cumbersome to graphically determine analyte correlations in 30 dimensions. 

PCA is used to reduce the dimensionality of the data set and provide visually detectable 

patterns. A PCA plot represents the variance present in many variables using a small 

number of factors. Therefore, a new plot of the cases is made by redefining the axes as 

factors, also known as principal components (PCs), rather than the original variables. The 

PC axes are orthogonal to one another, and the maximum number of PCs calculated is the 

smaller of the number of cases or variables. The new PCs permit visual analysis of 

measurements made with many variables in a small number of dimensions. 
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           On the new PCA chart, the first principal component accounts for the maximum 

amount of variation present in the data set. Subsequent PCs describe diminishing levels 

of variation. The cases (analytes) have new coordinates on the PCA chart that are termed 

scores. Each PC axis is constructed from combinations of the original 30 measurement 

variables. The contribution from a variable to the formation of a PC axis depends on the 

orientation in space between the original variable axes to the new PC. If the cosine of the 

angle between them is near 1 or -1 (so the variable axis is nearly parallel to the PC axis) 

then measurements from that variable are very important to the formation of the PC. The 

value of the cosine of the angle between the original variable axis and the PC is termed a 

loading value. Both clustering of multiple trials of a single analyte, and separation of 

differing analytes are important to the array analysis. 

 

In the research relevant to this chapter we sought to investigate the use of a single 

indicator, for sensing two different analytes; thiols and metal ions, utilizing a squaraine as 

the indicator in a chemodosimeter approach. 

 

 



3.3 Chemodosimeters  

A chemodosimeter is based on the use of a selective, irreversible reaction, that is 

induced by the target species and gives rise to some observable signal in fluorescence or 

in color. The research discussed in this chapter evolves around chemodosimeter approach 

utilizing squaraine dyes as the signaling unit. 

Chemodosimeter Analyte Signal transduction 

 

Figure 3.1.  A chemodosimeter design 

 

3.4 Squaraine dyes 

Squaraines are a class of dyes with a resonance stabilized zwitterionic structure.10 

These dyes are symmetric conjugated polymethine dyes formed by a central four-member 

squaric acid ring and two substituted aniline moieties at the 1 and 3 positions of the 

cyclobutadienyl ring. A representative example is shown in Scheme 3.1. Squaraines 

typically contain an electron deficient central four membered ring and two electron-

donating groups arranged in a donor–acceptor–donor (D–A-D) pattern.  
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Scheme 3.1. Resonance structures of squaraine 

 

Squaraine dyes are generally synthesized the by coupling of electron rich 

aromatic nucleophiles with squaric acids. These dyes were first introduced to the 

scientific community by Treibs and Jacob in 1965.11 The symmetrical squaraines can be 

synthesized via electrophilic aromatic condensation under azeotropic distillation 

condition as shown in Scheme 3.2. 

N
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N
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Scheme 3.2. Synthesis of squaraine. 
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 3.4.1 Photophysical properties of squaraines. 

Squaraines exhibit strong absorption (ε >105 L mol–1 cm–1) in the visible region, 

are photostable, and are also fluorescent.10 Most of these dyes emit in the visible to near-

IR region. NIR absorbing organic dyes are important in the imaging of biological 

specimens. Therefore, squaraine dyes are good candidates for biological applications. An 

approach to synthesize NIR active squaraine dyes is to increase the electron-donating 

ability of the amino donor group of the N,N-diaryl amine moieties.10 It has been found 

that when the lone pair orbital of the amino donor group is conformationally constrained 

to be co-planar with the rest of the chromophore, the absorption maximum of the dye is 

shifted by 30 nm compared to the parent dye in the same solvent. These organic dyes 

have been studied and used intensely for a wide variety of applications. Some of the 

applications are imaging,12 non linear optics,13 and ion sensing.14 From a sensing point of 

view it is highly advantageous to have an intense absorption at the lower end of the 

spectral window, a range suitable for many biological and environmental applications. 

 Martinez Manez and Rurack extensively investigated the use of squaraine 

derivatives for the development of chromogenic sensors for cations and anions. Their use 

of squaraines as chromoreactants is based on the presence of the electron-deficient central 

ring that is able to undergo nucleophilic attack. Based on this principle chemodosimeters 

for mercury, cyanide and thiols has been developed.15 

 

 

 



3.4.2 Squaraine-based recognition of cyanide, thiols and mercury ions 

The color in the squaraine dyes is due to a charge transfer band between the donor 

aniliniem moieties and the central acceptor four membered ring.  As mentioned above the 

electron deficient central cyclobutene ring of squaraine dyes is susceptible to nucleophilic 

attack and prone to a break in the conjugation of the dye, resulting in photo bleaching. 

Exploiting the fact that cyanide is a good nucleophile Martinez-Manez reported a 

colorimetric method for the determination of cyanide in water with a water soluble 

squaraine derivative 3.7 (Figure 3.2).16 1H NMR data has shown that addition of cyanide 

takes place at the carbon of the four-atom squaraine ring next to the phenyl ring. This was 

also made evident by the loss of the acceptor character of this ring and disruption of the 

electronic delocalization, with the disappearance of the 641 nm charge transfer band 

unique to the squaraine dye. 
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Figure 3.2. Squaraine derivative used for cyanide detection 

 

Martinez-Manez have also shown remarkable bleaching of the squaraine dye in 

the presence of cysteine in a acetonitrile/water 20:80 solution.17 A complete quenching of 

fluorescence was also observed. These chromo- and fluorogenic effects are most likely 
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due to the thiol residue of the cysteine amino acid. These squaraine derivatives have been 

successfully applied to the determination of low molecular mass amino thiols in human 

plasma based on this approach.17  

In another approach to develop a chemodosimeter assay for Hg2+ ions, Martinez-

Manez and Rurack designed a method where indicator, squaraine 3.8 was allowed to 

participate in a reaction with a thiol.  The thiol acts as a “spectroscopic inhibitor’ that 

switches off the absorption and fluorescence of the squaraine (Scheme 3.3).16 This 

addition product is the chemodosimeter. The target ion Hg2+ then reacts with the 

inhibitor, liberating the dye. The signaling was accomplished by metal induced dye 

release method. The method is based on the thiophilic nature of the Hg2+, and as a result, 

interestingly, it regenerates the original dye which allows recycling of the squaraine. 

Addition of Hg2+ ions to a solution of 3.9 resulted in a dramatic change of color due to 

the appearance of a new and intense absorption band at 642 nm typical for squaraine dyes 

in water/acetonitrile (4:1) solution. 
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Scheme 3.3. Chemodosimeter for the detection of Hg2+. 

 

 63



 64

3.4.3 Colorimetric chemodosimeter for Pd(II) 

Palladium complexes are utilized in a wide variety of organic transformations, 

oxidation reactions, and in catalysis. Some of the reactions that use palladium are the 

Suzuki, Heck, Sonogashira, and aromatic amination reactions. Many of these 

methodologies are currently utilized in the industrial synthesis of pharmaceuticals. It is 

important to meet the governmental imposed regulations for residual heavy metals in 

finished drug candidates before they are exposed to the market. Hence, designing 

methods for the sensitive detection of trace palladium is desirable.  

Squaraine dyes have been extensively used in the Anslyn group for the detection 

for palladium.18 Palladium is a sufficiently thiophilic metal that can easily scavenge the 

thiol. With the thiol removed, the conjugation and the charge transfer character of the 

parent squaraine would be restored. The previously described Martinez-Manez system 

showed selectivity for mercury in aqueous media, but the present work is mainly focused 

on detection of metals in organic media. This choice was due to the fact that we are 

interested in the detection of heavy metal contaminants in the organic extraction media 

common in the industrial work-up of pharmaceutically active compounds. Two palladium 

salts, Pd(OAc)2 and PdCl2(PPh3)2 were chosen for initial study as they are extensively 

used in cross-coupling reactions. Upon addition of palladium salts to the thiol:squaraine 

complex, a band at 656 nm increases switching “on” the color of the squaraine. The 

ultimate sensitivity for these two Pd(II) salts using this method was roughly 10-6M. 
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3.4.4 Fluorescence studies with squaraine 

Squaraine has been shown to have very strong fluorescence emission in many 

organic solvents.19 In order to gain better sensitivity, a series of fluorescent experiments 

were carried out by Dr. Wallace.20 Similar to the colorimetric studies first described, it 

was anticipated that upon addition of thiol, conjugation of the squaraine would be 

perturbed and fluorescence would be switched off. The fluorescence would then be 

switched on by adding metal to the dosimeter, thereby liberating free squaraine into the 

solution. As with the colorimetric studies, the fluorescence signal was turned on upon 

addition of Pd(II) salts. 

 

3.5 Our goal and design criteria 

3.5.1 Sensor arrays 

From the previous work it has been shown that it is possible to detect cyanide, 

thiol and mercury in aqueous media using the squaraine dye. The Anslyn group provided 

an extension to this work reporting a method for detection of palladium in organic media. 

In the current studies squaraine was used as chromogenic sensing ensemble. 

Our goal in this research project was to develop a sensor array using squaraine 

dyes, which can detect a series of metal ions and a series of thiols simultaneously in array 

format. Further, we envisioned achieving greater sensitivity for the desired analytes 

through the use of flourimetry. Palladium, mercury, nickel, copper and iron were used as 

metals for the sensor array as these metals are known to have a large impact in both 

biological and environmental scenarios.  



As the functional group of the amino acid cysteine, the thiol group plays an 

important role in biological systems. Recently, the ability of cysteine and cysteine 

derivatives to act as biomarkers has begun to be explored, and their determination in 

biological fluids has gained importance in clinical chemistry. For instance, the 

determination of aminothiols is important for the diagnosis of certain diseases such as 

vascular disorders, arteriosclerosis, etc. Their determination is usually carried out using 

rather sophisticated and time-consuming chromatographic techniques.6 In this respect, the 

development of straightforward, low-cost, and undemanding probes for the determination 

of biomarkers such as total aminothiols in blood might be of general interest. 

Further the 2-diisopropylamino-ethane thiol shown in Scheme 3.4 is the 

hydrolyzed product of most toxic nerve agent VX.  The importance of developing 

methods for detecting these highly toxic nerve agents were adequately discussed in the 

Chapter 2.  
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Scheme 3.4. Hydrolysis of VX nerve agent. 
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3.5.2 Results and discussion 

The five different thiols used for this array are shown in scheme 3.5; propanethiol, 

3-mercaptopropionic acid, 2-acetylamino-3-mercaptopropionic-acid methyl ester, 

2,3-dimercaptopropanol and naphthalene-2-thiol. These thiols were picked among those 

readily available commercially, with an intention of diversifying the nature of the 

chemical diversity. They were chosen such that each thiol is sufficiently different from 

one another in their structure and functionality to ensure variation among analytes; 

propanethiol having one thiol group, mercaptopropionic acid, a thiol with a acid 

functionality, 2-acetylamino-3-mercaptopropionic-acid methyl ester, a thiol with a ester 

group, 2,3-dimercaptopropanol, having two thiol groups, and naphthalene-2-thiol, a thiol 

with an aromatic group. 

 As shown in scheme 3.5 squaraine fluorescence is anticipated to be switched 

“off” upon reaction of thiol with the electron deficient 4 membered squaric acid core, and 

switched back “on” by introducing metal ion to the system to liberate the free squaraine 

into the solution. 



. 

O

O

N N R SH

OH

O

N
S R

N

M(II)
S M(II)R

HS

HS O
NH

O

O

HS OH

HS
SH

O

HO HS

2-Acetylamino-3
-mercapto-propionic 

acid methyl ester

2,3-Dimercapto-
propan-1-ol

Propane-1-thiol 3-Mercapto-
propionic acid

Naphthalene-
2-thiol

PT MPA ACM DMP NT

M(II) = Pd(II), Hg(II), Ni(II), Cu(II), Fe(II)

 

Scheme 3.5. Squaraine:thiol:metal interaction and metals and thiols use for array design 

 

3.5.2 Synthesis and characterization of squaraine. 

Synthesis of squaraine was performed as described earlier in a one pot reaction 

procedure.11 A mixture of 1 equivalent of squaric acid and 2 equivalents of N,N-

dibutylphenylamine were dissolved in a 1:1 mixture of toluene and 1-butanol.  The 

resulting mixture was refluxed under Dean-Stark apparatus for 6-8 hrs, and the refluxing 

solution turned into a deep blue-green color at this time.  Purification by column 

chromatography followed by recrystallization of the product yielded fluffy, blue green 

crystals of the desired squaraine 3.12.  
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Scheme 3.6. Synthesis of squaraine. 

 

Characterization of compound 3.12 with 1H NMR, 13C NMR and high-resolution mass 

spectroscopy confirmed the proposed structure. Further, 1H and 13C NMR specta revealed 

the symmetrical nature of the compound 3.12. 

 

3.5.3 Fluorescence titrations with thiols. 

     Two thiols, propanethiol and mercaptopropionic acid, were used for fluorescence 

titrations and construction of calibration curves. In order to maximize the nucleophilicity 

of the thiols, one equivalent of Hunig’s base was added to each thiol in DMSO to assist 

the nucleophilic attack, possibly by inducing deprotonation of the thiol. Each thiol 

solution was added in aliquots separately to highly fluorescent squaraine solution in 

CH2Cl2:DMSO (1:9). Fluorescence titrations and calibration curves for both propanethiol 

and mercaptopropionic acid are shown in Figures 3.3 and 3.4 respectively.  

The isotherms obtained for the titration experiments are sigmoidal in shape both 

for propanethiol and mercaptopropionic acid. As thiol is added to the squaraine solution, 
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no decrease in fluorescence is observed at first, generating the initial plateau in the 

titration profile; a fluorescence decrease is then observed as expected. Mixed-solvent 

studies on squaraines with non-complexing and complexing solvents have shown that at 

high concentrations of the coordinating solvent, a preferential solvation phenomenon 

occurs, in which a 2:1 or 3:1 solvent-solute complex is formed.21 As such, when the thiol 

nucleophiles are introduced, the squaraine:solvent complexes have to be dissociated in 

order for the thiol to react with the squaraine molecules. We believe this process to be 

responsible for the slight curvature at the beginning of the titration curves. When the 

desolvation process is over, the titration of thiol with squaraine then proceeds smoothly. 

In both cases it was shown that about 1.5 equivalent of thiol were sufficient for complete 

quenching of the squaraine fluorescence.  

Even though both titration curves show similar shape, they are not identical: 

different thiols react differently with squaraine: this is a promising quality in light of our 

intentions to use such molecules for pattern-based sensing. Comparing the profiles 

obtained with mercaptopropionic acid and propanethiol (Figures 3.4 and 3.3 

respectively), it is evident that the profile obtained with mercaptopropionic acid has a 

steeper curvature. This could be attributed to the fact that the nuclephilicity of 

mercaptopropionic acid can be attributed both to the thiol and the carboxylate moieties, 

both of which can now serve as nucleophiles to react with the squaraine dye.  
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Figure 3.3. Titration of a solution of propanethiol and Hunig’s base (4x10-5 M) in DMSO 
into a solution of squaraine at 2x10-6M in DMSO. 
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Figure 3.4. Titration of a solution of mercapto propionic acid and Hunig’s base (4x10-5 
M) in DMSO into a solution of squaraine at 2x10-6M in DMSO 
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3.5.4 Fluorescence titrations of squaraine:thiol complexes with metals 

Palladium and mercury metals were used for the construction of calibration 

curves with squaraine:thiol complexes. First, a 1:1 complex of squaraine and 

propanethiol was prepared by adding one equivalent of propanethiol and Hunig’s base in 

DMSO to a solution of squaraine (2x10-6) in DMSO. This complex will be referred to as 

SQ:PT for easy identification. Complex formation was monitored by disappearance of the 

fluorescence signal of the SQ:PT complex which was obtained within 10 minutes. SQ:PT 

complexes were then titrated separately with two metal salts, Pd(NO3)2 (Figure 3.5) and 

Hg(OAc)2 (Figure 3.6). In a similar fashion SQ:MPT (MPT-mercapto propionic acid) 

complex was prepared and titrated with Pd(NO3)2 (Figure 3.7) and Hg(OAc)2 (Figure 3.8) 

respectively. This process is schematically summarized below. 

 

SQ:PT

Pd(II)

Hg(II)

SQ:MPT

Pd(II)

Hg(II)

SH SHHO

O

PT = propane thiol MPT = mercaptopropionic acid

 

Scheme 3.7. Calibration curve design of squaraine:thiol complexes with metals. 

 

 Upon addition of the palladium(II) salt or mercury(II) salt to different complexes 

of squaraine:propanethiol, (SQ:PT) the band at 680 nm increased, indicating the 
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switching on of the analytical signal. The isotherms obtained for the titration experiments 

are again sigmoidal in shape for both Pd(II) and Hg(II). In the equilibrium conditions 

prevalent at the start of the titration run, thiol complexation to the squaraine is not 

complete: a small fraction of the thiol is free in solution. The initial aliquots of metal ion 

added were thus first bound by the free thiol in solution; as the metal ion scavenges the 

free thiol in solution, this process influences the formation equilibrium for the SQ:PT 

complex, causing the complex to break down. The overall resulting effect is the effective 

removal of the thiol from the SQ:PT complex and switching on of the fluorescence 

signal. 

 According to the isotherm in Figure 3.5, the observed saturation behavior 

indicates that approximately 1.5 equivalents of Pd(II) are required in order to completely 

turn on the fluorescence by scavenging the propanethiol. In the case of mercury(II) 

titration with the SQ:PT complex, addition of only one equivalent of metal ion is 

sufficient to completely scavenge the thiol, as indicated by saturation of the fluorescence 

signal (Figure 3.6).  

 Taking into consideration the concentrations of metal ions necessary to reach 

saturation suggests that mercury(II) has a better affinity for propanethiol than 

palladium(II). More interestingly, neither isotherm shows any further appreciable change 

on addition of even a large excess of metal ion, indicating that no further equilibria are 

involved.  
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Figure 3.5. Titration of a solution of Pd(NO3)2  4x10-5 in DMSO into a solution of SQ:PT  
complex 2x10-6M in DMSO.  
Figure 3.5. Titration of a solution of Pd(NO3)2  4x10-5 in DMSO into a solution of SQ:PT  
complex 2x10-6M in DMSO.  
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Figure 3.6. Titration of a solution of Hg(OAc)2 4x10-5 in DMSO into a solution of SQ:PT  
complex 2x10-6M in DMSO. 
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In analogy to the titrations of the SQ:PT complex with Hg(II) and Pd(II) salts 

shown above, the similar SQ:MPA (squaraine:mercaptopropionic acid) complex was 

titrated with the same metal ions. A similar behavior was observed: the fluorescence 

signal was switched on upon addition of mercury(II) and palladium(II) salts. (Figures 3.7 
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and 3.8). In addition, both isotherms were sigmoidal in shape, an observation that can be 

explained by invoking processes completely analogous to the ones described in the case 

of the SQ:PT complex.  

 The isotherm in Figure 3.7 shows that approximately 2.5 equivalents of Pd(II) are 

required to get complete reviving of the fluorescence signal in the titration of SQ:MPA. 

On the other hand, approximately 1.5 equivalents of Hg(II) are required to completely 

scavenge the thiol and liberate the squaraine from the SQ:MPA complex, turning the 

fluorescence signal completely on. Again mercury(II) was shown to have a better affinity 

towards mercaptopropionic acid than Pd(II).  

 According to the isotherms, both metals show higher apparent affinity towards 

propanethiol than mercaptopropionic acid. This might simply reflect an intrinsic 

characteristic of the two thiols as ligands. On the other hand, however, the 

mercaptopropionate anion formed in the titration conditions has two nucleophilic sites 

(the carboxylate and the sulfur functionality) which can also act as binding sites for metal 

ions. When the metals are added to the SQ:MPA complex, they will first bind to the free 

thiol in solution, as described previously for propanethiol. In addition to that, however, 

another fraction of the metal present will be used up to saturate the second ligand site of 

the mercaptopropionate anion. Only after this additional site is saturated will the metals 

be able to effectively scavenge the thiol, removing it from the SQ:MPA complex.  
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Figure 3.7. Titration of a solution of Pd(NO3)2  4x10-5 in DMSO into a solution of 
SQ:MPA  complex 2x10-6M in DMSO. 
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Figure 3.8. Titration of a solution of with Hg(OAc)2 4x10-5 in DMSO into a solution of 
SQ:MPA complex 2x10-6M in DMSO.  

 

 

3.5.4 96-well plate array design 

Having these results in hand, squaraine, the five different thiols and five  metal 

ions mentioned previously were arranged in an array format to identify the patterns 

generated using a 96-well plate reader. The use of single receptor to analyze two different 
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sets of analytes is quite unique to this recognition process. Arrays were designed as 

shown in Figure 3.9.  

 

Figure 3.9. 96 well plate assay design. 

 

First 5 rows of plates were treated with 200 μL of 2x10-6 M solution of squaraine 

in 1:9 CH2Cl2: DMSO. Then to each of these rows 50 μL of 8x10-6M thiols in DMSO 

were added separately to make SQ:T1, SQ:T2, SQ:T3, SQ:T4 and SQ:T5 and measured 

the fluorescence. Then, the first 6 columns of the plate containing SQ:thiol complexes 

were then treated with 50 μL of 8x10-6 M solution of metal 1 and the second 6 columns 

were treated with 50 μL of 8x10-6 M solution of metal 2. The total volume of each well is 

300 μL, with a final analyte concentration 1.33 μM. The 96 well assay plate was then 

submitted to measurements of fluorescence intensity. The fluorophore solutions were 

excited using a tungsten light source with a 645/15 bandwidth filter. The emission 

radiation was taken using by passing through a 680/30 bandwidth filter. This process was 

repeated with metals 3, 4 and 5. The ratio of equivalents of reagents for this particular set 
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of data is 1SQ:1T:1M (SQ-squaraine, T-thiol-M-metal). Likewise 3 more separate sets of 

data were collected as 1SQ:1T:2M, 1SQ:2T:1M and 1SQ:2T:2M. To ensure 

reproducibility, each experiment was repeated 6 times. The best differentiation was 

shown in the data set with the ratio 1SQ:1T:1M, and only these results are shown below 

(Figures 3.9-3.13). 

Principal component analysis was used to reduce the dimensionality of the data 

set. The first PC axis lies along the line of maximum variance; subsequent PC axes define 

diminishing levels of variance. Separation between data points on a PC plot describes 

how different they are from one another. Ideally multiple trials of the same analyte 

should cluster very closely and a different analyte should generate a different cluster of 

data points, well separated in space from the first. The tight clustering of replicate data 

and the spacial of data resulting from analysis with each different metal ion demonstrates 

good spatial resolution. 

Figure 3.9 shows how propanethiol is able to discriminate 5 different metals. The 

horizontal axis has 73.69% weight, whereas the vertical PC2 axis has only a 21.67% 

weight. Therefore separation between scores along the horizontal PC1 axis is far more 

significant than separation along the PC2 axis. This two dimensional PCA plot 

effectively separates Hg(II), Pd(II), Cu(II) and Fe(II) from Ni(II) along the PC1 axis. It is 

also clear that Ni(II) has its own place in the PC plot and is clearly different from the 

other four metal ions considered. Mercury(II) and copper(II) are known to exhibit a high 

affinity for thiol groups.22 According to this separation, we can conclude that Ni is far 

less thiophilic than the other 4 metals.  



Among the 4 thiophilic metals, Hg(II) and Pd(II), as well as Cu(II) and Fe(II), are 

clustered together along the PC1 axis. It has been shown in the preliminary calibration 

data in this research that Hg(II) and Pd(II) have good and comparable affinity towards 

propanethiol and hence cluster close to each other. However, although Hg and Pd cluster 

in close proximity, they are not overlapping and there is still acceptable spatial separation 

between the two. This finding is in agreement with the result obtained when determining 

calibration curves for these two metal ions: different ratios of Hg(II) and Pd(II) were 

required to completely switch ON the squaraine fluorescence. Cu(II) and Fe(II) can be 

assumed to be less thiophilic than Hg(II) and Pd(II) and cluster in close proximity to each 

other, well separated from Hg(II) and (Pd). 
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Figure 3.9. Pattern-based recognition of 5 metals with propanethiol 

 

Mercaptopropionic acid shows a similar differentiation towards 5 types of metals 

as seen with propanethiol (Figure 3.10). Also in this PCA plot we can see that 5 metals 
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have similar behavior towards mercaptopropionic acid. The more thiophilic metal ions 

Hg(II), Pd(II), Cu(II) and Fe(II) are separated away from seemingly non thiophilic Ni(II). 

Again, we observed that the more thiophilic metals Hg(II) and Pd(II) cluster in close 

proximity to each other, away from less thiophilic Cu(II) and Fe(II). 
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Figure 3.10. Pattern-based recognition of 5 metals with 3-mercapto propionic acid. 

 

The PCA plot obtained from 2,3-dimercaptopropanol and 5 metals (Figure 3.11) 

shows good spatial separation among 5 metals. Since 2,3-dimercaptopropanol possesses 2 

thiol groups and an alcohol functionality, it can have differing degrees of interaction with 

transition metal ions. 

In this case, the horizontal PC1 axis has 67.31% weighting, whereas the vertical 

PC2 axis only represents 28.70% of the overall weighting, so that the separation between 

scores along the horizontal PC1 axis is more significant than that along the PC2 axis. 



Again, the more thiophilic Hg(II) and Pd(II) ions cluster in close proximity along the PC1 

axis whereas Ni(II) and Cu(II) show similar binding characteristics with 2,3-

dimercaptopropanol. There is a possibility that once the thiol is liberated from the 

SQ:thiol complex, the metal ion forms a coordination complex with the thiol as shown 

below. The degree of formation of this complex may vary according to the type of metal 

and as a result we might see a distinct separation in the PCA plot. 
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Figure 3.11. Pattern-based recognition of 5 metals with 2,3-dimercaptopropanol 
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By far, the best pattern based discrimination for all 5 metals was obtained with 2-

acetylamino-3-mercaptopropionic acid methyl ester, as seen in Figure 3.12. In this plot 

the horizontal PC1 axis has 62.42% weighting, whereas the vertical PC2 axis has a 

29.13% weighting. This more even distribution of the weighting results in better spatial 

distribution of the analytes in all 4 quadrants of the plot, as shown in the Figure 3.12. In 

analogy to the previous case, the free 2-acetylamino-3-mercaptopropionic acid methyl 

ester is also capable of chelating the metal ion. The different stabilities of such complexes 



with different metal ions provide a further means of differentiation, resulting in better 

separation in the PCA plot.  
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Figure 3.12. Pattern-based recognition of 5 metals with 2-acetylamino-3-
mercaptopropionic acid methyl ester 
 

The pattern obtained from naphthalene thiol (Figure 3.13) is similar to the ones 

obtained in the cases of propanethiol and mercaptopropionic acid. In this plot the 

horizontal PC1 axis has 62.42% weighting and the vertical PC2 axis has a 29.13% 

weighting. Again indicating Therefore between scores along the horizontal PC1 axis is 

far more significant than separation along the PC2 axis. Thiophilic Hg(II), Pd(II), Cu(II) 

and Fe(II) align along the one side of the PC2 axis and non thiophilic Ni(II) clusters at 

the other side of the PC2 axis. Here again, among the thiophilic metals, Hg(II) and Pd(II) 

cluster in close proximity as they have high and similar affinity towards thiols, whereas 

Cu(II) and Fe(II) are similar cluster close to each other signifying their less thiophilic 

affinity. The less thiophilic Ni(II) is by far the best-discriminated metal ion. 
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5 Metals with naphthalene thiol-NT 

-2

-1

0

1

2

3

-5 -4 -3 -2 -1 0 1 2 3 4

F1 (71.48 %)

F2
 (

2
3

.6
4

 %
) Pd(II)

Hg(II)
Ni(II)
Cu(II)
Fe(II)

    

HS

 

Figure 3.13. Pattern-based recognition of 5 metals with naphthalene-2-thiol 

 

The next set of figures shows how each metal differentiate 5 different thiols. As 

shown in Figure 3.14. Fe(II), Hg(II) and Pd(II) shows greater ability to differentiate 

among 5 thiols than that with Ni and Cu, as wee see some overlapping of thiols in Ni and 

Cu PCA plots. One significant similarity that we see in all these 5 plots are, propanethiol, 

propionic acid and naphthalene thiol, cluster together in close proximity showing a 

similar reactivity with each metal. There is a significant difference in patterns for 

2,3-dimercaptopropanol and 2-acetylamino-3-mercaptopropionic-acid methyl ester with 

all 5 metals. From all the 5 PCA plots, Hg shows the greater differentiation towards each 

thiol as it has the best spatial distribution among 4 quadrants. 
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5 thiols with Fe(II)
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5 thiols with Ni(II)
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5 thiols with Hg(II)
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5 thiols with Cu(II)
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Figure 3.14. PCA plots showing clustering of the analytes illustrating the ability of 
differential array to discriminate various thiols. 
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 From an overall view of metal discrimination patterns obtained with different 

thiols (Figures 3.9 to 3.13) some general considerations can be made. It is safe to say that 

propanethiol (PT, Figure 3.9), naphthalenethiol (NT, Figure 3.13) and 

3-mercaptopropionic acid (MPA, Figure 3.10) produce very similar differentiation of the 

considered metal ions. The pattern obtained with 2-acetylamino-3-mercaptopropionic 

acid methyl ester (AMP, Figure 3.12) is very similar to the three just mentioned, but not 

completely equivalent, as will be shown below. In the following discussion, propanethiol 

will serve as our reference compound: it is the simplest thiol in our study and its behavior 

is also representative of that observed for naphthalenethiol and mercaptopropionic acid. 

 A comparison of the behavior of propanethiol (Figure 3.9) with that of 

naphthalenethiol (Figure 3.13) does not shows any significant difference in the relative 

importance of the first two principal components PC1 and PC2, nor in the relative 

position of the data clusters in principal component space. This observation indicates that 

the two simplest thiols in our lineup behave in essentially the same way towards metal 

ion coordination. However, it is known that an aromatic thiol is significantly more acidic 

than an aliphatic one: for instance the pKa of benzenethiol23 in DMSO has been measured 

to be 10.3 whereas nBuSH24 has a pKa of ~17.0 in the same solvent. A comparable 

difference in acidity is likely to be found between propanethiol and naphthalenethiol in 

our solvent system, but no such difference is apparent when comparing the PCA plots 

obtained from these two thiols, allowing us to conclude that in all likelihood the acidity 

or protonation state of the thiol are not key discrimination factors in our study.  

 Furthermore, we note that the difference is only minimal between the patterns 

obtained with propanethiol (PT, Figure 3.9) and 3-mercaptopropionic acid (MPA, Figure 



3.10), even though the carboxylic acid could act as a bidentate metal chelating ligand, as 

sketched below, whereas the simple propanethiol could not. This leads us to tentatively 

exclude that such a coordination mode is predominant, or indeed present at all, with the 

considered transition metal ions. 

 
O

Mn+

S
H

O

 

 

 The case of 2,3-dimercaptopropanol (DMP, Figure 3.11) is quite interesting when 

compared to that of our reference compound: all metal ions have the same general 

behavior observed for propanethiol, with the notable exception of Cu(II), whose data 

cluster ends up in a significantly different relative position in the principal component 

space. Besides the positive implication for the envisaged application of our detection 

method, the observation suggests that Cu(II) probably displays a different, atypical 

coordination behavior with the present hydroxo-dithia ligand, and also that it is the only 

metal ion to do so. Given the orientation of this project towards a practical application, 

we decided not to pursue this mechanistic aspect any further so that, at this point, we are 

not yet able to indicate what this coordination behavior might exactly involve. 

 The fourth thiol studied, methyl 2-acetamido-3-mercaptopropanoate (AMP), 

afforded by far the best metal separation of all the tested compounds. Due to the presence 

of many different ligand atoms (S,N,O) in its scaffold, correspondingly many metal 

binding modes are possible for this compound. We suppose that the versatility of this 

ligand and the very different coordination tendencies of the investigated metal ions result 
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in a highly variable and informative response, key to the observed excellent 

discrimination capabilities of this system. 

 Some general remarks can be also made by consideration of the thiol 

discrimination patterns obtained with different transition metal ions (Figures 3.14 and 

3.15). 

 As one would expect from the considerations on the metal discrimination patterns 

presented above, in the case of the two simpler aliphatic thiols (propanethiol, PT; 

3-mercaptopropionic acid, MPA) no discrimination was observed with all considered 

metal ions. On the other hand, all metal ions considered in this study are able to 

discriminate 2,3-dimercaptopropanol (DMP) and methyl 2-acetamido-3-mercapto-

propanoate (AMP) very clearly and completely both from one another and from the other 

three thiols (PT, NT, MPA). In addition to this, mercury(II) is the only metal ion able to 

effect the discrimination of naphthalenethiol (NT) from PT and MPA, thus giving the 

best discrimination overall. 
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3.7 Summary and conclusion 

 In summary, the squaraine system in combination with methyl 2-acetamido-3-

mercaptopropanoate (AMP) afforded very good differentiation of all metal ions, as 

evidenced by the clearly separated clusters in Figure 3.12.  

 Differentiation between different thiols has also proven successful, with the 

system being able to discriminate 2,3-dimercaptopropanol (DMP) and methyl 2-

acetamido-3-mercaptopropanoate (AMP) both from one another and from the other three 

thiols (PT, NT, MPA) considered in this study. Unfortunately, however, none of the 

considered metal ions has been able to differentiate between propanethiol and 3-

mercaptopropionic acid. 

 We believe that the results presented thus far show how powerful a pattern-based 

recognition system can be, when used in combination with data-reducing chemometric 

tools. In the raw data collected for the presented cases, no trend is apparent, even to the 

trained eye. Chemical intuition and simple trend-based analysis would not have sufficed: 

the patterns obtained are too complex, the variable dependencies too convoluted. 

Principal component analysis (PCA) allowed us to simplify the data by reducing its 

dimensionality, thus making it easier to visualize and process. 

 Principal component analysis (PCA) shows that most of the variance (i.e. the 

information) contained in data of very high dimensionality can generally be concentrated 

in a handful of independent variables. In most common cases, and ours is no exception, 

the majority of the information is contained in the first two - three components. In some 

more fortunate cases, these components are amenable to an immediate chemical 

interpretation (say, charge state, or thiophilicity, or some other chemical property). 
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Unfortunately, this was not the case for our system: we could not find simple, realistic 

chemical properties that consistently correlated with the trends displayed by the principal 

components we obtained. However, we feel confident to say that this is no drawback: 

explanation of the experimental results on the basis of simple chemical variables is 

certainly most interesting and desirable, and would of course provide great insight into 

the intimate mechanism of our assays, but it is by no means a requisite for the practical 

success of the assay. The genuine strength of PCA lies in the fact that we were able to 

forgo complex and time consuming mechanistic considerations and directly jump to the 

practical application: it allowed us to extract useful information out of the data, even with 

little a priori knowledge of what this information would look like.   
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3.7. Experimental details for Chapter 3 

3.7.1 General 

1H and 13C NMR spectra were recorded on a Varian Unity Plus 300 MHz spectrometer 

in CDCl3. Chemical shifts are reported in parts per million (δ) downfield from 

tetramethylsilane (0 ppm) as the internal standard and coupling constants (J) are recorded 

in Hertz (Hz). The multiplicities in the 1H-NMR are reported as (br) broad, (s) singlet, (d) 

doublet, (dd) doublet of doublets, (ddd) doublet of doublet of doublets, (t) triplet, (sp) 

septet, (m) multiplet. All spectra are recorded at ambient temperatures. Single-cuvette 

fluorescence measurements were made using a Photon Technology International 

QuantaMaster spectrofluorimeter. 96-well plate fluorescence intensity data was gathered 

using a Biotek Synergy 2 Multi-detection Microplate Reader. Low and High-resolution 

mass spectra were measured with a Finnigan TSQ70 and VG Analytical ZAB2-E 

instruments, respectively. All chemicals and reagents were bought from Aldrich or Fluka 

and used without further purification. DMSO was degassed via displacement with N2 and 

dried over molecular sieves for at least 6 hours prior to use. Dilutions and aliquots were 

performed using FisherBrand Finnpipette micropipettes calibrated by mass. 

 

3.7.2 Bis[(N,N-dibutyl phenyl] squaraine (SQ) 3.12:  

Under a dry atmosphere of nitrogen, a mixture of squaric acid (2 g, 18 mmol, 1 eq.) and 

N,N-dibutylaniline (8 mL, 36 mmol, 2 eq.) were dissolved in a mixture of toluene (25 

mL) and 1-butanol (20 mL). The mixture was refluxed with azeotropic removal of water 

for 6-8 h. During this time period the solution turned an intense blue color. The solvent 

was removed under reduced pressure, and the dark blue oil was then subjected to column 
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chromatography on SiO2 using 60% ethyl acetate and hexanes and the blue band was 

collected. The solvent was immediately reduced to form a green solid. This residue was 

precipitated from dichloromethane with hexanes. The green solid was filtered and washed 

with pentane (100 mL). The filtrate was then refiltered and washed with hexanes (100 

mL) then diethyl ether (20 mL) and dried under high-vacuum overnight to give 1.8 mg of 

product (3.75 mmol, 30% yield). 1H-NMR (CHCl3-d, J / Hz, δ / ppm):  0.98 (t, 12H, 

CH3); 1.43 (m, 8H, CH2); 1.64 (m 8H, CH2), 3.43 (m, 8H, CH2), 6.70 (d, J = 9.2 Hz, 4H, 

ArH), 8.35 (d, J = 9.2 Hz, 4H, Ar); 13C-NMR (CHCl3-d), 75 MHz, δ / ppm): 13.9, 20.2, 

29.6, 51.2, 112.2, 119.6, 133.2, 153.4, 183.5, 187.7 HRMS (CI): m/z calcd for 

C32H44N2O2: 489.3482; found: 489.34755. 

 

3.7.3 Fluorescence Titrations of SQ in DMSO with thiol 

A stock solution of 3.12 (1.27 x 10-4
 M) was prepared by dissolving 3.12 (0.6 mg) 

in 10 mL 1:9 CH2Cl2/DMSO. This stock solution was then used to prepare a 2 x 10-6
 M 

solution of 3.12 using pure DMSO. A separate stock solution of propanethiol (2.87 x 10-2
 

M) and 1 eq. of Hunig’s base was also prepared in pure DMSO. This second solution was 

then used to prepare a 4 x 10-5
 M solution of propanethiol. A 2 mL aliquot of the 3.12 

squaraine solution was transferred to the fluorescence cuvette and the initial fluorescence 

was measured. The titration was performed by adding successive 10 μL aliquots of the 

propanethiol solution to the cuvette and recording the spectrum 5 minutes after each 

aliquot injection. 
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3.7.4 Fluorescence Titrations of SQ:thiol complex in DMSO with metals. 

A 2 x 10-6
 M solution of 3.12 was prepared in DMSO analogously to the previous 

method. A separate solution of 4 x 10-4
 M propanethiol and 1 eq Hunig’s base was also 

prepared. The palladium(II) nitrate stock solution was prepared by dissolving 6.7 mg of 

Pd(NO3)2·2H2O in 10 mL DMSO. This solution was then diluted to make a 4x10-5 M 

Pd(II) titrant solution. A 2 mL aliquot of the 3.12 squaraine solution was transferred to 

the fluorescence cuvette and the initial fluorescence was measured. Squaraine:thiol 

complex formation was achieved by adding 10 μL aliquot of thiol solution to the cuvette 

and decoloration was complete after 15 minutes. The titration was performed by 

administering successive 10 μL aliquots of the Pd(II) solution to the squaraine:thiol 

complex and spectra were recorded 5 minutes after each aliquot injection. 

 

3.7.5 96-well plate experiments 

All the experiments were carried out using three standard 96 well assay plates 

having 8 rows and 12 columns. First 5 rows of plates were loaded with 200 μL of 2x10-6 

M solution of squaraine in 1:9 CH2Cl2: DMSO. To rows 1-5 50 μL of 8x10-6 M thiol 

solutions 1 to 5 were added. The first 6 columns of the plate containing SQ:thiol 

complexes were then treated with 50 μL of 8x10-6 M solution of the first metal, whereas 

the last 6 columns were treated with 50 μL of 8x10-6 M solution of the second metal. This 

process was repeated with metals 3, 4 and 5. All of these analytes were added using 

micropipetting systems. The 96 well assay plate was then submitted to measurements of 

fluorescence intensity. The fluorophore solutions were excited using a tungsten light 
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source with a 645/15 bandwidth filter. The emitted radiation was selected using a 680/30 

bandwidth filter. 

 

3.7.6. Principal Component Analysis 

 Principal component analysis was performed using XLSTAT (version 2007.6) 

program to reduce the dimensionality of the data set. PCA is a multivariate projection 

method often used to reduce multidimensional data sets to lower dimensions for analysis. 

Method is designed to extract and display the systematic variation in a data matrix. PCA 

is the simplest and most useful of the true eigenvector-based multivariate analyses, 

because its operation is to reveal the internal structure of data in an unbiased way. 

Principal component analysis (PCA) involves a mathematical procedure that transforms a 

number of (possibly) correlated variables into a (smaller) number of uncorrelated 

variables called principal components. The first principal component accounts for as 

much of the variability in the data as possible, and each succeeding component accounts 

for as much of the remaining variability as possible. If a multivariate dataset is visualized 

as a set of coordinates in a high-dimensional data space (1 axis per variable), PCA 

supplies the user with a 2D picture, a shadow of this object when viewed from its most 

informative viewpoint. This dimensionally-reduced image of the data is the ordination 

diagram of the 1st two principal axes of the data, which when combined with metadata 

(such as absorbance, fluorescence, ellipticities etc.) can rapidly reveal the main factors 

underlying the structure of data.  
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Chapter 4:  Design and Synthesis of a 9,10-Diphenylethynylanthracene-

based Fluorescent/Chemiluminescent sensors 

4.1 Research Aim 

The objective of this research is to develop chemiluminescent synthetic receptors 

whose fluorescence is modulated by the presence of analytes. With that we intend to 

investigate a proof-of-principle study to develop a chemiluminescent assay to detect 

analytes utilizing two concepts: photoinduced electron transfer (PET) and chemically 

intiated electron exchange luminescence1 (CIEEL) found in peroxyoxalate 

chemiluminescence, POCL.2  

Chapter 1 discussed in detail types of chemical sensors and interactions which 

supramolecular chemists use to bind or detect a target analyte. One of the three methods  

discussed in Chapter 1 for designing chemosensors is employing the fluorophore-spacer- 

receptor concept, where the binding site and the signaling motif are both appended to the 

same molecule by a covalent bond.3 Once the analyte is bound to the receptor unit, it 

induces a change in the electronic properties of the signaling unit indicating the sensing 

of the target anion.  

 

analyte

 

 

 Glow 
Figure 4.1. Fluorophore-spacer-receptor design of a chemosensor 

No Glow 
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4.2 Sensor design criteria 

The designing of the luminescent sensor follows the same luminophore-spacer-

receptor format previously discussed in chapter one. For the sensor design, luminophores 

of choice are bis(phenylethynyl)anthracene, BPEA (4.1) and 9,10-diphenylanthracene, 

DPA (4.2). Compound 4.1 and 4.2 are found in commercial glow sticks, emitting blue 

and green light, respectively (Figure 4.2). These two compounds are the most efficient 

chemiluminescent compounds, known.  These fluorescent scaffolds can be derivatized in 

the 2, 3 and 4 position on the phenyl ring. The aim of this project is to incorporate 

different functional groups at positions 2,3 and 4, in the hope that these new receptors 

will bind various analytes, and the signaling motif will result from the chemiluminescent 

signal being either turned “on” or “off”.  

9,10-Bis(phenylethenyl anthracene- BPEA 9,10-Diphenyl anthracene (DPA

4.1 4.2  

Figure 4.2 Fluorophores BPEA and DPA 

 

It is well known that histidine can act as a Lewis base and coordinate to different 

metal ions through the lone pair on the nitrogen atom of the imidazole functionality.  

Alternatively, the metal ion can induce deprotonation of the hydrogen atom of the NH 

site on the imidazole ring.  Therefore, the approach was to incorporate histidine moieties 
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to the molecular scaffold of the receptor to facilitate binding with metal ions. The signal 

generation is effected both by photoinduced electron transfer (PET) and by chemically-

initiated electron exchange luminescence (CIEEL) typical of peroxyoxalate 

chemiluminescence (POCL). 

In this sensor design 4.3 (Scheme 4.2), fluorophore BPEA is connected to the 

receptor via an electron-conductive spacer, so that the receptor transfers electron to the 

fluorophore, causing quenching of the emission (PET). Binding of a target species (4.4) 

changes the redox potential of the receptor so that the electron transfer is no longer 

energetically feasible, and the excited state energy of the flourophore is therefore free to 

emit its characteristic fluorescence.  

The goal is to couple this process with CIEEL pathway to induce peroxyoxalate 

chemiluminescence to produce a chemiluminescent “glow” signal and also for the proof 

of principle study. Many chemiluminescent reactions use an external luminophore, this 

approach will incorporate a luminophore directly into the scaffold of the sensor, thus 

eliminaings the need of an external fluorophore for chemiluminescence. The need of an 

external quencher is also eliminated by having PET quenching nitrogen incorporated in 

the receptor site. 
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Scheme 4.2 Sensor design 

 

 
4.2.1 Molecular orbital description of the chemiluminescence process 

As described in Chapter 2, peroxyoxalate chemiluminescence follows the 

chemically initiated electron exchange luminescence (CIEEL) mechanism via the high-

energy intermediate 1,2-dioxetane-3,4-dione (Scheme 4.3).4 This dioxetanedione then 

forms a charge complex with the fluorophore whereby the latter donates one electron to 

the intermediate: this process produces a radical cation - radical anion pair.5,6,7 The 

dioxetanedionyl radical anion fragments to carbon dioxide and carbon dioxide radical 

anion. The electron is transferred back to the fluorophore radical cation from the carbon 

dioxide radical anion, and when the process is complete the fluorophore is left in its 

singlet excited state. The relaxation of this excited state subsequently yields the observed 

fluorescence emission, whose characteristics are highly dependent on the fluorophore. 

 

 100



O O

O O
BPEA

O O

O OBPEA BPEA CO2 BPEA* CO2

h ν

radical 
cation

radical
anion

electron transfer back electron
transfer

Excited fluorophore
emits light as CL

4.1

 

Scheme 4.3 CIEEL mechanism 

4.2.3 Quenching of chemiluminescence due to PET in the presence of CIEEL 

 

In the above scenario, CL takes place as predicted since there is no way of 

quenching the fluorescence of the fluorophore., However, a PET process in the free 

receptor is able to quench this emission, in the proposed design. It is anticipated that in 

the metal free receptor (4.3), the free electrons of the nitrogen atoms in the receptor arms 

are readily available for the quenching of the fluorophore with a PET mechanism,( 

scheme 4.4). Therrby turning off the chemiluminescence signal,. This is illustrated using 

molecular orbital diagram shown in Scheme 4.4. In the CIEEL pathway of the POCL 

reaction, once the fluorophore and the dioxetanedione form the charge-transfer complex, 

there is a possibility that one of the free electrons of the nitrogen atoms in the fluorophore 
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can transfer an electron to the fluorophore radical cation, since this is energetically 

permissible. This electron transfer quenches the fluorophore excited state, not allowing 

the CIEEL pathway to continue and thus chemiluminescence does not take place. 

HN NH

H2N N
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Scheme 4.4 Quenching of fluorescence due to PET. 

 

4.2.4 Revival of chemiluminescence in the metalated state of the receptor. 

 When the metal ion is introduced to the receptor we envision that lone electron 

pairs of the nitrogen atoms in the amine and imidazole moieties would participate in the 

coordination of the metal ion (4.4, Scheme 4.5). This would prevent photoinduced 



electron transfer from occurring and eliminate PET quenching. In the metalated state of 

the receptor, the energy levels are modified in such a way that electron transfer between 

the lone pair orbitals and the excited fluorophore is no longer possible. As a result when 

we introduce the chemiluminescence reagents to the metalated fluorophore, CIEEL 

should occur as expected and we should be able to observe the characteristic emission. 
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Scheme 4.5 CIEEL mechanism takes place in the metalated state. 
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4. 3 Results and Discussion 

4.3.1 First Approach to synthesis of BPEA sensor 

The synthetic approach to obtain the target receptor 4.3 (Scheme 4.6), was challenging 

and various attempts were made and will be discussed in the following sections. The 

synthetic strategy was to obtain bis-amine 4.5 and coupling compound 4.5 with histidine 

(N-protected with 9-fluorenylmethyloxycarbonyl (Fmoc) and triphenylmethyl (Tr) 

groups) using standard peptide coupling techniques would lead to compound 

4.3

NH2H2N

HOBT, TBTU

NMM, DMF, 4h, rt
           51%

+

HN NH

N N
O

N

N

N

N

OFmoc

H

Tr

H

Fmoc

Tr

4.5

CO2H

N
H

Fmoc

N

N

Tr

4.3  

Scheme 4.6 Coupling of bis amine with protected histidine. 

 

4.3.1.1 First attempt to synthesize the diamine derivative 4.5  

Trimethylsilylethynyl anthracene derivative 4.7 was first synthesized from 

dibromoanthracene 4.6 and trimethylsilylacetylene using the Sonogashira reaction 

(Scheme 4.7).8 Elimination of the trimethylsilyl group was effected with sodium 

hydroxide in diethyl ether to obtain bisethynylanthracene 4.8. Attempt to obtain 

bisphenylethynyl derivative 4.10 from 4.8 and Boc-protected 2-bromobenzylamine 4.9 

under Sonogashira conditions could not be accomplished. Similarly the coupling of 4.9 

with trimethylsilylacetylene under the same condition was a failure. 
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Scheme 4.7 First approach towards synthesis of bis amine. 

 

4.3.1.2 Second attempt to synthesize diamine derivative of BPEA 4.5 
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Since the use of an aryl bromide didn’t lead to the desired compound, the 

synthetic approach was changed by utilizing a more reactive iodine derivative in the 

Sonogashira coupling. As anticipated, the coupling between 2-iodobenzyl alcohol 4.12 

and trimethylsilylacetylene led successfully to product 4.13 in very good yield (91%) 

(Scheme 4.8). Removal of the TMS group resulted in 4.14. The hydroxymethyl derivative 

of BPEA 4.15 was then obtained in good yield (88%) again using the Sonogashira 

reaction between 4.14 and dibromoanthracene. The bis-hydroxy derivative 4.15 was 

converted to the bis-azide derivative 4.16 with diphenylphosphoryl azide in toluene 

(71%). Unfortunately, we did not succeed in reducing the bis-azide 4.16 with 

triphenylphosphine to give di amine 4.5.  
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Scheme 4.8. Second attempt towards synthesis of bisamine derivative of BPEA. 

 

4.3.1.3 Third attempt to synthesize diamine derivative of BPEA 4.5 

2-Iodobenzyl alcohol 4.12 was converted to the corresponding azide 4.17 with 

diphenylphosphoryl azide in 86% yield (Scheme 4.9). Staudinger reduction of azide 4.17 

using Ph3P was successfully carried out to obtain 2-iodobenzylamine 4.18 (82%). Boc 

protection of amine 4.18 resulted in 4.19. Sonogashira coupling of 4.19 with 

trimethylsilylacetylene gave 4.20 in 73% yield. Removal of the TMS group resulted in 

compound 4.21, which was then coupled with dibromoanthracene 4.6 to obtain the Boc-

protected amine derivative of BPEA 4.10 in 64% yield. However, an attempt to remove 

the Boc groups from 4.10 with trifloroacetic acid to obtain 4.5 was not successful. We 
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suppose that, once the Boc group is removed, the resulting amine could attack the triple 

bond to produce a cyclic compound such as 4.22 (Scheme 4.9) in acidic medium. It has 

shown in the literature similar reactions proceed smoothly to give the cyclized products.9 

Thus, trimethylsilyl iodide was employed to remove the Boc groups to give bisamine 4.5 

in 72% yield.10 
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Scheme 4.9. Third attempt towards synthesis of bisamine derivative of BPEA. 
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4.3.1.4 Synthesis of BPEA-based chemosensor 4.3 

The amide coupling step was completed using 1-hydroxybenzotriazole 4.23 

(HOBT), 2-(1H-benzotriazole-1-yl-)1,1,3,3-tetramethyluronium tetrafluoroborate 4.24 

(TBTU), and N-methylmorpholine (NMM) (Scheme 4.10).11 The mechanism involves 

deprotonation of the amino acid with NMM, followed by TBTU-promoted ester 

formation with HOBT. This activated ester facilitates rapid coupling with an amine of 

interest.  
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Scheme 4.10 Key steps of HOBT, TBTU promoted amide bond formation. 
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Diamine derivative 4.5 was coupled with Fmoc and trityl protected histidine 4.25 

using the above mentioned reagents to give 4.26 (Scheme 4.11). The Fmoc group was 

removed using piperidine to give 4.27. Unfortunately, attempts to remove the trityl 

groups with TFA and isolate 4.3 failed several times. 
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Scheme 4.11 Final steps of synthesis of BPEA-based chemosensor. 

 

4.3.2 Towards a synthesis of dipheyl anthracene (DPA)-based chemosensor. 

As the synthesis of the desired BPEA-based chemosensor failed at the final step, 

we decided to move on to the synthesis of diphenylanthracene-based chemiluminescent 

sensors. We suspect that the ethynyl groups in BPEA might have been at least partially 

responsible for some of the side reactivity that made the synthesis of a BPEA-based 

sensor so challenging, and that led to its ultimate failure. Diphenylanthracene, on the 
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other hand, does not contain any additional chemically reactive moiety that could 

interfere with our proposed synthetic scheme.  

In order to prepare the desired DPA derivatives, 9,10-dibromoanthracene 4.6 was 

treated with phenylboronic acid 4.28 in the presence of a palladium(0) catalyst, Pd(PPh3) 

7 mol% in a THF-aqueous basic reaction medium to deliver the bis-hydroxymetyl 

derivative 4.29 in 88% yield(Scheme 4.12) through a Suzuki reaction.12 Dialcohol 4.29 

was reacted with diphenylphosphorylazide in toluene to form diazide derivative 4.30. The 

diazide was reduced with triphenylphosphine to give the diamine derivative 4.31. HOBT, 

TBTU assisted coupling of 4.31 with Fmoc and trityl protected histidine 4.25 yielded 

coupling product 4.32 (52%). Removal of the Fmoc groups with piperidine afforded 4.33. 

Once again, unfortunately all attempts to remove the trityl group and isolate the product 

4.34 met with failure. 
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Scheme 4.12 Synthesis of DPA-based chemosensor. 
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4.4 Conclusion 

Several synthetic efforts have been made in order to synthesize phenylanthracene-

based luminescent chemosensors. Most of the synthetic steps could be carried out 

successfully except the very last step, which was of course very disappointing. Both in 

the case of the BPEA and of the DPA based designs, removal of the trityl groups with 

trifloroacetic acid was not successfu.  This has to be further investigated, which would be 

the very next step of this project. Once a successful synthesis is achieved, a study for the 

detection of metal ions using both photoinduced electron transfer and peroxyoxalate 

chemiluminescence can be envisaged. 

 

 
4.5. Experimental details for Chapter 4 

4.5.1 General 

1H and 13C NMR spectra were recorded on a Varian Unity Plus 300 MHz spectrometer in 

CHCl3-d.  Chemical shifts are reported in parts per million (δ) downfield from 

tetramethylsilane (0 ppm) as the internal standard and coupling constants (J) are recorded 

in Hertz (Hz).  The multiplicities in the 1H NMR are reported as (br) broad, (s) singlet, 

(d) doublet, (dd) doublet of doublets, (ddd) doublet of doublet of doublets, (t) triplet, (sp) 

septet, (m) multiplet.  All spectra are recorded at ambient temperatures.  Low and High-

resolution mass spectra were measured with a Finnigan TSQ70 and VG Analytical 

ZAB2-E instruments, respectively. All chemicals and reagents were bought from Aldrich 

or Fluka and used without further purification.  Analytical TLC was performed on 

precoated silica gel 60 F-254 plates. Flash chromatography was performed on EM 

science silica gel 60 with 230-400 mesh. 
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9,10-Bis-trimethylsilanylethynyl-anthracene (4.7)  

Trimethylsilylacetylene (2.54 mL, 18 mmol), palladium(tetrakis)triphenylphosphine 

(0.125 g, 0.48 mmol), and CuI (0.094 g, 0.48 mmol) were successively added to a 

solution of 4.6 (2.02 g, 6 mmol) in triethylamine (80 mL). After being refluxed under 

argon atmosphere for 5 h the mixture was filtered through a pad of celite, then the filtrate 

was condensed into solid masses by evaporation. The residue was purified by flash 

chromatography [hexane-benzene (1:1)] to afford 4.7 (1.95 g, 88%) as a yellow powder.  

1H NMR (250 MHz, CDCl3,: δ 0.08 (s, 9H), 7.39 (m, 2H), 7.91,(m, 2H),   

13C NMR (62 MHz, CDC13) δ -1.0, 78, 85, 119.7, 125.3,128.1, 135.0. 

Mass calcd. 371.7. Mass low res. 371 

 

9,10-Dieththynyl-anthracene (4.8) 

To a solution of 9,10-bis-trimethylsilanylethynyl-anthracene 4.7, (1.95 g, 5.25 mmol) in 

methanol (200 mL) and ether (200 mL), NaOH (100 mL, 1M) charged. After hydrolysis 

at rt for 4 h, diethyl ether (100 mL) was added. Organic layer was washed with water, 

saturated NaCl, dried over MgSO4 and concentrated. The residue was purified by flash 

chromatography [25% EtOAc:hexane] to afford 4.8 (1.36 g, 85%). 

1H NMR (250 MHz, CDCl3,: δ 3.06 (s, 1H), 7.39 (m, 2H), 7.91,(m, 2H),   

13C NMR (62 MHz, CDC13) δ  78.3, 84.6, 119.7, 125.3,128.1, 135.0. 

Mass calcd. 226.7. Mass low res. 227. 
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(2-trimethylsilanylethynyl-phenyl)-methanol (4.13) 

Trimethylsilylacetylene (0.424 mL, 2 mmol), palladium(tetrakis)triphenylphosphine 

(0.07 g, 0.1 mmol), and CuI (0.038 mg, 0.2 mmol) were successively added to a solution 

of 4.12 (0.468 g, 2 mmol) in triethylamine (5 mL) at 0ºC. After being stirred at rt for 2 h 

the mixture was filtered through a pad of celite, then the filtrate was diluted with Et2O. 

The organic solution was successively washed with H2O and saturated aq. NaCl solution, 

dried over MgSO4, and concentrated. The residue was purified by flash chromatography 

[10% EtOAc:hexane]  to afford 4.13 (0.40 g, 95%) as a colorless oil. 

1H NMR (250 MHz, CDCl3,: δ 0.27 (s, 9H), 2.33 (t, J = 6.5 Hz, 1H), 4.81 (d, J = 6.5 Hz, 

2H), 7.23 (dt, J = 1.1, 7.4 Hz, 1H), 7.46, (dd, J = 1.1, 7.4 Hz, 1H) 

13C NMR (62 MHz, CDC13) δ  -1, 61.1, 78, 85, 121.1, 126.9, 128.4, 127.0, 132.3 

Mass calcd. 204.10. Mass low res. 204 

 

(2-Ethynyl-phenyl)-methanol (4.14) 

TBAF.3H2O (0.602 g, 1.90 mmol) was added to a solution of 4.13 (0.40 mg, 2 mmol) in 

THF (10 mL) at rt. After being stirred for 1h Et2O was added and the mixture was 

successively washed with H2O and saturated aq. NaCl solution, dried over MgSO4, and 

concentrated. The residue was purified by flash chromatography [20% EtOAc-hexane] to 

afford 4.14 (0.24 g, 95%) as a colorless solid. 

1H NMR (250 MHz, CDCl3,: δ 02.03 (s, 1H), 3.33 (s, 1H), 4.84 (s, 2H), 7.26 (m, 1H), 

7.36, (m, 1H), 7.45 (m, 1H), 7.51 (m, 1H). 

13C NMR (62 MHz, CDC13) δ  60.2, 78.4, 85.6, 120.1, 143.7, 127.9, 129.6, 128.0, 132.3 
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Mass calcd. 132.06. Mass low res. 132 

 

{2-[10-(2-Hydroxymethyl-phenylethynyl)-anthracen-9-ylethynyl]-phenyl}-methanol 

(4.15) 

4.14 (0.1890 mL, 1.4mmol), palladium(tetrakis)triphenylphosphine (0.042 g, 0.05 mmol), 

and CuI (0.022 mg, 0.12 mmol) were successively added to a solution of 

dibromoanthracene (0.2 g, 6 mmol) in triethylamine (15 mL) at rt. After being refluxed 

under argon atmosphere, mixture was filtered through a pad of celite, concentrated, and 

then the filtrate was diluted with Et2O. The organic solution was successively washed 

with H2O and saturated aq. NaCl solution, dried over MgSO4, and concentrated. The 

residue was purified by flash chromatography [40% EtOAc:hexane]  to afford 4.15 (0.23 

g, 88%) as a colorless solid. 

1H NMR (250 MHz, CDCl3,: δ 02.03 (s, 2H), 4.78 (s, 4H), 7.13 (m, 4H), 7.21 (m, 4H), 

7.38, (m, 4H), 7.92 (m, 4H),  

13C NMR (62 MHz, CDC13) δ  62.2,  90.5, 85.6, 119.4, 127.1, 128.7, 126.9, 144.6, 128.0, 

133.3, 121.1, 125.1, 126.9. 

Mass calcd. 438.16. Mass low res. 439. 

 

9,10-Bis-(2-azidomethyl-phenylethynyl)-anthracene (4.16) 

1,8-Diazabicyclo[5.4.0]-undec-7-ene (DBU) (0.04 mL, 0.27 mmol) was added to a 

solution of 4.15 (0.05 g, 0.113 mmol), (PhO)2P(O)N3 (0.66 mL, 0.27 mmol) in toluene 

(5mL) at room temperature, then stirred for 12 h. 3N HCl (10 mL) was added to the 

mixture which was then extracted with Et2O. The combined organic solution was 
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successively washed with H2O and saturated aq. NaCl solution, dried over MgSO4, and 

concentrated. The residue was purified by flash chromatography [20% EtOAc:hexane] to 

afford 4.16 (0.014 g, 61%) as a colorless solid. 

1H NMR (250 MHz, CDCl3,: δ 2.7 (s, 4H), 7.24 (m, 1H), 7.33 (m, 1H), 7.81 (m, 1H), 

7.41 (m, 1H). 

13C NMR (62 MHz, CDC13) δ  50.1, 90.1, 84.4, 120.4, 125.5, 129.6, 126.9, 143.6, 128.1, 

133.3, 121.1, 125.1, 126.9. 

Mass calcd. 488.14. Mass low res. 489. 

 

1-Azidomethyl-2-iodo-benzene (4.17) 

1,8-Diazabicyclo[5.4.0]-undec-7-ene (DBU) (0.96 mL, 6.35 mmol) was added to a 

solution of 2-iodobenzyl alcohol (1.17 g, 5 mmol), (PhO)2P(O)N3 (3.30 mL, 6 mmol) in 

toluene (10mL) at room temperature, then stirred for 1 h. 3N HCl (10 mL) was added to 

the mixture which was then extracted with Et2O (2×20 mL). The combined organic 

solution was successively washed with H2O and saturated aq. NaCl solution, dried over 

MgSO4, and concentrated. The residue was purified by flash chromatography [hexane-

AcOEt (19:1)] to afford 8 (1.11 g, 86%) as a colorless oil. 

1H NMR (250 MHz, CDCl3,: δ 4.43 (s, 2H), 6.97-7.02 (m, 1H), 7.35-7.36 (d, J = 7.0Hz, 

2H), 7.84-7.87 (d, J = 8 Hz, 1H) 

13C NMR (62 MHz, CDC13) δ 58.9, 98.9, 128.5, 129.3, 129.8, 138.0, 139.6 

Mass calcd. 258.96. Mass low res. 259 
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2-Iodo-benzylamine (4.18) 

Triphenylphosphine (1.35 g, 5.14 mmol) was added to a solution of 4.17 (1.11 g, 4.28 

mmol) in THF (15 mL) at 0ºC and the mixture was stirred at room temperature. After 16 

h, aq. NH3 solution (5 mL) was added and stirred for 3 h. Then 3N aq. NaOH solution (10 

mL) was added. After being stirred the mixture for 1h, it was neutralized with 3N HCl 

(10 mL) and the aqueous solution was extracted with Et2O. The organic solution was 

washed successively with H2O and saturated aq. NaCl solution, dried over MgSO4, and 

concentrated in vacuo. The residue was purified by flash chromatography [saturated 

NH3/MeOH-CH2Cl2 (1:19)] to afford 4.18 (0.80 g, 82%) as a colorless oil. 

1H NMR (250 MHz, CDC13): δ 1.62 (s, 2H), 3.81 (s, 2H), 6.86-6.93, (m, 1H), 7.31-7.79 

(m, 3H) 

13C NMR (62 MHz, CDC13): δ 51.2, 98.8, 128.2, 128.4, 131.7, 139.3, 144.9 

Mass calcd. 233.97. Mass low res. 232. 

 

(2-Iodo-benzyl)-carbamic acid tert-butyl ester (4.19) 

Di-tert-butyl dicarbonate (0.55 g, 2.5 mmol) was added to a solution of 4.18 (0.75 g, 3.21 

mmol) in THF (10 mL) at 0ºC and being stirred at rt for 2 h. the reaction mixture was 

extracted with Et2O. The combined organic solution was successively washed with H2O 

and saturated aq. NaCl solution, dried over MgSO4, and concentrated. The residue was 

purified by flash chromatography [hexane-AcOEt (6:1)] to afford 10 (0.60 g, 89%) as a 

viscous colorless oil. 
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1H NMR (250 MHz, CDC13: δ 1.42 (s, 9H), 4.23-4.31 (m, 2H), 5.00 (1H, s), 6.94, (s, 

1H), 7.23-7.32 (m, 2H), 7.77-7.80 (m, 1H) 

13C NMR (62 MHz, CDC13): δ 28.7, 44.6, 70.6, 95.9, 127.2, 128.1, 128.7, 137.2, 151.3, 

157.8. 

Mass calcd. 333.02. Mass low res. 333. 

 

(2-Trimethylsilylethynyl-benzyl)-carbamic acid tert-butyl ester (4.20) 

Trimethylsilylacetylene (2.02 mL, 14.3 mmol), palladium(tetrakis)triphenylphosphine 

(25 mg, 0.324 mmol), and CuI (12 mg, 0.65 mmol) were successively added to a solution 

of 4.19 (2.18 g, 6.4 mmol) in triethylamine (20 mL) at 0ºC. After being stirred at rt for 2 

h the mixture was filtered through a pad of celite, then the filtrate was diluted with Et2O. 

The organic solution was successively washed with H2O and saturated aq. NaCl solution, 

dried over MgSO4, and concentrated. The residue was purified by flash chromatography 

[hexane-AcOEt (4:1)] to afford 4.20 (1.43 g, 73%) as a viscous colorless oil. 

1H NMR (250 MHz, CDC13: δ 0.24 (s, 9H), 1.42 (s, 9H), 4.41-4.43, (m, 2H), 5.08, (s, 

1H), 7.14-7.44 (m, 4H) 

13C NMR (62 MHz, CDC13): δ -0.2, 28.2, 43.2, 99.3, 102.7, 121.8, 126.9, 128.7, 132.3, 

140.9, 155.6 

Mass calcd. 303.47. Mass low res. 303. 

 

(2-Ethynyl-benzyl)carbamic acid tert-butyl ester (4.21) 

TBAF.3H2O (1.48 g, 4.71 mmol) was added to a solution of 7 (1.43 mg, 4.71 mmol) in 

THF (30 mL) at rt. After being stirred for 1h Et2O was added and the mixture was 
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successively washed with H2O and saturated aq. NaCl solution, dried over MgSO4, and 

concentrated. The residue was purified by flash chromatography [hexane-AcOEt (4:1)] to 

afford 4.21 (0.97 g, 90%) as a colorless solid. 

1H NMR (250 MHz, CDC13: δ 1.38 (s, 9H), 3.28, (s, 1H), 4.39-4.41 (m, 2H), 5.19, (s, 

1H), 7.10-7.42 (m, 4H) 

13C NMR (62 MHz, CDC13): δ 28.2, 43.0, 81.8, 120.8, 127.0, 127.8, 129.0, 132.7, 155.6 

Mass calcd. 231.29. Mass low res. 231. 

 

(2-{10-[2-(tert-Butoxycarbonylamino-methyl)-phenylethynyl]-anthracen-9-

ylethynyl}-benzyl)-carbamic acid tert-butyl ester (4.10) 

Compound 4.21 (1.97 g, 6.5 mmol), PdCl2(PPh3)2 (19 mg, 0.27 mmol), CuI (10 mg, 0.54 

mmol) were successively added to a solution of 9,10-dibromoanthracene (0.91 g, 2.7 

mmol) in triethylamine (110 mL) at rt. Then being refluxed for 15 h the mixture was 

filtered through a pad of celite, then the filtrate was diluted with Et2O. The organic 

solution was successively washed with H2O and saturated aq. NaCl solution, dried over 

MgSO4, and concentrated. The residue was purified by flash chromatography [hexane-

AcOEt (4:1)] to afford 4.10 (1.07 g, 64%) as a bright yellow solid. 

1H NMR (250 MHz, CDC13: δ 1.42, (s, 18H), 4.76 (m, 4H), 5.08 (m, 2H), 7.38-7.67 (m, 

12H), 8.63 (m, 4H) 

13C NMR (62 MHz, CDC13): δ 28.2, 43.6, 90.9, 99.9, 118.3, 122.1, 126.9, 127.3, 129.0, 

131.9, 132.5, 140.2, 155.7 

Mass calcd. 636.78. Mass low res. 636. 
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2-[10-(2-aminomethyl-phenylethynyl)-anthracen-9-ylethynyl]-benzylamine (4.5). 

To a solution of boc-protected compound 12 (0.1 g, 0.16 mmol) in CHCl3 (1 mL) was 

added trimethylsilyl iodide (54 μl, 0.38 mmol) at rt, after stirring for 1 h methanol (2 mL) 

was added. After stirring reaction mixture at rt for another 5 min, volatile components 

were evaporated in vacuo. The residue was dissolved in Et2O (2 mL) and 30% acetic acid 

(2 mL). Aqueous layer was separated and treated with 3M NaOH and extracted with 

Et2O. The organic solution was successively washed with H2O and saturated aq. NaCl 

solution, dried over MgSO4 concentrated and dried in vacuo to obtain 4.5 (51 mg, 75%) 

as an orange solid. 

1H NMR (250 MHz, CDC13: δ 1.81(s, 4H), 4.28 (s, 4H), 7.34-7.46 (m, 6H), 7.62-7.66 

(m, 4H), 7.77-7.80 (m, 2H), 8.65-8.69 (m, 4H)  

13C NMR (62 MHz, CDC13): δ45.6, 90.6, 100.3, 118.4, 121.8, 126.8, 126.9, 127.3, 129.0, 

131.9, 132.6, 144.8 

Mass calcd. 436.55. Mass low res. 436. 

 

[1-{2-[10-(-{[2-(9H-Fluoren-9-ylmethoxycarbonylamino)-3-(1-methyl-1H-imidazol-

4-yl)-propionylamino]-methyl}-phenylethynyl)-anthracen-9-ylethynyl]-

benzylcarbamoyl}-2-(1-methyl-1H-imidazol-4-yl)-ethyl]-carbamic acid 9H-fluoren-

9-ylmethyl ester (4.26) 

To a stirred solution of HOBT (27 mg, 0.05 mmol), TBTU (64 g, 0.2 mmol), 4-methyl-

morpholine 4-oxide (88 μl, 0.8 mmol) and FmocHis(trt)OH (81 mg, 0.13 mmol) in DMF 

(1 mL) added compound 4.25 (218 mg, 0.05 mmol) at rt. After being stirred at rt for 4 h 
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volatile components were removed in vacuo. Residue was dissolved in H2O (5 mL) and 

CH2Cl2 (5 mL) and filtered through a pad of celite. The organic solution was successively 

washed with H2O, saturated Na2CO3 solution, 1N HCl solution and saturated aq. NaCl 

solution, dried over MgSO4, and concentrated. The residue was purified by flash 

chromatography [Methanol-CH2Cl2 (1:20)] to afford 4.26 (0.13 g, 61%) as a brown solid. 

1H NMR (250 MHz, CDC13: δ 3.05 (s, 4H), 4.05 (s, 2H), 4.22 (s, 4H), 4.60 (s, 2H), 4. 91 

(s, 4H), 6.62 (s, 2H), 6.96 (s, 2H), 7.10-7.74 (m, 58H), 7.97 (m, 2H), 8.56-8.60 (m, 4H) 

13C NMR (62 MHz, CDC13): δ 30.5, 31.2, 36.3, 38.4, 42.1, 46.9, 53.3, 55.1, 66.9, 75.1, 

91.2, 99.9, 118.2, 119.4, 119.4, 119.8, 121.9, 124.9, 125.0, 126.7, 126.8, 126.9, 127.1, 

127.2, 127.4, 127.6, 127.8, 129.0, 129.5, 131.8, 132.5, 136.6, 138.1, 139.5, 141.0, 142.0, 

143.6, 143.6, 171.4. 

Mass calcd. 1639.93 Mass low res 1639. 

 

2-amino-N-{2-[10-(2-{[2-amino-3-(1-trityl-1H-imidazol-4-yl)-propionylamino]-

methyl}-phenylethylnyl)-anthracen-9-ylehtynyl]-benzyl}-3-(1-trityl-1H-imidazol-4-

yl)-propionamide (4.27) 

To a solution of 4.26 (0.13 g, 0.08 mmol) in DMF (1 mL) was added piperidine (0.2 mL) 

and let stir for 30 min at rt. The volatile components were removed in vacuo. The residue 

was purified by flash chromatography [methanol-CH2CL2 (1:20)] to afford 4.27 (17 mg, 

45%) as a brown color solid. 

1H NMR (250 MHz, CDC13: δ 1.69 (s, 4H), 2.56 (m, 4H), 3.06 (m, 4H), 4.04 (s, 2H), 

4.91 (s, 4H), 6.58 (s, 2H), 7.06-07.7 (m, 40H), 48.20 (s, 2H), 8.62 (m, 4H) 
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13C NMR (62 MHz CDC13): δ 32.7, 36.5, 42.0, 55.4, 75.1, 90.9, 99.9, 119.3, 122.1, 

126.9, 127.2, 127.8, 129.5, 131.9, 132.5, 137.6, 138.2, 138.6, 139.7, 142.0 

Mass calcd. 1195.45 Mass low res. 1196 

 

{3-[10-(3-Hydroxymethyl-phenyl)-anthracen-9-yl]-phenyl}-methanol (4.29) 

Dibromoanthracene (0.336 g, 1 mmol), and Pd(PPh3)4 (0.12 g, 4 mmol) were successively 

added to a solution of phenylboronic acid 4.28 (0.60 g, 4 mmol) in 1:1 mixture of toluene 

and THD (64 mL) at rt. To this added Na2CO3 (0.12 g, 1.16 mmol) in deionized water 

(10 mL). After being refluxed at 80 ºC for 18 h, the mixture was filtered through a pad of 

celite, concentrated, and then the filtrate was diluted with Et2O. The organic solution was 

successively washed with H2O and saturated aq. NaCl solution, dried over MgSO4, and 

concentrated. The residue was purified by flash chromatography [40% EtOAc-hexane] to 

afford 4.29 (0.253 g, 65%) as a colorless solid. 

1H NMR (250 MHz, CDC13: δ1.6 (s, 2H), 4.63 (s, 4H), 7.12 (m, 2H), 7.26 (m, 2H), 7.38 

(m, 4H), 7.42 (m, 4H), 7.94 (m, 4H) 

13C NMR (62 MHz CDC13): δ 64.0, 122.4, 124.0, 125.7, 126.6, 127.8, 128.7, 129.4, 

132.0, 135.8, 138.1, 139.0, 140.0 

Mass calc. 390.16, Low res mass: 390 

 

9,10-Bis-(3-azidomethyl-phenyl)-anthracene (4.30) 

1,8-Diazabicyclo[5.4.0]-undec-7-ene (DBU) (0.365 mL, 2.4 mmol) was added to a 

solution of 4.29 (0.39 g, 1 mmol), (PhO)2P(O)N3 (0.6 mL, 2.4 mmol) in toluene (10mL) 

at room temperature, then stirred for 12 h at rt. 3N HCl (10 mL) was added to the mixture 
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and stirred for 1 hr, which was then extracted with Et2O. The combined organic solution 

was successively washed with H2O and saturated aq. NaCl solution, dried over MgSO4, 

and concentrated. The residue was purified by flash chromatography [10% 

EtOAc:hexane] to afford 4.30 (0.312 g, 71%) as a colorless solid. 

1H NMR (250 MHz, CDC13: δ 4.48 (s, 4H), 7.3 (m,4H), 7.4 (m, 2H), 7.5 (m, 2H), 7.6 (m, 

4H)  

13C NMR (62 MHz CDC13): δ 54.9, 125.5, 127.03, 127.6, 129.2, 130.0, 131.3, 131.5, 

135.8, 136.7, 139.8 

Calc. Mass 440.17, Mass low res. 440. 

 

3-{10’(3-Aminomethyl-phenyl)-anthracen-9-yl}benzylamine 4.31 

Triphenylphosphine (0.573 g, 1.9 mmol) was added to a solution of 4.17 (0.3205 g, 0.72 

mmol) in THF (15 mL) at 0ºC and the mixture was stirred at room temperature. After 16 

h, aq. NH3 solution (5 mL) was added and stirred for 3 h. Then 3N aq. NaOH solution (10 

mL) was added. After being stirred the mixture for 1h, it was neutralized with 3N HCl 

(10 mL) and the aqueous solution was extracted with Et2O. The organic solution was 

washed successively with H2O and saturated aq. NaCl solution, dried over MgSO4, and 

concentrated in vacuo. The residue was purified by flash chromatography [5% saturated 

NH3/MeOH-CH2Cl2] to afford 4.31 (0.80 g, 82%) as a colorless solid. 

1H NMR (250 MHz, CDC13: δ 1.63 (s, 4H, br), 3.92 (s, 4H), 7.13 (m, 2H), 7.25 (m, 2H), 

7.33 (m, 4H), 7.49 (m, 4H), 7.61 (m, 4H) 

13C NMR (62 MHz CDC13): δ 46.8, 120.4, 123.7, 125.8, 126.6, 127.9, 128.8, 130.4, 

137.3, 139.5, 140.3.1, 143.7 



 124

Mass calc. 388.50, Low res mass: 388 

 

[1-{3-[10-(3-{[2-(9H-Fluoren-9-ylmethoxycarbonoylamino)-(1-trityl-1H-imidazole-4-

yl)-propionylamino]-methyl}-phenyl)-anthracen-9-yl]-benzylcarbamoyl}-2-(1-trityl-

1H-imidazol-4-yl)-ethyl]-carbamic acid 9H-fluoren-9-ylmethyl ester (4.32) 

To a stirred solution of HOBT (89 mg, 0.584 mmol), TBTU (187 g, 0.584 mmol), 4-

methyl-morpholine 4-oxide (230 μl, 2 mmol) and FmocHis(trt)OH (235 mg, 0.34 mmol) 

in DMF (5 mL) added compound 4.31 (56.9 mg, 0.146 mmol) at rt. After being stirred at 

rt for 4 h volatile components were removed in vacuo. Residue was dissolved in H2O (5 

mL) and CH2Cl2 (5 mL) and filtered through a pad of celite. The organic solution was 

successively washed with H2O, saturated Na2CO3 solution, 1N HCl solution and 

saturated aq. NaCl solution, dried over MgSO4, and concentrated. The residue was 

purified by flash chromatography [2% NH3/Methanol-CH2Cl2] to afford 4.32 (0.13 g, 

61%) as a brown solid. 

13C NMR (62 MHz CDC13): δ 29.9, 47.3, 53.7, 66.9, 74.2, 118.3, 122.1, 125.4, 126.0, 

127.3, 127.9, 128.3, 129.9, 141.4, 142.4, 156.6 

Mass calc. 1590, Mass low res. 1591 

 

2-amino-N-{3-[10-(3-{[2-amino-3-(1-trityl-1H-imidazol-4-yl)-propionylamino]-

methyl}-phenyl)-anthracen-9-yl]-benzyl}-3-(1-trityl-1H-imidazol-4-yl)-

propionamide (4.33) 

To a solution of 4.32 (94.8 mg, 0.05 mmol) in DMF (3 mL) was added piperidine (1 mL) 

and let stir for 30 min at rt. The volatile components were removed in vacuo. The residue 
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was purified by flash chromatography [methanol-CH2CL2 (1:20)] to afford 4.33 (17 mg, 

45%) as a brown color solid. 

13C NMR (62 MHz CDC13): δ 42.4, 47.4, 53.0, 82.7, 119.5, 119.7, 121.0, 125.4, 126.7, 

127.0, 127.1, 128.0, 129.7, 137.9, 140.1, 142.3, 146.6, 168.7 

Mass calcd. 1147, Mass low res. 1149 
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