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ABSTRACT 

Novel Heterocyclic Functionalised Ferrocenyl Derivatives as Potential Anti-

Cancer Agents 

Karen Guadalupe Ontiveros Castillo, M.Sc. 

Earlier in vitro studies have shown that ferrocenyl amino acid and dipeptide bioconjugates 
exhibit anti-proliferative activity against the lung cancer cell lines H1299 and A549, the 
melanoma cell lines SK-MEL-28, HT-144, MalMe-3M and Lox-IMVI, and the breast 
cancer cell line MCF-7. The aim of this research was to further explore the structure-
activity relationship (SAR) of ferrocenyl compounds other than amino acid bioconjugates. 
Thus, a series of novel heterocyclic functionalised ferrocenyl derivatives has been 
synthesized, characterized and biologically evaluated for their anti-proliferative activity 
and interaction with DNA. The synthesis was achieved by the conventional N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS) coupling protocol. Characterisation was completed by a range 
of techniques including NMR (1H, 13C, DEPT-135, COSY, HSQC, HMBC), IR, UV-Vis, 
MS, elemental analysis and X-rays crystallography. For the in vitro anti-proliferative 
evaluation, compounds were tested against the human cervical carcinoma cell line SiHa 
(ATCC® HTB-35™) and the human liver cell line Chang (ATCC® CCL-13™) via the 
WST-1 assay. Suitable candidates were then examined for potential DNA binding and 
damaging properties. The anti-proliferative activity of additional derivatives previously 
developed by this group is also reported; these compounds belong to the series of N-(1′-
alkyl-6-ferrocenyl-2-naphthoyl) amino acid and dipeptide esters and N-
(ferrocenylmethylamino acid) fluorinated benzene carboxamides. Compounds N-(1′-
ethyl-6-ferrocenyl-2-naphthoyl)-glycine-D-alanine ethyl ester, N-(ferrocenylmethyl-L-

norleucine)-3,4,5-trifluorobenzene carboxamide and N-(ferrocenylmethyl-L-(+)--
phenylglycine)-2,3,4,5,6-pentafluorobenzene carboxamide have shown to be 
significantly more cytotoxic against SiHa cells than chemotherapeutic control drugs 
vincristine and cisplatin, whilst maintaining a moderate percentage of viability on Chang 
cells. The overall results suggest that some ferrocenyl derivatives analysed are promising 
anticancer agents worthy of future therapeutic analysis. 
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C H A P T E R   1 

1 Cancer and bioorganometallic chemistry 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This Chapter details the background to cancer and cancer treatments. The description of 
problems associated with current chemotherapy then leads to the focus on metal-based 
drugs and bioorganometallic chemistry, where an overview of ferrocene and ferrocene-
based drugs is outlined. 
My contribution to this chapter was the literature review of the state-of-the-art of the topics 
mentioned, summarising the biological results obtained from the family of ferrocene 
bioconjugates to date. The analysis of the structure-activity relationship of these 
compounds allowed me to set up the aims for the present project. 
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1.1 Cancer 

1.1.1 Definition 

The World Health Organisation (WHO) defines cancer as a generic term for a collection 

of diseases which can affect any part of the body. It starts when abnormal cells divide 

without stopping, forming tumour masses. These cells can invade adjoining tissues, and 

hence disseminate to distant sites where they settle to form a new cluster. This feature, 

which distinguish malign from benign tumours, is known as metastasis: Tumour cells 

grow in new tissue causing organ dysfunction, leading next to death. Metastases are a 

major cause of death from cancer.1–4 

 

1.1.2 Types 

The distinct categories of cancers are based on the cell type which originates the 

tumours. This classification is shown in Figure 1.1.2,5–7 

Carcinoma is the most common type of cancer; it is initiated by epithelial cells, 

which overcoat the surfaces of the skin and organs. According with the diverse types of 

epithelial cells, carcinomas can be: (i) adenocarcinoma, formed in cells which produce 

mucus or fluids, such as breast, prostate, and colon cancers; (ii) basal cell carcinoma, 

originated in the basal layer of the epidermis; (iii) epidermoid cell carcinoma, started in 

the squamous cells which form the surface of the skin, organs and both respiratory and 

digestive tracts, for example cervix, vagina, neck and anus cancers; and (iv) transitional 

cell carcinoma, commenced in the urothelium, a tissue conformed by different-size layers 

of epithelial cells (kidney, bladder and ureter cancers).2,5–7 

Sarcoma is begun in bone and soft tissues, like cartilage, fat, muscle, tendons 

and ligaments. According with the diverse types of tissue, sarcomas can be: (i) 

osteosarcoma, also called osteogenic sarcoma, the most common cancer of the bone 

often affecting large bones of the arm or leg; (ii) leiomyosarcoma, formed by smooth 

muscle cells, for example abdomen, uterus or pelvis cancers; (iii) Kaposi sarcoma, 

growing as purple lesions in the nose, mouth and/or throat; (iv) malignant fibrous 

histiocytoma, fast growing cancer habitually originated in arms, legs or back of the 

abdomen; (v) liposarcoma, infrequent cancer started in the fat cells; and (vi) 

dermatofibrosarcoma protuberans, slow growing cancer commenced as a hard knob, 

generally in the limbs or trunk of the body.2,5–7 
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Leukaemia is started in the blood-forming tissue, which is situated in the bone 

marrow. It can be acute or chronic, depending on the speed of the disease; depending 

on the type of blood cell where it is initiated, it can be lymphoblastic or myeloid.2,5–7 

Lymphoma is built in lymphocytes, which are part of the immune system. The two 

major forms are Hodgkin and non-Hodgkin lymphoma. Hodgkin lymphoma is regularly 

formed from B cells and can be categorized as: (i) classical Hodgkin lymphoma, 

characterized by Reed-Sternberg cells, which are unnatural lymphocytes containing 

more than one nucleus; according with the diverse presences of the lymphoma cells, it 

can be nodular sclerosing, mixed cellularity, lymphocyte-rich or lymphocyte-depleted; 

and (ii) nodular lymphocyte-predominant Hodgkin lymphoma, an uncommon type which 

is attributed to popcorn-shaped Reed-Sternberg cell. Non-Hodgkin lymphoma is a cancer 

started from B-cells or T-cells; according with the speed of growth, it can be either indolent 

or aggressive.2,5–7 

Myeloma is initiated in plasma cells, which are white blood cells producing 

antibodies. Melanoma is started in melanocytes, which are cells making melanin. It is 

mostly formed on the skin but can also be present in other pigmented tissues, for example 

the eye.2,5–7 
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Figure 1.1. Types of cancer based on cell type.  
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1.1.3 Mortality 

Cancer is a leading cause of death worldwide. In 2012, 14.1 million new cancer cases 

were reported; from these, 8.2 million were mortal. In 2018, this number increased to 9.6 

million individuals who died from cancer.8 The most common types of cancer death and 

their frequencies are enlisted in Figure 1.2. It is thought that the number of cases will 

increment ~70% over the next two decades.1 

 

Figure 1.2. Mortality attributed to cancer in 2018, WHO. 

 

1.1.4 Causes 

Cancer is the result of a complex process which includes the metamorphosis of normal 

cells into tumoral cells. This transformation can be caused by agents which damage the 

genes involved in the control of cell proliferation (proto-oncogenes), which act in 

conjunction with agents that do not damage genes but selectively boost the tumour cells 

growth. Therefore, cancer rise is determined by the interface between the genetic factors 

of a person and external agents, whose types are enlisted in Table 1.1.1,9 

Table 1.1. Types of carcinogens. 

Carcinogen Example 

Physical Ultraviolet10 and ionizing radiation11. 

Chemical Asbestos12,13, tobacco smoke14,15, arsenic16,17. 

Biological 

Infections from certain bacteria (as Helicobacter pylori18 or Chlamydia 
trachomatis19), parasites (as Schistosoma haematobium20, 

Opisthorchis viverrini and Clonorchis sinensis21), or viruses22 (as 
HIV23–25, HPV26–28, HBV and HCV29–31). 
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In addition to these agents, there are another risk factors for cancers such as 

ageing, tobacco and/or alcohol use, unhealthy diet, and lack of physical activity, which 

for example are related with the lung cancer incidence in patients who never smoked 

tobacco. 1,11,32,33 

 

1.1.5 Mechanisms of cell death 

Cancer occurs when a single cell accumulates several mutations, usually for some years, 

escaping from the proliferation and death processes.34 A cell can die in two ways: 

necrosis or apoptosis. Necrosis is a disordered process based in the autolysis of the cell; 

it is caused by external factors (trauma, infection, or toxins) which induce a swelling of 

the cell, generating inflammation and lysis of the membrane. Apoptosis is a type of 

programmed cell death, or “cell suicide”, it is an organized process where the cell content 

is packed into small membranous units to be “collected” by the immunity cells; it removes 

cells during growth, deletes cells infected by virus and also the potentially cancerogenic 

cells, maintaining the equilibrium in the body. The differences between both processes 

can be found in Table 1.2.35–38 When cancer arises, the human body generates its own 

defences to naturally destroy abnormal cells through the immunological system; in most 

cases, however, this is not enough. Therefore, other methods (and their combinations) 

are required to eradicate this problem.39  
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Table 1.2. Comparison between necrosis and apoptosis. 

Feature Necrosis Apoptosis 

Stimulus 
Massive aggression, toxins, 

anoxia, ATP drop 
Physiological and pathological 
conditions without ATP drop 

Energy 
requirements 

Any ATP dependent 

Histology 
Lysis of the cytoplasm and 

organelles 

Condensation of chromatin, 
apoptotic bodies (chromatin 

residues surrounded by 
membrane) 

Zone Tissue areas Isolated cells 

Patent of DNA 
rupture 

Irregular sizes 
Fragments of 185 base pairs or 

multiples 

Plasmatic 
membrane 

Lysis Intact, with molecular alterations 

Phagocytosis of 
dead cells 

Immigrant phagocytes Neighbouring cells 

Tissue reaction Inflammation No inflammation 

Initiation phase 
Inflamed cell, damaged 

organelles, altered chromatin 

Wrinkled cell with bubbles, loss of 
intercellular junctions, intact 

organelles, margin chromatin 

Effector phase 

Plasmatic membrane alteration, 
loss of mitochondrial homeostasis, 

cell lysis, organelles and 
chromatin destroyed, content 

release 

Failures in repair and homeostasis 
mechanisms, condensed 
chromatin, activation of 
endonucleases, DNA 

fragmentation, apoptotic bodies, 
intact organelles, content 

unreleased 

Degrading phase Phagocytosis with inflammation 
Phagocytosis without 

inflammation 

 

1.1.6 Treatments 

 

Figure 1.3. Some types of cancer treatments. 
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1.1.6.1 Surgery 

Surgery can be used to prevent, diagnose, determine the stage, cure or reduce cancer. 

Curative surgery is only performed when cancer is localized in a specific part of the body, 

which could be partially or totally removed.40,41 

 

1.1.6.2 Radiotherapy 

Also known as radiation therapy, it is a local treatment which uses particles or high energy 

waves such as gamma, electron, proton or X-rays to delete or damage cancer cells. 

Radiation acts on DNA inside cells producing small breakages which avoid growth and 

division of cancer cells, causing their death. However, most radiotherapies cannot reach 

all parts of the body, rendering them useless against metastatic cancer.42–44 

 

1.1.6.3 CAR T-cell therapy 

In this type of treatment, the gene for the chimeric antigen receptor (CAR) is added to T-

cells isolated from the patient’s blood. This activates and stimulates T-cell proliferation, 

differentiation and cytotoxic activities for tumour cell elimination. The potency of this 

therapy has been proved against various B cell malignancies such as lymphomas and 

leukaemias. Nevertheless, CAR-T therapy is far from a curative therapy if used alone. 

Combination with other treatments is essential to mitigate the drawbacks of this therapy, 

such as immunogenicity, loss of target antigens, cytokine release syndrome and 

neurological toxicities.45,46 

 

1.1.6.4 ADCs 

Antibody-drug conjugates (ADCs) are an emerging class of complex drugs for cancer 

treatment. They are composed of cytotoxic drugs attached to an antibody, providing 

selective delivery of the cytotoxic drug to cancer cells via the specific binding of the 

antibody moiety to cancer-selective cell surface molecules. However, the efficacy, 

stability and pharmacokinetics of the ADCs are significantly affected by the drug-antibody 

ratio; this is important because the degradation of the antibody fragment will result in free 

drug leading to undesirable toxicity.47–49 
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1.1.6.5 Theranostics 

By combining both therapeutic and imaging functions in one delivery formulation, 

theranostic nanomedicines enable diagnosis, therapy, and monitoring of treatment 

progress and efficacy. This aims to eliminate multi-step procedures, reducing delays in 

treatment and improving patient care. It offers various advantages like improved 

diagnosis, tumour specific delivery of drugs, and reduced lethal effects to normal tissues. 

Still, some drawbacks include long imaging times, relatively low sensitivity and high 

costs.50,51 

 

1.1.6.6 Chemotherapy 

Chemotherapy involves the use of drugs to treat any disease. Whilst no pharmacological 

treatments extract, eradicate or damage only localized cancer cells, chemotherapy can 

also destroy cancer cells that have metastasized to other parts of the body. It is often 

used in combination with surgery or radiotherapy: before, to reduce the tumour size; or 

after, to destroy remnant cancer cells.44,52,53 Most conventional anti-neoplastic drugs fall 

into the following mechanisms of action (Figure 1.4): 

 

Figure 1.4. Mechanism of action of most anticancer drugs. 

 

1.1.6.6.1 Antimetabolite agents 

Antimetabolite drugs interfere with the formation of key biomolecules such as nucleotides, 

which are DNA building blocks; they inhibit DNA replication and, hence, cell division. For 

example, the drug methotrexate 1 impedes the enzyme dihydrofolate reductase (DHFR), 

which uses dihydrofolic acid to produce tetrahydrofolic acid; tetrahydrofolic acid is 

essential for the synthesis of thymidylate and purine nucleotides, and both are necessary 

for DNA synthesis and cell division. Other antimetabolite drugs are 5-fluorouracil (5-FU) 

2, gemcitabine (Gemzar®) 3 and 6-mercaptopurine (6-MP) 4; they have been used in the 

Anticancer 
agents

Antimetabolites

Antimicrotubule

Genotoxic

Alkylating / Platinating 

Enzyme inhibitors

Intercalating



Dublin City University    Chapter 1 

 

 

10 

treatment of lymphoblastic leukaemia and pancreatic, bladder, breast, ovarian and non-

small cell lung cancers (Figure 1.5).54–57 

 

Figure 1.5. Examples of clinical antimetabolite agents. 

 

1.1.6.6.2 Antimicrotubule agents 

Antimicrotubule drugs prevent cell division by interfering with microtubules function, 

which are dynamic cellular structures found throughout the cytoplasm forming the 

cytoskeleton. Microtubules are conformed by -tubulin and -tubulin, whose 

polymerization (assembly) forms the mitotic spindle in the cell.58 Two of the most popular 

antimicrotubule agents are vincristine 5 and paclitaxel (Taxol®) 6; their structures are 

shown in Figure 1.6. Vincristine 5 binds to tubulin, interfering with its assembly into 

microtubules. On the other hand, paclitaxel (Taxol®) 6 stabilizes the microtubule, 

preventing their disassembly. They have been used in the treatment of acute lymphocytic 

leukaemia, neuroblastoma, acute myeloid leukaemia, and small and non-small cell lung, 

cervical, pancreatic, ovarian and breast cancers.59–64 
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Figure 1.6. Examples of antimicrotubule agents. 

 

1.1.6.6.3 Genotoxic agents 

Genotoxicity refers to damage to the DNA.65 These drugs deteriorate genetic information 

within a cell by interfering with replication and cell division processes. They can be 

categorized into: 

Alkylating agents. They show the ability to bind alkyl groups to DNA via covalent 

bonds, modifying DNA bases and hence leading to replication and transcription 

interferences, causing further mutations. Some examples are 1,4-butanediol 

dimethanesulfonate (busulfan) 7, cyclophosphamide (CP) 8, lomustine 9 and N,N′,N″-

triethylenethiophosphoramide (thioTEPA) 10, which have been used against 

retinoblastoma, ovarian and breast cancers (Figure 1.7).66–69 

 

Figure 1.7. Examples of alkylating agents.  
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Enzyme inhibitors. These drugs damage key enzymes such as topoisomerases, 

which are directly related to DNA replication; examples include etoposide 11, which has 

been used against testicular, cervical, small and non-small cell lung cancers (Figure 

1.8).70–74 Another important class are PARP inhibitors, which are drugs that block repair 

of DNA by inhibiting the enzyme poly ADP ribose polymerase (PARP); niraparib 12 is a 

drug with this mechanism of action, and it was recently approved for treatment of 

epithelial ovarian, fallopian tube, and primary peritoneal cancer.75–77 

 

Figure 1.8. Examples of enzyme inhibitor agents. 

 

Intercalating agents. These compounds insert into the DNA strands and bind to 

them, causing structural distortions that stop cell division. Examples of them are 

doxorubicin (Adriamycin®) 13 and dactinomycin 14, which have been used in the 

treatment of ovarian, breast, bladder and small cell lung cancers (Figure 1.9).78–82 

 

Figure 1.9. Examples of intercalating agents. 
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1.1.6.6.4 Problems associated with current chemotherapy 

Chemotherapy involves the use of agents which are cytotoxic, i.e. they kill or damage 

cells. Their selectivity is based on the cell’s rate of growth: cancer cells tend to divide 

faster than normal cells; therefore, antineoplastic drugs show preference by targeting 

fast-dividing cells. However, as these compounds travel throughout the body in the 

bloodstream, they can find and affect normal cells that are constantly growing and 

dividing too, like the examples enlisted in Table 1.3. Other side effects include nausea, 

fatigue, sickness, constipation, diarrhoea, vomiting, sleep disturbance, and appetite 

changes.83–87 

Table 1.3. Side effects of cancer chemotherapy in normal cells. 

Type of normal cell 
damaged 

Consequence 

Bone marrow Petechiae, infections, anaemia, myelosuppression 

Hair follicles Alopecia, including eyelashes and eyebrows 

Skin Dry and sensitive skin, easy bruising and bleeding 

Nerves Numbness or tingling in hands and feet 

Gastrointestinal tract Sores in mouth, tongue and throat; pain with swallowing, infections 

Reproductive system Changes in libido and sexual function, infertility 

 

Another major problem regarding to chemotherapy treatment is drug resistance, 

which is considered its main reason for failure. The types of resistance to antineoplastic 

drugs are shown in Figure 1.10.88,89 Moreover, some cancer cells have developed the 

ability to survive and grow despite different chemotherapy agents; this is known as 

multiple drug resistance (MDR) of cancer cells. MDR constitutes a problem with vast 

clinical implications, as it obligates further research and development of new 

chemotherapeutic agents.90 In addition, the persistence of cancer stem cells (CSCs) is a 

primary cause of tumour relapse and metastasis, as CSCs are highly resistant to 

chemotherapy and are uniquely capable of seeding new tumours.91,92 All these 

inconveniences have attracted the attention of the scientific community, expanding the 

design and synthesis of varied organic molecules which incorporate diverse functional 

groups in their structure, conferring antineoplastic activity on them. 

 

Figure 1.10. Types of cancer resistance.  
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1.2 Metal based drugs 

1.2.1 Introduction 

In an attempt to find new drugs that can solve the current problems of cancer 

chemotherapy, research in the synthesis and application of compounds containing 

metals in their structures is currently considered a growing area in medicinal chemistry. 

The use of metal based compounds has increased dramatically as a result of their 

excellent potential to bind to negatively charged biomolecules (such as nucleic acids or 

proteins), due to their positively charged centres.93 In the case of anticancer compounds, 

a categorization of metal antineoplastic drugs has been proposed by Gianferrara et al., 

according to their mechanism of action (Figure 1.11).94 

 
Figure 1.11. The different roles of metals in anticancer compounds.  
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1.2.2 Platinum agents 

Platinum agents play a considerable role in cancer chemotherapy nowadays. Cisplatin 

15, or cis-diaminedichloroplatinum(II), one of the most widely used anticancer metal 

complexes today, was first synthesized by Italian chemist Michele Peyrone in 1844, and 

it was initially known as Peyrone’s chloride. It is a square-planar complex composed of 

two labile chloride ions and two ammonia groups coordinated in a cis configuration to the 

central Pt(II) atom, as shown in Figure 1.12.95,96 

 

Figure 1.12. Structure of cisplatin 15. 

 

However, the success of cisplatin 15 as one of the most important drugs started 

more than 100 years after, when its anticancer properties were accidentally discovered 

in 1965 by Barnett Rosenberg, while studying the effect of electric field on bacterial 

growth. They noticed that cell division was inhibited and tracked this as a consequence 

of the platinum plates used during the experiment; hence suggesting that this discovery 

may also be used against tumour growth.97 

The unique mechanism of action of cisplatin 15 is based on its facility to replace 

the chloride groups by neutral water molecules following uptake of the drug into the 

nucleus of cells (Figure 13).98 This process is facilitated within the cell by the relatively 

low concentration of chloride ions in the cytoplasm.99,100 The platinum core of these 

positively charged species form then intra-strand cross-links DNA adducts via a covalent 

bond with the adenine and guanine residues in the position N-7. Consequently, this 

change in DNA structure leads to a disruption in its replication and transcription 

processes, affecting cell viability and inducing apoptosis.101–104 

 

Figure 1.13. Cellular activation of cisplatin 15.  
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Cisplatin 15 is currently used in the treatment of breast, testicular, ovarian, head, 

neck, colorectal, bladder and lung cancers.105,106 Nevertheless, the many severe toxic 

side effects associated to cisplatin 15 due to its non-specific targeting have led to the 

design and synthesis of analogues, such as the 2nd and 3rd generation platinum drugs 

carboplatin 16 and oxaliplatin 17 (Figure 1.14).107 

 

Figure 1.14. Structures of cisplatin analogues: carboplatin 16 and oxaliplatin 17. 

 

These derivatives contain different leaving groups compared to the chloride ions 

of cisplatin 15: carboplatin 16 is composed by a cyclobutane-1,1-dicarboxylate ligand, 

and oxaliplatin 17 has an oxalate group. These modifications improved the solubility, 

increased the stability and reduced the toxicity of the complexes.108,109 

Despite its success in the treatment of tumours, the singular chemical structure of 

cisplatin 15 does not offer a wider possibility for further rational improvements to increase 

its selectivity towards cancer cells. Another important restriction associated with these 

platinum drugs is their limited effectiveness as a result of their intrinsic and acquired 

resistance, which includes increased DNA repair, decreased influx, increased efflux, 

among others.110–112 

 

1.2.3 Bioorganometallic chemistry 

New generations of metal-based compounds have been developed to overcome the side 

effects, drug resistance and limited spectrum of activity of platinum drugs. In this context, 

bioorganometallic compounds represent a strongly emerging area of research in the 

seeking of alternative metal-based drug design. Bioorganometallic chemistry is a field 

dedicated to the study of biomolecules or biologically active molecules that contain at 

least one direct bond between a carbon and a metal.113  

  



Dublin City University    Chapter 1 

 

 

17 

The antitumor activity of a range of organometallic complexes of transition metals 

(Au, Co, Cu, Fe, Ga, Ge, Hf, Mo, Nb, Pt, Sn, Rh, Ru, Ti, V, Zr) has been reported.114–120 

Some of these complexes belong to a special group of called metallocenes, which are 

organometallic compounds where the metal cation (denoted as M) is -bonded to two 

aromatic ring structures, typically two cyclopentadienyl (Cp) anions (Figure 1.15).121 

 

Figure 1.15. General chemical structure of a metallocene compound. 

 

1.2.3.1 Titanium 

The first metallocene described with anticancer activity was titanocene dichloride 18 

(Figure 1.16) by Köpf and Köpf-Maier in 1979. It was the first non-platinum organometallic 

compound to enter clinical trials as an anticancer drug in 1993, but its efficacy against 

breast cancer and renal-cell carcinoma (both metastatic) was too low to be pursued, thus 

Phase II clinical trials were aborted.122–124 

 

Figure 1.16. Structures of titanocene dichloride 18, titanocene C 19 and titanocene Y 20 

 

Tacke et al. have focused in the synthesis of enhanced derivatives of 18 showing 

anticancer activity both in vitro and in vivo. Their studies have shown that compound bis-

(N,N-dimethylamino-2-(N-methylpyrrolyl)-methyl-cyclopentadienyl) titanium(IV) 

dichloride, also known as titanocene C 19, exhibited antiproliferative effect against pig 
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kidney carcinoma (LLC-PK) cell line with an IC50 value of 5.5 μM. On the other hand, 

compound bis-[(p-methoxybenzyl)cyclopentadienyl] titanium(IV) dichloride, namely 

titanocene Y 20, had an IC50 value of 21 μM, plus it was found to be active against a 

panel of other 36 human tumour cell lines. In addition, titanocene dichloride 18 showed 

an IC50 value of 2000 μM against the same cell line. These results suggest that the 

functionalized cyclopentadienyl rings improved remarkably the cytotoxicity, and also 

increased the water solubility compared to 18 itself. Moreover, cross-resistance to 

cisplatin or oxoplatin was low for 19 and absent for 20, respectively, in human 

promyelocytic leukaemia HL-60 cell line.125–132 

 

1.2.3.2 Ruthenium 

The first investigations regarding to ruthenium complexes showing anti-proliferative 

activity began in the 1980s with the synthesis of cisplatin-inspired structures. Compound 

fac-triamminetrichlororuthenium(III), or fac-Ru(NH3)3Cl3 21, displayed great activity 

against the P388 mouse leukaemia cell line, but its application in clinical studies was 

unfortunately abandoned due to its poor aqueous solubility. To overcome this obstacle, 

its analogue cis-dichlorotetrakis(dimethylsulfoxide)ruthenium(II), or cis-Ru(DMSO)4Cl2 

22, was developed and found to be easy to dissolve in water but exhibited only minimal 

activity against the same cell line, although it is highly active in some other tumour 

systems such as the Lewis lung carcinoma.133–138 Nevertheless, the actual success of 

ruthenium complexes as anticancer agents started with the synthesis of KP418 

[imidazolium-bis-imidazole tetrachlororuthenate(III)] 23 by Keppler et al. in 1986, which 

had a tumour inhibition effect in the range or better than the controls 5-fluorouracil (5-FU) 

2, cyclophosphamide (CP) 8, or cisplatin 15 against both P388 leukaemia and B16 

melanoma cell lines. Subsequent research were conducted on KP1019 24 (the indazole 

analogue of 23), and on NAMI-A 25. They were found to have superior anticancer activity 

to their predecessor 23 and are currently still under study as they have been admitted 

into human clinical testing (Figure 1.17).139–147 
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Figure 1.17. Structures of ruthenium complexes 21-25. 

 

1.2.3.3 Ferrocene 

Jaouen et al. describe ferrocene 26 (Figure 1.18) as the quintessential 

organometallic compound.148 It was one of the first metallocene compounds discovered 

in the early 1950s,149–151 and it is still a leading focus of research due to its unique 

properties, for example aromaticity, easy preparation, kinetic stability, low toxicity, redox 

activity, relative lipophilicity, and easy derivatization into ferricenium salts.152,153 

Ferrocene is the most stable metallocene, as a result of the perfect electron-pairing in the 

valence shells of its three moieties, obeying the 18-electron rule: the two electron-rich, 

aromatic cyclopentadienyl anions contains six -electron each, and are bonded with the 

six valence d-electrons of the Fe2+ ion.152 

 

Figure 1.18. Structure of ferrocene 26.  
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The reversible oxidation/reduction process of ferrocene to yield the ferrocenium 

cation (Fc  Fc+) constitutes one of its main features (Scheme 1.1). This process is 

favoured by electron-donating substituents in ferrocene (such as alkyl groups), while it is 

impeded by electron-withdrawing substituents (for example, aryl groups); therefore, the 

oxidation potential of ferrocene is susceptible to the nature of its substituents. These 

redox properties of ferrocene have often been implicated in its cytotoxicity.121,152 

 

Scheme 1.1. Oxidation/reduction process of ferrocene 26. 

 

Ferrocene derivatives have shown diverse biological activities such as 

antibacterial, antifungal, antimicrobial, antiviral, and of course anticancer activity.153–164 

The first ferrocene compounds to show anti-proliferative effects were ferrocenium salts. 

Köpf-Maier et al. were the pioneers on report the cytotoxic activity of salt-like ferrocenium 

complexes against Ehrlich ascites tumours in 1984. The most active compounds were 

both picrate and trichloroacetate salts, with an optimum cure rate of 100% at a dose of 

220-300 mg/kg (Figure 1.19).165,166 

 

Figure 1.19. Structures of ferrocenium picrate 27 and ferrocenium trichloroacetate 28. 

 

More recently, Osella et al. reported that only ferrocenium salts could inhibit the 

growth of Ehrlich ascites tumour cells in vivo, compared to Fe2+ complexes which were 

unable to show this anticancer activity; this demonstrates that the oxidation state of the 

iron in the ferrocene is a significant feature to biological activity. Decamethylferricenium 
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tetrafluoroborate (DEMFc+) 29 was the most active compound showing antineoplastic 

activity against the human breast cancer cell line MCF-7, displaying an IC50 value of 35 

M (Figure 1.20). It has been proposed that the activity of ferrocenium salts is not based 

on their direct intercalation with DNA, but on their capability to generate reactive oxygen 

species (ROS) which cause oxidative DNA damage; this was concluded based on 1H and 

13C NMR studies which suggest that interaction with DNA occurs mainly via an 

electrostatic interaction with the phosphate backbone.167,168 

 

Figure 1.20. Structure of decamethylferricenium tetrafluoroborate (DEMFc+) 29. 

 

In subsequent studies, Tabbì et al. confirmed that DEMFc+ 29 was forming a 

reactive oxygenated species (ROS) as a result of its degradation in water. They 

suggested that a hydroxyl radical ( OH• ) was being generated as part of the iron-

catalysed Haber-Weiss reaction followed by a Fenton reaction (Scheme 1.2). 

Additionally, the cytotoxic synergic effect between 29 and bleomycin 30 (Figure 1.21) was 

demonstrated. Bleomycin 30 is an FDA-approved antitumor drug of natural origin, usually 

complementary to cisplatin in chemotherapy; its mechanism of action starts with the 

chelation of metal ions, primarily iron. Therefore, the bleomycin activation was increased 

by the Fe2+/Fe3+ species available from DEMFc+ 29 degradation.169–171 

Fe3+  + O2
•−  →    Fe2+  + O2 

              Fe2+ +  H2O2 →  Fe3+  +  OH−  + OH•          

Net: O2
•−  + H2O2  →  O2 +  OH−  + OH•  

Scheme 1.2. Haber-Weiss and Fenton reactions. 
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Figure 1.21. Structure of bleomycin 30. 

 

The synthesis of the first azaferrocene derivatives including phosphonate groups 

was reported by Kowalski et al. These compounds were transformed into their 

corresponding N-methyl iodide salts, and compound (N-methyl)-2,5-

dimethylazaferrocenyl phosphonate iodide 31 was found to present antimetabolic activity 

against HeLa human epithelioid cervical carcinoma cell line, and selectivity to this 

cancerous cell line compared to the non-cancerous NIH 3T3 murine embryonic fibroblast 

cell line. Later on, they studied the DNA scission activity of these type of compounds, 

finding that N-methyl-azaferrocene iodide 32 can induce a complete degradation in vitro 

of the DNA plasmid at their lowest concentration tested of 6.25 M (Figure 1.22).172,173 

 

Figure 1.22. Structures of (N-methyl)-2,5-dimethylazaferrocenyl phosphonate iodide 31 and 

N-methyl-azaferrocene iodide 32. 
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Since 1996, Jaouen et al. have published extensively on the preparation of novel 

functionalized ferrocene derivatives which consist of the linking of the active metabolite 

of drug tamoxifen 33 and ferrocene; this results in the series of ferrocifen 34, an 

innovative class of complexes which combines the antiestrogenic effect of tamoxifen with 

the cytotoxic properties of ferrocene. The most remarkable compound is the diphenolic 

[3]ferrocenophane 35 (the [3] indicates the number of bridging atoms) with an IC50 of 0.09 

M against hormone-independent MDA-MB-231 breast cancer cell line, being 

considerably more potent than its non-cyclic analogue 36 (IC50 = 0.6 M). Compound 35 

also has an antiproliferative effect on PC-3 prostate cancer cell line, with a IC50 of 94 nM 

(Figure 1.23).174–180 

 

Figure 1.23. Structures of tamoxifen 33 and its ferrocenyl-analogues 34-36. 
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1.2.3.3.1 Ferrocenyl-peptide bioconjugates 

In recent years, Kenny et al. have reported the synthesis, characterisation and biological 

evaluation of several ferrocenyl-peptide bioconjugates, with interesting results as follows. 

A series of N-(ferrocenylmethyl)benzene-carboxamide derivatives were 

synthesized by Kelly et al.181 using standard peptide coupling procedures. By replacing 

hydrogen with fluorine, a well-known strategy in drug-discovery research182, the 4-fluoro 

derivative compound 37 exhibited the strongest anti-proliferative activity, with an IC50 

value of 11-14 M on the MDA-MB-435S breast cancer cell line. In addition, a dose-

dependent relationship was found since the cytotoxic activity increased as the 

concentration of this compound increased (Figure 1.24). 

 

Figure 1.24. Structure of 4-fluoro-N-(ferrocenylmethyl)benzene carboxamide 37. 

 

Corry et al.183 analysed the compound N-{ortho-(ferrocenyl)-benzoyl}-glycine ethyl 

ester 38, which was tested in vitro against H1299 and H1299 carboplatin-resistant variant 

lung cancer cell lines. This compound was found to be cytotoxic with an IC50 value of 48 

M; the starting material, ortho-ferrocenyl ethyl benzoate, was totally inactive against this 

cell line. In this research, they also reported the synthesis of N-ortho-ferrocenyl benzoyl 

dipeptide esters; compound N-{ortho-(ferrocenyl)-benzoyl}-glycine-L-alanine ethyl ester 

39 was the most active, with an IC50 value of 5.3 M against H1299 lung cancer cell line. 

As observed, the addition of a second amino acid into the structure improved significantly 

the biological activity of the molecule (Figure 1.25). 
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Figure 1.25. Structures of N-{ortho-(ferrocenyl)-benzoyl}-glycine ethyl ester 38 and N-{ortho-(ferrocenyl)-

benzoyl}-glycine-L-alanine ethyl ester 39. 

 

A series of N-meta-ferrocenyl benzoyl dipeptide esters containing L-alanine as 

the first -amino acid in the dipeptide chain were synthesized by Goel et al.184 Compound 

N-{meta-ferrocenyl)benzoyl}-L-alanine-glycine ethyl ester 40 was found to be the most 

active, with an IC50 value of 26 M against H1299 lung cancer cell line; whereas its 

corresponding ortho-analogue showed an IC50 value of 21 M. This suggest that the 

orientation around the central benzoyl moiety is not a decisive aspect for biological 

activity (Figure 1.26). 

 

Figure 1.26. Structure of N-{meta-ferrocenyl)benzoyl}-L-alanine-glycine ethyl ester 40. 
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Subsequent studies by Corry et al.185 leading to the synthesis of a series of 

(ferrocenyl)benzoyl dipeptide esters and its cytotoxicity against H1299 lung cancer cell 

line. It was concluded that an increase in alkyl chain length of the second amino acid also 

increases the IC50 values, as observed with the following examples: compounds N-{meta-

(ferrocenyl)-benzoyl}-glycine-L-alanine ethyl ester 41, and N-{para-(ferrocenyl)-benzoyl}-

glycine-L-alanine ethyl ester 42 gave IC50 values of 4.0 and 6.6 μM against H1299 lung 

cancer cell line, respectively; whereas compounds N-{meta-(ferrocenyl)-benzoyl}-

glycine-L-2-aminobutyric acid ethyl ester 43, N-{meta-(ferrocenyl)-benzoyl}-glycine-L-

norvaline ethyl ester 44, and N-{meta-(ferrocenyl)-benzoyl}-glycine-L-norleucine ethyl 

ester 45 showed IC50 values of 10.5 M, 19.1 M and 18.9 M, respectively (Figure 1.27). 

 

Figure 1.27. Structures of N-(ferrocenyl)benzoyl dipeptide ethyl ester derivatives. 

 

The synthesis of N-(ferrocenyl-naphthoyl) dipeptide ethyl esters was reported by 

Mooney et al.186 In comparison with the corresponding N-(ferrocenyl)benzoyl derivatives, 

it was concluded that the replacement of the benzoyl moiety by a naphthoyl moiety linking 

the redox active ferrocene group to the peptide chain increased considerably the anti-

proliferative effect of the molecule against H1299 cell line. Compound N-(6-ferrocenyl-2-

naphthoyl)-glycine-L-alanine ethyl ester 46 was found to be the most active derivative of 

the naphthoyl series, displaying an IC50 value of 1.3 M; this value is slightly lower than 

that found for the clinically employed anti-cancer drug cisplatin, which showed an IC50 

value of 1.5 M against the same cancer cell line (Figure 1.28). 
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Figure 1.28. Structure of N-(6-ferrocenyl-2-naphthoyl)-glycine-L-alanine ethyl ester 46. 

 

A series of N-(ferrocenyl)benzoyl tri- and tetrapeptide esters were also 

synthesized by Corry et al.187 The anti-proliferative effects of compounds N-{ortho-

(ferrocenyl)benzoyl}-glycine-glycine-glycine ethyl ester 47 and N-{ortho-

(ferrocenyl)benzoyl}-glycine-glycine-glycine-glycine ethyl ester 48 were measured in vitro 

against H1299 lung cancer cell line, and both gave IC50 values greater than 50 M. 

Therefore, it can be concluded that the biological activity decreases when the length of 

the peptide chain is extended, in comparison with the N-(ferrocenyl)benzoyl amino acid 

and dipeptide derivatives (Figure 1.29). 

 

Figure 1.29. Structure of N-(ferrocenyl)benzoyl tri- and tetrapeptide esters 47 and 48. 
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Mooney et al.188 studied the biological activity of novel N-(ferrocenyl)naphthoyl 

amino acid and dipeptide esters and their intermediates against H1299 NSCLC and SK-

MEL-28 cell lines. The intermediates failed to produce an effect in either cell line; whilst 

the synthesized compounds exhibited a strong anti-proliferative effect in the H1299 cell 

line, whereas the SK-MEL-28 cells were slightly more resistant to them. Compounds N-

(6-ferrocenyl-2-naphthoyl)--aminobutyric acid ethyl ester 49 and N-(6-ferrocenyl-2-

naphthoyl)-glycine-D-alanine ethyl ester 50 showed a particularly high activity, with IC50 

values of 0.62 M and 0.33 M on H1299, and 1.41 M and 1.83 M on Sk-Mel-28, 

respectively (Figure 1.30). 

 
Figure 1.30. Structures of N-(6-ferrocenyl-2-naphthoyl)--aminobutyric acid ethyl ester 49 and  

N-(6-ferrocenyl-2-naphthoyl)-glycine-D-alanine ethyl ester 50. 

 

The SAR studies of the N-(6-ferrocenyl-2-naphthoyl) derivatives were continued 

by Mooney189. Novel compounds N-(6-ferrocenyl-2-naphthoyl)-glycine-glycine ethyl ester 

51 and N-(6-ferrocenyl-2-naphthoyl)-sarcosine-glycine ethyl ester 52 were found to be 

the most active, with remarkable IC50 values of 0.13 M and 0.14 M, respectively, 

against H1299 cancer cell line; these compounds were also found to have significant 

activity in the SK-MEL-28 human skin melanoma cell line, with IC50 values of 1.10 M 

and 1.06 M, respectively (Figure 1.31). 

 
Figure 1.31. Structures of N-(6-ferrocenyl-2-naphthoyl)-glycine-glycine ethyl ester 51 and 

N-(6-ferrocenyl-2-naphthoyl)-sarcosine-glycine ethyl ester 52.  
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A series of N-(ferrocenylmethyl amino acid) fluorinated benzene carboxamide 

derivatives were synthesized by Butler et al.190 Compound N-(ferrocenylmethyl-L-

alanine)-3,4,5-trifluorobenzene carboxamide 53 was the most active giving an IC50 value 

of 2.4 M against MCF-7 breast cancer cell line in vitro (Figure 1.32). 

 

Figure 1.32. Structure of N-(ferrocenylmethyl-L-alanine)-3,4,5-trifluorobenzene carboxamide 53. 

 

Butler191 also reported the synthesis of a series of N-{(ferrocenyl)-benzoyl}-

aminoalkanes, to analyse the substitution pattern around the aromatic benzoyl moiety 

and the attachment of the various aminoalkanes. The most active derivative synthesised 

was N-{para-(ferrocenyl)-benzoyl}-aminooctane 54, with an IC50 of 1.10 M against MCF-

7 breast cancer cell line in vitro (Figure 1.33). 

 

Figure 1.33. Structure of N-{para-(ferrocenyl)-benzoyl}-aminooctane 54. 

 

A series of N-{6-(ferrocenyl)ethynyl-2-naphthoyl} amino acid and dipeptide ethyl 

esters were prepared by Harry et al.192 Compound N-{6-(ferrocenyl)ethynyl-2-naphthoyl}-

sarcosine-L-alanine ethyl ester 55 was found to be the most active derivative, with an 

IC50 value of 3.2 M against H1299 NSCLC cell line. It can be concluded that the 

incorporation of a multiple bond between the ferrocene and naphthoyl moieties had a 

negative effect in the biological activity of the molecule (Figure 1.34). 
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Figure 1.34. Structure of N-{6-(ferrocenyl)ethynyl-2-naphthoyl}-sarcosine-L-alanine ethyl ester 55. 

 

Subsequent SAR studies by Harry et al.193 led to the synthesis of 1-alkyl-1′-N-

para-(ferrocenyl) benzoyl dipeptide esters by conventional peptide chemistry. It was 

observed that the alkylation of the cyclopentadiene ring increases the antineoplastic 

activity of the molecule, but also this activity decreases with an increase of the alkyl group 

size (propyl < ethyl < methyl). These derivatives exhibited cytotoxic effects on H1299 

human lung carcinoma cell line, being the compound 1-methyl-1′-N-{para-(ferrocenyl)-

benzoyl}-glycine-L-alanine ethyl ester 56 the most active derivative with an IC50 of 4.5 

M, more cytotoxic in vitro than the clinically employed anticancer drug carboplatin which 

was found to have an IC50 of 10.0M (Figure 1.35). 

 

Figure 1.35. Structure of 1-methyl-1′-N-{para-(ferrocenyl)-benzoyl}-glycine-L-alanine ethyl ester 56. 

 

The synthesis of a series of N-{para-(ferrocenyl)cinnamoyl} amino acid and 

dipeptide derivatives was reported by Tiedt194; these compounds did not show significant 

activity at 1 M on HT144 human malignant melanoma cell line, hence no IC50 values 

were determined. In this research, a series of N-(6-ferrocenyl-2-naphthoyl) amino acid 

and dipeptide derivatives were also synthesized; the compound N-(6-ferrocenyl-2-
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naphthoyl)-glycine-glycine methyl ester 57 was the most active derivative, showing an 

IC50 value of 0.2 M on A549, LOX-IMVI and HT-144, and 0.3 M on H1299 and Malme-

3M cell lines. This demonstrated that naphthoyl moiety plays a key role on the 

antineoplastic activity of the molecule, in comparison with the cinnamoyl linker studied 

(Figure 1.36). 

 

Figure 1.36. Structure of N-(6-ferrocenyl-2-naphthoyl)-glycine-glycine methyl ester 57. 

 

The most recent synthesis of ferrocenyl bioconjugates was achieved by Lu195; she 

synthesized two series of compounds: N-(1′-alkyl-6-ferrocenyl-2-naphthoyl) amino acid 

and dipeptide esters 130-143, and N-(ferrocenylmethylamino acid)-fluorinated-benzene 

carboxamide derivatives 144-154 (Figure 1.37). The biological evaluation of these 

products was performed during this research and are presented in Sections 3.4 and 3.5, 

respectively. 

 

Figure 1.37. General structures of N-(1′-alkyl-6-ferrocenyl-2-naphthoyl) amino acid and dipeptide esters 

130-143, and N-(ferrocenylmethylamino acid)-fluorinated-benzene carboxamide derivatives 144-154. 
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1.3 Conclusions 

Cancer is a destructive disease that can affect any part of the body, thus being a major 

cause of death worldwide. The resistance of cancer cells and the presence of side effects 

are common problems on current conventional therapies; hence further research for 

treatment development is necessary due to the increasing prevalence of these drug 

resistant cancers. Platinum coordination compounds, represented by cisplatin and 

derivatives, are essential agents used in cancer chemotherapy. Due to their proven 

activity against a variety of tumours, several research initiatives in the field of 

bioorganometallic chemistry have merged to identify other metallodrugs with possible 

antineoplastic activity.116 Consequently, the approach of rational drug design has been 

extended to the development of non-platinum anticancer drugs, and a large number of 

such complexes have been developed.  

Ferrocene has been extensively used in medicinal chemistry over the last 

decades, and diverse applications have been proposed mainly because ferrocene is a 

stable, non-toxic compound with redox properties.159 The anticancer effectiveness of iron 

complexes was first reported in ferrocenium salts, and was attributed to their capability 

to form reactive oxygen species, inducing oxidative DNA damage.196 In recent years, 

Kenny et al. have reported several series of ferrocene derivatives with antineoplastic 

activity, researching the SAR by modifying each moiety of their molecules.181,183–195 These 

results suggest that ferrocenyl complexes are promising anticancer agents worthy of 

future therapeutic analysis.  

The aim of this research is to develop novel ferrocenyl derivatives for use as 

potential anticancer agents. The strategy is to analyse the SAR to lead a rational design 

of novel compounds, based on the preceding studies of ferrocenyl bioconjugates which 

have been described earlier. Previous in vitro experiments by Kenny et al. concluded that 

both N-{(ferrocenyl)benzoyl} and N-{(ferrocenyl)naphthoyl} derivatives exhibit 

antineoplastic activity against H1299 and SK-MEL-28 cancer cell lines. In addition, it was 

determined that the incorporation of a multiple bond between the ferrocene and naphthoyl 

moieties had a negative effect in the biological activity of the molecule. Furthermore, it 

was also shown that the biological activity decreases when the length of the peptide chain 

is extended.183,185,187–189,192 From all these studies, the most active compounds are 

summarised in Table 1.4. 
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Table 1.4. IC50 values of the most active ferrocenyl bioconjugates. 

Compound name No. 
H1299  

[M] 

SK-MEL-28  

[M] 

Cisplatin 15 1.50 ± 0.10 - 

N-(6-ferrocenyl-2-naphthoyl)-glycine-
glycine ethyl ester  

51 0.13 ± 0.02 1.10 ± 0.13 

N-(6-ferrocenyl-2-naphthoyl)-
sarcosine-glycine ethyl ester 

52 0.14 ± 0.02  1.06 ± 0.05 

N-(6-ferrocenyl-2-naphthoyl)-glycine-
D-alanine ethyl ester 

50 0.33 ± 0.02 1.83 ± 0.04 

N-(6-ferrocenyl-2-naphthoyl)--
aminobutyric acid ethyl ester 

49 0.62 ± 0.07 1.41 ± 0.04 

N-(6-ferrocenyl-2-naphthoyl)-glycine-
L-alanine ethyl ester 

46 1.30 ± 0.10 3.74 ± 0.37 

 

The primary objective of this work is to continue the exploration of the SAR in the 

ferrocenyl derivatives to identify potential candidates for biological studies with increased 

activity and solubility. To help with the identification of specific biological targets, the best 

strategy is to carry out different series of synthesis to identify the most favourable 

structural features which enhance both antineoplastic activity and selectivity to cancer 

cells. This research work proposes to generate a series of analogues of the previously 

reported ferrocenyl bioconjugates by modification of each moiety, as outlined in Chapter 

2. 
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C H A P T E R   2 

2 Synthesis and structural characterisation 

of novel heterocyclic functionalised 

ferrocenyl derivatives  

 

 
 
 
 
 
 
 
 
My contribution to Chapter 2 was the synthesis of the novel heterocyclic functionalised 
ferrocenyl derivatives 99-120 and their starting materials, following a number of protocols 
already established within Dr. Peter Kenny’s research group at DCU. I then proceeded 
to characterise them by a range of spectroscopic techniques, such as NMR (1H, 13C, 
DEPT-135, COSY, HSQC, HMBC), IR and UV-Vis. All these experiments were carried 
out at Laboratory X249 Organic Research – School of Chemical Sciences – Faculty of 
Sciences and Health – Dublin City University (Dublin, Ireland) under the supervision of 
Dr. Peter T. M. Kenny. 
Mass spectrometry studies were carried out by Dr. Dilip Rai at Teagasc Food Research 
Centre Ashtown (Ireland). X-rays crystallography studies were conducted by Prof. Vickie 
McKee at University of Southern Denmark (Denmark). Elemental analysis were carried 
out by Dr. Mayra A. Hernández-López at Instituto Tecnológico y de Estudios Superiores 
de Monterrey (Mexico). 
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2.1 Project rationale 

The main purpose of this work is to continue the exploration of the SAR in the 

ferrocenyl derivatives to identify potential candidates for biological studies with increased 

activity and solubility. The ferrocenyl bioconjugates previously reported181,183–195 consist 

of three key moieties, as observed in Figure 2.1: 

1. A redox-active centre. 

2. A conjugated linker. 

3. An amino acid or dipeptide ester chain. 

 

Figure 2.1. General structure of ferrocenyl amino acid or dipeptide derivatives. 

 

To help with the identification of specific biological targets, the best strategy is to 

carry out different series of synthesis to identify the most favourable structural features 

which enhance both antineoplastic activity and selectivity to cancer cells. This research 

work proposes to generate a series of analogues of the previously reported ferrocenyl 

bioconjugates by modification of each moiety as follows: 

 

2.1.1 Variations on the ferrocene core 

The first region for possible modification is the redox active moiety. The incorporation of 

a metallocene other than ferrocene is an alternative for structural modification. Ruthenium 

undergoes electrochemical oxidation more readily than ferrocene, thus ruthenocene is a 

common candidate for replacement as low oxidation potential is considered as an 

important feature for antiproliferative activity.152,197 Nevertheless, the oxidation of 

ruthenocene is a controversial reaction as it has been reported as both a one-electron 

and a two-electron irreversible process. In fact, a loss of activity against ER(-) breast 

cancer cell line was reported by Pigeon et al. when the ferrocenyl moiety of the previously 

prepared tamoxifen derivatives was replaced with ruthenocene. The reversible redox 
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properties exhibited by the previously studied ferrocenyl amino acid and dipeptide 

derivatives are believed to be crucial in the mode of action of these type of compounds, 

therefore it was concluded that ruthenocene analogues are unlikely to present the same 

anticancer activity.152,198,199 

Furthermore, a study contrasting the anticancer activity of N-(6-ferrocenyl-2-

naphthoyl)-glycine-glycine ethyl ester 51 and its non-organometallic analogue N-(2-

naphthoyl)-glycine-glycine ethyl ester 58 (Figure 2.2) against H1299 and SK-MEL-28 cell 

lines has shown that the ferrocene moiety is key for antiproliferative effect. At a 

concentration of 1 M, compound 51 exhibited a strong inhibition of the cell viability whilst 

58 failed to produce a significant effect in either cell line. The percentages of cell growth 

for 58 were 87.6 ± 18.4% for H1299 cell line, and 95.6 ± 10.9% for SK-MEL-28 cell line.188 

 

Figure 2.2. Structures of N-(6-ferrocenyl-2-naphthoyl)-glycine-glycine ethyl ester 51 and 

N-(2-naphthoyl)-glycine-glycine ethyl ester 58. 

Still, the ferrocene itself allows a further modification by di-substitution. Previous 

studies have shown that the alkylation of the cyclopentadiene ring increases the 

antineoplastic activity of the molecule, but also this activity decreases with an increase of 

the alkyl group size (propyl < ethyl < methyl).193 In this research, the ethyl group was 

maintained for a series of derivatives, hence two type of ferrocenyl moieties were studied 

(Figure 2.3). 

 

Figure 2.3. Variations on the ferrocene moiety.  
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2.1.2 Variations on the conjugated linker 

Many aromatic conjugated systems could be coupled to the ferrocene core. The degree 

of conjugation and the orientation represent important structural features that can be 

varied depending on the choice of linker. In this research, the linkers studied were 

naphthoyl, benzoyl and cinnamoyl moieties (Figure 2.4). 

 

Figure 2.4. Variations on the conjugated linker. 

 

Different orientations were investigated in the above linkers. The ortho, meta and 

para positions were studied for benzoyl derivatives; and para position for cinnamoyl 

derivatives. In the case of naphthoyl series, a search of commercially available chemicals 

led to three disubstituted naphthalene starting materials: 6-amino-2-naphthoic acid 59, 3-

amino-2-naphthoic acid 67 and 1,5-diaminonaphthalene 83. 

 

Figure 2.5. Starting materials for naphthoyl series. 

 

2.1.3 Variations on the amino acid or dipeptide chain 

The amino acid or dipeptide ester chain moiety offers an excellent option for introducing 

diversity into this series of ferrocenyl derivatives. As stated before, the biological activity 

decreases when the length of the peptide chain is extended to tri- or tetrapeptides;187 

hence, longer chains are not an option for SAR analysis.  

As most of the 20 essential -amino acids have been already studied at different 

stages of the ferrocenyl bioconjugates synthesis,181,183–195 a further exploration of moieties 

other than amino acids were considered in this SAR study. Previous research indicated 

that antineoplastic activity is higher when small -amino acids such as glycine and L-

alanine are used.197 Therefore, the use of short amino cyclic molecules such as 
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aminopyridine, benzylamine or cyclohexylamine is an interesting approach never 

investigated before in ferrocenyl bioconjugates and represents an innovative variety for 

ferrocenyl derivatives (Figure 2.6). 

 

Figure 2.6. Variations on the amino acid or dipeptide ester chain. 

 

 

2.2 The synthesis of novel heterocyclic functionalised ferrocenyl 

derivatives 

2.2.1 Introduction 

Previous studies have shown the importance of a conjugated linker in the molecule, as it 

is thought it can lower the oxidation potential of the ferrocene core.152,197 For that reason, 

three different conjugated moieties (naphthoyl, benzoyl and cinnamoyl) were used in this 

study to investigate their effects on biological activity. The series of N-(6-ferrocenyl-2-

naphthoyl) (Scheme 2.1), N-(3-ferrocenyl-2-naphthoyl) (Scheme 2.2), N-

(ferrocenyl)benzoyl (Scheme 2.3) and N-{para-(ferrocenyl)cinnamoyl} (Scheme 2.4) 

derivatives were prepared via standard peptide coupling methods using N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and N-

hydroxysuccinimide (NHS) coupling protocol. A solution of the appropriate ferrocenyl 

carboxylic acid in dichloromethane (CH2Cl2) at 0 °C was treated with EDC, NHS and 

triethylamine (Et3N). An equimolar amount of the required amine reagent was then added 

to this solution with stirring. The procedure is similar to that used for the synthesis of the 

previous ferrocenyl dipeptide esters in Dr. Peter Kenny’s research group.181,183–195 
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Scheme 2.1. The general reaction scheme for the synthesis of N-(6-ferrocenyl-2-naphthoyl) derivatives. 
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Scheme 2.2. The general reaction scheme for the synthesis of N-(3-ferrocenyl-2-naphthoyl) derivatives. 

 

 

Scheme 2.3. The general reaction scheme for the synthesis of N-(ferrocenyl)benzoyl derivatives. 
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Scheme 2.4. The general reaction scheme for the synthesis of N-{para-(ferrocenyl)cinnamoyl} derivatives. 

 

 

2.2.2 Preparation of ethyl ferrocene 62 

The synthesis of the starting material ethyl ferrocene 62 was achieved through the 

reductive deoxygenation of the commercially available acetylferrocene 87 via the 

combined action of lithium aluminium hydride (LiAlH4) and the use of a strong Lewis acid 

such as aluminium trichloride (AlCl3) in diethyl ether, as shown in Scheme 2.5. The 

desired alkylated ferrocene 62 was obtained with a percentage yield of 74%. The 

procedure is similar to that used for the synthesis of the previous ferrocenyl dipeptide 

esters in Dr. Peter Kenny’s research group.192,193,195 

 

Scheme 2.5. Synthesis of ethyl ferrocene 62. 
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2.2.3 Esterification of carboxylic acids 

The ester group was proposed to protect the carboxylic acid group present in the starting 

materials 6-amino-2-naphthoic acid 59 and 3-amino-2-naphthoic acid 67. Ester group can 

be formed via methanol (MeOH) and thionyl chloride (SOCl2), yielding compound 6-

(methoxycarbonyl)naphthalen-2-aminium chloride 60 or compound 3-

(methoxycarbonyl)naphthalen-2-aminium chloride 68 (Scheme 2.6). The procedure is 

similar to that used for the synthesis of the previous ferrocenyl dipeptide esters in Dr. 

Peter Kenny’s research group.186,188,189,194,195 

 

Scheme 2.6. Esterification of carboxylic acids 59 and 67 using methanol and thionyl chloride. 

 

This is a two-step reaction. Firstly, the 6-amino-2-naphthoic acid 59 reacts with 

thionyl chloride (SOCl2) to generate a carboxylic acyl chloride (Scheme 2.7). This is a 

useful reaction because the resulting carboxylic acyl chloride is a versatile and very 

reactive compound; these are not generally synthetic targets, but rather intermediates 

which are useful in the synthesis of other carboxylic acid derivatives such as the desired 

ester 6-(methoxycarbonyl)naphthalen-2-aminium chloride 60.200 
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Scheme 2.7. Acid chloride formation from 6-amino-2-naphthoic acid 59. 

 

Secondly, the acyl chloride reacts instantly with methanol (MeOH) in a very 

exothermic reaction via nucleophilic addition/elimination reaction (Scheme 2.8). HCl is a 

subproduct in both reactions, and that is the reason why the amine group appears as its 

protonated form in the final product 6-(methoxycarbonyl)naphthalen-2-aminium chloride 

60.201 

 

Scheme 2.8. Reaction mechanism between acid chloride and methanol. 

 

The 3-amino-2-naphthoic acid 67 follows the same mechanism to yield the 3-

(methoxycarbonyl)naphthalen-2-aminium chloride 68. 
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2.2.4 Introduction of the ferrocenyl moiety via diazonium coupling 

The appropriate carboxylate ester was treated with sodium nitrite (NaNO2) in presence 

of hydrochloric acid (HCl) at a temperature below 5 °C to yield the corresponding 

diazonium salt, which then reacts in situ with the ferrocene reagent (61 or 62) via 

electrophilic aromatic substitution to generate the analogous ferrocenyl carboxylate, as 

shown in Scheme 2.9 for 6,2-naphthoyl series. The procedure is similar to that used for 

the synthesis of the previous ferrocenyl dipeptide esters in Dr. Peter Kenny’s research 

group.181,183–195 

 

Scheme 2.9. Diazonium coupling reaction of 6-(methoxycarbonyl)naphthalen-2-aminium chloride 60 with 

ferrocene 61 or ethyl ferrocene 62. 

 

The carboxylate esters 68, 71-73 and 80 were coupled to ferrocene 61 using the 

same protocol as above, yielding the ferrocenyl carboxylates shown in Figure 2.7. 

 

Figure 2.7. Products of diazonium coupling reaction of carboxylate esters 68, 71-73 and 80 
with ferrocene 61. 

 

The reaction mechanism for the diazonium coupling using 6-

(methoxycarbonyl)naphthalen-2-aminium chloride 60 is shown in Scheme 2.10. The 

diazonium coupling reactions of the other carboxylate esters follow the same mechanism. 
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The diazotization process starts with the treatment of the anion from NaNO2 with 

HCl at temperature below 5 °C, producing the first intermediate nitrous acid because of 

the protonation of nitrite anion. The next intermediate is formed as a result of a second 

protonation to yield the nitrogen electrophile cation NO+ after a molecule of water is lost. 

This NO+ is then attacked by the alone pair of electrons in the amine group of 60, to 

generate the conjugated diazonium salt with the presence of a chloride anion (Scheme 

2.10). 

 

Scheme 2.10. Diazonium salt formation from 6-(methoxycarbonyl)naphthalen-2-aminium chloride 60. 

 

The diazonium salt decomposes when exposed to temperatures above 5 °C, 

resulting in the formation of an aryl carbocation and nitrogen gas (N2). Ferrocene reagent 

61 or 62 then can react in situ with this unstable aryl carbocation formed to yield the 

corresponding naphthoate 63 or 64 (Scheme 2.11). 
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Scheme 2.11. Reaction mechanism of the diazonium coupling between 6-(methoxycarbonyl)naphthalen-2-

aminium chloride 60 and ferrocene 61 or ethyl ferrocene 62. 

 

2.2.5 Base hydrolysis of esters 

The ester group of the corresponding ferrocenyl esters can be effectively removed by 

base hydrolysis to yield the subsequent ferrocenyl carboxylic acid, as shown in Scheme 

2.12 for ferrocenyl naphthoates 63 and 64. The procedure is similar to that used for the 

synthesis of the previous ferrocenyl dipeptide esters in Dr. Peter Kenny’s research 

group.183–189,192–195 

 

Scheme 2.12. Base hydrolysis of ferrocenyl naphthoates 63 and 64. 

 

The base hydrolysis of the ferrocenyl esters 69, 74-76 and 81 using the same 

protocol as above yielded the ferrocenyl carboxylic acids shown in Figure 2.8. 
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Figure 2.8. Products of base hydrolysis of ferrocenyl esters 69, 74-76 and 81. 

 

This is the usual method for hydrolysing esters. Unlike the reversible hydrolysis 

under acidic conditions, hydrolysis under alkali conditions is a one-way reaction and the 

products are easier to separate.202 The reaction mechanism for the base hydrolysis of 

methyl 6-ferrocenyl-2-naphthoate 63 is explained below; and the base hydrolysis 

reactions of the other ferrocenyl esters follows the same mechanism. Base hydrolysis is 

a two steps reaction: the first product generated is the sodium salt; then this intermediate 

can be easily transformed into the carboxylic acid itself by adding an excess of a strong 

acid such as hydrochloric acid (HCl), as shown in as shown in Scheme 2.13. 

 

Scheme 2.13. Reaction mechanism of the base hydrolysis of methyl 6-ferrocenyl-2-naphthoate 63. 
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2.2.6 Introduction of the amino moieties via EDC/NHS coupling 

The last step was the introduction of the desired amino moiety into the corresponding 

ferrocenyl carboxylic acids, which can be achieved by the condensation of the carboxylic 

acid with the amino group of the required reagent to generate an amide bond. Standard 

methods of EDC/NHS coupling were employed for this purpose, as shown in Scheme 

2.14 for the ferrocenyl 6,2-naphthoyl series. The procedure is similar to that used for the 

synthesis of the previous ferrocenyl dipeptide esters in Dr. Peter Kenny’s research 

group.181,183–195 

 

Scheme 2.14. Introduction of amino moieties into ferrocenyl naphthoic acids 65 and 66. 

 

The EDC/NHS coupling of the ferrocenyl carboxylic acids 70, 77-79 and 82 with 

the corresponding amines yielded the final products with general structures shown in 

Figure 2.9. 

 

Figure 2.9. General structures of final products after introduction of amino moieties. 

 

Reaction between carboxylic acids and amines at room temperatures produce 

salts.203 Hence, the first step is the conversion the -OH end of the carboxylic acid into a 

good leaving group before the reaction with the amine.204 The activation of the carboxylic 

acid could be reached by a reaction with thionyl chloride (SOCl2) to generate a carboxylic 

acyl chloride, following the mechanism showed before on Scheme 2.7. Nevertheless, 
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acid chlorides are not an option prior to amide bond formation by virtue of their tendency 

to undergo side reactions such as hydrolysis, racemisation or cleavage of protecting 

groups.205,206 For this reason, the synthetic route proposed to achieve the activation of 

the carboxylic acid group via EDC/NHS method. The mechanism for this protocol is 

shown for 6-ferrocenyl-2-naphthoic acid 65; other ferrocenyl carboxylic acids follows the 

same mechanism. The use of a carbodiimide like N-(3-dimethylaminopropyl)-N′-

carbodiimide hydrochloride (EDC) 88 has been proved to be an efficient way to activate 

a carboxylic group. This reaction comprises the formation of an O-acylisourea derivative 

89 (Scheme 2.15).202 

 

Scheme 2.15. Reaction between 6-ferrocenyl-2-naphthoic acid 65 and EDC 88. 

This O-acylisourea intermediate 89  is highly reactive, hence intramolecular 

rearrangements such as the acyl transfer which lead to the formation of a less reactive 

N-acyl-urea 90 (Scheme 2.16) can represent a disadvantage in terms of poor yields and 

interference with final product purification.203,206,207 

 

Scheme 2.16. Intramolecular acyl transfer of O-acylisourea 89 to N-acyl-urea 90.  
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Consequently, the use of an auxiliary nucleophile such as N-hydroxysuccinimide 

(NHS) 91 can stabilize the O-acylisourea intermediate 89 by transforming it into a more 

stable NHS-ester 92, which can still react with the amino group of the required reagent 

to lead the amide bond formation (Scheme 2.17).206,207 The subproduct 1-(3-

(dimethylamino)propyl)-3-ethylurea 93 can be extracted with water, facilitating the later 

purification of the desired products.206 

 

Scheme 2.17. Reaction mechanism for amide bond formation using EDC/NHS coupling. 

  



Dublin City University  Chapter 2 

 

 

51 

2.3 Results 

2.3.1 6-Ferrocenyl-2-naphthoyl series 

The starting material for this series was the commercially available 6-amino-2-naphthoic 

acid 59. The esterification of this carboxylic acid furnished the 6-

(methoxycarbonyl)naphthalen-2-aminium chloride 60 with 90% yield. Ferrocene 61 was 

introduced via diazonium coupling, thus methyl 6-ferrocenyl-2-naphthoate 63 (26% yield) 

was obtained. Subsequent base hydrolysis produced the corresponding 6-ferrocenyl-2-

naphthoic acid 65 with 96% yield. 

6-Ferrocenyl-2-naphthoic acid 65 was reacted with the three aminopyridines 94-

96, benzylamine 97 and cyclohexylamine 98 (Figure 2.10) via EDC/NHS coupling 

protocol. Reaction of 65 with 2-aminopyridine 94 and 3-aminopyridine 95 yielded the 

corresponding 6-ferrocenyl-N-(pyridin-2-yl)-2-naphthamide 99 and 6-ferrocenyl-N-

(pyridin-3-yl)-2-naphthamide 100 in high yields (93% and 92%, respectively). However, 

the EDC/NHS coupling of 65 with 4-aminopyridine 96 did not proceed in the same 

manner; possible factors that may have influenced on this unusual result are discussed 

in Section 2.5.9. Spectroscopic and spectrometric analysis shown in Sections 2.5.9, 

2.6.9, 2.11.1 and 2.12 suggest that the final compound obtained from this reaction was 

the NHS-ester intermediate 2,5-dioxopyrrolidin-1-yl 6-ferrocenyl-2-naphthoate 101, 

which was obtained with a percentage yield of 53%.  

 

Figure 2.10. Chemical structures of the three aminopyridines 94-96, benzylamine 97 

and cyclohexylamine 98. 

 

The coupling of 6-ferrocenyl-2-naphthoic acid 65 with benzylamine 97 and 

cyclohexylamine 98 yielded the desired N-benzyl-6-ferrocenyl-2-naphthamide 102 and 

N-cyclohexyl-6-ferrocenyl-2-naphthamide 103, with percentage yields of 17% and 11%, 

respectively. All the final novel products of this series are shown in Figure 2.11. 
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Figure 2.11. Novel ferrocenyl derivatives 99-103 from 6-ferrocenyl-2-naphthoyl series. 

 

 

2.3.2 6-(1′-Ethyl)ferrocenyl-2-naphthoyl series 

This series started with the diazonium coupling of ethyl ferrocene 62 to the previously 

prepared 6-(methoxycarbonyl)naphthalen-2-aminium chloride 60, to obtain methyl 6-(1′-

ethyl)ferrocenyl-2-naphthoate 64 with 17% yield. Subsequent base hydrolysis produced 

the corresponding 6-(1′-ethyl)ferrocenyl-2-naphthoic acid 66 with 62% yield. 

The EDC/NHS coupling reaction of 6-(1′-ethyl)ferrocenyl-2-naphthoic acid 66 with 

4-aminopyridine 96 followed the same pattern as observed previously for 65, and the final 

product was identified as the corresponding NHS-ester intermediate 2,5-dioxopyrrolidin-

1-yl 6-(1′-ethyl)ferrocenyl-2-naphthoate 104, with a percentage yield of 14%.The coupling 

of 6-(1′-ethyl)ferrocenyl-2-naphthoic acid 66 with benzylamine 97 and cyclohexylamine 

98 yielded the expected N-benzyl-6-(1′-ethyl)ferrocenyl-2-naphthamide 105 (27% yield) 

and N-cyclohexyl-6-(1′-ethyl)ferrocenyl-2-naphthamide 106 (25% yield), respectively. All 

the final novel products of this series are shown in Figure 2.12 below. 
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Figure 2.12. Novel ferrocenyl derivatives 104-106 from 6-(1′-ethyl)ferrocenyl-2-naphthoyl series. 

 

 

2.3.3 3-Ferrocenyl-2-naphthoyl series 

The starting material for this series was the commercially available 3-amino-2-naphthoic 

acid 67. The esterification of this carboxylic acid furnished the 3-

(methoxycarbonyl)naphthalen-2-aminium chloride 68 with 92% yield. The ferrocene 61 

moiety was introduced to 68 via diazonium coupling, and methyl 3-ferrocenyl-2-

naphthoate 69 was obtained (35% yield). Successive base hydrolysis yielded the 

corresponding 3-ferrocenyl-2-naphthoic acid 70 with 95% yield. 

3-ferrocenyl-2-naphthoic acid 70 was reacted with benzylamine 97 and 

cyclohexylamine 98 via EDC/NHS coupling protocol, furnishing the desired N-benzyl-3-

ferrocenyl-2-naphthamide 107 with 22% yield and N-(cyclohexylmethyl)-3-ferrocenyl-2-

naphthamide 108 with 36% yield, respectively (Figure 2.13).  

 

Figure 2.13. Novel ferrocenyl derivatives 107 and 108 from 3-ferrocenyl-2-naphthoyl series.  
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2.3.4 Ortho-, meta- and para-ferrocenyl-benzoyl series 

The starting materials for these series were the commercially available ethyl ortho-

aminobenzoate 71, ethyl meta-aminobenzoate 72 and ethyl para-aminobenzoate 73. The 

ferrocene 61 moiety was introduced to each via diazonium coupling, obtaining the 

corresponding analogues ethyl ortho-ferrocenylbenzoate 74 (39% yield), ethyl meta-

ferrocenylbenzoate 75 (14% yield) and ethyl para-ferrocenylbenzoate 76 (34% yield). 

Consecutive base hydrolysis furnished the required ortho-ferrocenylbenzoic acid 77, 

meta-ferrocenylbenzoic acid 78 and para-ferrocenylbenzoic acid 79, with percentages 

yield of 96%, 86% and 97%, respectively. 

The EDC/NHS coupling reaction of the ferrocenylbenzoic acids 77-79 with 4-

aminopyridine 96 followed the same pattern as observed previously for 65 and 66, and 

the final products were identified as the corresponding NHS-ester intermediates: 2,5-

dioxopyrrolidin-1-yl 2-ferrocenylbenzoate 109 (17% yield), 2,5-dioxopyrrolidin-1-yl 3-

ferrocenylbenzoate 110 (8% yield) and 2,5-dioxopyrrolidin-1-yl 4-ferrocenylbenzoate 111 

(44% yield). 

The ferrocenylbenzoic acids 77-79 were reacted with benzylamine 97 and 

cyclohexylamine 98 via EDC/NHS coupling, furnishing the desired derivatives: N-benzyl-

2-ferrocenylbenzamide 112 (26% yield), N-benzyl-3-ferrocenylbenzamide 113 (41% 

yield) and N-benzyl-4-ferrocenylbenzamide 114 (25% yield), respectively; and N-

cyclohexyl-2-ferrocenylbenzamide 115 (28% yield), N-cyclohexyl-3-ferrocenylbenzamide 

116 (42% yield) and N-cyclohexyl-4-ferrocenylbenzamide 117 (20% yield), respectively. 

All the final novel products of these series are shown in Figure 2.14 below. 



Dublin City University  Chapter 2 

 

 

55 

 

Figure 2.14. Novel ferrocenyl derivatives 109-117 from ortho-, meta- and para-ferrocenyl-benzoyl series. 
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2.3.5 4-Ferrocenyl-cinammoyl series 

The starting material for this series was the commercially available ethyl 4-

aminocinnamate 80. The ferrocene 61 moiety was introduced to 80 via diazonium 

coupling, and ethyl 4-ferrocenyl cinnamate 81 was obtained (17% yield). Consequent 

base hydrolysis yielded the corresponding 4-ferrocenyl cinnamic acid 82 with 96% yield. 

The EDC/NHS coupling reaction of 4-ferrocenyl cinnamic acid 82 with 4-

aminopyridine 96 followed the same pattern as observed previously for 65, and the final 

product was identified as the corresponding NHS-ester intermediate 1-(3-(4-

ferrocenylphenyl)acryloyl)pyrrolidine-2,5-dione 118 (15% yield). 

4-ferrocenyl cinnamic acid 82 was reacted with benzylamine 97 and 

cyclohexylamine 98 via EDC/NHS coupling protocol, furnishing the desired derivatives 

N-benzyl-3-(4-ferrocenylphenyl)acrylamide 119 and N-cyclohexyl-3-(4-

ferrocenylphenyl)acrylamide 120 with percentage yields of 13% and 10%, respectively. 

All the final novel products of this series are shown in Figure 2.15 below. 

 

Figure 2.15. Novel ferrocenyl derivatives 118-120 from 4-ferrocenyl-cinammoyl series. 
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2.4 Purification and yields of novel heterocyclic functionalised 

ferrocenyl derivatives 

The novel ferrocenyl naphthoyl, benzoyl and cinnamoyl derivatives were prepared by 

standard peptide coupling conditions. The corresponding carboxylic acid was coupled 

with 2-aminopyridine 94, 3-aminopyridine 95, benzylamine 97 or cyclohexylamine 98; all 

compounds gave spectroscopic and analytical data in accordance with their proposed 

structures, except for the coupling reaction with 4-aminopyridine 96, where the 

corresponding NHS-esters were identified as final products. Most of the crude products 

were purified by column chromatography using different ratios of ethyl acetate, diethyl 

ether and hexane as eluents. The purified compounds were obtained as yellow, orange 

or red solids with yields ranging from 8 to 93%. Table 2.1 summarizes the yields for all 

the novel ferrocenyl derivatives. The intermediates synthesized are not included in this 

table. 

Table 2.1. Percentage yields for novel heterocyclic functionalised ferrocenyl derivatives 99-120. 

Compound name No. % Yield 

6-ferrocenyl-N-(pyridin-2-yl)-2-naphthamide 99 93 

6-ferrocenyl-N-(pyridin-3-yl)-2-naphthamide 100 92 

2,5-dioxopyrrolidin-1-yl 6-ferrocenyl-2-naphthoate 101 53 

N-benzyl-6-ferrocenyl-2-naphthamide 102 17 

N-cyclohexyl-6-ferrocenyl-2-naphthamide 103 11 

2,5-dioxopyrrolidin-1-yl 6-(1′-ethyl)ferrocenyl-2-naphthoate 104 14 

N-benzyl-6-(1′-ethyl)ferrocenyl-2-naphthamide 105 27 

N-cyclohexyl-6-(1′-ethyl)ferrocenyl-2-naphthamide 106 25 

N-benzyl-3-ferrocenyl-2-naphthamide 107 22 

N-cyclohexyl-3-ferrocenyl-2-naphthamide 108 36 

2,5-dioxopyrrolidin-1-yl 2-ferrocenylbenzoate 109 17 

2,5-dioxopyrrolidin-1-yl 3-ferrocenylbenzoate 110 8 

2,5-dioxopyrrolidin-1-yl 4-ferrocenylbenzoate 111 44 

N-benzyl-2-ferrocenylbenzamide 112 26 

N-benzyl-3-ferrocenylbenzamide 113 41 

N-benzyl-4-ferrocenylbenzamide 114 25 

N-cyclohexyl-2-ferrocenylbenzamide 115 28 

N-cyclohexyl-3-ferrocenylbenzamide 116 42 

N-cyclohexyl-4-ferrocenylbenzamide 117 20 

1-(3-(4-ferrocenylphenyl)acryloyl)pyrrolidine-2,5-dione 118 15 

N-benzyl-3-(4-ferrocenylphenyl)acrylamide 119 13 

N-cyclohexyl-3-(4-ferrocenylphenyl)acrylamide 120 10 
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Figure 2.16. Yield percentages of novel heterocyclic functionalised ferrocenyl derivatives 99-120. 

 

As observed from Figure 2.16, yields for the aminopyridine derivatives 99 and 100 

were the highest overall, as final products were recovered by extraction. When column 

purification was needed, yields obtained for the benzoyl series were generally better than 

those obtained for the naphthoyl and cinnamoyl derivatives. The steric hindrance of the 

bulky naphthoyl group may influence the low yields obtained for these series compared 

with their benzoyl analogues. The cinnamoyl series showed the lowest yields in general. 

 

 

2.5 1H NMR studies of novel heterocyclic functionalised ferrocenyl 

derivatives 

The 1H NMR experiments of the 6-(1′-ethyl)ferrocenyl-2-naphthoyl series were performed 

in CDCl3, and the spectra of the rest of the derivatives were recorded in DMSO-d6 as they 

showed limited solubility in other deuterated solvents. Each peak reported in this section 

was assigned using a combination of different NMR analysis, including 1H, 13C, COSY, 

HSQC and HMBC. As an example, the assignment of compound 107 is given in detail in 

Section 2.8.1. 
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2.5.1 Aromatic 1H NMR analysis  

The chemical shifts of the aromatic protons from the spacer groups appear between  

7.12 and  8.62. The splitting pattern varied depending on the substitution of the 

naphthalene or benzene rings, and some signals may overlap due to their proximity in 

chemical shifts. For the 6-ferrocenyl-2-naphthoyl and 6-(1′-ethyl)ferrocenyl-2-naphthoyl 

series, a singlet, singlet, multiplet, doublet of doublets pattern is generally observed, 

integrating for one, one, three and one proton, respectively. In the spectra of the 3-

ferrocenyl-2-naphthoyl series, a singlet, doublet, doublet, singlet, triplet of doublets, triplet 

of doublets pattern is detected, with each peak integrating for one proton. The ortho-

ferrocenyl-benzoyl series generally give rise to a doublet, triplet, triplet, doublet pattern, 

with each peak integrating for one proton. The meta-ferrocenyl-benzoyl series have a 

singlet, doublet, doublet, triplet pattern in most of the cases, integrating for one proton 

each. The para-ferrocenyl-benzoyl and 4-ferrocenyl-cinammoyl series give the typical 

para-disubstituted aromatic splitting pattern with two doublets that both integrate for two 

protons. These signals are summarised in Table 2.2. 

Table 2.2. Aromatic linker 1H NMR spectral data for novel heterocyclic functionalised ferrocenyl derivatives 

99-120. Values are given in ppm. 

Compound Spacer linker  Har on spacer linker 

99 

Naphthoyl 

8.54, 8.08, 8.04, 7.94, 7.84 

100 8.53, 8.07, 8.03, 7.95, 7.93, 7.83 

101 8.79, 8.17, 8.08, 8.00, 7.93 

102 8.46, 8.06, 7.95, 7.83 

103 8.38, 8.05, 7.95, 7.90, 7.82 

104 8.62, 7.98, 7.80, 7.65 

105 8.19, 7.77, 7.60 

106 8.13, 7.76, 7.61 

107 8.34, 8.00, 7.94, 7.80, 7.55, 7.51 

108 8.32, 7.99, 7.93, 7.71, 7.54, 7.50 

109 

Benzoyl 

8.00, 7.68, 7.67, 7.44 

110 8.02, 7.78, 7.76, 7.42 

111 7.99, 7.79 

112 7.80, 7.40, 7.26 

113 8.02, 7.73, 7.72, 7.41 

114 7.83, 7.63 

115 7.79, 7.38, 7.22, 7.12 

116 7.92, 7.71, 7.66, 7.38 

117 7.76, 7.60 

118 7.54, 7.52 

119 7.58, 7.49 

120 7.57, 7.47 
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In the benzylamine derivatives 102, 105, 107, 112-114 and 119, the aromatic 

protons appear between  7.25 and  7.36. The splitting pattern varied depending on the 

complexity of the spacer linker, as signals overlapped due to their proximity in chemical 

shifts: for compounds from naphthoyl series, the benzylamine protons appear as two 

multiplets integrating for four and one protons, respectively; for compounds from benzoyl 

series, the protons in the ortho, meta and para positions of benzylamine were shown in 

three different signals integrating for two, two and one proton, respectively (Table 2.3). 

Table 2.3. Aromatic 1H NMR spectral data for benzylamine derivatives 102, 105, 107, 112-114 and 119. 

Values are given in ppm. 

Compound  Spacer linker  Har on benzylamine 

102 

Naphthoyl 

7.36, 7.26 

105 7.33, 7.26 

107 7.36, 7.28 

112 

Benzoyl 

7.32, 7.26, 7.20 

113 7.36, 7.35, 7.26 

114 7.34, 7.33, 7.25 

119 7.35, 7.31, 7.26 

 

2.5.2 Amide 1H NMR analysis 

In amide derivatives, this proton appears between  7.98 and  9.20 when DMSO-d6 was 

used as the solvent, and between  6.02 and  6.45 when spectra were performed in 

CDCl3 (Table 2.4). This difference is due to hydrogen bond interactions between the 

amide proton and the S=O bond of DMSO-d6; since CDCl3 does not possess the same 

ability to form hydrogen bonds, these amide protons are most likely to appear more 

upfield.208,209 

Table 2.4. Amide 1H NMR spectral data for novel heterocyclic functionalised ferrocenyl derivatives 102-103, 

105-108, 112-117 and 119-120. Values are given in ppm. 

Compound  N-H Compound   N-H 

102 9.20 113 9.09 

103 8.34 114 9.02 

105 6.45 115 8.04 

106 6.02 116 8.22 

107 8.94 117 8.15 

108 8.27 119 8.61 

112 8.72 120 7.98 
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2.5.3 Ferrocenyl 1H NMR analysis 

In the ferrocenyl region, the splitting pattern varied depending on the substitution of the 

cyclopentadienyl rings. For the derivatives with monosubstituted ferrocene 99-103 and 

107-120, three signals are observed: the ortho 5-C5H4 protons appear between  4.55 

and  5.03 and the meta 5-C5H4 protons appear between  4.24 and  4.52, both signals 

as triplets or singlets integrating for two protons each; the five protons of the unsubstituted 

5-C5H5 ring appear as a singlet between  4.02 and  4.10 (Table 2.5). 

Table 2.5. Ferrocenyl 1H NMR spectral data for novel heterocyclic functionalised ferrocenyl derivatives 99-

103 and 107-120. Values are given in ppm. 

Compound  ortho on 5-C5H4  meta on 5-C5H4  5-C5H5 

99 4.98 4.46 4.05 

100 4.98 4.46 4.05 

101 5.03  4.50 4.07 

102 4.97 4.46 4.05 

103 4.96 4.45 4.05 

107 4.70 4.29 4.08 

108 4.74 4.33 4.10 

109 4.64 4.34 4.10 

110 4.83 4.39 4.03 

111 4.99 4.52 4.06 

112 4.55 4.24 4.06 

113 4.86 4.39 4.04 

114 4.89 4.41 4.03 

115 4.59 4.29 4.07 

116 4.85 4.39 4.03 

117 4.88 4.41 4.02 

118 4.84 4.39 4.03 

119 4.85 4.40 4.03 

120 4.84 4.39 4.03 

 

For the disubstituted ferrocene moiety in the 6-(1′-ethyl)ferrocenyl-2-naphthoyl 

derivatives 104-106, four signals are observed: for the cyclopentadiene ring attached to 

the naphthoyl spacer group (5-C5H4-naphthoyl), the ortho protons appear between  

4.65 and  4.68 and the meta 5-C5H4 protons appear between  4.29 and  4.34, both 

signals as fine triplets (J = 1.7 – 1.8 Hz) integrating for two protons each; for the 

cyclopentadiene ring attached to the ethyl group (5-C5H4-ethyl), the ortho protons appear 

as singlets integrating for one proton each between  3.93 and  4.03, and the meta 

protons appear as a doublet of doublets between  3.87 and  3.89 integrating for two 

protons (Table 2.6). 



Dublin City University  Chapter 2 

 

 

62 

Table 2.6. Ferrocenyl 1H NMR spectral data for novel 6-(1′-ethyl)ferrocenyl-2-naphthoyl derivatives 104-106. 

Values are given in ppm. 

Compound 
5-C5H4-naphthoyl 5-C5H4-ethyl 

 Cortho  Cmeta  Cortho  Cmeta 

104 4.68 4.34 4.03, 3.94 3.89 

105 4.66 4.29 4.02, 3.93 3.87 

106 4.65 4.29 4.02, 3.93 3.87 

 

 

2.5.4 Ethyl 1H NMR analysis from ethyl ferrocene derivatives 

In the 6-(1′-ethyl)ferrocenyl-2-naphthoyl series, the protons of the ethyl group (-CH2CH3) 

attached to the cyclopentadiene ring show unusual multiplicities from the synthesis of the 

intermediate methyl 6-(1′-ethyl)ferrocenyl-2-naphthoate 64, and maintained the same for 

all derivatives 104-106. The methylene protons (-CH2CH3) appear as three quartets 

between  2.06 and  2.62 integrating for two protons in total, as shown in Figure 2.17A; 

and the methyl protons (-CH2CH3) appear as two triplets between  0.96 and  1.19 

integrating for three protons in total, as shown in Figure 2.17B. These signals are 

summarized in Table 2.7. 

   

Figure 2.17. Alkyl region of the 1H NMR spectra of N-benzyl-6-(1′-ethyl)ferrocenyl-2-naphthamide 105. 

A. 2.05-2.62 ppm. B. 0.95-1.21 ppm. 

 

Table 2.7. Ethyl 1H NMR spectral data for novel 6-(1′-ethyl)ferrocenyl-2-naphthoyl derivatives 104-106. 

Values are given in ppm. 

Compound 
 -CH2- on  

5-C5H4-ethyl 

 -CH3 on  

5-C5H4-ethyl 

104 2.62, 2.38, 2.06 1.19, 0.96 

105 2.60, 2.37, 2.07 1.18, 0.96 

106 2.61, 2.37, 2.07 1.19, 0.96 

 

  

A B 
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These interesting splitting patterns are in accordance with the spectra of the N-

(1′-alkyl-6-ferrocenyl-2-naphthoyl) amino acid and dipeptide derivatives. For the 

synthesis of methyl 6-(1′-ethyl)ferrocenyl-2-naphthoate 64, ethyl ferrocene 62 was 

reacted with 6-(methoxycarbonyl)naphthalen-2-aminium chloride 60 directly without 

protection; thus there are two possible ways of bonding that yield isomers in each case:195 

 

(i) 60 could bound to the same or different cyclopentadienyl ring of 62 where the 

ethyl group is located (Figure 2.18), however this is less likely to happen due to steric 

effects of the ethyl group. 

 

Figure 2.18. The proposed structures of isomers of methyl 6-(1′-ethyl)ferrocenyl-2-naphthoate 64. 

 

(ii) atropisomers I, II and III of 64 can be formed due to two unsymmetrically 

substituted ring by binding of 60 either to the same or different ring as the ethyl group in 

62 (Figure 2.19); these are thought to be the main products as in the synthesis of N-(1′-

alkyl-6-ferrocenyl-2-naphthoyl) amino acid and dipeptide derivatives by Lu195, where the 

presence of three isomers impossible to separate was confirmed by variable temperature 

1H NMR and HPLC-UV. 

 

Figure 2.19. The proposed structures of atropisomers I, II and III of methyl 6-(1′-ethyl)ferrocenyl-2-

naphthoate 64. 
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2.5.5 Methylene 1H NMR analysis from NHS-ester and benzylamine 

derivatives 

The protons of the two methylene groups in the NHS-ester derivatives 101, 104, 109-111 

and 118 appear between  2.87 and  2.93, always as a broad singlet integrating for four 

protons. The protons of the methylene group next to the aromatic ring in the benzylamine 

derivatives 102, 105, 107, 112-114 and 119 appear between  4.36 and  4.65, always 

as a doublet due to coupling with the adjacent NH group (J = 6.0 Hz) and integrating for 

two protons. These signals are summarised in Table 2.8. 

Table 2.8. Methylene 1H NMR spectral data for NHS-ester and benzylamine derivatives. Values are given in 

ppm. 

Compound Derivative  -CH2- Compound Derivative  -CH2- 

101 

NHS ester 

2.93 102 

Benzylamine 

4.55 

104 2.88 105 4.65 

109 2.90 107 4.45 

110 2.92 112 4.36 

111 2.90 113 4.52 

118 2.87 114 4.49 

 119 4.41 

 

 

2.5.6 Aliphatic 1H NMR analysis from cyclohexylamine derivatives 

Cyclohexane ring can adopt both chair and boat conformations; however, the chair 

structure has the lowest total energy, and is therefore the most stable. In substituted 

cyclohexanes, different studies have confirmed that the equatorial conformation is 

favoured for the same reason (Figure 2.20).210–214 

 

Figure 2.20. Equatorial conformation of cyclohexylamine group. 

For this reason, the spectra of the cyclohexylamine derivatives 103, 106, 108, 

115-117 and 120 were the most complex due to the different axial and equatorial 

hydrogens in cyclohexyl moiety. These aliphatic protons appear between  0.86 and  
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3.97, generally as multiplets in different signals for each equivalent position with respect 

to the amine group, although in some cases they overlap due to proximity in chemical 

shifts. The general order observed is: the ipso proton on C1, in the lowest field; a set of 

three signals belonging to a pair of the ortho protons on C2 and C6, a pair of the meta 

protons in C3 and C5, and one para proton on C4; and a complex multiplet integrating 

for the remaining four ortho and meta protons, next to a multiplet due to the lasting para 

proton (Table 2.9). 

Table 2.9. Aliphatic 1H NMR spectral data for cyclohexylamine derivatives 103, 106, 108, 115-117 and 120. 

Values are given in ppm. 

Compound 
 ipso  
on C1 

 ortho  
on C2 and C6 

 meta  
on C3 and C5 

 para  
on C4 

103 3.82 1.87, 1.35 1.76, 1.35 1.63, 1.17 

106 3.97 2.02, 1.40 1.72, 1.40 1.61, 1.17 

108 3.71 1.85, 1.27 1.72, 1.27 1.59, 1.12 

115 3.63 1.76, 1.15 1.68, 1.26 1.56, 1.07 

116 3.78 1.85, 1.33 1.76, 1.33 1.63, 1.15 

117 3.77 1.82, 1.32 1.75, 1.32 1.62, 1.14 

120 3.66  1.80, 1.23 1.71, 1.23 1.58, 0.86 

 

 

2.5.7 Olefinic 1H NMR analysis from cinnamoyl derivatives 

For the cinnamoyl series 118-120, the olefinic protons appear as two doublets with 

coupling constants equal to ~16 Hz, integrating for one proton each: the first one between 

 7.37 and  7.46, and the second one between  6.43 and  6.69 (Table 2.10). 

Table 2.10. Olefinic 1H NMR spectral data for novel ferrocenyl cinnamoyl derivatives 118-120. Values are 

given in ppm. 

Compound  benzoyl-CH=CH-  benzoyl-CH=CH- 

118 7.37 6.43 

119 7.46 6.69 

120 7.38 6.61 
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2.5.8 1H NMR studies of 6-ferrocenyl-N-(pyridin-2-yl)-2-naphthamide 99 

 

In the 1H NMR spectrum of 99, the six protons of the 6,2-disubstituted naphthoyl group 

appears as two singlets at  8.54 and  8.08, a doublet at  8.04, a singlet at  7.94 and 

a doublet of doublets at  7.84, integrating for one, one, one, two and one protons each. 

For the 2-aminopyridine moiety, the four protons in the ring appear as three doublet of 

doublet of doublets at  7.88,  7.35 and  6.46, and a doublet of triplets at  6.42; all 

integrating for one proton each. The amide proton peak appears at  5.85 as a broad 

singlet integrating for one proton. In the ferrocenyl region, the peaks due to the ortho and 

meta protons on the 5-C5H4 ring appear as two triplets at  4.98 and  4.46 respectively, 

integrating for two protons each; and the singlet due to the unsubstituted 5-C5H5 ring 

appears at  4.05 and integrates for five protons (Figure 2.21 to Figure 2.23).
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Figure 2.21. 1H NMR spectrum of 6-ferrocenyl-N-(pyridin-2-yl)-2-naphthamide 99. 
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Figure 2.22. Zoom in the 1H NMR spectrum of 6-ferrocenyl-N-(pyridin-2-yl)-2-naphthamide 99: the aromatic and aminopyridine regions (5.84-8.56 ppm). 
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Figure 2.23. Zoom in the 1H NMR spectrum of 6-ferrocenyl-N-(pyridin-2-yl)-2-naphthamide 99: 

the ferrocenyl region (4.04-5.00 ppm). 

 

2.5.9 1H NMR studies of 2,5-dioxopyrrolidin-1-yl 6-ferrocenyl-2-naphthoate 

101 

 

The EDC/NHS coupling of 6-ferrocenyl-2-naphthoic acid 65 with 2-aminopyridine 94 and 

3-aminopyridine 95 yielded the 6-ferrocenyl-N-(pyridin-2-yl)-2-naphthamide 99 and 6-

ferrocenyl-N-(pyridin-3-yl)-2-naphthamide 100, respectively, in high yields as the 

products were obtained after filtration and no further column purification was necessary. 

These products were easily identified by 1H NMR as both showed the corresponding 

signals for aminopyridine moieties between  6.42 and  7.92, as shown in Figure 2.21 

for compound 99. However, the equivalent reaction with 4-aminopyridine 96 did not 

proceed in the same manner. 

c b 

a 
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The filtered product of the reaction of 6-ferrocenyl-2-naphthoic acid 65 with 4-

aminopyridine 96 was analysed by 1H NMR at room temperature, and the signals of the 

aminopyridine moiety were observed along with two sets of ferrocenyl signals. This led 

to the discussion if two ferrocenyl isomers were being formed.215 For this reason, the 1H 

NMR spectra of the filtered product was obtained at various temperatures ranging from 

20 to 120 °C, in order to reach the coalescence temperature (Tc). 

When NMR spectra is performed at room temperature, the rate of interconversion 

of the exchanging atoms or groups is slow on the NMR time scale for detection, and 

therefore different signals are observed separately. However, there is a fast exchange at 

higher temperatures and hence the separate signals due to isomers coalesce to form one 

broad signal. The coalescence temperature (Tc) is the temperature at which the two 

peaks in the slow exchange process merge to give one maximum. As the temperature 

increases above Tc, the exchange become faster and the signal continues to narrow 

(Figure 2.24).216–218 

 

Figure 2.24. Effect of exchange of chemically equivalent nuclei on NMR line shapes. 

The variable temperature study of the 1H NMR spectrum of the filtered product 

was performed at 20, 40, 60, 80, 100 and 120 °C in DMSO-d6 (Figure 2.25 and Figure 

2.26). The aminopyridine signals (Figure 2.26B) become less intense as the temperature 

increases, and some of them have even disappeared at 100 °C. In contrast, the aromatic 

region (Figure 2.26A) does not alter significantly upon heating, neither the double set of 

signals in the ferrocenyl region (Figure 2.26C). This suggest that a) there are not two 

ferrocenyl isomers present in the molecule, or b) the coalescence temperature of this 

mixture of compounds is not within the range between 20 and 120 °C. DMSO-d6 is the 

deuterated solvent that has the highest boiling point compared with other deuterated 

solvents (acetone-d6, C6D6, CDCl3, DMF-d6), therefore no further investigations were 

carried out for temperature.
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Figure 2.25. Variable temperature NMR study of filtered product of the EDC/NHS coupling of 6-ferrocenyl-2-naphthoic acid 65 with 4-aminopyridine 96. 
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Figure 2.26. Zoom in the variable temperature NMR study of filtered product of the EDC/NHS coupling of 
6-ferrocenyl-2-naphthoic acid 65 with 4-aminopyridine 96. A. The aromatic region (7.7-8.8 ppm). 

B. The aminopyridine region (5.3-6.8 ppm). C. The ferrocenyl region (4.0-5.1 ppm). 
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The mixture of the filtered product was purified by column chromatography (eluent 

1:1 hexane:ethyl acetate) and the most intense spot isolated. In the 1H NMR analysis of 

this product (Figure 2.27 to Figure 2.28), the presence of a signal at  2.9 integrating for 

four protons was the key to conclude that the EDC/NHS coupling of 6-ferrocenyl-2-

naphthoic acid 65 with 4-aminopyridine 96 did not proceed in the same manner as with 

the other aminopyridines 94 and 95, yielding instead the NHS-ester intermediate 2,5-

dioxopyrrolidin-1-yl 6-ferrocenyl-2-naphthoate 101, as this signal is not observed in the 

other aminopyridine derivatives 99 and 100. This signal belongs to the two methylene 

groups present in the NHS ring. 

 

 

Figure 2.27. 1H NMR spectrum of 2,5-dioxopyrrolidin-1-yl 6-ferrocenyl-2-naphthoate 101. 
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Figure 2.28. Zoom in the 1H NMR spectrum of 2,5-dioxopyrrolidin-1-yl 6-ferrocenyl-2-naphthoate 101. 

A. The aromatic region (7.90-8.80 ppm). B. The ferrocenyl region (2.90-5.04 ppm). 
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The difference in the EDC/NHS coupling with aminopyridines 94-96 may have 

relationship with the strength of their acidity, as there is evidence that the pKa value of 

organic ligands affect the composition of a complex. As observed in Table 2.11, 4-

aminopyridine 96 have a high pKa value, which indicates that 96 exists as both 4-

aminopyridine and 4-aminopyridinium in aqueous medium (Figure 2.29). The pKa values 

of 2-aminopyridine 94 and 3-aminopyridine 95 are significantly lower than that of 96 due 

to the absence of resonant structure in protonated form. In addition, EDC reagent is used 

in its hydrochloride form, so 96 could be protonated by the HCl group hence preventing 

the reaction of interest from happening. Furthermore, the pKa value of 96 is relatively 

closer to that of triethylamine, which is used as base in the mechanism of EDC/NHS 

coupling; this suggest that 96 may be competing with the role of base during the 

reaction.219–222 

Table 2.11. pKa values of aminopyridines 94-96 

and triethylamine. 

Key Compound name pKa 

94 2-aminopyridine 6.86 

95 3-aminopyridine 5.98 

96 4-aminopyridine 9.17 

Et3N Triethylamine 10.80 

 

 

Figure 2.29. Resonant structures of  

4-aminopyridine 96. 

 
Other analysis such as 13C NMR (Section 0), COSY, HSQC, HMBC, IR and mass 

spectrometry (Section 2.11.1) confirmed the isolation of product 101 as the NHS-ester 

derivative. This pattern was also observed in the reaction of 4-aminopyridine 96 with other 

ferrocenyl-carboxylic acids such as 6-(1′-ethyl)ferrocenyl-2-naphthoic acid 66, ortho-

ferrocenylbenzoic acid 77, meta-ferrocenylbenzoic acid 78, para-ferrocenylbenzoic acid 

79 and 4-ferrocenyl cinnamic acid 82, yielding in all the cases the corresponding NHS-

esters: 2,5-dioxopyrrolidin-1-yl 6-(1′-ethyl)ferrocenyl-2-naphthoate 104, 2,5-

dioxopyrrolidin-1-yl 2-ferrocenylbenzoate 109 (structure confirmed by X-ray study on 

Section 2.12), 2,5-dioxopyrrolidin-1-yl 3-ferrocenylbenzoate 110, 2,5-dioxopyrrolidin-1-yl 

4-ferrocenylbenzoate 111 and 1-(3-(4-ferrocenylphenyl)acryloyl)pyrrolidine-2,5-dione 

118, respectively. Literature research exposed other studies that have reported the failure 

of coupling aminopyridines, reflecting their probably low nucleophilicity. For this reason, 

no further EDC/NHS coupling reactions were performed with the aminopyridines 94-

96.223–234 



Dublin City University  Chapter 2 

 

 

76 

2.5.10 1H NMR studies of N-benzyl-3-ferrocenyl-2-naphthamide 107 

 

In the 1H NMR spectrum of 107, the amide proton peak appears downfield at  8.94; this 

signal integrates for one proton and appear as a triplet due to coupling with the adjacent 

methylene protons of the benzylamine moiety. The six protons of the 3,2-disubstituted 

naphthoyl group appear as a singlet at  8.34, two doublets at  8.00 and  7.94, a singlet 

at  7.80, and two doublet of doublet of doublets at  7.55 and  7.51; all integrating for 

one proton each. The remaining five aromatic protons belonging to the benzylamine 

appears as a doublet at  7.36 integrating for four protons, and a quintet at  7.28 

integrating for one proton. The methylene protons appear as a doublet at  4.45 

integrating for two protons. In the ferrocenyl region, the peaks due to the ortho and meta 

protons on the 5-C5H4 ring appear as two triplets at  4.70 and  4.29 respectively, 

integrating for two protons each; and the singlet due to the unsubstituted 5-C5H5 ring 

appears at  4.08 and integrates for five protons (Figure 2.30 to Figure 2.31). 
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Figure 2.30. 1H NMR spectrum of N-benzyl-3-ferrocenyl-2-naphthamide 107.
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Figure 2.31. Zoom in the 1H NMR spectrum of N-benzyl-3-ferrocenyl-2-naphthamide 107. 

A. The aromatic region (7.25-8.95 ppm). B. The ferrocenyl region (4.06-4.72 ppm).  
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2.6 13C and DEPT-135 NMR studies of novel heterocyclic 

functionalised ferrocenyl derivatives 

Whereas a 13C spectrum shows positive peaks for every non-equivalent carbon in the 

molecule, in a DEPT-135 spectrum only methine and methyl carbons are present as 

positive signals, whilst methylene carbons are shown as negative signals and quaternary 

carbons are absent. 13C and DEPT-135 spectra were obtained for all the compounds 

synthesized in this study, both intermediaries and novel ferrocenyl derivatives. The 13C 

and DEPT-135 NMR experiments of the 6-(1′-ethyl)ferrocenyl-2-naphthoyl series were 

performed in CDCl3, and the spectra of the rest of the derivatives were performed in 

DMSO-d6 as they showed limited solubility in other deuterated solvents. Each peak 

reported in this section was assigned using a combination of different NMR analysis, 

including 1H, 13C, COSY, HSQC and HMBC. 

 

2.6.1 Carbonyl 13C NMR analysis 

The carbonyl carbons appear at downfield positions. The amide carbon appears between 

 164.6 and  170.2. The isolation of NHS-ester derivatives was confirmed with two 

signals observed between  162.1 and  178.5; these belong to the ester group and the 

equivalent carbonyl groups in the NHS ring. All these carbonyl signals were confirmed as 

absent in DEPT-135 spectra, and are summarised in Table 2.12. 

Table 2.12. Carbonyl 13C NMR spectral data for novel heterocyclic functionalised ferrocenyl derivatives 99-

120. Values are given in ppm. 

Compound  C=O Compound  C=O 

99 168.0 110 171.0, 164.6 

100 168.4 111 170.9, 162.1 

101 170.9, 162.5 112 170.2 

102 166.8 113 166.6 

103 165.9 114 166.5 

104 169.4, 162.2 115 169.1 

105 167.4  116 165.8  

106 166.7 117 165.7 

107 170.1 118 178.5, 169.7 

108 169.1 119 165.6 

109 171.0, 164.3 120 164.6 

 

  



Dublin City University  Chapter 2 

 

 

80 

2.6.2 Aromatic 13C NMR analysis 

The chemical shifts of the aromatic carbons from the spacer groups appear between  

120.9 and  148.6. Ten peaks are observed for derivatives with naphthalene ring, which 

corresponds to the ten non-equivalent carbon atoms. For derivatives with benzene ring, 

the number of signals depends on the position of the substituents: ortho and meta rings 

give six peaks as all carbons are non-equivalent, but para rings show only four peaks as 

they contain equivalent carbons. The corresponding quaternary carbons of each set were 

easily identified with DEPT-135 spectra, as four peaks from naphthalene ring and two 

peaks from benzene ring are absent. These signals are summarised in Table 2.13 for 

naphthoyl derivatives and in Table 2.14 for benzoyl and cinnamoyl derivatives. 

Table 2.13. Aromatic linker 13C NMR spectral data for novel ferrocenyl naphthoyl derivatives 99-108. Values 

are given in ppm. 

Compound  Car on spacer linker 

99 140.1*, 135.8*, 131.2*, 130.8, 129.6, 128.1, 127.7*, 126.5, 126.0, 123.2 

100 139.7*, 135.6*, 131.2*, 130.5, 129.5, 129.1*, 127.9, 126.3, 126.2, 123.2 

101 142.2*, 136.8*, 132.7, 130.9*, 130.1, 129.2, 127.2, 125.3, 123.3, 120.9* 

102 139.3*, 135.0*, 131.3*, 131.2*, 129.2, 127.9, 127.8,126.4, 125.0, 123.2 

103 139.0*, 134.9*, 131.8*, 131.2*, 129.1, 127.7, 127.6, 126.3, 125.2, 123.2,  

104 141.5*, 136.7*, 132.8, 130.8*, 129.4, 128.2, 126.4, 125.6, 123.0, 121.1* 

105 139.2*, 135.2*, 131.2*, 130.6*, 128.7, 128.3, 127.3, 126.1, 123.9, 123.0  

106 139.0*, 135.0*, 131.4*, 131.2*, 128.7, 127.9, 127.0, 126.0, 124.0, 123.0, 

107 136.1*, 134.5*, 133.3*, 131.1*, 128.5, 128.0, 127.9, 127.4, 126.7, 126.5 

108 136.6*, 134.5*, 133.3*, 131.1*, 128.5, 128.1, 127.8, 127.3, 126.6, 126.4, 
* Quaternary carbon signal, absent in DEPT-135 spectra. 

 

Table 2.14. Aromatic linker 13C NMR spectral data for novel benzoyl and cinnamoyl derivatives 109-120. 

Values are given in ppm. 

Compound  Car on spacer linker 

109 140.5*, 133.1, 132.3, 129.5, 126.7, 125.2* 

110 141.9*, 130.6, 129.1, 127.3, 126.6, 124.9* 

111 148.6*, 130.6, 126.7, 121.4* 

112 137.2*, 136.3*, 130.4, 129.0, 127.2, 126.0,  

113  139.8*, 129.2, 128.9, 125.4*, 125.3, 124.7, 

114 140.3*, 131.9*, 127.9, 125.9 

115 137.7*, 136.2*, 130.4, 128.7, 127.6, 125.9,  

116 139.6*, 135.4*, 129.0, 128.7, 125.3, 124.7,  

117 142.7*, 132.5*, 127.9, 125.7, 

118 141.4*, 133.1*, 128.3, 126.6, 

119 141.3*, 132.8*, 128.2, 126.6 

120 141.1*, 132.9 *, 128.0, 126.6 
* Quaternary carbon signal, absent in DEPT-135 spectra. 
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The aromatic carbons of the benzylamine derivatives 102, 105, 107, 112-114 and 

119 appear between  127.2 and  143.2 as four signals, one for each of the non-

equivalent carbons in the substituted benzene ring of benzylamine: ipso, ortho, meta and 

para, respectively. The Cipso is straightforwardly identified as it is absent in DEPT-135 

spectra, and it is found more downfield compared with the rest of the benzylamine peaks 

(Table 2.15). 

Table 2.15. Aromatic 13C NMR spectral data for benzylamine derivatives 102, 105, 107, 112-114 and 119. 

Values are given in ppm. 

Compound  Car on benzylamine 

102 140.2*, 128.8, 127.7, 127.2 

105 138.3*, 128.9, 128.0, 127.7 

107 139.6*, 128.7, 128.1, 127.3 

112 139.6*, 128.6, 128.0, 127.5 

113 140.2*, 128.8, 127.7, 127.2 

114 143.2*, 128.7, 127.7, 127.2 

119 139.9*, 128.8, 127.9, 127.3 

 

 

2.6.3 Ferrocenyl 13C NMR analysis 

The number of peaks for the ferrocenyl carbons varied depending on the substitution of 

the cyclopentadienyl rings. For the derivatives with monosubstituted ferrocene 99-103 

and 107-120, four signals are observed. Three peaks correspond to the non-equivalent 

carbons in the monosubstituted cyclopentadienyl ring -C5H4: ipso (between  82.2 and 

 85.2), ortho (between  66.8 and  69.6) and meta (between  68.5 and  70.4); the 

equivalent five carbons of the unsubstituted -C5H5 ring appear as a single intense peak 

between  69.8 and  70.3. These signals are summarized in Table 2.16. For the 

disubstituted ferrocene moiety in the 6-(1′-ethyl)ferrocenyl-2-naphthoyl derivatives 104-

106, one peak is observed for each of the ten inequivalent carbons between  65.6 and 

 92.1. These signals are summarized in Table 2.17. The Cipso of each set is directly 

identified as it is absent in DEPT-135 spectra and found more downfield compared with 

the rest of the ferrocene peaks.  



Dublin City University  Chapter 2 

 

 

82 

Table 2.16. Ferrocenyl 13C NMR spectral data for novel heterocyclic functionalised ferrocenyl derivatives 99-

103 and 107-120. Values are given in ppm. 

Compound 
 ipso  

on 5-C5H4 

 ortho  

on 5-C5H4 

 meta  

on 5-C5H4 
 5-C5H5 

99 84.4 67.2 70.1 70.0 

100 84.5 67.2 70.0 69.9 

101 83.8 67.4 70.4 70.1 

102 84.6 67.1 70.0  69.9 

103 84.6 67.1  69.9 69.8 

107 84.9 69.4 68.7 70.0 

108 85.1 69.4 68.6 70.0 

109 83.5 69.6 69.4 70.3 

110 84.3 66.8 69.7 69.9 

111 82.2 67.6 70.9 70.3 

112 84.9 69.2 68.7 69.9 

113 84.6 66.9 69.6 69.9 

114 83.7 67.1 69.9 70.0 

115 85.2 69.2 68.5  69.9 

116 84.7 67.0 69.5  69.9 

117 83.8 67.0 69.9 70.0 

118 84.4 66.8 69.7 69.9 

119 84.2 66.9 69.8 69.9 

120 84.3 66.9 69.8 69.9 

 

 

Table 2.17. Ferrocenyl 13C NMR spectral data for novel 6-(1′-ethyl)ferrocenyl-2-naphthoyl derivatives 104-

106. Values are given in ppm. 

Compound 
5-C5H4-naphthoyl 5-C5H4-ethyl 

 Cipso  Cortho  Cmeta  Cipso  Cortho  Cmeta 

104 83.8 67.1, 65.9 70.3, 69.2 92.1 70.2, 70.0 69.0, 68.9 

105 83.3 69.3, 65.7 70.1, 67.1 89.4 70.0, 68.9 70.2, 69.1 

106 84.4 67.1, 65.6 70.0, 68.9 92.0 70.2, 70.1 69.3, 69.1 
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2.6.4 Ethyl 13C NMR analysis from ethyl ferrocene derivatives 

The ethyl group (-CH2CH3) attached to the cyclopentadiene ring in the 6-(1′-

ethyl)ferrocenyl-2-naphthoyl series 104-106 give two peaks for each carbon: the methyl 

carbon (-CH3) appear at  14.7 and is maintained in DEPT-135 spectra, whilst the 

methylene carbon (-CH2CH3) appear between  21.5 and  21.6 and become negative in 

DEPT-135 spectra. These signals are summarized in Table 2.18. 

 

Table 2.18. Ethyl 13C NMR spectral data for novel 6-(1′-ethyl)ferrocenyl-2-naphthoyl derivatives 104-106. 

Values are given in ppm. 

Compound  -CH2- on 5-C5H4-ethyl  -CH3 on 5-C5H4-ethyl 

104 21.5 14.7 

105 21.6 14.7 

106 21.6 14.7 

 

 

2.6.5 Methylene 13C NMR analysis from NHS-ester and benzylamine 

derivatives 

Compounds 101, 104, 109-111 and 118 show a peak between  25.6 and  26.0 which 

appears as negative in DEPT-135 spectra, hence belonging to a methylene group; this 

signal was key to identify those compounds as the respective NHS-ester derivatives. In 

the benzylamine derivatives 102, 105, 107, 112-114 and 119, the carbons of the 

methylene group next to the aromatic ring appear between  42.8 and  44.3, and are 

also displayed as negative in DEPT-135 spectra (Table 2.19). 
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Table 2.19. Methylene 13C NMR spectral data for NHS-ester and benzylamine derivatives. Values are given 

in ppm. 

Compound Derivative  -CH2 

101 

NHS-ester 

26.0 

104 25.7 

109 26.0 

110 26.0 

111 26.0 

118 25.6 

102 

Benzylamine 

43.2 

105 44.3 

107 43.1 

112 42.9 

113 43.1 

114 43.0 

119 42.8 

 

 

2.6.6 Aliphatic 13C NMR analysis from cyclohexylamine derivatives 

The carbons of the cyclohexylamine moiety on 103, 106, 108, 115-117 and 120 appear 

as four signals, one for each non-equivalent position on the ring. The general order 

observed, according with positions previously established in Figure 2.20, is: the ipso 

carbon C1 in the lowest field (between  48.0 and  48.9), the ortho carbons C2 and C6 

(between  32.6 and  33.4), the para carbon C4 (between  25.6 and  25.8) and the 

meta carbons C3 and C5 (between  25.0 and  25.5). These signals are summarized in 

Table 2.20. Except for the ipso carbon, all the rest of the signals are displayed as negative 

peaks on DEPT-135 spectra as they belong to methylene carbons. 

Table 2.20. Aliphatic 13C NMR spectral data for cyclohexylamine derivatives 103, 106, 108, 115-117 and 

120. Values are given in ppm. 

Compound  ipso C1  ortho C2 and C6  meta C3 and C5  para C4 

103 48.9 33.0 25.5 25.8 

106 48.8 33.4 25.0 25.6 

108 48.5 32.7 25.2 25.7 

115 48.3 32.6 25.2 25.7 

116 48.9 33.0 25.5 25.8 

117 48.7 32.9 25.5 25.8 

120 48.0 33.0 25.0 25.7 

 

 



Dublin City University  Chapter 2 

 

 

85 

2.6.7 Olefinic 13C NMR analysis from cinnamoyl derivatives 

For the cinnamoyl series 118-120, the olefinic carbons appear as two signals. The first 

signal appears more downfield between  138.7 and  141.3, due to this carbon being 

closer to the benzoyl group; the second signal is observed between  121.3 and  122.5 

(Table 2.21). 

Table 2.21. Olefinic 13C NMR spectral data for novel ferrocenyl cinnamoyl derivatives 118-120. Values are 

given in ppm. 

Compound  benzoyl-CH=CH-  benzoyl-CH=CH- 

118 141.3 122.5 

119 139.4 121.3 

120 138.7 121.9 
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2.6.8 13C and DEPT-135 NMR studies of 6-ferrocenyl-N-(pyridin-2-yl)-2-

naphthamide 99 

 

In the 13C NMR spectrum of 99, the carbonyl from the amide group appears downfield at 

 168.0 and it is absent from the DEPT-135 spectrum due to its quaternary nature. The 

aromatic non-equivalent carbons of the 6,2-disubstituted naphthoyl group are observed 

as ten individual peaks: the signals at  140.1,  135.8,  131.2 and  127.7 are not 

present in the DEPT-135 spectrum, thus identifying themselves as quaternary carbons; 

the six remaining carbons appear at  130.8,  129.6,  128.1,  126.5,  126.0 and  

123.2, respectively. In the ferrocenyl region, the signal at  84.4 is not present in the 

DEPT-135 spectrum and thus it is assigned as the ipso carbon on the 5-C5H4 ring; the 

five equivalent carbons on the unsubstituted 5-C5H5 ring appear as an intense peak at  

70.0; and the meta and ortho carbons on the 5-C5H4 ring are shown at  70.1 and  67.2, 

respectively. For the 2-aminopyridine moiety, the ipso carbon is directly identified 

downfield at  160.2 as it is absent from the DEPT-135 spectrum; the remaining four non-

equivalent carbons in the pyridine ring are observed at 148.1,  137.4,  112.2 and  

108.4, respectively (Figure 2.32 and Figure 2.33).
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Figure 2.32. 13C NMR spectrum of 6-ferrocenyl-N-(pyridin-2-yl)-2-naphthamide 99. 
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Figure 2.33. DEPT-135 NMR spectrum of 6-ferrocenyl-N-(pyridin-2-yl)-2-naphthamide 99. 
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2.6.9 13C and DEPT-135 NMR studies of 2,5-dioxopyrrolidin-1-yl 6-

ferrocenyl-2-naphthoate 101 

 

The 13C spectrum of 101 displays two signals downfield at  170.9 and  162.5, which 

are absent from DEPT-135 hence revealing their quaternary nature; these can be 

assigned to the equivalent carbonyl groups in the NHS ring and the carbonyl carbon from 

the ester group, respectively. The aromatic region shows ten individual peaks, 

representing the ten non-equivalent carbons of the 6,2-disubstituted naphthoyl group: the 

signals at  142.2,  136.8,  130.9 and  120.9 are absent in the DEPT-135 spectrum, 

henceforth identifying them as quaternary carbons; the six remaining carbons appear at 

 132.7,  130.1,  129.2,  127.2,  125.3 and  123.3, respectively. In the ferrocenyl 

region, the signal at  83.8 is not present in the DEPT-135 spectrum and thus it is 

assigned as the ipso carbon on the 5-C5H4 ring; the five equivalent carbons on the 

unsubstituted 5-C5H5 ring appear as an intense peak at  70.1; and the meta and ortho 

carbons on the 5-C5H4 ring are shown at  70.4 and  67.4, respectively. Finally, there 

is a signal upfield at  26.02, which was key to identify the product as the NHS-derivative 

because it appears as negative in the DEPT-135, hence belonging to a methylene group, 

which is indeed present in the NHS ring (Figure 2.34 and Figure 2.35).
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Figure 2.34. 13C NMR spectrum of 2,5-dioxopyrrolidin-1-yl 6-ferrocenyl-2-naphthoate 101. 
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Figure 2.35. DEPT-135 NMR spectrum of 2,5-dioxopyrrolidin-1-yl 6-ferrocenyl-2-naphthoate 101. 
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2.6.10 13C and DEPT-135 NMR studies of N-cyclohexyl-4-

ferrocenylbenzamide 117 

 

In the 13C NMR spectrum of 117, the carbonyl carbon peak appears downfield at  165.7, 

and it is absent from the DEPT-135 spectrum. The aromatic region shows four signals at 

 142.7,  132.5,  127.9 and  125.7, representing the four non-equivalent carbon atoms 

of the benzoyl spacer group; the first two peaks are not present in the DEPT-135 

spectrum, indicating their quaternary nature. In the ferrocenyl region, the signal at  83.8 

is absent in the DEPT-135 spectrum and therefore it is assigned as the ipso carbon on 

the 5-C5H4 ring; the five equivalent carbons on the unsubstituted 5-C5H5 ring appear as 

an intense peak at  70.0; and the meta and ortho carbons on the 5-C5H4 ring are shown 

at  69.9 and  67.0, respectively. For the cyclohexylamine moiety, the ipso carbon is 

displayed more downfield compared to the rest, at  48.7; then the non-equivalent ortho, 

para and meta carbons are observed at  32.9,  25.8 and  25.5, respectively, and they 

appear as negative signals in the DEPT-135 spectrum (Figure 2.36 and Figure 2.37). 
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Figure 2.36. 13C NMR spectrum of N-cyclohexyl-4-ferrocenylbenzamide 117.  
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Figure 2.37. DEPT-135 NMR spectrum of N-cyclohexyl-4-ferrocenylbenzamide 117. 
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2.7 COSY studies of novel heterocyclic functionalised ferrocenyl 

derivatives 

The peaks in all 1H NMR spectra were assigned with the help of the corresponding COSY 

analysis. The COSY (Correlation Spectroscopy) experiment is a simple and useful 2D 

experiment to reveal coupling between vicinal protons as it provides a map of the 1H-1H 

coupling network in a molecule. In a COSY spectrum, the 1H NMR is found on both axes; 

lines can be drawn from the signals in the two-dimensional field to the peaks on each 

axis to determine which COSY signals go with a given proton NMR signal.217,235 

COSY spectra were obtained for all the compounds synthesized in this study, both 

intermediaries and novel ferrocenyl derivatives. The COSY NMR experiments of the 6-

(1′-ethyl)ferrocenyl-2-naphthoyl series were performed in CDCl3, and the spectra of the 

rest of the derivatives were performed in DMSO-d6 as they showed limited solubility in 

other deuterated solvents. 

 

2.7.1 COSY study of N-benzyl-3-ferrocenyl-2-naphthamide 107 

The 1H NMR spectrum of 107 was previously presented in Section 2.5.10 as Figure 2.30 

for reference. The COSY spectrum of 107 shows distinct spots on the diagonal with each 

spot corresponding to the same peak on each coordinate axis. It is clear that the amide 

proton ( 8.94) correlates with the adjacent methylene protons of the benzylamine moiety 

( 4.45); this relationship was useful to identify the methylene peak as it appeared inside 

the ferrocenyl region. In the spots belonging to the 3,2-disubstituted naphthoyl group, it 

is observed that only four protons show coupling with each other, as the two remaining 

protons do not have neighbouring protons and thus their spots remain alone. Besides the 

total integration for five, the aromatic protons belonging to the benzylamine were 

confirmed as the spot at  7.36 correlates only with the spot at  7.28. In the ferrocenyl 

region, coupling is also present between the ortho ( 4.70) and meta ( 4.29) protons on 

the 5-C5H4 ring (Figure 2.38).
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Figure 2.38. COSY spectrum of N-benzyl-3-ferrocenyl-2-naphthamide 107.   
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2.8 HSQC and HMBC studies of novel heterocyclic functionalised 

ferrocenyl derivatives 

HSQC (Heteronuclear Single Quantum Correlation) is a technique where two different 

types of nuclei (usually 1H and 13C) are correlated in a 2D experiment; therefore, the cross 

peaks of HSQC spectra associate the chemical shift of a proton with the chemical shift of 

the directly bonded carbon. In the other hand, HMBC (Heteronuclear Multiple Bond 

Correlation) utilizes multiple-bond coupling; consequently, the cross peaks shown in a 

HMBC spectra are between protons and carbons that are two or three bonds away, and 

direct one-bond cross peaks are suppressed. The combination of HSQC and HMBC 

represents a powerful way for tracing out the carbon skeleton of an organic compound.235–

237 The HSQC and HMBC experiments of the 6-(1′-ethyl)ferrocenyl-2-naphthoyl series 

were performed in CDCl3, and the spectra of the rest of the derivatives were performed 

in DMSO-d6 as they showed limited solubility in other deuterated solvents. 

 

2.8.1 HSQC and HMBC studies of N-benzyl-3-ferrocenyl-2-naphthamide 

107 

The HSQC and HMBC spectra for compound 107 are shown in Figure 2.39 and Figure 

2.40, respectively. The correlation sites and cross peaks can be contrasted with the 1H 

and COSY NMR spectra of the same compound previously presented in Figure 2.30 and 

Figure 2.38, as follows: 

In the ferrocenyl region, three peaks are observed in the proton spectrum: two 

triplets at  4.70 and  4.29, and a singlet at  4.08. As the singlet peak integrates for five 

protons, it can be assigned to the five protons a in the unsubstituted 5-C5H5 ring. The 

two triplets integrates for two protons each, hence they can be assigned to the protons b 

and c on the 5-C5H4 ring. A carbon signal is shown at  85.0, and it is assigned to the 

ipso carbon o on the 5-C5H4 ring because it is the only ferrocenyl signal absent in the 

DEPT-135 spectrum. A cross peak between the triplet at  4.29 and this carbon signal o 

at  85.0 is observed in HMBC spectrum; therefore, this triplet at  4.29 is assigned to the 

meta protons b on the 5-C5H4 ring, as they are two bonds away and one-bond cross 

peaks are suppressed from HMBC spectra. Consequently, the triplet at  4.70 can be 

assigned to the ortho protons c on the 5-C5H4 ring. A second cross peak is shown for 

carbon o and the proton signal at  8.34; which integrates for one proton; therefore, this 

can be assigned to the aromatic proton d as it is the only proton two bonds away from o. 
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The carbonyl t from the amide group can be straightforwardly identified as it 

appears more downfield in the carbon spectra ( 170.1). There are cross peaks between 

this carbon t and the proton signals at  7.80 and  4.45 in the HMBC spectrum; therefore, 

the signal at  7.80, which integrates for one proton, can be assigned to the aromatic 

proton i as it is the only proton two bonds away from t. The signal at  4.45 appears as a 

doublet integrating for two protons, and it shows HSQC correlation with the carbon at  

43.1, which appears as negative in DEPT-135 spectra, hence indicating that belongs to 

-CH2- group; therefore, this signals belongs to the methylene protons k, which are also 

two bonds away from t and thus agreeing with the cross peak shown in the HMBC 

spectrum. 

The methylene protons k ( 4.45) also show cross peak with the carbon signal at 

 128.1 in the HMBC spectrum; therefore, this signal can be assigned to the ortho carbons 

l in the benzylamine moiety, as they are two bonds away from k. This carbon signal l 

shows HSQC correlation with the proton site at  7.36, which in turn also shows HSQC 

correlation with the carbon site at  128.7; hence, the proton signal at  7.36 can be 

assigned to the ortho and meta protons (l and m) from benzylamine moiety, and this 

signal integrates for four protons which are also related by COSY. Consequently, the 

carbon signal at  128.7 can be assigned to the meta carbons m in the benzylamine 

moiety. These protons also show cross peak with the carbon signal at  127.3, which 

then can be assigned to the remaining site n from benzylamine moiety; this agrees with 

the HSQC spectrum, as this carbon has a correlation site with the proton signal at  7.28, 

which integrates for one proton (n) and appears as a quintet due to the neighbouring 

protons (l and m). The signal appearing more downfield at  8.94 can be assigned to the 

amide proton j, as it integrates for one proton and appear as a triplet due to coupling with 

the adjacent two methylene protons of the benzylamine moiety. 

In the aromatic region, the six protons of the 3,2-disubstituted naphthoyl group 

appear as a singlet at  8.34, two doublets at  8.00 and  7.94, a singlet at  7.80, and 

two doublet of doublet of doublets at  7.55 and  7.51; all integrating for one proton each. 

Their corresponding sites can be assigned due to the multiplicity of each signal: the 

singlets belongs to either d or i, the doublets are e or h, and the doublet of doublets are 

f or g. The signals at  8.34 and  7.80 were already assigned to d and i, respectively, 

due to HMBC cross peaks with o and t, respectively. The proton signal i shows HMBC 

cross peak with the carbon signal at  128.0, which has a correlation with the doublet at 

 7.94 according to HSQC spectrum; thus, this signal can be assigned to the site h, 
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because it is the only proton two bonds away from i. And therefore, the remaining doublet 

at  8.00 can be assigned to the proton e, which has a HSQC correlation with carbon at 

 127.9; this carbon signal e shows a HMBC cross peak with the proton at  7.51, which 

is a doublet of doublet and therefore belongs to either f or g; thus, this signal can be 

assigned to g because it is two bonds away from e. Consequently, the remaining signal 

at  7.55 can be assigned to the proton f. The quaternary carbons p-s can be identified 

at  136.1,  134.5,  133.3 and  131.1, as these signals are absent from DEPT-135 

spectrum. The previously identified proton g ( 7.51) shows HMBC cross peak with the 

carbon at  131.1, thus identifying it as r because it is the only quaternary carbon two 

bonds away from g. The previously identified proton d ( 8.34) shows HMBC cross peak 

with the carbon at  136.1; there are two quaternary carbons which are two bonds away 

from d: r and s; as r had been already assigned, then this carbon signal at  136.1 

belongs to the site s. The previously identified proton h ( 7.94) shows HMBC cross peak 

with the carbon at  133.3, thus identifying it as q because it is the only quaternary carbon 

two bonds away from h. Consequently, the carbon signal at  134.5 can be assigned to 

the remaining quaternary site p. 

A full assignment of chemical shifts for compound 107 is outlined in Table 2.22. 

Table 2.22. C-H correlation data from HSQC spectrum for N-benzyl-3-ferrocenyl-2-naphthamide 107. Values 

are given in ppm. 

Site 1H NMR 13C NMR HSQC Site 1H NMR 13C NMR HSQC 

a 4.08  - 70.0 o - 84.9 - 

b 4.29 - 68.7 p - 134.5 - 

c 4.70 - 69.4 q - 133.3 - 

d 8.34 - 128.5 r - 131.1 - 

e 8.00 - 127.9 s - 136.1 - 

f 7.55 - 127.4 t - 170.1 - 

g 7.51 - 126.5 u - 139.6 - 

h 7.94 - 128.0 Carbons o-u are quaternary,  
 thus no H attached to them. i 7.80 - 126.7 

j 8.94 - - 

k 4.45 - 43.1 

l 7.36 - 128.1 

m 7.36 - 128.7 

n 7.28 - 127.3 
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Figure 2.39. HSQC spectrum of N-benzyl-3-ferrocenyl-2-naphthamide 107. 
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Figure 2.40. HMBC spectrum of N-benzyl-3-ferrocenyl-2-naphthamide 107. 
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2.9 Infrared studies of novel heterocyclic functionalised ferrocenyl 

derivatives 

Infrared (IR) spectroscopy is a technique based in the fact that compounds can absorb 

IR radiation and therefore a variety of molecular vibrations are induced, for example 

stretching, bending, rocking, etc. Substitution patterns of aromatic moieties appears in 

the lower region (also called fingerprint region). However, the higher region above 1500 

cm-1 is the most informative as many functional groups can be identified here through 

their specific vibrations.238,239 

The IR spectra of the novel heterocyclic functionalised ferrocenyl derivatives 99-

120 were obtained as pure solids. For compounds containing amide bond, the spectra 

showed a weak sharp band above 3000 cm-1 that refer to the N-H stretching. For 

derivatives containing saturated moieties, absorption arising from the C-H stretching 

occurred in the region of ~3000–2840 cm-1: methyl group showed two distinct bands 

appearing in ~2962 cm-1 and ~2872 cm-1, resulting from asymmetrical and symmetrical 

stretching modes, respectively; whilst the methylene group stretches were found near 

~2926 cm-1 (asymmetrical) and ~2853 cm-1 (symmetrical). In the carbonyl (C=O) region: 

a) for cyclic imides (NHS derivatives), two carbonyl stretches were observed from ~1770–

1732 cm-1 and from ~1736–1680 cm-1, corresponding to the two C=O groups; these 

overlapped to the band associated to the ester carbonyl, which usually appears around 

1750 to 1735 cm-1; and b) the carbonyl from the amide bond occurred at lower 

frequencies, between ~1650–1620 cm-1. The bands in the region of ~1600–1500 cm-1 

are characteristic of most six-membered aromatic rings.238–241 Table 2.23 summarizes the 

most characteristic bands shown for the novel heterocyclic functionalised ferrocenyl 

derivatives 99-120. 
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Table 2.23. Selected IR data for novel heterocyclic functionalised ferrocenyl derivatives 99-120. Values are 

given in cm-1. 

Compound N-H C-H C=O Aromatic 

99 3,254 3,078, 2,922 1,623 1,562 – 1,491 

100 3,334 3,077, 2,984 1,624 1,584 – 1,483 

101 * 3,090, 2,954 1,766, 1,732 1,625 – 1,508 

102 3,286 3,101, 2,936 1,632 1,601 – 1,490 

103 3,333 3,059, 2,931 1,624 1,550 – 1,492 

104 * 3,093, 2,963 1,764, 1,737 1,623 – 1,506 

105 3,237 2,962, 2,872 1,629 1,580 – 1,458 

106 3,292 3,087, 2,925 1,624 1,602 – 1,533 

107 3,224 3,055, 2,928 1,621 1,588 – 1,494 

108 3,306 3,054, 2,922 1,622 1,584 – 1,493 

109 * 3,103, 2,920 1,758, 1,728 1,600 – 1,501 

110 * 3,095, 2,924 1,738, 1,681 1,604 – 1,503 

111 * 3,081, 2,925 1,761, 1,728 1,604 – 1,526 

112 3,334 3,033, 2,933 1,639 1,596 – 1,494 

113 3,284 3,078, 2,921 1,629 1,602 – 1,498 

114 3,293 3,090, 2,932 1,636 1,606 – 1,520 

115 3,236 3,080, 2,929 1,628 1,603 – 1,502 

116 3,287 3,083, 2,926 1,626 1,598 – 1,497 

117 3,233 3,081, 2,924 1,626 1,610 – 1,519 

118 * 3,090, 2,922 1,759, 1,732 1,599 – 1,523 

119 3,237 3,035, 2,921 1,649 1,602 – 1,497 

120 3,231 3,049, 2,925 1,647 1,600 – 1,525 
* NHS-ester derivatives do not have N-H group. 

 

2.9.1 Infrared studies of ferrocenyl-benzoyl derivatives 109 and 115 

Figure 2.41 shows a comparison between IR spectra of two ortho-ferrocenyl derivatives: 

2,5-dioxopyrrolidin-1-yl 2-ferrocenylbenzoate 109 and N-cyclohexyl-2-

ferrocenylbenzamide 115. The N-H stretching of the amide 115 appears in 3236 cm-1; 

this band is not shown for 109, verifying that no amide bond was formed hence the NHS 

intermediate was isolated. The saturated C-H stretching and bending bands in the 

general region of ~3100 cm-1–2850 cm-1 are weak in 109 as only two methylene groups 

are found in the imide ring; these bands are more intense for 115 as a result of the 

cyclohexyl group. The presence of two carbonyl stretches in 1758 cm-1 and 1728 cm-1 is 

a diagnostic marker for cyclic imide 109; the latter band is more intense because the 

carbonyl from the ester moiety is overlapped underneath. The carbonyl of 115 is part of 

the amide group, therefore appears at lower frequency; it is shown as a sharp band in 

1628 cm-1. 
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Figure 2.41. IR spectra comparison of 2,5-dioxopyrrolidin-1-yl 2-ferrocenylbenzoate 109 and 

N-cyclohexyl-2-ferrocenylbenzamide 115. 

 

 

2.10 UV-Vis spectroscopic studies of novel heterocyclic 

functionalised ferrocenyl derivatives 

Electronic transitions between energy levels of most organic compounds can be 

associated to specific spectral signals in the ultraviolet and visible range (190 to 800 nm). 

These transitions are usually from a filled molecular orbital to a higher energy, vacant 

molecular orbital. Therefore, the wavelength of absorption refers to the separation of the 

energy levels of the orbitals involved in the transition. The absorptions located above 200 

nm show the excitations of electrons from p and d orbitals,  orbitals and specifically  

conjugated systems; thus, this is the most informative region of the UV-Vis spectra.238,239 

The UV-Vis spectra of the novel derivatives 99-120 were obtained at a 

concentration of 1 mM. Extinction coefficients 𝜀 (L·mol-1·cm-1) were calculated from the 

Beer-Lambert Law: 𝐴 = 𝜀 ∙ 𝐶 ∙ 𝑙, where 𝐴 is absorbance, 𝐶 is concentration (mol/L) and 𝑙 

is the path length of the cell (cm). 

The 6-ferrocenyl-2-naphthoyl derivatives give the strongest absorptions, with local 

maxima at ~378 nm and ~456 nm. The absorbance at ~378 nm is attributed to a  to * 

transition of the aromatic spacer group, and the absorbance at ~456 nm can be assigned 

to a metal to ligand charge transfer band (MLCT). The absorbance due to the  to * 

transition of the aromatic spacer group is much weaker for the 3-ferrocenyl-2-naphthoyl 

o-NHS KO63 F4-11_1_1

o-CA KO73 F7-11_1

Nombre

Sample 161 By Administrator Date Monday, February 18 2019

Sample 191 By Administrator Date Friday, February 22 2019

Descripción

4000 6503500 3000 2500 2000 1500 1000

100

60

65

70

75

80

85

90

95

cm-1

%
T

3
2
3
6

3
0
8
0 2
9
2
9

2
8
5
3

1
6
2
8

1
7
2
8

1
7
5
8

2
9
2
0

3
1
0
3

o-CA KO73 F7-11_1_1

o-NHS KO63 F4-11_1_1

Nombre

Sample 191 By Administrator Date Friday, February 22 2019

Sample 161 By Administrator Date Monday, February 18 2019

Descripción

4000 6503500 3000 2500 2000 1500 1000

98

65
66

68

70

72

74

76

78

80

82

84

86

88

90

92

94

96

cm-1

%
T

2,5-dioxopyrrolidin-1-yl 2-ferrocenylbenzoate 109 

N-cyclohexyl-2-ferrocenylbenzamide 115 



Dublin City University  Chapter 2 

 

 

105 

derivatives, showing only one absorbance with a local maxima of 451. In the case of the 

benzoyl and cinnamoyl derivatives, the absorbances are much weaker with local maxima 

at ~365 nm and ~454 nm; from these series, para derivatives show the highest 

absorptions. Table 2.24 summarizes the selected maximum absorbances shown for the 

novel ferrocenyl naphthoyl, benzoyl and cinnamoyl derivatives 99-120, and their 

corresponding extinction coefficients  (L·mol-1·cm-1). 

Table 2.24. Selected UV-Vis data for novel heterocyclic functionalised ferrocenyl derivatives 99-120. 

Compound max 1 (nm) 1 (L·mol-1·cm-1) max 2 (nm) 2 (L·mol-1·cm-1) 

99 379 2,638 455 1,306 

100 378 2,259 456 1,133 

101 391 2,494 473 1,727 

102 377 2,896 452 1,289 

103 370 2,370 452 941 

104 - - 469 3,409 

105 376 2,025 451 940 

106 374 1,929 452 863 

107 - - 451 465 

108 - - 451 406 

109 364 1,128 447 494 

110 - - 445 450 

111 377 2,218 472 1,223 

112 - - 447 129 

113 - - 446 179 

114 351 2,289 451 674 

115 - - 447 206 

116 - - 452 233 

117 352 2,484 451 790 

118 - - 480 2,653 

119 374 1,276 456 493 

120 373 2,945 455 1,099 

 

2.10.1 UV-Vis comparison of benzylamine derivatives 102, 105, 107, 112-114 

and 119 

The effect of conjugation of the aromatic spacer group can be compared in the UV-Vis 

spectra of the benzylamine derivatives of all series, shown in Figure 2.42. Compounds 

102 and 105 from the 6-ferrocenyl-2-naphthoyl series have the strongest absorptions. 

Compound 107 belongs to the 3-ferrocenyl-2-naphthoyl series, and exhibits weaker 

absorption even when the spacer group is also naphthoyl. Compounds 112, 113 and 114 

corresponds to the benzoyl series (ortho, meta and para, respectively), and compound 

119 is the cinnamoyl derivative; it can be noticed that the ortho derivative shows the 

weakest absorption overall. 
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Figure 2.42. UV-Vis spectra of benzylamine derivatives 102, 105, 107, 112-114 and 119. 

 

Extinction coefficients  are a function of how efficiently a chromophore absorbs 

UV or visible radiation. For this reason, conjugation plays a key role in the absorption of 

UV-Vis radiation: when the  to * transition of the aromatic spacer group occurs, the 

energy separation between the ground and excited states is reduced, hence the system 

absorbs at longer wavelengths and with a greatly increased intensity.242 

These results suggest that the naphthoyl group and the (-C5H4) group of the 6-

ferrocenyl-2-naphthoyl derivatives 102 and 105 may be lying roughly in the same plane, 

hence creating a large chromophore which led to strong absorbances due to the high 

degree of conjugation. The weakness of the absorbance because of the  to * transition 

of the aromatic spacer group of the 3-ferrocenyl-2-naphthoyl derivative 107 suggest that 

the (-C5H4) group and the naphthoyl group may not be lying in the same plane, therefore 

presenting a barrier to efficient conjugation. The benzoyl series have a shorter 

chromophore hence their absorbances are considerably less intense than the naphthoyl 

series. Nevertheless, it is clear that the intensity of absorption is also consequence of 

their degree of conjugation, as para 114 and cinnamoyl 119 derivatives show much 

higher absorptions compared to ortho 112 and meta 113 derivatives. 
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2.10.2 UV-Vis comparison of benzoyl NHS-ester derivatives 109-111 

The effect of conjugation in the absorption of UV-Vis radiation can be also confirmed in 

the spectra of the benzoyl NHS-ester derivatives 109-111. The para derivative 111 

exhibits the highest absorption from the benzoyl series because of the extent of their 

conjugation, followed by the ortho derivative 109; the meta derivative 110 shows the 

weakest absorption (Figure 2.43). 
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Figure 2.43. UV-Vis spectra of benzoyl NHS-ester derivatives 109-111. 

 

2.11 Mass spectrometric studies of novel heterocyclic functionalised 

ferrocenyl derivatives 

Mass spectrometry enables the identification of the molecular mass of a compound. The 

sample is induced to ionize in the vapour phase, the ions produced are sorted according 

to their mass (m) to charge (z) ratios (m/z), and then recorded in a mass spectrum 

showing their relative abundances. An electron is ejected from the molecule M to give a 

cation radical called the molecular ion M+• or parent ion, with the same mass but one less 

electron than the neutral molecule.235,239,241,242 
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2.11.1 Mass spectrometric study of 2,5-dioxopyrrolidin-1-yl 6-ferrocenyl-2-

naphthoate 101 

Electrospray ionization (ESI) mass spectrometry is a soft technique ideal for non-volatile 

compounds, hence it was employed in the analysis of 2,5-dioxopyrrolidin-1-yl 6-

ferrocenyl-2-naphthoate 101, and confirmed the correct relative molecular mass for this 

compound. The sequence specific fragment ions are shown in Figure 2.44A. The mass 

spectra revealed the presence of the molecular ion M+• at m/z 453. A product ion at m/z 

356 confirms the presence of a ferrocenyl naphthoyl ester subunit. The signal at m/z 339 

is due to the cleavage at the ferrocenyl naphthoyl carbonyl group. The NHS subunit is 

observed in the signal at m/z 114 (Figure 2.44B). 

 

Figure 2.44. Mass spectrometric study of 2,5-dioxopyrrolidin-1-yl 6-ferrocenyl-2-naphthoate 101. 

A. Product ions observed. B. ESI mass spectrum. 

 

 

2.12 X-ray crystallography study of 2,5-dioxopyrrolidin-1-yl 2-

ferrocenylbenzoate 109 

Crystals suitable for X-ray crystallographic determination of compound 109 were grown 

from dichloromethane, yielding orange block shaped crystals. Figure 2.45 shows the 

molecular structure of 2,5-dioxopyrrolidin-1-yl 2-ferrocenylbenzoate 109 showing 50% 

probability ellipsoids for non-hydrogen atoms. 

A 

B 
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Figure 2.45. Structure of 2,5-dioxopyrrolidin-1-yl 2-ferrocenylbenzoate 109 showing 50% probability 

ellipsoids for non-hydrogen atoms. 

Compound 109 crystallises in the monoclinic space group P21/c. All the bond 

lengths and angles are in the expected ranges. There are no very obvious intermolecular 

interactions. The principal dimensions are: carboxylate ester C=O 1.1955 (18) Å, C-O 

1.3958 (17) Å and O-N 1.3880 (15) Å, and O=C-O 121.68 (13)°. The cyclopentadienyl 

rings of the ferrocene unit are in the eclipsed conformation. The interplanar angle 

between the Cp ring containing C6-C10 and the attached phenyl ring (C11-C16) is 34.86 

(6)°; this data demonstrates the existence of a distortion in the molecule, which is evident 

from Figure 2.45. The steric hindrance due to the ortho position has forced the atoms of 

109 to adopt this strained conformation in the solid state, resulting in a loss of co-planarity 

of the conjugating groups. This is supported by the torsion angles for the C12-C11-C10, 

C16-C11-C10 and O1-C17-C16 bonds, which were calculated to be 117.51 (12)°, 125.14 

(13)° and 112.16 (11)°, respectively. A similar observation has been reported in the X-

ray crystallography study of the intermediate methyl 3-ferrocenyl-2-naphthoate 69.188 
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Table 2.25. Crystal data and structure refinement for 2,5-dioxopyrrolidin-1-yl 2-ferrocenylbenzoate 109. 

Details Compound 109 

Empirical formula  C21H17NO4Fe  

Formula weight  403.21  

Temperature/K  100.01(10)  

Crystal system  Monoclinic  

Space group  P21/c  

a/Å  20.1605(3)  

b/Å  7.47160(10)  

c/Å  11.4251(2)  

/°  90  

/°  100.4280(10)  

/°  90  

Volume/Å3  1692.55(5)  

Z  4  

calc g/cm3  1.582  

/mm-1  7.394  

F(000)  832.0  

Crystal size/mm3  0.248 × 0.095 × 0.085  

Radiation  CuK ( = 1.54184)  

2 range for data collection/°  8.92 to 149.404  

Index ranges  -24 ≤ h ≤ 22, -9 ≤ k ≤ 7, -12 ≤ l ≤ 14  

Reflections collected  10221  

Independent reflections  3326 [Rint = 0.0193, Rsigma = 0.0194]  

Data/restraints/parameters  3326/0/244  

Goodness-of-fit on F2  1.035  

Final R indexes [I>=2 (I)]  R1 = 0.0241, wR2 = 0.0595  

Final R indexes [all data]  R1 = 0.0258, wR2 = 0.0604  

Largest diff. peak/hole / e Å-3  0.26/-0.30  

Table 2.26. Selected bond lengths (Å) for 2,5-dioxopyrrolidin-1-yl 2-ferrocenylbenzoate 109. 

Bond Length (Å) Bond Length (Å) 

Fe1—C1 2.0404 (16) O4—C21 1.2015 (18) 

Fe1—C6 2.0506 (14) N1—C18 1.3860 (18) 

O1—N1 1.3880 (15) N1—C21 1.3966 (18) 

O1—C17 1.3958 (17) C10—C11 1.4792 (18) 

O2—C17 1.1955 (18) C11—C16 1.405 (2) 

O3—C18 1.2078 (17) C16—C17 1.484 (2) 

Table 2.27. Selected bond angles (°) for 2,5-dioxopyrrolidin-1-yl 2-ferrocenylbenzoate 109. 

Bond Angle (°) Bond Angle (°) 

C11—C10—Fe1 122.68 (10) O2—C17—O1 121.68 (13) 

C12—C11—C10 117.51 (12) O3—C18—C19 130.06 (13) 

C12—C11—C16 117.30 (13) O3—C18—N1 124.01 (13) 

C16—C11—C10 125.14 (13) O4—C21—C20 129.75 (13) 

C18—N1—O1 120.80 (11) O4—C21—N1 125.17 (14) 

O1—C17—C16 112.16 (11) N1—C18—C19 105.93 (11) 

O1—N1—C21 122.37 (11) N1—C21—C20 105.08 (12) 

O2—C17—C16 125.98 (13) N1—O1—C17 111.14 (10) 
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2.13 Proposed synthesis for N-(5-ferrocenyl-1-naphthoyl) derivatives 

2.13.1 Introduction 

The general synthetic route proposed for the N-(5-ferrocenyl-1-naphthoyl) derivatives is 

outlined in Scheme 2.18. This route is slightly different than the synthesis mentioned 

before because no 5-amino-1-naphthoic acid was commercially available, but 1,5-

diaminonaphthalene 83 was chosen as a suitable substitute. The starting material 83 was 

treated with acetic anhydride [(CH3CO)2O] and pyridine, resulting in the protection of one 

of the amino groups and the formation of the N-acetyl derivative 84; previous studies 

showed the BOC protected species could not be prepared.194 The N-(5-

aminonaphthalen-1-yl)acetamide 84 then would undergo a diazonium coupling reaction 

to generate the N-(5-ferrocenylnaphthalen-1-yl)acetamide 85, which would be then 

deprotected to yield 1-ferrocenyl-5-aminonaphthalene 86. Compound 86 was expected 

to be coupled with the three aminopyridines 94-96, benzylamine 97 and cyclohexylamine 

98 via EDC/NHS coupling protocol. The procedure is similar to that used for the synthesis 

of the previous ferrocenyl dipeptide esters in Dr. Peter Kenny’s research group.181,183–195 

 
Scheme 2.18. The general reaction scheme proposed for the synthesis  

of N-(5-ferrocenyl-1-naphthoyl) derivatives. 
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2.13.2 Protection of the amine group via acetylation 

The acetyl group was proposed in order to protect one of the amine groups present in 

the starting material 1,5-diaminonaphthalene 83. This group can be introduced via acetic 

anhydride [(CH3CO)2O] and pyridine, resulting in the formation of the N-acetyl derivative 

84 (Scheme 2.19). The procedure is similar to that used for the synthesis of the previous 

ferrocenyl dipeptide esters in Dr. Peter Kenny’s research group.181,183–195 The mechanism 

of this reaction is detailed in Scheme 2.20.243 

 

Scheme 2.19. Acetylation of the amino group in 1,5-diaminonaphthalene 83 using acetic anhydride and 

pyridine. 

 

 

 

Scheme 2.20. Reaction mechanism of the acetylation of 1,5-diaminonaphthalene 83 using acetic 

anhydride and pyridine.  
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2.13.2.1 Purification and yield of N-(5-aminonaphthalen-1-yl)acetamide 84 

The acetylation step was proposed as an uncomplicated way to protect one amino group 

of the starting material 1,5-diaminonaphthalene 83; however, when the reaction was 

carried out, it was observed that the main product was the di-acetylated derivative 121. 

Therefore, a low yield was obtained for the desired product N-(5-aminonaphthalen-1-

yl)acetamide 84.  

Acetic anhydride was added to a solution of 1,5-diaminonaphthalene 83 and 

pyridine. After reacting for 24 h with stirring at rt, the resulting mixture was poured onto 

HCl on ice to precipitate a lilac solid, which was identified by 1H NMR as the di-acetylated 

product N,N′-(naphthalene-1,5-diyl)diacetamide 121. This product was disregarded via 

vacuum filtration, and the desired product N-(5-aminonaphthalen-1-yl)acetamide 84 was 

present in the filtered solution. The crude product was purified by column 

chromatography, using a mixture of ethyl acetate and hexane as the mobile phase. The 

purified compound was furnished as a brown/purple solid with a yield of 14%. 

 

2.13.2.2 1H NMR studies of compounds 84 and 121 

The 1H NMR spectrum of the di-acetylated product N,N′-(naphthalene-1,5-

diyl)diacetamide 121 is shown in Figure 2.46. In this spectrum, there is a singlet at  9.97 

with integration for two protons, which are the two new amide groups formed. The 1,5-

disubstituted naphthoyl region confirms the presence of six protons, which appear as two 

apparent doublets at  7.91 and  7.67, and a triplet at  7.52, integrating for two protons 

each. The success of the reaction can be seen in the singlet at  2.18 integrating for six 

protons, which belong to the new CH3- groups formed during the acetylation of the 

starting material 83. These integrals concluded this is the di-acetylated product 121. 

The 1H NMR spectrum of the N-(5-aminonaphthalen-1-yl)acetamide 84 is shown 

in Figure 2.47. In this spectrum, there is a singlet at  9.72 with integration for one proton, 

belonging to the new amide group formed. The 1,5-disubstituted naphthoyl region 

confirms the presence of six protons, which appear as two apparent doublets at  7.89 

and  7.58 with integration for one proton each, a triplet at  7.32 with integration for one 

proton, an apparent doublet at  7.23 with integration for two protons, and a doublet of 

doublets at  6.69 with integration for one proton. There is a singlet at  5.73 integrating 

for two protons, which correspond to the remaining amino group. The success of the 

reaction can be observed with the singlet at  2.15 integrating for three protons, which 

belong to the new CH3- group formed during the acetylation of the starting material 83.
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Figure 2.46. 1H NMR spectrum of N,N′-(naphthalene-1,5-diyl)diacetamide 121. 
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Figure 2.47. 1H NMR spectrum of N-(5-aminonaphthalen-1-yl)acetamide 84.
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The information obtained from these 1H NMR studies can be contrasted in Table 

2.28 and Table 2.29. 

Table 2.28. 1H NMR spectral data of N,N′-(naphthalene-1,5-diyl)diacetamide 121. 

 (ppm) Multiplicity Integration Location J (Hz) 

9.97 s 2H -CONH- - 

7.91 d 2H 

Har 

8.36 

7.67 d 2H 7.32 

7.52 t 2H 7.94 

2.18 s 6H CH3- - 
 

Table 2.29. 1H NMR spectral data of N-(5-aminonaphthalen-1-yl)acetamide 84. 

 (ppm) Multiplicity Integration Location J (Hz) 

9.72 s 1H -CONH- - 

7.89 d 1H 

Har 

8.40 

7.58 d 1H 7.48 

7.32 t 1H 8.14 

7.23 d 2H 6.48 

6.69 dd 1H 6.52, 2.28 

5.73 s 2H NH2- - 

2.15 s 3H CH3- - 

 

 

2.13.3 Introduction of the ferrocenyl moiety via diazonium coupling 

Ferrocene 61 was tried to be introduced into the N-(5-aminonaphthalen-1-yl)acetamide 

84 via standard diazonium coupling protocol to yield the N-(5-ferrocenylnaphthalen-1-

yl)acetamide 85 (Scheme 2.21). The procedure is similar to that used for the synthesis 

of the previous ferrocenyl dipeptide esters in Dr. Peter Kenny’s research group.181,183–195 

 

Scheme 2.21. Expected diazonium coupling reaction of N-(5-aminonaphthalen-1-yl)acetamide 84 with 

ferrocene 61.  
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However, this reaction did not succeed with the procedure effectively described 

in Section 2.2.4 for the rest of the novel heterocyclic functionalised ferrocenyl derivatives. 

Experimental conditions were varied in diverse ways in order to approach the desired 

product 85, as shown in Table 2.30. Nevertheless, this reaction was not fruitful. A possible 

explanation for this failure is further discussed in Section 2.13.4. 

Table 2.30. Experimental conditions varied for diazonium coupling reaction of N-(5-aminonaphthalen-1-

yl)acetamide 84 with ferrocene 61. 

Trial 
N-(5-aminonaphthalen- 
1-yl)acetamide 84 (eq) 

HCl  
(eq) 

NaNO2  
(eq) 

Ferrocene 61 
 (eq) 

T  
(°C) 

t 
(h) 

1 0.85 12.5 1.0 1.0 5 24 

2 0.85 12.5 1.0 1.0 5 48 

3 0.85 12.5 1.0 1.0 5 72 

4 0.85 12.5 1.0 1.0 0 24 

5 0.85 12.5 1.0 1.0 0 48 

6 0.85 12.5 1.0 1.0 0 72 

7 1.0 15.0 1.0 1.0 5 24 

8 1.0 15.0 1.0 1.0 5 48 

9 1.0 15.0 1.0 1.0 5 72 

10 0.85 12.5 1.0 1.0 < 0 48 

 

The direct diazonium coupling reaction between ferrocene 61 and the starting 

material 1,5-diaminonaphthalene 83 without protection of any of the amino groups was 

also tried, but no evidence of the new product was observed again. As product 85 could 

not be obtained, this synthetic route was abandoned. 

 

2.13.4 Discussion 

The acetylation of the starting material 1,5-diaminonaphthalene 83 did not proceed as 

expected because the diacetylated derivative N,N′-(naphthalene-1,5-diyl)diacetamide 

121 was the main product of the reaction, in spite of the fact that N-(5-aminonaphthalen-

1-yl)acetamide 84 was obtained in a low yield. 

The coupling reaction of 84 with ferrocene 61, however, was not successful. A 

steric hindrance is not a plausible explanation for 1,5-orientation, because this 

substitution reaction has been proven effective in compounds with 3,2-orientation (more 

hindered). Therefore, it can be possible that the substituent groups by themselves are 

impeding the course of the reaction. A comparison between 84 and its 6,2-analogue 60, 

which has been successfully coupled to ferrocene 61, shows that the main difference lies 

in the electron-donating behaviour of the -NHCO- group in 84, contrasting with the 

electron-withdrawing group -COO- of 60 (Figure 2.48). 
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Figure 2.48. Structural comparison between compounds 60 and 84. 

 

There are some related precedents in the literature, as the comparison of the 

electrostatic potential surfaces between benzenediazonium cation 122 and p-

nitrobenzenediazonium cation 123 which are shown in Figure 2.49 (red means a more 

negative potential and blue means a more positive potential). These diagrams illustrate 

the stronger diazonium group's positive polarization by the electron-withdrawing nitro 

group.244  

    

Figure 2.49. Electrostatic potential surfaces of benzenediazonium cation 122 and the p-

nitrobenzenediazonium cation 123. 

 

These results suggest that if an electron-withdrawing group is orientated para to 

the azo group, the electrophilicity of the diazonium cation will be increased. As the 

electron-withdrawing group -COO- of 60 was replaced by the electron-donating group -

NHCO- in 84 in the tried synthesis of N-(5-ferrocenylnaphthalen-1-yl)acetamide 85, it can 

be possible that the electrophilicity of the diazonium ion was reduced, triggering a 

less/none favoured electrophilic aromatic substitution. 
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2.14 Conclusions 

Previous in vitro studies have shown the antineoplastic activity against H1299 and SK-

MEL-28 cancer cell lines exhibited by both N-{(ferrocenyl)benzoyl} and N-

{(ferrocenyl)naphthoyl} bioconjugates, which consist of three key moieties: a ferrocenyl 

redox-active centre, an aromatic conjugated linker and an amino acid or dipeptide ester 

chain.188,189 The present research sought to further explore the structure-activity 

relationship (SAR) of these compounds by modification of each moiety, in order to 

enhance their anti-proliferative effect.  

The primary focus of this SAR study was centred on replacing the amino acid or 

dipeptide ester chain by short amino cyclic molecules such as aminopyridine, 

benzylamine or cyclohexylamine. Thus, a series of novel heterocyclic functionalised 

ferrocenyl derivatives 99-120 were prepared using EDC/NHS coupling protocol, a 

procedure similar to that used for the synthesis of the previous ferrocenyl dipeptide esters 

in Dr. Peter Kenny’s research group.181,183–195. The corresponding ferrocenyl carboxylic 

acid was coupled with 2-aminopyridine 94, 3-aminopyridine 95, 4-aminopyridine 96, 

benzylamine 97 or cyclohexylamine 98; and purification by column chromatography 

furnished the novel compounds as yellow, orange or red solids with yields ranging from 

8 to 93%. These derivatives were characterised by a range of spectroscopic techniques 

including 1H NMR, 13C NMR, DEPT-135, COSY, HSQC, HMBC, IR, UV-Vis and MS. All 

compounds gave spectroscopic and analytical data in accordance with their expected 

structures, except for the coupling reaction with 4-aminopyridine 96 where the 

corresponding NHS-esters were obtained.  

An X-ray crystallography study confirmed the isolation of the NHS-ester 109, and 

illustrates the out-of-plane position adopted by the ferrocene group. The formation of the 

NHS-ester intermediates may have relationship with the high pKa value of 4-

aminopyridine 96 compared with 2-aminopyridine 94 and 3-aminopyridine 95, as there is 

evidence that the pKa of organic ligands affect the composition of a complex. 

Furthermore, the pKa of 96 is relatively closer to that of Et3N, which is used as base in 

the mechanism of EDC/NHS coupling; this suggest that 96 may be competing with the 

role of base during the reaction. In addition, 96 could be protonated by the HCl group in 

EDC hydrochloride, hence preventing the reaction of interest from happening.219–222 

A series of N-(5-ferrocenyl-1-naphthoyl) derivatives were proposed as an 

attractive scenario for the preparation of analogues of the previously analysed 

compounds, using a different conjugated linker such as 1,5-diaminonaphthalene 83 for 

the study of the SAR. The first step consisted on the monoacetylation of one amine group 
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in the symmetric starting material 83; however, the main product obtained was the 

diacetylated compound N,N′-(naphthalene-1,5-diyl)diacetamide 121, thus the expected 

N-(5-aminonaphthalen-1-yl)acetamide 84 was obtained with poor yield. Furthermore, 

diazonium coupling of this compound 84 with ferrocene 61 did not furnish the N-(5-

ferrocenylnaphthalen-1-yl)acetamide 85 as anticipated. This failure was associated to the 

effect of the substituent -NHCO- in 84 (electron-donating group). Consequently, this 

synthetic route was abandoned. 
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2.15 Experimental procedures 

2.15.1 General information 

All starting materials and reactants used were acquired from Sigma Aldrich, Fluorochem 

Limited, Tokyo Chemical Industry UK Limited or Lennox Chemicals. Commercial grade 

reagents were used without further purification; where necessary, solvents were dried 

over MgSO4 prior to use. The course of the reactions was followed by TLC, using silica 

gel as stationary phase, different mixtures of solvents (ethyl acetate, hexane, diethyl 

ether) as mobile phases, and UV light as expositor.  

Purification of obtained products was carried out by column chromatography using 

Riedel-Haën silica gel as stationary phase, and different mixtures of solvents as mobile 

phases. Melting points were recorded on a Griffin melting point apparatus and are 

uncorrected. Elemental analysis were carried out by Dr. Mayra A. Hernández-López at 

Instituto Tecnológico y de Estudios Superiores de Monterrey (Mexico), using a Thermo 

Scientific FLASH 2000 elemental analyser. IR spectra were determined using a 

PerkinElmer Spectrum 100 FT-IR with ATR spectrometer. UV-Vis spectra were recorded 

on a Shimadzu UV-2600 UV-Vis spectrophotometer. Mass spectrometry studies were 

carried out by Dr. Dilip Rai at Teagasc Food Research Centre Ashtown (Ireland), using 

a Q-Tof Premier mass spectrometer (Waters Corp., Milford, USA). 

NMR spectra were obtained in deuterated solvents (DMSO-d6 or CDCl3) on a 

Bruker AC 400 NMR spectrometer operating at either 600 MHz or 400 MHz for 1H and 

100 MHz for 13C; chemical shifts () are reported in parts per million (ppm); coupling 

constants (J) are given in Hertz (Hz), and signals multiplicities are denoted by: s (singlet), 

d (doublet), dd (doublet of doublets), dt (doublet of triplets), dq (doublet of quartets), ddd 

(doublet of doublet of doublets), t (triplet), td (triplet of doublets), tt (triplet of triplets), q 

(quartet), qt (quartet of triplets), quint (quintet), m (multiplet), and br. (broad).  

X-ray crystallography studies were conducted by Prof. Vickie McKee at University 

of Southern Denmark (Denmark). Data was collected at 100(1)K on a Synergy, Dualflex, 

AtlasS2 diffractometer using CuK radiation ( = 1.54184 Å) and the CrysAlis PRO 

1.171.40.29a suite. Using SHELXLE and Olex2, the structure was solved by dual space 

methods (SHELXT) and refined on F using all the reflections (SHELXL-2018/3); all the 

non-hydrogen atoms were refined using anisotropic atomic displacement parameters and 

hydrogen atoms were inserted at calculated positions using a riding model.245–248 
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2.15.2 General procedure for the preparation of starting materials 

The procedures are similar to those used for the synthesis of the previous ferrocenyl 

dipeptide esters in Dr. Peter Kenny’s research group.181,183–195 

 

2.15.2.1 6-(Methoxycarbonyl)naphthalen-2-aminium chloride 60 

6-Amino-2-naphthoic acid 6 (5.03 g, 26.86 mmol) was 

dissolved in MeOH (50 mL); the solution was cooled on ice until 

temperature was below 5 °C. Thionyl chloride SOCl2 (10 mL) 

was added dropwise. The mixture was allowed to react for 48 

h with stirring at rt. The precipitate produced was collected 

under vacuum, washed with hexane and allowed to dry overnight yielding compound 60 

as a grey/lilac solid (5.73 g, 90%); 

m. p. = 219 – 221 °C (literature: 221 – 223 °C195); 

1H NMR (400 MHz, DMSO-d6) : 8.43 (1H, s, Har), 7.92 (1H, d, J = 8.7 Hz, Har), 7.83 (1H, 

dd, J = 8.6 and 1.7 Hz, Har), 7.70 (1H, d, J = 8.6 Hz, Har), 7.15 (1H, s, Har), 7.14 (1H, d, J 

= 8.7 Hz, Har), 3.87 (3H, s, -CH3); 

13C NMR (100 MHz, DMSO-d6) : 166.6 (C=O), 136.3 (Cq), 135.4 (Cq), 131.5, 130.5, 

129.4 (Cq), 127.6, 126.2 (Cq), 125.4, 121.7, 117.5, 52.4 (-OCH3). 

 

2.15.2.2 Ethyl ferrocene 62 

Lithium aluminium hydride (1.33 g, 35.10 mmol) was dissolved in dry 

diethyl ether (60 mL) under nitrogen atmosphere at 0 °C. Acetylferrocene 

87 (4.00 g, 17.55 mmol) was slowly added and the reaction mixture was 

allowed to stir for 30 minutes. Anhydrous aluminium chloride (4.68 g, 

35.10 mmol) was slowly added to the reaction mixture and allowed to stir 

for further 30 minutes. The reaction mixture was refluxed at room 

temperature for 18 h and quenched on ice after. The diethyl ether layer 

was washed with water (3 x 30 mL) and dried over MgSO4; the solvent was removed in 

vacuo to yield the crude product. The crude product was purified by column 

chromatography (eluent 3:2 hexane:ethyl acetate) yielding compound 62 as a dark brown 

oil (2.77 g, 74%); 

1H NMR (400 MHz, CDCl3) : 4.04 (5H, s, 5-C5H5), 4.00 (2H, t, J = 1.6 Hz, meta on 5-

C5H4-ethyl), 3.97 (2H, t, J = 1.6 Hz, ortho on 5-C5H4-ethyl), 2.27 (2H, q, J = 7.6 Hz, -

CH2CH3), 1.10 (3H, t, J = 7.6 Hz, -CH2CH3); 

13C NMR (100 MHz, CDCl3) : 91.1 (Cipso 5-C5H4-ethyl), 69.0 (Cmeta 5-C5H4- ethyl), 67.3 

(Cortho 5-C5H4-ethyl), 66.8 (5-C5H5), 21.9 (-CH2CH3, -ve DEPT), 14.8 (-CH2CH3). 
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2.15.2.3 Methyl 6-ferrocenyl-2-naphthoate 63 

Concentrated hydrochloric acid (10.5 mL) was added 

intermittently and to a cool solution of 6-

(methoxycarbonyl)naphthalen-2-aminium chloride 60 

(5.36 g, 22.56 mmol) in deionised H2O (50 mL). A solution 

of NaNO2 (1.83 g, 26.55 mmol) in deionised H2O (20 mL) 

was slowly added to the mixture with stirring, keeping the 

temperature below 5 °C and furnishing a pale 

brown/yellow solution. This resulting diazo salt was added to a solution of ferrocene 61 

(4.94 g, 26.55 mmol) in diethyl ether (50 mL), and allowed to react for 48 h with stirring 

at rt. The reaction mixture was filtered under vacuum, and solids were washed with both 

deionised H2O and diethyl ether until no more orange colour solution was obtained. 

Filtered two-layered solution was extracted with diethyl ether (3 x 50 mL); organic phase 

was dried over MgSO4 and the solvent was removed in vacuo. The crude product was 

purified by column chromatography (eluent 9:1 hexane:diethyl ether) yielding compound 

63 as an orange solid (2.18 g, 26%); 

m. p. = 158 – 160 °C (literature: 158-159 °C197); 

1H NMR (400 MHz, DMSO-d6) : 8.59 (1H, s, Har), 8.10 (1H, s, Har), 8.07 (1H, d, J = 8.7 

Hz, Har), 7.96 (2H, m, Har), 7.86 (1H, dd, J = 8.6 and 1.7 Hz, Har), 4.99 (2H, t, J = 1.9 Hz, 

ortho on 5-C5H4), 4.47 (2H, t, J = 1.9 Hz, meta on 5-C5H4), 4.06 (5H, s, 5-C5H5), 3.92 

(3H, s, -CH3); 

13C NMR (100 MHz, DMSO-d6) : 166.8 (C=O), 140.4 (Cq), 135.4 (Cq), 130.9 (Cq), 130.4, 

129.0, 127.8, 126.2, 125.3 (Cq), 125.0, 122.6, 84.0 (Cipso 5-C5H4), 69.9 (Cmeta 5-C5H4), 

69.8 (5-C5H5), 67.1 (Cortho 5-C5H4), 52.4 (-OCH3). 

 

2.15.2.4 Methyl 6-(1′-ethyl)ferrocenyl-2-naphthoate 64 

Concentrated hydrochloric acid (5 mL) was added 

intermittently and to a cool solution of 6-

(methoxycarbonyl)naphthalen-2-aminium chloride 60 

(1.84 g, 7.72 mmol) in deionised H2O (20 mL). A solution 

of NaNO2 (0.53 g, 7.72 mmol) in deionised H2O (10 mL) 

was slowly added to the mixture with stirring, keeping the 

temperature below 5 °C and furnishing a pale brown/yellow solution. This resulting diazo 

salt was added to a solution of ethyl ferrocene 62 (2.07 g, 9.65 mmol) in diethyl ether (50 

mL), and allowed to react for 48 h with stirring at rt. The reaction mixture was washed 

with deionised H2O, brine and diethyl ether (3 x 30 mL); organic phase was dried over 

MgSO4 and the solvent was removed in vacuo. The crude product was purified by column 

chromatography (eluent 9:1 hexane:diethyl ether) yielding compound 64 as a 

brown/orange solid (0.53 g, 17%); 

m. p. = 165 – 167 °C (literature: 163-164 °C195); 
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1H NMR (600 MHz, CDCl3) : 8.51 (1H, t, J = 8.8 Hz, Har), 7.99 (1H, dd, J = 8.7 and 1.7 

Hz, Har), 7.79 (3H, m, Har), 7.61 (1H, dd, J = 8.6 and 1.6 Hz, Har), 4.66 (2H, t, J = 1.8 Hz, 

ortho on 5-C5H4-naphthoyl), 4.30 (2H, t, J = 1.8 Hz, meta on 5-C5H4-naphthoyl), 4.04 

(3H, s, -OCH3), 4.02 (1H, s, ortho on 5-C5H4-ethyl), 3.93 (1H, s, ortho on 5-C5H4-ethyl), 

3.91 (2H, t, J = 1.8 Hz, meta on 5-C5H4-ethyl), 2.61 (0.3H, q, J = 7.5 Hz, -CH2CH3), 2.37 

(0.4H, q, J = 7.5 Hz, -CH2CH3), 2.08 (1.3H, q, J = 7.5 Hz, -CH2CH3), 1.18 (1.6H, t, J = 7.5 

Hz, -CH2CH3), 0.97 (1.3H, t, J = 7.5 Hz, -CH2CH3); 

13C NMR (100 MHz, CDCl3) : 167.4 (C=O), 140.4 (Cq), 135.9 (Cq), 131.0 (Cq), 130.9, 

128.8 (Cq), 127.7, 125.9, 125.7, 123.0, 122.9, 90.6 (Cipso 5-C5H4-ethyl), 84.2 (Cipso 5-

C5H4-naphthoyl), 70.1 (Cmeta 5-C5H4-naphthoyl), 69.1 (Cmeta 5-C5H4-ethyl), 69.0 (Cortho 

5-C5H4-ethyl), 67.2 (Cortho 5-C5H4-naphthoyl), 52.2 (-OCH3), 21.2 (-CH2CH3, -ve DEPT), 

14.7 (-CH2CH3). 

 

2.15.2.5 6-Ferrocenyl-2-naphthoic acid 65 

A solution of 10% NaOH (10 mL) was added to methyl 6-

ferrocenyl-2-naphthoate 63 (0.48 g, 1.30 mmol) dissolved in 

MeOH (10 mL). The mixture was refluxed at 100 °C for 18 h 

with stirring. The solution was cooled on ice to promote 

precipitation, and then acidified with concentrated HCl until 

pH = 2 was reached. The precipitate formed was filtered via 

vacuum and washed with cold deionised water yielding compound 65 as a bright orange 

solid (0.45 g, 96%); 

m. p. = 203 °C decomp. (literature: 205 °C decomp.197); 

1H NMR (400 MHz, DMSO-d6) : 13.02 (1H, br. s, -COOH), 8.54 (1H, s, Har), 8.08 (1H, s, 

Har), 8.04 (1H, d, J = 8.6 Hz, Har), 7.94 (2H, s, Har), 7.84 (1H, d, J = 8.4 Hz, Har), 4.98 (2H, 

t, J = 1.8 Hz, ortho on 5-C5H4), 4.46 (2H, t, J = 1.8 Hz, meta on 5-C5H4), 4.05 (5H, s, 

5-C5H5); 

13C NMR (100 MHz, DMSO-d6) : 168.0 (C=O), 140.2 (Cq), 135.8 (Cq), 131.2 (Cq), 130.8, 

129.6, 128.1, 127.6 (Cq), 126.5, 126.0, 123.2, 84.4 (Cipso 5-C5H4), 70.1 (Cmeta 5-C5H4), 

70.0 (5-C5H5), 67.2 (Cortho 5-C5H4). 
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2.15.2.6 6-(1′-Ethyl)ferrocenyl-2-naphthoic acid 66 

A solution of 10% NaOH (20 mL) was added to methyl 6-(1′-

ethyl)ferrocenyl-2-naphthoate 64 (0.53 g, 1.34 mmol) 

dissolved in MeOH (40 mL). The mixture was refluxed at 100 

°C for 18 h with stirring. The solution was cooled on ice to 

promote precipitation, and then acidified with concentrated 

HCl until pH = 2 was reached. The precipitate formed was 

filtered via vacuum and washed with cold deionised water 

yielding compound 66 as an orange solid (0.45 g, 96%); 

m. p. = 153 – 155 °C; 

1H NMR (400 MHz, CDCl3) : 13.11 (1H, br. s, -COOH), 8.57 (1H, s, Har), 8.02 (1H, d, J 

= 8.6 Hz, Har), 7.82 (3H, quint, J = 8.6 Hz, Har), 7.64 (1H, d, J = 8.4 Har), 4.68 (2H, t, J = 

1.8 Hz, ortho on 5-C5H4-naphthoyl), 4.32 (2H, t, J = 1.8 Hz, meta on 5-C5H4-naphthoyl), 

4.03 (1H, s, ortho on 5-C5H4-ethyl), 3.94 (1H, s, ortho on 5-C5H4-ethyl), 3.88 (2H, t, J = 

2.0 Hz, meta on 5-C5H4-ethyl), 2.62 (0.4H, q, J = 7.5 Hz, -CH2CH3), 2.38 (0.5H, q, J = 

7.4 Hz, -CH2CH3), 2.09 (1.1H, q, J = 7.5 Hz, -CH2CH3), 1.19 (1.4H, t, J = 7.5 Hz, -

CH2CH3), 0.98 (1.6H, t, J = 7.5 Hz, -CH2CH3); 

13C NMR (100 MHz, CDCl3) : 168.4 (C=O), 134.7 (Cq), 132.9 (Cq), 131.7 (Cq), 129.6, 

129.3 (Cq), 128.7, 127.6, 126.7, 124.0, 123.1, 90.4 (Cipso 5-C5H4-ethyl), 84.0 (Cipso 5-

C5H4-naphthoyl), 71.3 (Cmeta 5-C5H4-naphthoyl), 69.4 (Cmeta 5-C5H4-ethyl), 67.0 (Cortho 

5-C5H4-ethyl), 66.2 (Cortho 5-C5H4-naphthoyl), 21.2 (-CH2CH3, -ve DEPT), 14.9 (-

CH2CH3). 

 

2.15.2.7 3-(Methoxycarbonyl)naphthalen-2-aminium chloride 68 

3-Amino-2-naphthoic acid 67 (1.00 g, 5.36 mmol) was 

dissolved in MeOH (50 mL); the solution was cooled on ice 

until temperature was below 5 °C. Thionyl chloride SOCl2 (5 

mL) was added dropwise. The mixture was allowed to react 

for 48 h with stirring at rt. The precipitate produced was 

collected under vacuum, washed with hexane and allowed to 

dry overnight yielding compound 68 as a pale brown solid 

(0.93 g, 73%); 

m. p. = 188 – 190 °C (literature: 185-187 °C197); 

1H NMR (400 MHz, DMSO-d6) : 8.59 (1H, s, Har), 7.98 (1H, d, J = 8.2 Hz, Har), 7.78 (1H, 

d, J = 8.3 Hz, Har), 7.58 (1H, s, Har), 7.57 (1H, t, J = 8.1 Hz, Har), 7.40 (1H, t, J = 8.1 Hz, 

Har), 3.91 (3H, s, -CH3); 

13C NMR (100 MHz, DMSO-d6) : 166.6 (C=O), 136.1 (Cq), 135.3 (Cq), 131.4, 129.5, 

129.0 (Cq), 128.4, 126.5 (Cq), 125.1, 118.7, 117.5, 52.6 (-OCH3). 
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2.15.2.8 Methyl 3-ferrocenyl-2-naphthoate 69 

Concentrated hydrochloric acid (3 mL) was added intermittently 

and to a cool solution of 3-(methoxycarbonyl)naphthalen-2-

aminium chloride 68 (0.91 g, 3.84 mmol) in deionised H2O (15 mL). 

A solution of NaNO2 (0.31 g, 4.52 mmol) in deionised H2O (5 mL) 

was slowly added to the mixture with stirring, keeping the 

temperature below 5 °C and furnishing a pale brown/yellow 

solution. This resulting diazo salt was added to a solution of 

ferrocene 61 (0.84 g, 4.52 mmol) in diethyl ether (15 mL), and 

allowed to react for 48 h with stirring at rt. The reaction mixture was 

washed with deionised H2O and extracted with diethyl ether (3 x 10 mL); organic phase 

was dried over MgSO4 and the solvent was removed in vacuo. The crude product was 

purified by column chromatography (eluent 3:2 hexane:diethyl ether) yielding compound 

69 as bright red crystals (0.50 g, 35%); 

m. p. = 114 – 116 °C (literature: 119-120 °C197); 

1H NMR (400 MHz, DMSO-d6) : 8.40 (1H, s, Har), 8.07 (1H, s, Har), 8.05 (1H, d, J = 8.4 

Hz, Har), 7.98 (1H, d, J = 8.1 Hz, Har), 7.61 (1H, td, J = 7.5 and 1.1 Hz, Har), 7.55 (1H, d, 

J = 8.1 Hz, Har), 4.59 (2H, t, J = 1.8 Hz, ortho on 5-C5H4), 4.36 (2H, t, J = 1.8 Hz, meta 

on 5-C5H4), 4.11 (5H, s, 5-C5H5), 3.77 (3H, s, -CH3); 

13C NMR (100 MHz, DMSO-d6) : 169.8 (C=O), 134.6 (Cq), 133.5 (Cq), 130.7 (Cq), 130.3 

(Cq), 129.0, 128.1, 128.0, 127.4, 127.0, 126.3, 85.3 (Cipso 5-C5H4), 69.9 (5-C5H5), 69.2 

(Cortho 5-C5H4), 68.6 (Cmeta 5-C5H4), 52.4 (-OCH3). 

 

2.15.2.9 3-Ferrocenyl-2-naphthoic acid 70 

A solution of 10% NaOH (5 mL) was added to methyl 3-ferrocenyl-

2-naphthoate 69 (0.20 g, 0.54 mmol) dissolved in MeOH (5 mL). 

The mixture was refluxed at 100 °C for 18 h with stirring. The 

solution was cooled on ice to promote precipitation, and then 

acidified with concentrated HCl until pH = 2 was reached. The 

precipitate formed was filtered via vacuum and washed with cold 

deionised water yielding compound 70 as an orange/brown solid 

(0.19 g, 96%); 

m. p. = 139 °C decomp. (literature: 145 °C decomp.197); 

1H NMR (400 MHz, DMSO-d6) : 13.04 (1H, br. s, -COOH), 8.54 (1H, s, Har), 8.08 (1H, s, 

Har), 8.04 (1H, d, J = 8.6 Hz, Har), 7.94 (2H, s, Har), 7.84 (1H, d, J = 8.4 Hz, Har), 4.98 (2H, 

t, J = 1.8 Hz, ortho on 5-C5H4), 4.46 (2H, t, J = 1.8 Hz, meta on 5-C5H4), 4.05 (5H, s, 

5-C5H5); 
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13C NMR (100 MHz, DMSO-d6) : 168.0 (C=O), 140.2 (Cq), 135.8 (Cq), 131.2 (Cq), 130.8, 

129.6, 128.1, 127.6 (Cq), 126.5, 126.0, 123.2, 84.4 (Cipso 5-C5H4), 70.1 (Cmeta 5-C5H4), 

70.0 (5-C5H5), 67.2 (Cortho 5-C5H4). 

 

2.15.2.10 Ethyl ortho-ferrocenylbenzoate 74 

Concentrated hydrochloric acid (8 mL) was added intermittently and to 

a cool solution of ethyl ortho-aminobenzoate 71 (3.77 g, 22.84 mmol) 

in deionised H2O (40 mL). A solution of NaNO2 (1.85 g, 26.88 mmol) in 

deionised H2O (15 mL) was slowly added to the mixture with stirring, 

keeping the temperature below 5 °C and furnishing a pale-yellow 

solution. This resulting diazo salt was added to a solution of ferrocene 

61 (5.00 g, 26.88 mmol) in diethyl ether (80 mL), and allowed to react 

for 48 h with stirring at rt. The reaction mixture was washed with 

deionised H2O and extracted with diethyl ether (3 x 100 mL); organic 

phase was dried over MgSO4 and the solvent was removed in vacuo. The crude product 

was purified by column chromatography (eluent 3:2 hexane:diethyl ether) yielding 

compound 74 as a dark brown oil (3.00 g, 39%); 

1H NMR (400 MHz, DMSO-d6) : 7.87 (1H, d, J = 7.4 Hz, Har), 7.50 (1H, t, J = 7.4 Hz, 

Har), 7.41 (1H, d, J = 7.4 Hz, Har), 7.30 (1H, t, J = 7.4 Hz, Har), 4.47 (2H, t, J = 1.8 Hz, 

ortho on 5-C5H4), 4.32 (2H, t, J = 1.8 Hz, meta on 5-C5H4), 4.14 (2H, q, J = 7.2 Hz, -

CH2CH3), 4.09 (5H, s, 5-C5H5), 1.13 (3H, t, J = 7.1 Hz, -CH2CH3); 

13C NMR (100 MHz, DMSO-d6) : 169.6 (C=O), 137.9 {Cq-(5-C5H4)}, 132.3 {Cq- (C=O)}, 

131.5, 130.6, 128.3, 126.4, 85.7 (Cipso 5-C5H4), 70.0 (5-C5H5), 69.3 (Cortho 5-C5H4), 68.7 

(Cmeta 5-C5H4), 61.2 (-CH2CH3, -ve DEPT), 14.3 (-CH2CH3). 

 

2.15.2.11 Ethyl meta-ferrocenylbenzoate 75 

Concentrated hydrochloric acid (8 mL) was added intermittently 

and to a cool solution of ethyl meta-aminobenzoate 72 (3.77 g, 

22.84 mmol) in deionised H2O (40 mL). A solution of NaNO2 (1.85 

g, 26.88 mmol) in deionised H2O (15 mL) was slowly added to the 

mixture with stirring, keeping the temperature below 5 °C and 

furnishing an orange solution. This resulting diazo salt was added 

to a solution of ferrocene 61 (5.00 g, 26.88 mmol) in diethyl ether 

(80 mL), and allowed to react for 48 h with stirring at rt. The 

reaction mixture was washed with deionised H2O and extracted 

with diethyl ether (3 x 100 mL); organic phase was dried over MgSO4 and the solvent was 

removed in vacuo. The crude product was purified by column chromatography (eluent 

3:2 hexane:diethyl ether) yielding compound 75 as an orange solid (1.06 g, 14%); 
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m. p. = 70 – 72 °C (literature: 74 °C – 76 °C249); 

1H NMR (400 MHz, DMSO-d6) : 8.03 (1H, t, J = 1.7 Hz, Har), 7.84 (1H, dq, J = 7.8 Hz 

and 1.00 Hz, Har), 7.78 (1H, dt, J = 7.7 Hz and 1.3 Hz, Har), 7.46 (1H, t, J = 7.8 Hz, Har), 

4.85 (2H, t, J = 1.9 Hz, ortho on 5-C5H4), 4.40 (2H, t, J = 1.9 Hz, meta on 5-C5H4), 4.34 

(2H, q, J = 7.1 Hz, -CH2CH3), 4.03 (5H, s, 5-C5H5), 1.35 (3H, t, J = 7.1 Hz, -CH2CH3); 

13C NMR (100 MHz, DMSO-d6) : 166.3 (C=O), 140.3 {Cq-(5-C5H4)}, 131.1, 130.6 {Cq-

(C=O)}, 129.3, 126.9, 126.4, 84.0 (Cipso 5-C5H4), 69.9 (5-C5H5), 69.8 (Cmeta 5-C5H4), 

67.0 (Cortho 5-C5H4), 61.3 (-CH2CH3, -ve DEPT), 14.7 (-CH2CH3). 

 

2.15.2.12 Ethyl para-ferrocenylbenzoate 76 

Concentrated hydrochloric acid (8 mL) was added intermittently 

and to a cool solution of ethyl para-aminobenzoate 73 (3.77 g, 

22.84 mmol) in deionised H2O (40 mL). A solution of NaNO2 

(1.85 g, 26.88 mmol) in deionised H2O (15 mL) was slowly 

added to the mixture with stirring, keeping the temperature 

below 5 °C and furnishing a pale-yellow solution. This resulting 

diazo salt was added to a solution of ferrocene 61 (5.00 g, 26.88 

mmol) in diethyl ether (80 mL), and allowed to react for 48 h with stirring at rt. The reaction 

mixture was washed with deionised H2O and extracted with diethyl ether (3 x 100 mL); 

organic phase was dried over MgSO4 and the solvent was removed in vacuo. The crude 

product was purified by column chromatography (eluent 4:1 hexane:diethyl ether) 

yielding compound 76 as a dark orange solid (2.60 g, 34%); 

m. p. = 88 – 89 °C (literature: 92 °C – 94 °C249); 

1H NMR (600 MHz, DMSO-d6) : 7.87 (2H, d, J = 8.3 Hz, Har ortho to C=O), 7.66 (2H, d, 

J = 8.4 Hz, Har meta to C=O), 4.90 (2H, t, J = 1.9 Hz, ortho on 5-C5H4), 4.44 (2H, t, J = 

1.9 Hz, meta on 5-C5H4), 4.31 (2H, q, J = 7.1 Hz, -CH2CH3), 4.02 (5H, s, 5-C5H5), 1.33 

(3H, t, J = 7.1 Hz, -CH2CH3); 

13C NMR (100 MHz, DMSO-d6) : 166.2 (C=O), 145.6 {Cq-(5-C5H4)}, 129.7 (Cortho to 

C=O), 127.3 {Cq-(C=O)}, 126.1 (Cmeta to C=O), 83.1 (Cipso 5-C5H4), 70.3 (Cmeta 5-C5H4), 

70.1 (5-C5H5), 67.3 (Cortho 5-C5H4), 61.0 (-CH2CH3, -ve DEPT), 14.7 (-CH2CH3). 
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2.15.2.13 Ortho-ferrocenylbenzoic acid 77 

A solution of 10% NaOH (30 mL) was added to ethyl ortho-

ferrocenylbenzoate 74 (2.28 g, 6.81 mmol) dissolved in MeOH (30 mL). 

The mixture was refluxed at 100 °C for 18 h with stirring. The solution 

was cooled on ice to promote precipitation, and then acidified with 

concentrated HCl until pH = 2 was reached. The precipitate formed was 

filtered via vacuum and washed with cold deionised water yielding 

compound 77 as a dark orange oil (2.00 g, 96%); 

1H NMR (600 MHz, DMSO-d6) : 12.60 (1H, br. s, -COOH), 7.82 (1H, 

d, J = 7.4 Hz, Har), 7.44 (1H, td, J = 7.6 Hz and 1.3 Hz, Har), 7.37 (1H, dd, J = 7.7 Hz and 

1.2 Hz, Har), 7.27 (1H, td, J = 7.5 Hz and 1.0 Hz, Har), 4.55 (2H, t, J = 1.8 Hz, ortho on 5-

C5H4), 4.32 (2H, t, J = 1.8 Hz, meta on 5-C5H4), 4.08 (5H, s, 5-C5H5); 

13C NMR (100 MHz, DMSO-d6) : 171.3 (C=O), 137.1 {Cq-(5-C5H4)}, 133.7 {Cq- (C=O)}, 

131.2, 130.0, 127.9, 126.2, 85.5 (Cipso 5-C5H4), 70.0 (5-C5H5), 69.3 (Cortho 5-C5H4), 68.7 

(Cmeta 5-C5H4). 

 

2.15.2.14 Meta-ferrocenylbenzoic acid 78 

A solution of 10% NaOH (20 mL) was added to ethyl meta-

ferrocenylbenzoate 75 (0.99 g, 2.96 mmol) dissolved in MeOH (40 

mL). The mixture was refluxed at 100 °C for 18 h with stirring. The 

solution was cooled on ice to promote precipitation, and then 

acidified with concentrated HCl until pH = 2 was reached. The 

precipitate formed was filtered via vacuum and washed with cold 

deionised water yielding compound 78 as a yellow solid (0.78 g, 

86%); 

m. p. = 164 – 166 °C (literature: 160 °C – 162 °C249); 

1H NMR (600 MHz, DMSO-d6) : 13.02 (1H, br. s, -COOH), 8.03 (1H, t, J = 1.7 Hz, Har), 

7.80 (1H, dt, J = 7.8 Hz and 1.4 Hz, Har), 7.77 (1H, dt, J = 7.6 Hz and 1.3 Hz, Har), 7.43 

(1H, t, J = 7.7 Hz, Har), 4.84 (2H, t, J = 1.9 Hz, ortho on 5-C5H4), 4.40 (2H, t, J = 1.8 Hz, 

meta on 5-C5H4), 4.03 (5H, s, 5-C5H5); 

13C NMR (100 MHz, DMSO-d6) : 167.9 (C=O), 140.1 {Cq-(5-C5H4)}, 130.7, 129.2, 127.9 

{Cq- (C=O)}, 127.2, 126.6, 84.2 (Cipso 5-C5H4), 69.9 (5-C5H5), 69.7 (Cmeta 5-C5H4), 66.9 

(Cortho 5-C5H4). 
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2.15.2.15 Para-ferrocenylbenzoic acid 79 

A solution of 10% NaOH (30 mL) was added to ethyl para-

ferrocenylbenzoate 76 (2.60 g, 7.78 mmol) dissolved in MeOH 

(50 mL). The mixture was refluxed at 100 °C for 18 h with stirring. 

The solution was cooled on ice to promote precipitation, and 

then acidified with concentrated HCl until pH = 2 was reached. 

The precipitate formed was filtered via vacuum and washed with 

cold deionised water yielding compound 77 as a bright red solid (2.30 g, 97%); 

m. p. = 210 °C decomp. (literature: 203 °C decomp.249); 

1H NMR (400 MHz, DMSO-d6) : 13.01 (1H, br. s, -COOH), 7.85 (2H, d, J = 8.5 Hz, Har 

ortho to C=O), 7.64 (2H, d, J = 8.5 Hz, Har meta to C=O), 4.88 (2H, t, J = 1.9 Hz, ortho 

on 5-C5H4), 4.43 (2H, t, J = 1.8 Hz, meta on 5-C5H4), 4.03 (5H, s, 5-C5H5); 

13C NMR (100 MHz, DMSO-d6) : 167.9 (C=O), 145.0 {Cq-(5-C5H4)}, 129.9 (Cortho to 

C=O), 128.3 {Cq- (C=O)}, 126.1 (Cmeta to C=O), 83.4 (Cipso 5-C5H4), 70.2 (Cmeta 5-C5H4), 

70.0 (5-C5H5), 67.2 (Cortho 5-C5H4). 

 

2.15.2.16 Ethyl 4-ferrocenyl cinnamate 81 

Concentrated hydrochloric acid (5 mL) was added 

intermittently and to a cool solution of ethyl 4-

aminocinnamate 80 (1.00 g, 5.23 mmol) in deionised H2O 

(10 mL). A solution of NaNO2 (0.42 g, 6.15 mmol) in 

deionised H2O (5 mL) was slowly added to the mixture 

with stirring, keeping the temperature below 5 °C and 

furnishing a pale-yellow solution. This resulting diazo salt was added to a solution of 

ferrocene 61 (1.14 g, 6.15 mmol) in diethyl ether (25 mL), and allowed to react for 48 h 

with stirring at rt. The reaction mixture was washed with deionised H2O and extracted 

with diethyl ether (3 x 20 mL); organic phase was dried over MgSO4 and the solvent was 

removed in vacuo. The crude product was purified by column chromatography (eluent 

9:1 hexane:diethyl ether) yielding compound 81 as an orange solid (0.40 g, 21%); 

m. p. = 92 – 94 °C (literature: 94 °C194); 

1H NMR (600 MHz, DMSO-d6) : 7.61 (2H, d, J = 8.4 Hz, Har), 7.59 (2H, d, J = 8.4 Hz, 

Har), 7.57 (1H, d, J = 15.0 Hz, -CH=), 6.52 (1H, d, J = 15.9 Hz, =CH-), 4.79 (2H, t, J = 1.6 

Hz, ortho on 5-C5H4), 4.33 (2H, t, J = 1.6 Hz, meta on 5-C5H4), 4.26 (2H, q, J = 7.1 Hz, 

-CH2CH3), 3.94 (5H, s, 5-C5H5), 1.34 (3H, t, J = 7.1 Hz, -CH2CH3); 

13C NMR (100 MHz, DMSO-d6) : 166.9 (C=O), 144.8 (-CH=), 142.6 {Cq-(5-C5H4)}, 131.9 

{Cq-(CH=CH)}, 129.0 {Cmeta to (CH=CH)}, 126.5 {Cortho to (CH=CH)}, 117.2 (=CH-), 83.9 



Dublin City University  Chapter 2 

 

 

131 

(Cipso 5-C5H4), 69.9 (5-C5H5), 69.8 (Cmeta 5-C5H4), 67.0 (Cortho 5-C5H4), 61.1 (-CH2CH3, 

-ve DEPT), 14.7 (-CH2CH3). 

 

2.15.2.17 4-Ferrocenyl cinnamic acid 82 

A solution of 10% NaOH (5 mL) was added to ethyl 4-

ferrocenyl cinnamate 81 (0.40 g, 1.11 mmol) dissolved in 

MeOH (8 mL). The mixture was refluxed at 100 °C for 18 h 

with stirring. The solution was cooled on ice to promote 

precipitation, and then acidified with concentrated HCl until 

pH = 2 was reached. The precipitate formed was filtered via 

vacuum and washed with cold deionised water yielding compound 82 as an orange solid 

(0.35 g, 95%); 

m. p. = 240 °C (literature: 253 – 254 °C194); 

1H NMR (600 MHz, DMSO-d6) : 12.25 (1H, br. s, -COOH), 7.52 (2H, d, J = 8.4 Hz, Har), 

7.50 (2H, d, J = 8.4 Hz, Har), 7.48 (1H, d, J = 15.7 Hz, -CH=), 6.43 (1H, d, J = 16.0 Hz, 

=CH-), 4.78 (2H, t, J = 1.6 Hz, ortho on 5-C5H4), 4.32 (2H, t, J = 1.6 Hz, meta on 5-

C5H4), 3.94 (5H, s, 5-C5H5); 

13C NMR (100 MHz, DMSO-d6) : 168.3 (C=O), 144.4 (-CH=), 142.3 {Cq-(5-C5H4)}, 132.1 

{Cq-(CH=CH)}, 128.9 {Cmeta to (CH=CH)}, 126.5 {Cortho to (CH=CH)}, 118.3 (=CH-), 84.0 

(Cipso 5-C5H4), 70.0 (5-C5H5), 69.9 (Cmeta 5-C5H4), 67.0 (Cortho 5-C5H4). 

 

2.15.2.18 N-(5-aminonaphthalen-1-yl)acetamide 84 

Acetic anhydride (3.35 mL, 35.45 mmol) was added to 1,5-

diaminonaphthalene 83 (7.01 g, 44.31 mmol) and pyridine (14 mL). The 

mixture was allowed to react for 24 h with stirring at rt. The resulting 

solution was poured onto 10% HCl on ice to precipitate the di-acetylated 

product, which was disregarded via vacuum filtration and washed with 

deionised H2O. Filtered solution was adjusted to pH~10 using 1 M NaOH, 

and extracted with CH2Cl2 (3 x 50 mL); organic phase was dried over 

MgSO4, and the solvent was removed in vacuo. The crude product was 

purified by column chromatography (eluent 2:1 ethyl acetate:hexane) yielding compound 

84 as a brown/purple solid (1.01 g, 14%);  

m. p. = 165 °C (literature: 166 °C250); 

1H NMR (400 MHz, DMSO-d6) : 9.72 (1H, s, -CONH-), 7.89 (1H, d, J = 8.4 Hz, Har), 7.58 

(1H, d, J = 7.5 Hz, Har), 7.32 (1H, t, J = 8.1 Hz, Har), 7.23 (2H, d, J = 6.5 Hz, Har), 6.69 

(1H, dd, J = 6.5 and 2.3 Hz, Har), 5.73 (2H, s, -NH2), 2.15 (3H, s, -CH3).  
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2.15.3 General procedure for the preparation of novel heterocyclic 

functionalised ferrocenyl derivatives 

The procedures are similar to those used for the synthesis of the previous ferrocenyl 

dipeptide esters in Dr. Peter Kenny’s research group.181,183–195 

 

2.15.3.1 6-Ferrocenyl-N-(pyridin-2-yl)-2-naphthamide 99 

6-Ferrocenyl-2-naphthoic acid 65 (0.30 g, 0.84 

mmol) was dissolved in dichloromethane (6 mL) 

at 0 °C. N-(3-dimethylaminopropyl)-N′-

carbodiimide hydrochloride (EDC) 88 (0.16 g, 

0.84 mmol), N-hydroxysuccinimide (NHS) 91 

(0.10 g, 0.84 mmol) and triethylamine (1 mL) 

were added and the reaction mixture was stirred 

at 0 °C for 10 min to yield the desired NHS-ester intermediate. 2-aminopyridine 94 (0.36 

g, 0.84 mmol) was added and the solution was stirred at 0 °C for 45 min; then raised to 

room temperature and stirred for further 48 h. The reaction mixture was washed with 

water and extracted with CH2Cl2 (3 x 10 mL); organic phase was dried over MgSO4, and 

the solvent was removed in vacuo yielding compound 99 as a dark red solid (0.34 g, 

93%); 

m. p. = 162 °C decomp.; 

Anal. Calc. for C26H20N2OFe: C, 72.24; H, 4.66; N, 6.48%. Found: C, 71.81; H, 4.19; N, 
6.20%; 

IR max: 3254, 3078, 2922, 1623, 1562 – 1491 cm-1; 

UV-Vis (DMSO) max: 379, 455 nm : 2638, 1306 dm3 mol-1 cm-1; 

1H NMR (600 MHz, DMSO-d6) : 8.54 (1H, s, Har), 8.08 (1H, s, Har), 8.04 (1H, d, J = 8.6 

Hz, Har), 7.94 (2H, s, Har), 7.88 (1H, ddd, J = 5.1, 1.9 and 0.7 Hz, C=N-CH=CH-CH), 7.84 

(1H, dd, J = 8.6 and 1.6 Hz, Har), 7.35 (1H, ddd, J = 8.4, 7,1 and 2.0 Hz, C=N-CH), 6.46 

(1H, ddd, J = 7.0, 5.0 and 1.0 Hz, C=N-CH=CH), 6.42 (1H, dt, J = 8.3 and 0.8 Hz, HN-C-

CH), 5.85 (1H, br. s, NH), 4.98 (2H, t, J = 1.8 Hz, ortho on 5-C5H4), 4.46 (2H, t, J = 1.8 

Hz, meta on 5-C5H4), 4.05 (5H, s, 5-C5H5); 

13C NMR (100 MHz, DMSO-d6) : 168.0 (C=O), 160.2 (C=N), 148.1 (C=N-CH=CH-CH), 

140.1 (Cq), 137.4 (C=N-CH), 135.8 (Cq), 131.2 (Cq), 130.8, 129.6, 128.1, 127.7 (Cq), 

126.5, 126.0, 123.2, 112.2 (C=N-CH=CH), 108.4 (HN-C-CH), 84.4 (Cipso 5-C5H4), 70.1 

(Cmeta 5-C5H4), 70.0 (5-C5H5), 67.2 (Cortho 5-C5H4).  
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2.15.3.2 6-Ferrocenyl-N-(pyridin-3-yl)-2-naphthamide 100 

The synthesis followed that of 99 using the 

following reagents: 6-ferrocenyl-2-naphthoic 

acid 65 (0.30 g, 0.84 mmol), dichloromethane (6 

mL), N-(3-dimethylaminopropyl)-N′-carbodiimide 

hydrochloride (EDC) 88 (0.16 g, 0.84 mmol), N-

hydroxysuccinimide (NHS) 91 (0.10 g, 0.84 

mmol), triethylamine (1 mL) and 3-aminopyridine 

95 (0.36 g, 0.84 mmol). The reaction mixture was washed with water and extracted with 

CH2Cl2 (3 x 10 mL); organic phase was dried over MgSO4, and the solvent was removed 

in vacuo yielding compound 100 as a crimson red solid (0.34 g, 92%); 

m. p. = 176 °C decomp.; 

Anal. Calc. for C26H20N2OFe: C, 72.24; H, 4.66; N, 6.48%. Found: C, 72.13; H, 5.31; N, 
6.72%; 

IR max: 3334, 3077, 2984, 1624, 1584 – 1483 cm-1; 

UV-Vis (DMSO) max: 378, 456 nm : 2259, 1133 dm3 mol-1 cm-1; 

1H NMR (600 MHz, DMSO-d6) : 8.53 (1H, s, Har), 8.07 (1H, s, Har), 8.03 (1H, d, J = 8.6 

Hz, Har), 7.95 (1H, d, J = 1.3 Hz, Har), 7.93 (1H, s, Har), 7.92 (1H, d, J = 2.8 Hz, HN-

C=CH), 7.83 (1H, dd, J = 8.5 and 1.5 Hz, Har), 7.72 (1H, dd, J = 4.7 and 1.1 Hz, N=CH), 

7.00 (1H, dd, J = 8.1 and 4.6 Hz, HN-C-CH=CH), 6.89 (1H, dq, J = 8.1 and 1.3 Hz, HN-

C-CH), 5.27 (1H, br. s, NH), 4.98 (2H, t, J = 1.7 Hz, ortho on 5-C5H4), 4.46 (2H, t, J = 1.7 

Hz, meta on 5-C5H4), 4.05 (5H, s, 5-C5H5); 

13C NMR (100 MHz, DMSO-d6) : 168.4 (C=O), 145.3 (HN-C=CH), 139.7 {Cq-(5-C5H4)}, 

137.4 (N=CH), 136.9 (HN-C=CH), 135.6 (Cq), 131.2 (Cq), 130.5, 129.5, 129.1 {Cq-(C=O}, 

127.9, 126.3, 126.2, 124.0 (HN-C-CH=CH), 123.2, 120.1 (HN-C-CH), 84.5 (Cipso 5-

C5H4), 70.0 (Cmeta 5-C5H4), 69.9 (5-C5H5), 67.2 (Cortho 5-C5H4).  
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2.15.3.3 2,5-Dioxopyrrolidin-1-yl 6-ferrocenyl-2-naphthoate 101 

The synthesis followed that of 99 using the 

following reagents: 6-ferrocenyl-2-naphthoic acid 

65 (0.30 g, 0.84 mmol), dichloromethane (6 mL), 

N-(3-dimethylaminopropyl)-N′-carbodiimide 

hydrochloride (EDC) 88 (0.16 g, 0.84 mmol), N-

hydroxysuccinimide (NHS) 91 (0.10 g, 0.84 mmol), 

triethylamine (1 mL) and 4-aminopyridine 96 (0.36 

g, 0.84 mmol). The crude product was purified by column chromatography (eluent 1:1 

hexane:ethyl acetate) yielding compound 101 as an orange solid (0.20 g, 53%); 

m. p. = 147 °C decomp.; 

Anal. Calc. for C25H19NO4Fe: C, 66.25; H, 4.23; N, 3.09%. Found: C, 66.82; H, 4.53; N, 
3.00%; 

m/z (ESI): 453.07 [M]+•. C25H19NO4Fe requires 453.07; 

IR max: 3090, 2954, 1766, 1732, 1625 – 1508 cm-1; 

UV-Vis (DMSO) max: 391, 473 nm : 2494, 1727 dm3 mol-1 cm-1; 

1H NMR (600 MHz, DMSO-d6) : 8.79 (1H, s, Har), 8.17 (2H, d, J = 7.8 Hz, Har), 8.08 (1H, 

d, J = 8.6 Hz, Har), 8.00 (1H, dd, J = 8.6 and 1.6 Hz, Har), 7.93 (1H, dd, J = 8.7 and 1.3 

Hz, Har), 5.03 (2H, t, J = 1.7 Hz, ortho on 5-C5H4), 4.50 (2H, t, J = 1.6 Hz, meta on 5-

C5H4), 4.07 (5H, s, 5-C5H5), 2.93 (4H, br. s, -CH2-); 

13C NMR (100 MHz, DMSO-d6) : 170.9 (N-C=O), 162.5 (-COO-), 142.2 (Cq), 136.8 (Cq), 

132.7, 130.9 (Cq), 130.1, 129.2, 127.2, 125.3, 123.3, 120.9 (Cq), 83.8 (Cipso 5-C5H4), 70.4 

(Cmeta 5-C5H4), 70.1 (5-C5H5), 67.4 (Cortho 5-C5H4), 26.0 (-CH2-, -ve DEPT).  
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2.15.3.4 N-benzyl-6-ferrocenyl-2-naphthamide 102 

The synthesis followed that of 99 using the 

following reagents: 6-ferrocenyl-2-naphthoic 

acid 65 (0.21 g, 0.58 mmol), dichloromethane 

(6 mL), N-(3-dimethylaminopropyl)-N′-

carbodiimide hydrochloride (EDC) 88 (0.11 g, 

0.58 mmol), N-hydroxysuccinimide (NHS) 91 

(0.07 g, 0.58 mmol), triethylamine (1 mL) and 

benzylamine 97 (0.06 mL, 0.58 mmol). The 

crude product was purified by column chromatography (eluent 1:1 hexane:ethyl acetate) 

yielding compound 102 as an orange solid (0.04 g, 17%); 

m. p. = 198 – 200 °C; 

IR max: 3286, 3101, 2936, 1632, 1601 – 1490 cm-1; 

Anal. Calc. for C28H23NOFe: C, 75.52; H, 5.21; N, 3.15%. Found: C, 75.43; H, 5.75; N, 
3.25%; 

UV-Vis (DMSO) max: 377, 452 nm : 2896, 1289 dm3 mol-1 cm-1; 

1H NMR (600 MHz, DMSO-d6) : 9.20 (1H, t, J = 6.0, NH), 8.46 (1H, s, Har naphthoyl), 

8.06 (1H, s, Har naphthoyl), 7.95 (3H, m, Har naphthoyl), 7.83 (1H, dd, J = 8.6 and 1.7 Hz, 

Har naphthoyl), 7.36 (4H, m, Har benzyl), 7.26 (1H, m, Har benzyl), 4.97 (2H, t, J = 1.8 Hz, 

ortho on 5-C5H4), 4.55 (2H, d, J = 6.0 Hz, -CH2-), 4.46 (2H, t, J = 1.8 Hz, meta on 5-

C5H4), 4.05 (5H, s, 5-C5H5); 

13C NMR (100 MHz, DMSO-d6) : 166.8 (C=O), 140.2 (Cipso -C6H5), 139.3 (Cq), 135.0 {Cq-

(C=O)}, 131.3 (Cq), 131.2 {Cq-(5-C5H4)}, 129.2 (Car naphthoyl), 128.8 (Car benzyl), 127.9 

(Car naphthoyl), 127.8 (Car naphthoyl), 127.7 (Car benzyl), 127.2 (Car benzyl), 126.4 (Car 

naphthoyl), 125.0 (Car naphthoyl), 123.2 (Car naphthoyl), 84.6 (Cipso 5-C5H4), 70.0 (Cmeta 

5-C5H4), 69.9 (5-C5H5), 67.1 (Cortho 5-C5H4), 43.2 (-CH2-, -ve DEPT).  
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2.15.3.5 N-cyclohexyl-6-ferrocenyl-2-naphthamide 103 

The synthesis followed that of 99 using the 

following reagents: 6-ferrocenyl-2-naphthoic 

acid 65 (0.21 g, 0.58 mmol), dichloromethane (6 

mL), N-(3-dimethylaminopropyl)-N′-

carbodiimide hydrochloride (EDC) 88 (0.11 g, 

0.58 mmol), N-hydroxysuccinimide (NHS) 91 

(0.07 g, 0.58 mmol), triethylamine (1 mL) and 

cyclohexylamine 98 (0.07 mL, 0.58 mmol). The crude product was purified by column 

chromatography (eluent 1:1 hexane:ethyl acetate) yielding compound 103 as a pale 

orange/yellow solid (0.03 g, 11%); 

m. p. = 142 °C decomp.; 

Anal. Calc. for C27H27NOFe: C, 74.15; H, 6.22; N, 3.20%. Found: C, 74.10; H, 6.15; N, 
3.48%; 

IR max: 3333, 3059, 2931, 1624, 1550 – 1492 cm-1; 

UV-Vis (CH3CN) max: 370, 452 nm : 2370, 941 dm3 mol-1 cm-1; 

1H NMR (600 MHz, DMSO-d6) : 8.38 (1H, s, Har), 8.34 (1H, d, J = 8.0, NH), 8.05 (1H, s, 

Har), 7.95 (1H, d, J = 8.6 Hz, Har), 7.90 (2H, s, Har), 7.82 (1H, dd, J = 8.6 and 1.7 Hz, Har), 

4.96 (2H, t, J = 3.5 Hz, ortho on 5-C5H4), 4.45 (2H, t, J = 3.5 Hz, meta on 5-C5H4), 4.05 

(5H, s, 5-C5H5), 3.82 (1H, m, ipso on -C6H11), 1.87 (2H, d, J = 9.3 Hz, ortho on -C6H11), 

1.76 (2H, d, J = 9.8 Hz, meta on -C6H11), 1.63 (1H, d, J = 13.2 Hz, para on -C6H11), 1.35 

(4H, quint, J = 8.3 Hz, ortho and meta on -C6H11), 1.17 (1H, quint, J = 6.7 Hz, para on -

C6H11); 

13C NMR (100 MHz, DMSO-d6) : 165.9 (C=O), 139.0 (Cq), 134.9 {Cq- (C=O)}, 131.8 {Cq- 

(5-C5H4)}, 131.2 (Cq), 129.1, 127.7, 127.6, 126.3, 125.2, 123.2, 84.6 (Cipso 5-C5H4), 69.9 

(Cmeta 5-C5H4), 69.8 (5-C5H5), 67.1 (Cortho 5-C5H4), 48.9 (Cipso -C6H11), 33.0 (Cortho -

C6H11, -ve DEPT), 25.8 (Cpara -C6H11, -ve DEPT), 25.5 (Cmeta -C6H11, -ve DEPT).  
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2.15.3.6 2,5-Dioxopyrrolidin-1-yl 6-(1′-ethyl)ferrocenyl-2-naphthoate 104 

The synthesis followed that of 99 using the 

following reagents: 6-(1′-ethyl)ferrocenyl-2-

naphthoic acid 66 (0.10 g, 0.26 mmol), 

dichloromethane (5 mL), N-(3-

dimethylaminopropyl)-N′-carbodiimide 

hydrochloride (EDC) 88 (0.05 g, 0.26 mmol), N-

hydroxysuccinimide (NHS) 91 (0.03 g, 0.26 

mmol), triethylamine (1 mL) and 4-aminopyridine 96 (0.02 g, 0.26 mmol). The crude 

product was purified by column chromatography (eluent 1:1 hexane:ethyl acetate) 

yielding compound 104 as a bright red solid (0.02 g, 14%); 

m. p. = 75 °C decomp.; 

Anal. Calc. for C27H23NO4Fe: C, 67.38; H, 4.82; N, 2.91%. Found: C, 67.80; H, 4.70; N, 
2.15%; 

IR max: 3093, 2963, 1764, 1737, 1623 – 1506 cm-1; 

UV-Vis (CH3CN) max: 469 nm : 3409 dm3 mol-1 cm-1; 

1H NMR (600 MHz, CDCl3) : 8.62 (1H, s, Har), 7.98 (1H, dd, J = 8.6 and 1.7 Hz, Har), 

7.80 (3H, quint, J = 7.5 Hz, Har), 7.65 (1H, dd, J = 8.5 and 1.7 Hz, Har), 4.68 (2H, t, J = 

1.8 Hz, ortho on 5-C5H4-naphthoyl), 4.34 (2H, t, J = 1.7 Hz, meta on 5-C5H4-naphthoyl), 

4.03 (1H, s, ortho on 5-C5H4-ethyl), 3.94 (1H, s, ortho on 5-C5H4-ethyl), 3.89 (2H, dd, J 

= 4.8 and 1.5 Hz, meta on 5-C5H4-ethyl), 2.88 (4H, br. s, -CH2-C=O), 2.62 (0.4H, q, J = 

7.5 Hz, -CH2CH3), 2.38 (0.6H, q, J = 7.4 Hz, -CH2CH3), 2.06 (1.0H, q, J = 7.6 Hz, -

CH2CH3), 1.19 (1.4H, t, J = 7.6 Hz, -CH2CH3), 0.96 (1.6H, t, J = 7.5 Hz, -CH2CH3); 

13C NMR (100 MHz, CDCl3) : 169.4 (N-C=O), 162.2 (-COO-), 141.5 (Cq), 136.7 (Cq), 

132.8, 130.8 (Cq), 129.4, 128.2, 126.4, 125.6, 123.0, 121.1 (Cq), 92.1 (Cipso 5-C5H4-

ethyl), 83.8 (Cipso 5-C5H4-naphthoyl), 70.3 (Cmeta 5-C5H4-naphthoyl), 70.2 (Cortho 5-C5H4-

ethyl), 70.0 (Cortho 5-C5H4-ethyl), 69.2 (Cmeta 5-C5H4-naphthoyl), 69.0 (Cmeta 5-C5H4-

ethyl), 68.9 (Cmeta 5-C5H4-ethyl), 67.1 (Cortho 5-C5H4-naphthoyl), 65.9 (Cortho 5-C5H4-

naphthoyl), 25.7 (-CH2-C=O, -ve DEPT), 21.5 (-CH2CH3, -ve DEPT), 14.7 (-CH2CH3). 
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2.15.3.7 N-benzyl-6-(1′-ethyl)ferrocenyl-2-naphthamide 105 

The synthesis followed that of 99 using the 

following reagents: 6-(1′-ethyl)ferrocenyl-2-

naphthoic acid 66 (0.08 g, 0.21 mmol), 

dichloromethane (3 mL), N-(3-

dimethylaminopropyl)-N′-carbodiimide 

hydrochloride (EDC) 88 (0.04 g, 0.21 mmol), N-

hydroxysuccinimide (NHS) 91 (0.02 g, 0.21 mmol), 

triethylamine (1 mL) and benzylamine 97 (0.02 mL, 0.21 mmol). The crude product was 

purified by column chromatography (eluent 1:1 hexane:ethyl acetate) yielding compound 

105 as a bright red solid (0.03 g, 27%); 

m. p. = 64 – 66 °C; 

Anal. Calc. for C30H27NOFe: C, 76.12; H, 5.75; N, 2.96%. Found: C, 75.34; H, 5.92; N, 
3.09%; 

IR max: 3237, 2962, 2872, 1629, 1580 – 1458 cm-1; 

UV-Vis (CH3CN) max: 376, 451 nm : 2025, 940 dm3 mol-1 cm-1; 

1H NMR (600 MHz, CDCl3) : 8.19 (1H, s, Har naphthoyl), 7.77 (4H, m, Har naphthoyl), 

7.60 (1H, ddd, J = 8.5, 4.5 and 1.7 Hz, Har naphthoyl), 7.33 (4H, m, Har benzyl), 7.26 (1H, 

m, Har benzyl), 6.45 (1H, t, J = 5.0 Hz, -NH-), 4.66 (2H, t, J = 1.7 Hz, ortho on 5-C5H4-

naphthoyl), 4.65 (2H, d, J = 5.0 Hz, -CH2- benzyl), 4.29 (2H, t, J = 1.7 Hz, meta on 5-

C5H4-naphthoyl), 4.02 (1H, s, ortho on 5-C5H4-ethyl), 3.93 (1H, s, ortho on 5-C5H4-

ethyl), 3.87 (2H, dd, J = 4.9 and 1.6 Hz, meta on 5-C5H4-ethyl), 2.60 (0.5H, q, J = 7.5 

Hz, -CH2CH3), 2.37 (0.6H, q, J = 7.5 Hz, -CH2CH3), 2.07 (0.9H, q, J = 7.5 Hz, -CH2CH3), 

1.18 (2H, td, J = 7.5 and 2.3 Hz, -CH2CH3), 0.96 (1H, t, J = 7.5 Hz, -CH2CH3); 

13C NMR (100 MHz, CDCl3) : 167.4 (C=O), 139.2 {Cq-(5-C5H4)}, 138.3 (Cipso -C6H5), 

135.2 {Cq-(C=O)}, 131.2 (Cq), 130.6 (Cq), 128.9 (Car benzyl), 128.7 (Car naphthoyl), 128.3 

(Car naphthoyl), 128.0 (Car benzyl), 127.7 (Car benzyl), 127.3 (Car naphthoyl), 126.1 (Car 

naphthoyl), 123.9 (Car naphthoyl), 123.0 (Car naphthoyl), 89.4 (Cipso 5-C5H4-ethyl), 83.3 

(Cipso 5-C5H4-naphthoyl), 70.2 (Cmeta 5-C5H4-ethyl), 70.1 (Cmeta 5-C5H4-naphthoyl), 70.0 

(Cortho 5-C5H4-ethyl), 69.3 (Cortho 5-C5H4-naphthoyl), 69.1 (Cmeta 5-C5H4-ethyl), 68.9 

(Cortho 5-C5H4-ethyl), 67.1 (Cmeta 5-C5H4-naphthoyl), 65.7 (Cortho 5-C5H4-naphthoyl), 

44.3 (-CH2- benzyl, -ve DEPT), 21.6 (-CH2CH3, -ve DEPT), 14.7 (-CH2CH3).  
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2.15.3.8 N-cyclohexyl-6-(1′-ethyl)ferrocenyl-2-naphthamide 106 

The synthesis followed that of 99 using the 

following reagents: 6-(1′-ethyl)ferrocenyl-2-

naphthoic acid 66 (0. 10 g, 0.24 mmol), 

dichloromethane (3 mL), N-(3-

dimethylaminopropyl)-N′-carbodiimide 

hydrochloride (EDC) 88 (0.05 g, 0.24 mmol), N-

hydroxysuccinimide (NHS) 91 (0.03 g, 0.24 

mmol), triethylamine (1 mL) and cyclohexylamine 98 (0.03 mL, 0.24 mmol). The crude 

product was purified by column chromatography (eluent 2:1 hexane:ethyl acetate) 

yielding compound 106 as a red/orange solid (0.03 g, 25%); 

m. p. = 75 – 77 °C; 

Anal. Calc. for C29H31NOFe: C, 74.84; H, 6.71; N, 3.01%. Found: C, 75.48; H, 6.23; N, 
2.99%; 

IR max: 3292, 3087, 2925, 1624, 1602 – 1533 cm-1; 

UV-Vis (CH3CN) max: 374, 452 nm : 1929, 863 dm3 mol-1 cm-1; 

1H NMR (600 MHz, CDCl3) : 8.13 (1H, s, Har), 7.76 (4H, m, Har), 7.61 (1H, ddd, J = 8.5, 

4.3 and 1.7 Hz, Har), 6.02 (1H, d, J = 7.3 Hz, -NH-), 4.65 (2H, t, J = 1.7 Hz, ortho on 5-

C5H4-naphthoyl), 4.29 (2H, t, J = 1.8 Hz, meta on 5-C5H4-naphthoyl), 4.02 (1H, s, ortho 

on 5-C5H4-ethyl), 3.97 (1H, m, ipso on -C6H11), 3.93 (1H, s, ortho on 5-C5H4-ethyl), 3.87 

(2H, dd, J = 5.4 and 1.6 Hz, meta on 5-C5H4-ethyl), 2.61 (0.4H, q, J = 7.5 Hz, -CH2CH3), 

2.37 (0.6H, q, J = 7.2 Hz, -CH2CH3), 2.07 (1H, q, J = 7.5 Hz, -CH2CH3), 2.02 (2H, dd, J = 

12.4 and 3.5 Hz, ortho on -C6H11), 1.72 (2H, dt, J = 13.3 and 3.5 Hz, meta on -C6H11), 

1.61 (1H, dt, J = 13.1 and 3.5 Hz, para on -C6H11), 1.40 (4H, dd, J = 12.6 and 3.2 Hz, 

ortho and meta on -C6H11), 1.19 (1.5H, t, J = 7.5 Hz, -CH2CH3), 1.17 (1H, m, para on -

C6H11), 0.96 (1.5H, t, J = 7.5 Hz, -CH2CH3); 

13C NMR (100 MHz, CDCl3) : 166.7 (C=O), 139.0 (Cq), 135.0 (Cq), 131.4 (Cq), 131.2 (Cq), 

128.7, 127.9, 127.0, 126.0, 124.0, 123.0, 92.0 (Cipso 5-C5H4-ethyl), 84.4 (Cipso 5-C5H4-

naphthoyl), 70.2 (Cortho 5-C5H4-ethyl), 70.1 (Cortho 5-C5H4-ethyl), 70.0 (Cmeta 5-C5H4-

naphthoyl), 69.3 (Cmeta 5-C5H4-ethyl), 69.1 (Cmeta 5-C5H4-ethyl), 68.9 (Cmeta 5-C5H4-

naphthoyl), 67.1 (Cortho 5-C5H4-naphthoyl), 65.6 (Cortho 5-C5H4-naphthoyl), 48.8 (Cipso -

C6H11), 33.4 (Cortho -C6H11, -ve DEPT), 25.6 (Cpara -C6H11, -ve DEPT), 25.0 (Cmeta -C6H11, 

-ve DEPT), 21.6 (-CH2CH3, -ve DEPT), 14.7 (-CH2CH3).  
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2.15.3.9 N-benzyl-3-ferrocenyl-2-naphthamide 107 

The synthesis followed that of 99 using the following reagents: 3-

ferrocenyl-2-naphthoic acid 70 (0.20 g, 0.55 mmol), 

dichloromethane (6 mL), N-(3-dimethylaminopropyl)-N′-

carbodiimide hydrochloride (EDC) 88 (0.10 g, 0.55 mmol), N-

hydroxysuccinimide (NHS) 91 (0.06 g, 0.55 mmol), triethylamine 

(1 mL) and benzylamine 97 (0.06 mL, 0.55 mmol). The crude 

product was purified by column chromatography (eluent 1:1 

hexane:diethyl ether) yielding compound 107 as a yellow solid 

(0.05 g, 22%); 

m. p. = 160 °C; 

Anal. Calc. for C28H23NOFe: C, 75.52; H, 5.21; N, 3.15%. Found: C, 75.90; H, 5.26; N, 
3.28%; 

IR max: 3224, 3055, 2928, 1621, 1588 – 1494 cm-1; 

UV-Vis (CH3CN) max: 451 nm : 465 dm3 mol-1 cm-1; 

1H NMR (600 MHz, DMSO-d6) : 8.94 (1H, t, J = 6.0, NH), 8.34 (1H, s, Har naphthoyl), 

8.00 (1H, d, J = 8.1 Hz, Har naphthoyl), 7.94 (1H, d, J = 8.0 Hz, Har naphthoyl), 7.80 (1H, 

s, Har naphthoyl), 7.55 (1H, ddd, J = 8.1, 6.9 and 1.3 Hz, Har naphthoyl), 7.51 (1H, ddd, J 

= 8.0, 6.9 and 1.3 Hz, Har naphthoyl), 7.36 (4H, d, J = 4.4 Hz, Har benzyl), 7.28 (1H, quint, 

J = 4.3 Hz, Har benzyl), 4.70 (2H, t, J = 1.8 Hz, ortho on 5-C5H4), 4.45 (2H, d, J = 6.1 Hz, 

-CH2-), 4.29 (2H, t, J = 1.8 Hz, meta on 5-C5H4), 4.08 (5H, s, 5-C5H5); 

13C NMR (100 MHz, DMSO-d6) : 170.1 (C=O), 139.6 (Cipso -C6H5), 136.1 {Cq-(C=O)}, 

134.5 {Cq-(5-C5H4)}, 133.3 (Cq), 131.1 (Cq), 128.7 (Car benzyl), 128.5 (Car naphthoyl), 

128.1 (Car benzyl), 128.0 (Car naphthoyl), 127.9 (Car naphthoyl), 127.4 (Car naphthoyl), 

127.3 (Car benzyl), 126.7 (Car naphthoyl), 126.5 (Car naphthoyl), 84.9 (Cipso 5-C5H4), 70.0 

(5-C5H5), 69.4 (Cortho 5-C5H4), 68.7 (Cmeta 5-C5H4), 43.1 (-CH2-, -ve DEPT).  
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2.15.3.10 N-cyclohexyl-3-ferrocenyl-2-naphthamide 108 

The synthesis followed that of 99 using the following reagents: 

3-ferrocenyl-2-naphthoic acid 70 (0.13 g, 0.37 mmol), 

dichloromethane (3 mL), N-(3-dimethylaminopropyl)-N′-

carbodiimide hydrochloride (EDC) 88 (0.07 g, 0.37 mmol), N-

hydroxysuccinimide (NHS) 91 (0.04 g, 0.37 mmol), triethylamine 

(1 mL) and cyclohexylamine 98 (0.04 mL, 0.37 mmol). The crude 

product was purified by column chromatography (eluent 3:2 

diethyl ether:hexane) yielding compound 108 as a pale orange 

solid (0.06 g, 36%); 

m. p. = 166 – 167 °C; 

Anal. Calc. for C27H27NOFe: C, 74.15; H, 6.22; N, 3.20%. Found: C, 74.06; H, 6.07; N, 

3.76%; 

IR max: 3306, 3054, 2922, 1622, 1584 – 1493 cm-1; 

UV-Vis (CH3CN) max: 451 nm : 406 dm3 mol-1 cm-1; 

1H NMR (600 MHz, DMSO-d6) : 8.32 (1H, s, Har), 8.27 (1H, d, J = 7.9, NH), 7.99 (1H, d, 

J = 8.2 Hz, Har), 7.93 (1H, d, J = 8.0 Hz, Har), 7.71 (1H, s, Har), 7.54 (1H, td, J = 7.4 and 

1.3 Hz, Har), 7.50 (1H, td, J = 7.4 and 1.2 Hz, Har), 4.74 (2H, t, J = 1.9 Hz, ortho on 5-

C5H4), 4.33 (2H, t, J = 1.8 Hz, meta on 5-C5H4), 4.10 (5H, s, 5-C5H5), 3.71 (1H, m, ipso 

on -C6H11), 1.85 (2H, dd, J = 12.1 and 2.7 Hz, ortho on -C6H11), 1.72 (2H, dt, J = 13.2 and 

3.5 Hz, meta on -C6H11), 1.59 (1H, dt, J = 12.5 and 3.5 Hz, para on -C6H11), 1.27 (4H, m, 

ortho and meta on -C6H11), 1.12 (1H, m, para on -C6H11); 

13C NMR (100 MHz, DMSO-d6) : 169.1 (C=O), 136.6 {Cq-(C=O)}, 134.5 {Cq-(5-C5H4)}, 

133.3 (Cq), 131.1 (Cq), 128.5, 128.1, 127.8, 127.3, 126.6, 126.4, 85.1 (Cipso 5-C5H4), 70.0 

(5-C5H5), 69.4 (Cortho 5-C5H4), 68.6 (Cmeta 5-C5H4), 48.5 (Cipso -C6H11), 32.7 (Cortho -

C6H11, -ve DEPT), 25.7 (Cpara -C6H11, -ve DEPT), 25.2 (Cmeta -C6H11, -ve DEPT).  
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2.15.3.11 2,5-Dioxopyrrolidin-1-yl 2-ferrocenylbenzoate 109 

The synthesis followed that of 99 using the following reagents: ortho-

ferrocenylbenzoic acid 77 (0.49 g, 1.61 mmol), dichloromethane (40 

mL), N-(3-dimethylaminopropyl)-N′-carbodiimide hydrochloride (EDC) 

88 (0.31 g, 1.61 mmol), N-hydroxysuccinimide (NHS) 91 (0.19 g,1.61 

mmol), triethylamine (2 mL) and 4-aminopyridine 96 (0.15 g, 1.61 

mmol). The crude product was purified by column chromatography 

(eluent 1:1 hexane:ethyl acetate) yielding compound 109 as dark 

orange/red crystals (0.11 g, 17%); 

m. p. = 171 – 173 °C; 

Anal. Calc. for C21H17NO4Fe: C, 62.55; H, 4.25; N, 3.47%. Found: C, 
62.66; H, 4.53; N, 3.53%; 

IR max: 3103, 2920, 1758, 1728, 1600 – 1501 cm-1; 

UV-Vis (CH3CN) max: 364, 447 nm : 1128, 494 dm3 mol-1 cm-1; 

1H NMR (600 MHz, DMSO-d6) : 8.00 (1H, d, J = 7.7 Hz, Har), 7.68 (1H, td, J = 7.6 and 

1.4 Hz, Har), 7.67 (1H, dd, J = 7.9 and 1.0 Hz, Har), 7.44 (1H, td, J = 7.6 and 0.9 Hz, Har), 

4.67 (2H, t, J = 1.8 Hz, ortho on 5-C5H4), 4.36 (2H, t, J = 1.8 Hz, meta on 5-C5H4), 4.11 

(5H, s, 5-C5H5), 2.88 (4H, br. d, J = 3.6 Hz, -CH2-); 

13C NMR (100 MHz, DMSO-d6) : 171.0 (N-C=O), 164.3 (-COO-), 140.5 {Cq-(5-C5H4)}, 

133.1, 132.3, 129.5, 126.7, 125.2 {Cq-(C=O)}, 83.5 (Cipso 5-C5H4), 70.3 (5-C5H5), 69.6 

(Cortho 5-C5H4), 69.4 (Cmeta 5-C5H4), 26.0 (-CH2-, -ve DEPT).  
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2.15.3.12 2,5-Dioxopyrrolidin-1-yl 3-ferrocenylbenzoate 110 

The synthesis followed that of 99 using the following 

reagents: meta-ferrocenylbenzoic acid 78 (0.20 g, 0.66 

mmol), dichloromethane (7 mL), N-(3-

dimethylaminopropyl)-N′-carbodiimide hydrochloride 

(EDC) 88 (0.13 g, 0.66 mmol), N-hydroxysuccinimide 

(NHS) 91 (0.08 g,0.66 mmol), triethylamine (1 mL) and 4-

aminopyridine 96 (0.06 g, 0.66 mmol). The crude product 

was purified by column chromatography (eluent 1:1 

hexane:ethyl acetate) yielding compound 110 as a dark 

orange solid (0.02 g, 8%); 

m. p. = 126 – 128 °C; 

Anal. Calc. for C21H17NO4Fe: C, 62.55; H, 4.25; N, 3.47%. Found: C, 62.10; H, 4.49; N, 
3.50%; 

IR max: 3095, 2924, 1738, 1681, 1604 – 1503 cm-1; 

UV-Vis (CH3CN) max: 445 nm : 450 dm3 mol-1 cm-1; 

1H NMR (600 MHz, DMSO-d6) : 8.02 (1H, s, Har), 7.78 (1H, d, J = 7.5 Hz, Har), 7.76 (1H, 

d, J = 7.7 Hz, Har), 7.42 (1H, t, J = 7.7 Hz, Har), 4.83 (2H, t, J = 1.8 Hz, ortho on 5-C5H4), 

4.39 (2H, t, J = 1.8 Hz, meta on 5-C5H4), 4.03 (5H, s, 5-C5H5), 2.92 (4H, br. s, -CH2-); 

13C NMR (100 MHz, DMSO-d6) : 171.0 (N-C=O), 164.6 (-COO-), 141.9 {Cq-(5-C5H4)}, 

130.6, 129.1, 127.3, 126.6, 124.9 {Cq-(C=O)}, 84.3 (Cipso 5-C5H4), 69.9 (5-C5H5), 69.7 

(Cmeta 5-C5H4), 66.8 (Cortho 5-C5H4), 26.0 (-CH2-, -ve DEPT).  
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2.15.3.13 2,5-Dioxopyrrolidin-1-yl 4-ferrocenylbenzoate 111 

The synthesis followed that of 99 using the following 

reagents: para-ferrocenylbenzoic acid 79 (0.25 g, 0.83 

mmol), dichloromethane (7 mL), N-(3-

dimethylaminopropyl)-N′-carbodiimide hydrochloride 

(EDC) 88 (0.16 g, 0.83 mmol), N-hydroxysuccinimide 

(NHS) 91 (0.09 g,0.83 mmol), triethylamine (1 mL) and 

4-aminopyridine 96 (0.08 g, 0.83 mmol). The crude 

product was purified by column chromatography (eluent 1:1 hexane:ethyl acetate) 

yielding compound 111 as a dark red solid (0.15 g, 44%); 

m. p. = 231 – 233 °C; 

Anal. Calc. for C21H17NO4Fe: C, 62.55; H, 4.25; N, 3.47%. Found: C, 62.73; H, 4.54; N, 
3.53%; 

IR max: 3081, 2925, 1761, 1728, 1604 – 1526 cm-1; 

UV-Vis (CH3CN) max: 377, 472 nm : 2218, 1223 dm3 mol-1 cm-1; 

1H NMR (600 MHz, DMSO-d6) : 7.99 (2H, d, J = 8.5 Hz, Har), 7.79 (2H, d, J = 8.5 Hz, 

Har), 4.99 (2H, t, J = 3.8 Hz, ortho on 5-C5H4), 4.52 (2H, t, J = 3.7 Hz, meta on 5-C5H4), 

4.06 (5H, s, 5-C5H5), 2.90 (4H, br. s, -CH2-); 

13C NMR (100 MHz, DMSO-d6) : 170.9 (N-C=O), 162.1 (-COO-), 148.6 {Cq-(5-C5H4)}, 

130.6, 126.7, 121.4 {Cq-(C=O)}, 82.2 (Cipso 5-C5H4), 70.9 (Cmeta 5-C5H4), 70.3 (5-C5H5), 

67.6 (Cortho 5-C5H4), 26.0 (-CH2-, -ve DEPT).  
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2.15.3.14 N-benzyl-2-ferrocenylbenzamide 112 

The synthesis followed that of 99 using the following reagents: ortho-

ferrocenylbenzoic acid 77 (0.38 g, 1.23 mmol), dichloromethane (15 

mL), N-(3-dimethylaminopropyl)-N′-carbodiimide hydrochloride 

(EDC) 88 (0.24 g, 1.23 mmol), N-hydroxysuccinimide (NHS) 91 (0.14 

g, 1.23 mmol), triethylamine (2.5 mL) and benzylamine 97 (0.13 mL, 

1.23 mmol). The crude product was purified by column 

chromatography (eluent 7:3 hexane:ethyl acetate) yielding 

compound 112 as an orange solid (0.12 g, 24%); 

m. p. = 117 – 119 °C; 

Anal. Calc. for C24H21NOFe: C, 72.93; H, 5.36; N, 3.54%. Found: C, 
73.61; H, 5.71; N, 4.45%; 

IR max: 3334, 3033, 2933, 1639,  1596 – 1494 cm-1; 

UV-Vis (CH3CN) max: 447 nm : 129 dm3 mol-1 cm-1; 

1H NMR (600 MHz, DMSO-d6) : 8.72 (1H, t, J = 5.9 Hz, NH), 7.80 (1H, d, J = 7.7 Hz, Har 

benzoyl), 7.40 (1H, t, J = 7.1 Hz, Har benzoyl), 7.32 (2H, t, J = 7.4 Hz, ortho on -C6H5), 

7.26 (4H, m, 2 Har benzoyl and 2 meta on -C6H5), 7.20 (1H, d, J = 7.1 Hz, para on -C6H5), 

4.55 (2H, s, ortho on 5-C5H4), 4.36 (2H, d, J = 6.0 Hz, -CH2-), 4.24 (2H, s, meta on 5-

C5H4), 4.06 (5H, s, 5-C5H5); 

13C NMR (100 MHz, DMSO-d6) : 170.2 (C=O), 139.6 (Cipso -C6H5), 137.2 {Cq-(C=O)}, 

136.3 {Cq-(5-C5H4)}, 130.4, 129.0, 128.6 (Cortho -C6H5), 128.0 (Cmeta -C6H5), 127.5 (Cpara 

-C6H5), 127.2, 126.0, 84.9 (Cipso 5-C5H4), 69.9 (5-C5H5), 69.2 (Cortho 5-C5H4), 68.7 (Cmeta 

5-C5H4), 42.9 (-CH2-, -ve DEPT).  
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2.15.3.15 N-benzyl-3-ferrocenylbenzamide 113 

The synthesis followed that of 99 using the following 

reagents: meta-ferrocenylbenzoic acid 78 (0.20 g, 0.67 

mmol), dichloromethane (6 mL), N-(3-

dimethylaminopropyl)-N′-carbodiimide hydrochloride 

(EDC) 88 (0.13 g, 0.67 mmol), N-hydroxysuccinimide 

(NHS) 91 (0.08 g, 0.67 mmol), triethylamine (1 mL) and 

benzylamine 97 (0.07 mL, 0.67 mmol). The crude 

product was purified by column chromatography 

(eluent 3:2 hexane:ethyl acetate) yielding compound 

113 as pale orange needles (0.11 g, 41%); 

m. p. = 209 – 211 °C; 

Anal. Calc. for C24H21NOFe: C, 72.93; H, 5.36; N, 3.54%. Found: C, 72.28; H, 4.90; N, 
3.90%; 

IR max: 3284, 3078, 2921, 1629, 1602 – 1498 cm-1; 

UV-Vis (CH3CN) max: 446 nm : 179 dm3 mol-1 cm-1; 

1H NMR (600 MHz, DMSO-d6) : 9.09 (1H, t, J = 5.9 Hz, NH), 8.02 (1H, t, J = 1.5 Hz, Har 

benzoyl), 7.73 (1H, d, J = 1.7 Hz, Har benzoyl), 7.72 (1H, d, J = 1.6 Hz, Har benzoyl), 7.41 

(1H, t, J = 7.7 Hz, Har benzoyl), 7.36 (2H, s, ortho on -C6H5), 7.35 (2H, d, J = 1.5 Hz, meta 

on -C6H5), 7.26 (1H, m, para on -C6H5), 4.86 (2H, t, J = 1.8 Hz, ortho on 5-C5H4), 4.52 

(2H, d, J = 6.0 Hz, -CH2-), 4.39 (2H, t, J = 1.8 Hz, meta on 5-C5H4), 4.04 (5H, s, 5-C5H5); 

13C NMR (100 MHz, DMSO-d6) : 166.6 (C=O), 140.2 (Cipso -C6H5), 139.8 {Cq-(5-C5H4)}, 

129.2, 128.9, 128.8 (Cmeta -C6H5), 127.7 (Cortho -C6H5), 127.2 (Cpara -C6H5), 125.4 {Cq-

(C=O)}, 125.3, 124.7, 84.6 (Cipso 5-C5H4), 69.9 (5-C5H5), 69.6 (Cmeta 5-C5H4), 66.9 

(Cortho 5-C5H4), 43.1 (-CH2-, -ve DEPT).  
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2.15.3.16 N-benzyl-4-ferrocenylbenzamide 114 

The synthesis followed that of 99 using the following 

reagents: para-ferrocenylbenzoic acid 79 (0.16 g, 

0.53 mmol), dichloromethane (6 mL), N-(3-

dimethylaminopropyl)-N′-carbodiimide hydrochloride 

(EDC) 88 (0.10 g, 0.53 mmol), N-

hydroxysuccinimide (NHS) 91 (0.06 g, 0.53 mmol), 

triethylamine (1.5 mL) and benzylamine 97 (0.06 mL, 

0.53 mmol). The crude product was purified by column chromatography (eluent 1:1 

hexane:ethyl acetate) yielding compound 114 as a golden solid (0.05 g, 25%); 

m. p. = 176 – 177 °C; 

Anal. Calc. for C24H21NOFe: C, 72.93; H, 5.36; N, 3.54%. Found: C, 72.36; H, 5.49; N, 
4.24%; 

IR max: 3293, 3090, 2932, 1636, 1606 – 1520 cm-1; 

UV-Vis (CH3CN) max: 351, 451 nm : 2289, 674 dm3 mol-1 cm-1; 

1H NMR (600 MHz, DMSO-d6) : 9.02 (1H, t, J = 6.0 Hz, NH), 7.83 (2H, d, J = 8.3 Hz, Har 

benzoyl), 7.63 (2H, d, J = 8.4 Hz, Har benzoyl), 7.34 (2H, d, J = 0.8 Hz, ortho on -C6H5), 

7.33 (2H, s, meta on -C6H5), 7.25 (1H, m, para on -C6H5), 4.89 (2H, t, J = 1.7 Hz, ortho 

on 5-C5H4), 4.49 (2H, d, J = 6.0 Hz, -CH2-), 4.41 (2H, t, J = 1.7 Hz, meta on 5-C5H4), 

4.03 (5H, s, 5-C5H5); 

13C NMR (100 MHz, DMSO-d6) : 166.5 (C=O), 143.2 (Cipso -C6H5), 140.3 {Cq-(5-C5H4)}, 

131.9 {Cq-(C=O)}, 128.7 (Cortho -C6H5), 127.9, 127.7 (Cmeta -C6H5), 127.2 (Cpara -C6H5), 

125.9, 83.7 (Cipso 5-C5H4), 70.0 (5-C5H5), 69.9 (Cmeta 5-C5H4), 67.1 (Cortho 5-C5H4), 43.0 

(-CH2-, -ve DEPT).  



Dublin City University  Chapter 2 

 

 

148 

2.15.3.17 N-cyclohexyl-2-ferrocenylbenzamide 115 

The synthesis followed that of 99 using the following reagents: ortho-

ferrocenylbenzoic acid 77 (0.53 g, 1.74 mmol), dichloromethane (15 

mL), N-(3-dimethylaminopropyl)-N′-carbodiimide hydrochloride 

(EDC) 88 (0.33 g, 1.74 mmol), N-hydroxysuccinimide (NHS) 91 (0.20 

g, 1.74 mmol), triethylamine (3 mL) and cyclohexylamine 98 (0.20 

mL, 1.74 mmol). The crude product was purified by column 

chromatography (eluent 7:3 hexane:ethyl acetate) yielding 

compound 115 as a yellow solid (0.19 g, 28%); 

m. p. = 149 – 151 °C; 

Anal. Calc. for C23H25NOFe: C, 71.33; H, 6.51; N, 3.62%. Found: C, 

70.77; H, 6.01; N, 4.29%; 

IR max: 3236, 3080, 2929, 1628, 1603 – 1502 cm-1; 

UV-Vis (CH3CN) max: 447 nm : 206 dm3 mol-1 cm-1; 

1H NMR (600 MHz, DMSO-d6) : 8.04 (1H, d, J = 7.9 Hz, NH), 7.79 (1H, d, J = 7.9 Hz, 

Har), 7.38 (1H, td, J = 7.6 and 1.3 Hz, Har), 7.22 (1H, td, J = 7.4 and 0.9 Hz, Har), 7.12 (1H, 

dd, J = 7.6 and 1.2 Hz, Har), 4.59 (2H, t, J = 1.8 Hz, ortho on 5-C5H4), 4.29 (2H, t, J = 1.8 

Hz, meta on 5-C5H4), 4.07 (5H, s, 5-C5H5), 3.63 (1H, m, ipso on -C6H11), 1.76 (2H, dd, 

J = 12.5 and 3.0 Hz, ortho on -C6H11), 1.68 (2H, dt, J = 13.3 and 3.4 Hz, meta on -C6H11), 

1.56 (1H, dd, J = 9.2 and 3.7 Hz, para on -C6H11), 1.26 (2H, qt, J = 12.6 and 3.1 Hz, meta 

on -C6H11), 1.15 (2H, qd, J = 12.3 and 2.9 Hz, ortho on -C6H11), 1.07 (1H, dt, J = 12.4 and 

3.4 Hz, para on -C6H11); 

13C NMR (100 MHz, DMSO-d6) : 169.1 (C=O), 137.7 {Cq-(C=O)}, 136.2 {Cq-(5-C5H4)}, 

130.4, 128.7, 127.6, 125.9, 85.2 (Cipso 5-C5H4), 69.9 (5-C5H5), 69.2 (Cortho 5-C5H4), 68.5 

(Cmeta 5-C5H4), 48.3 (Cipso -C6H11), 32.6 (Cortho -C6H11, -ve DEPT), 25.7 (Cpara -C6H11, -ve 

DEPT), 25.2 (Cmeta -C6H11, -ve DEPT).  
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2.15.3.18 N-cyclohexyl-3-ferrocenylbenzamide 116 

The synthesis followed that of 99 using the following 

reagents: meta-ferrocenylbenzoic acid 78 (0.21 g, 0.68 

mmol), dichloromethane (6 mL), N-(3-

dimethylaminopropyl)-N′-carbodiimide hydrochloride (EDC) 

88 (0.13 g, 0.68 mmol), N-hydroxysuccinimide (NHS) 91 

(0.08 g, 0.68 mmol), triethylamine (1 mL) and 

cyclohexylamine 98 (0.08 mL, 0.68 mmol). The crude 

product was purified by column chromatography (eluent 3:2 

hexane:ethyl acetate) yielding compound 116 as an orange 

solid (0.11 g, 42%); 

m. p. = 185 – 187 °C; 

Anal. Calc. for C23H25NOFe: C, 71.33; H, 6.51; N, 3.62%. Found: C, 70.92; H, 6.64; N, 
4.41%; 

IR max: 3287, 3083, 2926, 1626, 1598 – 1497 cm-1; 

UV-Vis (CH3CN) max: 452 nm : 233 dm3 mol-1 cm-1; 

1H NMR (600 MHz, DMSO-d6) : 8.22 (1H, d, J = 8.0 Hz, NH), 7.92 (1H, s, Har), 7.71 (1H, 

d, J = 7.7 Hz, Har), 7.66 (1H, d, J = 7.7 Hz, Har), 7.38 (1H, t, J = 7.7 Hz, Har), 4.85 (2H, t, 

J = 1.7 Hz, ortho on 5-C5H4), 4.39 (2H, t, J = 1.7 Hz, meta on 5-C5H4), 4.03 (5H, s, 5-

C5H5), 3.78 (1H, m, ipso on -C6H11), 1.85 (2H, d, J = 8.9 Hz, ortho on -C6H11), 1.76 (2H, 

d, J = 9.7 Hz, meta on -C6H11), 1.63 (1H, d, J = 12.8 Hz, para on -C6H11), 1.33 (4H, m, 

ortho and meta on -C6H11), 1.15 (1H, m, para on -C6H11); 

13C NMR (100 MHz, DMSO-d6) : 165.8 (C=O), 139.6 {Cq-(5-C5H4)}, 135.4 {Cq-(C=O)}, 

129.0, 128.7, 125.3, 124.7, 84.7 (Cipso 5-C5H4), 69.9 (5-C5H5), 69.5 (Cmeta 5-C5H4), 67.0 

(Cortho 5-C5H4), 48.9 (Cipso -C6H11), 33.0 (Cortho -C6H11, -ve DEPT), 25.8 (Cpara -C6H11, -ve 

DEPT), 25.5 (Cmeta -C6H11, -ve DEPT).  
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2.15.3.19 N-cyclohexyl-4-ferrocenylbenzamide 117 

The synthesis followed that of 99 using the following 

reagents: para-ferrocenylbenzoic acid 79 (0.26 g, 

0.86 mmol), dichloromethane (6 mL), N-(3-

dimethylaminopropyl)-N′-carbodiimide hydrochloride 

(EDC) 88 (0.17 g, 0.86 mmol), N-hydroxysuccinimide 

(NHS) 91 (0.10 g, 0.86 mmol), triethylamine (1.5 mL) 

and cyclohexylamine 98 (0.10 mL, 0.86 mmol). The 

crude product was purified by column 

chromatography (eluent 1:1 hexane:ethyl acetate) yielding compound 117 as a pale 

orange solid (0.07 g, 20%); 

m. p. = 258 °C decomp.; 

Anal. Calc. for C23H25NOFe: C, 71.33; H, 6.51; N, 3.62%. Found: C, 70.84; H, 6.33; N, 
4.35%; 

IR max: 3233, 3081, 2924, 1626, 1610 – 1519 cm-1; 

UV-Vis (DMSO) max: 352, 451 nm : 2484, 790 dm3 mol-1 cm-1; 

1H NMR (600 MHz, DMSO-d6) : 8.15 (1H, d, J = 7.7 Hz, NH), 7.76 (2H, d, J = 8.0 Hz, 

Har), 7.60 (2H, d, J = 8.0 Hz, Har), 4.88 (2H, s, ortho on 5-C5H4), 4.41 (2H, s, meta on 5-

C5H4), 4.02 (5H, s, 5-C5H5), 3.77 (1H, m, ipso on -C6H11), 1.82 (2H, br. s, ortho on -

C6H11), 1.75 (2H, br s, meta on -C6H11), 1.62 (1H, d, J = 11.7 Hz, para on -C6H11), 1.32 

(4H, m, ortho and meta on -C6H11), 1.14 (1H, m, para on -C6H11); 

13C NMR (100 MHz, DMSO-d6) : 165.7 (C=O), 142.7 {Cq-(5-C5H4)}, 132.5 {Cq-(C=O)}, 

127.9, 125.7, 83.8 (Cipso 5-C5H4), 70.0 (5-C5H5), 69.9 (Cmeta 5-C5H4), 67.0 (Cortho 5-

C5H4), 48.7 (Cipso -C6H11), 32.9 (Cortho -C6H11, -ve DEPT), 25.8 (Cpara -C6H11, -ve DEPT), 

25.5 (Cmeta -C6H11, -ve DEPT).  
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2.15.3.20 1-(3-(4-Ferrocenylphenyl)acryloyl)pyrrolidine-2,5-dione 118 

The synthesis followed that of 99 using the 

following reagents: 4-ferrocenyl cinnamic acid 

82 (0.15 g, 0.45 mmol), dichloromethane (10 

mL), N-(3-dimethylaminopropyl)-N′-

carbodiimide hydrochloride (EDC) 88 (0.09 g, 

0.45 mmol), N-hydroxysuccinimide (NHS) 91 

(0.05 g,0.45 mmol), triethylamine (1 mL) and 4-

aminopyridine 96 (0.04 g, 0.45 mmol). The 

crude product was purified by column chromatography (eluent 1:1 hexane:ethyl acetate) 

yielding compound 118 as dark orange/red needles (0.03 g, 15%); 

m. p. = 214 °C decomp.; 

Anal. Calc. for C23H19NO4Fe: C, 64.36; H, 4.46; N, 3.26%. Found: C, 63.50; H, 4.52; N, 
3.52%; 

IR max: 3090, 2922, 1759, 1732, 1599 – 1523 cm-1; 

UV-Vis (CH3CN) max: 480 nm : 2653 dm3 mol-1 cm-1; 

1H NMR (600 MHz, DMSO-d6) : 7.54 (2H, d, J = 8.3 Hz, Har), 7.52 (2H, d, J = 8.2 Hz, 

Har), 7.37 (1H, d, J = 15.8 Hz, -CH=), 6.43 (1H, d, J = 15.9 Hz, =CH-), 4.84 (2H, t, J = 1.7 

Hz, ortho on 5-C5H4), 4.39 (2H, t, J = 1.7 Hz, meta on 5-C5H4), 4.03 (5H, s, 5-C5H5), 

2.87 (4H, br. s, -CH2-); 

13C NMR (100 MHz, DMSO-d6) : 178.5 (N-C=O), 169.7 (-COO-), 141.4 {Cq-(5-C5H4)}, 

141.3 (-CH=), 133.1 {Cq-(CH=CH)}, 128.3, 126.6, 122.5 (=CH-), 84.4 (Cipso 5-C5H4), 69.9 

(5-C5H5), 69.7 (Cmeta 5-C5H4), 66.8 (Cortho 5-C5H4), 25.6 (-CH2-, -ve DEPT).  
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2.15.3.21 N-benzyl-3-(4-ferrocenylphenyl)acrylamide 119 

The synthesis followed that of 99 using the 

following reagents: 4-ferrocenyl cinnamic 

acid 82 (0.12 g, 0.35 mmol), dichloromethane 

(4 mL), N-(3-dimethylaminopropyl)-N′-

carbodiimide hydrochloride (EDC) 88 (0.07 g, 

0.35 mmol), N-hydroxysuccinimide (NHS) 91 

(0.04 g, 0.35 mmol), triethylamine (1 mL) and 

benzylamine 97 (0.04 mL, 0.35 mmol). The 

crude product was purified by column chromatography (eluent 3:2 hexane:ethyl acetate) 

yielding compound 119 as an orange solid (0.02 g, 13%); 

m. p. = 199 – 200 °C; 

Anal. Calc. for C26H23NOFe: C, 74.12; H, 5.50; N, 3.32%. Found: C, 73.75; H, 5.37; N, 
4.20%; 

IR max: 3237, 3035, 2921, 1649, 1602 – 1497 cm-1; 

UV-Vis (DMSO) max: 374, 456 nm : 1276, 493 dm3 mol-1 cm-1; 

1H NMR (600 MHz, DMSO-d6) : 8.61 (1H, t, J = 5.9 Hz, NH), 7.58 (2H, d, J = 8.3 Hz, Har 

cinnamoyl), 7.49 (2H, d, J = 8.3 Hz, Har cinnamoyl), 7.46 (1H, d, J = 15.7 Hz, -CH=), 7.35 

(2H, t, J = 7.4 Hz, meta on -C6H5), 7.31 (2H, d, J = 7.0 Hz, ortho on -C6H5), 7.26 (1H, tt, 

J = 7.2 and 1.0 Hz, para on -C6H5), 6.69 (1H, d, J = 15.8 Hz, =CH-), 4.85 (2H, t, J = 3.7 

Hz, ortho on 5-C5H4), 4.41 (2H, d, J = 6.0 Hz, -CH2-), 4.40 (2H, t, J = 3.7 Hz, meta on 

5-C5H4), 4.03 (5H, s, 5-C5H5); 

13C NMR (100 MHz, DMSO-d6) : 165.6 (C=O), 141.3 {Cq-(5-C5H4)}, 139.9 (Cipso -C6H5), 

139.4 (-CH=), 132.8 {Cq-(CH=CH)}, 128.8 (Cmeta -C6H5), 128.2 {Cortho to (CH=CH)}, 127.9 

(Cortho -C6H5), 127.3 (Cpara -C6H5), 126.6 {Cmeta to (CH=CH)}, 121.3 (=CH-), 84.2 (Cipso 5-

C5H4), 69.9 (5-C5H5), 69.8 (Cmeta 5-C5H4), 66.9 (Cortho 5-C5H4), 42.8 (-CH2-, -ve DEPT).  
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2.15.3.22 N-cyclohexyl-3-(4-ferrocenylphenyl)acrylamide 120 

The synthesis followed that of 99 using the 

following reagents: 4-ferrocenyl cinnamic acid 

82 (0.11 g, 0.32 mmol), dichloromethane (4 

mL), N-(3-dimethylaminopropyl)-N′-

carbodiimide hydrochloride (EDC) 88 (0.06 g, 

0.32 mmol), N-hydroxysuccinimide (NHS) 91 

(0.04 g, 0.32 mmol), triethylamine (1 mL) and 

cyclohexylamine 98 (0.04 mL, 0.32 mmol). The crude product was purified by column 

chromatography (eluent 1:1 hexane:ethyl acetate) yielding compound 120 as an orange 

solid (0.01 g, 10%); 

m. p. = 234 °C decomp.; 

Anal. Calc. for C25H27NOFe: C, 72.65; H, 6.58; N, 3.39%. Found: C, 72.80; H, 6.33; N, 
4.14%; 

IR max: 3231, 3049, 2925, 1647, 1600 – 1525 cm-1; 

UV-Vis (DMSO) max: 373, 455 nm : 2945, 1099 dm3 mol-1 cm-1; 

1H NMR (600 MHz, DMSO-d6) : 7.98 (1H, d, J = 7.9 Hz, NH), 7.57 (2H, d, J = 8.3 Hz, 

Har cinnamoyl), 7.47 (2H, d, J = 8.3 Hz, Har cinnamoyl), 7.38 (1H, d, J = 15.7 Hz, -CH=), 

6.61 (1H, d, J = 15.7 Hz, =CH-), 4.84 (2H, t, J = 1.8 Hz, ortho on 5-C5H4), 4.39 (2H, t, J 

= 1.8 Hz, meta on 5-C5H4), 4.03 (5H, s, 5-C5H5), 3.66 (1H, m, ipso on -C6H11), 1.80 (2H, 

dd, J = 12.4 and 3.2 Hz, ortho on -C6H11), 1.71 (2H, dt, J = 13.1 and 3.7 Hz, meta on -

C6H11), 1.58 (1H, dt, J = 12.8 and 3.7 Hz, para on -C6H11), 1.23 (4H, m, ortho and meta 

on -C6H11), 0.86 (1H, m, para on -C6H11); 

13C NMR (100 MHz, DMSO-d6) : 164.6 (C=O), 141.1 {Cq-(5-C5H4)}, 138.7 (-CH=), 132.9 

{Cq-(CH=CH)}, 128.0 {Cortho to (CH=CH)}, 126.6 {Cmeta to (CH=CH)}, 121.9 (=CH-), 84.3 

(Cipso 5-C5H4), 69.9 (5-C5H5), 69.8 (Cmeta 5-C5H4), 66.9 (Cortho 5-C5H4), 48.0 (Cipso -

C6H11), 33.0 (Cortho -C6H11, -ve DEPT), 25.7 (Cpara -C6H11, -ve DEPT), 25.0 (Cmeta -C6H11, 

-ve DEPT). 
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C H A P T E R   3 

3 In vitro biological evaluation of novel 

ferrocenyl derivatives 

 

 
 
 
 
 
 
 
 
 
 
 
My contribution to Chapter 3 was the investigation of the in vitro anti-proliferative activity 
of a series of ferrocenyl derivatives, including: (a) novel heterocyclic functionalised 
ferrocenyl derivatives 99-120 and their starting materials, (b) N-(1′-alkyl-6-ferrocenyl-2-
naphthoyl) amino acid and dipeptide esters 130-143, and (c) N-(ferrocenylmethylamino 
acid)-fluorinated benzene carboxamides 144-154. These experiments involved the 
analysis of the cell viability in two cell lines after exposure to the ferrocenyl derivatives, 
and determination of the IC50 of suitable candidates after the preliminary screening. 
These studies were carried out at Laboratory of Genomics and Genetic Engineering – 
School of Graduates in Sciences – Faculty of Chemical Sciences at Universidad 
Autónoma de Nuevo León (Monterrey, Mexico) under the supervision of Dr. Mónica A. 
Ramírez-Cabrera and Dr. Eder Arredondo-Espinoza. 
Compounds 130-154 were previously synthesised and characterised by Lingli Lu within 
Dr. Peter Kenny’s research group at DCU. 
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3.1 Introduction 

3.1.1 Cell culture 

Tissue culture is defined as the removal of cells, tissues, or organs from a plant or animal 

and their posterior location into an artificial habitat for further growth. This habitat normally 

consists of a medium (liquid or semi-solid) that supplies all the nutrients essential for 

survival and growth, inside a suitable culture flask (glass or plastic). Organ culture refers 

to the culture of organs (whole or pieces) for the analysis of their continued function or 

development. Cell culture is the term for the removal of cells from the organ pieces before 

or during cultivation, hence disturbing their normal interconnections with neighbouring 

cells.251,252 

Animal cell culture was first launched by Harrison in 1907. However, several 

improvements developed in the late 1940's to early 1950's made cell culture universally 

available as one of the main tools used in the life sciences. The first and most important 

developments were antibiotics; their usage avoided many of the contamination troubles 

that impacted earlier experiments. Second, the addition of techniques to cultivate 

continuously growing cell lines, like the use of trypsin to pull cells out of the culture flasks. 

The management of these cell lines led to standardized, chemically defined culture media 

that enabled the process of growing cells.251,253,254 

 

3.1.2 Miniaturised in vitro colorimetric assays 

In vitro assays with cultured cells are commonly used for cell viability and cytotoxicity 

tests in drug screening. They are also used in oncological research to evaluate both 

compound toxicity and tumour cell growth inhibition during drug development because 

they are quick, inexpensive and do not require the use of animals.255,256 The use of 

miniature in vitro colorimetric endpoint assays provides data about the capability of a 

substance to either enhance cell growth or generate cell death. These assays include the 

determination of cell number after the cells have been exposed to the test substance for 

a specific period of time.257 

Tetrazolium dye assays such as MTT and other closely related tetrazolium dyes 

including XTT, MTS and the WSTs can be used to measure cytotoxicity (loss of viable 

cells) or cytostatic activity (alteration from proliferation to inertness) of potential medicinal 

agents. In these analysis, it can be concluded that the test substance has an anti-

proliferative effect on exposed cells if there is a reduction in cell number compared to 
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unexposed controls.258,259 Different parameters must be considered for the selection of 

the most suitable cell viability assay, such as the availability in the laboratory where the 

study is to be performed, test compounds, detection mechanism, specificity and 

sensitivity.255 

 

3.1.2.1 MTT assay 

The MTT assay is a colorimetric technique commonly used in studies to estimate 

cell viability due to its low cost and ease of use. The MTT reagent 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide 124 is a yellow water-soluble salt that is converted 

into insoluble formazan crystals 125 in the presence of succinate dehydrogenase within 

the mitochondria of metabolically active cells via cleavage of the tetrazolium ring 

(Scheme 3.1). The insoluble purple MTT formazan crystals 125 can be solubilized by 

DMSO or detergent for further spectrophotometric determination.259,260 Besides the 

solubilization step, the quite poor sensitivity of this assay is another considerable 

limitation. Furthermore, some compounds can influence the mitochondrial enzymes that 

are responsible for converting the MTT dye 124 to formazan 125, but not eventually kill 

the cells.257,259 

 

Scheme 3.1. Reduction of MTT 124 to MTT formazan 125. 

 

3.1.2.2 Neutral red uptake assay 

In the neutral red uptake cytotoxicity assay, live cells accumulate neutral red dye 

3-amino-7-dimethylamino-2-methylphenazine hydrochloride 126 (Figure 3.1) into their 

lysosomes. Therefore, the loss of neutral red uptake is proportional to loss of cell 

viability.258,261 A major disadvantage of the assay is the induction of precipitation of the 

neutral red dye 126 into visible, fine, needle-like crystals, which affects the accuracy of 

the absorbance readings used to detect the presence of the dye.262,263 
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Figure 3.1. Structure of neutral red 126. 

 

3.1.2.3 WST-1 assay 

The WST-1 assay is a colorimetric technique used to assess the cell viability in any in 

vitro model. This assay is based on the reduction of WST-1 reactant 2-(4-iodophenyl)-3-

(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt 127 (pale yellow), 

leading to the production of formazan 128 (dark yellow) as shown in Scheme 3.2.264 

 

Scheme 3.2. Reduction of the tetrazolium salt WST-1 127 to WST-1 formazan 128. 

Some authors point out that this reaction is carried out by cellular 

dehydrogenases, i.e. outside the cell; whilst others indicate that it is due to the 

mitochondrial dehydrogenases.265,266 In any case, the complex RS is only active in living 

cells, since mitochondria of dead cells no longer performs functions; therefore, the 

formazan produced is directly proportional to the number of viable cells. The amount of 

formazan 128 is measured in an absorbance reader at 450 nm wavelength.267,268 WST-1 

assay is a non-radioactive, fast method which no requires washing, harvesting or 

solubilization steps like MTT, XTT or MTS assays, being more sensitive and convenient 

because the entire assay can be performed directly in the well plate.269–271 For these 

reasons, the WST-1 assay was the chosen colorimetric end-point assay for the in vitro 

biological analysis of compounds in this research work. 
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3.2 Anti-proliferative evaluation of novel ferrocenyl derivatives 

3.2.1 Cell lines 

Chemotherapy involves the use of agents which are cytotoxic, i.e. they kill or damage 

cells. Although the main target is cancer cells, chemotherapeutic compounds travel 

throughout the body in the bloodstream and can find and affect normal cells too. 

Therefore, toxicity is a common side effect in chemotherapy treatments. Other side 

effects include nausea, fatigue, sickness, constipation, diarrhoea, vomiting, sleep 

disturbance, and appetite changes.83–87 For this reason, the novel heterocyclic 

functionalised ferrocenyl derivatives 99-120 were tested against both a cancerous and a 

non-cancerous cell line in order to compare their selectivity towards each type of cells. 

SiHa cell line belongs to human cervical carcinoma, and Chang cell line is derived from 

human liver and widely used as a human normal hepatocyte model.272,273 The comparison 

of the inhibition of cell growth between SiHa and Chang cell lines can suggest if the novel 

ferrocenyl derivatives present a certain degree of selectivity towards cancerous and non-

cancerous cells, thus leading to a lower toxicity side effect. A series of N-(1′-alkyl-6-

ferrocenyl-2-naphthoyl) amino acid and dipeptide esters 130-143 and N-

(ferrocenylmethylamino acid)-fluorinated benzene carboxamides 144-154 were also 

tested against SiHa and Chang cell lines. These compounds were synthesised and 

characterised by Lu.195 Due to the large number of derivatives, only compounds showing 

stronger anti-proliferative effects on SiHa cell line with less toxicity against Chang cells 

were then selected for further determination of IC50 value, which corresponds to the 

concentration of the drug required for 50% inhibition of cell growth. 

 

3.2.2 Screening and IC50 determination 

The in vitro cytotoxicity of different series of ferrocenyl derivatives was evaluated by 

performing a screening of every compound at a single dose in both SiHa human cervical 

carcinoma and Chang human liver cell lines. A stock solution of each derivative was 

prepared in a suitable solvent (DMSO, H2O or EtOH). Diluted solutions of the test 

samples were prepared at a 2x final concentration by adding the cell culture medium with 

a calculated amount of the stock solution. The screenings were performed in triplicate by 

treating individual wells of a 96-well plate containing the cells with 100 L of each diluted 

solution. Positive (vincristine 129 for SiHa cell line or Triton X-100 for Chang cell line), 

negative (cell with medium) and blank (empty wells) controls were also included in the 
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assays. The plate was then incubated for 24 h. At this point, cell survival was established 

via the WST-1 assay. The averages of the screenings were normalised using the blank 

value and are expressed as the percentage cell viability ± standard deviation (relative to 

the negative control). Standard deviations were calculated using data obtained from three 

independent experiments. For IC50 determination, the same procedure was followed but 

a serial dilution of a range of concentrations was used instead of a single dose. The IC50 

value was calculated using GraphPad Prism 8 software, and standard deviations were 

calculated using data obtained from three independent experiments. 

 

3.3 In vitro study of novel heterocyclic functionalised ferrocenyl 

derivatives 99-120 

The in vitro anticancer activity of the novel ferrocenyl naphthoyl, benzoyl and cinnamoyl 

derivatives 99-120 synthesized and characterized in this thesis project was studied along 

with the corresponding ferrocenyl carboxylic acids from which they were derived: 6-

ferrocenyl-2-naphthoic acid 65, 6-(1′-ethyl)ferrocenyl-2-naphthoic acid 66, 3-ferrocenyl-

2-naphthoic acid 70, ortho-ferrocenylbenzoic acid 77, meta-ferrocenylbenzoic acid 78, 

para-ferrocenylbenzoic acid 79 and 4-ferrocenyl cinnamic acid 82, in order to identify the 

effect of the substituents coupled to the structures. Screenings of each compound at a 

single dose of 10 M in SiHa human cervical carcinoma and Chang human liver cell lines 

were performed. 

 

3.3.1 In vitro evaluation in SiHa cell line 

The percentages of viability of SiHa human cervical carcinoma cell line after exposure to 

the novel heterocyclic functionalised ferrocenyl derivatives 99-120, the corresponding 

ferrocenyl carboxylic acids 65, 66, 70, 77-79 and 82, and the reference compound 

vincristine 129 are shown in Table 3.1 and plotted in Figure 3.2. 
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Table 3.1. Cell viability percentage at 10 M in SiHa human cervical carcinoma cells for novel heterocyclic 

functionalised ferrocenyl derivatives 99-120, their starting materials 65, 66, 70, 77-79 and 82, and reference 

compound vincristine 129. 

Compound name No. % cell viability 

6-Ferrocenyl-2-naphthoic acid 65 84 ± 2 

6-Ferrocenyl-N-(pyridin-2-yl)-2-naphthamide 99 88 ± 4 

6-Ferrocenyl-N-(pyridin-3-yl)-2-naphthamide 100 82 ± 1 

2,5-Dioxopyrrolidin-1-yl 6-ferrocenyl-2-naphthoate 101 82 ± 5 

N-benzyl-6-ferrocenyl-2-naphthamide 102 93 ± 3 

N-cyclohexyl-6-ferrocenyl-2-naphthamide 103 80 ± 1 

6-(1′-Ethyl)ferrocenyl-2-naphthoic acid 66 77 ± 1 

2,5-Dioxopyrrolidin-1-yl 6-(1′-ethyl)ferrocenyl-2-naphthoate 104 73 ± 2 

N-benzyl-6-(1′-ethyl)ferrocenyl-2-naphthamide 105 82 ± 3 

N-cyclohexyl-6-(1′-ethyl)ferrocenyl-2-naphthamide 106 98 ± 1 

3-Ferrocenyl-2-naphthoic acid 70 92 ± 1 

N-benzyl-3-ferrocenyl-2-naphthamide 107 95 ± 1 

N-cyclohexyl-3-ferrocenyl-2-naphthamide 108 78 ± 1 

Vincristine 129 33 ± 1 

Ortho-ferrocenylbenzoic acid 77 90 ± 5 

Meta-ferrocenylbenzoic acid 78 96 ± 1 

Para-ferrocenylbenzoic acid 79 97 ± 1 

2,5-Dioxopyrrolidin-1-yl 2-ferrocenylbenzoate 109 93 ± 4 

2,5-Dioxopyrrolidin-1-yl 3-ferrocenylbenzoate 110 65 ± 1 

2,5-Dioxopyrrolidin-1-yl 4-ferrocenylbenzoate 111 63 ± 1 

N-benzyl-2-ferrocenylbenzamide 112 90 ± 2 

N-benzyl-3-ferrocenylbenzamide 113 86 ± 2 

N-benzyl-4-ferrocenylbenzamide 114 93 ± 3 

N-cyclohexyl-2-ferrocenylbenzamide 115 86 ± 4 

N-cyclohexyl-3-ferrocenylbenzamide 116 83 ± 7 

N-cyclohexyl-4-ferrocenylbenzamide 117 95 ± 1 

4-Ferrocenyl cinnamic acid 82 95 ± 5 

1-(3-(4-Ferrocenylphenyl)acryloyl)pyrrolidine-2,5-dione 118 84 ± 4 

N-benzyl-3-(4-ferrocenylphenyl)acrylamide 119 90 ± 7 

N-cyclohexyl-3-(4-ferrocenylphenyl)acrylamide 120 93 ± 7 

Vincristine 129 33 ± 1 
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Figure 3.2. Cell viability percentage at 10 M in SiHa human cervical carcinoma cells for novel heterocyclic 

functionalised ferrocenyl derivatives 99-120, their starting materials 65, 66, 70, 77-79 and 82, and 

reference compound vincristine 129. Data presented as an average of triplicate measurements ± S.D. 

 

As observed, the novel heterocyclic functionalised ferrocenyl derivatives 99-120 

and their starting materials 65, 66, 70, 77-79 and 82 did not show great antiproliferative 

effect in SiHa cells, as most derivatives showed high cell viability values. Only a few 

compounds showed regular growth inhibition, with general cell viability values below 

80%. However, these values are still not comparable to the chemotherapeutic medication 

vincristine 129 (33 ± 1%). The strongest growth inhibition found in the naphthoyl series 

belong to compounds 104 (73 ± 2%) and 108 (78 ± 1%); it is worthy to note that starting 

material 66 also exhibited an antiproliferative effect below 80% (77 ± 1%). In the benzoyl 

series, the higher anti-proliferative effect was displayed by compounds 110 (65 ± 1%) 

and 111 (63 ± 1%), being the highest inhibitors of cell growth of all the compounds tested. 

As a general trend, compounds from the 6-(1′-ethyl)ferrocenyl-2-naphthoyl series 

exhibited the strongest growth inhibition, with an average of 84% cell viability; also, NHS 

derivatives were the most active, with an average of 76% cell viability. 
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3.3.2 In vitro evaluation in Chang cell line 

The percentages of viability of Chang human liver cell line after exposure to the novel 

heterocyclic functionalised ferrocenyl derivatives 99-120, the corresponding ferrocenyl 

carboxylic acids 65, 66, 70, 77-79 and 82, and the reference compound vincristine 129 

are shown in Table 3.2 and plotted in Figure 3.3. 

Table 3.2. Cell viability percentage at 10 M in Chang human liver cells for novel heterocyclic functionalised 

ferrocenyl derivatives 99-120 and their starting materials 65, 66, 70, 77-79 and 82. 

Compound name No. % cell viability 

6-ferrocenyl-2-naphthoic acid 65 78 ± 12 

6-ferrocenyl-N-(pyridin-2-yl)-2-naphthamide 99 85 ± 4 

6-ferrocenyl-N-(pyridin-3-yl)-2-naphthamide 100 83 ± 2 

2,5-dioxopyrrolidin-1-yl 6-ferrocenyl-2-naphthoate 101 97 ± 1 

N-benzyl-6-ferrocenyl-2-naphthamide 102 94 ± 1 

N-cyclohexyl-6-ferrocenyl-2-naphthamide 103 82 ± 5 

6-(1′-ethyl)ferrocenyl-2-naphthoic acid 66 95 ± 1 

2,5-dioxopyrrolidin-1-yl 6-(1′-ethyl)ferrocenyl-2-naphthoate 104 79 ± 5 

N-benzyl-6-(1′-ethyl)ferrocenyl-2-naphthamide 105 87 ± 1 

N-cyclohexyl-6-(1′-ethyl)ferrocenyl-2-naphthamide 106 94 ± 3 

3-ferrocenyl-2-naphthoic acid 70 73 ± 2 

N-benzyl-3-ferrocenyl-2-naphthamide 107 81 ± 1 

N-cyclohexyl-3-ferrocenyl-2-naphthamide 108 82 ± 7 

ortho-ferrocenylbenzoic acid 77 96 ± 2 

meta-ferrocenylbenzoic acid 78 84 ± 6 

para-ferrocenylbenzoic acid 79 87 ± 2 

2,5-dioxopyrrolidin-1-yl 2-ferrocenylbenzoate 109 84 ± 5 

2,5-dioxopyrrolidin-1-yl 3-ferrocenylbenzoate 110 81 ± 2 

2,5-dioxopyrrolidin-1-yl 4-ferrocenylbenzoate 111 70 ± 2 

N-benzyl-2-ferrocenylbenzamide 112 93 ± 5 

N-benzyl-3-ferrocenylbenzamide 113 95 ± 1 

N-benzyl-4-ferrocenylbenzamide 114 88 ± 2 

N-cyclohexyl-2-ferrocenylbenzamide 115 74 ± 4 

N-cyclohexyl-3-ferrocenylbenzamide 116 92 ± 7 

N-cyclohexyl-4-ferrocenylbenzamide 117 89 ± 1 

4-ferrocenyl cinnamic acid 82 87 ± 5 

1-(3-(4-ferrocenylphenyl)acryloyl)pyrrolidine-2,5-dione 118 95 ± 3 

N-benzyl-3-(4-ferrocenylphenyl)acrylamide 119 86 ± 3 

N-cyclohexyl-3-(4-ferrocenylphenyl)acrylamide 120 92 ± 1 
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Figure 3.3. Cell viability percentage at 10 M in Chang human liver cells for novel heterocyclic 

functionalised ferrocenyl derivatives 99-120 and their starting materials 65, 66, 70, 77-79 and 82. Data 

presented as an average of triplicate measurements ± S.D. 

 

As observed, no compound showed a significant inhibition in the growth of Chang 

cells, as most derivatives tested showed cell viability values greater than 70%. These are 

good results as it suggests that the novel heterocyclic functionalised ferrocenyl 

derivatives show very little toxicity towards the non-cancerous cell line Chang. In the 

naphthoyl series, derivatives showing less than 10% growth inhibition were compounds 

101 (97 ± 1%), 102 (94 ± 1%) and 106 (94 ± 3%); it is important to note that starting 

material 66 also show excellent non-cytotoxic activity, with cell viability value of 95 ± 1%. 

The weakest growth inhibition (less than 10%) found in the benzoyl series belong to 

compounds 112 (93 ± 5%), 113 (95 ± 1%), 116 (92 ± 7%), 188 (95 ± 3%) and 120 (92 ± 

1%); also, the starting material 77 showed little growth inhibition (96 ± 2%). As a general 

trend, compounds from 4-ferrocenyl-cinammoyl series exhibited the weakest growth 

inhibition over all, with an average of 91% cell viability; also, derivatives with benzylamine 

moiety were the less cytotoxic, with an average of 89% cell viability. 
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3.3.3 In vitro comparison study in both SiHa and Chang cell lines 

A comparison of the percentages of viability in both SiHa human cervical carcinoma and 

Chang human liver cell lines after exposure to the novel heterocyclic functionalised 

ferrocenyl derivatives 99-120 and their corresponding ferrocenyl carboxylic acids 65, 66, 

70, 77-79 and 82 is shown in Table 3.3 and Figure 3.4. For naphthoyl series, compounds 

66, 104 and 108 are more toxic than others in SiHa cell line, with cell viability values 

between 72-78%. For benzoyl derivatives, compounds 110 and 111 showed strongest 

anti-proliferative effect in SiHa cells, with cell viability values between 63-64%. These 

derivatives show limited toxicity against Chang cells, with cell viability values between 

70-95%. These results suggest that these compounds have some selectivity between 

cancerous and non-cancerous cells, thus they could be considered for cancer treatment. 

Table 3.3. Comparison of cell viability percentage at 10 M in SiHa and Chang cell lines for novel heterocyclic 

functionalised ferrocenyl derivatives 99-120 and their carboxylic acids 65, 66, 70, 77-79 and 82. 

Compound name No. 
% cell viability  

in SiHa 
% cell viability  

in Chang 

6-ferrocenyl-2-naphthoic acid 65 84 ± 2 78 ± 12 

6-ferrocenyl-N-(pyridin-2-yl)-2-naphthamide 99 88 ± 4 85 ± 4 

6-ferrocenyl-N-(pyridin-3-yl)-2-naphthamide 100 82 ± 1 83 ± 2 

2,5-dioxopyrrolidin-1-yl 6-ferrocenyl-2-naphthoate 101 82 ± 5 97 ± 1 

N-benzyl-6-ferrocenyl-2-naphthamide 102 93 ± 3 94 ± 1 

N-cyclohexyl-6-ferrocenyl-2-naphthamide 103 80 ± 1 82 ± 5 

6-(1′-ethyl)ferrocenyl-2-naphthoic acid 66 77 ± 1 95 ± 1 

2,5-dioxopyrrolidin-1-yl 6-(1′-ethyl)ferrocenyl-2-naphthoate 104 73 ± 2 79 ± 5 

N-benzyl-6-(1′-ethyl)ferrocenyl-2-naphthamide 105 82 ± 3 87 ± 1 

N-cyclohexyl-6-(1′-ethyl)ferrocenyl-2-naphthamide 106 98 ± 1 94 ± 3 

3-ferrocenyl-2-naphthoic acid 70 92 ± 1 73 ± 2 

N-benzyl-3-ferrocenyl-2-naphthamide 107 95 ± 1 81 ± 1 

N-cyclohexyl-3-ferrocenyl-2-naphthamide 108 78 ± 1 82 ± 7 

ortho-ferrocenylbenzoic acid 77 33 ± 1 96 ± 2 

meta-ferrocenylbenzoic acid 78 90 ± 5 84 ± 6 

para-ferrocenylbenzoic acid 79 96 ± 1 87 ± 2 

2,5-dioxopyrrolidin-1-yl 2-ferrocenylbenzoate 109 97 ± 1 84 ± 5 

2,5-dioxopyrrolidin-1-yl 3-ferrocenylbenzoate 110 93 ± 4 81 ± 2 

2,5-dioxopyrrolidin-1-yl 4-ferrocenylbenzoate 111 65 ± 1 70 ± 2 

N-benzyl-2-ferrocenylbenzamide 112 63 ± 1 93 ± 5 

N-benzyl-3-ferrocenylbenzamide 113 90 ± 2 95 ± 1 

N-benzyl-4-ferrocenylbenzamide 114 86 ± 2 88 ± 2 

N-cyclohexyl-2-ferrocenylbenzamide 115 93 ± 3 74 ± 4 

N-cyclohexyl-3-ferrocenylbenzamide 116 86 ± 4 92 ± 7 

N-cyclohexyl-4-ferrocenylbenzamide 117 83 ± 7 89 ± 1 

4-ferrocenyl cinnamic acid 82 95 ± 1 87 ± 5 

1-(3-(4-ferrocenylphenyl)acryloyl)pyrrolidine-2,5-dione 118 95 ± 5 95 ± 3 

N-benzyl-3-(4-ferrocenylphenyl)acrylamide 119 84 ± 4 86 ± 3 

N-cyclohexyl-3-(4-ferrocenylphenyl)acrylamide 120 90 ± 7 92 ± 1 
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Figure 3.4. Comparison of cell viability percentage at 10 M in SiHa and Chang cell lines for novel heterocyclic functionalised ferrocenyl derivatives 99-120 and their carboxylic 

acids 65, 66, 70, 77-79 and 82. Data presented as an average of triplicate measurements ± S.D. 
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3.4 In vitro study of N-(1′-alkyl-6-ferrocenyl-2-naphthoyl) amino acid 

and dipeptide esters 130-143 

The in vitro anticancer activity of a series of N-(1′-alkyl-6-ferrocenyl-2-naphthoyl) amino 

acid and dipeptide esters 130-143 previously synthesized and characterized by Lu195 was 

studied. These compounds follow the general structure of ferrocenyl amino acid and 

dipeptide derivatives previously presented earlier, with the innovation that the ferrocene 

core has been alkylated (Figure 3.5). The alkyl group is thought to be important in further 

decreasing the redox potential of these compounds.195 

 

Figure 3.5. General structure of the N-(1′-alkyl-6-ferrocenyl-2-naphthoyl)  

amino acid and dipeptide esters 130-143. 

 

The structures of the N-(1′-methyl) derivatives 130-136 are presented in Figure 

3.6, and the N-(1′-ethyl) derivatives 137-143 are shown in Figure 3.7. Screenings of each 

compound at a single dose of 200 M in both SiHa human cervical carcinoma and Chang 

human liver cell lines were performed.
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Figure 3.6. Structures of N-(1′-methyl-6-ferrocenyl-2-naphthoyl) amino acid and dipeptide esters 130-136.  
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Figure 3.7. Structures of N-(1′-ethyl-6-ferrocenyl-2-naphthoyl) amino acid and dipeptide esters 137-143. 
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3.4.1 In vitro evaluation in SiHa cell line 

The percentages of viability of SiHa human cervical carcinoma cell line after exposure to 

derivatives 130-143 and the reference compound vincristine 129 are shown in Table 3.4 

and Figure 3.8 for N-(1′-methyl-6-ferrocenyl-2-naphthoyl) amino acid and dipeptide esters 

130-136, and in Table 3.5 and Figure 3.9 for N-(1′-ethyl-6-ferrocenyl-2-naphthoyl) amino 

acid and dipeptide esters 137-143. For the N-(1′-methyl-6-ferrocenyl-2-naphthoyl) amino 

acid and dipeptide esters 130-136, it can be observed that all compounds are more active 

than reference compound vincristine 129. Compound 134 exhibits the strongest inhibition 

growth, with only 2 ± 1% cell viability; followed by compound 132 with 4 ± 1% cell viability. 

Similar results were obtained from the screening of N-(1′-ethyl-6-ferrocenyl-2-naphthoyl) 

amino acid and dipeptide esters 137-143. Except for compound 138, the rest of the 

derivatives show cell viability percentages lower than reference compound vincristine 

129. Compound 140 displays the greatest inhibition growth, with only 3 ± 1% cell viability; 

followed by compound 143 with 5 ± 1% cell viability. From all the N-(1′-alkyl-6-ferrocenyl-

2-naphthoyl) amino acid and dipeptide esters 130-143, compounds with the -

aminobutyric ester moiety are generally the less active from the series. 

Table 3.4. Cell viability percentage at 200 M in SiHa human cervical carcinoma cells for N-(1′-methyl-6-

ferrocenyl-2-naphthoyl) amino acid and dipeptide esters 130-136 and reference compound vincristine 129. 

Alkyl Linker Peptide ester No. % cell viability 

CH3- Naphthoyl 

GABA-OMe 130 22 ± 2 

GABA-OEt 131 40 ± 1 

Gly-Gly-OMe 132 4 ± 1 

Gly-Gly-OEt 133 30 ± 2 

Gly-L-Ala-OEt 134 2 ± 1 

Gly-D-Ala-OMe 135 10 ± 4 

Gly-D-Ala-OEt 136 19 ± 2 

Vincristine 129 42 ± 3 
 

Table 3.5. Cell viability percentage at 200 M in SiHa human cervical carcinoma cells for N-(1′-ethyl-6-

ferrocenyl-2-naphthoyl) amino acid and dipeptide esters 137-143 and reference compound vincristine 129. 

Alkyl Linker Peptide ester No. % cell viability 

CH3-CH2- Naphthoyl 

GABA-OMe 137 21 ± 3 

GABA-OEt 138 56 ± 1 

Gly-Gly-OMe 139 12 ± 2 

Gly-Gly-OEt 140 3 ± 1 

Gly-L-Ala-OEt 141 21 ± 2 

Gly-D-Ala-OMe 142 20 ± 1 

Gly-D-Ala-OEt 143 5 ± 1 

Vincristine 129 42 ± 3 
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Figure 3.8. Cell viability percentage at 200 M in SiHa human cervical carcinoma cells for N-(1′-methyl-6-

ferrocenyl-2-naphthoyl) amino acid and dipeptide esters 130-136 and reference compound vincristine 129. 

Data presented as an average of triplicate measurements ± S.D. 

 

137 138 139 140 141 142 143 129

0

20

40

60

80

100

Compound

%
 C

e
ll
 v

ia
b

il
it

y

 
Figure 3.9. Cell viability percentage at 200 M in SiHa human cervical carcinoma cells for N-(1′-ethyl-6-

ferrocenyl-2-naphthoyl) amino acid and dipeptide esters 137-143 and reference compound vincristine 129. 

Data presented as an average of triplicate measurements ± S.D. 
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3.4.2 In vitro evaluation in Chang cell line 

The percentages of viability of Chang human liver cell line after exposure to derivatives 

130-143 are shown in Table 3.6 and Figure 3.10 for N-(1′-methyl-6-ferrocenyl-2-

naphthoyl) amino acid and dipeptide esters 130-136, and in Table 3.7 and Figure 3.11 

for N-(1′-ethyl-6-ferrocenyl-2-naphthoyl) amino acid and dipeptide esters 137-143. From 

the screening of N-(1′-methyl-6-ferrocenyl-2-naphthoyl) amino acid and dipeptide esters 

130-136, it can be seen that most of the compounds show a strong growth inhibition, with 

cell viability values below 30%. However, compound 130 exhibited the lowest toxicity 

against Chang cell line, with a cell viability value of 47 ± 1%; followed by compound 131 

with 45 ± 2% cell viability. Similar results were obtained from the screening of N-(1′-ethyl-

6-ferrocenyl-2-naphthoyl) amino acid and dipeptide esters 137-143. The lowest growth 

inhibition was shown by compounds 137, 138 and 143, with cell viability values of 51 ± 

1%, 56 ± 1% and 41 ± 3%, respectively. The rest of these compounds were found highly 

toxic to Chang cell line, with cell viability values below 15%. Once again, the four 

compounds with the -aminobutyric ester moiety were the least toxic from all the N-(1′-

alkyl-6-ferrocenyl-2-naphthoyl) amino acid and dipeptide esters 130-143. 

Table 3.6. Cell viability percentage at 200 M in Chang human liver cells for N-(1′-methyl-6-ferrocenyl-2-

naphthoyl) amino acid and dipeptide esters 130-136. 

Alkyl Linker Peptide ester No. % cell viability 

CH3- Naphthoyl 

GABA-OMe 130 47 ± 1 

GABA-OEt 131 45 ± 2 

Gly-Gly-OMe 132 4 ± 2 

Gly-Gly-OEt 133 27 ± 3 

Gly-L-Ala-OEt 134 1 ± 1 

Gly-D-Ala-OMe 135 10 ± 3 

Gly-D-Ala-OEt 136 24 ± 1 
 

Table 3.7. Cell viability percentage at 200 M in Chang human liver cells for N-(1′-ethyl-6-ferrocenyl-2-

naphthoyl) amino acid and dipeptide esters 137-143. 

Alkyl Linker Peptide ester No. % cell viability 

CH3-CH2- Naphthoyl 

GABA-OMe 137 51 ± 1 

GABA-OEt 138 56 ± 1 

Gly-Gly-OMe 139 10 ± 1 

Gly-Gly-OEt 140 1 ± 1 

Gly-L-Ala-OEt 141 4 ± 2 

Gly-D-Ala-OMe 142 12 ± 2 

Gly-D-Ala-OEt 143 41 ± 3 
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Figure 3.10. Cell viability percentage at 200 M in Chang human liver cells for N-(1′-methyl-6-ferrocenyl-2-

naphthoyl) amino acid and dipeptide esters 130-136. Data presented as an average of triplicate 

measurements ± S.D. 
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Figure 3.11. Cell viability percentage at 200 M in Chang human liver cells for N-(1′-ethyl-6-ferrocenyl-2-

naphthoyl) amino acid and dipeptide esters 137-143. Data presented as an average of triplicate 

measurements ± S.D. 
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3.4.3 In vitro comparison study in both SiHa and Chang cell lines 

A comparison of the percentages of viability in both SiHa human cervical carcinoma and 

Chang human liver cell lines after exposure to the N-(1′-alkyl-6-ferrocenyl-2-naphthoyl) 

amino acid and dipeptide esters 130-143 is shown in Table 3.8 and Figure 3.12. 

Table 3.8. Comparison of cell viability percentage at 200 M in SiHa and Chang cell lines for N-(1′-alkyl-6-

ferrocenyl-2-naphthoyl) amino acid and dipeptide esters 130-143. 

Compound name No. 
% viability 

in SiHa 
% viability 
in Chang 

N-(1′-methyl-6-ferrocenyl-2-naphthoyl)-GABA-OMe 130 22 ± 2 47 ± 1 

N-(1′-methyl-6-ferrocenyl-2-naphthoyl)-GABA-OEt 131 40 ± 1 45 ± 2 

N-(1′-methyl-6-ferrocenyl-2-naphthoyl)-Gly-Gly-OMe 132 4 ± 1 4 ± 2 

N-(1′-methyl-6-ferrocenyl-2-naphthoyl)-Gly-Gly-OEt 133 30 ± 2 27 ± 3 

N-(1′-methyl-6-ferrocenyl-2-naphthoyl)-Gly-L-Ala-OEt 134 2 ± 1 1 ± 1 

N-(1′-methyl-6-ferrocenyl-2-naphthoyl)-Gly-D-Ala-OMe 135 10 ± 4 10 ± 3 

N-(1′-methyl-6-ferrocenyl-2-naphthoyl)-Gly-D-Ala-OEt 136 19 ± 2 24 ± 1 

N-(1′-ethyl-6-ferrocenyl-2-naphthoyl)-GABA-OMe 137 21 ± 3 51 ± 1 

N-(1′-ethyl-6-ferrocenyl-2-naphthoyl)-GABA-OEt 138 56 ± 1 56 ± 1 

N-(1′-ethyl-6-ferrocenyl-2-naphthoyl)-Gly-Gly-OMe 139 12 ± 2 10 ± 1 

N-(1′-ethyl-6-ferrocenyl-2-naphthoyl)-Gly-Gly-OEt 140 3 ± 1 1 ± 1 

N-(1′-ethyl-6-ferrocenyl-2-naphthoyl)-Gly-L-Ala-OEt 141 21 ± 2 4 ± 2 

N-(1′-ethyl-6-ferrocenyl-2-naphthoyl)-Gly-D-Ala-OMe 142 20 ± 1 12 ± 2 

N-(1′-ethyl-6-ferrocenyl-2-naphthoyl)-Gly-D-Ala-OEt 143 5 ± 1 41 ± 3 
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Figure 3.12. Comparison of cell viability percentage at 200 M in SiHa and Chang cell lines for N-(1′-alkyl-
6-ferrocenyl-2-naphthoyl) amino acid and dipeptide esters 130-143. Data presented as an average of 

triplicate measurements ± S.D. 
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As observed for both alkyl series, compounds 130, 131, 137, 138 and 143 showed 

the least toxicity against Chang human liver cell line, with cell viability values between 

41-56%. From these derivatives, compound 138 did not seem to show a degree of 

selectivity between cancerous and non-cancerous cells, as its percentage of cell viability 

in SiHa human cervical carcinoma was roughly the same (56%). In the other hand, 

compounds 130, 131, 137 and 143 exhibited cell viability values between 5-40% against 

SiHa cell line, meaning that they inhibited more than 60% cell growth of cancer cells. 

Therefore, compounds 130, 131, 137 and 143 were selected for further analysis to 

determine their IC50 values. 

 

3.4.4 IC50 determination 

Further studies were conducted to determine the IC50 value of selected compounds 130, 

131, 137 and 143 in SiHa human cervical carcinoma cell line, by screening of serial 

dilutions at concentrations ranging from 200 M to 6.25 M. The curves obtained are 

shown in Figure 3.13 (error bars from three independent experiments are too low to be 

shown). IC50 value of each compound were calculated and are enlisted in Table 3.9. 
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Figure 3.13. IC50 plot for selected compounds 130, 131, 137 and 143 in SiHa cell line. 

 

Table 3.9. IC50 values for selected compounds 130, 131, 137 and 143 in SiHa cell line. 

Compound name No. IC50 (M) 

N-(1′-methyl-6-ferrocenyl-2-naphthoyl)-GABA-OMe 130 50.83 ± 1.29 

N-(1′-methyl-6-ferrocenyl-2-naphthoyl)-GABA-OEt 131 61.81 ± 2.52 

N-(1′-ethyl-6-ferrocenyl-2-naphthoyl)-GABA-OMe 137 44.27 ± 2.89 

N-(1′-ethyl-6-ferrocenyl-2-naphthoyl)-Gly-D-Ala-OEt 143 8.76 ± 0.98 
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As observed, all the selected N-(1′-alkyl-6-ferrocenyl-2-naphthoyl) amino acid and 

dipeptide derivatives inhibited the growth of SiHa human cervical carcinoma cells, and 

cytotoxicity is dependent on the concentration of the compounds tested. Compounds 130, 

131 and 137 display high IC50 values, between 44 and 62 M. However, compound N-

(1′-ethyl-6-ferrocenyl-2-naphthoyl)-glycine-D-alanine ethyl ester 143 was found to be the 

most active, with an IC50 value of 8.76 ± 0.98 M; this result is better than the reported 

IC50 of cisplatin in the same cell line (19.5 ± 2.12 μM), which is a highly effective drug in 

treating cervical carcinoma.274 These derivatives show strong inhibition in the growth of 

human cervical carcinoma cells (SiHa) whilst exhibiting less toxicity against human liver 

cells (Chang); these results suggest a degree of selectivity between cancerous and non-

cancerous cells, hence these compounds are worthy to further analyze their application 

in cancer treatment. 

 

3.5 In vitro study of N-(ferrocenylmethylamino acid)-fluorinated 

benzene carboxamides 144-154 

The in vitro anticancer activity of a series of N-(ferrocenylmethylamino acid)-fluorinated 

benzene carboxamides 144-154 previously synthesized and characterized by Lu195 was 

studied. These compounds follow the general structure of ferrocenyl carboxamides 

previously presented earlier, with variations in the amino acid or dipeptide chains as part 

of the SAR study of this type of derivatives (Figure 3.14).195 The incorporation of fluorine 

atoms is a well-known strategy in drug-discovery research.182 The structures of the N-

(ferroceylmethylamino acid)-fluorinated benzene carboxamides 144-154 are presented 

in Figure 3.15. Screenings of each compound at a single dose of 10 M in both SiHa 

human cervical carcinoma and Chang human liver cell lines were performed. 

 

Figure 3.14. General structure of the N-(ferrocenylmethylamino acid)-fluorinated 

benzene carboxamides 144-154. 
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Figure 3.15. Structures of N-(ferrocenylmethylamino acid)-fluorinated benzene carboxamides 144-154. 
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3.5.1 In vitro evaluation in SiHa cell line 

The percentages of viability of SiHa human cervical carcinoma cell line after exposure to 

derivatives 144-154 and the reference compound vincristine 129 are shown in Table 3.10 

and Figure 3.16. It can be observed that compounds 147, 148 and 153 exhibited the 

strongest inhibition growth, with cell viability values of 56 ± 3%, 60 ± 1% and 40 ± 3%, 

respectively. However, they are not more active than reference compound vincristine 129 

(33 ± 1%). The rest of the compounds did not show significant anti-proliferative effect, as 

they displayed cell viability values between 60-95%. For the tri-fluorinated compounds, 

the strongest inhibition in growth is observed with the amino acids having the longest 

alkyl chains (L-leucine and L-norleucine); whilst for the penta-fluorinated compounds, the 

aromatic amino acid L-(+)--phenylglycine appears as the most active. 

Table 3.10. Cell viability percentage at 10 M in SiHa human cervical carcinoma cells for N-

(ferrocenylmethylamino acid)-fluorinated benzene carboxamides 144-154 and reference compound 

vincristine 129. 

Compound name No. 
% cell 

viability 

N-(ferrocenylmethyl-L-alanine)-3,4,5-trifluorobenzene carboxamide 144 77 ± 1 

N-(ferrocenylmethyl-L-2-aminobutyric acid)-3,4,5-trifluorobenzene 
carboxamide 

145 66 ± 2 

N-(ferrocenylmethyl-L-norvaline)-3,4,5-trifluorobenzene carboxamide 146 81 ± 2 

N-(ferrocenylmethyl-L-norleucine)-3,4,5-trifluorobenzene carboxamide 147 56 ± 3 

N-(ferrocenylmethyl-L-leucine)-3,4,5-trifluorobenzene carboxamide 148 60 ± 1 

N-(ferrocenylmethyl-L-(+)--phenylglycine)-3,4,5-trifluorobenzene 
carboxamide 

149 95 ± 2 

N-(ferrocenylmethyl-L-methionine)-3,4,5-trifluorobenzene carboxamide 150 76 ± 2 

N-(ferrocenylmethyl-glycine)-2,3,4,5,6-pentafluorobenzene 
carboxamide 

151 67 ± 6 

N-(ferrocenylmethyl-L-alanine)-2,3,4,5,6-pentafluorobenzene 
carboxamide 

152 75 ± 4 

N-(ferrocenylmethyl-L-(+)--phenylglycine)-2,3,4,5,6-
pentafluorobenzene carboxamide 

153 40 ± 3 

N-(ferrocenylmethyl-glycine-glycine)–2,3,4,5,6-pentafluorobenzene 
carboxamide 

154 71 ± 7 

Vincristine 129 33 ± 1 
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Figure 3.16. Cell viability percentage at 10 M in SiHa human cervical carcinoma cells for N-

(ferrocenylmethylamino acid)-fluorinated benzene carboxamides 144-154 and reference compound 

vincristine 129. Data presented as an average of triplicate measurements ± S.D. 

 

3.5.2 In vitro evaluation in Chang cell line 

The percentages of viability of Chang human liver cell line after exposure to derivatives 

144-154 are shown in Table 3.11 and Figure 3.17. As it can be seen, any compound 

showed a significant inhibition in the growth of Chang cells, as most derivatives tested 

showed cell viability values greater than 75%. These were excellent results as it means 

that the N-(ferrocenylmethylamino acid)-fluorinated benzene carboxamides 144-154 are 

only slightly cytotoxic to the non-cancerous cell line Chang. Compound 147 exhibited 

again the strongest anti-proliferative effect, with a cell viability value of 75%. Compounds 

145 and 152 were found to be the least toxic, with 98% cell viability each. For the tri-

fluorinated compounds, the strongest inhibition in growth is observed with the amino acid 

having the longest alkyl chain (L-norleucine); whilst for the penta-fluorinated compounds, 

the aromatic amino acid L-(+)--phenylglycine appears as the most active. This trend is 

the same as observed for SiHa cell line. 

  



Dublin City University     Chapter 3 

 

 

179 

Table 3.11. Cell viability percentage at 10 M in Chang human liver cells for N-(ferrocenylmethylamino acid)-

fluorinated benzene carboxamides 144-154. 

Compound name No. 
% cell 

viability 

N-(ferrocenylmethyl-L-alanine)-3,4,5-trifluorobenzene carboxamide 144 92 ± 7 

N-(ferrocenylmethyl-L-2-aminobutyric acid)-3,4,5-trifluorobenzene 
carboxamide 

145 98 ± 1 

N-(ferrocenylmethyl-L-norvaline)-3,4,5-trifluorobenzene carboxamide 146 87 ± 3 

N-(ferrocenylmethyl-L-norleucine)-3,4,5-trifluorobenzene carboxamide 147 75 ± 1 

N-(ferrocenylmethyl-L-leucine)-3,4,5-trifluorobenzene carboxamide 148 96 ± 4 

N-(ferrocenylmethyl-L-(+)--phenylglycine)-3,4,5-trifluorobenzene 
carboxamide 

149 83 ± 1 

N-(ferrocenylmethyl-L-methionine)-3,4,5-trifluorobenzene carboxamide 150 89 ± 4 

N-(ferrocenylmethyl-glycine)-2,3,4,5,6-pentafluorobenzene 
carboxamide 

151 93 ± 7 

N-(ferrocenylmethyl-L-alanine)-2,3,4,5,6-pentafluorobenzene 
carboxamide 

152 98 ± 1 

N-(ferrocenylmethyl-L-(+)--phenylglycine)-2,3,4,5,6-
pentafluorobenzene carboxamide 

153 82 ± 1 

N-(ferrocenylmethyl-glycine-glycine)–2,3,4,5,6-pentafluorobenzene 
carboxamide 

154 94 ± 1 
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Figure 3.17. Cell viability percentage at 10 M in Chang human liver cells for N-(ferrocenylmethylamino 

acid)-fluorinated benzene carboxamides 144-154. Data presented as an average of triplicate 

measurements ± S.D. 
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3.5.3 In vitro comparison study in both SiHa and Chang cell lines 

A comparison of the percentages of viability in both SiHa human cervical carcinoma and 

Chang human liver cell lines after exposure to the N-(ferrocenylmethylamino acid)-

fluorinated benzene carboxamides 144-154 is shown in Table 3.12. As it can be 

observed, compounds 147, 148 and 153 were the most active in SiHa cell line, inhibiting 

between 40-60% cell growth (56 ± 3%, 60 ± 1% and 40 ± 3%, respectively). In addition, 

these compounds showed limited toxicity towards Chang cell line, with only 5-25% cell 

inhibition (75 ± 1%, 96 ± 4% and 82 ± 1%, respectively). Therefore, compounds 147, 148 

and 153 were selected for further analysis to determine their IC50 values. 

Table 3.12. Comparison of cell viability percentage at 10 M in SiHa and Chang cell lines for N-

(ferrocenylmethylamino acid)-fluorinated benzene carboxamides 144-154. 

Compound name No. 
% cell viability 

in SiHa 
% cell viability 

in Chang 

N-(ferrocenylmethyl-L-alanine)-3,4,5-
trifluorobenzene carboxamide 

144 77 ± 1 92 ± 7 

N-(ferrocenylmethyl-L-2-aminobutyric acid)-3,4,5-
trifluorobenzene carboxamide 

145 66 ± 2 98 ± 1 

N-(ferrocenylmethyl-L-norvaline)-3,4,5-
trifluorobenzene carboxamide 

146 81 ± 2 87 ± 3 

N-(ferrocenylmethyl-L-norleucine)-3,4,5-
trifluorobenzene carboxamide 

147 56 ± 3 75 ± 1 

N-(ferrocenylmethyl-L-leucine)-3,4,5-
trifluorobenzene carboxamide 

148 60 ± 1 96 ± 4 

N-(ferrocenylmethyl-L-(+)--phenylglycine)-3,4,5-
trifluorobenzene carboxamide 

149 95 ± 2 83 ± 1 

N-(ferrocenylmethyl-L-methionine)-3,4,5-
trifluorobenzene carboxamide 

150 76 ± 2 89 ± 4 

N-(ferrocenylmethyl-glycine)-2,3,4,5,6-
pentafluorobenzene carboxamide 

151 67 ± 6 93 ± 7 

N-(ferrocenylmethyl-L-alanine)-2,3,4,5,6-
pentafluorobenzene carboxamide 

152 75 ± 4 98 ± 1 

N-(ferrocenylmethyl-L-(+)--phenylglycine)-
2,3,4,5,6-pentafluorobenzene carboxamide 

153 40 ± 3 82 ± 1 

N-(ferrocenylmethyl-glycine-glycine)–2,3,4,5,6-
pentafluorobenzene carboxamide 

154 71 ± 7 94 ± 1 
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Figure 3.18. Comparison of cell viability percentage at 10 M in SiHa and Chang cell lines for N-
(ferrocenylmethylamino acid)-fluorinated benzene carboxamides 144-154. Data presented as an average 

of triplicate measurements ± S.D. 

 

3.5.4 IC50 determination 

Further studies were conducted to determine the IC50 value of selected compounds 147, 

148 and 153 in both SiHa human cervical carcinoma and Chang human liver cell lines, 

by screening of serial dilutions at concentrations ranging from 40 M to 1.25 M. The 

curves obtained are shown in Figure 3.19A for SiHa cell line, and in Figure 3.19B for 

Chang cell line. Error bars represent the standard deviation from three independent 

experiments. From these plots, IC50 value of each compound was calculated and are 

enlisted in Table 3.13. 
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Figure 3.19. IC50 plot for selected compounds 147, 148 and 153. A. SiHa cell line. B. Chang cell line.  
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Table 3.13. IC50 values for selected compounds 147, 148 and 153 in SiHa and Chang cell lines. 

Compound name No. 
IC50 (M) in  

SiHa cell line 
IC50 (M) in 

Chang cell line 

N-(ferrocenylmethyl-L-norleucine)-3,4,5-
trifluorobenzene carboxamide 

147 17.47 ± 2.84 47.15 ± 3.53 

N-(ferrocenylmethyl-L-leucine)-3,4,5-
trifluorobenzene carboxamide 

148 24.06 ± 5.15 42.17 ± 9.08 

N-(ferrocenylmethyl-L-(+)--
phenylglycine)-2,3,4,5,6-

pentafluorobenzene carboxamide 

153 8.18 ± 2.28 18.19 ± 3.02 

 

The three selected N-(ferrocenylmethylamino acid)-fluorinated benzene 

carboxamides inhibited the growth of SiHa human cervical carcinoma cells, and 

cytotoxicity is dependent on the concentration of the compounds tested. At the same 

time, they show limited toxicity towards Chang human liver cells. Compounds 147 and 

148 display IC50 values between 17-24 M in SiHa cell line. Compound 153 was found to 

be the most active, with an IC50 value below 10 M; this result is better than the reported 

IC50 of cisplatin in the same cell line (19.5 ± 2.12 μM), which is a highly effective drug in 

treating cervical carcinoma.274 In addition, all three compounds exhibited a 2-fold increase 

in their IC50 for Chang cell line, with values between 18-47 M. These results suggest 

that the N-(ferrocenylmethylamino acid)-fluorinated benzene carboxamides tested 

display a degree of selectivity between cancerous and non-cancerous cells, hence these 

compounds are worthy to further analyze their application in cancer treatment. 

 
 

3.6 Structure-activity relationship of novel ferrocenyl derivatives 

The in vitro anti-proliferative studies performed on the heterocyclic functionalised 

ferrocenyl derivatives 99-120, N-(1′-alkyl-6-ferrocenyl-2-naphthoyl) amino acid and 

dipeptide esters 130-143 and N-(ferrocenylmethylamino acid)-fluorinated benzene 

carboxamides 144-154 can lead to the establishment of a SAR of these ferrocenyl 

compounds. The results obtained have shown a wide variety of activity in the SiHa human 

cervical carcinoma and Chang human liver cell lines. 

The series of compounds tested consisted in two different ferrocenyl moieties: 

alkylated (methyl- and ethyl-) and non-alkylated ferrocene. In general, better activity was 

observed when the ferrocene unit was alkylated, with an average of 18% cell viability in 

SiHa cell line. Therefore, the alkyl group attached to the ferrocene core is playing an 

important role for a superior anti-proliferative effect, probably by decreasing the redox 

potential of this type of compounds and thereby making them easier to oxidise.152 
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Different conjugated linkers were used in the synthesis of the heterocyclic 

functionalised ferrocenyl derivatives 99-120, such as naphthoyl, benzoyl and cinnamoyl. 

From these series, compounds with naphthalene spacer group are in general more 

effective at inhibiting cell proliferation than the corresponding benzoyl or cinnamoyl 

analogues. This observation is also confirmed with the N-(1′-alkyl-6-ferrocenyl-2-

naphthoyl) amino acid and dipeptide esters 130-143, as all these compounds contain a 

naphthalene ring as conjugated linker and they display strong anti-proliferative effect in 

the SiHa cell line compared with the rest of the compounds tested. Therefore, using a 

naphthoyl moiety as the spacer group generally improves the biological activity of the 

ferrocenyl derivatives. This enhancement may be due a better conjugation with the redox 

active ferrocene moiety, which would cause extended conjugation to the -electrons of 

the Cp rings making initial oxidation of the iron centre easier. 

In terms of orientation, the 6,2- and 3,2- positions were explored for naphthoyl 

derivatives, and ortho-, meta- and para- for benzoyl derivatives in the heterocyclic 

functionalised ferrocenyl derivatives 99-120. With an average of 86% cell viability, the 

6,2- series were the most active compounds compared with their analogues in other 

positions. In the other hand, ortho- derivatives displayed the weakest cell inhibition, with 

an average of 90% cell viability. It is probable that the steric hindrance present in the 

ortho- series compared with their analogues is affecting the biological activity for these 

derivatives. 

The last approaches studied were: the innovative use of heterocycles (N-

hydroxysuccinimide, benzylamine and cyclohexylamine), the classical amino acid and 

dipeptide esters, and fluorinated benzene carboxamides. In general, the N-(1′-alkyl-6-

ferrocenyl-2-naphthoyl) amino acid and dipeptide esters displayed the highest anti-

proliferative activity in SiHa cells; nevertheless, this effect was also observed against 

Chang cells. For example, compounds N-(1′-methyl-6-ferrocenyl-2-naphthoyl)-glycine-L-

alanine ethyl ester 134 and N-(1′-ethyl-6-ferrocenyl-2-naphthoyl)-glycine-glycine ethyl 

ester 140 have been identified as the most potent derivatives in SiHa cell line, with growth 

inhibition percentages of 98% and 97%, respectively; unfortunately, this anti-proliferative 

effect was also observed in the Chang cell line, as these compounds inhibited 99% cell 

growth. For this reason, derivatives 134 and 140 cannot be considered for cancer 

treatment due to their high toxicity to human liver cells. From these series, compound 

143 was found to be the most active, with an IC50 value of 8.76 ± 0.98 M in SiHa cell 

line; this result is better than the reported IC50 of cisplatin in the same cell line (19.5 ± 

2.12 μM), which is a highly effective drug in treating cervical carcinoma.274 
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Considering the activity in both cell lines, the replacement of the typical amino 

acid and dipeptide ester moieties by a heterocycle unit, like initially proposed as the main 

aim in this research project, was a positive approach in leading to a lower toxicity side 

effect to non-cancerous cells, although it also diminished the antineoplastic activity from 

strong to moderate. The most active novel heterocyclic functionalised ferrocenyl 

derivatives exhibited an average of 37% growth inhibition of SiHa cells, whilst only 

inhibiting an average of 20% cell growth in Chang cells. These percentages suggest an 

equivalent degree of selectivity compared to the least toxic N-(1′-alkyl-6-ferrocenyl-2-

naphthoyl) amino acid and dipeptide esters, which display average growth inhibition 

percentages of 76% in SiHa and 68% in Chang. In general, the best activity was found 

when the heterocycle belongs to the NHS derivatives. 

In summary, a moderate to high anti-proliferative effect against SiHa human 

cervical carcinoma cells and with low to moderate toxicity towards Chang human liver 

cells is achieved when (Figure 3.20): 

(i) The ferrocene unit is alkylated. 

(ii) A naphthalene ring is used as the spacer group. 

(iii) The naphthalene linker is substituted in the 6,2- positions. 

(iv) The final moiety is NHS-ester (moderate to SiHa, low to Chang) or Gly-D-Ala-

OEt (high to SiHa, moderate to Chang). 

 

 

Figure 3.20. Structure-activity relationship for the ferrocenyl bioconjugates studied. 
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In relation to the N-(ferrocenylmethylamino acid)-fluorinated benzene 

carboxamides 144-154, the incorporation of the fluorine moieties did not seem to be 

detrimental to the anti-proliferative effect. Despite compound 153, all the rest of these 

fluorinated carboxamides do not inhibit more than 30% of SiHa cells. However, for the 

most active compounds, the following general trends were observed (Figure 3.21): 

(i) Single amino acid chains were more active than the dipeptide chain. 

(ii) Pentafluorinated derivatives were generally more active than trifluorinated 

compounds. 

(iii) The highest inhibition in SiHa cell line was observed with the higher 

number of carbons in the chain attached to the carbon in the  position to 

the carbonyl of the amide group. 

 

 

Figure 3.21. Structure-activity relationship for the ferrocenyl carboxamides studied.  
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3.7 Conclusions 

As part of a further SAR study of ferrocenyl compounds, a series of novel heterocyclic 

functionalised ferrocenyl derivatives 99-120, N-(1′-alkyl-6-ferrocenyl-2-naphthoyl) amino 

acid and dipeptide esters 130-143 and N-(ferrocenylmethylamino acid)-fluorinated 

benzene carboxamides 144-154 were evaluated for in vitro anti-proliferative effect in 

human cervical carcinoma (SiHa) and human liver (Chang) cell lines. Some of these 

ferrocenyl derivatives showed equivalent or better activity than the reference 

chemotherapeutic compound vincristine 129. Compounds N-(1′-ethyl-6-ferrocenyl-2-

naphthoyl)-glycine-D-Alanine ethyl ester 143 (IC50 = 8.76 ± 0.98 M), N-

(ferrocenylmethyl-L-norleucine)-3,4,5-trifluorobenzene carboxamide 147 (IC50 = 17.47 ± 

2.84 M) and N-(ferrocenylmethyl-L-(+)--phenylglycine)-2,3,4,5,6-pentafluorobenzene 

carboxamide 153 (IC50 = 8.18 ± 2.28 M) have been identified as the most potent 

ferrocenyl derivatives in SiHa cell line, with moderate toxicity towards Chang cell line. 

These compounds display a better anticancer activity in SiHa cell line than cisplatin (IC50 

= 19.5 ± 2.12 μM), which is a highly effective drug in treating cervical carcinoma.274 For 

the ferrocenyl bioconjugates, it has been observed in this SAR study that a superior 

activity is observed when the ferrocene unit has been alkylated (-CH3 or -CH2CH3). In 

addition, the use of a naphthalene ring substituted in the 6,2-positions enhances the anti-

proliferative effect of the heterocyclic functionalized ferrocenyl derivatives relative to the 

3,2-position or the benzoyl conjugated linker. Moreover, employing NHS-ester as the 

heterocycle has shown to be beneficial to the in vitro biological activity in SiHa cells with 

low toxicity to Chang cells, whilst the use of or Gly-D-Ala-OEt as the dipeptide moiety 

exhibits a high cell growth inhibition in SiHa cells with moderate toxicity to Chang cells. 

In relation to the ferrocenyl carboxamides, this SAR study showed that single amino acid 

chains were more active than the dipeptide chain tested. In addition, pentafluorinated 

derivatives were generally more active than trifluorinated compounds. In addition, the 

highest inhibition in SiHa cell line was observed with the higher number of carbons in the 

chain attached to the carbon in the  position to the carbonyl of the amide group, as L-

(+)--phenylglycine, L-norleucine and L-leucine were more active than shorter amino 

acids such as L-alanine, L-2-aminobutyric acid or glycine.  
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3.8 Materials and methods 

3.8.1 General information 

Cell culture media, supplements, material, reactants and equipment used for all in vitro 

anti-proliferative analysis were kindly provided by Ingeniería Genética y Genómica 

laboratory from the School of Chemical Sciences at Universidad Autónoma de Nuevo 

León (Mexico), under the supervision of Dr. Mónica A. Ramírez-Cabrera and Dr. Eder 

Arredondo-Espinoza. The SiHa ATCC HTB-35 (human cervical carcinoma) and the 

Chang ATCC CCL-13 (normal human liver) cell lines were obtained from the American 

Type Culture Collection (ATCC). The WST-1 kit used to determine cell viability was 

obtained from Roche. Tips for automatic pipettors were obtained from Brand, and 

disposed after the first use. Filtration membranes of 0.22 m were used and obtained 

from Millipore. 

All cell culture work was carried out in a Thermo Fischer Scientific laminar flow 

hood. Before and after use, the laminar flow hood was cleaned with industrial 

disinfectants and 70% EtOH solution. Any items brought into the cabinet were also 

swabbed with 70% EtOH solution. Only one cell line was used in the laminar flow hood 

at a time; upon completion of work with any given cell line, the laminar flow hood was 

allowed to clear for 10 minutes before use in order to eliminate any possibility of cross-

contamination between cell lines. Absorbance was read with a Biotek absorbance 

microplate reader model ELx800. All the in vitro evaluations were performed three times 

with three replicates of each. Results of the screenings are expressed as the percentage 

of cell viability ± standard deviation (relative to the negative controls). Standard deviations 

were calculated using data obtained from the three independent experiments. 

 

3.8.2 Cell line culture and optical density determination 

Cell lines SiHa (human cervical carcinoma) and Chang (normal human liver) were used 

for the evaluation of anti-proliferative activity in vitro. Cells were thawed and placed in 

culture flasks, adding 4 mL of EMEM with a supplement of 10% FBS and 1% Pen-Strep 

antibiotic. Flasks were incubated at 37 °C under a humified atmosphere of 95% O2 and 

5% CO2 until grown as a monolayer culture; EMEM was changed every 3 days. Culture 

medium was discarded when 80% confluency was reached in all the surface. Cells were 

washed twice with 4 mL PBS solution; dead cells are deleted with other residues. 

Subsequently, 1 mL 0.25% trypsin-EDTA was added; cells were incubated at 37 °C for 
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less than 3 minutes; then trypsin was neutralised with 2 mL EMEM. Cells were centrifuged 

to remove medium with trypsin; after that, 3 mL EMEM were added. Cell pellet formed 

was re-suspended, and 20 L suspension were taken to determine the cell concentration 

by counting cells using a Neubauer chamber with an inverted microscope. Once the cell 

concentration is obtained, a dilution from the suspension is made to obtain a 10 000 

cells/100 L cell concentration, which were placed in a 96-well plate. Plate is incubated 

at 37 °C under a humified atmosphere of 95% O2 and 5% CO2 for 24 h, until grown as a 

monolayer culture.275 

 

3.8.3 Screening conditions 

Preliminary screenings were performed due to the large volume of compounds to be 

evaluated. The number of compounds were reduced by exposing the cells with 10 M of 

heterocyclic functionalised ferrocenyl derivatives 99-120 and N-(ferrocenylmethylamino 

acid)-fluorinated benzene carboxamides 144-154, and 200 M of N-(1′-alkyl-6-ferrocenyl-

2-naphthoyl) amino acid and dipeptide esters 130-143. All screenings were done in 

triplicate. Selected compounds were chosen for IC50 analysis depending on the 

percentage of cell viability exhibited in both cell lines. They were further screened with 

serial dilutions in different ranges of concentrations: from 200 M to 6.25 M for 

compounds 130, 131, 137 and 143; and from 40 M to 1.25 M for compounds 147, 148 

and 153. 

 

3.8.4 Preparation of the compounds to be evaluated (dilutions) 

Organometallic complexes are not normally soluble in water; still, in vitro experiments 

can be carried out with a percentage of alcohol and/or DMSO. A stock solution of each 

sample was prepared in a suitable solvent (DMSO, H2O or EtOH). Diluted solutions of 

the test samples were prepared at a 2x final concentration by adding the cell culture 

medium with a calculated amount of the stock solution. 

 

3.8.5 Cell exposure to compounds 

10 000 cells/well were seeded in 96-well plates, and incubated at 37 °C under a humified 

atmosphere of 95% O2 and 5% CO2 for 24 h until grown as a monolayer culture. 100 L 

aliquot of each diluted solution was added to each well of the plate. A positive (vincristine 
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129 for SiHa cell line or Triton X-100 for Chang cell line), negative (cell with medium) and 

blank (empty wells) controls were included. The plate was gently agitated and then 

incubated at 37 °C under a humified atmosphere of 95% O2 and 5% CO2 for 24 h. 

Assessment of cell survival in the presence of the test sample was then determined by 

the WST-1 assay.275,276 To determine the IC50 values, same procedure as before was 

followed but employing serial dilutions in different ranges of concentrations: from 200 M 

to 6.25 M for compounds 130, 131, 137 and 143; and from 40 M to 1.25 M for 

compounds 147, 148 and 153. 

 

3.8.6 Proliferation evaluation via WST-1 assay  

Proliferation percentage was measured using a WST-1 assay. After incubation time, 

medium was removed, and wells are washed twice with 100 L PBS. Then 100 L EMEM 

with 5% WST-1 were added, and a first reading of optical density at 450 nm was 

performed immediately in the Absorbance Microplate Reader; this result is recorded as t 

= 0. Plate was incubated again under the conditions already mentioned, and optical 

density was read again at one and two hours after (t = 1 and t = 2).267,275,276 

 

3.8.7 Percentage of cell viability calculation 

The percentage of cell viability can be determined using the absorbances obtained, 

where the absorbance of the negative control is considered a 100% of viability and 0% 

cytotoxicity. The average absorbance of the blank control is subtracted from the average 

absorbances of all the readings; this is to minimise any possible optical deviation due to 

the plate itself. Then, the average absorbance of the desired compounds is multiplied 

times 100 and divided by the average absorbance of the negative control; thus, the cell 

viability percentage can be obtained according to the concentration of the compounds. 

Standard deviations were calculated using data obtained from three independent 

experiments. 
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C H A P T E R   4 

4 DNA studies of novel heterocyclic 

functionalised ferrocenyl derivatives 

 

 
 
 
 
 
 
 
 
 
 
 
 
My contribution to Chapter 4 was the investigation of the binding affinity of the novel 
heterocyclic functionalised ferrocenyl derivatives 99-120 to DNA, following a number of 
high throughput assays already established within Dr. Andrew Kellett’s group under the 
supervision of Nicolò Fantoni. Suitable candidates from this study were selected, and I 
studied their capability to induce oxidative DNA damage in the presence of added oxidant 
and reductant; their starting materials were also analysed for comparison. These 
experiments were carried out at Nano Research Facilities and National Institute for 
Cellular Biotechnology – Dublin City University (Dublin, Ireland), under the supervision of 
Dr. Andrew Kellett. 
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4.1 Introduction 

The determination of the drug-DNA interaction is an important part in the rational design 

of promising metallodrug candidates. DNA is generally accepted as the ultimate target of 

anti-cancer metallodrugs, which induce blocking of replication, transcription and, 

ultimately, cell division.277,278 Understanding the interaction of small molecules with DNA 

(where and how the molecule binds to DNA) is vital because this process frequently 

includes conformational changes to the DNA structure. There are two modes of small 

molecules binding to DNA, which can be also present as a combination:279,280 

(i) covalent binding, which yields permanent changes to DNA through 

formation of adducts (for example, cisplatin 15); it tends to occur at 

preferred sites following an initial non-specific binding event; and  

(ii) non-covalent binding, where the interaction drug-DNA is reversible but 

result in cytotoxic effects by temporarily altering DNA structure and 

therefore DNA function; it is dependent on the equilibrium constant of the 

drug-DNA site association. 

A considerable number of assays have been developed to explore the metallodrug-

DNA interactions. A range of molecular methods currently employed by the Kellett 

group281 include: 

(i) direct methods, such as X-ray crystallography, NMR spectroscopy, mass 

spectrometry and viscosity; or 

(ii) indirect methods, like competitive inhibition experiments, fluorescence and 

absorbance spectroscopy, circular dichroism and electrophoresis-based 

techniques.  

For this research work, an indirect fluorometric assay and electrophoretic-based 

techniques were chosen for studying the interaction of the novel heterocyclic 

functionalised ferrocenyl derivatives 99-120 with DNA. Competitive fluorescent 

displacement was used as the indirect fluorometric assay. The DNA oxidative damage 

was evaluated with an electrophoretic-based method, followed by the study of the ROS 

responsible for such damage using the same technique. 
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4.1.1 Indirect fluorometric assay 

Different fluorogenic organic molecules with high affinity and binding selectivity to nucleic 

acids have been used to investigate the indirect DNA binding affinity of metallodrugs. 

One of the most common fluorophores used for this purpose is the red fluorescent 3,8-

diamino-5-ethyl-6-phenylphenanthridinium bromide 155, also known as ethidium bromide 

(EtBr, Figure 4.1).281 

 

Figure 4.1. Structure of ethidium bromide, EtBr 155. 

 

As with most DNA intercalators, it is a planar heteroaromatic compound with 

extended -backbones, which allows easy infiltration into the DNA backbone followed by 

van der Waals interactions between base pairs.282 EtBr 155 has low fluorescence in 

solution but become highly fluorescent once bound to DNA; therefore, this photophysical 

property can be used to indirectly determine the ability of metallodrugs to bind DNA over 

diminution of fluorescence intensity.281 

 

4.1.2 Electrophoretic-based technique 

Gel electrophoresis is a common analytical method to analyse, separate and purify 

nucleic acid samples. This technique takes advantage of the innate negative charge of 

DNA, as it consists in the movement of DNA through a solid-phase sieve-like medium 

(such as agarose or polyacrylamide) under the influence of an electric potential 

difference; DNA then moves in this electric field from the cathode to the anode, as an 

anion. The rate of DNA migration through the medium depends on different factors, 

including the length of the DNA sequence and its conformation. Therefore, long DNA 

fragments move slower than shorter fragments as they undergo greater resistance when 

moving through the gel.278,281 
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This assay is particularly useful to study plasmid DNA vectors isolated from 

bacteria, which are generally found in a supercoiled (SC) state. The treatment of SC 

plasmid DNA by damaging agents, such as metallodrugs, generates open-circular (OC) 

and linear (L) isoforms. SC DNA moves easily through the gel due to its compacted form 

and small mass-to-charge ratio. These supercoils are released when plasmid becomes 

nicked on a single strand, leading to the subsequent formation of OC DNA which suffers 

more resistance in the medium because of its larger size. Finally, L DNA is formed as a 

result of double strand breaks; this form undergoes less resistance than OC DNA through 

the gel (Figure 4.2). Therefore, plasmid DNA can be used to identify DNA damage 

induced by the metallodrug, and the rate of interconversion between DNA isoforms 

assessed by band densitometry.281 

 

Figure 4.2. Representation of supercoiled (SC), open-circular (OC) and linear (L) DNA isoforms. 

 

 

4.2 DNA binding studies 

The competitive EtBr displacement assay is an indirect titration technique used to 

determine the apparent binding constants (Kapp) of non-fluorescent DNA-binding ligands 

and complexes.281 The pioneers with the introduction of a fluorescence assay based on 

the binding of EtBr to nucleic acids were Le Pecq and Paoletti in 1967. When EtBr binds 

in the intercalated state there is a ~25 fold fluorescence enhancement as a result of the 

hydrophobic environment surrounding the EtBr molecule.283 

However, the first report on the use of EtBr as an intercalator to determine drug-

DNA binding constants was proposed by Morgan et al. in 1979, with an assay performed 

in rectangular quartz cuvettes.284 In recent years, Kellett et al. have modified this 

experiment to now be performed in 96-well plates, allowing a highly efficient drug-DNA 



Dublin City University     Chapter 4 

 

 

194 

binding analysis.285 This new procedure includes treating DNA (10 mM) with an excess 

of the intercalating EtBr (12.6 mM) in order to saturate all available binding sites, and 

therefore exhibiting strong fluorescence. If the drug can displace the EtBr from the DNA, 

then a reduction in the fluorescence is observed (Figure 4.3). 

 
Figure 4.3. Representation of the EtBr competitive displacement assay. 

 

This quantitative titration assay is then used to determine the C50 value, which 

corresponds to the amount of test drug required to induce a 50% decrease in the 

fluorescence of the EtBr. Drug concentrations are measured in triplicate, and the 

apparent binding constants are calculated using the formula: 

𝐾app =
𝐾e × 12.6

C50
 

where Ke = 8.8 × 106 M·bp−1 (apparent binding constant on ctDNA). 

This is a reproducible method which can be applied to series of structurally related 

compounds, as in the case of the novel heterocyclic functionalised ferrocenyl derivatives 

99-120, in order to rank the binding affinity of these compounds over a defined 

concentration range.285,286 

 

4.2.1 Fluorescence of compounds 99-120 

An important limitation of the competitive fluorescent displacement method is the 

dependence of a fluorogenic reporter. Therefore, the quenching of the reporter by the 

metallodrug must be examined prior to analysis.281 For this reason, stock solutions of the 

novel heterocyclic functionalised ferrocenyl derivatives 99-120 in CH3CN were first 

analysed for fluorescence. Fortunately, none of the compounds evaluated showed 

significant fluorescence that could interfere with the EtBr displacement analysis. 
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4.2.2 Buffer selection 

The feature of solubility in aqueous media is a much desired, if not crucial, attribute to 

any drug system requiring administration by intravenous or intraperitoneal techniques, 

such as anticancer drugs. The lack of water-solubility of these drugs often prove dose-

limiting in chemotherapy, and many promising anticancer agents may never reach the 

clinical testing phase unless suitable ways can be found to make them water-soluble.287–

289 The EtBr displacement assay was initially performed according to the protocol outlined 

by Kellett et al., which involves the use of aqueous HEPES (pH = 7.0) as the buffer for 

the preparation of the samples to be tested.281,285,286 However, it was observed that some 

stock solutions of the novel heterocyclic functionalised ferrocenyl derivatives 99-120 in 

CH3CN crashed out when HEPES buffer was added. The poor solubility in aqueous 

media is a known drawback of ferrocenyl derivatives.288–290 To overcome this limitation, 

buffers at different pH were tried as enlisted in Table 4.1. As expected, the best choice 

was found to be acetate buffer at pH = 5; this may be due to the fact that amines become 

protonated in low pH and hence solubility improves. 

Table 4.1. Buffers tried for solubilisation of compounds 99-120. 

Trial Buffer pH 

1 HEPES 7.0 

2 PBS 6.0 

3 Acetate 6.0 

4 Phosphate 6.0 

5 Acetate 5.0 

 

4.2.3 Preliminary screening for 3 h 

A preliminary EtBr displacement assay of all novel heterocyclic functionalised ferrocenyl 

derivatives 99-120 with ctDNA was performed in a range of concentrations between 1-

700 M in acetate buffer (pH=5), where fluorescence was recorded at 1, 2 and 3 h 

incubation times. The aim of this analysis was to identify the compounds that can reach 

the C50, which is the concentration required to reduce 50 % fluorescence of EtBr on 

ctDNA. From this screening, it was observed that some derivatives did not quench 50% 

fluorescence of EtBr on ctDNA during the 3 h of incubation even at the highest 

concentration tested, as shown in Figure 4.4A for compound 106; these derivatives were 

disregarded. Only compounds 104, 110-112, 114 and 120 were observed to quench 

~50% or higher fluorescence of EtBr on ctDNA, as shown in Figure 4.4B for compound 

111; and thus only these compounds were selected for further analysis. 
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Figure 4.4. Comparison of fluorescence analysis after EtBr displacement assay. Data presented as an 

average of triplicate measurements. A. Compound 106; B. Compound 111. 

 

4.2.4 EtBr displacement assay for 12 h 

To further characterise the binding kinetics, EtBr displacement assays of selected 

compounds 104, 110-112, 114 and 120 with ctDNA were performed in triplicate, with a 

range of concentrations between 1-750 M. Fluorescence was read every hour during 

12 h incubation. The C50 of compounds reducing 50% fluorescence of EtBr on ctDNA 

was calculated using a sigmoidal model in GraphPad Prism 8. The C50 value was then 

used to calculate the apparent binding constant (Kapp) every hour using the formula 

presented earlier. From the selected derivatives, only the Kapp values of compounds 104, 

110 and 111 were calculated at different incubation times, as they were the only 

derivatives that reached C50. As it can be observed in Figure 4.5, compound 111 was the 

only one quenching 50% fluorescence at the first hour of incubation; compound 104 did 

it after 6 h and compound 110 only until 11 hours. Therefore, compound 111 showed the 

best interaction with DNA, with Kapp values between 4.2×105 and 2.2×106 M bp-1 which 

suggest a strong bind of 111 to ctDNA, and are comparable or higher than the reported 

Kapp of some other ferrocenyl derivatives, which laid in the range of 3.9×103 to 5.6 × 105 

M bp-1.291–295 
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Figure 4.5. Time course Kapp values of selected compounds 104, 110 and 111. 

 

4.3 DNA damage studies 

It is known that DNA damage plays a key role in many biological processes such as 

ageing, mutagenesis and carcinogenesis, due to the susceptibility of cellular DNA to 

experience different forms of damage from endogenous (enzymatic or spontaneous 

metabolic conversions) and exogenous (genotoxic agents including ionizing radiation, 

redox metal ion overload, therapeutic metallodrug exposure) sources. These factors can 

cause direct or indirect damage to nucleotides, and therefore leading to important 

biological consequences such as replication errors in genetic code and oxidative DNA 

base lesions. There are two main mechanisms for DNA damage: hydrolytic and oxidative. 

Hydrolytic agents involve the cleavage of the phosphate backbone, which can be 

enzymatically repaired by DNA ligases; whilst oxidative mechanisms cause the 

production of free radicals with subsequent DNA cleavage by oxidative attack to a range 

of C-H positions of the deoxyribose moiety.260,281,296 



Dublin City University     Chapter 4 

 

 

198 

The presence/absence of exogenous oxidant and reductant agents have been 

identified as a factor for oxidative DNA damage. Because DNA is sensitive to ROS 

radicals, redox-active metal complexes in the presence of oxidant or reductant are then 

able to induce oxidative DNA damage.281,296 This approach was used to study the 

capability of the novel heterocyclic functionalised ferrocenyl derivatives to induce 

oxidative DNA damage in the presence of H2O2 (oxidising agent) and sodium L-ascorbate 

(reducing agent). Based on the results of previous binding studies, the main interest was 

focused on compounds 104 and 111 because they were the best compounds on reaching 

the C50 in the EtBr displacement assay. Ferrocene 61, ethyl ferrocene 62 and compound 

103 were also included in some experiments as controls for comparison. 

 

4.3.1 Control analysis of drug-DNA interaction 

The interaction of pUC19 supercoiled DNA with compounds 104 or 111 was studied in a 

range of concentrations between 50-700 M. The solutions were incubated at 37 °C for 

24 h and analysed using standard agarose gel electrophoresis (Figure 4.6). As observed, 

compounds 104 and 111 do not exhibit damage of the DNA as only the SC DNA band is 

observed even at high concentrations. This suggests that these compounds are 

unreactive with DNA alone and require exogenous activation by reductant or oxidant to 

produce ROS. 

   

 

Figure 4.6. Agarose gel electrophoresis of pUC19 supercoiled DNA (400 ng) incubated at 37 °C for 24 h 
with increasing concentrations of compounds 111 (lanes 2-9) and 104 (lanes 10-17). Lane 1 = pUC19 

untreated control. 
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4.3.2 Analysis of drug-DNA interaction with added oxidant and reductant 

agents for 6 h 

The interaction of pUC19 supercoiled DNA with compound 111 in the presence of a 

reductant (sodium L-ascorbate) and an oxidant (H2O2) -both of which are natively found 

in the cellular environment- was studied in a range of concentrations between 50-700 

M. The solutions were incubated at 37 °C for 6 h and analysed using standard agarose 

gel electrophoresis (Figure 4.7). It can be observed that compound 111 induced damage 

of pUC19 supercoiled DNA in the presence of added oxidant/reductant. In the presence 

of sodium L-ascorbate, the degradation process is seen immediately at 50 M, as OC 

band is observed (lane 2); the intensity in the band of SC DNA is decreasing as OC DNA 

is being produced; however, no L DNA is observed even at the highest concentration of 

700 M (lane 6). The higher activity was found in the presence of H2O2, as all SC DNA 

has been converted into OC DNA form at 500 M (lane 10) and complete degradation of 

DNA is identified at 700 M (lane 11). 

 

 

Figure 4.7. Agarose gel electrophoresis of pUC19 supercoiled DNA (400 ng) incubated at 37 °C for 6 h 
with increasing concentrations of compound 111 and in the presence of 1 mM sodium ascorbate (lanes 2-

6), 1 mM H2O2 (lanes 7-11) and 1 mM sodium ascorbate + 1 mM H2O2 (lanes 12-16). Lane 1 = pUC19 
untreated control. 
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4.3.3 Analysis of drug-DNA interaction with oxidant and reductant agents 

for 12 h 

The previous investigation with 6 h incubation was used as a preliminary analysis to 

determine the optimal conditions for studying the drug-DNA interaction in the presence 

of oxidant/reductant agents; however, no L DNA form was identified, and in some cases 

even complete degradation of DNA was observed. Given that anti-proliferative studies 

were performed at 24 h, it was decided to repeat the analysis with a longer incubation 

time (12 h), and therefore reducing the range of concentrations as a greater degradation 

is expected with longer exposure of DNA to the metallodrug. In addition, a control of 

pUC19 supercoiled DNA with 1 mM sodium ascorbate only was included as a control, 

due to the observation of OC band immediately in the first concentration tested in the 

previous preliminary screening (Figure 4.7, lane 2); this is to confirm that sodium 

ascorbate is not inducing DNA damage by itself. 

The interaction of pUC19 supercoiled DNA with compounds 111, 104, 103 or 

ferrocene 61 (Figure 4.8) under the presence of a reductant (sodium L-ascorbate) and 

an oxidant (H2O2) was studied in a range of concentrations between 10-500 M. The 

solutions were incubated at 37 °C for 12 h and analysed using standard agarose gel 

electrophoresis (Figure 4.9). 

 

Figure 4.8. Compounds selected for DNA damage studies. 

 

In all cases, the degradation process is seen immediately at 10 M, as the OC 

band is observed in the lane 2 of all the gels. In addition, it can be confirmed that the DNA 

damage induced by sodium L-ascorbate itself is minimal, as only a light OC band is 

observed in the control (lane A20).  
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For compound 111 (Figure 4.9A) in the presence of sodium L-ascorbate, the 

intensity in the band of SC DNA is decreasing as OC DNA is being produced (lanes 2-

10); SC DNA is completely converted into OC form at a concentration of 500 M and only 

a light band of L DNA is observed (lane 10). Once again, the best results were achieved 

in the presence of H2O2, as all SC DNA has been converted into OC DNA form at 150 

M (lane 15), a small amount of L DNA is observed at 200 M (lane 16) and complete 

degradation of DNA is seen at 300 M and above (lanes 17-19).  

For compound 104 (Figure 4.9B) in the presence of sodium L-ascorbate, the SC 

band is observed through all the concentrations tested, hence the total transition to OC 

form was not completed and therefore no L DNA was observed either (lanes 2-10). Just 

as in the previous compound analysed, the higher activity was found in the presence of 

H2O2, as total absence of SC DNA is observed at 150 M in conjunction with a strong 

band for OC and a light band of L forms (lane 15). The intensity of OC band is decreased, 

and L DNA form is more evident at 200 M (lane 16). Finally, complete degradation of 

DNA is observed at 300 M and above (lanes 17-19), which is exactly the same range 

as previous compound.  

Compound 103 (Figure 4.9C) was included in this study to confirm that the 

structure of compounds tested is crucial for DNA damage. Unlike compounds 111 and 

104, which both are NHS-ester derivatives, compound 103 belongs to the 

cyclohexylamine series (Figure 4.8). This was found to be detrimental for DNA damage, 

as the SC band is observed through all the concentrations tested in both sodium L-

ascorbate and H2O2 experiments, hence the total transition to OC form was not completed 

and therefore no L DNA was observed either (lanes 2-19). This confirms that the NHS-

ester moiety is playing a key role for DNA damage.  

The study of ferrocene 61 (Figure 4.9D) was used as a control to check if the 

structural moieties attached to the novel ferrocenyl heterocyclic functionalised derivatives 

synthesised during the present research work have a considerable impact on their 

biological activity. Indeed, the presence of SC DNA is observed through all the 

concentrations tested in both sodium L-ascorbate and H2O2 assays, therefore the total 

transition to OC form was not accomplished and hence no L DNA was observed either in 

any case (lanes 2-19). This confirms that ferrocene 61 itself is not capable to complete 

the degradation of SC DNA within the range of concentrations tested, unlike compounds 

111 and 104 which even completed a total degradation of DNA in the presence of H2O2 

at 300 M and above concentrations. 
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Figure 4.9. Agarose gel electrophoresis of pUC19 supercoiled DNA (400 ng) incubated at 37 °C for 12 h 
with increasing concentrations of A) compound 111, B) compound 104, C) compound 103 and D) 

ferrocene 61, and in the presence of 1 mM sodium ascorbate (lanes 2-10) and 1 mM H2O2 (lanes 11-19). 

Lane 1 = pUC19 untreated control; lane 20 = pUC19 + 1 mM sodium ascorbate control.  
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4.4 Study and identification of ROS 

4.4.1 Introduction 

Oxygen radical generation is an unavoidable consequence of aerobic processes, and 

has been related to several pathological conditions, such as cancer, cardiovascular 

diseases, ageing and neurodegenerative diseases.297,298 The sequential reduction of 

molecular oxygen can produce reactive intermediates such as superoxide anion (O2
•−) 

and hydrogen peroxide (H2O2), starting a cascade of redox reactions leading to the 

formation of hydroxyl radicals ( OH• ) and metal-oxo radical species through Fenton-like 

chemistry (Scheme 4.1).299 It is important to point out that the superoxide anion is quite 

unreactive with DNA alone, but in the presence of biologically relevant transition metals 

such as iron(III) and copper(II), a one electron redox reaction starts the production of 

these ROS, like in Scheme 1.2 showed earlier in Chapter 1 for bleomycin 30. 

O2 + e−  →  O2
•−  (superoxide) 

O2
•− +   H2O →   HO2

• +  OH− (hydroperoxyl radical) 

HO2
• +  e− + H →  H2O2 (hydrogen peroxide) 

H2O2 +  e−  →  OH− +  OH•  (hydroxyl radical) 

Scheme 4.1. Generation of ROS by the reduction of molecular oxygen. 

 

Reactive oxygen species (ROS) responsible for the oxidative DNA damage 

induced by compounds 104, 111 and ferrocene 61 in the presence of H2O2 were 

investigated using supercoiled plasmid DNA with a selection of ROS-specific antioxidants 

and stabilisers, as shown in Table 4.2.281 Ethyl ferrocene 62 was included in this study in 

order to have a better comparison with compound 104, as this derivative contains the 

ethyl ferrocene moiety instead of ferrocene. 

Table 4.2. Selected free radical scavengersa and intracellular antioxidantsb. 

Scavenger 
Radical species 

O2
•−

 OH•
 O2

1
 H2O2 

Tirona,b     

D-mannitolb     

L-histidinea     

KIa     
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4.4.2 Results 

The interaction of pUC19 supercoiled DNA with ferrocene 61, compound 111, ethyl 

ferrocene 62 or compound 104 under the presence of an oxidant (H2O2) and ROS 

scavengers was studied in a range of concentrations between 50-300 M. The solutions 

were incubated at 37 °C for 12 h and analysed using standard agarose gel 

electrophoresis (Figure 4.10). 

Control experiments (lanes 2-6) are in excellent agreement with those observed 

previously in Figure 4.9. Ferrocene 61 in the presence of H2O2 (Figure 4.10A) do not 

complete the transition from SC to OC DNA, as both bands are observed through all the 

concentrations tested (lanes 2-6), just as seen before in Figure 4.9D (lanes 11-19). For 

compounds 111 and 104 in the presence of H2O2 (Figure 4.10B and Figure 4.10D, 

respectively), all SC DNA has been transformed into OC and L forms at 150 M (lane 4), 

the same concentration observed in lane 15 of Figure 4.9A and Figure 4.9B, respectively. 

However, it is evident again that compound 104 is more active than compound 111, 

because the intensity of the OC band at 150 M in the latter derivative is stronger and 

only a light band for L DNA is observed, whilst the L band in the first derivative is clearer. 

At 200 M, compound 104 exhibits a total degradation of DNA, with no bands observed 

for any DNA form (Figure 4.10D, lane 5); whilst some remnants of OC and L DNA are still 

observed for compound 111 at the same concentration (Figure 4.10B, lane 5). 

The control of ethyl ferrocene 62 in the presence of H2O2 (Figure 4.10C) shows 

OC and L DNA at 300 M (lane 6) with no SC DNA left; this suggest that this compound 

induce a superior DNA oxidative damage than its analogue ferrocene 61. This 

observation is consistent with the comparison between compounds 104 and 111, where 

compound containing the ethyl ferrocene moiety (104) is more active than compound 

containing the ferrocene moiety (111). These results suggest that the alkyl group in the 

ferrocenyl moiety is playing an important role on the redox process. 

Results in all the gels suggest that O2
•− is the most prevalent radical species 

involved in strand scission, as the presence of tiron considerably impedes cleavage 

activity of all derivatives (lanes 7-11). In addition, O2
1  is also present for derivatives with 

ferrocenyl moiety, as added L-histidine was also found to delay cleavage activity of 

ferrocene 61 and compound 111. It was observed that the presence of the H2O2 

scavenger, KI, inhibits DNA cleavage of tested derivatives (lanes 22-26); this observation 

is consistent with previous results, as the oxidant H2O2 was found to be essential for the 

complexes to start the DNA oxidative damage.  
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•−     OH•   O2

1   H2O2 

 

 

 

 

Figure 4.10. Agarose gel electrophoresis of pUC19 supercoiled DNA (400 ng) incubated at 37 °C for 12 h 
with increasing concentrations of A) ferrocene 61, B) compound 111, C) ethyl ferrocene 62 and D) 

compound 104, and in the presence of 1 mM H2O2. Lane 1 = pUC19 untreated control; lanes 2-6: metal 

complex only; lanes 7-11: complex + 10 mM tiron; lanes 12-16: complex + 10 mM D-mannitol; lanes 17-21: 
complex + 10 mM L-histidine; and lanes 22-26: complex + 10 mM KI. 
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4.5 Conclusions 

The interaction of the novel heterocyclic functionalised ferrocenyl derivatives 99-120 with 

DNA was investigated through an indirect fluorometric assay. Results from the 

competitive fluorescent displacement assay with EtBr show that not all derivatives reach 

the C50, which is the concentration required to reduce by 50 % fluorescence of EtBr on 

ctDNA. The C50 values obtained are needed to calculate the apparent binding constant 

(Kapp) of each complex to ctDNA. The best results were obtained from compounds 104, 

110 and 111, which all are NHS-ester derivatives; this suggest that the NHS ring is 

playing an important role on the intercalation activity of complexes to DNA. Compound 

111 reached the C50 after 1 h incubation, compound 104 did it after 6 h and compound 

110 only until 11 hours. Therefore, compound 111 showed the best interaction with DNA, 

with Kapp values between 4.2×105 - 2.2×106 M bp-1 which suggest a strong binding of 111 

to ctDNA, and are comparable or higher than the reported Kapp of some other ferrocenyl 

derivatives, which laid in the range of 3.9×103 - 5.6 × 105 M bp-1.291–295 

In the absence of an added oxidant, compounds 104 and 111 do not exhibit DNA 

damage, as only the SC DNA band is observed over an extended concentration range 

(50-700 M). This result suggests that the ferrocenyl derivatives require an exogenous 

oxidant to release the active Fe species that catalyses the ROS generation at the DNA 

interface. To further study this oxidative pathway, a variety of ROS specific scavengers 

including 4,5-dihydroxy-1,3-benzenedisulfonic acid (tiron), D-mannitol, L-histidine and KI 

were employed to probe the role of superoxide (O2
•−), the hydroxyl radical ( OH• ), singlet 

oxygen ( O2
1 ), hydrogen peroxide (H2O2) or a combination thereof. For this study, 

compounds 104 and 111 and their corresponding ferrocenyl moieties (ethyl ferrocene 62 

and ferrocene 61, respectively) were tested. In all cases, pre-incubation with tiron 

significantly impeded the DNA damage, hence suggesting that superoxide (O2
•−) is the 

most prevalent radical species involved in the cleavage mechanism of these compounds. 

In addition, singlet oxygen ( O2
1 ) is also present for derivatives with ferrocenyl moiety, as 

added L-histidine was also found to delay cleavage activity of ferrocene 61 and 

compound 111. In these experiments, delayed onset of OC DNA formation, inhibition of 

L DNA and protection of SC DNA were observed. It was also evident that compounds 

containing alkylated ferrocene (104 and 62) are more active than their corresponding 

ferrocenyl analogues (111 and 61); this observation suggest that the alkyl group is 

important in decreasing the redox potential of these compounds.  
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4.6 Materials and methods 

4.6.1 DNA binding studies 

The competitive ethidium bromide displacement assay was conducted using a similar 

procedure to the reported by Kellett et al.300 Briefly, a working solution was prepared 

containing 20 M UltraPure calf thymus DNA (ctDNA, Invitrogen 15633-019, 260=12,824 

M·bp−1·cm−1), 25.2 M EtBr and 40 mM NaCl in 50 mM acetate buffer (pH = 5). Serial 

aliquots of ferrocenyl derivative were added to working solutions in a 96-well plate. The 

volume of each well was adjusted to 100 L such that the final concentration of ctDNA 

and EtBr were 10 and 12.6 M, respectively. The plate was incubated at room 

temperature (≈20 °C) before being analysed using a Bio-Tek synergy HT multi-mode 

microplate reader with excitation and emission wavelengths of 530 and 590 nm, 

respectively. The plates were analysed hourly for 3 h.  

From the panel of derivatives tested, only compounds observed to quench ~50% 

or higher fluorescence of EtBr on ctDNA during the 3 h analysis were selected for further 

characterise the binding kinetics. The same procedure as above was followed, with each 

drug concentration measured in triplicate. The plates were analysed hourly for 12 h. 

Apparent binding constants (Kapp) were calculated using the formula: 

𝐾app =
𝐾e × 12.6

C50
 

where Ke = 8.8 × 106 M·bp−1 (apparent binding constant on ctDNA). 

 

4.6.2 Gel electrophoresis experiments on pUC19 DNA 

4.6.2.1 DNA cleavage in the presence of an added reductant/oxidant 

Reactions were carried out according to the literature procedure by Kellett et al.301 Stock 

solutions of the compounds to be tested were initially prepared in CH3CN, and further 

dilutions were prepared in 80 mM HEPES buffer (Fisher) at pH 7.2. Supercoiled pUC19 

plasmid DNA (400 ng) was exposed to increasing concentrations of each test compound 

in the presence of 25 mM NaCl and 1 mM of sodium L-ascorbate or H2O2. Reaction 

mixtures were vortexed and incubated at 37 °C for 12 h. The 6X loading dye (Fermentas) 

containing 10 mM tris(hydroxymethyl)aminomethane-HCl (pH 7.6), 0.03% bromophenol 

blue, 0.03% xylene cyanole FF, 60% glycerol and 60 mM EDTA was added to each 
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sample before loading onto a 1.2% agarose gel containing 4 L of SYBR safe DNA gel 

stain (Invitrogen). Electrophoresis was completed at 70 V for 12 h in 1X 

Tris−acetate−EDTA buffer (Millipore) and photographed using a UV transilluminator. 

 

4.6.2.2 DNA cleavage in the presence of ROS scavengers 

The assay was carried out according to the method recently reported by Kellett et al.302 

Briefly, in a final volume of 20 L, 80 mM HEPES, 25 mM NaCl, 1 mM H2O2 and 400 ng 

of pUC19 DNA were treated with varying drug concentrations (50, 100, 150, 200 and 300 

M) in the presence of 10 mM of the following ROS scavengers: 4,5-dihydroxy-1,3-

benzenedisulfonic acid (Tiron), D-Mannitol, L-Histidine and KI. The reactions mixtures 

were vortexed and incubated at 37 °C for 12 h, and gel electrophoresis was carried out 

as previously stated. 
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General conclusions 

 

In recent years, Kenny et al. have reported the antineoplastic activity of several series of 

ferrocenyl bioconjugates, researching the SAR by modifying the three key moieties of 

their molecules: a ferrocenyl redox-active centre, an aromatic conjugated linker and an 

amino acid or dipeptide ester chain.181,183–195 The aim of this work was to continue the 

exploration of the SAR in these type of compounds in order to identify potential 

candidates for biological studies with increased activity and solubility. The amino acid or 

dipeptide ester chain moiety offers an excellent option for introducing diversity into this 

series of ferrocenyl derivatives. It has been reported that the biological activity decreases 

when the length of the peptide chain is extended to tri- or tetrapeptides;187 hence, longer 

chains were not an option for SAR analysis. As previous research indicated that 

antineoplastic activity is higher when small -amino acids are used197, the coupling of 

short amino cyclic molecules such as aminopyridine, benzylamine or cyclohexylamine 

was considered as an interesting approach to yield an innovative variety for ferrocenyl 

derivatives other than amino acids.  

A series of novel heterocyclic functionalised ferrocenyl derivatives 99-120 were 

prepared using EDC/NHS coupling protocol, a procedure similar to that used for the 

synthesis of the previous ferrocenyl dipeptide esters in Dr. Peter Kenny’s research 

group.181,183–195 These compounds were characterised by a range of spectroscopic 

techniques including 1H NMR, 13C NMR, DEPT-135, COSY, HSQC, HMBC, IR, UV-Vis 

and MS. All compounds gave spectroscopic and analytical data in accordance with their 

expected structures, except for the coupling reaction with 4-aminopyridine 96 where the 

unusual NHS-esters were obtained; this was confirmed with mass spectrometry and X-

ray crystallography studies. A change of the coupling protocol is suggested as future 

work, as an attempt to obtain the ferrocenyl 4-aminopyridine derivatives; this can involve 

the use of a base stronger than triethylamine, which was used as part of the EDC/NHS 

protocol. 

The in vitro antiproliferative activity of these novel compounds 99-120, and a 

series of N-(1′-alkyl-6-ferrocenyl-2-naphthoyl) amino acid and dipeptide esters 130-143 

and N-(ferrocenylmethylamino acid)-fluorinated benzene carboxamides 144-154 
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previously synthesised by Lu195, was evaluated in human cervical carcinoma (SiHa) and 

human liver (Chang) cell lines. Some of these ferrocenyl derivatives showed equivalent 

or better activity than the reference chemotherapeutic compound vincristine 129. The 

SAR study of the ferrocenyl bioconjugates 99-120 and 130-143 showed that:  

(i) superior activity is observed when the ferrocene unit is alkylated (-CH3 or -CH2CH3); 

(ii) a naphthalene ring substituted in the 6,2-positions enhances the anti-proliferative 

effect of the heterocyclic functionalized ferrocenyl derivatives relative to the 3,2-position 

or the benzoyl conjugated linker; and (iii) NHS-ester as the heterocycle displays moderate 

biological activity in SiHa cells with low toxicity to Chang cells, whilst Gly-D-Ala-OEt as 

the dipeptide moiety exhibits a high cell growth inhibition in SiHa cells with moderate 

toxicity to Chang cells. In relation to the ferrocenyl carboxamides, this SAR study showed 

that: (i) single amino acid chains were more active than the dipeptide chain tested; (ii) 

pentafluorinated derivatives were generally more active than trifluorinated compounds; 

and (iii) the highest inhibition in SiHa cell line was observed with the higher number of 

carbons in the chain attached to the carbon in the  position to the carbonyl of the amide 

group, as L-(+)--phenylglycine, L-norleucine and L-leucine were more active than 

shorter amino acids such as L-alanine, L-2-aminobutyric acid or glycine. Due to the large 

number of derivatives, only compounds showing stronger anti-proliferative effects on 

SiHa cell line with less toxicity against Chang cells were then selected for further 

determination of IC50 value, which corresponds to the concentration of the drug required 

for 50% inhibition of cell growth. Compounds N-(1′-ethyl-6-ferrocenyl-2-naphthoyl)-

glycine-D-Alanine ethyl ester 143 (IC50 = 8.76 ± 0.98 M), N-(ferrocenylmethyl-L-

norleucine)-3,4,5-trifluorobenzene carboxamide 147 (IC50 = 17.47 ± 2.84 M) and N-

(ferrocenylmethyl-L-(+)--phenylglycine)-2,3,4,5,6-pentafluorobenzene carboxamide 

153 (IC50 = 8.18 ± 2.28 M) have been identified as the most potent ferrocenyl derivatives 

in SiHa cell line, with moderate toxicity towards Chang cell line. These compounds 

display a better anticancer activity in SiHa cell line than cisplatin (IC50 = 19.5 ± 2.12 μM), 

which is a highly effective drug in treating cervical carcinoma.274 These results suggest 

that ferrocenyl complexes are promising anticancer agents worthy of future therapeutic 

analysis. For future SAR work, a combination of the unusual NHS-ester and Gly-D-Ala 

represents an interesting approach, in order to investigate if the high inhibition to SiHa 

cells from the dipeptide moiety is maintained along with the low toxicity to Chang cells 

from the NHS-ester moiety. In addition, the use of other cancerous cell lines is strongly 

recommended. 
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The interaction of the novel heterocyclic functionalised ferrocenyl derivatives 99-

120 with DNA was investigated via the competitive fluorescent displacement assay with 

EtBr. Results showed that not all derivatives reach the C50, which is the concentration 

required to reduce by 50 % fluorescence of EtBr on ctDNA. The C50 values obtained are 

needed to calculate the apparent binding constant (Kapp) of each complex to ctDNA. The 

best results were obtained from compounds 104, 110 and 111, which all are NHS-ester 

derivatives; this suggest that the NHS ring is playing an important role on the binding 

activity of complexes to DNA. Compound 111 showed the best interaction with DNA, with 

Kapp values between 4.2×105 - 2.2×106 M bp-1 which suggest a strong binding of 111 to 

ctDNA, and are comparable or higher than the reported Kapp of some other ferrocenyl 

derivatives, which laid in the range of 3.9×103 - 5.6 × 105 M bp-1.291–295 A further 

investigation into the specific mode of binding of these ferrocenyl complexes with DNA is 

suggested, which can be achieved by exploring the non-covalent modes by which metal 

complexes bind to DNA, such as intercalation, insertion, groove binding, and phosphate 

clamp.281 

In the absence of an added oxidant, no DNA cleavage was observed with 

compounds 104 and 111 over an extended concentration range (50-700 M); this 

suggested that the ferrocenyl derivatives required an exogenous oxidant to start the ROS 

generation at the DNA interface. To further study this oxidative pathway, compounds 104 

and 111 and their corresponding ferrocenyl moieties (ethyl ferrocene 62 and ferrocene 

61, respectively) were tested with a variety of ROS specific scavengers including 4,5-

dihydroxy-1,3-benzenedisulfonic acid (tiron), D-mannitol, L-histidine and KI, which were 

employed to probe the role of superoxide (O2
•−), hydroxyl radical ( OH• ), singlet oxygen 

( O2
1 ) and hydrogen peroxide (H2O2), respectively (or a combination thereof). In these 

experiments, delayed onset of OC DNA formation, inhibition of L DNA and protection of 

SC DNA were observed. In all cases, pre-incubation with tiron significantly impeded the 

DNA damage, hence suggesting that superoxide (O2
•−) is the most prevalent radical 

species involved in the cleavage mechanism of these compounds. In addition, singlet 

oxygen ( O2
1 ) is also present for derivatives with ferrocenyl moiety, as added L-histidine 

was also found to delay cleavage activity of ferrocene 61 and compound 111. It was also 

evident that compounds containing alkylated ferrocene (104 and 62) are more active than 

their corresponding ferrocenyl analogues (111 and 61); this observation suggest that the 

alkyl group in the ferrocenyl moiety is playing an important role on the redox process. 
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A. Supplementary X-ray data for 2,5-dioxopyrrolidin-1-yl 2 

ferrocenylbenzoate (compound 109) 

 

   

a. Crystal data 

C21H17FeNO4 F(000) = 832 

Mr = 403.21 Dx = 1.582 Mg m-3 

Monoclinic, P21/c Cu K radiation,  = 1.54184 Å 

a = 20.1605 (3) Å Cell parameters from 5985 reflections 

b = 7.4716 (1) Å θ = 4.5–74.5° 

c = 11.4251 (2) Å m = 7.39 mm-1 

b = 100.428 (1)° T = 100 K 

V = 1692.55 (5)  Å3 Block, orange 

Z = 4 0.25 × 0.10 × 0.09 mm 
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b. Data collection 

XtaLAB Synergy, Dualflex, AtlasS2 diffractometer 3326 independent reflections 

Radiation source: micro-focus sealed X-ray tube, PhotonJet 
(Cu) X-ray Source 

3173 reflections with I > 2s(I) 

Mirror monochromator Rint = 0.019 

Detector resolution: 5.2923 pixels mm-1 θmax = 74.7°, min = 4.5° 

 scans h = -24→22 

Absorption correction: gaussian CrysAlis PRO 1.171.40.21a 
(Rigaku Oxford Diffraction, 2018) Numerical absorption 
correction based on gaussian integration over a multifaceted 
crystal model Empirical absorption correction using spherical 
harmonics, implemented in SCALE3 ABSPACK scaling 
algorithm. 

k = -9→7 

Tmin = 0.369, Tmax = 0.929 l = -12→14 

10221 measured reflections  

 

c. Refinement 

Refinement on F2 Primary atom site location: dual 

Least-squares matrix: full Secondary atom site location: difference Fourier map 

R[F2 > 2(F2)] = 0.024 Hydrogen site location: inferred from neighbouring sites 

wR(F2) = 0.060 H-atom parameters constrained 

S = 1.03  w = 1/[s2(Fo
2) + (0.0299P)2 + 0.8255P] where P = (Fo

2 + 2Fc
2)/3 

3326 reflections (/)max < 0.001 

244 parameters ρmax = 0.26 e Å-3 

0 restraints ρmin = -0.30 e Å-3 

 

 

d. Computing details 

Data collection: CrysAlis PRO 1.171.40.21a245; cell refinement: CrysAlis PRO 

1.171.40.21a245; data reduction: CrysAlis PRO 1.171.40.21a245; program(s) used to solve 

structure: SHELXT248; program(s) used to refine structure: SHELXL2018/3303; molecular 

graphics: Mercury304; software used to prepare material for publication: Olex2247, 

publCIF305. 
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e. Geometric parameters (Å, °) 

Fe1—C1 2.0404 (16) O3—C18 1.2078 (17) C9—C10 1.433 (2) 

Fe1—C2 2.0461 (16) O4—C21 1.2015 (18) C10—C11 1.4792 (18) 

Fe1—C3 2.0499 (15) N1—C18 1.3860 (18) C11—C12 1.405 (2) 

Fe1—C4 2.0422 (15) N1—C21 1.3966 (18) C11—C16 1.405 (2) 

Fe1—C5 2.0361 (16) C1—C2 1.418 (3) C12—C13 1.383 (2) 

Fe1—C6 2.0506 (14) C1—C5 1.421 (3) C13—C14 1.391 (2) 

Fe1—C7 2.0461 (15) C2—C3 1.424 (2) C14—C15 1.379 (2) 

Fe1—C8 2.0366 (15) C3—C4 1.419 (2) C15—C16 1.4065 (19) 

Fe1—C9 2.0359 (15) C4—C5 1.423 (2) C16—C17 1.484 (2) 

Fe1—C10 2.0517 (13) C6—C7 1.422 (2) C18—C19 1.505 (2) 

O1—N1 1.3880 (15) C6—C10 1.436 (2) C19—C20 1.534 (2) 

O1—C17 1.3958 (17) C7—C8 1.425 (2) C20—C21 1.506 (2) 

O2—C17 1.1955 (18) C8—C9 1.427 (2)   

 

 

C1—Fe1—C2 40.62 (8) C8—Fe1—C10 68.96 (5) C7—C8—Fe1 69.93 (8) 

C1—Fe1—C3 68.47 (7) C9—Fe1—C1 118.52 (7) C7—C8—C9 108.23 (12) 

C1—Fe1—C4 68.63 (6) C9—Fe1—C2 154.84 (7) C9—C8—Fe1 69.47 (8) 

C1—Fe1—C6 126.81 (6) C9—Fe1—C3 161.29 (6) C8—C9—Fe1 69.52 (8) 

C1—Fe1—C7 164.57 (7) C9—Fe1—C4 123.11 (6) C8—C9—C10 108.08 (13) 

C1—Fe1—C10 107.14 (6) C9—Fe1—C5 104.74 (6) C10—C9—Fe1 70.07 (8) 

C2—Fe1—C3 40.68 (6) C9—Fe1—C6 68.88 (6) C6—C10—Fe1 69.47 (8) 

C2—Fe1—C6 110.08 (6) C9—Fe1—C7 68.94 (6) C6—C10—C11 123.61 (13) 

C2—Fe1—C7 127.69 (7) C9—Fe1—C8 41.01 (6) C9—C10—Fe1 68.89 (8) 

C2—Fe1—C10 121.39 (6) C9—Fe1—C10 41.04 (6) C9—C10—C6 107.34 (12) 

C3—Fe1—C6 122.53 (6) N1—O1—C17 111.14 (10) C9—C10—C11 128.82 (13) 

C3—Fe1—C10 157.09 (6) O1—N1—C21 122.37 (11) C11—C10—Fe1 122.68 (10) 

C4—Fe1—C2 68.42 (7) C18—N1—O1 120.80 (11) C12—C11—C10 117.51 (12) 

C4—Fe1—C3 40.57 (7) C18—N1—C21 116.77 (12) C12—C11—C16 117.30 (13) 

C4—Fe1—C6 156.12 (6) C2—C1—Fe1 69.91 (9) C16—C11—C10 125.14 (13) 

C4—Fe1—C7 120.11 (6) C2—C1—C5 107.93 (14) C13—C12—C11 122.06 (14) 

C4—Fe1—C10 160.77 (6) C5—C1—Fe1 69.44 (9) C12—C13—C14 119.90 (14) 

C5—Fe1—C1 40.79 (7) C1—C2—Fe1 69.47 (9) C15—C14—C13 119.60 (13) 

C5—Fe1—C2 68.44 (7) C1—C2—C3 108.11 (15) C14—C15—C16 120.75 (13) 

C5—Fe1—C3 68.46 (7) C3—C2—Fe1 69.80 (9) C11—C16—C15 120.33 (13) 

C5—Fe1—C4 40.84 (6) C2—C3—Fe1 69.52 (9) C11—C16—C17 126.73 (12) 



 Dublin City University    Appendix 

 

 

216 

C5—Fe1—C6 162.61 (6) C4—C3—Fe1 69.42 (8) C15—C16—C17 112.94 (12) 

C5—Fe1—C7 153.88 (7) C4—C3—C2 107.92 (14) O1—C17—C16 112.16 (11) 

C5—Fe1—C8 117.87 (7) C3—C4—Fe1 70.01 (9) O2—C17—O1 121.68 (13) 

C5—Fe1—C10 123.83 (6) C3—C4—C5 107.96 (14) O2—C17—C16 125.98 (13) 

C6—Fe1—C10 40.97 (6) C5—C4—Fe1 69.35 (8) O3—C18—N1 124.01 (13) 

C7—Fe1—C3 109.05 (6) C1—C5—Fe1 69.77 (9) O3—C18—C19 130.06 (13) 

C7—Fe1—C6 40.63 (6) C1—C5—C4 108.07 (15) N1—C18—C19 105.93 (11) 

C7—Fe1—C10 68.87 (6) C4—C5—Fe1 69.81 (9) C18—C19—C20 105.71 (11) 

C8—Fe1—C1 153.15 (7) C7—C6—Fe1 69.52 (8) C21—C20—C19 106.49 (12) 

C8—Fe1—C2 163.81 (7) C7—C6—C10 108.34 (13) O4—C21—N1 125.17 (14) 

C8—Fe1—C3 125.35 (6) C10—C6—Fe1 69.56 (8) O4—C21—C20 129.75 (13) 

C8—Fe1—C4 105.88 (6) C6—C7—Fe1 69.85 (8) N1—C21—C20 105.08 (12) 

C8—Fe1—C6 68.61 (6) C6—C7—C8 108.01 (13)   

C8—Fe1—C7 40.85 (6) C8—C7—Fe1 69.21 (8)   
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