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Abstract 
 

 

 Ferrocene is an organometallic compound classified as a metallocene with the 

formula Fe(η5-C5H5)2. In the latter half of the 1950s, it was discovered and became a "hot" 

molecule because of its reversible redox behaviour. A number of scientific papers related 

to ferrocene-based ligands and their applications have been published, and this literature is 

reviewed in Chapter 1. Scientists have applied them to various fields such as catalysis, 

heavy metal removal, organic pollutant removal, bio-sensing, food analysis, and energy 

storage. In 2006 the first example of a redox controlled ring-opening polymerization was 

reported by Long and coworkers, showing different activities in the polymerization of rac-

lactide depending on the oxidation state of the ferrocene units. 

 In this thesis, ferrocene-containing aminophenol ligand which was successfully 

synthesized and characterized by NMR and UV-Vis spectroscopies, MALDI-TOF mass 

spectrometry, and X-ray crystallography. The electrochemical behaviour of the ferrocene-

containing aminophenol ligand was determined by cyclic voltammetry (CV). These 

findings provide valuable information for further studies on the potential applications of 

the synthesized ligand in various fields, such as catalysis and electrochemistry. 
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Å  Ångstrom (10
-10 

m) 

amu  atomic mass unit 

salan  N,N'-bis(phenolato)-1,2-diaminoethane 

salen N,N'-bis(salicylaldehydro)ethylenediamine 

salalen a combination of salan and salen ligands 

cm centimetre (10
-2 

m) 

J  coupling constant  

(°)  degree 

s  singlet 

d  doublet  

dd  doublet of doublet  

CL                                          ε-caprolactone 

DMF                                      dimethylformamide 

Et  ethyl 

Me  methyl 

MeOH  methanol 

g  gram 

h  hour(s) 



 xvi 

in situ  “in the reaction mixture” 

LA                                           L-lactide 

MS  mass spectrometry 

m/z  mass-to-charge ratio 

MALDI-TOF  matrix assisted laser desorption/ionization time-of-flight  

μL  microlitre (10
-6 

L) 

mmol  millimole (10
-3 

mol) 

min  minute 

M  molar (mol/L) 

NMR  nuclear magnetic resonance 

Mn  number average molecular weight 

trans  “on the other side” 

cis “on the same side” 

ppm  parts per million  

Ph  phenyl 

PCL-PLA                               (poly L-lactide)-(poly caprolactone) 

PPC  poly(propylene carbonate) 

PC  propylene carbonate 

PO  propylene oxide 

ROP  ring-opening polymerization 

SO  styrene oxide 



 
 

 xvii 

tBu  tertiary-butyl 

THF  tetrahydrofuran 

TMS  tetramethylsilane 

TOF  turnover frequency 

TON  turnover number 

UV-Vis  ultraviolet-visible 

vs  versus 

Mw  weight average molecular weight 

CV  cyclic voltammogram 



 
 

 1 

Chapter 1: Introduction 
 

1.1 Overview of ferrocene 

 Ferrocene was discovered by P. L. Pauson and J. T. Kealy in 19511 as a compound 

that consists of an iron atom sandwiched between two parallel C5H5-rings. Its structure was 

elucidated by Robert Burns Woodward and Geoffrey Wilkinson in 1952.2 Woodward and 

Rosenblum's paper, the structure and chemistry of ferrocene, as described and  published 

in the Journal of the American Chemical Society, is considered a seminal work in the field 

of organometallic chemistry (Figure 1.1).3 However, Fischer made significant 

contributions to the study of ferrocene, including the synthesis of a variety of ferrocene 

derivatives, which earned ferrocene its nickname as the "sandwich" compound. Fischer and 

his colleagues were awarded the Nobel Prize in Chemistry in 1973 for their work on the 

development of organometallic chemistry, which led to a surge of research in the field.4 

 Over the last few decades, the study of ferrocene and its derivatives has rapidly 

developed,5,6 and scientists have taken advantage of these compounds for various 

applications in electrochemistry,7 medicinal chemistry,8,9 and material chemistry.10 The 

discovery of ferrocene has led to a deeper understanding of organometallic chemistry and 

has opened up new avenues for research in this field. 
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Figure 1.1 The structure of ferrocene. 

 

 Ferrocene is a particularly important compound due to its unique electronic and 

structural properties. It has been found to be an excellent electron donor, and its electronic 

properties can be finely tuned by varying the substituents on the cyclopentadienyl rings. 

This makes it a useful compound in electrochemistry, where it is used as a reference 

material for measuring the redox potentials of other compounds. Ferrocene and its 

derivatives have also found applications in the field of organic synthesis, where they can 

be used as reagents for a variety of chemical reactions.11,12 

 In addition to its applications in electrochemistry and organic synthesis, ferrocene 

and its derivatives have also shown promise in the field of medicinal chemistry. For 

example, ferrocene-containing compounds have been found to exhibit anti-cancer activity, 

and several ferrocene-based drugs are currently in clinical trials. Ferrocene and its 

derivatives have also been investigated as potential antibacterial and antifungal agents.13–

16 

Fe
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 The unique structure of ferrocene has also made it a popular choice for the 

development of new materials. Ferrocene-containing polymers and materials have been 

synthesized, which exhibit interesting electronic, magnetic, and optical properties. These 

materials have potential applications in the development of new electronic devices, such as 

sensors and transistors.17–21 

  

Scheme 1.1 Reversible one-electron oxidation of ferrocene. 

 

 Despite the significant progress that has been made in the study of ferrocene and its 

derivatives, there is still much to be learned about these compounds. For example, the 

mechanism by which ferrocene-based drugs exert their anti-cancer activity is not fully 

understood, and there is still much to be learned about the electronic and magnetic 

properties of ferrocene-containing materials. As such, research in this area continues to be 

an active and exciting field of study.14–16  

 Recently, due to its electronic characteristics, the ferrocene moiety has played a 

crucial role in the backbone as a substituent in auxiliary ligands in coordination chemistry 

Fe Fe2+ 3+
- e-

+ e-
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which is the study of the interaction of metals and carbon. Moreover, the iron center readily 

undergoes a reversible one-electron oxidation to convert ferrocene to ferrocenium  and this 

ion can modulate reactivity (Scheme 1.1).22 

1.2  Redox-switchable catalyst 

 Organometallic compounds refer to chemical compounds that contain metal-carbon 

bonds.23 Some organometallic compounds that have been investigated for their reversible 

reactivity. These compounds can undergo reversible redox reactions, making them 

promising candidates for the development of electrocatalytic processes.24 Redox-

switchable catalysts are an innovative type of catalyst that offer a novel way of modulating 

the reactivity of transition metal complexes by altering their electronic properties. The basic 

idea behind these catalysts is to use a redox-active ligand, which can switch between its 

oxidized and reduced states, to modulate the electron-donating or -withdrawing nature of 

the coordinated ligand. By doing so, the catalytic activity of the transition metal can be 

influenced, making redox-switchable catalysts an attractive option for a wide range of 

applications.25,26 One of the most promising applications of redox-switchable catalysts is 

in electrocatalysis. By modulating the redox state of the ligand, the catalyst can be used to 

selectively promote or inhibit different electrochemical reactions, making it a versatile tool 

for applications such as energy storage and conversion. For example, redox-switchable 
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catalysts have been used to selectively promote the reduction of CO2 to CO in 

electrochemical cells, which has significant potential for renewable energy applications.27 

In addition to electrocatalysis, redox-switchable catalysts have also been explored in other 

fields such as photochemistry, where they can be used to modulate the activity of light-

sensitive transition metal complexes,28,29 and biology, where the redox state of the ligand 

can be used to modulate the activity of enzymes, receptors, and other biological 

molecules.30–33 

 Ferrocene and its derivatives have been used in redox-switchable homogeneous 

catalysts for several reactions including ring-opening polymerizations and ring-closing 

metathesis. Due to its adaptability, simplicity in functionalization and reversible oxidation 

process, it is frequently used as the redox-active molecule in such catalysts.34–40 Redox-

switchable ring-opening polymerization (ROP), which is a powerful technique for 

synthesizing biodegradable copolymers, has received a lot of attention in the field of 

switchable catalysis since it was first discovered by N. Long’s research group in 2006 

(Scheme 1.2). First, a coupling reaction catalyzed by PdCl2(PPh3)2/CuI was utilized to 

produce salicylaldimine with an ethynylferrocene substituent. Subsequently, it underwent 

a reaction with ethylenediamine and Ti(OiPr)4, resulting in the formation of 

[(salen)Fc2]Ti(OiPr)2. Finally, this compound was subjected to oxidation through a reaction 
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with AgOTf, and the resulting product was reduced by reacting it with Cp*2Fe to yield 

[(salen)Fc2]Ti(OiPr)2. 
 41  

   

Scheme 1.2 The Synthesized route and redox-switchable reaction of [(salen)Fc2]Ti(OiPr)2. 

 

I

tBu

CHO

OH

(Ph3P)2PdCl2, CuI

(i) H2NCH2CH2NH2
(ii) Ti(OiPr)4

tBu

O

N

Ti

N

O

tBu

OiPr

OiPr

Cp*2Fe+

Cp*2Fe

AgOTf

Ag

Fe

CHO

tBu

OH

Fe

Fe Fe

tBu

O

N

Ti

N

O

tBu

OiPr

OiPrFe Fe
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 They investigated that changing the oxidation state of the ferrocenyl unit in 

[(salen)Fc2]Ti(OiPr)2 (Figure 1.2) is able to modify the rate of rac-lactide ring-opening 

polymerization (Scheme 1.3).41 

  

Figure 1.2 The structure of [(salen)Fc2]Ti(OiPr)2. 

 

 

 

Scheme 1.3 Ring-opening polymerization of rac-lactide. 

 

 

 After 8 hours at 70 oC, the titanium center polymerized rac-lactide with an 18% 

monomer conversion when the ferrocene compound was in its reduced Fe(II) form. 

Additionally, it could be seen that when they used AgOTf to oxidize the ferrocene group, 

tBu

O

N

Ti

N

O

tBu

OiPr

OiPrFe Fe

O

O

O

O

Catalyst

8 hours, 70 oC
O

H O

O

O

O

R

n
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there was a significant decrease in reactivity (Figure 1.3). Subsequently, the catalytic 

reactivity could be restored when using FeCp2* to reduce Fe(III) back to Fe(II).41 

 

 

Figure 1.3 A plot of conversion versus time for polymerization of rac-lactide. Figure 

reproduced and reprinted from Journal of the American Chemical Society 128, 7410-7411 

(2006) with permission from American Chemical Society. 

 

 Copolymer (poly L-lactide)-(poly caprolactone), abbreviated as PCL-PLA, was 

successfully synthesized via one-pot copolymerization of L-lactide (LA) and ɛ-
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caprolactone (CL) using (thiolfan*)Ti(OiPr)2 as a redox-switchable catalyst (Scheme 

1.4).42  

 

Scheme 1.4 The reaction of redox switchable copolymerization of L-lactide and -

caprolactone (1.1; 1.0 M in benzene) with (thiofan*)Ti(OiPr)2 at 100 oC. 

 

 

 Initially, 58% conversion of LA was observed at 100 oC for 36 hours with the reduced 

form of initiator, ɛ-caprolactone was not polymerized at this point (Scheme 1.5). Then in 

order to convert the catalyst into an oxidized form, they introduced the oxidant: acetyl 

ferrocenium tetrakis(3,5-bis(trifluoromethyl)phenyl) borate (AcFcBArF). The structure of 

AcFcBArF is shown in Figure 1.4. 
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Figure 1.3 Structure of acetyl ferrocenium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate  

(AcFcBArF). 

 

 
 

Scheme 1.5 Conversion of (thiolfan*)Ti(OiPr)2 to its oxidized state. 

 

 

 After 2 hours, there was no increase in conversion of LA, while ɛ-caprolactone was 

polymerized with 18% conversion.42 This process was monitored by 1H-NMR spectrocopy 

B

F3C CF3

CF3

CF3

CF3F3C

F3C

F3C

Fe

O



 
 

 11 

to detect the proton signals of these polymers and how does monitoring the 1H-NMR 

control copolymer formation (Figure 1.5). 

 

 

 

Figure 1.4 
1H-NMR spectrum for different stages in one-pot ring-opening 

copolymerization reaction of LA and CL. Figure reproduced and reprinted from Journal of 

the American Chemical Society 136, 11264-11267 (2014) with permission from American 

Chemical Society. 
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1.3  Methods of synthesis of ferrocene-based ligands 

 In 2015, Gabriel and his colleagues presented a novel approach to synthesize 2,5-

bis(2-ferrocenyl-6-methylpyridin-4-yl)thiophene using a Stille coupling reaction with 

acetonitril in 24 hours at 60 oC (Scheme 1.6).43 

 

 

 

 

Scheme 1.6 Reaction of synthesis of 2,5-bis(2-ferrocenyl-6-methylpyridin-4-yl)-

thiophene. 

 

 The procedure to synthesize the starting ligand material pyrid-4-yl nonaflate is 

described in Scheme 1.7. The reaction utilized pyrid-4-yl nonaflate and 2,5-

bis(tributylstannyl)thiophene as starting materials and was carried out in N,N-

dimethylformamide (DMF) at 90 °C for a period of 2 hours. The reaction was catalyzed by 

Pd(Ph)3, which served as a source of palladium ions, and the resulting product was obtained 

with a high yield of 90%. The product, 2,5-bis(2-ferrocenyl-6-methylpyridin-4-

yl)thiophene, is a valuable intermediate in the synthesis of various organic materials, 

Fe

N

ONf

2,5-bis(tributylstannyl)thiophene

Pd(PPh3)3

Fe

N S N

Fe
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including polymers and electronic materials. This process resulted in the formation of the 

desired product, which was isolated and purified by standard methods.43  

 

 

Scheme 1.7 Synthesis of -ketoenamide (X) by reaction of ferrocenecarboxylic acid amide 

with acetylacetone followed by cyclocondensation and O-nonaflation to give pyrid-4-yl 

nonaflate (Y). Reaction and conditions: (a) p-toluenesulfonic acid, toluene, reflux, 5 h; (b) 

trimethylsilyl trifluoromethanesulfonate, NEt3, 1,2-dichloroethane, 80 oC, 48 h; (c) NaH, 

nonafluorobutanesulfonyl fluoride, THF, room temperature, 24 h. 

 

 Karagollu and colleagues developed a reaction that utilizes a Cu(I) salt as a catalyst 

to synthesize a ferrocene-functionalized thiophene derivative.44 The reaction involves the 

combination of 3-(2-azidoethyl)thiophene and ethynylferrocene in DMF at room 

temperature for 48 hours, as shown in Scheme 1.8. The reaction is a significant 

advancement in the field of organic synthesis, as it offers a straightforward and efficient 

method for the synthesis of ferrocene-functionalized thiophene derivatives. The Cu(I) salt 

catalyst used in the reaction is known for its ability to facilitate the coupling of terminal 

FcCONH2

+

O O

a

88%

ONH

O

Fc

b, c

70%
NFc

ONf

(X) (Y)
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alkynes and azides through a process known as “click chemistry” (Nobel Prize 2022).45 

The high yield of 87.4% obtained in the reaction indicates its efficiency and selectivity.44 

The product obtained can be used in a variety of applications, including organic electronics, 

optoelectronics, and materials science.  

 

Scheme 1.8 The reaction of synthesis of ferrocene-functional thiophene derivative. 

 

 The development of environmentally friendly catalysts has become increasingly 

important in organic synthesis due to the harmful effects of metal catalysts. Researchers 

have been exploring alternative methods to reduce the usage of these detrimental catalysts 

as much as possible. In 2018, Rui-Qi Mou and his colleagues developed a novel approach 

to synthesize 4-ferrocenylquinoline derivatives using tosylic acid (TsOH) as an organic 

catalyst in a three-compound reaction.46 This approach utilized simple starting materials 

such as amine, aromatic aldehyde, and ferrocenylacetylene in water. The results showed 

that the products were obtained with very high yields of 69-95% (Table 1.1), which 

demonstrated the effectiveness of the new method. 

 

S

N3

+ Fe

N3 = azide
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Fe + R

NH2

+ ArCHO

TsOH (10 mol %)

H2O, reflux N Ar

Fe

Table 1.1 Selected of 4-ferrocenylquinoline derivatives developed by Mou and co-worker. 

 

 

2h, 90% 

 

2h, 95% 

 

2h, 93% 

 

2h, 89% 

 

2h, 37% 

 

2h, 56% 

     

 In 2016, a ferrocene containing terpyridine ligand was reported by Hayat and co-

worker.47 The reaction began with the condensation of 2-acetylpyridine and ferrocene 

carboxaldehyde which is synthesized from ferrocene and triethyl orthoformate with AlCl3 

as a catalyst (Scheme 1.9).48 The aldehyde formed was then subjected to a Michael addition 

reaction with a second equivalent of 2-acetylpyridine with the presence of ammonia. The 
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reaction resulted in the formation of the central pyridine ring, which is a key component of 

many important organic compounds. The one-pot synthesis method used in this reaction is 

a straightforward and efficient approach for the synthesis of pyridine derivatives. This 

method can be used to synthesize a wide range of pyridine-based compounds with different 

functional groups and substituents.  

 

Scheme 1.9 Synthesis of ferrocene carboxaldehyde. 

 

Scheme 1.10 Synthesis of ferrocenylterpyridine ligand. 

 

A strategy for synthesis of ferrocenyl chalcone was investigated by Montes-

Gonzalez and coworkers in 2019 (Scheme 1.11).49 They utilized Claisen-Schmidt 

condensation catalyzed by base in solvent-free condition or in water to synthesize 

Fe + CH(OEt)3

AlCl3

Fe

H

O

Fe

H
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+
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Me
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Fe

H

O

+

O

H3C
R

NaOH or KOH/ EtOH

reflux

Fe

O

R

ferrocenyl chalcone from ferrocenylcarbadehyde and acetophenone derivatives. Their 

research’s results revealed that they obtained products with high yield (Table 1.2). 

 

 

 

Scheme 1.11 Synthesis reaction for ferrocenyl chalcones. 

 

Table 1.2 Selected of ferrocenyl chalcones synthesized by Montes-Gonzalez and 

coworkers. 

R Conditions and Time Yield (%) 

 

NaOH, EtOH, 10 min 96 

 

KOH, EtOH, 12 h 85 
Fe

O

F
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KOH, EtOH, 5 h 49 

 

NaOH, EtOH, 10 min 98 

 

1.4 Motivation of the research 

 In recent years, the synthesis of ferrocene-containing ligands has gained significant 

attention in the field of chemistry due to their various useful applications in everyday life. 

Various methods for synthesizing ferrocenyl ligands have been developed, each with their 

own benefits and drawbacks. Despite this, the demand for novel ferrocene ligands has not 

been satisfied, as new compounds with different properties are constantly needed to meet 

the demands of modern technology. 

 One approach to synthesizing new ferrocene ligands is through a modified Mannich 

reaction, which involves the condensation of an amine, an aldehyde, and a phenol. This 

reaction has been widely utilized in the synthesis of complex organic molecules due to its 

Fe

O

Br
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mild reaction conditions, simple procedure, and high yields. Therefore, our motivation is 

to use the Mannich reaction to synthesize a new ferrocene-based ligand. 

 Our proposed ligand has potential applications as a redox-switchable catalyst. 

Redox-switchable catalysts are a class of catalysts that can be reversibly activated and 

deactivated by changing their oxidation state, which can be achieved through the 

application of an electric potential. This makes them useful in catalyzing reactions that 

require precise control over the reaction rate and selectivity. Therefore, our goal is not only 

to synthesize a new ferrocene-based ligand but also to characterize its electrochemical 

properties by cyclic voltammetry, with the aim of using it as a redox-switchable catalyst 

for further research. 
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Chapter 2: Experimental Methods  
 

2.1  General methods and instrumentation 

 All manipulations were performed in air. Reagents were purchased from Sigma-

Aldrich or Fisher Scientific and used as received. NMR spectra were recorded at 300 MHz 

for 1H and 75.5 MHz for 13C. CDCl3 was purchased from Cambridge Isotope Laboratories 

and used as received. Elemental analyses were performed at Saint Mary's University, 

Halifax, Nova Scotia, Canada. UV-Vis spectroscopy was performed using an Ocean Optics 

USB4000 spectrometer in 1 cm quartz cuvettes. Melting points were measured using the 

OptiMelt MPA100 Automated Melting Point System Instrument at Memorial University 

of Newfoundland, St. John’s, Canada. MALDI-TOF mass spectrometry was obtained on a 

Bruker ultrafleXtreme mass spectrometer using anthracene matrix. Electrochemical 

measurements were carried out using PINE research electrochemical potentiostat 

instrument. Single-crystal X-ray diffraction was performed by Dr. J. B. Lin (C-CART, 

Memorial University of Newfoundland). X-ray diffraction data were collected at 100(2) K 

on a XtaLAB Synergy-S diffractometers using Cu Kα radiation (λ = 1.5406 Å). The crystal 

was mounted on nylon CryoLoops with Paratone-N oil. The data collection and reduction 

were processed within CrysAlisPro (Rigaku OD, 2021). A multi-scan absorption correction 
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was applied to the collected reflections. Using Olex2,50 the structure was solved with the 

ShelXT51 structure solution program using Intrinsic Phasing and refined with the ShelXL52 

refinement package using Least Squares minimisation. All non-hydrogen atoms were 

refined anisotropically. The hydroxyl hydrogen atoms in the compound were located in 

different Fourier maps and refined using the DFIX and HTAB commands. All other organic 

hydrogen atoms were generated geometrically. 

2.2  Procedure for the synthesis of 1-ferrocenyl-4-hydroxybenzene 

 Synthesis of 1-ferrocenyl-4-hydroxybenzene (denoted as compound 1) following 

the procedure of Sumner and Creager (Scheme 2.1).53 1 equivalent of 4-aminophenol (5.46 

g, 50.0 mmol) was dissolved in 60 mL of 20% sulfuric acid in a 250 mL two-neck round-

bottom flask. The solution was cooled to 0 oC in an ice bath. Then, 2 equivalent of sodium 

nitrite (6.96 g, 100 mmol) was added over a period of 10 minutes while stirring with a 

mechanical stirrer. Stirring continued for two hours as the diazonium salt formed.  

 In a separate flask, 2 equivalents of ferrocene (18.64 g, 100.0 mmol) was dissolved 

with 50 ml of dichloromethane and 200 mL of glacial acetic acid was added. The ferrocene 

solution was cooled to 0 °C in an ice bath, and the diazonium solution was slowly added 

by using a Pasteur pipette. The reaction mixture was stirred for approximately 24 hours as 

it was allowed to come to room temperature. The mixture was quenched with saturated 
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solution of sodium bicarbonate in deionized water and the resulting solution was extracted 

with dichloromethane. The organic layer was collected, dried over magnesium sulfate and 

then filtered. Finally, the solvent is evaporated by rotary evaporator to obtain the crude 

product.  

 

Scheme 2.1 The reactions of synthesis of compound 1. 

 

 The 1-ferrocenyl-4-hydroxybenzene product was purified by a chromatographic 

column with a mobile phase of hexane-acetone (8:2 ratio). The isolated yield was 11.2% 

(1.56g, 5.61 mmol). Characterization for compound 1: 1H-NMR (CDCl3, 300 MHz, 298 K): 

δ 7.33 (d, JHH = 3.0 Hz, 2H, ArH); 6.74 (d, JHH = 3.0 Hz, 2H, ArH); 4.52 (s, 2H); 4.52 (s, 

2H, FcH), 4.23 (s, 2H, FcH), 4.00 (s, 5H, FcH). 13C{1H} NMR (CDCl3, 75.5 MHz, 298 K): 

δ 153.9 (C), 127.4 (CH), 115.3 (CH), 85.9 (C), 68.5 (CH), 68.0 (C), 67.0 (CH), 66.1 (CH). 
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2.3   Procedure for the synthesis of a ferrocene-containing aminophenol 

 The reaction for synthesizing a ferrocene-containing aminophenol (called 

compound 2) is shown in Scheme 2.2. 50 ml of methanol, 2 equivalents of compound 1 

(3.00 g, 10.8 mmol) and 2 equivalents of 37 wt% formaldehyde (0.88 mL, 10.8 mmol) were 

added, respectively, to a 50 mL round-bottom flask equipped with a condenser. 1 equivalent 

of 2-picolylamine (0.58 g, 5.4 mmol) was added dropwise. Note: slow initial addition of 

the amine is crucial as the reaction is exothermic. The mixture was heated at reflux for 48 

hours and maintained at 80 °C in an oil bath. 

 

Scheme 2.2 The reaction of synthesis of compound 2. 

 

 Upon cooling to room temperature, the volatiles were evaporated, and a mixture of 

water and dichloromethane was used for liquid-liquid extraction. Yield was 47% (1.75 g, 

2.54 mmol). Characterization for compound 2: 1H-NMR (CDCl3, 300 MHz, 298 K) δ 8.70 

(s, 1H, PyH), 8.62 (s, 1H, PyH), 7.75 (s, 1H, PyH), 7.20 (s, 1H, PyH), 7.34 (d, JHH = 6.0 

+ CH2O +

N
NH2
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Hz, 2H, ArH), 6.86 (d, JHH = 6.0 Hz, 2H, ArH), 7.18 (s, 2H, ArH), 3.95 (s, 2H, pyCH2N), 

3.88 (s, 4H, PhCH2N), 4.24 (s, 4H, FcH), 4.53 (s, 4H, FcH), 4.02 (s, 10H, FcH). 13C{1H} 

NMR (CDCl3, 75.5 MHz, 298 K): δ 156.0 (CH), 155.8 (C), 148.2 (C), 137.8 (CH), 129.8 

(C), 128.1 (C), 127.5 (CH), 123.7 (CH), 122.8 (CH), 121.3 (CH), 117.2 (CH), 86.2 (C), 

69.5 (CH), 68.4 (CH), 66.1 (CH), 56.5 (CH2), 55.8 (CH2); MS (MALDI, matrix: 

anthracene) m/z 686 (M-2H), 408 (M-C16H16FeO), 396 (M-C17H16FeO), 306 (M-

C23H20FeON), 289 (M-C23H23FeON2), 276 (M-C24H24FeON2); Calcd for C40H36Fe2N2O2: 

C, 69.77; H, 5.23; N, 4.07. Found: C, 68.75; H, 5.22; N, 5.09. 

 

2.4  Calibration and scanning procedure for CV 

 The calibration procedure for the potentiostat before conducting CV scanning 

followed the instructions outlined in the WaveNow Wireless System User Guide, which is 

available on the PINE Research website.54 At the begining, launch the AfterMath software, 

which should already be installed on the computer, and log into the program. Turn on the 

instrument using the power switch on the back panel, then wait for the WaveNow Wireless 

device to appear in the list of instruments within AfterMath. The instrument's name and 

serial number should be visible under the "instruments" section. Review the display to 

check the instrument's status. Next, connect the WaveNow Wireless dummy cell (identified 

as Pine Research part number AB01DUM7) to the cell port located on the front panel of 
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the WaveNow Wireless device. Adjust the two switches on the front of the dummy cell: set 

switch "A" to "OFF" and switch "B" to "ON." This configuration establishes a resistive 

load of 49.9 kΩ. Proceed to the "AfterMath Experiments" menu and select "Cyclic 

Voltammetry." This action generates a "CV Parameters" node within a new archive. The 

expected outcome of this test is a diagonal line, and the slope of this line (approximately 

20.04 µS) corresponds to the reciprocal of the dummy cell resistance (about 49.9 kΩ). This 

result confirms that the instrument is ready for CV scanning and can be repeated every time 

during measurements. 

 The experiments for scanning CVs were conducted under a nitrogen atmosphere in 

a deoxygenated solution of dichloromethane (DCM) containing 0.1 M tetra-n-

butylammonium hexafluorophosphate [nBu₄N][PF₆] at a scan rate of 100 mV/s. For the 

working electrode, a glassy carbon electrode (GCE, diameter: 3.0 mm) was utilized and 

soaked in acetone for 5-10 minutes to dissolve any organic contaminants that may have 

accumulated on the electrode surface. Then the electrode was rinsed with distilled water to 

remove any remaining acetone. Finally, the electrode was dried with Kimwipes and stored 

in a clean, dry place until ready to use. A Pt electrode (diameter: 6.9 mm) was used as the 

counter/quasi-reference electrode. To ensure accuracy and reliability, the cyclic 

voltammetry curves obtained from the experiments were calibrated using the 
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ferrocenium/ferrocene (Fc+/Fc) redox couple as an internal standard. Prior to and after 

measuring the samples, the Fc+/Fc redox couple was measured under the same experimental 

conditions. 
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Chapter 3: Results and Discussion 
 

3.1  Characterization of compounds’ structures 

3.1.1 Characterization of 1-ferrocenyl-4-hydroxybenzene  

 

 

 

 

Figure 3.1 The chemical structure of compound 1. Chemical formula: C16H14FeO, 

molecular weight: 278.04 g/mol, Rf value = 0.22 (hexane: acetone = 8:2), appearance: 

orange powder. 
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3.1.1.1  1H-NMR spectroscopy 

Table 3.1 Table of 1H-NMR signals of compound 1. 

Position 1H-NMR (300 MHz, CDCl3) δ ppm 

3, 5 7.33 (d, J = 3.0 Hz, 2H) 

2, 6 6.74 (d, J = 3.0 Hz, 2H) 

2’, 5’ 4.52 (s, 2H) 

3’, 4’ 4.23 (s, 2H) 

1’’, 2’’, 3’’, 4’’, 5’’ 4.00 (s, 5H) 

  

 The 1H-NMR spectrum of compound 1 is shown in Figure 3.2 and the data 

summarized in Table 3.1. The sum of the proton integrals is equal to the number of protons 

in the chemical formula, which in this case is 13. The proton signals were observed in the 

range of 4.00 - 7.33 ppm, including 4 protons from the benzene ring and 9 protons from the 

ferrocenyl group. 

 Regarding the benzene ring, the presence of a hydroxyl group at the 4-position 

indicates that the ortho and para positions are more electron-rich than the meta position due 
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to the electron-donating nature of the hydroxyl group. Therefore, the proton signals at 

positions 2 and 6 (6.74 ppm) are expected to be more shielded compared to those at 

positions 3 and 5 (7.33 ppm). The proton at position 3 shows coupling with the proton at 

position 5, giving a doublet with a coupling constant of 3.0 Hz, and a similar coupling is 

observed between the proton at position 2 and 6. 

 In the ferrocenyl group, the proton signals at positions 2’ and 5’ have higher 

chemical shifts than those at positions 3’ and 4’ due to their proximity to the benzene ring. 

Additionally, the proton at position 2’ is chemical equivalent to that at position 5’, resulting 

in a singlet signal at 4.52 ppm, and a similar singlet is observed for the protons at positions 

2’ and 6’ at 4.23 ppm. Finally, a singlet signal is observed at 4.00 ppm, indicating that all 

the protons at positions 1’’, 2’’, 3’’, 4’’, and 5’’ are chemical equivalent. 
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Figure 3.2 1H-NMR spectrum of compound 1. 

 

3.1.1.2  13C-NMR spectroscopy 

Table 3.2 Table of 13C-NMR signals of compound 1. 

Position 13C-NMR (75.5 MHz, CDCl3) δ ppm 

1 153.9 

OH

Fe
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4 131.5 

3, 5 127.4 

2, 6 115.3 

1’ 67.9 

2’, 5’ 68.5 

3’, 4’ 66.1 

1’’, 2’’, 3’’, 4’’, 5’’ 69.5 

  

 The 13C-NMR spectrum of compound 1 is presented in Figure 3.3 and the data 

summarized in Table 3.2. The carbon signals were observed from 66.11 to 153.86 ppm. 

The carbons on the benzene ring are more deshielded than the carbons on the ferrocenyl 

group. 

 On the benzene ring, the electron density at the para position was higher than the 

position attached to the hydrogen group due to the resonance of the hydroxy group. 

Therefore, the chemical shift of the carbon at the 4-position (131.5 ppm) was lower than 

the 1-position (153.9 ppm). Besides that, the chemical shifts of carbons at positions 2 and 
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6 (115.3 ppm) were also lower than the carbons at positions 3 and 5 (127.4 ppm) due to the 

same reason. 

 Regarding the ferrocenyl group, the carbons gave signals at a lower field compared 

to the carbons of the benzene rings due to the shielding effects caused by the proximity of 

the ferrocenyl group to the benzene ring. The highest peak, with a chemical shift of 69.5 

ppm, belonged to the five carbons of the cyclopentadienyl ring that are not attached to the 

benzene ring. The chemical shifts at 67.9, 68.5, and 66.1 ppm belonged to the carbons of 

the cyclopentadienyl ring attached to the benzene ring.  
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Figure 3.3 13C-NMR spectrum of compound 1. 
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Fe
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3.1.2  Characterization of a ferrocene-containing aminophenol 

 

 

 

Figure 3.4 The chemical structure of compound 2. Chemical formula: C40H36Fe2N2O2, 

molecular weight: 688.14 g/mol, melting point: 170-171 oC, appearance: yellow powder. 

 

3.1.2.1  1H-NMR spectroscopy 

 

Table 3.3 Table of 1H-NMR signals of compound 2. 

 

Position 1H-NMR (300 MHz, CDCl3) δ ppm 

2 8.70 (s, 1H) 

3 8.62 (s, 1H) 
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4 7.75 (s, 1H) 

5 7.20 (s, 1H) 

12 7.34 (d, J = 6.0 Hz, 2H) 

13 6.86 (d, J = 6.0 Hz, 2H) 

15 7.18 (s, 2H) 

7 3.95 (s, 2H) 

9 3.88 (s, 4H) 

3’, 4’ 4.24 (s, 4H) 

2’, 5’ 4.53 (s, 4H) 

1’’, 2’’, 3’’, 4’’, 5’’ 4.02 (s, 10H) 

 

 The 1H-NMR spectrum of compound 2 is presented in Figure 3.5 and the data 

summarized in Table 3.3. The 2 protons at positions 12 and 13 are coupled to each other, 

resulting in 2 doublet signals, and they have a coupling constant of 6 Hz.  
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 The proton signals at positions 2' and 5' in the ferrocenyl group exhibit higher 

chemical shifts compared to positions 3' and 4' due to their proximity to the benzene ring. 

The proton at position 2' is chemical equivalent to the one at position 5', resulting in a 

singlet signal at 4.53 ppm. Similarly, the protons at positions 3’ and 4’ are also symmetrical, 

producing a singlet signal at 4.24 ppm. Lastly, the singlet peak at 4.03 ppm includes the 

symmetry of all the protons at positions 1'', 2'', 3'', 4'', and 5''. 

 In the 1H-NMR spectrum, the proton signals detected at positions 2, 3, 4, and 5 can 

be attributed to the pyridine group. These specific positions on the spectrum indicate the 

presence of protons associated with the pyridine moiety. 
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Figure 3.5 1H-NMR spectrum of compound 2. 

 

3.1.2.2  13C-NMR spectroscopy 

 

Table 3.4 Table of 13C-NMR signals of compound 2. 

Position 13C-NMR (75.5 MHz, CDCl3) δppm 

11 156.0 

2 155.8 

OH

Fe

N

N

OH

Fe
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6 148.2 

3 137.8 

10 129.8 

14 128.1 

12 127.5 

4 123.7 

5 122.8 

15 121.3 

13 117.2 

1’ 86.2 

1’’, 2’’, 3’’, 4’’, 5’’ 69.5 

3’ 68.4 

2’ 66.1 
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9 56.5 

7 55.8 

 

 The 13C-NMR spectrum of compound 2 is presented in Figure 3.6 and the data 

summarized in Table 3.4. According to the 13C-NMR result of compound 2, it can be 

seen that there are 17 signals of carbon which are suitable for the structure of this 

compound. Signals are observed in the downfield region more than 120 ppm 

belonging to carbons of aromatic rings. While those in upfield region less than 120 

ppm are signals corresponding to sp3-carbons and those of ferrocene. For example, 

there are several more shielded protons whose peaks are at region of 60 - 90 ppm 

which can be assigned as signals of the ferrocenyl groups.  

 Looking more closely to the region more deshielded than 120 ppm, it is 

evident that the intensity of the signal for the carbons of the pyridine ring are weaker 

than carbon signals for the benzene ring. This is because there are two benzene rings 

which chemical equivalent in the structure of compound 2. In addition, carbons 

which are closer to a nitrogen atom generally are more deshielded such as the carbon 
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at position 2 (155.8 ppm) and 6 (148.2 ppm). This is explained by the nitrogen atom 

being relatively electronegative, which deshields the nearby carbons and causes 

them to experience a stronger magnetic field. 

 In many ways, the explanation used for compound 1’s spectrum can be used 

for compound 2. The electron-donating effect of hydroxy group on benzene ring in 

compound 2 means carbons at ortho and para positions are observed in downfield 

region. 

 

Figure 3.6  13C-NMR spectrum of compound 2. 
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3.1.2.3  MALDI-TOF mass spectrometry 

 Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

(MALDI-TOF MS) was first introduced in 198755 and originally developed for non-volatile 

and large biomolecules.55,56 MALDI-TOF MS has advantages over other methodologies, 

including speed of analysis, high sensitivity, wide applicability combined with a good 

tolerance toward contaminants, and the ability to analyze complex mixtures.57,58 However, 

for the compounds of interest, the selection of a proper matrix in combination with various 

methods of sample preparation is very important. In addition, good signal-to-noise ratios 

and spot-to-spot repeatability are essential to acquiring a good MALDI-TOF MS spectrum 

for data analysis. In this thesis, compound 2 could be readily dissolved in dichloromethane, 

CH2Cl2, and were thus combined with anthracene (also soluble) as a matrix in a 1:1 ratio.  

 Anthracene is a small organic molecule consisting of three fused benzene rings, and 

an ideal matrix for this ligand due largely in part to its lack of functional groups; it generates 

radical cations for the molecular ion of the ligand through electron abstraction (Figure 

3.7).59  
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Figure 3.7 The structure of anthracene. 

 

 Anthracene is widely used as a matrix compound in MALDI-TOF MS due to its 

advantageous properties. It efficiently absorbs laser energy, facilitating the ionization of 

analyte molecules and the generation of gas-phase ions. Additionally, anthracene exhibits 

low background noise in mass spectra, enabling clear detection of analyte ions. Anthracene 

also enhances the signal intensity of certain analytes, resulting in improved sensitivity 

during analysis. Moreover, it demonstrates stability and resilience under the experimental 

conditions of MALDI-TOF MS, making it a reliable matrix compound choice.60,61 

 In MALDI-TOF MS, a sample is mixed with a matrix compound and spotted onto 

a metal plate. The matrix absorbs the laser energy and transfers it to the sample, causing it 

to ionize and form gas-phase ions. These ions are then accelerated by an electric field and 

travel through a flight tube, where they are separated based on their mass-to-charge ratio 

(m/z). Finally, the ions are detected and recorded by a detector, producing a mass 

spectrum.62  
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Figure 3.8 MALDI-TOF MS spectrum of compound 2 dissolved in dichloromethane, 

CH2Cl2 and were thus combined with anthracene (also soluble) as a matrix in a 1:1 ratio at 

the positive mode. 

 

 The positive ion spectra of compound 2 (C40H36Fe2O2N2, M = 688.14) can be 

observed in Figure 3.8 using MALDI-TOF MS. Within this figure, the fragments 

encompassing mass-to-charge ratios (m/z) ranging from 276 to 687 are presented. These 

fragments are indicated below, and their values are measured in Daltons (Da). 

m/z = 686.283 = [M - 2H]•+ = [C40H34Fe2O2N2]•
+ 

m/z = 408.46 = [C40H34Fe2O2N2 – C16H14FeO]•+ = [C24H20FeON2]•
+ 

m/z = 396.471 = [C24H20FeON2 – C]•+ = [C23H20FeON2]•
+ 
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m/z = 306.337 = [C23H20FeON2 – C6H4N]•+ = [C17H16FeON]•+ 

m/z = 289.522 = [C17H16FeON – NH3]•
+ = [C17H13FeO]•+ 

m/z = 276.535 = [C17H13FeO - CH]•+ = [C16H12FeO]•+ 

 Fragmentation in the MALDI-TOF MS analysis of compound 2 provides insights 

into its molecular weight, molecular formula, and potential structure characteristics. 

3.1.2.4 X-ray crystallography 

 Scientists use X-ray crystallography to study the structure of crystals and molecules. 

This method involves directing X-rays onto a crystal and measuring the resulting 

diffraction pattern, revealing information about the atoms' arrangement within the crystal 

or molecule. X-ray crystallography has played a pivotal role in advancing many scientific 

disciplines, including biology, chemistry, materials science, and physics.63 In recognition 

of its importance, the United Nations General Assembly designated 2014 as the 

International Year of Crystallography64 to raise awareness about its contributions to 

scientific research and promote international cooperation in this field. Single-crystal X-ray 

diffraction is a reliable technique for determining the three-dimensional structure of small 

organic molecules. It provides detailed information about bond lengths, bond angles, and 

molecular conformations, which are essential for understanding the properties and 

behaviour of the molecule. 
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 Orange crystals of compound 2 of suitable size and quality for X-ray diffraction 

analysis were grown by slow evaporation of a solution of the complex in a mixture of 

dichloromethane and methanol at room temperature. The resulting crystals were isolated, 

and the structures of compound 2 was determined by X-ray diffraction analysis. The 

structure of the ferrocene-containing amino phenol showed two ferrocenyl groups, two 

phenol groups, and one central amine group and a pyridine group as shown in Figure 3.9. 

 

 

Figure 3.9 X-ray crystal structure of compound 2 (Non-hydrogen atoms are represented by 

displacement ellipsoids at the 30% probability level). 
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 The compound 2 is crystallized as a monoclinic crystal system. In crystallography, 

the term "crystal system" refers to seven categories that classify crystals based on their 

symmetry and the shape of their unit cell. These seven crystal systems are cubic, tetragonal, 

orthorhombic, rhombohedral, hexagonal, triclinic, and monoclinic.63 Monoclinic is one of 

the seven crystal systems, and it describes crystals with a unit cell that has three unequal 

axes, two of which intersect at an oblique angle (i.e., not a right angle). This means that the 

crystal has a unique axis of symmetry, which is different from the other crystal systems 

with higher degrees of symmetry. The crystal has three distinct lattice parameters: a = 

21.0806 Å, b = 6.04370 Å, and c = 26.0952 Å, while the angle between the b and c axes is 

101.510 ° (Table 3.5). The numbers in parentheses denote the estimated standard 

deviations in the final digit(s) of each value, reflecting the measurement's precision. When 

the value of Z is given as 4, it means that there are 4 molecules in the unit cell of the crystal 

structure being described. This value is important because it provides information about the 

density, composition, and other properties of the crystal.  

 In X-ray crystallography, the term "R indices" refer to the agreement between the 

observed diffraction data and the calculated structure factors. These indices provide a 

measure of how well the model fits the experimental data. The final R indices [I≥2σ(I)] is 

a commonly reported value that indicates the agreement between the measured intensities 
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of the reflections (I) and the calculated intensities (I) based on the atomic model. The value 

of "I≥2σ(I)" means that only the intensities of reflections that are at least two standard 

deviations above the noise level are included in the calculation of the R indices. This helps 

to ensure that the calculated R value is reliable and not significantly affected by 

measurement errors or other sources of noise.65,66 The final R indices [I≥2σ(I)] is a critical 

metric used to assess the quality of a crystallographic model. Lower values of R indices 

indicate a better agreement between the observed and calculated data and therefore a higher 

quality model. This value is typically reported along with other crystallographic statistics, 

such as the resolution of the data and the number of reflections used in the refinement. 

Based on the obtained R1 value of 0.0543 and wR2 value of 0.1480 for compound 2, the 

data meets the criteria for good quality and acceptability. In many scientific fields, R1 

values of less than 0.10 and wR2 values of less than 0.20 are generally considered 

acceptable as a good resolution.66,67  

 

Table 3.5 Crystal data and structure refinement of compound 2 

Identification code NP3001 (compound 2) 

Empirical formula C42H42Fe2N2O3 (C40H36Fe2N2O2.C2H6O) 

Formula weight 734.47 
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Temperature/K 100(2) 

Crystal system monoclinic 

Space group P21/n 

a/Å 21.0806(3) 

b/Å 6.04370(10) 

c/Å 26.0952(4) 

β/° 101.510(2) 

Volume/Å3 3257.79(9) 

Z 4 

ρcalcg/cm3 1.497 

μ/mm-1 7.497 

F(000) 1536.0 

Crystal size/mm3 0.143 × 0.064 × 0.039 

Radiation Cu Kα (λ = 1.54184) 

2θ range for data collection/° 4.934 to 158.688 

Index ranges -26 ≤ h ≤ 26, -7 ≤ k ≤ 7, -33 ≤ l ≤ 32 

Reflections collected 35443 

Independent reflections 6975 [Rint = 0.0592, Rsigma = 0.0398] 

Data/restraints/parameters 6975/66/470 

Goodness-of-fit on F2 1.032 

Final R indexes [I>=2σ (I)] R1 = 0.0543, wR2 = 0.1480 

Final R indexes [all data] R1 = 0.0737, wR2 = 0.1643 

Largest diff. peak/hole / e Å-3 1.19/-0.37 

 

 Hydrogen bonding between nitrogen (N) and hydrogen (H), as well as Van der 

Waals bonding between oxygen (O) and nitrogen (N), can play a crucial role in stabilizing 
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crystal structures (Table 3.6). Nitrogen-containing groups, such as amides, imines, and 

amines, are frequently involved in hydrogen bonding interactions that lead to the formation 

of extended networks of hydrogen-bonded molecules within the crystal lattice. Similarly, 

the electronegativity difference between O and N creates a polarized molecule that can 

interact weakly through Van der Waals forces. These networks provide additional stability 

to the crystal structure and also affect its properties, such as solubility, melting point, and 

reactivity. 

 

Table 3.6 Calculation of the hydrogen bonding among 3 elements: O, H, N (Van der Waals 

radii of Nitrogen (N)=1.55 Å, Hydrogen (H) = 1.20 Å, Oxygen (O) = 1.52 Å). 

D H A d(D-H)/Å 

 

d(H-A)/Å 

 

 

d(D-A)/Å 

 

O1 H1 N1 

 

0.89(2) 

 

1.85(3) 2.663(4) 

Sum of Van der 

Waals radii 
- 

 

2.75 > 1.85  

 

 

3.070 > 2.663 

 

Conclusions 

 

O1 and H1 form a 

hydroxyl group 

 

 

an interaction 

(hydrogen bonding 

between N1 and 

H1) 

 

 

an interaction 

(Van der Waals 

bonding between 

O1 and N1) 
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O2 H2 N2 

 

0.86(2) 

 

 

1.90(3) 

 

 

2.738(5) 

 

Sum of Van der 

Waals radii 
- 

 

2.75 > 1.90 

 

 

3.070 > 2.738 

 

Conclusions 

 

O2 and H2 form a 

hydroxyl group 

 

 

an interaction 

(hydrogen bonding 

between N2 and 

H2) 

 

 

an interaction 

(Van der Waals 

bonding between 

O2 and N2) 

 

 

 

3.1.2.5  UV-Vis spectroscopy 

 A representative set of UV-Vis spectrum for ferrocene, compound 1 and compound 

2 showcase the effect of installing different functional groups onto ferrocene. They exhibit 

intense bands in both the ultraviolet (UV) and visible regions. As shown in Figure 3.10, 

the maximum peak in UV region is at approximately 320 mn and 340 nm, which can be 

attributed to the intense n → π* transition from the phenolic rings and pyridine group in 

compound 2, respectively. The lone pair of electrons on the oxygen atom of the hydroxyl 

group contributes to the delocalized electron cloud, making the phenolic ring highly 

conjugated and susceptible to UV-Vis absorption. This characteristic is evident in 

compound 1 and compound 2. Moreover, when exposed to UV or visible light, the pyridine 
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group can undergo electronic transitions between these molecular orbitals. The n → π* 

transition specifically refers to the excitation of an electron from the nitrogen lone pair (n 

orbital) to an antibonding π* orbital within the π electron cloud. The energy required for 

the n → π* transition typically falls within the UV or higher-energy visible light region. 

Thus, compound 2 exhibits two maximum peaks in the UV region at ~320 nm and ~340 

nm, associated with the transition of the phenolic and pyridine rings, respectively. 

 

 

Figure 3.10 The comparison UV-Vis spectrum of ferrocene, compound 1, and compound 

2, diluted in dichloromethane (DCM) at the concentration of 5 mM (room temperature). 
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 In the visible region, according to the Beer-Lambert law, the equation is: A = 𝐶𝐿, 

where A represents Absorbance,  is the molar absorption coefficient (M-1cm-1), C is the 

molar concentration (M), and L is the optical path length (cm). Therefore, the molar 

absorption coefficient of prepared compounds was calculated follows: 

ferrocene = 17.0 M-1cm-1 at 𝑚𝑎𝑥= 456 𝑛𝑚 

compound 1 = 62.0 M-1cm-1 at 𝑚𝑎𝑥= 457 𝑛𝑚 

compound 2 = 115 M-1cm-1 at 𝑚𝑎𝑥= 455 𝑛𝑚 

 Absorbances in the UV-Vis spectra in the visible region were observed for 

compound 1 and compound 2 at almost the same wavelength as ferrocene (456 nm). 

However, compound 1 has one ferrocenyl group and one phenol group, while compound 2 

has two ferrocenyl groups combine with two phenol groups. As a result, compound 2 

exhibits the highest molar absorption coefficient among them, while compound 1 also 

displays a higher molar absorption coefficient than ferrocene. Thus, the molar absorption 

coefficient of compound 2 > the molar absorption coefficient of compound 1 > the molar 

absorption coefficient of ferrocene (compound 2 > compound 1 > ferrocene). 
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3.2  Electrochemical behaviour of compounds 

3.2.1  Cyclic voltammetry (CV) 

 Cyclic voltammetry (CV) is a versatile and widely used electroanalytical technique 

that has proved invaluable in the study of electroactive species. This technique has found 

broad application in the fields of electrochemistry, inorganic chemistry, organic chemistry, 

and biochemistry, due to its ease of measurement and versatility. CV is often the first 

experiment and typically displays a characteristic shape performed when investigating a 

compound, a biological material, or an electrode surface because it allows for the rapid 

observation of redox behavior over a wide potential range. The anodic peak corresponds to 

the oxidation of the electroactive species, while the cathodic peak corresponds to its 

reduction. The potential at which the anodic peak occurs is known as the oxidation 

potential, and the potential at which the cathodic peak occurs is known as the reduction 

potential. The separation between the two peaks, known as the peak-to-peak separation, is 

a measure of the reversibility of the electrochemical reaction.68–70 

 Moreover, CVs can provide valuable information about the redox properties of a 

sample, such as the number of electrons involved in the reaction, the stability of the 

intermediates, and the kinetics of the reaction. CVs can also be used to study the adsorption 

of species onto electrode surfaces and to determine the surface area of electrodes. The 
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resulting voltammogram, which is obtained by plotting the current response against the 

applied potential, is analogous to a conventional spectrum in that it conveys information as 

a function of an energy scan. 68,71 

3.2.2  Electrochemical behaviour of ferrocene 

 The CV curve of ferrocene is shown in Figure 3.11. The half-wave potential of the 

ferrocenium/ferrocene (Fc+/Fc) redox couple (E1/2, Fc+/Fc) was estimated from E1/2, Fc+/Fc = 

(Eox + Ered)/2, where Eox and Ered are the oxidation and reduction peak potentials, 

respectively. The half-wave potential of Fc+/Fc was found to be 49.6 mV (Table 3.7){E1/2, 

Fc+/Fc = (Eox + Ered)/2 = (11.5 + 87.7)/2 = 49.6 mV} related to the Fc+/Fc external standard 

reference electrode. This allows other data to be corrected relative to this external Fc+/Fc 

standard (Fc+/Fc = 0 mV). 
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Figure 3.11 The cyclic voltammogram of ferrocene (5 mM) was recorded in 

dichloromethane (DCM) of solution of tetra-n-butylammonium hexafluorophosphate 

[nBu₄N][PF₆] (0.1 M). Scan rate: 100 mV/s. 
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Table 3.7 The calculation of half-wave potential of ferrocene. 

The calculation of half-wave potential of ferrocene 

 Current (A) Potential (mV) 

Reduction peak 9.84 87,7 

Oxidation peak  -12,2 11,5 

Half-wave potential -1,20 49,6 

 

 

3.2.3  Electrochemical behaviour of 1-ferrocenyl-4-hydroxybenzene 

 The redox behaviour of ligands and complexes is greatly influenced by various 

conditions, such as the choice of solvent, the type of electrode employed, and the 

composition of the electrolyte. In order to assess the redox properties of compound 1, it 

was subjected to investigation through cyclic voltammetry under identical conditions as 

those utilized for the analysis of ferrocene. A cyclic voltammogram of compound 1 in 

dichloromethane (DCM) at a scan rate of 100 mV/s is presented in Figure 3.12. The 

obtained voltammogram serves as a graphical representation of the redox behaviour of 

compound 1, illustrating the oxidation and reduction peaks observed at different potentials 

during the scan. Through this analysis, the electrochemical properties of compound 1 can 

be further elucidated, facilitating a better understanding of its overall reactivity. 
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Figure 3.12 The cyclic voltammogram of compound 1 (5 mM) was recorded in 

dichloromethane (DCM) of solution of tetra-n-butylammonium hexafluorophosphate 

[nBu₄N][PF₆] (0.1 M). Scan rate: 100 mV/s. Potential versus Fc+/Fc. 

 

 The CV of the compound 1 display a very weakly quasi-reversible oxidation. They 

showed very strong reduction peak at 0.0579 mV. The half-wave potential of compound 1 

was found to be -0.0345 mV (Table 3.8){E1/2, Fc+/Fc = (Eox + Ered)/2 = (-0.0111 + -0.0579)/2 

= -0.0345 mV} versus Fc+/Fc. 
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Table 3.8 The calculation of half-wave potential of compound 1 versus Fc+/Fc. 

The calculation of half-wave potential of compound 1 versus Fc+/Fc 

 Current (A) Potential (mV) 

Reduction peak -50.8 -0.0579 

Oxidation peak 5.57 -0.0111 

Half-wave potential -22.6 -0.0345 

 

 

 The mechanism of electrochemical oxidation and reduction of compound 1 was 

investigated through cyclic voltammetry. Under the experimental conditions, compound 1 

exhibited an oxidation process characterized by a single-step peak at Eox = +1.70 V. This 

oxidation mechanism involves the transfer of one electron and one proton from a phenol-

derivative to a quinone-derivative. While scanning negatively, a second distinct reduction 

peak was observed at Ered = -1.40 V. This cathodic peak corresponds to the reduction of the 

quinone-derivative (two phenol oxidation products) to a catechol-derivative, and it involves 

the transfer and acceptance of two electrons and two protons, as illustrated in Scheme 3.1.72 

Cyclic voltammetry provides valuable information about the electrochemical behaviour of 

compounds. Thus, the oxidation peak observed at +1.70 V suggests the presence of an 

oxidation process involving the conversion of the phenol-derivative to the quinone-
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derivative. Similarly, the reduction peak at -1.40 V indicates the reduction of the quinone-

derivative to the catechol-derivative. 

 

 

Scheme 3.1 Proposed mechanism for electrochemical oxidation of compound 1 via cyclic 

voltammetry. 
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3.2.4 Electrochemical behaviour of a ferrocene-containing aminophenol 

 The electrochemical behaviour of compound 2 was measured under the same 

conditions as compound 1. A complete cyclic voltammogram of compound 2 in 

dichloromethane at a scan rate of 100 mV/s is shown in Figure 3.13. Similar to compound 

1, the CV of the compound 2 displays a very weakly quasi-reversible oxidation. It showed 

a very strong reduction peak 0.0278 mV and weak oxidation peak at 0.0314 mV at the 

position of Fc+/Fc couple. The half-wave potential of compound 2 was found to be 0.0296 

mV (Table 3.9){E1/2, Fc+/Fc = (Eox + Ered)/2 = (0.0278 + 0.0314)/2 = 0.0296 mV} versus 

Fc+/Fc. 
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Figure 3.13 The cyclic voltammogram of compound 2 (5 mM) was recorded in 

dichloromethane (DCM) of solution of tetra-n-butylammonium hexafluorophosphate 

[nBu₄N][PF₆] (0.1 M). Scan rate: 100 mV/s. Potential versus Fc+/Fc. 
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Table 3.9 The calculation of half-wave potential of compound 2 versus Fc+/Fc. 

The calculation of half-wave potential of compound 2 versus Fc+/Fc 

 Current (A) Potential (mV) 

Reduction peak -8.02 0.0314 

Oxidation peak 2.62 0.0278 

Half-wave potential -2.69 0.0296 

 

 The proposed mechanism for electrochemical oxidation and reduction of compound 

2 is shown in Scheme 3.2, based on previous studies by others on phenol.72 In this 

condition, compound 2 undergoes oxidation in a two-step peak at Eox1 = +1.20 V and Eox2 

= +1.60 V. That is results in the transfer of two electrons and two protons incompletely 

from compound 2 to quinone-derivative of compound 2. The second oxidation peak 

occurred in the CV because compound 2 is not completely oxidized at the lower voltage. 

On the reverse scan, a single strong reduction peak occurred at Ered = -1.40 V (same as the 

compound 1). The cathodic peak potentially corresponds to the reduction of quinone-

derivative of compound 2 (two phenol oxidation products) to catechol-derivative of 

compound 2, and includes transfer as well as receipt of four electrons and four protons. 
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Further analytical experiments are required in the future to confirm formation of the 

catechism derivative, for example using mass spectrometry. 

 

 

Scheme 3.2 Proposed mechanism for electrochemical oxidation of compound 2 via cyclic 

voltammogram. 
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Table 3.10 The calculation and summarize of the half-wave potential of ferrocene, 

compound 1, compound 2 before and after correction (versus Fc+/Fc). 

 

 
Ferrocene (Fc) 

(mV) 

Compound 1 

(mV) 

Compound 2 

(mV) 

Raw data +49.6 -0.0345 +0.0296 

After correction 

(vs. Fc+/Fc) 
0.00 -49.6 -49.6 

 

  

 The selection of ferrocene as an external reference standard holds significant 

importance in electrochemical studies. By designating the half-wave potential of ferrocene 

as 0.00 mV, a benchmark is established against which the half-wave potentials of other 

compounds can be compared. In this context, compound 1 and compound 2 exhibit half-

wave potentials of -49.6 mV each (Table 3.10). The equalization of the corrected half-

wave potentials of compound 1 and compound 2 signifies an intriguing finding. It suggests 

that alternative functional groups present in these compounds do not exert any discernible 

influence on the ferrocene moieties redox couple. The utilization of ferrocene as a reference 

compound simplifies the interpretation of electrochemical data by providing a well-defined 

baseline for comparison. It allows one to do quick comparisons, especially in exotic 

solvents which don't have a readily available reference electrode.   
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3.3  Reaction mechanism 

3.3.1  Mechanism of synthesis of 1-ferrocenyl-4-hydroxybenzene 

 This reaction enables the incorporation of an aryl group onto the ferrocene ring 

system. To initiate the process, an arylamine (Ar-NH2) undergoes treatment with nitrous 

acid (HNO2) to form a diazonium salt. Due to its instability, the diazonium salt acts as an 

electrophile, attacking the ferrocene ring system, which is composed of two fused aromatic 

rings. As a result, one of the hydrogen atoms on the ferrocene ring is replaced by the aryl 

group, leading to the formation of a ferrocene compound that is substituted with an aryl 

group (Scheme 3.3). The low yield of the reaction can be attributed to the exceptional 

stability of ferrocene,12 rendering it challenging to react with the given reactants. 

Consequently, achieving a satisfactory yield becomes arduous as the reactivity of ferrocene 

remains limited. 
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 Scheme 3.3 The mechanism of synthesis of compound 1. 
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3.3.2 Mechanism of synthesis of a ferrocene-containing aminophenol 

 The description of the reaction mechanism for synthesizing compound 2 can be 

found in Scheme 3.4. In the first step, the carbonyl compound (formaldehyde) is protonated 

at the oxygen atom, making it more electrophilic. The protonated carbonyl compound then 

undergoes a nucleophilic attack by the nitrogen atom of the amine (2-picolylamine). The 

lone pair of electrons on the nitrogen attacks the electrophilic carbon of the carbonyl group, 

leading to the formation of a tetrahedral intermediate. This intermediate then undergoes a 

proton transfer from the nitrogen atom to the oxygen, resulting in the formation of an 

iminium ion.  

 The compound 1 loses a proton to the imine nitrogen generating a conjugate base 

which is capable of acting as a nucleophile. The enolate, formed from compound 1, attacks 

the electrophilic carbon of the iminium ion, leading to the formation of the ferrocene-

containing aminophenol product. Finally, to obtain the final product, the aminophenol 

undergoes deprotonation. 
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Scheme 3.4 The mechanism of synthesis of compound 2. 
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Chapter 4: Conclusions and Future Work 
 

 The development of new ligands for metal catalysts is a crucial area of research in 

the field of chemistry, as it can lead to the synthesis of new molecules with unique 

properties. For this thesis, a new ferrocene-containing aminophenol ligand was successfully 

synthesized, which was thoroughly characterized using several analytical techniques. One 

of the most commonly used techniques to characterize organic molecules is Nuclear 

Magnetic Resonance (NMR) spectroscopy. The synthesized ligand was analyzed using 

NMR, which provided valuable information about its chemical structure and confirmed the 

successful synthesis of the ligand. Matrix-assisted laser desorption/ionization time-of-flight 

mass spectrometry (MALDI-TOF MS) was used to determine the molecular weight of the 

synthesized ligand. The results obtained from this technique provided further confirmation 

of the successful synthesis of the ligand and its purity. To further verify the molecular 

structure and crystal structure of the synthesized ligand, X-ray crystallography was 

employed. This technique provided a detailed picture of the ligand's molecular structure, 

including its orientation and bonding geometry. Finally, UV-Vis spectroscopies were used 

to investigate the ligand's electronic properties. This technique provided insights into the 
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electronic transitions occurring in the synthesized ligand, further confirming its suitability 

as a metal catalyst ligand.  

 The electrochemical behavior of a system can provide valuable insights into its 

properties and behavior. In this particular study, the potential state of the system was 

evaluated using cyclic voltammetry methods, which involves applying a voltage to the 

system and measuring the resulting current. By doing so, we were able to investigate the 

behavior of the Fc+/Fc couple which refers to the ferrocenium/ferrocene redox couple - a 

commonly used reference standard in electrochemistry. It is a reversible redox couple, 

meaning that the system can easily switch between the oxidized (Fc+) and reduced (Fc) 

states, depending on the applied potential. The results of the cyclic voltammetry 

measurements provide important information about the behavior of the Fc+/Fc couple. The 

results of this study can be used to inform future research and design efforts in the field of 

electrochemistry. 

 In future research, when exposed to metal, compound 2 undergoes a transformation 

into phenolate, which comprises a novel series of metal complexes featuring a ferrocene-

based aminophenolate ligand (Figure 4.1). The metals selected for complexation include 

Ti, Zr, Fe, Co, and Al. These metal complexes are expected to serve as efficient catalysts 

for ring-opening polymerizations (ROP) and ring-opening copolymerizations (ROCOP), 
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with potential applications in the synthesis of new materials. The unique properties of 

ferrocene-containing aminophenol ligands, such as their redox activity and chelating 

ability, make them suitable for metal complexation and catalytic applications. The success 

of this research could lead to the development of new and improved catalysts for the 

synthesis of polymers and copolymers with tailored properties. 

 

 

Figure 4.1 Example of possible complex with ferrocene containing aminophenolate ligand 

derived from compound 2. 
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Appendix 
 

 

 

 

 
 

Figure A.1 Procedure for setting up the CV experiment. 
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Figure A.2 The different colour of ferrocene, compound 1, and compound 2 when they are 

diluted in dichloromethane (DCM) at the concentration of 5 mM (room temperature). 
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Figure A.3 The different colour of ferrocene, compound 1, and compound 2 in solid state 

at room temperature. 
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Table A.1 The elemental analysis of compound 2 (C40H36Fe2N2O2). 

 

Element Calculated Found 

C 69.77 68.75 

H 5.23 5.22 

N 4.07 5.09 
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Table A.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103). Ueq is defined as 1/3 of the trace of the orthogonalised UIJ tensor. 
 

Atom x y z U(eq) 

Fe1 8663.4(2) 4015.9(8) 8309.4(2) 40.98(15) 

Fe2 3549.6(3) 3768.9(9) 5580.9(2) 49.94(17) 

O1 5671.8(13) 8042(4) 8711.7(10) 56.2(6) 

O2 4096.0(17) 7990(6) 8160.3(13) 74.0(8) 

N1 5105.6(14) 4166(5) 8434.5(11) 48.4(6) 

N2 4309.2(16) 5658(6) 9078.0(13) 63.9(8) 

C1 8533(2) 3271(7) 7531.2(14) 65.3(11) 

C2 9176(2) 3962(9) 7727.1(18) 76.5(14) 

C3 9132(2) 6142(8) 7914.2(15) 68.8(12) 

C4 8488(2) 6745(6) 7840.9(13) 57.1(9) 

C5 8114.0(18) 4987(7) 7603.2(12) 55.8(9) 

C6 8715.0(17) 4882(6) 9071.8(12) 49.0(7) 

C7 9203.4(18) 3337(6) 9037.1(13) 53.3(8) 

C8 8910.4(18) 1388(6) 8807.1(14) 51.2(8) 

C9 8227.9(17) 1716(5) 8698.2(13) 46.2(7) 

C10 8093.2(16) 3898(5) 8860.5(11) 42.6(7) 

C11 7456.7(16) 4926(5) 8823.1(11) 42.6(7) 

C12 6889.1(16) 3878(5) 8573.2(11) 42.3(7) 

C13 6281.5(16) 4845(5) 8528.7(11) 44.2(7) 

C14 6246.6(16) 6970(5) 8749.6(12) 44.9(7) 

C15 6802.9(17) 8004(5) 9005.1(13) 47.9(7) 

C16 7397.8(17) 7007(6) 9045.6(12) 46.6(7) 



 
 

 85 

Atom x y z U(eq) 

C17 5695.6(17) 3727(5) 8225.2(12) 47.3(7) 

C18 4530.5(18) 3449(6) 8045.7(14) 52.7(8) 

C19 4359.4(17) 5053(6) 7599.7(14) 54.1(8) 

C20 4150(2) 7184(7) 7680.8(15) 61.2(9) 

C21 3974(2) 8610(7) 7257.3(17) 67.3(11) 

C22 4018(2) 7932(7) 6757.9(16) 64.9(10) 

C23 4225.2(18) 5829(6) 6661.7(14) 55.1(8) 

C24 4390.4(17) 4426(6) 7093.9(14) 52.4(8) 

C25 4279.6(16) 5124(7) 6135.6(14) 53.2(8) 

C26 4142.9(18) 6451(7) 5664.2(15) 58.8(9) 

C27 4252.9(18) 5146(8) 5242.8(14) 62.6(10) 

C28 4449.4(17) 2964(7) 5436.6(14) 58.1(9) 

C29 4462.9(16) 2981(7) 5979.7(13) 54.6(8) 

C30 2718.0(19) 3842(10) 5864.9(17) 76.1(14) 

C31 2899(2) 1600(9) 5782(2) 76.4(13) 

C32 2921(2) 1371(7) 5255.9(19) 66.4(10) 

C33 2749.6(17) 3363(7) 5006.2(14) 55.4(8) 

C34 2620.3(17) 4930(7) 5370.9(15) 57.8(9) 

C35 5134.1(18) 3000(6) 8931.9(13) 50.9(8) 

C36 4633.7(18) 3769(7) 9227.8(14) 56.0(9) 

C37 4528(2) 2518(9) 9647.2(17) 74.2(12) 

C38 4090(2) 3236(12) 9938.0(19) 91.7(17) 

C39 3758(2) 5226(12) 9788.7(19) 92.2(18) 

C40 3877(2) 6341(9) 9359(2) 79.7(14) 

O3 2412(18) 1130(100) 7138(15) 310(20) 
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Atom x y z U(eq) 

C41 2504(13) -230(80) 7594(18) 215(17) 

C42 2940(20) 850(100) 8061(16) 290(20) 

O3A 2671(6) 3310(40) 7278(6) 194(8) 

C41A 2634(12) 2290(60) 7759(7) 230(12) 

C42A 2844(6) 3040(40) 8319(6) 171(9) 
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Table A.3 Selected Bond Distances (Å) of compound 2. 

 

Atom Atom Length/Å  Atom Atom Length/Å 

Fe1 C1 2.044(4)  C9 C10 1.431(5) 

Fe1 C2 2.033(4)  C10 C11 1.464(5) 

Fe1 C3 2.025(4)  C11 C12 1.395(5) 

Fe1 C4 2.042(4)  C11 C16 1.401(5) 

Fe1 C5 2.057(3)  C12 C13 1.391(5) 

Fe1 C6 2.039(3)  C13 C14 1.416(5) 

Fe1 C7 2.051(3)  C13 C17 1.489(5) 

Fe1 C8 2.052(3)  C14 C15 1.378(5) 

Fe1 C9 2.043(3)  C15 C16 1.376(5) 

Fe1 C10 2.052(3)  C18 C19 1.502(5) 

Fe2 C25 2.060(3)  C19 C20 1.392(6) 

Fe2 C26 2.032(4)  C19 C24 1.387(5) 

Fe2 C27 2.047(4)  C20 C21 1.392(6) 

Fe2 C28 2.064(4)  C21 C22 1.387(6) 

Fe2 C29 2.054(3)  C22 C23 1.383(6) 

Fe2 C30 2.035(4)  C23 C24 1.398(5) 

Fe2 C31 2.040(4)  C23 C25 1.464(5) 

Fe2 C32 2.031(4)  C25 C26 1.448(5) 

Fe2 C33 2.036(3)  C25 C29 1.434(6) 

Fe2 C34 2.050(4)  C26 C27 1.410(6) 

O1 C14 1.360(4)  C27 C28 1.443(6) 

O2 C20 1.368(5)  C28 C29 1.412(5) 

N1 C17 1.479(4)  C30 C31 1.435(7) 

N1 C18 1.482(4)  C30 C34 1.425(6) 
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Atom Atom Length/Å  Atom Atom Length/Å 

N1 C35 1.468(4)  C31 C32 1.390(7) 

N2 C36 1.348(5)  C32 C33 1.382(6) 

N2 C40 1.344(5)  C33 C34 1.407(6) 

C1 C2 1.413(7)  C35 C36 1.500(5) 

C1 C5 1.399(6)  C36 C37 1.384(6) 

C2 C3 1.415(7)  C37 C38 1.377(6) 

C3 C4 1.382(6)  C38 C39 1.406(9) 

C4 C5 1.393(6)  C39 C40 1.373(8) 

C6 C7 1.406(5)  O3 C41 1.43(2) 

C6 C10 1.445(5)  C41 C42 1.52(2) 

C7 C8 1.408(5)  O3A C41A 1.412(17) 

C8 C9 1.424(5)  C41A C42A 1.510(17) 
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Table A.4 Selected Bond Angles of compound 2 

 

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

C1 Fe1 C5 39.89(17)  C1 C2 C3 106.0(4) 

C1 Fe1 C7 144.61(17)  C3 C2 Fe1 69.3(2) 

C1 Fe1 C8 115.16(16)  C2 C3 Fe1 69.9(2) 

C1 Fe1 C10 135.03(17)  C4 C3 Fe1 70.8(2) 

C2 Fe1 C1 40.6(2)  C4 C3 C2 109.1(4) 

C2 Fe1 C4 68.00(17)  C3 C4 Fe1 69.4(2) 

C2 Fe1 C5 67.88(17)  C3 C4 C5 108.3(4) 

C2 Fe1 C6 143.2(2)  C5 C4 Fe1 70.7(2) 

C2 Fe1 C7 114.14(17)  C1 C5 Fe1 69.6(2) 

C2 Fe1 C8 110.79(16)  C4 C5 Fe1 69.6(2) 

C2 Fe1 C9 135.95(18)  C4 C5 C1 108.0(4) 

C2 Fe1 C10 175.3(2)  C7 C6 Fe1 70.36(19) 

C3 Fe1 C1 67.43(18)  C7 C6 C10 108.8(3) 

C3 Fe1 C2 40.8(2)  C10 C6 Fe1 69.78(17) 

C3 Fe1 C4 39.73(18)  C6 C7 Fe1 69.43(18) 

C3 Fe1 C5 66.88(16)  C6 C7 C8 108.6(3) 

C3 Fe1 C6 113.43(17)  C8 C7 Fe1 70.0(2) 

C3 Fe1 C7 111.18(16)  C7 C8 Fe1 69.90(19) 

C3 Fe1 C8 136.53(17)  C7 C8 C9 108.0(3) 

C3 Fe1 C9 176.40(18)  C9 C8 Fe1 69.32(18) 

C3 Fe1 C10 142.47(18)  C8 C9 Fe1 69.99(19) 

C4 Fe1 C1 67.10(16)  C8 C9 C10 108.8(3) 

C4 Fe1 C5 39.73(16)  C10 C9 Fe1 69.86(18) 

C4 Fe1 C7 135.76(16)  C6 C10 Fe1 68.86(18) 



 90 

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

C4 Fe1 C8 175.35(16)  C6 C10 C11 126.9(3) 

C4 Fe1 C9 143.21(16)  C9 C10 Fe1 69.24(18) 

C4 Fe1 C10 112.72(14)  C9 C10 C6 105.9(3) 

C6 Fe1 C1 175.00(17)  C9 C10 C11 127.2(3) 

C6 Fe1 C4 110.17(15)  C11 C10 Fe1 126.6(2) 

C6 Fe1 C5 135.39(15)  C12 C11 C10 121.9(3) 

C6 Fe1 C7 40.21(15)  C12 C11 C16 117.5(3) 

C6 Fe1 C8 67.90(15)  C16 C11 C10 120.6(3) 

C6 Fe1 C9 68.40(14)  C13 C12 C11 122.5(3) 

C6 Fe1 C10 41.36(13)  C12 C13 C14 117.9(3) 

C7 Fe1 C5 174.78(16)  C12 C13 C17 120.4(3) 

C7 Fe1 C8 40.13(15)  C14 C13 C17 121.5(3) 

C7 Fe1 C10 68.82(14)  O1 C14 C13 121.4(3) 

C8 Fe1 C5 144.52(16)  O1 C14 C15 118.6(3) 

C9 Fe1 C1 111.03(16)  C15 C14 C13 120.0(3) 

C9 Fe1 C5 114.23(15)  C16 C15 C14 120.8(3) 

C9 Fe1 C7 68.01(15)  C15 C16 C11 121.1(3) 

C9 Fe1 C8 40.69(14)  N1 C17 C13 113.1(3) 

C9 Fe1 C10 40.90(13)  N1 C18 C19 112.3(3) 

C10 Fe1 C5 109.52(14)  C20 C19 C18 120.9(3) 

C10 Fe1 C8 68.88(13)  C24 C19 C18 120.8(3) 

C25 Fe2 C28 68.73(16)  C24 C19 C20 118.3(3) 

C26 Fe2 C25 41.44(15)  O2 C20 C19 123.7(4) 

C26 Fe2 C27 40.43(18)  O2 C20 C21 116.6(4) 

C26 Fe2 C28 68.85(18)  C19 C20 C21 119.6(4) 
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Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

C26 Fe2 C29 68.66(16)  C22 C21 C20 120.4(4) 

C26 Fe2 C30 120.0(2)  C23 C22 C21 121.7(4) 

C26 Fe2 C31 156.3(2)  C22 C23 C24 116.6(4) 

C26 Fe2 C33 125.21(16)  C22 C23 C25 121.6(3) 

C26 Fe2 C34 106.88(16)  C24 C23 C25 121.8(4) 

C27 Fe2 C25 68.75(15)  C19 C24 C23 123.4(4) 

C27 Fe2 C28 41.09(18)  C23 C25 Fe2 126.0(3) 

C27 Fe2 C29 68.06(15)  C26 C25 Fe2 68.24(19) 

C27 Fe2 C34 118.76(17)  C26 C25 C23 126.6(4) 

C29 Fe2 C25 40.79(16)  C29 C25 Fe2 69.34(19) 

C29 Fe2 C28 40.11(14)  C29 C25 C23 127.2(3) 

C30 Fe2 C25 108.21(16)  C29 C25 C26 106.2(3) 

C30 Fe2 C27 154.0(2)  C25 C26 Fe2 70.3(2) 

C30 Fe2 C28 164.0(2)  C27 C26 Fe2 70.3(2) 

C30 Fe2 C29 127.52(16)  C27 C26 C25 108.5(4) 

C30 Fe2 C31 41.2(2)  C26 C27 Fe2 69.2(2) 

C30 Fe2 C33 67.89(16)  C26 C27 C28 108.6(3) 

C30 Fe2 C34 40.83(18)  C28 C27 Fe2 70.1(2) 

C31 Fe2 C25 121.41(17)  C27 C28 Fe2 68.8(2) 

C31 Fe2 C27 162.5(2)  C29 C28 Fe2 69.5(2) 

C31 Fe2 C28 125.8(2)  C29 C28 C27 107.0(4) 

C31 Fe2 C29 109.35(17)  C25 C29 Fe2 69.86(19) 

C31 Fe2 C34 68.46(18)  C28 C29 Fe2 70.4(2) 

C32 Fe2 C25 155.56(16)  C28 C29 C25 109.8(3) 

C32 Fe2 C26 161.78(18)  C31 C30 Fe2 69.6(3) 
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Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

C32 Fe2 C27 125.32(19)  C34 C30 Fe2 70.1(2) 

C32 Fe2 C28 107.58(18)  C34 C30 C31 107.1(4) 

C32 Fe2 C29 120.89(17)  C30 C31 Fe2 69.2(2) 

C32 Fe2 C30 68.3(2)  C32 C31 Fe2 69.7(2) 

C32 Fe2 C31 39.9(2)  C32 C31 C30 107.8(4) 

C32 Fe2 C33 39.74(16)  C31 C32 Fe2 70.4(3) 

C32 Fe2 C34 67.91(17)  C33 C32 Fe2 70.3(2) 

C33 Fe2 C25 163.39(16)  C33 C32 C31 108.7(4) 

C33 Fe2 C27 107.23(15)  C32 C33 Fe2 70.0(2) 

C33 Fe2 C28 119.57(15)  C32 C33 C34 109.6(4) 

C33 Fe2 C29 154.22(16)  C34 C33 Fe2 70.4(2) 

C33 Fe2 C31 67.11(17)  C30 C34 Fe2 69.0(2) 

C33 Fe2 C34 40.29(16)  C33 C34 Fe2 69.3(2) 

C34 Fe2 C25 126.27(16)  C33 C34 C30 106.7(4) 

C34 Fe2 C28 153.60(16)  N1 C35 C36 113.4(3) 

C34 Fe2 C29 164.63(16)  N2 C36 C35 118.8(3) 

C17 N1 C18 109.2(3)  N2 C36 C37 122.6(4) 

C35 N1 C17 110.6(3)  C37 C36 C35 118.6(4) 

C35 N1 C18 110.4(3)  C38 C37 C36 119.7(5) 

C40 N2 C36 117.5(4)  C37 C38 C39 117.9(5) 

C2 C1 Fe1 69.3(2)  C40 C39 C38 118.9(4) 

C5 C1 Fe1 70.5(2)  N2 C40 C39 123.4(5) 

C5 C1 C2 108.6(4)  O3 C41 C42 112(3) 

C1 C2 Fe1 70.1(2)  O3A C41A C42A 132(2) 
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Table A.5 Selected Torsion Angles of compound 2. 

 

A B C D Angle/˚  A B C D Angle/˚ 

Fe1 C1 C2 C3 -60.3(3)  C12 C13 C14 C15 -0.8(4) 

Fe1 C1 C5 C4 59.2(2)  C12 C13 C17 N1 148.2(3) 

Fe1 C2 C3 C4 -60.2(3)  C13 C14 C15 C16 0.6(5) 

Fe1 C3 C4 C5 -60.3(2)  C14 C13 C17 N1 -36.1(4) 

Fe1 C4 C5 C1 -59.2(2)  C14 C15 C16 C11 0.8(5) 

Fe1 C6 C7 C8 -59.2(2)  C16 C11 C12 C13 1.6(4) 

Fe1 C6 C10 C9 59.7(2)  C17 N1 C18 C19 -76.4(4) 

Fe1 C6 C10 C11 -120.6(3)  C17 N1 C35 C36 166.6(3) 

Fe1 C7 C8 C9 -59.1(2)  C17 C13 C14 O1 2.7(5) 

Fe1 C8 C9 C10 -59.3(2)  C17 C13 C14 C15 -176.7(3) 

Fe1 C9 C10 C6 -59.4(2)  C18 N1 C17 C13 166.9(3) 

Fe1 C9 C10 C11 120.8(3)  C18 N1 C35 C36 -72.5(4) 

Fe1 C10 C11 C12 85.1(4)  C18 C19 C20 O2 1.3(6) 

Fe1 C10 C11 C16 -95.7(3)  C18 C19 C20 C21 -177.9(4) 

Fe2 C25 C26 C27 -60.3(3)  C18 C19 C24 C23 178.7(3) 

Fe2 C25 C29 C28 59.2(2)  C19 C20 C21 C22 -1.1(7) 

Fe2 C26 C27 C28 -59.2(3)  C20 C19 C24 C23 0.3(6) 

Fe2 C27 C28 C29 -59.3(2)  C20 C21 C22 C23 1.0(7) 

Fe2 C28 C29 C25 -58.9(2)  C21 C22 C23 C24 -0.3(6) 

Fe2 C30 C31 C32 -59.2(3)  C21 C22 C23 C25 -179.2(4) 

Fe2 C30 C34 C33 59.3(3)  C22 C23 C24 C19 -0.4(6) 

Fe2 C31 C32 C33 -60.1(3)  C22 C23 C25 Fe2 -87.2(4) 

Fe2 C32 C33 C34 -59.4(3)  C22 C23 C25 C26 1.0(6) 

Fe2 C33 C34 C30 -59.1(3)  C22 C23 C25 C29 -177.4(4) 
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A B C D Angle/˚  A B C D Angle/˚ 

O1 C14 C15 C16 -178.8(3)  C23 C25 C26 Fe2 -119.4(4) 

O2 C20 C21 C22 179.6(4)  C23 C25 C26 C27 -179.7(3) 

N1 C18 C19 C20 -65.6(5)  C23 C25 C29 Fe2 120.1(4) 

N1 C18 C19 C24 116.1(4)  C23 C25 C29 C28 179.3(3) 

N1 C35 C36 N2 -13.1(5)  C24 C19 C20 O2 179.7(4) 

N1 C35 C36 C37 167.5(4)  C24 C19 C20 C21 0.5(6) 

N2 C36 C37 C38 -2.0(7)  C24 C23 C25 Fe2 93.9(4) 

C1 C2 C3 Fe1 60.9(2)  C24 C23 C25 C26 -177.9(3) 

C1 C2 C3 C4 0.7(4)  C24 C23 C25 C29 3.7(6) 

C2 C1 C5 Fe1 -59.1(3)  C25 C23 C24 C19 178.5(3) 

C2 C1 C5 C4 0.1(4)  C25 C26 C27 Fe2 60.2(2) 

C2 C3 C4 Fe1 59.6(3)  C25 C26 C27 C28 1.0(4) 

C2 C3 C4 C5 -0.6(4)  C26 C25 C29 Fe2 -58.5(2) 

C3 C4 C5 Fe1 59.5(2)  C26 C25 C29 C28 0.6(4) 

C3 C4 C5 C1 0.3(4)  C26 C27 C28 Fe2 58.7(3) 

C5 C1 C2 Fe1 59.8(3)  C26 C27 C28 C29 -0.6(4) 

C5 C1 C2 C3 -0.5(4)  C27 C28 C29 Fe2 58.8(2) 

C6 C7 C8 Fe1 58.9(2)  C27 C28 C29 C25 0.0(4) 

C6 C7 C8 C9 -0.2(4)  C29 C25 C26 Fe2 59.3(2) 

C6 C10 C11 C12 174.8(3)  C29 C25 C26 C27 -1.0(4) 

C6 C10 C11 C16 -6.0(5)  C30 C31 C32 Fe2 58.9(3) 

C7 C6 C10 Fe1 -59.7(2)  C30 C31 C32 C33 -1.2(5) 

C7 C6 C10 C9 -0.1(3)  C31 C30 C34 Fe2 -60.0(3) 

C7 C6 C10 C11 179.7(3)  C31 C30 C34 C33 -0.7(4) 

C7 C8 C9 Fe1 59.4(2)  C31 C32 C33 Fe2 60.2(3) 
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A B C D Angle/˚  A B C D Angle/˚ 

C7 C8 C9 C10 0.2(4)  C31 C32 C33 C34 0.8(5) 

C8 C9 C10 Fe1 59.4(2)  C32 C33 C34 Fe2 59.1(3) 

C8 C9 C10 C6 -0.1(3)  C32 C33 C34 C30 0.0(4) 

C8 C9 C10 C11 -179.8(3)  C34 C30 C31 Fe2 60.4(3) 

C9 C10 C11 C12 -5.5(5)  C34 C30 C31 C32 1.2(4) 

C9 C10 C11 C16 173.7(3)  C35 N1 C17 C13 -71.5(4) 

C10 C6 C7 Fe1 59.4(2)  C35 N1 C18 C19 161.8(3) 

C10 C6 C7 C8 0.2(4)  C35 C36 C37 C38 177.4(4) 

C10 C11 C12 C13 -179.2(3)  C36 N2 C40 C39 0.6(7) 

C10 C11 C16 C15 178.9(3)  C36 C37 C38 C39 0.8(8) 

C11 C12 C13 C14 -0.3(4)  C37 C38 C39 C40 0.9(8) 

C11 C12 C13 C17 175.6(3)  C38 C39 C40 N2 -1.6(8) 

C12 C11 C16 C15 -1.9(4)  C40 N2 C36 C35 -178.1(4) 

C12 C13 C14 O1 178.5(3)  C40 N2 C36 C37 1.3(6) 

 


