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ABSTRACT 

METAL ION RELEASE AND SIGNALING IN MOLECULAR LOGIC 

GATE DESIGN 

Taha Bilal Uyar 

Ph.D. in Materials Science and Nanotechnology 

Supervisor: Engin Umut Akkaya 

October, 2016 

Mimicking the biological structures is one of the main goals of the natural sciences, 

because processes are well-organized in nature despite its amazing complexity.  On 

account of this, releasing metal ions at molecular level is a crucial topic owing to 

similar process in living organisms. In this thesis, we designed novel cage compounds 

for this purpose. Our novel cage molecule is activated with near-IR light while almost 

all of the cage compounds in the previous literature function in the UV region. 

Consequently, it is appropriate for using in biological systems. Release of zinc ions 

that has critical roles in human body successfully achieved by our novel compound in 

Part 2 of the thesis work. 

Molecular logic concept is one of the promising areas of chemistry. Today, electronic 

devices consists of silicon based circuits that process information by using binary 

logic. Molecular logic offers alternative for silicon based devices. Using molecules to 

process data is a promising idea in the fields from electronics to biotechnology. In part 

3, we proposed AND gate whose inputs are pH and glutathione while the response is 

singlet oxygen which can be used to destroy cancer cells. It is possible to process much 

complicated information by combining more than one logic gate. In first part of the 

thesis study, we designed modular molecular logic gates by cascading of three logic 

gates via metal ion signals. 

In the last part, a fluorescent chemosensor was proposed for dopamine molecule, 

which is crucial in a number of biological processes at the human body.  

Keywords: molecular logic gate, cage compounds, fluorescence, glutathione, 

photosensitizer, metal ion release, BODIPY, dopamine. 
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ÖZET 

METAL İYONU SALIMI ve MOLEKÜLER MANTIK 

DEVRELERİNDE SİNYALİZASYON  

Taha Bilal Uyar 

Malzeme Bilimi ve Nanoteknoloji, Doktora 

Tez Danışmanı: Engin Umut Akkaya 

Ekim, 2016 

Biyolojik yapıların taklit edilmesi doğa bilimlerinin temel hedeflerinden bir tanesidir 

çünkü doğanın inanılmaz karmaşık yapısına rağmen çok düzenli bir işleyişi vardır. 

Bundan dolayı, canlı sistemlerde de gerçekleşen metal iyonu salımının moleküler 

seviyede gerçekleştirilmesi çok önemli bir konudur. Bu tezde, biz de bu amaca yönelik 

yeni kafes bileşikler tasarladık. Literatürdeki hemen hemen tüm kafes bileşikleri UV 

bölgesinde çalışıyorken, bizim yeni tasarladığımız kafes molekülü yakın IR ışığıyla 

aktif hale geliyor. Bu sebeple de biyolojik sistemlerde kullanımı uygundur. 2. 

Bölümde, insan vücudunda kritik rollerde bulunan çinko iyonunun salımı bizim yeni 

molekülümüzle başarılı bir şekilde gerçekleştirildi.  

Moleküler mantık devreleri kimyanın gelecek vadeden alanlarından bir tanesidir. 

Günümüzde, elektronik cihazlar ikili sisteme göre işlem yapan silikon bazlı 

devrelerden oluşurlar. Moleküler mantık kapıları, fiziksel ve teknolojik bariyerlerden 

dolayı gelişiminin neredeyse sonuna gelmiş olan silikon bazlı cihazlara bir alternatif 

sunmaktadır. Elektronik alanından biyoteknolojiye kadar, bilgiyi işlemek için 

moleküllerin kullanılması ilham verici bir fikirdir. 3. Bölümde, pH ve glutatyon 

girdileriyle kanser hücrelerini yok etmek için kullanılan singlet oksijen üreten bir VE 

mantık kapısı tasarladık.  Birden fazla mantık kapısını birleştirerek çok daha karmaşık 

işlemler yapmak da mümkündür. Tezin ilk kısmında, üç tane mantık kapısını metal 

iyonu vasıtasıyla birleştirerek modüler bir moleküler mantık kapsısı tasarladık. 

Son kısımda ise insan vücudundaki birçok biyolojik olayda çok kritik öneme sahip 

olan dopamin molekülü için bir floresans kemosensör tasarlandı. 

Anahtar kelimeler: moleküler mantık kapısı, kafes bileşikler, floresans, glutatyon, ışık 

duyarlandırıcı, metal iyonu salımı, BODIPY, dopamin. 
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CHAPTER 1 

 

1. Introduction 

1.1. What is Supramolecular Chemistry? 

Jean-Marie Lehn won the Nobel Prize in 1987 for his work in young research area, 

which is called “supramolecular chemistry” [1]. He defined this area as the “chemistry 

of molecular assemblies and of the intermolecular bond” [2]. In addition, there are 

some other expressions such as “chemistry beyond the molecule”, “the chemistry of 

the non-covalent bond” and “non-molecular chemistry”. In the supramolecular 

chemistry, there are host and guest molecules that stand together by non-covalent 

interactions that is illustrated in the figure 1 below. 

 

Figure 1. Conformity of host and guest in supramolecular chemistry. 

The supramolecular chemistry is relatively young discipline and it has been studied 

since the late 1960s. However, it began with Emil Fischer almost a hundred years ago. 

He defined the term “lock and key principle” that explain structural fit of enzyme-

substrate long time ago [3]. Then, this ‘structural fit’ has been expressed with this 

model for long time. This concept is based on molecular recognition that an enzyme 

interact with only particular substrate. Almost in the same time with Fischer, Alfred 

Werner conducted his research in coordination chemistry, which stands on also non-

covalent interactions [4]. Then in 1937, Wolf described the “übermolecül” term for 

self-associated carboxylic acid structures by hydrogen bonding [5]. Watson and Crick 
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solved the double helix structure of DNA in 1953 [6]. In 1967, crown ethers were 

discovered incidentally by Charles Pederson [7]. First “supramolecular” term is used 

by Jean-Marie Lehn in the late 1970s: “Just as there is a field of molecular chemistry 

based on the covalent bond, there is a field of supramolecular chemistry, the chemistry 

of molecular assemblies and of the intermolecular bond”. 

 

Figure 2. Lock and key model for enzyme-substrate conformity. 

Supramolecular chemistry mainly includes two categories, which are host-guest 

chemistry and self-assembly. The type of structure is determined according to size and 

shape. In the host-guest chemistry, host molecules are remarkably bigger than guest 

molecules. In these model, guest molecules are surrounded by host molecules. In the 

self-assembly model, size of two molecules relatively close to each other [8]. In the 

nature, there are several examples for both host-guest and self-assembly models. For 

instance, enzymes and their substrates are example of host-guest complexes. A 

substrate binds to binding site of an enzyme. A binding site is a region that has proper 

size, geometry and chemical environment to interact to some specific molecule or ion. 

It is important concept in the especially in biochemistry. Another example for host-

guest interaction is the coordination chemistry. Metal ion is guest for the large ligands 

that especially macrocyclic compounds. The self-assembly model also has several 

examples from the nature. Non-covalent interaction, which is hydrogen bond between 

the chains of DNA is one of the most known examples of self-assembly structure. In 

the self-assembly structures, there is an equilibrium between two or more species that 

are building blocks of the main structure. The self-assembly process is usually 

spontaneous and reversible. 
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Supramolecular chemistry is used in wide range. Its application areas are catalysis [9], 

molecular recognition [10], molecular devices [11], light harvesting systems [12], 

solar cells [13], and molecular logic gates [14]. It is still growing and popularity of 

supramolecular chemistry is increasing rapidly every day.   

1.1.1. Basic Supramolecular Interactions 

Supramolecular chemistry is built by non-covalent interactions. Supramolecular 

structures are hold by these interactions, which are weaker than chemical bonds. The 

energy in a single bond of these interactions is between 2 kj mol-1 to 200 kj mol-1 but 

they are uncommonly has the energy greater than 100 kj mol-1. One of the most 

significant features of these weak interactions is being reversible, which plays a vital 

role in the existing of life. These supramolecular interactions are electrostatic 

interactions, hydrogen bonding, Van der Waals forces, π interactions and hydrophobic 

effect. 

 Electrostatic Interactions 

Electrostatic interactions based on attraction forces between positive and negative 

charges such as metal ions, polar molecules, etc. Electrostatic interactions split into 

three categories, which are (i) ion-ion interactions, (ii) ion-dipole interactions, and (iii) 

dipole-dipole interactions. Ion-ion interaction is the strongest one and it is called ionic 

bond, which is the one of the chemical bonds. It is non-directional interaction different 

from the other two electrostatic interactions. Ion-dipole interaction is stronger than 

dipole-dipole because ion has more charge than polar molecule, which has partial 

charge only. For example, NaCl solution has ion-dipole interaction that is between 

polar water molecule and sodium or chloride ions. Dipole-dipole interaction is found 

between two polar molecules and relatively weak interaction. The example for the 

dipole-dipole is interaction between acetone molecules. 
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Figure 3. Examples for different types of electrostatic interactions. 

 Hydrogen Bonding 

When hydrogen atom binds to electronegative atom with covalent bond, electron of 

hydrogen withdraw by this atom and hydrogen atom has strong partial positive charge 

anymore. In this situation, hydrogen atom which is positively charged interacts with 

other electron rich atoms and that is called hydrogen bonding. For hydrogen bonding, 

hydrogen atom must covalently connect to most electronegative atoms, which are 

fluorine, oxygen, and nitrogen. Hydrogen bonding is the strongest intermolecular 

interaction according to experimental results. For example, HF molecule has higher 

boiling point than HI molecule, although HI is much heavier. Hydrogen bonding is 

specific form of dipole-dipole interaction, but it is considerably stronger than others 

because positively charged hydrogen atom is so small that results much stronger 

interaction. In the nature, there are many examples for hydrogen bonding in vital part 

of biological systems. The interaction between the chains of DNA is the one of the 

most known example. There are two hydrogen bonds between adenine and thymine 

and three between guanine and cytosine and these hydrogen bonds hold the chains 

together. 

 

Figure 4. Hydrogen bonding in DNA. 
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 Van der Waals Forces 

Van der Waals forces are the common name of all of the intermolecular interactions 

that includes dipole-dipole, dipole-induced dipole, and induced dipole-induced dipole. 

A molecule which has even no permanent dipole can have instant dipole because of 

the non-homogeneous distribution of electrons of molecule. That instant dipole causes 

polarization of neighboring atoms or molecules and that is named London dispersion 

forces which is weakest intermolecular interaction. All of atoms or molecules have 

London dispersion forces which is also known as induced dipole-induced dipole 

interactions. Almost all of hydrocarbons are good example of the molecules which 

have no polarity so majority of hydrocarbon molecules have only London dispersion 

forces. 

 Π Interactions 

π interactions consist of three main group π- π interaction, cation- π interaction and 

anion- π interaction. The most known is π- π stacking interaction which is because of 

the interaction between p orbitals. π- π interaction divided into two types which are 

face-to-face and edge-to-face interactions. π stacking interactions of nucleobases 

contribute to stabilizing of DNA double helix structure. Another example is that 

organic compounds which have aromatic ring are dissolved better in benzene on 

account of π stacking interactions. Cation- π interactions are very strong as hydrogen 

bonding as, so it is used for sensing of some cations. Na ion-benzene interaction is 

example for this interaction. 

 

Figure 5.  Examples for π- π interactions types. 
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 Hydrophobic Effect 

Like dissolves like is simple rule in the general chemistry. Polar solvents dissolve in 

polar compounds and non-polar dissolves non-polar. Non-polar molecules aggregate 

in polar solvents owing to the desire of decreasing surface of touching area. 

Hydrophobic effect splits into two type with respect to energy; enthalpic and entropic 

hydrophobic effects. Hydrophobic effect is used in biochemistry to study some 

biological facts such as protein folding. 

1.2. Luminescence 

Mostly, particles are in their ground states at room temperatures. These particles 

absorb the energy when they are exposed to a radiation. A particle, which is absorbed 

photon is called excited. Emission of ultraviolet, visible or infrared photons from this 

excited particle is defined “luminescence”. In Latin, lumen means light and 

‘luminescenz’ was used for the first time by Eilhardt Wiedemann in 1888. There are 

many types of luminescence such as photoluminescence, electroluminescence, 

chemiluminescence, etc. Photoluminescence is a kind of luminescence and excitation 

occurs with light. Photoluminescence is composed of fluorescence and 

phosphorescence which are particular type of luminescence. There are many other de-

excitation (returning ground state) pathways for an excited molecule which are internal 

conversion, energy transfer, excimer formation, intersystem crossing, etc. (Figure 6) 

[15]. These processes are explained in following paragraph. 
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Figure 6. Energy releasing processes of an excited molecule. 

The Perrin-Jablonski diagram [16] uses to show absorption and de-excitation 

processes in simple way. S and T letters represent the singlet and triplet energy states. 

The difference between them is spin of the electron. Energy levels which are between 

the singlet or triplet energy states are vibrational levels. 

 

Figure 7. The Perrin-Jablonski diagram. 

The first process is absorption, which is the fastest process in the all of them. After the 

absorption process, the molecule is excited and there are several de-excitation ways to 
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ground state. Internal conversion is non-radiative vibrational relaxation between 

vibrational levels, which have same spin multiplicity. It is not efficient way for 

transition from S1 to S0 or T1 to T0, so probably fluorescence or phosphorescence can 

be observed in this situation. Fluorescence is radiative process which electron passes 

away S1 to S0. Actually emission is fast process as much as absorption but some cases 

that staying in S1 or other non-radiative processes can be reason for delay. Another 

way for de-excitation is intersystem crossing which is the transition singlet to triplet 

energy state. Intersystem crossing is non-radiative process and takes place between the 

vibrational levels, which have same energy. Although transition between states that 

have different multiplicity is forbidden, large spin-orbit coupling makes possible this 

replacement. Phosphorescence, which is radiative way for relaxation is slow transition 

T1 to S0. De-excitation non-radiative relaxation is usually preponderant to 

phosphorescence due to T1 to S0 transition is forbidden. Phosphorescence can be 

observed mostly in low temperatures. 

 

Figure 8. Stokes’ shift. 

In most cases, absorption and fluorescence wavelengths are different from each other 

and fluorescence wavelength is the longer one. The reason of this situation is that rapid 

vibrational relaxation of excited electron to lower energy levels in non-radiative way. 

The difference between absorption and fluorescence wavelength is named as Stokes’ 

shift [17]. Fluorescence wavelength is independent from the absorption wavelength 
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because of the reason mentioned above. This cases is called Kasha’s Rule [18]. Today, 

it is known that there are exceptions for Kasha’s Rule. 

1.3. Fluorescent Dyes 

Working principle of fluorescent dyes are completely different from the traditional 

ones. In traditional dyes, dye absorbs the particular wavelengths of white light then the 

complementary color left behind is seen. For example, an orange dye means that blue 

light is absorbed and remaining orange color is observed. Process of fluorescent dyes 

are explained before. Fluorescent organic dyes, which have emission in ultraviolet 

(UV), visible (VIS), infrared (IR) and near-infrared (NIR) regions have many 

application areas from medicine to nanotechnology. The figure shows that dyes that 

are commonly used in the applications [19]. 

 

Figure 9. Common fluorescent dyes in visible region. 

Almost all of the visible region is covered by the organic dyes, which have some 

advantages in different aspects. Naphthalene, pyrene and coumarin based dyes are 



10 

 

usually found in UV region. On the other hand, IR dyes are consist of fluorescein, 

rhodamine, bodipy, and cyanine derivatives. All of these dyes are different from each 

other according to their properties, which are photochemical features, structures, 

spectral features and chemical characteristics. All of the dye families have both 

advantages and disadvantages in many aspects. For instance, fluorescein is one the 

most used organic dyes in biological applications because of good water solubility, 

high quantum yield and molar coefficient. However, it has also some disadvantages in 

the aspects of self-quenching, photobleaching and pH sensitivity [20]–[22]. 

1.4. Molecular Sensors 

In common definition, a sensor is a matter that detect changes in a particular place or 

medium and supply an output. An ideal chemosensor should be selective for a 

particular ion, molecule or particle in addition to determine quantity of analyte.  They 

have very wide application areas from medicine to environment. A couple of examples 

for using areas of chemosensors are that detection of a toxic compound in body and 

measurement of heavy metal amount in drinking water [23]. 

Importance of molecular sensor is increasing in recent days because of high costs and 

low detection limits of other sensing methods. Molecular sensors are highly 

interdisciplinary area and they many types in respect of analyte type, sensing 

mechanism, etc. 

Optical sensors is one of the most known and used types of molecular sensors. Their 

working principle is based on interaction with light. Fluorescent sensors are a common 

type of optical sensors on account of properties that high sensitivity, low cost and fast 

response. The difference between wavelength of absorbed and emitted lights provides 

an advantage for fluorescent molecular sensors. Fluorescence is different from 

absorbance in aspect of the ratio between signal intensity and concentration. 

Fluorescence signal intensity can be increased by incident beam power on the other 

absorbance signal is proportional to concentration of sample essentially. Therefore, 

fluorescent sensors can detect picomolar levels while micromolar levels can be 
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measured with absorbance. Moreover, fluorescent sensors are reliable since there is 

only a stable molecule and light interaction [15].  

Today, fluorescent sensors are widely used by scientist in many application areas from 

biological studies to nantechnological applications. For example, the fluorescent 

sensor, which is according to Lee et. al. is capable to sense both cation and anion 

(Figure 10). Binding of Pb (II) causes conformational changes that quench excimer 

fluorescence. There is also F- anion moiety, which is triazacrown by hydrogen 

bonding. Interaction with F- anion results in PET which is quenching of fluorescence 

[24]. 

 

Figure 10. Bifunctional sensor for both cation and anion. 

 

1.5. Photophysical Aspect of Fluorescent Chemosensors 

A fluorescent probes consist of two main group, which are receptor and fluorophore 

parts. These parts are recognition and signaling moieties. Receptor part is very 

important in terms of sensitivity and selectivity [25]. Receptor should have good and 

selective affinity for target particle and not influenced from environmental effects such 

as temperature, pH, etc. The fluorophore that gives optical output is as significant as 

receptor part. Purpose of fluorophore is that converting chemical inputs to optical 

output such as fluorescence emission. Fluorescent probe can be designed in two types. 

In first type, receptor is attached directly to fluorophore and it is part of conjugation 
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system of fluorophore. Other type of fluorescent senor have also spacer part which can 

be aryl group to separate receptor from π conjugation system of fluorescent dye [26]. 

 

Figure 11. Schematic representations of fluorescent chemosensors. 

1.5.1. Photoinduced Electron Transfer (PET) 

Photoinduced electron transfer (PET) is observed in the fluorescent probe whose 

structure is fluorophore-spacer-receptor type. In this type of fluorescent sensor, 

receptor is not part of conjugation because of the spacer, however still they are close 

enough for electronic interaction [27].   

Figure 12 shows that working mechanism of PET. At the beginning, fluorophore 

absorbs a photon which excites electron from highest occupied molecular orbital 

(HOMO) to lowest unoccupied molecular orbital (LUMO). Receptor’s donor atom that 

is commonly nitrogen atom has HOMO whose energy level is between the molecular 

orbitals mentioned before. After excitation, an electron of donor atom’s HOMO moves 

to empty positon in fluorophore’s HOMO. That transfer of electron prevents the 

returning of excited electrons. All of these events result in quenching of emission. 
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Figure 12. Schematic representation and mechanism of PET. 

There are many examples for PET based fluorescent chemosensors in the literature 

[28]–[30]. The figure 13 shows that different PET based molecular sensors for various 

metal ions. Compound 2 [31] is very simple example for aza-crown ether based 

fluorescent probe whose fluorophore is anthracene. In other examples, cryptand [32] 

and podand [33] is attached as receptor. In this fluorescent sensors, binding of some 

alkali or transition metal ions prevents the quenching of emission. 

 

Figure 13. Example compounds for PET based chemosensors. 

On the other hand, there are reverse PET based fluorescent chemosensors too. In this 

probes, binding of analyte causes quenching of emission. The figure shows mechanism 
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of reverse PET. Binding of analyte decrease the LUMO of donor atom and then excited 

electron moves the vacancy on the LUMO, so emission is quenched. 

 

Figure 14. Schematic representation and mechanism of reverse PET. 

An example for the reverse PET is compound 5, which is designed and synthesized by 

Akkaya group. Fluorophore is BODIPY that will be explained at next section. Binding 

Zn (II) ion to bipyridine receptor quench the emission by oxidative PET [34]. 

 

Figure 15. An example molecular sensor for reverse PET. 
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1.5.2. Internal Charge Transfer (ICT) 

When receptor is attached to fluorophore directly, it becomes a part of conjugation too. 

In this type of fluorescent probes, binding of analyte changes in dipole moment that 

causes Stokes shift by intramolecular charge transfer from donor to acceptor. The 

positive or negative effect to excited state dipole results in changes of not only 

emission spectrum but also absorption spectrum [35]. 

ICT based fluorescent sensors split into two type. First one is that an electron donor 

group, which can be amino group is attached to fluorophore. Binding of cation to 

receptor decreases electron density of electron donor group that means less 

conjugation. As a result, blues shift in absorbance and fluorescence spectrums is 

observed. That can be explained also charge-dipole interaction. In the excited state, 

electron donor group is positively charged, therefore binding of a cation results in 

interaction between two positively charged particles. In this case, destabilization of 

excited state is higher than ground state, so energy gap between HOMO and LUMO 

increases which means blue shift [36]. 

 

Figure 16. Red and blue shifts according to energy gap between HOMO and LUMO in ICT based 

chemosensors. 
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On the contrary, second type of ICT based probes indicates red shift in the 

fluorescence. Electron with drawing group like carbonyl is connected to fluorophore 

changes the result completely. Interaction between the cation and electron 

withdrawing group improve the electron withdrawing ability of this group. 

Stabilization and broader conjugation occurs with gaining of more electron for 

fluorophore by binding of analyte. A cation stabilize the electron withdrawing group, 

which is negatively charged in the excited states. Therefore, energy of excited states 

reduce more than ground states that results in decreasing the energy gap between 

HOMO and LUMO. In conclusion, red shift is observed in both absorbance and 

fluorescence spectrums [37]. 

There are many examples for ICT based fluorescent sensors. When metal ion is bound 

to compound 6 [38] and 7 [39], blue shift is observed. Receptor moiety is crown in 

these probes. 

 

Figure 17. Examples for ICT based sensor which has crown ether as receptor. 

Although they have similar structures, the shift in their absorbance and fluorescence 

spectrums is completely different for compounds which are shown in figure 18 [40]. 

Because their receptor parts are different that one of them electron donating aniline 

group the other one is electron withdrawing pyridine. As a result, these two compounds 

exhibit opposite spectral shift upon proton binding. 
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Figure 18. The fluorescent sensors that have similar structures show different responds in the 

presence of H+. 

1.5.3. Energy Transfer (ET) 

Light-harvesting antenna system is used many phenomena in nature [41]. For example, 

green plants have light-harvesting mechanism to gather more sunlight from different 

wavelengths in photosynthesis. A wide scale of sunlight is collected by only one 

photosynthetic reaction center alone by the help of light-harvesting complexes. 

Inspired by these examples from the nature, many scientists try light-harvesting 

mimicking applications [42]. In supramolecular chemistry, designing and synthesis of 

artificial light-harvesting systems is the research area, whose popularity increases 

rapidly in recent years.  

Donor and acceptor fluorophores are required to make energy transfer system. It can 

be explained simply that donor fluorophore is excited with light then the emission from 

acceptor part is observed [43]. There are two types of energy transfer mechanism that 

Förster and Dexter energy transfers (Figure 19). 
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Figure 19. Schematic representation of Förster and Dexter energy transfers. 

Characterization of energy transferred can be performed by tracking of parameters, 

which are lifetime, quantum yields, decreasing of donor emission and increasing of 

acceptor emission. Moreover, it is related to rate of deactivation of excited system. The 

requiring time of energy transfer must be less than lifetime of excited donor to carry 

out energy transfer successfully [44]. 

 Dexter Type Energy Transfer 

In Dexter type, energy is transferred by electron exchange. Orbital overlapping is 

required for electron transfer, so fluorophores are connected to each other by 

conjugated bridge. Because of that reason it is also named through-bond energy 

transfer. In this type of energy transfer, electron moves from HOMO of donor to 

LUMO of acceptor [45]. 
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Figure 20. Schematic illustration of Dexter electron exchange mechanism. 

There is an equation which shows rate constant for Dexter type energy transfer. 

Kdexter = K J exp(-2RDA / L) 

In this equation K symbolizes orbital interaction, J is normalized integral of spectral 

overlapping, RDA is space between donor and acceptor, and L is Van der Waals radii 

[44].  

According to equation, Dexter energy transfer is much dependent on the distance 

between donor and acceptor. Energy transfer yield increases exponentially with 

increasing distance. Therefore, they have to very close to each other for efficient 

energy transfer. Dexter energy transfer is also named as ‘short range energy transfer’. 

 

Figure 21. Examples for Dexter type energy transfer. 

Figure 21 [46] shows that examples for through bond energy transfer. Anthracene-

BODIPY cassettes are designed to understand effect of distance in Dexter type energy 

transfer that is published by Burgress et al. Results are interesting because compound 

11 has more efficient energy transfer unlike compound 10. The reason is that steric 
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hindrance in compound 10 disturbs the conjugation, so energy transfer efficiency 

decreases. 

 

Figure 22. Another example for Dexter type energy transfer. 

Another example for Dexter type energy transfer is shown in figure 22 [47]. It consists 

of three BODIPY units two of them are donors and the other one is acceptor that they 

are linked to each other with conjugated bridge. It is clarified that through bond energy 

transfer decreases with distance. 

 Förster Type Energy Transfer 

In Dexter energy transfer, orbital interaction is required, on the other hand 

Fluorescence (Förster) energy transfer (FRET) becomes in case of spectral 

overlapping. Energy is transferred from donor fluorophore to acceptor non-radiatively. 

It was introduced by Förster first time in 1948 [48] and today it has many applications 

in the fields from biotechnology to electrochemistry. The scientists need FRET since 

in some cases Stokes’ shift of a fluorophore is not enough to distinguish the difference. 

Förster energy transfer depends on several factors. It is similar to Dexter type, FRET 

is also much dependent on distance between donor and acceptor fluorophores. Energy 

transfer efficiency is inversely proportional to sixth power of distance. The other 
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significant factor for efficiency is spectral overlap of donor’s emission and acceptor’s 

absorbance [49]. 

 

Figure 23. Schematic illustration of Förster electron exchange mechanism. 

The electronical mechanism of FRET is shown in figure x. After the excitation of 

donor, excited donor transfer its energy to acceptor in non-radiative way which is 

called resonance. Then excited electron of acceptor moves to ground state by emitting 

light.   

The rate equation of FRET is given below: 

 

Where D represents excited state lifetime of donor in the lack of acceptor, d is the 

distance between donor and acceptor and Rc is critical radius which is the distance 

when kET equals to real decay rate of donor. The equation of Rc is given below: 

 

Where D symbolizes the emission quantum yield in the lack of acceptor, K is 

orientation factor and n represents refractive index of solvent, N is Avogadro’s number 

and J is the integral of spectral overlap [50]. 
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Figure 24. A literature example for BODIPY based Föster type energy transfer. 

In the figure 24 [51], one of the most known example is shown. In this example, 

BODIPY fluorophores as donors are attached to perylene based acceptor unit. Click 

chemistry is used to bind donors to acceptor in this study. FRET efficiency is 

calculated as 99% that is satisfying result. 

 

Figure 25. Another example for Föster type energy transfer. 

Another example is compound 14 [52] that three BODIPY units are covalently 

attached each other via click reaction. Excitation wavelengths are 501 nm and 572 nm 
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and emission wavelength is 662 nm that there is huge difference between them. Energy 

transfer yield is 99% for both donors. 

1.6. Sensing of Particular Ions or Compounds 

1.6.1. Metal Ions 

Metal ions participate in several important biological processes from muscle 

contraction to nerve impulses. Moreover, catalytic amount of cations are involved in 

binding site of many enzymes. Not only lack of some metal ions but also overdose of 

them are the reasons of various diseases directly or indirectly. There are many 

examples for relation between ion levels and some illnesses. For example, control of 

lithium is considerable in the treatment of manic depression and also potassium 

amount in high blood pressure [53]–[56].  

Transition metals have critical roles in environmental pollution and biological 

metabolism [57]. Therefore, observing and tracking of their concentration is important 

for understanding of their toxic and pollutant effects. These metal ions are especially 

Pb (II), Cd (II), Hg (II), etc. that have many negative effects on the balance of nature. 

Selectivity is still challenge to design a good receptor, which has affinity for only one 

cation relatively. Because of that reason, many types of receptor synthesized and this 

field is very comprehensive. For example, majorly oxygen atoms containing crown 

ethers derivatives can be used to sense alkali or alkali earth metals that are hard metals 

relatively. According hard and soft acid and bases (HSAB) theory, hard acids interact 

with hard bases better and soft prefers soft also because of charge to size ratio. Another 

example is that usually Hg (II) receptors consist of Sulphur containing crown ethers 

due to HSAB again. Besides HSAB, size also important itself only that size 

compatibility between ion and moiety is required. In the figure 26, there are examples 

for different metal chemosensors. Compound 15 is sodium selective fluoroionophore 

[58]. Compounds 16,17 and 18 are capable to sense Hg(II) ions [59]–[61]. 
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Figure 26. Literature examples for metal ion sensors. 

 Zinc (II) Ion Sensors 

Zinc (II) ion is the second most abundant transition metal ion in the brain and also it 

participates as main component in many biological processes. Major amount of zinc 

presents as tightly bound to proteins, on the other hand minority is in the mobile form 

as intracellular zinc ions which are existing in the tissues, brain, intestine, pancreas, 

and retina, however the exact function is still obscure in the many biological processes. 

Moreover zinc ions, which are coming from intracellular metalloproteins have a role 

in programmed cell death called ‘apoptosis’. Zinc ion is very critical in the several 

disorders such as Alzheimer’s disease, epilepsy, Parkinson’s disease, ischemic stroke 

and infantile diarrhea. In spite of intensive research on role of zinc ion in these 

processes, a lot uncertain points about its function should be clarify. Therefore, it is 

still challenge to design new receptors to monitor quantity of zinc ions [62]–[64]. 
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Figure 27. Some literature examples for Zn (II) ion sensors. 

There are many examples of fluorescent sensors for zinc ions. Compound 19 [65], 

which is shown in the figure 27 is the example of ratiometric sensor for intracellular 

zinc ion. There is ester linkage between coumazin group and fluorescein and that is 

hydrolyzed by esterase enzyme in the cell. After leaving of coumazin, fluorescein that 

emits at 534 nm is sensitive to zinc concentration. Compound 20 [66] is another 

example that is developed O`Halloran et al. It is water soluble and very selective to 

zinc ion. Intracellular zinc ion can be monitored by emission of this molecule. 

1.6.2. Biological Thiols 

Cysteine (Cys), homocysteine (Hcy) and glutathione (GSH) are biological thiols, 

which are very important roles in enzyme functionality and preservation of redox states 

because of the good nucleophilic properties. The change in amount of biological thiols 

is related with many diseases such as occlusive vascular, premature arteriosclerosis, 

leukemia, diabetes, etc. [67]–[69]. 

 

Figure 28. The chemical structure of Cysteine (Cys), homocysteine (Hcy) and glutathione (GSH). 



26 

 

Glutathione (GSH) is tripeptide, which consists of glutamate, glycine and cysteine. In 

the synthesis of GSH, the enzymes that γ-glutamylcysteine synthetase and glutathione 

synthetase participate as catalyzer. In the tumor cells GSH concentration is more than 

normal cells 1000-fold. GSH takes part in antioxidant response, cell proliferation, 

regulation of gene expression, etc. Lack of GSH causes the diseases, which are 

Parkinson’s disease, AIDS, Alzheimer’s disease, cancer and heart attack [70], [71]. 

 Detection of Thiols 

Detection of the thiols that are Cysteine (Cys), homocysteine (Hcy) and especially 

glutathione (GSH) is certainly significant because of their properties mentioned before 

[72], [73]. Two characteristic of thiols are helpful for sensing of them. These two 

properties that they are good nucleophiles and they have affinity to metal ions are very 

beneficial to design fluorescent-based thiol probes. Many reactions and methods, 

which are Michael addition, cyclization, metal complex formation, redox reactions and 

disulfide bond cleavage are used in sensing of thiols. pH of medium is also important 

in sensing because of the acidity of thiol derivatives [74], [75]. 

 

Figure 29. Example for thiol sensor based on Michael addition. 

Compound 21 [76] is example for Michael addition based fluorescent probes. The 

coumarin that includes α, β-unsaturated ketone derivative has no emission. After 

binding of thiol derivative, it starts to give emission. This PET based thiol sensor is 

shown in the figure 29. 



27 

 

 

Figure 30. Thiol probe based on PET mechanism. 

In the figure 30, there is another thiol sensor example. This example based on cleavage 

of sulfonamide and sulfonate. Thiol derivative attacks to electron deficient 2,4-

dinitrophenyl sulfonyl part of compound 22 and that results in turning on the emission 

of fluorescein because of de-sulfonylation [77]. 

 

Figure 31. Thiol sensor based on cyclization of aldehydes. 

Compound 23 [78] is a successful example for sensing of thiols by cyclization of 

aldehydes. The reaction between bisaldehyde and cysteine or homocysteine causes the 

shift of absorption maximum to longer wavelength. Monoaldehyde derivative of 

compound 23 is more selective for Cys. The reason is related with formation five-

membered ring at end of reaction. 
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Figure 32. Thiol probe based on metal ions. 

Another method to sense thiols is using their high affinity to metal ions. Kim et. al. 

were used iminocoumarin which includes Cu (II) ion for sensing thiols at pH 7.4. 

Adding of thiol to compound 24 [79] results in coumarinaldehyde, which has high 

emission as distinct from the initial non-emissive metal complex. Compound 24 is 

another example for PET based turn-on fluorescent sensor for thiols. 

 Disulfide Bond Cleavage 

Thiols are strong reducing agents and by this way they can break the disulfide bonds. 

First example is compound 25 [80] which consists of coumarin and porphyrin 

derivatives that are connected with disulfide bond. Coumarin is donor and porphyrin 

is acceptor part of the structure and there is fluorescence resonance energy transfer 

(FRET) between them. In the presence of thiols, disulfide bond is cleaved, therefore 

FRET is over at this point. Emission shifts from red to blue color. By this way, thiols 

can be sensed easily and detected by naked eye. 

 

Figure 33. Thiol sensor based on disulfide bond cleavage. 
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Another example for disulfide bond cleavage is compound 26 [81] as shown in figure 

34. There are three main parts in this structure, which are rhodamine, BODIPY and 

folate that is folic acid receptor. Aim of folate is targeting of folic acid that is found 

more in some type of cancer cells. In this structure, BODIPY and rhodamine 

fluorophores are donor and acceptor respectively. There is FRET in lack of GSH. 

Concentration of GSH in tumor cells is more than normal cells almost 1000 times. In 

the presence of GSH, disulfide bond is broken and emission wavelength is changed 

from 595 nm to 520 nm. 

 

Figure 34. Disulfide bond cleavage based FRET. 

1.7. BODIPY Dyes 

4,4-difluoro-4- borata-3a, 4a-diaza-s-indacene which is abbreviated as BODIPY was 

first discovered accidentally by Treibs and Kreuzer in 1968 [82]. They used acetic 

anhydride to acylate the 2,4-dimethylpyrrole in the presence of BF3·OEt2. Dipyrrin 
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compound was synthesized by acid catalyzed then dipyrrin formed complex with 

borontrifluoride to yield BODIPY (Figure 35). Almost 20 years later, Haugland and 

Kang explored the fluorescence properties of BODIPY in 1988 [83], [84]. After the 

recognition of BODIPY as a fluorophore, it has been used in many applications in the 

areas from molecular sensors to biomedical materials. There are many reaction sites 

on BODIPY which can be modified by nucleophilic and electrophilic substations. 

 

Figure 35. First synthesis of BODIPY dye. 

BODIPY has many excellent properties against the other fluorescent dyes. For 

instance, BODIPY dyes absorbs and emits strongly in the fields from visible to near-

IR. Not only quantum yields but also absorption coefficients of BODIPY dyes are 

quite high [85]. Furthermore, they have thermal and photostability in different types 

of mediums and solubility in organic solvents is very good. They are usually neutral 

molecules, therefore insensitive to pH and polarity of solvents [86]. 

 

Figure 36. Structure and numbering of BODIPY core. 

The most significant characteristic of BODIPY dyes is probably easy chemistry. It 

possible to functionalize almost all positions on BODIPY and the yields of reactions 

are satisfactory. BODIPY family gains new members with each of this modification 

that every new member has different chemical and photophysical features [87]. 
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Figure 37. Quantum yields of BODIPY dyes that one them has methyl group at 1, 7 positions. 

Every positon effects different property of BODIPY dye that is mentioned before [88]–

[91]. For instance, quantum yield of BODIPY is influenced remarkably with aromatic 

substation on meso positon. In the figure 37, the difference between fluorescence 

quantum efficiencies of two BODIPY dyes are very large while their structures are 

very similar. In phenyl-BODIPY (without methyl groups), possible conjugation 

between phenyl group and BODIPY core causes quenching of emission. Presence of 

methyl groups at 1 and 7 positions keeps the phenyl group at perpendicular to BODIPY 

core. Methyl groups prevent the free rotation because of steric hindrance. As a result 

of that structural change, the fluorescent quantum yield increases enormously. 

 

Figure 38. Free rotation of phenyl group that is attached to meso position of BODIPY. 

Modification of meso position is realized with acid-catalyzed in the synthesis part. 

Water-soluble groups, receptors for particular ions or molecules and donor-acceptor 

moieties can be attached to meso position.  
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2 and 6 positon of BODIPY is less positive, so electrophilic reactions are preferred 

instead nucleophilic. Sulfonation, nitration, halogenation and formylation of these 

positions can be possible because of the electron rich characteristic. Binding of heavy 

atoms like bromine and iodine causes intersystem crossing, by this way fluorescence 

of BODIPY decreases. This substation makes possible producing singlet oxygen, 

which is very important for photodynamic therapy.  

Modification of 1, 3, 5 and 7 positions allows several additional functions to BODIPY 

[86], [92]. The most used reaction to functionalize especially 3 and 5 positions is 

Knoevenagel condensation [93]. In this reaction, Dean-Stark apparatus [94] is used for 

to get rid of water, which forms as product. By using this reaction, several types of 

electron donor and withdrawing aldehydes can be attached to these positons. They 

cause red shift in absorption and emission spectrum [95] so that it can be proper for 

biological applications. 

 

Figure 39. Structures of the tetra-styryl BODIPY derivatives. 

Akkaya group stated that 1 and 7 positions are also reactive as 3 and 5 positions [96]. 

Tetra-styryl BODIPY dyes were synthesized by Akkya group in 2009 (Figure 39). 

Then, Ziessel et al reported the tetra-styryl BODIPY whose absorption wavelength is 

720 nm and emission wavelength is 800 nm (Figure 40) [97]. Also both of two groups, 

which have many study on BODIPY show that 3 and 5 positions are more acidic than 

1 and 7 positions. Modification of BODIPY with some groups such as dimethyl amino 
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and pyridine makes possible pH sensitive applications in the area from sensors to drug 

delivery. 

 

Figure 40. Schematic representation of 1, 3, 5, 7-tetrastyryl BODIPY derivatives. 

1.7.1. Applications of BODIPY 

BODIPY dyes has many significant properties which are mentioned before. Because 

of that adorable features, it has wide application area from sensing to solar cells. The 

figure shows the application areas of BODIPY. 

 

Figure 41. Applications of BODIPY. 

There are many examples in the literature for BODIPY based chemosensors because 

of the properties such as easy modification, photostability and thermal stability, high 
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fluorescence quantum efficiency, etc. Daub and Rurack synthesized BODIPY based 

chemosensor first time in 1997 [98]. In the figure 42, some examples for PET and ICT 

based BODIPY sensors for particular ions are given. In compound 28 [92], aniline 

group is attached to meso postion and that is for sensing of proton. Compound 29 [99] 

and 30 [100], which are dipicolylamine substituted BODIPYs sense in order of zinc 

and cadmium ions. In compound 31 [34] and 32 [101], receptor moieties are bipyridine 

and terpyridine groups respectively. 

 

Figure 42. Examples for BODIPY based chemosensors. 

Another application area of BODIPY dyes is photodynamic therapy (PDT) which will 

be explained in detailed later. PDT is cancer treatment method that photosensitizer in 

the tissue produce singlet oxygen in the case irradiation with light. Singlet oxygen, 

which is produced by photosensitizer destroys the cancer cells. IR and Near-IR 

photosensitizers are more proper for PDT because penetration of these lights to human 

skin is better. PDT is used especially in the treatment of skin cancer. BODIPY based 

dyes, which has often heavy atoms on 2 and 6 positons are used as photosensitizers.  

There are examples for BODIPY based PDT agents in the figure 43. For example, 
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water soluble groups attached to compound 33 [102] to increase solubility in water 

because these molecules must work in aqueous media to destroy cancer cells. Also 

substitution on 3 and 5 positions increases conjugation that ensures longer 

wavelengths. Compound 34 [89] has very low fluorescence quantum yield that means 

better intersystem crossing. It is designed by Nagano et al and works in organic 

solvents. Compound 35 [103] and 36 [104] are another examples for water soluble 

BODIPY based photosensitizers by the help of sulfonate and carboxylic groups. 

 

Figure 43. BODIPY based photosensitizers for photodynamic therapy. 

Popularity of dye-sensitized solar cells (DSSCs) increases rapidly similar to other 

alternative energy sources nowadays. Many scientist conduct research on DSSCs to 

increase efficiency. BODIPY dyes are also used in this field and Nagono is leading 

scientist which used BODIPY in DSSCs first time. Usually carboxylic group (-COOH) 

is used for attaching dye to TiO2 surface. In the figure 44, compound 37 [105] was 

designed by Akkaya et al. for DSSCs. Conversion efficiency of this BODIPY based 

photosensitizer is reported as 1,66%. 
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Figure 44. Example for BODIPY based photosensitizer that used in solar cells. 

1.8. Photodynamic Therapy (PDT) 

Photodynamic therapy (PDT) is very young cancer treatment method whose 

importance is increasing rapidly in recent days [106]–[109]. PDT consists of three 

main parts, which are photosensitizer, light and oxygen molecule. In the existence of 

O2, photosensitizer is irradiated with light and by this way triplet oxygen molecule is 

excited indirectly. Unlike chemotherapy and radiotherapy, PDT is non-toxic and 

submissive treatment method. There are plenty of benefits against to radiotherapy and 

chemotherapy. First, side effects are very low because of the local application and it 

can be performed many times to same location due to it has almost no harmful effect 

and toxic properties. Another advantage is that functionalization of photosensitizer is 

possible with respect to types of cell, cancer, treatment and light. Disadvantage of PDT 

is difficulty in penetration of light, which can be furthest 5-10 mm. PDT is applicable 

usually skin cancer because of the penetration problem [110]. 

1.8.1. Photophysical Background of PDT 

Photosensitizers are usually the organic dyes that have conjugated systems. In 

photosensitizer, the electron at ground state is excited with light to excited singlet state. 

The electron at excited singlet state is short-lived and it has different relaxation 

pathways such as fluorescence, interval conversion, intersystem crossing, etc. the spin 
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of excited electron changes with intersystem crossing from singlet to triplet state which 

has longer life time. The reason of long life time is that triplet-singlet transition called 

phosphorescence is forbidden transition. There is also another possible transition 

which is spin allowed between excited triplet photosensitizer and triplet oxygen that 

in at ground state. By this transition, highly reactive singlet oxygen species form [111]. 

The process is shown in the figure 45 [112]. 

 

Figure 45. Photophysical processes in PDT. 

1.8.2. Photosensitizers and Importance of Light 

Photosensitizers that absorb visible and near-IR light have wide range of application 

fields. The distinctive feature of a PS is that it not only absorbs light in the traditional 

sense, but it can also transfer this resulting energy to the molecular oxygen to generate 

highly reactive singlet oxygen molecule [113]. The most common PSs are shown in 

Figure 46. 

 

Figure 46. Common photosensitizers in PDT. 
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Porphyrins and Roze Bengal are common singlet oxygen generating compounds, 

however do not have strong absorption in the therapeutic window of the body. 

Phthalocyanine related sensitizers are more promising in terms of absorption profiles. 

Although the Boradiazaindacene (BODIPY) derivative depicted in figure 46 has an 

absorption maxima at 540 nm, its near-IR absorbing derivatives was easily synthesized 

and reported in the literature. Below, in figure 10, three different BODIPY based near-

IR absorbing PSs are illustrated. All, absorb light in the 650-700 nm range, which is 

compatible with the therapeutic window of the body. While compound 38 [114] was 

introduced by Killoran et al., photosensitizers 39 [102]  and 40 [115] were reported by 

the Akkaya group. 

 

Figure 47. Literature examples for BODIPY based photosensitizers. 

In PDT, wavelength of the light is important as characteristic of photosensitizers. Light 

must penetrate deeply to tissue to excite photosensitizer. Some compounds and 

structures in tissue such as macromolecules, organelles, cell layer, hemoglobin, and 

water interact with light in aspect of not only scattering but also absorption. The best 

penetration into tissue is possible between IR and near IR wavelengths [116]. For 

example, penetration of light whose wavelength is 700-850 nm is almost two times of 

600 nm whose penetration depth is 1-3 mm [117]. 
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1.8.3. Reaction of Singlet Oxygen with Olefins 

Singlet oxygen has 1,2-cycloaddition reaction with unsaturated organic compounds 

[118], therefore this reaction between singlet oxygen and unsaturated compounds has 

many application areas from drug delivery to caged compounds. 

 

Figure 48. The reaction of singlet oxygen with unsaturated organic compounds. 

Using singlet oxygen for cleavage of olefinic linker has many advantages against to 

other methods. First, designing of proper photosensitizer makes possible to controlled 

release of substrate according to pH, temperature, light, etc. Another advantage is that 

low energy is required, therefore IR light can used. There are some bond cleavage 

reactions which is activated by UV light, so they are not proper to use in biological 

systems because of the harmful effect of UV light to DNA. Additionally, there is one 

more negative effect of UV light that is penetration problem mentioned before. Third 

advantage is bond cleavage reaction with singlet oxygen is rapid and there is no side 

products. 

 

Figure 49. The reaction of singlet oxygen with unsaturated organic dithioethenyl bond. 

Dithioethenyl bond is one of the olefin linkers. After the initial addition of singlet 

oxygen to the double bond of the dithioethenyl bridge, an unstable dioxoethane is 

formed, which spontaneously decomposes to produce S-alkyl methanethioate [119]. 

In aqueous solutions with the presence of amines, this compound easily hydrolyzes to 

the corresponding thiols (Figure 49). In literature, there are some examples for using 
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dithioethenyl bond cleavage to release some molecules or particles. In the figure 50, 

β-cyclodextrin and zinc phthalocyanine form a complex which is soluble in water 

[120]. Irradiation with light in the existence of oxygen molecule, dithioethenyl bond 

is broken. Zinc phthalocyanine separates from the β-cyclodextrin since the interaction 

weakens that changes from dimeric binding to monomeric binding. 

 

Figure 50. Cleavage of dithioethenyl bond results formation of monomeric structures from dimers. 

1.9. Caged Compounds 

Caged organic compounds and caged ions [121]–[125], which release their covalently 

bound payload in response to an external stimulus, have proven useful in the 

elucidation of a large number of biochemical processes. While some are used as 
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fluorescent probes, others are useful for the controlled release of drugs and bioactive 

agents. This control enables concentration of the released molecules to be manipulated 

in biological media. Caged organic compounds or caged ions that release in response 

to light attract the most attention, because light offers high spatiotemporal control and 

also does not influence normal cellular processes. Thus, the current research trend 

focuses on the phototriggered release of caged compounds in biological environments. 

Several excellent reviews have covered synthetic [126], biochemical [127], 

neurobiological [122] and biomedicinal [128] applications of photoresponsive caged 

compounds during the past decade. 

Phototriggered release of biomolecules through caged compounds was first shown by 

Kaplan et al. in 1973 by the synthesis of a photolabile 2-Nitrobenzyl-protected ATP 

[129].  The protected phosphate tail effectively hinders any enzymatic ATP hydrolysis 

until its photorelease induced by 340 nm light (Figure 51). After this ground-breaking 

work, 2-Nitrobenzyl derivatives have become the most common photolabile protecting 

groups in synthetic biochemistry. Over 40 nitrobenzyl protected biochemicals are now 

commercially available. 

 

Figure 51. Photolysis reaction of nitrobenzyl-Caged ATP. 

Commercially available Nitrobenzyl based caged calcium compounds are the most 

known phototriggers in the literature. Calcium is an important regulatory ion in 

physiological chemistry, playing important roles in signal transduction. Photolabile 

chelators that release Ca2+ upon irradiation are used to elucidate the role of this 

important second messenger in cellular processes such as muscle contraction and 

synaptic transmission [130]. When the commercial complex NP-EGTA Ca2+ is 

irradiated with UV light, the complex affinity to calcium ion decreases by 12,500 fold. 
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Another complex, DMNP-EDTA, demonstrates a 600,000-fold lower affinity (Figure 

52) [131]. 

 

Figure 52. Commercial caged Ca(II) probes: NP-EGTA (left), DMNP-EDTA (right). 

Recent developments in cell biology indicate that zinc ions also play a role as second 

messengers. Yamasaki et al. reported that the release of free zinc for intracellular 

signaling is controlled by modulating length of the time and intensity of immunoglobin 

E receptor-based signaling, which demonstrates its role as a second messenger [132]. 

The desire to probe the biological functions of zinc ions has guided the design of caged 

zinc ion compounds which provide spatiotemporal control of zinc release in different 

physiological conditions. One representative example was introduced by Burdette et 

al. [133], where the photolabile Nitrobenzyl derivative is used to study the release 

profile of Zn (II) ions (Figure 53). 

 

Figure 53. Photolabile caged Zn(II) ion compound ZinCleave-1. 

These compounds, all still require high energy excitation at 360 nm or shorter 

wavelengths for the cleavage of covalent unit. However, the known fact that UV light 

induces DNA damage, limits the potential biological applications for these caged 

compounds, especially in the case of in vivo studies. 
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As an alternative to Nitrobenzyl based photoresponsive groups, coumarin derivatives 

have been used as photolabile protecting agents. These coumarin based cages can be 

cleaved by visible irradiation (400-450nm) [134], and their absorptions can be tuned 

by installing appropriate substituents on the coumarin skeleton. However, especially 

during in vivo studies, incident radiation within the red to near IR range (660-900nm) 

is most desired, because light in 660-900 nm range better penetrates into tissue [135] 

which is mentioned also previous chapter. New methods that use less detrimental, 

lower energy light in this range would be powerful tools in the development of caged 

compounds for in vivo studies. 

 

Figure 54. Photolysis and release of caged species from the typical 3’,5’-dialkoxybenzoin structure to 

yield 2-phenylbenzofuran derivative and a carboxylic acid. Alcohols, amines, phospates and 

carbonates can also be liberated using this approach. 

Recently, multiphoton excitation with near-IR light has been presented as a practical 

solution to the aforementioned issues [136]. While this technique seems to be very 

promising in terms of in vivo applications, unfortunately, many caging molecules do 

not have sufficient multiphoton absorption cross sections to be susceptible to near-IR 

pulsed lasers. This brings specific limitations to the successful use of this technique on 

photocleavable caged compounds. One illustrative example is the 3’, 5’-

dialkoxybenzoin cage, which is one of the most commonly utilized classes of 

multiphoton active photocages (Figure 54) [137].  All esters, carbonates, and 

phosphates can be employed for photorelease from this caging unit. An efficient 

release (>95%) usually observed when subjected to short laser pulses.  More 

importantly, the photorelease does not generally lead to side reactions, 5, 7-dialkoxy-

2-phenylbenzofuran is the only generated species apart from the liberated species. 
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1.10. Molecular Logic Gates 

1.10.1. Boolean Algebra 

In 1847, the book whose name is “The Mathematical Analysis of Logic” was published 

by George Boole [138]. “Boolean Algebra” which is called also Boolean logic first 

introduced within this writing.  It is a branch of algebra and the variables are true and 

false, which are represented with 1 and 0. George Boole said in 1854 [139], almost 

125 years ago from today: “I am fully assured, that no general method for the solution 

of questions in the theory of probabilities can be established which does not explicitly 

recognize, not only the special numerical bases of the science, but also those universal 

laws of thought which are the basis of all reasoning, and which, whatever they may be 

as to their essence, are at least mathematical as to their form.” 

Today, Boolean logic is basic for the digital electronics and programming languages. 

The device, which perform Boolean logics is called a logic gate. A computer includes 

integrated circuits (ICs), which are built up by logic gates. A logic gate operates data 

by using Boolean functions and forms an output from one or more inputs. In an 

electronic devices, binary logic is used to process electronical signals that carry 

information. Every input and output must be true (1) or false (0) in binary logics which 

means electronically high or low voltage. Simply, a computer consists of silicon 

circuitry, binary logic to operate information and data, which consists of ones and 

zeros [140]. 

Boolean logic functions are formed by 16 operations. The most common functions are 

AND, OR, XOR, NAND, NOR, and XNOR in digital systems. NOR, NAND and 

XNOR reverse functions of OR, AND and XOR respectively. 
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Figure 55. Schematic drawings and truth tables for common logic gates. 

AND logic gate states that the output is 1, only in the case of both input is 1, otherwise 

output is 0. If at least one of the input is 1, the output is 1 in the OR gate. For the XOR 

gate, same inputs give 0 as the output, otherwise the output is 1. In the NAND, NOR 

and XNOR gates, the results are reverse of the AND, OR and XOR logic gates. 

A basic logic gate can operate a simple function but very complex applications are 

being performed in the digital devices today. The question is how can they do it? By 

the integration of these 16 logic gates, many complex operations can be carried out in 

the devices. For example, a calculator which is almost the simplest device can perform 

many complex mathematical operations such as logarithm, taking derivative, integral, 

etc. 

In electronic devices, most critical component is a semiconductor material which is 

called a transistor. Transistor can amplify or reduce the electrical signals and by this 

way it determines the output as 1 or 0 [141]. There are so many transistor which are 
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connected each other particularly in a computer chip. These chips conduct hard-core 

processes such as computer games which are massively detailed programs. 

1.10.2. Molecular Logic Gates 

A chip consists of millions of transistor and a computer includes a lot chips, therefore 

miniaturization, which means making on smaller scale is very important in recent days. 

Miniaturization makes the digital devices better in terms of performance, cost and size. 

However, it will not continue forever because of the physical and technological 

barriers. According to Moore’s Law [142] which was defined by Intel co-founder 

Gordon Moore, miniaturization comes to an end in around 2020. Therefore, alternative 

possibilities are required to develop the technological devices. Recently, scientists 

considered alternative ways for digital information operating.  

It is discussed in in previous chapter that, traditional data processing consists of silicon 

circuitry, binary logic for information processing and data transported with electrical 

signals. However, the inputs can be different from the electrical signals. Chemical and 

optical inputs are possible to be operated in binary logic. Today, designed molecules 

that is called “molecular logic gates” can operate the inputs like a logic gate. Molecular 

logic gates have a significant superiority against the silicon based logic gates, the 

advantage is they are significantly smaller. Therefore, molecular logic gates are up-

and-coming alternatives to developed silicon based digital device. 

The short history of molecular logic started with de Silva in 1993 [27]. He reported a 

molecule which operates inputs as AND gate. Compound 47 has two receptor parts 

which are selective for Na+ ion and proton. This molecule is fluorescent only in the 

case of binding with not only Na+ cation but also a proton, otherwise, the fluorescence 

is quenched by PET mechanism. That molecule is AND logic gate whose inputs are 

Na+ ion and proton, the output is fluorescence emission. 
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Figure 56. Literature example for AND molecular logic gate. 

Another example is again molecular AND gate by de Silva [143]. In this example, two 

PET based receptor is attached fluorophore which is anthracene. The output emitted 

light is above the threshold only in the presence of both H+ and Na+ ions (Figure 57). 

 

Figure 57. The example of AND logic gate by de Silva et al. 

Compound 49 [144] is example for XNOR logic gate. In the molecule, there are two 

recognition sites which cause the ICT. One of them is selective for Ca+2 ions and other 

one catches the protons. The output in this molecular logic gate is an emission at 390 

nm. Binding of Ca+2 ion causes the blue shift, on the other hand red shift is observed 

in the existence of H+ ion. In the presence of both of them, the emission wavelength 

almost doesn’t change. This molecule is also example of XOR logic gate when the 

output is defined as transmittance at 390 nm. 
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Figure 58. An example for XNOR and XOR molecular logic gates. 

1.10.3. Higher Functions with Molecular Logic 

As it is mentioned before, it is possible to make very complex logic gates by integration 

of them such as an output of one logic gate can be an input for another. The same 

situation is available also in molecular logic gates. Combining of several molecular 

logic gates consist of a logic gate that has higher function such as half adder, full adder, 

sequential logic, etc. 

 

Figure 59. Half-adder logic gate and its truth table. 

Half-adder consist of AND gate and XOR gate which are working simultaneously and 

it is capable to add two bits. Its structure and truth table is shown in figure 59. First 

example for half-adder was designed by Silva [145] who can be described as the 

“father of the molecular logic”. Then, Shanzer et al. published a simple molecule 

which is mimicking of half-adder logic in 2005 [146]. However, different from their 

many colleagues, they did in a single molecule.  Protonation of fluorescein step by 

step, brings out the fluorescein molecules which are charged differently and their 
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spectral properties are also different. In this study, absorption spectrum of fluorescein 

acts as XOR gate at 447 nm and AND gate at 501 nm (Figure 60). 

 

Figure 60. Literature example for half-adder molecular logic gate. 
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CHAPTER 2 

 

2. Modular Logic Gates: Cascading Independent Logic 

Gates via Metal Ion Signals  

This work is partially described in the following publication which was featured on 

the front cover of Dalton Trans.: 

E. T. Ecik, A. Atilgan, R. Guliyev, T. B. Uyar, A. Gumus, E. U. Akkaya, Dalt. 

Trans. 2014, 43, 67–70. 
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2.1. Objective 

Systematic cascading of molecular logic gates is an important issue to be addressed 

for advancing research in this field. We have demonstrated that photochemically 

triggered metal ion signals can be utilized towards this goal. Thus, independent logic 

gates were shown to work together while keeping their identity in more complex logic 

designs. Communication through the intermediacy of ion signals is clearly inspired 

from biological processes modulated by such signals, and implemented here with ion 

responsive molecules. 

2.2. Introduction 

The field of molecular logic gates continue to flourish since the original conception by 

de Silva [27]. Basic Boolean operators now have a large number of molecular 

equivalents [147]–[156] with various kinds of inputs and outputs. In addition to 

combinatorial logic, a few examples of sequential logic appeared as well [157]–[161]. 

However, some important questions remain and affects the work done in this field. 

Many in the field are convinced of potential niche applications, most likely in the 

medical (therapeutic) context [115], [162]–[164]. Even so, advanced functions require 

advanced level of logic gate cascading.  In the digital electronic elements, cascading 

of gates can be easily handled as the inputs and outputs are both electrical.  In chemical 

logic gates, the input/output heterogeneity is a major problem towards cascading gates. 

On the other hand, there are many examples of biological signal cascades [165], [166], 

with messenger molecules, ion signals and metabolic pathways.  Thus, it makes most 

sense to make use of similar intermediary species to link or cascade independent 

molecular logic gates. Photochemical and reversible H+ generation has already been 

applied in a cascading scheme [167].  

Metal ion signaling seems especially enticing, considering a multitude of literature 

examples [121], [125], [133], [168] for “caged” metal ions, and the large variety of 

possible interactions and diverse set of photonic or chemical signals to be produced as 

outputs. Such compounds are typically metal ion complexes, which on irradiation with 
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short wavelength light, undergo a photochemical cleavage reaction, releasing metal 

ions. The release is due to reduced affinity of the cleaved pieces of the ligand for the 

metal ions in question. Thus, depending on the factors such as the fluence rate of the 

irradiation, quantum yield of the photochemical reaction, relative affinities of the 

ligand and the degradation products for the metal ion, a reproducible ion signal can be 

generated. Molecular logic gates, even in their earliest conception, were mostly chosen 

among ion responsive molecules, and their response was typically a change in 

emission intensity or wavelength. 

2.3. Results and Discussion 

In a recent work, we reported cascading of logic gates by a chemical reaction [169]. 

However, for a broadly applicable cascading scheme, the use of metal ions signals 

looks more promising. Thus, our first cascaded logic gates comprised of the caged zinc 

(II) compound 1 and dipicolyamine (DPA) substituted Bodipy dye 2. The ligand used 

in compound 1, has minor substitution differences with the previously reported 

compound [133] (and was synthesized in 6 steps from simpler precursors essentially 

following the literature procedure [133]). The Bodipy derivative 2 was also 

synthesized following established protocols [86], [87], [170]–[174] for Bodipy 

synthesis. 
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Figure 61. Independent INH and AND logic gates.  Irradiation of the 10.0 M solutions of compound 

1 in acetonitrile solutions release Zn(II) ions, which are chelated by 2 to generate emission signal. 

The Bodipy derivative 2 is weakly fluorescent in acetonitrile solutions.  The quenching 

is widely ascribed to PeT process from the electron rich meso substituent [175]–[179]; 

however in polar solvents, a dark ICT state may play a role as well [26], [180], [181]. 

Ion binding enhances the emission intensity at 510 nm.  On the other hand, EDTA is 

a non-selective chelator for many metal ions in aqueous and organic solutions. 

 

Figure 62. Fluorescence response of compound 2 upon uncaging of (a) 1 equivalent (b) 2 equivalents 

of cage compound 1 (5.0 µM each) recorded in acetonitrile. Initially compound 2 exhibits no 
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fluorescence (quenched due to the active PET process), irradiation of the solution at 360 nm resulted 

in the complete photolysis of 1 which can be followed by the enhanced emission spectrum of 

compound 2. Highest intensity curves (a-purple, b-orange)  represent the maximum emission 

intensities of 2 which were obtained by the addition of 1.0 equivalent of zinc(II) cations in the form of 

triflate salt (λex=480 nm, slit width=5-2.5). 

Using EDTA as an input, we can devise an INH logic gate in a straightforward way 

(Figure 61). Here is how that gate works: Irradiation at 360 (input1=1) results in a 

Zn(II) signal only when EDTA is not present (input2=0) That defines an independently 

functioning INH gate.  Bodipy dye 2, produces photonic output (emission at 510 nm) 

only if there are sufficient free Zn(II) ions in solution and if the compound is excited 

at 480 nm.  When the two modular molecular logic gates designed this way are placed 

in the same solution, the two gates are cascaded, i.e., the output Zn(II) is taken up by 

the dipicolyl-bodipy which in turn generates green emission if it is also excited 

separately at 480 nm.  Actual implementation is more successful if instead of 1:1 

equivalency, more (2 equivalents) caged Zn(II) compound is added (Figure 62).  When 

both 1 and 2 were added at 5.0 M concentrations, even at full degradation of the cage, 

the emission due to 2 is low, this is due to lower amount of Zn(II) release on 

degradation.  At 2 equivalents of the cage compound under the same conditions almost 

70% of the fully complexed 2 emission was obtained. 
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Figure 63. Cascading of the two independent gates INH and AND logic gates. a) The maximum 

emission intensity of 2 is obtained by the addition of 1 equivalent of zinc(II) triflate salt; b) Irradiation 

of the 10.0 M solutions of compound 1 in acetonitrile solutions with 360 nm  light releases Zn(II) 

ions, which are chelated by 2 (5.0 M) to generate a very strong emission at 510 nm when irradiated 

at 480 nm; c) 1+2; d) 1+2+EDTA; e) The presence of EDTA (5.0 M), reduces the available free 

Zn(II) significantly, with an expected result of negligible emission from the Bodipy dye. 

Thus, in the optimal implementation of cascaded INH-AND logic modules, the 

solution initially contains 10.0 M cage-compound 1 (INH module), 5.0 M 

compound 2 (AND module).   The cascaded gate response is strong, with a very large 

increase in the emission intensity at 510 nm (Figure 63). 
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Figure 64. Absorbance spectra of compound 3 (3.0 µM) recorded in acetonitrile, in the presence of 

compound 1 and Hg(II) cations (3.0 µM, 18.0 µM, respectively).  Also note that [1-Zn(II)] refers to 

the caging ligand alone, i.e., without the Zn(II) ions. 

Encouraged by the success of the logic gate implementation, we wanted to demonstrate 

that higher order cascading is also possible (Figure 65). We previously reported a 

through space energy transfer coupled AND logic gates [169]. The energy transfer, at 

the concentrations used in the study becomes possible only if the two AND logic gate 

modules are chemically tethered.  This is to say that compound 3 can be viewed as two 

AND logic gates cascaded by chemical reaction.   As the primary AND gate module 

in compound 3 is a dipicolylamine-derivative, we wanted to couple this AND-AND 

cascade which was shown to function independently previously, with photochemically 

released Zn(II) signal.  The energy transfer between the AND-AND module is only 

possible when Hg(II) ions are added as well; this causes a blue shift in the absorbance 

spectrum increasing the spectral overlap, and hence the efficiency of through space 

energy transfer (Figure 64).  The absorbance band of the distyryl-Bodipy compound 

shows a hypsochromic shift of 40 nm on binding of the mercuric ions.  Strong red 

emission from the AND-AND cascade also contingent upon the release of Zn(II), 

which blocks the PeT quenching operational in the meso-dipicolyaminophenyl 

substituted Bodipy unit. 
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Figure 65. Cascaded logic modules.  

In the figure 65, the Bodipy dye on the left is weakly emissive due to PeT. On Zn(II) 

ion complexation, one or more non-radiative pathways become inoperative. Excited 

state energy is then transferred to the longer wavelength distyryl-Bodipy. This dye 

becomes strongly emissive only if the energy transfer is possible and Hg(II), in 

addition to Zn(II) is made available in the solution, The result is AND-AND cascade. 

Photochemical generation of zinc ions in turn, incorporate the first gate as well, 

resulting in INH-AND-AND cascade. 

The use of selective ligands minimize any chances for crosstalk between the gate 

inputs in solution. Thus, 3.0 M solutions of compound 1 and compound 3, when 

excited at 360 nm light, set off a sequence of events, which are in accordance with 

cascaded INH-AND-AND gates. 
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Figure 66. Spectral response of the cascaded INH-AND-AND logic modules: a) Emission spectra of  

3 (3.0 µM) in acetonitrile in the presence of 1 and Hg(II) ions (3.0 µM, 18.0 µM, respectively); b) 

3+[1-Zn(II)]+Hg(II)+hv@360 nm; c) 3+1+hv@360 nm; d)3+1; e) 3+[1-Zn(II)]+hv@360 nm;  f) 

3+[1-Zn(II)]. Also note that [1-Zn(II)] refers to the caging ligand alone, i.e., without the Zn(II) ions. 

2.4. Conclusion 

While we are cognizant of the fact that, chemical analogues of the electronic logic 

gates do not need follow the same developmental stages, it is clear that advanced 

information processing at the molecular level will require a set of modular logic gates, 

which can talk to each other by exchanging inputs and outputs. Some homogeneity in 

the choice of inputs and outputs will certainly help establishing the modularity of the 

logic gates. Metal ion signals may be a promising choice.  In biological systems, ion 

signals together with small molecule fluxes, are to a great extent responsible for 

generating and maintaining nothing less than life itself. Thus, we feel cautiously 

optimistic that controlled ion fluxes may indeed play an important role in modular 

assembly of molecular information processors designed and implemented for a 

particular task in mind. 
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2.5. Experimental Details 

All chemicals and solvents purchased from Sigma-Aldrich were used without further 

purification. Spectra of 1H NMR and 13C NMR were recorded using a Bruker DPX-

400 in CDCl3 with TMS as internal reference. Splitting in the spectra are shown as s 

(singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (doublet of doublet), and 

br (broad). 

Absorption spectrometry was performed using a Varian spectrophotometer. Steady 

state fluorescence measurements were conducted using a Varian Eclipse 

spectrofluorometer. Column chromatography of all products was performed using 

Merck Silica Gel 60 (particle size: 0.040–0.063 mm, 230–400 mesh ASTM). 

Reactions were monitored by thin layer chromatography using fluorescent coated 

aluminum sheets. Solvents used for spectroscopy experiments were 

spectrophotometric grade. Mass spectra were recorded on Agilent Technologies 6530 

Accurate-Mass Q-TOF LC/MS. All other reagents and solvents were purchased from 

Aldrich and used without further purification. 

Compounds 1 [182], 2 [183], 16 [148] and 17 [169] were synthesized according to 

literature. 
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Synthetic Pathway: 
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Synthesis of Compound 1 

Catechol (10 g, 90 mmol) and ethyl iodide (22 mL, 43 g, 273 mmol) were dissolved 

in CH3CN (150 mL) in a 500 mL round-bottomed flask. K2CO3 (37.6 g, 273 mmol) 

and a few crystals of 18-crown-6 were added. The reaction mixture was refluxed for 

18 h and followed by TLC (hexane-ethyl acetate 8:1). The reaction mixture was 

filtered and the CH3CN was evaporated in vacuo. The crude product was purified by 

silica gel column chromatography (hexane-ethyl acetate 8:1). Fractions containing 

compound 1 were collected then the solvent was removed to give white solid (11.5 g, 

69.2 mmol, 76%). 

1H NMR (400 MHz, CDCl3): δH 6.92 (s, 4H), 4.12 (q, J = 7.0 Hz, 4H), 1.47 (t, J = 7.0 

Hz, 6H) ppm. 

13C NMR (100 MHz, CDCl3):  δC 148.9, 121.0, 113.9, 64.6, 14.9 ppm. 

Synthesis of Compound 2 

Compound 1 (10 g, 60 mmol) was dissolved in trifluoroacetic acid (20 mL) in a 100 

mL round-bottomed flask. Hexamethylenetetramine (12.6 g, 89.9 mmol) was added. 

The reaction mixture was refluxed for 12 h and followed by TLC (hexane-ethyl acetate 

5:1). Then, the mixture was treated with water and extracted with ethyl acetate. 

Organic layer was dried with Na2SO4 and the solvent was evaporated in vacuo. The 

crude product was purified by silica gel column chromatography (hexane-EtOAc 5:1) 

to get brown solid (5.8 g, 30 mmol, 50%). 

1H NMR (400 MHz, CDCl3): δH 9.82 (s, 1H), 7.44-7.21 (m, 2H), 6.98 (d, J = 8.2 Hz, 

1H), 4.25 – 4.05 (m, 4H), 1.50 (dt, J = 9.0, 7.0 Hz, 6H) ppm. 

13C NMR (100 MHz, CDCl3): δC δ 190.5, 154.0, 148.8, 129.7, 126.22, 111.5, 110.5, 

64.3, 64.2, 14.4, 14.4 ppm. 
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Synthesis of Compound 3 and 4 

Compound 2 (5.0 g, 25.8 mmol) were dissolved in MeOH (15 mL) in a 250 mL round-

bottomed flask. Sodium cyanide (1.9 g, 38.6 mmol) and ammonium chloride (2.10 g, 

38.6 mmol) in NH4OH (30 mL, 30% w/v) were added to the reaction mixture in a 

dropwise manner and the reaction mixture was stirred for 23 h at room temperature. 

The reaction mixture was filtered and the methanol was evaporated in vacuo. Then, it 

was washed with water and extracted with ethyl acetate. Organic layer was dried with 

Na2SO4 and the solvent was evaporated in vacuo to give brown solid. Crude product 

(3) was used in the next step without further purification. Compound 3 in 6 M HCl (60 

mL) was refluxed for 4 h. The solution was concentrated in vacuo. Filtration of the 

resulting yellow suspension gave compound 4 as a yellow crystalline solid (4.0 g, 17 

mmol, 82%). 

1H NMR (400 MHz, DMSO-d6): δH 8.71 (s,3H), 7.05 (s, 1H), 6.90 (s, 2H),4.87 (s, 1H), 

4.00 – 3.85 (m, 4H), 1.23 (q, J = 7.0 Hz, 6H) ppm. 

13C NMR (100 MHz, DMSO-d6): δC 170.4, 149.4, 148.6, 125.71, 121.3, 113.7, 113.6, 

64.4, 64.3, 55.7, 15.1, 15.1 ppm. 

Synthesis of Compound 5 

Compound 4 (4.0 g, 17 mmol) and p-toluenesulfonic acid monohydrate (6.40 g, 33.5 

mmol) were dissolved in methanol (50 mL) in 250 mL round-bottomed flask and 

refluxed for 24 h. The solvent was removed and crude product was dissolved in 

NH4OH (30 mL, 30% w/v) then extracted with CH2Cl2. Organic layer was dried with 

Na2SO4 and the solvent was evaporated in vacuo. The crude product was purified by 

silica gel column chromatography (CH2Cl2:CH3OH 100:4). Corresponding fractions 

were combined then the solvent was evaporated under reduced pressure to yield white 

solid (3.1 g, 12 mmol, 73%). 

1H NMR (400 MHz, CDCl3): δH 6.85 – 6.70 (m, 3H), 4.44 (s, 1H), 4.01 – 3.89 (m, 

4H), 3.60 (s, 3H), 1.85 (b, 2H), 1.34 (td, J = 7.0, 3.2 Hz, 6H) ppm. 
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13C NMR (100 MHz, CDCl3): δC 174.6, 148.9, 148.6, 132.9, 119.2, 113.5, 112.1, 64.6, 

64.6, 58.4, 52.3 ppm. 

Synthesis of Compound 6 and 7 

Compound 5 (3.1 g, 12 mmol) was dissolved in CH2Cl2 (60 mL) in 250 mL round-

bottomed flask and triethylamine (1.8 mL, 1.3 g, 13 mmol) and di-tert-butyl 

dicarbonate (2.8 g, 13 mmol) were added. The reaction mixture was stirred for 23 h at 

room temperature and followed by TLC using CH2Cl2:CH3OH (100:4). Then, it was 

washed sequentially with HCl (1 M, 20 mL), sat. NaHCO3 solution (20 mL) and water 

(20 mL). Organic layer containing compound 6 was dried with Na2SO4 and the solvent 

was evaporated under reduced pressure. Compound 6 (4.0 g, 11 mmol, yellow solid) 

was used in the next step without further purification.  

Compound 6 (4.0 g, 11 mmol) was dissolved in THF (30 mL) in 250 mL round-

bottomed flask. After reducing the temperature of the reaction mixture to 0 oC, NaBH4 

(0.86 g, 22 mmol), LiCl (0.96 g, 22 mmol) and ethanol (20 mL) were added. The 

reaction mixture was stirred for 23 h at room temperature and followed by TLC using 

CH2Cl2:CH3OH (100:4). The solvent mixture was evaporated in vacuo and the product 

was treated with water then extracted with CH2Cl2. Organic layer was dried with 

Na2SO4 and the solvent was evaporated in vacuo. The crude product was purified by 

silica gel column chromatography (CH2Cl2:CH3OH 100:4) to obtain white solid (2.6 

g, 8.0 mmol, 70%). 

1H NMR (400 MHz, CDCl3): δH 6.75 – 6.61 (m, 3H), 5.38 (b, 1H), 4.51 (b, 1H), 4.04 

– 3.81 (m, 4H), 3.6 (d, J = 5.8 Hz, 2H), 3.28 (t, J = 5.9 Hz, 1H), 1.28 (t, J = 7.0 Hz, 

15H) ppm. 

13C NMR (100 MHz, CDCl3): δH 156.2, 148.8, 148.1, 132.6, 118.9, 113.7, 112.4, 79.7, 

66.3, 64.6, 56.4, 28.3, 14.8 ppm. 
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Synthesis of Compound 8 

To round-bottomed flask containing argon-degassed CH2Cl2 (120 mL) were added 

Dess-Martin periodinane (4.90 g, 11.5 mmol) and Compound 7 (2.5 g, 7.7 mmol). The 

reaction mixture was stirred for 23 h at room temperature and followed by TLC 

(CH2Cl2:CH3OH 100:4). The resulting reaction mixture was quenched by adding 

solution of saturated sodium thiosulfate. Then, it was extracted with CH2Cl2. The crude 

product was purified by silica gel column chromatography (CH2Cl2:CH3OH 100:4). 

Corresponding fractions were collected then the solvent was removed under reduced 

pressure to yield yellow solid (2.3 g, 7.1 mmol, 93%). 

1H NMR (400 MHz, CDCl3): δH 9.43 (s, 1H), 6.85 – 6.64 (m, 3H), 5.65 (b, 1H), 5.14 

(s, 1H), 4.11 – 3.92 (m, 4H), 1.35 (t, J = 6.8 Hz, 15H) ppm. 

13C NMR (100 MHz, CDCl3): δC 195.2, 155.0, 149.4, 149.1, 120.5, 113.8, 112.7, 64.6, 

64.5, 64.3, 55.3, 28.3, 14.8, 14.7 ppm. 

Synthesis of Compound 9 

Compound 8 (2.2 g, 6.8 mmol) and 2-picolylamine (0.9 g, 8.3 mmol) were dissolved 

in methanol (50 mL) in 100 mL round-bottomed flask and stirred for 6 h at room 

temperature. After reducing the temperature of the reaction mixture to 0 oC, NaBH4 

(0. 51 g, 13.6 mmol) was added and the resulting mixture was stirred for 18 h at room 

temperature. The methanol was evaporated in vacuo. Then, crude product was treated 

with water and extracted with CH2Cl2. Organic layer was dried with Na2SO4 and the 

solvent was evaporated in vacuo. The crude product was purified by silica gel column 

chromatography (CH2Cl2:CH3OH 100:6). Fractions containing compound 9 were 

collected and the solvent was removed to give yellow solid (1.7 g, 4.1 mmol, 60%). 

1H NMR (400 MHz, CDCl3): δH 8.53 (d, J = 4.9 Hz, 1H), 7.63 (td, J = 7.7, 1.8 Hz, 

1H), 7.24 (d, J = 7.8 Hz, 1H), 7.16 (ddd, J = 7.6, 5.0, 1.2 Hz, 1H), 6.90 – 6.62 (m, 3H), 

5.60 (b, 1H), 4.73 (b, 1H), 4.15 (qd, J = 7.0, 1.8 Hz, 1H), 4.08 (q, J = 4.0 Hz, 4H), 3.88 

(d, J = 2.4 Hz, 2H), 2.91 (m, 2H), 1.51 – 1.26 (m, 15H) ppm. 



65 

 

13C NMR (100 MHz, CDCl3): δC 159.5, 149.3, 148.8, 147.9, 136.5, 122.2, 121.9, 

120.2, 118.5, 113.7, 112.8, 111.9, 64.6, 64.6, 64.5, 54.8, 54.4, 28.4, 11.9, 14.9 ppm. 

HRMS (TOF-ESI): m/z calcd for C23H34N3O4
+: 416.52582 [M+H]+, Found: 

416.26336 [M+H]+, =-21.5 ppm. 

Synthesis of Compound 10 

Compound 9 (1.6 g, 3.9 mmol) and K2CO3 (0.8 g, 5.8 mmol) were dissolved in CH3CN 

(40 mL) in a 100 mL round-bottomed flask. Methyl iodide (0.55 g, 3.9 mmol) was 

added to the reaction mixture in a dropwise manner. The reaction mixture was stirred 

for 5 h at room temperature and followed by TLC (CH2Cl2:CH3OH 100:6). The 

mixture was filtered and the CH3CN was evaporated in vacuo. The crude product was 

purified by silica gel column chromatography (CH2Cl2:CH3OH 100:6) to yield brown 

solid (1.1 g, 2.6 mmol, 67%). 

1H NMR (400 MHz, CDCl3): δH 8.59 (d, J = 2.3 Hz, 1H), 7.66 (td, J = 7.7, 1.8 Hz, 

1H), 7.32 (d, J = 7.9 Hz, 1H), 7.19 (ddd, J = 7.5, 4.9, 1.2 Hz, 1H), 6.88 – 6.65 (m, 3H), 

5.90 (b, 1H), 4.62 (b, 1H), 4.07 (qd, J = 7.0, 1.6 Hz, 4H), 3.80 (d, J = 14.2 Hz, 1H), 

3.65 (d, J = 14.2 Hz, 1H), 2.73 – 2.50 (m, 2H), 2.34 (s, 3H), 1.43 (td, J = 7.0, 2.3 Hz, 

15H) ppm. 

HRMS (TOF-ESI): m/z calcd for C24H36N3O4
+: 430.26276 [M+H]+, Found: 

430.27953 [M+H]+, =-22.1 ppm. 

Synthesis of Compound 11 

Trifluoroacetic acid (3.0 mL, 4.8 g, 39 mmol) was added to a solution of 10 (1.0 g, 2.3 

mmol) in CH2Cl2 (30 mL) and stirred at for 23 h at room temperature. After removing 

the solvent, saturated K2CO3 was added to the reaction mixture, and the product was 

extracted with CH2Cl2. Organic layer containing compound 11 was dried with Na2SO4 

and the solvent was removed. No further purification was required and brown solid 

was obtained (0.73 g, 2.2 mmol, 95%). 
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1H NMR (400 MHz, CDCl3): δH 8.54 (b, 1H), 7.66 (t, J = 7.7 Hz, 1H), 7.43 (d, J = 7.8 

Hz, 1H), 7.17 (t, J = 6.2 Hz, 1H), 6.95 (s, 1H), 6.91 – 6.75 (m, 2H), 4.08 (q, J = 7.0 

Hz, 5H), 3.82 (d, J = 14.0 Hz, 1H), 3.68 (d, J = 14.2 Hz, 1H), 2.79 – 2.42 (m, 2H), 

2.34 (s, 3H), 2.13 (b, 2H), 1.44 (t, J = 7.0 Hz, 6H) ppm. 

13C NMR (100 MHz, CDCl3): δC δ 159.4, 149.0, 148.8, 147.9, 136.9, 136.4, 122.9, 

121.9, 118.9, 113.6, 112.2, 66.5, 64.7, 64.6, 64.2, 53.0, 42.7, 14.9 ppm. 

HRMS (TOF-ESI): m/z calcd for C19H28N3O2
+: 330.21033 [M+H]+, Found: 

330.22473 [M+H]+, =-21.6 ppm. 

Synthesis of Compound 12 

Compound 11 (600 mg, 1.80 mmol) and 2-pyridinecarboxaldehyde (0.20 mL, 0.23 g 

2.2 mmol) were dissolved in methanol (50 mL) in 100 mL round-bottomed flask and 

refluxed for 2 h at room temperature. After reducing the temperature of the reaction 

mixture to 0 oC, NaBH4 (140 mg, 3.6 mmol) was added and the resulting mixture was 

stirred for 18 h at room temperature. The methanol was evaporated in vacuo. Then, 

crude product was treated with water and extracted with CH2Cl2. Organic layer was 

dried with Na2SO4. The crude product was purified by basic alumina column 

chromatography (CH2Cl2:CH3OH 100:2). Corresponding fractions were collected then 

the solvent was evaporated in vacuo to get brown solid (0.46 g, 1.1 mmol, 60%). 

1H NMR (400 MHz, CDCl3): δH 8.59 – 8.39 (m, 2H), 7.67 (td, J = 7.6, 1.8 Hz, 1H), 

7.63 – 7.52 (m, 2H), 7.21 – 7.08 (m, 3H), 6.99 (s, 1H), 6.86 – 6.81 (m, 2H), 4.18 – 

3.98 (m, 5H), 3.90 – 3.51 (m, 4H), 2.76 (dd, J = 12.4, 10.6 Hz, 1H), 2.47 (dd, J = 12.4, 

3.6 Hz, 1H), 2.25 (s, 3H), 1.44 (td, J = 7.0, 4.2 Hz, 6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 160.2, 159.6, 149.3, 148.9, 148.8, 147.9, 136.4, 136.1, 

135.0, 123.0, 122.5, 121.9, 121.7, 120.1, 113.4, 112.6, 65.6, 64.6, 64.5, 63.9, 59.7, 

52.7, 42.6, 14.9, 14.9 ppm. 

HRMS(TOF-ESI): m/z calcd for C25H33N4O2
+: 421.25253 [M+H]+, Found: 421.26430 

[M+H]+, =-10.3 ppm. 
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Synthesis of Compound 13 

Compound 12 (400 mg, 0.95 mmol) was dissolved in CH3CN/CH3OH (15/15 mL) in 

a 100 mL round-bottomed flask. Formaldehyde (37% in water, 3.1 mL, 3.4 g), 

NaBH3CN (180 mg, 2.90 mmol), AcOH (1.2 mL, 1.3 g, 31 mmol) were added and the 

reaction mixture was stirred for 18 h at room temperature. After the solvent was 

removed, saturated NaHCO3 solution (10 mL) was added, and the mixture was 

extracted with CH2Cl2. Organic layer was dried with Na2SO4 then the solvent was 

evaporated in vacuo. The crude product was purified by basic alumina column 

chromatography (CH2Cl2:CH3OH 100:4) to yield brown solid (0.29 g 0.67 mmol, 

70%). 

1H NMR (400 MHz, CDCl3): δH 8.60 – 8.39 (m, 2H), 7.62 (td, J = 7.5, 1.9 Hz, 1H), 

7.56 – 7.41 (m, 2H), 7.20 (d, J = 7.8 Hz, 1H), 7.15 – 7.08 (m, 2H), 6.91 – 6.69 (m, 

3H), 4.22 – 3.99 (m, 4H), 3.92 (s, 1H), 3.84 – 3.52 (m, 4H), 3.09 – 2.97 (m, 1H), 2.93 

– 2.81 (m, 1H), 2.28 (s, 3H), 2.18 (s, 3H), 1.44 (dt, J = 8.6, 7.0 Hz, 6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 160.5, 159.8, 148.9, 148.3, 147.9, 136.3, 136.3, 132.3, 

123.1, 122.8, 121.8, 121.7, 121.4, 114.5, 113.0, 66.0, 64.6, 64.5, 60.6, 60.3, 55.9, 43.1, 

39.0, 14.9, 14.9 ppm. 

HRMS(TOF-ESI): m/z calcd for C26H35N4O2
+: 435.26818 [M+H]+, Found: 435.27529 

[M+H]+, =0.37 ppm. 

Synthesis of Compound 14 (Compound 1-Zn (II)) 

Trifluoromethanesulfonic acid (0.26 mL, 0.44 g, 2.96 mmol) was dissolved in CH2Cl2 

(10 mL) and anhydrous HNO3 (0.080 mL, 0.12 g, 1.5 mmol) was added, which caused 

a white crystalline solid to precipitate in the solution. After reducing the temperature 

of the reaction mixture to 0 oC, Compound 13 (0.16 g, 0.37 mmol) dissolved in CH2Cl2 

(2 mL) was added in one portion. The reaction mixture was stirred at to 0 oC, for 2 h 

and then quickly poured onto 1 g of crushed ice. A saturated solution of NaHCO3 

solution (10 mL) was added, and the reaction mixture was extracted with CH2Cl2. 



68 

 

Organic layer was dried over anhydrous Na2SO4 and the solvent was evaporated in 

vacuo. The crude product was purified by basic alumina column chromatography 

(CH2Cl2:CH3OH 100:1). Corresponding fractions were gathered then the solvent was 

removed to get brown solid (44 mg, 0.090 mmol, 25%). 

1H NMR (400 MHz, CDCl3): δH 8.61 – 8.33 (m, 2H), 7.62 (td, J = 7.7, 1.9 Hz, 1H), 

7.51 (td, J = 7.7, 1.9 Hz, 1H), 7.40 (s, 1H), 7.34 (d, J = 7.8 Hz, 1H), 7.16 – 7.02 (m, 

4H), 4.81 (dd, J = 8.6, 5.3 Hz, 1H), 4.21 – 4.11 (m, 2H), 4.10 – 3.96 (m, 2H), 3.86 – 

3.51 (m, 4H), 2.98 (dd, J = 12.7, 5.3 Hz, 1H), 2.80 (dd, J = 12.8, 8.5 Hz, 1H), 2.32 (s, 

3H), 2.25 (s, 3H), 1.50 (t, J = 7.0 Hz, 3H), 1.44 (t, J = 7.0 Hz, 3H) ppm. 

13C NMR (100 MHz, CDCl3) δC 159.9, 159.3, 151.8, 148.9, 148.7, 146.8, 143.5, 136.4, 

136.2, 131.3, 123.1, 122.4, 121.8, 111.9, 109.129, 64.9, 64.7, 60.8, 60.1, 59.4, 43.2, 

39.6, 29.7, 14.6, 14.6 ppm. 

HRMS(TOF-ESI): m/z calcd for C26H34N5O4
+: 480.25325 [M+H]+, Found: 480.25847 

[M+H]+, =4.25 ppm. 

Preparation of Compound 15 (Caged Zn compound 1) 

Zinc triflate (3.6 mg, 0.010 mmol) and Compound 14 (4.8 mg, 0.010 mmol) were 

dissolved in CH3CN (5 mL) and the reaction mixture was stirred for 12 hours at room 

temperature. 
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2.5.1. Additional Information 

 

Figure 67. Fluorescence response of compound 16 (Bodipy dye 2) upon uncaging of cage compound 

15 (Caged Zn compound 1) (5 M each) recorded in acetonitrile. Initially compound 16 exhibits no 

fluorescence (quenched due to the active PET process), irradiation of the solution at 360 nm with a 

450 W Xe-lamp resulted in the complete photolysis of 15 which can be followed by the enhanced 

emission spectrum of compound 16. Purple line represents the maximum emission intensity of 16 

which was obtained by the addition of 1 equivalent of zinc(II) triflate cations. (λex=480 nm, slit 

width=5-2.5). 

 

Figure 68. Fluorescence response of compound 16 (Bodipy dye 2) upon uncaging of 2 equivalents of 

compound 15 (Caged Zn compound 1), recorded in acetonitrile. Again orange line represents the 

maximum emission intensity of 16 which was obtained by the addition of 1 equivalent of zinc(II) 

triflate cations. (λex=480 nm, slit width=5-2.5). 
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Figure 69. Fluorescence response of compound 16 (Bodipy dye 2) upon uncaging of 2 equivalents of 

compound 15 (Caged Zn compound 1) in the presence of EDTA (1 equiv) in acetonitrile solution.  

(λex=480 nm, slit width=5-2.5). 

 

Figure 70. Absorbance spectra of Compound 17 (Compound 3) (3.0 µM) recorded in acetonitrile, in 

the presence of compound 15 (Caged Zn compound 1) and Hg(II) cations (3.0 µM, 18.0 µM, 

respectively). 
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Figure 71. Emission spectra of Compound 17 (Compound 3) (3.0 µM) in acetonitrile in the presence 

of compound 15 (Caged Zn compound 1) and Hg(II) cations (3.0 µM, 18.0 µM, respectively, 

λex=560 nm, slit width=5-2.5) 
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CHAPTER 3 

 

3. Near IR Triggered, Remote Controlled Release of 

Metal Ions: A Novel Strategy for Caged Ions 

This work is partially described in the following publication: 

A. Atilgan, E. Tanriverdi Eçik, R. Guliyev, T. B. Uyar, S. Erbas-Cakmak, E. U. 

Akkaya, Angew. Chemie - Int. Ed. 2014, 53, 10678–10681. 
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3.1. Objective 

A ligand incorporating dithioethenyl moiety is cleaved into fragments of lower metal 

ion-affinity, on irradiation with low energy red/near IR light. The cleavage is a result 

of singlet oxygen generation on excitation of the photosensitizer modules. The method 

has many tunable elements that could make it a satisfactory caging strategy for metal 

ions. 

3.2. Introduction 

Remote manipulation of molecular or ionic concentrations at will, especially in well-

defined compartments like cells or organelles or even in vivo in tissues is very 

important, as it provides an unparalleled capability to control biochemical processes 

[132], [184]–[187].  Caged compounds, in principle, carry such a potential [122], 

[130], [188]–[190]. However, as most uncaging processes involve a covalent bond 

breaking, there is a very constraining lower limit for the photonic energy of the light 

to be used for photochemical uncaging [121], [125]. For nitrobenzyl and related 

moieties it is around 360 nm, for a few others the lower energy/larger wavelength limit 

can be pushed back to 400-450 nm, with of course a penalty in the form of much 

reduced reaction quantum yields and diminished conversion efficiencies [133], [191], 

[192]. Unfortunately, the need for UV or blue light excitations limits the applicability 

severely, due to potential damage of the light to cells, high scatter and absorption of 

the light in biological media resulting very poor tissue penetration [193]. The problem 

can be circumvented by a few techniques; such as two photon excitation, x-ray 

photolysis or by incorporating upconverting nanoparticles [194]–[202]. All three, have 

advantages and disadvantages, however it looks like these techniques offer palliative 

solutions, which may introduce newer limitations/problems of their own (such as 

toxicity for UCNP, redesign of the cages and limited focal region for the two-photon 

techniques). 

In recent years, a type of cleavage reaction which is dependent on the generation of 

singlet oxygen through photosensitization of dissolved molecular oxygen is gaining 
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hold [203], [204]. The process has some common elements with photodynamic action, 

with one difference, generated singlet oxygen reacts with an electron rich alkene 

(dialkylthio- or dialkoxy- substituted) in the designed microenvironment, resulting in 

the cleavage of molecule into two fragments at the location of the electron rich alkene 

within the molecule [119], [120], [205], [206]. The reaction is known to be efficient, 

and more to the point, can be driven by light of very low energy in the range of 650-

900 nm [207], [208].This can be a tremendous advantage if/when the fragmentation 

event is to be linked to a biological process. 

3.3. Results and Discussion 

In our design, we wanted make use of low energy radiation to remotely release 

biologically relevant metal ions on demand. Zn (II) is a relevant target for caging, as 

changing concentrations of labile zinc ions are clearly involved in a number of 

pathological conditions, including the development of prostate cancer and Alzheimer’s 

disease [185], [209]–[211]. However, we wanted to make our design modular so that 

with minimal changes in the modules, one could change the type of the metal ion to 

be caged/released and the wavelength of the excitation, all with relatively little price 

to be paid in terms of synthetic effort. 
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Figure 72. Structures of proposed caged Zn (II) compounds (1 and 2) and the reporter molecule (3). 

PS denotes the photosensitizer modules. 

Our proof of principle design is shown in Figure 72. We made abundant use of 

symmetry in the design to make the synthesis as minimally demanding as possible. 

Thus, brominated di-styryl Bodipy modules with red absorbtion maxima and meso 

azido substituents were prepared. These can be clicked on the specially crafted alkynyl 

substituted dithioethenyl unit. Zn(II) is expected to preferentially coordinate to the 

nitrogen donor atoms rather than sulphur donors of the “labile” linker, and the click 

reaction itself potentially contributes two new N-donor atoms  on both sides of the 

linker (Figure 73). Here, we have to note that due to the strong inactivation of Cu(I) 

catalyst by the ligand, standard click reaction conditions proved ineffective. A special 

Cu(I)-complex developed by Ozcubukcu et al. [212] for such troublesome cases were 

used with satisfactory results. 

In our design, the photosensitizer is an integral part of the cage molecule, not to be 

added as an external agent.  The advantage is obvious in terms of reaction efficiency.  

In addition, modular design allows freedom in choosing the sensitizer that could 
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absorb in any region of the spectrum, especially near IR. This choice is independent 

of the ligand choice and design, which is additional flexibility (Figure 73). 

 

Figure 73. Modular design of the proposed caged compounds. 

The ligand, in principle can be designed in different ways, by placing other donor 

groups, chelators, even carboxylate moieties for alkaline and alkaline-earth cations on 

the thiol substituents. The current design is expected to work optimally at 660 nm 

excitation (PS1). In order to follow the progress of uncaging reaction, or the release of 

Zn(II) ions, we chose to employ a Bodipy-based fluorescent reporter of zinc (II), with 

a dipicolylamine ligand (3).  We have been using this reporter molecule due to its rapid 

and strong response to increasing zinc concentrations with increasing emission 

intensity [169]. The strength of the binding of compounds 1 and 2 to Zn(II), and the 

binding stoichiometry was studied with isothermal titration calorimetry (ITC) by using 

compound 13 as a model compound. The model compound clearly shows a 1:1 binding 

stoichiometry, and a binding constant of 2.6x105 M-1. In addition, +2 charged species 

with the correct e/z ratio was identified for the 1:1 Zn(II) complex (Figure 74). 



77 

 

 

Figure 74. ITC titration curve of compound 13 in acetonitrile shows a clear 1-1 binding to Zn(II). 

Left: Final figure illustrating the titration of 0.9 mM compound 13 with 5.0 mM Zn(OTf)2, Right:  

Thermodynamic parameters of interactions are summarized on the inset. 

The zinc(II) release process (Figure 75) starts by the absorption of a photon, in this 

case, it is a photon of red light (660 nm irradiation).  Excited state photosensitizer, due 

to the presence of intersystem crossing facilitator heavy atoms (in this case, two 

bromine atoms) rapidly accesses the triplet state. Energy transfer to the dissolved 

molecular oxygen follows, generating singlet oxygen, which undergoes addition to the 

double bond creating a reactive dioxetane ring. Thermal opening at room temperature 

results in the cleavage products. The ligand itself is cleaved into two pieces which will 

have significantly lower affinity for Zn(II) ions. The net result is a release of metal 

ions. 
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Figure 75. Working principle of the caged Zn(II) compound which can be activated by light of any 

chosen spectral region;   PS: Photosensitizer,  hν: Light absorbed by the PS. 

Based on the above strategy, the uncaging experiment was then carried out by the 

irradiation of the caged Zn(II) (prepared by the addition of one equivalent of Zn(II) to 

the solution of (1) in the presence of the reporter molecule (3). As the light (filtered 

broad band white light to remove wavelengths shorter than 400 nm) shines over the 

solution aliquots were taken at four minute intervals, and the fluorescence of the Zn(II) 

reporter molecule was determined (Figure 76). 
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Figure 76. Fluorescence response of compound 3 (DPA-BOD) upon uncaging of  1+Zn(II) (5.0 µM 

each) in acetonitrile. Irradiation of the solution with the Xe-lamp (λ<400 nm is filtered out) resulted in 

the photolysis of Zn(II) complex of 1 which can be followed by the increase in the emission intensity 

due to 3-Zn(II) complex. (λex=490 nm). Highest intensity curve represents the maximum emission 

intensity of 3 (DPA-Bod) which was obtained by the addition of 1.0 equivalent of zinc(II) cations in 

the form of triflate salt. Time values indicated, correspond to the duration of irradiation with the Xe 

lamp. 

The emission intensity of the probe increased steadily, demonstrating the release of 

Zn(II) from the cage. Other alternative possibilities that might lead to emission 

increase at 530 nm were experimentally tested, and eliminated; for example, without 

irradiation, no change in the emission intensity of the probe is observed, when mixed 

with the caged Zn(II), attesting to higher affinity of the cage for Zn(II) ions compared 

to DPA-Bodipy (3). Without the probe as well, no emission change around 500 nm 

was observed when the cage compound was irradiated at 660 nm. Additional control 

experiments also proved that the singlet oxygen produced on excitation, does not 

interfere with the generated signal on Zn(II) binding to the reporter compound. 

The singlet oxygen quantum yield of the PS1 was determined to be 0.14, however even 

this photosensitizer of modest efficiency resulted in impressive uncaging. Replacing 

this chromophore with a more efficient photosensitizer is clearly expected to generate 

more effective uncaging cleavage. 
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We next sought to demonstrate the ability of an energy transfer cassette to affect the 

uncaging process. To that end, asymmetric compound 2 was synthesized (Figure 72). 

Here, shorter wavelength dye, PS2, with the absorption maxima at 600 nm and larger 

extinction coefficient is the primary excitation target, and since it does not contain 

heavy atoms, it is not expected have high intersystem crossing efficiency, but excited 

state energy transfer (EET) is possible [213]–[216]. When EET takes place to the other 

chromophore module, because of the bromines on the Bodipy core, singlet oxygen 

generation takes place. This again leads to the cleavage of the alkene, releasing to 

lower binding affinity fragments of the orginal ligand, which means uncaging of the 

Zn(II) to be reported then by the repoter compound 3 (Figure 77). Using a broadband 

excitation source, we were able to excite the photosensitizer both directly and through 

energy transfer, which is expected to yield a higher efficiency in the uncaging process.   

The proportional increase in emission intensity is higher under these conditions 

demonstrating that Zn(II) release can be coupled to intramolecular energy transfer, 

demonstrating that antenna effect can be utilized for more effective uncaging and metal 

ion release. 

 

Figure 77. Fluorescence response of compound 3 (DPA-BOD) upon uncaging of  2+Zn(II) (5.0 µM 

each) recorded in acetonitrile. Initially 3 exhibits low fluorescence (quenched due to the active PET 

process), irradiation of the solution with the broadband Xe-lamp (λ<400 nm is filtered) resulted in the 

photolysis of Zn(II) complex of 2 which can be followed by the enhanced emission spectrum of 3 
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(λex=490 nm). Highest intensity curve represents the maximum emission intensity of 3 (DPA-BOD) 

which was obtained by the addition of 1.0 equivalent of zinc(II) ions in the form of triflate salt. Time 

values indicated, correspond to the duration of irradiation with the Xe lamp. 

The efficiency of the uncaging process was then compared with an established o-

nitrobenzyl-containing caged Zn(II) compound [217] (which is structurally similar to 

a well-studied cage ligand [133]) under the same conditions. When excited at 360 nm, 

the o-nitrobenzyl caged compounds results in same signal enhancement in the reporter 

molecule as the symmetric cage (1+Zn(II)), but less than the compound 2+Zn(II) 

(Figure 78). In other words, we observed better results in terms of percent Zn(II) 

release under lower energy irradiation (660 nm), when compared to that of o-

nitrobenzyl cages under UV irradiation. Percent release, following irradiation can be 

quantified. The emission peak area for the one equivalent Zn(II) in the presence of the 

reporter can be set to correspond to 100% free Zn(II) ions. Then, the ratios of the 

emission peak areas will yield the relative amounts of Zn(II) release. Thus, compound 

1+Zn(II) leads to 31% release, whereas 2+Zn(II) leads to 40% free Zn(II). Under 

comparable conditions, that is, when the emission intensity increase has leveled off in 

acetonitrile, 29% of the o-nitrobenzyl caged zinc compound (Figure 77) releases its 

bound Zn(II) ions which are reported by the fluorescent Zn(II) probe. These values do 

not imply incomplete reactions as some fraction of the Zn(II) may not be available to 

the reporter compound, due to residual affinity of the cleaved fragments to Zn(II) ions. 
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Figure 78. Fluorescence response of compound 3 upon uncaging of one equivalent o-nitrobenzyl 

Zn(II)-cage (5.0 µM each) recorded in acetonitrile. Initially compound 3 (DPA-BOD) exhibits no 

fluorescence (quenched due to the active PET process).  As the solution was irradiated at 360 nm (for 

10 minutes) the increase in the emission intensity levels off, which can be interpreted as the 

completion of photolysis of the Zn(II)-cage compound. 

3.4. Conclusion 

In conclusion, we report a novel modular design for caging ligands and red to near-IR 

triggered uncaging of Zn(II) ions from that cage. This is the first example of metal ion 

uncaging using more penetrating lower energy red to near IR light without resorting 

to upconversion, X-rays or two-photon techniques. The potential for biological 

systems including, model organisms (in vivo) is substantial. Further work along that 

direction may be even expected to yield designer cages for therapeutic applications as 

well. 
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3.5. Experimental Details 

Isothermal titration calorimetry experiments were performed on iTC-200 

microcalorimeter (Microcal Inc., Northampton, MA). All solutions were prepared in 

spectroscopic grade acetonitrile.  

Compounds 1 [119], 2 [218], 5 [172], Cu-catalyst [212] and DPA-Bod dye [148] were 

synthesized according to literature. 

Synthesis of Compound 1 

 

3-mercaptopropanol (1.8 g, 0.020 mol) and NaOH (0.8 g, 0.02 mol) were dissolved in 

ethanol (10 mL) was stirred at 0 °C for 30 min. Solution of cis-1,2-dichloroethylene 

(1 g, 0.01 mol) in EtOH (2 mL) was added dropwise and the reaction mixture was 

heated at 80 °C for 18 h. Then, it was treated with water and extracted with diethyl 

ether. Organic layer was dried with Na2SO4 and the solvent was evaporated in vacuo. 

The crude product was purified by silica gel column chromatography (hexane-ethyl 

acetate 1:4). Fractions containing compound 1 were collected then the solvent was 

removed to give light yellow liquid (1.5 g, 7.2 mmol, 72%). 

1H NMR (400 MHz, CDCl3) δH  6.1 (s, 2H), 3.8 (t, J = 6.0 Hz, 4H), 2.8 (t, J = 7.0 Hz, 

4H), 2.3 (s, 2H), 1.9 (tt, J = 7.0, 6.0 Hz, 4H) ppm. 

13C NMR (100 MHz, CDCl3) δC 123.9, 60.9, 32.6, 30.8 ppm. 
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Synthesis of Compound 2 

 

Compound 1 (750 mg, 3.61 mmol) was dissolved in CH2Cl2 (15 mL) in 100 mL round-

bottomed flask. After, reaction was cooled to 0 oC, triethylamine (1.5 mL, 1.1 g, 10.8 

mmol) and solution of p-toluene sulfonyl chloride (2.0 g, 11 mmol) in CH2Cl2 (5 mL) 

was added dropwise. The reaction mixture was stirred for 12 h at room temperature. 

After the extraction, organic layer was dried with Na2SO4 and the solvent was 

evaporated in vacuo. The crude product was purified by silica gel column 

chromatography (hexane-ethyl acetate 1:1) to yield white solid (1.4 g, 2.7 mmol, 75%). 

1H NMR (400 MHz, CDCl3) δH 7.8 (d, J = 8.3 Hz, 4H), 7.4 (d, J = 8.1 Hz, 4H), 5.9 (s, 

2H), 4.2 (t, J = 5.9 Hz, 4H), 2.8 (t, J = 6.9 Hz, 4H), 2.5 (s, 6H), 1.9 (m, 4H) ppm. 

13C NMR (100 MHz, CDCl3) δC 144.9, 132.9, 129.9, 127.9, 123.9, 68.3, 29.9, 29.6, 

21.7 ppm. 

Synthesis of Compound 3 

 

2-picolylamine (1.2 mL, 1.3 g, 12 mmol) and K2CO3 (1.6 g, 12 mmol) were dissolved 

in CH3CN (10 mL) and stirred for 10 min. Solution of propargyl bromide (0.7g, 6 

mmol) in CH3CN (50 mL) was added dropwise and the reaction mixture was stirred 

for 12 h at room temperature. Then, the reaction mixture was filtered and the CH3CN 

was removed in vacuo. The crude product was purified by silica gel column 

chromatography (CH2Cl2:CH3OH:Et3N 100:5:1). Corresponding fractions were 
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collected then the solvent was evaporated under reduced pressure to give brown solid 

(0.45 g ,3.1 mmol, 41%). 

1H NMR (400 MHz, CDCl3) δH 8.5 (d, J = 3.9 Hz, 1H), 7.6 (td, J = 7.7, 1.8 Hz, 1H), 

7.3 (d, J = 8.4 Hz, 1H), 7.1 (dd, J = 7.5, 4.9 Hz, 1H), 3.9 (s, 2H), 3.4 (s, 2H), 2.3 (s, 

1H), 2.2 (t, J = 2.4 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3) δC 158.9, 149.3, 136.4, 122.4, 122.0, 81.7, 71.7, 53.5, 

37.7 ppm. 

HRMS (TOF-ESI): m/z calcd for C9H11N2
+ 147.08785 [M+H]+, Found: 147.08976 

[M+H]+, = 13.02 ppm. 

Synthesis of Compound 4 

 

Compound 2 (600 mg, 1.16 mmol) were dissolved in CH3CN (20 mL) in a 100 mL 

round-bottomed flask. Compound 3 (375 mg, 2.56 mmol) and K2CO3 (450 mg, 4.65 

mmol) were added to the reaction mixture and the reaction mixture was refluxed for 

18 h. Then, the reaction mixture was filtered and the CH3CN was evaporated in vacuo. 

The crude product was purified by silica gel column chromatography 

(CH2Cl2:CH3OH:Et3N 100:5:1). Fractions containing compound 4 were collected then 

the solvent was removed to get brown solid (0.30 g, 0.65 mmol, 56%). 

1H NMR (400 MHz, CDCl3) δH 8.5 (m, 2H), 7.6 (td, J = 7.6, 1.8 Hz, 2H), 7.4 (d, J = 

7.7 Hz, 2H), 7.1 (m, 2H), 6.0 (s, 2H), 3.8 (s, 4H), 3.4 (d, J = 2.4 Hz, 4H), 2.7 (t, J = 

7.3 Hz, 4H), 2.6 (t, J = 6.9 Hz, 4H), 2.2 (t, J = 2.3 Hz, 2H), 1.8 (p, J = 7.1 Hz, 4H) 

ppm. 

13C NMR (100 MHz, CDCl3) δC 158.9, 149.3, 136.4, 123.5, 123.0, 122.1, 78.3, 73.3, 

59.7, 51.9, 42.2, 31.9, 28.1 ppm. 
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HRMS (TOF-ESI): m/z calcd for C26H33N4S2
+ 465.2068 [M+H]+, Found: 465.2094 

[M+H]+, = 10.07 ppm. 

Synthesis of Compound 6 

 

CH2Cl2 (300 mL) was purged with Ar for 30 min. 2,4-dimethyl pyrrole (0.46 g, 4.8 

mmol) and compound 5 [218] (0.55 g, 2.2 mmol) were added. The color of the solution 

turned into red after the addition of 3 drops of trifluoroacetic acid. The reaction mixture 

was stirred at room temperature for 12 h. Then, p-chloranil (0.54 g, 2.2 mmol) was 

added and the reaction mixture was stirred at room temperature for 45 min. Then 

triethyl amine (6 mL) and boron trifluoride diethyl etherate (6 mL) were added 

sequentially. After stirring at room temperature for 30 min, it was washed with water. 

Organic layer was dried with Na2SO4 and the solvent was evaporated under reduced 

pressure. The crude product was purified by silica gel column chromatography using 

n-hexane-CH2Cl2 (1:2) to yield dark red solid (0.31 g, 0.67 mmol, 53%). 

1H NMR (400 MHz, CDCl3) δH 7.1 (d, J = 8.3 Hz, 2H), 6.9 (d, J = 8.3 Hz, 2H), 5.9 (s, 

2H), 3.9 (t, J = 6.4 Hz, 2H), 3.2 (t, J = 6.8 Hz, 2H), 2.5 (s, 6H), 1.8 – 1.7 (m, 2H), 1.6 

(p, J = 7.0 Hz, 2H), 1.5 – 1.4 (m, 4H), 1.4 (s, 6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 159.6, 155.2, 143.1, 141.9, 131.8, 129.2, 126.9, 

121.07, 115.0, 67.9, 51.4, 29.1, 28.8, 26.6, 25.7, 14.6, 14.6 ppm. 

HRMS(TOF-ESI): m/z calcd for C25H31BF2N5O
+ 466.34641 [M+H]+, Found: 

466.25188 [M+H]+, = 16.21 ppm. 
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Synthesis of Compound 7 

 

Compound 6 (0.37 g, 0.80 mmol) was dissolved in CH2Cl2:DMF (10:2 mL) was stirred 

for 10 min. Solution of NBS (N-boromosuccinimide) (283 mg, 1.60 mmol) in CH2Cl2 

(10 mL) was added dropwise and the reaction mixture was stirred for 2 h at room 

temperature. After the extraction, organic layer was dried with Na2SO4 and the solvent 

was evaporated in vacuo. The crude product was purified by silica gel column 

chromatography (hexane-CH2Cl2 1:1). Corresponding fractions were combined and 

the solvent was removed to give red solid (0.20 g, 0.32 mmol, 40%). 

1H NMR (400 MHz, CDCl3) δH 7.1 (d, J = 8.5 Hz, 2H), 7.0 (d, J = 8.5 Hz, 2H), 4.0 (t, 

J = 6.4 Hz, 2H), 3.3 (t, J = 6.8 Hz, 2H), 2.6 (s, 6H), ), 1.9 – 1.8 (m, 2H), 1.7-1.6 (m, 

2H), 1.5 – 1.4 (m, 4H), 1.4 (s, 6H). 

13C NMR (100 MHz, CDCl3) δC 160.1, 153.7, 142.4, 140.6, 130.8, 129.1, 126.2, 115.3, 

111.63, 68.0, 51.4, 29.7, 29.1, 28.8, 26.6, 25.7, 13.9, 13.6 ppm. 

HRMS (TOF-ESI): m/z calcd for C25H28BBr2F2N5O
+ 619.06853 [M+], Found: 

619.07808 [M]+, = -15.43 ppm. 
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Synthesis of Compound 8 

 

 

4-methoxybenzaldehyde (61 mg, 0.44 mmol) and Compound 7 (110 mg, 0.180 mmol) 

were dissolved in benzene (30 mL). Piperidine (300µL) and acetic acid (300µL) were 

added. The reaction mixture was reflux using Dean-Stark apparatus until all aldehyde 

was consumed. Then, crude product was treated with water and extracted with CH2Cl2. 

Organic layer was dried with Na2SO4 and the solvent was evaporated in vacuo. The 

crude product was purified by silica gel column chromatography (hexane-CH2Cl2 1:2) 

to obtain purple solid (0.18 g, 0.20 mmol, 42%). 

1H NMR (400 MHz, CDCl3) δH 8.1 (d, J = 16.6 Hz, 2H), 7.7 – 7.6 (m, 6H), 7.2-7.1 

(m, 2H), 7.1 – 7.0 (m, 2H), 6.9 (d, J = 8.8 Hz, 4H), 4.1 (t, J = 6.5 Hz, 2H), 3.9 (s, 6H), 

3.3 (t, J = 6.9 Hz, 2H), 1.8-17 (m, 2H), 1.7 (q, J = 7.2 Hz, 2H), 1.6-1.5 (m,  4H), 1.5 

(s, 6H). 

13C NMR (100 MHz, CDCl3) δC 160.8, 160.0, 148.4, 140.9, 139.1, 138.7, 132.4, 129.8, 

129.6, 129.3, 126.8, 116.2, 115.3, 114.3, 110.1, 67.9, 55.4, 51.4, 29.7, 29.1, 28.8, 26.6, 

25.7, 13.9 ppm. 
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Synthesis of Compound 9 

 

Compound 4 (12 mg, 0.026 mmol) and Compound 8 (50 mg, 0.057 mmol) were 

dissolved in CH2Cl2:MeOH (5:1 mL). Flask was covered with aluminum folio to avoid 

light and reaction mixture was bubbled with Ar for 15 min. Triethylamine (100 µL) 

and Cu-catalyst [212] (1%, 0.3 mg) were added and the reaction mixture was stirred 

for 12 h at room temperature. After the extraction with dichloromethane, organic layer 

was dried with Na2SO4. The crude product was purified by silica gel column 

chromatography (CH2Cl2:MeOH 100:8). Fractions containing compound 9 were 

collected and the solvent was removed in vacuo to get purple solid (20 mg, 0.0092 

mmol, 32%). 

1H NMR (400 MHz, CDCl3) δH 8.6 – 8.5 (m, 2H), 8.1 (d, J = 16.6 Hz, 4H), 7.7 – 7.4 

(m, 16H), 7.5 (d, J = 7.9 Hz, 2H), 7.2 m, 6H), 7.1 – 7.0 (m, 4H), 7.0 – 6.9 (m, 8H), 6.0 

(s, 2H), 4.4 (t, J = 7.2 Hz, 4H), 4.0 (t, J = 6.3 Hz, 4H), 3.9 (s, 12H), 3.8 (s, 4H), 3.7 (s, 

4H), 2.8 (t, J = 7.3 Hz, 4H), 2.7 (m, 4H), 2.6-2.5 (m, 4H), 2.0-1.9 (m, 4H),  1.9-1.8 (m, 

4H), 1.6-1.5 (m, 4H), 1.5 (s, 12H), 1.5 – 1.4 (m, 4H) ppm. 
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13C NMR (100 MHz, CDCl3) δC 160.8, 159.9, 149.3, 149.08, 148.3, 143.9, 141.0, 

1389.0, 138.7, 136.5, 136.5, 132.4, 129.8, 129.6, 129.3, 126.8, 123.6, 123.3, 122.1, 

116.1, 115.3, 114.3, 110.0, 73.4, 67.9, 59.6, 55.4, 52.2, 50.2, 48.5, 42.2, 31.9, 30.3, 

29.0, 26.4, 25.6, 13.9 ppm. 

Synthesis of Compound 10 

 

Compound 8 (50 mg, 0.057 mmol) and Compound 4 (265 mg, 0.571 mmol) were 

dissolved in CH2Cl2:MeOH (5:1 mL). Flask was covered with aluminium folio to 

avoid light and Ar was purged for 15 min. Triethylamine (100 µL) and Cu-catalyst 

[212] (1%, 3 mg) were added and the reaction mixture was stirred for 48 h at room 

temperature. After the extraction, organic layer was dried with Na2SO4 and the solvent 

was evaporated in vacuo. The crude product was purified by silica gel column 

chromatography (CH2Cl2:MeOH 100:4) to yield dark blue solid (30 mg, 0.023 mmol, 

40%). 

1H NMR (400 MHz, CDCl3) δH 8.6 (m, 2H), 8.1 (d, J = 16.6 Hz, 2H), 7.7 – 7.6 (m, 

8H), 7.5 (d, J = 8.2, 1H), 7.4 (d, J = 7.9, 1H), 7.3 (s, 1H), 7.2 – 7.1 (m, 4H), 7.1– 7.0 
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(m, 2H), 7.0 – 6.9 (m, 4H), 6.1 (s, 1H), 6.0 (s, 1H), 4.4 (t, J = 7.2 Hz, 2H), 4.0 (t, J = 

6.3 Hz, 2H), 3.9 (s, 6H), 3.8 (s, 4H), 3.4 (d, J = 2.4 Hz, 2H), 2.8 (td, J = 7.1, 5.8 Hz, 

4H), 2.7 (t, J = 7.0 Hz, 4H), 2.3 (t, J = 2.2 Hz, 1H), 2.0 – 1.9 (m, 2H), 1.9 – 1.8 (m, 

8H), 1.7 – 1.5 (m, 2H), 1.5 (s, 6H), 1.4 (m, 2H). 

13C NMR (100 MHz, CDCl3) δC 160.7, 159.9, 158.9, 149.3, 149.1, 148.3, 140.9, 138.9, 

138.7, 136.6, 136.5, 132.4, 129.8, 129.6, 129.3, 129.1, 128.2, 126.8, 123.1, 122.1, 

116.1, 115.2, 114.3, 110.0, 78.3, 73.4, 73.3, 67.9, 59.8, 59.7, 55.4, 52.0, 50.2, 48.5, 

42.2, 31.9, 30.2, 29.7, 29.1, 28.2, 26.4, 25.6, 13.9 ppm. 

Synthesis of Compound 11 

 

Compound 6 (125 mg, 0.272 mmol) and 4-methoxybenzaldehyde (36 mg, 0.24 mmol) 

were dissolved in benzene (50 mL). Piperidine (150µL) and acetic acid (150µL) were 

added. The reaction mixture was refluxed at 110 0C by using Dean-Stark apparatus 

until all aldehyde was consumed. Then, crude product was treated with water and 

extracted with CH2Cl2. Organic layer was dried with Na2SO4 and the solvent was 

evaporated in vacuo. The crude product was purified by silica gel column 

chromatography (hexane-CH2Cl2 1:3). Corresponding fractions were collected then 

the solvent was removed to give blue solid (40 mg, 0.067 mmol, 25%). 

1H NMR (400 MHz, CDCl3) δH 7.5 (d, J = 8.8 Hz, 2H), 7.3 (d, J = 14.4 Hz, 2H), 7.2 

(d, J = 8.5 Hz, 2H), 7.0 (d, J = 8.6 Hz, 2H), 6.7 (d, J = 8.7 Hz, 2H), 6.6 (s, 1H), 6.0 (s, 

1H), 4.0 (t, J = 6.4 Hz, 2H), 3.3 (t, J = 6.8 Hz, 2H), 3.0 (s, 6H), 2.6 (s, 3H), 1.9 – 1.8 

(m, 2H), 1.7 (p, J = 7.0 Hz, 2H), 1.6 – 1.5 (m, 4H), 1.50 (s, 3H), 1.46 (s, 3H) ppm. 
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13C NMR (100 MHz, CDCl3) δC 159.5, 154.6, 152.7, 151.0, 142.9, 140.8, 139.1, 137.6, 

133.5, 130.6, 129.6, 129.2, 127.3, 124.7, 120.3, 117.6, 114.9, 114.5, 112.0, 67.8, 51.4, 

40.2, 29.2, 28.8, 26.6, 25.7, 14.9, 14.6, 14.5 ppm. 

HRMS(TOF-ESI): m/z calcd for C34H39BF2N6O
+  596.3246 [M+], Found: 596.3250 

[M]+, = -0.67 ppm. 

Synthesis of Compound 12 

 

Compound 10 (30 mg, 0.023 mmol) and Compound 11 (20 mg, 0.034 mmol) and were 

dissolved in CH2Cl2:Methanol (5:1 mL). Flask was covered with aluminium folio to 

avoid light and Ar was purged for 15 min. Triethylamine (100 µL) and Cu-catalyst 

[212] (0.3 mg) were added and the reaction mixture was stirred for 48 h at room 

temperature. After the washing with water, organic layer was dried with Na2SO4 and 

the solvent was evaporated in vacuo. The crude product was purified by silica gel 

column chromatography (CH2Cl2:Methanol 100:7) to obtain dark purple solid (23 mg, 

53%). 
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1H NMR (400 MHz, CDCl3) δH 8.6 – 8.5 (m, 2H), 8.1 (d, J = 16.6 Hz, 2H), 7.7– 7.6 

(m, 9H), 7.5 – 7.4 (m, 6H), 7.3 (d, J = 16.7 Hz, 2H), 7.2 – 7.1 (m, 6H), 7.1 – 7.0 (m, 

2H), 7.0-6.9 (m, 6H), 6.7 (d, J = 8.4 Hz, 2H), 6.6 (s, 1H), 6.0 (s, 1H), 5.9 (s, 1H), 4.4 

(q, J = 6.9 Hz, 4H), 4.0 (m, 4H), 3.9 (s, 6H), 3.8 (s, 4H), 3.7 (s, 4H), 3.0 (s, 6H), 2.8 

(t, J = 7.2 Hz, 4H), 2.7 (d, J = 6.6 Hz, 4H), 2.6 (s, 4H), 2.0-1.8 (m, 12H), 1.6– 1.5 (m, 

4H), 1.48 (s, 9H), 1.44 (s, 6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 160.7, 159.9, 159.4, 154.6, 152.7, 151.0, 149.1, 148.3, 

142.9, 141.0, 140.8, 139.0, 138.7, 137.6, 136.5, 133.5, 132.4, 131.6, 130.6, 129.8, 

129.6, 129.6, 129.5, 129.3, 129.2, 129.1, 128.7, 128.2, 127.3, 126.8, 124.7, 123.4, 

123.3, 122.7, 122.1, 120.3, 117.6, 116.1, 115.2, 114.9, 114.4, 114.3, 114.1, 112.0, 

110.0, 67.9, 67.8, 59.7, 55.4, 54.3, 53.4, 52.2, 50.2, 48.4, 40.2, 31.9, 30.3, 29.7, 29.1, 

29.0, 27.8, 26.4, 26.3, 25.6, 14.9, 14.6, 14.5, 14.0 ppm. 

Synthesis of the reference Compound 13 

 

Compound 4 (46 mg, 0.11 mmol) and benzyl azide (29 mg, 0.22 mmol) were dissolved 

in CH2Cl2:Methanol (5:1 mL). Flask was covered with aluminum folio to avoid light 

and Ar was purged for 15 min. Triethylamine (100 µL) and Cu-catalyst [212] (1%) 

were added and the reaction mixture was stirred for 12 h at room temperature. After 

the washing with water, organic layer was dried with Na2SO4. The crude product was 

purified by silica gel column chromatography (CH2Cl2:Methanol 93:7). Fractions 

containing compound 13 were collected then the solvent was evaporated in vacuo to 

yield brown solid (42 mg, 0.058 mmol, 57%). 

1H NMR (400 MHz, CDCl3) δH 8.5 (m, 2H), 7.6 (td, J = 7.6, 1.8 Hz, 2H), 7.43 (s, 2H), 

7.36 (d, J = 7.7 Hz, 2H), 7.3-7.2 (m, 6H), 7.2-7.1 (m, 4H) 7.1 (m, 2H), 6.0 (s, 2H), 5.5 

(s, 4H),  3.8 (s, 4H), 3.7 (s, 4H), 2.7 (t, J = 7.3 Hz, 4H), 2.6 (t, J = 6.9 Hz, 4H), 1.8 (p, 

J = 7.1 Hz, 4H) ppm. 
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13C NMR (100 MHz, CDCl3) δC 159.3, 148.9, 144.8, 136.4, 134.9, 129.0, 128.6, 127.9, 

123.1, 122.8, 122.0, 59.8, 54.0, 52.2, 48.6, 31.9, 27.9 ppm. 

HRMS (TOF-ESI): m/z calcd for C40H46N10S2 [M+Na]+ 753.3241, Found: 753.3204 

[M+Na]+, = 4.78 ppm. 

Preparation of Zn complex of Compound 4 

 

Zinc triflate (3.65 mg, 0.01 mmol) and compound 4 (4.7 mg, 0.01 mmol) were 

dissolved in CH3CN (5 mL) and the reaction mixture was stirred for 12 hours at room 

temperature. 

HRMS (TOF-ESI): m/z calcd for C28H33F6N4O6S4Zn+ (with two counter ions, i.e., 2 

triflates) 827.040 [M+H]+, Found: 827.0554 [M+H]+, = -9.83 ppm. 

Preparation of Zn complex of Compound 13 

 

Zinc triflate (3.65 mg, 0.01 mmol) and compound 13 (7.3 mg, 0.01 mmol) were 

dissolved in CH3CN (5 mL) and the reaction mixture was stirred for 1 hour at room 

temperature. 

HRMS (TOF-ESI): m/z calcd for C40H46N10S2Zn2+  397.1314 [M+2], Found: 397.1384 

[M2+], = -17.42 ppm. 
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Preparation of Zn Compound 1 

Zinc triflate (0.74 mg, 0.002 mmol) and compound 9 (4.4 mg, 0.002 mmol) were 

dissolved in CH2Cl2 (10 mL) and the reaction mixture was stirred for 12 hours at room 

temperature. 

Preparation of Zn Compound 2 

Zinc triflate (0.74 mg, 0.002 mmol) and compound 12 (3.9 mg, 0.002 mmol) were 

dissolved in CH2Cl2 (10 mL) and the reaction mixture was stirred for 12 hours at room 

temperature. 

3.5.1. Additional Information 

Singlet Oxygen Measurements: 

Singlet oxygen quantum yields (φΔ) were calculated according to the literature [219], 

[220]. The relative quantum yields were calculated with reference to methylene blue 

(MB) in dichloromethane as 0.57 [220]. Air satutared DCM was obtained by bubbling 

air for 15 minutes. The absorbance of DPBF was adjusted around 1.0 a.u. in air 

saturated dichloromethane. Then, the photosensitizer (8) was added to cuvette and 

photosentizer’s absorbance was adjusted around 0.1 After, taking some measurements 

in dark, we exposed the cuvette to monochromatic light at the peak absorption 

wavelength for 3 minute. Absorbance was measured for several times after each 

irradiation. The graphics recorded are shown below; Figures 2 to 5. Then, slope of 

absorbance maxima of DPBF at 414 nm versus time graph for each photosensitizer 

were calculated. Singlet oxygen quantum yield were calculated according to the 

equation: 

φΔ (8) = φΔ (ref) ×[m (8)/m(ref)]×[F(ref)/F(8)]×[PF(ref)/PF(8)] 

where 8 and ref designate 'compound 8' and 'methylene blue' respectively. m is the 

slope of difference in change in absorbance of DPBF (414 nm) with the irradiation 
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time, F is the absorption correction factor, which is given by F = 1 – 10-OD(OD at the 

irradiation wavelength), and PF is absorbed photonic flux (μEinstein dm-3 s-1). 

φΔ (8) = φΔ (ref) ×[m (8)/m(ref)]×[F(ref)/F(8)]×[PF(ref)/PF(8)]  

φΔ (8) = 0.57 ×[-0.02905/-0.22956]×[1-10-0.1)/1-10-0.05]×[1)]  

φΔ (8) =0.14 

 

Figure 79. Decrease in absorbance spectrum of trap molecule DBPF in the presence of compound 8 

(3µM) in dichloromethane. (λex=660 nm, slit width=14-14, Xe-lamp). 
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Figure 80. Absorbance decrease of DPBF at 414 nm with time in dichloromethane in the presence of 

compound 8. 

 

Figure 81. Decrease in absorbance spectrum of trap molecule DBPF in the presence of methylene 

blue (1µM) in dichloromethane (λex=660 nm, slit width=14-14, Xe-lamp). 
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Figure 82. Absorbance decrease of DPBF at 414 nm with time in dichloromethane in the presence of 

methylene blue (reference). 

 

Figure 83. Fluorescence response of compound DPA-BOD upon uncaging of  Zn complex 1 (5.0 µM 

each) recorded in acetonitrile. Initially DPA-BOD exhibits low fluorescence (quenched due to the 

active PET process), irradiation of the solution with the broadband 450 W Xe-lamp (λ<550 nm is 

filtered) resulted in the photolysis of Zn complex 1 which can be followed by the enhanced emission 

spectrum of DPA-BOD (λex=490 nm, slit width=5-2.5). Highest intensity curve represent the 

maximum emission intensitie of DPA-BOD which was obtained by the addition of 1.0 equivalent of 

zinc(II) cations in the form of triflate salt. (λex=490 nm, slit width=5-2.5). 
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Figure 84. Fluorescence response of compound DPA-BOD upon uncaging of  Zn complex 2 (5.0 µM 

each) recorded in acetonitrile. Initially DPA-BOD exhibits low fluorescence (quenched due to the 

active PET process), irradiation of the solution with the broadband 450 W Xe-lamp (λ<550 nm is 

filtered) resulted in the photolysis of Zn complex 2 which can be followed by the enhanced emission 

spectrum of DPA-BOD (λex=490 nm, slit width=5-2.5). Highest intensity curve represent the 

maximum emission intensitie of DPA-BOD which was obtained by the addition of 1.0 equivalent of 

zinc(II) cations in the form of triflate salt. (λex=490 nm, slit width=5-2.5). 

 

Figure 85. Fluorescence response of compound DPA-BOD upon uncaging of 1 equivalent Zn(II)-

cage (5.0 µM each) recorded in acetonitrile. Initially compound DPA-BOD exhibits no fluorescence 

(quenched due to the active PET process), irradiation of the solution at 360 nm resulted in the 

complete photolysis of Zn(II)-cage which can be followed by the enhanced emission spectrum of 

compound DPA-BOD. Highest intensity curve (purple)  represents the maximum emission intensity 

of DPA-BOD which were obtained by the addition of 1.0 equivalent of zinc(II) cations in the form of 

triflate salt7 (λex=490 nm, slit width=5-2.5). 
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Figure 86. Control experiment of DPA-BOD: Singlet oxygen generated from the irradiation of 

compound 8 does not change the fluorescence profile of Zn-DPA BOD complex. 
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CHAPTER 4 

 

4. Selective Photosensitization through AND Logic 

Response: Optimization of pH and Glutathione 

Response of Activatable Photosensitizers 

This work is partially described in the following publication: 

S. Erbas-Cakmak, F. P. Cakmak, S. D. Topel, T. B. Uyar, E. U. Akkaya, Chem. 

Commun. 2015, 51, 12258–61. 
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4.1. Objective 

A series of pH and glutathione (GSH) responsive photosensitizers were designed and 

synthesized.  pKa values were optimized by adjusting the inductive contribution of 

substituents to reach a pH range (6.0-7.4) relevant to tumour microenvironment. pH-

activatable behaviour and redox mediated release of the quencher from the PS by GSH 

allows the construction of an AND logic operator for selective photodynamic action 

in aqueous solutions. 

4.2. Introduction 

The research in molecular logic gates, which was initiated by the seminal work by A. 

P. de Silva [27] blossomed in the two decades that followed [147], [149], [153], [162], 

[221], [222]. In addition, the limitations and the potential of this approach has become 

clearer. A particularly promising application of molecular logic gates may be in the 

field of information processing therapeutic agents. Incorporation of Boolean logic 

ideas in the function of therapeutic agents would be very valuable, if the same results 

cannot be achieved by random optimization studies. Previously, our group and others 

provided the early examples of the work in that direction [115], [163], [164], [208], 

[223]–[230]. Our first proof of principle work which linked photodynamic 

sensitization of a Bodipy based photosensitizer (PS) to the concentrations of sodium 

ions and the acidity was essentially an AND logic gate, but the system required organic 

solvents and organic acid to function in the desired manner. While it was considered 

to be noteworthy, for that approach to have practical potential, AND logic gate based 

enhanced selectivity should be related to cancer related biological parameters, which 

can generate significant changes in the photophysical character of the sensitizer in 

aqueous solutions. 

In this work, we took advantage of two characteristics of the tumour 

microenvironment, lower pH, and higher glutathione concentrations [231]. Difference 

in pH of cancer tissue and healthy tissue is easily accessible parameter to use in 

therapeutic activation. A number of pH-responsive polymeric materials, 
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photosensitizers, nanocarriers were studied to control drug release or activation [128]. 

However, extracellular pH of tumor cells drops to a value not below 6.0 [232]. Thus, 

it is challenging to find a smart therapeutic system responsive to pH within the narrow 

near neutral range and essentially become active at around pH 6.0-6.5 and stay inactive 

above pH 7.0.  Apart from some [233], [234], most related works in literature depend 

on activation at pH below 5.5 which actually requires nonselective lysosomal 

activation [235]. In this work, properties of the PS is optimized for pH activatability 

by making rational chemical modification on the pH responsive moiety with electron 

donating or withdrawing groups to adjust the pKa to the desired near-neutral value and 

to get enough spectral shift in acidic aqueous solutions such that protonated PSs are 

exclusively excited species under the conditions of interest. Thus, the overall design 

(Figure 87) involves a pH responsive unit, linked to a quencher, which could be 

cleaved at elevated GSH concentrations. 

 

Figure 87. Schematic representation of PS activation by acid and GSH. Protonation causes a spectral 

shift at near neutral pH to enhance PS excitation by light of specific wavelength, whereas GSH 

liberates PS from quencher module by reductive cleavage of the disulfide linker. 

Previously, GSH has been used as a PS activator mostly through the cleavage of 

disulfide bond [236]–[239] or through reactions with dinitrophenyloxy-tethered 

moiety [240], [241]. We used redox mediated cleavage of disulfide bond with GSH as 

an additional mode of activation of the photosensitizer, and attached an electronic 

energy acceptor module to PS, via disulfide bridge to quench the 1O2 production, thus 

construct an AND molecular logic gate on the PS activation with the other input being 

acid (Figure 87). 
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4.3. Results and Discussion 

In this work, for both PS and quencher modules, Bodipy derivatives are chosen, since 

fine tuning the spectral properties and analyte responsiveness of these Bodipy dyes are 

straightforward as a result of their versatile chemistry [86], [87], [96], [148], [169], 

[174], [207], [242]–[244]. 

A spectral shift at the wavelength of excitation upon protonation would be ideal for 

the photosensitizer to be reversibly activated only in the acidic conditions, as we have 

previously demonstrated [40]. In order to optimize the pKa values, a series of water 

soluble PSs have been synthesized. The structures of the compounds are given in figure 

88, the complete chemical structures can be found in the ESI. 

 

Figure 88. Structures of distyryl-BODIPYs bearing different pH-sensitive groups with polyethylene 

glycol (PEG) solubilising module depicted in blue. 

In order to impart GSH responsiveness, a near-IR absorbing energy acceptor Bodipy 

dye with an appropriate spectral character for EET is attached to the PS through 

bioreducible disulfide linker (Figure 89, black module). To provide relatively milder 

reaction conditions, the quenching module and the PS are attached to one another 

through disulfide bridge using copper catalysed Huisgen 1,3-dipolar cycloaddition. 
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The Bodipy dye which was employed as an energy sink, was prepared by the 

Sonogashira coupling at 2,6-positions followed by Knoevenagel condensation. 

 

Figure 89. Chemical structure of AND logic construct of photosensitizer BOD 1 with GSH (red) and 

pH (blue) responsive moieties. 

Water soluble distyryl-BODIPY was synthesized through condensation with 

appropriate aldehydes (e.g., with 4-pyridinecarboxaldehyde for compound 1).  The 

pKa value for 1 was determined to be 3.42 with a protonation-induced bathochromic 

shift from 594 nm to 615 nm (Table 1, Figure 90). In addition to an insufficient spectral 

shift, compound 1 is not basic enough to be protonated in target biological media. 
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Figure 90. Normalized electronic absorption spectra of compounds 1 (black), 2 (red), 3 (blue) and 4 

(green) in their neutral (solid) and protonated (dash) forms. Measurements are done in water for 

compounds 1 and 2 whereas 40% THF in water was used for others. 

Compound 1[nm] 2[nm] pKab 

1 615 594 3.42 

2 601 723 4.21 

3 626 628 -b 

4 660 636 2.62 

5 649 731 6.62 

PSc 649 730 6.92 

Table 1. Summary of protonation dependent absorbance change of compounds 1-5 and BOD1 and 

their experimental pKa values.a 

(Table 1: a 1 corresponds to maximum absorbance wavelength of compounds in 

neutral solutions whereas 2 corresponds to the value of deprotonated compounds. 

Values are measured in water for compounds 1, 2, 5 and BOD 1 and in 40% THF in 

water for compounds 3 and 4. b pKa cannot be determined due to decomposition at 

high pH. c Micellar form of the PS part of BOD 1 is used to determine the pKa value 

of PS in water.) 
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Since the desired pH-responsive behaviour cannot be reached with pyridine or 

quinolone derivatives we turned our attention to phenolic groups. In literature, 

monostyryl-Bodipy with a 3-chloro-4-hydroxyphenyl substituent was reported to have 

a pKa of 7.6 [245]. As a final attempt, with the same strategy to adjust pKa through 

changing inductive/resonance effects, another variation of this phenolic substituent 

with a stronger electron withdrawing group was targeted with an expectation of 

decreased the pKa. Compound 5, BOD 1 and PS with a nitro group in place of chloro 

is synthesized with these considerations (Figure 90). 

 

Figure 91. Chemical Structures of PS and Quencher (Q) modules. 

PS is the non-water soluble module of the photosensitizer part of BOD 1, exact 

chemical structure of which is given in figure 91 (green-blue module in figure 88). The 

pH response of PS is investigated within a micelle in aqueous solutions, since this 

compound and the final AND logic gate construct is not soluble in water.  Fortunately, 

in accordance with our expectations, the compound was determined to have a pKa of 

6.92 in Cremophor EL micelles, with a very large spectral change (+81 nm) in 

absorbance from 649 nm to 730 nm as a result of  deprotonation (Figure 92 and 93). 

The spectral data clearly shows that, at the wavelength of light used for PDT 

measurements (625 nm, indicated with blue dashed line in Figure 93), deprotonated 

compounds have substantially decreased absorbance at the selected wavelength of 

excitation (625 nm), which ensures selective activation of PDT agent only in acidic 

solutions. 
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Figure 92. Electronic absorption (top) and emission (bottom) spectra of 7.50 M BOD 1 (black), 

Quencher module (red) and PS module (blue) in THF. Dashed spectra are recorded after addition of 

base (piperidine) and fluorescence spectra are recorded by excitation at 625 nm. 

 

Figure 93. Normalized electronic absorption spectra of neutral (solid) and deprotonated (dash) forms 

of compounds 5 (red), and micellar form of PS module of BOD 1 (black) in 40% THF/water and 

water respectively. Wavelength of excitation (625 nm) used for PDT measurements is indicated with 

blue dashed line. 

In order to investigate if the pH response is preserved in non-micellar system, a water 

soluble version (compound 5) is made and titrated in 40% THF in water. The pKa was 

determined to be 6.62 (Table 1). 0.30 unit difference may result from the fact that, 

relatively more hydrophobic microenvironment within the micelle may alter the 

deprotonation due to the fact that the charged species cannot solvated easily in micelle 

microenvironment. The absorption spectrum of deprotonated compound is essentially 
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the same as it is in micelles, except the minor broadening of the peaks. Absorption 

spectra of these two compounds are given in Figure 92, 93, 94 and Table 2. With the 

promising pKa value obtained, pH dependent component of the molecular AND logic 

gate is built with distyryl-BODIPYs generated through Knoevenagel condensation 

reaction with 4-hydroxy-3-nitrobenzaldehyde (Figure 89). 

Compound 1,abs[nm] 2, emm[nm]  (M-1cm-1) 

 

 

PS 645 

720b 

667 

- 

40000 

30000 b 

0.13 

- 

Quencher 685 

685b 

707 

- 

57000 

63000b 

0.76 

- 

BOD 1 640, 685 

687b 

654, 707 

707b 

42000c, 56000d 

70000b 

0.24 

0.15 

Table 2. Photophysical characterization of BOD 1, PS and Quencher.a 

(Table 2: a Values are determined in THF. bpiperidine is used as a base additive. 

ccalculated for absorption at 640 nm. dcalculated for absorption at 685 nm.) 

 

Figure 94. Comparison of normalized emission of PS module (black, solid) and absorption of 

Quencher module (red, dash) in THF depicting an excellent overlap for electronic energy transfer. 
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The electronic absorption spectrum of micellar BOD 1 in water is given in figure 95-

a. Two peaks corresponding to two chromophore modules converge to give an 

essentially single peak at higher wavelength upon deprotonation, since PS shows a 

bathochromic shift under the conditions applied, whereas quencher module remains 

the same. For equal concentrations of compounds PS and BOD 1, emission spectra 

shows a decrease in the emission of photosensitizer part of BOD 1 compared to free 

photosensitizer, PS which is an indication of energy transfer (Figure 95-b). Since the 

deprotonated form of free PS is non-emissive, the same spectral analysis cannot be 

performed for this form. The cleavage of the disulfide bond is analyzed by incubating 

the micellar BOD 1 for 12 hour at room temperature with 2.5 equivalents of GSH and 

comparing it with the GSH-free BOD 1 both via spectroscopic analysis and High 

Resolution Mass Spectra (HRMS). As shown in Figures 96, thiol form, GSH-

conjugate of free photosensitizer and both reduced and disulfide forms of quencher are 

detected by HRMS after 12 h incubation. 

 

Figure 95. Electronic absorption spectra of neutral (black) and deprotonated (red) forms of micellar 

BOD 1 in water (a), and comparison of fluorescence spectra of equally absorbing micellar PS (red, 

dash) and BOD 1 (black, solid) in water (b, excited at 625 nm). 
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Figure 96. The cleavage of quencher from the photosensitizer in BOD 1 after incubation with GSH 

for 12 h as analyzed by HRMS, ( = 8.8 ppm for Q-Q disulphide quencher,  = 4.65 ppm for thiol 

photosensitizer). PS-GSH adduct (M+Na-2H)- and thiol quencher (M-F)- were detected in micelle free 

samples. 

After resolving the reduction of the disulfide linker by GSH through HRMS analysis, 

spectral examination was also performed to demonstrate excitation energy transfer 

(EET). Since the EET efficiency is expected to decrease upon release of the energy 

donor part, the emission of this part is predicted to increase. An increase in emission 
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of the PS part is clearly observed in fluorescence spectra after GSH treatment (Figure 

97) which indicates that the EET is less effective in the free form. 

 

Figure 97. Emission spectra of micellar BOD 1 at the time of addition of 2.5 equivalents of GSH 

(black, solid) and after 12 h incubation with glutathione (red, dash) in water. The spectrum is taken by 

excitation at 625 nm. 

1O2 generation experiments were performed with water soluble 1O2 trap and decrease 

in the absorption at 378 nm was followed as a measure of 1O2 production rate. First, to 

show that the trap molecule does not decompose in the absence of photosensitizer, 

control experiments under dark and 625 nm irradiation, were performed in similar 

conditions using PS-free solutions. The trap is stable under experimental conditions 

(Figure 98). On the other hand, the photosensitizer free from quencher shows a greater 

extent of 1O2 generation in the presence of slightly acidic media, Figure 99. Although 

BOD 1 produces 1O2 to some extent in the absence of GSH, still this is less efficient 

compared to free PS. The results are depicted as relative initial 1O2 generation rate in 

Figure 100 as determined by percent decrease of trap absorption at 378 nm for each 

experimental condition. The threshold value of 1O2 generation efficiency for AND 

logic gate was set as 0.30 and 0.55 for initial 5 min irradiation and 1 h irradiation 

respectively. Thus, the PS produces 1O2, only in the presence of both inputs acid and 

GSH. 
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Figure 98. Control experiment with the solution containing the trap molecule only in acidic (black) 

and basic (red) acqueous conditions. 

 

Figure 99. Comparison of 1O2 generation of micellar forms of molecular AND logic construct (7.50 

M) in the presence of different combinations of inputs as followed by the decrease in 1O2 trap 

absorbance at 378 nm in water. For the first 15 min, all the samples were kept in dark, followed by 

irradiation with a 625 nm LED. Acidic solutions are adjusted to pH 6.00. 
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Figure 100. Comparison of initial 1O2 generation rate of BOD 1 as measured by the percent decrease 

in absorbance of trap molecule within 5 min (pink) or 1 h (bordeaux) of 625 nm light irradiation. 

4.4. Conclusion 

In this work, a viable alternative for enhanced selectivity for photodynamic action was 

provided.  The designed PS is responsive to acidity comparable found in the tumor 

regions and higher GSH. Acid induced change in the absorption of the PS allows an 

increase of extinction coefficient at the wavelength of excitation and thus prepares it 

for activation. However, an energy acceptor conjugated to the PS via a reducible 

disulfide bond still quenches the excited state through energy transfer. Singlet oxygen 

generation activity of the PS was thus, shown to be significantly enhanced only when 

both cancer related inputs are available at above threshold values.  Such AND logic 

constructs based on cancer related parameters as inputs, should be expected to yield 

more selective therapeutic agents. 
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4.5. Experimental Details 

 

Synthesis of Compound S3 

Compound S1 [173] (120 mg, 0.19 mmol) and 4-pyridinecarboxaldehyde (51 mg, 0.48 

mmol) were dissolved in benzene (40 mL). Piperidine (0.4 mL) and acetic acid (0.4 

mL) were added. The reaction mixture was refluxed using Dean Stark apparatus until 

all aldehyde was consumed. After the reaction was completed, it was treated with 

water and extracted with CHCl3. Organic layer was collected and dried with Na2SO4 

then the solvent was evaporated under reduced pressure. The product was purified by 

silica gel column chromatography (CHCl3/MeOH 95:5). Fractions containing 

compound S3 were collected then the solvent was removed under reduced pressure to 

give dark blue (75 mg, 0.09 mmol, 49%). 

1H NMR (400 MHz, CDCl3) δH 8.69 (d, 2H, J = 6.0 Hz), 8.08 (d, 2H, J = 16.7 Hz), 

7.84 (d, 2H, J = 16.7 Hz), 7.50 (d, 4H, J = 6.0 Hz), 7.22 (d, 2H, J = 8.4 Hz), 7.18 (d, 

2H, J = 8.4 Hz), 4.81 (d, 2H, J = 2.4 Hz), 2.60 (t, 1H, J = 2.4 Hz), 1.50 (s, 6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 158.8, 150.3, 149.9, 147.1, 143.7, 141.4, 136.6, 133.9, 

129.3, 127.5, 122.8, 121.5, 116.2, 83.7, 77.7, 76.2, 56.1, 17.8 ppm.  

HRMS (TOF-ESI): m/z calcd for C34H25BF2I2N4O: 809.0252 [M+H]+; found: 

809.0290 [M+H]+, Δ = 4.70 ppm. 
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Synthesis of Compound 1 

Compound S3 (50 mg, 62 mol) and azide functionalized polyethylene glycol 

monomethylether (2000MW, 124 mg, 62 mol) were dissolved in tetrahydrofuran (2 

mL). Triethylamine (430 L) and CuI (24 mg, 0.13 mmol) were added. The reaction 

mixture was stirred for 12 h at room temperature. After the reaction was completed, it 

was washed with water. The organic layer was collected and dried over Na2SO4, 

followed by evaporation of the solvent in vacuo. The product was purified by silica 

gel column chromatography (CHCl3/MeOH 95:5). Corresponding fractions collected 

then the solvent was removed to give dark blue solid (100 mg, 34 mol, 54%). 

1H NMR (400 MHz, CDCl3) δH 8.62 (4H), 8.04 (d, 2H, J = 16.7 Hz), 7.80 (d, 2H, J = 

16.8 Hz), 7.51 (d, 2H, J = 5.5 Hz), 7.19 (m, 4H), 5.25 (s, 2H), 4.58 (t, 2H, J = 5.1 Hz), 

3.90-3.30 (PEG), 1.50 (s, 6H) ppm. 

 

Synthesis of Compound S5 [246] 

2,6-lutidine (5.0 g, 47 mmol) was dissolved in acetone (60 mL). m-chloroperbenzoic 

acid (13 g, 75 mmol) was dissolved in acetone (60 mL) and was added to previous 

mixture dropwise during the course of 10 minutes. The reaction mixture was stirred 

for 90 min. at room temperature. Then, it was cooled using an ice bath for 30 min. 

Following this, ice cold diethyl ether (20 mL) was added and HCl gas was bubbled 

through the reaction for 10 min. The solid produced as a result of bubbling was filtered, 

washed two times with ether. Then, salt was dissolved in water (20 mL); pH was 

adjusted to be above 10 using NaHCO3. Finally, the solution was extracted with 

CHCl3, solvent was evaporated to obtain liquid colorless compound S5 (4.9 g, 40 

mmol, 85%).  



117 

 

1H NMR (400 MHz, CDCl3) δH 7.18 (d, 2H, J = 7.2 Hz), 7.00 (t, 1H, J = 7.6 Hz), 2.45 

(s, 6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 148.7, 124.4, 123.8, 18.1 ppm. 

Synthesis of Compound S6 [246] 

Compound S5 (6 g, 32 mmol) was dissolved in DCM (100 mL). Equal amount of 

trimethyloxonium tetrafluoroborate (7.05 g, 32 mmol) was added and the reaction 

mixture was stirred for 5 h at rt. Solvent was was vacuum evaporated to yield a white 

solid (quantitative, used without further purification).  

1H NMR (400 MHz, D2O) δH 8.18 (t, 1H, J = 7.9 Hz), 7.75 (d, 2H, J = 7.9 Hz), 4.22 

(s, 3H), 2.81 (s, 6H) ppm. 

13C NMR (100 MHz, D2O) δC 153.6, 143.8, 128.0, 66.6, 16.7 ppm. 

Synthesis of Compound S7 [246] 

Compound S6 (5.19 g, 23.1 mmol) was dissolved in MeOH (65 mL). Potassium 

peroxodisulfate (1.53 g, 5.65 mmol) was dissolved in H2O (6 mL) and was added to 

previous reaction mixture. The solution was refluxed for 30 min while it was irradiated 

with light. Following this, more of potassium peroxydisulfate (3.06 g, 11.3 mmol) was 

added and the reaction was refluxed for additional 30 min. The excess K2S2O8 was 

filtered off and the solvent was vacuum evaporated to yield brown oil. The product 

was further purified by column chromatography using CHCl3:MeOH (9:1) to give 

yellow oil (0.86 g, 6.3 mmol, 27%).  

1H NMR (400 MHz, CDCl3) δH 7.48 (s, 2H), 4.91 (s, 1H), 2.60 (s, 6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 161.6, 152.5, 121.1, 61.5, 18.5 ppm. 

Synthesis of Compound S8 [247] 

Compound S7 (864 mg, 6.30 mmol) was dissolved in CHCl3 (2.5 mL) and methanol 

(1 mL). The solution was heated to 35oC to dissolve the compound. Then, 1.1 
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equivalents of MnO2 (0.6 g, 7 mmol) was added at rt. After stirring 2 h at rt, additional 

amount of MnO2 (0.5 g, 6 mmol) was added. After 2 h, the solid precipitates were 

removed by filtering over celite. The solvent was removed by vacuum evaporation. 

Then the product was purified further by precipitation of the impurities in CHCl3 to 

get white solid (101 mg, 0.75 mmol, 12%).  

1H NMR (400 MHz, CDCl3) δH 9.93 (s, 1H), 7.30 (s, 2H), 2.53 (s, 6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 192.1, 159.5, 124.1, 119.0, 24.3 ppm.  

 

Synthesis of Compound S9 

Compound S1 (93 mg, 0.15 mmol) and 2,6-dimethyl-4-pyridinecarboxaldehyde (S8, 

60 mg, 0.44 mmol) were dissolved in benzene (15 mL). Piperidine (0.4 mL) and acetic 

acid (0.4 mL) were added. The reaction mixture was refluxed using Dean Stark 

apparatus until all aldehyde was consumed. After the reaction was completed, it was 

treated with water and extracted with CHCl3. Organic layer was collected and dried 

with Na2SO4 then the solvent was removed. The product was purified by silica gel 

column chromatography (CHCl3/MeOH 95:5). Fractions containing compound S9 

were collected, then the solvent was evaporated in vacuo to yield dark blue solid (61 

mg, 0.07 mmol, 47%). 

1H NMR (400 MHz, CDCl3) δH 8.00 (d, 2H, J = 16.7 Hz), 7.78 (d, 2H, J = 16.7 Hz), 

7.21 (d, 2H, J = 8.8 Hz), 7.18 (s, 1H), 7.18 (d 2H, J = 8.9 Hz), 4.81 (d, 2H, J = 2.4 

Hz), 2.6 (s, 12H), 2.5 (1H), 1.52 (s, 6H) ppm. 
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13C NMR (100 MHz, CDCl3) δC 158.3, 150.1, 147.0, 144.4, 141.1, 137.2, 133.8, 129.3, 

127.5, 122.3, 118.8, 118.4, 116.2, 105.9, 77.8, 76.2, 56.1, 24.1, 17.7 ppm.  

HRMS (TOF-ESI): m/z calcd for C38H34BF2I2N4O
+: 865.0878 [M+H]+, found: 

865.07406 [M+H]+, Δ = 1.59 ppm. 

Synthesis of Compound 2 

Compound S9 (42 mg, 49 mol) and azide functionalized polyethylene glycol 

monomethylether (2000MW, 84 mg, 62 mol) was dissolved in tetrahydrofuran (2 

mL) and water (0.1 mL). Triethylamine (50 L) was added and the reaction was stirred 

for 5 min. Then, CuSO4·5H2O (4 mg, 29 mol) and sodium ascorbate (6 mg, 29 mol) 

were added. The reaction mixture was stirred for 12 h at room temperature. After the 

reaction was completed then it was treated with water and extracted with CHCl3. The 

organic layer was collected and dried over Na2SO4, followed by evaporation of the 

solvent in vacuo. The product was purified by silica gel column chromatography 

(CHCl3/MeOH 92:8). Corresponding fractions were combined and the solvent was 

removed to give dark blue solid (18 mg, 6 mol, 12%).  

1H NMR (400 MHz, CDCl3) δH 8.00 (d, 2H, J = 16.7 Hz), 7.96 (s, 1H), 7.81 (d, 2H, J 

= 16.8 Hz), 7.25-7.15 (m, 8H), 5.29 (s, 2H), 4.62 (t, 2H, J = 4.7 Hz), 3.90-3.40 (PEG) 

2.60 (s, 12H), 1.52 (s, 6H) ppm. 

HRMS (TOF-ESI): Distribution around 2800 with separation of 44 corresponding to 

etylene glycole unit. 

 

Synthesis of Compound S11 [248] 

2,6-dichloronicotinic acid (500 mg, 2.6 mmol) was dissolved in MeOH (5.2 mL). 78 

l concentrated H2SO4 was added. The reaction mixture was refluxed for 1 h. Then, 
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the reaction was cooled to rt and was quenched with NaHCO3. The mixture was then 

treated with water and extracted with CHCl3. The organic layer was collected and dried 

over Na2SO4, followed by evaporation of the solvent. The product was purified by 

silica gel column chromatography (CHCl3) to give white solid (0.49 g 2.4 mmol, 92%).  

1H NMR (400 MHz, CDCl3) δH 7.84 (s, 2H), 4.01 (s, 3H) ppm. 

13C NMR (100 MHz, CDCl3) δC 163.2, 151.5, 142.4, 122.6, 53.3 ppm. 

Synthesis of Compound S12 

Compound S11 (250 mg, 1.21 mmol) was dissolved in anhydrous DMF (10 mL). Ar 

was purged in the solution for 15 min. Potassium methoxide (864 L, 255 mg, 3.64 

mmol) was added to the reaction mixture and it was refluxed for 12 h. Then, the 

reaction mixture was neutralized with HCl solution. It was treated with water and 

extracted with CHCl3. The organic layer was collected and dried over Na2SO4, 

followed by evaporation of the solvent in vacuo. The product was purified by silica 

gel column chromatography (CHCl3:Hexanes 3:2). Corresponding fractions were 

collected then the solvent was removed to obtain white solid (100 mg, 0.51 mmol, 

42%).  

1H NMR (400 MHz, CDCl3) δH 6.87 (s, 2H), 3.96 (s, 6H), 3.92 (s, 3H) ppm. 

13C NMR (100 MHz, CDCl3) δC 165.6, 163.8, 142.7, 101.2, 53.9, 52.5 ppm. 

Synthesis of Compound S13 

Compound S12 (800 mg, 4.06 mmol) and 2 equivalents of NaBH4 (309 mg, 8.12 

mmol) were dissolved in dioxane (10 mL). It was refluxed for 1 h. Then, the reaction 

was cooled to rt and quenched with ice cold water. It was extracted with CH2Cl2. The 

organic layer was collected and dried over Na2SO4, followed by evaporation of the 

solvent was removed under reduced pressure to yield white solid (686 mg, 4.03 mmol, 

quantitative). 
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1H NMR (400 MHz, CDCl3) δH 6.30 (s, 2H), 4.62 (s, 2H), 3.91 (s, 6H), 1.93 (b, 1H) 

ppm. 

13C NMR (100 MHz, CDCl3) δC 163.5, 155.6, 98.3, 63.8, 53.6 ppm. 

Synthesis of Compound S14 

Compound S13 (172 mg, 1.02 mmol) was dissolved in CHCl3 (6 mL). 1.1 equivalents 

of MnO2 (98 mg, 1.1 mmol) was added, and the reaction mixture was stirred at rt for 

12 h. After completion of the reaction as followed by TLC, the reaction mixture was 

filtered over celite to get rid of MnO2 by products. Solvent was evaporated in vacuo to 

get compound S14 that is yellow solid (118 mg, 0.70 mmol, 68%). 

1H NMR (400 MHz, CDCl3) δH 9.94 (s, 1H), 6.73 (s, 2H), 4.00 (s, 6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 191.2, 164.3, 147.5, 100.7, 54.0 ppm. 

HRMS (TOF-ESI): m/z calcd for C8H10NO3
+: 168.0655 [M+H]+, found:168.06143 

[M+H]+, Δ = 2.42 ppm. 

 

Synthesis of Compound 16 

Hydroquinone (2.0 g, 18 mmol) was dissolved in acetone (30 mL). 5 equivalents of 

K2CO3 (12.6 g, 91.2 mmol) were added and the reaction mixture was refluxed for 30 

min. Then, 3 equivalents of propargyl bromide (4.13 mL, 6.48 g, 54.6 mmol) was 

added dropwise. The reaction mixture was refluxed for additional 12 h. Then, it was 

cooled to rt. Following the extraction with CHCl3, the organic layer was collected and 

dried over Na2SO4, followed by evaporation of the solvent under reduced pressure. 

Crude product was crystallized in hexanes to yield compound S16 that is white solid 

(3.96 g, 18.2 mmol, quantitative).  
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1H NMR (400 MHz, CDCl3) δH 6.94 (s, 2H), 4.67 (d, 4H, J = 2.4 Hz), 2.53 (t, 2H, J = 

2.4 Hz) ppm. 

13C NMR (100 MHz, CDCl3) δC 152.4, 116.0, 78.8, 75.4, 56.5 ppm. 

 

Synthesis of Compound S18 

CH2Cl2 (300 mL) was purged with Ar for 30 min. 2,4-dimethyl pyrrole (0.96 mL, 0.88 

g, 9.4 mmol) and compound S17 (1.10 g, 4.45 mmol) were added. After the addition 

of 3 drops of trifluoroacetic acid, the reaction mixture was stirred at room temperature 

for 12 h. Then, p-Chloranil (1.09 g, 4.45 mmol) was added and the reaction mixture 

was stirred for additional 45 min. Then Et3N (5 mL) and BF3·OEt2 (5 mL) were added 

sequentially. After stirring at room temperature for additional 30 min, it was washed 

with water. Organic layer was dried with Na2SO4 and the solvent was evaporated under 

reduced pressure. The product was purified by silica gel column chromatography 

(CHCl3). Corresponding fractions were collected then the solvent was removed to give 

red solid (400 mg, 0.86 mmol, 19%). 

1H NMR (400 MHz, CDCl3) δH 7.20 (d, 2H, J = 8.6 Hz), 7.01 (d, 2H, J = 8.6 Hz), 6.00 

(s, 2H),  4.05 (t, 2H, J = 6.4 Hz), 3.31 (t, 2H, J = 6.8 Hz), 2.58 (s, 6H), 1.86 (m, 2H), 

1.70 (m, 2H), 1.55 (m, 4H), 1.45 (s, 6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 159.6, 155.2, 143.2, 141.9, 131.9, 129.2, 126.9, 121.1, 

115.1, 67.9, 51.4, 29.1, 28.8, 26.6, 25.7, 14.6, 14.5 ppm. 
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Synthesis of Compound S19 

Compound S18 (270 mg, 0.581 mmol) and I2 (368 mg, 1.45 mmol) were dissolved in 

ethanol (100 mL). Iodic acid, HIO3 (44.1 µL, 204 mg, 1.16 mmol) was dissolved in a 

few drops of water and added into previous solution. The reaction mixture was stirred 

at 60oC for a few hours until all reactant was consumed. Then, saturated sodium 

thiosulfate solution was added (50 mL) and it was stirred at room temperature for 

additional 30 min. Then, it was treated with water and extracted with CHCl3. Organic 

layer was dried with Na2SO4 and the solvent was evaporated under reduced pressure 

to give dark red solid (415 mg, 0.579 mmol, quantitative). 

1H NMR (400 MHz, CDCl3) δH 7.22 (d, 2H, J = 8.7 Hz), 7.02 (d, 2H, J = 8.7 Hz), 4.04 

(t, 2H, J = 6.4 Hz), 3.30 (t, 2H, J = 6.8 Hz), 2.63 (s, 6H), 1.85 (m, 2H), 1.70 (m, 2H), 

1.55 (m, 4H), 1.45 (s, 6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 160.1, 156.6, 145.5, 141.6, 131.8, 129.1, 126.6, 115.5, 

85.8, 68.0, 51.4, 29.1, 28.8, 26.6, 25.7, 17.2, 16.0 ppm.  

HRMS (TOF-ESI): m/z calcd for C25H27BF2I2N5O
-: 716.03716 [M-H]-, found: 

716.06297 [M-H]-, Δ = 36.0 ppm. 

Synthesis of Compound S20 

Compound S16 (519 mg, 2.80 mmol) and compound S19 (200 mg, 0.280 mmol) were 

dissolved in CHCl3 (3 mL) and THF (3 mL). After the addition of triethylamine (200 

l), the reaction was stirred for additional 5 min. Then, saturated solutions of 

CuSO4·5H2O (200 L) and sodium ascorbate (200 l) were added. Catalytic amount 

of Cu (0) was added. The reaction mixture was stirred for 12 h at room temperature. 

After the reaction was completed, it was extracted with CHCl3 and organic layer was 

evaporated under reduced pressure. It was purified by silica gel column 

chromatography (CHCl3) to yield dark red solid (241 mg, 0.27 mmol, 96%). 

1H NMR (400 MHz, CDCl3) δH 7.60 (s, 1H), 7.21 (d, 2H, J = 8.1 Hz), 7.02 (d, 2H, J 

= 8.1 Hz), 6.93 (s, 4H), 5.16 (s, 2H), 4.62 (d, 2H, J = 1.52 Hz), 4.48 (t, 2H, J = 7.1 
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Hz), 4.01 (t, 2H, J = 6.3 Hz), 2.63 (s, 6H), 2.02 (t, 1H, J = 1.4 Hz), 1.96 (m, 2H), 1.82 

(m, 2H), 1.55 (m, 2H), 1.44 (s, 6H), 1.43 (m, 2H) ppm.   

13C NMR (100 MHz, CDCl3) δC 160.0, 156.5, 153.1, 152.1, 145.4, 144.4, 141.7, 131.7, 

129.1, 126.6, 122.5, 116.1, 115.8, 115.4, 78.8, 75.4, 67.9, 62.7, 56.5, 50.3, 30.2, 29.0, 

26.3, 25.6, 17.2, 16.0 ppm.  

HRMS (TOF-ESI): m/z calcd for C37H38BF2I2N5NaO3
+: 926.1017 [M+Na]+, found: 

926.08227 [M+Na]+, Δ = 20.98 ppm. 

 

Synthesis of Compound S21 

Compound S20 (125 mg, 0.140 mmol) and 2,6-dimethoxy-4-pyridinecarboxaldehyde 

(S14, 92 mg, 0.56 mmol) were dissolved in benzene (30 mL). Piperidine (0.3 mL) and 

acetic acid (0.3 mL) were added. The reaction mixture was refluxed using Dean Stark 

apparatus until all aldehyde was consumed. After the reaction was completed, it was 

treated with water and extracted with CHCl3. The organic layer was dried over 

anhydrous Na2SO4 and concentrated. The product was purified by silica gel column 

chromatography (CHCl3). Corresponding fractions were collected and the solvent was 

removed to give dark red solid (75 mg, 62 mol, 44%). 

1H NMR (400 MHz, CDCl3) δH 7.94 (d, 2H, J = 16.7 Hz), 7.72 (d, 2H, J = 16.6 Hz), 

7.59 (s, 1H), 7.16 (d, 2H, J = 8.6 Hz), 7.04 (d, 2H, J = 8.6 Hz), 6.93 (s, 4H), 6.57 (s, 

4H), 5.20 (s, 2H), 4.65 (d, 2H, J = 2.4 Hz), 4.41 (t, 2H, t, J = 7.1 Hz), 4.04 (t, 2H, J = 
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6.3 Hz), 3.98 (s, 12H), 2.52 (t, 1H, J = 2.4 Hz), 2.01 (m, 2H), 1.85 (m, 2H), 1.62 (s, 

6H), 1.48 (m, 4H) ppm. 

13C NMR (100 MHz, CDCl3) δC 163.8, 160.2, 153.1, 152.2, 150.0, 149.0, 146.7, 144.5, 

137.2, 133.8, 129.3, 128.3, 126.6, 122.4, 122.3, 116.1, 115.8, 115.5, 99.3, 78.8, 75.4, 

67.9, 62.8, 56.5, 53.7, 50.3, 30.2, 29.0, 26.3, 25.6, 17.8 ppm. 

HRMS (TOF-ESI): m/z calcd for C53H52BF2I2N7NaO7
+: 1224.1971 [M+Na]+, found: 

1224.1762 [M+Na]+, Δ = 17.07 ppm. 

Synthesis of Compound 3 

Compound S21 (17 mg, 14 mol) and azide functionalized polyethylene glycol 

monomethylether (2000MW, 31 mg, 16 mol) were dissolved in CHCl3 (1 mL) and 

THF (1 mL). Triethylamine (50 l) was added and the reaction was stirred for 5 min. 

Then, saturated solutions of CuSO4·5H2O (150 l) and sodium ascorbate (150 l) were 

added. Catalytic amount of Cu (0) was added. The reaction mixture was stirred for 12 

h at room temperature. After the reaction was completed, the crude product was 

applied to silica gel column chromatography (CHCl3/MeOH 90:10). Fractions 

containing compound 3 were collected then the solvent was removed under reduced 

pressure (26 mg, 8 mol, 58%).  

1H NMR (400 MHz, CDCl3) δH 7.96 (d, 2H, J = 16.7 Hz), 7.83 (s, 1H), 7.73 (d, 2H, J 

= 16.6 Hz), 7.62 (s, 1H), 7.17 (d, 2H, J = 8.8 Hz), 7.05 (d, 2H, J = 8.3 Hz), 6.93 (s, 

4H), 6.54 (s, 4H), 5.19 (s, 2H), 5.17 (s, 2H), 4.58 (t, 2H, J = 5.0 Hz), 4.41 (t, 2H, t, J 

= 7.6 Hz), 4.10-3.30 (PEG), 2.01 (m, 2H), 1.85 (m, 2H), 1.62 (s, 6H), 1.48 (m, 4H) 

ppm.  

HRMS (TOF-ESI): Distribution around 3000 with separation of 44 corresponding to 

etylene glycole unit. 
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Synthesis of Compound S23 [249] 

4-methylquinoline (1.3 mL, 1.4 g, 9.8 mmol) was dissolved in 1,4-dioxane (12 mL). 

Selenium dioxide (1.12 g, 10.1 mmol) was added to the reaction mixture and it was 

refluxed for 8 h. Then, solvent was evaporated in vacuo and the crude product was 

applied to silica gel column chromatography (EtOAc). Corresponding fractions were 

combined and the solvent was removed to get yellow solid (0.95 g, 6.1 mmol, 60%).  

1H NMR (400 MHz, CDCl3) δH 10.50 (s, 1H), 9.19 (d, 1H, J = 4.2 Hz), 9.00 (dt, 1H, 

J1 = 0.6 Hz, J2 = 7.0 Hz), 8.21 (dt, 1H, J1 = 0.4 Hz, J2 = 7.2 Hz), 7.70-7.85 (m, 3H) 

ppm. 

13C NMR (100 MHz, CDCl3) δC 192.8, 150.4, 149.3, 136.7, 130.2, 130.0, 129.4, 125.8, 

124.4, 123.8 ppm.  

HRMS (TOF-ESI): m/z calcd for C10H8NO+: 158.0600 [M+Na]+, found: 158.05593 

[M+Na]+, Δ = 25.75 ppm. 

 

Synthesis of Compound S24 

Compound S20 (91 mg, 0.10 mmol) and quinoline-4-carboxaldehyde, compound S23 

(40 mg, 0.25 mmol) were dissolved in benzene (25 mL). Piperidine (0.3 mL) and acetic 
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acid (0.3 mL) were added. The reaction mixture was refluxed using Dean Stark 

apparatus until all aldehyde was consumed. After the reaction was completed, it was 

treated with water and extracted with CHCl3. Organic layer was dried over anhydrous 

Na2SO4 and the solvent was removed. The product was purified by silica gel column 

chromatography (EtOAc) to obtain dark blue solid (99 mg, 84 mol, 84%). 

1H NMR (400 MHz, CDCl3) δH 9.01 (d, 2H, J = 4.6 Hz), 8.96 (d, 2H, J = 16.6 Hz), 

8.32 (d, 2H, J = 8.4 Hz), 8.18 (d, 2H, J = 8.4 Hz), 7.94 (d, 2H, J = 16.5 Hz), 7.81 (d, 

2H, J = 4.6 Hz), 7.77 (t, 2H, 7.5 Hz), 7.62 (t, 2H, J = 7.8 Hz), 7.22 (d, 2H, J = 8.4 Hz), 

7.09 (d, 2H, J = 8.4 Hz), 6.95 (s, 4H), 5.20 (s, 2H), 4.64 (d, 2H, J = 2.0 Hz), 4.43 (t, 

2H, J = 7.1 Hz), 4.05 (t, 2H, J = 6.2 Hz), 2.52 ( t, 1H, J = 1. 8 Hz), 2.02 (m, 2H), 1.88 

(m, 2H), 1.60 (m, 8H) ppm. 

13C NMR (100 MHz, CDCl3) δC 163.8, 160.2, 153.1, 152.2, 150.0, 149.0, 146.7, 144.5, 

137.2, 133.8, 129.3, 128.3, 126.6, 122.4, 122.3, 116.1, 115.8, 115.5, 99.3, 78.8, 75.4, 

67.9, 62.8, 56.5, 53.7, 50.3, 30.2, 29.0, 26.3, 25.6, 17.8 ppm.  

HRMS (TOF-ESI): m/z calcd for C57H48BF2I2N7NaO3
+: 1204.1861 [M+Na]+, found: 

1204.1620 [M+Na]+, Δ = 20.01 ppm. 

Synthesis of Compound 4 

Compound S24 (20 mg, 17 mol) and azide functionalized polyethylene glycol 

monomethylether (2000MW, 37 mg, 19 mol) were dissolved in CHCl3 (2 mL) and 

THF (2 mL). Triethylamine (150 l) was added and the reaction was stirred for 5 min. 

Then, saturated solutions of CuSO4·5H2O (250 l) and sodium ascorbate (250 l) were 

added. Catalytic amount of Cu (0) was added. The reaction mixture was stirred for 12 

h at room temperature. After the reaction was completed, the crude product was 

applied to octadecyl functionalized silica gel column chromatography (CHCl3). The 

mobile phase was changed to CH2Cl2/MeOH (80:20) after the starting compound was 

eluted from the column. Corresponding fractions were combined then the solvent was 

removed to yield dark blue solid (40 mg, 13 mol, 76%). 
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1H NMR (400 MHz, CDCl3) δH 9.02-8.9 (m, 4H), 8.31 (d, 2H, J = 8.2 Hz), 8.17 (d, 

2H, J = 8.2 Hz), 7.93 (d, 2H, J = 16.8 Hz), 7.85-7.70 (m, 5H), 7.60 (s, 1H), 7.60 (d, 

2H; J = 8.2 Hz), 7.20 (d, 2H, J = 8.2 Hz), 7.09 (d, 2H, J = 8.4 Hz), 6.92 (s, 4H), 5.16 

(s, 2H), 5.13 (s, 2H),  4.54 (t, 2H, J = 4.8 Hz), 4.40 (t, 2H, J = 6.9 Hz), 3.90-3.30 

(PEG), 2.00 (m, 2H), 1.85 (m, 2H), 1.40 (m, 4H), 1.30 (s, 6H) ppm.  

HRMS (TOF-ESI): Distribution around 3000 with separation of 44 corresponding to 

etylene glycole unit. 

 

Synthesis of Compound S26 [250] 

4-hydroxybenzaldehyde (1.22 g, 10 mmol) was dissolved in 20 mL acetonitrile. Acetic 

acid (10 mL) and nitric acid (0.75 mL) were added and the reaction was refluxed for 

3 h. Then, it was cooled to room temperature. The reaction mixture was treated with 

water then extracted with EtOAc. Organic layer was collected and dried with Na2SO4 

and the solvent was evaporated to get brown solid (1.52 g, 9.1 mmol, 91%). 

1H NMR (400 MHz, CDCl3) δH 11.05 (s, 1H), 9.98 (s, 1H), 8.68 (s, 1H), 8.17 (d, 1H, 

J = 8.6 Hz), 7.34 (d, 1H, J = 8.7 Hz) ppm. 

13C NMR (100 MHz, CDCl3) δC 188.7, 159.3, 136.4, 128.6, 126.2, 121.3, 115.7 ppm.  
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Synthesis of Compound PS 

Compound S20 (200 mg, 0.22 mmol) and 4-hydroxy-3-nitrobenzaldehyde, compound 

S26 (110 mg, 0.66 mmol) were dissolved in benzene (20 mL). Piperidine (0.3 mL) and 

acetic acid (0.3 mL) were added. The reaction mixture was refluxed using Dean Stark 

apparatus. After the reaction was completed, it was extracted with CH2Cl2. Organic 

layer was collected and dried with Na2SO4 then the solvent was evaporated. The 

compound was purified by silica gel column chromatography (EtOAc) to yield dark 

blue solid (0.18 g, 0.15 mmol, 68%). 

1H NMR (400 MHz, CDCl3) δH 8.79 (s, 2H), 8.19 (d, 2H, J = 16.8 Hz), 7.97 (d, 2H, J 

= 8.8 Hz), 7.60 (s, 1H), 7.60 (d, 2H, J = 16.6 Hz), 7.23 (d, 2H, J = 8.8 Hz), 7.19 (d, 

2H, J = 7.4 Hz), 7.05 (d, 2H, J = 8.2 Hz), 6.93 (s, 4H), 5.20 (s, 2H), 4.64 (s, 2H), 4.41 

(t, 2H, J = 7.12 Hz), 4.05 (t, 2H, J = 5.8 Hz), 2.52 (s, 1H), 1.85 (m, 2H), 1.60-1.40 (m, 

12H) ppm.  

13C NMR cannot be recorded due to poor solubility.   

HRMS (TOF-ESI): m/z calcd for C51H43BF2I2N7O9- 1200.1278 [M-H]-, found: 

1200.13078 [M-H]-, Δ = 2.48 ppm. 
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Synthesis of Compound S27 

Compound S1 (127 mg, 0.2 mmol) and azide functionalized polyethylene glycol 

monomethylether (2000MW, 800 mg, 0.4 mmol) were dissolved in tetrahydrofuran (2 

mL). Triethylamine (1.4 mL) and CuI (77 mg, 0.4 mmol) were added. The reaction 

mixture was stirred for 12 h at room temperature. After the reaction was completed, 

the crude product was purified by silica gel column chromatography (CHCl3/MeOH 

93:7) to get red oil (300 mg, 0.11 mmol, 55%). 

1H NMR (400 MHz, CDCl3) δH 7.93 (s, 1H), 7.12 (b, 4H), 5.24 (s, 2H), 4.58 (t, J = 4.8 

Hz), 3.90-3.40 (PEG), 3.35 (s, 3H), 2.60 (s, 6H), 1.40 (s, 6H) ppm.  

HRMS (TOF-ESI): Distribution around 2500 with separation of 44 corresponding to 

etylene glycole unit. 

Synthesis of Compound 5 

Compound S27 (120 mg, 45 mol) and compound S26 (23 mg, 135 mol) were 

dissolved in benzene (25 mL). Piperidine (0.2 mL) and acetic acid (0.2 mL) were 

added. The reaction mixture was refluxed using Dean Stark apparatus until all 

aldehyde was consumed. After the reaction was completed, the crude product was 

purified by silica gel column chromatography (CH2Cl2/MeOH 85:15). Corresponding 

fractions were combined then the solvent was evaporated to give dark blue solid (90 

mg, 30 mol, 66%). 
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1H NMR (CDCl3, 400 MHz, ppm) 8.24 (s, 2H), 8.06 (d, 2H, J = 16.7 Hz), 7.93 (m, 

4H), 7.56 (d, 2H, J = 16.7 Hz), 7.20 (m, 6H), 5.28 (s, 2H), 4.60 (t, 2H, J = 4.4 Hz), 

3.90-3.40 (PEG), 3.35 (s, 3H), 1.50 (s, 6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 159.6, 155.8, 149.8, 146.7, 143.2, 140.4, 136.2, 135.3, 

133.7, 129.5, 127.2, 124.5, 124.4, 120.7, 119.3, 115.9, 94.3, 83.6, 72.0, 70.6, 69.6, 

62.2, 59.0, 50.7, 50.4, 17.7 ppm.  

HRMS (TOF-ESI): Distribution around 2800 with separation of 44 corresponding to 

etylene glycole unit. 

 

Synthesis of Compound S29 [251] 

Mercaptoethanol (5.0 g, 64 mmol) was dissolved in DMSO (20 mL). The reaction 

mixture was stirred at 80oC for 12 h. Then, it was cooled to room temperature. The 

reaction mixture was treated with water and extracted with EtOAc. Organic layer was 

collected and dried with Na2SO4. The product was purified by silica gel column 

chromatography (Hexanes/EtOAc 3:1) to obtain light yellow oil (4.5 g, 29 mmol, 

86%). 

1H NMR (400 MHz, CDCl3) δH 3.90 (t, 4H, J = 5.8 Hz), 7.30 (t, 4H, J = 5.9 Hz) ppm. 

13C NMR (100 MHz, CDCl3) δC 60.4, 41.3 ppm.  

Synthesis of Compound S30  

2-hydroxyethyldisulfide, compound S29 (1.0 g, 6.5 mmol) was dissolved in 20 mL 

CH2Cl2 and 2 mL Et3N. In a dropper, p-toluene sulfonyl chloride (1.4 g, 13 mmol) was 

dissolved in CH2Cl2 10 mL and was added to the previous solution dropwise while the 

reaction mixture was being cooled with ice bath. It was stirred for 12 h. After the 

washing with water, organic layer was collected and dried with Na2SO4. The product 
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was purified by silica gel column chromatography (CHCl3). Fractions containing 

compound S30 were collected then the solvent was removed to yield white solid (3.0 

g, 6.5 mmol, quantitative). 

1H NMR (400 MHz, CDCl3) δH 7.83 (d, 4H, J = 8.0 Hz), 7.38 (d, 4H, J = 7.9 Hz), 4.21 

(t, 4H, J = 6.6 Hz), 2.85 (t, 4H, J = 6.5 Hz), 2.48 (s, 6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 145.2, 130.0, 128.0, 67.5, 36.9, 21.7 ppm.   

HRMS (TOF-ESI): m/z calcd for C18H22NaO6S4
+ 485.0191 [M+Na]+, found: 485.0104 

[M+Na]+, Δ = 17.94 ppm. 

Synthesis of Compound S31 

Compound S30 (1.2 g, 2.6 mmol) was dissolved in DMSO (10 mL) and sodium azide 

(12 mmol, 780 mg) was added to the reaction mixture. It was stirred 2 h at 60 oC. After 

cooling to rt, the mixture was extracted with EtOAc. The solvent was evaporated under 

reduced pressure to give yellow oil (0.5 g, 2.5 mmol, 95%). 

1H NMR (400 MHz, CDCl3) δH 3.63 (t, 4H, J = 6.8 Hz), 2.89 (t, 4H, J = 6.8 Hz) ppm. 

13C NMR (100 MHz, CDCl3) δC 49.9, 37.6 ppm.  

 

Synthesis of Compound S33 

4-hydroxybenzaldehyde (4 g, 33 mmol), 2-ethylhexyl bromide (6.7 mL, 36 mmol) and 

catalytic amount of benzo-18-crown-6 were dissolved in CH3CN (60 mL). K2CO3 (14 

g, 98 mmol) was added and the reaction mixture was refluxed for 12 h. The solvent 
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was evaporated under reduced pressure. The crude product was treated with water and 

extracted with CH2Cl2. Organic layer was collected and the solvent was evaporated 

under reduced pressure to get yellowish oil (7.7 g, 33 mmol, quantitative). 

1H NMR (400 MHz, CDCl3) δH 9.88 (s, 1H), 7.83 (d, 2H, J = 8.2 Hz), 7.01 (d, 2H, J 

= 8.3 Hz), 3.94 (d, 2H, J = 5.6 Hz), 1.77 (m, 1H), 1.45 (m, 4H), 1.32 (m, 4H), 0.93 (m, 

6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 190.7, 164.5, 131.9, 129.7, 114.8, 70.9, 39.3, 30.4, 

29.0, 23.8, 23.0, 14.0, 11.1 ppm. 

HRMS (TOF-ESI): m/z calcd for C15H23O2
+ 235.16926 [M+H]+, found: 235.17327 

[M+H]+, Δ = 17.1 ppm. 

Synthesis of Compound S34 

CH2Cl2 (300 mL) was purged with Ar for 30 min. 2,4-dimethyl pyrrole (2.3 mL, 2.1 

g, 22.5 mmol) and compound S33 (2.4 g, 10.2 mmol) were added. After the addition 

of 3 drops of trifluoroacetic acid, the reaction mixture was stirred at room temperature 

for 12 h. Then, p-Chloranil (2.5 g, 10.2 mmol) was added and the reaction mixture was 

stirred for additional 45 min. Then Et3N (5 mL) and BF3·OEt2 (5 mL) were added 

sequentially. After stirring at room temperature for 1 h, it was washed with water. The 

product was purified by silica gel column chromatography (CHCl3) then 

(EtOAc/Hexanes 20:80) to yield red solid (0.81 g, 1.8 mmol, 18%). 

1H NMR (400 MHz, CDCl3) δH 7.17 (d, 2H, J = 8.8 Hz), 7.01 (d, 2H, J = 8.8 Hz), 5.99 

(s, 2H), 3.92 (d, 2H, J = 5.9 Hz), 2.55 (s, 6H), 1.79 (m, 1H), 1.60-1.40 (m, 4H), 1.60-

1.40 (s, 6H), 1.37 (m, 4H), 0.96 (m, 6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 160.0, 155.2, 143.2, 142.1, 131.9, 129.1, 126.8, 121.1, 

114.8, 70.9, 39.4, 30.6, 29.1, 23.9, 23.0, 14.6, 14.1, 11.2 ppm.  
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Synthesis of Compound S35 

Compound S34 (330 mg, 0.73 mmol) and I2 (389 mg, 1.53 mmol) were dissolved in 

EtOH (200 mL). Iodic acid, HIO3 (256 mg, 1.46 mmol) was dissolved in a few drops 

of water and added into previous solution. The reaction mixture was stirred at 60oC for 

1 h until all reactant was consumed. Then, saturated sodium thiosulfate solution (50 

mL) was added and it was stirred at room temperature for additional 30 min. The 

mixture was treated with water then extracted with CHCl3. Organic layer was collected 

and dried with Na2SO4 and the solvent was removed to obtain brown solid (514 mg, 

0.73 mmol quantitative). 

1H NMR (400 MHz, CDCl3) δH 7.12 (d, 2H, J = 8.7 Hz), 7.03 (d, 2H, J = 8.7 Hz), 3.92 

(d, 2H, J = 5.9 Hz), 2.64 (s, 6H), 1.79 (m, 1H), 1.60-1.40 (s, 4H), 1.60-1.40 (m, 4H), 

1.36 (m, 4H), 0.96 (m, 6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 160.2, 156.7, 145.8, 142.1, 132.1, 129.8, 126.8, 115.8, 

85.9, 71.2, 39.6, 31.0, 24.3, 17.6, 16.3, 14.3, 11.7 ppm. 

 

 

Synthesis of Compound S37 

Triethyleneglycol monomethyl ether (10 g, 61 mmol) was dissolved in the mixture of 

DCM (100 mL) and Et3N (13 mL). In a dropper, p-toluene sulfonyl chloride (12 g, 63 

mmol) was dissolved in CH2Cl2 (20 mL) and was added to the previous solution 

dropwise while the reaction mixture was being cooled with ice bath. It was stirred for 

12 h. After the washing with water, organic layer was collected and dried with Na2SO4. 

The solvent was evaporated in vacuo to give yellow oil (17 g, 55 mmol, 90%). 
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1H NMR (400 MHz, CDCl3) δH 7.78 (d, 2H; J = 8.2 Hz), 7.32 (d, 2H, J = 8.0 Hz) 4.15 

(t, 2H; J = 4.8 Hz), 3.67 (m, 4H), 3.60 (m, 4H), 3.51 (m, 2H). 3.34 (s, 3H), 2.42 (s, 

3H) ppm. 

13C NMR (100 MHz, CDCl3) δC 144.8, 133.0, 129.8, 127.9, 71.9, 70.7, 70.5, 70.5, 

69.3, 68.6, 59.0, 21.6 ppm.  

HRMS (TOF-ESI): m/z calcd for C14H22NaO6S
+ 341.1029 [M+Na]+, found: 

341.10639 [M+Na]+, Δ = 10.23 ppm. 

Synthesis of Compound S38 

Methyl-3,4,5-trihydroxybenzoate (2.8 g, 15 mmol), compound S37 (15 g, 47 mmol) 

and catalytic amount of benzo-18-crown-6 were dissolved acetone (60 mL). K2CO3 

(8.3 g, 60 mmol) were added then the reaction mixture was refluxed for 18 h.  The 

solvent was removed under reduced pressure and the crude product was treated with 

water and extracted with EtOAc. Organic layer was dried with Na2SO4. The product 

was purified by silica gel column chromatography (EtOAc). Corresponding fractions 

were collected and the solvent was removed to yield colorless liquid (6.0 g, 9.6 mmol, 

64%). 

1H NMR (400 MHz, CDCl3) δH 7.30 (s, 2H), 4.22 (m, 6H), 3.88 (m, 7H), 3.80 (m, 2H), 

3.74 (m, 6H). 3.65 (m, 12H), 3.56 (m, 6H), 3.38 (s, 9H) ppm. 

13C NMR (100 MHz, CDCl3) δC 166.5, 152.3, 142.6, 124.9, 109.0, 72.4, 71.9, 70.8, 

70.7, 70.6, 70.5, 69.6, 68.8, 52.1 ppm.  

Synthesis of Compound S39 

Compound S38 (3.0 g, 4.8 mmol) was dissolved in freshly distilled THF (20 mL) while 

the flask was being cooled within ice bath. To this solution, LiAlH4 (347 mg, 9.60 

mmol) was added portion wise. Then the reaction mixture was stirred 12 h at room 

temperature. The excess LiAlH4 was carefully quenched with cold water then the 

reaction mixture was treated with water and extracted with EtOAc. The product was 
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purified by silica gel column chromatography (EtOAc). Fractions containing 

compound S39 were collected then the solvent was evaporated in vacuo to give 

colorless liquid (2.5 g, 4.2 mmol, 88%). 

1H NMR (400 MHz, CDCl3) δH 6.63 (s, 2H), 4.58 (s, 2H), 4.15 (m, 6H), 3.84 (t, 4H, J 

= 5.3 Hz), 3.79 (t, 2H, J = 5.4 Hz), 3.73 (m, 6H). 3.65 (m, 12H), 3.54 (m, 6H), 3.38 (s, 

9H) ppm. 

13C NMR (100 MHz, CDCl3) δC 152.7, 137.8, 136.7, 106.6, 72.3, 71.9, 70.8, 70.7, 

70.5, 69.8, 68.9, 65.2, 59.0 ppm.  

Synthesis of Compound S40 

Compound S39 (2.4 g, 4.0 mmol) was dissolved in CH2Cl2 (25 mL). Pyridinium 

chlorochromate (2.2 g, 10 mmol) was added to the reaction mixture and it was stirred 

for 40 min at rt. Then, it was directly applied to silica column chromatography 

(EtOAc/MeOH 95/5) to yield colorless oil (2.4 g, 4.0 mmol, quantitative). 

1H NMR (400 MHz, CDCl3) δH 9.82 (s, 1H), 7.14 (s, 2H), 4.21 (m, 6H), 3.89 (m, 4H), 

3.82 (m, 2H), 3.80-3.50 (m, 24H), 3.38 (s, 9H) ppm. 

13C NMR (100 MHz, CDCl3) δC 191.0, 153.0, 144.1, 131.6, 109.0, 72.5, 71.9, 70.8, 

70.7, 70.6, 70.5, 69.6, 68.9, 59.0 ppm.   

HRMS (TOF-ESI): m/z calcd for C28H48NaO13
+ 615.2987 [M+Na]+, found: 615.28633 

[M+Na]+, Δ = 20.10 ppm. 
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Synthesis of Compound S41 

Compound S35 (100 mg, 0.14 mmol) was dissolved in THF (30 mL) and triethylamine 

(5 mL). Argon was purged for 30 min. Then, 15% mole equivalent of Pd(PPh3)4 (24 

mg, 21 µmol) was added. 4-(Tert-butyl)phenylacetylene (88 µL, 0.49 mmol) was 

added via syringe and the reaction mixture was stirred 12 h at 60oC. After it was cooled 

to rt, the mixture was treated with water then extracted with CH2Cl2. Organic layer 

was dried with Na2SO4 and the solvent was removed under reduced pressure. The 

product was purified by silica gel column chromatography (EtOAc/Hexanes 10:90). 

Fractions containing compound S41 were collected then the solvent was evaporated to 

obtain dark blue solid (92 mg, 0.12 mmol, 86%). 

1H NMR (400 MHz, CDCl3) δH 7.43 (d, 4H, J = 8.2 Hz), 7.37 (d, 4H, J = 8.5 Hz), 7.18 

(d, 2H, J = 8.5 Hz), 7.06 (d, 2H, J = 8.6 Hz), 3.95 (d, 2H, J = 5.8 Hz), 2.73 (s, 6H), 

1.80 (m, 1H), 1.60-1.30 (m, 28H), 0.96 (m, 6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 160.3, 158.1, 151.4, 143.9, 142.7, 131.7, 131.1, 129.1, 

126.2, 125.4, 120.4, 116.2, 115.4, 96.5, 81.0, 70.9, 39.4, 34.8, 31.2, 30.6, 29.2, 23.9, 

23.1, 14.1, 13.7, 13.6, 11.2 ppm.  

HRMS (TOF-ESI): m/z calcd for C51H60BF2N2O
+ 765.4761 [M+H]+, found: 765.4540 

[M+H]+, Δ = 28.87 ppm. 
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Synthesis of Compound S42 

Compound S41 (150 mg, 0.20 mmol) and compound S40 (100 mg, 0.17 mmol) were 

dissolved in benzene (45 mL). Piperidine (0.3 mL) and acetic acid (0.3 mL) were 

added. The reaction mixture was refluxed using Dean Stark apparatus until all 

aldehyde was consumed. After the reaction was completed, it was extracted with 

CH2Cl2. The product was purified by silica gel column chromatography 

(EtOAc/MeOH 85:15). Corresponding fractions were collected and the solvent was 

evaporated under reduced pressure to get dark blue solid (55 mg, 41 mol, 21%). 

1H NMR (400 MHz, CDCl3) δH 8.34 (d, 1H, J = 16.2 Hz), 7.62 (d, 1H, J = 16. 2 Hz), 

7.50-7.30 (m, 8H), 7.21 (d, 2H, J = 8.6 Hz), 7.06 (d, 2H, J = 8.6 Hz), 6.87 (s, 2H), 4.25 

(m, 6H), 3.95 (d, 2H, J = 4.6 Hz), 3.90 (t, 4H, J = 5.4 Hz), 3.85 (t, 2H, J = 4.4 Hz), 

3.80-3.50 (m, 24H), 3.38 (s, 9H), 2.77 (s, 3H), 1.8 (m, 1H), 1.65 (s, 3H), 1.63 (s, 3H), 

1.60-1.40 (m, 6H), 1.40-1.20 (m, 20H), 0.95 (m, 6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 160.3, 152.9, 151.7, 151.5, 141.4, 140.0, 138.8, 132.5, 

131.1, 130.8, 129.3, 126.4, 125.5, 125.4, 120.5, 120.4, 115.4, 107.5, 98.1, 96.7, 83.3, 

81.0, 72.5, 72.0, 71.9, 71.0, 70.9, 70.7, 70.6, 69.8, 69.0, 59.0, 39.4, 34.8, 31.2, 30.6, 

29.2, 23.9, 23.0, 14.1, 13.7, 13.4, 11.2 ppm.  

HRMS (TOF-ESI): m/z calcd for C79H105BF2N2NaO13
+ 1361.7570 [M+Na]+, found: 

1361.7296 [M+Na]+, Δ = 20.12 ppm. 
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Synthesis of Quencher Module, Q 

Compound S42 (45 mg, 30 mol) and 4-propargyloxy benzaldehyde (9.1 mg, 56 

mol) were dissolved in benzene (25 mL). Piperidine (0.2 mL) and acetic acid (0.2 

mL) were added. The reaction mixture was refluxed using Dean Stark apparatus. After 

the reaction was completed then it was treated with water and extracted with CH2Cl2. 

Organic layer was collected and dried with Na2SO4 and the solvent removed under 

reduced pressure. The product was purified by silica gel column chromatography 

(EtOAc/MeOH 90/10) to yield dark blue solid (40 mg, 27 mol, 90%). 

1H NMR (400 MHz, CDCl3) δH 8.49 (d, 1H, J = 16.2 Hz), 8.34 (d, 1H, J = 16.2 Hz), 

7.74 (d, 1H, J = 16.6 Hz), 7.65 (s 1H), 7.65 (d, 2H), 7.65 (d, 2H), 7.50-7.30 (m, 8H), 

7.21 (d, 2H, J = 8.1 Hz), 7.10-7.00 (m, 4H), 6.90 (s, 2H), 4.77 (2H), 4.25 (m, 6H), 

4.00- 3.50 (m, 32H), 3.40 (s, 3H), 3.37 (s, 6H), 2.60 (1H), 1.80-1.20 (m, 23H), 0.98 

(m, 6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 160.3, 158.6, 152.9, 151.7, 145.3, 140.2, 139.7, 138.8, 

132.7, 130.8, 130.7, 129.6, 129.2, 126.6, 125.6, 125.5, 120.6, 120.5, 115.3, 107.9, 98.4, 

98.2, 83.4, 83.1, 77.4, 77.1, 76.7, 75.9, 72.5, 72.0, 71.9, 69.9, 69.2, 59.0, 59.0, 59.0, 

55.9, 39.4, 34.8, 31.2, 30.6, 29.2, 23.9, 23.1, 14.1, 11.2 ppm. 

HRMS (TOF-ESI): m/z calcd for C89H111BF2N2NaO14
+ 1503.7989 [M+Na]+, found: 

1503.7684 [M+Na]+, Δ = 20.28 ppm. 
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Synthesis of Compound S43 

Compound Q (45 mg, 30 mol) and compound S31 (62 mg, 300 mol) were dissolved 

in CH2Cl2 (6 mL) and MeOH (3 mL). Saturated solutions of CuSO4·5H2O (100 L) 

and sodium ascorbate (100 L) were added. Catalytic amount of Cu (0) was added. 

The reaction mixture was stirred for 12 h at room temperature. After the reaction was 

completed, the mixture was extracted with CH2Cl2. Organic layer was collected and 

dried with Na2SO4 and the solvent evaporated under reduced pressure. The product 

was purified by silica gel column chromatography (EtOAc/MeOH 85:15). 

Corresponding fractions were combined then the solvent was removed under reduced 

pressure to obtain dark blue solid (30 mg, 18 mol, 60%). 

1H NMR (400 MHz, CDCl3) δH 8.48 (d, 1H, J = 16.3 Hz), 8.34 (d, 1H, J = 16.3 Hz), 

7.75-7.60 (m, 6H), 7.50-7.30 (m, 8H), 7.21 (d, 2H, J = 8.3 Hz), 7.08 (d, 2H, J = 3.5 

Hz), 7.05 (d, 2H, J = 3.4 Hz), 6.91 (s, 2H), 5.31 (s, 2H), 4.73 (t, 2H, J = 6.6 Hz), 4.25 

(m, 6H), 4.00- 3.50 (m, 32H), 3.40 (s, 3H), 3.37 (s, 6H), 3.22 (t, 2H, J = 6.6 Hz), 2.89 

(m, 4H),  1.80-1.20 (m, 23H), 0.98 (m, 6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 160.3, 159.3, 153.0, 151.8, 145.3, 144.4, 140.1, 139.6, 

138.9, 133.4, 132.7, 132.2, 131.9, 130.8, 130.4, 129.6, 128.6, 126.7, 125.5, 123.6, 

120.6, 118.4, 117.1, 116.1, 115.3, 114.0, 107.9, 107.2, 98.4, 98.2, 83.3, 72.5, 71.9, 

70.9, 70.8, 70.7, 70.5, 70.4, 69.8, 69.2, 68.9, 62.1, 59.0, 49.9, 48.9, 39.5, 37.7, 34.9, 

31.3, 30.6, 29.2, 23.9, 23.1, 14.1, 13.5 ppm.  
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Synthesis of BOD 1 

Compound S43 (40 mg, 24 mol) and compound PS (45 mg, 37 mol) were dissolved 

in DCM (6 mL) and MeOH (3 mL). Saturated solutions of CuSO4·5H2O (100 l) and 

sodium ascorbate (100 l) were added. Catalytic amount of Cu (0) was added. The 

reaction mixture was stirred for 12 h at room temperature. Then the reaction mixture 

was treated with water and extracted with CH2Cl2. Organic layer was collected and 

dried with Na2SO4. The product was purified by silica gel column chromatography 

(EtOAc/MeOH 85:15) to get dark blue solid (35 mg, 12 mol, 50%). 

1H NMR (400 MHz, CDCl3) δH 8.48 (d, 1H, J = 15.9 Hz), 8.32 (d, 1H, J = 15.8 Hz), 

8.29 (s, 2H), 8.09 (d, J = 16.5 Hz, 2H), 7.95 (d, J = 8.0 Hz, 2H), 7.8-7.5 (m, 10H), 

7.50-7.30 (m, 10H), 7.25-7.10 (m, 6H), 7.10-7.0 (m, 5H), 6.90 (m, 6H), 5.30 (s, 2H), 

5.15 (s, 4H), 4.65 (s, 4H), 4.40 (m, 2H), 4.2 (m, 6H), 4.10-3.50 (m, 36H), 3.30 (s, 3H),  

3.30 (s, 6H), 3.15 (m, 4H), 2.05 (m, 18H), 1.8 (m, 4H), 1.60-1.0 (m, 21H), 0.95 (m, 

6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 167.8, 160.3, 160.2, 159.2, 158.6, 155.6, 152.8, 151.7, 

149.8, 146.6, 138.8, 136.2, 135.4, 133.7, 132.7, 130.8, 130.3, 129.6, 129.5, 129.4, 

129.3, 126.6, 125.6, 125.5, 124.4, 123.7, 120.7, 120.4, 119.4, 115.9, 115.8, 115.5, 

115.3, 107.8, 72.4, 71.9, 70.9, 70.8, 70.6, 70.5, 69.8, 69.1, 59.0, 58.9, 48.9, 40.6, 39.4, 

31.2, 30.6, 30.2, 29.2, 26.3, 25.6, 23.9, 23.0, 17.8, 14.1, 13.5, 11.2 ppm.  

HRMS (TOF-ESI): m/z calcd for C144H162B2F4I2N15O23S2
- 2884.9 [M-H]-, found: 

2884.9 [M-H]. 

4.5.1. Additional Information 

pKa Determination. Aqueous solutions of each compound are prepared and titrated 

with aliquots of acid (HCl) and base (NaOH) solutions. Each time, pH of the solution 

is measured with the aid of a pH meter and the spectra are recorded.Since there are 

two different absorbing species, one protonated/deprotonated and one neutral, two 

different peak absorbance wavelengths are observed. Plotting pH versus the ratio of 
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absorbance at these two wavelengths and subsequent non-linear curve fit in Origin 

software gives the experimental pKa values in water. For some compounds 3, 4 and 

PS 40% THF was used to increase solubility. Since PS is the true module of the target 

compound (BOD 1) and is not soluble in water, the pKa measurements are performed 

after the formation of micelle. 

Micelle Preparation. Micelles of PS module are prepared with Cremophor EL using 

the procedure in literature [252]. 50 mg Cremophor EL and PS (6 mg, 5 µmol) or BOD 

1 (14 mg, 5 µmol) are dissolved in 330 mL freshly distilled tetrahydrofuran. The 

solution is sonicated for 30 min, while the sonication water bath is kept below 35oC. 

Then, THF is evaporated under reduced pressure and the remaining compounds are 

dissolved in water (5 mL). The suspension is filtered through 0.45 µm PTFE filter. For 

each measurement micelles are prepared freshly. Concentrations of solutions of the 

compounds in micelles are predicted using their extinction coefficients in THF. GSH 

(2.5 equivalent) is added to the solution of BOD 1 before the preparation of the micelle 

and the sample is incubated at room temperature for 12 h at room temperature, before 

HRMS and spectroscopic analysis are performed. 

1O2 Generation Experiments. 1O2 dependent degradation of water soluble trap, 2,2'-

(anthracene-9,10-diylbis(methylene) dimalonic acid is used to measure photodynamic 

activity since the absorption of this compound decreases upon reaction indicating the 

generation of 1O2 [253]. Since the water solubility of the anthracene-based trap is poor 

in water, samples are sonicated for 15 min to obtain clear solutions. Measurements are 

performed using 625 nm LED and samples are irradiated with the light source from a 

5 cm distance. All samples are aerated for 5 min prior to experiments. After incubation 

under dark for 15 min, light is irradiated for 60 min and UV-Vis spectra are recorded 

at each 5 min intervals. Relative singlet oxygen efficiency is calculated by the percent 

decrease in trap absorbance at 378 nm within 60 min light irradiation period. 
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CHAPTER 5 

 

5. BODIPY Assisted Dopamine Recognition  
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5.1. Objective  

Dopamine (DA), which is the a member of catecholamine family participates in 

number of central nerve diseases such as Parkinson’s disease and schizophrenia. 

Therefore, sensing and monitoring of DA is significant field. In this study, we designed 

water-soluble fluorescent chemosensor to sense DA. Bodipy based fluorophore was 

functionalized with amine and diol moieties. 

5.2. Introduction 

Catecholamines, including dopamines, neroephirines and epinephrines (adrenaline) 

participated in numerous important biological processes. Catecholamines are principal 

neurotransmitters that deal with many differences in central nervous system [254]. By 

this way, they increase heart rate, blood pressure, muscle strength and mental alertness 

and they prepare the body for the “fight-or-flight” response. Also they play critical role 

in some of the diseases and disorders such as hyperactivity disorder, Parkinson’s 

disease, schizophrenia, hypertension and addiction [255]. 

Boronic acids have high affinity to diol group including compounds [256], [257]. 

Because of that reason boronic acid containing molecules were designed and 

synthesized for sensing of carbohydrates and some other biological compounds. 2-

anthrylboronic acid was the first example to fluorescent chemosensor for diol 

containing compounds in 1992 [258]. 

 

Figure 101. Mechanism of dopamine sensing with target molecule.  

In this study, our target molecule is the sensor for catecholamines. There is boronic 

acid group to sense diol groups and it has also amine moiety. Binding of dopamine 
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prevents the movement of phenylboronic acid group at meso position of Bodipy and 

that increases emission of Bodipy core. 

5.3. Results and Discussion 

In fluorescent dyes, steric constrain increases quantum yields. Without steric 

hindrance, phenyl group has free rotation so quantum yield is very low. In the existence 

of methyl groups at 1 and 7 positions of Bodipy core, phenyl group cannot rotate 

because of the methyl groups and by this way increasing in quantum efficiency is 

observed (Figure 102). There is a non-radiative energy loss from the excited states 

because of the rotational molecular motions and methyl groups at 1 and 7 positions 

prevent the non-radiative energy loss due to free rotation. 

 

Figure 102. Structure-quantum yield relationship in Bodipy derivatives [259]. 

In our design, Bodipy dye was used as fluorophore and it was functionalized with 

boronic acid for diol sensing. There was also formyl group attached to Bodipy core for 

amine sensing. Dopamine molecule has diol and amine groups and it binds to both 

boronic acid and formyl groups of compound 3 at the same time. Binding of dopamine 

prevents the free rotation, therefore quantum yields will increase.  
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Figure 103. Structure of target and control molecules. 

In synthesis part, three different Bodipy derivatives was aimed (Figure 103). At the 

beginning, diol group of 2-formylphenylboronic acid was protected with pinacol for 

solubility in organic solvents and to prevent decomposition of compound 2. Then the 

protected aldehyde was placed at meso position of Bodipy core by reaction with 2-

methylpyrrole. Then, formylation of Bodipy core was achieved with Vilsmeier-Haack 

reaction. Synthesis of compound 4 and 5 was accomplished with the procedure which 

is similar synthesis of compound 3. 

Target molecule was used without deprotection in the fluorescence measurements 

because it was expected that the hydrolysis completes in aqueous media [260], [261].  

 

Figure 104. Fluorescence spectra of the compound 3 (1 μM) upon increasing dopamine 

concentrations (0-200 equiv) in 1x PBS buffer solution (pH=7.4, λex = 480 nm at 25oC). 
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It was supposed that compound 3 doesn’t have emission because of the free rotation 

then it will start to give emission with binding of dopamine (Figure 101). However, 

we carried the measurements and results were different from expected. According to 

the fluorescence spectra, adding of dopamine decreased the emission of compound 3 

(Figure 104). It can be explained that B(OR)2 group is large and very close to the 

Bodipy core, so there is no free rotation because of the steric hindrance. The binding 

may cause photoinduced electron transfer (PET) and decreasing in the emission was 

observed. 

 

Figure 105. Fluorescence spectra of the compound 2 (1 μM) upon increasing dopamine 

concentrations (0-20 equiv) in 1x PBS buffer solution (pH=7.4, λex = 480 nm at 25oC). 
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Figure 106. Fluorescence spectra of the compound 5 (1 μM) upon increasing dopamine 

concentrations (0-150 equiv) in 1x PBS buffer solution (pH=7.4, λex = 470 nm at 25oC). 

Emission spectrums of target molecule and control molecules shows that it did not 

work as planned. Control molecules were designed to understand working principle of 

diol and amine moieties. In the emission spectrums of compound 2, adding dopamine 

decreases emission intensity (Figure 105) and that is similar to fluorescence spectra of 

compound 3. There is no change in the spectrum of compound 5 that means there is 

no binding to amine moiety. 

5.4. Conclusion 

In conclusion, we designed a chemosensor for dopamine (DA) sensing. The idea 

behind this study was that preventing the free rotation of phenyl group at meso position 

of Bodipy core results in enhancement in quantum yield. However, the fluorescence 

spectra was dissimilar to desired one. The study didn’t achieve the expected results. 
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5.5. Experimental Details 

Synthetic Pathway: 

 

Synthesis of Compound 1 

2-formylphenylboronic acid (1.0 g, 6.6 mmol) was dissolved in benzene (25 mL)  and 

pinacol (1.1 eq, 0. 86 g, 7.3 mmol) was added to solution. A Dean-Stark trap was filled 

with benzene and attached to flask. The reaction mixture was refluxed for 5 h and the 

water that formed in reaction was hold by trap. The mixture was cooled to room 

temperature then it was filtered through MgSO4 pad. The pure product which is thick 

and yellow oil was obtained (1.50 g, 6.5 mmol, 95%). 

1H NMR (400 MHz, CDCl3) δH 10.56 (s, 1H), 7.96 (d, J = 7.9 Hz, 1H), 7.88 (d, J = 

7.1 Hz, 1H), 7.65 – 7.49 (m, 2H), 1.41 (s, 12H) ppm. 

13C NMR (100 MHz, CDCl3) δC 213.0, 194.6, 141.3, 135.5, 133.0, 130.7, 127.9, 24.7 

ppm. 
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Synthesis of Compound 2 

Compound 1 (1.08 g, 4.65 mmol) was dissolved in DCM (200 mL) and the solution 

was bubbled with Argon for 15 min. Then 2-methylpyrrole (2.2 eq, 0.76 mL, 0.69 g, 

10.2 mmol) and a few drops of TFA were added and the solution was stirred overnight 

at rt. p-chloranil (0.57 g, 2.3 mmol) was added to the reaction mixture and stirring 

continued for 45 min. Finally, Et3N (3 mL) and BF3·OEt2 (3 mL) were added to the 

reaction sequentially. After stirring 1 h, the reaction mixture washed with water (3x150 

mL) and the organic phase dried with Na2SO4. The solvent was evaporated under 

vacuum then the residue was purified with silica gel column chromatography 

(DCM:Hex 2:1) to yield reddish solid (0.59 g, 1.4 mmol, 30%). 

1H NMR (400 MHz, CDCl3) δH 7.81 (s, 1H), 7.49 (dd, J = 5.5, 2.9 Hz, 2H), 7.41 (d, J 

= 3.8 Hz, 1H), 6.55 (d, J = 3.8 Hz, 2H), 6.22 (d, J = 4.0 Hz, 2H), 2.66 (s, 6H), 1.08 (s, 

12H) ppm. 

13C NMR (100 MHz, CDCl3) δC 156.9, 139.0, 134.2, 130.1, 130.0, 129.8, 129.6, 128.6, 

128.3, 118.9, 118.9, 84.0, 24.4, 14.8 ppm. 

HRMS (TOF-ESI): m/z calcd for C23H26B2F2N2O2
+: 420.22156 [M]+, Found: 

420.22221 [M]+, =1.55 ppm. 

Synthesis of Compound 3 

DMF (12 mL) and POCl3 (12 mL) were stirred in ice bath for 5 min under Ar gas. 

After warming to room temperature, the mixture was stirred for another 30 min. 

Compound 2 (477 mg, 1.1 mmol) dissolved in dichloroethane (40 mL) was added and 

the reaction mixture was stirred for additional 2 h at 50 oC.  The reaction mixture 

poured in to ice cold NaHCO3 solution (150 mL). After stirring 30 min, the solution 

was washed with water (3x100 mL). The organic layers was dried with Na2SO4 and 

the solvent was removed under vacuum. The crude product was purified with silica gel 

column chromatography (DCM: Hex 2:1) to get reddish solid (483 mg, 1.1 mmol, 

95%). 
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1H NMR (400 MHz, CDCl3) δH 9.87 (s, 1H), 7.94 – 7.80 (m, 1H), 7.68 – 7.50 (m, 2H), 

7.46 – 7.37 (m, 1H), 6.91 (s, 1H), 6.78 (d, J = 4.3 Hz, 1H), 6.42 (d, J = 4.4 Hz, 1H), 

2.90 (s, 3H), 2.73 (s, 3H), 1.06 (s, 12H) ppm. 

13C NMR (100 MHz, CDCl3) δC 185.5, 163.4, 155.8, 146.4, 138.2, 137.7, 134.8, 134.4, 

133.4, 130.1, 129.4, 129.2, 128.7, 128.4, 122.6, 84.0, 24.4, 15.3, 13.2 ppm. 

HRMS (TOF-ESI): m/z calcd for C24H27B2F2N2O3
+: 449.22430 [M+H]+, Found: 

449.22024 [M+H]+, =9.04 ppm. 

Synthesis of Compound 4 

Benzaldehyde (0.57 mL, 0.60 g, 5.7 mmol) was dissolved in DCM (200 mL) and the 

solution was bubbled with Ar for 15 min. Then 2-methylpyrrole (2.2 eq, 0.93 mL, 0.85 

g, 12.5 mmol) and a few drops of TFA were added and the solution was stirred 

overnight at rt. p-chloranil (0.71 g, 2.8 mmol) was added to the reaction mixture and 

stirring continued for 45 min. Finally, Et3N (3 mL) and BF3·OEt2 (3 mL) were added 

to the reaction sequentially. After stirring 1 h, the reaction mixture washed with water 

(3x150 mL) and the organic phase dried with Na2SO4. The solvent was evaporated 

under vacuum then the residue was purified with silica gel column chromatography 

(DCM) to yield red solid (0.59 g, 2.0 mmol, 35%). 

1H NMR (400 MHz, CDCl3) δH 7.64 – 7.38 (m, 5H), 6.74 (d, J = 4.1 Hz, 1H), 6.32 (d, 

J = 4.1 Hz, 1H), 2.71 (s, 6H) ppm. 

13C NMR (100 MHz, CDCl3) δC 157.6, 142.6, 134.6, 134.1, 130.4, 130.4, 129.9, 128.2, 

119.4, 14.90 ppm. 

HRMS (TOF-ESI): m/z calcd for C17H16BF2N2
+: 296.14054 [M+H]+, Found: 

296.13707 [M+H]+, =11.73 ppm. 
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Synthesis of Compound 5 

DMF (12 mL) and POCl3 (12 mL) were stirred in ice bath for 5 min under Ar gas. 

After warming to room temperature, the mixture was stirred for another 30 min. 

Compound 4 (355 mg, 1.2 mmol) dissolved in dichloroethane (40 mL) was added and 

the reaction mixture was stirred for additional 2 h at 50 oC.  The reaction mixture 

poured in to ice cold NaHCO3 solution (150 mL). After stirring 30 min, the solution 

was washed with water (3x100 mL). The organic layers was dried with Na2SO4 and 

the solvent was removed under vacuum. The crude product was purified with silica gel 

column chromatography (DCM: Hex 1:1) to get red solid (365 mg, 1.1 mmol, 94%). 

1H NMR (400 MHz, CDCl3) δH 9.92 (s, 1H), 7.70 – 7.46 (m, 5H), 7.13 (s, 1H), 6.97 

(d, J = 4.3 Hz, 1H), 6.49 (d, J = 4.4 Hz, 1H), 2.91 (s, 3H), 2.75 (s, 3H) ppm. 

13C NMR (100 MHz, CDCl3) δC 185.3, 164.1, 156.5, 144.4, 136.7, 133.9, 133.2, 132.9, 

130.6, 130.3, 129.1, 128.8, 128.5, 123.1, 15.5, 13.2 ppm. 

HRMS (TOF-ESI): m/z calcd for C18H16BF2N2O
+: 324.13546 [M+H]+, Found: 

324.13522 [M+H]+, =0.73 ppm. 
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EPILOGUE 

In this thesis, we have achieved hopeful results in the field of BODIPY chemistry, 

molecular logic gates, cage compounds and as well as photodynamic therapy concepts. 

Four different studies were carried out in these application areas. Since BODIPY dyes 

have adorable properties, they were preferred fluorescent fluorophore in our projects 

in the design of photosensitizers and chemosensors.  

In the Chapter 2, we have reported cascaded molecular logic gate that metal ions and 

light were used as signals. Molecular logic gate is promising area which can be 

alternative to silicon based logic gates because they are too small that may solution to 

miniaturization problem. Our cascaded molecular logic gate consist of three modules 

which are an INH and two AND gates. In first part is INH module and the output is 

Zn (II) ion while the inputs are 360 nm light and lack of EDTA. Then AND module is 

used whose inputs are Zn (II) and 560 nm light. The output in this gate is through space 

energy transfer. The last one is AND gate which has 560 nm light and Hg (II) as inputs 

and finally we get the response that 660 nm light. By this way cascaded molecular 

logic gate was introduced whose structure is INH-AND-AND. In this study, the 

inspiring point is that combination of cage compounds and molecular logic gates in 

one pot. 

A novel design of cage compounds was described in Chapter 3. Cage compounds are 

up-and-coming field of chemistry and they can be used in the biological applications. 

Especially releasing metal ions is a very crucial area in terms of mimicking the 

biological process. For example, releasing zinc ion which is very important in human 

body because of the critical roles such as second intercellular messenger and 

significance in some disorders like Alzheimer’s disease, epilepsy, Parkinson’s disease. 

However, cage compounds have a drawback in the uncaging process. Almost all of 

cage compounds work in UV region that inappropriate for biological applications 

because it can gives rise to DNA damage. Another problem about UV light is that its 

penetration to tissues is limited. Our novel design which consists of BODIPY based 

photosensitizers and dithioethenyl bond provide uncaging in Near-IR region. The brief 
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working mechanism is that photosensitizer generate singlet oxygen irradiation with 

Near-IR light. Then singlet oxygen break dithioethenyl bond that causes lower metal 

ion affinity and that results releasing of metal ion. Our cage compounds is tunable that 

working wavelength can be arranged to intended value In this way, disadvantages of 

UV light which are DNA damage and penetration problems can be solved. 

Chapter 4 is about pH and glutathione (GSH) responsive BODIPY based 

photosensitizers (PS). We designed AND logic gate which is formed pH responsive 

photosensitizer and quencher that attached with disulfide bond. In this logic gate, 

inputs are proton ion and GSH. In presence of proton and GSH, our photosensitizer 

started to produce singlet oxygen. The idea behind this molecular logic gate is that 

tumour microenvironment is more acidic and glutathione amount is more than normal 

cells, so our photosensitizer starts to work only in cancer cells. PS is quenched by 

excitation energy transfer (EET) in the condition that PS and quencher BODIPY is 

connected with disulfide bond. In the existence of glutathione, disulfide bond is 

reduced that means cleaved. Then, free photosensitizer can begin to generate singlet 

oxygen. 

In the Chapter 5, we proposed a fluorescence chemosensor to sense dopamine, which 

participates in some crucial functions of brain such as memory, learning, attention etc. 

The phenomena, which we used in this study is that rigid structure increases the 

fluorescence quantum yield of fluorophores. Therefore, binding of dopamine to both 

diol and amine moieties will result in increment of fluorescence intensity. However, 

we didn’t reach the desired aim. 

To conclude, there are three reported studies in the areas of molecular logic gates, cage 

compounds and singlet oxygen generation. In spite of all the promising results at these 

projects, they are still based on proof-of-principle mostly. So, we will head for 

applications of molecular logic gates and mimicking the nature in the fields from 

treatment of illnesses to nanotechnology.  
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APPENDIX 

A1. Modular Logic Gates: Cascading Independent Logic Gates via Metal Ion 

Signals (1H, 13C and Mass Spectra) 
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A2. Near IR Triggered, Remote Controlled Release of Metal Ions: A Novel 

Strategy for Caged Ions (1H, 13C and Mass Spectra) 
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A3. Selective Photosensitization through AND Logic Response: Optimization of 

pH and Glutathione Response of Activatable Photosensitizers (1H, 13C and Mass 

Spectra) 
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A4. BODIPY Assisted Dopamine Recognition (1H, 13C and Mass Spectra) 
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