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Synopsis 

The thesis is primarily focused upon anion recognition which is a key event based on 

several fundamental chemical and biological phenomena such as sensing and transport. The 

presence of diverse anions in living organisms is a ubiquitous reality and these anions play 

crucial roles for the maintenance of essential life processes. Typically, halide ions such as 

fluoride and chloride ions have vital roles in a number of biological systems.  

Among biologically relevant halides, fluoride (F−) ion is one of the most exciting target 

of research owing to its well-recognized importance behind miscellaneous health and 

environmental issues. The United States Environmental Protection Agency (USEPA) affirmed 

the drinking water standard for F 4 ppm to prevent osteofluorosis, dental fluorosis etc. 

Considering the widespread use of the ion in daily life and its implication in biological effects, it 

is very interesting to develop highly sensitive and selective molecular probes for detection of F 

ion in chemical as well as in biological systems. Albeit several analytical techniques are 

available to recognize F−, the development of colorimetric fluorescent probes scores a distinct 

advantage over other methods. Furthermore, cascade reactions offer a couple of advantages such 

as atom economy, economy of time and waste generation aspects, all of which were together 

exploited to design relevant fluorescent probes. Later on, cascade reaction strategy encouraged 

us to develop off-on probes based on NBD-amine fluorophore for selective detection of F−. The 

limitation of high response time associated with this probe was overcome by employing another 

strategy of cascade reaction. Very fast response time and improvement of sensitivity was 

achieved with this strategy for selective detection of F− using fluorescein as a fluorophore. 

Further, fluorophore was varied aimed at the improvement of reaction time, sensitivity and 

aqueous solubility facets. The mechanism of cascade reaction involved in detection of F− was 

proved by 1H-NMR and HPLC titration and cell-permeability and ability to detect F− inside cell 

was also evaluated.  

In cells, the transport of anions across phospholipid bilayers is an essential phenomenon 

for maintaining the concentration gradient, imperative for signaling and cellular regulation. 

Chloride, one of the most important anions, regulates the flux of metabolites into and out of the 

cell during maintenance of the osmotic pressure, which causes cystic fibrosis, myotonia and 

epilepsy. Hence, it is important to develop artificial transport systems which can mimic natural 



 

 

ion transport systems to prevent health issues related to imbalance transport of ions. A new class 

of pre-organized tripodal receptors based on triazine core and bispidine arms were developed to 

facilitate preorganized cavity formation which was further functionalized to result into controlled 

anion binding along with facile transport through liposomal membranes. Tripodal tris-amide and 

tris-urea compounds based on benzoxazine-core were synthesized which led to better Cl− 

binding ability. Transmembrane anionophoric behavior of the tris-urea receptor along with its 

theoretical binding model were also demonstrated. To obtain controlled ion transport activity, 

light gated ion transport activity and chloride selectivity were comprehensively evaluated by 

designing very small molecules attached with a photo-active alkene core. Also, ion transport 

activity of cyclo-oligo-(1→6)-β-D-glucosamine based artificial ion transport systems were 

assessed. 

Chapter 1. Fluorescent Turn-On NBD Probe for Fluoride Sensing: Theoretical 

Validation and Experimental Studies 

Design, synthesis and fluoride sensing ability of a 7-nitro-2,1,3-benzoxadiazole (NBD) based 

chemodosimeter is reported. Theoretical calculations were used to design more applicable off-on 

response, by choosing NBD as the accurate fluorophore. Reaction of the NBD-probe with 300 

equivalent of tetrabutyl ammonium fluoride (TBAF) exhibited a response time of 80 minutes and  

 

 

Figure 1: Schematic representation of cascade reaction based fluorescent probe, matching of their crystal 

structure and geometry optimized structure and photophysical property.

 



 

 

the reaction was selective to F and sensing of the ion was marked by a 110-fold enhancement of 

green fluorescence. The off-on fluorescence characteristics of the probe enabled its application in 

live-cell imaging of intracellular F ions. 
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Experimental Studies. 
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Org. Biomol. Chem. 2014, 12, 2143-2149. 

Chapter 2. Development of Probes for Rapid Detection of Fluoride Ion: 

Improvement of Sensitivity and Application in Aqueous Media 

A series of cascade reaction-based colorimetric and fluorescent probe for selective fluoride ion 

detection is reported based on fluorescein, resorufin and NBD-amine. The fluorescein based 

probe displays fast response (t1/2 = 2.41 min) and 550-fold fluorescence enhancement during 

sensing of fluoride ion. Application of the probe in live cell imaging is demonstrated. A resorufin 

based colorimetric and fluorescence off-on probe for selective fluoride ion detection is reported. 

1H-NMR and HPLC experiments confirm the formation of phthalide and resorufin in the 

deprotection-cyclization based sensing mechanism. The cascade reaction strategy ensures the 

rapid release (t1/2 = 1.96 min) of pink fluorescent resorufin dye. Selective sensing of fluoride ion 

results in the 1820-fold fluorescence enhancement. The probe also displays a detection limit of 

60 nM (i.e. 1.15 ppb) during the sensing of the ion from water. Permeability of the probe and 

sensing of intracellular fluoride ion is demonstrated by live cell imaging. Another probe based on 

NBD-Amine fluorophore for selective detection of fluoride ion in aqueous media is reported. 

The probe was designed by applying rules for water solubility and membrane permeability. The 

probe functions through the fluoride mediated cascade reaction which was studied by 1H-NMR, 

HPLC analysis, UV-vis and fluorescence spectroscopy. The sensing process was marked by the 

by a color change from colorless to yellow, and an intriguing 120-fold turn-on green 

fluorescence. Application of the probe for selective detection of fluoride was demonstrated by 

live-cell imaging. 



 

 

 

 

Figure 2: Schematic representation of cascade reaction based three fluorescent probes based on 

fluorescein, resorufin and NBD-amine for fluoride sensing.
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Chapter 3. Design, Synthesis and Ion Transport Activity of Tripodal Receptors 

for Chloride Transport 

A new class of pre-organized triazine based tripodal receptors is reported as efficient 

transmembrane Cl‒ carrier. These receptors were designed based on triazine core and 3,7-

diazabicyclo[3.3.1]nonane arms to facilitate preorganized cavity formation. Each bicyclic arm 



 

 

was further functionalized to control protonation and lipophilicity which are crucial for their 

efficient anion binding and facile transport through liposomal membranes. The benzyl 

substituted receptor was superior as the most efficient ion transporter compared to the 

pentafluorobenzyl substituted one. The non-substituted receptor was least active due to its high 

polarity. Two active transporters were found to function as mobile carriers for Cl‒ via an antiport 

exchange mechanism. Molecular dynamic simulation with the most active receptor established 

strong Cl‒ binding within the cavity by multiple hydrogen bonds involving N‒H···Cl‒, water 

bridged O‒H···Cl‒ interactions. 

One-pot synthesis of a C3-symmetric benzoxazine-based tris-urea compound was discussed in 

next part. 1H-NMR titrations indicate a stronger Cl− binding compared to Br− and I− by the 

receptor. Effective Cl− transport across liposomal membranes via Cl−/X− antiport mechanism is 

confirmed. The theoretical calculation suggests that a few water molecules along with N-H, 

C=O, and the aromatic ring of the receptor create a H-bonded polar cavity where a Cl− is 

recognized by O-H···Cl− interactions from five bridged water molecules. 

 

 

Figure 3: A) The design strategy of triazine based receptor, its ion transport activity and binding motif. 

B) benzoxazine-based tris-urea receptor, its ion transport activity and binding motif. 
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and fumaramide (trans-isomer) derivatives were synthesized and their ion transport ability was 

evaluated by fluorescence based vesicle leakage assay with EYPC liposomes. As, expected 

higher activity was observed for trans-isomer in comparison with cis-isomer and highest activity 

was observed in case of trans-isomer with cyclohexyl side arm (EC50 = 3.5 M) and this 

compound is almost 77 fold more active as compared to its cis-isomer. Further experiment based 

on chloride sensitive lucigenin dye showed that compound can transport anions particularly 

chloride across EYPC liposome which was proved by EYPC and Lucigenin assay. Light-gated  

 

 

Figure 4: Schematic representation of probable mode of self-assembly for the channel formation with 

fumaramide (trans) derivatives.  

 



 

 

ion transport activity was assessed with EYPC liposomes and observed data suggested nearly 

95% activity retained after three consecutive cycles. Additionally, formation of ion channel was 

demonstrated by bilayer lipid membrane experiment and from single-channel conductance 

measurements, diameter of channel was found to be 3.84 Å which is close to diameter of 

unsolved chloride ion. 
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cyclodextrins, Additionally, Amenability of ring-size alteration and its associated correlation 

with the ring rigidity made it possible to control the ion transporting activity. Importance of 

number of membrane spanning tails were established by varying tail length and number of tails. 

Half-channel dimers as the active structures were formed with a medium sized tail. Short tail 

 

 

Figure 5: The design strategy for glucosamine based ion channel and variation of ion transport activity by 

modulating ring size, tail length and number of tail. 

 



 

 

connected derivatives that displayed poor ion transport activity worked as negative controls for 

ion transport studies. All molecules displayed a uniform Cl > Br > I selectivity sequence. 
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Introduction 

Anion recognition and sensing via artificial receptor has become an area of great interest in 

supramolecular chemistry in recent years because of the significance of anions in biological and 

chemical processes.1 Among biologically relevant anions, fluoride ion is of particular interest 

owing to its importance in health and environmental issues.2 Among all anions, fluoride (F) is a 

quite peculiar anion due to its smallest size and highest charge density, and its ionic radius is 

comparable with K+. Also, being most electronegative anion, F behaves as a strong Brönsted base. 

Solvation of F is also interesting. The water molecules make a highly structured first solvation 

sphere around it and thus makes the detection process less favored3. It is known that the enthalpy 

of hydration is in the order of 100 Kcal mol-1, which is highest for any singly charged species. 

Fluoride ions are widely used as an essential ingredient in toothpaste, many pharmaceutical agents, 

and in the treatment of osteoporosis. It is also associated with nerve gases and the refinement of 

uranium used in nuclear manufacture. But a large intake of fluoride ion can cause both acute and 

chronic toxicity in human body as it inhibits the biosynthesis of neurotransmitters in fetuses, and 

it can cause diseases such as osteoporosis, fluorosis, urolithiasis or even cancer.2d, 4 Fluoride 

toxicity in the body can also cause increment in bone density. In addition, NaF can function as a 

potent G-protein activator and Ser/Thr phosphatase inhibitor, and affects plenty of essential cell 

signaling elements. Novel importance of fluoride has been discovered in the field of ion batteries, 

for enhancement of photocurrent in supramolecular solar cells and in F-PET imaging. In near 

future, it might have a role in constructing superconductor and hydrogen gas storage. Presence of 

fluoride in low concentration in drinking water prevents dental caries and enamel demineralization 

resulting from wearing orthodontic appliances. The United States Environmental Protection 

Agency (USEPA) affirmed the drinking water standard for F 4 ppm to prevent osteofluorosis, and 

a secondary fluoride standard 2 ppm to protect against dental fluorosis. Considering the 

widespread use of the ion in daily life and its implication in biological effects, it is very interesting 

to develop highly sensitive and selective molecular probes for detection of F ion in chemical as 

well as in biological systems. 

The ion selective electrode, ion chromatography, HPLC, and standard Willard and Winter 

methods are used for quantitative measurement of F. However all these methods are complicated 

and cost-effective. For these reasons, considerable efforts have been made to develop highly 
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selective and sensitive systems capable of recognition, binding/or sensing the ion in competitive 

environment. The fluorescent analysis method has gained considerable attention due to its high 

sensitivity, operational simplicity, and in vivo imaging analysis both qualitatively as well as 

quantitatively.2a, 5 Depending on the fluorescence outcome after detection of fluoride, probes can 

be categorised into mainly three classes such as ratiometric, turn-on and turn-off probes. On the 

other hand, fluorescent probes can be classified into two categories i.e. chemosensors and 

chemodosimeters depending on the mode of sensing. Two subunits are mainly required to make a 

chemosensors (Figure 1A) i.e. receptor (recognition site) and a signaling source (chromophore or 

fluorophore)6. The former resides a coordination site for reversible binding of a particular anion 

(by hydrogen bonding, Lewis acid coordination etc.) whereas the latter translate the recognition 

event by changing some spectroscopic characteristics such as color or fluorescence change 

associated with absorbance and or emission intensity.6 In past decade, a large number of 

fluorescent probes for F sensing have been developed exploiting anion-π interaction,7 hydrogen 

bonding,8 and Lewis acid-base interaction2d, 9 and fluoride induced chemical reaction.10 Hydrogen 

bonding approach is not effective in aqueous solution owing to the strong tendency of hydration 

of fluoride ions. The boron-fluoride complexation approach is also not suitable for biological 

applications because of its instability and cytotoxicity. Moreover, Lewis acidic boron based 

receptors bind with fluoride ions covalently and cause fluorescence quenching due to 

intramolecular charge transfer between the boron pπ orbital and electrons from F ions. Bhosale et. 

al. reported naphthalene diimide sensor bearing a bis-sulfonamide group where fluoride binds with 

two sulfonamide N-H binds with F ion through hydrogen bonding (Figure 1B).11 Chemosensors 

can be turn on (or turn off) where the probe is nonfluorescent (or fluorescent) and produces 

fluorescent (or nonfluorescent) product after reacting with anion. Another class is ratiometric 

 

Figure 1: A) Schematic representation of chemosensor, and B) one of the reported examples of 

chemosensor for F. 
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chemosensor where probe emits light at a certain wavelength which shifted to another wavelength 

after reacting with anion. However, the limitation associated with these chemosensors that in some 

cases, selective recognition of F is difficult in presence of other oxygen-containing anions (AcO, 

H2PO4
 etc.). 

On the other hand, the selectivity issue during F sensing can be addressed by irreversible 

chemical reaction of the probe to form either single product or multiple products in the presence 

of target anion.6 As the chemical reaction is irreversible, the term chemosensor cannot be used 

strictly rather these systems can be reffered as chemodosimeter or chemoreactant (Figure 2A). This 

approach is highly advantageous in terms of selectivity and sensitivity as compared to traditional 

chemosensor methods used for detection of anions. Similar to chemosensors, chemodosimeters 

can be turn on (or turn off) or ratiometric depending on the mode of detection. 

 

Figure 2: A) Schematic representation of chemodosimeter, B) reported examples of F triggered Si−C 

cleavage based chemodosimeters and C) reported examples of Si−O cleavage based chemodosimeters. 

Fluoride ion also has very high affinity towards silicon e.g. Si−F is one of the strongest 

bonds which makes it significant in synthetic organic chemistry, and this property has been 

exploited in the development of numerous fluorescent probes for selective detection of F. Some 

F triggered Si−C bond cleavage based ratiometric chemodosimeters also reported (Figure 2B). 

Jiang et. al. connected trihexylsilylacetylene group with BODIPY at 2,6 position where extended 

 conjugation causes absorption at 555 nm and fluorescence emission at 571 nm.12 In case of Si-

O bond cleavage based probes, F mediated desilylation of silyl ethers are reported to provide 

ratiometric,10d, 13 on-off14 and off-on15 fluorescence responses. Thus, tert-
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butyldimethylsilylchloride (TBDMS), tert-butyldiphenylsilylchloride (TBDPS), tri-

isopropylsilylchloride (TIPS) can be used as reacting sites for F in chemodosimeters. 

Sokkalingam et. al. reported a fluorescent turn-on probe for fluoride detection based on 

desilylation of TIPS group (Figure 2C).16 However, the detection time for these probes are very 

high. 

On the other hand, cascade reactions offer advantages such as atom economy as well as 

economies of time and waste generation. These reactions save labor, waste and resources. As such, 

cascade reactions can be considered to fall under the category of “green chemistry”.17 

Subsequently, silyl ether deprotection strategies were also applied for developing probes that 

release fluorophore via cascade reaction mechanisms.10a, 10d, 18 The advantages of these reactions 

are associated with mainly two factors, either reaction site can be modulated to achieve different 

sensing property or fluorophore can be altered to obtain different photophysical properties (Figure 

3A). In 2011, Kim and coworkers reported a novel cascade reaction based ratiometric fluorescent 

probe which is based on fluoride-triggered Si-O bond cleavage that resulted in the formation of 

green fluorescent 4-amino-1,8-naphthlimide and 4- methylenecyclohexa-2,5-dione.10d Song and 

coworkers reported a novel pink emitting another cascade reaction based probe and application of 

the probe in live cell imaging was also established.18b In 2012, Ahn and coworkers reported another 

probe which undergoes fluoride specific desilylation followed by cyclisation to form an 

 

Figure 3: A) Schematic representation of cascade reaction and B) reported example of F triggered cascade 

reaction based probe. 
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iminocoumarin derivative and the probe was used for detecting the F ion in living cells as well as 

in zebrafish (Figure 3B).10a However, these probes suffer from general limitations such as low 

sensitivity and longer response time. Sensing activity either in pure organic solvent or in combined 

aqueous/organic media is a general concern of most desilylation based probes. Therefore, 

development of new fluorescent turn-on probes have been reinvigorated for detecting fluoride ion 

in aqueous medium so that these can be more suitable for biological application. 
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1.1. Introduction 

Sensing and recognition of anions by artificial receptors have become field of great interest in 

supramolecular chemistry in recent years because of their importance in regulatory roles in cellular 

pathology and chemical processes.1 Several analytical methods such as HPLC,2 UV,3 

fluorescence,4 gas chromatography,5 ion selective electrode,6 etc. are available to detect anions. 

Among these, fluorescence-based techniques have gained more interest in recent years because of 

their high selectivity, sensitivity and straightforward measurement protocol.4b, 7 Moreover, 

fluorescent probes can exhibit high specificity in terms of excitation and emission wavelengths, 

and intensity changes by using simple and straightforward fluorescent measurement protocol8 and 

they could be used in live-cell imaging which allow real time analysis of different analytes and 

various biological events.9 On the other hand, anion recognition with colorimetric probe has 

advantages over others, such as colorimetric probes which can detect ion by color change as a 

naked eye detection tool and offer qualitative and quantitative information by using inexpensive 

methods. 

Biological importance of fluoride ion in preventing enamel demineralization, dental and 

skeletal fluorosis, osteoporosis treatment, etc. encouraged us to design new fluorescent probe for 

selective detection of the ion.10 Even though a number of F sensing ratiometric,11 on-off probes,12 

and off-on probes13 are reported which are highly sensitive, selective and easy to handle, still their 

application is restricted for detection of F in aqueous medium. Due to affinity of F towards silicon 

and boron, several probes have been developed for detection of F. Hong et. al. reported the first 

example13a of fluorescent turn on chemodosimeter 1 (Figure 1.1) using same desilylation strategy 

based on resorufin fluorophore where silyl ether bond is easily cleaved by F and shows drastic 

change in UV-Vis absorption and emission intensity. 

 

Figure 1.1: Reaction mechanism of spectroscopic changes of 1 in presence of TBAF. 
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However, F mediated deprotection of an aryl silyl ethers frequently resulted either in 

ratiometric or on-off or off-on response due to the choice of the aryl fluorophores. For example, 

the probe 2 (Figure 1.2) consisting of triisopropylsilyl (TIPS) group connected to 

dipyrrometheneboron difluoride (BODIPY) fluorophore,12 provided the on-off response. On the 

other hand, the fluorophore alteration to coumarin resulted in the off-on response by probe 3.13b A 

similar tert-butyldiphenylsilyl (TBDPS) group when connected to benzoimidazole fluorophore in 

the design of probe 4, F sensing resulted in the ratiometric response.14 

 

Figure 1.2: Structures of fluoride selective fluorescent probes 2-4. 

As discussed earlier, cascade reactions offer advantages such as atom economy as well as 

economies of time and waste generation. As such, cascade reactions can be considered to fall under 

the category of “green chemistry”.15 Recently, literature showed cascade reaction based 

chemodosimeter consisting of 4-(hydroxymethyl) phenol linker between the fluorophore and the 

silyl group are also reported for sensing of F ion (Figure 1.3A). For example, the probe 5, reported 

by Kim and co-workers exhibited a ratiometric response upon treatment with F (Figure 1.3B).16 

Although, a novel feature was implicated which involve F promoted silyl deprotection followed 

by decarboxylation strategy was incorporated in the design of probe 5. However, F mediated 

push-pull deprotection chemistry of the probe encouraged us to develop the fluorophore having 

off-on characteristics. Herein, we propose the probe 6 for providing off-on response during F ion 

sensing based on same cascade reaction based strategy (Figure 1.3C). 
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Figure 1.3: A) Schematic presentation of cascade reaction based F sensing, B) Structures of ratiometric 

probe 5 and released fluorophore 5a and C) Structures of proposed off-on probe 6 and released fluorophore 

6a. 

1.2. Results and Discussions 

1.2.1. Theoretical Calculations 

We used TDDFT method to rationalize the ratiometric response of the probe 5 and use of 

the computational tool to design new probe 6 for providing off-on response during F ion sensing 

(Figure 1.3C). Lin et. al. reported BODIPY-coumarin hybrid probe for detection of the F ion also 

supports the use of theoretical calculations to validate off-on response. Recently, theoretical 

calculations have been used in the development of fluorescent off-on probes.17 Interestingly, in 

case of probes for F- detection, occasionally theoretical calculations were used to validate the 

experimental outcome of the photophysical properties. Wang et. al. used DFT and TDDFT to 

rationalize the photophysical properties of the probe11c. In recent times, we realized that theoretical 

calculations18 can be used in a better way to predict the photophysical properties and also the 

fluorescence Off-On mechanism, if any. We have carried out theoretical calculation for a number 

of fluorophore-quencher pairs to get the best pair for Off-On response. We have found out that 

NBD-amine fluorophore can be used for getting Off-On response. 
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All calculations were carried out by Avdhoot from the group of Anirban Hazra. Computational 

methods were used to rationalize the ratiometric outcome of the reported probe 5 and predict the 

response of the proposed probe 6 towards F ion. At first, ground state geometry optimization of 

species 5, 5a, 6 and 6a were carried out in the water medium with CAM-B3LYP/6-311G(d,p) basis 

sets19 using the Gaussian 09 program.20 The polarizable continuum model (PCM) was used in 

calculation of the absorption and emission spectra in water.21 Then, geometry optimized structures 

were further used for TDDFT calculations with same level of theory. Although the vibrational 

effects lay an important role in determining the structural details of absorption and emission 

spectrum,22 they do not affect the qualitative position of the spectral bands and also have no bearing 

on the calculation of oscillator strengths. Since, computing the oscillator strengths at the absorption 

and emission geometries are sufficient to predict fluorescence outcomes, calculation of fine 

structure of the spectrum by including vibrational effects were not considered. Some selected 

parameters for the vertical excitation (UV–Vis absorption) and the fluorescence emission are 

shown in Table 1.1 and Table 1.2 respectively. According to TDDFT calculation based on the 

optimized ground state (S0) geometry, main allowed electronic transition observed for 5 was 

S0S1 (HOMOLUMO, f = 0.4323) and for 5a was S0S1 (HOMOLUMO) with oscillator 

strength, f = 0.2690 (Table 1.1). From the HOMO and LUMO contours electronic transitions for 

5, 5a, 6 and 6a were assigned as n, * or , * transitions. S0S1 transitions for 5 and 5a were 

characterized as  * transitions (Figure 1.4). In order to investigate the emission of 5 and 5a, 

the geometry of the singlet excited state (S1) was optimized and the excitation based on the S1 

geometry was calculated. The TDDFT calculations indicate an emissive S1 state and allowed S1 

S0 transition with f = 0.3820 and 0.2029 for 5 and 5a respectively was observed and thus the 

radiative S1S0 decay is possible (Table 1.2). S1S0 transitions for 5 and 5a were characterized 

as *  transitions (Figure 1.5). 

Following steps were followed for excitation calculations in solvent:  

1) Optimize ground state using keyword SCRF. This gives ground state optimized geometry with 

solvent equilibrated. 

2) A TDDFT calculation is performed to find excited states at ground state equilibrium geometry. 

Solvent is not equilibrated with respect to excited states. This step assumes linear response of 
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the solvent to excited state. Solvent effects are not accurately accounted in this step. State 

specific solvation method is followed after this step for describing solvent effects. 

3) Self-consistent calculation is done to consider interaction of solvent and excited state electron 

density of the molecule. These calculations are called as state specific calculation since; it 

assumes interaction of particular excited state with the solvent. 

Emission calculations were done using following procedure: 

1) Excited state is optimized, with linear response from solvent. This optimization is carried out 

using TDDFT method, since, excited state calculation is dinvolved. Minimum energy 

geometry on the excited state (under consideration) is found. 

2) State specific equilibrium solvation of excited state at corresponding equilibrium geometry is 

carried out. Then solvation data at this step is written in PCM inputs for next step. This step is 

necessary to achieve equilibrium of solvent-molecule system for fast and slow degrees of 

freedom. Usually, electron density is treated as fast degree of freedom which adjusts 

instantaneously on excitation of molecule. Slow degree often refers to nuclear motion.  

Ground state energy calculation at excited state geometry is done. Static solvation at excited state 

is read from PCM inputs written in last step. 

 

Figure 1.4: View of the ground state frontier molecular orbitals (MOs), A) HOMO, B) LUMO of 5 and C) 

HOMO and D) LUMO of 5a generated from TDDFT/CAM-B3LYP/6-311G (d,p) geometry optimization. 
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Figure 1.5: View of the excited state frontier molecular orbitals (MOs), A) HOMO, B) LUMO of 5 and C) 

HOMO and D) LUMO of 5a generated from TDDFT/CAM-B3LYP/6-311G (d,p) geometry optimization. 

 Similarly, TDDFT calculation based on the optimized ground state (S0) geometry, 

electronic transition for 6 S0S1 transition was not allowed (HOMOLUMO, f = 0.0000). S0S1 

transition was characterized as  * and n transition (Figure 1.6). Similarly, S0S2 transition 

with f = 0.0000 was not allowed. First allowed transition is S0S3 with f = 0.4471. As shown in 

Figure 1.6, it is clear from the distributions of the MOs, that the HOMO and LUMO are localized 

at different locations for 6. The HOMO is located on the phenyl moiety, whereas, the LUMO is 

mainly localized on the NBD fluorophore. Consequently, the excitation from the S0 to S1 state 

involves an intramolecular charge transfer to the NBD unit. To investigate the emission of 5 the 

geometry of the singlet excited state (S1) was optimized and the excitation based on the S1 

geometry was calculated. Absence of an emissive S1 state (S1S0 transition with f = 0.0000) 

suggests that the radiative S1S0 decay is not possible. S0S1 transition was characterized as 

*  and n  transition (Figure 1.7). S2S0 transition with f = 0.0000 was not allowed. First 

allowed transition is S3S0 with f = 0.3807. As shown in Figure 1.7, the distributions of the MOs 

for 6, the HOMO is located on the phenyl moiety, whereas, the LUMO is mainly localized on the 

NBD fluorophore. Consequently, the emission from the S1 to S0 state involves an intramolecular 

charge transfer from the NBD unit. For 6a, allowed electronic transition was S0S1 

(HOMOLUMO, f = 0.2590). S0S1 transition was characterized as  * and n transition. 
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To investigate the emission of 6a the geometry of the singlet excited state (S1) was optimized and 

the excitation based on the S1 geometry was calculated. For 6a presence of an emissive S1 state 

(an allowed S0S1 transition with f = 0.1611) suggesting that the radiative S1S0 decay is 

possible. S0S1 transition was characterized as *  and n  transition. Therefore, all these 

calculation is matching with ratiometric outcome of probe 5 and also indicated that compound 6 

can behave as off-on probe. 

 

Figure 1.6: View of the ground state frontier molecular orbitals (MOs), A) HOMO, B) LUMO of 6, C) 

HOMO and D) LUMO of 6a generated from TDDFT/CAM-B3LYP/6-311G (d,p) geometry optimization. 

 

Figure 1.7: View of the excited state frontier molecular orbitals (MOs), A) HOMO, B) LUMO of 6, C) 

HOMO and D) LUMO of 6a generated from TDDFT/CAM-B3LYP/6-311G (d,p) geometry optimization. 
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Table 1.1: Selected parameters for the vertical excitation (UV–vis Absorptions) of probe 5, 5a, 6 

and 6a obtained by the TDDFT/CAM-B3LYP/6-311G (d, p), based on the optimized ground state 

geometries (water was employed as solvent in all the calculations). 

Compound 
Electronic 

transitionsa 

Energy 

(eV) 
λ (nm) f b Main configurations 

CI 

coefficientsc 

5 S0S1 3.69 335.82 0.4323 

HOMOLUMO  

HOMO-1LUMO 

0.669590  

0.192950 

5a S0S1 3.39 365.52 0.2690 HOMOLUMO 0.697590 

6 S0S1 2.40 516.33 0.0000 HOMOLUMO 0.699830 

S0S2 4.18 296.72 0.0000 HOMO-7LUMO 

HOMO-7LUMO+1 

HOMO-5LUMO 

HOMO-5LUMO+5 

0.183510 

0.158180 

0.501130 

0.396020 

S0S3 3.45 359.92 0.4471 HOMO1LUMO 0.698210 

6a S0S1 3.24 382.39 0.2590 HOMOLUMO 

HOMOLUMO+1 

0.695880 

0.102610 

a Only the main configurations are presented, b Oscillator strength, c The CI coefficients are in 

absolute values. 

Table 1.2: Selected parameters for the fluorescence emission of probe 5, 5a, 6 and 6a obtained by 

the TDDFT/CAM-B3LYP/6-311G (d, p), based on the optimized ground state geometries (water 

was employed as solvent in all the calculations). 
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Compound 
Electronic 

transitionsa 

Energy 

(eV) 
λ (nm) f b Main configurations 

CI 

coefficientsc 

5 S1S0 3.05 406.31 0.3820 HOMOLUMO 0.698850 

5a S1S0 2.69 460.61 0.2029 HOMOLUMO 0.700760 

6 S1S0 0.80 1543.28 0.0000 HOMOLUMO 0.702350 

S2S0 3.99 310.97 0.0000 HOMO-4LUMO 

HOMO-4LUMO+1 

HOMO-4LUMO+5 

0.536010 

0.422640 

0.138810 

S3S0 3.00 413.63 0.3807 HOMO-1LUMO 0.700580 

6a S1S0 2.62 473.75 0.1611 HOMOLUMO 0.700210 

a Only the main configurations are presented, b Oscillator strength, c cThe CI coefficients are in 

absolute values. 

1.2.2. Synthesis 

 Synthesis of the probe 6 was carried out from NBD-amine 6a.23 4-(ter-

Butyldimethylsilyloxy)benzylalcohol 7 was synthesized first according to the reported protocol 

from 4-hydroxybenzaldehyde.24 Alcohol 7 was then treated with 4-nitrophenylchloroformate in 

presence of DMAP in CHCl3 at room temperature to generate corresponding active carbonate 

intermediate which was reacted subsequently with 6a to provide probe 6 with overall 37% yield 

(Scheme 1.1A). The structure of probe 6 was confirmed by 1H- NMR, 13C-NMR spectroscopy, 

high resolution mass spectrometry and single crystal X-ray diffraction studies (Scheme 1.1B). 

Superimposition of crystal structure (blue) and geometry optimized structure (red) of 6 based on 

Si-atom and all N-atom alignment provided a RMSD = 0.39 Å (Scheme 1.1C). Excellent 

superimposition of two structures indicates correct atom coordinates were used for the TDDFT 

calculation. 
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Scheme 1.1: A) Synthesis of the probe 6, B) crystal structure and C) overlay of crystal structure and 

geometry optimized structure. 

1.2.3. Photophysical Properties 

Absorption spectra and fluorescence spectra of probe 6 (10 M) were recorded in 9:1 

EtOH/HEPES (10 mM, pH = 7.4) solution. Molar absorption coefficients were calculated from 

absorption spectra using Lambert-Beer Law. Photophysical studies of the probe 6 displayed a 

strong absorption band centered at max = 399 nm with molar extinction coefficient value,  = 

12190 M-1 cm-1 in 9:1 EtOH /HEPES buffer (10 mM, pH = 7.4) solution. However, the probe 6 

exhibited negligible fluorescence intensity and low quantum yield, F = 0.0495 (standard: NBD-

NHMe in acetonitrile F = 0.38).25 NBD-amine 6a displayed a strong absorption band centered at 

max = 460 nm ( = 13113 M-1 cm-1), intense fluorescence with em = 535 nm (ex = 460 nm) and 

F = 0.36. These data confirm the predicted off-on characteristics, if probe 6 is subjected to 

chemical conversion to 6a (Figure 1.8).  
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Figure 1.8: Normalized UV-vis absorption and emission spectra of A) probe 6 and B) 6a in 9:1 

EtOH/HEPES buffer (10 mM, pH = 7.4) solution at room temperature. 

Determination of quantum yields 

The quantum yield of probe was determined according to the following equation: 

 

 

 

where, Φ is quantum yield; I is integrated area under the corrected emission spectra; A is 

absorbance at the excitation wavelength; λex is the excitation wavelength; η is the refractive index 

of the solution; the subscripts 1 and B refer to the unknown and the standard, respectively. 

N-methyl NBD was used as standard (=0.38) in acetonitrile. 

 

Figure 1.9: A) UV-vis absorption spectra and B) emission spectra of 6a (10 M) and probe 6 (10 M) in 

9:1 EtOH/HEPES buffer (10 mM, pH = 7.4) solution at room temperature. 

Table 1.3. Photophysical Properties of 6 and 6a. 

Compound max (nm)  (M-1 cm-1) em (nm)  a 

6 399 12190 535 0.0495 

6a 459 13113 535 0.36 

a Standard: NBD-NHMe in acetonitrile F = 0.38. 
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 The observed photophysical properties of molecules 6 and 6a encouraged us to investigate 

further into the quenching mechanism operative in these systems. The life-time experiment for 

both compounds showed the fluorescence decay profile of probes 6 and 6a recorded in 9:1 

ethanol/HEPES buffer (10 mM, pH = 7.4) with excitation at 460 nm (Figure 1.10). Emission at 

535 nm for the probe 6 showed mono-exponential decay profile with τ = 1.303 ns. On the other 

hand, amine 6a exhibited a mono-exponential decay profile with τ = 5.465 ns. From these data, 

radiative decay rate constant (kr) and non-radiative decay rate constant (knr) for species 6 and 6a 

were determined using following equations.26 

kr = /τ      (1) 

knr = (1/τ) - kr      (2) 

The probe 6 displayed kr value of 0.0379 ns1 and a corresponding knr = 0.727 ns1. For 

amine 6a, calculated kr and knr values were 0.0658 and 0.1169 ns1, respectively. For probe 6, the 

kr / knr = 0.052 confirmed a predominant non-radiative pathway, responsible for its quenched 

fluorescence state. On the other hand, kr / knr = 0.5628 calculated for 6a corroborate with its strong 

fluorescence due to radiative pathway as the main channel. 

 

Figure 1.10: Fluorescence lifetime decay profiles (λex = 460 nm) of probe 6 (─) and 6a (─) in 9:1 

EtOH/HEPES buffer (10 mM, pH = 7.4) monitored at 535 nm. Prompt represents the laser profile (─). 

Table 1.4: Time resolved fluorescence data for 6 and 6a. 

Probe τ (ns) kr (ns1) knr (ns1) kr / knr 

6 1.303 0.0379 0.727 0.052 
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6a 5.465 0.0658 0.1169 0.5628 

1.2.4. Fluoride Sensing 

It is expected that because of the high affinity of F ion towards silicon, it would lead to the 

cleavage of Si-O bond which will release the green fluorescent molecule 6a. The response of probe 

6 for F was assayed by UV-Visible spectroscopy upon addition of F- to solution of probe. 

Absorption band shifted 61 nm red shift from max = 399 nm to 460 nm (Figure 1.9). 

To evaluate the response time, the reaction of probe 6 and F was evaluated by fluorescence 

kinetics (Figure 1.11). In this experiment, 300 equivalent of tetrabutylammonium fluoride (TBAF) 

was added to probe 6 (10 M) in 9:1 EtOH/HEPES buffer (10 mM, pH = 7.4) solution at 30 s and 

enhancement of fluorescence intensity at em = 535 nm (ex = 460 nm) was recorded in time (Figure 

1.11). Sharp enhancement of fluorescence intensity was observed up to 60 minutes followed by 

flattening of the enhancement and 110 fold of intensity enhancement was observed. Therefore, a 

reaction time of 60 minutes was used for further studies with ~ 80% completion of reaction. 

 

Figure 1.11: Emission kinetics profile of probe 6 (10 M) in 9:1 EtOH/HEPES buffer (10 mM, pH = 7.4) 

solution at room temperature at em = 535 nm upon excitation of ex = 460 nm. 

In the next stage the selectivity of probe 6 towards F was examined in presence of various 

competitive anions (Figure 1.12). When probe 6 (10 M) in EtOH/HEPES buffer (10 mM, pH 7.4) 

solution (9:1) was treated with the 200 equivalent of F, 110 fold enhancement in the fluorescence 

intensity was observed after 1 h stirring at rt. The fluorescence measurements were carried out 
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under comparable condition in presence of various possibly interfering ions e.g Br, I, Cl, ClO4
, 

PF6
, NO3

, HSO4
, OAc, SO4

2 (2 mM) which showed no change in emission intensity (Figure. 

1.12A, front row). The probe 6 showed intensity enhancement only after addition of F which 

showed the sensitivity of the probe 6 towards F in presence of other ions (Figure 1.12A, back 

row). All data were taken after 1 h of addition of anions at room temperature at em= 535 nm. 

Naked eye monitoring of the detection process was associated with the color change from colorless 

to yellow in presence of F ion and other anions did not provide any color change (Figure 1.12B). 

Quantitative off-on response of 6 towards F was done by fluorometric titrations (Figure 

1.13A). Titration of probe 6 (10 M) with increasing concentration of F resulted in the 

enhancement of fluorescence intensity at em = 535 nm (ex = 460 nm) in a concentration dependent 

manner and with a saturation of fluorescence intensity after 300 equivalent of F added Each 

spectrum was taken after 1h after addition of F. The fluorescence intensity reaches to saturation 

 

Figure 1.12: A) Relative fluorescent intensity of the probe 6 (10 M) in 9:1 EtOH/ HEPES buffer (10 mM, 

pH = 7.4) solution towards ranges of anions (2 mM) followed by addition of TBAF (2 mM). B) Photograph 

was taken under ambient light upon treating probe 6 with respective analytes in 9:1 EtOH HEPES buffer 

(10 mM, pH = 7.4) solution. 
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when 300 equivalent of F was added to probe 6. When images were taken under the hand-held 

UV lamp, the cuvette containing probe 6 exhibited negligible blue fluorescence (Figure 1.13B). 

On the other hand, the reaction mixture containing probe 6 and TBAF displayed strong green 

fluorescence. 

 
Figure 1.13: A) Fluorescence enhancement of the probe 6 (10 M) in EtOH/ HEPES buffer (10 mM, pH 

7.4) solution (9:1) with increasing concentration of by 50 equivalents and B) Cuvette image of probe 6 and 

after addition of TBAF under handheld 365 nm UV light. 

1.2.5. Cell imaging 

Further to demonstrate the practical application of 6, we have carried out in vitro live cell 

imaging using fluorescence microscopic technique with A549 human lung carcinoma cell line13f 

(Figure 1.14). No significant fluorescence was observed when A549 cell were incubated with only 

Probe 6 (50 M in 1:100 DMSO-DMEM v/v, pH = 7.4) at 37 oC for 7 h (Figure 1.14E). But when 

A549 cells were pre-treated with 50 mM NaF (50 mM in 1:100 H2O-DMEM, pH=7.4) at 37 oC 

for 3 h followed by incubation of 6 (50 M in 1:100 DMSO-DMEM v/v, pH = 7.4) at 37 oC for 7 

h, showed strong fluorescence inside the cell (Figure 1.14B). This data indicates the cell 

permeability of 6 and its ability to detect F in intracellular environment of living organism. 
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Figure 1.14 Cell image of A549 (human epithelial lung carcinoma cell): A) DIC, B) fluorescence, and C) 

overlay, image of A-549 cell first incubated with NaF (50 mM) for 3 h followed by incubation with 6 (50 

M) for 7h (D-F) are the respective DIC, fluorescence and overlay image of A-549 cell incubated with 6 

(50 M) for 7h. 

1.3. Conclusion 

In conclusion, we have successfully designed, synthesized and investigated the properties of a 

NBD-based off-on probe for sensing of F ion using theoretical calculations. Based on TDDFT 

calculations of excitation and emission for the probe and for the NBD-amine fluorophore 

rationalized the predicted off-on response. Steady state and time resolved fluorescence properties 

of these species further validated the design. The NBD-probe exhibited a response time of 80 min 

in presence of 300 equivalent of TBAF and the reaction was selective to only F, even in the 

presence of various interfering analytes. F ion sensing ability of the probe was associated with 

110-fold enhancement in fluorescence at em= 535 nm and seletvity was achived even in the 

presence of competing anions. The sensing of F ion were marked by visible color change from 

colorless to yellow and green turn-on fluorescence under UV-light. Cell permeability of the probe 

and its ability of detecting intracellular F ion was confirmed by live cell imaging. 

1.4. Experimental Section 

General Methods: All reactions were carried under the nitrogen atmosphere. All the chemicals 

were purchased from commercial sources and used as received unless stated otherwise. Solvents: 

petroleum ether and ethyl acetate (EtOAc) were distilled prior to thin layer and column 
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chromatography. Column chromatography was performed on Merck silica gel (100-200 mesh). 

TLC was carried out with E. Merck silica gel 60-F-254 plates. 

Instrumentation and Software: The 1H and 13C spectra were recorded on 400 MHz Jeol ECS-

400 (or 100 MHz for 13C) spectrometers using either residual solvent signals as an internal 

reference or from internal tetramethylsilane on the δ scale (CDCl3 δH, 7.26 ppm, δC 77.0 ppm). 

The chemical shifts (δ) are reported in ppm and coupling constants (J) in Hz. The following 

abbreviations are used: s (singlet), d (doublet). High-resolution mass spectra were obtained from 

MicroMass ESI-TOF MS spectrometer. All MALDI-MS measurements were recorded on an 

Applied Biosystems 4800 Plus MALDI TOF/TOF analyzer. Absorption spectra were recorded on 

a PerkinElmer, Lambda 45 UV-Vis spectrophotometer. Steady State fluorescence experiments 

were carried out in a micro fluorescence cuvette (Hellma, path length 1.0 cm) on a Fluoromax 4 

instrument (Horiba Jobin Yvon). Time-resolved fluorescence measurements were carried on a 

TCSPC instrument (Horiba Jobin Yvon, Fluoro 3PS). (FT-IR) spectra were obtained using 

NICOLET 6700 FT-IR spectrophotometer as KBr disc and reported in cm-1. Melting points were 

measured using a VEEGO Melting point apparatus. All melting points were measured in open 

glass capillary and values are uncorrected. Crystal structures were recorded on a Bruker single 

crystal X-Ray diffractometer. Geometry optimizations and emission characteristics were carried 

out using the Gaussian 09 software package.20 Superimposition of crystal structure and geometry 

optimized structure of 5 were obtained using VMD 1.9.1 software. 

Synthesis Procedure: 

 

Scheme 1.2: Synthesis of NBD-amine 6a. 

Synthesis of NBD-amine 6a: Compound NBD-Cl 8 (1 g, 5.025 mmol) was dissolved in MeOH 

(100 mL). To this solution was added 25% aqueous ammonia solution (20 mL) was added 

dropwise and kept at room temperature for 2 hours. At the completion of the reaction, solvent was 

evaporated from the reaction mixture under reduced pressure and the residue was subjected to 

column chromatography to afford 60% 6a as brown powder. 1H NMR (400 MHz, 1:1 
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CDCl3/CD3OD): δ 8.23 (d, J = 8.6 Hz, 1H), 6.14 (d, J = 8.7 Hz, 1H). The obtained data were 

matched with the literature data.23 

 

Scheme 1.3: Synthesis of alcohol 7. 

Synthesis of 4-((tert-butyldimethylsilyl)oxy)benzaldehyde 10: 4-hydroxybenzaldehyde 9 (2 g, 

16.39 mmol) was dissolved in CH2Cl2 (30 mL) and subsequently imidazole (1.67 g, 24.58 mmol) 

was added to it. Then, tert-butyldimethylsilylchloride (TBDMS-Cl) (0.53 g, 32.70 mmol) solution 

in CH2Cl2 was added dropwisely to the solution at 0 oC. This temperature was maintained for 2 h. 

After completion of reaction, organic layer was washed with water, brine (10 mL) and dried over 

Na2SO4. The solvent was removed under reduced pressure and the obtained residue was purified 

by column chromatography (Eluent: 3% EtOAc in petroleum ether) to get pure product 10. 1H 

NMR (400 MHz, CDCl3): δ 7.77 (d, J = 8.6 Hz, 1H), 6.93 (d, J = 8.6 Hz, 1H). Obtained data were 

matched with literature data.24 

Synthesis of (4-((tert-butyldimethylsilyl)oxy)phenyl)methanol 7: Compound 10 (1.25 g, 5.08 

mmol) was dissolved in dry MeOH (20 mL) and stirred for 15 min at 0 oC. Then NaBH4 (0.23 g, 

6.1 mmol) was added to the reaction mixture and kept for 2 h at this temperature. The solvent was 

evaporated under reduced pressure and the crude was extracted with EtOAc (15 mL x 2), water 

(15 mL x 2), brine (20 mL) and dried over Na2SO4. The organic layer was evaporated under 

reduced pressure and the residue was purified through column chromatography over silica gel to 

get pure 7 (Eluent: 15% EtOAc in petroleum ether) as colorless liquid (1.1 g, 87%). 1H NMR (400 

MHz, CDCl3): δ 7.21 (d, J = 8.4 Hz, 1H), 6.81 (d, J = 8.5 Hz, 1H). Obtained data were matched 

with literature data.24 

Synthesis of 4-((tert-butyldimethylsilyl)oxy)benzyl (7-nitrobenzo[c][1,2,5]oxadiazol-4-

yl)carbamate 6: Alcohol 7 (264 mg, 1.1 mmol) was dissolved in chloroform (15 mL) and then 4-

dimethylaminopyridine (DMAP) (0.16 gm, 1.32 mmol) and 4-nitrophenylchloroformate were 

added to it and stirred at room temperature for 3 h. TLC showed the consumption of both starting 

materials at this stage. NBD-amine 6a (0.18 gm, 0.99 mmol), DMAP (0.16 gm, 1.32 mmol) 
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dissolved in CHCl3 (5 mL) was added dropwisely to the reaction mixture and refluxed for 

overnight. After the completion of reaction, the solvent was evaporated under reduced pressure 

and the yellow residue was subjected to column chromatography over silica gel (Eluent: 5% 

EtOAc in petroleum ether) to furnish pale yellow compound 6 (175 mg, 37%). M.p.: 134.5 – 135.5 

oC; IR (KBr): max/cm-1: 3415, 2940, 2857, 1740, 1565, 1514, 1454, 1365, 1326, 1258; 1H NMR 

(400 MHz, CDCl3): δ 8.57 (d, J = 8.24 Hz, 1H), 8.17 (d, J = 8.7 Hz, 1H), 7.32 (d, J = 8.7 Hz, 2H), 

6.87 (d, J = 8.6 Hz, 2H), 5.25 (s, 2H), 0.99 (s, 9H), 0.21 (s, 6H); 13C NMR (100 MHz, CDCl3): δ 

156.5, 151.9, 144.7, 143.0, 134.3, 133.9, 130.3, 126.9, 120.2, 110.4, 68.0, 25.2, 18.2, -4.4; HRMS 

(ESI): Calc. for C20H24N4O6Si [M-H]: 443.1392; Found: 443.1387. 

X-Ray single crystal determination: Single crystal of 6 suitable for X-ray diffraction study was 

grown as mentioned below. These data can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif, by emailing data_request@ccdc.cam.ac.uk, or by 

contacting The Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, 

U.K. (fax +44 1223 336033). 

Crystal structure of probe 6 (CCDC 955810): C20 H24 N4 O6 Si; Compound 6 was crystallized 

from ethyl acetate at room temperature. A yellow needle shaped crystal with approximate 

dimensions 0.16 x 0.14 x 0.10 mm3gave a Triclinic lattice with space group P-1; a = 6.2718(19) 

Å b = 18.621(6) Å c = 19.391(6) Å, α = 82.717(6)° β = 84.770(6)° γ = 86.359(6)°; V = 2233.9(12) 

Å3; T = 200 (2) K; Z = 4; ρcalc = 1.322 g cm-3; 2θmax = 55.98o; MoKαλ = 0.71073 Å. Fine-focus 

sealed tube source with graphite monochromator. R = 0.0793 (for 5031 reflection I>2σ(I)), wR = 

0.2393 which was refined against ׀F2׀ and S = 0.947 for 569 parameters and 10720 unique 

reflections. The structure was obtained by direct methods using SHELXS-97. All non-hydrogen 

atoms were refined isotropically. The hydrogen atoms were fixed geometrically in the idealized 

position and refined in the final cycle of refinement as riding over the atoms to which they are 

bonded. μ = 0.148 mm-1. 

Preparation of Solvent System: HEPES (10 mM, pH = 7.4) buffer was prepared by using 

deionized water. Solvent system was prepared by mixing 90% EtOH and 10% HEPES buffer (10 

mM, pH = 7.4). 
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Preparation of the sample Solutions: A stock solution of probe (3777 M) was prepared in THF. 

The final concentration during assay is 10 M. Stock solution of TBAF was prepared by diluting 

1 M TBAF in THF. 

General Methods for UV-Vis and Fluorescence titration: For absorbance and emission studies 

1 cm path length was used for cells. All UV and Fluorescence measurements were performed with 

10 M of probe. Fluorescence measurements were done using 2 nm x 5 nm slit. Fluorescence 

titrations were performed after 1 h of mixing of probe and TBAF. 

Live Cell Imaging: The A549 cells were purchased from National Centre for Cell Science, Pune 

(India). A549 cells were grown in DMEM supplemented with 10% heat inactivated fetal bovine 

serum (FBS), 100 IU/mL penicillin, 100 mg/mL streptomycin and 2 mM L-glutamine. Cultures 

were maintained in a humidified atmosphere with 5% CO2 at 37 oC. The cultured cells were 

subcultured twice in each week, seeding at a density of about 15 × 104 cells/mL. Typan blue dye 

exclusion method was used to determine Cell viability. The fluorescence images were taken using 

Olympus Inverted IX81 equipped with Hamamatsu Orca R2 microscope by exciting at λex = 460-

480 nm (by using GFP filter). The A549 cells were incubated with solution of the probe 6 (50 M 

in 1:100 DMSO-DMEM v/v, pH = 7.4) at 37 oC for 7 h. After washing with PBS the fluorescence 

images were acquired. In this case no significant fluorescence was observed. Another set of A549 

cells were treated with NaF (50 mM in 1:100 DMSO-DMEM v/v, pH = 7.4) at 37 oC for 3 h and 

then the cells were washed thoroughly with PBS and incubated with solution of the probe (50 M 

in 1:100 DMSO-DMEM v/v, pH = 7.4) at 37 oC for 7 h. After washing with PBS the fluorescence 

images showed strong green fluorescence. 

1.5 Appendix Section 

 

Appendix 1.1: 13C NMR data of probe 6 in CDCl3. 
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Appendix 1.2: 1H NMR data of probe 6 in CDCl3. 

 

 

Appendix 1.3: 13C NMR data of probe 6 in CDCl3. 

 

 



Chapter 1 

 

A. Roy  Page 1.22 

 

1.6. References 

1. Wenzel, M.; Hiscock, J. R.; Gale, P. A. Chem. Soc. Rev. 2012, 41, 480-520. 

2. (a) Rendl, J.; Seybold, S.; Börner, W. Clin. Chem. 1994, 40, 908-13; (b) Kibbey, C. E.; Meyerhoff, 

M. E. Anal. Chem. 1993, 65, 2189-2196. 

3. Vázquez, M.; Fabbrizzi, L.; Taglietti, A.; Pedrido, R. M.; González-Noya, A. M.; Bermejo, M. R. 

Angew. Chem., Int. Ed. 2004, 43, 1962-1965. 

4. (a) Duke, R. M.; Veale, E. B.; Pfeffer, F. M.; Kruger, P. E.; Gunnlaugsson, T. Chem. Soc. Rev. 2010, 

39, 3936-3953; (b) Gunnlaugsson, T.; Glynn, M.; Tocci, G. M.; Kruger, P. E.; Pfeffer, F. M., Coord. 

Chem. Rev. 2006, 250, 3094-3117. 

5. (a) Bérubé, P. R.; Parkinson, P. D.; Hall, E. R. J. Chromatogr. A 1999, 830, 485-489; (b) Butts, W. 

C.; Rainey, W. T. Anal. Chem. 1971, 43, 538-542. 

6. Harwood, J. E. Water Res. 1969, 3, 273-280. 

7. Martínez-Máñez, R.; Sancenón, F. Chem. Rev. 2003, 103, 4419-4476. 

8. Moragues, M. E.; Martinez-Manez, R.; Sancenon, F. Chem. Soc. Rev. 2011, 40, 2593-2643. 

9. Cametti, M.; Rissanen, K. Chem. Commun. 2009, 2809-2829. 

10. (a) Cametti, M.; Rissanen, K. Chem. Soc. Rev. 2013, 42, 2016-2038; (b) Gale, P. A. Chem. Soc. Rev. 

2010, 39, 3746-3771; (c) Gale, P. A.; Garcia-Garrido, S. E.; Garric, J. Chem. Soc. Rev. 2008, 37, 151-

190. 

11. (a) Yang, X.-F.; Qi, H.; Wang, L.; Su, Z.; Wang, G. Talanta 2009, 80, 92-97; (b) Zhu, B.; Yuan, F.; 

Li, R.; Li, Y.; Wei, Q.; Ma, Z.; Du, B.; Zhang, X. Chem. Commun. 2011, 47, 7098-7100; (c) Cao, X.; 

Lin, W.; Yu, Q.; Wang, J. Org. Lett. 2011, 13, 6098-6101; (d) Dong, M.; Peng, Y.; Dong, Y.-M.; 

Tang, N.; Wang, Y.-W. Org. Lett. 2011, 14, 130-133; (e) Rao, M. R.; Mobin, S. M.; Ravikanth, M. 

Tetrahedron 2010, 66, 1728-1734; (f) Bao, Y.; Liu, B.; Wang, H.; Tian, J.; Bai, R. Chem. Commun. 

2011, 47, 3957-3959. 

12. Bozdemir, O. A.; Sozmen, F.; Buyukcakir, O.; Guliyev, R.; Cakmak, Y.; Akkaya, E. U. Org. Lett. 

2010, 12, 1400-1403. 

13. (a) Kim, S. Y.; Hong, J.-I. Org. Lett. 2007, 9, 3109-3112; (b) Sokkalingam, P.; Lee, C.-H. J.  Org. 

Chem. 2011, 76, 3820-3828; (c) Kim, D.; Singha, S.; Wang, T.; Seo, E.; Lee, J. H.; Lee, S.-J.; Kim, 

K. H.; Ahn, K. H. Chem. Commun. 2012, 48, 10243-10245; (d) Ke, B.; Chen, W.; Ni, N.; Cheng, Y.; 

Dai, C.; Dinh, H.; Wang, B. Chem. Commun. 2013, 49, 2494-2496; (e) Yang, X.-F. Spectrochim. 

Acta Mol. Biomol. Spectrosc. 2007, 67, 321-326; (f) Kim, S. Y.; Park, J.; Koh, M.; Park, S. B.; Hong, 

J.-I. Chem. Commun. 2009, 4735-4737. 

14. Hu, R.; Feng, J.; Hu, D.; Wang, S.; Li, S.; Li, Y.; Yang, G. Angew. Chem., Int. Ed. 2010, 49, 4915-

4918. 

15. Nicolaou, K. C.; Edmonds, D. J.; Bulger, P. G. Angew. Chem., Int. Ed. 2006, 45, 7134-7186. 

16. Zhang, J. F.; Lim, C. S.; Bhuniya, S.; Cho, B. R.; Kim, J. S. Org. Lett. 2011, 13, 1190-1193. 

17. (a) Ji, S.; Guo, H.; Yuan, X.; Li, X.; Ding, H.; Gao, P.; Zhao, C.; Wu, W.; Wu, W.; Zhao, J. Org. 

Lett. 2010, 12, 2876-2879; (b) Long, L.; Li, X.; Zhang, D.; Meng, S.; Zhang, J.; Sun, X.; Zhang, C.; 

Zhou, L.; Wang, L. RSC Adv. 2013, 3, 12204-12209; (c) Caballero, A.; Espinosa, A.; Tárraga, A.; 
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2.1. Introduction 

Development of artificial molecular systems for sensing of anions have received great research 

interests as anions play pivotal role in a wide range of biological, metabolic processes and 

participate in various enzymatic reactions.1 Among biologically relevant anions, fluoride is one of 

the most attractive target due to its significance in diverse health and environmental issues.2 

Presence of fluoride in low level has proven to be critical for the prevention of dental and skeletal 

fluorosis, enamel demineralization while wearing orthodontic appliances and osteoporosis 

treatment. The optimal level of the ion is routinely maintained from toothpaste, drinking water, 

foods and other fluoride supplements. However, excess intake of fluoride can result in metabolic 

disorders, skeletal disease, mottled teeth, inhibition of neuro-transmitter biosynthesis in fetuses, 

nephrolithiasis. For these reasons, controlled consumption of fluoride in human body is a serious 

concern throughout the world.3 Therefore, it is of great necessity to develop techniques for 

selective detection of fluoride ion in biological samples as well as inside human live cells in terms 

of human health and environmental protection. Fluorescent probes offer promising approach 

owing to its simplicity, high selectivity, sensitivity and bioimaging analysis in vivo, even in single 

living cells.4 

For these reasons considerable efforts have been made to develop highly selective and 

sensitive systems capable of recognition, binding/or sensing in competitive environment rapidly. 

A large number of fluorescent probes have been developed for detection of F.3a Compared to 

other silyl halides, the Si-F linkage is one of the strongest single bond. This chemistry has been 

widely used in synthesizing many chemodosimeters for fluoride sensing. Facile cleavage of either 

CSi or OSi bond by F has been the key to design the reaction sites in these probes. These 

deprotection strategies were further develop new probes via cascade reaction process. 

 As discussed earlier, cascade reactions offer advantages, such as atom economy as well as 

economies of time and waste generation. We expected that introduction of cascade reaction into 

sensing domain could lead to shorter response time. Herein, we report the design, synthesis, 

photophysical characterization of a new cascade reaction based on highly selective and sensitive 

colorimetric and fluorescent off-on three different probes 1, 2 and 3 for the detection of F (Scheme 

2.1). Non-fluorescent species upon treatment with fluoride was expected to undergo a cleavage of 
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the SiO bond to release tert-butyldimethylsilyl fluoride 5. A subsequent cyclisation was proposed 

to form phthalide 4 with the release of fluorophore. 

 

Scheme 2.1: Structures of proposed compounds (1-3) and schematic representation of fluoride ion sensing 

mechanism using cascade reaction. 

2.2. Results and Discussions for Probe 1 

Carboxyfluorescein fluorophore was chosen to design probe 1 which was expected to be non-

fluorescent. Therefore, this non-fluorescent species 1 upon treatment with fluoride was anticipated 

to undergo cleavage of the SiO bond to release tert-butyldimethylsilyl fluoride 5 and subsequent 

cyclisation could be possible to form phthalide 4 with the release of fluorophore 6 (Scheme 2.2).5 

 

Scheme 2.2: Structure and fluoride ion sensing mechanism of probe 1. 

2.2.1. Synthesis of probe 1 

 Synthesis of probe 1 was carried out in two steps (Scheme 2.3). At first, 4 was converted 

to free acid in one-pot three-step strategy via opening of the lactone using methanolic KOH 

followed by silyl protection of both benzylic alcohol and –COOH group. Subsequent selective 
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deprotection of silyl ester provided acid 7 with overall 32% yield. Acid 7 was then coupled with 

fluorescein derivative 8 using EDC•HCl and DMAP/DIPEA in presence of CH2Cl2 to form probe 

1 in 58% yield. 

 

Scheme 2.3: Synthesis of probe 1. 

2.2.2. Evidence of Cascade Reaction Mechanism 

The proposed mechanism of F sensing by probe 1 was confirmed by 1H-NMR titration (Figure 

2.1) and MALDI data (Figure 2.2). 

1H-NMR titration: To a solution of probe 1 in DMSO-d6 (4.3 mg in 0.7 mL) increasing 

concentration of F (0-300 equivalent) were added and spectra were recorded after 7 min. The 

characteristic singlet at  = 5.10 ppm (Ha protons) for probe 1 disappeared gradually and new  

 
Figure 2.1: 1H-NMR spectral changes for probe 1 in DMSO-d6 with increasing concentration of TBAF (0-

300 equivalents). 
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singlet at  = 5.43 ppm, corresponding to Ha´ protons of phthalide 4 appeared. Similarly, another 

singlet at  = 3.83 ppm (Hb protons) for the –OMe group of probe 1 disappeared and a new singlet 

at  = 3.89 ppm (Hb´ protons) corresponding to the –OMe group of compound 6 appeared (Figure 

2.1). 

Mass (MALDI-TOF) Analysis: Probe 1 was reacted with TBAF in THF at room temperature for 

7 min and mass analysis of reaction mixture was carried out (Figure 2.2). In mass spectrum, peaks 

corresponding to [M+H]+, [M+Na]+ and [M+K]+ i.e. m/z = 347, 369, 385 were observed which 

confirms the formation of fluorescent compound 6. 

These two data confirmed the mechanism of fluoride detection using cascade reaction. 

 

Figure 2.2: MALDI-TOF spectrum of probe 1 after reaction with TBAF in THF. 

2.2.3. Photophysical Properties and Fluoride Sensing 

 All photophysical properties of probe 1 were investigated in DMSO. Probe 1 did not show 

any characteristic UV-Visible absorption band between 300-700 nm and was non-fluorescent. 

Upon addition of tetrabutylammonium fluoride, TBAF (300 equivalents) to the solution of probe 

1 (10 M), a fluorescence band centered at em = 523 nm (ex = 460 nm) was observed (Figure 

2.3). A pseudo first order reaction kinetics was observed with rate constant k = 0.28 min1 and t1/2 
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= 2.41 min (Figure 2.3A) and sensing process was completed within ~ 7 min. As probe 1 was not 

capable of F detection in pure aqueous conditions, to overcome this limitation we prepared the 

stock of F in water and assay was carried out in DMSO solvent. The sensitivity of probe towards 

F was comparable irrespective of the medium of F source (water or THF). When the response of 

1 (10 M) towards increasing concentrations of TBAF (0-350 equivalent) were monitored, a 

stepwise increase in fluorescence was observed upto 300 equivalent of the salt (Figure 2.3B). 

 

Figure 2.3: A) Fluorescence kinetics of 1 (10 μM) in presence of TBAF (3 mM in either THF or H2O) in 

DMSO at  = 523 nm and B) fluorescence spectra of 1 with increasing concentration of TBAF (0-3.5 mM) 

in DMSO. 

 When fluorescence intensity measured at  = 523 nm was plotted against the concentration, 

a linear increase was observed within 0-200 equivalents of F (Figure 2.4A). Each spectrum was 

recorded 7 min after addition of F to the solution of probe 1. From this plot detection limit was 

calculated to be 1.03 M (19.6 ppb). Fluorescence intensity was measured with increasing time 

which showed increment in fluorescence intensity with time (Figure 2.4B) and saturation in 

fluorescence intensity was observed after ~ 10 min. Detection limit of probe 1 toward F was found 

to be 1.03 M (19.6 ppb) which was well below 4 ppm, the allowed concentration level of F in 

drinking water specified by USEPA. Low detection limit of 1 shows its potential application in the 

detection of F in biological and environmental system as higher F concentration is toxic (0.1 mM 

for drinking water standard and  3 mM in biological systems). Detection limit and response time 

for probe 1 was either comparable or better than reported probes (Table 2.1). 
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Figure 2.4: A) Linear relationship of probe 1 (10 μM) at 523 nm between the fluorescence emission 

intensity of probe 1 and concentration (0.5 mM – 2 mM) of F (in water) in DMSO (upon λex = 460 nm) 

and B) fluorescence spectra of probe 1 (10 M) with increasing time in the presence of F (300 equivalent). 

Comparison of detection limit with reported probes: 

Table 2.1. Comparison of detection limit and response time of probe 1 with reported probes: 

Probes 
Detection 

limit 
Solvent Time Reference 

 

5.4 M 
HEPES: 

ACN (7:3) 

10 

min 
6 

 

380 M HEPES 4h 7 

 

210 M 

Below 4 

ppm 

HEPES:ACN 

(8:2) 

60 

min 
8 

 

80 M 
EtOH:H2O 

(3:7) 

50 

min 
9 
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5.2 M 

100 ppb 

2 mM CTAB 

in H2O 

4 

min 
10 

 

0.12 M DMSO ND 11 

 

0.067 

M 
Acetone ND 12 

 

1 M THF 10s 13 

 

52 M  

1 ppm 

THF 20s 14 

 

1.86 M THF ND 15 

 

0.1 M CH2Cl2 30s 16 

 

1 M DMSO 
7 

min 

Present 

work 
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 To evaluate selectivity of probe 1 towards F over other possibly competitive analytes, the 

fluorescence intensity at em = 523 nm (ex = 460 nm) was measured in presence of various 

interfering ions (Br, I, Cl, ClO4
, PF6

, NO3
, HSO4

, OAc and SO4
2) and analytes (H2O2, Cys 

and GSH). When probe 1 (10 M) in DMSO was treated with the 300 equivalent of TBAF, a 550-

fold enhancement in the fluorescence intensity was observed within 7 min of stirring at room 

temperature (Figure 2.5A, blue bar) but other analytes (3 mM) did not show any change in emission 

intensity (Figure 2.5A, front row). The probe 1 showed fluorescence intensity enhancement only 

after addition of F into these solutions, confirming that the selectivity of the probe towards F ion, 

even in the presence of competitive analytes (Figure 2.5A, back row). The resulting solution also 

provided quantum yield Φ = 0.06 (standard: fluorescein, Φ = 0.85 in 0.1 N NaOH). Response of 1 

towards F ion under ambient light was associated with the colour change from colourless to 

 

Figure 2.5: A) Relative fluorescence of 1 (10 M) in presence of either F (3 mM) or various analytes 

(front row) and subsequent addition of F (back row) to the same sample, B) colour change for 1 in presence 

of various analytes under visible light and C) emission colour change for 1 in presence of various analytes 

Image of cuvettes under hand-held UV-lamp with ex = 365 nm. 
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yellow and inertness towards other analytes were supported by no change in visible color (Figure 

2.5B). The fluorescence turn-on response upon sensing of F was also confirmed by the appearance 

of green fluorescence of the reaction mixture when cuvette images were taken under hand-held 

UV-lamp (ex = 365 nm) (Figure 2.5C). These results confirmed that probe 1 is highly selective 

towards fluoride ions. 

2.2.4. Cell Imaging 

 Practical application of the probe 1 was demonstrated by live cell imaging experiment with 

Human cervical cancer cell line (HeLa cells). No significant fluorescence was observed when 

HeLa cells were incubated with only probe 1 (10 M in 1:100 DMSO-DMEM v/v, pH = 7.4) at 

37 oC for 2 h (Figure 2.6A-C). When same cells were again incubated with 20 mM NaF (1:100 

H2O-DMEM, pH = 7.4) at 37 oC for 30 min, strong fluorescence was observed inside the cell 

(Figure 2.6D-F). This data indicates that probe 1 can be applied for selective detection of 

intracellular F ion. 

  A B C

D E F

 

Figure 2.6: Live cell image of HeLa cell: A) differential interference contrast, B) fluorescence, and C) 

overlay image of HeLa cell incubated with Probe 1 (10 M) for 2 h. (D ‒ F) are the respective differential 

interference contrast, fluorescence and overlay image of HeLa cell first incubated with 1 (10 M) for 2 h 

followed by incubation with NaF (20 mM) for 30 min. 

2.3. Conclusion 

 In conclusion, we have successfully designed, synthesized and investigated the selective 

detection of F of probe 1. The non-fluorescent probe undergoes a cascade reaction in presence of 



Chapter 2 

 

A. Roy  Page 2.10 

 

the F to release the lactone phthalide and a fluorescein derivative as fluorophore. The fast response 

of the probe towards the F provided t1/2 = 2.41 min and 550-fold fluorescence enhancement with 

detection limit of 19.6 ppb. The F detection ability of the probe in living cells was demonstrated. 

2.4. Improvement of Sensitivity 

 Outcome of the previous fluoride mediated rapid cascade reaction strategy encouraged us 

to investigate further to develop off-on probe with excitation and emission properties in the 

bathochromic region. Cascade reaction based approach for fluoride sensing can lead to shorter 

response time as these reactions are entropically highly favoured. Herein, we report the design, 

synthesis and photophysical studies of a new cascade reaction based colorimetric and pink 

fluorescent off-on probe 2 for highly selective and sensitive detection of fluoride ion.17 In the 

design, resorufin was selected as the fluorophore because of its attractive pink color and pink 

fluorescence. Recently, a Michael addition of thiolate anion on the dye was reported by Yasuhiro 

Shiraishi and coworkers due to local softness at its electrophilic sites.18 However, we believed that 

fluoride ion being hard nucleophile, such addition reaction is not feasible. 

 

Scheme 2.4: Structure of probe 1 and proposed probe 2. 

2.5. Results and Discussions for Probe 2 

2.5.1. Synthesis 

 Synthesis of the probe 2 was carried out started from acid 7 which was prepared from 

phthalide 4. Synthesis of acid 7 was discussed earlier. Treatment of acid 7 with resorufin 9 using 

EDC•HCl and DMAP/DIPEA conditions provided probe 2 in 50% yield (Scheme 2.5).Probe 2 

was well characterized by 1H, 13C, COSY, NOESY NMR spectra and mass analysis. Purity of the 

probe 2 was further checked by HPLC analysis. 
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Scheme 2.5: Synthesis of probe 2. 

2.5.2. Evidence of Mechanism 

1H-NMR experiments: To establish the mechanism of the cascade reaction and to exclude the 

possibility of undesired Michael addition on resorufin, 1H-NMR experiment was carried out. The 

probe 2 (4 mg) was dissolved in CD3CN (0.75 mL) and titration was performed upon addition of 

TBAF with increasing concentration. The 1H- NMR spectrum of pure probe 2 was marked by its 

characteristic signals at  = 6.25, 6.80 and 7.47 ppm corresponding to Ha, Hb and Hc, respectively 

(Figure 2.7A). Resorufin 9 was obtained from the commercial source which provided signals at 

= 6.01, 6.40 and 7.25 ppm characteristics signal of Ha´, Hb´, and Hc´, respectively (Figure 2.7A). 

 

Figure 2.7: 1H-NMR titration of probe 2 upon addition of TBAF (25 eqv) in CD3CN at room temperature 

after 10 min to monitor A) resorufin 9 formation and B) phthalide 4 formation upon addition of TBAF. 
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When TBAF (25 eqv) was added to a solution of probe 2 in CD3CN and spectrum was recorded at 

room temperature after 10 minutes, signals corresponding to 2 partially disappeared with the 

appearance of new set of signals corresponding to resorufin 9 (Figure 2.7A). Formation of 

phthalide 4 in the cascade reaction process was confirmed by 1H-NMR experiment (Figure 

2.7B).Therefore, 1H-NMR experiments also ruled out possibility of any undesired product 

formation via the Michael addition of F on the resorufin dye. 

HPLC analysis: Cascade reaction based F sensing mechanism was reconfirmed by HPLC 

analysis. HPLC chromatograms were recorded in the gradient method using acetonitrile and H2O 

eluent and obtained data showed that the reaction of probe 2 (tR = 15.2 min) with F resulted in 

desilylation based cascade reaction to release resorufin 9 (Figure 2.8). Addition of fluoride resulted 

in the formation of a new peak appearing at tR = 6.8 min corresponds to resorufin 9. 

 

Figure 2.8: HPLC chromatograms of probe 2 (10 μM) upon reaction with F (10-30 eqv) recorded in a 

gradient solvent system of acetonitrile and H2O. 

2.5.3. Photophysical Properties and Fluoride Sensing 

After establishing the mechanism by 1H-NMR titration and HPLC analysis, UV-Visible 

spectroscopic studies of the probe 2 and its F sensing ability was determined. The probe 2 

displayed a strong absorption bands centered at  = 347 nm ( = 10415 M-1 cm-1) and 437 nm ( = 

11411 M-1 cm-1) and was completely non-fluorescent in THF. When response of the probe 2 (10 
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μM) was monitored in THF upon treating with 0.5 mM tetrabutylammonium fluoride (TBAF), 

absorption peaks at  = 347 and 437 nm decreased gradually along with appearance of new 

absorption peaks at  = 550 nm, 573 nm and 591 nm (Figure 2.9A). Emergence of these new peaks 

is characteristic of the free resorufin 9 and complete release of the fluorophore was observed within 

9 min of addition. Based on the outcome, the probe 2 (10 μM) was then titrated with TBAF (0-0.6 

mM) and absorption spectra were recorded after 10 min of addition (Figure 2.9B). In this 

experiment, disappearance of signals (at  = 347 nm and 437 nm) corresponding to the probe 2 

and appearance corresponding signals of resorufin (at  = 550 nm, 573 nm and 591 nm) were 

observed.  

To evaluate response time of 2 (10 M) towards F (0.5 mM) ion by fluorescence method, 

a solution of TBAF in THF was added to the probe and fluorescence spectra (ex = 550 nm) were 

recorded in THF at 0-12 min (Figure 2.10A). A saturation of fluorescence, comparable to the UV-

Visible method was observed. Time dependent change of fluorescence with probe 2 in presence 

of TBAF was also monitored which indicates completion of sensing process within 10 min (Figure 

2.10A). Further, to analyze the solvent dependencies of the F source, fluorescence kinetics 

experiments were done by adding TBAF (in either THF or H2O) to the probe 2. In these 

experiments, fluorescence intensities at  = 595 nm (ex = 550 nm) with time and TBAF from 

different sources were added at 1 min of monitoring. When TBAF was added from THF, saturation 

 

Figure 2.9: A) UV-visible spectra of probe 2 (10 μM) at 0 ‒ 10 min upon addition of 0.5 mM TBAF and 

B) UV-visible spectra of probe 2 (10 μM) after 10 min upon addition of 0 ‒ 0.6 mM TBAF. 
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of fluorescence was observed within 9 min of addition (Figure 2.10B). The pseudo first order 

kinetics afforded rate constant k = 0.00589 s-1 and half-life t1/2 = 1.96 min. With H2O as the source 

of TBAF, the reaction was comparatively slower with pseudo first order rate constant k = 0.00589 

s-1 and t1/2 = 4.56 min (Figure 2.10B). In this experiment, complete reaction was recorded within 

20 min of addition. 

 

Figure 2.10: A) Fluorescence spectra (λex = 550 nm) of probe 2 (10 μM) at 0 ‒ 12 min upon addition of 0.5 

mM TBAF and B) fluorescence kinetics profile at λ = 595 nm (λex = 550 nm) of probe 2 (10 μM) towards 

0.5 mM TBAF (prepared in either THF or in H2O). Final concentration for assay in water was 5.5%. 

 In the next stage, response of the probe 2 was examined in presence of different bio-

relevant analytes and fluorescence intensity was monitored at λ = 595 nm (λex = 550 nm). When 2 

was treated separately with possibly interfering analytes (0.5 mM of Br, I, Cl, ClO4
, PF6

, 

NO3
, HSO4

, OAc, SO4
2, H2O2, Na2S, Cys and GSH) for 10 min at room temperature and all 

spectra were recorded, no significant enhancement in fluorescence intensity was observed (Figure. 

2.11A, front row). Treatment of F (0.5 mM) under same condition resulted in an excellent 1820- 

fold enhancement (Figure 2.11A, blue bar of back row). When F (0.5 mM) was added to the 

cuvettes containing probe 2 pretreated with other analytes (Br, I, Cl, ClO4
, PF6

, NO3
, HSO4

, 

OAc, SO4
2, H2O2, Na2S, Cys and GSH), off-on fluorescence enhancements similar to 2 with 

TBAF were observed (Figure 2.11A, red bars of back row). Thus, probe 2 is highly selective 

towards fluoride and even it can selectively sense fluoride with equal efficiency in presence of 

other competitive anions. The light yellow solution of 2 upon reaction with TBAF turned to pink 



Chapter 2 

 

A. Roy  Page 2.15 

 

(Figure 2.11B). For other analytes, no change in color was observed. Fluorescence off-on response 

of 2 towards F, when monitored under the hand-held UV-lamp (ex = 365 nm), appearance of 

strong pink fluorescence was observed and for other analytes no fluorescence was observed 

(Figure 2.11C). 

 

Figure 2.11: A) Relative fluorescence intensity enhancement of probe 2 (10 μM) towards various anions 

(0.5 mM). All data were recorded after 10 min addition of analyte(s) at room temperature at λ = 595 nm 

(λex = 550 nm) in THF, B) photograph of visible color changes of probe 2 in presence of different analytes, 

recorded under ambient light and C) photograph of fluorescence color changes of probe 2 in presence of 

different analytes, recorded under hand-held UV-lamp (λex = 365 nm). 

 Fluorometric titration of 2 (10 μM) in THF with increasing concentration of TBAF (0 ‒ 0.7 

mM) in water resulted to the increment of fluorescence intensity upto 0.5 mM (Figure 2.12A). 

Further increase in concentration of TBAF did not show any increase in fluorescence intensity. All 

data were recorded 10 min after addition TBAF. From the linear region of the plot (Figure 2.12B), 

a limit of detection (LOD) = 60 nM (i.e. 1.15 ppb) was calculated which is well below of 4 ppm, 

the allowed concentration level in drinking water set by USEPA. The detection limit of the probe 

2 is comparable or superior to the F sensors, reported till date (Table 2.1). 
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Figure 2.12: A) Fluorescence intensity of probe 2 (10 μM) in THF with increasing concentration of TBAF 

(0-0.7 mM) in water (λex = 550 nm) and B) linear region of the I595 versus cTBAF plot for calculation of LOD. 

2.5.4. Cell Imaging 

 Further cell permeability and fluoride sensing ability of probe 2 in intracellular system was 

done by HeLa cell line. No significant fluorescence was observed when HeLa cell was incubated 

with only probe 2 (10 M in 1:100 DMSO-DMEM v/v, pH = 7.4) at 37 oC for 1 h (Figure 2.13A-

C). Interestingly, when same cells were incubated further with 2 mM NaF (1:100 H2O-DMEM, 

pH = 7.4) at 37 oC for 30 min, strong fluorescence was observed inside cells (Figure 2.13D-F). 

 

 

Figure 2.13: Cell images of HeLa cell: A) differential interference contrast, B) fluorescence, and C) overlay 

image of HeLa cell incubated with probe 2 (10 M) for 1 h. (D ‒ F) are the respective brightfield, 

fluorescence and overlay image of HeLa cell first incubated with probe 2 (10 M) for 1 h followed by 

incubation with NaF (2 mM) for 30 min. 
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These differential interference contrast and fluorescence images demonstrate the permeation of 

probe 2 through the living cell membranes and its ability of sensing F inside cell. 

2.6. Conclusion 

 Another cascade reaction based highly sensitive and selective fluorescent fluoride probe 

was developed. The cascade reaction mechanism of sensing fluoride was monitored by 1H NMR 

titration and HPLC analysis. The probe exhibited rapid release (t1/2 = 1.96 min) of pink fluorescent 

resorufin dye which resulted in an excellent 1820-fold turn-on response during sensing of the ion. 

Fluoride sensing ability of the probe was successfully evaluated in the presence of other interfering 

anions. The probe also offered detection limit of 60 nM (i.e. 1.15 ppb) which is comparable to the 

lowest fluorescent probes reported so far. Application of the probe in live cell imaging was also 

demonstrated. 

2.7. Improvement of Aqueous Solubility 

 Sensing activity either in pure organic solvent or in combined H2O/organic media is a 

general concern of most desilylation based probes and probes functioning in aqueous media are 

rare. Till date, a coumarin based probe 10 by Kim et. al 7 and a 2-aryl benzothiazole based probe 

11 by Rui Hu et. al.10 were reported for sensing fluoride ion in aqueous media (Figure 2.14). 

Therefore a new endeavour was initiated to address the issue and to design a new probe working 

under aqueous conditions using same cascade reaction strategy. Our recent studies on cascade 

reaction based fluorescent F probe suggest faster response during sensing when compared with 

many reported probes. In the present study, we present the first desilylation mediated cascade 

reaction based probe 3, rationally designed to sense F in the aqueous media. 

 

Figure 2.14: Structures of reported fluorescent F probes 10 and 11 working in aqueous media and proposed 

cascade reaction based probe 3 for sensing F in aqueous media. 
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2.8. Results and Discussions for Probe 3 

2.8.1. Addressing Water Solubility and Membrane Permeability 

In drug discovery and development, solubility and membrane permeability 19 are two 

crucial parameters routinely addressed during the design of new molecules. A theoretical analysis 

of various drug molecules using OSIRIS Property Explorer suggests that more than 80% of the 

drugs on the market have a (estimated) clogS value greater than -4 (solubility measured in mol L-

1). Lipinski rule of five 20 is another important guideline to predict solubility and membrane 

permeability of a molecule. According to the rule, clogP (the logarithm of the partition coefficient 

between water and 1-octanol) value of a molecule determines its lipophilicity and a value around 

5 is crucial for the better membrane permeability. It is believed that the ineffectiveness of major 

fluoride probe in aqueous media is due to the solubility. The aqueous solubility of a probe is 

essential for its ability to react with a water soluble analyte. 

 Therefore theoretical analysis was done for eleven desilylation based fluorescent F probes 

10-11, 3 (Figure 2.14) and 12-17, 1, 2 (Figure 2.15) to correlate their clogS and clogP values to 

the use of F sensing media. For these molecules clogS and clogP values were determined from 

the OSIRIS Property Explorer program (Table 2.2) and presented in the increasing order of clogS 

values. Surprisingly, for probe 9 which was reported to function in H2O (2 mM CTAB) media, 

provided clogS and clogP values of -7.85 and 8.63, respectively. But for other molecules, the 

estimated order of clogS was 1 < 12 < 13 < 14 < 15 < 16 < 10 < 17 < 2 < 3. For these molecules,  

 

Figure 2.15: Structures of reported fluorescent F probes. 
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= -5.13 and clogP = 5.17 values were good enough to correlate to HEPES buffer (10 mM in H2O, 

pH 7.4) as the sensing media. For the new probe 3, clogS = -3.84 and clogP = 4.17 were estimated. 

These values predict good water solubility and membrane permeability of the probe and therefore 

prophecy its activity in the aqueous media. 

Table 2.2 Comparison of clogS and clogP of probe 3 with reported probes. 

Probe clogS clogP Sensing media 

11 -7.85 8.63 H2O (2 mM CTAB) 

1 -6.96 8.12 DMSO 

12 -6.32 5.56 HEPES buffer (10 mM in H2O, pH 7.4) / CH3CN (8:2) 

13 -6.09 6.44 THF 

14 -5.70 5.52 DMF / H2O (8:2) 

15 -5.49 4.87 HEPES buffer (10 mM in H2O, pH 7.4) / CH3CN (7:3) 

16 -5.42 4.63 EtOH/H2O (9:1) 

10 -5.13 5.17 HEPES buffer (10 mM in H2O, pH 7.4) 

17 -4.87 4.75 CH3CN 

2 -4.60 5.15 THF/H2O (95:5) 

3 -3.84 4.17 Current work 

2.8.2. Synthesis  

 Encouraged by the noticeable prediction of clogS and clogP value for probe 3, synthesis of 

the probe was carried out from acid 7 which was prepared by using protocol discussed earlier. 

Reaction of acid 7 with 4-amino-7-nitrobenzofurazan (NBD-NH2) 18 under EDC•HCl/DMAP 

coupling conditions in the presence of DIPEA provided probe 3 with 40% yield (Scheme 2.6). 

 

Scheme 2.6: Synthesis of probe 3. 
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2.8.3. Evidence of Mechanism 

1H-NMR experiments: 1H-NMR titration spectroscopic experiments were carried out in order to 

prove the fluoride mediated cascade reaction mechanism. In these experiments, varied proportions 

(0, 200 and 400 eqv) of tetra-n-butylammonium fluoride (TBAF) were added to solutions of probe 

3 in CD3OD (4 mg in 0.7 mL). For pure probe 3, characteristic aromatic proton signals at  = 7.4, 

7.5, 7.7, 8.6 and 8.7 ppm were observed in the 1H-NMR spectrum (Figure 2.16, red trace). 1H-

NMR spectra of pure NBD-NH2 18 (Figure 2.16, pink trace) and phthalide 4 (Figure 2.16, brown 

trace) were also recorded. 1H-NMR spectrum recorded after treating 3 with TBAF (200 eqv) in 

CD3OD at room temperature for 10 min, indicated partial disappearance of signals corresponding 

to 3 and appearance of new signals corresponding to NBD-NH2 18 at  = 6.4 and 8.4 ppm (Figure 

2.16, green trace). Formation of phthalide 4 was also confirmed by appearance of signal at  = 7.4, 

7.6 and 7.8 ppm. 1H-NMR spectrum recorded for the reaction mixture of 3 and TBAF (400 eqv) 

in CD3OD indicated complete disappearance of signals corresponding to probe 3 and new sets of 

signals corresponding to 4 and 18 were present (Figure 2.16, blue trace). 

 

Figure 2.16: 1H-NMR spectra of 3 (4.0 mg) upon addition of TBAF (0 ‒ 400 eqv) in CD3OD (0.7 mL) at 

room temperature after 10 min. 1H-NMR spectra of pure 18 and 4 are also presented. 



Chapter 2 

 

A. Roy  Page 2.21 

 

HPLC analysis: A further proof of the mechanism was provided from HPLC analysis. HPLC 

chromatograms recorded in the gradient method using acetonitrile and H2O eluent displayed signal 

at tR = 14.5, 13.5 and 37.0 min for pure NBD-NH2 18 (Figure 2.17, green trace), Phthalide 4 (Figure 

2.17, pink trace) and 3 (Figure 2.17, black trace), respectively. Probe 3 (10 μM) was separately 

treated with 100 and 300 eqv of TBAF in MeOH at room temperature for 5 min. HPLC analysis 

of these samples confirmed consumption of 3 and formation of amine 18 and phthalide 4 (Figure 

2.17, red and blue traces for 100 and 300 eqv, respectively). 

 

Figure 2.17 HPLC chromatograms of probe 3 (10 μM) upon reaction with TBAF (100 and 300 eqv) 

recorded in a gradient solvent system of CH3CN and H2O. Chromatograms of pure 3, Phthalide 4 and NBD-

NH2 18 are also presented. 

2.8.4. Photophysical Properties and Fluoride Sensing 

 The photophysical properties of probe 3 were studied in the aqueous media (0.5 mM CTAB 

i.e. Cetrimonium bromide). Probe 3 displayed an absorption maxima centered at λmax = 400 nm 

(Figure 2.18, black trace) with molar extinction coefficient, ε = 10120 M1 cm1. On the other 

hand, NBD-NH2 18 displayed an absorption band with λmax = 460 nm with ε = 18840 M1 cm1. 

When F (15 mM) was added to the solution of the 3 (10 µM) and the reaction was monitored with 

time upto 60 min, decrease in absorbance at λ = 278 nm, 400 nm and a subsequent enhancement 

in absorbance at 460 nm were observed with an isosbestic point at λ = 430 nm. Therefore, solubility 

and F sensing data of 3 in water corroborates to its estimated logS and ClogP values. 
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Figure 2.18 Changes of absorbance of probe 3 (10 μM) with time (0-60 min) towards F (15 mM) in water 

(0.5 mM CTAB)  

 Fluorescence spectroscopic experiments were carried out to demonstrate the fluoride 

sensing properties of 3 in aqueous media. Upon addition of F (15 mM) to the 3 (10 μM) in water 

(containing 0.5 mM CTAB), the fluorescence emission band centered at λ = 553 nm (λex =460 nm) 

displayed gradual enhancement in intensity and saturation complete reaction carried out to 

determine the rate (k) of the reaction under pseudo first order conditions (Figure 2.19B). 

Monitoring of fluorescence intensity at λ = 553 nm (λex = 460 nm), provided pseudo first order 

rate constant k = 0.0008268 s1 and t1/2 = 13.97 min. The response of the probe 3 (10 μM) towards 

F (15 mM) was also determined in organic solvent, e.g. THF at room temperature and a faster 

saturation (within 30 min) of fluorescence intensity was observed under these conditions. 

 

Figure 2.19 A) Fluorescence spectra (λex = 460 nm) of 3 (10 μM) at 0-60 min upon addition of 0.5 mM F 

and B) fluorescence kinetics profile of 3 (10 μM) at λ = 553 nm (λex = 460 nm) towards 15 mM F. 

 Quantitative off-on response of the probe 3 (10 µM) towards fluoride was then evaluated by 
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fluorometric titration with increasing concentration of the F (0-16 mM) in water (Figure 2.20A). 

Probe 3 was non fluorescent when excited at λ = 460 nm and showed very low quantum yield, F 

= 0.016 (standard: N-methyl NBD (nitrobenzofurazan) amine in acetonitrile, F = 0.38). The 

variation of fluoride ion concentration (0-16 mM) provided a stepwise enhancement of 

fluorescence intensity up to 14 mM concentration of F. The addition of F (14 mM) to the probe 

3 resulted strong fluorescence centered at λem = 553 nm with F = 0.89. These data ensured 120- 

and 56-fold enhancements in fluorescence intensity and quantum yield, respectively, during the 

sensing of fluoride ion by probe 3. When fluorescence intensities at λ = 553 nm were plotted 

against respective F concentration, a linear relationship (Figure 2.20B) was observed up to 5 mM 

of F (regression factor, R = 0.9759). From the linear region of the plot, a limit of detection (LOD) 

= 24.5 µM (i.e. 0.46 ppm) which is well below of 4 ppm, the allowed concentration level in 

drinking water set by USEPA. Thus, the probe 3 is a promising indicator for detection of F. 

Therefore, selectivity of the probe 3 was evaluated in the next stage because; the specificity of the 

probe towards fluoride ion even under competing environment of other analytes is desired for its 

applications in environmental and biological systems. 

 

Figure 2.20 A) Fluorescence spectra of the probe 3 (10 μM in water containing 0.5 mM CTAB) in the 

presence of increasing concentration of F (0, 2, 4, 6, 8, 10, 12, 14, 16 mM) with λex = 460 nm and B) linear 

relationship between the I553 and C TBAF of 3 (1-5 mM). 

 The selectivity of the probe 3 towards F and its inertness towards ranges of analytes were 

examined. Selectivity of the probe towards fluoride in the competing environment of these 

potentially interfering analytes was also evaluated under similar conditions. In each case, probe 3 

(10 μM) was treated with 15 mM of other possibly interfering analytes (Br, I, Cl, ClO4
, PF6

, 
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NO3
, HSO4

, OAc, SO4
2, H2O2, Na2S, Cys and GSH) in water (0.5 mM CTAB) at room 

temperature for 60 min and fluorescence intensity was monitored at λ = 553 nm (λex = 460 nm). 

No significant fluorescent intensity was observed in the presence of applied analytes indicating the 

inertness of the probe towards these species (Figure 2.21A, front row, violet bars). However the 

treatment of TBAF (15 mM) resulted about 120-fold fluorescent intensity enhancement (Figure 

2.21A, back row, blue bar). The addition of TBAF (15 mM) to cuvettes containing probe 3 and a 

competing analyte provided fluorescence jumps (Figure 2.21A, back row, red bars) similar to the 

addition of the anion to pure 3 in water (0.5 mM CTAB). Each data was recorded after 1 h of the 

addition of an analyte. Thus, 3 possess high selectivity towards fluoride with equal efficiency in 

the presence of other competing anions. Response of 3 towards F under ambient light was marked 

by the visible change from colorless to yellow demonstrating the expediency of the probe as a 

"naked eye" indicator for F in water (Figure 2.21B). The probe was inert to other analytes and no 

 

Figure 2.21 A) Relative fluorescence intensity at λ = 553 nm (λex = 460 nm) for 3 (10 μM) in water (0.5 

mM CTAB) toward F (15 mM) and in the absence and presence of various analytes (15 mM each). Color 

codes: █ = 3, █ = 3+TBAF, █ = 3+analyte and █ = 3+analyte+TBAF. Photographs taken under B) ambient 

light and C) handheld UV-lamp in the absence and presence of various analytes. 
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change in color was observed for any of these analytes. The fluorescence turn-on response upon 

sensing of F was also confirmed by the appearance of green fluorescence of the reaction mixture 

when Cuvette images were taken under handheld UV-lamp (ex = 365 nm) (Figure 2.21C). These 

results confirmed that the probe 3 is highly selective towards F. 

2.8.5. Cell Imaging 

 Application of probe 3 was demonstrated by live cell fluorescence microscopic technique 

using HeLa cells. When cells were incubated with only probe 3 (10 M in 1:100 DMSO-DMEM 

v/v, pH = 7.4) at 37 oC for 1h, no significant fluorescence was observed (Figure 2.22A-C). On the 

other hand, when cells pre-treated with 2 mM F (1:1000 DMSO-DMEM v/v, pH = 7.4) for 30 

min and then incubated with the probe 3 (10 M in 1:100 DMSO-DMEM v/v, pH = 7.4) for 30 

min showed strong fluorescence inside these cells (Figure 2.22D-F). These differential interference 

contrast and fluorescence images demonstrate the permeation of probe 3 through the living cell 

membranes and its ability of sensing intracellular F. 

 

Figure 2.22. Cell images of HeLa cell: A) differential interference contrast, B) fluorescence, and C) 

overlay, image of HeLa cell incubated with probe 3 (10 μM) for 1 h. (D ‒ F) are the respective differential 

interference contrast, fluorescence and overlay image of HeLa cell first incubated with incubation with NaF 

(2 mM) for 30 min followed by probe 3 (10 μM) for 30 min. 

2.9. Summary of All Probes 

 In summary, we have presented the design, synthesis, and properties of a colorimetric and 

fluorometric probes for detection of fluoride. These probe exhibits high sensitivity and selectivity 
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toward fluoride over other interfering anions. The detection limit of all probes were found to be 

less than 4 ppm, the allowed concentration level of F in drinking water specified by USEPA. Low 

detection limit of probes show their potential application in the detection of F in biological and 

environmental systems as higher F concentration is toxic (0.1 mM for drinking water standard 

and  3 mM in biological systems). A change in color from colorless to yellow (in case of 

carboxyfluorescein and NBD-amine) or pink (in case of resorufin dye) and non-fluorescent to 

fluorescence prove the significance of the probe in “naked-eye” detection of F. The cell 

permeability and ability of all the probes to detect F in live cell was also confirmed by live cell 

imaging. Finally fluoride detection was achieved in 100% aqueous media. 

2.10. Experimental Section 

General Methods: All reactions were performed under the nitrogen atmosphere. All the chemicals 

were purchased from commercial sources and used as received unless stated otherwise. Solvents 

were dried by standard methods prior to use. TLC was carried out with E. Merck silica gel 60-F254 

plates and column chromatography was performed over silica gel (100-200 mesh) obtained from 

commercial suppliers. 

Instrumentation and Software: The 1H and 13C NMR spectra were recorded on 400 MHz Jeol 

ECS-400 (or 100 MHz for 13C) spectrometers using either residual solvent signals as an internal 

reference or from internal tetramethylsilane on the δ scale (CDCl3 δH 7.26 ppm, CD3OD δH 3.3 

ppm, CDCl3 δC 77.0 ppm). The chemical shifts (δ) are reported in ppm and coupling constants (J) 

in Hz. The following abbreviations are used: s (singlet), d (doublet), dd (doublet of doublet), dt 

(doublet of triplet) and m (multiplet). All MALDI-MS measurements were recorded on an Applied 

Biosystems 4800 Plus MALDI TOF/TOF analyzer. HPLC analysis was performed on an Aglilent 

model with Zorbax SB C-18 reversed phase column (250 nm × 4.6 nm, 5 m). Absorption spectra 

were recorded on a PerkinElmer, Lambda 45 UV-Vis spectrophotometer. Steady State 

fluorescence experiments were carried out in a micro fluorescence cuvette (Hellma, path length 

1.0 cm) on a Fluoromax 4 instrument (Horiba Jobin Yvon). Time-resolved fluorescence 

measurements were carried on a TCSPC instrument (Horiba Jobin Yvon, Fluoro 3PS). (FT-IR) 

spectra were obtained using NICOLET 6700 FT-IR spectrophotometer as KBr disc and reported 
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in cm-1. Melting points were measured using a VEEGO Melting point apparatus. All melting points 

were measured in open glass capillary and values are uncorrected.  

Synthesis of 2-(((tert-butyldimethylsilyl)oxy)methyl)benzoic acid 7: Acid 7 was synthesized by 

three steps. 

Step I: In a 50 mL round bottom flask Phthalide 4 (1.00 g, 7.40 mmol) and KOH (0.49 g, 8.88 

mmol) were dissolved in MeOH (24 mL). Reaction mixture was refluxed for 2 h until all starting 

material got consumed which was monitored by TLC analysis. The resulting reaction mixture was 

allowed to cool to room temperature and solvent was evaporated under reduced pressure to obtain 

white residue. This crude solid was used directly for the next step. 

Step II: In same round bottom flask crude white solid was dissolved in dimetlyformamide (DMF) 

(6.0 mL) and then imidazole (1.50 g, 22.20 mmol) was added to it. tert-butyldimethylsilylchloride 

(2.22 g, 14.80 mmol) dissolved in DMF (9.0 mL) was added dropwise to the reaction mixture at 

room temperature and resultant reaction mixture was stirred at room temperature for overnight. 

After completion of reaction, reaction mixture was diluted with water (15 mL) and diethyl ether 

(15 mL). Organic layer was separated. And aqueous layer was extracted with diethyl ether (3×10 

mL). The combined organic layer was washed with brine and dried over Na2SO4 and concentrated 

in vacuo and directly used for next step.  

Step III: In a 25 mL round bottom flask, the crude residue was dissolved in MeOH (2.5 mL) and 

THF (2.5 mL). Potassium carbonate (2.04 g, 14.80 mmol) in water (7 mL) was added to it and 

stirred at room temperature for 6 h. Solvent was removed under reduced pressure and residue was 

acidified to pH 5-6 by dropwise addition of 1(N) HCl. Reaction mixture was diluted with water 

(10 mL) and diethyl ether (10 mL). Organic layer was separated and aqueous layer was extracted 

with diethyl ether (3×10 mL). The combined organic layer was dried over Na2SO4, and solvent 

was evaporated under reduced pressure to obtain residue which was subjected to column 

chromatography over silica gel to afford 32% compound 7 (0.30 g) as white solid (Eluent: 10% 

EtOAc in petroleum ether). M.p.: 90 – 91 oC; IR (KBr): /cm-1: 1699, 1602, 1576, 1466, 1442, 

1404, 1306, 1262, 1197, 1145; 1H NMR(400 MHz, CDCl3): δ 8.08 (dd, J = 1.2, 8.0 Hz, 1H), 7.70 

(d, J = 7.6 Hz, 1H), 7.59 (td, J = 1.2, 8.7 Hz, 1H), 7.36 (td, J = 1.2, 7.6 Hz, 1H), 5.06 (s, 2H), 0.96 

(s, 9H), 0.15 (s, 6H); 13C NMR (100 MHz, CDCl3): δ 172.5, 143.8, 132.9, 131.1, 126.4, 126.3, 
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126.0, 63.1, 25.5, 17.9, 5.7; HRMS (ESI): Calc. for C14H22O3Si [M-H]-: 265.1252; Found: 

265.1252. 

Synthesis of probe 1: Compound 8 was prepared using reported procedure.21 In a 25 mL round 

bottom flask, a mixture of compound 8 (0.15 g, 0.43 mmol) and compound 7 (0.12 g, 0.43 mmol) 

was dissolved in CH2Cl2 (7 mL) and then EDC.HCl (99.87 mg, 0.52 mmol), DIPEA (0.29 L, 

1.73 mmol) and DMAP (0.01 g, 0.08 mmol) were added simultaneously at room temperature and 

stirred for 12 h at room temperature. Solvent was removed from reaction mixture under reduced 

pressure and the crude residue was directly subjected to column chromatography over silica gel to 

afford probe 1 (0.15 g, 58%) as white solid (Eluent: 15% EtOAc in petroleum ether). M.p.: 150 – 

151 oC; HPLC Purity: 99.3%; IR (KBr): /cm-1: 1755, 1613, 1507, 1421, 1256, 1027, 847; 1H 

NMR (400 MHz, DMSO-d6): δ 8.14 (d, J = 7.6 Hz, 1H), 8.05 (d, J = 7.2 Hz, 1H), 7.84-7.72 (m, 

4H), 7.49 (t, J = 6.8 Hz, 1H), 7.43 (d, J = 2.4 Hz, 1H), 7.34 (d, J = 7.6 Hz, 1H), 7.08 (dd, J = 2.4, 

8.6 Hz, 1H), 6,98 (d, J = 2.4 Hz, 1H), 6.91(d, J = 8.8 Hz, 1H), 6.78-6.72 (m, 2H), 5.09 (s, 2H), 

3.81(s, 3H), 0.98 (s, 9H), 0.08 (s, 6H); 13C NMR (100 MHz, CDCl3): δ 169.4, 164.7, 161.5, 153.1, 

152.3, 152.1, 152.0, 145.9, 138.5, 135.2, 133.7, 131.0, 129.9, 129.2, 129.1, 126.7, 126.6, 125.2, 

125.1, 124.1, 117.7, 116.9, 112.1, 110.9, 110.7, 100.9, 82.4, 63.3, 55.7, 26.1, 18.5, 5.3; HRMS 

(ESI): Calc. for C35H34O7Si [M+H]+: 595.2148; Found: 595.2156. 

Synthesis of probe 2: In a 25 mL round bottom flask, acid 7 (150 mg, 0.70 mmol) and resorufin 

9 (187 mg, 0.70 mmol) was dissolved in DCM (8 mL) and then EDC∙HCl (161.90 mg, 0.84 mmol), 

DIPEA (0.478 L, 2.812 mmol) and DMAP (17 mg, 0.141 mmol) were added to the reaction flask 

at room temperature simultaneously and stirred for overnight at this temperature. Solvent was 

removed from reaction mixture under reduced pressure and the crude residue was directly 

subjected to column chromatography over silica gel to afford probe 2 (110 mg, 50%) as yellow 

solid (Eluent: 15% EtOAc in petroleum ether). M.p.: 120 – 121 oC; HPLC Purity: 99.93%; IR 

(KBr): /cm-1: 1729, 1620, 1509, 1243, 1125, 1030, 857, 724; 1H NMR (400 MHz, CDCl3): δ 

8.22 (dd, J = 1.2, 8.0 Hz, 1H), 7.92 (d, J = 7.6 Hz, 1H), 7.86 (d, J = 8.4 Hz, 1H), 7.68 (dt, J = 1.2, 

7.4 Hz, 1H), 7.40-7.47 (m, 2H), 7.26 (m, 1H), 7.23 (m, 1H), 6.88 (dd, J = 2.0, 10.0 Hz, 1H), 6.35 

(d, J = 2 Hz, 1H), 5.16 (s, 2H), 0.97 (s, 9H), 0.13 (s, 6H); 13C NMR (100 MHz, CDCl3): δ 186.4, 

164.3, 153.8, 149.3, 148.4, 146.1, 144.5, 135.2, 134.9, 134.1, 131.4, 131.1, 126.8, 126.7, 124.7, 
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119.7, 109.9, 107.2, 63.21, 25.9, 18.4, -5.39; MALDI: Calculated for C26H27NO5Si [M+H]+: 

462.17; Found: 462.15. 

Synthesis of probe 3: Acid 7 was prepared by using same protocol discussed earlier. In a 25 mL 

round bottom flask, a mixture of NBD-amine 18 (75 mg, 0.41 mmol) and acid 7 (111 mg, 0.41 

mmol) were dissolved in CH2Cl2 (8 mL). EDC·HCl (94 mg, 0.49 mmol), DIPEA (0.28 L, 1.62 

mmol) and DMAP (0.01 g, 0.08 mmol) were simultaneously added to the round bottom flask at 

room temperature and stirred for 12 h at room temperature. After completion of reaction solvent 

was removed under reduced pressure and column chromatography was performed over silica gel 

to afford probe 3 (71 mg, 40%) as yellow solid (Eluent: 12% EtOAc in petroleum ether). M.p.: 

180 – 181 oC; IR (KBr): /cm-1: 1692, 1547, 1444, 1370, 1315, 1251, 1091; 1H NMR (400 MHz, 

MeOH-d4): δ 8.7 (dd, J = 8.4 Hz, 1H), 8.6 (dd, J = 8.4 Hz, 1H), 7.7 (d, J = 8.0 Hz, 1H), 7.5-7.6 

(m, 2H), 7.3-7.4 (m, 1H), 5.0 (s, 2H), 0.85 (s, 9H), 0.08 (s, 6H); 13C NMR (100 MHz, CDCl3): δ 

168.0, 145.7, 143.5, 138.6, 134.7, 134.6, 134.0, 132.9, 131.4, 130.9, 130.5, 129.2, 114.4, 65.1, 

26.5, 19.1, 4.1; HRMS (ESI): Calc. for C20H24N4O5Si [M+H]+: 429.1588; Found: 429.1614. 

Procedures: 

Preparation of the sample solution: Stock solution of all probes (2 mM) was prepared in 

Acetonitrile. The final concentration during assay is 10 M. Stock solution of TBAF was prepared 

by diluting 1M TBAF in THF. 

Preparation of the solution of analytes: Stock solutions of TBABr, TBAI, TBACl, TBAClO4, 

TBAPF6, TBANO3, TBAHSO4, TBAOAc, (TBA)2SO4, were prepared in THF and stock solutions 

of H2O2, Cysteine (Cys), Glutathione (GSH) were prepared in deionized water. Calculated 

volumes of analytes were added from respective stock solutions to each fluorescence cuvette to 

provide required concentration. Stock solution of TBAF was made in water for determining 

detection limit and for all assay to detect fluoride in aqueous media. 

General method for UV-Vis and Fluorescence titration: For absorbance and emission studies 

1 cm path length was used for cells. The excitation and emission slit width were 2 nm and 3 nm, 

respectively. All spectral data were recorded after the addition of analyte(s) to the solution of 

probes and TBAF. 
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Determination of quantum yields: 

The quantum yield of probes was determined according to the Equation 1: 

 

     (Equation 1) 

 

where, Φ is quantum yield; I is integrated area under the corrected emission spectra; A is 

absorbance at the excitation wavelength; λex is the excitation wavelength; η is the refractive index 

of the solution; the subscripts 1 and B refer to the unknown and the standard, respectively. 

Determination of reaction rate (k) and half-life (t1/2) for all probes: 

Reaction rate (k), half-life (t1/2) and response time (tR) for probes 1, 2 and 3 were determined by 

fluorescence kinetics experiments. In fluorescence kinetics experiment, Fluoride (3 mM) (either 

in THF or in H2O) was added to the solution of probe (10M) in DMSO in a cuvette at room 

temperature at t = 60 s and fluorescence intensity at λ = 523 nm (upon λex = 460 nm) was recorded. 

Rate constant, k and response time (tR) for all probes was determined according to the following 

equation (Equation 2):  

Y = a  [1 – e (-kt)]         (Equation 2) 

Where, Y = fractional fluorescence intensity, a = arbitrary constant, k = pseudo first order rate 

constant, t = time. 

Half-life of the reaction (t1/2) was calculated using Equation (3) 

t1/2 = 0.693/k          (Equation 3) 

Where k = pseudo first order rate constant. 

Determination of relative fluorescence: determined according to the following equation 4: 

Relative Fluorescence = IS/I0        (Equation 4) 

where, I0 = fluorescence intensity of free probe at fixed wavelength and IS = fluorescence intensity 

at fixed wavelength after addition of analyte to probe. 

Detection Limit Calculation: 22 Limit of Detection for F was calculated using fluorometric 

titrations using equation 5,  

LOD = 3/m          (Equation 5) 
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where  = standard deviation of 6 blank measurements and m = slope obtained from the graph of 

fluorescence intensity vs. concentration of F added. 

Cell Imaging: All cell imaging experiment was carried out by Tanmoy saha from our group. The 

HeLa cells were purchased from National Centre for Cell Science, Pune (India). HeLa cells were 

grown in DMEM supplemented with 10% heat inactivated fetal bovine serum (FBS), 100 IU/ml 

penicillin, 100 mg/ml streptomycin and 2 mM L-glutamine. Cultures were maintained in a 

humidified atmosphere with 5% CO2 at 37 oC. The cultured cells were subcultured twice in each 

week, seeding at a density of about 15 × 103 cells/ml. Typan blue dye exclusion method was used 

to determine Cell viability. The fluorescence images were taken using Olympus Inverted IX81 

equipped with Hamamatsu Orca R2 microscope by exciting at λex = 460-480 nm (by using GFP 

filter). The HeLa cells were incubated with solution of the probe (10 M in 1:100 DMSO-DMEM 

v/v, pH = 7.4) at 37 oC for 2 h. After washing with PBS the fluorescence images were acquired. In 

this case no significant fluorescence was observed. Another set of HeLa cells were treated with all 

Probes (10 M in 1:100 DMSO-DMEM v/v, pH = 7.4) at 37 oC for 2 h and then after washing the 

cells thoroughly by PBS, cells were incubated with solution of NaF (20 mM in 1:100 DMSO-

DMEM v/v, pH = 7.4) at 37 oC for 30 min. After washing with PBS the fluorescence images were 

recorded. 

HPLC Data: Reverse Phase HPLC analysis was performed to confirm that the reaction of probe 

2 with fluoride which results in the fluoride mediated desilylation followed by cascade reaction 

and formation of resorufin 9. HPLC chromatograms were obtained by treating probe 2 (10 μM) 

with increasing concentration of fluoride (10 eqv - 30 eqv) in mixture of acetonitrile/water. HPLC 

gradient used for the analysis was as follows: 

Column: Phenomenex (4.6 mm × 250 mm)  

Flow: 1.0 mL/min  

Method: Gradient  

50 % Acetonitrile/water  0 min 

50 % Acetonitrile/water 0 to15 min 

100 % Acetonitrile  15 to 18 min 

50 % Acetonitrile/water 18 to 25 min 
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50 % Acetonitrile/water 25 to 30 min 

Wavelength: 250 nm 

Reverse phase HPLC analysis was performed to confirm the mechanism of probe 3 during reaction 

with fluoride. The reaction resulted in the formation of NBD-amine 18 and Phthalide 4. HPLC 

chromatograms were obtained for probe 3 (10 μM), NBD-amine 18, Phthalide 4 and by treating it 

with increasing concentration of TBAF (100 ‒ 300 equiv) in mixture of acetonitrile/water. HPLC 

gradient used for the analysis was as follows: 

Column: Reversed phase column (4.6 mm × 250 mm, 5 m) 

Flow: 1.0 mL/min 

Method: Gradient 

10 % Acetonitrile/water : 0 min 

20 % Acetonitrile/water : 10 min 

30 % Acetonitrile/water : 15 min 

40 % Acetonitrile/water : 20 min 

50 % Acetonitrile/water : 25 min 

75 % Acetonitrile/water : 30 min 

100 % Acetonitrile  : 35 min 

100 % Acetonitrile  : 40 min 

60 % Acetonitrile/water : 45 min 

40 % Acetonitrile/water : 50 min 

10 % Acetonitrile/water : 55 min 

Wavelength: 280 nm. 
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2.11. Appendix Section 

 

Appendix 2.1: 1H NMR spectra of 7 in CDCl3. 

 

Appendix 2.2: 13C NMR spectra of 7 in CDCl3. 
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Appendix 2.3: 1H NMR spectra of probe 1 in DMSO-d6. 

 

. 

Appendix 2.4: 13C NMR spectra of probe 1 in CDCl3. 
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Appendix 2.5: 1H NMR spectra of 2 in CDCl3. 

 

 

Appendix 2.6: 13C NMR spectra of 2 in CDCl3. 



Chapter 2 

 

A. Roy  Page 2.36 

 

 

Appendix 2.7: COSY spectra of 2 in CDCl3. 

 

 

Appendix 2.8: NOESY spectra of 2 in CDCl3. 
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Appendix 2.9: 1H NMR of probe 3 in MeOH-d4. 

 

 

Appendix 2.10: 13C NMR of probe 3 in CDCl3. 
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Appendix 2.11: HPLC Data of Probe 1. 
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Appendix 2.12: HPLC Data of probe 2. 
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Introduction 

Molecular recognition is an event based on many fundamental chemical and biological phenomena 

such as catalysis, sensing and transport which constitutes a foremost important topic in 

supramolecular chemistry. Recently, anion recognition chemistry has been developed 

significantly.1 Anions regulate the flux of metabolites into and out of the cell for maintenance of 

osmotic pressure and cell volume, they help in regulating pH and cellular signalling pathways. 

Hence, movement of anions across the phospholipid-bilayer is essential.2 In biological system, the 

plasma membrane of a cell is a hydrophobic lipid bilayer which separates the interior of the cells 

from the outside environment and it is selectively permeable and poses a barrier for passage of 

solutes into and out of the cell. It allows small neutral molecules such as CO2, H2O to easily pass 

through the hydrophobic bilayer but exchange of charged solutes across the biological membrane 

cannot occur as easily as seen for neutral molecules and they require assistance from natural 

complex proteins i.e ion transport systems. Additionally, the spatial distribution of anions is not 

even in tissues and cells, thus leading to a concentration gradient which is created and maintained 

by a coordinated action of transport proteins that are present within the impermeable bilayer. In 

recent years, several genetic diseases have been associated with anion channels (also called as 

channelopathies).3 Channelopathies include vision loss caused by a malfunction of the Ca2+- 

activated Cl− channel bestrophin in the retinal pigment epithelium. The neurological disorders such 

as Startle disease and Angelman syndrome are associated with the malfunction of glycine and 

GABA receptors due to ligand-gated Cl channels.1b, 4 Abnormalities in transport activity causes 

myotonia (muscle stiffness), nephrolithiasis (kidney stones), Bartter’s syndrome type III (severe 

renal salt loss), osteopetrosis (bone disease) and a rare form of deafness. In addition, few reports  

 

Figure 1: The two major mechanisms of ion transport involving Ion channel and Ion channels.  
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have come recently about anionophores which can trigger cancer cells.5 As the malfunction 

pathways for anion transport have significant effects on biological systems, it is very nessessary 

to know about the activity and mode of action of biological ion channels.6 But, as most of the 

naturally occuring ion channels are made up of complex protein structure, is very difficult to 

modulate the activity and they are also pretty much unstable for handling. So development of new 

synthetic ion transporters as a mimic of their natural congeners is an important area of research. 

Anion transport can be achieved by two ways: the provition of relatively static pathways for anion 

across membranes (synthetic channels) or development of small molecule which can carry anion 

across the membrane (anion carriers) and they should be lipophilic enough to be able to diffuse 

across the hydrophobic bilayer. The peptide gramicidin is an example of ion channel which forms 

a head-to-head helical dimer to give a tubular channel within a bilayer membrane. Additionally a 

naturally occurring antibiotic, Amphotericin aggregates to form a channel and it is mostly selective 

towards cation (Figure 2B). Valinomycin is one example of naturally occurring non-protein based 

carrier for potassium (Figure 2A). Prodigiosin is another naturally occurring ion carrier which 

transport chloride ion (Figure 2C). 

 

Figure 2: Examples of naturally occurring non-protein based ion transporters A) valinomycin, B) 

Amphotericin and C) Prodigiosin. 

Ion transport across the membrane can either be active or passive. Passive transport occurs 

by diffusion of ions down an electrochemical gradient, whereas active transport is a process of ion 

transport involving energy derived from hydrolysis of ATP. Ion transporters can be classified 

based on direction of transport of ions. Uniport transport involves transport of only one ion at a 

time whereas Co-transporters function by carrying two different ions at a time. Co-transporters are 

further classified as symporters which transport two different solutes in the same direction and 

antiporters which transport two different solutes in the opposite direction (Figure 3). 
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Figure 3: Classification of transport based on direction of ion transport. 

 Synthetic ion channels7 are mainly composed by self-aggregation of small molecules by 

non-covalent interaction such as, hydrogen bonding, - stacking, hydrophobic and dipolar 

interaction8 and most of them are based on several scaffold such as peptide, calixarenes, crown-

ether etc.9 Depending on the mode of aggregation synthetic ion channels are classified in several 

classes such as unimolecular, barrel-stave, barrel-rosette, barrel-hoop, -barrel and micellar. Ion 

channels can be classified also depending on their mode of action; (a) Ligand gated, (b) Voltage 

gated, (c) Mechanically gated according to their gating activity. Most of the synthetic chloride 

transporters reported so far are based on a variety of molecular scaffolds such as polyamides (or 

urea/thiourea),10 calixarenes,11 pyrroles,12 Cholapod,13 trans-decalin, 14 cyclohexane, 15 peptide 

fragments16 and some other scaffolds.17 They mainly exploit some non-covalent interactions such 

as anion ‒ π and hydrogen bonding to bind with chloride. A commonly observed hydrogen bonding 

is between anion and hydrogen bond donor (‒NH, ‒OH). Recently an alternate promising 

hydrogen bonding based on C‒H∙∙∙anion has been used for transmembrane anion transport.11b, 17d, 

18 In addition to that pre-organization of the receptor molecule is a crucial for obtaining high 

binding affinity with anions.19 A receptor has to undergo conformational change to adapt its shape 

and binding sites disposition to the potential guest anion in order to bonding to take place. A pre-

organized receptor has well defined binding sites and complementary well defined geometry which 

is required to form stable complex. Thus a pre-organized receptor is advantageous in terms of 

forming thermodynamically stable complexes with anion by lowing the G of the binding 

process.20 
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Mainly two techniques are available to study the activity and properties of synthetic ion 

transporters (a) Vesicle based method and (b) Planar Bilayer study.in aqueous medium.1b, 21 

Vesicle Based Methods: Vesicles (or liposomes) are prepared from lipids in an aqueous buffer 

solution to form spherical closed-shell structures and they are bounded by one or more layers of 

bilayer membrane. The inner volume of vesicles are in order of femto to attoliters and therefore, 

highly sensitive detection technique is required to monitor small number of transported ion. The 

ion selective (Lucigenin), pH-sensitive (HPTS, 8-hydroxypyrene-1,3,6-trisulfonic acid), 

membrane potential sensitive (Safranin O) fluorescent dye can be trapped interior of vesicle and 

ion transport can be monitored by change in fluorescence intensity (Figure 4A). On the other hand 

NMR spectroscopy (Sodium, Chloride, carbon etc.) have been extensively used to determine 

transport activity. The difference in chemical shift of intravesicular and extravesicular salt can be 

observed after addition of suitable paramagnetic agent (Figure 4B). Addition of transporter 

molecule allows exchange of ions which leads to change in the line width or peak shape of the 

signal. The efflux of ions from vesicles such as sodium, potassium, chloride etc. can be observed 

by ion selective electrode (ISE) which is very much sensitive and specific as they give direct 

measurement of concentration of ions (Figure 4C). 

 

Figure 4: A) Representation of ion transport activity assay using EYPC vesicles and representation of ion 

transport experiment using fluorescence. B) Representation of ion transport activity assay using 23Na-NMR 

technique and C) Representation of ion transport study using ion selective electrode. 

Planar Bilayer studies: In these experiments, two compartments (cis-chamber and trans-chamber) 

filled with electrolyte, are separated by a small hole (with diameter of 150 − 250 m) where lipid 
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bilayer can be formed by painting a small amount of lipid (Figure 5). Salt bridge is used to connect 

the chamber with electrode. In general protocol, lipids are dissolved in decane which can be used 

for bilayer painting and formed bilayer behaves as an insulator by not allowing any ions to pass 

through it. Addition of channel forming molecule can open up ionic flux in response to applied 

potential and generate electrical communication between two compartments by allowing ions to 

flow by producing current in the range of Pico ampere (pA). Therefore, the change in conductance 

of electrolyte solution provide the confirmation about ion channel formation and ion selectivity of 

channel. This technique is remarkably reliable to study the ionic conductance (resistivity, 

capacitance) and ion channel formation. 

 

Figure 5: Schematic representation of planar bilayer conductance measurement technique. 
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3A.1. Introduction 

Development of synthetic molecular receptors capable of functioning as ion transporters is a 

rapidly expanding area of supramolecular chemistry.1 Anion transporters could be an important 

research topic like cation transporters in therapeutic applications.2 In biological system, transport 

of ions across cell membranes is facilitated by complex transmembrane proteins, and the process 

has wide significances in human body. For example, selective transport of chloride ion (Cl) is 

associated with the regulation of different neurons' excitability, viz. skeletal, cardiac, smooth 

muscle, etc. Other important biological processes, such as transepithelial salt transport, 

acidification of internal and extracellular compartments, cell volume regulation, cell cycle and 

apoptosis,3 etc. are also controlled by the selective transport of the ion. Dysfunction of the anion 

selective ion channels cause several life-threatening diseases e.g. cystic fibrosis, Bartter’s 

syndrome, myotonia, etc. Recently, a novel treatment modality tackling multiple ion channel 

diseases was introduced, based on synthetic channels and carriers, is recognized as channel 

replacement therapy.4 Moreover, there are promising reports of cancer cell death, upon treatment 

of synthetic anion carriers.5 Therefore, the design of small molecule-based artificial receptors 

capable of transporting anions across lipid bilayer has emerged as an attractive area of 

supramolecular chemistry and therapeutic development.1 The contributions of noncovalent 

interactions such as electrostatic, H-bonds (N‒H···anion, C‒H···anion, etc.), anion···π and 

halogen‒anion interactions are now well-established in supramolecular chemistry, and designs of 

anion transporters exploiting these non-covalent interactions were also reported.6 

 Tripodal receptors are acyclic ionophores consisting of multi-armed ligands and each arm 

bears a functional group which can coordinate to the target analyte (ion).7 The tripodal molecular 

platform has three arms to which ligating or binding groups are attached. Their design is such that 

it allows control of binding properties such as complex stability and selectivity. The selectivity 

arises due to the rigidity of its arms and cavity size. Receptors that have tripodal shape have several 

advantages over monopodal or bipodal receptors (i) enhanced chelating effects to bind strongly to 

ions and (ii) their bulkiness can be tuned for controlled reactivity thus due to these features design 

and synthesis of tripodal receptors is an important area of research. 
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It is well-known that the preorganization of a host is also imperative to its high binding 

affinity signatures with ions.8 Occasionally, a host undergoes a conformational change to adapt the 

size and shape of the binding site for accommodating a potential guest. A preorganized receptor 

possesses a distinct binding site and a complementary geometry to form a stable complex by 

lowering the G value of the binding process.9 Following the rationale mentioned above for 

infusing both the vital aspects, herein, we report new triazine-based tripodal receptors 1‒3 (Figure 

3A.1A), anticipated to exhibit anion selective response. The 3,7-diazabicyclo[3.3.1]nonane (or 

bispidine) moiety was introduced as a rigid and conformationally restricted hydrophobic arm to 

maximize the preorganization of the receptor system. The moiety also has a distinct hydrophobic 

outer surface to favour interactions with the lipid membranes. Either a benzyl or a 

pentafluorobenzyl moiety was tethered at the other end of each bispidine to allow tactical 

manipulation of anion binding ability. Therefore the contributions for anion recognition could be 

restricted to the C-H···anion interactions for 1 (from benzyl group), and only anion···π10 (from 

pentafluorobenzyl group) interactions for 2 (Figure 3A.1B). Predictions by the calculator plugins 

of MarvinSketch program11 also indicates better membrane permeability of 1 (logP = 7.44) 

compared to 2 (logP = 9.58). In addition to this, the attachment of electron deficient 

pentafluorobenzyl moiety was believed to contribute in lowering the pKa values of the neighboring 

amino groups, and therefore, the anion transport activity. The molecule 3 with no substituent at 

one end of each bispidine was designed as a negative control due to its low logP = 1.12. 

 

Figure 3A.1: A) Structures of the tripodal receptors 1‒3 and B) General schematic representation of the 

anion binding model for tripodal receptors 1‒3. 
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3A.2. Results and Discussions 

3A.2.1. Synthesis 

Syntheses of tripodal compounds 1‒3 were accomplished from bicyclic compound 5, which was 

prepared from 1-Boc-4-piperidone 4 according to the reported protocol.12 The tert-

butyloxycarbonyl group of compound 5 was deprotected with trifluoroacetic acid (TFA) and 

isolated as free amine 6 in 95% yield (Scheme 3A.1). Amine 6 was subsequently coupled with 

cyanuric chloride in the presence of DIPEA in THF solvent to form tripodal compound 1 in 40% 

yield. For the synthesis of tripodal compound 2 and 3, compound 5 was converted to amine 7 by 

debenzylation reaction in presence of hydrogen and Pd/C, following the reported procedure.13 Free 

amine 7 was first reacted with pentafluorobenzylbromide to give the corresponding 

pentafluorobenzyl derivative (yield = 95%) in presence of KOH in toluene solvent, which upon 

treatment with TFA followed by neutralization gave free amine 8 (yield = 96%). In the final step, 

coupling of amine 8 with cyanuric chloride in the presence of KOH in toluene furnished tripodal 

compound 2 (yield = 35%). Reaction of compound 7 with cyanuric chloride in presence of DIPEA 

and THF as a solvent provided the corresponding tri(tert-butyloxycarbonyl) protected compound 

(yield = 63%) which upon treatment with TFA in CH2Cl2 solvent provided tripodal compound 3 

as TFA salt (yield = 90%). 

 

Scheme 3A.1: Synthesis of tripodal receptors 1‒3. 
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3A.2.2. Crystal Structure 

All three tripodal compounds were crystallized from MeOH/CHCl3 (1:1) solvent system. Crystal 

structure of compound 1 (CCDC number: 1494040) confirmed similar orientations for all three 

bicyclic moieties bent identically toward the inner core (a pre-organisation requisite), and hence 

commensurate binding with the anion would be facilitated by stronger NH···anion electrostatic 

interaction (Figure 3A.2A and 3A.2B). Since compound 2 (CCDC number: 1494041) possesses 

electron deficient pentafluorinated benzylic moiety attached to each bispidine, its analogous 

crystal structure shows distinct signs as compared to its congener specie 1. Notably, precise 

analysis of the crystal structure for molecule 2 reveals that it comprises of two crystallographically 

and structurally unique C45 units. The distinctness between these arises from the dissimilar spatial 

orientation adapted by one of the pentaflurobenzyl tail (linked with C52 centre) with respect to the 

central triazine core (Figure 3A.2C and 3A.2D). For each of the C45 units, two bicyclic moieties 

similarly face the inner triazine core, while the third one lies on the reverse side, opposing any 

proximity with the said triazine moiety. Such asymmetric architecture observed in the crystal 

structure adds on to the less degree of preorganization which further can cause weaker binding and 

lowering anion transporting activity (Figure 3A.2C and 3A.2D). Compound 3 (CCDC number: 

1494042) was isolated and crystallized as trifluoroacetate salt. Analysis of its crystal structure 

indicates the presence of one trifluoroacetate moiety within the cavity of compound 3 while two 

others residing outside the cavity for overall charge neutralization. The central trifluoroacetate is 

 

Figure 3A.2: Crystal structures of the tripodal compounds 1‒3. Representation of A) top view, and B) side 

view for 1. C, D) Two different orientations of 2. Representation of E) top view, and F) side view for 3. 
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bonded through multiple intermolecular Hbonding arrays; each of the two oxygens of having a 

two-fold Hbonding, one directly with NH2
+ group and the other to an adjacent NH2

+ group via a 

bridging water molecule (Figure 3A.2E and 3A.2F). The presence of the trifluoroacetate within 

the cavity was sufficient to assure the anion binding ability of the protonated tripodal system. 

3A.2.3. Ion Transport Activity 

Ion transport activities of all tripodal compounds 1‒3 across large unilamellar vesicles (LUVs) 

composed of egg yolk phosphatidylcholine (EYPC) and entrapped 8-hydroxypyrene-1,3,6-

trisulfonate (HPTS, pKa = 7.2) dye (i.e. EYPC-LUVsHPTS) were evaluated by fluorescence (at 

em = 510 nm with ex = 450 nm) kinetics (Figure 3A.3A).14 The destruction of the pre-applied pH 

gradient, ΔpH ~ 0.8 (pHin = 7.0 and pHout = 7.8) upon addition of each compound (via H+ ion 

efflux or OH ion influx), was monitored with time. All tripodal compounds displayed an increase 

in HPTS fluorescence intensity. Concentration profiles for all compounds indicated compound 1 

as the most efficient ion transporter in comparison to other two derivatives (Figure 3A.3B). 

Concentration profile of compound 1 provided EC50 = 0.25 µM (Figure 3A.4A). The Hill 

coefficient n = 1.09 for compound 1 suggests that one molecule is sufficient to form the active 

transporter structure. Compound 2, on the other hand, was quite less active with EC50 = 7.14 µM, 

and n = 1.36 also indicates that only one molecule is involved in the formation of an active  

 

Figure 3A.3: A) Representation of ion transport activity assay using EYPC vesicles, ion transport 

experiment based on fluorescence and assay detail and B) comparison of concentration profiles for all 

tripodal molecules 1‒3, with increasing concentration, presented as a function of their normalized emission 

intensities (IF). 
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Figure 3A.4: Representation of Hill plot for tripodal A) compound 1 and B) compound 2 from HPTS assay. 

transporter (Figure 3A.4B). Therefore the higher degree of preorganization and predicted 

electrostatic interactions with anion for compound 1, aided in much higher ion transport activity 

as compared to compound 2 under assay condition (pH = 7.0 – 7.8). the activity of compound 3 

was very low for calculating corresponding EC50 and n values. This results evince the importance 

of either benzyl or pentafluorobenzyl moiety in the ion recognition process. However, an 

additional limitation of poor membrane permeability for compound 3, compared to 1 and 2 cannot 

be ignored (calculated logP = 7.44, 9.58 and 1.12 for tripodal compounds 1, 2 and 3, 

respectively).11 Further studies were done with active transporters 1 and 2. 

Depending on the ion selectivity of a transporter there are four plausible ion transport 

mechanisms involving OH−/X− antiport, H+/M+ antiport, H+/X− symport and M+/OH− symport. 

Therefore to identify the correct mechanism operative in the transport process, ion transport studies 

were done for 1-2, two different assays were carried out. In one of the experiments, vesicles were 

prepared with HPTS with only buffer (without any intravescular and extravesicular salt) and during 

assay, MOH pulses (M+ = Li+, Na+, K+, Rb+, and Cs+) were added at t = 20 s, followed by addition 

of 1 at t = 100 s (Figure 3A.5A). In this assay, fluorescence increment could be associated with 

either M+/OH− symport or H+/M+ antiport. Obtained data indicated unaltered enhancement of 

HPTS fluorescence after addition of compound 1 ruling out both transport possibilities (Figure 

3A.5B). Therefore, either OH−/X− antiport or H+/X− symport could be possible. In another 

experiment, external buffers were varied by keeping internal NaCl buffer constant. Cation 

selectivity was checked in varied isoosmolar buffer containing different salts MCl (M+ = Li+, Na+, 
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K+, Rb+, and Cs+). Fluorescence intensity was monitored after addition of compound 1 (0.25 µM) 

which provided a very little change in the rate of ion-transporting activity (Figure 3A.6A). The 

 

Figure 3A.5: A) Representation of direct cation selectivity assay using EYPC vesicles, ion transport 

experiment based on fluorescence and assay detail and B) HPTS assay for transporter 1 in presence of MOH 

(M+ = Li+, Na+, K+, Rb+, and Cs+). Compound 1 was added at t = 100 s and Triton-X at t = 300 s. 

observationwas very similar for the fluorinated compound 2 (Figure 3A.6C). Therefore, the 

involvement of metal ions is absent in the pH equilibration process which rules out H+/M+ antiport 

and M+/OH− symport, reconfirming data obtained from earlier experiment. To investigate further, 

the anions in the external NaX solution were varied (X− = F−, Cl−, Br−, I−, SCN−, OAc−, and NO3
−, 

ClO4
−). For compound 1, the collapse of the pH gradient was steady with most of the anions except, 

external I−. The observed selectivity topology, Cl− >> SCN− > Br− > F− > OAc− > NO3
− > ClO4

− 

clearly indicated the involvement of anions in the transport process (Figure 3A.6B). In this assay, 

the Cl−/X− antiport is expected to be faster than Cl−/OH− antiport due to a much higher 

 

Figure 3A.6: Cation selectivity of A) 1 (0.25 µM) and C) 2 (7 µM) determined with varied extravesicular 

cations M+. Anion selectivity of B) 1 (0.25 µM) and D) 2 (7 µM) determined with varied extravesicular 

anions X− with intravesicular Cl− ion. 
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concentration gradient of X− (100 mM) as compared to that of OH− (pH = 7.8). The addition of 

compound 1 leads to quick equilibration of Cl−/X− exchange and rise in fluorescence intensity of 

HPTS dye indicates the X−/OH− antiport. Similar pH equilibration experiments for compound 2 (7 

µM) was found to be unaffected by varying different extravesicular cations (Figure 3A.6C). For 

this compound, the variation of external anion showed clear differences in the ion pH equilibration 

rates. In this case too, unusual features were observed for I−, NO3
− and ClO4

− (Figure 3A.6D). The 

observed selectivity topology, SCN− ≥ Cl− >SCN− > F− > OAc− > Br− clearly indicated the 

involvement of anions in the transport process (Figure 3A.6B). The abnormality in pH 

equilibration (for I−, in case of compound 1, and for I−, NO3
− and ClO4

−, in case of compound 2) 

is suggest a competitive H+/X− influx (i.e. symport) which is responsible for the lowering internal 

HPTS fluorescence. 

Ion transport activity of compound 1 was further evaluated in the presence of the proton 

transporter, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), to check which 

antiport mechanism H+/M+ (M+ = alkali metal cation) or OH−/X− (X− = monovalent anion) is 

predominating (Figure 3A.7A) during transport mechanism.15 In this method, after applying a pH 

gradient, FCCP allows selective efflux of H+ ions across the membrane to equilibrate the pH. 

FCCP (2.5 μM) alone induced a negligible increase in the internal fluorescence intensity of HPTS, 

while compound 1 (0.25 μM) exhibited fluorescence amplification by 6.7–fold. When the ion  

 

Figure 3A.7: A) Representations of fluorescence based FCCP assay using EYPC vesicle and ion transport 

kinetics showing normalization window. Ion transport activity of B) compound 1 (0.25 M) and C) 

compound 2 (7 µM) determined in the absence and in the presence of FCCP. 
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transport by compound 1 was studied in the presence of FCCP, an 11–fold increase of HPTS 

fluorescence was observed (Figure 3A.7B) indicating a cooperative effect of compound 1 and 

FCCP. This data excluded the H+ transport by compound 1 thus, corroborating to the X−/OH− 

antiport as the operating mechanism. A similar trend was observed in the case of compound 2. 

While compound 2 (7 µM) came up with 8–fold emission enhancement, the presence of FCCP in 

the system induced 12–fold enhancement (Figure 3A.7C). Therefore, both the tripodal receptors 1, 

2 registered preferential selectivity for anion over cation. 

To compare the preferential transport rate between OH− and Cl−; valinomycin, a K+ ion-

selective carrier was used in HPTS assay (Figure 3A.8A).16 In this assay, the interior of the vesicle 

has Na+, and extravesicular water pool contains K+. During influx of K+ by valinomycin, 

simultaneous OH− and/or Cl− influx is expected to maintain the charge equality. Valinomycin (2.5 

pM) exhibited negligible ion transport. The ion influx rates were nearly similar when compound 1 

(0.25 μM) was tested in the absence and presence of valinomycin (Figure 3A.8B). The observed 

data confirmed preferential transport of Cl− ion over OH− ion (i.e. Cl− ˃ OH−). Similarly, ion 

transport activity of 2 (7 µM) in the presence of valinomycin was negligibly different than that 

studied in the absence of valinomycin (Figure 3A.8C). 

 

Figure 3A.8: A) Representations of fluorescence based Valinomycin assay using EYPC vesicle and ion 

transport kinetics showing normalization window. Ion transport activity of B) compound 1 (0.25 M) and 

C) compound 2 (7 µM) determined in the absence and in the presence of Valinomycin. 

Transport of Cl− ion by compound 1 and 2 was further investigated by monitoring the flow 

of the ion (either influx or efflux) across LUVs (EYPC-LUVsLucigenin) with an average 
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diameter of 200 nm entrapped with chloride sensitive lucigenin dye (ex = 455 nm, em = 535 

nm).17 The vesicles were encapsulated with NaNO3 (225 mM) and lucigenin (1 mM) and they 

were suspended in NaNO3 (225 mM) solution. After this, NaCl (25 mM) was added to the 

extravesicular water pool, and fluorescence decay was observed after addition of transporters. 

Finally, Triton X-100 was added to lyze all the vesicles (Figure 3A.9A). Both compound 1 (Figure 

3A.9B) and compound 2 (Figure 3A.9C) showed quenching of lucigenin fluorescence emission by 

promoting transport of Cl‒ into the vesicle and NO3
‒ out of the vesicle in a concentration-dependent 

manner which directly proves that tripodal compounds can transport Cl−. Further, to quantify 

transport efficiency, half-life (t1/2) and initial rate (IR) of compound 1 (20 µM) was calculated and 

t1/2 = 34 s and IR = 0.69 s1 was obtained. Same calculation for compound 2 (20 µM) showed t1/2 = 

54 s and initial rate IR = 1.10 s1. 

 

Figure 3A.9: A) Representation of Cl‒ transport activity assay by monitoring Lucigenin fluorescence using 

EYPC and representation of ion transport experiment using fluorescence. Cl‒ transport by tripodal 

transporter B) 1 (0 − 35 µM) and C) 2 (0 − 25 µM) by NO3
‒/ Cl‒ exchange by Lucigenin Assay. 

Extravesicular cations were then varied to determine their effect on Cl− ion influx by 

compound 1 (30 µM). In the presence of different alkali metal cations (M+ = Li+, Na+, K+, Rb+, 

and Cs+), comparable lucigenin fluorescence quenching kinetics was observed (Figure 3A.10A), 

making M+/Cl− symport an unlikely event. In the case of antiport assay, EYPC vesicles 

(intravesicular solution: 225 mM NaCl, 1 mM lucigenin) were added to the extravesicular buffer 

of isoosmolar varied anions (X− = F−, HCO3
−, NO3

−, ClO4
− and SO4

2−). After addition of compound 

1 (20 µM), an increase in fluorescence was observed in the case of ClO4
−, F−, NO3

− and HCO3
−. 

As expected, hydrophilic nature SO4
2− anion led to a slow exchange of the anion with Cl−. 
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Therefore, the observed differences in the Cl− ion efflux rates established Cl−/X− antiport as the 

dominant ion transport mechanism (Figure 3A.10B). Unfortunately, compound 2 could not be 

evaluated under similar experimental conditions due to its solubility problem. 

 

Figure 3A.10: A) Symport assay for 1 (30 µM) by applying different cation pulses and B) antiport assay 

for 1 (20 µM) by varying extravesicular anions. 

In order to elucidate the mechanism for anion transport via mobile carrier mechanism 

transport activities of 1 (20 µM) and 2 (20 µM) were tested with LUVs having different lipid 

composition. It is known that cholesterol can increase viscosity of lipid bilayer thereby hampers 

the movement of carriers to diffuse through membrane. For that purpose, two different set of LUVs 

were prepared with only POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and POPC: 

cholesterol (4:1). Within both LUVs lucigenin dye (1 mM) and NaNO3 (225 mM) were trapped, 

and then placed in external buffer containing NaCl (25 mM). Chloride influx as a result of 

compound addition was monitored through the quenching of lucigenin fluorescence. As expected, 

rate of chloride transport ability of both compound 1 (Figure 3A.11A) and compound 2 (Figure 

3A.11B) slowed down noticeably under the comparable assay conditions in cholesterol loaded 

POPC vesicle. Thus, these data confirmed that tripodal transporters can function as a mobile carrier 

but not as ion channel. Moreover, compounds 1-2 didn’t cause any defection of membrane which 

was proved by carboxyfluorescein-leakage assay (Figure 3A.11C).  

To investigate the origin of transport activity, pH dependence activity of both the tripodal 

transporters 1 and 2 were assessed by vesicle leakage assay with the chloride ion selective 

electrode (ISE) at different pH solutions (i.e. 5.3, 6.0, 7.0, 8.0, and 8.8 respectively). We have 

prepared five different vesicles with pH mentioned above, and chloride efflux was monitored 
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Figure 3A.11: Chloride efflux promoted by tripodal molecules A) 1 and B) 2 from unilamellar POPC 

vesicles or unilamellar 8:2 POPC: cholesterol vesicles C) Carboxyfluorescein assay for both 1-2. 

for both compounds (1 and 2). We observed a significant increment in chloride transport activity 

from pH 8.8 to pH 7.0 for compound 1. However, a considerable decrease of chloride transport 

activity was realized at pH = 6.0 and even lower at pH = 5.3 (Figure 3A.12A). On the contrary, 

compound 2 showed the highest chloride efflux activity only at pH = 5.3 (Figure 3A.12B). 

Obtained data validated the effect of pKa in transport activity. Significantly lower activity of 

compound 2 compared to compound 1 at pH = 7 from the ISE measurement correlates to the ion 

transport data obtained from the HPTS based studies. For the 1, the highest activity at pH = 7.0 

suggest predominant protonation of N-atoms linked to benzyl groups. The decrease in activity at 

higher pH correlates to the deprotonation of these N-atoms. The drop of activity at lower pHs 

indicates further protonation of the triazine core leading to an increase in the polarity at the exterior 

 

Figure 3A.12: Chloride efflux by A) compound 1 (50 µM) and B) compound 2 (35 µM) at different pH by 

nitrate/chloride exchange with chloride ion selective electrode. 
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of the receptor, and thus influencing the permeation of the Cl− bound receptor. However, for 

compound 2, the cooperativity effect due to Cl− within its cavity is expected to give higher basicity 

of the N-atoms linked to pentafluorobenzyl moieties compared to the N-atoms of the triazine core. 

In such case, the lower activity of compound 2 compared to compound 1 at pH ~ 7 corroborates 

to the lesser probability of protonation within its cavity, and improvement of transport activity at 

lower pH suggests the protonation components within the cavity. 

3A.2.4. Mass Spectrometric Studies for Anion Recognition 

Direct experimental evidence for protonation of 1 and affinity of chloride ion was established by 

Electrospray Ionization Mass Spectrometric (ESI-MS) studies. In this experiment, 1 and 

tetramethylammonium chloride (TMACl) were prepared in acetonitrile and were mixed in 1:1 

molar ratios and then electrosprayed under as mild as possible ionization conditions in the positive 

mode. Obtained data clearly showed the presence of [M+HCl+H]+ and [2M+HCl+H]+ adduct 

which supports the chloride ion recognition upon protonation of the molecule (Figure 3A.13) 

(where, M = exact molecular weight of 1). 

 

Figure 3A.13: ESI-MS spectrum of 1:1 molar mixture of 1 and Me4NCl prepared in acetonitrile. 
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3A.2.5. Molecular Dynamics Simulation 

To determine the structure of the tripodal molecule 1 with a bound Cl− ions inside the 

bilayer system, we have carried out molecular dynamics (MD) simulation with 1 and one Cl− ion 

embedded inside a pre-equilibrated 1,2-dipalmitoyl-sn-phosphocholine (DPPC)/water lipid bilayer 

system. The crystal structure of tripodal compound 1 was taken initially with one Cl− kept in its 

cavity at the start of the simulation. The equilibrated structure of the overall system is shown in 

 

Figure 3A.14: A) The equilibrated system with 1 inserted in DPPC lipid layer along with the bound Cl−. 

A representative structure of the complex formed during MD between chloride ion, 1 and water molecules 

inside its inner cavity with B) side view and C) top view, respectively. D) The distance between Cl− and 

the three positively charged N-atoms marked as N1, N2 and N3 in C for the duration of MD trajectory. E) 

The number of water molecules within 4 Å of Cl− in the 5ns simulation. F) The distances between Cl− and 

four different water molecules denoted as water 1, water 2, water 3 and water 4 during the simulation.  
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Figure 3A.14A. We find that during the 5 ns production simulation at constant temperature and 

volume, some mobile water molecules could form interaction with the Cl− ion by passing through 

the pores of DPPC bilayer. Although the overall number of water around Cl− is around 5 (Figure 

3A.14E), the nature of water coordination is dynamic, reflected from Figure 3A.14F, where the 

distance between some specific water molecules to the Cl− is plotted. These data indicated that 

while water 1 and water 3 remain close to Cl− at different instances, the water 2 is found to be 

close to the anion for the entire trajectory. Overall, the Cl− forms one direct H-bond with one of 

the NH sites of the molecule, and two additional water-mediated Hbonds with other NH sites 

as seen from the representative structure obtained through cluster analysis of the 5 ns trajectory 

(Figure 3A.14B and 3A.14C). Redundant water molecules are removed for clarity. This is further 

verified from the distances between the NH sites and Cl−. Figure 3A.14D shows that the distance 

between one N-atom and Cl− remains similar during the whole trajectory (due to a direct H-bond 

formation) while the distance with other two N-atoms vary with one N-atom being closer than the 

other at different stages of the simulation. The larger distance is due to the formation of water-

mediated Hbond. All calculatons were carried out by our collaborator Arnab Mukherjee and co-

workers. 

3A.3. Conclusion 

 In conclusion, we have designed a new class of tripodal anion transporters based on triazine 

core by connecting it to 3,7-diazabicyclo[3.3.1]nonane arms. The bicyclic arm was selected to 

ensure better preorganization for anion recognition and hydrophobic outer surface for membrane 

permeation. Each bicyclic scaffold was further connected to arylmethylene moiety for controlling 

the protonated state of the connecting nitrogen atom, and also the amphiphilicity of the transporter 

which primarily controls the basicity of the connecting nitrogen atom. Ion transport activity across 

LUVs confirmed the highest activity for the benzyl followed by the pentafluorofluorobenzyl and 

then the unsubstituted receptor. First two receptors were selective Cl transporters with antiport 

exchange as the primary transport mechanism. Molecular dynamics simulation suggested that the 

cavity of the molecule enabled H-bonding of Cl ion via a direct H-bond with one protonated 

nitrogen atom while water mediated H-bond formation with two other protonated nitrogen atoms. 
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3A.4. Experimental Section 

General Methods: All reagents for synthesis were purchased from commercial suppliers and used 

as received unless stated otherwise. All solvents were distilled to dry by standard protocol prior to 

use or purchased as dry and all reactions were performed under the nitrogen atmosphere. TLC was 

carried out with E. Merck silica gel 60-F254 plates and column chromatography was carried out 

over silica gel (100-200 mesh). Egg yolk phosphatidylcholine (EYPC) was purchased from Avanti 

Polar Lipids as a solution in chloroform (25 mg/mL). HEPES buffer, HPTS, Lucigenin, 

carboxyfluorescein (CF), Triton X-100, NaOH and all inorganic salts of molecular biology grade 

were purchased from Sigma. Gel-permeation chromatography was performed on a column of 

Sephadex G-50 in buffer or salt solution as per requirement. Large unilamellar vesicles (LUV) 

were prepared by using mini extruder, equipped with a polycarbonate membrane of 100 nm (for 

HPTS assay) or 200 nm (for Lucigenin Assay) pore size, purchased from Avanti Polar Lipids. 

Physical Measurements: The 1H and 13C NMR spectra were recorded using 400 MHz Jeol or 400 

MHz Bruker (or 100 MHz for 13C) spectrometers using either residual solvent signals as an internal 

reference or from internal tetramethylsilane on the δ scale relative to chloroform (δ 7.26), dimethyl 

sulfoxide (δ 2.50) or methanol (δ 3.31) for 1H NMR and chloroform (δ 77.2 ppm), dimethyl 

sulfoxide (δ 39.5 ppm) or methanol (δ 49.0 ppm) for 13C NMR at 293 K. The chemical shifts (δ) 

are reported in ppm and coupling constants (J) in Hz. The following abbreviations are used: s 

(singlet), d (doublet) m (multiplet), dd (doublet of doublet). High-resolution mass spectra (HRMS) 

were obtained from MicroMass ESI-TOF MS spectrometer. Fluorescence spectra were recorded 

by using Fluoromax-4 from Jobin Yvon Edison equipped with an injector port and a magnetic 

stirrer. The pH of the buffer was adjusted to 7.0 by NaOH using Helmer pH meter. All FT-IR 

spectra were obtained using NICOLET 6700 FT-IR spectrophotometer as KBr disc and are 

reported in cm-1. Melting points were measured using a VEEGO Melting point apparatus. All 

melting points were measured in open glass capillary and values are uncorrected. All data of 

fluorescence studies were normalised and processed either by Origin 8.5 or KaleidaGraph. 

Chloride efflux was monitored by Accumet Chloride Ion Selective Electrode (ISE) equipped with 

Accumet AB250 meter. 
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Synthesis: 

Synthesis of (1R,5S)-3-benzyl-3,7-diazabicyclo[3.3.1]nonane 6: 

 

Scheme 3A.2: Synthesis of compound 6. 

Compound 5 (0.15 g, 0.47 mmol) was taken in a round bottom flask and placed in an ice bath. To 

it dry CH2Cl2 (2 mL) was added followed by 1 mL TFA (trifluoroacetic acid). The reaction was 

kept to stir for 1 h. After completion of the reaction, the solvent was evaporated in vacuo to obtain 

a residue, followed by extraction with CH2Cl2 and washings with NaHCO3 gives compound 6 as 

a yellow liquid in 95% yield (97 mg); IR (KBr): /cm-1: 3390, 2924, 2853, 1673, 1536, 1458, 

1359, 1258, 1195, 1130; 1H NMR(400 MHz, CDCl3): δ 7.29-7.38 (m, 3H), 7.23-7.26 (m, 2H), 

3.43-3.49 (m, 4H), 3.33 (d, J = 13.2 Hz, 2H), 3.13 (d, J = 12.0 Hz, 2H), 2.5 (d, J = 11.6 Hz, 2H), 

2.13 (s, 2H), 1.89 (d, J = 13.2 Hz, 1H), 1.78 (d, J = 12.8 Hz, 1H); 13C NMR (100 MHz, CDCl3): 

δ 136.28 (Ar-C), 129.31 (Ar-CH), 128.92 (Ar-CH), 127.99 (Ar-CH), 63.28 (Ar-CH2-N), 58.25 

(CH2-N), 49.50 (CH2-N), 30.81 (CH), 27.17 (CH); HRMS (ESI): Calc. for C14H20N2 [M+H]+: 

217.1704; Found: 217.1708. 

Synthesis of 2,4-bis((1R,5S)-7-benzyl-3,7-diazabicyclo[3.3.1]nonan-3-yl)-6-(7-benzyl-3,7-

diazabicyclo[3.3.1]nonan-3-yl)-1,3,5-triazine 1: 

 

Scheme 3A.3: Synthesis of compound 1. 

In a 50 mL round bottom flask cyanuric chloride (0.05 g, 0.27 mmol) and 6 (0.20 g ,0.95 mmol) 

were taken in 25 mL of dry THF and stirred at room temperature. White precipitate formed at this 

stage. After 1 h, DIPEA (400 µL, 2.70 mmol) was added and reaction mixture was stirred for 

another 1 h at room temperature and then refluxed for 3 d. After completion of reaction, solvent 

was evaporated under vacuo. The residue obtained was extracted with CH2Cl2 (3 × 100 mL) and 
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washed with brine solution. Organic layer was dried over Na2SO4 and column chromatography 

over silica gel was performed (Eluent: 4% MeOH in CHCl3) to obtain pure 1 (78 mg) as a white 

solid with 40% yield; M.p.: 166 − 167 oC; IR (KBr): /cm-1: 3049, 2909, 2786, 1626, 1446, 1535, 

1352, 1302, 1237, 1161; 1H NMR(400 MHz, DMSO-d6): δ 7.03-7.19 (m, 15H), 4.82 (d, J = 9.2 

Hz, 2H), 4.58 (d, J = 10.0 Hz, 2H), 4.48 (d, J = 10.0 Hz, 2H), 3.38-3.41 (m, 2H), 3.04-3.25 (m, 

10H), 2.74-2.86 (m, 6H), 2.14-2.30 (m, 6H), 1.88-1.99 (m, 6H), 1.61-1.78 (m, 6H); 13C NMR (100 

MHz, DMSO-d6): δ 164.56 (triazene-C), 138.57 (Ar-C), 128.85 (Ar-CH), 128.37 (Ar-CH), 127.59 

(Ar-CH), 127.09 (Ar-CH), 125.62 (Ar-CH), 63.53 (Ar-CH2-N), 62.49 (CH2-N), 58.49 (CH2-N), 

48.38 (CH2), 47.27 (CH2), 46.15 (CH2), 29.18 (-CH), 28.14 (-CH); HRMS(ESI): Calculated for 

C45H57N9 [M+H]+: 724.4810; Found: 724.4827. 

Synthesis of tert-butyl (1R,5S)-3,7-diazabicyclo[3.3.1]nonane-3-carboxylate 7: 

 

Scheme 3A.4: Synthesis of compound 7. 

In a 100 mL round bottom flask a solution of compound 5 (1.00 g, 3.00 mmol) in ethanol (40 mL) 

was kept for degassing with nitrogen for 2-3 h. Then Pd/C was added in equivalent ratio and a 

hydrogen balloon was attached using a two way joint to the round bottom flask. The reaction was 

kept to stir at room temperature overnight. After completion of the reaction it was filtered through 

celite bed using ethyl acetate. The filtrate was concentrated in vacuo to yield 96% compound 7 

(0.69 g) as a blackish viscous liquid. The 1H NMR and HRMS data was matching with that of the 

reported compound.12 

Synthesis of tert-butyl (1R,5S)-7-((perfluorophenyl)methyl)-3,7-diazabicyclo[3.3.1]nonane-

3-carboxylate 11: 

 

Scheme 3A.5: Synthesis of compound 11. 
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In a 50 mL round bottom flask compound 7 (0.70 g, 3.10 mmol) was dissolved in dry toluene (15 

mL) and to this KOH (0.35 g, 6.20 mmol) was added. In another round bottom flask a solution of 

pentafluorobenzylbromide (0.89 g, 3.40 mmol) dissolved in dry toluene (10 mL) was added 

dropwise to the above solution. The resultant suspension was refluxed for 7 h at 110 oC. 

Completion of the reaction was checked using TLC plates. After completion of the reaction, 

solvent was evaporated under reduced pressure and the residue obtained was subjected to column 

chromatography using silica gel, to obtain 95% of compound 11 (1.2 g) as a yellowish liquid which 

upon cooling solidified. (Eluent: 8% EtOAc in petroleum ether). M.p.: 91 − 93 oC; IR (KBr): 

/cm-1: 2925, 2848, 1681, 1506, 1454, 1396, 1327, 1251, 1184, 1115; 1H NMR(400 MHz, 

CDCl3): δ 4.16 (d, J = 12.4 Hz, 1H), 4.02 (d, J = 13.6 Hz, 1H), 3.66-3.76 (m, 2H), 2.86-3.09 (m, 

4H), 2.29 (t, J = 12.0 Hz, 2H), 1.80 (d, J = 20.4 Hz, 2H), 1.63 (d, J = 12.8 Hz, 1H), 1.49 (s, 1H) 

1.46 (s, 9H); 13C NMR (100 MHz, CDCl3): δ 155.04 (C=O), 146.53 (Ar-C), 143.85 (Ar-C), 

138.28 (Ar-C), 109.33 (Ar-C), 78.55 (C-(CH3)3), 56.86 (CH2-N), 56.56 (CH2-N), 48.62 (CH2-N), 

48.49 (CH2-N), 47.50 (Ar-CH2-N), 30.71 (CH2), 28.88 (CH3), 28.69 (CH), 28.40 (CH); HRMS 

(ESI): Calc. for C19H23F5N2O2 [M+H]+: 407.1758; Found: 407.1759. 

Synthesis of (1R,5S)-3-((perfluorophenyl)methyl)-3,7-diazabicyclo[3.3.1]nonane 8: 

 

Scheme 3A.6: Synthesis of compound 8. 

Compound 11 (0.77 g, 1.90 mmol) was taken in a round bottom flask and placed in an ice bath. 

To it dry CH2Cl2 (2.5 mL) was added followed by TFA (2 mL). The reaction was kept to stir for 

2 h. After completion of the reaction the reaction mixture was diluted with water (20 mL), saturated 

NaHCO3 (3 mL) and CH2Cl2 (50 mL). Organic layer was separated and aqueous layer was 

extracted with CH2Cl2 (3 × 100 mL). The combined organic layer was dried over Na2SO4 and 

solvent was evaporated under reduced pressure to obtain the product compound 8 (0.556 g) in 96% 

yield; M.p.: 152 – 154 oC; IR (KBr): /cm-1: 3444, 2958, 1887, 1693, 1502, 1409, 1291, 1203, 

1114, 1021; 1H NMR(400 MHz, MeOH-d4): δ 3.85 (s, 2H), 3.45 (d, J = 12.4 Hz, 2H), 3.22 (d, J 

= 12.8 Hz, 2H), 3.14 (d, J = 11.2 Hz, 2H), 2.54 (d, J = 11.2 Hz, 2H), 2.07 (s, 2H), 1.90 (d, J = 13.2 
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Hz, 1H), 1.70 (d, J = 14.8 Hz, 1H); 13C NMR (100 MHz, MeOH-d4): δ 119.71 (Ar-C), 116.82 

(Ar-C), 113.95 (Ar-C), 110.41 (Ar-C), 57.80 (CH2-N), 50.27 (Ar-CH2-N), 30.47 (CH2), 28.50 

(CH); HRMS (ESI): Calc. for C14H15F5N5 [M+H]+: 307.1233; Found: 307.1232. 

Synthesis of 2,4,6-tris((1R,5S)-7-((perfluorophenyl)methyl)-3,7-diazabicyclo[3.3.1]nonan-3-

yl)-1,3,5-triazine 2: 

 

Scheme 3A.7: Synthesis of compound 2. 

In a 25 mL round bottom flask cyanuric chloride (0.013 g, 0.07 mmol) and amine 8 (0.10 g, 0.32 

mmol) were dissolved in toluene (10 mL). KOH (0.08 g, 1.4 mmol) was added to above reaction 

mixture and refluxed for 7 h. After completion of reaction, solvent was removed under vacuo and 

then obtained residue was extracted with CH2Cl2 (3 × 50 mL) and washed with brine solution (3 

× 50 mL). Organic layer was collected and dried over Na2SO4 and concentrated to give light brown 

residue. Column chromatography was performed over silica gel with that brown residue (Eluent: 

100% chloroform) and compound 2 (35 mg) was obtained as off-white solid with 35% yield; M.p.: 

142 – 144 oC; IR (KBr): /cm-1: 2909, 2850, 1652, 1531, 1443, 1335, 1298, 1239, 1117, 1033; 

1H NMR(400 MHz, CDCl3): δ 4.54 (s, 6H), 3.51 (s, 6H), 3.40 (s, 6H), 2.89 (d, J = 11.6 Hz, 6H), 

2.35 (d, J = 11.2 Hz, 6H), 1.89 (s, 6H), 1.70 (d, J = 12.4 Hz, 3H), 1.52 (d, J = 13.6 Hz, 3H); 13C 

NMR (100 MHz, CDCl3): δ 164.98 (triazene-C), 146.22 (Ar-C), 143.74 (Ar-C), 141.18 (Ar-C), 

110.39 (Ar-C), 57.15 (CH2-N), 48.45 (Ar-CH2-N), 47.22 (CH2), 29.28 (CH); HRMS (ESI): Calc. 

for C45H42F15N9 [M+H]+: 994.3398; Found: 994.3390. 
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Synthesis of tri-tert-butyl 7,7',7''-(1,3,5-triazine-2,4,6-triyl)(1R,1'R,1''R,5S,5'S,5''S)-tris(3,7-

diazabicyclo[3.3.1]nonane-3-carboxylate) 12: 

 

Scheme 3A.8: Synthesis of compound 12. 

In a round bottom flask cyanuric chloride (0.13 g, 0.70 mmol) and Boc-protected amine 7 (0.55g, 

2.45 mmol) in THF (25 mL) was stirred for 1 h at room temperature. Di-isopropylethylamine 

(DIPEA) was added to the above solution. The reaction mixture was kept for stirring for 1 h 

followed by refluxing for 72 h. After reaction is complete no workup is required. The solvent is 

evaporated in vacuo to obtain a residue which is subjected to column chromatography to yield 

63% compound 12 (0.40 g) as an off-white solid after pentane washings. (Eluent: 1% MeOH in 

Chloroform); M.p.: 199 – 201 oC; IR (KBr): /cm-1: 2979, 2917, 2846, 1691, 1538, 1477, 1358, 

1440, 1358, 1319, 1239, 1170; 1H NMR(400 MHz, MeOH-d4): δ 3.96 (d, J = 11.2 Hz, 6H), 3.09 

(d, J = 12.0 Hz, 15H), 1.95 (s, br, 6H), 1.81 (s, br, 9H), 1.28 (s, 27H); 13C NMR (100 MHz, 

MeOH-d4): δ 167.06 (triazene-C), 159.78 (C=O), 102.08 (C(CH3)3), 80.42 (CH2-N), 29.61 (CH2), 

28.72 (CH3), 23.39 (CH); HRMS (ESI): Calc. for C39H63N9O6 [M+H]+: 754.4979; Found: 

754.4967. 

Synthesis of 2,4,6-tri((1R,5S)-3,7-diazabicyclo[3.3.1]nonan-3-yl)-1,3,5-triazine 3: 

 

Scheme 3A.9: Synthesis of compound 3. 
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Compound 12 (0.075 g, 0.10 mmol) was taken in a round bottom flask and placed in an ice bath. 

To it dry CH2Cl2 (2 mL) was added followed by TFA (2 mL). The reaction was kept to stir for 1 

h. After completion of the reaction, the solvent was evaporated in vacuo to obtain a residue which 

on pentane washing followed by washings with diethyl ether yields compound 3 as TFA salt in 

90% (66 mg) as an off-white solid; M.p.: 182 – 183 oC; IR (KBr): /cm-1: 3434, 2868, 2370, 

1798, 1689, 1593, 1543, 1496, 1444, 1343, 1283; 1H NMR(400 MHz, MeOH-d4): δ 4.84 (d, J = 

13.2 Hz, 6H) 3.52 (d, J = 12.8 Hz, 6H), 3.26 (s, 6H), 3.09 (d, J = 13.6 Hz, 6H), 2.25 (s, br, 6H), 

2.09-1.95 (m, 9H); 13C NMR (100 MHz, MeOH-d4): δ 166.25 (triazene-C), 99.99 (CH2-N), 29.78 

(CH2), 26.32 (CH); HRMS (ESI): Calc. for C24H39N9 [M+H]+: 454.3398; Found: 454.3439. 

Ion Transport Activity Study14b, 14c 

HEPES buffer, HPTS and Stock Solution Preparation: Solid HEPES and NaCl were dissolved 

in autoclaved water to prepare HEPES buffer (10 mM) with NaCl (100 mM) pH of the solution 

was adjusted to 7.0 by adding NaOH solution. Solid HPTS was dissolved in above buffer solution 

to give 1 mM solution of 100 mM HEPES containing NaCl (100 mM) of pH = 7.0. Stock solutions 

of all tripodal molecules were prepared by dissolving in HPLC grade DMSO/THF (9:1) (for HPTS 

assay) or THF/MeOH (2:4) (for Lucigenin assay). 

Preparation of EYPC-LUVsHPTS: 1 mL of egg yolk phosphatidylcholine (EYPC) (25 

mg/mL) dissolved in chloroform was taken in a clean and dry small round bottomed flask. A thin 

transparent film of lipid was prepared by evaporating chloroform by purging with nitrogen and 

continuous rotation. The obtained film was dried in high vacuum for 5 h to remove all trace of 

CHCl3. After 5 h that transparent film was hydrated with 1 mL of aforementioned HEPES buffer 

(1 mM HPTS, 10 mM HEPES, 100 mM NaCl, pH = 7.0) for 1 h with intermittent vortexing of 

atleast 5 times and then subjected to freeze-thaw cycle for ≥ 15 times. Extrusions were done 19 

times (must be an odd number) by a Mini-extruder equipped with a polycarbonate membrane 

having pore diameter of 100 nm. All extravesicular HPTS dyes were removed by gel filtration 

with Sephadex G-50 with 10 mM HEPES buffer (100 mM NaCl, pH = 7.0) and obtained vesicles 

were diluted to 6 mL with same buffer (10 mM HEPES, 100 mM NaCl, pH = 7.0) solution to give 

EYPC-LUVsHPTS:  5.0 mM EYPC, inside: 1 mM HPTS, 10 mM HEPES, 100 mM NaCl, pH 

= 7.0 and outside: 10 mM HEPES, 100 mM NaCl, pH = 7.0. 
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Ion Transport Activity Assay: In a clean and dry fluorescence cuvette, 1975 L of HEPES buffer 

(10 mM HEPES, 100 mM NaCl, pH = 7.0) was taken followed by addition of 25 L of EYPC-

LUVsHPTS vesicle in the same cuvette and was placed on fluorescence instrument equipped 

with magnetic stirrer (at t = 0 s). Fluorescence emission intensity of pH sensitive dye HPTS, Ft 

was monitored at em = 510 nm (ex = 450 nm) with time. After that a pH gradient between the 

intra and extra vesicular system was created by adding 20 L of 0.5 M NaOH to the same cuvette 

at t = 20 s (Figure S1). Tripodal molecules were added at t = 100 s and finally at t = 300 s, vesicles 

were lysed with 25 L of 10% Triton X-100 and this resulted in destruction of pH gradient (Figure 

3A.3A) and saturation in fluorescence emission intensity was observed. 

The time axis was normalized according to Equation 1: 

     t = t  100     Equation (1) 

Fluorescence time courses (Ft) were normalized to fractional emission intensity IF using Equation 

2. 

% Fl Intensity (IF) = [(Ft - F0) / (F- F0)]  100   Equation (2) 

Where F0 = Fluorescence intensity just before the tripodal molecule addition (at t = 0 s). F = 

Fluorescence intensity at saturation after complete leakage (at t = 330 s). Ft = Fluorescence 

intensity at time t. Concentration dependent experiment was carried out by increasing 

concentration of tripodal molecules (1−3). Change of HPTS fluorescence emission intensity of 

HPTS dye was monitored with time and addition of tripodal molecules resulted in destruction of 

pH gradient via either Na+/OH‒ symport or Na+/H+ antiport mechanism. 

The concentration profile data were further analyzed by Hill Equation to get the Effective 

concentration (EC50) and Hill Coefficient (n), (Equation 3). 

Y = Y + (Y0 – Y) / [1 + (c / EC50)
n]   Equation (3) 

Where, Y0 = Fluorescence intensity just before the tripodal molecule addition (at t = 0 s). Y = 

Fluorescence intensity with excess molecule concentration, c = Concentration of molecule. 

Preparation of EYPC-LUVs⊃HPTS: Same vesicles of previous assay were used for this assay. 

Cation Selectivity Assay: Same EYPC-LUVs⊃HPTS vesicles were used in this assay. 1975 μL 

of different HEPES buffer solutions (10 mM HEPES, 100 mM MCl, pH = 7.0; where, M+ = Li+, 
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Na+, K+, Rb+ and Cs+) were taken in a clean and dry fluorescence cuvette followed by addition of 

25 μL of EYPC-LUVs⊃HPTS vesicle in slowly stirring condition by a magnetic stirrer equipped 

with the fluorescence instrument (at t = 0 s). The fluorescence emission intensity was monitored 

with time at λem = 510 nm (λex = 450 nm). At t = 20 s, 20 μL of 0.5 M NaOH was added to the 

cuvette to make the pH gradient between the intra and extra vesicular pool. Tripodal transporters 

were added at t = 100 s and 10% Triton X-100 (25 μL) was added at t = 300 s, to lyze all vesicles 

for complete destruction of pH gradient. For data analysis and comparison, time (X-axis) was 

normalized according to equation 1 and fluorescence intensities (Ft) were normalized to fractional 

emission intensity IF by using Equation 2. 

Anion Selectivity Assay: Same EYPC-LUVs⊃HPTS vesicles were used in this assay. In a clean 

and dry fluorescence cuvette 1975 μL of HEPES buffer (10 mM HEPES, 100 mM NaX, at pH = 

7.0; where, X− = F−, Cl−, Br−, I−, OAc−, NO3
−, SCN− and ClO4

−) was added followed by addition 

of 25 μL of EYPC-LUVs⊃HPTS vesicle in slowly stirring condition by a magnetic stirrer 

equipped with the fluorescence instrument (at t = 0 s). HPTS fluorescence emission intensity (Ft) 

was monitored with time at λem = 510 nm (λex = 450 nm). 20 μL of 0.5 M NaOH was added to the 

cuvette at t = 20 s to make the pH gradient between the intra and extra vesicular system. Tripodal 

transporters were added at t = 100 s and followed by addition of 10% Triton X-100 (25 μL) at t = 

300 s to lyze all vesicles for complete destruction of pH gradient. For data analysis and comparison, 

time (X-axis) was normalized according to equation 1 and fluorescence intensities (Ft) were 

normalized to fractional emission intensity IF by using Equation 2. 

Determination of Ion Selectivity by FCCP Assay:14d In a clean and dry fluorescence cuvette 

1975 μL of HEPES buffer (10 mM HEPES, 100 mM NaCl, pH = 7.0) was taken followed by 

addition of 25 μL of EYPC-LUVs⊃HPTS in stirring condition by a magnetic stirrer equipped with 

the fluorescence instrument (at t = 0 s). HPTS fluorescence intensity was monitored with time and 

Ft was observed at λem = 510 nm (λex = 450 nm). At t = 20 s, 20 μL of 0.5 M NaOH was added to 

the cuvette to make the pH gradient between the intra and extra vesicular solution. FCCP (2.5 μM) 

was added at t = 50 s (whenever necessary) and tripodal transporters were added at t = 100 s 

(whenever necessary) and finally at t = 300 s, 25 μL of 10% Triton X-100 was added to that cuvette 

resulting destruction of pH gradient. Fluorescence intensities (Ft) were normalized to fractional 

emission intensity IF using Equation 2 and time scale was normalized according to Equation 1. 

Preparation of EYPC-LUVs⊃HPTS: Same vesicles of previous assay were used for this assay. 
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Determination of Ion Selectivity by Valinomycin assay:14d In a clean and dry fluorescence 

cuvette 1975 μL of HEPES buffer (10 mM HEPES, 100 mM NaCl, pH = 7.0) was added followed 

by addition of 25 μL of EYPC-LUVs⊃HPTS in slowly stirring condition by a magnetic stirrer 

equipped with the fluorescence instrument (at t = 0 s). The time course of HPTS fluorescence 

emission intensity, Ft was observed at λem = 510 nm (λex = 450 nm). 20 μL of 0.5 M NaOH was 

added to the cuvette at t = 20 s to make the pH gradient between the intra and extra vesicular 

system. Valinomycin (2.5 pM) was added at t = 50 s (whenever necessary) and tripodal molecule 

was added at t = 100 s (whenever necessary) and finally at t = 300 s, 25 μL of 10% Triton X-100 

was added to lyse those vesicles resulting destruction of pH gradient. Fluorescence intensities (Ft) 

were normalized to fractional emission intensity IF using Equation 2. 

HEPES buffer, HPTS Solution Preparation for Direct Selectivity Assay: Solid HEPES was 

dissolved in autoclaved water to prepare HEPES buffer (10 mM) and pH of the solution was 

adjusted to 7.0. Solid HPTS was dissolved in above buffer solution to give 1 mM solution. 

Preparation of EYPC-LUVsHPTS for Direct Cation Selectivity Assay: 1 mL of egg yolk 

phosphatidylcholine (EYPC) (25 mg/mL) dissolved in chloroform was taken in a clean and dry 

small round bottomed flask. A thin transparent film of lipid was prepared by evaporating 

chloroform by purging with nitrogen and continuous rotation. The obtained film was dried in high 

vacuum for 5 h to remove all trace of CHCl3. After 5 h that transparent film was hydrated with 1 

mL of aforementioned HEPES buffer (1 mM HPTS, 10 mM HEPES, pH = 7.0) for 1 h with 

intermittent vortexing of atleast 5 times and then subjected to freeze-thaw cycle for ≥ 15 times. 

Extrusions were done 19 times (must be an odd number) by a Mini-extruder equipped with a 

polycarbonate membrane having pore diameter of 100 nm. All extravesicular HPTS dyes were 

removed by gel filtration with Sephadex G-50 with 10 mM HEPES buffer (pH = 7.0) and obtained 

vesicles were diluted to 6 mL with same buffer (10 mM HEPES, pH = 7.0) solution to give EYPC-

LUVsHPTS:  5.0 mM EYPC, inside: 1 mM HPTS, 10 mM HEPES, pH = 7.0 and outside: 10 

mM HEPES, pH = 7.0. 

Ion Transport Activity Assay for Direct Cation Selectivity Assay: In a clean and dry 

fluorescence cuvette, 1975 L of HEPES buffer (10 mM HEPES, pH = 7.0) was taken followed 

by addition of 25 L of EYPC-LUVsHPTS vesicle in the same cuvette and was placed on 

fluorescence instrument equipped with magnetic stirrer (at t = 0 s). Fluorescence emission intensity 
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of pH sensitive dye HPTS, Ft was monitored at em = 510 nm (ex = 450 nm) with time. After that 

a pH gradient between the intra and extra vesicular system was created by adding 20 L of 0.5 M 

MOH (M+ = Li+, Na+, K+, Rb+, Cs+) to the same cuvette at t = 20 s. Tripodal molecule 1 (0.25 M) 

were added at t = 100 s and finally at t = 300 s, vesicles were lysed with 25 L of 10% Triton X-

100 and this resulted in destruction of pH gradient and saturation in fluorescence emission intensity 

was observed. The time axis was normalized according to Equation 1 and fluorescence time 

courses (Ft) were normalized to fractional emission intensity IF using Equation 2. 

Determination of Chloride Ion Selectivity by Lucigenin assay:18 

Preparation of EYPC-LUVsLucigenin for Concentration Dependent Assay and Symport 

Assay: A solution of EYPC (25 mg/mL) dissolved in CHCl3 was taken in a clean and dry small 

round bottom flask. The solvents were evaporated slowly by a stream of nitrogen, followed by 

drying under vacuum for at least 4 h. After that 1 mL of 1 mM N,N′-Dimethyl-9,9′-biacridinium 

dinitrate (Lucigenin dye) in 225 mM NaNO3 (dissolved in water) was added, and the suspension 

was hydrated for 1 h with occasional vortexing of 4-5 times and then subjected to freeze-thaw 

cycle (≥ 20 times). The vesicle solution was extruded through a polycarbonate membrane with 200 

nm pores 19 times (has to be an odd number), to give vesicles with a mean diameter of ~ 200 nm. 

The extracellular Lucigenin was removed from the vesicles by size exclusion column 

chromatography by gel filtration (Sephadex G-50) using 225 mM NaNO3 (pH = 6.4) as eluent. 

The vesicles were diluted to 4 mL with 225 mM NaNO3. 

Determination of Chloride Ion Selectivity by Lucigenin assay: In a clean and dry fluorescence 

cuvette 50 μL of above lipid solution and 1950 μL of 225 mM NaNO3 was taken and kept in slowly 

stirring condition by a magnetic stirrer equipped with fluorescence instrument (at t = 0 s). 

Lucigenin fluorescence emission intensity, Ft was monitored at λem = 535 nm (λex = 450 nm) with 

time. 25 μL of 2 N NaCl was added to the cuvette at t = 50 s to make the NaCl salt gradient between 

the intra and extra vesicular system. Tripodal molecule was added at t = 100 s and finally at t = 

300 s, 25 μL of 10% Triton X-100 was added to lyse those vesicles for 100% chloride influx. 

Fluorescence intensities (Ft) were normalized to fractional emission intensity IF using Equation 4. 

Normalized Fl Intensity (IF) = [(Ft - F0) / (F- F0)]  (−100)   (Equation 4) 
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For symport assay only instead of NaCl, different salt pulses of MCl (M+ = Li+, Na+, K+, Rb+, and 

Cs+) were applied to the cuvette at t = 50 s and Tripodal molecule 1 was added at t = 100 s and all 

other experimental assay condition is same. Fluorescence intensities (Ft) were normalized to 

fractional emission intensity IF using Equation 4. 

To quantify transport abilities of both tripodal compounds 1 and 2, half-lives (t1/2) and 

initial rates (IR) were calculated. Half-lives (t1/2) of transport activities were obtained by fitting 

fluorescence quenching curve of both compounds (at 20 M) to a single exponential decay 

function with Equation 5 and followed by calculation of half-life by Equation 6. 

I/I0 = 𝑎 + 𝑏.e− c𝑡         (Equation 5) 

t1/2 = 0.693/𝑐          (Equation 6) 

Initial rate, IR for the transport process was obtained by fitting fluorescence quenching curve with 

the double exponential decay equation, 

I/I0 = 𝑦0 + 𝑎.(−𝑏𝑡) + 𝑐.𝑒(−𝑑𝑡)        (Equation 7) 

Now, differentiating with respect to t gives: 

𝜕𝑦/𝜕𝑡 = 𝑎.𝑏.(−𝑏𝑡) + c.𝑑.𝑒(−𝑏𝑡)        (Equation 8) 

Initial rate IR was calculated by putting t = 0 s in the above equation: 

IR = 𝜕𝑦/𝜕𝑡𝑡 = 0 = 𝑎.𝑏 + 𝑐.𝑑        (Equation 9) 

Preparation of EYPC-LUVsLucigenin for Antiport Study: A solution of EYPC (25 mg) 

dissolved in CHCl3 was taken in a clean and dry small round bottom flask. The solvents were 

evaporated slowly by a stream of nitrogen, followed by drying under vacuum for at least 4 h. After 

vortexing 1 mL of 1 mM Lucigenin in 225 mM NaCl (dissolved in water) was added, and the 

suspension was hydrated for 1 h with occasional vortexing of 5 times and then subjected to freeze-

thaw cycle (≥ 20 times). The vesicle solution was extruded through a polycarbonate membrane 

with 200 nm pores 19 times (must be an odd number), to give vesicles with a mean diameter of ~ 

200 nm. The extracellular Lucigenin dye was removed from the vesicles by size exclusion gel 

chromatography (Sephadex G-50) using 225 mM NaCl as eluent. The vesicles were diluted to 4 

mL with 225 mM NaCl. 
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Effect of Extravesicular Anion in Chloride Efflux: In a clean and dry fluorescence cuvette 50 

μL of above lipid solution and 1950 μL of isoosmolar solutions of different salts of NaX (X− = F−, 

NO3
−, SO4

2−, HCO3
− and ClO4

−) were taken and kept in slowly stirring condition by a magnetic 

stirrer equipped with the fluorescence instrument (at t = 0 s). Kinetic experiment was carried out 

by monitoring Lucigenin fluorescence emission intensity, Ft at λem = 535 nm (λex = 450 nm). 

Tripodal molecule 1 was added at t = 100 s and finally at t = 300 s, 25 μL of 10% Triton X-100 

was added to lyse those vesicles for 100% chloride influx. Fluorescence intensities (Ft) were 

normalized to fractional emission intensity IF using Equation 2. 

Preparation of POPC-LUVsLucigenin: A solution of 0.65 mL of 1-palmitoyl-2-oleoyl-sn-

glycero-3-phospocholine (POPC, 16.45 mg) dissolved in CHCl3 was taken in a clean and dry small 

round bottom flask. After this, same protocol was followed as discussed earlier for lucigenin 

symport assay. 

Preparation of Cholesterol: POPC-LUVsLucigenin:18 A solution of 0.5 mL of 1-palmitoyl-

2-oleoyl-sn-glycero-3-phospocholine (POPC, 13.14 mg) dissolved in CHCl3 was taken in a clean 

and dry small round bottom flask. Then cholesterol (3.2 mg) was taken in same round bottom 

flask. After this, same protocol was followed as discussed earlier for lucigenin symport assay. 

Determination of Cl− Selectivity by Lucigenin assay: Same as symport assay. 

Determination of Cl− Selectivity by Cholesterol: Same as discussed before. 

Determination of Chloride Ion Efflux by Ion Selective Electrode: 

Preparation of EYPC-LUVs for Chloride Efflux Assay at Different pH Solutions: A series 

of phosphate buffers (pH = 5.3, 6, 6, 8, 8.8) was prepared with NaNO3 (500 mM). A solution of 

EYPC (25 mg/mL) dissolved in CHCl3 was taken in a clean and dry small round bottom flask. The 

solvents were evaporated slowly by a stream of nitrogen, followed by drying under vacuum for at 

least 4 h. After that 1 mL in 500 mM NaCl (dissolved in buffer of corresponding pH) was added, 

and the suspension was hydrated for 1 h with occasional vortexing of 4-5 times and then subjected 

to freeze-thaw cycle (≥ 20 times). The vesicle solution was extruded through a polycarbonate 

membrane with 200 nm pores 19 times (has to be an odd number), to give vesicles with a mean 

diameter of ~ 200 nm. The extracellular chloride was removed from the vesicles by dialysis. The 

vesicles were diluted to 1.5 mL with 500 mM NaNO3. In same way five sets of vesicle were 

prepared with five different buffers solutions of pH. 
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Determination of Chloride Ion Selectivity by ISE: In a clean and dry glass vial, 50 μL of above 

lipid solution and 1950 μL of 500 mM NaNO3 of respective pH buffer solutions was taken and 

kept in slowly stirring condition by a magnetic stirrer (at t = 0 s) and chloride efflux was monitored 

with time. Tripodal molecule was added at t = 60 s and finally at t = 300 s, 25 μL of 10% Triton 

X-100 was added to lyse those vesicles for 100% chloride influx. Chloride efflux were normalized 

using Equation 4. 

Preparation of EYPC-LUVs CF: A thin lipid film was prepared by evaporating a solution of 

12.5 mg EYPC in 0.5 ml CHCl3 in vacuo for 4 h. After that lipid film was hydrated with 0.5 mL 

buffer (10 mM HEPES, 10 mM NaCl, 50 mM CF, pH 7.0) for 1 h with occasional vortexing of 4-

5 times and then subjected to freeze-thaw cycle (≥ 20 times). The vesicle solution was extruded 

through a polycarbonate membrane with 100 nm pores 19 times (has to be an odd number), to give 

vesicles with a mean diameter of ~ 100 nm. The extracellular dye was removed size exclusion 

chromatography (Sephadex G-50) with 10 mM HEPES buffer (100 mM NaCl, pH 7.0. Final) Final 

concentration: ~2.5 mM EYPC lipid; intravesicular solution: 10 mM HEPES, 10 mM NaCl, 50 

mM CF, pH 7.0; extravesicular solution: 10 mM HEPES, 100 mM NaCl, pH 7.0. 

Determination of Ion Leakage by CF Assay: In a clean and dry fluorescence cuvette 25 L of 

above lipid solution and 1975 L of 10 mM HEPES buffer (100 mM NaCl, pH 7.0) was taken and 

kept in slowly stirring condition by a magnetic stirrer equipped with the fluorescence instrument 

(at t = 0 s). The time course of CF fluorescence emission intensity, Ft was observed at λem = 517 

nm (λex = 492 nm). Tripodal molecules were added at t = 100 s and finally at t = 300 s, 25 μL of 

10% Triton X-100 was added to lyse those vesicles for 100% chloride influx. Fluorescence 

intensities (Ft) were normalized to fractional emission intensity IF using Equation 4. 

Crystal Structure Parameters:19 All tripodal compounds were crystallized from 

chloroform/MeOH mixture at room temperature. Single-crystal X-ray data of all tripodal receptors 

1−3 were collected at 200 K on a Bruker KAPPA APEX II CCD Duo diffractometer (operated at 

1500 W power: 50 kV, 30 mA) using graphite-monochromated Mo K radiation (λ = 0.71073 Å). 

The data integration and reduction were further processed with SAINT software. A multi-scan 

absorption correction was applied to the collected reflections. The structures were solved by the 

direct method using SHELXTL and were refined on F2 by full-matrix least-squares technique 

using the SHELXL-97 program package within the WINGX programme. All non-hydrogen atoms 
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were refined anisotropically and all hydrogen atoms were located in successive difference Fourier 

maps and were treated as riding atoms using SHELXL default parameters. The structures were 

examined by using the Adsym subroutine of PLATON to confirm that no additional symmetry 

could be applied to the models. CCDC numbers for tripodal receptors (1-3) are 1494040, 1494041 

and 1494042 respectively which contain the supplementary crystallographic data for this paper. 

These data are provided free of charge by The Cambridge Crystallographic Data Centre. 

Mass Spectrometric Studies for Anion Recognition: Tripodal compound 1 and 

tetramethylammoniumchloride (TMACl) were prepared separately in acetonitrile and were mixed 

in 1:1 ratio and formation of complex was monitored by Electrospray Ionization Mass 

Spectrometric (ESI-MS) studies. The samples were electrosprayed as 10 μM solutions of 

compound 1 and (TMACl) in acetonitrile at flow rate of 0.4 mL/min. A constant spray and highest 

intensities were achieved with a capillary voltage of 3000 V at a source temperature of 80 °C. The 

parameters for sample cone (40 V) and extractor cone voltage (5 V) were set for maximum 

intensities of the desired complexes. From the ESI-MS spectrum data, signals corresponding to 

[M+HCl+H]+ and [2M+HCl+H]+ were observed (where, M = exact molecular weight of 1). 

Simulation Details: We have taken a total of 95 DPPC molecules and 3313 water molecules in 

the system. Additional two Cl− ions were added in addition to the Cl− ion embedded along with 

the tripodal molecule 1 inside DPPC bilayer. SPC model20 was taken for water and GROMOS-

53a6 united atom force field21 was used for DPPC molecules. The parameters for all the atoms of 

the molecule with GROMOS-53a6 force field were generated using the automated topology 

builder created by Malde, et al. 22 Initially the system was energy minimized using steepest descent 

method23 for 10000 steps. This was followed by equilibration for 5ns at constant 300K temperature 

and 1 bar pressure using Nosé-Hoover thermostat24-25 and Parrinello-Rahman barostat26 with a 

coupling constant of 0.4 ps for each. Electrostatic interactions were treated using PME 

electrostatics27 with 10 Å cut-off with the Van der Waals cut-off was set at 10 Å. The simulation 

box was found to be 5.95 × 5.95 × 6.33 nm3 in size after the equilibration step. A final 5ns 

molecular dynamics simulation at constant 300K temperature and volume was carried out with 

similar treatment of temperature, electrostatics and vdW as in equilibration process. 

Evidence for mobile water molecules: We have calculated the number of water molecules within 

4 Å of radius from the Cl− ion. The numbers are shown in Figure 3A.14E. We have checked the 

distance between Cl− ion and three water molecules close to it at different simulation time. The 
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first water (water 1) is taken to be the water that made H-bond at the initial configuration with the 

Cl−. Similarly the second water (water 2), third water (water 3) and fourth water (water 4) were 

taken from frames at 2.5 ns, 3 ns and 5 ns respectively, where they were found to make H-bond 

with Cl− at those instances. We can see that while water 1 leaves around 3 ns, water 3 replaces it. 

Therefore, the water molecules around Cl− are dynamic where only the overall number and not the 

specific identity of water are preserved. 

3A.5. Appendix Section 

 

Appendix 3A.1: Ion transport assay of A) tripodal transporter 1, B) tripodal transporter 2 and C) transporter 

3 using EYPC-LUVsHPTS. 

 

Appendix 3A.2: ORTEP diagram of tripodal compound 1. 
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Appendix 3A.3: ORTEP diagram of tripodal compound 2. 

 

Appendix 3A.4: ORTEP diagram of tripodal compound 3. 
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Appendix 3A.5: 1H NMR spectrum of 6 in CDCl3. 

 
Appendix 3A.6: 13C NMR spectrum of 6 in CDCl3. 
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Appendix 3A.7: 1H NMR spectrum of 1 in DMSO-d6. 

 

Appendix 3A.8: 13C NMR spectrum of 1 in DMSO-d6. 
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Appendix 3A.9: 1H NMR spectrum of 7 in MeOH-d4. 

 

Appendix 3A.10: 1H NMR spectrum of 11 in CDCl3. 
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Appendix 3A.11: 13C NMR spectrum of 11 in CDCl3. 

 

Appendix 3A.12: 1H NMR spectrum of 8 in MeOH-d4. 



Chapter 3A 

 

A. Roy  Page 3A.37 

 

 

Appendix 3A.13: 13C NMR spectrum of 8 in MeOH-d4. 

 

Appendix 3A.14: 1H NMR spectrum of 2 in CDCl3. 
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Appendix 3A.15: 13C NMR spectrum of 2 in CDCl3. 

 

Appendix 3A.16: 1H NMR spectrum of 12 in MeOH-d4. 
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Appendix 3A.17: 13C NMR spectrum of 12 in MeOH-d4. 

 

Appendix 3A.18: 1H NMR spectrum of 3 in MeOH-d4. 
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Appendix 3A.19: 13C NMR spectrum of 3 in MeOH-d4. 
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3B.1. Introduction 

The transport of anions across cell membrane plays very crucial role in several biological processes 

such as signal transduction, control of intracellular pH, regulation of cell volume, stabilization of 

resting membrane potential, and fluid transport in epithelia.1 Over the past decade, there has been 

an emerging interest in the design of small molecules that facilitate transmembrane anion transport, 

particularly chloride, bicarbonate and sulfate.2 This interest in synthetic chloride transporters has 

encouraged, mainly by the realization that misregulated chloride transport across cell membranes 

can lead to potential diseases (i.e. ‘‘channelopathies’’) including cystic fibrosis, Dent’s disease, 

myotonia, epilepsy, etc.3 Thus it is very important to recognize the actions of artificial transport 

systems to treat channelopathies, by overcoming the missing activities of natural transporters, and 

such a destined goal is still unfulfilled.4 Therefore designs of synthetic small molecules are 

progressively gaining pertinence as these small molecules can mimic the activity and mechanism 

of transport of natural ionophores. Some of the synthetic anionophores are already recognized to 

have intriguing pharmacological activities as some of them have potential immunosuppressive, 

antimalarial, antineoplastic and antimicrobial activities at concentrations below their cytotoxicity 

level to healthy cells.1b, 5 

 A common approach to design small molecule anion transporters are based on hydrogen-

bond donor groups such as amide, urea, thiourea etc., and often these groups allow multiple 

cooperative interactions with the anion.6 Therefore, we realized that affinity towards anion can be 

increased, and profoundly tuned by providing the receptor with several hydrogen-bond donor 

groups which can be systematically exploited to obtain transmembrane anion transport very 

effectively. Hydrogen bond-forming ability of amide and urea are very crucial in the 

supramolecular chemistry because these residues can be used either in self-assembly or ion 

recognition. Supramolecular assembly of these residues were applied for forming ion channels 

where the cavity allowed either cation or water transport.7 Urea derivatives are superior in 

comparison to an amide as anion recognizing residues owing to more acidic N‒H groups. 

Therefore, these groups were used further in the designs of dipodal and tripodal anion carriers to 

take the advantage of cooperative H-bonding interactions.1c, 6c, 8 However, the designs of tripodal 

anion carriers with a high degree of preorganization are rare,9 and mostly constructed on a 

preexisting rigid core moiety, e.g. cholic acid.1c, 8c We, on the other hand, aimed the design of new 
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tripodal anion transporters by the facile construction of the rigid core. This strategy was envisaged 

to allow efficient synthesis and manipulation of transport activity of anionophores based on the 

selection of recognizing arms. Herein we report the design, synthesis and ion transport behavior 

of new tripodal receptors 1-2 based on the C3-symmetric benzoxazine core, and anion recognizing 

arms composed of either amide or urea moieties (Figure 3B.1A). As stated above, the tris-urea 

based receptor 2 was predicted to be better anion receptor compared to the tris-amide based 

receptor 1 due to its more acidic N‒H groups (Figure 3B.1A). 

 

Figure 3B.1: A) Structures of C3-symmetric tripodal receptors 1-2 and B) representation of the anion 

binding cavity of 2. 

3B.2. Results and Discussions 

3B.2.1. Synthesis 

Syntheses of tripodal molecules 1 and 2 were initiated from p-phenylenediamine 3 

(Scheme 3B.1). Compound 3 was converted to amide 4 upon reaction with benzoyl chloride with 

55% yield.10 The amide 4 was then reacted with phloroglucinol in presence of formaldehyde and 

catalytic amount of acetic acid in EtOH following the protocol reported by Singh et al11 to obtain 

the receptor 1 in 70% yield (for 1H and 13C-NMR spectrum, see Appendix 3B.6 and 3B.7 

respectively). In this step, each arm was linked to the core through the Mannich aminomethylation 

and a sequential ring closure condensation. Synthesis of the urea arm 5 was carried by reaction of 

compound 3 and phenylisocyanate in CH2Cl2 with 55% yield.12 Reaction of urea 5, phloroglucinol, 

formaldehyde and catalytic amount of acetic acid in EtOH, following aforementioned protocol 

provided tripodal urea 2 in 63% yield (for 1H and 13C-NMR spectrum, see Appendix 3B.8 and 

3B.9 respectively). 
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Scheme 3B.1: Synthesis of tripodal receptors 1‒2. 

3B.2.2. Binding Study 

The Cl‒ binding with tripodal receptors 1-2 were evaluated by 1H-NMR spectroscopy in DMSO-

d6.
13 Upon addition of tetrabutylammonium chloride (TBACl), a significant downfield shift (δ ~ 

0.8 ppm) of NH signals were observed for urea receptor 2 while corresponding change for amide 

receptor 1 was negligible (Figure 3B.5). Job plot analysis14 for compound 2 provided 1:1 (host : 

guest) stoichiometry (Figure 3B.3B) and subsequently the stability constant15 = 335 M‒1 was 

determined (Figure 3B.2) by fitting in the 1:1 model of WineQNMR program (Appendix 3B.5). 

 

Figure 3B.2: Stack plot of 1H-NMR (DMSO-d6) of 2 upon addition of increasing amounts of TBACl. 
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Figure 3B.3: A) Shift of the NH protons of 2 upon addition of TBACl, TBABr and TBAI in DMSO-d6 

and B) Job plot of receptor 2 (L) with TBACl in DMSO-d6. 

However, very weak and negligible binding were observed for 2 with TBABr (Appendix 3B.3) 

and TBAI (Appendix 3B.4), respectively (Figure 3B.3A). For receptor 1, the binding constant with 

chloride could not be determined because of insignificant change observed for the NH proton 

(Figure 3B.4). These results indicate much stronger bonding of tripodal compound 2 compared to 

1 with Cl‒ ion due to presence of higher number of hydrogen-bond donor groups in this system. 

 

Figure 3B.4: Stack plot of 1H-NMR (DMSO-d6) of 1 upon addition of increasing amounts of TBACl. 
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Figure 3B.5: Shift of the NH protons of receptors 1 and 2 upon addition of TBACl in DMSO-d6. 

3B.2.3. Ion Transport Activity Study 

Ion transport properties of compounds 1 and 2 across large unilamellar vesicles (LUVs), prepared 

from egg yolk phosphatidylcholine (EYPC) lipid with encapsulated with pH sensitive fluorescent 

dye 8-hydroxypyrene-1,3,6-trisulfonate (HPTS),5a, 16 were determined by applying a pH gradient, 

ΔpH = 0.8 (pHin = 7.0 and pHout = 7.8). Upon the addition of each compound, the transport activity 

was measured through the collapse of the applied pH gradient i.e. via either H+ efflux or OH− 

influx. Ion transport activity of receptor 2 was found to be superior compared to the receptor 1 

(Figure 3B.6A). Concentration dependent ion transport ability of 2 (Figure 3B.6B) provided EC50 

= 8.2 μM and Hill coefficient n = 1.4 (Figure 3B.6C) when dose-response analysis was carried out 

from concentration dependent assay by taking normalized values at t = 10 s. These data indicated 

that one molecule of 2 is involved in the active structure formation. For receptor 1, the Hill 

coefficient could not be obtained due to its low activity. 

 
Figure 3B.6: A) Comparison of ion tansport activity for receptors 1‒2, B) concentration profile of receptor 

2, presented as a function of time with their normalized emission intensity IF and C) representation of Hill 

plot for tripodal receptor 2. 



Chapter 3B 

 

A. Roy  Page 3B.6 

 

Based on the aforementioned ion transport activity of receptor 2, its ability to discriminate 

among different ions was evaluated across EYPC-LUVs with entrapped HPTS.17 Replacement of 

the extravesicular NaCl with iso-osmolar MCl (M+ = Li+, K+, Rb+, and Cs+) did not cause any 

significant change in the transport activity of 2 (Figure 3B.7A). However, the changes provoked 

by different iso-osmolar extravesicular anions NaA (A‒ = Cl‒, Br‒, I‒, NO3
‒, SCN‒, and ClO4

‒) 

exchange were clearly stronger (Figure 3B.7B) with the selectivity sequence, Cl‒ > NO3
‒ > Br‒ > 

I‒ > SCN‒ > ClO4
‒. The observed selectivity sequence for anion could be outcome of several 

processes such as (1) either OH‒/Cl‒ exchange or H+/Cl‒ co-transport due to pH gradient; (2) either 

Cl‒/A‒ exchange induced by anion gradient, followed by OH‒/A‒ exchange or H+/A‒ co-transport 

encouraged by pH gradient, and (3) either OH-/A‒ exchange or H+/A‒ co-transport against pH 

gradient. In order to determine the correct mechanism, ion transport studies were done with 

identical intravesicular and extravesicular buffer solution by varying only the anions (Figure 

3B.7C). The observed data suggests same selectivity sequence (Cl‒ > NO3
‒ > Br‒ > I‒ > SCN‒ > 

ClO4
‒) ruling out all other possibilities, and establishing OH‒/A‒ exchange as the primary transport 

mechanism. 

 

Figure 3B.7: Effect of extravesicular A) cations and B) anions on ion transport by 2 and C) anion selectivity 

of compound 2 was determined with identical intravesicular and extravesicular anions A− across EYPC-

LUVs with entrapped HPTS. 

To gain additional evidence of Cl‒ selectivity of tripodal transporter 2, Cl‒ leakage studies 

were performed across EYPC-LUVs with entrapped lucigenin dye.6c, 18 With iso-osmolar 

intravesicular and extravesicular NaNO3 (200 mM), an external pulse of NaCl (25 mM) was 

applied. The influx of Cl‒ upon addition of compound 2 was monitored through the decay in 
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lucigenin fluorescence. The concentration dependent activity profile of compound 2 (Figure 

3B.8A) provided the initial rate IR = 0.026 s‒1 and half-life t1/2 = 57 s indicating fast Cl‒ transport 

by compound 2 (14 μM). Replacement of extravesicular NaCl with MCl (M+ = Li+, Na+, K+, Rb+ 

and Cs+) resulted in no significant change in Cl‒ influx rate (Figure 3B.8B) suggesting that the 

M+/Cl− symport mechanism is not operative during the ion transport by compound 2. To 

understand the effect of anions, LUVs prepared with NaCl (200 mM) were dispersed in NaX (200 

mM, X− = NO3
−, HCO3

−, and SO4
2−) and 2 was added. In this study, clear changes in the Cl− rates 

were observed (Figure 3B.8C). The resulting trend of anion influx confirms the Cl−/X− antiport as 

the main transport mechanism working during the ion transport by compound 2. 

 

Figure 3B.8: A) Cl− Influx by 2 across EYPC-LUVs with entrapped lucigenin, B) effect of extravesicular 

cations on Cl− influx by 2 and C) effect of extravesicular anions on Cl− efflux by 2. 

The Cl− transport by tripodal compound 2 was further studied in presence of valinomycin, 

an efficient K+ carrier.19 LUVs were prepared from EYPC with entrapped lucigenin (1 mM), iso-

osmolar intra- and extravesicular NaNO3 (200 mM). Subsequently, an extravesicular KCl (25 mM) 

pulse was applied prior to each experiment. Addition of valinomycin (100 nM) did not show any 

quenching of lucigenin fluorescence. However the receptor 2 (10 µM), in the presence of 

valinomycin (100 nM), exhibited significant quenching of lucigenin fluorescence as compared to 

quenching caused by 2 (10 µM) alone (Figure 3B.9A). These results further support that receptor 

2 is an effective antiporter of anions. Evidence of the mobile carrier mechanism was derived from 

U-tube experiment using chloroform as an organic phase separating two aqueous phases, one 

containing the chloride salt and other with nitrate salt. Significant chloride transport through the 
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U-tube was monitored for 6 days with chloride selective electrode and obtained data indicated that 

2 can operate via mobile carrier mechanism (Figure 3B.9B). 

 

Figure 3B.9: A) Cl− transport assay by lucigenin assay with valinomycin for 2 and B) Cl− concentration in 

the aqueous receiving phase of U-tube experiments for 2 and without addition of compound and 

3B.2.4. Mass Spectrometric Studies 

The direct experimental evidence of affinity for Cl− ion of compound 2 was established by 

Electrospray Ionization Mass Spectrometric (ESI-MS) studies in the negative mode. In this  

 

Figure 3B.10: ESI-MS spectrum recorded from of 1:1 molar mixture of receptor 2 and Me4NCl prepared 

in acetonitrile. 
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experiment, solutions of 2 (10 µM) in acetonitrile, was mixed (in 1:3, 1:2, 1:1, 2:1, 3:1 molar 

ratios) and ESI-MS was recorded. Each set showed m/z = 914.3359 which corresponds to the 

adduct 2+Cl− confirming 1:1 Cl− binding (Figure 3B.10). 

3B.2.5. Molecular Dynamics Simulation Study 

To determine the Cl− bound structure of the molecule, the molecule was initially optimized 

along with a Cl− ion using semi-empirical PM6 method20 in Gaussian 09 program package.21 The 

optimized structure was then inserted inside a pre-equilibrated 1,2-dipalmitoyl-sn-phosphocholine 

(DPPC)/water lipid bilayer system. Initially position restraint was applied to the molecule and Cl− 

ion, and the system was equilibrated for 1 ns at constant temperature and pressure. Then the 

restraint was removed and a 5 ns long simulation was carried out at same conditions. From 

analyzing the last 1 ns of the 5 ns trajectory we found that the Cl− remained bound to the molecule 

with an average of five water molecules within 4 Å of the ion. The overall structure of the 

simulation box is shown in Figure 3B.11A. From cluster analysis of the 1 ns trajectory, the Cl−  

 

Figure 3B.11: A) The simulation box with the Cl− (green sphere) bound molecule (shown in stick model) 

inserted inside DPPC lipid bilayer (gray lines). The water molecules are shown in ball and stick model with 

red and white. The Cl− bound structure of 2 along with the H-bonded water molecules with B) side view 

and C) top view obtained from the MD simulation. 
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bound structure is obtained where water molecules were found to form H-bonds with the Cl− ion. 

The water molecules also form H-bonded network, supported by the H-bonding with N-H, C=O, 

and aromatic ring of molecule (Figure 3B.11B and 3B.11C). All calculatons were carried out by 

our collaborator Arnab Mukherjee and co-workers. 

3B.3. Conclusion 

In conclusion, we have developed new class of tripodal tris-amide and tris-urea based receptors 

which can mediate Cl‒ transport across large unilamellar vesicles. These receptors were designed 

on a benzoxazine core, and synthesized in one-pot through the Mannich aminomethylation and a 

sequential ring closure condensation for connecting each arm. 1H-NMR titrations in DMSO-d6 

revealed that the tris-urea is better as Cl‒ ion binding receptor in comparison to the tris-amide 

derivative, and it also forms a 1:1 complex with the ion. Importantly, it was found that the tris-

urea compound is also a more effective anion carrier with selectivity sequence: Cl‒ > NO3
‒ > Br‒ 

> I‒ > SCN‒ > ClO4
‒, and the antiport mechanism during anion transport was also established. 

Molecular dynamics simulation suggests that the Cl− ion binds to the polar cavity of the receptor 

assisted by hydrogen bonding from a few water molecules, which in turn forms hydrogen bonding 

to the polar groups of the receptor and among themselves. 

3B.4. Experimental Section 

General Methods: All the reagents and fluorescent dyes including HPTS and lucigenin were 

purchased from commercial suppliers and used as received unless stated otherwise. All chemical 

reactions were performed under the nitrogen atmosphere. Solvents were dried by standard methods 

prior to use or purchased as dry grade solvents. Thin-layer chromatography (TLC) was carried out 

on aluminium sheets coated with E. Merck silica gel 60-F254 and silica gel column chromatography 

was performed over silica gel (100-200 mesh) obtained from commercial suppliers. EYPC (Egg 

yolk phosphatidylcholine) was purchased from Avanti Polar Lipids as a solution in chloroform (25 

mg/mL). HEPES buffer, Triton X-100, NaOH and all inorganic molecular biology grade salts were 

purchased from Sigma-Aldrich. Gel filtration chromatography was performed on a column of 

Sephadex G-50 with respective buffer solution or salt solution. Large unilamellar vesicles (LUV) 

were prepared by using mini extruder, equipped with a polycarbonate membrane of 100 nm (for 
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HPTS assay) or 200 nm (for lucigenin assay) pore size as per requirement, obtained from Avanti 

Polar Lipids. 

Physical Measurements All 1H- and 13C-NMR spectra were recorded on 400 MHz Jeol ECS-400 

or Bruker AMX-400 (or 100 MHz for 13C) spectrometers using residual solvent signals as an 

internal reference on the δ scale relative to chloroform (δ 7.26), methanol (δ 3.31) and 

dimethylsulphoxide (δ 2.5 ppm) for 1H-NMR and dimethylsulphoxide (δ 49.0 ppm) for 13C-NMR. 

The chemical shifts (δ) are reported in ppm and coupling constants (J) are in Hz. The following 

abbreviations are used to explain the observed multiplicities: s (singlet), d (doublet) t (triplet) and 

m (multiplet). High-resolution mass spectra were obtained from by using a Bruker MicrOTOF-Q 

II XL spectrometer. Fluorescence spectra were recorded by using Fluoromax-4 from Jobin Yvon 

Edison equipped with a magnetic stirrer and an injector port. The pH of the buffer solution used 

for fluorescence experiment was adjusted by using NaOH with Helmer pH meter. FT-IR spectra 

were obtained using NICOLET 6700 FT-IR spectrophotometer as KBr disc and were reported in 

cm-1.All melting points were measured in open glass capillary using a VEEGO Melting point and 

values are uncorrected. All data of fluorescence studies were normalised and processed by 

KaleidaGraph and Origin 8.5 softwares. 

Synthesis Procedure: 

Synthesis of N-(4-aminophenyl)benzamide 4: 

 

Scheme 3B.2: Synthesis of compound 4. 

Compound 4 was prepared using reported procedure.22 In a 25 mL round bottom flask p-

phenylenediamine 3 (200 mg, 1.85 mmol) was dissolved in dry CH2Cl2 (5 mL) and Et3N (258 µL, 

1.85 mmol) was added to it and then reaction mixture was cooled to 0 oC. Benzoyl chloride (271 

µL, 1.48 mmol) dissolved in dry CH2Cl2 (5 mL) was added to the reaction mixture dropwise and 

stirred overnight. Reaction was monitored by thin layer chromatography (TLC). After completion 

of reaction, solvent was evaporated from the reaction mixture and obtained brown crude solid was 

purified by flash column chromatography (2% MeOH/CHCl3) to afford light brown solid 

compound 4. Yield: 172 mg (55%). Obtained 1H-NMR data is matching with reported data. 
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Synthesis of N,N',N''-((2H,6H,10H-benzo[1,2-e:3,4-e':5,6-e'']tris([1,3]oxazine)-

3,7,11(4H,8H,12H)-triyl)tris(benzene-4,1-diyl))tribenzamide 1: 

 

Scheme 3B.3: Synthesis of receptor 1. 

In a 25 mL round bottom flask, a mixture of phloroglucinol (14 mg, 0.12 mmol) and 37% aqueous 

formaldehyde solution (57 µL, 0.72 mmol) was dissolved in EtOH (2 mL). Compound 4 (75 mg, 

0.36 mmol) was dissolved in EtOH (2 mL) in another round bottom flask and was added to the 

reaction mixture slowly at room temperature and subsequently glacial acetic acid (70 µL) was 

added. The reaction mixture was stirred for 12 h at room temperature. Reaction TLC was 

monitored with time with consumption of starting amine 4. Precipitation was observed with due 

course of time in the reaction mixture. The solid precipitate was isolated by a simple filtration 

followed by washing with water, MeOH and finally with Et2O. Obtained solid compound 1 was 

dried over vacuum (70 mg, 70%) as yellow solid. M.p.: 130 – 131 oC; IR (KBr): /cm-1: 3328, 

2908, 1655, 1601, 1533, 1457, 1408, 1316, 1254, 1083, 1001; 1H-NMR (400 MHz, DMSO-d6): 

δ 10.08 (s, 1H), 7.90 (d, J = 7.2 Hz, 2H), 7.48 ‒ 7.62 (m, 5H), 7.07 (d, J = 8.8 Hz, 2H), 5.41 (s, 

2H), 4.38(s, 2H); 13C-NMR (100 MHz, DMSO-d6): δ 165.1, 149.6, 144.1, 134.9, 132.5, 131.3, 

128.3, 128.5, 121.6, 117.7, 100.5, 79.1, 44.8; HRMS (ESI): Calcd. C51H42N6O6 [M+H]+: 

835.3238; Found: 835.3248. 

Synthesis of 1-(4-aminophenyl)-3-phenylurea 5: 

 

Scheme 3B.4: Synthesis of compound 5. 

Compound 5 was prepared using reported protocol.12 In a 25 mL round bottom flask p-

Phenylenediamine 3 (200 mg, 1.85 mmol) was dissolved in dry CH2Cl2 (5 mL) and 
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phenylisocyanate (222 µL, 2.03 mmol) dissolved in dry CH2Cl2 (5 mL) was added to the reaction 

mixture dropwise and stirred for 2 h at room temperature. After completion of reaction, solid 

compound was isolated through simple filtration and washed with CH2Cl2 and finally with pentane 

to afford white solid compound 5. Yield: 210 mg (55%). Obtained 1H-NMR data is matching with 

reported data. 

Synthesis of 1,1',1''-((2H,6H,10H-benzo[1,2-e:3,4-e':5,6-e'']tris([1,3]oxazine)-

3,7,11(4H,8H,12H)-triyl)tris(benzene-4,1-diyl))tris(3-phenylurea) 2: 

 

Scheme 3B.5: Synthesis of compound 2. 

In a 25 mL round bottom flask, a mixture of phloroglucinol (6.8 mg, 0.05 mmol) and 37% aqueous 

formaldehyde solution (26.4 µL, 0.32 mmol) was dissolved in EtOH (2 mL). Compound 5 (37 mg, 

0.16 mmol) was dissolved in EtOH (2 mL) in another round bottom flask and was added to the 

reaction mixture slowly at room temperature and subsequently glacial acetic acid (40 µL) was 

added. The reaction mixture was stirred for 12 h at room temperature. Reaction TLC was 

monitored with time with consumption of starting amine 5. Precipitation was observed with due 

course of time in the reaction mixture. The solid precipitation was isolated by a simple filtration 

followed by washing with water, MeOH and finally with Et2O. Obtained solid compound 2 was 

dried over vacuum (30 mg, 63%) as light yellow solid. M.p.: > 300 oC; IR (KBr): /cm-1: 3320, 

2850, 1667, 1602, 1552, 1504, 1441, 1377, 1309, 1219, 1070; 1H-NMR (400 MHz, DMSO-d6): 

δ 8.54 (s, 1H), 8.44 (s, 1H), 7.40 (d, J = 7.6 Hz, 2H), 7.28 (d, J = 9.2 Hz, 2H), 7.22 (t, J = 8.4 Hz, 

2H), 7.01 (d, J = 9.2 Hz, 2H), 6.90 (t, J = 7.2 Hz, 1H), 5.35 (s, 2H), 4.33 (s, 2H); 13C-NMR (100 

MHz, DMSO-d6): δ 152.6, 149.6, 142.9, 139.8, 133.22, 128.7, 121.6, 119.6, 118.3, 118.0, 100.4, 

79.3, 45.0; HRMS (ESI): Calcd. C51H45N9O6 [M+H]+: 880.3568; Found: 880.3564. 
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Anion Binding by 1H-NMR Titrations 

1H-NMR titrations for receptor 1: 1H-NMR titration was carried out by successive addition of 

TBACl (from 300 mM stock) directly to the NMR tube containing receptor 1 (5 mM) in DMSO-

d6. The amide N-H of receptor 1 at δ = 10.08 ppm was monitored and no significant change was 

observed with increasing concentration of TBACl (Figure 3B.4), TBABr (Appendix 3B.1), TBAI 

(Appendix 3B.2). 

1H-NMR titrations for receptor 2: 1H-NMR titration was carried out by successive addition of 

TBACl (from 300 mM stock) directly to the NMR tube containing receptor 2 (5 mM) in DMSO-

d6. The 1H-NMR signal of urea N-H for receptor 2 at δ = 8.54 ppm and 8.44 ppm were monitored 

and significant change of urea N-H was observed with increasing concentration of TBACl (Figure 

3B.2). A very minor change in urea N-H signal was observed for TBABr (Appendix 3B.3) and no 

significant change was observed for TBAI (Appendix 3B.4). 

Job plot from continuous variation method: In order to determine the binding stoichiometry of 

the complex, a Job plot experiment was performed by the 1H-NMR studies of the receptor with 

varying amount of chloride anion.14 Each stock solution of receptor (5 mM) and TBA+Cl– (5 mM) 

was prepared in DMSO-d6 at 25 °C. Ten NMR samples (500 µL) were prepared with different 

proportions of the receptor (L) and chloride solution so that the total concentration of for each 

sample should be 2.5 mM. The change in the NMR signals of one of urea N‒H at δ = 8.436 ppm 

with the mole fraction of chloride is listed in Table 3B.1. The Job plot, shown in Figure 3B.3B, 

was obtained plotting δ([L]/ ([L] + [Cl¯])) with ([L]/ ([L] + [Cl¯])), indicating a 1:1 complex 

stoichiometry. 

Table 3B.1: Data for the Job plot performed by continuous variation method in DMSO-d6. 

 TBACl 

(µL) 

L 

(µL) 

TBACl 

(mM) 

L (mM) [L]/([Cl‒]+[L]) δ (ppm) δ 

(ppm) 

Y 

Axis 

1 450 50 2.025 0.225 0.1 8.605 0.169 0.0169 

2 400 100 1.8 0.45 0.2 8.581 0.145 0.029 

3 350 150 1.575 0.675 0.3 8.56 0.124 0.0372 

4 300 200 1.35 0.9 0.4 8.54 0.104 0.0416 

5 250 250 1.125 1.125 0.5 8.528 0.092 0.046 

6 200 300 0.9 1.35 0.6 8.509 0.073 0.0438 

7 150 350 0.675 1.575 0.7 8.497 0.061 0.0427 

8 100 400 0.45 1.8 0.8 8.482 0.046 0.0368 
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9 50 450 0.225 2.025 0.9 8.455 0.019 0.0171 

10 0 500 0 2.25 1 8.436 0 0 

 

Determination of ion transport activity by HPTS Assay: 23 

HEPES buffer, HPTS and stock solution preparation: Same protocol as discussed in Chapter 

3A. Stock solutions of all molecules were prepared either by dissolving in HPLC grade DMSO 

(for HPTS assay) or DMF (for lucigenin Assay). 

Preparation of EYPC-LUVsHPTS: Same protocol as discussed in Chapter 3A. 

Description of the ion transport activity assay: Same protocol as discussed in Chapter 3A.  

The time axis was normalized according to Equation 1: 

     t = t  100     (Equation 1) 

The time of tripodal receptor addition can be normalized to t = 0 s and time of Triton-X 100 

addition was normalized to t = 150 s.  

Time courses (Ft) were normalized to fractional emission intensity IF using Equation 2. 

% Fl Intensity (IF) = [(Ft - F0) / (F- F0)]  100   (Equation 2) 

Where F0 = Fluorescence intensity just before the tripodal molecule addition (at 0 s). F = 

Fluorescence intensity at saturation after complete leakage (at 275 s). Ft = Fluorescence intensity 

at time t. Concentration dependent experiment was carried out by increasing concentration of 

receptors. Addition of receptor 1 (30 µM) did not show any significant increment in HPTS 

fluorescence however receptor 2 displayed strong ion transport activity in a concentration 

dependent manner. 

The concentration profile data were further analyzed by Hill equation to get the Effective 

concentration (EC50) and Hill coefficient (n) discussed in Chapter 3A. 

Determination of ion Selectivity by HPTS assay: 

Preparation of EYPC-LUVs⊃HPTS for cation selectivity: As described in Chapter 3A. 

Preparation of EYPC-LUVs⊃HPTS for Anion Selectivity: As described in Chapter 3A. 

Anion Selectivity Assay with Varied Extravesicular Buffer Solutions: Same as Chapter 3A. 

Preparation of EYPC-LUVs⊃HPTS for Anion Selectivity with Identical Intravesicular and 

Extravesicular Buffer Solutions: Six different vesicles with six different buffers 10 mM HEPES, 

100 mM NaX, at pH = 7.0; where, X− = Cl− Br−, I−, NO3
−, SCN−, and ClO4

−) were prepared 

following same protocol as described in Chapter 3A. 
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Anion Selectivity Assay with Identical Intravesicular and Extravesicular Buffer Solutions: 

In a clean and dry fluorescence cuvette 1975 μL of HEPES buffer (10 mM HEPES, 100 mM NaX, 

at pH = 7.0; where, X− = Cl− Br−, I−, NO3
−, SCN− and ClO4

−) was added followed by addition of 

25 μL of EYPC-LUVs⊃HPTS vesicle containing same salt in slowly stirring condition by a 

magnetic stirrer equipped with the fluorescence instrument (at t = 0 s). HPTS fluorescence 

emission intensity (Ft) was monitored with time at λem = 510 nm (λex = 450 nm). 20 μL of 0.5 M 

NaOH was added to the cuvette at t = 20 s to make the pH gradient between the intra and extra 

vesicular system. The transporter 2 was added at t = 100 s and at t = 250 s, of 10% Triton X-100 

(25 μL) was added to lyze all vesicles for complete destruction of pH gradient (Figure 3B.7C). 

For data analysis and comparison, time (X-axis) was normalized between the point of transporter 

addition (i.e. t = 100 s was normalized to t = 0 s) and end point of experiment (i.e. t = 250 s was 

normalized to t = 150 s). 

Determination of chloride ion selectivity by lucigenin assay: 18b,13a 

Preparation of EYPC-LUVsLucigenin for concentration dependent assay and symport 

assay and preparation of EYPC-LUVsLucigenin for antiport study: Same as Chapter 3A. 

U-tube Experiment: U-tube experiment was carried out to discriminate the mechanism of 

chloride transport via channel or mobile carrier. In this experiment bulk organic phase behaves as 

a substitution of lipid bilayer and under such assay condition transport via channel is impossible. 

Tripodal receptor 2 was dissolved in chloroform (1 mM) with few drops of DMSO (due to 

solubility issue) and 1 mM TBA+PF6
− to provide the counterions during transport and this organic 

solution (15 mL) was placed between two aqueous phases (7.5 mL each) as a membrane model 

mimicking a vesicle assay. The source aqueous phase was loaded with sodium chloride (500 mM, 

pH 7.0 with 5 mM sodium phosphate salts) and the receiving aqueous phase was loaded with 

sodium nitrate (500 mM, pH 7.0 with 5 mM sodium phosphate salts). Chloride transport at the 

receiving end was monitored for 6 days using a chloride selective electrode and obtained data 

showed an increase in chloride concentration in the receiving phase over time. A control 

experiment was carried out with neat chloroform containing TBA+PF6
− (1 mM) and no change of 

chloride concentration was observed with time. These results support that mobile carrier 

mechanism is the mode of chloride transport. 

Mass Spectrometric Studies for Anion Recognition: In this experiment, both compound 2 and 

tetramethylammoniumchloride (TMACl) were prepared in acetonitrile and mixed in 1:3, 1:2, 1:1, 
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2:1, 3:1 molar ratio and formation of complex was monitored by Electrospray Ionization Mass 

Spectrometric (ESI-MS) studies in negative mode. The samples were electrosprayed as 10 μM 

solutions of compound 2 and (TMACl) in acetonitrile at flow rate of 0.4 mL/min. A constant spray 

and highest intensities were achieved with a capillary voltage of 3000 V at a source temperature 

of 80 °C. The parameters for sample cone (40 V) and extractor cone voltage (5 V) were set for 

maximum intensities of the desired complexes. From the all ESI-MS spectrum data, only one 

intense signal corresponding to [M+Cl]− was observed (where, M = exact molecular weight of 2) 

which further supports 1:1 chloride binding with compound 2. Here only one data has been 

included as all of them showed same mass value. 

Simulation Details: To determine the Cl− bound structure of the molecule, the molecule was 

initially optimized along with a Cl− ion using semi-empirical PM6 method20 in Gaussian 09 

program package.21 The optimized structure was inserted in a box of 95 DPPC molecules. 2972 

water molecules were added to solvate the system along with an additional Na+ ion to 

neutralization. SPC model24 was taken for water and GROMOS-53a6 united atom force field25 

was used for DPPC molecules. The automated topology builder created by Malde, et al.26 has been 

used to create the all atom topology parameters of the molecule with GROMOS-53a6 force field. 

Initially the system was energy minimized using steepest descent method27 for 10000 steps with 

position restraint on the heavy atoms of the molecule and the Cl− ion. This was followed by 

equilibration for 1 ns at constant 300 K temperature and 1 bar pressure using Nosé-Hoover 

thermostat28-29 and Parrinello-Rahman barostat30 with a coupling constant of 0.4 ps for each. PME 

electrostatics31 was used for electrostatic interactions using a 10 Å cut-off and the Van der Waals 

cut-off was set at 10 Å. The simulation box was found to be 5.63 × 5.63 × 6.87 nm3 in size after 

the equilibration step. A final 5 ns molecular dynamics simulation at constant 300 K temperature 

and 1bar pressure was carried out with similar treatment of temperature, electrostatics and vdW as 

in equilibration process. The last 1 ns of this 5 ns trajectory has been used to generate the Cl− 

bound structure. The overall structure of the system is shown in Figure 3B.10. 
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3B.5. Appendix Section 

 

Appendix 3B.1: Stack plot of 1H-NMR (DMSO-d6) of 1 upon addition of increasing amounts of TBABr. 

 

Appendix 3B.2: Stack plot of 1H-NMR (DMSO-d6) of 1 upon addition of increasing amounts of TBAI. 
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Appendix 3B.3: Stack plot of 1H-NMR (DMSO-d6) of 2 upon addition of increasing amounts of TBABr. 

 

Appendix 3B.4: Stack plot of 1H-NMR (DMSO-d6) of 2 upon addition of increasing amounts of TBAI. 
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Appendix 3B.5: Plot of concentration of TBACl verses δ fitted to 1:1 binding model of WinEQNMR2 

program for receptor 2. 

 

Appendix 3B.6: 1H-NMR spectrum of receptor 1 in DMSO-d6. 
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Appendix 3B.7: 13C-NMR spectrum of receptor 1 in DMSO-d6. 

 

Appendix 3B.8: 1H-NMR spectrum of receptor 2 in DMSO-d6. 
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Appendix 3B.9: 13C-NMR spectrum of receptor 2 in DMSO-d6. 
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4.1. Introduction 

Natural ion channel and pore proteins are key components of cells due to their potential ability to 

regulate the flow of charged species and molecules across the cell membranes. They have crucial 

role for numerous fundamental physiological processes in human body such as controlling 

membrane excitability, maintaining intracellular pH, cell proliferation, hormone secretion, 

transepithelial transport, signal transduction, osmolyte homeostasis and waste removal.1 The 

complicated molecular structures and ion transport mechanism of natural ion channel proteins have 

compelled chemist to develop synthetic ion channel for the permeation of charged species and 

small organic molecule across lipid bilayer. Thus, mimicking the action of natural ion channels 

using synthetic ion transport system may enhance the understanding of mechanism of transporting 

biological ion channels but also open potential applications in channelopathies. Among various 

anions, chloride is one of the essential anion in biological systems. Misregulation of chloride 

transport is responsible for many severe human diseases, including cystic fibrosis, nephrolithiasis, 

myotonia, and Dravet syndrome. There is considerable interest in designing and developing ion 

transport machinery for selective transport of chloride that operate efficiently in lipid bilayer 

membranes to understand the fundamental mechanism of action of biological ion channels but 

most of them have relatively complex molecular structure, high molecular weight, lower water 

solubility which limit their application in drug discovery. Therefore, it remains an intriguing 

challenge to develop synthetic systems that can mimic biological functions of natural chloride 

channels. 

There has been enduring interest in the development of smart transport mechanisms to 

achieve controlled ion transport across lipid membranes.2 The design of synthetic ion channels 

which respond towards specific external stimuli, such as pH gradients, ligand, voltage, light has 

gained significant attention recently.3 The advantages of these reversible ion channels are to 

achieve controlled and selective ion transport through bilayer membrane. Indeed, among all these 

gated ion channel, light-responsive ion channels are fascinating due to their high degree of 

reproducibility and temporal control with potential applications in environmental monitoring, 

nanomedicines and biosensing devices. Many synthetic ion channels, reported so far are 

constructed by forming active structure either with single molecule or self-assembly of repeating 

units. Typical supramolecular architectures of the synthetic ion channels are based on crown 
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ethers, cyclodextrins, cyclic peptides, aromatic macrocycles etc. scaffolds. Talukdar et. al. 

reported a ligand-gated synthetic based on dialkoxynaphthalene (DAN) donors and 

naphthalenediimide (NDI) acceptors.4 Anion transport activity across lipid bilayer could be 

improved as compared to cation transport activity by opening of the ion channel when trans-isomer 

was converted to cis-isomer in presence of light. Liu et. al. described one more example of light-

controlled self-assembled ion channels based on structurally simple azobenzene-based 

amphiphilic small molecules, where both the isomers form active ion channels with individual 

conduction properties.3g Also few light-stimulated chloride ion carriers have been reported 

recently.5 Such artificial ion transporters of simple structure with gating activity offers a new open 

up to comprehend the complex transport phenomena and complex fabrication of natural ion 

channels. 

In this study, design and syntheses of quite a few pairs of malemide (cis-isomer) derivatives 

(1a-5a) and fumaramide (trans-isomer) derivatives (1b-5b) comprising of photo-sensitive alkene 

core, amide moiety and different short aliphatic chains (n-butyl, n-hexyl and cyclohexyl group) to 

maintain amphiphilicity in the bilayer membrane structure have been described. P. Talukdar and 

co-workers reported better channel formation in case of cyclohexyl protected mannitol due to the 

network of strong hydrogen bonding interactions and van der Waals interactions of cyclohexyl 

rings.6 However, isopropyl protected mannitol has very week ion transport activity due to its less 

hydrophobic nature and missing van der Waals interactions of the cyclohexyl rings. With this idea, 

we introduced two pairs of malemide and fumaramide derivatives with two amines i.e. 4c and 5c. 

It was anticipated that the trans-derivatives would get stacked together to form an extended sheet 

type structures by self-assembly through intramolecular hydrogen bonding of amide N-H of one 

molecule to carbonyl group of another molecule of next layer and alkyl groups provide 

hydrophobic interactions with the membrane. The formation of sheet-like assembly was indicated 

earlier by Zerbetto and co-workers.7 In bilayer membrane, these supramolecular sheets (either 

three or four) would arrange to form active supramolecular barrel rosette ion channel structure 

with hydrophilic interior and hydrophobic exterior. However, it is known from literature that cis-

derivatives form seven membered ring through intramolecular hydrogen bonding and hence would 

not give any self-assembled structure.8 Thus, only trans-derivatives will exhibit potential ion 

channel activity and cis-derivatives will be inactive or less active due to lack of formation of self-
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assembled structure. All cis-derivatives can be converted to trans-derivatives upon irradiation of 

visible light and so these trans-derivatives can display photo-switchable ion transport activity and 

light-gated ion channel activity could be observed. 

 

Figure 4.1: Structure of designed malemide derivatives (1a-5a) and fumaramide derivatives (1b-5b) and 

probable mode of self-assembly for the channel formation. 

4.2. Results and Discussions 

4.2.1. Synthesis 

All malemide derivatives (1a-5a) commenced with the coupling reaction of maleic acid 6 

and appropriate amines (1c-5c) in presence of EDC.HCl and HOBT in THF solvent to afford 

product with 46% to 100% yield. The syntheses of all fumaramide derivatives (1b-5b) were carried 

out with fumaryl chloride 7 and appropriate amines (1c-5c) in presence of triethylamine and 

acetonitrile solvent. All trans-products were obtained as white solid with yield ranging from 53% 

to 95 % yield. All compounds were characterized by 1H-NMR, 13C-NMR, HRMS, IR and melting 

points. Crystal structures of compounds 2b, 3a and 3b were obtained from mixture of 

MeOH/CHCl3 (1:1) solvent system. Crystal structure of compound 2b indicated that they stack 

together to form a flat ribbon type structure (Appendix 4.2). Crystal structure of compound 3a 

indicated formation of seven membered ring through intramolecular hydrogen bonding (Appendix 

4.3). On the other hand, crystal structure of compound 3b showed one molecule interacts with 
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another molecule through intermolecular hydrogen bonding in a zigzag pattern (Appendix 4.4). 

Due to steric effect of cyclohexyl moiety (in chair conformation), the possibility of flat ribbon type 

self-assembly among them was less which was further evident from crystal structure. 

Scheme 4.1: Synthesis of A) malemide derivatives (1a-5a) and B) fumaramide derivatives (1b-5b). 

4.2.2. Ion Transport Activity 

The ability of transport ions across lipid bilayer membranes was evaluated by fluorescence 

leakage assay by using large unilamellar vesicles (LUVs) prepared from egg yolk 

phosphatidylcholine (EYPC) lyposomes by entrapping pH-sensitive fluorescent dye, 8-hydroxy-

1,3,6-pyrenetrisulfonate (HPTS).9 In this assay, a pH gradient of 0.8 unit was introduced across 

the vesicles (pHin = 7.0 and pHout = 7.8) by appling NaOH in the extravesicular solution. Upon 

addition of active tranporter molecules, a destruction of the applied pH gradient occurred via H+ 

ion exflux or OH ion influx leading to the increase of pH inside the vesicle. The activity was 

monitored by enhancement in the fluorescence intensity of HPTS (ex = 450 nm, em = 510 nm) 

of intravesicular pool. Finally, Triton-X was added to destruct the pH gradient for lyzing all 
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vesicles. Activity of compounds were evaluated at varied concentrations indicating concentration 

dependent responses during the transport process. The fractional activities (Y) at t = 200 s were 

plotted against respective concentrations and obtained dose-response curves were then subjected 

to Hill Analysis to obtain effective concentration to reach 50% maximum activity (EC50). Among 

all compounds, 3b displayed the highest activity compared to all other compounds with lowest 

 

Figure 4.2: Concentration profiles of A) compound 3a and B) compound 3b by varying concentration with 

EYPC-LUVsHPTS vesicles, C) representation of Hill plot for compound 3b from HPTS assay and D) 

EC50 values of three pairs of compounds. 

EC50 = 3.5 µM (Figure 4.2C). Ion transport activity for compounds 1a, 1b and 2a could not be 

determined due to formation of precipitate under assay condition at very low concentration. In case 

of all pairs, trans-isomer displayed better ion transport activity as compared to its cis-isomer as 

anticipated i.e. 3b (3.5 µM) > 3a (270 µM), 4b (179 µM) > 4a (408 µM) and 5b (44 µM) > 5a 
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(212 µM). These data indicates that trans-isomer with cyclohexyl moiety 3b has much better ion 

transport activity (77 fold) (Figure 4.2B) as compared to its cis-isomer 3a (Figure 4.2A) which 

consequently corroborates with our prediction. Therefore further studies were carried out with this 

pair of compounds. 

Ion transport activity of compound 3b stimulated us to study its ion selectivity and the 

mechanism of ion transport. At first, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone 

(FCCP), a proton transporter was used to evaluate which antiport mechanism H+/M+ (M+ = alkali 

metal cation) or OH−/X− (X− = monovalent anion) is predominating in the ion transport process.10 

In this assay, after application of pH gradient by NaOH, FCCP transport H+ ion selectively from 

the intravesicular solution to extravesicular solution. Concentration of FCCP was chosen to be 2.5 

M so that only FCCP exhibits negligible ion transport. On the contrary, the ion transport activity 

of compound 3b improved significantly in presence of FCCP (2.5 M) as compared to ion 

transport activity of compound 3b (3.5 M) alone, indicating the cooperative effect of FCCP and 

compound 3b. This data indicated that compound 3b does not transport H+ consequently, 

supporting to the X−/OH− antiport as the operating mechanism (Figure 4.3A). In the next stage, to 

compare preferential selectivity among OH− and Cl−; valinomycin was applied during HPTS 

assay.11 Valinomycin is a K+ selective carrier which transport K+ from extravesicular water pool 

to the interior of vesicles and simultaneous OH− and/or Cl− influx is expected to maintain the 

charge equality by compound. Valinomycin (2.5 pM) alone showed very insignificant ion transport 

activity. Fluorescence intensity enhancement was monitored in presence and absence of 

valinomycin with compound 3b (3.5 M) and obtained data displayed similar ion transport rate in 

both cases indicating preferential transport of Cl− over OH− (i.e. a Cl− ˃ OH− selectivity) (Figure 

4.3B). Therefore from FCCP and valinomycin assay, it can be concluded that compound 3b acts 

as an OH−/Cl− exchanger with a faster rate of transport of Cl− compared to OH−. 
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Figure 4.3: A) Ion transport activity of compound 3b (3.5 M) determined in the absence and in the 

presence of FCCP. B) Ion transport activity of compound 3b (3.5 M) determined in the absence and in 

the presence of valinomycin. 

In the next stage, ion selectivity of ion channel formed by compound 3b was evaluated 

across EYPC-LUVs with entrapped HPTS in the presence of intravesicular NaCl salt. All 

experiments were performed with the concentration at EC50 of a compound 3b. In case of cation 

selectivity assay (Figure 4.4A), extravesicular NaCl solution was replaced by iso-osmolar MCl 

(M+ = Li+, K+, Rb+, and Cs+) and variation of the external cations did not cause any significant 

differences in transport activity by compound 3b (3.5 M). However, substantial changes were 

observed when extravesicular anions NaX (X‒ = Cl‒, Br‒, I‒, NO3
‒, SCN‒, ClO4

‒) were varied. A 

selectivity topology, Cl− > Br− > SCN− > > ClO4
− > NO3

− > I− was observed after addition of 

compound 3b (3.5 M) which clearly demonstrated the involvement of anions in the transport 

process (Figure 4.4B). Among all anions, 3b displayed highest selectivity toward Cl‒ ion. 

Further Cl‒ selectivity was evaluated by lucigenin assay (Figure 4.4C). In this assay, 

transport of Cl‒ across LUVs (EYPC-LUVsLucigenin) can be monitored by quenching of 

lucigenin fluorescence (ex = 455 nm, em = 535 nm). The LUVs were encapsulated with NaNO3 

(225 mM) and lucigenin (1 mM) and were suspended in NaNO3 (225 mM) solution. During assay, 

NaCl (25 mM) was added to the extravesicular water pool, and quenching of fluorescence was 

observed after addition of transporters. Triton X was added at the end of experiment to destroy all 

the vesicles. Ion channel formed by compound 3b showed quenching of lucigenin fluorescence 

emission in a concentration dependent manner by promoting transport of Cl‒ into the vesicle and 
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NO3
‒ out of the vesicle which consequently provides direct proof of Cl− transport. Further, to 

quantify transport efficiency, half-life (t1/2) and initial rate (IR) of compound 3b (40 µM) was 

calculated and t1/2 = 121 s and IR = 0.67 s1 was obtained from lucigenin quenching plot. The Cl− 

transport activity was further studied by using same lucigenin vesicles in presence of valinomycin, 

an efficient K+ carrier (Figure 5B). In this assay, KCl (25 mM) pulse was applied at t = 20 s 

followed by addition of valinomycin (t = 50 s) and channel forming molecule 3b (t = 100 s) 

(Appendix 4.7). Valinomycin (100 nM) alone did not cause any quenching of lucigenin 

fluorescence. However, combination of compound 3b (70 µM) and valinomycin (100 nM) resulted 

significant quenching of lucigenin fluorescence. All these results further reconfirmed that receptor 

3b is an effective chloride transporter. 

 

Figure 4.4: A) Cation selectivity of 3b (3.5 µM) determined from HPTS assay with varied extravesicular 

cations M+, B) Anion selectivity of 3b (3.5 µM) determined with varied extravesicular anions X− with 

intravesicular Cl− ion and C) Chloride transport by compound 3b (0 ‒ 60 µM) by nitrate/chloride exchange. 

4.2.3. Light-induced Transport Activity 

Next, in order to investigate light-responsive ion channel formation and chloride transport, 

transport ability was examined before and after application of light of compound 3a using EYPC-

LUVs. In this experiment, ion transport activity for cis-isomer 3a (10 M) was checked and as 

expected, no substantial transport activity was observed at this concentration of compound 1c. 

Then compound 3a in CH3CN/CH3OH (1:1) solvent system was irradiated with 365 nm light for 

15 min at room temperature in presence of catalytic amount of bromine and ion transport activity 

across lipid bilayer was checked by HPTS assay. The presence of catalytic amount of bromine 
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initiates radical reaction which leads to isomerization of double bonds. As anticipated the 

converted trans-isomer, which was denoted by trans-1 in the figure 4.5, was found to transport 

ions almost equal proficiently as pure trans-isomer 3b. Therefore, light-responsive ion channel 

formation and ability to transport ion was established. Then, this converted trans-1 was irradiated 

with 290 nm light for 30 min at room temperature to obtain cis-isomer (cis-1) back in 

CH3CN/CH3OH (1:1) solvent system and ion transport activity was evaluated. The transport ability 

was significantly absent as a result of conversion of all trans-1 to cis-1. In similar way, we carried 

out three consecutive cycles and obtained data indicated switching on/off ion transport activity and 

about 95 % ion transport ability retained for trans-isomer after three cycles. 

 

Figure 4.5: A) Representation of light gated activity of compound 3a (10 µM) based on HPTS assay and 

B) representation of data for three complete cycles. 

4.2.4. Bilayer Lipid Membrane 

In the next stage, the incorporation of compound 3b in the lipid bilayer to form ion channel 

was investigated by bilayer lipid membrane (BLM) experiment.6, 12 In this experiment, two 

compartments (cis and trans chambers) containing KCl solution (1 M) were separated by a planar 

lipid bilayer composed of diphytanoylphosphatidylcholine (diPhyPC). When compound 3b (20 

M) was added to cis-chamber, distinct single channel opening and closing was realized at 

different holding potential, indicating formation of channel in the lipid bilayer. The single channel 
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conductance of this pore was determined to be 60.8±1 picoSiemens (pS) in 1 M KCl solution. 

Current–time traces are shown in Figure 4.6 for compound 3b at applied positive potential +100 

mV (Figure 4.6A) and as well as in negative potential −100 mV (Figure 4.6A). The diameter of 

the pore formed by compound 3b was also determined as 3.84 Å by same BLM experiment by + 

1/g = (l + πd/4)(4ρ/πd2) 

Where, g = corrected conductance (obtained by multiplying measured conductance with the 

Sansom’s correction factor), l = length of the ion channel (37 Å), and ρ = resistivity of the 1 M 

KCl solution (ρ = 9.47 Ω·cm). 

The diameter of unsolved Cl− is 3.6 Å which is close to the calculated pore size which consequently 

validating with the observed Cl− selectivity of the artificial ion channel formed by compound 3b. 

 

Figure 4.6: Single-channel current traces recorded A) at +100 mV and B) at −100 mV holding potentials 

in 1 M symmetrical KCl solution. 0 pA at the right-hand side indicates the baseline current. The main 

conductance state is indicated by two dotted lines. 

4.2.5. Molecular Modelling of Ion Channel 

In the next stage, to investigate the molecular image, formation of ion channel and origin 

of ion selectivity of the ion channel, we have proposed a model based on 8 layers of 4 molecules 

of compound 3b. Crystal structure of compound 3b indicated one molecule interacts with another 

molecule through intermolecular hydrogen bonding in a zigzag pattern (Appendix 4.4). Due to 

steric effect of cyclohexyl moiety (in chair conformation), the formation of flat ribbon type self-

assembly among them was less possible. Therefore, we proposed that 4 molecules will interact 

with each other by H-bonding to form a layer and about 8 layers (all layers are interconnected 

through H-bonding) are required to form a full channel across lipid bilayer. We have performed 



Chapter 4 

 

A. Roy  Page 4.11 

 

semi-empirical quantum calculations to understand the molecular level insight of the structure. We 

have optimized the presumed structure with MPOAC2012 software with PM6-DH+ method. We 

have taken the middle two layers to calculate the cavity size. The cavity is found to be 3.1 Å. We 

observed that the cavity is not exactly circular. Hence, we also calculated the major and the minor 

axes which turned out to be 3.6 Å and 1.8 Å, respectively. However, the conductance experiment 

resulted radius value to be 3.84 Å which is clearly close to the calculated minor axis value. These 

calculations also indicated that one of alkene C-H bonds are oriented towards inner core of channel 

which is the genesis of chloride selectivity through H-bonding. 

 

Figure 4.7: A) Proposed model of ion channel formation, B) Top view and C) side view of the optimized 

structures of ion channel formed by 3b. 

4.3. Conclusion 

In conclusion, we have designed a new series of cis-isomers based on light sensitive double 

bond core. We postulated that upon irradiation of light, these cis-isomers converts into trans-

isomers which can self-assemble to form a rosette-type ion channel. Therefore, five pairs of 

malemide (cis-isomer) derivatives and fumaramide (trans-isomer) derivatives were synthesised 

and their ion transport ability was evaluated by fluorescence based vesicle leakage assay with 

EYPC liposomes. As, expected higher activity was observed for trans-isomer in comparison with 

cis-isomer and highest activity was observed in case of trans-isomer with cyclohexyl side arm 
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(EC50 = 3.5 M) and this compound is almost 77 fold more active as compared to its cis-isomer. 

Further experiment based on chloride sensitive lucigenin dye showed that compound can transport 

anions particularly chloride across EYPC liposome which was proved by EYPC and Lucigenin 

assay. Light-gated ion transport activity was assessed with EYPC liposomes and observed data 

suggested nearly 95 % activity retained after three consecutive cycles. Additionally, formation of 

ion channel was demonstrated by bilayer lipid membrane experiment and from single-channel 

conductance measurements, diameter of channel was found to be 3.84 Å which is close to diameter 

of unsolved chloride ion. 

4.4. Experimental Section 

General Methods: All reactions were performed under the nitrogen atmosphere. All the reagents 

for synthesis were purchased from commercial sources and used without further purification. 

Solvents were purchased as dry or dried by standard methods prior to use. Thin layer 

chromatography (TLC) was carried out with E. Merck silica gel 60-F254 plates and column 

chromatography was performed over silica gel (100-200 mesh) obtained from commercial 

suppliers and accompanied with UV-detector (λ =365 nm, 254 nm). Egg yolk phosphatidylcholine 

(EYPC) lipid was procured from Avanti Polar Lipids as a solution in chloroform (25 mg/mL). 

HEPES buffer, HPTS dye, lucigenin dye, Triton X, NaOH and inorganic salts of molecular biology 

grade were obtained from Sigma-Aldrich. Gel-permeation chromatography was performed on a 

column of Sephadex G-50 in buffer containing salt solution or only salt solution, as per 

requirement. Large unilamellar vesicles (LUV) were prepared by using mini extruder, equipped 

with a polycarbonate membrane of 100 nm (in case of HPTS Assay) or 200 nm (in case of 

Lucigenin Assay) pore size, obtained from Avanti Polar Lipids 

Physical Measurements: The 1H and 13C NMR spectra were recorded on 400 MHz Jeol ECS-400 

(or 100 MHz for 13C) spectrometers using either residual solvent signals as an internal reference 

or from internal tetramethylsilane on the δ scale (DMSO-d6 δH 2.50 ppm, MeOH-d4 δH 3.31 ppm, 

CDCl3 δH 7.26 ppm and DMSO-d6 δC 39.52 ppm, MeOH-d4 δC 49.00 ppm, CDCl3 δC 77.16 ppm). 

The chemical shifts (δ) are reported in ppm and coupling constants (J) in Hz. The following 

abbreviations are used: s (singlet), d (doublet) m (multiplet), dd (doublet of doublet), td (triplet of 

doublet). High-resolution mass spectra were obtained from MicroMass ESI-TOF MS 
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spectrometer. Steady State fluorescence experiments were carried out in a micro fluorescence 

cuvette (Hellma, path length 1.0 cm) on a Fluoromax 4 instrument (Horiba Jobin Yvon) equipped 

with an injector port and a magnetic stirrer. (FT-IR) spectra were obtained using NICOLET 6700 

FT-IR spectrophotometer as KBr disc and reported in cm-1. Melting points were measured using a 

VEEGO Melting point apparatus. All melting points were measured in open glass capillary and 

values are uncorrected. The pH of the buffer solution used for fluorescence experiment was 

adjusted as per requirement by NaOH using Helmer pH meter. All data of fluorescence studies 

were processed either by Origin 8.5 or KaleidaGraph. 

General Procedure for synthesizing Maleimide Derivatives (1a – 5a): In a 25 mL round bottom 

flask, maleic acid (200 mg, 1.72 mmol), amine (4.13 mmol) and HOBT (632 mg, 4.13 mmol) were 

dissolved in THF (12 mL) and cooled to 0 oC. Then EDC.HCl (989 mg, 5.16 mmol) was added to 

the above reaction portionwise. The reaction was stirred at room temperature for 18 h. After 

completion of reaction, THF was removed under reduced pressure and obtained residue was 

extracted with ethyl acetate (2×100 mL) and water (2×100 mL). Organic layer was washed with 

brine solution (2×50 mL). Organic layer was then evaporated under vacuo to give light brown 

residue and column chromatography over silica gel was performed to get the expected compounds 

as semi-solid or solid (colorless to white solid) with 46% to 100 % yield. 

General Procedure for synthesizing Fumaryl Derivatives (1b – 5b): In a 25 mL round bottom 

flask, a solution of amine (3.92 mmol) and Et3N (364 L, 2.61 mmol) in CH3CN (4 mL) were 

taken and cooled to 0 0C. A solution of fumaryl chloride (200 mg, 133 L, 1.30 mmol) in CH3CN 

(2 mL) was added drop wise during a period of 1 h at same temperature. The reaction was stirred 

for additional 1 h at room temperature. White precipitate was observed in the reaction mixture. 

After completion of reaction, solvent was removed under reduced pressure. Residue obtained was 

extracted with EtOAc (2×100 mL) and water (2×100 mL). Organic layer was washed with brine 

(2×50 mL) solution and was evaporated under reduced pressure to obtain light brown to white 

solid which was further purified by silica gel column chromatography. Expected products were 

obtained as white solid with yield ranging from 53% to 95%. 
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Synthesis of N1, N4-dibutylmaleamide (1a): 

 

Scheme 4.2: Synthesis of compound 1a. 

Synthesis of compound 1a: Compound 1a (173 mg) was obtained as colorless yellow semi-solid 

product with yield (100%). IR (KBr): /cm-1: 3270, 3061, 2958, 2930, 2868, 1666, 1614, 1548, 

1462, 1372; 1H NMR (400 MHz, DMSO-d6): δ 9.2 (t, J = 5.6 Hz, 2H), 6.0 (s, 2H), 3.1 (m, 4H), 

1.4 (m, 4H), 1.2 (m, 4H), 0.9 (t, J = 7.2 Hz, 6H); 13C NMR (100 MHz, DMSO-d6): δ 164.4, 131.8, 

38.3, 30.8, 19.6, 13.6; HRMS (ESI): Calc. for C12H22N2O2 [M+H]+: 227.1759; Found: 227.1769. 

Synthesis of N1, N4-dibutylfumaramide (1b): 

 

Scheme 4.3: Synthesis of compound 1b. 

Synthesis of compound 1b: Product with 58% yield (170 mg) was obtained as white solid. M.p.: 

270 – 271 oC; IR (KBr): /cm-1: 3286, 3070, 2947, 2857, 1632, 1545, 1457, 1343, 1192, 991;1H 

NMR (400 MHz, DMSO-d6): δ 8.3 (s, 2H), 6.7 (s, 2H), 3.1 (dd, J = 6.8 Hz, 6 Hz, 4H), 1.4 (m, 

4H), 1.2 (m, 4H), 0.8 (t, J = 7.2 Hz, 6H); 13C NMR (100 MHz, DMSO-d6): δ 163.4, 132.1, 38.0, 

30.5, 19.0, 12.9; HRMS (ESI): Calc. for C12H22N2O2 [M+H]+: 227.1759; Found: 227.1765. 

Synthesis of N1, N4-dihexanoylmaleamide (2a): 

 

Scheme 4.4: Synthesis of compound 2a. 
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Synthesis of compound 2a: Yield 72% (350 mg) was obtained as colorless semi-solid product. IR 

(KBr): /cm-1: 1265, 1371, 1461, 1549, 1615, 1666, 2860, 2926, 3063, 3281; 1H NMR (400 MHz, 

DMSO-d6): δ 9.2 (t, J = 5.2 Hz, 2H), 6.0 (s, 2H), 3.0 (m, 4H), 1.4 (m, 4H), 1.2 (m, 12H), 0.8 (m, 

6H); 13C NMR (100 MHz, DMSO-d6): δ 164.4, 131.9, 38.7, 30.9, 28.7, 26.1, 22.0, 13.8; HRMS 

(ESI): Calc. for C16H30N2O2 [M+H]+: 283.2385; Found: 283.2390. 

Synthesis of N1, N4-dihexylfumaramide (2b): 

 

Scheme 4.5: Synthesis of compound 2b. 

Synthesis of compound 2b: Product with yield of 95% (350 mg) was obtained as white solid. M.p.: 

210 – 211 oC; IR (KBr): /cm-1: 3290, 3067, 2944, 2850, 2746, 1631, 1543, 1458, 1327, 1190; 

1H NMR (400 MHz, MeOH-d4): δ 6.8 (s, 2H), 3.2 (t, J = 7.2 Hz, 4H), 1.5 (m, 4H), 1.3 (m, 12H), 

0.9 (m, 6H); 13C NMR (100 MHz, DMSO-d6): δ 163.2, 131.8, 38.1, 30.1, 28.1, 25.3, 21.1, 12.9; 

HRMS (ESI): Calc. for C16H30N2O2 [M+H]+: 283.2385; Found: 283.2380. 

Synthesis of N1, N4-dicyclohexylmaleamide (3a): 

 

Scheme 4.6: Synthesis of compound 3a. 

Synthesis of compound 3a: Product was obtained as white solid product with yield 54% (260 mg); 

M.p.: 132 – 133 oC; IR (KBr): /cm-1: 3270, 3070, 2932, 2843, 1613, 1531, 1444, 1337, 1245, 

1093; 1H NMR (400 MHz, MeOH-d4): δ 6.1 (s, 2H), 3.6 (m, 2H), 1.9 (dd, J = 2.8, 12.4 Hz, 4H), 

1.7 (td, J = 3.6, 13.2 Hz, 4H), 1.6 (m, 2H), 1.2 ‒ 1.4 (m, 10H); 13C NMR (100 MHz, MeOH-d4): 

δ 166.1, 133.1, 49.8, 33.4, 26.6, 25.9; HRMS (ESI): Calc. for C16H26N2O2 [M+H]+: 279.2072; 

Found: 279.2069. 
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Synthesis of N1, N4-dicyclohexylfumaramide (3b): 

 

Scheme 4.7: Synthesis of compound 3b. 

Synthesis of compound 3b: Product was obtained as white solid product with yield 69% (250 mg); 

M.p.: > 300 oC; IR (KBr): /cm-1: 3286, 3078, 2926, 1636, 1545, 1445, 1345, 1181, 994; 1H 

NMR (400 MHz, DMSO-d6): δ 7.9 (s, 2H), 6.8 (s, 2H), 3.6 (m, 2H), 1.5 ‒ 1.7 (m, 10H), 1.1 ‒ 1.3 

(m, 10H); 13C NMR (100 MHz, MeOH-d4): δ 162.6, 132.3, 47.3, 31.7, 24.7, 23.8; HRMS (ESI): 

Calc. for C16H26N2O2 [M+H]+: 279.2072; Found: 279.2064. 

Synthesis of N1, N4-bis((2,2-dimethyl-1,3-dioxolan-4-yl)methyl)maleamide (4a): 

 

Scheme 4.8: Synthesis of compound 4a. 

Synthesis of compound 4a: Amine was synthesized according to reported protocol.13 Product (349 

mg) was obtained as colorless semi-solid product with 60% yield. IR (KBr): /cm-1: 3217, 3059, 

2985, 2935, 2882, 1668, 1618, 1547, 1451, 1375; 1H NMR (400 MHz, CDCl3): δ 8.1 (s, 2H), 6.1 

(s, 2H), 4.3 (m, 2H), 4.0 (m, 2H), 3.7 (m, 2H), 3.6 (m, 2H), 3.4 (m, 2H), 1.4 (s, 6H), 1.3 (m, 6H); 

13C NMR (100 MHz, CDCl3): δ 164.7, 132.3, 109.3, 74.0, 66.6, 41.7, 26.5, 25.0; HRMS (ESI): 

Calc. for C16H26N2O6 [M+H]+: Calc. for 343.1864; Found: 343.1871. 

Synthesis of N1, N4-bis((2,2-dimethyl-1,3-dioxolan-4-yl)methyl)fumaramide (4b): 
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Scheme 4.9: Synthesis of compound 4b. 

Synthesis of compound 4b: Product (380 mg) was obtained as colorless semi-solid product with 

85% yield. M.p.: 195 – 196 oC; IR (KBr): /cm-1: 3250, 3093, 2931, 1634, 1582, 1376, 1337, 

1245, 1213, 1156; 1H NMR (400 MHz, MeOH-d4): δ 6.9 (s, 2H), 4.2 (m, 2H), 4.0 (m, 2H), 3.6 

(m, 2H), 3.4 (m, 4H), 1.4 (s, 6H), 1.3 (s, 6H); 13C NMR (100 MHz, DMSO-d6): δ 163.9, 132.6, 

108.4, 74.1, 66.5, 41.4, 26.7, 25.3; HRMS (ESI): Calc. for C16H26N2O6 [M+Na]+: 365.1688; 

Found: 365.1694. 

 

Scheme 4.10: Synthesis of compound 5c. 

Synthesis of compound 5c: compound 10 was prepared following reported protocol.14 Compound 

11 prepared from 10 according to reported procedure15 and compound 12 was synthesized by 

reported protocol.16 

Synthesis of compound 13: In a 50 mL round bottom flask, NaN3 (850 mg) was added to a solution 

of 12 (2.7 g) in dry dimethylformamide (DMF) (15 mL) at room temperature and the reaction was 

stirred at 80 oC for 48 h. After that the resultant mixture was extracted with ethyl acetate and 

purified using flash column chromatography. Yield (64%). Obtained compound was directly used 

for next step to prepare compound 5c.  

Synthesis of compound 5c: In a 50 mL round bottom flask, compound 13 (500 mg) was taken in 

dry THF (15 mL) under nitrogen atmosphere and cooled down to at 0 oC. Then LiAlH4 (144 mg) 

was added portionwise. Ice bath was removed and the resultant mixture was stirred at room 

temperature for 5h. After that the reaction was cooled to 0 oC and ethyl acetate was added slowly 
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followed by the addition of saturated Na2SO4 to quench LiAlH4. White precipitate was formed 

which was filtered off and filtrate was extracted with ethyl acetate and dried over Na2SO4 and 

concentrated under reduced pressure to obtain compound 5c (410 mg) as transparent liquid. (71%). 

Obtained data was matching with reported product.17 

Synthesis of N1, N4-bis((1,4-dioxaspiro[4.5]decan-2-yl)methyl)maleamide (5a): 

 

Scheme 4.11: Synthesis of compound 5a. 

Synthesis of compound 5a: Product (333 mg) was obtained as semi-solid product with yield 46%; 

IR (KBr): /cm-1: 3279, 2933, 2858, 1669, 1618, 1548, 1441, 1366, 1222, 1163; 1H NMR (400 

MHz, DMSO-d6/CDCl3(1:1)): δ 9.1 (t, J = 5.6 Hz, 2H), 6.1 (s, 2H), 4.1 (t, J = 5.6 Hz, 2H), 3.9 (t, 

J = 6 Hz, 2H), 3.6 (t, J = 6 Hz, 2H), 3.2 (t, J = 5.6 Hz, 4H), 1.5 (d, , J = 17.6 Hz, 20H); 13C NMR 

(100 MHz, DMSO-d6/CDCl3(1:1)): δ 164.8, 131.5, 108.8, 73.6, 66.3, 41.4, 36.0, 34.5, 24.6, 23.5, 

23.3; HRMS (ESI): Calc. for C22H34N2O6 [M+H]+: 423.2488; Found: 423.2495. 

Synthesis of N1, N4-bis((1,4-dioxaspiro[4.5]decan-2-yl)methyl)fumaramide (5b): 

 

Scheme 4.12: Synthesis of compound 5b. 

Synthesis of compound 5b: Product (290 mg) was obtained as white powdered solid product with 

yield 53%. M.p.: 290 – 291 oC; IR (KBr): /cm-1: 3532, 3295, 3083, 2941, 2854, 1644, 1548, 

1446, 1348, 1263; 1H NMR (400 MHz, DMSO-d6): δ 8.5 (t, J = 6 Hz, 2H), 6.8 (s, 2H), 4.0 (p, J 

= 6.0 Hz, 2H), 3.9 (d, J = 6.0 Hz, 1H), 3.8 (d, J = 6.4 Hz, 1H), 3.6 (d, J = 6.0 Hz, 1H), 3.5 (d, J = 

6.0 Hz, 1H), 3.2 (t, J = 5.6 Hz, 4H), 1.5 ‒ 1.3 (m, 20H); 13C NMR (100 MHz, DMSO-d6): δ 163.9, 

132.6, 108.8, 73.7, 66.2, 41.5, 36.1, 34.5, 24.6, 23.5, 23.4; HRMS (ESI): Calc. for C22H34N2O6 

[M+Na]+: 445.2314; Found: 445.2319. 

Determination of ion transport activity by HPTS LUVs: Same as discussed in Chapter 3A. 
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Determination of ion selectivity, FCCP and Valinomycin Assay by HPTS LUVs: Same as 

discussed in Chapter 3A. 

Determination of chloride ion selectivity experiment by Lucigenin Assay: Same protocol as 

discussed in Chapter 3A. 

Planar Bilayer Conductance Measurements: Bilayer membrane (BLM) was formed across an 

aperture of 150 M diameter in a polystyrene cup (Warner Instrument, USA) with lipid 

diphytanoylphosphatidylcholine (Avanti Polar Lipids), dissolved in n-decane (18mg/mL). Both 

chambers (cis and trans) were filled with symmetrical solution, containing 1 M KCl. The cis 

compartment was held at virtual ground and the trans chamber was connected to the BC 535 head-

stage (Warner Instrument, USA) via matched Ag-AgCl electrodes. Compound 3b (20 M) was 

added to the cis chamber and the solution was stirred with magnetic starrer for 10 min. Channel 

formation was confirmed by the distinctive channel opening and closing events after applying 

voltages. Currents were low pass filtered at 1 kHz using pClamp9 software (Molecular probes, 

USA) and analog-to-digital converter (Digidata 1440, Molecular probes). All data were analyzed 

by the software pClamp 9. 

Average Diameter: We have calculated the average diameter from the radius of gyration method 

on the middle two layers of the optimized structure. We have considered only the inner atoms of 

the layers to calculate the average diameter as shown in Appendix 4.1A. The average diameter is 

found to be 3.10 Å. We have also calculated the major and the minor axis for the cavity in a similar 

way as we calculated the average diameter which came out to be 3.62 Å and 1.80 Å respectively. 

Major and minor axes are shown in Appendix 4.1B. 

4.5. Appendix Section 
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Appendix 4.1: A) Represents the middle layers of the optimized structure. Inner atoms which are shown in 

Khaki color are used for average diameter calculation and B) representation of the major and the minor 

axes. 

 

Appendix 4.2: Crystal structure of 1b. 

 

Appendix 4.3: Crystal structure of 3a. 
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Appendix 4.4: Crystal structure of 3b. 

Appendix 4.5: Concentration profile of maleimide derivatives (1a, 2a, 4a, and 5a) and fumaramide 

derivatives (1b, 2b, 4b, and 5b) by varying concentration with EYPC-LUVsHPTS vesicles. 
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Appendix 4.6. Representation of Hill plots for all active compounds. 

 

Appendix 4.7: Chloride transport assay by monitoring quenching of lucigenin fluorescence with 

valinomycin and compound 3b (30 µM). 
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Appendix 4.8: 1H NMR spectra of 1a in DMSO-d6. 

 

 

Appendix 4.9: 13C NMR spectra of 1a in DMSO-d6. 
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Appendix 4.10: 1H NMR spectra of 1b in DMSO-d6. 

 

 

Appendix 4.11: 13C NMR spectra of 1b in DMSO-d6. 
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Appendix 4.12: 1H NMR spectra of 2a in DMSO-d6. 

 

 

Appendix 4.13: 13C NMR data of 2a in DMSO-d6. 
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Appendix 4.14: 1H NMR spectra of probe 2b in MeOH-d4. 

 

 

Appendix 4.15: 13C NMR spectra of probe 2b in DMSO-d6. 
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Appendix 4.16: 1H NMR spectra of probe 3a in MeOH-d4. 

 

 

Appendix 4.17: 13C NMR spectra of probe 3a in MeOH-d4. 
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Appendix 4.18: 1H NMR spectra of probe 3b in DMSO-d6. 

 

 

Appendix 4.19: 13C NMR spectra of probe 3b in DMSO-d6. 
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Appendix 4.20: 1H NMR spectra of probe 4a in CDCl3. 

 

 

Appendix 4.21: 13C NMR spectra of probe 4a in CDCl3. 
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Appendix 4.22: 1H NMR spectra of probe 4b in MeOH-d4. 

 

 

Appendix 4.23: 13C NMR spectra of probe 4b in DMSO-d6. 
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Appendix 4.24: 1H NMR spectra of probe 5a in DMSO-d6. 

 

 

Appendix 4.25: 13C NMR spectra of probe 5a in DMSO-d6. 
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Appendix 4.26: 1H NMR spectra of probe 5b in DMSO-d6. 

 

 

Appendix 4.27: 13C NMR spectra of probe 5b in DMSO-d6. 
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5.1. Introduction 

Naturally occurring ion channel proteins are essential for living organisms due to their crucial role 

in regulating the flow of ions and molecules through the cell membrane.1 Most of the naturally 

occuring ion channels are made up of complex protein structure, is very difficult to modulate the 

activity and they are also pretty much unstable for handling. So development of new synthetic ion 

channels as a mimic of natural chanels is an important area of research. Carbohydrates have played 

a crucial role in designing artificial ion transporters and channels in recent years. Over the last 

several years, cyclodextrins (CDs) have been used as a rigid scaffold to construct several artificial 

ion transport systems.2 Scientists have reported formation of ion channel by CDs when attached 

with membrane spanning linkers. For example, Tabushi and coworkers have reported cation 

selective A,C,D,F,-tetra-6-(6-n-butyrylamino-n-hexylsulfenyl)-β-cyclodextrin as a half-channel 

dimer.2a Later on, Fyles and coworkers have reported cation selective triazole-linked another β-

CD derivatives as half-channel dimers.2d, 2f The per-(2,3-di-O-heptyl)-6-methoxyPEG-6-(1,2,3-

triazole)-β-CDs displayed pH-dependent aggregation characteristics in the lipid membranes.2e Gin 

and coworkers reported a unimolecular ion channel (full-channel monomer) based on 

aminocyclodextrin derivative (Figure 5.1A),2b, 2c and the ion channel formed by β-CD derivative 

exhibited anion transport with a selectivity topology of I > Br > Cl. The dehydration energy 

dependent sequence (Hofmeister series or Eisenman halide sequence I) is very common. However, 

Cl selective channels have been proved to have potential channel replacement therapy. We have 

realised that the design of a Cl selective ion channel based on CDs (α-, β- and γ-CD) is challenging 

because of large and hydrophobic interior (Figure 5.1C). The inner diameters of CDs (dα-CD = 0.45-

0.57 nm, dβ-CD = 0.62-0.78 nm and dγ-CD = 0.79-0.95 nm) are very large compared to the diameter 

of Cl ion (dCl
 = 0.36 nm) (Figure 5.1B). Unfortunately, literature indicates that smaller analogs 

of CDs are synthetically inaccessible.3 Molecular recognition studies and theoretical calculation 

revealed that the cavity present in -CD is mostly hydrophobic. As a result, hydrophobic interior 

and inaccessibility of smaller analogs of CDs limit the probability of forming Cl selective ion 

channel.4  

There are few reports by Hindsgaul et. al., Gin et. al., and Montesarchio et. al. of synthesizing 

glucose-based macrocycles of different oligomericity containing surrogate linkages instead of the 

natural O-glycosidic bonds.5 Ion transport activity of few cyclic phosphate-based 
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cyclooligosaccharides were investigated by attaching hydrophobic tail of different length, and 

sometimes by modifying on oligosaccharides macrocycles.6 Yet, study for Cl selectivity of these 

macrocycles was not widely explored. To overcome the aforestated limitations, new cyclic 

functionalized agents were required with smaller and more hydrophilic cavities. A series of 

homologous cyclic oligo-(16)--D-glucosamine (GA) macrocycles [GA]2 – [GA]7 consisting 

of two to seven glucosamine units were reported recently by Nifantiev and coworkers.4, 7 The 

molecular dynamics (MD) simulation studies indicate an interesting correlation between 

oligomericity and rigidity of these macrocycles (Figure 5.1E).4, 8 Pore diameter of the macrocycles 

follows an increasing order from dimeric to tetrameric cyclo-(16)--D-glucosamines [GA]2.Ac 

– [GA]4.Ac (0.35 to 0.58 nm) (Figure 5.1F). However, in case of larger macrocycles [GA]5.Ac – 

[GA]7.Ac, the effective pore diameter fluctuates because of the complicated shape and 

conformational flexibility of these macrocycles. Therefore, diameter of GA macrocycles offers a 

rigid platform upto four membered ring to construct artificial ion transport systems and beyond 

that ion transport activity should be less. The presence of free amino groups in the macrocycle 

facilitates attachment of hydrophobic tails required to produce an active transmembrane pore.8 

Additionally, the presence of defined hydrophilic cavity within the tetrameric macrocycle was also 

revealed by theoretical calculations (Figure 5.1G)4 and this can be considered as an essential 

criteria for constructing the polar pore for recognizing hydrophilic anions. This characteristic helps 

migration of ions through the GA cavities with lower free energy loss as compared to CD cavities. 

 

Figure 5.1: A) Structure of the aminocyclodextrin channel, B) Inner diameter of α-, β-, and γ-CD, C) 

Representation of hydrophillic (red) and hydrophobic (blue) areas in -CD, D) Structures of oligo-(16)-

-D-glucosamine macrocycles [GA]2  [GA]7, E) Representation of oligomericity versus rigidity for 

[GA]2.Ac  [GA]5.Ac, F) Inner diameters of [GA]2.Ac  [GA]4.Ac, G) Representation of hydrophillic (red) and 

hydrophobic (blue) areas in [GA]4.Ac. 
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Therefore, new synthetic ion transport system was designed based on macrocycles [GA]2 – [GA]5. 

To replicate both the full-channel monomer (reported by Gin and coworkers) and half-channel 

dimer (reported by Fyles and coworkers) models in the GA system, primarily three types of tails 

were selected. A pentabutyleneglycol-based chain was selected2b as a long tail for constructing the 

full-channel monomer (Figure 5.2A) in the egg yolk phosphatidylcholine (EYPC) lipid membranes 

(thickness = 0.35  0.40 nm). Based on this idea, the glycoconjugates [GA]2.L  [GA]5.L can act as 

full-channel monomers8 (Figure5.2A). All experiment of [GA] derivatives with long (L) tails were 

already carried out in our laboratory by Tanmoy Saha. A medium sized 4-(heptyloxy)butan-1- ol 

tail was selected to construct the half-channel monomer and related structures were described as 

[GA]2.M  [GA]5.M (Figure 5.2B). In this case, the active channel structure was proposed based on 

the self-assembly of two half-channel monomer units. Such a 

 

Figure 5.2: (A  C) Proposed models of ion transport systems with tunable pore diameter and varied tail 

length. D) Model of ‘‘hybrid’’ cyclic tetrasaccharide based transport system with fewer numbers of tails. 

E) Structures of the oligo-(1→6)-β-D-glucosamine based ion transporting molecules [GA]2.L  [GA]5.L, 

[GA]2.M  [GA]5.M, and [GA]2.S  [GA]5.S, (F)Structures of ‘‘hybrid’’ cyclic tetrasaccharide based ion 

transporting molecules [GA]’4.L, [GA]’4.M, and [GA]’4.S. G) Description of hydrophobic tails linked to 

designed macrocycles. 



Chapter 5 

 

A. Roy  Page 5.4 

 

self-assembled system was expected to exhibit lower activity compared to the corresponding full-

channel monomer. A third type of tail, based on 4-methoxybutan-1-ol was also selected to design 

the derivatives [GA]2.S [GA]5.S (Figure 5.2C). The stacked self-assembly of these molecules was 

proposed as the active structure in the lipid membranes and, therefore, expected to display lesser 

activity compared to corresponding medium and long linker connected molecules. A ‘‘hybrid’’ 

tetrasaccharide-based macrocycle [GA]4 (Figure 5.2D) was also introduced to evaluate the effect 

of the number of tails on the ion transporting activity. This class of macrocycle was accessible for 

covalent linking of only two tails and thereby, molecules [GA]4.L, [GA]4.M, and [GA]4.S were 

designed based on linking of long, medium and short tails (Figure 5.2F). Such a design was 

important to examine the significance of hydrophobic tails in the membrane permeation of 

transporting molecules. 

5.2. Results and Discussions 

5.2.1. Synthesis 

All compounds were synthesized by our collaborator Marina L. Gening and co-workers. 

5.2.2. Ion Transport Activity 

Ion transporting activity of all glucosamine derivatives were evaluated by fluorescence 

assay using large unilamellar vesicles (LUVs). The LUVs with entrapped 8-hydroxypyrene-1,3,6-

trisulfonate (HPTS) were prepared from EYPC lipid.9 A pH gradient across the vesicles (pHin = 

7.0 and pHout = 7.8) was applied by the addition of NaOH in the extravesicular solution followed 

by addition of a GA derivative. Upon addition of such molecule, a destruction of the applied pH 

gradient occurred via H+ ion exflux or OH ion influx leading to the increase of pH inside the 

vesicles. This process resulted in the fluorescence enhancement of HPTS (ex = 450 nm, em = 510 

nm). Finally, the complete destruction of the pH gradient was achieved by addition of Triton-X at 

t = 300 s. Figure 5.3A represents the comparison of ion transport activities of all compounds at an 

identical monomer concentration of 1.5 M. For medium tail connected glucosamines, the activity 

sequence of [GA]2.M < [GA]3.M < [GA]4.M > [GA]5.M was observed. Similar activity sequences 

were observed for short tail ([GA]2.S < [GA]3.S < [GA]4.S > [GA]5.S) connected glucosamines, 

which further supported our design (Figure 5.3B). Five membered macrocycles imposes greater 
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extent of loss of rigidity because of the lateral pressure of the lipid membrane.8, 10 This outcome 

confirmed that the ion transport activity increased with the increase in oligomericity of 

glucosamines (i.e. increase in the pore size) if the macrocycle is rigid (for di-, tri- and tetrameric 

systems). For a fixed oligomericity, the transporting activity increased with the length of the tail 

i.e. [GA]2.S < [GA]2.M < [GA]2.L, [GA]3.S < [GA]3.M < [GA]3.L, [GA]4.S < [GA]4.M < [GA]4.L, and 

[GA]5.S < [GA]5.M < [GA]5.L. The comparison diagram also suggests the importance of the number 

of membrane-spanning tails connected to a glucosamine macrocycle. For example, the observed 

trends of activities [GA]4.M > [GA]4.M indicate the better membrane permeability whenever a 

more number of tails are connected. The slight deviation of the trend observed for [GA]4.S and 

[GA]4.S may be ignored because activities of both compounds were low. 

 

Figure 5.3: A) Comparison of ion transporting activity of glycoconjugates [GA]2.L – [GA]5.L, [GA]2.M – 

[GA]5.M, [GA]2.S – [GA]5.S, [GA]4.L, – [GA]4.S at 1.5 M concentrations and B) ion transport activity of 

medium tail and short tail compounds using EYPC-LUVsHPTS. 

In the next stage, ion transporting activities of all synthesized compounds were recorded at 

varied monomer concentrations and fractional activities (Y) at t = 100 s were plotted against 

respective concentrations. Among all compounds, [GA]4.L displayed the highest activity compared 

to all glucosamine derivatives with lowest effective concentration at the half-maximal response, 
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EC50 = 0.75 µM with Hill coefficient n = 1.2 which signified the single monomer as the active 

structure (as n ~ 1). Medium tail connected glucosamine derivatives [GA]4.M (1.7 µM) < [GA]3.M 

(2.7 µM) < [GA]4.M (3.8 µM) < [GA]2.M (4.5 µM) < [GA]5.M (4.77 µM) (Figure 4). For the 

medium tail connected tetrasaccharide [GA]4.M, the Hill coefficient n = 2.0 indicates the dimeric 

structure as an active supramolecule in the lipid membranes. Hill coefficient values for other 

medium tail connected derivatives (n = 1.5 for [GA]3.M, n = 3.0 for [GA]5.M, n = 1.7 for [GA]2.M) 

shifted from their ideal values, possibly due to the deviation from the typical sigmoidal dose-

response curve. Among short tail connected derivatives, EC50 values of [GA]2.S and [GA]3.S could 

not be determined due to low activity. The hill analysis for short linker connected glucosamines 

were not performed because of very low activity. Other thermodynamic factors such as higher 

water solubility and poor membrane permeability could also contribute to the poor activities of 

these molecules. For a specific size of the macrocycle, activity increased with the increase in tails 

length. 

5.2.3. Ion Selectivity Assay 

Cation selectivity of all oligo-(1→6)-β-D-glucosamine derivatives attached with medium 

and small tail across the EYPC-LUVs were measured in the presence of intravesicular NaCl, 

isoosmolar extravesicular monovalent metal chlorides (MCl, M+ = Li+, Na+, K+, Rb+, and Cs+) 

after applying a pH gradient.8-9 Each experiment was carried out with the respective concentration 

at EC50 of a glucosamine derivative. Upon varying the external cation with isoosmolar 

intravesicular NaCl, no definite differences in transport activity were observed (Figure 5.4A). 

Therefore, similar studies were carried out in the presence of intravesicular NaCl, isoosmolar 

extravesicular sodium halides (NaX, X = Cl, Br, and I) after applying a pH gradient. Strongly 

basic F− ion was excluded for this purpose. Upon variation of the extravesicular anion, a uniform 

Cl > Br > I selectivity sequence (i.e. reverse of common Hofmeister halide sequence) was 

observed for each glucosamine derivative (Figure 5.4B). Therefore, proposed Cl selectivity 

during ion transport was achieved based on designed oligo-(1→6)-β-D-glucosamine derivatives 

attached with medium and small tail. 
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Figure 5.4: A) Cation and B) anion selectivity of [GA]2.M, [GA]3.M, [GA]4.M, [GA]4.M, [GA]5.M, [GA]4.S, 

[GA]4.S and [GA]5.S using EYPC-LUVsHPTS. 

5.3. Conclusion 

In summary, artificial ion channels were designed on the basis of a new type of 

functionalized cyclic oligosaccharide scaffolds, namely cyclo-oligo-(1→6)-β-D-glucosamines. 

They were rationally designed for Cl− selectivity due to presence of smaller and hydrophilic cavity 

in comparison with cyclodextrins. Additionally, amenability of ring-size alteration and its 

associated correlation with the ring rigidity made it possible to control the ion transporting activity. 

Importance of number of membrane spanning tails was established by varying tail length and 

number of tails. Half-channel dimers as the active structures were formed with a medium sized 

tail. Short tail connected derivatives that displayed poor ion transport activity worked as negative 

controls for ion transport studies. All molecules displayed a uniform Cl > Br > I selectivity 

sequence. 
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5.4. Experimental Section 

General Methods: Egg yolk phosphatidylcholine (EYPC) was purchased from Avanti Polar 

Lipids as a solution in chloroform (25 mg/mL). HEPES buffer, HPTS, Triton X, NaOH and 

inorganic salts of molecular biology grade were purchased from Sigma. Gel-permeation 

chromatography was performed on a column of Sephadex LH-20 gel (25×300 mm, V0 = 25 mL) 

in CHCl3/MeOH (1:1, v/v). Large unilamellar vesicles (LUVs) were prepared by using mini 

extruder, equipped with a polycarbonate membrane of 100 nm pore size, obtained from Avanti 

Polar Lipids. 

Physical Measurements: Fluorescence spectra were recorded by using Fluoromax-4 from Jobin 

Yvon Edison equipped with an injector port and a magnetic stirrer. 10 mM HEPES (with 100 mM 

NaCl) buffer solution used for fluorescence experiment and the pH of the buffer was adjusted to 

7.0 by NaOH using Helmer pH meter. All data of fluorescence studies were processed either by 

Origin 8.5 or KaleidaGraph. 

Determination of ion transport activity by HPTS LUVs: Same protocol as discussed in Chapter 

3A. 

Determination of ion selectivity Assay by HPTS LUVs: Same protocol as discussed in Chapter 

3A. 
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