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ENGLISH ABSTRACT 

# # 5772211023 : MAJOR CHEMISTRY 
KEYWORDS: FERROCENE / BORONIC ACID / DIPICOLYLAMINE / CYANIDE / 
ELECTROCHEMICAL 

ORRAWAN WISEDSOONTHORN: SYNTHESIS OF FERROCENE DERIVATIVES 
CONTAINING VARIOUS RECEPTORS AS CYANIDE ION SENSORS. ADVISOR: PROF. 
THAWATCHAI TUNTULANI, Ph.D. {, 65 pp. 

The goal of this research is to design and synthesize molecular sensor for 
cyanide anion. The signalling unit and receptor unit were connected through aryl 
ethyne moiety by using Sonogashira-cross coupling. The unsymmetrically ferrocene 
derivatives containing boronic acid and 2, 2-dipicolylamine (DPA) as receptor unit, L1 
and L2, were obtained in moderate yields, 45% and 67%, respectively. Cyclic 
voltammetry of L1 in 0.1 M TBAPF6 in CH3CN exhibited high selectivity toward 
cyanide ions in the presence of various anions. In addition, the binding of cyanide at 
the boron center of L1 was supported by 1H NMR titrations of L1 and cyanide ions in 
CD3OD. The cyclic voltammetry studies of L2 with various metal ions in 0.1 M TBAPF6 
in CH3CN exhibited high selectivity toward Cu2+ ion. The cyclic voltammogram of 
L2-Cu2+ showed the shift of the redox potential of ferrocene and a reversible redox 
wave of CuII/CuI. The blue-shift of absorption spectrum from 310 to 260 nm in UV-
Vis spectrum of L2 upon addition of Cu2+ supported the result from cyclic 
voltammetry.  In the presence of CN-, H2PO4

- and F-, the UV-Vis spectrum of 
L2-Cu2+ exhibited a red shift of the absorption band from 260 to 310 nm. Using cyclic 
voltammetry, the addition of CN- or F- to the solution of L2-Cu2+ complex in 0.1 M 
TBAPF6 in CH3CN did not show any potential shift of the Fc/Fc+ redox couple. 
In addition, the reversible wave of CuII/CuI redox couple disappeared, indicating that 
CN- and F- interacted at the copper (II) center of L2-Cu2+ complex. Addition of H2PO4

- 
to the solution of L2-Cu2+ complex resulted in the precipitation. Therefore, L2-Cu2+ 
complex cannot be used for detection of H2PO4

- by cyclic voltammetry. 
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CHAPTER I  

INTRODUCTION 

 

Recently, recognition and detection of anions has become an interesting field 

of research because anions play important roles in many fields such as catalysis, 

medicine, biological and environmental sciences. Cyanide is produced in large 

qualities from different industrial applications, including polymer synthesis, 

metallurgy and mining [1-4]. Therefore, cyanide can be released in a widespread way 

from industrial uses. In addition, cyanide was found to cause irritation, pain and 

nervous instability. For these reasons, it is necessary to detect and remove this 

dangerous anion either from industrial waste water or an accidental release. Thus, 

the development of methods or techniques to detect cyanide has become a topic 

of interest. 

The detection of cyanide can be successfully carried out by using 

supramolecular chemistry–based molecular sensors. This method is selective, 

comfortable and inexpensive [5, 6]. Therefore, the design of synthetic receptors for 

cyanide complexing and sensing has been a great challenge. 

 

1.1 Organoborane-based anion receptor 

1.1.1 Boron-anion interactions 

Trisubstituted boron atoms have a sp2 trigonal planar geometry with an 

empty p orbital. Nucleophiles interact with or donate electron density to the vacant 

site, resulting in a change of geometry from trigonal planar to tetrahedral (Scheme 

1.1) [7]. The studies about the interactions between boronic acids and anions were 

first reported in 1959 by Lorand and Edwards [8].  
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Scheme 1.1 Change in geometry at the boron center when the vacant p orbital is 

filled by an attacking nucleophile [7]. 

 

In particular, the boron atom which acts as a Lewis acidic was used as a 

receptor for anions such as fluoride, hydroxide and cyanide. 

 

1.1.2 Anion receptors based on organoborane 

In 1995, Dusemund and coworkers [9] reported the electrochemical detection 

of fluoride ions with Lewis acid boron in aqueous solution. In this research, the 

boronic acid receptor unit was connected to a ferrocene redox-signaling unit (1). 

Results suggested that the F--binding event occurred at the boronic acid site due to 

the shift of the redox potential of the ferrocene moiety as shown in Figure 1.1. 

 

 

 

 

 

 
 

 

Figure 1.1 Cyclic voltammograms of 1 at a glassy carbon electrode [0.5 mM FcB(OH)2, 

0.1 M NaClO4], with varying concentrations of F-, v = 500 mV s-1; (a) [F-] = 0; (b) [F-] = 

9.1x10-3 M; (c) [F-] = 4.5x10-2 M [9].   
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The strong electron-withdrawing ability of the ferrocenium moiety creates an 

electron-deficient boron center. Therefore, a better interaction with fluoride ions is 

expected. The oxidized species of 1 has a stronger interaction with fluoride ions 

compared to the neutral boronic acid, the main redox reaction is expressed by 

equation (1).  

 

 

                      

 

 

In 2006, Swamy and coworkers [10] reported a new fluorescein derivative (2) 

that displays a selective fluorescent changes with fluoride ion among halide ions. 

The fluorescent changes were due to a photo-induced electron transfer (PET) 

mechanism induced by the interaction between fluoride and the boronic acid 

moiety. Upon the addition of fluoride ion, the phenolic hydrogen can make a strong 

hydrogen bond with fluoride as well as benzylic amine, which blocks the PET 

mechanism (Scheme 1.2), resulting in a fluorescence enhancement as shown in 

Figure 1.2. 

 
 

 

 

 

 

 

 

Scheme 1.2 Proposed binding mechanism of 2 with fluoride ion [10].  
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Figure 1.2 Fluorescent emission changes of 2 (3 µM) upon the addition of 

tetraethylammonium F-, Br-, Cl- and I- (300 equiv.) in CH3CN-MeOH (9:1, v/v) (excitation 

at 483 nm) [10]. 

 

In 2001, Yamaguchi and co-workers [11] reported boron-containing π-

conjugated compounds 3a–3d (Figure 1.3) that showed a visible color change upon 

fluoride binding in THF. The highly conjugated system is disrupted by the boron–

fluoride interaction and hybridization change of the boron from sp2 to sp3. This 

change can be explained as a result of the interruption of the π-conjugation through 

the formation of the corresponding fluoroborate as shown in Scheme 1.3. 

 

 
  

 

 

 

 

Figure 1.3 Triaryl borane species can act as colorimetric fluoride sensors [11].  



 

 

5 

 
 

 

 

  

 
Scheme 1.3 Representation of the switching of π-conjugation in the LUMO of boron-

based π-electron systems: π stands for π-conjugated moieties [11]. 
 

In 2014 Ooyama and co-workers [12] created highly-sensitive fluorescence 

PET sensor for a trace amount of water in various solvents. They designed and 

synthesized anthracene–boronic acid ester (4) having a methoxy group as an 

electron-donating substituent and a cyano group as an electron-withdrawing 

substituent, respectively, at the para position on benzeneboronic acid ester. This 

work indicates that the electron-withdrawing substituent on the benzeneboronic acid 

ester can enhance the Lewis acidity of the boron atom, effectively leading to 

formation of fluorescent ionic structure by addition of water as shown in Scheme 

1.4. 

 

 

 

 

 

 

 

Scheme 1.4 Fluorescence PET sensors 4a-4c for detection of water in organic 

solvents [12].  
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In 2011 Kim and co-workers [13] synthesized para-phenylene phosphonium 

borane ([5a]+ and [5b]+), which behave as highly sensitive fluorescence turn-on 

sensors for the cyanide anion in aqueous solutions. They have demonstrated that 

cyanide binding to the boron center of [5a]+ and [5b]+ results in a turn-on 

fluorescence of the anthryl and dansyl fluorophores, respectively, as shown in 

Scheme 1.5. The fluorescence enhancement can be explained by considering 1) that 

the fluorophores of [5a]+ and [5b]+ are quenched by intramolecular PET from the 

fluorophore to the electron-deficient phosphonium borane unit and 2) that cyanide 

coordination to the boron center neutralizes the electron accepting properties of the 

phosphonium borane unit leading to a revival of the fluorescence of the pendant 

fluorophore. The success of this approach is illustrated by the use of [5b]+ for the 

naked-eye detection of cyanide ions at 50 ppb in aqueous solutions. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.5 Proposed mechanism of fluorescence quenching and revival in [5a]+ 

and [5b]+/fluorophore conjugates (PET) [13].  
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In 2012 Tirfoin and co-workers [14] designed the indenylferrocene 

functionalized borane (6), which is available in two simple steps from organic 

precursors. 6 binds cyanide in protic media (1:1, THF:H2O) with an accompanying 

green to red/pink color change as shown in Figure 1.4. They hypothesized that a 

steric of metallocene functionalized borane might display a workable selectivity for 

CN-. Remarkably, the extended conjugation of the indenyl backbone in 6 and the 

reporter chromophore make for very convenient detection of cyanide by colorimetric 

measurement. High selectivity over fluoride and hydroxide and a detection limit of 

10 ppm represents a highly desirable combination among borane derived cyanide 

receptors. 

 

 

 

 

 

 

Figure 1.4 The receptor 6 binds CN- in protic media signalled by a green to red/pink 

color change [14]. 

 

1.2 Metal-based anion receptors 

In general, metal ions in the form of organometallic and coordination 

complexes can be used as anion sensors. Over the last 15 years, many examples of 

metal-based anion sensors have been reported [4, 15-19].  Anion receptors based on 

metal center is most commonly incorporated as a reporter group including 

photochemical or electrochemical response, mainly of anion recognition site are 

simple structural component. The optical or electrochemical signals are changed 

upon receptor unit binding with anions. Recently, many examples of metal-based   
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receptors for cyanide anion such as Cu (II) complex [20-22] and Zn (II) complex [23, 

24] have been reported. Special attention has been paid to Cu2+ complexes as 

sensors for cyanide (CN-) in semi aqueous or aqueous environment utilizing the 

strong affinity of CN- with Cu2+ [3, 4, 22, 25-27]. The copper complexes provide Cu2+ 

ions for CN- to form very stable [Cu(CN)x]
n- [28]. Because the d9 electronic 

configuration of Cu2+ displays strong binding tendencies towards CN-, it is rationally 

concluded that the complexes with Cu2+ can detect CN- employing high stabilization 

effects on the ligand field [29-36]. 

Extensively, metal-containing anion receptors can be conveniently classified 

into five categories [37] as shown in Figure 1.5 (i) a substitutionally inert metal ion 

plays a structure-organising role, (ii) a generally Lewis acidic metal is a key 

component of the anion binding site, (iii) the metal acts as part of a redox, 

luminescent or colorimetric reporter group, (iv) self-assembled coordination 

complexes based on substitutionally labile metals involving thermodynamic anion 

templation, and (v) anion-binding solid-state coordination polymer networks. 

Certainly, there are examples of compounds that can be categorized into more than 

one category. 

 

 

 

 

 

 

 

Figure 1.5 Classes of anion-binding metal complex [37].  
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1.2.1 Metal-based anion receptors 

 In 2011 Helal and co-workers [38] developed thiazole-based (7) to form 

complexes with copper. In addition, 7-Cu2+ complex is used as a chemosensor for 

cyanide detection via the displacement approach of the copper ion as proposed in 

Scheme 1.6. In aqueous ethanol (1:1) buffered at pH 7.4, 7 displayed an obvious 

absorption band at 334 nm. This can be attributable to a π-π* transition. However, 

upon addition of Cu2+ to the solution of 7, a new absorption band at 381 nm 

becomes enhanced gradually, while the absorption band at 334 nm decreased 

synchronously, due to the disruption of hydrogen bonding between the phenolic 

hydrogen and thiazole nitrogen. Only the addition of CN− to the 7-Cu2+ complex 

solution causes a blue shift to 334 nm due to the extraction of Cu2+ by the CN−.  For 

fluorescence experiments were carried with 7-Cu2+ complex results in a simultaneous 

quenching of fluorescent emission at 492 nm when excited at 340 nm. Upon 

addition of the CN−, the peak at 492 nm, which was quenched due to the addition of 

Cu2+, was enhanced. 

 

 

 

 

 

 

 

Scheme 1.6 Proposed mechanism for cyanide sensing [38]. 

 

In 2012 Xu and co-workers [39] created benzothialzolium hemicyanine dye 

(8), including di-(2-picolyl)amine (DPA) as a Cu2+ receptor and an electron-donating 

group. Receptor 8 have a typical donor-acceptor structure with an absorption band   
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in the visible region is of ICT character. The cyanide recognition were achieved by the 

removal of Cu2+ in the presence of CN− as shown in Scheme 1.7. Receptor 8 

exhibited a fluorescence quenching effect with Cu2+ and the following addition of 

cyanide induced fluorescence enhancement in combination with a visible 

colorimetric change from light yellow to orange. The novel sensor shows good 

sensitivity with low detection limit, and displays high selectivity to cyanide more than 

other common anions. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.7 The conversion of 8 in the presence of Cu2+ and CN− [39]. 

 

In 2014 Park and co-workers [22] designed and synthesized a novel 

colorimetric sensor 9 for the detection of Cu2+. In methanol solution, 9 showed 

selectivity toward Cu2+ in a 1:1 stoichiometry, which induces an obvious color change 

from yellow to purple. A bathochromic shift response was explained by the change 

of internal charge transfer (ICT) band. Furthermore, the chemosensing ensemble 9-

Cu2+ was used as a fluorescent sensor for cyanide ion. The cyanide-sensing 

mechanism by 9-Cu2+ complex showed the two-step process, “complexation   
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approach” and “displacement approach” as proposed in Scheme 1.8. Consequently, 

these results may lead to the development of a new type of sequential recognition 

of Cu2+ and CN- using two different sensing methods, color change, and fluorescence. 
 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.8 Proposed cyanide-sensing mechanism of 9-Cu2+ complex [22]. 

 

In 2014, Jo and co-workers [26] reported a new colorimetric sensor 10 based 

on the combination of coumarin and naphthol groups. The receptor 10 displayed 

highly selective and sensitive colorimetric recognition toward Cu2+ by color change 

from yellow to orange, and enabled analysis of Cu2+ ions with a sensitivity limit of 

29.5 μM, which is below the World Health Organization (WHO) acceptable limit (31.5 

μM) in drinking water. Moreover, the binding of the receptor 10 and Cu2+ was also 

chemically reversible with ethylenediaminetetraacetic acid (EDTA). Furthermore, the 

10-Cu2+ complex can be used as a colorimetric sensor for cyanide ion with changing 

its color from orange to yellow in aqueous solution. Therefore, these results may   
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provide to the development of a novel type of chemosensors for the sequential 

recognition of Cu2+ and CN- by a colorimetric method in aqueous solution. 

 

 

 

 

 

 

 

Scheme 1.9 Proposed binding mode of 10-Cu2+ and 10-Cu2+-CN- complexes [26]. 
 

In 2013 Walaijai and co-workers [40] designed and synthesized ferrocene 

derivative containing 2 different binding sites, including the DPA moiety for cation 

binding and amide group for anion binding (Figure 1.6). This molecule (11) can form 

complex with Cu2+ leading to fluorescence quenching. In the presence of CN-, the 

emission spectra of 11-Cu2+ shows higher emission enhancement than other anions 

as shown in Figure 1.7. Moreover, this complex can also recognize CN- using cyclic 

voltammetry. Upon increasing CN- concentration to the Cu2+-complex solution gave a 

cathodic shift of Cu2+/Cu+ reduction wave and a irreversible of Fc/Fc+ couple as 

shown in Figure 1.8. Therefore, the Cu2+-complex is a potential optical and 

electrochemical sensor for cyanide anion. 

 

 
 

 

 
 

Figure 1.6 Structure of ferrocene derivative (11) [40].  
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Figure 1.7 Emission spectra of 11 (2x10-5 M in 20% CH3CN/CH2Cl2) upon sequential 

addition of Cu(ClO4)2 (1.0 equiv.) and 40.0 equiv. of different anions as 

tetrabutylammonium salts [40]. 

 

 

 

 

 

 

 

 

 

 

Figure 1.8 Cyclic voltammetric titration of 11 (1mM) upon sequential addition of 

Cu(ClO4)2 (1.0 equiv.) and titration with TBACN (0.0-3.0 equiv.) in 50% CH3CN/CH2Cl2 

with 0.1 M TBAPF6 at a scan rate of 50 mV/s in the region of 1.0 V to -0.4 V [40].  
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The most of mechanism of Cu2+ complex for cyanide ion detection, including 

cyanide can coordinate at the Cu2+ of complex and cyanide can extract Cu2+ from 

complex. 

 

1.3 Concept of this study 

The design and synthesis of receptors that have the ability to selectivity and 

sensitivity to cyanide ion via electrochemical and optical response are the subject of 

this research. The conventional approaches for the binding of the cyanide ion have 

used the specific Lewis acid-base interaction [9, 11, 41-44] such as the strong affinity 

of a boron atom toward the cyanide ion. Therefore, in this research we have 

designed molecular sensor for cyanide recognition by using boronic acid as receptor 

unit. In addition, the designed metal-based receptors are widely used for cyanide 

detection. Therefore, we have designed the 2,2, dipicolylamine (DPA) unit for a metal 

ion receptor in coordination chemistry and complex can act as anion monitoring. The 

combination of ferrocene redox-active unit with receptor unit through the π-

conjugated aryl ethyne spacer is expected to result in changer optical and/or 

electrochemical signals. 

 

1.4 Objective and scope of the research 

1. To synthesize and characterize unsymmetrically ferrocene derivative 

incorporating boronic acid and dipicolylamine (DPA) receptors (L1 and L2), 

respectively. 

2. To study the sensing abilities of molecular sensor (L1 and L2) by using UV-Vis 

spectrophotometry and cyclic voltammetry. 
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Figure 1.9 Structures of molecular sensors L1 and L2. 



 

 

CHAPTER II  

EXPERIMENTAL 

 

2.1 General Procedure 

2.1.1 Materials 

 All chemicals and solvents were of analytical grade obtained from Fluka, 

Aldrich, Carlo Erba, Merck or Lab Scan and used without further purification. 

Tetrahydrofuran (THF) was distilled over sodium and benzophenone. Toluene was 

dried over calcium hydride under nitrogen and distilled prior to use. Column 

chromatography was carried out using silica gel (Kieselgel 60, 0.063 – 0.200 mm, 

Merck) and aluminium oxide 90 standardized (0.063 – 0.200 mm, Merck). Thin layer 

chromatography (TLC) was performed on silica gel plates (Kieselgel 60, F254, Merck) 

and aluminium oxide plates (aluminium oxide 60, F254, neutral, Merck).  

 

2.1.2 Analytical measurements 

Nuclear Magnetic Resonance (NMR) spectra were recorded on a Varian 

Mercury plus 400 NMR or a Bruker Avance 400 NMR spectrometer. All chemical shifts 

were reported in part per million (ppm) using the residual proton or carbon signals in 

deuterated solvents. MALDI–TOF mass spectra were recorded on a Biflex Mass 

Spectrometer using 2–cyano–4–hydroxycinnamic acid (CCA) as a matrix. The purity of 

the desired product was checked by elemental analysis using a CHNS/O analyzer 

(Perkin Elmer PE2400 series II). All UV–Vis spectra were recorded with a Varian Cary 50 

UV–Vis spectrophotometer. All fluorescence spectra were measured by a Varian Cary 

Eclipse fluorescence spectrophotometer. Cyclic voltammetry (CV) was performed 

using a µ–AUTOLAB TYPE III potentiostat. All electrochemical experiments were 

carried out with three electrode cells comprising of a working electrode,   
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a counter electrode and a reference electrode operating at room temperature. A 

platinum electrode with a diameter 3 mm was used as a working electrode. A Pt wire 

was used as a counter electrode. A silver wire immersed in 0.01 M silver nitrate 

solution was used as a reference electrode. 

 

2.2 Synthesis 

2.2.1 Synthesis of L1 

 

 
 

 

 

 

4–Iodophenyl boronic acid (0.124 g, 0.5 mmol), Pd(PPh3)2Cl2 (0.012 g, 0.02) 

and CuI (0.006 g, 0.03 mmol) were placed in a 50 mL two–necked round bottom 

flask equipped with a magnetic bar. The reaction was purged with nitrogen gas in a 

balloon. A mixed solvent (10 mL, NEt3/toluene 1:1 v/v) was added to the reaction 

vessel. The mixture was stirred for 30 minutes at room temperature and then 

ethynylferrocene (0.105 g, 0.5 mmol) was added to the reaction vessel. After stirring 

under nitrogen for overnight at room temperature, solvent was removed under 

vacuum and the solid was filtered and washed with water (30 mL) and CH2Cl2 (3x30 

mL). The organic layer was dried over anhydrous Na2SO4, filtered and the solvent was 

removed under reduced pressure. The crude product was purified by column 

chromatography on SiO2 using mixed solvents (10%–60% EtOAc/hexane) as eluent to 

afford L1 as an orange solid (0.074 g, 45% yield).  
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Characterization data for L1 

 
1H NMR: H (400 MHz, CD3OD, ppm) 4.25 (s, Fc–Hc, 5H), 4.30 (s, Fc–Hb, 2H), 4.51 (s, Fc–

Ha, 2H), 7.42 (t, J = 8.0 Hz, Ar–Hd, 2H), 7.61 (d, J = 8.0 Hz, Ar–He, 1H), 7.74 (d, J = 8.0 

Hz, Ar–Hf, 1H).  

 

13C NMR: C (100 MHz, CD3OD, ppm) 66.22, 69.68, 70.71, 72.44, 86.46, 86.61, 90.05, 

126.79, 131.02, 134.36, 134.62.  

 

MS (MALDI–TOF) calcd. for [M]+ m/z 330.1, found 329.2 [M]+.  

 

Elemental analysis calcd. for C18H15BFeO2: C, 65.52%; H, 4.58%, found: C, 65.49%; H, 

4.54%. 

 

2.2.2 Synthesis of 4–iodo–N,N–bis(pyridin–2–ylmethyl)aniline (2a) 

 
 

 

 

 

 

 

 

 

K2CO3 (2.2 g, 16.00 mmol) was slowly added to a stirred solution of 2–picolyl 

chloride hydrochloride (1.3 g, 8.00 mmol) and potassium iodide (0.7 g, 4.80 mmol) in 

water (3 mL). Then, a solution of 4–iodoaniline (0.7 g, 3.20 mmol) in acetonitrile (2 

mL) was added to the stirred mixture. The reaction mixture was stirred vigorously for 

4 days at room temperature. It was diluted with CH2Cl2 30 mL, filtered and washed   
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with water (30 mL). The aqueous layer was extracted with CH2Cl2 (3x20 mL). The 

organic layer was dried over anhydrous Na2SO4, filtered, and the solvent was 

removed under reduced pressure. The crude product was purified by column 

chromatography (SiO2) using 10%–60% EtOAc/CH2Cl2 as eluent and recrystallized 

from CH2Cl2/hexane to yield 2a as a white crystal (0.398 g, 31% yield). 

 

Characterization data for 2a 

 
1H NMR: H (400 MHz, CDCl3, ppm) 4.79 (s, CH2, 4H),  6.47 (d, J = 8.0 Hz, Ar–H, 2H), 

7.16–7.26 (m, Py–H, 4H), 7.38 (d, J = 8.0 Hz, Ar–H, 2H), 7.62 (t, J = 8.0 Hz, Py–H, 2H) 

8.58 (d, J = 4.0 Hz, Py–H, 2H).  
 

13C NMR: C (100 MHz, CDCl3, ppm) 57.3, 78.3, 114.9, 120.7, 122.2, 136.8, 137.8, 147.8, 

149.7, 158.2.  

 

MS (MALDI–TOF) calcd. for [M]+ m/z 401.0, found 399.3 [M]+. 

 

2.2.3 Synthesis of L2 

 
 

 

 

 

 

 

Compound 2a (0.320 g, 0.80 mmol), Pd(PPh3)2Cl2 (0.012 g, 0.02 mmol) and CuI 

(0.006 g, 0.03 mmol) were placed in a 50 mL two–neck round bottom flask equipped 

with a magnetic bar. The reaction was purged with nitrogen in a balloon. A mixed   
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solvent (12 mL, NEt3/toluene 1:1 v/v) was added to the reaction vessel. The mixture 

was stirred for 30 minutes at room temperature and then ethynylferrocene (0.105 g, 

0.50 mmol) was added to the reaction vessel. After stirring under nitrogen for 

overnight at room temperature, the reaction mixture was filtered, eluted with CH2Cl2 

and the filtrate was evaporated. The crude product was purified by column 

chromatography (SiO2) using gradient mixed solvents (0%–50% EtOAc/CH2Cl2) as 

eluent and recrystallized in CH2Cl2/hexane to afford L2 as an orange solid (0.161 g, 

67% yield). 

 

Characterization data for L2 

 
1H NMR: H (400 MHz, CDCl3, ppm) 4.18 (s, Fc–H, 5H), 4.20 (s, Fc–H, 2H), 4.43 (s, Fc–H, 

2H), 4.84 (s, CH2, 4H), 6.64 (d, J = 8.0 Hz, Ar–H, 2H), 7.27 (dd, JAB = 7.6 Hz, JAC = 1.6 Hz, 

Py–H, 2H), 7.23 (d, J = 7.6 Hz, Py–H, 2H), 7.28 (d, J = 8.8 Hz, Ar–H, 2H), 7.63 (t, J = 8.0 

Hz, Py–H, 2H), 8.60 (d, J = 4.0 Hz, Py–H, 2H). 

 

13C NMR: C (100 MHz, CDCl3, ppm) 57.3, 68.4, 68.5, 69.9, 71.2, 85.8, 86.1, 112.4, 120.8, 

122.1, 132.7, 136.8, 147.5, 147.7, 149.8, 158.4.  

 

MS (MALDI–TOF) calcd. for [M]+ m/z 483.1, found 482.6 [M]+.  

 

Elemental analysis calcd. for C30H25FeN3: C, 74.54%; H, 5.21%; N, 8.69%, found: C, 

74.57%; H, 5.21%; N, 8.65%.  
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2.3 Electrochemical studies of L1  

2.3.1 Chemicals 

All chemicals and solvents were standard analytical grade. Anions selected in 

this study are acetate (AcO-), perchlorate (ClO4
-) as tetrabutylammonium salts, 

benzoate (BzO-) as tetraethylammonium salts, chloride (Cl-) as sodium salts, fluoride 

(F-), chloride (Cl-), bromide (Br-), iodide (I-) and cyanide (CN-) as potassium salts. 

Tetrabutylammonium hexafluorophosphate (TBAPF6) was used to prepare a 

supporting electrolyte solution. Silver nitrate (AgNO3) was used as the inner reference 

solution in reference electrode. 

 

2.3.2 Experimental procedure 

The supporting electrolyte is 0.1 M tetrabutylammonium 

hexafluorophosphate (TBAPF6) in CH3CN. The surface of working electrode was 

polished with 1.0 µm followed by 0.3 µm of slurry alumina powder, and then rinsed 

with water. The residue of alumina particles were thoroughly eliminated by 

sonicating for 5 minutes in 0.05 M H2SO4. The electrode was rinsed again with water 

followed by acetone, and dried. The Ag/AgNO3 electrode, composing of a silver wire 

immersed in a solution of 0.01 M AgNO3 in 0.1 M TBAPF6, was used as a reference 

electrode. The solution was purged with nitrogen for 3 minutes to eliminate oxygen 

before performing the experiment at room temperature. The scan rate for this study 

is 100 mV/s.  

 

2.3.3 Electrochemical studies of L1 with various anions 

Generally, a 0.001 M solution of a receptor L1 in 5 mL of 0.1 M TBAPF6 in 

CH3CN as supporting electrolyte was prepared. A 0.1 M solution of anions was also 

prepared in the supporting electrolyte solution. The solution of each anions   
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(1 equiv.) was added into the solution of the receptor and stirred for 3 minutes prior 

to measure.  

 

2.3.4 Electrochemical titration of L1 with fluoride compared with cyanide 

anion 

Ligand L1 (0.001 M) in 5 mL of 0.1 M of supporting electrolyte was prepared. 

The solution of cyanide anion (0.1 M, in supporting electrolyte solution) was 

prepared in 1 mL of a vial. Each anion solution was added in a portion to the 

solution of the receptor and stirred for 3 minutes prior to measure. Amounts of 

added fluoride and cyanide were listed in Table 2.1 and Table 2.2, respectively. 

 

Table 2.1 Volume and concentration of fluoride ion solution used in the CV titration 

of L1 

Equivalents of 

fluoride ion 

Added volume of 

0.1 M of fluoride 

ion solution (µL) 

Concentration of 

fluoride ion (M) 

Concentration of 

receptor L1 (M) 

0 0 0 1.00×10-3 

1 50 9.90×10-4 9.90×10-4 

5 250 4.76×10-3 9.52×10-4 

10 500 9.09×10-3 9.09×10-4 
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Table 2.2 Volume and concentration of cyanide ion solution used in the CV titration 

of L1 

Equivalents of 

cyanide ion 

Added volume of 

0.1 M of cyanide 

ion solution (µL) 

Concentration of 

cyanide ion (M) 

Concentration of 

receptor L1 (M) 

0 0 0 1.00×10-3 

0.5 25 4.98×10-4 9.95×10-4 

1.0 50 9.90×10-4 9.90×10-4 

1.5 75 1.48×10-3 9.85×10-4 

2.0 100 1.96×10-3 9.80×10-4 

2.5 125 2.44×10-3 9.76×10-4 

3.5 175 3.38×10-3 9.66×10-4 

5.0 250 4.76×10-3 9.52×10-4 

 

2.4 1H NMR spectral studies of L1 

2.4.1 Chemicals 

All materials were standard analytical grade. The solvent is MeOH–d4 (D, 

99.8%). Anions selected in this study is potassium cyanide. 

 

2.4.2 1H NMR titration of L1 with cyanide anion 

Ligand L1 (0.0746 M) in 0.4 mL of MeOH–d4 was prepared in NMR tube. The 

solution of cyanide anion (0.1 M, in MeOH–d4) was prepared in 1 mL of a vial. The 

cyanide solution was added in a portion to the solution of the receptor. Amounts of 

added cyanide were listed in Table 2.3. 
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Table 2.3 Volume and concentration of cyanide ion solution used in the 1H NMR 

titration of L1 

Equivalents of 

cyanide ion 

Added volume of 

0.61 M of cyanide 

ion solution (µL) 

Concentration of 

cyanide ion (M) 

Concentration of 

receptor L1 (M) 

0 0 0 7.46×10-2 

0.5 24 3.45×10-2 7.04×10-2 

1.0 48 6.54×10-2 6.66×10-2 

2.0 96 1.18×10-1 6.02×10-2 

5.0 240 2.29×10-1 4.66×10-2 

 

2.5 UV–Vis spectrophotometry studies of L2 

2.5.1 Chemical 

All materials were standard analytical grade. The solvents were 

spectrochemical grade. Cations selected in this study are manganese (II), cobalt (II), 

nickel (II), zinc (II), copper (II) perchlorate. Anions selected in this study are fluoride  

(F-), chloride (Cl-), bromide (Br-), iodide (I-), hydroxide (OH-), perchlorate (ClO4
-), 

dihydrogen phosphate (H2PO4
-), acetate (AcO-), nitrate (NO3

-) as tetrabutylammonium 

salts, benzoate (BzO-), cyanide (CN-) as tetraethylammonium salts. 

 

2.5.2 UV–Vis spectrophotometry studies of L2 with various cations 

The solution of ligand L2 (2.5x10-5 M) in CH3CN. A portion (2 mL) of this 

solution was pipetted into a 1 cm pathlength quartz cuvette. All solutions of each 

cations (1x10-2M) were prepared in of a vial (2 mL). Each cation solution (25 µL, 5.0 

equiv.) was transferred to the cuvette and stirred for 5 minutes before measurement. 
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2.5.3 UV–Vis spectrophotometry titration of L2 with copper (II) ion 

The solution of ligand L2 (2.5x10-5 M) in CH3CN. A portion (2 mL) of this 

solution was pipetted into a 1 cm pathlength quartz cuvette. A 0.01 M solution of 

copper (II) ion was also prepared in of a vial (2 mL). The solution of copper (II) ion 

was added into the solution of the L2 and stirred for 5 minutes before each scan. 

Amounts of added copper (II) ion were listed in Table 2.4. 

 

Table 2.4 Volume and concentration of copper (II) ion solution used in the UV–

Visible titration of L2 

Equivalents of 

copper(II) ion 

Added volume of 

0.01 M of copper (II) 

ion solution (µL) 

Concentration of 

copper(II) ion (M) 

Concentration of 

receptor L2 (M) 

0 0 0 2.50×10-5 

1 5 2.49×10-5 2.49×10-5 

3 15 7.44×10-5 2.48×10-5 

5 25 1.23×10-4 2.47×10-5 

 

2.5.4 UV–Vis spectrophotometry studies of L2-Cu2+ with various anions  

A mixture of receptor L2 (2x10-5 M) in CH3CN and 1.0 equiv. of Cu2+ ion was 

prepared. The 2 mL of ligand L2 solution was transfered to a 1 cm pathlength quartz 

cuvette. Then, the 5 µL of Cu2+ solution (1.0 equiv.) was added to the cuvette and 

stirred for 5 minutes before adding each anion. The solution of anionic guest (0.01 M, 

CH3CN was prepared in a vial (1 mL). The 15 µL (3.0 equiv.) of each anionic guest 

solution was transferred to the cuvette and stirred for 5 minutes before each scan. 
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2.6 Electrochemical studies of L2 

2.6.1 Chemicals 

All chemicals and solvents were standard analytical grade. Cations selected in 

this study are manganese (II), cobalt (II), nickel (II), zinc (II), copper (II) perchlorate. 

Anions selected in this study are fluoride (F-), dihydrogen phosphate (H2PO4
-) as 

tetrabutylammonium salts, cyanide (CN-) as tetraethylammonium salts. 

 

2.6.2 Experimental procedure 

The supporting electrolyte is 0.1 M TBAPF6 in CH3CN. The surface of working 

electrode was polished with 1.0 µm followed by 0.3 µm of slurry alumina powder, 

and then rinsed with water. The residue of alumina particles were thoroughly 

eliminated by sonicating for 5 minutes in 0.05 M H2SO4. The electrode was rinsed 

again with water followed by acetone, and dried. The Ag/AgNO3 electrode, 

composing of a silver wire immersed in a solution of 0.01 M AgNO3 in 0.1 M TBAPF6, 

was used as a reference electrode. The solution was purged with nitrogen gas for 3 

minutes to eliminate oxygen before performing the experiment at room temperature. 

The scan rate for this study is 50 mV/s. 

 

2.6.3 Electrochemical studies of L2 with various cations 

Generally, 1 mM solution of L2 in 5 mL of supporting electrolyte was 

prepared. All solutions of each cations (0.1 M) were prepared in the supporting 

electrolyte solution in of a vial (2 mL). The solution of each cations (50 µL, 1.0 

equiv.) was added into the solution of L2 before measurement. 
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2.6.4 Electrochemical titration of L2 with copper (II) ion 

Ligand L2 (0.001 M) in 5 mL of 0.1 M of supporting electrolyte was prepared. 

The solution of copper (II) ion (0.1 M, in supporting electrolyte solution) was 

prepared in 1 mL of a vial. Copper (II) ion solution was added in a portion to the 

solution of the receptor and stirred for 3 minutes prior to measure. Amounts of 

added fluoride and cyanide copper (II) ion were listed in Table 2.5. 

 

Table 2.5 Volume and concentration of cyanide ion solution used in the CV titration 

of L2 

Equivalents of 

copper(II) ion 

Added volume of  

0.1 M of copper (II)  

ion solution (µL) 

Concentration of 

Copper (II) ion (M) 

Concentration of 

receptor L2 (M) 

0 0 0 1.00×10-3 

0.1 5 9.99×10-5 9.99×10-4 

0.3 15 2.99×10-4 9.97×10-4 

0.5 25 4.98×10-4 9.95×10-4 

1.0 50 9.90×10-4 9.90×10-4 

1.5 75 1.48×10-3 9.85×10-4 

 

2.6.5 Electrochemical studies of L2-Cu2+ with various anions  

A mixture of ligand L2 (1 mM) in 5 mL of 0.1 M of TBAPF6 in CH3CN as 

supporting electrolyte and 1.0 equiv. of copper (II) ion (copper (II) perchlorate 

hexahydrate, Cu(ClO4)2·6H2O) was prepared. The 50 µL (1.0 equiv.) of 0.1 M copper (II) 

solution was added to the solution of the receptor, and then stirred for 5 minutes 

before the addition of the anion. The solution of each anion (0.1 M, in supporting 

electrolyte solution) was prepared in 1 mL of a vial. Each anion solution   
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(50 µL, 1.0 equiv.) was added in a portion to the solution of the receptor and stirred 

for 5 minutes prior to measure. 

 

2.7 Computational studies of L2-Cu2+ complex in the presence of CN- and F- 
anions 

All structure-optimizations were performed with the DFT (B3LYP) method with 

the LANL2DZ basis sets, using the GAUSSIAN 09 program [45]. Initial structures for all 

studied species were prepared and visualized using the GaussView 5.0.9 program [46].



 

 

CHAPTER III  

RESULTS AND DISCUSSION 

 

3.1 Synthesis and characterization of receptor L1 

The synthetic pathway of L1 is shown in Scheme 3.1. L1 has been 

synthesized using the Sonogashira coupling in a one–pot reaction. 4–Iodophenyl 

boronic acid reacted with ethynylferrocene under Sonogashira condition using 

PdCl2(PPh3)2, CuI and NEt3 as base to form orange solid product in moderate yield 

(45%).  

The structure of desired product L1 was characterized by 1H NMR, 13C NMR,  

COSY, HSQC, HMBC, mass spectroscopy and elemental analysis. The 1H NMR 

spectrum of L1 displayed well–resolved peaks appeared as a singlet peak at 4.01, 

4.05 and 4.27 ppm, which were the characteristic of ferrocene unit. The signal of 

aromatic group was observed in the region of 7.16–7.49 ppm. In 13C NMR spectrum, 

the signals at 86.61 and 90.05 ppm corresponded to the unsymmetrical carbon-

carbon triple bond. The MALDI–TOF mass spectrum confirmed the structure of L1 by 

showing an intense peak at 329.2 m/z [L1]+. In addition, elemental analysis also 

confirmed the proposed structure and the purity of this compound. The assignment 

of protons and carbons in this compound was determined by COSY, HSQC and HMBC 

experiments.  

 
Scheme 3.1 Synthetic pathway of L1.  
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The HSQC (Heteronuclear Single Quantum Coherence) spectrum (Figure 3.1) 

shows a proton that is attacked to a carbon atom. From this spectrum, each proton 

can be distinguished and assigned clearly. In addition, the HMBC (Heteronuclear 

Multiple Bond Correlation) spectrum (Figure 3.2) displays a correlation of proton and 

carbon atoms over longer ranges of 2-4 bonds. The results of this spectrum can be 

used to confirm the position of Ha, Hd, He and Hf protons.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 HSQC spectrum of L1 in CD3OD. 
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Figure 3.2 HMBC spectrum of L1 in CD3OD. 

 

From the HSQC and HMBC spectra, each proton and carbon atoms of L1 can 

be assigned as shown in Figure 3.3. 

  

 

 

 

 

 

 

 

 

Figure 3.3 Assignment of proton (top) and carbon (bottom) of L1.  
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3.2 Synthesis and characterization of receptor L2 

Synthetic pathway of compound L2 is shown in Scheme 3.2. L2 was 

successfully synthesized via two step. The nucleophilic substitution of picolyl 

chloride by 4–iodoaniline was carried out by using K2CO3 as base and KI as phase 

transfer catalyst in 1:3 H2O/CH3CN. The reaction completed after stirring at room 

temperature for 4 days and the crude product was purified to give compound 2a as 

a white crystal in 31% yield. Compound 2a was then used for coupling with 

ethynylferrocene to generate compound L2 via Sonogashira coupling. This reaction 

was carried out following the previous literature [47] with modifications using 

Pd(PPh3)Cl2 as the catalyst, toluene and triethylamine as solvent and base, 

respectively. The reaction was stirred under nitrogen at room temperature overnight 

to obtain product L2 as a orange solid in 67% yield. 

The structure of desired product L2 was characterized by 1H NMR, 13C NMR, 

COSY, HSQC, HMBC, mass spectroscopy and elemental analysis. The 1H NMR 

spectrum of L2 displayed well-resolved characteristic peaks of 2,2’–dipyridylamine 

(DPA) moiety and the signals of phenyl group in the region of 6.0-9.0 ppm. The 

methylene protons of DPA moiety appeared at 4.84 ppm and the signals of 

cyclopentadiene protons in mono–substituted ferrocene appeared at 4.18, 4.20 and 

4.43 ppm. In 13C NMR spectrum, the signals at 85.8 and 86.1 ppm corresponded to 

the unsymmetrical carbon-carbon triple bond. The MALDI-TOF mass spectrum 

confirmed the structure of L2 by showing an intense peak at 482.6 m/z [L2]+. In 

addition, the assignment of protons in this compound was determined by COSY, 

HSQC and HMBC experiments. Elemental analysis was also confirmed the structure 

and the purity of this compound.  
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Scheme 3.2 Synthetic pathway of L2. 

 

3.3 Electrochemical studies of L1  

3.3.1 Electrochemical studies of L1 with various anions 

The anion recognition properties of the L1 were investigated using cyclic 

voltammetry (CV) in CH3CN. L1 showed a redox couple at E1/2 = 0.211 V due to 

Fe2+/Fe3+ of the ferrocene unit. As a representative case, the CV behaviour of the 

receptor L1 in the presence of 1 equiv. of various anions (CN-, F-, Cl-, NO3
-, AcO-, BzO-, 

ClO4
-) were shown in Figure 3.4. The results indicated that upon addition of the 

others anions (except CN- ions) the potential of the redox couple showed no or very 

little variation. For fluoride ions bind very weekly with L1 as shown in green line 

(Figure 3.4b). However, addition of CN- ions to the solution of L1 affects the redox 

property of the receptor significantly (Figure 3.4b).   
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Figure 3.4 Cyclic voltammogram of L1 (1 mM in CH3CN with 0.1 M TBAPF6) in the 

presence of various anions (1 equiv.) (a) AcO-, BzO-, ClO4- (b) CN-, F-, Cl-, NO3
- at a 

scan rate of 100 mV/s in the region of -0.2 V to 0.6 V.  
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3.3.2 Electrochemical titration of L1 with fluoride compared with cyanide 

anion 

To understand the binding property of L1 toward F- and CN- under 

electrochemical condition, the cyclic voltammograms of L1 in the presence of 

different concentration of F- and CN- ions were recorded in CH3CN solution using 0.1 

M TBAPF6 as the supporting electrolyte at a scan rate of 100 mV/s. Cyclic 

voltammograms were shown in Figure 3.5 and Figure 3.6. Cyclic voltammograms of 

the free receptor L1 exhibited a single reversible wave at E1/2 0.211 V for the Fc/Fc+ 

redox couple. Upon addition of F- ions from 0–10 equiv. (Figure 3.5), the potential of 

the redox couple showed very little variation. Furthermore, the cathodic shift was 

observed and the new peak appeared at 0.078 V and exhibited completely 

irreversible of Fc/Fc+ couple upon adding 5 equiv. of cyanide (Figure 3.6). This 

indicates the CN- binding event occurring at the boronic acid site through the shift of 

the redox potential of the ferrocene moiety. Therefore, receptor L1 has high 

selectivity for detecting cyanide ion. 

 

 

 

 

 

 

 

 

 

Figure 3.5 Cyclic voltammogram of L1 (1 mM in CH3CN with 0.1 M TBAPF6) upon 

titration with F- (0.0–10.0 equiv.) at a scan rate of 100 mV/s in the region of -0.2 V to 

0.6 V.  
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Figure 3.6 Cyclic voltammogram of L1 (1 mM in CH3CN with 0.1 M TBAPF6) upon 

titration with CN- (0.0–5.0 equiv.) at a scan rate of 100 mV/s in the region of -0.2 V to 

0.6 V. 

 

However, the voltammogram of L1-CN- caused irreversible peak which 

suggesting that the oxidized species of L1-CN- may deposit on the electrode surface. 

 

3.4 1H NMR spectral studies 

3.4.1 1H NMR titration of L1 with cyanide anion 

In order to study the complex formation between the receptor and CN- ion, 
1H NMR titration experiments were carried out in CD3OD–d4. The 1H NMR spectra of 

L1 in the absence and presence of various concentrations of cyanide ions are shown 

in Figure 3.7. The 1H NMR spectrum of the receptor L1 (Figure 3.7a) exhibited two 

sets of peaks, the ferrocene proton appeared about 4.01–4.27 ppm and aromatic 

proton appeared as three unsymmetrical peak about 7.16–7.49 ppm. Upon addition 

of incremental amounts of cyanide ions to the solution of L1 (Figure 3.7b–3.7e).   
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The proton signal of the He and Hf combined together and the small upfield shift 

observed for the aromatic proton, when 1 equiv. of CN- was added. In addition, when 

more than 2 equiv. of CN- was added to solutions of L1 resulted in the symmetrical 

peak of the aromatic proton. This observation support the results from cyclic 

voltammetry.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 1H NMR spectra of L1 (1 mM) upon titration with CN- (0.0–5.0 equiv.)  

(a) 0 equiv., (b) 0.5 equiv., (c) 1.0 equiv., (d) 2.0 equiv., (e) 5.0 equiv. in CD3OD. 

 

3.5 Electrochemical studies of L2 

3.5.1 Electrochemical studies of L2 with various cations 

The electrochemical data of L2 containing the ferrocene as sensory unit and 

2,2’-dipicolylamine (DPA) as receptor unit were investigated using cyclic voltammetry  
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 L2

0.22 V

(CV) in 10% CH2Cl2/CH3CN using 0.1 M TBAPF6 as the supporting electrolyte at a scan 

rate of 50 mV/s. The cyclic voltammogram of L2 exhibited three oxidation peaks at 

0.22 V, 0.68 V and 1.00 V during the anodic scan as shown in Figure 3.8. The regular 

one-electron reversible wave at 0.22 V vs Ag/AgNO3 was assigned to the Fc/Fc+ redox 

couple and two irreversible oxidation peaks at 0.68 V and 1.00 V were probably 

attributed to N-pyridyl and N-arylamine groups in 2,2’-dipicolylamine (DPA) moiety 

[48]. 

 

 

 

 

 

 

 

 

 

Figure 3.8 Cyclic voltammogram of L2 (1 mM in 10% CH2Cl2/CH3CN with 0.1 M 

TBAPF6) at a scan rate of 50 mV/s in the region of -0.2 V to 1.4 V. 

 

The complexation of L2 with metal ions were studied by cyclic voltammetry 

(Figure 3.9). It was found that only the addition of Cu2+ ion caused a new reversible 

wave of a CuII/CuI oxidation peaks at 0.12 V. The ferrocene group in L2 showing the 

reversible peak of Fc/Fc+ redox couple shifted to a more positive potential, from 0.22 

V to 0.28 V. In addition, the irreversible oxidation peaks at 0.68 V and 1.00 V of the 

DPA moiety disappeared upon the gradual addition of Cu2+ ion, indicating the 

coordination of N-DPA to Cu2+ ion. The anodic shift of the Fc/Fc+ redox couple  
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indicates that electron transfer from the ferrocene to acceptor is less favorable upon 

complexation with Cu2+ ion.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Cyclic voltammogram of L2 (1 mM in 10% CH2Cl2/CH3CN with 0.1 M 

TBAPF6) in the presence of 1.0 equiv. of different cations (0.01M) at a scan rate of 50 

mV/s in the region of -0.2 V to 1.4 V. 

 

3.5.2 Electrochemical titration of L2 with copper (II) ion 

 The electrochemical property of L2 upon addition of 0-1.5 equiv. of Cu(ClO4)2 

to the solution of L2 in 10% CH2Cl2/CH3CN with 0.1 M TBAPF6 at a scan rate of 50 

mV/s can be studied by CV titration as shown in Figure 3.10. The gradual addition of 

copper (II) ion to the solution of L2 caused the anodic shift of Fc/Fc+ and a new 

reversible wave of CuII/CuI redox couple appeared in the voltammogram. In addition, 

the change of the redox couples of DPA moiety signified that Cu2+ interacted with L2 

in the DPA cavity. 
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Figure 3.10 Cyclic voltammogram of L2 (1 mM in 10% CH2Cl2/CH3CN with 0.1 M 

TBAPF6) upon gradual addition of Cu(ClO4)2 (0.0-1.5 equiv.) at a scan rate of 50 mV/s 

in the region of -0.2 V to 1.4 V. 

 

3.6 UV-Vis spectrophotometry and electrochemical studies of L2 

3.6.1 UV-Vis spectrophotometry studies of L2 with copper (II) ion 

 In UV-Vis absorption measurements, L2 exhibited strong absorption at 310 nm 

and shoulder peak at 268 nm. Upon addition of Cu2+ appeared a large blue shift of 

the charge transfer band and produced two charge transfer band around 350-420 nm 

as shown in Figure 3.11. In addition, a weaker band at around 420 nm in visible 

region was assigned to a lower energy produced by a d-d transition of Fe(II) center, or 

a metal-ligand charge transfer (MLCT) process (dπ-π*) (LE band) [49, 50]. Therefore, L2 

showed a good interact ion with Cu2+ agreeing with the results from cyclic 

voltammetry. 
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Figure 3.11 Absorption spectra of L2 (25 µM in CH3CN) in the presence of 5.0 equiv. 

of Cu2+.  

  

 The UV-Vis response of L2 with various concentration of Cu2+ was also 

studied as shown in Figure 3.12. Interestingly, the UV-Vis spectrum exhibits two step 

changes, where the first step change took place when Cu2+ added to L2 was less 

than 1 equiv. As shown in red line, appeared absorptions around 260, 300 and 500 

nm appeared in the spectrum. When excess Cu2+ was added, the change was 

observed in blue line and green line. Considering the spectral changes, the addition 

of more than 1.0 equiv. Cu2+ to the solution of L2 resulted in a blue shift of the CT 

band and two CT bands at 350 nm and 420 nm appeared as shown in Figure 3.12. 

The coordination of the Cu2+ with 2,2’-dipicolylamine (DPA) ligand induced D-A 

deconjugation process [51], which blocked the ICT process. Resulting in a blue shift in 

absorption spectra.  
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Figure 3.12 Absorption spectra of L2 (25 µM in CH3CN) upon gradual addition of 

Cu(ClO4)2 (0.0-5.0 equiv.). 

 

3.6.2 UV-Vis spectrophotometry studies of L2-Cu2+ in the presence of 

various anions 

The ability of L2-Cu2+ to interact with various anions at room temperature 

were explored using UV-Vis spectrophotometry as shown in Figure 3.13. Only 

addition of CN-, H2PO4
- and F- ion to the solution of L2-Cu2+ led to the change in 

absorption spectra by showing a red-shift of the CT band from 260 nm to 310 nm, as 

shown in Figure 3.14. Addition of other anions resulted in small change of the 

spectrum of L2-Cu2+. To investigate the electrochemical property of L2-Cu2+ in the 

presence of CN-, H2PO4
- and F-, the cyclic voltammetry was carried out in 10% 

CH2Cl2/CH3CN with 0.1 M TBAPF6 at a scan rate of 50 mV/s. 
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Figure 3.13 Absorption spectra of L2 (25 µM in CH3CN) upon addition of 3.0 equiv. of 

Cu(ClO4)2 ion and 3.0 equiv. of different anions. 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 Absorption spectra of L2 (25 µM in CH3CN) upon addition of 3.0 equiv. of 

Cu(ClO4)2 ion and 20.0 equiv. of different anion. 
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3.6.3 Electrochemical studies of L2-Cu2+ in the presence of various anions  

According to the results described in UV-Vis studies, the addition of CN-, F- 

and H2PO4
- to the solution of L2 resulted in changes of absorption spectra over other 

anions. To understand the binding property of receptor L2 towards CN-, F- and H2PO4
- 

under electrochemical condition, cyclic voltammogram of L2 was mornitored after 

the addition of these anions to the solution of L2-Cu2+ complex in 10% 

CH2Cl2/CH3CN with 0.1 M TBAPF6 at a scan rate of 50 mV/s. The addition of CN- or F- 

1 equiv. to the solution of cobound [L2-Cu2+] complex did not show any redox 

potential shift of the Fc/Fc+ and still remained reversible peak (Figure 3.15 and 

Figure 3.16). However, the reversible peak CuII/CuI redox couple disappeared, 

indicating that CN- and F- interacted at copper(II) center of L2-Cu2+ complex. For 

H2PO4
- sensing, after addition of H2PO4

- to the solution of cobound [L2-Cu2+] complex 

show the precipitation and show voltammogram in Figure 3.17. Therefore, L2-Cu2+ 

complex can not use for detection of H2PO4
- by using cyclic voltammetry. 

 

 

 

 

 

 

 

 

 

 

Figure 3.15 Cyclic voltammogram of L2 (1 mM in 10% CH2Cl2/CH3CN with 0.1 M 

TBAPF6) upon addition of 1.0 equiv. of Cu(ClO4)2 ion and 1.0 equiv. of cyanide anion 

at a scan rate of 50 mV/s in the region of -0.2 V to 1.4 V.  
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Figure 3.16 Cyclic voltammogram of L2 (1 mM in 10% CH2Cl2/CH3CN with 0.1 M 

TBAPF6) upon addition of 1.0 equiv. of Cu(ClO4)2 ion and 1.0 equiv. of fluoride anion 

at a scan rate of 50 mV/s in the region of -0.2 V to 1.4 V. 

 

 

 

 

 

 

 

 

 

 

Figure 3.17 Cyclic voltammogram of L2 (1 mM in 10% CH2Cl2/CH3CN with 0.1 M 

TBAPF6) upon addition of 1.0 equiv. of Cu(ClO4)2 ion and 1.0 equiv. of dihydrogen 

phosphate anion at a scan rate of 50 mV/s in the region of -0.2 V to 1.4 V.  
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3.7 DFT studies of L2-Cu2+ in the presence of CN- and F- 

In this study, we are interested in the structure of the L2-Cu2+ complexes with 

CN- and F- ions. The optimized geometries are calculated by using the DFT(B3LYP) 

methods with LANL2DZ basis sets. The result of L2-Cu2+ in the presence of CN- is 

shown in Figure 3.18. The eclip conformation of cyclopentadienyl is clearly seen in 

Figure 3.18a. From Figure 3.18b it is found that cyclopentadienyl, triple bond and 

phenyl group of this structure are in the same plain indicating a good π-conjugate. 

Moreover, Figure 3.18c shows that N-atom of DPA moiety and C-atom of CN- ion co-

ordinate to Cu2+ center. In the case of F- ion, the Cu2+ center has a similar geometry 

as found in CN-. The result in Figure 3.19 shows that F- co-ordinate directly to Cu2+ 

center. In addition, the calculation results indicated some selected bond length 

values for the L2-Cu2+ complex in the presence of CN- and F- ions. The bond lengths 

between Cu2+ and N-DPA from reference data of similar crystal structure [52] and our 

DFT calculation are compared in Table 3.1. The bond lengths of N-arylamine from 

reference are shorter than our calculated data. Therefore, the coordination of CN- 

and F- ions at the Cu2+ center resulted in a weaker bond between Cu2+ and N-

arylamine on DPA moiety. The results agree with the result from UV-Vis 

spectrophotometry and cyclic voltammetry. 
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(a) (b) 
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Figure 3.18 B3LYP/LANL2DZ-optimized structure of the L2-Cu2+-CN- a) side view b) 

top view c) top view. 

 

(a) (b) 

(c) 
 

 

 

Figure 3.19 B3LYP/LANL2DZ-optimized structure of the L2-Cu2+-F- a) side view b) top 

view c) top view.  
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Table 3.1 Geometrical parameters optimized for L2-Cu2+-CN- and L2-Cu2+-F-, some 

selected bond lengths (A°) 

Bond 

definition 

Optimized 

Parameters 

of crystal structure  

(A°) [50] 

Optimized parameters 

of L2-Cu2+-CN-  

(A°) 

Optimized parameters 

of L2-Cu2+-F-  

(A°) 

Cu-Npiridyl 1.990 

(S.D. = 0.018) 

2.065 2.026 

Cu-Narylamine 2.104 

(S.D. = 0.032) 

2.455 2.482 

Cu-CN - 2.008 - 

Cu-F - - 1.900 

 
 

 



 

 

CHAPTER IV  

CONCLUSION 

 

 The synthesis of ferrocene derivatives containing aryl ethyne spacer and 

ferrocene moiety as redox–active unit have been accomplished (L1 and L2). The 

compounds have been successfully synthesized by the Pd/Cu catalyzed Sonogashira 

coupling to obtain desired products L1 (45% yield) and L2 (67% yield). The products 

were characterized by 1H and 13C NMR spectroscopy, MALDI–TOF mass spectrometry 

and elemental analysis. Compound L1 possessing boronic acid as a receptor unit, 

exhibited high selectivity toward cyanide ions in the presence of halides and other 

common anions using cyclic voltammetry in CH3CN with 0.1 M TBAPF6. Cyanide ion 

binding event occurring at the boronic acid site can be detected by 1H NMR titration.  

Therefore, L1 is a potential electrochemical sensor for cyanide anion. Compound L2 

possessing 2, 2-dipicolylamine as receptor unit can recognize Cu2+ selectively. The 

electrochemical property of L2 toward Cu2+ in 10% CH2Cl2/CH3CN with 0.1 M TBAPF6, 

the gradual addition of Cu2+ ion to the solution of L2 exhibited anodic shift of Fc/Fc+ 

and appeared a new reversible wave of CuII/CuI redox couple. In addition, the DPA 

moiety disappeared indicating that Cu2+ interacted with L2 at DPA carvity. The 

addition of Cu2+ to the solution of L2 led to a blue shift of the absorption band from 

310 nm to 260 nm. The addition of CN-, H2PO4
- and F- ion to the solution of L2-Cu2+ 

led to the change in absorption spectra by showing a red shift in the absorption 

band from 260 nm to 310 nm. The shift in absorption of L2-Cu2+ suggested the 

binding of Cu2+ with these anions (CN-, H2PO4
- and F-). Addition of 1 equiv. of CN- and 

F- to the solution of L2-Cu2+ complex did not show any redox potential shift of the 

Fc/Fc+ and the CuII/CuI redox couple disappeared, indicating that CN- and F- 
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interacted at copper (II) center of L2-Cu2+ complex. In addition, DFT studies 

suggested that the coordination of CN- and F- ions to the Cu2+ center resulted in a 

weaker bond between Cu2+ and N-arylamine on the DPA moiety. 
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Figure A1 1H NMR spectrum of L1 in CD3OD. 

 
Figure A2 13C NMR spectrum of L1 in CD3OD. 
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Figure A3 COSY spectrum of L1 in CD3OD. 

 

 

 

Figure A4 MALDI-TOF mass spectrum of L1. 
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Figure A5 1H NMR spectrum of 2a in CD3Cl. 

 

 
Figure A6 13C NMR spectrum of 2a in CD3Cl. 
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Figure A7 MALDI-TOF mass spectrum of 2a. 

 

 

 
Figure A8 1H NMR spectrum of L2 in CD3Cl. 
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Figure A9 13C NMR spectrum of L2 in CD3Cl. 

 

 

Figure A10 COSY spectrum of L2 in CD3Cl. 
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Figure A11 HSQC spectrum of L2 in CD3Cl. 
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Figure A12 HMBC spectrum of L2 in CD3Cl. 
 

 

 
Figure A13 MALDI-TOF mass spectrum of L2. 
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