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Abstract  

A variety of novel and effective inhibitors of NQO1 was synthesized. The inhibitors 

were classified as ‘asymmetrical’ and ‘halfway stage’ analogues of dicoumarol. The 

synthesis of these inhibitors was achieved through the application of different 

techniques such as ‘borrowing hydrogen methodology’, thermal and microwave 

irradiation and reductive C-C cleavage using NaBH3CN. One of the most potent 

analogues was toxic (IC50 = 9.2 ± 0.3 μM) towards the non-small cell lung cancer 

cell line, A549. 

 

A selection of the most potent inhibitors was re-modified as prodrugs in order to 

improve drug penetration through the barrier of the cell membrane. This was 

achieved by conjugation with a delivery agent related to the natural product 

antheminone A. The synthesis involved a multi-step reaction sequence involving the 

use of natural product (-)-quinic acid as a precursor. A range of prodrugs were 

synthesized which exhibited toxicity towards the A549 cancer cell line. 
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1.0 Chapter 1: Introduction 

1.1 The cell 

Cell theory
1
 states that all living organisms are composed of cells which replicate 

themselves and, as a result, they are called the building blocks of life. Modern theory 

includes other specific roles such as: they provide structures for the body; they 

synthesize ATP; they contain hereditary information (DNA) which is passed from 

generation to generation as well as other biomolecules like proteins.
2
 Cells are made 

of protoplasm which is encircled within a cell membrane, and this contains many 

organelles like the nucleus and mitochondria (also known as the power house of the 

cell) (Figure 1). 

 

Figure 1: Cross section of a human cell. This image is credited to Abhishake 

Sharma/anatomydiagram.info., posted on October 30, 2015. 

 

Each human cell comprises about 25,000 genes which are used selectively and which 

can be activated when needed or deactivated when not needed.  Some genes are 

activated at all times to synthesize the proteins needed for normal cell functions 

(transcription). This process of turning genes on and off is known as gene regulation. 

The genes therefore control all the functions of the cell. 

 

1.1.1 Carcinogenesis/Turmorigenesis 

Carcinogenesis which is also known as turmorigenesis is the real development of 

cancer, whereby the normal cells are mutated into cancer cells. It is a complex, multi-

step process that involves elimination of numerous cell obstructions: such as anti-

proliferative responses and programmed cell death-inducing mechanisms. Loss of 

function of proto-oncogenes and p53 (page 17) occur through genetic mutations, or 
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through epigenetic mechanisms, such as DNA methylation.
3,4

 For example, in 

epigenetic methylation, the addition of a methyl group to a particular gene results in 

deactivation so that the transcription process cannot occur. Epigenetic errors can 

occur, especially when a wrong gene is modified or there is a failure in gene 

modification. Both errors can lead to abnormal gene activity, or inactivity, thereby 

causing genetic disorders.  

 

Carcinogenesis comprises three related stages: tumor initiation, promotion and 

progression.
5
 Tumor initiation is rapid and irreversible: it occurs as a result of 

exposure to carcinogenic agents such as quinones and tumor invasions to the organs 

and tissues where metabolic and detoxification activities occur. In contrast to 

initiation, tumor promotion is a slower and reversible process in which the 

proliferating pre-neoplastic cells accumulate because the immune system fails to 

destroy them at onset. Tumor progression involves the multiplication of tumor cells 

with invasive and metastatic effects. 

 

1.1.2    Origin of cancer cells   

Human bodies comprise a huge numbers of cells which can copy themselves in a 

specialized manner to produce new cells or daughter cells needed to keep the body 

healthy. Sometimes this organized process can be affected causing the DNA of a cell 

to become mutated leading to abnormal cell growth and proliferation. When this 

occurs, there will be an accumulation of unwanted cells which will not undergo 

apoptosis (programmed cell death) (Figure 2). When these cells accumulate they 

form a mass of tissue called a tumor (Figure 3).  

 

 

 

 

  

                                  

  

Figure 2: Loss of normal cell growth control shown in red. The cells escape apoptosis and therefore 

progress to a tumor. 
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Figure 3: Cancer cell division. 

 

1.1.3    Tumor invasion and metastasis 

Human bodies comprise many different kinds of cells such as nerve cells, blood cells 

and epithelial cells. Accumulations of cells that perform specific functions are 

grouped together to form tissues, for example: epithelial tissue, connective tissue, 

nerve tissue and muscle tissue. The tissues combine to form the organs, for example: 

skin, eye, breast, liver, etc; and these organs are combined to form a body. 

 

A growing tumor which starts from epithelial cells will eventually produce offspring 

which migrate out of their original site to invade adjacent tissues and then spread to 

the organs (Figure 4).  

 

 

 

 

 

 

 

Figure 4:  Cross section of human liver taken at autopsy examination, showing multiple large pale 

tumor deposits. This image is credited to Haymani/Wikimedia commons.                      

 

Tumor metastasis is a very complex process which involves a systematic interaction 

between the invasive cells and the extracellular matrix (ECM). The extracellular 

matrix is an interconnected network of macromolecules (proteins and 

polysaccharides) which are produced locally by cells in the matrix. Through its 

functions, it controls some key cellular events such as: cell adhesion, migration, 

proliferation, differentiation and survival.
6
 It has been reported that changes in the 

ECM rigidity contributed actively to tumor progression.
7
 Some enzymes, such as 

extracellular enzymes, matrix metalloproteinases and proteases, have been identified 

Uncontrolled cell growth
(Tumour)

Mutated cells

Uncontrolled cell growth
(Tumour)

Mutated cells

Uncontrolled cell growth
(Tumour)

Mutated cells

Uncontrolled cell growth
(Tumour)

Mutated cells
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in this transformation of the ECM, leading to tumor invasion and metastasis. Thus, 

drug candidates targeting these enzymes for inhibition have been developed which 

have potent anticancer activity. 

 

The ability of cancer cells to invade and metastasize to a distant site is an established 

hallmark of cancer that is, a pathological capability common to most, if not all, 

cancer cells.
8
 The hallmarks of cancer (Figure 5) are the phenotypic adaptations 

necessary to overcome all the proliferation barriers that a tumor encounters during 

progression to carcinogensis. 

 

 

Figure 5: Seven acquired capabilities of cancer cells (hallmarks of cancer).
9
 

 

The capability of cancer cells to invade and metastasize enables them to escape the 

primary mass and to colonize new areas in the body where, at least initially, nutrients 

and space are not lacking. Metastasis is the most life threatening challenge in patients 

with cancer this process is the cause of 90% of human cancer deaths.
10 

 

Not every tumor can be termed to be cancerous and biopsy is used to determine 

which tumors are harmful. A tumor is referred to as benign when it has not invaded 

the nearby tissues and hence, does not pose a serious danger to the health of an 

individual.
11

 Malignant tumors grow rapidly and irreversibly due to their having 

metastasized from the primary site to distant areas. 
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1.1.4    Escaping apoptosis 

Apotosis or cellular suicide refers to programmed cell death and is a normal function 

of cells which occurs inside the mitochondria. The p53 and retinoblastoma proteins 

control both cell proliferation and cell death. A set of proteins are also known to 

either support apoptosis (pro-apoptosis: e.g Bax, Bad. Bid, Bok, Bik and Bak) or 

oppose apoptosis (anti-apoptosis: e.g Bcl-2, Bcl-XL, Bcl-W, Mcl-1 and A1). If there 

is any response from pro-apoptosis proteins, due to DNA damage, signalling 

imbalances caused by oncogenes, lack of oxygen supply or insufficient growth 

factors, the mitochondria release a signalling molecule called cytochrome c. The 

cytochrome c binds to a protein known as Apaf-1 resulting in formation of the 

apoptosome. The apoptosome then activates a set of proteins called caspases or ‘gate 

keepers’ which in turn activate other caspases leading to selective degradation of the 

structures of cell components.
9
 

 

For cancer cells to survive and divide uncontrollably however, they must escape 

apoptotic signalling pathways by either inactivating p53, retinoblastoma proteins or 

by producing large amounts of anti-apoptotic proteins. For example, human 

papilloma virus (HPV) produces proteins known as E6 and E7. E6 binds to p53 and 

inactivates it, while E7 inactivates the retinoblastoma proteins.
9
  

 

1.1.5   Self sufficiency in growth signals 

Growth factors are mostly proteins which are present in very low concentrations in 

tissues and they are biologically very active. They control most of the important 

functions within the cell such as growth, proliferation, cell specialization and 

survival.  

 

Cells communicate with each other in a process known as cell signalling. The 

behaviour of a cell depends on its microenvironment. There are a variety of growth 

factors and each carries out its function by binding to a specific receptor. These 

receptors are proteins found locally on the surface of a cell. The binding of a growth 

factor to a receptor activates phosphorylation reactions inside the cell and this 

represents part of the cell signalling pathway. 
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Cancer cells become independent of growth factors for proliferation by synthesizing 

their own growth factors and also by mimicking the growth factor receptors. This 

process can be initiated by an active kinase enzyme which is always switched on. 

This independence of the growth factor signalling pathway assists them to escape 

important checkpoints in the cell cycle.  

 

Studies have revealed that a key component of the growth factor signalling pathway, 

known as mutant ras, was found to be permanently switched on in some cancer cells. 

For example 90% of pancreatic cancer cells showed high expression of mutant ras.
8
 

Therapeutic treatment targeting these proteins therefore, will deprive the cancer cells 

of the signals required for uncontrolled growth and proliferation.  

 

1.1.6    Insensitivity to antigrowth signals 

Antigrowth signals are proteins which inhibit cell growth and multiplication whereas 

growth factors promote them. The growth and proliferation of normal cells are 

strictly controlled by the antigrowth signals. They block cell growth in a cellular 

quiescent phase, the G0 and M phase (mitosis). Almost all of the antigrowth signals 

are guided by a protein known as retinoblastoma which belongs to a class of proteins 

called tumor suppressor proteins. The retinoblastoma protein prevents uncontrolled 

growth from the G1 to S phase (Figure 6).  

 

 

 

 

 

 

 

 

 

 

Figure 6: The cell cycle, showing G1, S, G2 and M phases. Cell growth occurs during G1 and G2, 

while DNA is synthesized in S phase. Cell division occurs during M phase (mitosis). G0 is a quiescent 

phase where the cell exits the cell cycle but can re-enter if the signals from the environment are 

adequate. Red dots indicate cell cycle checkpoints.  
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Retinoblastoma protein is active when it is not phosphorylated and inactive when 

phosphorylated. It binds and inactivates E2F transcription factors which are very 

important proteins that bind to DNA and activate the genes controlling the cell cycle 

and DNA replication. Cancer cells interrupt the retinoblastoma pathway by setting 

free the E2F transcription factors which promote cell growth and division causing 

uncontrolled cell growth.
8
 

 

1.1.7    Sustained angiogenesis 

Cells that perform similar functions are grouped together to form tissues. The tissues 

require oxygen and nutritients to survive and grow otherwise they will ‘suffocate’ 

and die. They also need to be able to remove metabolic waste and carbon dioxide. 

The formation of blood vessels a process known as ‘angiogenesis’ helps them to 

achieve this.  

 

Similarly, a growing tumor requires nutrients, glucose, oxygen and an evacuation 

system to remove waste and carbon dioxide. Diffusion is insufficient for providing 

these needs. To achieve this, cancer cells activate the cells of neighouring blood 

vessels to grow extensions to form a supply chain and drainage channels (Figure 7).
8
 

In this way, the normal neighouring cells play a key role in tumor progression. 

 

 

 

 

 

Figure 7: Angiogenesis causes blood vessels to grow more branches for transportation of nutrients, 

oxygen and evacuation of carbon dioxide. 
8 

 

1.1.8    Limitless replicative potential 

In humans, normal cells have a limited number of un-interrupted growth and 

proliferation cycles. This limited number is known as the ‘Hayflick Limit’ named 

after Leonard Hayflick who discovered it.
12

 Cells, after having experienced a certain 

number of divisions, gradually reduce their growth rate and finally stop. In this 

situation, the cell is said to be in a ‘senescence state’ and this state is irreversible. 
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The senescence induced p53 pathways are activated by telomeres. Genes are 

arranged along twisted, double-stranded molecules of DNA known as chromosomes 

(Figure 8). At the ends of the chromosomes are stretches of DNA called telomeres. 

These telomeric DNAs determine how often and how long a cell may grow and 

multiply. The telomere performs its functions by preventing the end to end fusion of 

the chromosomal DNA or its break down.  

 

 

 

 

 

 

Figure 8: Structure of DNA with the protective telomeres at the end of the chromosomes. 

 

As cells undergo successive growth and division cycles their telomeric DNA gets 

shorter and shorter in length and eventually, the end of chromosomal DNA can no 

longer be protected. This causes the chromosomal DNA to start fusing with itself and 

this causes cell death. 

 

Similarly, when cancer cells are progressing into malignancy, they grow and divide 

very rapidly, causing their telomeres to become very short resulting in the death of 

the cells. To grow indefinitely however, cancer cells must avoid this pathway and 

they can achieve this by activating an enzyme called telomerase. Telomerase 

lengthens the telomeres and this enables the cancer cells to undergo indefinite growth 

and replication cycles.  

 

In vitro inhibition of telomerase activity has been targeted in breast and prostate 

cancer cells and was found to result in the death of cancer cells but with high 

associated risks: loss of fertility, adverse affect on wound healing and a weakening of 

the production of blood and immune system cells.
12

  

 

1.2.0  Causes of cancer 

Cancer is a disease of the cells in the body with many possible causes such as genetic 

or epigenetic factors and exposure to different types of chemicals. Most cancers 

Telomeres
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occur when certain vital genes, which control how cells divide and proliferate, are 

damaged or mutated. For example: 

 

(a) DNA mutations  

Mutations either acquired or epigenetic, are irregular changes in the DNA of a gene. 

The building blocks of DNA are the nucleotide bases and the sequence of these bases 

regulates the genes and their functions. Mutation involves changes in the sequence of 

these bases and this can affect the cells in many ways. For example, it can prevent 

protein synthesis or cause more proteins to be synthesized than usual thus leading to 

disease or the development of cancer cells. DNA mutations can be caused by 

environmental factors such as exposure to cigarette smoke, radiation, chemicals, 

hormones, diet etc, and these are called acquired DNA mutations. Epigenetic 

mutations are inheritable changes in gene activity and expression that occur without 

alteration in DNA sequence.
13,14

 These include DNA methylation and histone 

modification.
15

 

 

(b) Oncogenes 

Proto-oncogenes are genes that support the growth of cells. When oncogenes 

undergo mutation, too many copies are made, resulting in them being continually 

activated even when they are not needed and this can give rise to unregulated growth, 

a key hallmark of cancer. Normal cells undergo apoptosis, which is a physiological 

intracellular process involving a well ordered signalling pathway that leads to cell 

death and clearance of dead cells by white blood cells (phagocytes), without casusing 

inflammation. Oncogenes cause those cells programmed to die to survive and 

proliferate uncontrollably, leading to accumulation of tissues which will eventually 

become cancerous. Proto-oncogenes can be activated through chemical carcinogens 

such as quinoid molecules (Figure 9).
16

 In most malignant tumor cells proto-

oncogenes are up-regulated to a high level. 
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Figure 9: Oncogene and cancer cell. 

 

(c) Tumor suppressor protein (p53) 

The tumor suppressor protein (TSP) which is encoded in humans as ‘p53’ is located 

on the short arm of chromosome 17.
17

 It performs numerous functions including the 

control of cell growth, which is achieved by either repairing damaged DNA when it 

has undergone mutation, or by inducing damaged cells to die if  DNA repair is 

impossible. The process of programmed cell death is called ‘apoptosis’.
18

 DNA, if 

damaged, will increase the level of p53 which then leads to an increase in cancer cell 

apoptosis.
19

  

 

The tumor suppressor protein, therefore, controls the cell cycle by preventing 

replication at the G1 phase and it then enters the G0 phase (called a ‘quiescence state’) 

until the cell repairs itself (Figure 4).
20,21,22

 The tumor suppressor protein plays an 

important role in maintaining the stability of the cell by preventing genome 

mutations
23 

and because of this it has been described as a “genome guardian” 

because mutation or loss of p53 will cause genetic instability. Abnormal cells take 

advantage of mutations of p53 to grow uncontrollably leading to cell apoptosis or 

establishment of neoplastic cells in vivo.
24

 

 

(d) Reactive oxygen species (ROS) 

The most characteristic feature of cellular metabolism is the production of toxic by-

products, which must be removed for the cell to survive and also to maintain the 

stability of the genome.
25

 These by-products, which are produced from mitochondria 

or NADH oxidases are known collectively as reactive oxygen species (ROS) which 

include: hydrogen peroxide (H2O2), superoxide (O2
-
), and the hydroxyl radical 

Normal cell 
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Up-regulated  
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(OH
˙
).

26
 Reactive oxygen species can be mutagenic, as well as causing damage to the 

cell membrane, and consequently living organisms have a complex system of 

antioxidants.  

 

Antioxidants (Figure 10) are molecules that inhibit the oxidation of other molecules, 

examples include; glutathione (1), vitamin C (2), vitamin E (3) and oxidoreductase 

enzymes such as the NQOs. The antioxidants terminate chain reactions by removing 

the free radical intermediates, resulting in themselves being oxidized. Insufficient 

levels of antioxidants, or inhibition of their activity, can cause accumulation of free 

radical intermediates leading to oxidative stress, which can result in DNA damage or 

cell apoptosis. 

 

Figure 10: Structures of antioxidant compounds: glutathione (1); vitamin C (2); vitamin E (3). 

   

1.3.0 Glucose metabolism 

The primary function of glucose is to provide energy to the cells in the form of ATP, 

as an alternative to mitochondrial respiration. Glucose metabolism is essential for the 

generation of catabolic (eg CO2 and energy) and anabolic starting materials for 

virtually all forms of biosynthetic reactions. Glycolysis, which is also referred to as 

the Emden-Meyerhof Paranas pathway (EMP), is an anaerobic process which can 

occur in many ways (Figure 11). During this process, pyruvate and several 

byproducts such as: ATP, NADH/NADPH and fatty acids are produced. 
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Figure 11: Emden-Meyerhof Paranas glycolytic pathways. Steps i and iii consume ATP while steps 

vii and x produce ATP. Steps vi-x occur twice per glucose molecule and therefore, producing a total 

of 2 ATP for the complete pathway. 

 

The pyruvate produced can be metabolized to acetyl-CoA, ethanol or lactic acid 

depending on the microenvironment of the cell. In mammalian cells for example, 

where oxygen is needed for respiration, pyruvate enters the mitochondria and 

becomes converted to acetyl-CoA. The acetyl-CoA then enters into the Krebs cycle 

where it is completely oxidized to CO2 and H2O with formation of 36 moles of ATP 

through oxidative phosphorylation. Inhibiting effect of oxygen on the fermentation 

process is called the ‘Pasteur effect’ after Louise Pasteur who reported that glucose 

fluctuation causes inhibition of lactate production under aerobic conditions.
27

 

 

1.3.1    Cancer metabolism 

A knowledge of metabolism is crucial when attempting to fight cancer. Normal cell 

growth and proliferation are controlled by growth regulating signals and also by the 

cell’s microenvironment. The availability of nutrients and oxygen, which are 

necessary for cell multiplication and division, depends mainly on blood supply. The 

initial cancer growth however, occurs in the absence of formation of new blood 

vessels causing the cancer cells to have insufficient oxygen and nutrients for growth 

and proliferation.  

In order to form metastases, the cancer cells must survive, colonize and proliferate in 

the host tissue. To achieve this, they develop highly regulated processes for nutrient 
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consumption and utilization by replacing the glucose metabolic pathway (oxidation 

of sugar) in normal cells with sugar fermentation. This process represents a cellular 

phenomenon known as ‘metabolic rewriting’.
28,29

 In this process, cancer cells 

consume high amounts of glucose as clinically evidenced by positron emission 

tomography (PET)
30,31

, producing a large amount of lactate and H
+
 regardless of the 

availability of oxygen.
32

  

 

Warburg was the first to observe this irregular method of energy production in cancer 

cells. He reported that tumor tissues in vitro convert large amounts of glucose to 

lactate even in the presence of oxygen and that this is a remarkable difference to 

normal tissues which display the ‘Pasteur effect’.
33 

This is generally known as the 

Warburg effect,
34,35

 and is considered to be the seventh hallmark of cancer. It confers 

a significant growth advantage because it produces a toxic, acidic environment which 

is more damaging to adjacent tissues than to the cancer cells themselves.
30

  

 

The Warburg hypothesis was based on mitochondrial malfunction and this has been 

repeatedly challenged by recent investigations.
36

 Aerobic glycolysis in many cancers 

is the combined effect of many factors such as oncogenes, tumor suppressors, 

hypoxic microenvironment, mtDNA mutations and genetic background.
37

 

 

Glycolysis in cancer is inefficient in terms of ATP production compared to normal 

cells which produce 36 moles of ATP through oxidative phosphorylation (Figure 12). 

Gatenby and Gillies
38

 proposed that high glucose consumption in tumor cells is not 

necessarily for ATP production as it is commonly assumed. Rather it is used to create 

an acidic environment, which gives the cancer cells a competitive advantage for 

invasion. 

 

 

 

 

 

 

 

Figure 12: Comparison of glucose metabolic pathways in normal and cancer cells. 
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1.3.2 Advantages of glycolysis to cancer cells 

A high glycolytic rate in tumor cells has several advantages with regard to 

proliferation besides enhancing the ability to grow in an hypoxic environment:  

i) The phosphometabolites produced during glycolysis can be processed via 

the pentose phosphate pathway (PPP) for biosynthesis of nucleic acids 

and lipids as illustrated in Figure 13. 

 

 

 

 

 

 

 

 

Figure 13: Pentose phosphate pathway (PPP). 

 

ii) It helps the tumor cell to avoid the production of reactive oxygen species 

through oxidative phosphorylation. 

iii) Cancer cells will no longer rely on mitochondrial function and thus may 

escape apoptotic signalling which is linked to this function. In other 

words the genes and the pathways that up-regulate glycolysis are also 

antiapoptotic.
39

 

iv) High glycolytic activity produces a large amount of lactate and H
+
 ions 

which are transported to outside the cell where they promote aggression.
40

  

 

Indeed, several studies have shown that glucose fluctuation and metabolism 

stimulates many hallmarks of cancer such as uncontrolled proliferation, anti-

apoptotic signalling, cell cycle progression and angiogenesis. Thus with progressive 

tumorgenesis, cancer cells become highly addicted to high glucose consumption and 

susceptible to glucose deficiency.
41

 Studies have revealed that malignant cells in 

vitro quickly lose ATP and undergo apoptosis in the absence or shortage of 

glucose.
42,43,44 
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1.4.0    Signs and symptoms of cancer 

The signs and symptoms of cancer depend on where the cancer is located, how big it 

is, and how much the tissues and organs have been affected. If the cancer has 

metastasized, the signs and symptoms may appear in different parts of the body. 

Occasionally, however, cancer starts in places where signs and symptoms will not be 

observed at an early stage, for example, pancreatic cancer. The signs or symptoms 

are observed when it has spread beyond the place it started (the pancreas). Generally, 

some common symptoms of cancer include:
45 

 Unexplained bleeding 

 Unexplained weight loss 

 Unexplained pain 

 A lump or swelling 

 

1.4.1    Cancer risk factors 

A cancer risk factor is anything that affects the chances of getting the disease. 

Different cancers have different risk factors and these include:  

 Old age: half of the people diagnosed with cancer are those at the age 

of 60 and above;
46

 

 Obesity,
47

 lack of exercise, excessive drinking of  alcohol, unhealthy 

eating (consuming a lot of saturated fat);
48

 

 Genetics: people with inherited traces of gene mutation are at high 

risk of developing cancer;
49

 

 Medicinal factors: radiation therapy especially at a younger age is a 

high risk factor for the development of cancer. Radiation exposure 

during routine screening tests is generally only of a low dose, 

however cumulative effects from repeated exposure can lead to 

cancer;
50,51

 

 Changes in hormone levels; 

 Infections such as human papilloma virus (HPV) can increase the risk 

of cancer; 

 Prolong exposure to air pollution. 
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1.4.2   Treatment of cancer 

Early detection of cancer increases the chance of survival because it is still at a 

primary stage and has not spread to other parts of the body. For example, breast 

cancer survival rates are increasing and this is partly as a result of high awareness 

programmes established to discover cancer at an early stage before it has 

metastasized. Early detection rates make treatment easier leading to an improved 

prognosis. 

 

There are various standard treatments for cancer, each of which is matched to the 

particular type of cancer. Before the treatment is decided upon, staging is carried out 

to determine the location, size and the metastasized areas of the tumor. Staging is 

done using different scanning techniques such as (i) CAT scans, (ii) BONE scans and 

(iii) PET scans. 

 

(i) CAT scan 

This is a procedure that gives a detailed picture of areas inside the body, pictured 

from different positions. The pictures are linked to an X-ray machine. Dyes may be 

injected into a vein or swallowed so as to help organs or tissues to show up properly. 

This process is called ‘computerized axial tomography’ (CAT). 

 

(ii) BONE scan 

This is a procedure used to check if there are rapidly replicating cancer cells in the 

bones: a small amount of radioactive material is injected into the bloodstream which 

is then detected by a scanner. 

 

(iii) PET scan 

This is a positron emission tomography scan which is used to find metastasized cells 

in the body. A small amount of glucose is injected into the vein, while the scanner 

rotates around the body collecting pictures where the glucose is being used in the 

body. Metastasized cells show brighter colours because they are more active and 

hence take up more glucose than the normal cells. 
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1.4.2.1   Chemotherapy (Chemoprevention)  

One way of controlling cancer is by inhibition, reversal or delay of genetic and 

epigenetic agents that cause the neoplastic modification of cells.
52 

Chemoprevention, 

therefore, is the use of natural or synthetic, non-toxic substances to destroy the 

cancer cells or prevent them from proliferating at an early stage.
53

  

 

To treat breast cancers that are estrogen hormone dependent, warfarin (4) and 

tamoxifen (5) (Figure 14) are the drugs usually administered and their potency with 

respect to the prevention of likely reoccurrence of breast cancer among women is 

high. These drugs are especially effective for the treatment of BRCA 1 and BRCA 

2.
54

 

 

Figure 14: Structure of warfarin (4) and tamoxifen (5). 

 

1.4.2.2  Surgery 

Surgery is still regarded as the most effective treatment for the majority of cancers 

because the affected areas can be removed while the tumor is still within its primary 

stage. For example, breast cancer invades the body through the tissue and passes 

through the lymph systems and metastasizes to other areas through the blood. During 

surgery, therefore, some of the affected lymph nodes and a small amount of 

unaffected tissues are removed (lumpectomy), or the whole breast is removed 

(mastectomy), after which an adjuvant therapy is used as a follow up. Adjuvant 

therapy is a treatment given after surgery to lower the risk of reoccurrence of cancer 

cell growth.  

 

1.4.2.3   Radiotherapy     

Radiotherapy is the most commonly used adjuvant therapy which is given after 

surgery. It involves the use of high energy rays to destroy the malignant cancer cells 

that are still present after the surgery.
55

 Many cancer patients are not happy to be 
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treated using radiotherapy because of its side effects, which include: lack of energy 

and pains in the affected areas. 

 

1.5.0 NADH: oxidoreductase quinone 1 (NQO1) 

NQO1 is a ubiquitous flavoprotein, meaning it contains flavin adenine dinucleotide 

(FAD) (6) (Figure 15). As a protein, it functions in a catalytic manner and can 

therefore be called a flavoenzyme. It belongs to a group of enzymes called 

oxidoreductases which protect cells against toxic metabolites by catalyzing the 

transfer of hydrogen or electrons to their co-enzymes. The co-enzymes accept the 

hydrogen and or electrons and transfer them to co-substrates during the cell’s 

metabolic processes.  

 

Figure 15: Structure of flavin adenine dinucleotide (FAD) (6).                                                       

 

The enzymatic activity of NQO1 was first described by Ernester and Navazio in 

1958 who revealed it catalysed the reduction of 2,6-dichlorophenolindophenol in the 

rat liver cytosol.
56

 It was originally called DT-diaphorase
57

 to demonstrate that the 

enzyme uses NADH or NADPH as a source of reducing equivalents
58

 and it is 

currently designated as NAD(P)H:oxidoreductase quinone 1, and in humans, it is 

encoded as ‘NQO1 or QR1’. It is ubiquitous and about 84% of the enzyme is found 

in the cytosol of human cells,
59

 while the remaining fractions can be found in 

mitochondria, ribosomes and the Golgi apparatus.
60

  

 

NQO1 has attracted significant attention because of its ability to not only detoxify a 

number of natural and unnatural compounds,
61,62

 but also to activate certain anti-

tumor agents such as mitomycin C (MMC) (7), quinolinquinone (8), 

aziridinylbenzoquinone (9) and CB1954 (10) (Figure 16).
63,64

 These findings 

therefore, prompted considerable interest among many researchers around the world 
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to study the enzyme and its analogues, and their role in protection against free radical 

formation and cancer development. 

 

 

Figure 16: Compounds generally considered as NQO1-directed antitumor agents; mytomycin C (7), 

quinolinequinone (8), aziridinylbenzoquinone (9) and CB1954 (10). 

 

As a detoxification enzyme, NQO1 catalyses an obligate 2-electron reduction of 

quinones (11) to stable hydroquinones (12)
65

 using NADH or NAD(P)H (Figure 17) 

at equal efficacy as electron donor. The formation of hydroquinones occurs via a 

single step process, by-passing toxic semi-quinone intermediate (13) which can be 

formed by one electron reduction by cytochrome p450 reductase, cytochrome b5 

reductase, ubiquinone oxidoreductase and xanthin oxidase.
66

 Spin resonance studies 

have revealed the absence of the semi-quinone radical intermediate (13) (Scheme 1) 

thus demonstrating the importance of NQO1 in cellular protection against toxic 

metabolites.
65 

 

Scheme 1: One electron reduction of quinones (11) by cytochrome p450 reductase results in 

formation of semi-quinone radical intermediates (13) whereas two electron reduction forms 

hydroquinones (12).  

 

 Figure 17: Structure of NADH and NADPH.  

 



Juliana Chineze Obi  31 
 

The stable hydroquinone formed by reduction of quinone can be excreted from the 

cell through conjugation with glutathione or UDP-glucuronic acid (14) (Figure 

18).
67,68 

 

Figure 18: Structure of UDP-glucuronic acid (14). 

 

The X-ray structures of NQO1, containing either the electron donor (NADH) or the 

electron acceptor (substrate) bound to the active site verify that the electron donor or 

acceptor occupy the same site with respect to the FAD cofactor. This implies that the 

reaction occurs via a ‘ping pong’ mechanism (Scheme 2).
69

 The reduced NAD(P)H 

or NADH  binds and reduces the FAD cofactor and the oxidized NAD
+
 or NADP

+
 is 

released prior to the binding of the substrate (Figure 19).  

 

 

Scheme 2: Mechanism of two electron reduction of quinone to hydroquinone by NQO1.
70
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Figure 19: Diagrammatic representation of the ‘ping-pong’ mechanism of NQO1 

 

Evidence in support of this mechanism of action of NQO1 has been gained from 

electron spin resonance experiments which did not detect the presence of 

semiquinone radicals during the metabolism of benzoquinone (15) or 

naphthoquinone (16) substrates (Figure 20).
71

 Reports revealed that, in addition to 

ortho and para quinones,
72 

NQO1 is capable of reducing a wide range of substrates 

such as quinone-imines (17, 18, 19), dichlorophenolindolphenol (DCPIP) (20), 

methylene blue (methylthioninium chloride) (21), glutathionyl-substituted 

naphthoquinone (22) and nitro compounds such as 1,3-dinitropyrene (23).
73,74,75,76 

 

 

Figure 20: Structures of NQO1 co-substrates. 

 

FADH

Co-substrate

(Q)

Hydride

NQO1
NQO1 NQO1

NQO1
NQO1

NQO1

NAD+

NADH

FAD

FAD FADH

FADH
FADH

FAD

HQ Substrate (Q)



Juliana Chineze Obi  33 
 

In addition to two electron reduction, NQO1 also catalyses a four electron reduction 

of azo dye (24) to 2-amino benzoic acid (26) and NˈNˈ-diamethylbenzene-1,4-

diamine (27) (Scheme 3) and other nitro-aromatic compounds.
70,77

 A number of 

reports show that NQO1 plays additional roles apart from its usual metabolic 

functions,
78

 for example it controls the stability of p53 by inhibiting its degradation.
79

 

 

Scheme 3: Flavin mediated electron transfer from NAD(P)H to an azo dye (24) to give the products: 

2-amino benzoic acid and Nˈ,Nˈ-dimethylbenzene-1,4-diamine.70 

 

Recent work with NQO1 has revealed that the enzyme plays an antioxidant role 

through the reduction of natural quinones which helps in the protection against 

oxidative damage.
80,81 

It also reduces the oxidized form of vitamin E into an anti-

oxidant product.
82,83 

The antioxidant role played by NQO1 is further demonstrated by 

immunohistochemical studies in humans which have shown over expression of 

NQO1 in many tissues requiring a high level of antioxidant protection.
84

 Such tissues 

include: epithelial cells of lung, breast and colon.  

 

Synthetic anti-oxidants, like butylated hydroxyanisole (BHA) (28) (Figure 21) as 

well as some natural extracts from broccoli have been reported to be potent inducers 

of the NQO1 enzyme.
85,86

 Broccoli contains isothiocyanates which induce 

carcinogen detoxifying enzymes.
87

 Glutathione undergoes conjugate addition with 

isothiocyanates, leading to their excretion. This inducibility has led to the suggestion 

that NQO1 plays a key role in cancer chemoprevention.
88  

 

Figure 21: Structure of butylated hydroxyanisole: an anti-oxidant.  
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1.5.1   Structure of NQO1 

The X-ray structure of NQO1 (Figure 22 and 23) was first reported by Li and co-

workers.
89 The 2.1-Å crystal structure revealed that the enzyme is a homodimer 

comprised of two connecting monomers oriented in a head-to-tail manner to ensure 

stability of the dimer. The FAD cofactor is non-covalently bound at the boundary of 

each monomer, giving rise to two active sites which are identical and independent of 

each other. Thus each active site is made up of parts of both monomers. 

 

 

 

 

 

 

 

 

 

Figure 22: X-ray crystal structure of human NQO1 in complex with its inhibitor dicoumarol (purple)  

and FAD (red), green and blue α-helices and β-sheets represent one monomer. The second monomer 

is represented by orange and yellow α-helices and β-sheets.
90 

 

Figure 23: Diagramatic representation of the NQO1 dimer. The bound FAD is shown in one of the 

two sites.89 

 

Each monomer unit of NQO1 is comprised of 273 amino acid residues. Experiments 

carried out by Chen and co-workers
91

 revealed that each monomer consists of two 

separate domains: a solid N-terminal (1-220 residues) and an elastic C-terminal 

domain (221-273) which forms the active site of the enzyme.
92

 The whole NQO1 

NADH binding site 
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unit forms a twisted central parallel β-sheet surrounded on both sides by connecting 

helices (Figure 24).
93

 The catalytic domain contains an antiparallel hairpin motif 

along with one helix and some loops. 

 

 

Figure 24: A single unit of NQO1 showing α-helices and twisted β-sheet.93 

 

The isoalloxazine ring of FAD is bound tightly to the catalytic site via non-covalent 

interactions involving residues in loops1 and 4 in one monomer and loops 3 and 5 

from the other monomer. The FAD is largely secured by Tyr-104, Trp-105, Phe-106 

and Leu-103.
89

 The two oxygen atoms attached to ring ‘A’ of the isoalloxazine form 

hydrogen bonds with the main chain NH groups of the protein: O4 with Phe-106 and 

O2 with Gly-150 (Figure 25).  

 

 

Figure 25: Representation of FAD-NQO1 interactions showing residues involved in hydrogen bonds 

(dashed lines) to the cofactor.  FAD is secured by Tyr-104, Trp-105, Phe-106 and Leu-103.
89
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The FAD-NQO1 interactions in human and mouse differ from those in rat: the bulky 

aromatic residue Tyr-104 in rat is replaced with the smaller aliphatic Gln in human 

NQO1, resulting in an increase in size of the FAD binding pocket. An example of the 

effect of this change is the efficacy of NQO1 in human towards prodrug CB1954 

(10). 

                                             

1.5.2 NQO1 active site 

The crystal structure of NQO1, with deoxynyboquinone (DNQ) as the electron 

accepting substrate, reveals the active site as a pocket at the dimer boundary (Figure 

26).
89

 The entrance to the site is restricted by Gly-149, Gly-150, His-194 and Pro-68 

from the N-terminal of the alpha-helix of the second monomer. The amino acid 

residues: Phe-106, Phe-178, Trp-105 and Gly-174 form the internal wall, while Tyr-

126 and Tyr-128 form the roof and the isoalloxazine ring of FAD forms the floor of 

the cavity (Figure 27). His-161 and two molecules of water form the opposite side of 

the pocket.  

 

 

 

 

         

 

Figure 26: Structural image of deoxynyboquinone in the NQO1 active site. DNQ is reduced by 

NQO1, thus preventing one electron reduction by cytochrome c reductases which would produce 

ROS .
93

 

 

 

 

                               

 

 

 

 

 

 

Figure 27: The active site residues of human NQO1.94 
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The optimal location of Tyr-128 in the absence of substrate, is one in which its side-

chain is close to Phe-232 and His-161 of the other monomer. This position helps to 

protect the region from possible attack by water and oxygen molecules.
92 

The 

quinone binds to the active site through contacts with the flavin moiety and several 

hydrophobic and hydrophilic residues. C-2 of the quinone lies almost on top of the 

phenyl moiety of the isolloaxazine ring of FAD. The quinone oxygen is 3.5 Å away 

from flavin N(5) which is ideal for hydride transfer from FADH to the quinone.
95

 

 

Kinetic and docking studies have proved that the NQO1 active site is very elastic
96

 

and its elasticity enables a large variety of quinones (with one, two or three fused 

rings) to bind. This is significant in terms of chemotherapeutic targeting of NQO1 

using compounds of different sizes and chemical properties. 

 

1.5.3 NQO1 gene and polymorphism 

The NQO1 gene is a single copy gene located on chromosome 16q22.1.
97,98

 The gene 

consists of six exons and five introns which span approximately 20 kb. 

Polymorphism is used to explain certain point mutations in the genotype of an 

organism giving rise to different forms of genes. Two polymorphisms have been 

characterized in NQO1: the NQO1*2 allele which represents a base change from 

cystosine (C) to thymine (T) at base pair 609 in the cDNA coding for a proline (P) 

187 to serine (S) change in the enzyme. This mutation results in a decrease of 

NQO1concentration. Individuals who have this allele are susceptible to different 

forms of cancer such as urothelial tumors,
99 

acute myeloid leukaemia
100

 and child 

leukaemia.
101

 The second form of polymorphism is the NQO1*3 allele, representing 

a C465T change in cDNA coding for an arginine 139 to tryptophan substitution in 

the enzyme.
102

 

                                                  

1.5.4 NQO1 inhibitors 

Both human and rat NQO1 can function physiologically as vitamin K reductases 

which are involved in the modification of vitamin K hydroquinone-dependent blood 

coagulation factors.
69

 Liu and co-workers reported that flavones such as 7,8-

dihydroxyflavone (29) and chrysin (30) (Figure 28), isolated from the Chinese herb 

Scutellariae radix, have anti-coagulant activities and are potent inhibitors of 

NQO1.
103
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Figure 28: Structure of flavones; 7,8-dihydroxyflavone (29) and chrysin (30). 

 

Presusch and Smalley in 1990 also observed that NQO1 is capable of reducing 

vitamin K3 (menadione, 31) but not vitamin K1 32 (Figure 29).
104

  

 

Figure 29: Structure of menadione (31), and vitamin K1 (32). 

 

Oral anti-coagulants such as dicoumarol (33) have been shown to be potent 

competitive inhibitors of NQO1 with respect to nicotinamide coenzymes 

(NADH/NADPH).
105

 Results obtained from inhibition studies with dicoumarol 

illustrate that the strong affinity of dicoumarol with human  and rat NQO1 (K1 = 2.0 

nM and 0.5 nM respectively) was due to a π-π interaction of one ring with the 

isoalloxazine ring of the FAD cofactor (not shown) and another π-π interaction of the 

second ring with the phenol ring of Tyr-128,
106

 (Figure 30).  

 

                                           

 

 

 

 

 

 

 

 

 

 

Figure 30: Interaction of dicoumarol with NQO1. Protein amino acid, FAD and dicoumarol are 

labelled (C) and (A) to represent the 1st and 2nd NQO1 monomers respectively. Nitrogen atoms are 

coloured in blue, oxygen in red and carbon in black. Residues making Van der Waals interactions with 

FAD(C) 

His 161 
(A) 

Dicoumarol(C) 
  

Tyr 128 (C) 
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the dicoumarol are represented by a decorated arc. Hydrogen bonds are represented by dashed green 

lines along with their distances.90 

 

Other inhibitors of NQO1 which are less potent than dicoumarol include: warfarin 

(4), CB 1954 (10), DCPIP (20), phenindone (34), ES936 (35) and cibacron blue (36) 

(Figure 31). These inhibitors bind differently to the NQO1 active site with 

dicoumarol (33) having the strongest binding affinity (K1 = 170 nM).
90 

Figure 31: Structures of warfarin (4), CB 1954 (10), DCPIP (20), phenindone (34), ES936 (35) and 

cibacron blue (36).  

 

1.5.5  Consequences of the interaction of NQO1 with dicoumarol 

The proteasome is a protein complex containing many subunits that plays an 

important role in regulating the concentration and degradation of misfolded proteins 

in the cell. This degradation results in the formation of shorter peptides or even 

individual amino acids that make up that protein. The misfolded proteins are tagged 

for degradation with a small protein called ubiquitin, and this signals other ubiquitin 

molecules to start attaching resulting in the formation of a polyubiquitin chain 

(Figure 32). 

 

 

Figure 32: Misfolded proteins and its degradation by proteasome. 
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Wild-type/mutant p53 is a labile protein and its cellular role depends on the level of 

proteasomal degradation. The degradation can occur either by ubiquitin-dependent or 

ubiquitin-independent processes. The ubiquitin-independent process is controlled by 

NQO1 and it is facilitated by the 20S proteasome.
107

 NQO1 stabilizes p53 by 

inhibiting its degradation. Over expression of NQO1 consequently will enhance p53 

activity, whereas NQO1 knockdown will reduce the level of p53. Binding of NQO1 

with the inhibitor dicoumarol, will prevent p53 from binding and this will cause 

ubiquitin-independent proteasomal degradation of p53. This has led to the targeting 

of the proteasome for anti-cancer therapy. 

 

1.6.0  NRH: oxidoreductase quinone 2 (NQO2) 

The systematic name of this enzyme is NRH: oxidoreductase quinone 2 and it is 

encoded as NQO2 or QR2 in humans. It was first discovered by Liao and co-workers 

in 1961,
108

 and later rediscovered by Jaiswal in 1990 while trying to uncover other 

members of the oxidoreductase family.
109

 It is a ubiquitous cytosolic flavoprotein 

which, like NQO1 plays an antioxidant role that protects cells against redox cycling. 

Human NQO2 is mostly up-regulated in skeletal muscle, liver, kidney and heart
110 

but it is not expressed simultaneously with NQO1.
111 

Studies conducted by Harada 

and his co-workers revealed that genetic polymorphisms of NQO2 are associated 

with several diseases, such as Parkinson’s disease and Schizophrenia.
107,112 

 

1.6.1 Crystal structure of NQO2  

The X-ray crystal structure of NQO2 (Figure 33) shows that it has structural 

similarity with NQO1 with which it shares 49% similarity at the amino acid 

level.
95,113

 Analogously to NQO1, it forms a homodimer with one molecule of non-

convalently bound FAD per monomer resulting in two identical active sites on the 

enzyme interface. 
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Figure 33: X-ray structure of NQO2. Zinc/ copper metal is represented in purple colour.90 

 

In contrast to NQO1, the biological function of NQO2 is still ambiguous. It 

comprises 230 amino acid residues: the catalytic domain (N-terminal) contains 

residues 1-220, while the carboxy terminal contains 43 amino acid residues. The 

missing residues from the C-terminal in NQO2 provide the binding site for the 

adenine monophosphate (AMP) moiety of NAD(P)H in NQO1 and this explains the 

inability of NQO2 to use NADH/NAD(P)H as electron donor.  

 

NQO2 catalyses its reactions using reduced N-ribosyl nicotinamide (NRH) (37a) 

(Figure 34) which is not synthesized in the body, but may be formed from the 

breakdown of NAD(P)H or NADH in vivo.
114

 Knox and his co-workers synthesized 

several analogues of NRH (37b-f) (Figure 31) and these compounds were found to 

be more efficient than the NRH for the enzymatic reduction of quinones in vitro.
115 

 

 

Figure 34: Structure of NRH (37a) and its analogues (37b-f). 
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The crystal structure of NQO2 also reveals that the enzyme contains a metal binding 

site which is tetra co-ordinated with two histidine residues (His-173 and His-177), 

one cysteine residue (Cys-222) and the main chain carbonyl. This finding lead to the 

assumption that NQO2 is a copper enzyme in which the metal may be used in 

electron transfer instead of providing structural stability.
95,114

 This hypothesis was 

recently proved wrong by Kwiek and co-workers
116

 who carried out research with 

EDTA (38) (Figure 35). Their studies revealed that EDTA does not affect the 

functioning of the enzyme meaning that the metal is not vital for catalytic activity.
 

 

Figure 35: Structure of ethylenediamine tetra-acetic acid (EDTA; 38). 

 

1.6.2   NQO2 active site 

The active sites of both NQO1 and NQO2 are relatively similar. Residues from both 

monomers line the active sites, which are deep cavities. This is not surprising since 

both enzymes catalyse reactions with similar mechanisms (‘a ping-pong’ mechanism) 

with one molecule of FAD bound to each monomer.
117

 The active site of NQO2 

(Figure 36), however, is slightly larger and more hydrophobic
118

 than that of NQO1: 

this is a consequence of replacement of three residues; Tyr-126, Tyr-128 and Met-

131 with Phe-126, Ile-128 and Phe-131 in NQO2.
95

 

 

 

Figure 36: Representation of the deep cavity of the active site of NQO2 in its apo-form with non-

covalently bound FAD.119 

 

During the catalytic reaction of both NQO1 and NQO2, Tyr-155 is involved: a 

proton is transferred from the OH of Tyr-155 to FAD. In NQO1, the negative charge 

formed on Tyr-155 is stabilized by His-161.
92

 In contrast, in NQO2, His-161 is 



Juliana Chineze Obi  43 
 

replaced by Asn-161 however a reason for the involvement of asparagine in the 

NQO2 reaction mechanism is not known, since it cannot stabilize a developing 

negative charge on Tyr-155 in the same way as His-161.  

 

Research carried out by Zhang and his co-workers
120

 demonstrated that the active 

site cavity of NQO2 is about 1.9 Å longer than that of NQO1 and it allows only 

molecules that can adopt a parallel orientation with respect to the FAD molecule to 

bind. This explains why dicoumarol and other NQO1 inhibitors do not potently 

inhibit NQO2.                         

 

1.6.3  NQO2 inhibitors 

The active sites of both NQO1 and NQO2 are sufficiently similar that they not only 

have the same catalytic mechanism but also share similar substrates. For example, 

studies have revealed that both enzymes catalyse the reduction of menadione (31), 

DCPIP (20) and other 1,4 para-quinones at equal rates.
121

 The slight difference in the 

enzymes active site residues (such as, His-161 for NQO1 and Asn-161 for NQO2) 

still affect the potency towards some of their substrates. For example, Asn-161 plays 

an important role in the interaction of NQO2 with CB1954 (10) and resveratrol (39) 

(Figure 37). 

 

Figure 37: Structure of trans-resveratrol (39). 

In the NQO2-CB1954 complex (Figure 38 and 39), the side-chain of Asn-161 forms 

a hydrogen bond with the 2-nitro group of CB1954 and this gives it a better 

orientation for reduction of the 4-nitro group.  
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Asn 161
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Figure 38: Representation of FAD interaction with CB1954 (10) in the NQO2 active site. CB1954 

makes two important electrostatic interactions with the protein residues such as Gly 149 and Asn 161. 

The site of reduction is in proximity to the FAD N5 (3.0 Å). Gly 149 holds the CB1954 strongly and 

thereby places the 4-nitro group in a better orientation for hydride transfer.119 

 

 

 

 

 

 

 

 

Figure 39: CB1954 at the active site of NQO2 in a parallel position with respect to the FAD 

moiety.119
 

 

In contrast, in the NQO2-resveratrol complex (Figure 40), the side-chain of Asn-161 

forms a hydrogen bond with the 5-hydroxy group of resveratrol and this helps to 

prevent the interaction of the hydrophobic cavity with water molecules.  

 

 

 

 

 

 

 

Figure 40: Resveratrol (39) in the binding pocket of the NQO2 active site. The structure illustrates the 

π-π interaction of the FAD moiety with the resveratrol inhibitor. The green colour represents water 

molecules.119 
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Currently, research is being conducted into the use of CB1954 (10) as a prodrug for 

the treatment of certain cancers such as prostrate. As a prodrug, it is moderately non-

toxic to cells. It is not a quinone or a derivative thereof and therefore cannot be 

reduced by quinone reductases such as cytochrome p450 reductase or xanthine 

oxidase. The reduction of CB1954 by the oxidoreductases produces a potent 

cytotoxic compound: 5-(aziridin-1-yl)-4-(hydroxyamino)-2-nitrobenzamide (10a) as 

depicted in Scheme 4. The presence of 5-(aziridin-1-yl)-4-(hydroxyamino)-2-

nitrobenzamide (10a) in the cells causes the formation of DNA-DNA interstrand 

cross-links which can result in the death of cancer cells.
115 

 

Scheme 4: Reduction of CB1954 (10) to 5-(aziridin-1-yl)-4-(hydroxyamino)-2-nitrobenzamide (10a) 

catalysed by NQO1 and NQO2. 

 

Human NQO2 was reported to be 300 times more effective than human NQO1 in 

catalysing the reduction of CB1954 in vitro.
115 

The difference in reactivity of the two 

enzymes towards CB1954 may be due to the side-chain of residue 161. The side-

chain of His-161 in NQO1 is larger than that of the Asn-161 in NQO2 and this may 

obstruct the binding of CB1954 if it binds to NQO1 in a similar parallel orientation 

to NQO2 (Figure 34a). If CB1954 binds to the NQO1 active site, the position of the 

4-nitro group will be affected by His-161 for the hydride transfer (Figure 41).
122

  

 

 

Figure 41: Predicted binding orientation of CB1954 (10) in the active site of NQO1. The diagram 

suggested different orientation of CB1954 in NQO1 compared with that of NQO2.122 
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In order to confirm the role of Asn-161 in the activation of CB1954 by NQO2, 

Zhang and his co-workers
115

 conducted research with a mutant NQO2 in which Asn-

161 had been mutated to His-161.  In comparison to the wild type NQO2, the mutant 

NQO2 showed no detectable activity for the reduction of CB1954 even up to a 

maximum concentration of 150 μM. Zhang and his team therefore concluded that 

Asn-161 plays an important role in the positioning of CB1954 at the NQO2 active 

site. The team carried out further research into the activity of mutant NQO2 with 

menadione as substrate. They observed that the mutation of Asn-161 to His-161 did 

not affect the binding or the orientation of menadione at the NQO2 active site.  

 

The most potent NQO2 inhibitor reported in the literature is resveratrol (39) which is 

competitive with respect to the N-ribosyl derivative of dihydronicotinamide (NRH). 

The potency of resveratrol as a NQO2 inhibitor was reported by Zhang and co-

workers who measured a binding affinity (K1) of  35 nM.
123

 Resveratrol, a 

phytoalexin produced by many plants, has been reported as an inhibitor of other 

enzymes but a nanomolar inhibition concentration towards NQO2 makes it unique. 

 

Furthermore, anti-malaria drugs such as quinacrine (40) and chloroquine (41) (Figure 

42) have also been reported as potent inhibitors of NQO2 with actitivites in the 500 

nM to 1 μM range.
124

  

 

Figure 42: Structure of quinacrine (40) and chloroquine (41). 

 

Other potent inhibitors of NQO2 that have been reported include: chrysoeriol (42), 

quercetin (43) and primaquine (44) (Figure 43). 

 

 

Figure 43: Structures of chrysoeriol (42), quercetin (43) and primaquine (44). 
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It is noteworthy that NQO1 and NQO2 inhibitors both contain aromatic ring systems 

that are needed for π binding with the isoalloxazine ring moiety of the flavin cofactor.  

                     

1.7.0 Sources of quinones 

Quinones, especially para-quinones, belong to a class of ubiquitous and naturally 

occurring compounds. Quinones obtained from polycyclic aromatic hydrocarbons are 

found abundantly in all burnt organic materials such as, urban air particulates, auto-

mobile exhaust, cigarette smoke and many foodstuffs.
125,126

 Generally, compounds 

containing a quinoid nucleus are potent as cancer causing agents. They are highly 

reactive as electrophiles and also generate unstable semi-quinone radicals (13) via 

one electron reduction by cytochrome p450 reductases as depicted in Scheme 5.  

 

 

Scheme 5: One electron reduction of quinone (11) to a semiquinone (13) caused by cytochrome p450 

reductases. 

 

The semi-quinone radicals subsequently undergo redox cycling in the presence of 

molecular oxygen forming highly reactive oxygen species (ROS). This leads to 

oxidative stress and consequently, tissue degeneration, apoptosis, premature aging, 

cellular transformation and neoplasia.
127

 Obligate two electron reduction by the 

NQOs prevents these harmful effects by producing more stable hydroquinones, 

which can be removed from the cell by conjugation with glutathione or glucuronic 

acid thus providing cellular protection.  

 

1.8.0 Consequences of inhibiting NQO1 and NQO2  

Inhibition of the NQO enzymes may have some important consequences as there will 

be a resulting over accumulation of reactive oxygen species resulting in oxidative 

stress and cell apoptosis. Inhibiton will be effective, however, in terms of anti cancer 

therapy if there is up-regulation of these enzymes in cancer cells. The data in (Table 

1) indicates the upregulation of NQO1 activities in tumor tissues compared with the 
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corresponding normal tissues. Findings such as these have lead to the 

chemotherapeutic targeting of NQO1 in some cancer treatments. 

 

 

 

 

Tissue Normal Tumor 

Breast 

Colon 

Liver 

Lung 

50 ± 11 

17 ± 4 

17 ± 4 

10 ± 2 

165 ± 43 

66 ± 13 

64 ± 32 

150 ± 45 

 

Table 1: Level of NQO1 activity in normal and tumor tissues. The values represent the activity 

inhibited by 1 μM dicoumarol with dichloroindophenol (DCPIP) as the substrate. Units are 

nmol/min/mg protein. 
128

 

 

1.9.0  Discovery of potent anti-cancer drugs 

Compounds screened as possible anti-cancer agents can be either natural or synthetic 

in origin. Natural compounds have provided many useful leads and their structural 

identification has afforded numerous compounds with good pharmacological activity 

and therapeutic potential. The search for novel natural bioactive compounds has 

therefore intensified over recent years. 

 

This effort has led to the discovery of several natural compounds and their synthetic 

analogues which have been identified as possessing a wide range of remarkable 

antitumor properties, such as: 

 Induction of cell cycle arrest, 

 Induction of apoptosis and cell division, and 

 Inhibition of cell growth and proliferation.
129

  

 

A number of anti-tumor compounds have been obtained from Streptomyces, the 

largest genus of actinobacteria (Gram-positive bacteria) which grow in different 

locations. A remarkable property of Streptomyces bacteria has emerged to be their 

ability to produce a variety of bioactive secondary metabolites which include: 

antitumor agents, immunosuppressive agents and antibiotics.
129

 This has increased 

interest in the search to discover more novel bioactive secondary metabolites from 

the Streptomyces genus. One outcome of this research interest has been the discovery 

of the anti-cancer compounds: 2-crotonyloxymethyl-(4R,5R,6R)-4,5,6-
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trihydroxycyclohex-2-enone (COTC, 45), gabosine E (46), antheminone A (47) and 

phorbasin B (48) (Figure 44). COTC was found to demonstrate remarkable toxicity 

towards some cancer cell lines in culture as well as in tumor bearing mice.
130

 

 

 

Figure 44: Structures of COTC (45), gabosine (46), antheminone A (47), phorbasin B (48) and 

COMC (49).  

 

1.9.1    Isolation of COTC  

In 1975, Takeuchi and his co-workers isolated COTC (45) from the cultures of 

Stretptomyces griseosporeus.
130

After conducting a preliminary chemical analysis, the 

compound was indentified as 2-crotonyloxymethyl-(4R,5R,6R)-4,5,6-

trihydroxycyclohex-2-enone (45). The stereochemistry and the absolute 

configuration were assigned by X-ray crystallography.
130

 COTC (45) and its 

synthetic analogue COMC (49) have been found to exhibit potent antitumor activity 

against murine and human tumors in culture.  

 

Takeuchi and his team conducted further investigations into the anti-tumor activity of 

COTC. They observed that glyoxalase 1 enzyme obtained from the rat liver and yeast 

was inhibited by COTC. Glyoxalase enzymes have been reported to support cell 

growth and regulation by controlling the level of toxic methylglyoxal (50) (Figure 45) 

produced by normal body metabolism.
131

 Such inhibition will result in a carcinostatic 

effect by preventing the metabolism of methylglyoxal in tumor cells and hence 

leading to cell apoptosis.
132
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Figure 45: Structure of methylglyoxal (50). 

 

Further studies also proved that daily injections of COTC into mice that had been 

intraperitoneally inoculated with cancer cells led to strong inhibition of growth of 

Hela cells and EHRLICH ascites carcinoma and a weak inhibition of L-1210 

leukaemia cells, with low toxicity.
133

  

 

The fact that many biological agents that either initiate or retard cancer growth react 

with -SH containing molecules such as, thiophenol (51), 2-mercaptoethanol (52) and 

cysteine (53) (Figure 46), indicates that there may be some form of relationship 

between cancer and GSH.
133

 The antitumor properties of both COTC (45) and 

COMC (49) indeed, were actually based on this property. In view of this, Takeuchi 

and his team conducted further research into the bioactivity of COTC by studying its 

reaction with a series of sulfhydryl containing compounds.  

 

 

Figure 46: Structure of thiophenol (51), 2-mercaptoethanol (52) and cysteine (53). 

 

The team observed a rapid replacement of the crotonate group in COTC by 2-

mercaptoethanol (54) as depicted in Scheme 6.
130

 The team therefore, concluded that 

the anti-cancer activity of COTC was a result of the nucleophilic substitution of the 

crotonate group by an intracellular sulfhydryl (-SH) group, such as that present in 

glutathione (GSH). 

 

 

Scheme 6: Nucleophilic displacement of the crotonyl moiety of COTC (45) by sulfhydryl containing 

compounds. 
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The potent antitumor activity of COTC prompted efforts to carry out further 

investigations into compounds of this nature.
111

 Analogues of the natural product 

were synthesized in an attempt to improve potency and/or the cytotoxicity profile. 

For example, studies conducted by Douglas and Shing demonstrated that the non-

hydroxylated synthetic compound COMC (49), was more toxic towards cancer cell 

lines than the trihydroxylated natural product.
134 

 

In 2007, Whitehead and co-workers investigated the influence of the degree of 

hydroxylation of the carbacyclic core on in vitro toxicity towards non-small lung 

cancer cell lines (A549 and H460).
135

 The result revealed that the mono-

hydroxylated products (55), (56) and (57) (Figure 47), showed notable toxicity 

towards cancer cell lines in comparison to COMC (49) (Table 2). 

 

 

Figure 47: Structure of mono-hydroxylated analogues of COTC (45).135 

 

 

 

 

 

 

 

                                      IC50 (μM)    

 

 

 

 

 

 

Compound              A549             H460 

49                     54.5               40.4 

          55                    16.7               10.9 

56                     18.1               20.4 

   (±)-57                     23.6              10.5 

58                    147.4            158.0 

 

Table 2: Bioactivity of COTC (45) analogues.135 

 

Compounds (55) and ((±)-57) which differ only in their absolute configurations, have 

IC50 values almost the same, which suggests that the absolute configuration at C-4 
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has an insignificant effect on the potency of the compounds. Introduction of a second 

hydroxyl group at C-5 as in compound (58), decreases the efficacy of the compound 

towards the cell lines.
135 

 

1.9.2   The glyoxalase enzymes 

 The glyoxalase system, which is comprised of two ubiquitous enzymes (glyoxalase 

1 and 11) and their related cofactor, reduced glutathione (GSH), was discovered in 

1913.
136

 The system is part of a detoxification network necessary for cellualar 

protection against toxic metabolites. Such metabolites include α-keto aldehyde (50), 

and other reactive aldehydes produced in the body by normal metabolism 

(catabolism of threonine).
137

 α-Keto aldehydes are highly carcinogenic
138

 and can 

chemically damage a number of important components of the cell, such as proteins 

and nucleic acids.  

 

The major physiological role of the glyoxalase system is detoxification of toxic 

methylglyoxal
139

 which will accumulate if the glyoxalase system is inhibited. It has 

been reported that glyoxalase 1 is frequently overexpressed in malignant tissues and 

tumor cell lines compared with the corresponding nomal tissues. Inhibition of 

glyoxalase 1 therefore, could be effective as a therapeutic treatment of malignant 

cancers.
140,141 

   

In its enzymatic reaction, glyoxalase 1 (lactoylglutathione lyase) catalyses the 

isomerisation of the monohemithioacetal (50a), formed spontaneously between 

glutathione and methylglyoxal, into S-lactoylglutathione (50b).
142 

The thioester (50d) 

is then hydrolysed by glyoxalase 11 (hydroxyl-acylglutathione hydrolase) to produce 

D-lactic acid (50e) and reduced glutathione (GSH) as depicted in Scheme 7.  
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Scheme 7: The mechanism of detoxification of methylglyoxal (50) detoxification by the glyoxalase 

system.
136 

 

1.9.3  The role of glutathione 

Glutathione (GSH, 1) is a tripeptide (L-γ-glutamyl-L-cysteiny-glycine) that is 

synthesized in the cytosol from the amino acids L-glutamic acid (59), L-cysteine (60) 

and glycine (61) as shown in Scheme 8. GSH, a ubiquitous non-protein molecule 

found in all parts of the cell, acts both as an anti-oxidant and a reducing agent, that 

prevents damage to cells caused by the formation of ROS.
143

 The two unique 

structural features of GSH, the γ-Glu linkage and the thiol group, promote its 

intracellular stability and are also linked with its functions.  lt is involved in the 

synthesis of proteins, nucleic acids and detoxification of free radicals and peroxides. 

 

 

Scheme 8: Synthesis of reduced glutathione from its precursor amino acids; L-glutamic acid (59), L-

cysteine (60) and glycine (61). 

 

Cells contain about 10 mM concentrations of glutathione which is maintained in its 

reduced form (GSH) by a cytosolic NADPH/dependent reaction catalysed by 

glutathione reductase (GSR). GSH serves as an electron donor for the reduction of 

protein disulphide bonds formed during the enzymatic reduction of damaging 

peroxides such as H2O2 and ROOH.
144

 In this process, GSH is converted to its 

oxidized form, glutathione disulphide (GSSG), (62) (Figure 48) which can be readily 

reduced back to GSH by GSR using a FAD prosthetic group and NADPH as electron 

donor. The ratio of the oxidized and reduced form of glutathione can be used as a 
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measure of cellular toxicity
145

 with an increase in the oxidized state over the reduced 

state being an indication that a cell is under oxidative stress. 

 

 

Figure 48: glutathione disulphide (GSSG) (62). 

 

Although glutathione is part of a detoxification system, up-regulation in cancer cells 

may lead to insentivity towards alkylating chemotherapeutic agents. For example, 

studies have shown that there is high level of GSH in cell lines resistant to alkylating 

chemotherapeutic agents such as cisplatin (63), melphalan (64) and chlorambucil (65) 

(Figure 49).
146

 This occurs as a result of an interaction of the thiol group of GSH 

with the chemotherapeutic agents, leading to tumor therapy failure. Conjugation of 

GSH and the alkylating drugs via the thiol group causes detoxification of the 

chemotherapeutic agents, thereby making malignant cancer cells drug resistant.
147,148 

 

 

Figure 49: Chemotherapeutic anti-cancer agents: Cisplatin (63), Melphalan (64) and Chlorambucil 

(65). 

 

The importance of glutathione is also apparent from the inhibition of glyoxalase 1 by 

the COTC-GSH conjugate (66) (Figure 50). In the absence of GSH, glyoxalase 1 was 

not inhibited by COTC alone.
149
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Figure 50: Structure of COTC-GSH conjugate adduct (66). 

 

In 2005, Ichikawa and co-workers intensified their research to find novel potent 

anticancer drugs targeting GSH and the glyoxalase 1 enzyme. The team investigated 

apoptosis induction using COTC in apoptosis-resistant human pancreatic 

adenocarcinoma cells (AsPC-1).
150

 They evaluated the content of GSH in AsPC-1 

cells, and observed a high level of GSH in AsPC-1 (352.5 ± 128.2 nmol/mL) 

compared to other cell lines under study. In view of this, the group concluded that the 

high level of GSH could be a major factor in the apoptotic resistance of the cells. 

 

The group also investigated the effects of COTC on cellular GSH levels in AsPC-1 

cells. The GSH level in AsPC-1 dropped to 40% of its initial level 1-2 hours after 

addition of 30 μg/mL of COTC. The fact that cancer cells use GSH as part of a drug-

detoxifying system, led to a comparative analysis of the reaction between GSH and 

COTC in the presence of the alkylating agent melphalan (64). It was discovered that 

the COTC-GSH conjugate was formed faster than that of melphalan-GSH, 

consequently leading to increased cytotoxicity of the alkylating agent. 

 

 In conclusion, the depletion of GSH and inhibition of glyoxalase 1 by COTC, may 

lead to high concentrations of intracellular anticancer drugs as well as toxic 

methylglyoxal and other reactive aldehydes. The inhibition of glyoxalase 1 by COTC 

in the presence of GSH, may lead to an increase in chemotherapy-mediated 

apoptosis.
150 

 

1.9.4     Mechanism of action of COTC and COMC.  

It was originally thought that the potent antitumor properties of COTC and COMC 

against murine and human cancer cell lines in culture was as a result of the inhibition 

of glyoxalase 1 by glutathione adducts. The suggested mechanism proceded via an 
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overall SN2 displacement of the crotonate group by GSH, to give GSH-conjugated 

adducts (45b) and (49b), which were believed to inhibit glyoxalase 1 (Scheme 9).
133

  

 

 

Scheme 9: Nucleophilic displacement of crotonate group by GSH. 

 

This ‘prodrug hypothesis’, put forward by Takeuchi and co-workers, was not verified 

until 2002, when Hamilton, Ganem, Creighton and co-workers undertook research 

into the mechanism based antitumor activities of both COTC and COMC. Authentic 

samples of GSH-conjugated adducts (45b) and (49b) were prepared and tested 

against erythrocyte glyoxalase 1. The two samples proved to be poor competitive 

inhibitors of human glyoxalase 1
151

 and also lacked substantial antitumor activity 

towards B16 melanotic melanoma in vitro.
152 

The Takeuchi hypothesis of antitumor 

property of COTC and COMC was consequently put into question.  

 

In 2003, Ganem, Creighton and co-workers
153

 proposed that the GSH-conjugated 

adducts may be toxic to tumor cells through an alternative mechanism consisting of a 

multistep sequence of reactions.
152

 Further studies by the team showed that the 

human glutathione transferase isozyme of the class π(hGSTP1-1) (Figure 51) 

catalyses the conjugate addition of GSH to the cyclohexenone to give an exocylic 

enone (68) as depicted in Scheme 10. 

 

 

Figure 51: X-ray crystal structure of πGSTP1-1 showing the Tyr 108 residue in black colour which 

was proposed to be involved in the activation of glutathione (GSH).152 
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Scheme 10: Mechanism of formation of an intermediate electrophilic exocyclic enone (68). 

 

The fact that the exocyclic enone (68) is a better Michael acceptor than COMC itself, 

suggests that the former might be the actual toxic species in tumor cells. The 

exocyclic enone may undergo alkylation reactions with reactive groups on 

intracellular proteins and/ or nucleic acids which are vital to cell function, leading to 

cell apoptosis (Scheme 11). 

 

 

Scheme 11: Mechanism of alkylation of nucleic acids / proteins by an exocyclic enone (68) to give 

(69). 

 

Fundamental kinetic studies and trapping experiments were also carried out to 

monitor the mechanism of formation of GSH-conjugated adduct (49b). Ganem, 

Creighton and co-workers reported that the non-enzymatic reaction of COMC and 

GSH followed a smooth first order conversion to GSH-conjugated adduct (49b) 

without any detection of intermediate species. In the presence of human placental 

glutathione transferase (π(hGSTP1-1)) however, the reaction rate profile changed 

into a double exponential decay.  

 

The reaction profile comprised of a rapid, enzyme-depedent initial step which 

involved COMC, followed by a slow enzyme-independent first-order phase.
153

 These 

findings therefore, led to the conclusion that an enzyme catalysed Michael addition 

of GSH to COMC produced an exocyclic enone (68). The exocyclic enone after 
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dissociation from the enzyme reacts with GSH non-enzymatically to form GSH-

conjugated adduct (49b) (Scheme 12).  

 

 

Scheme 12: An alternative mechanism for the reaction of COMC (49) and GSH in the presence 

presence of π(hGSTP1-1). 

 

Based on the fact that the conjugate addition of COMC with GSH is a multistep 

reaction, Ganem, Creighton and co-workers suggested that the cytotoxicity of 

COMC could be a consequence of the ability of the exocyclic enone to undergo 

alkylation reactions with the reactive groups of nucleic acids and proteins. Such 

reactions may disrupt the vital functions of biomolecules leading to the death of 

tumor cells. This hypothesis was supported by monitoring the in vitro reaction of 

COMC and GSH with oligonucleotides or dinucleotides using mass spectrometry. 

 

In these experiments, COMC formed stable adducts in vitro with both GSH and the 

exocyclic amino groups of the nucleotide bases. Mass spectroscopic studies indicated 

that the alkylation of exocyclic amino groups of nucleotides by COMC could occur 

either in the presence or in the absence of GSH.
154

 Due to high level of GSH in most 

cancer cells, it is suggested that it may be involved in the mechanism of action.  

 

1.9.5     Natural anti-tumor agents structurally related to COTC  

1.9.5.1 The antheminones and carvotacetones 

The antheminones and carvotacetones are different bioactive natural products that 

have been extracted from plants.
155,156

 Similarly to COTC, both the antheminones 

and carvotacetones contain the α-oxymethyl-α,β-cyclohex-2-enone moiety and their 

anticancer properties have prompted more interest in the compounds of this nature. 
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 1.9.5.2 The antheminones  

In 2008, Collu and his colllegues
155

 isolated antheminones A, B and C from the 

leaves of Anthemis maritium, an organic herb which grows on sandy beaches along 

the western Mediterranean coastline. Collu and his teams were the first to conduct 

research into the chemical composition of the antheminones. The phytochemical 

analysis conducted resulted in the isolation of the two new cyclohexenones (47) and 

(69) and a new cyclohexanone (70) as shown in Figure 52. 

 

Figure 52: Structures of antheminone A (47), antheminone B (69) and antheminone C (70). 

 

The use of 1D and 2D NMR spectroscopy combined with mass spectrometry enabled 

the team to investigate the structures of these new compounds. Consequently, the 

structure of compound (47), isolated as a colorless oil, was established as 4-hydroxy-

5-(1-hydroxy-1,5-dimethyl-4-hexenyl)-2-cyclohexen-1-one which was given the 

common name, antheminone A.  

 

Likewise, antheminone B (69), was isolated as a colorless oil and was designated as 

4-hydroxy-2-(hydroxymethyl)-5-[(3Z)-1,5,6-trihydroxy-1,5,6,7-tetramethyl-3,7-

octadienyl]-2-cyclohexen-1-one. The structure of antheminone C (70), which was 

also isolated as a colorless oil, was determined to be 3,4-dihydroxy-5-(1-hydroxy-

1,5-dimethyl-4-hexenyl)-2-methylene cyclohexanone.
 
The absolute configurations of 

antheminones A-C, however, have yet to be established due to difficulties with the 

isolation of crystalline derivative suitable for X-ray structure determination.
 

 

Collu and his teams conducted further research into the cytotoxicity of the three 

antheminones towards some human cancer cell lines. Antheminones A (47) and C 

(70) revealed a remarkable toxicity against all cancer cell lines. They were more 

potent than antheminone B (69) and also displayed substantial antigrowth activity 

toward the cells which are related to immune system, such as HL-60, U-937, and 

Jurkat T. The cell lines that were assayed and the IC50 values (μM) are summarized 
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in (Table 3).
155

 The data showed that antheminone C with an IC50 value of 3.2 μM 

toward HL-60 cells was the most potent.  

 

μM 

      

Antheminones 

HCT- 116 

  (Colon) 

MCF-7 

 (Breast) 

HL-60 

(Leukemia) 

U-937 

(Leukemia) 

Jurkat T 

(Leukemia) 

A (47) 

B (69) 

C (70) 

15 ± 2 

29 ± 4 

19 ± 2 

21 ± 2 

29 ± 5 

15 ± 1 

7.6 ± 0.6 

11 ± 0.9 

3.2 ± 0.6 

6.2 ± 3 

12 ± 0.4 

7.4 ± 1.3 

9.0 ± 0.4 

14 ± 2 

8.4 ± 0.3 

 

Table 3: Cytotoxic activities (μM) of antheminone A (47), antheminone B (69) and antheminone C 

(70) determined after 72h.155 

 

The mode of action of antheminone A (47) is still unknown, but since it has a 

structural relationship with COTC (45), it might be assumed that it may react in a 

similar manner with GSH to COTC and COMC (Scheme 13). This assumption is 

chemically unlikely because the hydroxyl (OH) is a poor leaving group in 

comparison to a crotonate group and hence will be less readily displaced by the 

glutathionyl (SG) group.   

 

Scheme 13: The assumed mechanism of action of antheminone A (47). The reaction is not chemically 

favourable because OH is a relatively poor leaving group and thus not readily displaced by GSH. The 

mechanism by which antheminone A exerts its antitumor effects is thus still unknown. 

 

Antheminone C (70), interestingly, has a cyclohexanone moiety instead of a 

cyclohexenone and was more potent than antheminone A toward HL-60 cells. Collu 

and his teams explained that the reason that antheminone C was more cytotoxic, 

could be related to its exocyclic enone structure, and consequently, doesn’t require 

activation by GSH for the alkylation of nucleic acids to give (70b) (Scheme 14).  
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Scheme 14: The proposed mechanism of action of antheminones C (70) by Collu and co-workers.155 

 

1.9.5.3  Carvotacetone derivatives 

Many carvotacetone derivatives have been isolated from the aerial parts of 

Sphaeranthus suaveolens.
157

 The genus Sphaeranthus, which comprised about forty 

species, is found mainly in tropical and subtropical areas of Africa, Asia and 

Austrialia.
158,159

 Some of these species have been popular due to their significant 

contribution towards traditional medicine. For example, they have been used in the 

treatment of skin infections, glandular swellings, bronchitis, jaundice and nervous 

disorders.
157

 

 

Some of the carvoacetone derivatives that have been isolated and studied chemically 

(71-75) are summarized in Figure 53. The structures and the stereochemistry were 

comfirmed by 
1
H NMR, 

13
C NMR and 2D NMR spectroscopy.  

 

 

Figure 53: Structures of some of the carvoacetone derivatives isolated (71-75).159,160 

 

In 2012, Midiwo and co-workers were the first to report the anti-plasmodial, 

antileishmanial and anticancer properties of carvotacetone derivatives isolated from 

Spaeranthus bullatus (76-79) (Figure 54).
160

 During the course of their investigation, 

the researchers observed that compounds (76), (77) and (78) displayed higher 

activity compared to compound (79) with IC50 values ranging from 1.1- 5.3 

μg/mL.
160 

The high activities of compounds (76), (77) and (78), were due to the 
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presence of acetyl or tigloyl substituents at C-4 and C-6 respectively which are 

lacking in compound (79). 

 

 

Figure 54: Chemical structures of carvotacetone derivatives (76-79) that diplay antiplasmodial, 

antileishmanial and anti-cancer properties. 

 

1.9.6   The pro-drug concept 

The use of modern technologies has empowered the invention of numerous novel 

compounds with high pharmacological efficiency but low physicoochemical and 

biopharmaceutical efficacy. Schwartsmann and co-workers noted that out of 600,000 

anticancer drugs screened in 1988, only 40 were routinely used in the clinic
161

 and 

most of them were not selectively toxic to tumor tissues. Instead they acted by anti-

proliferative mechanisms which are aimed at disrupting specific cellular processes 

occurring during cell growth and proliferation.
162

  

 

One of the limitations of many anti-cancer drugs is their toxicity to healthy tissues 

and organs rather than being selectively toxic to tumor tissues. In order to overcome 

this difficulty, and to obtain target based drugs, prodrugs have been designed in order 

to increase the efficiency of the parent drug.
164,165  

 

The term prodrug was first introduced by Albert in 1958
166

 to describe any 

compound that is toxicologically and pharmacodynamically inactive but is 

transformed in vivo into an inactive product by an enzyme. Prodrugs provide 

possibilities to overcome several barriers to drug formulation and delivery. These 

include poor solubility, chemical instability, insufficient oral absorption, inadequate 

penetration and irritation. This can be accomplished by numerous mechanisms, such 

as a change of temperature or salt concentration, natural decomposition of the drug, 

internal ring- opening or cyclization, change of pH and oxygen tension.
167
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1.9.6.1  Classification of prodrug 

Prodrugs are classified into two major types based on their solubility, method of 

bioactivation, type of catalyst used in bioactivation and chemical composition. These 

are; i) carrier linked prodrugs and ii) bioprecursors or metabolic precursors.
168

 

(a) Carrier linked prodrugs consist of the active parent drug covalently linked to 

an inert carrier or transporter moiety via an ester or amide.
169

 The parent drug 

is released by either hydrolytic cleavage or by degradation by an enzyme 

(Figure 55). 

 

Figure 55: A simplified illustration of the pro-drug concept. Barriers are any limitations that prevent 

optimal efficiency of the parent drug which has to be overcome for the development of a marketable 

drug. This is achieved by coupling the drug with a drug carrier moiety. The ideal prodrug yields the 

parent drug with high recovery ratios with the drug carrier moiety being either toxic or non-toxic. 

 

(b) Bioprecursors or metabolic precursors are inert compounds synthesized by 

chemical modification of the parent drug. In this case the prodrug has almost 

the same solubility as the parent drug and it is activated by enzymatic 

biotransformation.
170

 

 

The key approach to prodrug synthesis for cancer chemotherapy includes the 

synthesis of inactive compounds that will be converted to active products by enzyme 

action. In cancer treatment however, the inactive prodrug is converted to a highly 

toxic compound by enzymes which are highly up-regulated in tumor cells. In 

research conducted by O’Brien and co-workers, π(GSTP1-1) is frequently 

overexpressed in almost all human tumors. These include, carcinoma of the colon, 

lung, kidney, ovary, pancreas, breast, liver, esophagus and stomach.
171

  

 

In 1999, Gunnarsdottir and Elfarra reported the first GSH-dependent prodrug 

activation in which they found that a prodrug (Z)-3-((9H-purin-6-yl)thiol)acrylic (80) 
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releases the cytotoxic agent 9H-purin-6-thiol (81) upon reaction with GSH as shown 

in Scheme 15.
172

 

 

  

Scheme 15: Prodrug (80) activation by GSH which releases cytotoxic thiopurine (81). 

 

1.9.6.2  Characteristic features of prodrug 

An ideal prodrug should possess the following properties:
173 

(i) It should be pharmacologically unreactive. 

(ii) It must undergo rapid transformation, chemically or enzymatically, into 

the active form at the target site. 

(iii) It must generate non-toxic metabolic fragments which undergo quick 

elimination. 

Currently, 5-7% of the drugs approved worldwide can be grouped as pro-drugs, 

while 15% of all the new drugs approved in the years 2001 and 2002 were pro-

drugs.
164
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1.10 Aims and objectives 

Studies conducted by Ernester in 1967 established that dicoumarol (33) was a potent 

inhibitor of NQO1 with an IC50 value of 2.6 nM.
72

 Similarly, the Whitehead and 

Stratford groups at Manchester also reported that symmetrical analogues of 

dicoumarol (92a) and (92b) (Figure 56) were the more competitive inhibitors (IC50 

values 2.8 ± 0.42 and 0.16 ± 0.16 nM respectively) of NQO1
174

 with respect to 

NADH as electron donor and menadione as co-substrate.  

 

 

Figure 56: Structures of symmetrical dicoumarol (33) and its derivatives (92a) and (92b). 

 

In addition, the team also conducted extensive research into developing an efficient 

route for the synthesis of asymmetric analogues of dicoumarol (Figure 57) and 

assaying their biological potency as NQO1 inhibitors. 

 

 

Figure 57: General structure of asymmetrical analogues of dicoumarol used as NQO1 inhibitors. 

 

The aim of the research project described herein was to synthesize a range of 

symmetrical and asymmetrical analogues of dicoumarol with better inhibitory 

potency than dicoumarol itself. The target compounds, based on the general structure 

shown in Figure 58, were derived from the precursor 4-hydroxycoumarin and its 

derivatives. It was intended that these compounds would be synthesized using 

techniques previously developed by the Whitehead group with modifications in some 

cases.   
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Following the syntheses, enzyme assays were to be carried out to determine their 

potency as NQO1 inhibitors. An ideal enzyme inhibitor, in the context of a potential 

therapeutic agent, would have high specificity and potency but would also have few 

side effects and low toxicity.    

     

 

Figure 58: General structure of target compounds. 

                                           

Conversely, there may be the possibility of drug barriers to the target site with all 

these inhibitors, therefore the target compouds were modified in order to overcome 

some of these barriers such as chemical instability and poor penetration which may 

lead to low toxicity to cancer cells (Figure 59).  

 

 

 

 

 

 

 

 

Figure 59: Ionization of the inhibitors leading to their inability to penetrate the cell membrane which 

contains a hydrophilic phospholipid layer.   

 

Since the πGSTP1-1 enzyme, which uses GSH (1) as a cofactor, is over expressed in 

most solid tumors, coupling of these inhibitors with an analogue of antheminone A 

(84a) could produce compounds which will serve as prodrugs (example (84b) and 

(84c)) (Figure 60). These compounds could be activated by GSH in the presence of 
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GST which would result in release of the inhibitors of NQO1 as well as the cytotoxic 

exocyclic enone derived from (84a), thus leading to cell apoptosis.  

 

 

Figure 60: Structures of an analogue of antheminone A (84a), ultilized for prodrug synthesis (84b) 

and (84c). 

 

In order to determine cytotoxicity of these potential prodrugs, MTT assays were 

carried out in A549 cancer cell line which has a high level of NQO1 activity. 
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2.0 Chapter 2: Results and discussion 

2.1 Introduction 

Coumarins and flavonoids belong to a group of compounds known as benzopyrones, 

which consist of a benzene ring fused to a pyrone ring. The benzopyrones are further 

categorized into α-benzopyrones (85a) and γ-benzopyrones (85b) (Figure 61). 

Coumarins substituted in the pyrone ring such as 4-hydroxycoumarin (86), 7-

hydroxycoumarin (87) and their derrivatives like warfarin belong to the family of α-

benzopyrones, whereas the flavonoids such as quercetin (43) belong to the γ-

benzopyrones (Figure 62).  

 

Figure 61: Structure of α-benzopyrone (85a) and γ-benzopyrone (85b). 

 

 

Figure 62: Structures of quercetin (43), 4-hydroxycoumarin (86) and 7-hydroxycoumarin (87). 

   

Coumarins are of great importance to synthetic organic chemists due to their 

biological properties, such as anticoagulant,
175

 antioxidant, antibacterial, antiviral
176

 

and anti-tumor activities.
177

 They are consequently highly ultilized as precursors for 

the syntheses of a variety of therapeutic agents. For example, research conducted by 

Weber and co-workers revealed that coumarin and some of its metabolites display 

anti-tumor properties towards many human cell lines.
177

 Similarly, compounds 

derived from the benzopyrones have proven to be potent inhibitors of the 

proliferation of several carcinoma cell lines: for example, 4-hydroxycoumarin (86) 

and 7-hydroxycoumarin (87) inhibited cell growth in a gastric carcinoma cell line.
178 

 

In related research, Velasco-Velazquez reported
179

 the in vitro effects of 4-

hydroxycoumarin in murine melanoma cell lines (B16-F10) and non-malignant 

fibroblastic cell lines (B82). It was discovered that 4-hydroxycoumarin disordered 

the actin cytoskeleton of B16-F10 cells without any significant effect on the 

fibroblasts. 4-Hydroxycoumarin also serves as a useful precursor for the syntheses of 
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compounds that can be used as adjuvant therapy for melanoma and also for other 

cancer treatment. 

  

Coumarin anticoagulants are also antagonists of Vitamin K (32), an enzyme cofactor 

essential for the biosynthesis of prothrombin factors vii, ix and x.
180

 Overproduction 

of prothrombin causes excessive clotting of the blood (hypercoagulation) which can 

lead to deep vein thrombosis. Interestly, vitamin K3 (31), being an NQO1 co-

substrate has a structural relationship with coumarin which makes it possible for 

dicoumarol (33) and its analogues to bind with NQO1.
174

 In view of this, dicoumarol 

is often used to study the importance of the absence, or presence, of NQO1 activity 

in cells. 

 

 

 

2.2 Previous synthesis 

Three types of dicoumarol analogues have been reported in the literature
181

 which 

can be described as unsymmetrical dimer (88), symmetrical dimer (89) and 

asymmetrical (90) as shown in Figure 63.  

 

 

Figure 63: Structures of the analogues of dicoumarol. 

                                                                                                 

Over three decades ago, Sullivan
182

 reported the syntheses of a variety of 

symmetrical dicoumarols by reacting 4-hydroxycoumarin with different aldehydes in 

ethanol as solvent. The products were obtained in mostly poor yields.  
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Zeba and co-workers
183

 also reported the syntheses of symmetrical dimer (89) by 

coupling 4-hydroxycoumarin (86) with aromatic and heteroaromatic aldehydes, in a 

range of media, such as water, methanol, acetic acid, dichloromethane and 

acetonitrile (Scheme 16). The team observed that using less polar aprotic solvents 

such as DCM, resulted in low yields (< 30%) after a prolonged period of time (24 h). 

Performing the reaction in polar aprotic solvents, such as `acetonitrile, gave only a 

trace of the products and in some cases no reaction was observed.  The use of polar 

protic solvents such as methanol (85%) and acetic acid (65%) gave high yields under 

thermal conditions and there reactions took a relatively short time period (35-45 

mins). The best yield however, was obtained (96%) using an aqueous medium and a 

very short reaction time (5 mins). The teams concluded, therefore, that for the 

syntheses of symmetrical analogues of dicoumarol, water was the optimal solvent 

from a ‘green chemistry’ point of view. 

 

R = H, F, Cl, Br, OH, C6H5, etc. 

Scheme 16: Synthesis of symmetrical dimer using 5 mol% Zn(proline)2. 

 

Manolov
180

 and co-workers described the syntheses of dicoumarol analogues by 

reacting 4-hydroxycoumarin (86) with different substituted aromatic aldehydes under 

various conditions. Using 2 equivalents of coumarin and 1 equivalent of aromatic 

aldehyde gave the dimeric products in excellent yields (> 66%). In contrast, a 1:1 

ratio of coumarin and aldehyde gave the “halfway stage” product (91) shown in 

Figure 64 in poor yields (18-39%).  

 

 

R1 = H, phenyl ring. 

Figure 64: General structure of “halfway stage” (91) analogues of dicoumarol analogue. 
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In 2009, members of the Whitehead research group conducted similar syntheses of 

symmetrical (92) and asymmetrical (93) analogues of dicoumarol (Figure 65) using 

simple aldol condensation reaction techniques.
174 

 

 

R1, R2, R3, R4 = H, alkyl, halo, alkoxy and pheny ring;  X = 1-naphthyl, 2-naphthyl, phenyl. 

Figure 65: Structures of symmetrical (92) and asymmetrical (93) analogues of dicoumarol. 

 

The syntheses of asymmetrical compounds (93) proceeded in two steps as depicted 

in Scheme 17. In the first step, dimers (92) were obtained by coupling 2 equivalents 

of coumarin and 1 equivalent of the appropriate aldehyde. The second step involved 

reductive cleavage of one of the bridging carbon-carbon bonds with sodium 

cyanoborohydride. Unfortunately, the asymmetrical analogues (93) were obtained in 

poor yields (<40%), although the investigators noted the improved solubility of these 

compounds compared with the members of the symmetrical series (92). Further 

investigations into the biological activities of the asymmetrical analogues, confirmed 

that several of them showed better inhibitory potency and lower toxicity values 

compared to dicoumarol (33). 

 

 

Reagents and conditions: (i) aromatic/aliphatic aldehydes, reflux, 24 h, 100
o
C; (ii) NaCNBH3, 

methanol, reflux, 70oC, 20 h. 

Scheme 17: Sythesis of symmetrical (92) and asymmetrical (93) analogues of dicoumarol.183 

 

Anschutz
184

 attempted condensation of 4-hydroxycoumarin with different aliphatic 

carbonyl compounds such as formaldehyde, acetaldehyde, propionaldehyde, 

butyraldehyde and acetone, however the latter three did not yield any product. The 

poor reactivity in these cases could be due to the electron donating ability of the alkyl 

groups giving rise to a less reactive electrophilic carbon. 
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 Claudiu Supuran and co-workers reported the syntheses of analogues of dicoumarol 

by condensing various aromatic aldehydes with 4-hydroxycoumarin at room 

temperature in the presence of a catalytic amount of piperidine (94) as shown in 

Scheme 18. The products were obtained in excellent yields (74-96%).
185

 

 

 

Scheme 18: Synthesis of dicoumarols using a catalytic amount of piperidine (94) in aqueous EtOH at 

room temperature. 

 

2.3 New syntheses 

In a search for new inhibitors of the enzyme NQO1 with biological activities 

comparable to that of dicoumarol, but with lower toxicity and fewer side effects, a 

range of symmetrical, asymmetrical and “halfway” stage analogues of dicoumarol 

were synthesized (Figure 66). These compounds were prepared using the sequence 

described by the Whitehead group. Their structural identities were confirmed using 

IR, NMR spectroscopy and mass spectrometry. 

 

Figure 66: General structure of target compounds. 

 

2.3.1 Synthesis of 4-hydroxycoumarin derivatives 

The 4-hydroxycoumarin derivatives which served as precursors for the target 

compounds were synthesized by reacting the appropriate acetophenone (95), (97) and 
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(99) with diethyl carbonate in the presence of sodium hydride (NaH) as illustrated in        

Scheme 19. A plausible mechanism for the reaction is depicted in Scheme 20.    

 

Scheme 19: Reaction scheme for the syntheses of derivatives of 4-hydroxycoumarin (96, 98 and 100). 

Reagents and conditions: (i) diethylcarbonate, sodium hydride, at reflux, 3h. 

 

 

Scheme 20: Base-mediated cyclisation reaction of 2-hydroxy-6-methoxy acetophenone (95) to give 

(96). The mechanism is applicable to compounds (98) and (100). 

 

In this reaction, the ‘hydride’ ion from sodium hydride abstracts the α-hydrogen, of                         

the acetophenone (95) to give the enolate anion (95a). The second step involves the           

nucleophilic attack of (95a) on the electrophilic carbon of the carbonyl of diethyl 

carbonate to form an intermediate β-keto ester (95b). The intermediate (95b) 

undergoes cyclisation via addition and elimination of ethoxide to give (95c) which 

undergoes rapid keto-enol tautomerisation to give (96). The structural identities of all 

the cyclized products were confirmed by 
1
H NMR spectroscopy which indicated the 

presence of only one product. The 
1
H NMR spectrum of compound (96), shown in 

Figure 67, is identical to the data reported by Carberry and co-workers.
186
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 Figure 67: 1H NMR spectrum of compound (96) in DMSO-d6; 3, 6, 7 and 8 represent protons and 

their multiplicity. 

 

The infra-red absorption spectra of (96), (98) and (100) in the solid state resembled     

that of a carboxylic acid with a broad O-H stretch between 3200-3400 cm
-1

 and a   

C=O stretching frequency between 1650-1700 cm
-1

. The presence of a vinylogous 

carboxylic acid makes these compounds moderately strong acids. 

 

2.3.2   Synthesis of symmetrical analogues of dicoumarol 

The C-3 position of 4-hydroxycoumarin (86) and its derivatives, as depicted in 

Scheme 21, is reactive as a nucleophile as it is the central carbon atom of an enolic 

1,3-dicarbonyl compound and it is this feature that facilitates the synthesis of 

symmetrical analogues of dicoumarol with general structure shown in Figure 68.  

 

 

Scheme 21: Resonance forms of ionized 4-hydroxycoumarin. 

 

 

Figure 68: General structure of synthesized symmetric and asymmetrical dimer. 
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Dicoumarol and its analogues were synthesized using both thermal and microwave 

conditions from the reaction between an appropriate 4-hydroxycoumarin (2 

equivalents) and substituted benzaldehyde (1 equivalent) as depicted in Scheme 22. 

The products were obtained in excellent yields (>70%). The use of microwave 

irradiation offers a lot of advantages over thermal heating. The concept of green 

chemistry is gaining momentum in the field of organic synthesis and microwave 

irradiation is an eco-friendly technique with advantages of improved yields, easy 

workup, considerably shortened reaction times, and minimum solvent usage and 

often without the usage of catalysts.  

 

Reagents and conditions: (i) Thermal heating; coumarin 2 eq, aldehyde 1eq, ethanol, reflux at 85 oC, 

24 hr. (ii) Microwave irradiation; coumarin 2 eq, aldehyde 1eq, ethanol, 85 oC, 10 mins. 

Scheme 22: Synthesis of analogues of dicoumarol. 

 

In contrast, reactions performed under thermal conditions, gave generally poor yields 

and in some cases no trace of product was observed after a short time compared to 

microwave conditions which gave >50% yield in under 10 minutes. The microwave 

technique therefore afforded a green chemistry protocol for the synthesis of 

dicoumarol and its analogues. A plausible mechanism for this reaction is shown in 

Scheme 23.  
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Scheme 23: General mechanism for condensation and dimerization reaction. 

 

The first step involves the nucleophilic addition of 4-hydroxycoumarin (86) to the 

polarized carbonyl bond of the aldehyde to form aldol adduct (86a), followed by 

tautomerism to give (86b). α,β-Unsaturated carbonyl compound (86c) is then formed 

by loss of water. The next step is the nucleophilic conjugate addition of a second 

molecule of 4-hydroxycoumarin to (86c) to form (86d) which subsequently 

undergoes keto-enol tautomerisation to give (86e).  

 

2.3.2.1  Non planarity of symmetrical analogues of dicoumarol. 

The two hydroxyl groups in the compounds with general structure shown in Figure 

69 gave different chemical shifts (11.32 and 11.55ppm) with CDCl3 as the solvent.  

 

Figure 69: General structure of compounds with substitutient (X) at para-position. 

 

This difference was not noticed when DMSO-d6 was used as the solvent and this 

may be due to the interaction of the hydroxyl groups and the solvent. In order to 

confirm the assignment of the signals, a few drops of D2O were added into the 
1
H 

NMR sample of (101) and the spectrum (Figure 70, B) revealed their disappearance 

which indicates that the two hydroxyl groups exist in different environments.  
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Figure 70:  1H NMR spectra of compound (101); ‘A’ represent 1H NMR spectrum of compound (101) 

in CDCl3 and ‘ B’ is the 1H NMR spectrum after addition of D2O.     

 

In 1985, Godfroid and co-workers reported that dicoumarols substituted at the bridge 

methylene carbon (C5) displayed restricted rotation around the C3C5 and C3
ꞌ
C5 as 

shown in Figure 71.
187

  

 

Figure 71: Structure of substitiuted dicoumarols at the methylene bridge.187 

 

The team further explained that the hinderance to free rotation could be as a result of 

the following factors based on the calculated free activation energies at 37 
o
C: 

 The barrier to rotation increased with increasing steric influence of the 

substituent (R) 

 Intramolecular bonds also may exist between the two hydroxyl groups 

 Increasing electron donating effect of the solvent can lower the barrier via the 

formation of intermolecular bonds between the hydroxyl groups and the 

solvent. 
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2.4 Synthesis of the “halfway stage” analogues of dicoumarol  

In continuation of the group’s ongoing efforts to prepare compounds with better 

inhibitory potency than dicoumarol, the synthesis of “halfway stage” analogues of 

dicoumarol (102) was carried out. The reactions were performed by reacting 1 

equivalent of an appropriate 4-hydroxycoumarin and 1 equivalent of 2-hydroxyl 

benzaldehyde and 2-hydroxy-1-naphthaldehyde, using both thermal and microwave 

conditions as shown in Scheme 24.  

 

Reaction conditions: (i) EtOH, reflux 80 oC, 45 mins. 

Scheme 24: General method for the preparation of the “halfway stage” analogues (102) of dicoumarol. 

 

Generally, poor yields were obtained under both sets of conditions which is believed 

to be due to competitive dimer formation as illustrated in Table 4. This was more 

problematic under microwave than thermal conditions because heat transfer is faster 

compared to thermal conditions.  

 

Compound Conditions Time (mins) Temp (
o
C) Yield (%) 

103 

 

(i) Microwave 

(ii) Thermal heating 

30 

45 

80 

80 

20 

28 

104 

 

(i) Microwave 

(ii) Thermal heating 

30 

45 

80 

80 

31 

41 

105 

 

(i) Microwave 

(ii) Thermal heating 

30 

45 

80 

80 

28 

33 

106    

  

(i) Microwave 

(ii) Thermal heating 

30 

45 

80 

80 

26 

34 

 

Table 4: Comparison between the percentage yields obtained using microwave irradiation and thermal 

under reflux. 
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The reaction of 4-fluoro, 4-hydroxy and 4-dimethyamino benzaldehydes with 4-

hydroxycoumarin in a 1:1 ratio, gave only the corresponding dimer (107) as depicted 

in Scheme 25. The reason for this is not understood. 

 

 

R = OH, F, N,N-dimethylamino; R1 = H, OCH3; R
2 = H, phenyl. 

Scheme 25: Synthesis of “half-way stage”analogues (101) of dicoumarol using para-substituted 

aromatic aldehydes gave dimeric products (107) instead of (101). 

 

2.4.1 Reduction of the “halfway stage” analogues of dicoumarol  

Some of the most synthetically important reducing agents are hydrides derived from 

aluminium and boron. As group three elements with six bonding electrons and an 

empty orbital, they can accept nucleophiles such as hydride (Hˉ) to become stable 

tetravalent anion (AlH4
ˉ
 or BH4

ˉ
). BH4

ˉ
 reagents were used for the reduction of the 

“halfway stage” analogues (101) of dicoumarol. 

 

BH4
ˉ
 reagents were preferred due to the high reactivity of LiAlH4 which reacts 

violently with protic solvents such as methanol, ethanol and water. LiBH4 and 

NaBH4 are much milder than LiAlH4 and are commonly used in chemoselect 

reduction of aldehydes and ketones in the presence of esters. Although, esters can be 

reduced with NaBH4 this occurs at a much lower rate due to their natural 

electrophilicity.  

 

Six equivalents of sodium borohydride were added to a solution of the “halfway 

stage” analogues (101) in methanol as solvent. In order to achieve complete 

conversion, the reactions were left to stir overnight and this gave compounds (108) in 

moderate yields (40-55%) as shown in Scheme 26.  
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R, R2 = H, phenyl ring; R1 = H, OCH3 

Reagents and conditions: (i) NaBH4/methanol, r.t., 24 h; (ii) LiBH4/THF, r.t., 24 h. 

Scheme 26: Reduction of “halfway stage” analogues (101) to asymmetrical analogues (108) using 

NaBH4/LiBH4.  

 

A possible mechanism for this reaction is depicted in Scheme 27. The first step 

involves nucleophilic attack of the hydride ion (Hˉ) to the electrophilic carbon of the 

carbonyl group which gives an intermediate alkoxide anion (101a). In the workup 

step, the anion (101a) is protonated to give (101b) followed by rapid tautomerization 

to the final product (108). The overall reaction as depicted therefore, is a 1,2-addition 

reaction followed by tautomerism. 

 

Scheme 27: Mechanism of reduction of “halfway stage” analogues of dicoumarol (101) with 

NaBH4/LiBH4. 

 

2.4.2 Reduction of “halfway stage” analogues of dicoumarol using Hantzsch’s 

ester 

NQO1 enzyme detoxifies its substrates through hydrogen transfer using 

NADH/NADPH as electron donor. Similarly, a biomimetic approach involving the 

use of Hantzsch’s ester (109), an analogue of NADH was ultilized for the reduction 

of the “halfway stage” analogues of dicoumarol (101). The successful reduction of 
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(101) with Hantzsch’s ester (109) as depicted in Scheme 28, was an indication that 

the “halfway stage” analogues of dicoumarol (101) would undergo reduction by 

NQO1.  

 

 

Scheme 28: Mechanism of the reduction of “halfway stage” (101) using Hantzsch’ester.  

 

Hantzsch’s ester (109), which have been ultilized for efficient transfer hydrogenation 

of C=C, C=N and C=O bonds,
188,189

 was first discovered in 1882 by Arthur 

Hantzsch.
190,191

 The compound was synthesized by the reaction of ethyl acetoacetate 

(110), formaldehyde (111) and ammonium acetate (112) in a solvent-free single step 

reaction at 85 
o
C for 10 minutes as shown in Scheme 29. 
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Scheme 29: Mechanism of Hantzsch’s ester synthesis. 

 

In this sequence, the most acidic proton (α-proton) of the ethyl acetoacetate (110) is 

abstracted by acetate to form the intermediate enolate anion (110a). The enolate 

anion attacks the electrophilic carbonyl carbon of formaldehyde via an aldol 

condensation reaction to form intermediate (110b). This intermediate (110b) 

undergoes proton transfer to form (110c) which subsequently undergoes elimination 

of water to give (110d).  

 

In the second step, the second molecule of ethyl acetoacetate undergoes enamine 

formation to give ethyl (E)-3-aminobut-2-enoate (110e) which then reacts with (110d) 

via Michael addition to enone to give (110f). Compound (110f) undergoes multiple 
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proton transfers to generate an intermediate (110h) followed by internal cylisation 

and elimination of water to give the final product, Hantzsch’s ester (109).  

 

2.5 Reductive cleavage of C-C bond of symmetrical analogues of dicoumarol 

using NaBH3CN 

Asymmetrical analogues of dicoumarol with the general structure (113) were 

synthesized using the procedures previously adopted by the Whitehead research 

group.
174 

This involved a two-step process which was initially reported in the 

literature by Appendino and co-workers and is illustrated in Scheme 30.
192

     

           

 

 Reagents and conditions: (i) 2 equivalents of hydroxycoumarin, 1 equivalent of aldehyde, 80 oC, 24 h. 

(ii) methanol, NaBH3CN, 70 oC, 20 h. 

Scheme 30: Synthesis of asymmetrical analogues of dicoumarol via C-C reductive cleavage. 

       

This aproach provides a strategy which allows ready access to asymmetrical 

analogues of dicoumarol (113) through a reaction sequence involving initial aldol 

condensation followed by 1,4-addition reaction. The symmetrical compounds which 

were previously synthesized according to (Scheme 18) were transformed into 

asymmetrical compounds with regeneration of 1 mole of 4-hydroxycoumarin by C-C 

cleavage using sodium cyanoborohydride. The crude products obtained were purified 

by flash column chromatography on silica gel using a solvent system of ethyl acetate 

and petroleum ether. Excess 4-hydroxycoumarin was removed by washing with 

saturated aqueous sodium bicarbonate solution. A plausible reaction mechanism for 

this reaction is shown in Scheme 31. 
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Scheme 31: Proposed mechanism for reductive C-C cleavage of symmetrical analogue of dicoumarol 

using NaBH3CN. 

 

Due to the presence of enolic hydroxyl groups dicoumarols can exist in different 

tautomeric forms as shown in Figure 72. The reductive fragmentation reaction 

however, can occur via either a monoprotonated (114a) or monodeprotonated (114b) 

semi-keto tautomer of the dicoumarol as illustrated in Figure 73. 

 

 

Figure 72: Different tautomers of dicoumarol and its analogues.193 

 

 

Figure 73: Dicoumarol analogue in a monoprotonated form (114a) (acid catalysis) and 

monodeprotonated form (114b) (base catalysis).194 

 

In view of this, performing the reaction in the presence of strongly basic reducing 

agent like lithium aluminium hydride (LiAlH4) may lead to the formation of 



Juliana Chineze Obi  85 
 

dienolates (114c) as shown in Figure 74, and this will prevent the retro-Michael 

reaction from occurring.
194

 

 

Figure 74: Structure of dienolates (deprotonated anions of enols, 114c). 

 

The reductive C-C bond cleavage with sodium cyanoborohydride suffered some 

limitations and, even though the desired product was obtained, the yield was very 

poor (< 35%).  Furthermore, apart from a prolonged reaction time (18 hours), the 

procedure is atom uneconomical. For example, for every molecule of the desired 

product obtained, one molecule of 4-hydroxycoumarin was generated as a by-product. 

Lastly, the use of sodium cyanoborohydride is not environmentally friendly as it may 

liberate toxic hydrogen cyanide gas - as a result reactions were perforemed in a well 

ventilated fumehood. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

2.6 Borrowing hydrogen methodology 

The metal-catalyzed auto-transfer of hydrogen, otherwise known as ‘borrowing 

hydrogen methodology’, is a powerful tool for functional group interconversion. 

Following the discovery made by Grigg and co-workers,
195

 who used alcohols as 

alkylating reagents, borrowing hydrogen methodology has emerged as a useful 

strategy in organic synthesis. The method has, to a significant extent, replaced 

traditional couplings and reductive aminations for the formation of C-C and C-N 

bonds respectively.
196

 

 

Environmental regulation has emphasized the importance of using techniques 

involving high selectivity, high atom economy, excellent yields and that are 

environment friendly in organic synthesis.
197,198

 This has led to intensive 

investigations into the development of new synthetic methods for the formation of C-

C and C-N bonds. One of the most promising strategies is the direct metal-catalysed 

alkylation of esters, ketones, aldehydes and imines with alcohols.  
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The indirect functionalization of alcohols using catalytic amounts of metal complex 

and base, which produces only water as a by-product, is eco-friendly in contrast to 

standard C-C and C-N forming reactions. The reaction can be achieved using 

different metal catalysts such as ruthenium, rhodium, copper, iron and iridium 

complexes, where the iridium complex [Cp
*
IrCl2]2 (115), in particular, has been 

considered as the most effective (Figure 75).
199,200

  

 

 

Figure 75: Catalysts used in “borrowing hydrogen” reaction. 

 

Early pioneering work by Maitlis and co-workers
201 

demonstrated the catalytic 

potential of a series of halogen bridged dimers (Figure 76) in alkylation reactions. 

Fujii and his group
202

 also reported the application of Cp*Ir complex in N-

heterocyclisation of primary amines with diols. In this synthesis a variety of five-, 

six-, and seven-membered cyclic amines were obtained in good to excellent yields. 

 

 

X= Cl, I or Br; M= Ir, Rh, Ru. 

Figure 76: halide bridge dimer used in metal catalysed borrowing hydrogen methodology. 

 

In 2009, Grigg and co-workers synthesized a range of asymmetrical analogues of 

dicoumarol (119) from the reaction between either 4-hydroxycoumarin or 4-hydroxy 

quinoline with several benzyl alcohols using a transition metal catalyst (Scheme 

32).
203
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Scheme 32: General procedure for the synthesis of asymmetrical analogues of dicoumarol (119) 

derived from 4-hydroxycoumarin or 4-hydroxyquinoline. 

 

The products were mostly obtained in good to excellent yields (59-94%), except in 

some cases where halogenated aromatic alcohols (such as bromophenyl and 

chlorophenyl) were used, which gave lower yields (11-19%).  The low yields were 

attributed to the electron withdrawing nature of the halogens and competitive dimer 

formation obtained via a Michael addition pathway. 

 

Alcohols are generally poor electrophiles in dissociative alkylation reactions as their 

ionization is almost impossible because R
+
 is a high energy intermediate as depicted 

in Scheme 33. The activation of the ‘OH’ into a suitable leaving group is therefore 

required to enable nucleophilic substitution reactions to occur. 

 

 

Scheme 33: ionization of an alcohol producing high energy charged intermediate (R(+)). 

 

 Previously, the activation of alcohol molecules has been accomplished by 

protonating the alcohol or converting it into a sulfonate ester (one of the most 

common being a tosylate ester 120) or halide (121) as depicted in Schemes 34 and 

35respectively. Sulfonate and halide anions are both good leaving groups. These 

methods of alcohol activation have some limitations: apart from poor economy, 

protonation can deactivate the incoming nucleophile and the alkyl halides and 

alkylsulfonates that are generated as intermediates can also be mutagenic.
204

   

 

Scheme 34: Mechanism of tosylate ester (120) formation.   
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Scheme 35: Mechanism of halide (121) formation. 

 

Borrowing hydrogen methodology was therefore developed, as it provides a potential 

green pathway for the alkylation of alcohols using a metal catalyst. Through this 

reaction, the dimeric iridium catalyst ([Cp
*
IrCl2]2) (122), which is an 18 electron 

complex, undergoes activation by caesium carbonate. This results in the formation of 

an iridium-carbonate complex (123), a monomeric 16 electron complex, as illustrated 

in Figure 77. This occurs in order to allow coordination of the substrate alcohol.  

 

 

Figure 77: Dimer-monomer equilibrium. 

 

The catalytic cycle occurs via three sequencial stages: alcohol oxidation, double 

bond formation and reduction. The mechanistic pathway for the oxidation and 

reduction, as described by Eisenstein and co-workers for amine formation, is 

depicted in Scheme 36.
205

 

 

 

Scheme 36: The mechanistic sequence of alcohol oxidation and reduction by iridium-carbonate 

complexes (adapted from Eisenstein and co-workers).205 

 

In the case of C-C bond formation, the metal catalyst alters the reactivity of the 

alcohol (124a) by removing two hydrogen atoms in a formal oxidation reaction as 
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shown in Scheme 37, path A. This temporarily generates a reactive carbonyl 

compound (aldehyde or ketone 124b), which permits bond formation to occur. The 

carbonyl undergoes aldol condensation reaction with a suitable substrate to form an 

α,β-unsaturated intermediate (124c). In the final step, the α,β-unsaturated 

intermediate is reduced with the return of two hydrogen atoms from the catalyst to 

the double bond giving an alkylated product (124d) without a net change in the 

overall oxidation state.
206

 

 

In order to overcome the potential problem of residual unreacted alkene, isopropanol 

is added which acts as a hydrogen donor to replace any loss of hydrogen. Reactions 

are performed at a higher temperature for complete conversion. Alkylations of 

alcohols using borrowing hydrogen methodology have been achieved using ketones, 

nitriles and nitroalkanes as carbon nucleophiles. 

 

Scheme 37: C-C bond formation using an iridium-catalysed “borrowing hydrogen” reaction (Path A) 

and the activation of alcohols (Path B) by borrowing hydrogen methodology (adapted from Williams 

and co-workers).206 

 

In this research, C-3 alkylations of 4-hydroxycoumarin and its derivatives were 

performed using 5 mol% of iridium catalyst ([Cp*IrCl2]2) in the presence Cs2CO3 as 

a base. A plausible catalytic cycle is depicted in Scheme 38.   
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Scheme 38: Proposed mechanism for C-3 alkylation of 4-hydroxycoumarin and its derivatives using 

an iridium catalyst. 

 

During the cycle, activation of the alcohol (125a) by catalytic dehydrogenation is 

followed by a Knoevenagel condensation and catalytic reduction (path ‘A’) to form 

the asymmetrical dicoumarol (125c). The reduction of intermediate compound (125b) 

to the desired product is in competition with a Michael addition reaction by the 4-

hydroxycoumarin remaining in the reaction mixture through path ‘B’ which produces 

dimer (125d) as a by-product. The reaction therefore was left to react for a prolonged 

period of time (24 hours) in order to effect complete conversion. 

 

One of the key challenges of the ‘borrowing hydrogen methodology’ arises from the 

use of excess of alcohols both as reagent and solvent, and as a result, a stoichiometric 

amount of reacting partners (alcohol, 2 equivalents) and (coumarin 1equivalent) were 

applied. The result obtained gave lower yields (52-59%), whereas using 5 

equivalents of alcohol gave higher yields (60-89%).  

 

A second serious limitation of the ‘borrowing hydrogen methodology’ is the cost of 

the metal catalyst ([Cp*IrCl2]2) used. Consequently, effort was focussed on finding a 

less expensive catalyst with respect to the iridium complex. The ruthenium complex 

Ru(PPh)3Cl2/KOH (116) was found to be inexpensive, easily available and has been 

reported to be effective for ‘borrowing hydrogen’ reaction.   
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In this project, optimization parameters such as solvent, base, time and temperature 

were investigated for the specific reaction of 4-hydroxycoumarin with naphthalene-

2-ylmethanol using ruthenium catalyst (116) as shown in Scheme 39. 

  

 

Reaction condition: (i) 4-hydroxycoumarin (1 eq); naphthalene-2-ylmethanol (1 eq), 2-methyl-2-

butanol [4.0 M], ruthenium catalyst (5 mol%) and temperature (110 oC) for 24 h. 

Scheme 39: General scheme for C-3 alkylation of 4-hydroxycoumarin using ruthenium catalyst (116) 

in the ‘borrowing hydrogen methodology’. 

 

Initially the reaction was carried out at 110 
o
C for 24 hours using 5 mol% of 

Ru(Ph3P)2Cl2 /KOH [4.0] and the 
1
H NMR spectrum of the crude product obtained 

showed only a trace of the product (126) (Figure 78). This is in contrast to the result 

obtained using ([Cp*IrCl2]2)/Cs2CO3) complex which gave a complete conversion at 

110 
o
C within 24 hours. 

 

 

Figure 78: 1H NMR spectrum of crude reaction mixture involving naphthalene-2-ylmethanol and 4-

hydroxycoumarin using Ru(Ph3P)3Cl2 in borrowing methodology at a temperature of 110 oC. 

 

Increasing the temperature of the reaction mixture to 140 
o
C for 24 hours resulted in 

an estimated yield of 81% of the desired product (126) from analysis of the 
1
H NMR 

spectrum of the crude product mixture as shown in Figure 79.  
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Figure 79: 1H NMR spectrum of the crude reaction mixture involving naphthalene-2-ylmethanol and 

4-hydroxycoumarin Ru(Ph3P)3Cl2 as catalyst in “borrowing hydrogen methodology” at a temperature 

of 140 oC. 

 

A comparison of the conversion achieved by changing the substrate concentration 

from 4.0 M to 0.5 M was made. The ratio of the product obtained with respect to 

residual alcohol and 4-hydroxycoumarin was linear with the best conversion at high 

concentration. Borrowing hydrogen methodology using the ruthenium catalyst was 

therefore more effective at high concentrations and elevated temperature and over a 

prolonged reaction time. 

 

In summary, in contrast to reductive C-C cleavage of symmetrical analogues of 

dicoumarol using sodium cyanoborohydride (NaCNBH3), ‘borrowing hydrogen 

methodology’ afforded a higher yield for the asymmetrical analogues of dicoumarol 

and was more atom efficient.  

 

2.7 Synthesis of an analogue of ‘antheminone A’ for prodrug design 

As stated in the first chapter of this study, there is the possibility of a drug barrier to 

the target site due to the phospholipid nature of the cell membrane, causing poor 

penetration of the NQO1 inhibitor, and low toxicity to the cancer cells. In view of 

this, an analogue of antheminone A (84a) was synthesized and ultilized for the 

preparation of potential prodrugs (84b) and (84c) as shown in Figure 80. 
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Figure 80: An analogue of antheminone A (84a) used in the synthesis of prodrugs (84b) and (84c). 

 

In 2000, Ganem and co-workers
207

 reported an efficient method for the synthesis of 

COTC (45), which involved an eight-step reaction sequence which proceeded in an 

overall yield of 73%. In this sequence, cyclohexylidene ketal protected (-)-methyl 

quinate (127a) was used as a precursor as shown in Scheme 40. 

 

 

Reagents and conditions; (i) Tf2O, py, DCM, 65%; (ii) CsOAc, DMF; (iii) NBS-H2O, DMF, 72% over 

2 steps; (iv) DIBAL-H, benzene-toluene, 65%; (v) LiN(TMS)2, THF, -78 oC, 87%; (vi) CH3SO3H, 

DMSO, r.t., 1.5 h then Et3N, r.t., 5 mins, 71%; (vii) crotonic anhydride, DCC, DMAP, THF, 54%; 

(viii) 1:1 TFA:H2O, 73%. 

Scheme 40: An eight-step reaction sequence for the synthesis of COTC (45). 

 

The group observed that in their attempt to carry out ring opening of epoxide (127f) 

to (127g) using DMSO in the presence of boron trifluoride etherate or triflic acid, an 

intermediate diol product (128) was obtained instead of the desired enone (127h). 
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Reacting diol (128) with (Bu3Sn)2O and Br2 gave the desired product (127g) in 51% 

yield. Similarly, the direct conversion of (127f) to (127g) was achieved using 

methanesulfonic acid/DMSO followed by an excess of Et3N at room temperature. 

The crotonylation of the primary hydroxyl group of (127g) with crotonic ahydride, 

followed by deprotection with TFA: H2O gave COTC (45) in 73% yield. 

 

2.7.1 Previous syntheses by the Whitehead group 

The antitumor properties of both COTC and the antheminones have stimulated 

scientific interest in the synthesis of analogues. Over the past decade, the Whitehead 

group have successfully synthesized various analogues of both COTC and the 

antheminones which were found to be potent towards non-small lung cancer cell 

lines A549 and H460. To mention some of the compounds synthesized by the group 

(Figure 81), compounds (131) and (132) are among the new analogues related to 

COTC and the diols (129) and (130) are structurally related to the antheminones. 

 

 

Figure 81: Analogues of COTC (45) antheminones synthesized by the Whitehead group.208 

 

During the research programme described herein, the NQO1 inhibitors described 

previously were to be modified by coupling them with an analogue of antheminones 

A with the aim of overcoming poor cell penetration of these inhibitors. It was 

anticipitated that activation of these prodrugs by GST/GSH, which are both up-

regulated in most solid cancers, would release the NQO1 inhibitor as well as 

generating a cytotoxic exocyclic enone from the antheminone moiety. 

 

The synthesis of an analogue of antheminone A, (135), was therefore carried out 

using (-)-quinic acid 134 as the starting material as outlined in Scheme 41. The 
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synthesis was carried out using procedures developed previously by the Whitehead 

group with little modifications in some cases.  

  

 

Scheme 41: Synthetic approach to a prodrug for release of an inhibitor of NQO1 

 

2.7.2 Synthesis of γ-lactone  

The conversion of (-)-quinic acid (134) to cyclohexylidene quinide (136) followed a 

modified reaction sequence developed by the Whitehead group. The γ-lactone (136) 

had previously been synthesized by Gero’s procedure by boiling a mixture of (-)-

quinic acid (134), cyclohexanone and acid catalyst (Amberlite
TM

 IR 120 (H) resin) in 

a mixture of benzene and DMF.
209

 An alternative procedure developed by the 

Whitehead group ultilizes toluene as a reaction medium due to the health and safety 

issues associated with the use of benzene.  

 

The cis-1,2-diol group of (-)-quinic acid (134) was selectively protected with 

cyclohexanone in the presence of an acid catalyst (Amberlite
TM

 IR 120 (H) resin) as 

shown in Scheme 42. The reaction proceeded with concomitant lactonisation, via 

intramolecular condensation of the syn carboxylic acid at C1 and hydroxyl group at 

C5, to afford the known cyclohexylidene quinide (136) in 62% yield.  

 

 

Scheme 42: Synthesis of cyclohexylidene ketal (136). 
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The removal of water using a Dean and Stark trap assisted in driving the reaction to 

completion by application of Le Chatelier’s principle.
209

 The mechanism for the 

lactonisation reaction is shown in scheme 43. 

 

Scheme 43: Mechanism of formation of cyclohexylidene ketal (136) from (-)-quinic acid (134). 

 

2.7.3 Conversion of γ-lactone to hydroxyketone 

2.7.3.1 Reductive ring opening in γ-lactone  

The reductive ring opening of γ-lactone (136) was achieved by adopting the 

procedure described by Schulz and co-workers.
210

 Usually, the reduction of ester and 

lactone is carried out using a strong reducing agent such as lithium aluminium 

hydride. In 2000, Schulz and co-workers reported the reduction of lactone (136) to 

triol (137) using the mild reducing reagent NaBH4, in methanol as solvent. The 

reduction was successful due to the presence of the electron withdrawing hydroxyl 

group adjacent to the carbonyl which increases its electrophilic nature and reactivity 

towards nucleophilic attack by the hydride ion. The mechanism is depicted in 

Scheme 44.  
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Reagents and conditions: (i) methanol, NaBH4 (10 eq), r.t., 20 h. 

Scheme 44: Mechanism of formation of triol (137). 

 

2.7.4 Oxidative cleavage of triol 

The oxidative cleavage of the vicinal diol moiety of (137) was accomplished using 

sodium periodate (NaIO4). Although this reagent has its limitations, such as poor 

solubility in apolar solvents, it is commonly used for the oxidative cleavage of 

vicinal 1,2-diols. It is easier to handle when compared to HIO4 and is also 

inexpensive. In 1981, Gupta and his co-workers
211

 solved the issue of insolubility by 

introducing silica gel-supported NaIO4. This procedure was later found to have some 

problems such as requiring longer reaction times and producing poor yields 

following the removal solvent. 

 

Based on these findings, Daumas and co-workers
212

 developed an alternative 

procedure, using wet silica gel-supported NaIO4. The mixture of silica gel and NaIO4 

dissolved in water and the vicinal diol (137) in DCM, however, produced colloidal 

forms upon stirring. To overcome this, in 1996, Shing and his team introduced a free 

flowing silica gel-supported NaIO4. The advantage of this procedure is that it doesn’t 

usually require a final purification process.
213

  

 

During this project, oxidative cleavage was performed using the free-flowing powder 

form of silica gel-supported sodium periodate.
208

 The reaction gave hydroxy ketone 

(138) in 88% yield over two steps from lactone (136) as shown in Scheme 45.   
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Reagents and conditions: DCM, silica gel-supported NaIO4 disolved in water, stir at r.t., 4 h. 

Scheme 45: Mechanism of the oxidative cleavage of triol (137) to hydroxyl ketone (138). 

 

During this reaction, vicinal 1,2-diol (137) reacts with NaIO4 to form a 5-membered 

cyclic periodate ester (137a) which undergoes a cheletropic loss of H2IO4
(-)

 resulting 

in cleavage of the C-C bond to form hydroxyketone (138) and formaldehyde. 

 

2.7.5 Elimination of β-hydroxyl 

The hydroxide ion (OH
-
) is a relatively strong base compared to anions derived from 

strong acid and as a result it is a poor leaving group. To change it into a better 

leaving group, it can be reacted with methanesulfonyl chloride in the presence of 

triethylamine to generate a mesylate intermediate. In 1989, this procedure was 

described by Danishefsky and co-workers
214

 for the preparation of enone (139) 

which proceded in 72% yield.  

 

The reaction commences with the in situ generation of a strongly electrophilic 

sulfene intermediate (140) via an E1CB mechanism as shown in Scheme 46.  

 

 

Scheme 46: Mechanism for the in situ formation of sulfene intermediate (140) via an E1CB 

mechanism. 

 

The electrophilic sulfene intermediate (140) undergoes a nucleophilic attack by the 

free hydroxyl group of the hydroxyketone (138) to give sulfonate ester (138b). 

Subsequent deprotonation by triethylamine gives enolate (138c) which rapidly 

undergoes elimination of mesylate (CH3SO3
-
) to give enone (139) as shown in 

Scheme 47.  
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Scheme 47: Mechanism of formation of enone (139). 

 

A significant difficulty was encountered during the synthesis of enone (139) which 

was a consequence of the unstable nature of the compound. To prevent this, both the 

crude and pure enone were stored in the freezer to retard any reaction with the 

residual triethylamine which can lead to elimination of cyclohexanone resulting in 

aromatisation to give hydroquinone (138d) as an impurity as depicted in Scheme 48. 

 

Scheme 48: Mechanism of formation of hydroquinone (138d). 

 

2.7.6 1,4-conjugate addition 

Conjugate additions have a relatively long history which first started with work by 

Komnesons in 1883.
215

 They became an important methodology in organic synthesis 

following extensive research conducted by Arthur Michael in 1887. The 

subsequently named ‘Michael reaction’ involved conjugate addition of a carbon 

nucleophile in a protic solvent such as ethanol using a catalytic amount of a base 

(sodium hydroxide, alkoxide or a trialkylamine) to give a β-substituted product (141) 

(Scheme 49).
216
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Scheme 49: Conjugate addition to an α,β-unsatureated ester giving a β-substituted product (141). 

 

Studies have revealed that base-catalysed conjugate addition reaction can be 

accompanied by a poor level of selectivity and in some cases byproducts can be 

formed. High levels of stereoselectivity however can be achieved by careful selection 

of the reacting partners. Several transition metal catalysized reactions have been 

developed in order to solve the problematic regioselectivity (e.g 1,2- vs 1,4-addition) 

and stereoselectivity.  

 

In 1941, Kharasch and co-workers performed conjugate addition reactions on α,β-

unsaturated enone (142) using Grignard reagents. The reactions were trialled both in 

the presence and absence of a copper(ɪ) salt. Interestingly, the group discovered that 

in the presence of CuCl, the product (143) was obtained in an excellent yield (83%), 

whereas in the absence of CuCl, 1,2 adducts (144) and (145) were obtained instead 

(Scheme 50).
217

  

 

Scheme 50: Reaction of α,β-unsaturated enone (142) with CH3MgBr in the presence and absence of 

copper(ɪ) salt according to Kharasch and co-workers.217 

 

The generally accepted explanation for this is that Grignard reagents are relatively 

hard nucleophiles, likewise the electrophilic carbonyl carbon. To obtain a 1,4-

conjugate addition product the Grignard reagent must be converted to a softer 

nucleophile by reacting with Cu(ɪ) salt, since C-4 is a soft electrophile.  
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The first organocopper compound described in the literature was prepared by Reich 

in 1923.
218

 In 1936, Henry Gilman demonstrated the possibility of ultilizing 

organocopper reagents in organic synthesis.
219

 Gilman observed that methyl lithium 

could react with copper(ɪɪ) chloride to give copper (ɪ) chloride and ethane. The 

copper(ɪ) choloride in turn underwent another reaction with methyl lithium to give 

methyl copper (CH3Cu). Further reaction of methyl copper with methyl lithium gave 

a ‘stable’ lithium diorganocopper reagent (CH3)2CuLi otherwise known as a Gilman 

reagent (146) (Scheme 51).
220 

 

 

Scheme 51: Synthetic pathway for formation of a Gilman reagent (146).220 

 

In 1966, House and co-workers carried out a similar reaction described in Scheme 50 

above using the organocopper reagent ((CH3)2CuLi). The group observed a 

remarkable increase in the rate of reaction as well as improved overall yields 

compared to the CH3MgBr reagent used by Kharasch. The team reported that 

organocuprates were the reactive species responsible for the conjugate addition and, 

by analogy, that they may also have been the reactive species involved in Kharasch’s 

earlier studies.
221 

 

Wider application of organocopper reagents in organic synthesis was retarded due to 

a lack of reproducible results caused by the use of impure salts. Organocopper 

reagents are thermally unstable and may explode because of their sensitivity to air 

and moisture. It was also revealed that in conjugate addition reactions, organocopper 

reagents may be less reactive or totally inactive compared to organocopper 

complexes.
 222,223

  

 

The Whitehead group have reported significant success using organocuprates 

(Gilman reagents) in the presence and absence of an additive (TMSCl), in several of 

their syntheses as depicted in Scheme 52. Unfortunately, they observed a poor level 

of stereoselectivity in certain cases which made their results inconclusive.
224 

The 
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inconsistency in the use of organocuprate reagents shows that the reaction is some 

how unpredictable and can be affected by the type of reagent, the additive and the 

reaction temperature. To overcome these limitations, rhodium catalysts were trialled 

due to their several advantages such as insensitivity to moisture and tolerance to 

other functional groups. 

 

Scheme 52: Stereochemical outcome of the reactions with organocuprate reagents in the presence and 

absence of additive (TMSCl).224 

 

In 1997, Miyuara and co-workers reported the first catalytic conjugate addition of 

aryl and alkenyl boronic acids reaction to an enone catalysed by a rhodium(ɪ) 

complex. The rhodium(ɪ) complex was generated in situ via the reaction of 

[Rh(acac)(CO)2] and an achiral phosphine ligand. Further investigations into the 

efficiency of several ligands were carried out, and the results revealed that the 

bis(phosphine) ligands with large bite angles (dppb > dppp > dppe) were the most 

effective. For example the reaction of but-3-en-2-one (147) and phenylboronic acid 

(148) using Rh(acac)(CO)2 and dppb gave 4-phenylbutan-2-one (149) in 99% yield 

as depicted in Scheme 53.
225 

 

 

Scheme 53: Reaction of but-3-en-2-one (147) and phenylboronic acid (148) using 

Rh(acac)(CO)2/dppb to give 4-phenylbutan-2-one (149). 
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A year later, Miyuara and co-workers carefully investigated the reaction conditions 

(solvent, catalyst, ligand and temperature) for the reaction. In this investigation, the 

procedure used for the achiral reaction was modified by changing the rhodium 

catalyst to Rh(acac)(C2H4)2, using (S)-BINAP ligand and a 10:1 mixture of dioxane 

/water as solvent at 100 
o
C. The reaction of cyclohexenone (150) and 1.4 eq of 

phenylboronic acid in the presence of the rhodium catalyst at 100 
o
C in a 10:1 

mixture of dioxane and water gave (S)-3-phenylcyclohexanone (151) in a 64% yield 

and 97% ee (Scheme 54).
226

 

 

` 

Scheme 54: Conjugate addition using Rh(acac)(C2H4)2/(S)-binap and phenyl boronic acid. 

 

The use of excess boronic acid, ranging from 2.5 to 5.0 equivalents, improved the 

yields from 93 to 99% respectively. Miyuara and co-workers also discovered that the 

reaction temperature had a significant effect on the overall yield. For example, at 

lower than 60 
o
C the 1,4-addition was very slow, giving the product in less than 3% 

yield, whereas the highest yields were obtained at 100 
o
C. An important observation 

made by the group was that the enantioselectivity (97% ee) was maintained between 

40-120 
o
C. The use of organoboronic acids in 1,4-addition reactions described by 

Miyuara and co-workers has several advantages compared to 1,4-additions using 

organocuprates or organomagnesium reagents and these include: 

 They are inert to oxygen and moisture and therefore allow the reaction to be 

carried out in a protic solvent or even in aqueous solvent. 

 Organoboronic acids have wide compatibility with a variety of functional 

groups. 

 They are much less reactive towards ketones in the absence or presence of a 

rhodium catalyst and consequently, there is no by-product formed as a result 

of 1,2-addition reaction. 

 A remarkable advantage of the new strategy by Miyuara and co-workers was 

that the reaction could be catalysed by transition-metal complexes 
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coordinated with chiral ligands which resulted in a high level of 

enantioselectivity. 

 

During these investigations described herein, 1,4-conjugate addition to enone 

(139) was carried out in the presence of Et3N and dioxane/H2O (10: 1) as shown 

in Scheme 55. The product (152) was obtained in a good yield of 74%.  

 

 

Scheme 55: Synthesis of fluorophenyl adduct (152). 

 

2.7.7  The mechanistic cycle of rhodium-catalysed 1,4-addition 

Transmetallation between the organoboronic acid and the rhodium-complex is the 

most important step that occurs in this C-C bond forming reaction. Water has been 

found to be vital in this transformation and in its absence there is no reaction as 

depicted in the mechanism on Scheme 56. The addition of Et3N accelerates the 

transmetallation step between the organoboronic acid and rhodium-complex which 

results in the formation of a rhodium-phenyl bond to give (152i) a key intermediate 

in the reaction.  

 

The next step involves the insertion of the carbon-carbon double bond of the enone 

into the rhodium-phenyl bond to give an intermediate oxo-pi-allyl intermediate 

(152ii). This intermediate can undergo isomerisation to (152iii) which subsequently 

undergo protonolysis by water to give 1,4-addition product (152) and hydroxo-

rhodium complex (153). 
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Scheme 56: Mechanistic cycle for the formation of conjugate adduct (152). 

 

2.7.8 Eliminative removal of the cyclohexylidene protecting group  

Eliminative deprotection of cyclohexylidene (152) was performed using a method 

adapted by the Whitehead group from an original procedure described by 

Danishefsky and co-workers.
214

 During this reaction, two drop aliquots of NaOH 

were added into a solution of the conjugate adduct (152) in THF at 0 
o
C under 

nitrogen gas. Further two drop aliquots of NaOH were added every hour until the 

reaction had reached completion. The desired product (154) was obtained in an 

unpredictable yield (51%) due to formation of dimer (155) as depicted in Scheme 57.  

 

 

Reaction conditions: (i) THF, dil NaOH, 0 oC, 2 h. 

Scheme 57: Eliminative deprotection of ketone (152) protecting group using a catalytic amount of 

base. 

 

In order to optimize the yield, the reaction was carried out in the presence of excess 

NaOH or for a prolonged period of time (5 hours). In both cases, dimer (155) was the 

predominant product obtained. The highest yield was obtained in less than 2 hours by 

careful monitoring of the reaction by TLC every 30 minutes and the reaction was 

quenched as soon as the dimer started forming. The product (154) was obtained in a 
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moderate yield of 51%. A plausible mechanism for the formation of (154) is depicted 

in Scheme 58. 

 

 

Scheme 58: Mechanism of deprotection of (152) to give γ-hydroxyenone (154). 

 

This elimination process was quite capricious and the yield unpredictable. 

Danishefsky and co-workers
214

 attributed the poor yield to be a result of the 

instability of the alcohol towards tautomeric decomposition to 1,4-cyclohexanedione 

(157) as illustrated in Scheme 59. 

 

 

Scheme 59: Mechanism for the formation of cyclohexane-1,4-dione (157). 

 

Prior to the research study described herein, the Whitehead group conducted 

extensive investigations into deprotection of the conjugate adducts using a variety of 

bases such as DBU and Et3N.
224

 The group also observed that the yields (57-81%) 

were variable and sometimes unpredictable. Accidentally however, the group 

discovered that the major reason for the unpredictable nature of the NaOH mediated 

reaction was the ‘bipolar reactivity’ of the alcohol (154) which led to an unexpected 

dimerization reaction.  
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Further investigation revealed that when the conjugate adducts were left to react in 

the presence of NaOH over a prolonged period of time (18 hours), dimeric 

compounds were the only isolable products (obtained in 55-86%). The proposed 

mechanism for the formation of the dimer proceded via a tandem “Michael-Michael” 

reaction of oxyanion (154a) with its conjugate acid (154) as depicted in Scheme 60. 

 

Scheme 60: Proposed mechanism for the dimerization of alcohol (154). 

 

Interestingly, the dimeric compound (155) was found to be structurally related to 

incarviditone (158) a natural product that is derived biosynthetically from rengyolone 

(159), both of which were isolated from Incarvillea delevayi in 2009 by Zhang and 

co-workers (Figure 82).
227

 The team reported that incarviditone (158) showed 

moderate toxicity towards leukemia cell lines (HL-60 and 6T-CEM) and it was also 

non toxic to other cell lines such as HepG2, A549 and LOVO.  

 

Figure 82: Structures of incarviditone (158) and rengyolone (159). 

 

The toxicity of incarviditone prompted further studies into its structure and mode of 

biosynthesis. In 2012, Wu and Tang and co-workers carried out computational 

experiments and with the help of NMR and NOESY measurement, the group 

confirmed that the correct structure of incarviditone is (160) rather than the originally 

proposed structure (158) (Figure 83).
228
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Figure 83: The revised structure of incarviditone (160) proposed by Wu and Tang and co-workers.

  

Further studies by the Whitehead group discovered that some of the synthesized 

dimeric compounds such as (161) and (162) (Figure 84), showed toxicity towards the 

A549 non-small-cell lung cancer cell line. 

 

 

Figure 84: Structures of dimeric compounds (161) and (162) tested against small lung cancer cell line 

A549. 

 

2.7.9 Triethylsilyl (TES) protection of the C-4 hydroxyl group  

The free hydroxyl group at C-4 in compound (154) was protected in order to gain 

chemoselectivity in the subsequent reactions. A triethylsilyether (TES) was chosen as 

the protecting group due to the advantages it has over other protecting groups. For 

example, apart from being easier to remove at the end of the reaction, it is relatively 

stable under basic conditions and also improves the solubility of the product in the 

less polar solvents needed for the subsequent reactions.  

 

The protection of the hydroxyl group at C-4 of compound (154) was performed with 

triethylsilyl trifluoromethanesulfonate (TESOTf) and 2,6-lutidine in DCM to give 

silylether (163) in 76% yield as shown in Scheme 61. 

 

Scheme 61: Synthesis of triethylsilyl ether (163). 
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2,6-Lutidine (164), which is a hindered and poorly nucleophilic base as a result of 

the adjacent methyl groups, neutralizes triflic acid generated by removing the acidic 

proton as demonstrated in the mechanism in Scheme 62. 

 

Scheme 62: Mechanism of formation of triethylsilyl ether (163). 

 

2.8 Synthesis of Morita-Baylis-Hillman adduct 

The Morita-Baylis-Hillman (MBH) reaction, which was first reported in the early 

nineteen seventies, is one of the more popular reactions for the formation of a 

carbon-carbon bond using an organocatalyst. It combines both aldol and Michael 

reactions in a single step to yield compounds with multiple functionalities. For 

example, the products have been used as precursors in the synthesis of medicinally 

important pharmaceutical compounds
229,230

 as well as natural products.
231

 The 

research investigation described herein however, involved the use of a MBH adduct 

for the synthesis of a novel prodrug which will be discuss later. 

 

An example of a MBH reaction is that between acetaldehyde (165a) and ethyl 

acrylate (165b, Michael acceptor) catalysed by a Lewis base such as DABCO or 

DBU. The reaction results in the formation of carbon-carbon bond at the α-position 

of the α,β-unsaturated carbonyl (165b) with the carbonyl carbon of the aldehyde 

(165a) as depicted in Scheme 63.  

 

 

Scheme 63: Morita-Baylis-Hillman reaction. 
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Although the MBH reaction is atom economical, it has some short-comings which 

include a slow reaction rate (up to 17 days), moderate yields and poor reactivity with 

enones as well as α,β-unsaturated and hindered aldehydes. As a result, researchers 

have attempted to increase the reaction rate by using Lewis acids. This strategy was 

found to be very cumbersome because a Lewis base, can undergo Lewis acid/Lewis 

base interaction without actually increasing the rate of reaction. To achieve optimial 

reaction time, yield and to minimize environmental impact, water has been used as a 

reaction medium.
232,233

  

 

The MBH reaction was previously conducted in polar solvents in order to increase 

equilibrium concentration of zwitterionic intermediate (165c) formed during the 

progress of the reaction.
234 

Using aqueous media, however, may hinder the reaction 

rate due to poor solubility of the reactant. In view of this, it was, suggested that a 

surfactant in water, which at the appropriate concentration forms a micellar solution 

may provide a better reaction medium.  

 

Surfactants are amphophilic molecules that contain both hydrophilic (water ‘loving’) 

and hydrophobic (water repelling) characterristics as shown in Figure 85. 

 

 

Figure 85: Structure of sodium dodecyl sulfate (SDS) used as a surfactant in the MBH reaction. 

 

The prediction was that the lipophilic cyclohexyl ring and the relevant side chain 

would reside in the hydrophobic region of the surfactant tail, thus, allowing the 

reactive enone portion of the substrate (163) to reside in contact with the aqueous 

phase (hydrophilic area). Additional stabilisation of the zwitterionic intermediate 

(163a) would be provided by the polar head of the surfactant as demonstrated in 

Figure 86. 
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Figure 86: Representation of Morita-Baylis-Hillman reaction in micelles. 

 

In order to confirm the effectiveness of this hypothesis, Williams and co-workers 

carried out studies on the reaction between cyclohexenone (166a) and substituted 

aromatic aldehyde (166b) under the new reaction conditions (i.e., sodium dodecyl 

sulfate (SDS), water and DMAP) as shown in Scheme 64. The group observed that 

the reaction in the presence of SDS was complete in less than 16 hours and gave the 

desired product (166c) in an excellent yield (71%) compared to a 17 day duration 

reported by Gatri and co-workers.
234a

 Interestingly, in the absence of surfactant only 

a trace amount of the product was obtained.
235

 Among the surfactants trialled, the 

team discovered that SDS was the most effective giving 63-85% yields with a range 

of substrates. 

 

Reaction conditions: (i) SDS, DMAP, water, r.t., 16 h. 

                                                                     (ii) Imidazole, THF-H2O, r.t., 17 days.234a 

 

Scheme 64: MBH reaction of cyclohexanone (166a) with substituted aromatic aldehyde (166b) to 

give (166c). 

 

In this research the protected cyclohexenone (163) was converted, in a slightly longer 

time of 22 hours, to (169) using a MBH reaction in the presence of SDS, DMAP and 

water at room temperature. The proposed mechanism for the reaction is depicted in 

Scheme 65. 
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Scheme 65: Mechanism of the Morita-Baylis-Hillman reactions for the synthesis of (169). 

 

In this catalytic cycle, the lone pair of the dimethylamino substituent of DMAP 

(167a) enhances the nucleophilicicity of the nitrogen atom of the ring as illustrates 

by resonance form. Nucleophilic attack onto the double bond of the enone (163) 

gives intermediate (168a) which is in resonance with (168b). Subsequent reaction 

with formaldehyde via a cross aldol reaction form an intermediate 168c which is 

followed by proton transfer to give (168d). The final step involves the elimination of 

DMAP to give MBH adduct (169).  

 

 

2.9 Application of Mitsunobu reaction for the Prodrug synthesis  

The Mitsunobu reaction, which was discovered in 1967, has been used for the 

conversion of primary and secondary alcohols to esters, ethers, thioethers and other 

compounds as shown in Scheme 66.
236

 For this reaction to occur howoever, one of 

the reacting components (the nucleophile) must be sufficiently acidic to enable 

protonation of the DIAD/DEAD. This will prevent side reactions from occurring.  

 

Scheme 66: General reaction scheme for the Mitsunobu reaction. 
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A range of compounds which had been selected as potential prodrugs (Figure 87) for 

this research programme were synthesized using the Mitsunobu reaction. 

  

 

Figure 87: Structures of potential prodrugs. 

 

The reaction was carried out by reacting a selection of the NQO1 inhibitors with the 

Morita-Baylis-Hillman adduct (169), in the presence of DIAD and Ph3P at room 

temperature under an atmosphere of nitrogen for 24 hours as shown in Scheme 67. 

During this reaction, the hydroxyl group of (169) is converted into a better leaving 

group that subsequently undergoes displacement via nucleophilic attack as depicted 

in Scheme 68.  

 

Scheme 67: Synthesis of prodrugs. 

 

The mechanism of this reaction is still under debate specifically concerning the 

intermediates and the role that they play. It is generally accepted that nucleophilic 

attack of Ph3P on the electron deficient nitrogen atom of DIAD (170a) forms a 

triphenylphosphonium intermediate (170b). The intermediate (170b) is then 
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protonated by (170c) (pKa 4.75) to give a phosphonium intermediate (170d) and the 

carboxylate anion (170e). The phosphonium intermediate (170d) reacts with the 

alcohol oxygen of the Baylis-Hillman adduct (169), activating it as a very good 

leaving group (170f).  Finally, the carboxylate anion (170e) undergoes SN2 

displacement of triphenylphosphine oxide in (170f) to generate the desired 

compound (170g). It is generally accepted that phosphorus-oxygen double bond of 

(170h), which is one of the strongest bonds in chemistry, is the driving force for this 

reaction. 

 

Scheme 68: Mechanism of the prodrug (170g) formation. 

 

The protecting group (OTES) was removed by reacting (170g) with dilute 

trifluoroacetic acid for 30 minutes at room temperature and the crude material 

obtained was purified by silica-gel chromatography. 
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3.0 Chapter 3: Biological evaluation   

3.1 Introduction 

According to the Federal Drug Agency (FDA), the half maximal inhibitory 

concentration (IC50) value represents the concentration of a drug that is required for 

50% inhibition in vitro.
237 

It is used to evaluate the potency of a drug in inhibiting 

biological activity such as that of enzymes. 

 

Enzyme assay evaluation for NQO1 was carried out using techniques originally 

reported by Ernester and his co-workers in 1962,
56

 which involved the reduction of 

cytochrome c by NQO1 in the presence of menadione using NADH as electron donor. 

The cytochrome c which acted as a terminal electron acceptor was inefficient in this 

role and as a result menadione (31) was included as an intermediate electron acceptor 

between reduced NQO1 (NQO1 is reduced by NADH) and cytochrome c. In this 

process, menadione (31) is reduced to menadiol (31a) by NQO1 and the menadiol 

(31a) formed subsequently reduces cytochrome c which results in a colour change 

from deep-red into a light orange-red in the presence of an inhibitor (Figure 88).  

 

 

 

 

 

 

 

 

Figure 88: Evaluation of NQO1 activity using menadione (31) as intermediate electron acceptor and 

cytochrome c as the terminal electron acceptor.   

 

The enzyme activity was monitored spectrophotometrically under UV light by 

monitoring the change in the absorbance at 550 nm. The experiment was carried out 

at constant enzyme concentration and different substrate concentrations in order to 

analyse structure-activity relationships (SARs).  
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3.2 Determination of IC50 values  

The IC50 values were measured using nonlinear curve fitting as implemented in the 

program Excel (GraphPad Prism 5). Each measurement was made in triplicate and 

the experiments were repeated three times. The concentration-response plots 

obtained displayed a sigmoid response curve (Figure 89), and demonstrated moderate 

to good inhibitory potency for the NQO1 inhibitors. Low IC50 values indicate that the 

compounds have good inhibitory potency while high values indicated poor inhibition. 
Data 1
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Figure 89: A sigmoid curve for the concentration-response plot of the enzyme assay. 

 

3.3 Previous work in the Whitehead group  

In 1967, Ernester and co-workers reported that dicoumarol (33) was the most potent 

inhibitor of NQO1 at that time (IC50 = 2.6 nM).
72

 Dicoumarol, however, suffered a 

lot of limitations such as poor selectivity towards cancer cells as it binds to many 

other proteins in circulating blood such as serum albumin. It caused side effects such 

as diarrhea, blurred vision, loss of hair, etc. Dicoumarol also caused off-target effects 

such as accumulation of intracellular superoxide and interference with mitochondrial 

function in oxidative phosphorylation.
163 

  

 

Human serum albumin (HSA), which is similar to Bovine serum albumin (BSA) in 

other mammals, is the most abundant protein in blood plasma and is produced in the 

liver. HSA is soluble, monomeric and constitutes about half of the blood serum 

protein. A drug in the blood plasma may exist in two different forms: bound or 

unbound. If the binding is reversible an equilibrium will exist between the bound and 

unbound form as shown below: 
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Albumin binding to a drug influences the fate of that drug in the body because it is 

the unbound or free drug, that diffuses through the capillary walls and reaches the 

target site and is also subject to elimination from the body.
238

 In 2007, Trainer 

reported that the higher the concentration of the unbound drug in the blood plasma, 

the more effectively the drug will traverse the cell membrane or diffuse.
239

 

 

In 1970, Colin reported a unique binding of dicoumarol to serum albumin which 

involved hydrophobic and electrostatic interactions.
240

 In 1971, Garten and co-

workers
241

 conducted comparative studies of the binding of coumarin anticoagulants 

and related compounds to serum albumin. In this investigation, the group observed 

that coumarin binding was weak because the binding involved only the hydrophobic 

interaction.  

 

A remarkable change occurred when 4-hydroxycoumarin was analysed, which 

resulted in a significant increase in the binding capacity. The group attributed this 

change to the presence of an ionisable hydroxyl group which generated a negatively 

charged oxygen atom capable of undergoing an electrostatic interaction with the 

cationic centres on the surface of the albumin protein.  

 

Dicoumarol (33) with pKa values of 4.4 and 8.0
242

 for the two hydroxy groups can 

exist either in a neutral (33), mono-anonic (33i) or di-ionic (33ii) state, and at blood 

plasma (pH 7.4), (33i) is the predominant form (Figure 90). As result of this, 

dicoumarol would show a greater degree of binding with the cationic centres on the 

surface of the serum albumin compared to coumarin itself.
243

  

 

 

Figure 90: Neutral (33), mono-ionic (33i) or di-ionic (33ii) states of dicoumarol.242 

 

This property of dicoumarol has stimulated scientific efforts to find novel NQO1 

inhibitors with high selectivity for cancer cells and without problematic side and off-
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target effects. The research groups of Prof. Ian Stratford and Dr Roger Whitehead 

have carried out thorough investigations into the synthesis of suitable NQO1 

inhibitors. In 2009, the groups synthesized a series of novel symmetrical (92) and 

asymmetrical analogues (93) of dicoumarol which had better inhibitory potency than 

dicoumarol itself.
174

 In order to evaluate the extent to which serum albumin binding 

could affect the efficacy of these inhibitors, enzyme assays were conducted both in 

the presence and absence of BSA. Dicoumarol (33) and several of their derivatives 

such as (92a) and (92b) were assayed and (92a) displayed the greatest inhibitory 

potency in the presence of BSA (IC50 = 38 nM) as illustrated in Table 5.  

 

    

Entry R
1 

R
2 

R
3 

R
4 

R
5 

IC50 (nM) IC50 + BSA (nM) 

33 

92a 

92b 

H 

OMe 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

2.6 ± 1.6 

2.8  ± 0.42 

0.18  ± 0.16 

404  ± 184 

38  ± 2.1 

370  ± 198 7,8-C4H4 

Table 5: IC50 values of dicoumarol (33) and its derivatives (92a) and (92b).174 

    

Further investigations into the asymmetrical analogues (93) of dicoumarol were also 

carried out by the research group of Stratford and Whitehead. In this investigation, 

the group observed that compounds with a naphthyl methyl substituent (93a and 93b) 

showed better inhibitory potency than those with a benzyl substituent (93c and 93d) 

as illustrated in Table 6.   

                                         

Entry R1 R2 R3 R4 R5 IC50 (nM) IC50 + BSA (nM) 

93a 

93b 

93c 

93d 

H 

H 

H 

H 

Me 

F 

Me 

Me 

Me H 2-naphthyl 

2-naphthyl 

3,4-dimethyl phenyl 

Phenyl 

2.5 ± 1.9 

2.2 ± 1.6 

9.9 ± 4.4 

39 ± 12 

167 ± 83 

255 ± 151 

192 ± 41 

660 ± 108 

7,8-C4H4 

Me 

Me 

H 

H 

Table 6: IC50 values of asymmetrical analogues (93) of dicoumarol.174 
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To evaluate these observations, the team conducted computational docking 

experiments in which both symmetrical (92) and asymmetrical analougues (93) were 

docked into the active site of the NQO1enzyme. The results of this investigation 

suggested that the symmetrical analogue (92), which exits in a monoanionic form at 

pH 7.4, may have undergone an intramolecular hydrogen bond between the negative 

oxygen atom of C4 and the hydrogen atom of the hydroxyl group of C4
ˈ
, causing 

steric hinderance to the substrate conformation. The group therefore, concluded that 

this conformation of dicoumarol (Figure 91) and its derivatives may be the most 

stable in the NQO1 active site. 

 

 

Figure 91: Electron density map around the dicoumarol in NQO1 active site.174 

 

The team also attributed the potency of the asymmetrical analogues with a naphthyl 

ring (93a and 93b) to be due to the hydrophobic interactions of the compounds with 

the amino acid residues of the active site. The hydrophobic nature of the active site 

suggested that NQO1 has better binding affinity to hydrophobic compounds. 

 

3.4 IC50 values of the novel synthesized compounds 

Synthesis of NQO1 inhibitors has been the subject of numerous investigations. 

During the research programme described herein, four series of symmetrical, 

unsymmetrical dimer, asymmetrical and ‘halfway stage’ analogues of dicoumarol 

(Figure 92) were synthesized and assayed in the absence of BSA.  
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Figure 92: Structures of symmetrical  unsymmetrical dimer, asymmetrical and ‘halfway stage’ 

analogues of dicoumarol. 

 

Both symmetrical and unsymmetrical dimer analogues (171a and 171b) of 

dicoumarol (Figure 93) were found to be ineffective as NQO1 inhibitors (IC50 >1000 

nM).  

 

Figure 93: General structures of symmetrical and unsymmetrical dimer analogues (171a and 171b) of 

dicoumarol. 

 

Based on computational docking experiments, Stratford and co-workers proposed 

that the NQO1 inhibitors must be capable of hydrogen bonding interactions with the 

FAD cofactor and/or the key amino acid residues within the active site (Tyr-126, 

Tyr-128 and His-161).
174

 A bulky substituted phenyl group would however, undergo 

steric clashes with the key amino acid residues within the active site, especially 

against the hydrophobic pocket which forms the internal wall of the binding site or 

FAD pocket.  

 

The asymmetrical analogues (172, 173 and 174) were also assayed and the results 

revealed that they are more effective as NQO1 inhibitors compared to symmetrical 

series (171) as illustrated in Table 7.  



Juliana Chineze Obi  121 
 

 

Entry Y NQO1, IC50 (nM) 

   172a 

   172b 

   172c 

   172d 

   172e 

2-hydroxy-1-naphthyl 

2-hydroxyphenyl 

4-hydroxyphenyl 

4-fluorophenyl 

Biphenyl 

11 ± 3 

940 ± 36 

464 ± 134 

528 ± 5 

47 ± 3 

   173a 

   173b 

   173c 

2-hydroxy-1-naphthyl 

2-hydroxyphenyl 

Biphenyl 

41 ± 21 

663 ± 286 

79 ± 30 

   174a 

   174b 

2-hydroxy-1-naphthyl 

2-hydroxyphenyl 

19 ± 9 

74 ± 15 

  

Table 7: IC50 values of asymmetrical analogues of dicoumarol obtained by reduction using 

NaBH4/LiBH4 and NaCNBH3. 

  

Compounds (172a, 173a and 174a) bearing a substituted naphthyl ring displayed 

higher inhibitory potency than those with a substituted phenyl ring (172b and 173b). 

These differences in the IC50 values could be a result of the naphthyl ring undergoing 

hydrophobic interactions with the NQO1 enzyme. The phenyl ring is less 

hydrophobic than the naphthyl ring and this may be the reason that the analogues are 

less effective as NQO1 inhibitors. To make (173b) more hydrophobic, (174a and 

174b) were synthesized and assayed. Interestingly, the IC50 value of (174b) improve 

from 940 ± 36 nM to 74 ± 15 nM thus confirming the importance of hydrophobic 

interactions of inhibitors at the NQO1 active site. 
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Introduction of a fluoro group (172d) gave a higher IC50 value (528 ± 5 nM) when 

compared to (172e) which bears a biphenyl ring (47 ± 3 nM). This again suggested 

that the NQO1 active site binds more effectively to hydrophobic compounds.  

  

Further investigations were carried out on the “half-way stage” compounds (175, 176 

and 177) which had been synthesized. The compounds were assayed as NQO1 

inhibitors in the absence of BSA and the IC50 values obtained followed a similar 

trend to that previously discussed with the more hydrophobic compounds showing 

the greatest potency (Table 8). 

 

 

Entry             Y                         NQO1, IC50 (nM) 

175a 

175b 

2-hydroxy-1-naphthyl            20 ± 6 

2-hydroxyphenyl                    341 ± 115 

176a 

176b 

2-hydroxy-1-naphthyl            25 ± 10 

2-hydroxyphenyl                    165 ± 88 

177a 

177b 

2-hydroxy-1-naphthyl            23 ± 5 

2-hydroxyphenyl                    85 ± 49 

 

Table 8: IC50 values of the “half-way stage” analogues of dicoumarol.  

 

Another set of asymmetrical analogues of dicoumarol, prepared using borrowing 

hydrogen methodology, were assayed in the absence of BSA and their IC50 values 

are summarized in Table 9. In this case, the IC50 values followed a similar trend with 

the naphthyl substituted compounds being more active as NQO1 inhibitors than those 

with phenyl substituents.  
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Entry             Y NQO1, IC50 (nM) 

178a 

178b 

2-naphthyl 

Phenyl 

55 ± 23 

416 ± 145 

179a 

179b 

2-naphthyl 

Phenyl 

47 ± 14 

898 ± 16 

180a 

180b 

2-naphthyl 

Phenyl 

6 ± 2 

125 ± 17 

  

Table 9: IC50 values of the asymmetrical analogues of diocoumarol prepared using ‘borrowing 

hydrogen methodology’. 

 

In 2014, a previous postgraduate member of the Whitehead group carried out 

computational studies of the inhibitors (179a), (180a) with the enzyme NQO1.
244

 In 

these experiments, the two inhibitors were stacked in a parallel orientation with the 

isoalloxazine ring of FAD, in the same manner to the binding mode of dicoumarol 

(33). It was found that (179a) had one polar active site interaction with Tyr 128, 

whereas, (180a) had two polar active site interactions with both Tyr 128 and His 161. 

The group therefore, attributed the difference in the IC50 values to the absence of a 

polar active site interaction with His 161in (179a). The team hypothesized that a 

NQO1-directed antitumor agent should be capable of hydrogen bonding interactions 

with the key amino acid residiues (Tyr 126, 128 and His 161) and/or with the FAD 

cofactor. 

 

3.5 Cytotoxicity assay  

The use of cytotoxic drugs still remains an unavoidable therapaeutic approach to the 

treatment of malignant tumors. Due to the remarkable inhibition of NQO1 by the 

asymmetrical and “halfway stage” analogues of dicoumarol, derivatives of these 
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compounds (Figure 87 above) were designed and synthesized and their 

antiproliferative activity towards a cancer cell line was analysized. A non-small-cell 

adenocarcinoma cell line A549 was chosen for this study as a result of the following: 

 It has up-regulation of NQO1 activity;
245

 

 It has elevated levels of glutathione and glutathione transferase 

(GST/GSH). Since an analogue of antheminone A was used for the 

prodrug synthesis, GST/GSH are needed for conjugation to the 

prodrug and release of the NQO1 inhibitor.  

 

3.5.1  MTT cell viability assay  

The MTT cell viability is a colourimetric assay for measuring cell viability. In living 

cells, the enzyme mitochondrial succinate dehydrogenase is capable of reducing 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, 181a), a yellow 

dye, to insoluble formazan (181b) which shows a purple colouration (Scheme 69).
246

 

The amount of formazan crystal formed is dependent on the number of living cells. 

The experimental procedure is summarized in Chapter 5. 

 

Scheme 69: Reduction of MTT dye (181a) (yellow) to formazan (181b) (purple) by mitochondrial 

succinate dehydrogenase.246 

 

3.5.2  Evaluation of the IC50 values of the novel compounds 

An IC50 value, in terms of an enzyme assay, represents the concentration of a drug 

that is required for 50% inhibition in vitro, whereas, in terms of cytotoxicity, it 

represents the concentration of a drug required to inhibit the growth of cells by 50%. 

For the MTT cell viability assay, it represents the concentration at which half of the 

cells seeded remain viable at the end of the analysis. 

 

The MTT cell viability assay was carried out on thirteen compounds prepared during 

this project by another member of the Whitehead research group. The first set of 

compounds comprised COTC/antheminone hybrid analogues (182, 183 and 184) 

depicted in Figure 94.  
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Figure 94: IC50 values for the synthetic analogues (182) of COTC, (183) and (184) for antheminone A. 

 

In this case, the COTC analogue (182) displayed higher toxicity towards the A549 

cell line than (183) and the analogue of antheminone A (184). The reason for this 

significant difference in the IC50 values may be due to the poor leaving group ability 

of the OH group in (184) which consequently cannot be displaced by GSH.  

 

The asymmetrical analogues of dicoumarol (172a and 178a), which showed a 

reasonable inhibitory potency (11 ± 3 nM and 55 ± 23 nM respectively) towards 

NQO1, were inactive with respect to cytotoxicity. Compund (178a) was modified by 

synthesizing ‘prodrug’ (185), the IC50 value of which showed moderate toxicity as 

illustrated in Figure 95. 

 

 

Figure 95: IC50 value of the prodrug (185). 

 

The “halfway stage” analogues of dicoumarol (175a and 177b), which were also 

effective NQO1 inhibitor (IC50 = 20 ± 6 nM and 85 ± 49 nM respectively), were 

tested for cell cytotoxicity. Compound (175a) showed moderate toxicity (IC50 = 9.2 

± 0.2 μM), whereas, compound (177b) was inactive. The reason for this significant 

difference is still unknown. Modification of the two compounds (175a) and (177b) as 

‘prodrugs’ (186) and (187), gave the IC50 values of 2.9 ± 0.3 μM and 3.0 ± 0.4 μM 

respectively which were more potent than the parent compounds (Figure 96). 
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 Figure 96: IC50 values of the “halfway stage” analogue of dicoumarol (175a) and the prodrug (186). 

 

The potency of both the “halfway stage” (175a) and other prodrugs analysized 

motivated further investigation into compounds with related structures as depicted in 

Figure 97. These compounds also displayed toxicity towards the A549 cancer cell 

line.  

 

Figure 97: Potent inhibitors of NQO1 remodified as prodrug and their measured IC50 values for cell 

viability.  
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4.0 Chapter 4: Conclusion and future work 

Due to up-regulation of NQO1 in most solid tumors, it is believed that targeting this 

enzyme in chemotherapeutic treatment could help in the treatment of cancer. In 1967, 

Ernester and co-workers discovered that dicoumarol (33) was the most potent 

inhibitor of NQO1 (IC50 = 2.6 nM).
72

 Dicoumarol suffered some limitations such as 

side effects and also off-target effects. These have led to more extensive 

investigations into finding novel effective inhibitors of NQO1without problematic 

side and off-target effects like dicoumaol (33).  

 

The research groups of Whitehead and Stratford have contributed immensely to these 

research investigations. For example, in the year 2009,
174

 the collaborating team 

discovered that (92a and 92c) are more effective inhibitors of NQO1 compared to 

dicoumarol (33) and its benzo derivative (92b) as illustrated in Figure 98.  

 

 

Figure 98: IC50 values of dicoumarol (33) and its derivatives (92a, 92b and 92c). 

 

In the search for more potent inhibitors of NQO1, a variety of novel potent inhibitors 

(section 3.4) of NQO1 have been synthesized using different techniques such as 

‘borrowing hydrogen methodology’, reductive C-C cleavage with NaBH3CN, LiBH4 

and NaBH4. Those compounds, which all contain a naphthyl ring have proved to be 

more potent than those consisting only phenyl rings as depicted in Tables 7, 8 and 9 

(section 3.4). 

 

Since the use of cytotoxic drugs is an unavoidable therapeutic method for the 

treatment of cancer, MTT assay was carried out on some of these inhibitors. Among 

the inhibitors assayed, (175a) is remarkable as it is not only effective as a NQO1 
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inhibitor (IC50 = 20 ± 6 nM), but it also displayed toxicity towards A549 cancer cell 

line (IC50 = 9.2 ± 0.3 μM). To further understand the significant potency of (175a) 

towards the A549 cell line, another compound of related structure (177b) was 

synthesized and assayed. The results revealed that (177b) was inactive towards the 

A549 cell line. To conclude on this unique property displayed by (175a), MTT 

assays were carried out for (172a) and (178a) and both were inactive towards A549 

as shown in Figure 99.  

 

 

Figure 99: Cytotoxicity values of (172a, 175a, 177b and 178a). 

 

To gain access to their site of action, drugs must cross one or more barriers 

especially the plasma and the intracellular membranes of the cells. In view of this, 

some of the potent inhibitors were remodified by inclusion of a cytotoxic agent (184) 

derived from antheminone A, (47) as depicted in Figure 100. The inclusion of 

cytotoxic agent (184) was to help to deliver the inhibitors to their site of action. 

 

 

Figure 100: Cytotoxic agent (184) derived from antheminone A (47). 

 

These prodrugs were synthesized via application of the Mitsunobu reaction which 

resulted in the synthesis of several novel prodrugs (185, 216, 218, 220, 190, 188, 189, 

186 and 187) as described in Chapter 5. These novel prodrugs displayed good 

potency towards A549 cell line which has up-regulated level of NQO1 activity.  
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The cytotoxicity properties of these novel prodrugs however, are yet to be 

understood. Since the A549 cell is up-regulated in NQO1 activity, it could be 

hypothesized that NQO1 played a significant role in the toxicity of these novel 

prodrugs. To verify this hypothesis, another mutant cell line which contain no NQO1 

can be used in the MTT assay. Due to time limits, another member of the Whitehead 

research group will continue with this investigation. 

 

In summary, 75 compounds have been synthesized. Out of these, 15 were effective 

inhibitors of NQO1 (Table 10).  
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Entry Y NQO1, IC50 (nM)  

172a 

172e 

173a 

173c 

174a 

174b 

175a 

176a 

176b 

177a 

177b 

178a 

179a 

180a 

180b 

2-hydroxy-1-naphthyl 

 biphenyl 

2-hydroxy-1-naphthyl 

 biphenyl 

2-hydroxy-1-naphthyl 

 2-hydroxyphenyl 

2-hydroxy-1-naphthyl 

2-hydroxy-1-naphthyl 

2-hydroxyphenyl 

2-hydroxy-1-naphthyl 

2-hydroxypheny 

2-naphthyl 

2-naphthyl 

2-naphthyl 

Phenyl 

11 ± 3 

47 ± 3 

41 ± 21 

79 ± 30 

19 ± 9 

74 ± 15 

20 ± 6 

25 ± 10 

165 ± 88 

23 ± 5 

85 ± 49 

55 ± 23 

47 ± 14 

6 ± 2 

125 ± 17 

Table 10: The effective inhibitors of NQO1.  

 

The application of the Mitsunobu reaction has proven very efficient for the synthesis 

of prodrugs and this has led to the indentification of a number of novel antitumor 

agents as depicted in Figure 101. Other potential anti-tumor agents synthesized are 

shown in Figure 102. 
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Figure 101: Structures of novel anti tumor agents. 

 

 

Figure 102: The potential anti tumor agents (216, 218 and 220). 
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5.0 Chapter 5: Experimental Procedures 

5.1 Instrumentation 

Column chromatography was carried out using silica gel (Sigma-Aldrich) 40-63 µm 

60Å or pH neutral alumina. The eluents used are reported in individual procedures. 

 

Melting points were determined using a Sanyo Gallenkamp MPD.350 variable heater 

instrument and are uncorrected. 

 

Infrared spectra were recorded in the solid state using a Bruker Alpha P FT-IR 

instrument. Absorption maxima were recorded in wavenumbers (cm
-1

) and the 

following abbreviations were used: weak (w), medium (m), strong (s) and broad (b). 

 

 
1
H-NMR spectroscopy was carried out using Bruker Avance 400 and 500 

spectrometers.  The chemical shift values (δH) are quoted in parts per million (ppm) 

to the nearest 0.01 ppm and referenced to the solvent residual peak. The coupling 

constant (J) are given in Hz. Abbreviations used are: s-singlet, d-doublet, dd-doublet 

of doublets, q-quaternay carbon, t-triplet, td-triplet of doublets, m-multiplet. Proton 

assignments were assisted by DEPT, 
1
H COSY and HMQC. 

 

 
13

C-NMR spectroscopy was carried out using Bruker Avance (100 and 125 MHz) 

spectrometers. The chemical shifts (δC) are quoted in parts per million (ppm), with 

tetramethylsilane or the appropriate solvent peak as the reference peak. 
13

C-NMR 

spectra were assigned using DEPT and HMQC. 

 

19
F-NMR spectroscopy was carried out using Bruker Avance (376 MHz) 

spectrometers. The chemical shifts (δF) are quoted in parts per million (ppm), with 

tetramethylsilane or the appropriate solvent peak as the reference peak. Abbreviation 

used is: s-singlet. 

  

Mass spectrometry was carried out by the Mass Spectrometry Laboratory at the 

School of Chemistry, University of Manchester. Molecular ions and their fragment 

ions are reported as mass/charge (m/z) ratios and are within ±10 ppm mass units for 

electrospray (ES) and high resolution mass spectrometry (HRMS). These were 
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obtained using a Micromass Platform II (ES), Waters QTOF (HRMS), and Thermo 

Finnegan MAT95XP (HRMS). 

 

A Biotage Initiator TM microwave reactor (maximum power output of 300 W; 

operating frequency 2450 MHz) was used in the studies. 

 

5.2 Reagents and conditions 

All reagents used were obtained from commercial sources (Sigma-Aldrich Co., Alfa 

Aesar, Fisher Scientific, and ACROS Organics). The chemicals were handled 

according to the safety instructions and all reactions were carried out inside a fume 

cupboard. Microwave irradiation reactions were carried out using a Biotage
®
 Initiator 

microwave synthesizer. 

 

5.3 Experimental  

 

5.3.1 Synthesis of 4-hydroxy-5-methoxy-2H-chromen-2-one, 191. 

 

C10H8O4; Molecular weight: 192.17      

2-Hydroxy-6-methoxyacetophenone (500 mg, 3.01 mmol) dissolved in 

diethylcarbonate (3 mL) was added to a suspension of sodium hydride (60% 

dispersion in mineral oil, 600 mg, 15.0 mmol) in diethylcarbonate (3 mL) and heated 

at 100 
o
C for 3 hours. The reaction mixture was left to cool to 0 

o
C in an ice bath and 

it was then quenched by dropwise addition of water until effervescence stopped. The 

aqueous layer was washed with diethyl ether (3 x 10 mL). Concentrated hydrochloric 

acid was added dropwise to the aqueous layer to adjust the pH to 4 and the resulting 

precipitate was collected by filtration, washed with water and left to dry overnight at 

90 
o
C. The title compound (191) was isolated as an off-white solid (360 mg, 62%): 

Mp 155-157 
o
C [Lit.

247 
151-156 

o
C]; νmax/cm

-1
 3260 (w, OH), 1705 (s, C=O), 1640 (s, 

C=C); δH (400 MHz; DMSO-d6) 3.89 (3H, s, OCH3), 5.50 (1H, s, C(3)H), 6.95 (2H, 

d, J 8.5, C(6)H and C(8)H), 7.56 (1H, t, J 8.5, C(7)H), 11.35 (1H, s, OH); δC (100 

MHz; DMSO-d6) 56.5 (OCH3), 90.8 (C(3)H), 105.0 (q), 106.7 (CH), 109.2  (CH), 



Juliana Chineze Obi  134 
 

133.0  (CH), 155.2 (q), 157.3 (q), 161.4 (q), 167.2  (C=O);  m/z (+ES) 215.1 

([M+Na]
+
, 100%); (Found 215.0329; C10H8O4Na ([M+Na]

+
) requires 215.0320). 

 

5.3.2 Synthesis of 4-hydroxy-2H-benzo[h]chromen-2-one, 192 

 

C13H8O3; Molecular weight: 212.20  

Using the procedure described for the synthesis of compound (191), 1-hydroxy-2-

acetophenone (1.5 g, 8.06 mmol), diethylcarbonate (20 mL) and sodium hydride (1.8 

g, 45.0 mmol), gave the title compound (192) as an off white solid (1.14 g, 67%): Mp 

285-287 
o
C [Lit.

248
 287 

o
C]; νmax/cm

-1 
3410 (br, s, OH), 1644 (s, C=O); δH (400 MHz; 

DMSO-d6) 5.70 (1H, s, C(3)H), 7.70-7.74 (2H, m, Ar-CH), 7.82-7.84 (2H, m, Ar-

CH), 8.03-8.05 (1H, m, Ar-CH), 8.34-8.36 (1H, m, Ar-CH), 12.67 (1H, br, s, OH); 

δC (100 MHz; DMSO-d6) 90.6 (CH), 111.1 (q), 118.9 (CH), 121.7 (CH), 122.2 (q), 

123.6 (CH), 127.3 (CH), 128.1 (CH), 128.8 (CH), 134.8 (q), 150.7 (q), 161.8 (q), 

166.6 (q); m/z (-ES) 211.1 ([M-H]
-
, 100%); (Found 211.0392; C13H7O3 ([M-H]

-
), 

requires 211.0395). 

5.3.3 Synthesis of 1-hydroxy-3H-benzo[f]chromen-3-one, 193 

 

 C13H8O3; Molecular weight: 212.20 

Using the procedure described for the synthesis of compound (191), 2-hydroxy-1-

acetophenone (1.5 g, 8.06 mmol), diethylcarbonate (20 mL) and sodium hydride (1.8 

g, 45.0 mmol) gave the title compound (193) as an off-white solid (1.14 g, 67%): Mp 

285-286 
o
C [Lit.

174
 284 

o
C]; νmax/cm

-1
3376 (br, w, OH), 1650 (s, C=O); δH (400 MHz; 

DMSO-d6), 5.76 (1H, s, C(3)H), 7.53 (1H, d, J 8.6, C(9)H or C(10)H), 7.60 (1H, ddd, 

J 8.6, 7.0, 1.5, C(6)H or C(7)H), 7.70 (1H, ddd, J 8.6, 7.0, 1.5, C(6)H or C(7)H), 8.04 

(1H, dd, J 8.6, 1.5, C(5)H or C(8)H), 8.21 (1H, d, J 8.6, C(9)H or C(10)H), 9.29 (1H, 



Juliana Chineze Obi  135 
 

dd, J 8.6, 1.5, C(5)H or C(8)H), 12.93 (1H, br, s, OH); δC (100 MHz; DMSO-d6) 

91.7 (CH), 108.6 (q), 117.2 (CH), 125.6 (CH), 126.0 (CH), 128.3 (CH), 128.8 (q), 

128.9 (CH), 130.3 (q), 134.2 ((CH), 154.9 (q), 161.3 (q), 169.4 (C=O); m/z (-ES) 

211.1 ([M-H]
-
, 100%); (Found 211.0392; C13H7O3 ([M-H]

-
), requires 211.0395).  

 

5.3.4  Synthesis of 1,1
ꞌ
-methylenebis(naphthalen-2-ol), 194 

 

C21H16O2; Molecular weight: 300.35 

A solution of 2-hydroxy-1-naphthaldehyde (500 mg, 2.90 mmol) and methanol (40 

mL) was stirred for 10 minutes at room temperature. Sodiun borohydride (220 mg, 

5.81 mmol) was added portionwise, with stirring at 0 
o
C and the reaction mixture 

was then left to stir at room temperature for 24 hours.  The progress of the reaction 

was monitored by TLC and after it had reached completion, dilute hydrochloric acid 

(0.1M, 10mL) was added. The resulting precipitate was collected by filtration and the 

crude product was isolated as a dark red solid (240 mg). This material was purified 

using flash column chromatography (petroleum: ethyl acetate, 4:1) and the title 

compound (194) was isolated as white solid (150 mg, 30%): Mp 202-204 
o
C [Lit.

249
 

192-193 
o
C]; νmax/cm

-1 
3302 (s, br, OH), 1596 (s, C=C); δH (400 MHz; DMSO-d6) 

4.70 (2H, s, C(7)H2), 7.08-7.14 (2H, m, Ar-CH), 7.16-7.20 (2H, m, Ar-CH), 7.28 

(2H, d, J 8.8, C(1)H and C(13)H or C(2)H and C(12)H), 7.59 (2H, d, J 8.8, C(1)H 

and C(13)H or C(2)H and C(12)H), 7.65 (2H, dd, J 8.8, 1.0, C(3)H and C(8)H or 

C(6)H and C(11)H), 8.19 (2H, d, J 8.8, C(3)H and C(8)H or C(6)H and C(11)H), 

10.13 (2H, s, 2 x OH); δC (100 MHz; DMSO-d6) 20.1 (C(7)H2), 118.1 (CH), 119.4 

(q), 122.1 (CH), 123.8 (CH), 125.4 (q), 127.4 (CH), 128.0 (CH), 128.4 (CH), 133.7 

(q), 151.7 (q); m/z (+ES) 156.8 (C11H8O, 58%), 317.8 ([M+NH4]
+
, 30%).  
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5.3.5  Synthesis of 4-(hydroxymethyl)phenol, 195 

 

C7H8O2; Molecular weight: 124.14 

Using using the procedure for the synthesis of compound (194), 4-

hydroxybenzaldehyde (2 g, 16.38 mmol) and sodium borohydride (1.3 g, 32.75 

mmol) in methanol (30 mL) gave the title compound (195) as white solid (680 mg, 

33%). Mp 115-117 
o
C (Lit.

250
 116-118 

o
C); νmax/cm

-1
 3306-3436 (br, OH), 3022 (w, 

C-H), 1762 (s, C=C);  δH (400 MHz; DMSO-d6), 4.41  (2H, d, J 5.6, CH2OH), 5.01 

(1H, t, J 5.6, CH2OH), 6.76 (2H, d, J 8.2, C(3)H and C(5)H), 7.16 (2H, d, J 8.2, 

C(2)H and C(6)H), 9.23 (1H, s, C(4)OH); δC (100 MHz; DMSO-d6), 62.7 (CH2OH), 

114.7 (C(3)H) and (C(5)H), 128.0 (C(2)H) and (C(6)H), 131.6 (q), 156.1 (q). m/z (-

ES) 123.1 ([M- H]
-
, 85%).   

 

5.3.6 Synthesis of [1,1'-biphenyl]-4-ylmethanol, 196 

 

C13H12O; Molecular weight: 184.23 

Lithium borohydride (144 mg, 6.59 mmol) was stirred in THF (8 mL) at room 

temperature under nitrogen gas for 15 minutes. A solution of 4-phenylbenzaldehyde 

(600 mg, 3.29 mmol) in THF (8 mL) was added gradually at 0 
o
C. After the addition 

was complete the reaction was allowed to stir at room temperature for 24 hours. The 

reaction was quenched by pouring onto cold 0.1 M HCl (10 mL) and organic 

material was then extracted into ethyl acetate (3 x 20 mL). The combined organic 

phases were dried over MgSO4 and concentrated in vacuo to give the crude product 

as a white solid (560 mg). This material was purified by flash column 

chromatography (petroleum ether: ethyl acetate 5:1) to give the title compound (196) 

as white solid (550 mg, 91%): Mp 101-103 
o
C [Lit.

251
 103-106 

o
C]; νmax/cm

-1
 3221 

(br, OH); δH (400 MHz; DMSO-d6) 4.59 (2H, d, J 5.6, CH2OH), 5.29 (1H, t, J 5.6, 
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CH2OH), 7.37-7.40 (1H, m, Ar-CH), 7.44-7.51 (4H, m, Ar-CH), 7.65-7.70 (4H, m, 

Ar-CH); δC (100 MHz; DMSO-d6); 62.6 (CH2), 126.4 (CH), 126.5 (CH), 127.0 (CH), 

127.2 (CH), 128.9 (CH), 138.5 (q), 140.1 (q), 141.7 (q); m/z (-ES) 183.2 ([M-H]
-
), 

38%).  

 

5.3.7 Synthesis of diethyl-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate 

           (Hantzsch’s ester), 109 

 

C13H19 NO4; Molecular weight: 253.29 

A mixture of ethyl acetoacetate (988 mg, 7.59 mmol), ammonium acetate (430 mg, 

5.58 mmol) and formaldehyde (110 mg, 3.66 mmol) was heated at 85
o
C for 10 

minutes. After the product was collected by filtration and recrystallized from ethanol. 

The title compound (109) was isolated as a yellow solid (614 mg, 67%): Mp 178-180 

o
C [Lit.

252
 183-184 

o
C]; νmax/cm

-1 
3349 (s, N-H),  1691 (s, C=O), 1648 (s, C=C); δH 

(400 MHz; CDCl3) 1.19 (6H, t, J 7.1, C(9)H3 and C(9
' 
)H3), 2.10 (6H, s, C(10)H3 and 

C(10
'
)H3), 3.17 (2H, s, C(4)H2), 4.06 (4H, q, J 7.1, C(8)H2  and C(8

'
)H3), 5.11 (1H, s, 

N-H); δC (100 MHz; CDCl3) 14.5 (CH), 19.2 (CH), 25.3 (CH), 61.5 (q), 99.5 (q), 

141.0 Ar-CH), 168.1 (C=O); m/z (-ES) 252.1 ([M-H]
-
, 100%); (+ES) (Found 

276.1208; C13H19NO4Na ([M+Na]
+
), requires 276.1212). 

 

5.3.8 Synthesis of 1-benzyl-1,4-dihydropyridine-3-carboxamide, 198 

 

C13H14 N2O; Molecular weight: 214.26 

Benzybromide (616 mg, 3.6 mmol) was added to a solution of nicotinamide (366 mg, 

3.0 mmol) dissolved in a mixture of dioxane (8 mL) and methanol (2 mL). The 

reaction mixture was heated under reflux at 80 
o
C for 5 hours. The resulting 

precipitate was collected by filtration and washed with dioxane (2 x 5 mL) to give 

the title compound (197) as a silver white solid (790 mg, 90%). Sodium dithionite 
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(475 mg, 2.73 mmol) was added gradually to a solution of sodium carbonate (361 mg, 

3.41 mmol) and pyridinium salt (197) (200 mg, 0.68 mmol) in water (5 mL) and the 

reaction was heated at reflux for 3 hours. The resulting precipitate was collected by 

filtration and washed with water (5 mL) to give the title compound (198) as a yellow 

solid (127 mg, 87%): Mp 110-112 
o
C [Lit.

253
 119-121 

o
C]; νmax/cm

-1
 3064 (w, NH), 

1682 (m, C=O), 1600 (s, C=C); δH (400 MHz; CDCl3) 3.07 (2H, d, J 1.5, C(4)H2), 

4.19 (2H, s, C(7)H2), 4.63-4.67 (1H, m, C(2)H or C(6)H), 5.22 (2H, br, s, NH2), 5.64 

(1H, dd, J 8.1, 1.5, C(5)H), 7.06 (1H, d, J 1.5, C(2)H or C(6)H), 7.13-7.25 (5H, m, 

Ar-CH); δC (100 MHz; CDCl3) 22.9 (CH), 57.4 (CH), 98.6 (q), 103.3 (CH), 127.2 

(CH), 127.8 (CH), 128.8 (CH), 129.0 (CH), 137.2 (q), 140.1 (CH), 170.2 (C=O); m/z 

(-ES) 213.1 ([M-H]
-
, 100%); (+ES) (Found 237.1004; C13H14N2ONa ([M+Na]

+
), 

requires 237.1021).  

 

Method A: General method for synthesis of symmetric dicoumarol analogue. The 

appriopriate 4-hydroxycoumarin was reacted with formaldehyde (37% aqueous 

solution stabilized with 12% methanol). Ethanol was added to give a solution of 

0.4M concentration with respect to 4-hydroxycoumarin. The reaction mixture was 

heated under reflux at 80 
o
C for 24 hours when it was allowed to cool to room 

temperature and the precipitate formed was collected by filtration, washed with 

ethanol and dried.
254

 

 

Method B: The appriopriate 4-hydroxycoumarin was reacted with formaldehyde (37% 

aqueous solution stabilized with 12% methanol). Ethanol was added to give a 

solution of 0.25M concentration with respect to 4-hydroxycoumarin. The reaction 

mixture was subjected to microwave irradiation at 80 
o
C for 4 hours. The resultant 

mixture was allowed to cool to room temperature and the precipitate formed was 

collected by filtration, washed with ethanol and dried. 

 

5.3.9 Synthesis of 3,3׳-methylenebis(4-hydroxy-2H-chromen-2-one, 33  

 

C19H12O6; Molecular weight: 336.29 
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Using method A, 4-hydroxycoumarin (120 mg, 0.74 mmol) was reacted with 

formaldehyde (11 mg, 0.37 mmol) to give the title compound 33 as a white solid (90 

mg, 72%).  

 Using method B, 4-hydroxycoumarin (120 mg, 0.74 mmol) was reacted with 

formaldehyde (11 mg, 0.37 mmol) to give the title compound (33) as a white solid 

(96 mg, 77%): Mp 291-293 
o
C [Lit.

174  
293-297 

o
C]; νmax/cm

-1
 3057 (bw, OH), 1650 

(s, C=O); δH (500 MHz; CDCl3) 3.85 (2H, s, C(5)H2), 7.35-7.39 (4H, m, Ar-CH), 

7.59 (2H, ddd, J 8.2. 7.1, 1.6, C(2)H and C(7)H or C(3)H and C(8)H), 8.01 (2H, dd, 

J 8.2, 1.6, C(1)H and C(6)H or C(4)H and C(9)H), 11.31 (2H, s, 2 OH); δC (126 

MHz; CDCl3) 19.9 (C(5)H2), 102.9 (q), 116.5 (q), 116.7 (CH), 124.0 (CH), 124.8 

(CH), 132.5 (CH), 152.4 (q), 164.4 (q), 168.7 (C=O); m/z (+ES) 337.1 ([M+H]
+
, 

100%); (Found 359.0538; C19H12O6Na ([M+Na]
+
), requires 359.0532). 

  

5.3.10 Synthesis of 3,3׳-methylenebis(4-hydroxy-5-methoxy-2H-chromen-2-one, 

92a  

 

C21H16O8; Molecular weight: 396.35 

Using method A, 4-hydroxy-6-methoxycoumarin (120 mg, 0.63 mmol) was reacted 

with formaldehyde (10 mg, 0.31 mmol) to give the title compound as a white powder 

(97 mg, 78%). 

Using method B, 4-hydroxy-6-methoxycoumarin (120.0 mg, 0.63 mmol) was reacted 

with formaldehyde (9.4 mg, 0.31 mmol) to give the title compound (92a) as a white 

powder (100 mg, 81%): Mp 272-273 
o
C [Lit.

174
 261-263 

o
C]; νmax/cm

-1
 3286 (m, O-

H), 1713 (s, C=O), 1650 (s, C=C); δH (400 MHz; DMSO-d6) 3.67 (2H, s, C(7)H2), 

3.97 (6H, s, 2OCH3), 6.98 (4H, dd, J 8.4, 0.9, C(1)H and C(3)H and C(4)H and 

C(6)H), 7.53 (2H, t, J 8.4, C(2)H and C(5)H), 10.08 (2H, br, s, 2 OH)); δC (100 MHz; 

DMSO-d6) 19.0 (C(7)H2), 57.3 (OCH3), 102.6 (q), 105.0 (q), 106.8 (CH), 110.0 (CH), 

132.5 (CH), 153.3 (q), 156.4 (q), 161.1 (q), 162.3 (C=O); m/z (+ES) 397.1 ([M+H]
+
, 

80%); (Found 419.0723; C21H16O8Na ([M+Na]
+
), requires 419.0743). 
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5.3.11  Synthesis of 3,3'-methylenebis(4-hydroxy-2H-benzo[h]chromen-2-one, 

92b 

 

C27H16O6; Molecular weight: 436.41 

Using method A, 4-hydroxy-2H-benzo[h]chromen-2-one (120 mg, 0.56 mmol) was 

reacted with formaldehyde (9 mg, 0.3 mmol) to give the title compound (92b) as 

white solid (92 mg, 75%). 

Using method B, 4-hydroxy-2H-benzo[h]chromen-2-one (120 mg, 0.556 mmol) was 

reacted with formaldehyde (9 mg, 0.3 mmol) to give the title compound (92b) as a 

white solid (96 mg, 78%): Mp 340-348 
o
C [Lit.

174
 279-281 

o
C]; νmax/cm

-1
 3063 (br, w, 

O-H), 1643 (s, C=O), 1560 (s, C=C);
 
δH (500 MHz; DMSO-d6) 3.84 (2H, s, C(7)H2), 

7.43-7.48 (2H, m, Ar-CH), 7.53 (2H, ddd, J 7.8, 6.9, 0.8, C(4)H and C(11)H or 

C(5)H and C(12)H), 7.65-7.69 (2H, m, Ar-CH), 7.96 (2H, d, J 8.8, C(1)H and C(8)H 

or C(2)H) and C(9)H), 8.05 (2H, d, J 8.8, C(1)H and C(8)H or C(2)H and C(9)H), 

9.81 (2H, dd, J 8.8, C(3)H and C(10)H or C(6)H and C(13)H); δC (125 MHz; 

DMSO-d6) 20.7 (C(7)H2), 117.5 (CH), 120.6 (q), 122.0 (q), 125.5 (CH), 127.0 (CH), 

128.0 (CH), 129.0 (CH), 130.5 (q), 130.7 (q), 132.9 (d, J 4.5, (CH)), 134.7 (q), 153.3 

(q), 163.9 (C=O); m/z (+ES) 437.1 ([M+H]
+
, 100%); (Found 437.1011; C27H17O6 

([M+H]
+
), requires 437.1025). 

 

5.3.12  Synthesis of 2,2'-methylenebis(1-hydroxy-3H-benzo[f]chromen-2-one, 

199 

 

C27H16O6; Molecular weight: 436.41  

Using method B, 4-hydroxy-2H-benzo[h]chromen-2-one (120 mg, 0.56 mmol) was 

reacted with formaldehyde (9 mg, 0.3 mmol) to give the title compound (199) as a 

colourless solid (100 mg, 81%): Mp 340-348 
o
C [Lit.

255
 decompose 300 

o
C]; νmax/cm

-
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1
 3063 (br, w, O-H), 1643 (s, C=O), 1560 (s, C=C);

 
 NMR could not be analysed due 

to poor solubility; m/z (+ES) 437.1 ([M+H]
+
, 100%); (Found 437.1011; C27H17O6 

([M+H]
+
), requires 437.1025). 

 

5.3.13 Synthesis of 7-(4-hydroxy-2-oxo-2H-chromen-3-yl)chromeno[4,3- 

b]chromen-6(7H)-one, 200    

 

C25H14O6; Molecular weight: 410.37 

Using method A, reaction of 4-hydroxycoumarin (500 mg, 3.0 mmol) and 2-

hydroxybenzyaldehyde (159 mg, 1.5 mmol) in ethanol (3 mL) gave the title 

compound (200) as a white solid (458 mg, 74%).  

Using method B, reaction of 4-hydroxycoumarin (200 mg, 1.2 mmol) and 2-

fluorobenzaldehyde (75 mg, 0.6 mmol) in ethanol (3 mL) at 85 
o
C for 10 minutes 

gave the title compound (200) as white solid (133 mg, 54%): Mp 253–255 
o
C [Lit.

256
 

245 
o
C (decomp)]; νmax/cm

-1
 3235 (br, OH), 1708 (s, C=O), 1600 (s, C=C); δH (400 

MHz; CDCl3) 5.38 (1H, s, C(5)H), 7.11-7.16 (2H, m, Ar-CH), 7.21 (1H, dd, J  8.3, 

1.6, C(1)H or C(4)H or C(6)H or C(9)H), 7.29-7.33 (3H, m, Ar-CH), 7.41-7.53 (3H, 

m, Ar-CH), 7.64 (1H, ddd, J  8.3, 7.3,  1.6, C(2)H or C(3) H) or C(7)H) or C(8)H), 

8.04 (1H, dd, J  8.3, 1.6, C(1)H or C(4)H or C(6)H or C(9)H), 8.17 (1H, dd, J  8.3, 

1.6, C(1)H or C(4)H or C(6)H or C(9)H), 10.42 (1H, s, OH); δC (126 MHz; CDCl3) 

30.0 (C(5)H), 100.2 (q), 108.7 (q), 114.6 (q), 116.3 (CH), 116.3 (CH), 116.8 (q), 

117.0 (CH), 121.4 (q ), 123.4 (CH), 123.9 (CH), 124.4 (CH), 125.1 (CH), 125.6 (CH), 

128.6 (CH), 132.0 (CH), 132.8 (CH), 151.0 (q), 152.1 (q), 153.1 (q), 158.8 (q), 161.2 

(q), 161.4 (q), 166.2 (C=O );  m/z (-ES), 409 ([M-H]
-
, 100% ); m/z (+ES) (Found 

433.0699; C25H14O6Na ([M+Na]
+
), requires 433.0700). 
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5.3.14  Synthesis of 3,3
′
-(phenylmethylene)bis[4-hydroxy-2H-chromen-2-one, 

201 

 

C25H16O6; Molecular weight: 412.39 

Using method A, reaction of 4-hydroxycoumarin (250 mg, 1.50 mmol) and 

benzaldehyde (159 mg, 0.75 mmol) in ethanol (6 mL) gave the title compound (201) 

as a white solid (242 mg, 78%): Mp 210-212
o
C [Lit.

257
 215 

o
C]; νmax/cm

-1
 2700 (br, 

w, OH), 1670 (s, C=O), 1600 (s, C=C); δH (400 MHz; DMSO-d6) ) 6.3 (1H, s, 

C(5)H), 7.10-7.12 (3H, m, Ar-CH), 7.17-7.21 (2H, m, Ar-CH), 7.25-7.32 (4H, m, Ar-

CH), 7.55 (2H, ddd, J 8.2, 7.1, 1.6, C(2)H and C(7)H or C(3)H and C(8)H), 7.85 (2H, 

dd, J 8.2, 1.6, C(1)H and C(6)H or C(4)H and C(9)H); δC (126 MHz; CDCl3) 36.2 

(C(5)H2), 103.9 (CH), 105.7 (CH), 116.5 (CH), 116.7 (CH), 116.9 (CH), 124.4 (CH), 

124.9 (CH), 126.5 (CH), 126.9 (CH), 128.7 (CH), 132.9 (CH), 135.2 (CH), 152.3 

(CH), 152.5 (q), 164.6 (q), 165.8 (q), 166.9 (q), 169.3 (C=O);  m/z (-ES), 411.1 ([M-

H]
‾
, 50%); m/z (+ES) (Found 435.0856; C25H16O6Na ([M+Na]

+
), requires 435.0845). 

 

5.3.15   Synthesis of symmetric dicoumarol dimmer, 202 

 

C25H10 F4O6; Molecular weight: 482.34 

Using method A, reaction of 4-hydroxycoumarin (250 mg, 1.54 mmol) and penta-

fluorobenzaldehyde (151 mg, 0.77 mmol) in ethanol (6 mL) gave the title compound 

(202) as a white solid (30 mg, 8%): Mp 270-272 
o
C; νmax/cm

-1
 3178 (br, w, OH), 

1716 (s, C=O), 1610 (s, C=C); δH (400 MHz; CDCl3) 5.49 (1H, s, C(5)H), 7.25 (1H, 

dd, J 8.3, 0.8, C(1)H or C(4)H or C(6)H or C(9)H), 7.35 (1H, ddd, J 8.3, 7.2, 0.8, 

C(2)H or C(3)H or C(7)H or C(8)H), 7.46 (1H, dd, J 8.3, 0.8, C(1)H or C(4)H or 

C(6)H or C(9)H), 7.48 (1H, ddd, J 8.3, 7.2, 0.8, C(2)H or C(3)H or C(7)H or C(8)H), 

7.53 (1H, ddd, J 8.3, 7.2, 0.8, C(2)H or C(3)H or C(7)H or C(8)H), 7.68 (1H, ddd, J 
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8.3, 7.2, 0.8, C(2)H or C(3)H or C(7)H or C(8)H), 8.03 (1H, dd, J 8.3, 0.8, C(1)H or 

C(4)H or C(6)H or C(9)H), 8.15 (1H, dd, J 8.3, 0.8, C(1)H or C(4)H or C(6)H or 

C(9)H), 10.11(1H, s, OH); δC (126 MHz; CDCl3) 25.4 (C(5)H), 99.6 (q), 104.3 (q), 

105.7 (q), 113.9 (q), 116.5 (q), 116.6 (CH), 117.2 (C H), 123.6 (CH), 124.4 (CH), 

124.7 (CH), 125.7 (CH), 132.7 (CH), 133.7 (CH), 152.1 (CH), 153.2 (C-F), 157.8 

(C-F), 161.6 (C-F), 162.5 (C-F), 165.4(C=O); m/z (-ES) 481.1 ([M-H]‾, 100%); 

(Found 481.0341; C25H9O6F4 ([M-H]
-
), requires 481.0335). 

 

5.3.16   Synthesis of symmetric dicoumarol dimer, 203 

 

C27H21 NO6; Molecular weight: 455.46 

Using method A, reaction of 4-dimethylamino benzaldehyde (150 mg, 1.85 mmol) 

and 4-hydroxycoumarin (300 mg, 1.01 mmol) in a mixture of ethanol (10 mL) and 2 

drops of piperidine gave the title compound (203) as a pink solid (390 mg, 86%): Mp 

224-226 
o
C [Lit.

258
 206 

o
C]; νmax/cm

-1
 3000 (br, OH), 1650 (s, C=O), 1602 (s, C=C); 

δH (400 MHz; DMSO-d6) 3.12 (6H, s, 2xCH3), 6.27 (1H, s, C(5)H), 7.21-7.37 (8H, 

m, Ar-CH), 7.52 (2H, ddd, J 8.4, 7.1, 1.6, C(2)H and C(7)H or C(3)H and C(8)H), 

7.81 (2H, dd, J 8.4, 1.6, C(1)H and C(6)H or C(4)H and C(9)H); δC (100 MHz; 

DMSO-d6) some signals coincident, 18.53 (CH3), 35.9 (C(5)H), 45.6 (q), 56.0 (q), 

103.0 (q), 119.6 (CH), 115.6 (CH), 119.7 (CH), 123.0 (CH), 124.1 (CH), 128.2 (CH), 

131.2 (q), 140.6 (q), 152.5 (q), 164.5 (q), 167.6 (C=O); m/z (-ES) 454.1 ([M-H]‾, 

100%); (Found 454.1275; C27H20NO6 ([M-H]
-
), requires 454.1291). 

 

5.3.17  Synthesis of 7-(4-hydroxy-2-oxo-2H-chromen-3-yl)benzo[f]chromeno[4,3-  

             b]chromen-6(7H)-one, 204 

` 
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C29H16O6; Molecular weight: 460.43  

 Using method A, reaction of 4-hydroxycoumarin (500 mg, 3.08 mmol) and 2-

hydroxy-1-naphthadehyde (270 mg, 1.54 mmol) in ethanol (3 mL) gave the title 

compound (204) as a white solid (642 mg, 91%): Mp 305-307 
o
C; νmax/cm

-1
 3200 (br, 

w, OH), 1712 (s, C=O), 1667 (s, C=C); δH (400 MHz; CDCl3) 5.95 (1H, s, C(5)H), 

7.14 (1H, d, J 8.1, C(10)H or C(11)H), 7.32 (1H, ddd, J 8.1, 7.3, 1.0, C(13)H or 

C(14)H), 7.40-7.50 (5H, m, Ar-CH), 7.53-7.57 (1H, m, Ar-CH), 7.67 (1H, ddd, J 8.1, 

7.3, 1.0,  C(13)H or C(14)H), 7.73 (1H, d, J 8.1, C(10)H or C(11)H),  7.83-7.89 (2H, 

m, Ar-CH), 8.11 (1H, dd, J 8.1, 1.0, C(1)H or C(4)H or C(6)H or C(9)H), 8.21 (1H, 

dd, J  8.1, 1.0, C(1)H or C(4)H or C(6)H or C(9)H), 10.56 (1H, s, OH); δC (75 MHz; 

CDCl3) 27.8 (C(5)H), 100.4 (q), 108.1 (q), 113.3 (q), 114.6 (q), 116.2 (CH), 116.7 

(CH), 117.03 (q), 122.3 (CH), 123.4 (CH), 123.8 (CH), 124.5 (CH), 125.1 (CH), 

127.5 (CH), 128.8 (CH), 129.7 (CH), 130.9 (q), 131.6 (CH), 132.0 (q), 132.8 (CH), 

149.2 (q), 152.2 (q), 153.1 (q), 158.7 (q), 160.9 (q), 166.2 (C=O), m/z (-ES) 459.1 

([M-H]
ˉ
, 100%); (Found 459.0887; C29H15O6  ([M-H]

-
), requires 459.0869). 

 

5.3.18  Synthesis of 3,3׳-((4-hydroxyphenyl)methylene)bis(4-hydroxy-2H- 

             chromen-2-one, 205  

 

C25H16O7; Molecular weight: 428.39 

Using method A, reaction of 4-hydroxycoumarin (243 mg, 1.50 mmol) and 4-

hydroxybenzaldehyde (92 mg, 0.75 mmol) in ethanol (3 mL) gave the title 

compound (205) as pale yellow solid (210 mg, 65%): Mp 222-224 
o
C [Lit.

259
 222-

224]; νmax/cm
-1

 3435 (br, OH), 1665 (s, C=O), 1600 (s, C=C); δH (500 MHz; DMSO-

d6) 6.19 (1H, s, C(5)H), 6.59 (2H, d, J 8.6, C(10)H and C(13)H or C(11)H and 

C(12)H), 6.89 (2H, dd, J 8.6, 1.0, C(1)H and C(4)H) or C(6)H and C(9)H),  7.25-

7.31 (4H, m, Ar-CH), 7.54 (2H, ddd, J 8.6, 7.1, 1.0, C(2)H and C(3)H or C(7)H and 

C(8)H), 7.84 (2H, dd, J 8.6, 1.0, C(1)H and C(4)H or C(6)H and C(9)H); δC (125 

MHz; DMSO-d6) 35.2 (C(5)H), 48.6 (q), 104.1 (q), 114.7 (CH), 115.7 (CH), 118.9 

(q), 123.3 (CH), 123.9 (CH), 127.6 (CH), 131.3 (CH), 152.3 (q), 154.9 (q), 164.6 (q), 
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166.1 (C=O), m/z (+ES) 429 ([M+H]
+ 

, 100%); (Found 429.0979; C25H17O7 

([M+H]
+
), requires 429.0974). 

 

5.3.19  Synthesis of 3,3'-((4-fluorophenyl)methylene)bis(4-hydroxy-2H-chromen- 

            2- one), 101  

 

C25H15 FO6; Molecular weight: 430.38 

Using method A, reaction of 4-hydroxycoumarin (200 mg, 1.2 mmol) and 4-

fluorobenzaldehyde (74 mg, 0.6 mmol) in ethanol (3 mL) gave the title compound 

(101) as a white solid (214 mg, 83%): Mp 219-221
o
C [Lit.

260
 213-215 

o
C]; νmax/cm

-1
 

2870 (br, OH), 1670 (s, C=O), 1600 (s, C=C); δH (400 MHz; CDCl3) 6.06 (1H, s, 

C(5)H), 7.00-7.04 (2H, m, Ar-CH), 7.18-7.21 (2H, m, Ar-CH), 7.41-7.43 (4H, m, Ar-

CH), 7.65 (2H, ddd, J 8.4, 7.2, 1.5, (C(2)H) and (C(7)H) or (C(3)H) and (C(8)H), 

8.08 (2H, dd, J 8.4, 1.5, C(1)H and C(4)H or C(6)H and C(9)H), 11.33 (1H, s, OH), 

11.55 (1H, s, OH); δC (100 MHz; CDCl3) 35.7 (C(5)H), 115.4 (CH), 115.6 (q), 116.7 

(CH), 124.4 (CH), 124.9 (CH), 128.1 (d, J 8.3, q), 128.2 (CH), 130.8 (d, J 2.9, q), 

132.9 (CH), 160.5 (C-F), 163.0 (C=O); m/z (+ES) 453 ([M+Na]
+ 

, 100%); (Found 

453.0762; C25H15O6FNa ([M+Na]
+
), requires 453.0763). 

 

5.3.20   Synthesis of 2,2ˈ-((4-fluorophenyl)methylene)bis(1-hydroxy-3H- 

 benzo[f]chromen-3-one, 206 

 

C33H19 FO6F; Molecular weight: 530.50 

Using method B, reaction of 1-hydroxy-3H-benzo[f]chromen-3-one (150 mg, 0.71 

mmol) and 4-fluorobenzaldehyde (44 mg, 0.35 mmol) in ethanol (6 mL) gave the 

title compound (206) as a cream powder (130 mg, 69%): δH (400 MHz; CDCl3) 6.26 

(1H, s, C(7)H), 7.01-7.05 (2H, m, Ar-CH), 7.28- 7.30 (2H, m, Ar-CH), 7.52-7.70 
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(5H, m, Ar-CH), 7.76 (1H, dd, J 8.4, 7.2, C(1)H or C(4)H or C(8)H or C(11)H), 

7.91-7.95 (2H, m, Ar-CH), 8.09 (2H, d, J 9.1, C(14)H and C(17)H or C(15)H and 

C(16)H), 9.44 (1H, d, J 8.7, C(5)H or C(6)H or C(12)H or C(13)H), 9.55 (1H, d, J 

8.7, C(5)H or C(6)H or C(12)H or C(13)H), 12.65 (1H, s, OH), 12.78 (1H, s, OH); δC 

(100 MHz; CDCl3) 36.1 (C(7)H), 106.0 (q), 110.7 (q), 115.4 (CH), 115.6 (CH), 

116.7 (CH), 126.3 (CH), 126.4 (CH), 127.2 (q), 127.3 (q), 128.3 (CH), 128.4 (CH), 

128.9 (CH), 129.0 (CH), 131.2 (q), 135.2 (CH), 169.2 (C-F), 170.2 (C=O); m/z (-ES) 

529.1 ([M-H]
- 
, 50%); (Found 529.1101; C33H18O6F ([M-H]

-
), requires 529.1087). 

 

5.3.21    Synthesis of 9,10-difluoro-7-(4-hydroxy-2-oxo-2H-chromen-3- 

   yl)chromeno[4,3-b]chromen-6(7H)-one, 207 

 

C25H12 F2O6; Molecular weight: 446.36 

Using method A, reaction of 4-hydroxycoumarin (200 mg, 1.2 mmol) and 2,4,5-

trifluoro benzaldehyde (75 mg, 0.6 mmol) in ethanol (3 mL) gave the title compound 

(207) as a white solid (82 mg, 31%): Mp (290-292 
o
C); νmax/cm

-1
 3065 (m, OH), 

1700 (s, C=O), 1600 (s, C=C); δH (400 MHz; CDCl3) 5.31 (1H, s, C(5)H), 6.95-6.99 

(1H, m, Ar-CH), 7.15-7.19 (1H, m, Ar-CH), 7.24 (1H, dd, J 8.3, 0.8, C(1)H or C(4)H 

or C(6)H or C(9)H), 7.31-7.34 (1H, m, Ar-CH), 7.42-7.48 (2H, m, Ar-CH), 7.53 (1H, 

ddd, J 8.3, 7.2, 0.8, C(2)H or C(3)H or C(7)H or C(8)H), 7.67 (1H, ddd, J 8.3, 7.2, 

0.8, (C(2)H) or (C(3)H) or (C(7)H) or (C(8)H)), 8.04 (1H, dd, J 8.3, 0.8, C(1)H or 

C(4)H or C(6)H) or C(9)H), 8.11 (1H, dd, J 8.3, 0.8, C(1)H or C(4)H or C(6)H) or 

C(9)H), 10.38 (1H, s, OH); δC (100 MHz; CDCl3) 32.5 (C(5)H), 99.7 (q), 106.0 (CH), 

106.2 (q), 107.8 (q), 114.2 (q), 116.2  (CH), 116.3 (CH), 116.7 (d, J 4.6, CH), 117.1 

(CH), 117.6 (q), 117.7 (q), 117.8 (q), 123.2 (CH), 124.0 (CH), 124.4 (d, J 4.6, CH), 

125.2 (CH), 132.3 (CH), 133.1(q), 152.1 (q), 153.1 (q), 158.3 (q), 161.2 (C-F), 161.9 

(C-F), 165.9 (C=O); m/z (+ES) 447.1 ([M+H]
+ 

, 100%); (Found 469.0508; 

C25H12O6F2Na ([M+Na]
+
), requires 469.0500). 
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5.3.22 Synthesis of 3,3'-([1,1'-biphenyl]-4-ylmethylene)bis(4-hydroxy-2H- 

 chromen-2-one), 208 

 

C31H20O6; Molecular weight: 488.49 

Using method A, reaction of 4-hydroxycoumarin (300 mg, 1.85 mmol) and 4-

phenylbenzaldehyde (169 mg, 0.93 mmol) in ethanol (13 mL) gave the title 

compound (208) as a white solid (380 mg, 84%): Mp 228-230 
o
C [Lit

261
 227-229 

o
C]; 

νmax/cm
-1

 1665 (s, C=O), 1604 (s, C=C); δH (400 MHz, DMSO-d6), 6.36 (1H, s, 

C(5)H), 7.21 (2H, d, J 8.6, C(10)H and C(12)H) or C(11)H and C(13)H), 7.28-7.35 

(5H, m, Ar-CH), 7.43 (2H, t, J 7.7, C(15)H and C(17)H), 7.50 (2H, d, J 8.6, C(10)H 

and C(12)H or C(11)H and C(13)H), 7.62-7.66 (4H, m, Ar-CH), 7.88 (2H, dd, J 8.6, 

1.5, C(1)H and C(6)H or C(4)H and C(9)H); δC (100 MHz; DMSO-d6) 35.8 (C(5)H), 

103 (q), 115.8 (CH), 118.4 (q), 118.7 (q), 123.5 (q), 123.4 (CH), 124.0 (CH), 126.3 

(CH), 126.4 (CH), 127.3 (CH), 127.0 (CH), 128.8 (CH), 131.5 (CH), 140.1 (q), 152.3 

(q), 164.7 (q), 166.0 (q); m/z (-ES) 487.1 ([M-H]
‾ 

, 50%); (Found 487.1193; 

C31H19O6 ([M-H]
-
), requires 487.1182). 

 

5.3.23   Synthesis of 3,3'-([1,1'-biphenyl]-4ylmethylene)bis(4-hydroxy-5- 

   methoxy-2H-chromen-2-one), 209 

 

C33H24O8; Molecular weight: 548.54  

Using method A, reaction of 4-hydroxy-6-methoxycoumarin (121 mg, 0.63 mmol) 

and 4-phenylbenzaldehyde (57 mg, 0.32 mmol) in ethanol (6 mL) gave the title 

compound (209) as a white solid (57 mg, 33%): Mp 285-287 
o
C; νmax/cm

-1
 3316 (br, 
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m, OH), 1687 (s, C=O), 1637 (s, C=C); δH (500 MHz; CDCl3) 4.01 (6H, s, 2OCH3), 

6.30 (1H, s, C(4)H), 6.78 (2H, d, J 8.4, C(8)H and C(10)H or C(9)H and C(11)H), 

7.04 (2H, d, J 8.4, C(8)H and  C(10)H or C(9)H and C(11)H), 7.37-7.43 (4H, m, Ar-

CH), 7.46 (2H, t, J 8.4, C(2)H and C(6)H), 7.51 (2H, d, J 8.4, C(1)H and  C(5)H or  

C(3)H and C(7)H), 7.59 (2H, d, J 8.4, C(1)H and  C(5)H or  C(3)H and C(7)H), 

10.21 (2H, s, 2OH); δC (125 MHz; CDCl3) 36.8 (C(4)H), 56.9 (OCH3), 104.7 (q), 

105.7 (CH), 105.8 (q), 110.8 (CH), 126.9 (d, J 6.4, (CH)), 127.1 (CH), 127.9 (CH), 

128.6 (CH), 131.8 (CH), 138.8 (d, J 4.5, (q)), 141.3 (q), 154.0 (q), 156.5 (q), 163.4 (d, 

J 10.9); m/z (+ES) 549 ([M+H]
+ 

, 80%); (Found 571.1345; C33H24O8Na ([M+Na]
+
), 

requires 571.1369). 

 

5.3.24   Synthesis of 3,3'-([1,1'-biphenyl]-4-ylmethylene)bis(4-hydroxy-2H- 

             benzo[h]chromen-2-one, 210 

 

C39H24O6; Molecular weight: 588.60 

Using method A, reaction of 4-hydroxy-2H-benzo[h]chromen-2-one (124 mg, 0.56 

mmol) and 4-phenylbenzaldehyde (53 mg, 0.29 mmol) in ethanol (5 mL) gave the 

title compound (210) as white solid (70 mg, 41%): Mp 257-259 
o
C; νmax/cm

-1
 3025 

(br, w, OH), 1665 (s, C=O), 1626 (s, C=C); δH (400 MHz; DMSO-d6) 6.46 (1H, s, 

C(7)H), 7.28-7.32 (3H, m, Ar-CH), 7.42 (2H, t, J 7.7, C(19)H and C(21)H), 7.51 (2H, 

d, J 8.6, C(14)H and C(17)H or C(15)H and C(16)H), 7.62 (2H, d, J 8.6, C(14)H and 

C(17)H or C(15)H and C(16)H), 7.66-7.71 (4H, m, Ar-CH), 7.78 (2H, d, J 8.6, 

C(1)H and C(8)H or C(2)H and C(9)H), 7.93 (2H, d, J 8.6, C(1)H and C(8)H or 

C(2)H and C(9)H), 8.01-8.03 (2H, m, Ar-CH), 8.38-8.41 (2H, m, Ar-CH); δC (100 

MHz; DMSO-d6) 36.5 (C(7)H),  104.1 (q), 114.9 (q), 121.0 (CH), 122.1 (CH), 122.8 

(q), 123.3 (CH), 126.8 (d, J 17.3, (CH)), 127.4 (d, J 9.1, (CH)), 127.9 (CH), 128.5 (d, 

J 11.8, (CH)), 129.3 (CH), 134.9 (q), 137.6 (q), 140.7 (q), 141.3 (q), 149.5 (q), 165 
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(q), 168.2 (C=O); m/z (-ES) 587.2 ([M-H]
-
, 100%); (Found 589.1657; C39H25O6Na 

([M+Na]
+
), requires 589.1651).  

 

Method C: General procedure for the synthesis of half-way stage of dicoumarol. The 

appriopriate 4-hydroxycoumarin (1 equivalent) was reacted with the appropriate 

aldehyde (1 equivalent). Ethanol was added to give a solution of 0.1 M with respect 

to hydroxycoumarin. The reaction mixture was heated under reflux at 80 
o
C for 30-

60 minutes when it was allowed to cool to room temperature and the precipitate 

formed was collected by filtration, washed with methanol and dried.  

Method D: The appriopriate 4-hydroxycoumarin (1 equivalent) was reacted with the 

appropriate aldehyde (1 equivalent). Ethanol was added to give a solution of 0.5M 

concentration with respect to 4-hydroxycoumarin. The reaction mixture was 

subjected to microwave irradiation at 80 
o
C for 30 minutes. The resulting mixture 

was allowed to cool to room temperature and the precipitate formed was collected by 

filtration, washed with methanol and dried. 

 

5.3.25   Synthesis of (E)-3-(2-hyroxybenzylidene)chroman-2,4-dione, 175b  

 

C16H10O4; Molecular weight: 266.25  

Using method C, reaction of 4-hydroxycoumarin (540 mg, 3.33 mmol) and 2-

hydroxy benzyaldehyde (407 mg, 3.33 mmol) in ethanol (30 mL) gave the title 

compound (175b) as a yellow foam (250 mg, 28%). 

Using method D, reaction of 4-hydroxycoumarin (540 mg, 3.33 mmol) and 2-

hydroxy benzyaldehyde (407 mg, 3.33 mmol) gave the title compound (175b) as a 

yellow solid (180 mg, 20%): Mp 171-173 
o
C [Lit.

262
 173-175 

o
C]; νmax/cm

-1
 3300 (br, 

OH), 1714 (s, C=O), 1650 (s, C=C); δH (400 MHz; CDCl3) 6.91 (1H, ddd, J 8.0, 7.2, 

1.1, C(7)H, or C(8)H), 7.07-7.09 (1H, m, Ar-CH), 7.39 (1H, ddd, J 8.0, 7.2, 1.1, 

C(7)H or C(8)H), 7.43-7.45 (1H, m, Ar-CH), 7.53-7.57 (2H, m, Ar-CH), 7.60 (1H, 

dd, J 8.0, 1.6, C(1)H or C(4)H), 7.68 (1Η, ddd, J 8.0, 7.2, 1.6, C(2)H or C(3)H), 7.98 

(1H, s, C(5)H), 11.75 (1H, s, ΟΗ); δC (100 ΜΗz; CDCl3), 117.1 (CH), 117.9 (q), 
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118.7 (CH), 118.9 ( q), 119.2 ( CH), 125.2 (CH), 126.4 (q), 129.1 (CH), 132.6 (CH), 

133.7 (CH), 137.6 (CH), 144.3 (C(10)H, 154.6 (q), 158.1 (q), 163.3 (q), 196.2 (C=O); 

m/z (+ES), 289.05 ([M+Na]
+
, 100 %); (Found 289.0477; C16H10O4Na ([M+Na]

+
), 

requires 289.0475).  

 

5.3.26 Synthesis of (E)-3-((2-hydroxynaphthalen-1-yl)methylene)chroman-2,4- 

            dione, 175a  

 

C20H12O4; Molecular weight: 316.31 

 Using method C, 4-hydroxycoumarin (500 mg, 3.08 mmol) was reacted with 2-

hydroxy-1-naphthaldehyde (530 mg, 3.08 mmol) and the resulting precipitate was 

recrystalized from 1,4-dioxane to give the title compound (175a) as a yellow foam 

(400 mg, 41%).  

Using Method D, reaction of 4-hydroxycoumarin (500 mg, 3.08 mmol) and 2-

hydroxy-1-naphthaldehyde (530 mg, 3.08 mmol) gave the title compound (175a) as a 

yellow solid (300 mg, 31%): Mp 247-249 
o
C [Lit.

263
 235-237 

o
C]; νmax/cm

-1
 3080 (br, 

w, OH), 1704 (s, C=O), 1570 (s, C=C); δH (400 MHz; DMSO-d6) 6.94-6.98 ( 2H, m, 

aro CH),  7.48–7.53 (1H, m, Ar-CH), 7.64-7.68 (2H, m, Ar-CH), 7.74-7.78 (2H, m, 

Ar-CH), 8.11 (1H, d, J 7.6, C(6)H or C(7)H), 8.31 (1H, d, J  7.6 C(6)H or C(7)H), 

8.64 (1H, d, J 8.3, C(1)H or C(4)H), 9.12 (1H, s, C(5)H), 10.78 (1H s, OH); δC (100 

MHz; DMSO-d6) 112.7 (CH), 116.6 (CH), 117.1 (CH), 119.3 (CH), 122.5 (CH), 

123.2 (CH), 126.4 (CH), 127.8 (CH), 128.7 (CH), 129.0 (CH), 129.2 (CH), 130.0 

(CH), 131.3 (CH), 134.7 (CH), 135.5 (CH), 138.9 (C(10)H, 154.1 (q), 158.1 (q), 

159.1 (q), 192.6 (C=O); m/z (+ES) 339.0 ([Μ+Na]
+
, 100%), 317.0 ([Μ+Η]

+
, 85%); 

(Found 339.0633; C20H12O4Na ([M+Na]
+
), requires 339.0626).  
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5.3.27 Synthesis of (E)-3-((2-hydroxynapthalen-1-yl)methylene)-5- 

 methoxychroman-2,4-dione, 176a 

 

C21H15O5; Molecular weight: 347.34     

 Using method C, reaction of 4-hydroxy-5-methoxy-2H-chromen-2-one (60 mg, 0.31 

mmol) and 2-hydroxy-1-naphthaldehyde (50 mg, 0.31 mmol) gave the title 

compound (176a) as yellow foam (35 mg, 33%). 

 Using method D, reaction of 4-hydroxy-5-methoxy-2H-chromen-2-one (60 mg, 0.31 

mmol) and 2-hydroxy-1-naphthaldehyde (50 mg, 0.31 mmol) gave the title 

compound (176a) as yellow foam (30 mg, 28%): Mp 234-236 
o
C; νmax/cm

-1
 3057 (w, 

OH), 1730 (s, C=O), 1560 (s, C=C); δH (400 MHz; CDCl3) 3.69 (3H, s, OCH3), 6.40 

(1H, d, J 8.3, C(5)H or C(6)H), 6.55-6.60 (1H, m, Ar-CH), 7.44 (1H, t, J 8.1, C(2)H), 

7.53 (1H, d, J 8.3, C(5)H or C(6)H), 7.60-7.64 (1H, m, Ar-CH), 7.75 (1H, ddd, J 8.3, 

7.2, 1.0, C(8)H or C(9)H), 7.96 (1H, d, J 8.1, C(1)H or C(3)H), 8.08 (1H, d, J 8.1, 

C(1)H or C(3)H), 8.34 (1H, d, J 8.3, C(7)H or C(10)H), 8.71 (1H, s, C(4)H), 12.03 

(1H, s, OH); δC (100 MHz; CDCl3) 56.0 (OCH3), 58.5 (q), 101.8 (CH), 111.0 (CH), 

114.4 (q), 113.0 (q), 116.7 (CH), 121.7 (CH), 126.4 (CH), 128.8 (CH), 129.2 (CH), 

129.5 (q), 130.4 (q), 134.4 (CH), 136.9 (CH), 137.5 (CH), 154.4 (q), 158.4 (q), 161.2 

(q), 164.0 (q), 194.6 (C=O); m/z (+ES) 369.1 ([Μ+Na]
+
, 100%); (Found 369.0751; 

C21H14O5Na ([M+Na]
+
), requires 369.0739).  

 

5.3.28 Synthesis of (E)-3-(2-hydroxybenzylidiene)-5-methoxychroman-2,4-dione, 

176b 

 

C17H12O5; Molecular weight: 296.27                 

Using method D, reaction of 4-hydroxy-5-methoxy-2H-chromen-2-one (65 mg, 0.34 

mmol) and 2-hydroxy benzadehyde (41 mg, 0.34 mmol) gave the title compound 
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(176b) as a yellow foam (31 mg, 30%): Mp 178-180 
o
C; νmax/cm

-1 
3046 (w, OH), 

1718 (s, C=O), 1592 (s, C=C); δH (400 MHz; CDCl3) 3.68 (3H, s, OCH3), 6.37-6.39 

(1H, m, Ar-CH), 6.66 (1H, dd, J 8.6, 0.8, C(1)H or C(3)H), 7.33-7.45 (3H, m, Ar-

CH), 7.59-7.63 (2H, m, Ar-CH), 7.88 (1H, s, C(4)H), 12.07 (1H, s, OH); δC (100 

MHz; CDCl3) 56.0 (OCH3), 101.8 (CH), 111.0 (CH), 111.2 (q), 116.7 (CH),  118.6 

(q), 124.8 (CH),  129.0 (CH), 131.9 (q), 132.7 (CH), 137.6 (CH), 140.3 (CH), 154.2 

(q), 158.3 (q), 161.1 (q), 164.2 (q), 194.4 (C=O); m/z (+ES) 319.1 ([M+Na]
+
, 100%); 

(Found 319.0579; C17H12O5Na ([M+Na]
+
), requires 319.0582). 

 

5.3.29    Synthesis of (E)-3-((2-hydroxynaphthalen-1-yl)methylene)-H- 

     benzo[h]chromene-2,4(3H)-dione, 177a        

 

C24H14O4; Molecular weight: 366.36  

Using method C, reaction of 4-hydroxy-2H-benzo[h]chromen-2-one (200 mg, 0.94  

mmol) and 2-hydroxy-1-naphthaldehyde (162 mg, 0.94 mmol) gave the title 

compound (177a) as orange foam (118 mg, 34%).  

Using method D, reaction of 4-hydroxy-2H-benzo[h]chromen-2-one (200.0 mg, 0.94 

mmol) and 2-hydroxy-1-naphthaldehyde (162 mg, 0.94 mmol) gave the title 

compound (177a) as orange foam (90 mg, 26%): Mp 250-252 
o
C; νmax/cm

-1
 3058 (m, 

OH), 1713 (s, C=O), 1570 (s, C=C); δH (400 MHz; CDCl3) 7.51 (1H, d, J 9.0, C(8)H 

or C(9)H), 7.56-7.60 (3H, m, Ar-CH), 7.64 (1H, ddd, J 8.2, 7.0, 1.4, C(11)H or 

C(12)H), 7.69 (1H, ddd, J 8.2, 7.0, 1.4, C(11)H or C(12)H), 7.75 (1H, ddd, J 8.2, 6.9, 

1.4, C(4)H or C(5)H), 7.78 (1H, d, J 8.1, C(1)H or C(2)H), 7.99 (1H, d, J 8.1, C(1)H 

or C(2)H), 8.15 (1H, d, J 9.0, C(8)H or C(9)H), 8.28 (1H, d, J 8.2, C(3)H or C(6)H), 

8.54 (1H, d, J 8.2, C(3)H or C(6)H), 8.86 (1H, s, C(7)H), 13.67 (1H, s, OH); δC (100 

MHz; CDCl3) 110.7 (q), 110.9 (q), 114.9 (CH), 116.7 (CH), 119.6 (CH), 122.8 (CH), 

123.3 (q), 123.5 (q), 124.1 (CH), 124.3 (CH), 124.7 (CH), 125.7 (CH), 127.1 (CH), 

127.4 (d, J 1.8, CH)), 128.5 (q), 129.0 (CH), 133.4 (CH), 135.9 (q), 138.8 (CH), 
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153.3 (q), 156.3 (q), 162.3 (q), 194.1 (C=O);  m/z (+ES), 367.0 ([M+H]
+
, 80%); 

(Found  389.0794; C24H14O4Na ([M+Na]
+
), requires 389.0790). 

 

5.3.30    Synthesis of (E) -2-((2-hydroxynaphthalen-1-yl)methylene)-1H- 

    benzo[f]chromene-1,3(2H)-dione, 211     

 

C24H14O4; Molecular weight: 366.36  

Using method D, reaction of 1-hydroxy-3H-benzo[f]chromen-3-one (500 mg, 2.36 

mmol) and 2-hydroxy-1-naphthaldehyde (410 mg, 2.36 mmol) gave the title 

compound (211) as orange foam (250 mg, 29%): Mp (235 
o
C); νmax/cm

-1
 3305 (br, m, 

OH), 1706 (s, C=O), 1651 (m, C=C); δH (400 MHz; DMSO-d6) 7.17 (1H, d, J 9.1, 

C(8)H or C(9)H), 7.39 (1H, ddd, J 8.4, 7.1, 1.3, C(11)H or C(12)H), 7.50 (1H, ddd, J 

8.4, 7.1, 1.3, C(2)H or C(3)H), 7.63-7.69 (2H, m, Ar-CH), 7.77 (1H, ddd, J 8.4, 7.1, 

1.3, C(2)H or C(3)H), 7.89 (1H, d, J 8.4, C(10)H or C(13)H), 7.96 (1H, d, J 8.4, 

C(10)H or C(13)H), 8.02 (1H, d, J 8.6, C(5)H or C(6)H), 8.11(1H, d, J 8.6, C(5)H or 

C(6)H), 8.33 (1H, d, J 8.4, C(1)H or C(4)H), 8.63 (1H, d, J 8.4, C(1)H or C(4)H), 

9.24 (1H, s, C(7)H), 10.53 (1H, s, OH); δC (100 MHz; DMSO-d6) 113.2 (q), 117.0 

(CH), 118.6 (CH), 119.3 (q), 122.9 (CH), 123.8 (CH), 124.2 (CH), 127.0 (CH), 127.7 

(q), 128.1 (CH), 128.5 (q), 128.8 (CH), 129.5 (CH), 129.6 (CH), 129.8 (q), 130.4 (q), 

132.3 (q), 133.5 (CH), 136.0 (CH), 141.2 (CH), 155.2 (q), 155.8 (q), 158.3 (q), 192.3 

(C=O); m/z (+ES), 367.1 ([M+H]
+
, 100%); (Found  367.0962; C24H15O4 ([M+H]

+
), 

requires 367.0970). 

 

5.3.31  Synthesis of (E)-3-(2-hydroxybenzylidene)-2H-benzo[h]chromene- 

 2,4(3H)-dione, 177b 
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C20H12O4; Molecular weight: 316.31  

Using method D, reaction of 4-hydroxy-2H-benzo[h]chromen-2-one (300 mg, 1.42 

mmol) and 2-hydroxy-benzaldehyde (150 mg, 1.42 mmol) gave the title compound 

(177b) as yellow foam (140 mg, 31%): Mp 226-228 
o
C; νmax/cm

-1
 1719 (s, C=O), 

1582 (s, C=C); δH (500 MHz; CDCl3) 7.25  (1H, dd, J 7.6, 1.4, C(8)H or C(11)H), 

7.37-7.39 (1H, m, Ar-CH), 7.43-7.46 (2H, m, Ar-CH), 7.56-7.59 (1H, m, Ar-CH), 

7.63 (1H, dd, J 7.6, 1.4, C(8)H or C(11)H), 7.66-7.70 (2H, m, Ar-CH), 7.77 (1H, d, J 

8.2, C(1)H or C(2)H), 8.04 (1H, s, C(7)H), 8.52 (1H, d, J 8.2, C(1)H or C(2)H), 

13.59 (1H, s, OH); δC (125 MHz; CDCl3) 112.7 (d, J 2.7, q), 117.1 (CH), 118.1 (q), 

118.7 (d, J 4.5 CH), 124.7 (d, J 3.6, CH), 125.1 (CH), 125.9 (d, J 4.5, CH), 126.2 

(CH), 126.8 (q), 127.6 (CH), 129.1 (CH), 130.9 (d, J 3.6, CH), 133.6 (CH), 137.9 (d, 

J 2.7, q), 144.3 (d, J 3.6, CH), 154.6 (q), 158.2 (q), 164.2 (C=O); m/z (+ES), 317.0 

([M+H]
+
, 100%); (Found 339.0645; C20H12O4Na ([M+Na]

+
), requires 339.0633). 

 

Method E: General procedures for the synthesis of asymmetrical analogues of 

dicoumarol. A solution of 4-hydroxycoumarin (1 eq), an appriopriate aromatic 

alcohol (5 eq), pentamethyl cyclopentadienyl iridium(lll)chloride dimer ([Cp*IrCl2]2) 

(5 mol%), caesium carbonate (10 mol%), isopropanol (20 mol%) in toluene (1.4 M) 

was heated under reflux at 110 
o
C for 24 hours under nitrogen. The resultant mixture 

was concentrated in vacuo and purification of the crude product was carried out 

using flash column chromatography on silica gel (ethyl acetate: petroleum ether) or 

by washing with cold methanol.
254

  

Method F: Sodium cyanoborohydride (5 eq) was added to a suspension of 

symmetrical analogues of dicoumarol (1 eq) in methanol (20 mL) and the reaction 

mixture was heated under reflux for 18 hours at 70 
o
C under nitrogen. The resulting 

solution was concentrated under vacuo in a ventilated fume hood. Saturated NH4Cl 

solution (15 mL) was added to the residue and organic material was extracted into 

ethyl acetate (4x20 mL). The combined organic extracts were washed with saturated 

NH4Cl solution (3x20 mL), brine (20 mL), dried over MgSO4 and concentrated in 

vacuo to give the crude product. This crude material was purified by flash column 

chromatography on silica gel (petroleum: ethyl acetate).
254

 

 

Method G: A solution of LiBH4 (2 eq) or NaBH4 (6 eq) was stirred in THF or 

methanol respectively at room temperature under nitrogen gas for 10 minutes. A 
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solution of an appriopriate half way stage compound (1 eq) in THF or methanol (5 

mL) was added dropwise at 0 
o
C and the reaction mixture was then allowed to stir for 

24 hours at room temperature. The reaction was quenched by pouring into cold HCl 

(0.1M: 10 mL) and the resulting mixture was concentrated in vacuo to give dark 

brown oil. Ethyl acetate (20 mL) was added and the resulting suspension filtered. 

The residue was washed with ethyl acetate (3x10 mL), dried over MgSO4 and 

concentrated in vacuo to give a crude product. This crude material was further 

purified by flash silica column chromatography (petroleum: ethyl acetate). 

 

5.3.32 Synthesis of 3-benzyl-4-hydroxy-5-methoxy-2H-chromen-2-one, 179b 

 

C17H14O4; Molecular weight: 282.29 

Using method E, reaction of 4-hydroxy-5-methoxy-2H-chromen-2-one (136 mg, 0.71 

mmol) and benzyl alcohol (384 mg, 3.55 mmol) gave the title compound (179b) as a 

cream coloured solid (178 mg, 89%): Μp 170-172 
ο
C; νmax/cm

-1
 3320 (br, w, ΟΗ), 

1686 (s, C=Ο), 1643 (s, C=C); δΗ (400 ΜΗz; CDCl3) 3.91 (2H, s, C(4)H2), 4.06 (3H, 

s, OCH3), 6.78 (1H, dd, J 8.4, 0.9, C(1)H or C(3)H), 7.01 (1H, dd, J 8.4, 0.9, C(1)H 

or C(3)H), 7.16-7.20 (1H, m, Ar-CH), 7.25-7.28 (2H, m, Ar-CH), 7.40-7.44 (3H, m, 

Ar-CH), 9.73 (1H, s, OH); δC (126 MHz; CDCl3)  29.2 (C(4)H2), 57.0 (OCH3), 105.3 

(CH), 105.4 (CH), 111.2 (CH), 126.1 (CH), 128.2 (CH), 128.9 (CH), 131.5 (CH), 

140.1 (q), 151.2 (q), 153.6 (q), 155.8 (q), 161.1 (q), 163.3 (C=O); m/z (-ES) 283.1 

([M-H]
‾
, 100%); (+ES) (Found 305.0796; C17H14O6Na ([M+Na]

+
), requires 

305.0790). 

 

5.3.33 Synthesis of 3-benzyl-4-hydroxy-2H-chromen-2-one, 178b  

 

C20H12O4; Molecular weight: 252.26 

Using method E, reaction of 4-hydroxycoumarin (136 mg, 0.84 mmol) and benzyl 

alcohol (454 mg, 4.19 mmol) gave the title compound (178b) as a white solid  (111 

mg, 52%): Mp 208–210 
o
C [Lit.

264
 207-209 

o
C]; νmax/cm

-1
 3031 (br, OH), 1685 (s, 
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C=O), 1605 (s, C=C); δH (400 MHz; CDCl3) 4.05 (2H, s, C(5)H2), 7.28-7.34 (2H, m, 

Ar-CH), 7.36-7.38 (5H, m, Ar-CH), 7.55 (1H, ddd, J 8.5, 7.6, 1.5, C(2)H or C(3)H), 

7.75 (1H, dd, J 8.5, 1.5, C(1)H or C(4)H); δC (75 MHz; DMSO-d6) 29.1 (C(5)H2), 

104.1 (q), 116.0 (CH), 116.2 (CH), 123.3 (CH), 123.9 (CH), 125.6 (CH), 128.0 (CH), 

128.1 (CH), 131.6 (CH), 139.7 (q), 152 (q), 160.4 (152 (q), 162.6 (C=O); m/z (-ES), 

251 ([M-H]
- 
, 100%). 

 

5.3.34  Synthesis of 4-hydroxy-3-(naphthalene-2-ylmethyl)-2H-chro men-2-one, 

178a 

 

C20H14O3; Molecular weight: 302.32 

Using method E, reaction of 4-hydroxycoumarin (150 mg, 0.93 mmol) and 2-

naphthalene methanol (270 mg, 1.71 mmol) gave the title compound (178a) as a 

white solid (168 mg, 60%): Μp 211 
ο
C [Lit.

174
 202-204]; νmax/cm

-1
 3054 (br, w, ΟΗ), 

1650 (s, C=Ο), 1620 (s, C=C); δH (400 MHz; DMSO-d6) 4.06 (2H, s, C(5)H), 7.36-

7.45 (5H, m, Ar-CH), 7.63 (1H, ddd, J 8.4, 7.2, 1.5, C(2)H or C(3)H or C(8)H or 

C(9)H), 7.69 (1H, s, C(6)H), 7.81-7.83 (3H, m, Ar-CH), 8.02 (1H, dd, J 8.4, 1.5, 

C(1)H or C(4)H or C(7)H or C(10)H), 11.73 (1H, s, OH); δC (100 MHz; DMSO-d6) 

29.4 (C(5)H2), 103.9 (q), 116.2 (CH), 116.3 (q), 123.4 (CH), 123.9 (CH), 125.2 (CH), 

125.7 (CH), 125.9 (CH), 127.2 (CH), 127.3 (CH), 127.4 (CH), 127.6 (CH), 131.6 (q), 

131.9 (CH), 133.0 (q), 137.4 (q), 152.1 (q), 160.8 (q), 162.9 (C=O); m/z (+ES) 325.1 

([M+Na]
+
, 70%); (Found 325.0853; C20H14O3Na ([M+Na]

+
), requires 325.0841). 

 

5.3.35 Synthesis of 4-hydroxy-5-methoxy-3-(naphthalen-2-ylmethyl)-2H- 

 chromen-2-one,  179a 

 

C21H16O4; Molecular weight: 332.35  

Using method E, reaction of 4-hydroxy-5-methoxy-2H-chromen-2-one (150 mg, 0.78 

mmol) and 2-naphthalenemethanol (249 mg, 1.58 mmol) gave the title compound 

(179a) as a white solid (152 mg, 59%): Μp 157 
ο
C; νmax/cm

-1 
3293 (s, OH), 1702 (s, 
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C=Ο), 1637 (s, C=C); δH (400 MHz, DMSO-d6) 3.99 (2H, s, C(4)H2), 4.06 (3H, s, 

OCH3), 7.07 (2H, d, J 8.3, C(10)H and C(11)H), 7.47-7.53 (3H, m, Ar-CH), 7.63 (1H, 

t, J 8.3, C(2)H), 7.78 (1H, s, C(5)H), 7.85-7.88 (3H, m, Ar-CH); δC (100 MHz; 

DMSO-d6) 29.0 (C(4)H2), 60.0 (OCH3), 103.2 (q), 104.4 (q), 106.5 (CH), 109.7 (CH), 

125.2 (CH), 125.9 (CH), 127.2 (CH), 127.3 (CH), 127.4 (CH), 127.5 (q), 127.7 (CH), 

131.6 (q), 132.5 (CH), 133.0 (q), 137.5 (q), 153.1 (q), 156.2 (q), 161.3 (q), 162.4 

(C=O); m/z (+ES) 355.1 ([M]+ Na]
+
, 100%); (Found 355.0961 C21H16O4 ([M+ Na]

+
), 

requires 355.0946). 

 

5.3.36   Synthesis of 3-benzyl-4-hydroxy-3,4-dihydro-2H-benzo[h]chromen-2- 

 one, 180b 

 

C20H14O3; Molecular weight: 302.32  

Using method E, reaction of 4-hydroxy-2H-benzo[h]chromen-2-one (120 mg, 0.57 

mmol) and benzyl alcohol (306 mg, 2.83 mmol) gave the title compound (180b) as 

off-white solid (95 mg, 56%): Μp 260-262 
ο
C [Lit.

174
 259 

o
C]; νmax/cm

-1 
3028 (br, w, 

OH), 1606 (s, C=Ο), 1557 (s, C=C); δH (400 MHz, DMSO-d6) 3.95 (2H, s, C(7)H2), 

7.15-7.18 (1H, m, Ar-CH), 7.24-7.29 (4H, m, Ar-CH), 7.70-7.73 (2H, m, Ar-CH), 

7.88 (1H, d, J 8.8, C(1)H or C(2)H), 8.01 (1H, d, J 8.8, C(1)H or C(2)H), 8.06 (1H, 

dd, J 5.8, 4.3, C(3)H or C(6)H), 8.34-8.37 (1H, m, Ar-CH); δC (100 MHz; DMSO-d6) 

29.1 (C(7)H2), 103.8 (q),116.6 (q), 119.4 (CH), 121.5 (CH), 122.1 (q), 123.6 (CH), 

123.7 (CH), 125.9 (CH), 126.5 (CH), 127.3 (CH), 128.0 (CH), 128.1 (CH), 128.2 

(CH), 128.5 (CH), 134.3 (q), 139.8 (q), 148.9 (q), 161.5 (q), 162.8 (q); m/z (+ES) 

325.1 ([M+Na]
+
, 100%); (Found 325.0851; C20H14O3Na ([M+Na]

+
), requires 

325.0841). 
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5.3.37   Synthesis of 3-benzyl-4-hydroxy-3,4-dihydro-2H-benzo[h]chromen-2- 

 one, 212 

 

C20H14O3; Molecular weight: 302.32  

Using method E, reaction of 1-hydroxy-3H-benzo[f]chromen-3-one (120 mg, 0.57 

mmol) and benzyl alcohol (306 mg, 2.83 mmol) gave the title compound (212) as a 

white solid (95 mg, 56%): Μp 260-262 
ο
C [Lit.

174
 259 

o
C]; νmax/cm

-1 
3047 (br, w, 

OH), 1646 (s, C=Ο), 1546 (s, C=C); δH (400MHz; DMSO-d6) 4.03 (2H, s, C(7)H2), 

7.14-7.27 (5H, m, Ar-CH), 7.53 (1H, d, J 8.8, C(5)H or C(6)H), 7.59 (1H, ddd, J 8.4, 

7.1, 1.3, C(2)H or C(3)H), 7.69  (1H, ddd, J 8.4, 7.1, 1.3, C(2)H or C(3)H), 8.04 (1H, 

d, J 8.8, C(5)H or C(6)H), 8.17 (1H, d, J 8.4, C(1)H or C(4)H), 9.44 (1H, d, J 8.4, 

C(1)H or C(4)H), 11.96 (1H, s, OH); δC (100 MHz; DMSO-d6)  29.4 (C(7)H2), 104.5 

(q), 117.5 (CH), 117.5 (CH), 120.0 (CH), 125.9 (q), 126.4 (CH), 126.7 (CH), 

128.3(CH), 128.3 (CH), 128.6, (CH) 128.7 (CH), 129.5 (CH), 131.1 (CH), 131.7 

(CH), 133.9 (CH), 138.5 (q), 140.0 (q), 153.4 (q), 162.8 (q), 168.0 (C=O);   m/z (-ES) 

301.2 ([M-H]
-
, 100%); (+ES) (Found  325.0857; C20H14O3 ([M+Na]

+
), requires 

325.0865). 

 

5.3.38  Synthesis of 1-hydroxy-2-(naphthalene-2-ylmethyl)-3H-benzo[f]chromen 

  -3-one, 213 

 

C24H16O3; Molecular weight: 352.38  

Using method E, reaction of 1-hydroxy-3H-benzo[f]chromen-3-one (150 mg, 0.93 

mmol) and 2-naphthalenemethanol (270 mg, 1.71 mmol) gave the title compound 

(213) as off-white solid (144 mg, 58%): Μp 270-272 
ο
C; δH (400 MHz; DMSO-d6) 

4.21 (2H, s, C(7)H2), 7.40-7.49 (3H, m, Ar-CH), 7.54-7.62 (2H, m, Ar-CH), 7.68-

7.71 (2H, m, Ar-CH), 7.81-7.85 (3H, m, Ar-CH), 8.05 (1H, d, J 7.6, C(5)H or C(6)H), 

8.18 (1H, d, J 8.8, C(8)H or C(9)H), 9.44 (1H, d, J 8.8, C(8)H or C(9)H), 11.99 (1H, 
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br, s, OH); δC (100 MHz; DMSO-d6) 29.2 (C(7)H2), 103.9 (q), 117.0 (CH), 125.2 

(CH), 125.5 (CH), 125.9 (CH), 126.0 (CH), 126.3 (CH), 127.2 (CH), 127.3 (CH), 

127.4 (CH), 127.7 (CH), 128.1 (CH), 129.0 (q), 129.1 (CH), 130.6 (q), 131.6 (q), 

133.0 (q), 133.6 (CH), 137.1 (q), 153.0 (q), 162.4 (q), 164.6 (C=O); m/z (-ES) 351.3 

([M-H]
-
, 100%); (Found  351.1020; C24H15O3 ([M-H]

-
), requires 351.1021). 

 

5.3.39     Synthesis of 4-hydroxy-3-(naphthalene-2-ylmethyl)-2H-benzo[h] 

    chromen-2-one, 180a 

 

C24H16O3; Molecular weight: 352.38   

Using method E, reaction of 4-hydroxy-2H-benzo[h]chromen-2-one (150 mg, 0.93 

mmol) and 2-naphthalenemethanol (270 mg, 1.71 mmol) gave the title compound 

(180a) as off-white solid (144 mg, 58%): Μp 276-278 
ο
C (Lit.

174
 260-263 

o
C); 

νmax/cm
-1 

3160 (br, w, OH), 1650 (s, C=Ο), 1607 (s, C=C); δH (400 MHz, DMSO-d6) 

4.14 (2H, s, C(7)H2), 7.41-7.51 (3H, m, Ar-CH), 7.70-7.75 (3H, m, Ar-CH),  7.82-

7.89 (4H, m, Ar-CH), 8.05 (2H, dd, J 9.6, 4.6, C(9)H and C(12)H), 8.38 (1H, dd, J  

9.6, 4.6, C(3)H and C(6)H), 11.92 (1H, br, s, OH); δC (100 MHz; DMSO-d6) 29.4 

(C(7)H), 103.6 (q), 111.7 (q), 119.5 (CH), 121.5 (CH), 122.1 (q), 123.6 (CH), 125.2 

(CH), 125.7 (CH), 125.9 (CH), 126.9 (q), 127.3 (t, J 5.1), 127.6 (CH), 128.0 (CH), 

128.5 (CH), 131.6 (q), 133.0 (q), 134.3 (q), 137.4 (q), 150.6 (q), 161.7 (C=O); m/z 

(+ES) 375.1 ([M+Na]
+
, 100%); (Found  375.1002; C24H16O3Na  ([M+Na]

+
), requires 

375.0997). 

 

5.3.40   Synthesis of 4-hydroxy-3-(4-hydroxybenzyl)-2H-chromen-2-one, 172c 

 

C16H12O4; Molecular weight: 268.26 

Using method F, reaction of 3,3'-((4-hydroxyphenyl)methylene)bis(4-hydroxy-2H-

chromen-2-one, 71) (122 mg, 0.29 mmol) and  sodium cyanoborohydride (90 mg, 

1.43 mmol) gave the title compound (172c) as a white solid (25 mg, 33%): Mp 208-
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210 
o
C; νmax/cm

-1
 3152 (br, w, OH), 1655 (s, C=O), 1568 (s, C=C); δH (400 MHz; 

DMSO-d6) 3.76 (2H, s, C(5)H2), 6.63 (2H, d, J 8.3, C(6)H and C(7)H or C(8)H and 

C(9)H), 7.03 (2H, d, J 8.3, C(6)H and C(7)H or C(8)H and C(9)H), 7.36 (2H, d, J 8.1, 

Ar-CH), 7.60 (1H, td, J 8.1, 1.5, C(2)H or C(3)H), 7.96 (1H, td, J 8.1, 1.5, C(2)H or 

C(3)H), 9.14 (1H, s, OH); δC (125 MHz; DMSO-d6) 28.1 (C(5)H2), 104.9 (q), 114.9 

(CH), 116.1 (CH), 116.3 (CH), 123.3 (CH), 123.8 (CH), 129.0 (CH), 129.8 (q), 131.7 

(CH), 151.9 (q), 156.4 (q), 160.1 (q), 162.2 (C=O); m/z (-ES), 267.1 ([M-H]
-
, 100%);  

(Found 291.0638; C16H12O4Na ([M+Na]
+
), requires 291.0633). 

 

5.3.41    Synthesis of 3-(4-fluorobenzyl)-4-hydroxy-2H-chromen-2-one, 172d  

 

C16H11O3F; Molecular weight: 270.25  

Using method F, reaction of 3,3'-((4-fluorophenyl)methylene)bis(4-hydroxy-2H-

chromen-2-one, 72) (130 mg, 0.30 mmol) and sodium cyanoborohydride (95 mg, 

1.51 mmol) in methanol (15.0 mL) gave the title compound (172d) as a white solid 

(27 mg, 33%): Mp 226-228 
o
C; νmax/cm

-1
 3231 (br, OH), 1676 (s, C=O), 1603 (s, 

C=C); δH (400MHz; DMSO-d6) 3.86 (2H, s, C(5)H2), 7.05-7.09 (2H, m, Ar-CH), 

7.25-7.29 (2H, m, Ar-CH), 7.33-7.36 (2H, m, Ar-CH), 7.59-7.64 (1H, m, Ar-CH), 

7.98 (1H, d, J 7.1, C(1)H or C(4)H); δC (100 MHz; DMSO-d6) 28.3 (C(5)H2), 115.2 

(q), 115.4 (CH), 116.2 (d, J 2.9, CH), 123.4 (CH), 124.4 (CH), 129.8 (CH), 129.9 

(CH), 131.9 (CH), 135.8 (q), 135.9 (q), 152.5 (q), 161.1 (C-F), 163.3 (C=O); m/z 

(+ES), 293.0 ([M+Na]
+
, 100%); (Found 293.0583; C16H11O3FNa ([M+Na]

+
), 

requires 293.0590). 

 

5.3.42   Synthesis of 3-([1,1'-biphenyl]-4-ylmethyl)-4-hydroxy-2H-chromen-2- 

   one), 172e 

 

C22H16O3; Molecular weight: 328.36 
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Using method F, reaction of 3,3'-([1,1'-biphenyl]-4-ylmethylene)bis(4-hydroxy-2H-

chromen-2-one, 96) (130 mg, 0.27 mmol) and sodium cyanoborohydride (84 mg, 

1.33 mmol) gave the the title compound (172e) as a white solid (45 mg, 52%).  

Using method E, reaction of 4-hydroxycoumarin (65 mg, 0.40 mmol) and [1,1'-

biphenyl]-4-yl methanol (369 mg, 2.01 mmol) gave the title compound (172e) as 

white solid (100 mg, 76%): Mp 225-227 
o
C [Lit.

265
 221-222 

o
C]; νmax/cm

-1
 3217 (br, 

w, OH), 1664 (s, C=O), 1626 (s, C=C); δH (400MHz; DMSO-d6) 3.93 (2H, s, 

C(5)H2), 7.30-7.45 (7H, m, Ar-CH), 7.55 (2H, d, J 8.1, C(6)H and C(7)H or C(8)H 

and C(9)H), 7.59-7.64 (3H, m, Ar-CH), 8.0 (1H, d, J 8.1, C(1)H or C(4)H); δC (100 

MHz; DMSO-d6) 28.8 (C(5)H2), 104.1 (q), 116.2 (CH), 123.3 (CH), 123.9 (CH), 

126.4 (CH), 126.5 (CH), 127.1 (CH), 127.2 (q), 128.7 (CH), 128.8 (CH), 131.9 (CH), 

140.1 (q), 152.0 (q), 160.6 (q), 162.9 (C=O); m/z (+ES) 351.1 ([M+Na]
+
, 100%); 

(Found 351.1012; C22H16O3Na ([M+Na]
+
), requires 351.0997). 

 

5.3.43   Synthesis of 3-([1,1'-biphenyl]-4-ylmethyl)-4-hydroxy-5-methoxy-2H- 

  chromen-2-one, 173c 

 

C23H18O4; Molecular weight: 358.39 

Using method F, reaction of 3,3'-([1,1'-biphenyl]-4-ylmethylene)bis(4-hydroxy-5-

methoxy-2H-chromen-2-one, 99) (46 mg, 0.09 mmol) and sodium cyanoborohydride 

(26 mg, 0.42 mmol) gave the title compound (173c) as a white solid (15 mg, 50%): 

Mp (172-174 
o
C); νmax/cm

-1
 3325 (s, w, O-H), 2950 (w, alkyl C-H), 1685 (s, C=O), 

1644 (s, C=C); δH (400MHz; DMSO-d6) 3.80 (2H, s, C(4)H2), 4.02 (3H, s, OCH3), 

7.03 (2H, d, J 8.3, C(5)H and C(6)H or C(7)H and C(8)H), 7.31-7.37 (3H, m, Ar-

CH), 7.41-7.45 (2H, m, Ar-CH), 7.54 (2H, d, J 8.3, C(5)H and C(6)H or C(7)H and 

C(8)H), 7.58-7.61 (3H, m, Ar-CH), 10.26 (1H, s, br, OH); δC (100 MHz; DMSO-d6) 

28.4 (C(4)H2), 57.0 (OCH3), 103.4 (q), 106.5 (CH), 109.7 (CH), 126.5 (CH), 126.6 

(CH),127.1 (CH), 128.7 (CH), 128.8 (CH), 132.5 (CH), 137.9 (q), 139.2 (q), 140.1 

(q), 153.0 (q), 156.1 (q), 161.1 (q), 162.3 (C=O); m/z (+ES) 359.1 ([M+H]
+
, 100%); 

(Found 381.1116; C23H18O4Na ([M+Na]
+
), requires 381.1103). 
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5.3.44 Synthesis of 4-hydroxy-3-((2-hydroxynaphthalen-1-yl)methyl)-2H- 

 chromen-2-one, 172a  

 

C20H14O4; Molecular weight: 318.32 

Using method G, reaction of compound (69) (350 mg, 1.11 mmol) and sodium 

borohydride (252 mg, 6.65 mmol) in methanol (5 mL) gave the title compound (172a) 

as a white solid (150 mg, 43%): Mp 250-252 
o
C; νmax/cm

-1
 2980 (br, w,  OH), 1650 

(s, C=O), 1600 (s, C=C); δH (400 MHz; DMSO-d6) 4.23 (2H, s, C(5)H2), 7.20 (1H, d, 

J 8.6, C(6)H or C(7)H), 7.26-7.35 (3H, m, Ar-CH), 7.43 (1H, ddd, J 8.5, 7.0, 1.4, 

C(9)H or C(10)H), 7.57 (1H, ddd, J 8.5, 7.0, 1.4, C(9)H or C(10)H), 7.70 (1H, d, J 

8.6, C(6)H or C(7)H), 7.77 (1H, dd, J 8.5, 1.4, C(8)H or C(11)H),  7.87 (1H, dd, J 

8.5, 1.4, C(8)H or C(11)H), 8.35 (1H, d, J 8.5, C(1)H or C(4)H); δC (100 MHz; 

DMSO-d6); 19.7 (C(5)H2), 103.5 (q), 116.0 (CH), 116.1 ( q), 117.6 (q), 117.8 (CH), 

122.8 (CH), 123.2 (CH), 123.8 (CH), 123.9 (CH), 126.3 (CH), 128.2 (CH), 128.2 

(CH), 128.7 (q), 131.9 (CH), 133.4 (q), 151.3 (q), 151.8 (q), 161.5 (q), 163.1 (C=O); 

m/z (-ES) 317.2 ([M-H]
-
, 100%); (+ES) (Found 319.0970; C20H15O4 ([M+H]

+
), 

requires 319.0975).  

 

5.3.45  Synthesis of 4-hydroxy-3-(2-hydroxybenzyl)-2H-chromen-2-one, 172b 

 

C16H12O4; Molecular weight: 268.26  

 Using method G, reaction of LiBH4 (54 mg, 2.48 mmol) and compound (175b) (380 

mg, 1.43 mmol) in THF (5 mL)  gave the title compound (172b) as a white solid (70 

mg, 18%): Mp 236-238 
o
C [Lit.

266
 238 

o
C]; νmax/cm

-1
 2940 (br, w, O-H), 1653 (s, 

C=O), 1600 (s, C=C); δH (400 MHz; DMSO-d6) 3.78 (2H, s, C(5)H2), 6.66 (1H, td, J 

7.8, 1.0, C(7)H or C(8)H), 6.80 (1H, dd, J 7.8, 1.0, C(6)H or C(9)H), 6.83-6.85 (1H, 

m, Ar-CH), 7.00 (1H, td, J 7.8, 1.0, C(7)H or C(8)H), 7.35-7.39 (2H, m, Ar-CH), 

7.62 (1H, td, J 7.8, 1.0, C(2)H or C(3)H), 7.94 (1H, dd, J 7.8, 1.0, C(1)H or C(4)H); 

δC (100 MHz; DMSO-d6) 23.8 (C(5)H2), 102.8 (q), 114.7 (q), 116.1 (CH), 116.4 
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(CH), 118.9 (CH), 123.3 (CH), 123.8 (CH), 125,4 (q), 126.8 (CH), 128.0 (CH), 131.7 

(CH), 152.0 (q), 154.9 (q), 161.1 (q), 162.9 (C=O); m/z (+ES) 269.1 ([M+H]
+
, 100%); 

(Found 291.0628; C16H12O4Na ([M+Na]
+
), requires 291.0633). 

 

5.3.46  Synthesis of 4-hydroxy-3-((2-hydroxynaphthalen-1-yl)methyl-5-methoxy-

2H-chromen-2-one, 173a 

 

C21H16O5; Molecular weight: 348.35  

Using method G, reaction of sodium borohydride (230 mg, 6.07 mmol) and 

compound (176a) (350 mg, 1.01 mmol) in methanol (12 mL) gave the title 

compound (173a) as a white solid (140 mg, 40%).  

Method H: Suspension of compound (176a) (31 mg, 0.09 mmol) in methanol (3 mL) 

was stirred for 10 minutes at room temperature under nitrogen. 1-benzyl-1,4-

dihydropyridine-3-carboxamide,  (198) (40 mg, 0.19 mmol) was added gradually at 0 

o
C and then the reaction mixture was stirred at room temperature for 24 hours. The 

progress of the reaction was monitored by TLC and once the reaction had completed, 

dilute HCl (0.1M, 7 mL) was added to quench the reaction. The crude material was 

collected by filtration as a brown solid (23 mg). This crude material was purified by 

flash column chromatography (petroleum: ethyl acetate 2:1) to give the title 

compound (173a) as a white solid (10 mg, 32%): Mp 218-220 
o
C; νmax/cm

-1 
3233 (br, 

w, OH), 1660 (s, C=O), 1635 (s, C=C); δH (400 MHz; CDCl3) 4.13 (3H, s, OCH3), 

4.21 (2H, s, C(4)H2), 6.81 (1H, d, J 8.3, C(5)H), 7.01 (1H, d, J 8.4, C(1)H or C(3)H), 

7.31-7.35 (2H, m, Ar-CH), 7.43 (1H, t, J 8.4, C(2)H), 7.50-7.54 (1H, m, Ar-CH), 

7.67 (1H, d, J 8.4, C(6)H), 7.74 (1H, d, J 8.4, C(7)H or C(10)H), 8.51 (1H, d, J 8.4, 

C(7)H or C(10)H), 9.53 (1H, s, OH), 10.37 (1H, s, OH); δC (100 MHz; CDCl3) 19.0 

(C(4)H2), 56.2 (OCH3), 103.4 (q), 104.0 (CH), 104.9 (q), 110.2 (CH), 116.9 (q), 

119.8 (CH), 121.7 (CH), 125.0 (q), 127.4 (CH), 127.7 (CH), 128.5 (CH), 131.2 (q), 

132.7 (CH), 151.9 (q), 152.9 (q), 154.7 (q), 161.2 (q), 165.6 (C=O); m/z (+ES) 371.3 

([M+Na]
+
, 100%), 349.3 ([M+H]

+
, 63%).  
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5.3.47   Synthesis of 4-hydroxy-3-(2-hydroxyl)-5-methoxy-2H-chromen-2-one, 

             173b  

 

C17H14O5; Molecular weight: 298.28 

Using method G, reaction of compound (176b) (40 mg, 0.14 mmol) and sodium 

borohydride (10 mg, 0.27 mmol) in methanol (2 mL) gave the title compound (173b) 

as a white solid (20 mg, 50%): Mp 206-208 
o
C; νmax/cm

-1 
3286 (w, O-H), 1661 (s, 

C=O), 1635 (s, C=C); δH (400 MHz; CDCl3) 3.79 (2H, s, C(4)H2), 4.03 (3H, s, 

OCH3), 6.73-6.77 (2H, m, Ar-CH), 6.87 (1H, dd, J 8.1, 1.0, C(12)H or C(15)H), 6.96 

(1H, d, J 8.3, C(1)H or C(3)H), 7.03-7.07 (1H, m, Ar-CH), 7.34-7.40 (2H, m, Ar-

CH), 8.52 (1H, s, OH), 9.95 (1H, s, OH); δC (100 MHz; CDCl3) 24.2 (C(4)H2), 57.2 

(OCH3), 104.8 (q), 105.1 (q), 106.0 (CH), 111.2 (CH), 117.6 (CH), 120.1 (CH), 

125.6 (q), 128.2 (CH), 131.5 (CH), 132.2 (CH), 153.1 (q), 155.2 (q), 155.8 (q), 162.5 

(q), 166.4 (q); m/z (+ES) 297.1 ([M-H]
-
, 100%); (+ES) (Found 299.0905; C17H15O5 

([M+H]
+
), requires 299.0919).  

  

5.3.48  Synthesis of 4-hydroxy-3((2-hydroxynaphthalen-1-yl)methyl)-2H-benzo[ 

 h]chromen-2-one, 174a 

 

C24H15O4; Molecular weight: 367.37 

Using method G, reaction of  compound (177a) (150 mg, 0.41 mmol) and sodium 

borohydride  (93 mg, 2.46 mmol) in methanol (12 mL) gave the title compound 

(174a) as a white solid (80 mg, 53%): Mp 284 
o
C; νmax/cm

-1
 2999 (br, w, O-H), 1657 

(s, C=O), 1596 (s, C=C); δH (400 MHz; DMSO-d6) 4.30 (2H, s, C(7)H2), 7,24 (1H, d, 

J 8.8, C(8)H or C(9)H), 7.29 (1H, ddd, J 8.1, 6.8, 1.3, C(11)H or C(12)H), 7.47 (1H, 

ddd, J 8.1, 6.8, 1.3, C(11)H or C(12)H), 7.66-7.74 (3H, m, Ar-CH), 7.77-7.81 (2H, m, 

Ar-CH), 7.89 (1H, d, J  8.3, C(1)H or C(2)H), 7.98-8.02 (1H, m, Ar-CH), 8.31-8.35 

(1H, m, Ar-CH), 8.44  (1H, d, J 8.3, C(3)H or C(6)H); δC (100 MHz; DMSO-d6) 20.2 
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(C(7)H2), 102.2 (q), 103.6 (q), 118.2 (d, J 3.7, CH), 119.7 (CH), 122.0 (CH), 122.5 

(q), 123.3 (CH), 124.1 (q), 124.4 (CH), 126.8 (CH), 127.8 (CH), 128.5 (CH), 128.7 

(CH), 129.0 (CH), 129.2 (q), 133.9 (q), 134.8 (q), 149.2 (q), 151.8 (q), 163.5 (C=O); 

m/z (+ES) 369.1 ([M+H]
+
, 100%); (Found 369.1120; C24H17O4 ([M+H]

+
), requires 

369.1103). 

 

5.3.49 Synthesis of 4-hydroxy-3-(2-hydroxybenzyl)-2H-benzo[h]chromen-2-one, 

174b 

 

C20H14O4; Molecular weight: 318.32 

Using method G, reaction of compound (177b) (122 mg, 0.39 mmol) and lithium 

borohydride (17 mg, 0.77 mmol) in THF (7 mL) gave the title compound (174b) as 

brown crystal (90 mg, 74%): Mp 266-268 
o
C; νmax/cm

-1
 3269 (br, w, O-H), 1591 (s, 

C=O), 1526 (s, C=C); δH (400 MHz; DMSO-d6) 3.61 (2H, s, C(7)H2), 6.58-6.61 (2H, 

m, Ar-CH), 6.92 (1H, td, J 7.6, 1.5, C(9)H), 7.24 (1H, dd, J 6.5, 1.2, C(11)H), 7.56-

7.59 (2H, m, Ar-CH), 7.62 (1H, d, J  8.6, C(1)H or C(2)H), 7.91-7.93 (2H, m, Ar-

CH), 8.28-8.30 (1H, m, Ar-CH), 9.22 (1H, s, OH), 12.40 (1H, s, OH); δC ( 100 MHz; 

DMSO-d6); 26.2 (C(7)H2), 98.8, 114.2, 116.5, 117.1 (CH), 117.9 (CH), 122.o (d, J 

14.7, CH), 126.1, 126.5 (CH), 127.0 (CH), 127.8 (CH), 129.9 (CH), 130.7 (CH), 

133.9, 136.1, 156.6, 164.2 (C=O); m/z (+ES) 341.1 ([M+Na]
+
, 100%); (Found 

341.0793; C20H14O4Na ([M+H]
+
), requires 341.0790). 

 

5.3.50     Synthesis of (1S,3R,4R,5R)-3-O,4-O-Cyclohexylidene-7-oxo-6- 

   oxabicyclo[3.2.1]octan- 1,3,4-triol, 136 

 

C13H18O5; Molecular weight: 254.28 
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A mixture of (-)-quinic acid (5 g, 26.02 mmol) and cyclohexanone (15 mL, 158.7 

mmol) in toluene (50 mL) were refluxed at 135 
o
C under N2 in a flask fitted with a 

Dean and Stark trap and a condenser for 30 minutes. After the mixture was allowed 

to cool to room temperature, an amberlite
®

 resin IR (5 g) (which was previously 

washed with methanol, filtered and washed again with diethyl ether and dried under 

vacuum) was added. The resulting suspension was heated at reflux for 5 hours at 135 

o
C and then allowed to cool to room temperature. The resin was filtered off and the 

filtrate was washed with a saturated solution of sodium bicarbonate (2 x 60 mL), 

water (2 x 60 mL), brine (60 mL), then dried over MgSO4 and concentrated in vacuo  

to give the title compound (136) as a white solid (4.1 g, 62%): Mp 141-143 
o
C 

[Lit.
267

 Mp 139-141 
o
C]; [α]D

30
 -41.7 (c 0.684 in CH2Cl2) [Lit.

267
 [α]D

22
 -33.0 (c 1.05 

in CHCl3)]; νmax/cm
-1

 3426 (br, w, O-H), 2950 (s, C-H), 1766 (s, C=O); δH (400 MHz; 

CDCl3) 1.33-1.66 (10H, m, 5x CH2 of cyclohexane), 2.18 (1H, dd, J 14.5, 2.9, 

C(2)Hax), 2.28-2.40 (2H, m, C(2)Heq) and C(6)Heq), 2.66 (1H, d, J 11.6, C(6)Hax), 

4.30 (1H, ddd, J  6.3, 2.5, 1.4, C(4)H), 4.48 (1H, td, J 6.3, 2.9, C(3)H), 4.74 (1H, dd, 

J  6.3, 2.5, C(5)H); δC (100 MHz; CDCl3) 23.5, 24.0, 25.0, 33.4 (4xCH2 of 

cyclohexane), 34.4 (C(6)H2), 36.9 ( C(10)H2), 38.4 (C(2)H2), 71.1 (C(3)H), 71.6 

(C(1)), 71.7 (C(4)H), 76.0 (C(5)H), 179.0 (C=O); m/z (+ES) 277.1 ([M+Na]
+
, 100%).  

 

5.3.51     Synthesis of 3-O,4-O-Cyclohexylidene-(3R,4S,5R)-trihydroxycyclo 

    hexanone, 138 

 

C12H18O4; Molecular weight: 226.27 

To a solution of lactone (136) (4 g, 15.73 mmol) in methanol (200 mL) at 0 
o
C, 

sodium borohydride (6.1 g, 162.24 mmol) was added portionwise. Once 

effervescence had ceased, the reaction mixture was stirred at room temperature under 

N2 for 20 hours. The reaction was quenched with a saturated aqueous solution of 

NH4Cl (60 mL). The resulting mixture was concentrated in vacuo to give a white 

solid. Ethyl acetate (100 mL) was added and the resulting suspension filtered. The 

residue was washed with ethyl acetate (3 x 50 mL) and the combined organic wastes 
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were dried over MgSO4 and concentrated in vacuo to give the unprufied product (137) 

as an off-white solid (4.5 g). 

Sodium periodate (9.3 g, 43.53 mmol) was dissolved in hot water (10 mL). To the 

resulting suspension, silica gel (22 g) was added portionwise to give silica-supported 

sodium periodate as a free flowing powder. To this, dichloromethane (55 mL) was 

added, followed by a solution of compound (137) (4.5 g, 17.44 mmol) in 

dichloromethane (45 mL). The reaction mixture was stirred at room temperature 

under N2 for 1.5 hours, then it was filtered and the residue was washed with 

dichloromethane (3 x 55 mL). The filtrate was dried over MgSO4 and concentrated in 

vacuo to give the title compound (138) as a white solid (3.5 g, 88% over two steps): 

Mp 97-99 
o
C [Lit.

268
 Mp 97-98 

o
C]; [α]D

30
 +101.7 (c 1.18 in CH3OH) [Lit.

268
 [α]D

22
 

+100.3 (c 0.44 in CH3OH)]; νmax/cm
-1

 3456 (br, s, O-H), 2938 (s, C-H), 1709 (s, 

C=O); δH (400 MHz; CDCl3) 1.46-1.61 (10H, m, 5xCH2 of cyclohexane), 2.08 (1H, 

br, s, OH), 2.38 (1H, ddd, J 17.9, 3.8, 2.0, C(6)Heq), 2.60-2.65 (2H, m, C(2)Heq and 

C(6)Hax), 2.74 (1H, dd, J 17.2, 3.5 C(2)Hax), 4.18 (1H, ~q, J 2.8, C(5)H), 4.24 (1H, 

dt, J 7.1, 2.3, C(4)H), 4.63 (1H, d~t, J 6.8, 3.2, C(3)H); δC (100 MHz; CDCl3) 23.5, 

23.9, 25.1, 33.3, 36.3 (5xCH2 of cyclohexane), 40.2 (C(2)H2), 41.7 (C(6)H2), 68.3 

(C(5)H), 71.8 (C(3)H), 74.6 (C(4)H), 109.3 (C(7)), 208.4 (C=O);  m/z (+ES) 249.1 

([M+Na]
+
, 100%). 

 

5.3.52 Synthesis of (3aR,7aS)-3a,4-dihydrospiro[benzo[d][1,3]dioxole-2,1'- 

 cyclohexan]-5(7aH)-one, 139 

 

C12H16O3; Molecular weight: 208.25 

To a solution of the hydroxyketone (138) (3.5 g, 15.29 mmol) in dry 

dichloromethane (65 mL) at 0 
o
C under N2, was added methanesulfonyl chloride (2 

mL, 18.35 mmol) and triethylamine (6 mL, 44.48 mmol). The reaction mixture was 

stirred at room temperature for 4 hours and then quenched with water (20 mL) and 

extracted with dichloromethane (2 x 20 mL). The combined organic extracts were 

washed with water (2 x 20 mL), 0.1 M HCl (20 mL), brine (2 x 20 mL), dried over 

MgSO4 and concentrated in vacuo to give an orange oil residue. This residue was 
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purified by flash silica chromatography (ethyl acetate: petroleum ether 1:3) to give 

the title compound (139) as a white solid (2.4 g, 76%): Mp 62-64 
o
C [Lit.

269
 Mp 55-

58 
o
C]; νmax/cm

-1
 2931 (s, C-H), 1664 (s, C=O); δH (400 MHz; CDCl3) 1.49-1.56 

(10H,  m, 5xCH2 of cyclohexanone), 2.61 (1H, dd, J 17.5, 3.9, C(6)Hax or C(6)Heq), 

2.88 (1H, ddd, J 17.5, 2.6, 0.8, C(6)Hax or C(6)Heq), 4.58-4.66 (2H, m, C(4)H and 

C(5)H), 5.94 (1H, dt, J 10.3, 1.0, C(2)H), 6.58 (1H, ddd, J 10.3, 4.5, 2.5, C(3)H); δC 

(100 MHz; CDCl3) 23.8, 23.9, 24.9, 36.0, 37.4 (5xCH2 of cyclohexanone), 38.8 

(C(6)H2), 70.7 (C(4)H) or (C(5)H)), 73.0 (C(4)H) or (C(5)H)), 110.6 (C(7)), 128.7 

(C(2)H2), 146.1 (C(3)H), 195.6 (C=O); m/z (+ES) 263 ([M+Na+MeOH]
+
, 70%), 231 

([M+Na]
+
, 100%).   

 

5.3.53   Synthesis of (3aS, 4S, 7aR)-4-(4-fluorophenyl)tetrahydrospiro[benzo[d][ 

 1,3]dioxole-2, 1'-cyclohexan]-6(3aH)-one, 152 

 

C18H21O3F; Molecular weight: 304.36 

To a solution of enone (139) (350 mg, 1.68 mmol) in dioxane: water (10:1), 3 mL) 

was added 4-fluorophenyl boronic acid (587.2 mg, 4.20 mmol) and [RhOH(cod)]2 

(37.6 mg, 5 mol%), followed by triethylamine (0.2 mL, 1.58 mmol). The reaction 

mixture was stirred at room temperature for 20 hours. The solvents were evaporated 

in vacuo to give an orange residue which was purified by flash silica chromatography 

(ethyl acetate: petroleum ether 1:9) to give the title compound (152) as a thick yellow 

oil (380 mg, 74%): νmax/cm
-1

 2935 (s, C-H), 1718 (s, C=O); δH (400 MHz; CDCl3) 

1.35-1.75 (10H, m, 5 x CH2 of cyclohexane), 2.45 (1H, dd, J 17.3, 9.6, C(6)Hax), 

2.57 (1H, dd, J 17.3, 5.8, C(6)Heq), 2.64 (1H, dd, J 14.5, 5.1, C(2)Hax or C(2)Heq), 

2.68 (1H, dd, J 14.5, 5.1, C(2)Hax or C(2)Heq), 3.31 (1H, ddd, J 9.6, 5.8, 4.5, C(5)H), 

4.43 (1H, t, J 6.6, C(4)H), 4.51 (1H, dt, J 4.5, 5.1, C(3)H), 6.96 (2H, t, J 8.6, C(3
’
)H 

and C(5
’
)H), 7.13 (2H, dd, J 8.6, 5.3, C(2

’
)H and C(6

’
)H); δC (100 MHz; CDCl3) 23.6, 

24.0, 25.1, 33.8, 37.1 (5xCH2 of cyclohexane), 41.2 (C(2)H2), 42.2(C(5)H2), 42.5 

(C(6)H2), 72.1 (C(3)H2), 77.6 (C(4)H2), 109.6 (cyclohexane C), 115.6 (d, J 21, 

C(3
’
)H and C(5

’
)H, 128.9 (d, J 9, (C(2

’
)H) and (C(6

’
)H)), 136.0 (d, J 3, C(1

’
)H), 
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161.8 (d, J 244, C(4
ꞌ
)F), 208.4 (C=O); m/z (+ES) 327 ([M+Na]

+
, 100%); (Found 

327.1362; C18H21O3FNa ([M+Na]
+
), requires 327.1367). 

     

5.3.54  Synthesis of (1S,6R)- 4'-fluoro-6-hydroxy-1,6-dihydro-[1,1'-biphenyl]- 

3(2H)-one, 154 

 

C12H11O2F; Molecular weight: 206.21 

To a stirring solution of compound (152) (350 mg, 1.15 mmol) in tetrahydrofuran (10 

mL) at 0 
o
C under N2, was added 3 drops of an aqueous solution of NaOH (0.5 M). 

The reaction mixture was stirred at 0 
o
C for 5 hours during which time a further 2 

drops of NaOH (0.5 M) were added every 30 minutes. The reaction was quenched by 

the addition of a saturated aqueous solution of NH4Cl (20 mL). Organic material was 

extracted into diethyl ether (2 x 20 mL). The combined organic extracts were washed 

with brine, dried over MgSO4 and evaporated in vacuo to give a brown residue. This 

material was purified by flash silica chromatography (ethyl acetate: petroleum ether 

1:2) to give the title compound (154) as a waxy white solid (121 mg, 51%): Mp (101-

103 
o
C); νmax/cm

-1 
3395 (br, w, O-H), 2930 (w, C-H), 1657 (s, C=O), 1604 (s, C=C); 

δH (400 MHz; CDCl3) 2.68 (2H, d, J 9.2, C(6)H2), 3.25 (1H, q, J 9.2, C(5)H), 4.65 

(1H, ~d, J 9.2, C(4)H), 6.08 (1H, dd, J 10.2, 2.4, C(2)H), 7.00 (1H, dd, J 10.2, 1.8, 

C(3)H),   7.10 (2H, t, J 8.6, 2 x Ar-H), 7.28-7.31 (2H, m, 2 x Ar-CH); δC (100 MHz; 

CDCl3) 43.1 (C(6)H2), 49.9 (C(5)H), 71.9 (C(4)H), 116.1 (d, J 22, C(3
’
)H and 

C(5
’
)H or C(1ˈ), 129.2 (d, J 11, C(2

’
)H and C(6

’
)H or C(1ˈ)), 129.3 (C(2)H),  135.3 

(Ar-C), 152.0 (C(3)H), 162.2 (d, J 256, C(4
'
)F), 197.8 (C=O); δF (376 MHz; CDCl3) 

-114.3 (s, 1F);  m/z (-ES) 205.0 ([M-H]
-
, 100%); (+ES) (Found 224.1081, 

C12H15O2FN ([M+NH4]
+
), requires 224.1084). 
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5.3.55  Synthesis of (1S,6R)- 4'-fluoro-6-hydroxy-6-((triethylsilyl)oxy)-1,6- 

 dihydro-[1,1'-biphenyl]-3(2H)-one, 163  

 

C18H25O2SiF; Molecular weight: 320.47 

To a solution of 2,6-lutidine (0.2 mL, 1.38 mmol) in distilled dichloromethane (6 

mL), at -78 
o
C under N2, was added triethylsilytrifluoromethane sulfonate (0.4 mL, 

1.66 mmol) followed by a solution of compound (154) (121 mg, 0.59 mmol) in 

dichloromethane (5 mL). The reaction mixture was stirred at -78 
o
C for 30 minutes 

when it was quenched by the addition of a saturated aqueous solution of NH4Cl (10 

mL) and allowed to warm to room temperature. The two layers were separated and 

the aqueous phase was extracted with dichloromethane (2 x 15 mL). The combined 

organic extracts were washed with brine (20 mL), dried over MgSO4 and evaporated 

in vacuo to give the crude product as a brown oil. This crude product was purified by 

flash silica chromatography (ethyl acetate: petroleum ether 1:19) to give the title 

compound (163) as a yellow oil (143 mg, 76%); [α]D
30

 -131 (c 0.5, CH2CL2): νmax 

(film)/cm
-1 

2955 (m, C-H), 1688 (s, C=O); δH (400 MHz; CDCl3) 0.25-0.44 (6H, m, 

Si(CH2CH3)3), 0.77 (9H, t, J 7.8, Si(CH2CH3)3), 2.67 (1H, ddd, J 16.4, 4.8, 1.0, 

C(6)Heq), 2.71 (1H, dd, J 16.4, 13.4, C(6)Hax), 3.25 (1H, ddd, J 13.4, 9.6, 4.8, C(5)H), 

4.51 (1H, dt,  J 9.6, 2.0, C(4)H), 6.03 (1H, ddd, J 10.1, 2.0, 1.0, C(2)H), 6.84 (1H, dd, 

J 10.1, 2.0, C(3)H), 7.04 (2H, d, J 8.6, C(3ˈ)H and C(5ˈ)H), 7.21 (2H, d, J 8.6, C(2ˈ)  

and C(6ˈ)H); δF (376 MHz; CDCl3) -115.47 (s, 1F);  δC (100 MHz; CDCl3) 4.4 

Si(CH2CH3)3), 6.6 Si(CH2CH3)3), 42.8 (C(6)H2), 49.9 (C(5)H), 72.8 (C(4)H), 115.4 

(d, J 22, C(3
’
)H) and C(5

’
)H or C(1ˈ)), 128.5 (C(2)H), 129.6 (d, J 11, C(2

'
)H) and 

C(6
'
)H or C(1ˈ)), 136.6 (d, J 2.8, C(1

'
)H), 153.7 (C(3)H), 162.1 (d, J 246, C(4

'
)F), 

198.3 (C=O); δf  (376 MHz; CDCl3) -115.5 (s); m/z (+ES) 343 ([M+Na]
+
, 100%).  
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5.3.56  Synthesis of (1S,6R)- 4'-fluoro-4-(hydroxymethyl)-6-((triethylsilyl)oxy)-

1,6-dihydro-[1,1'-biphenyl]-3(2H)-one, 169                   

 

C19H27O3SiF; Molecular weight: 350.50 

To a suspension of compound (163) (143 mg, 0.44 mmol) in water (2 mL), was 

added sodium dodecyl sulphate (48.7 mg, 0.17 mmol), and N,N-

dimethylaminopyridine (54 mg, 0.45 mmol). The reaction mixture was stirred for 5 

minutes at room temperature and then formaldehyde 37% (0.5 mL, 6.29 mmol) was 

added. The reaction mixture was stirred at room temperature for 24 hours after which 

the reaction was quenched by addition of brine (3 mL) and extracted with ethyl 

acetate (3 x 5 mL). The combined organic extracts were washed with brine (15 mL), 

dried over MgSO4 and evaporated in vacuo to give the crude product as a yellow oil. 

This crude product was purified by flash silica chromatography (ethyl acetate: 

petroleum ether 1:2) to give the title compound (169) as a white solid (79 mg, 52%): 

Mp 62-64 
o
C; [α]D

29
 -91.6 (c 2.53, CH2Cl2); νmax (film)/cm

-1 
3539 (br, O-H), 2956 (m, 

Ar-C-H), 2880 (m, aliph-C-H), 1671 (s, C=O); δH (400 MHz; CDCl3) 0.24-0.43 (6H, 

m, Si(CH2CH3)3), 0.78 (9H, t, J 7.8, Si(CH2CH3)3), 2.68 (1H, dd, J 16.4, 4.5, 

C(6)Heq), 2.74 (1H, dd, J 16.4, 13.6, C(6)Hax), 3.24 (1H, ddd, J 13.6, 9.5, 4.5, C(5)H), 

4.26 (1H, dt,  J 13.6, 1.5, C(7)HaHb), 4.38 (1H, dt, J 13.6, 1.5, C(7)HaHb), 4.54 (1H, 

~dq, J 9.5, 1.5, C(4)H), 6.77 (1H, d, J 1.5, C(3)H), 7.04 (2H, t, J 8.6, 2xAr-H), 7.22 

(2H, dd, J 8.6, 5.3, 2xAr-H); δF  (376 MHz; CDCl3) -115.5 (s); δC (100 MHz; CDCl3) 

6.4 (Si(CH2CH3)3), 6.8 (Si(CH2CH3)3), 43.4 (C(6)H2), 50.0 (C(5)H), 61.2 (C(7)H2), 

70.1 (C(4)H), 116.1 (d, J 22, C(3ˈ)H and C(5ˈ)H or C(1ˈ)), 129.2 (d, J 11, C(2ˈ)H 

and C(6ˈ)H or C(1ˈ)), 147.8 (C(3)H), 157.8 (C(2)H), (C(4
ꞌ
)F) is not visible, 204.9 

(C=O); m/z (+ES) 373.3 ([M+H]
+
, 100%); (Found 373.1611, C19H27O3 NaSiF 

([M+Na]
+
), requires 373.1602). 

 

 

 

 



Juliana Chineze Obi  172 
 

5.3.57 Synthesis of (1S, 6R)-4'-fluoro-6-hydroxy-4-(hydroxymethyl)-1,6- 

 dihydro-[1,1'-biphenyl]-3(2H)-one, 184. 

 

C13H13O3F; Molecular weight: 236.24  

A solution of compound (169) (49 mg, 0.14 mmol) in TFA: H2O (7:1, 1 mL) was 

stirred for 30 mins at room temperature. The solvents were concentrated in vacuo to 

give a crude brown oil which was purified by flash silica chromatography (ethyl 

acetate: petroleum ether 2:1) to give the title compound (184) as a colourless film (22 

mg, 67%): νmax (film)/cm
-1 

3347 (br, O-H), 1668 (s, C=O); δH (400 MHz; CDCl3) 

2.65-2.76 (2H, m, C(6)H2), 3.24 (1H, ~q, J 9.2, C(5)H), 4.30-4.40 (2H, m, C(7)H2), 

4.67 (1H, dd, J 9.2, 1.5, C(4)H), 6.95 (1H, ~ d, J 1.5, C(3)H), 7.06-7.12 (2H, m, Ar-

CH), 7.26-7.29 (2H, m, Ar-CH); δC (100MHz; CDCl3) 43.4 (C(6)H2, 49.9 (C(5)H), 

61.0 (C(7)H2), 71.9 (C(4)H), 116.0 (d, J 22, C(3ˈ)H and C(5ˈ)H or C(1ˈ)), 129.2 (d, J 

11, C(2ˈ)H and C(6ˈ)H or C(1ˈ)), 135.0 (d, J 3.7, C(7ˈ)), 137.6 (C(2)), 147.9 (C(3)H), 

(C(4ˈ)F) is not visible, 198.4 (C=O); δF (376 MHz; CDCl3) -114.2 (s); m/z (+ES) 259 

([M+Na]
+
, 100%); (Found 259.0759, C13H13NaO3F ([M+Na]

+
), requires 259.0746). 

 

5.3.58 Synthesis of ((1S,6R)-4'-fluoro-6-hydroxy-3-oxo-1,2,3,6-tetrahydro-[1,1'- 

            biphenyl]-4-yl)methyl (E)-but-2-enoate, 182 

 

C17H17FO4; Molecular weight: 304.11 

To a solution of alcohol (169) (88 mg, 0.25 mmol) in dichloromethane (1 mL), was 

added DMAP (3.5 mg, 0.03 mmol), pyridine (0.2 mL, 2.26 mmol) and crotonic 

anhydride (82 µL, 0.56 mmol). The reaction mixture was left to react at room 

temperature with stirring for 2.5 hours. The reaction was quenched by the addition of 

a saturated aqueous solution of NaHCO3 (2 mL) and diluted with water (3 mL) and 

dichloromethane (5 mL). The two layers were separated and the aqueous layer 

extracted with dichloromethane (3 x 5 mL). The combined organic extracts were 
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washed with brine (10 mL), dried over MgSO4 and evaporated in vacuo to give a 

crude brown oil. This crude product was purified by flash silica chromatography 

(ethyl acetate: petroleum ether 1:9); Rf  0.32 to give a colourless oil (214)  (35 mg). 

A solution of crude ester (214) (35 mg, 0.09 mmol) in TFA: H2O (7:1, 2 mL) was 

stirred at room temperature for 45 minutes. The solvents were evaporated in vacuo to 

give the crude product as brown oil. This crude product was purified by flash silica 

chromatography (ethyl acetate: petroleum ether 1:2): Rf 0.4 to give the title 

compound (182) as a colourless thick oil (29 mg, 38% over 2 steps): νmax/film cm
-1

 

3432 (br, O-H), 1714 (s, C=O), 1675 (s, C=O); δH (400 MHz; CDCl3) 1.91 (3H, dd, J 

6.9, 1.6, C(11)H3), 2.66-2.76 (2H, m, C(6)H2), 3.25 (1H, td, J 10.0, 7.9, C(5)H), 4.67 

(1H, ~dq, J 10.0, 1.6, C(4)H), 4.85 (1H, ddd, J 14.4, 3.8, 2.0, C(7)HaHb O), 4.91 (1H, 

ddd, J 14.4, 3.8, 2.0, C(7)HaHb O), 5.90 (1H, dq, J 15.4, 1.7, C(9)H), 6.94 (1H, d, J 

1.3, C(3)H), 7.00-7.04 (2H, m, C(9)H and C(10)H), 7.08-7.12 (2H, m, 2 x Ar-H), 

7.26-7.29 (2H, m, 2 x Ar-H); δC (100 MHz; CDCl3) 18.1 (C(11)H3), 43.3 (C(6)H2), 

49.8 (C(5)H), 60.1 (C(7)H2), 71.9 (C(4)H), 116.1 (d, J 21, C(14)H) and (C(16)H), 

122.1 (C(9)H), 129.2 (d, J 8.1, (C(13)H) and (C(17)H), 134.3 (C(12)H), 145.8 

(C(3)H), 148.0 (C(10)H), (C(4ˈ)F) is not visible, 165.9 (C(8)=O), 196.1 (C(1)=O); δF 

(376 MHz; CDCl3) -114.1 (s); m/z (+ES) 327.1 ([M+Na]
+
, 100%); (Found 327.1016, 

C17H17NaO4F ([M+Na]
+
), requires 327.1009). 

 

5.3.59 Synthesis of 4-(((1S,6R)-4'-fluoro-3-oxo-6-((triethylsily)oxy)-1,2,3,6- 

tetrahydro-[1,1'-biphenyl]-4-yl)methoxy)-3-naphthalen-2-ylmethyl)-2H-

chromen-2-one, 214 

 

C39H39O5SiF; Molecular weight: 634.81  

To a solution of alcohol (169) (48.3 mg, 0.14 mmol) in dry THF (2 mL), under an 

atmosphere of nitrogen, was added triphenylphosphine (65 mg, 0.25 mmol) and 4-

hydroxy-3-(naphthalene-2-ylmethyl)-2H-chromen-2-one (178a) (70 mg, 0.23 mmol). 

The reaction mixture was stirred at 0 
o
C for 30 minutes and then at room temperature 
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for 24 hours. The solvents were concentrated in vacuo to give the crude product as 

thick yellow oil. This crude product was purified by flash silica chromatography 

(ethyl acetate: petroleum ether 1:6) to give the title compound (214) as a thick white 

oil (48 mg, 55%). νmax/cm
-1

 2955 (m, C-H), 2875 (w, C-H), 1717 (s, C=O); δH (400 

MHz; CDCl3) 0.23-0.42 (6H, m, Si(CH2CH3)3), 0.77 (9H, t, J 7.8, Si(CH2CH3)3), 

2.63 (2H, dd, J 12.1, 9.3, C(6)H2), 3.21 (1H, ddd, J 12.1, 9.3, 5.8, C(5)H), 4.18 (2H, 

d, J 2.8, C(12)H2), 4.46 (1H, ~dq, J 9.3, 1.5, C(4)H), 4.71 (1H, ddd, J 12.6, 3.0, 1.5, 

C(7)Ha), 4.81 (1H, ddd, J 12.6, 3.0, 1.5, C(7)Hb), 6.97 (1H, d, J 1.5, C(3)H), 7.04 

(2H, ~t, J 8.6, C(2ˈ)H and C(6ˈ)H or C(3ˈ)H and C(5ˈ)H), 7.14-7.17 (2H, m, Ar-CH), 

7.33 (1H, ddd, J 8.2, 7.3, 1.0, C(9)H or C(10)H or C(17)H or C(18)H), 7.39 (1H, dd, 

J 8.2, 1.0, C(8)H or C(11)H or C(16)H or C(19)H), 7.42-7.45 (2H, m, Ar-CH), 7.48 

(1H, dd, J 8.2, 1.0, C(8)H or C(11)H or C(16)H or C(19)H), 7.56 (1H, ddd, J 8.2, 7.3, 

1.0, C(9)H or C(10)H or C(17)H or C(18)H), 7.74 (2H, d, J 8.2, C(14)H and C(15)H), 

7.77-7.80 (3H, m, Ar-CH); δC (100 MHz; CDCl3) 4.4 (Si(CH2CH3)3), 6.6 

(Si(CH2CH3)3), 30.8 (C(12)H2), 42.7 (C(6)H2), 49.8 (C(5)H), 70.2 (C(4)H), 72.8 

(C(7)H2), 115.3 (CH), 115.5 (CH), 116.9 (CH), 117.0 (CH), 117.1 (CH), 123.4 (CH),, 

124.3 (CH), 125.5 (CH), 126.0 (CH), 126.7 (CH), 127.1 (CH), 127.6 (d, J 3.7, (CH),), 

128.2 (CH), 129.4 (CH), 129.5 (CH), 131.8 (CH), 132.3 (q), 135.5(q), 133.6 (q), 

136.0 (d, J 3.7, (q)), 136.3 (q), 151.0 (q), 152.9 (q), 160.0 (d, J 246.9, C(4ꞌ)F), 163.0 

(q), 163.6 (q), 196.4 (2x C=O); m/z (+ES) 657.3 ([M + Na]
+
, 100%).  

 

5.3.60  Synthesis of 4-(((1S,6R)-4'-fluoro-6-hydroxy-3-oxo-1,2,3,6-tetrahydro-[1, 

1'-biphenyl]-4-yl)methoxy)-3-(naphthalen-2-ylmethyl)-2H-chromen-2-

one, 185 

 

C33H25O5F; Molecular weight: 520.55 

A solution of compound (214) (40 mg, 0.06 mmol) in trifluoroacetic acid: water (7:1, 

1 mL) was stirred for 30 minutes at room temperature. The solvents were 

concentrated under reduced pressure to give a brown oil. The residue was purified by 
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flash silica chromatography (ethyl acetate: petroleum ether 1:2) and the title 

compound (185) was isolated as a white foam (23 mg, 70%), Rf  0.30: Mp 128-130 

o
C; [α]D

30
 -25.5 (c 0.47 in CH2Cl2);  νmax/cm

-1
 (film) 3433 (w, br, OH), 1682 (s, 

C=O), 1605 (s, C=C); δH (400 MHz; CDCl3) 2.55 (1H, dd, J 16.6, 13.9, C(6)Heq or  

C(6)Hb), 2.66 (1H, dd, J 16.6, 4.3, C(6)Hax or  C(6)Hb), 3.15 (1H, ddd, J 13.9, 9.8, 

4.3, C(5)H), 3.71 (1H, s, OH), 4.18 (2H, s, C(12)H2), 4.52 (1H, ~dq, J 9.8, 1.5, 

C(4)H), 4.66 (1H, ddd, J 12.4, 2.9, 1.5, C(7)HaHb), 4.75 (1H, ddd, J 12.4, 2.9, 1.5, 

C(7)HaHb), 7.05-7.10 (3H, m, Ar-CH), 7.16-7.20 (2H, m, Ar-CH), 7.33 (1H,ddd, J 

8.2, 7.3, 1.0, C(9)H or C(10)H or C(17)H or C(18)H), 7.39 (1H, dd, J 8.2, 1.0, C(8)H 

or C(11)H or C(16)H or C(19)H), 7.42-7.47 (3H, m, Ar-CH), 7.48 (1H, d, J 1.5, 

C(3)H), 7.56 (1H, td, J 8.2, 7.3, 1.0, C(9)H or C(10)H or C(17)H or C(18)H), 7.73 

(1H, s, C(13)H), 7.76-7.80 (4H, m, Ar-CH); δC (100 MHz; CDCl3) 30.8 (C(12)H2), 

43.1 (C(6)H2), 49.6 (C(5)H), 70.2 (C(7)H2), 71.8 (C(4)H), 116.0 (CH), 116.2 (CH), 

117.0 (d, J 1.8, CH), 123.4 (CH), 124.3 (CH), 125.5 (CH), 126.1 (CH), 126.7 (CH), 

127.1 (CH), 127.6 (d, J 3.7, CH), 127.7 (CH), 128.2 (q), 129.1 (q), 129.2 (d, J 8.3, q), 

131.8 (q), 132.2 (q), 133.5 (q), 134.0 (q), 136.5 (q), 150.0 (q), 152.9 (q), 160.2 (d, 

248.6, C(4ˈ)F), 163.1(q), 196.0 (2x C=O); m/z (+ES) 521.3 ([M + H]
+
, 100%); 

(Found 521.1759; C33H26O5F ([M+H]
+
), requires 521.1753).  

 

5.3.61 Synthesis of 4-(((1S,6R)-4'-fluoro-3-oxo-6-((triethylsilyl)oxy)-1,2,3,6- 

tetrahydro-1,1'-biphenyl]-4-yl)methoxy)-5-methoxy-3-(naphthalen-2-yl)-

2H-chromen-2-one, 215      

 

C40H41O6SiF; Molecular weight: 664.83 

To a solution of alcohol (169) (40 mg, 0.12 mmol) in distilled THF (1.5 mL), under 

an atmosphere of nitrogen, was added triphenylphosphine (60 mg, 0.23 mmol) and 4-

hydroxy-5-methoxy-3-(naphthalene-2-ylmethyl)-2H-chromen-2-one (179a) (76 mg, 

0.23 mmol). The reaction mixture was cooled to 0 
o
C and DIAD (40 µL, 0.21 mmol) 

was added dropwise. The reaction mixture was stirred at 0 
o
C for 30 minutes and 
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then at room temperature for 24 hours. The solvents were concentrated in vacuo to 

give the crude product as a thick yellow oil. This crude product was purified by flash 

silica chromatography (ethyl acetate: petroleum ether 1:6) to give the title compound 

(215) as a white thick oil (48 mg, 63%): νmax/cm
-1

 (film) 2955 (m, Ar C-H), 2875 (m, 

aliph C-H), 1714 (s, C=O), 1600 (s, C=C); δH (400 MHz; CDCl3) 0.24-0.42 (6H, m, 

Si(CH2CH3)3), 0.77 (9H, t, J 7.9, Si(CH2CH3)3), 2.60 (2H, dd, J 12.1, 7.6, C(6)H2), 

3.19 (1H, ddd, J 12.1, 9.3, 5.8, C(5)H), 3.90 (3H, s, OCH3), 4.11 (2H, s, C(11)H2), 

4.48 (1H,  dd, J 9.3, 1.8, C(4)H), 4.60 (1H, ddd, J 12.9, 3.5, 1.8, C(7)HaHb), 4.68 (1H, 

ddd, J 12.9, 3.5, 1.8, C(7)HaHb), 6.77 (1H, dd, J 8.3, 1.0,C(8)H or C(10)H), 6.99 (1H, 

d, J 1.8, C(3)H), 7.00-7.05 (3H, m, Ar-CH), 7.14 (2H, dd, J 8.8, 5.3, C(2ˈ)H and 

C(6ˈ)H or C(3ˈ)H and C(5ˈ)H), 7.45 (1H, d, J 8.3, C(13)H or C(14)H), 7.49 (1H, dd, 

J 8.3, 1.0, C(8)H or C(10)H), 7.72 (1H, s, C(12)H), 7.74-7.78 (3H, m, Ar-CH); δC 

(100MHz; CDCl3) 4.5 (Si(CH2CH3)3), 6.6 (Si(CH2CH3)3), 30.4 (C(11)H2), 42.8 

(C(6)H2), 50.0 (C(5)H), 56.3 (OCH3), 69.7 (C(4)H), 72.8 (C(7)H2), 106.4 (CH), 

107.5 ((CH), 110 (CH), 115.2 (CH), 115.4 (CH), 117.3 ((CH), 125.3 (CH), 125.9 

(CH), 126.8 (CH), 127.3 (CH), 127.6 (d, J 6.6, CH), 128.0 (CH), 128.2 (q), 128.3 (q), 

129.4 (d, J 8.1, CH), 129.5 (CH), 131.8 (CH), 132.2 (q), 133.6 (q), 136.2 (d, J 2.9, q), 

136.9 (q), 149.9 (CH), 154.7 (q), 156.1 (q), 160.4 (d, J 248.2, C(4ˈ)F), 163.3 (q), 

196.6 (2x C=O); δF (376 MHz; CDCl3) -115.2 (s); m/z (+ES) 687.7 ([M+ Na]
+
, 

100%). 

 

5.3.62 Synthesis of 4-(((1S,6R)-4'-fluoro-6-hydroxy-3-oxo-1,2,3,6-tetrahydro- 

[1,1'-biphenyl]-4-yl)methoxy)-3-(naphthalen-2-ylmethyl)-2H-chromen-2-

one, 216        

 

C34H27O6F; Molecular weight: 550.57 

A solution of compound (215) (30 mg, 0.05 mmol) in trifluoroacetic acid: water (7:1, 

1 mL) was stirred for 30 minutes at room temperature. The solvents were 

concentrated under reduced pressure to give the crude product as a brown oil. This 
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crude product was purified by flash silica chromatography (ethyl acetate: petroleum 

ether 1:1) to give the title compound (216) as a white solid (16.8 mg, 67%): Mp 88-

90 
o
C; νmax/cm

-1
 (film) 3435 (br, OH), 2931 (w, C-H), 1675 (s, C=O), 1600 (s, C=C); 

δH (400 MHz; CDCl3) 2.06 (1H, s, OH), 2.50 (1H, dd, J 16.4, 13.8, C(6)Hax), 2.62 

(1H, dd, J 16.4, 4.2, C(6)Heq), 3.13 (1H, ddd, J 13.8, 9.8, 4.2, C(5)H), 3.91 (3H, s, 

OCH3), 4.12 (2H, s, C(11)H2), 4.54 (1H,  dd, J 9.8, 1.8, C(4)H), 4.59 (1H, ddd, J 

12.9, 3.8, 1.8, C(7)HaHb), 4.67 (1H, ddd, J 12.9, 3.8, 1.8, C(7)HaHb), 6.78 (1H, dd, J 

8.3, 1.0, C(8)H or C(10)H), 7.01 (1H, dd, J 8.3, 1.0, C(8)H or C(10)H), 7.07 (2H, ~t, 

J 8.6, Ar-CH), 7.13 (C(3)H), 7.16 (2H, dd, J 8.6, 5.3, C(2ˈ)H, and C(6ˈ)H or C(3ˈ)H 

and C(5ˈ)H), 7.39-7.43 (2H, m, Ar-CH), 7.45-7.49 (2H, m, Ar-CH), 7.72 (1H, s, 

C(12)H), 7.74-7.79 (3H, m, Ar-CH); δC (100 MHz; CDCl3) 30.4 (C(11)H2), 43.2 

(C(6)H2), 49.8 (C(5)H), 56.4 (OCH3), 69.7 (C(4)H), 71.9 (C(7)H2), 106.5 (CH), 

107.4 (q), 110 (CH), 115.9 (CH), 116.1 (CH), 117.1 (q), 125.4 (CH), 126.0 (CH), 

126.7 (CH), 127.3 (CH), 127.6 (CH), 128.0 (CH), 129.1 (CH), 129.2 (d, J 8.1, CH), 

131.9 (CH), 132.2 (q), 133.5 (q), 134.5 (q), 136.9 (q), 135.0 (q), 137.0 (q), 148.8 

(CH), 154.7 (q), 156.1 (q), 160.9 (d, J 255, C(4ˈ)F), 163.7 (q), 163.4 (q), 163.7 (q), 

196.2 (2x C=O); δF (376 MHz; CDCl3) -114.2 (s); m/z (+ES) 551.4 ([M+H]
+
, 100%); 

(Found 573.1689; C34H27O6NaF ([M+Na]
+
), requires 573.1698). 

 

5.3.63  Synthesis of 4-(((1S,6R)-4'-fluoro-3-oxo-6-((triethylsily)oxy)-1,2,3,6- 

 tetrahydro-[1,1'-biphenyl]-4-yl)methoxy)-3-(naphthalen-2-ylmethyl)-2H- 

  benzo[h]chromen-2-one, 217     

 

C43H41O5SiF; Molecular weight:  684.27 

To a solution of alcohol (169) (40 mg, 0.15 mmol) in distilled THF (2 mL), under an 

atmosphere of nitrogen, was added triphenylphosphine (60 mg, 0.23 mmol) and 4-

hydroxy-3-methoxy-3-(naphthalene-2-ylmethyl)-2H-benzo[h]chromen-2-one (180a) 

(80.3 mg, 0.23 mmol). The reaction mixture was cooled to 0 
o
C and DIAD (40 µL, 
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0.21 mmol) was added dropwise. The reaction mixture was stirred at 0 
o
C for 30 

minutes and then at room temperature for 24 hours. The solvents were concentrated 

in vacuo to give the crude product as a thick yellow oil. This crude product was 

purified by flash silica chromatography (ethyl acetate: petroleum ether 1:6) to give 

the title compound (217) as a thick white oil (90 mg, 70%): νmax/cm
-1

 (film) 3053 (m, 

aro C-H), 2954 (m, aliph C-H), 1712 (s, C=O), 1605 (s, C=C); δH (400 MHz; CDCl3) 

0.23-0.42 (6H, m, Si(CH2CH3)3), 0.76 (9H, t, J 7.8, Si(CH2CH3)3), 2.64 (2H, dd, J 

12.6, 9.6, C(6)H2), 3.22 (1H, ddd, J 12.6, 9.3, 5.5, C(5)H), 4.24 (2H, d, J 2.5, 

C(14)H2), 4.47 (1H,  dd, J 9.3, 1.4, C(4)H), 4.75 (1H, ddd, J 12.6, 2.8, 1.4, 

C(7)HaHb), 4.85 (1H, ddd, J 12.6, 2.8, 1.4, C(7)HaHb), 6.98 (1H, d, J 1.4, C(3)H), 

7.02-7.06 (2H, m, Ar-CH), 7.13-7.17 (2H, m, Ar-CH), 7.40-7.47 (2H, m, Ar-CH), 

7.51 (1H, dd, J 8.6, 1.5, C(17)H or C(20)H), 7.64-7.68 (2H, m, Ar-CH), 7.72-7.50 

(6H, m, Ar-CH), 7.88-7.92 (1H, m, Ar-CH), 8.57-8.61 (1H, m, Ar-CH); δC (100 MHz; 

CDCl3) 4.4 (Si(CH2CH3)3), 6.6 (Si(CH2CH3)3), 30.8 (C(14)H2), 42.8 (C(6)H2), 49.8 

(C(5)H), 70.3 (C(4)H) 72.8 (C(7)H2), 115.3(CH), 115.5(CH), 117.0(q), 119.1 (CH), 

122.5(CH), 125.4 (CH), 126.0 (CH), 126.7 (CH), 127.1, 127.6 (d, J 5.2, CH), 127.8 

(CH), 128.2 (CH), 129.4 (d, J 8.1, CH), 131.8 (q), 133.4 (q), 133.6 (q), 136.0 (q), 

137.3 (q), 151.1 (CH), 160.5 (d, J 247.6, C(4ˈ)F),162.6 (q), 196.4 (2x C=O); δF  (376 

MHz; CDCl3) -115.1 (s); m/z (+ES) 685.3 ([M+H]
+
, 50%). 

 

5.3.64  Synthesis of 4-(((1S,6R)-4'-fluoro-6-hydroxy-3-oxo-1,2,3,6-tetrahydro- 

[1,1'-biphenyl]-4-yl)methoxy)-3-(naphthalen-2-ylmethyl)-2H-

benzo[h]chromen-2-one, 218    

 

C37H27O5F; Molecular weight: 570.60  

A solution of compound (217) (23 mg, 0.04 mmol) in trifluoroacetic acid: water (7:1, 

0.5 mL) was stirred for 30 minutes at room temperature. The solvents were 

concentrated under reduced pressure to give a brown oil. This residue was purified 
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by flash silica chromatography (ethyl acetate: petroleum ether 1:3) and the title 

compound (218) was isolated as an off-white solid (16.8 mg, 67%), Rf  0.3: [α]D
30

 -

30.22 (c 0.45 in CH2CH2); νmax/cm
-1

 (film) 3416 (br, w, O-H), 1677 (s, C=O), 1603 (s, 

C=C); δH (400 MHz; CDCl3) 2.55 (1H, dd, J 16.6, 13.9, C(6)Hax), 2.66 (1H, dd, J 

16.6, 4.3, C(6)Heq), 3.16 (1H, ddd, J 13.9, 10, 4.3, C(5)H), 4.23 (2H, s, C(14)H2), 

4.53 (1H, dd, J 10, 1.5, C(4)H), 4.72 (1H, ddd, J 12.4, 2.8, 1.5, C(7)Ha Hb), 4.81 (1H, 

ddd, J 12.4, 2.8, 1.5, C(7)Ha Hb), 7.00 (1H, d, J 1.5, C(3)H), 7.05-7.09 (2H, m, Ar-

CH), 7.14-7.19 (2H, m, Ar-CH), 7.40-7.46 (2H, m, Ar-CH), 7.49 (1H, dd, J 8.6, 1.8, 

(C(10)H) or (C(13)H) or (C(17)H) or (C(20)H)), 7.65-7.69 (2H, m, Ar-CH), 7.73-

7.80 (6H, m, Ar-CH), 7.88-7.92 (1H, m, Ar-CH), 8.54-8.57 (1H, m, Ar-CH); δC (100 

MHz; CDCl3) 30.8 (C(14)H2), 43.1 (C(6)H2), 49.6 (C(5)H), 70.3 (C(4)H), 71.8 

(C(7)H2), 116.0 (d, J 3.7, CH), 116.2 (CH), 118.9 (CH), 122.4 (CH), 123.1 (q), 124.6 

(CH), 125.5 (CH), 126.1 (CH), 126.6 (CH), 127.1 (CH), 127.4 (CH), 127.6 (d, J 5.9, 

CH), 127.7 (CH), 127.8 (CH), 128.3 (CH), 128.9 (CH), 129.2 (d, J 8.1, CH), 132.3 

(q), 133.6 (q), 134.0 (q), 134.9 (q), 136.5 (q), 150.3 (d, J 3.7, CH), C(4ˈ)F is not 

visible, 196.3 (2x C=O); δF  (376  MHz; CDCl3) -114.0 (s); m/z (+ES) 593.3 

([M+Na]
+
, 100%).  

 

5.3.65  Synthesis of 3-([1,1'-biphenyl]-4-ylmethyl)-4-(((1S,6R)-4'-fluoro-3-oxo-6- 

             ((triethylsilyl)oxy)-1,2,3,6-tetrahydro-[1,1'-biphenyl]-4-yl)methoxy)-2H- 

             chromen-2-one, 219     

 

C41H41O5SiF; Molecular weight: 660.84 

To a solution of alcohol (169) (40 mg, 0.15 mmol) in dry THF (3 mL), under an 

atmosphere of nitrogen, was added triphenylphosphine (60 mg, 0.23 mmol) and 3-

([1,1'-biphenyl]-4-ylmethyl)-4-hydroxy-2H-chromen-2-one (172e), (80 mg, 0.23 

mmol). The reaction mixture was cooled to 0 
o
C and DIAD (40 µL, 0.21 mmol) was 

added dropwise. The reaction mixture was stirred at 0 
o
C for 30 minutes and then at 
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room temperature for 24 hours. The solvents were concentrated in vacuo to give the 

crude product as a thick yellow oil. This crude product was purified by flash silica 

chromatography (ethyl acetate: petroleum ether 1:6) to give the title compound (219) 

as a thick white oil (47 mg, 62%), Rf  0.3: νmax/cm
-1

 (film) 2955 (m, Ar-C-H), 2875 

(m, aliph-C-H), 1714 (s, C=O), 1608 (s, C=C); δH (400 MHz; CDCl3) 0.26-0.45 (6H, 

m, Si(CH2CH3)3), 0.79 (9H, t, J 7.8, Si(CH2CH3)3), 2.74 (2H, dd, J 11.9, 6.3, C(6)H2), 

3.29 (1H, ddd, J 11.9, 9.3, 6.3, C(5)H), 4.04 (2H, s, C(12)H2), 4.59 (1H, dd, J 9.3, 

1.5, C(4)H), 4.73 (1H, ddd, J 12.6, 2.8, 1.5, C(7)HaHb), 4.82 (1H, ddd, J 12.6, 2.8, 

1.5, C(7)HaHb), 7.06 (1H, d, J 1.5, C(3)H), 7.02-7.05 (2H, m, Ar-CH), 7.20-7.24 (2H, 

m, Ar-CH), 7.31-7.35 (2H, m, Ar-CH), 7.38 (1H, d, J 1.5, Ar-CH), 7.40-7.44 (4H, m, 

Ar-CH), 7.50-7.58 (5H, m, Ar-CH), 7.79 (1H, dd, J 7.9, 1.4, C(8)H or C(11)H or 

C(21)H); δC (100 MHz; CDCl3) 4.5 (Si(CH2CH3)3), 6.6 (Si(CH2CH3)3), 30.3 

(C(12)H2), 42.9 (C(6)H2), 49.9 (C(5)H), 70.3 (C(4)H), 72.9 (C(7)H2), 115.3 (CH), 

115.5 (CH), 117.0 (d, J 5.9, CH), 117.3 (q), 123.3 (CH), 123.4 (CH), 124.3 (CH), 

127.0 (CH), 127.1 (CH), 127.3 (CH), 127.3 (CH), 128.7 (CH), 129.0 (CH), 129.4 

(CH), 129.5 (d, J 8.1, CH), 131.8 (q), 133.6 (q), 137.9 (q), 139.4 (q), 140.9 (q), 151.2 

(CH), 152.9 (q), 161.2 (d, J 246.3, C(4ˈ)F), 163.2 (q), 196.4 (2x C=O); δF  (376 MHz; 

CDCl3) -115.0 (s); m/z (+ES) 683.4 ([M+Na]
+
, 100%).   

 

5.3.66  Synthesis of 3-([1,1'-biphenyl]-4-ylmethyl)-4-(((1S,6R)-4'-fluoro-6-

hydroxy-3-oxo- 1,2,3,6-tetrahydro-[1,1'-biphenyl]-4-yl)methoxy)-2H-chromen-2-

one, 220  

 

C35H27O5F; Molecular weight: 546.58 

A solution of compound (219) (39 mg, 0.06 mmol) in trifluoroacetic acid: water (7:1, 

1 mL) was stirred for 30 minutes at room temperature. The solvents were 

concentrated under reduced pressure to give a brown oil. This residue was purified 

by flash silica chromatography (ethyl acetate: petroleum ether 1:2) to give the title 
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compound (220) as a white foam (23 mg, 71%), Rf 0.2: νmax/cm
-1

 3401 (w, br, O-H), 

2961 (m, C-H), 1678 (s, C=O), 1607 (s, C=C); δH (400 MHz; CDCl3) 2.05 (1H, s, 

OH), 2.72 (2H, dd, J 12.4, 9.3, C(6)H2), 3.27 (1H, ddd, J 12.4, 9.3, 5.5, C(5)H), 4.05 

(2H, s, C(12)H2), 4.68 (1H, dd, J 9.3, 1.5, C(4)H), 4.71 (1H, ddd, J 13.4, 2.8, 1.5, 

C(7)HaHb), 4.80 (1H, ddd, J 13.4, 2.8, 1.5, C(7)HaHb), 7.08 (2H, ~ t, J 8.6, C(19)H 

and C(20)H), 7.19 (1H, d, J 1.5, C(3)H), 7.24-7.28 (2H, m, Ar-CH), 7.30-7.35 (2H, 

m, Ar-CH), 7.37-7.43 (5H, m, Ar-CH), 7.51-7.57 (5H, m, Ar-CH), 7.79 (1H, dd, J 

7.9, 1.4, C(8)H or C(11)H or C(21)H); δC (100 MHz; CDCl3) 30.2 (C(12)H2), 43.2 

(C(6)H2), 49.7 (C(5)H), 60.8 (C(4)H), 70.3 (C(7)H2), 116.1 (CH), 116.3 (CH), 116.9 

(q), 117.1 (q), 117.1 (CH), 123.4 (CH), 124.5 (CH), 127.0 (CH), 127.2 (d, J 10.3, 

CH), 127.3 (CH), 128.8 (CH), 128.9 (d, J 18.4, q), 129.0 (CH), 129.2 (d, J 8.1, CH), 

129.3 (CH), 131.9 (CH), 134.1 (q), 134.7 (d, J 2.9, q), 137.9 (q), 139.4 (q), 140.8 (q), 

150.3 (CH), 152.8 (q), 161.3 (d, J 246.4, C(4ˈ)F), 163.2 (q), 164.1 (q), 196.3 (2x 

C=O); δF (376 MHz; CDCl3) -114.0 (s); m/z (+ES) 548.6 ([M+2H]
+
, 100%); (Found 

569.1740; C35H27O5NaF ([M+Na]
+
), requires 569.1725). 

 

5.3.67  Synthesis of (E)-3-((2-(((1S,6R)-4'-fluoro-3-oxo-6-((triethylsily)oxy)-

1,2,3,6-tetrahydro-[1,1'-biphenyl]-4-yl)methoxy)naphthalene)-2H-

benzo[h]chromene-2,4(3H)-dione, 221                                                                                 

 

C43H39O6SiF; Molecular weight: 698.85 

To a solution of alcohol (169) (30 mg, 0.09 mmol) in distilled dichloromethane (3 

mL), was added triphenylphosphine (50 mg, 0.19 mmol) and (Z)-3-((1-

hydroxynaphthalen-2-yl)methlene)-2H-benzo[h]chromene-2,4(3H)-dione (177a) (60 

mg, 0.17 mmol). DIAD (40 µL, 0.21 mmol) was added dropwise, and the reaction 

mixture was stirred at room temperature for 24 hours. The solvents were 

concentrated in vacuo to give the crude product as a thick yellow oil which was 

purified by flash silica chromatography (ethyl acetate: petroleum ether 1:7) to give 

the title compound (221) as a thick yellow oil (39 mg, 65%), Rf  0.3: νmax/cm
-1

 (film) 
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2955 (m, Ar-C-H), 2875 (m, aliph-C-H), 1739 (s, C=O), 1676 (s, C=O); δH (400 

MHz; CDCl3) 0.21-0.40 (6H, m, Si(CH2CH3)3), 0.76 (9H, t, J 7.9, Si(CH2CH3)3), 

1.81 (1H, dd, J 16.4, 14.2, C(6)Hax), 2.13 (1H, dd, J 16.4, 3.8, C(6)Heq), 2.64 (1H, 

ddd, J 14.2, 9.4, 3.8, C(5)H), 3.89 (1H, dd, J 9.4, 1.9, C(4)H), 4.57 (1H, ddd, J 13.4, 

3.8, 1.9, C(7)HaHb), 4.64 (1H, ddd, J 13.4, 3.8, 1.9, C(7)HaHb), 6.80 (1H, d, J 1.9, 

C(3)H), 6.81-6.84 (2H, m, Ar-CH), 6.96 (2H, t, J 8.6, C(11H and C(12)H or C(16)H 

and C(17)H), 7.52-7.58 (2H, m, Ar-CH), 7.61-7.68 (2H, m, Ar-CH), 7.74-7.79 (2H, 

m, Ar-CH), 7.85-7.86 (1H, m, Ar-CH), 7.92 (1H, d, J  8.2, C(8)H or C(9)H or 

C(19)H or C(20)H), 8.01 (1H, d, J 8.2, C(8)H or C(9)H or C(19)H or C(20)H), 8.13-

8.16 (2H, m, Ar-CH), 8.30 (1H, d, J 8.4, C(8)H or C(9)H or C(19)H or C(20)H), 8.90 

(1H, s, C(18)H); δC  (100 MHz; CDCl3) 4.4 (Si(CH2CH3)3), 6.6 (Si(CH2CH3)3), 42.1 

(C(6)H2), 49.2 (C(5)H), 72.3 (C(4)H), 72.5 (C(7)H2), 113.1 (q), 115.0 (CH), 115.2 

(CH), 117.1 (CH), 121.9 (CH), 123.1 (CH), 125.1 (CH), 125.6 (CH), 126.8 (d, J 9.5, 

CH), 127.6 (q), 127.8 (q), 127.9 (q), 128.3 (CH), 128.7 (CH), 129.0 (CH), 129.2 (d, J 

8.8 CH), 129.6 (q), 130.2 (q), 133.5 (q), 134.7 (CH), 136.0 (d, J 2.9, CH), 137.3 (q), 

139.2 (CH), 149.7 (CH),  155.0 (q), 155.8 (q), 158.5 (q), 162.0 (d, J 245.8, C-F), 

191.5 (2x C=O), 196.0 (C=O); δF (376 MHz; CDCl3) -115.3 (s); m/z (+ES) 721.2382 

([M+Na]
+
, 100%), requires 721.2398, C43H39O6FNaSi).  

 

5.3.68  Synthesis of (E)-3-((2-(((1R,6S)-4
'
-fluoro-6-hydroxy-3-oxo-1,2,3,6- 

 tetrhydro-[1,1
'
-biphenyl]-4-yl)methoxy)naphthalene-1-yl)methylene)-2H- 

            benzo[h]chromene-2-one, 190  

 

C37H25O6F; Molecular weight: 584.59 

A solution of compound (221) (35 mg, 0.05 mmol) in trifluoroacetic acid: water (7:1, 

1.5 mL) was stirred for 30 minutes at room temperature. The solvents were 

concentrated under reduced pressure to give the crude product as orange oil. This 

crude product was purified by flash silica chromatography (ethyl acetate: petroleum 

ether 1:2) and the title compound (190) was isolated as yellow solid (15 mg, 51%), 
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Rf  0.4: [α]D
29

 -72.9 (c 0.45 in CH2Cl2); νmax/cm
-1

 3426 (m, a-C-H), 2923 (m, aliph-

C-H), 1708 (s, C=O), 1668 (s, C=O), 1647 (s, C=C);  δH (400 MHz; CDCl3) 1.88 (1H, 

dd, J 16.4, 14.4, C(6)Hax), 2.22 (1H, dd, J 16.4, 3.9, C(6)Heq), 2.61 (1H, ddd, J 14.4, 

10.1, 3.9, C(5)H), 3.77 (1H, dd, J 10.1, 1.5, C(4)H), 4.60 (1H, ddd, J 15.4, 3.8, 1.5, 

C(7)HaHb), 4.62 (1H, ddd, J 15.4, 3.8, 1.5, C(7)HaHb), 6.81 (2H, dd, J 8.4, 5.4, 

C(15)H and C(18)H), 6.91 (1H, d, J 1.5, C(3)H), 7.01 (2H, t, J 8.6, C(11)H and 

C(12)H or C(16)H and C(17)H), 7.56-7.59 (2H, m, Ar-CH), 7.76-7.87 (3H, m, Ar-

CH), 7.94 (1H, d, J 8.1, C(19)H or C(20)H), 8.00 (1H, d, J 8.1, C(19)H or C(20)H), 

8.12 (1H, d, J 9.0, C(10)H or C(13)H), 8.18 (1H, d, J 8.4, C(8)H or C(9)H), 8.31 (1H, 

d, J 8.4, C(8)H or C(9)H), 8.91 (1H, s, C(18)H); δC (100 MHz; CDCl3) 42.7 (C(6)H2), 

49.0 (C(5)H), 71.4 (C(4)H), 72.4 (C(7)H2), 113.1 (q), 115.7 (CH), 115.9 (CH), 117.2 

(CH), 121.8 (CH), 123.1 (CH), 125.3 (CH), 125.5 (CH), 126.8 (CH), 126.9 (CH), 

127.7 (d, J 1.5, q), 128.0 (q), 128.3 (CH), 128.8 (CH), 128.9 (d, J 7.3, CH), 129.1 

(CH), 129.3 (CH), 129.6 (q), 134.1 (q), 134.9 (CH), 137.3 (q), 139.2 (CH), 148.2 

(CH), 155.1 (q), 155.8 (q), 158.6 (q), 162.1 (d, J 247.2, C(4ˈ)F), 166.4 (q), 191.5 

(C=O), 196.0 (2x C=O); δF (376 MHz; CDCl3) -114.5 (s); m/z (+ES) 607.2 ([M+Na]
+
, 

100%); (Found 607.1542; C37H25O6NaF ([M+Na]
+
), requires 607.1533).  

 

5.3.69  Synthesis of (E)-3-((2-(((1S,6R)-4'-fluoro-3-oxo-6-((triethylsilyl)oxy)- 

1,2,3,6-tetrahydro-[1,1'-biphenyl]-4-yl)methoxy)naphthalen-1-

yl)methylene)-5- methoxychromane-2,4-dione, 222 

 

C40H39O7SiF; Molecular weight: 678.24  

To a solution of alcohol (169) (40 mg, 0.15 mmol) in dry dichloromethane (3 mL), 

was added triphenylphosphine (60 mg, 0.23 mmol) and (E)-3-((2-

hydroxynaphthalen-1-yl)methlene)-5-methoxychromane-2,4-dione (176a), (60 mg, 

0.17 mmol). DIAD (40 µL, 0.21 mmol) was added dropwise, and the reaction 

mixture was stirred at room temperature for 24 hours. The solvents were 

concentrated in vacuo to give the crude product as a thick yellow oil. This crude 
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product was purified by flash silica chromatography (ethyl acetate: petroleum ether 

1:2) to give the title compound (222) as a yellow oil (41 mg, 53%), Rf  0.7: δH (400 

MHz; CDCl3) 0.13-0.32 (6H, m, Si(CH2CH3)3), 0.65 (9H, t, J 7.8, Si(CH2CH3)3), 

2.52 (2H, dd, J 11.9, 6.9, C(6)H2), 3.09 (1H, ddd, J 11.9, 9.3, 6.9, C(5)H), 3.77 (3H, 

s, OCH3), 4.37 (1H, dd, J 9.3, 1.9, C(4)H), 4.69 (1H, ddd, J 13.6, 3.0, 1.9, C(7)HaHb), 

4.79 (1H, ddd, J 13.6, 3.0, 1.9, C(7)HaHb), 6.64 (1H, d, J 8.6, C(8)H), 6.68 (1H, d, J 

8.6, `C(10)H), 6.84 (1H, d, J 1.9, C(3)H), 6.95-6.99 (2H, m, Ar-CH), 7.03-7.06 (2H, 

m, Ar-CH), 7.39 (1H, t, J 8.6, C(9)H), 7.48 (1H, d, J 9.1, C(12)H), 7.63 (1H, ddd, J 

8.3, 7.1, 1.0, C(15)H or C(16)H), 7.76 (1H, ddd, J 8.3, 7.1, 1.0, C(15)H or C(16)H), 

7.94 (1H, d, J 8.3, C(14)H), 8.09 (1H, d, J 9.1, C(13)H), 8.36 (1H, d, J 8.3 C(17)H), 

9.25 (1H, s, C(11)H); δC (100 MHz; CDCl3) 4.4 (Si(CH2CH3)3), 6.5 (Si(CH2CH3)3), 

42.8 (C(6)H), 49.7 (C(5)H), 56.0 (OCH3), 64.8 (C(4)H), 72.7 (C(7)H2), 104.5 (CH), 

105.5 (CH), 113.0 (q), 115.1 (CH), 116.8 (CH), 118.9 (q), 121.7 (CH), 124.6 (q), 

126.5 (CH), 129.1 (CH), 129.2 (CH), 129.4 (d, J 8.1, CH), 129.9 (q), 130.2 (q), 131.8 

(CH), 133.5 (q), 135.6 (CH), 136.3 (d, J 3.7, (q)), 142.2 (CH), 149.7 (CH), 156.0 (q), 

158.0 (q), 158.2 (q), 162.0 (d, J 246.2, C(4ˈ)F), 189.8 (C=O), 196.7 (2x C=O); δF 

(376 MHz; CDCl3) -115.5 (s); m/z (+ES) 701.2 ([M+Na]
+
, 100%); (Found 701.2347; 

C40H39O7NaFSi ([M+Na]+), requires 701.2330).  

 

5.3.70   Synthesis of (E)-3-((2-(((1S,6R)-4ˈ-fluoro-6-hydroxy-3-oxo-1,2,3,6- 

tetrahydro-[1,1ˈ- biphenyl]-4-yl)methoxy)naphthalene-1-yl)methylene)-5-

methoxychromane-2,4-dione, 188 

 

C34H25O7F; Molecular weight: 564.56 

A solution of compound (222) (33 mg, 0.05 mmol) in trifluoroacetic acid: water (7:1, 

1.5 mL) was stirred for 30 minutes at room temperature. The solvents were 

concentrated under reduced pressure to give the crude product as orange oil. The 

crude product was purified by flash silica chromatography (ethyl acetate: petroleum 

ether 1:1) to give the title compound (188) as a yellow powder (16.4 mg, 59%), Rf  

0.4, [α]D
29

 -60.2 (c 0.48 in CH2Cl2): νmax/cm
-1

 1731 (s, C=O), 1682 (s, C=O), 1594 (s, 
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C-C);  δH (400 MHz; CDCl3) 2.53 (2H, dd, J 12.4, 9.1, C(6)H2), 3.05 (2H, ddd, J 

12.4, 9.1, 5.5, C(5)H), 3.80 (3H, s, OCH3), 4.39 (1H, dd, J 9.1, 1.9, C(4)H), 4.77 (2H, 

m, C(7)H2), 6.67 (2H, dd, J 8.4, 4.2, C(8)H and C(10)H), 6.93 (1H, ~q, J 3.3, 1.9, 

C(3)H), 6.99-7.03 (2H, m, Ar-CH), 7.07-7.10 (2H, m, Ar-CH),  7.39 (1H, t, J 8.4, 

C(9)H), 7.47 (1H, d, J 9.1, C(12)H),  7.62 (1H, td, J 8.3, 7.1, 1.3, C(15)H) or 

C(16)H), 7.75 (1H, ddd, J 8.3, 7.1, 1.3, C(15)H) or C(16)H), 7.93 (1H, d, J 8.3, 

C(14)H) or C(17)H), 8.09 (1H, d, J 9.1, C(13)H), 8.36 (1H, d, J 8.3, C(14)H or 

C(17)H), 9.25 (1H, s, C(11)H); δC (100 MHz; CDCl3) 43.3 (C(6)H2), 49.4 (C(5)H), 

56.1 (OCH3), 64.4 (C(4)H), 71.6 (C(7)H2), 104.7 (CH), 105.4 (CH), 113.1 (q), 115.7 

(CH), 115.9 (CH), 116.8 (CH), 121.8 (CH), 124.7 (q), 126.6 (CH), 129.1 (t, J 9.2, 

CH), 129.9 (q), 130.2 (q), 131.9 (CH), 134.0 (q), 135.8 (CH), 142.6 (CH), 148.7 

(CH), 156.5 (q), 158.1 (q), 158.3 (q), 160.6 (d, J 239.8, C(4ˈ)F), 190.1 (C=O), 196.4 

(2x C=O); δF (376 MHz; CDCl3) -114.8 (s); m/z (+ES) 565.2 ([M+H]
+
, 100%); 

(Found 587.1489; C34H25O7NaF ([M+Na]
+
) requires 587.1482).  

 

5.3.71  Synthesis of 3-benzyl-4-(((1S,6R)-4'-fluoro-3-oxo-6-((triethylsilyl)oxy)- 

1,2,3,6-tetrahydro-[1,1'-biphenyl]-4-yl)methoxy)-2H-benzo[h]chromen-2-

one, 223 

 

C39H39O5SiF; Molecular weight: 634.81 

To a solution of alcohol (169) (40 mg, 0.15 mmol) in dry tetrahydrofuran (3 mL), 

was added triphenylphosphine (50 mg, 0.19 mmol) and 3-benzyl-4-hydroxy-2H-

benzo[h]chromen-2-one, (180b) (50 mg, 0.17 mmol). DIAD (40 µL, 0.21 mmol) was 

added dropwise, and the reaction mixture was stirred at room temperature for 24 

hours. The solvents were concentrated in vacuo to give the crude product as a thick 

yellow oil. The crude product was purified by flash silica chromatography (ethyl 

acetate: petroleum ether 1:6) to give the title compound (223) as a thick white oil (41 

mg, 57%), Rf  0.4: νmax/cm
-1

 (film) 2950 (m, Ar-C-H), 2874 (m, aliph-C-H), 1708 (s, 
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C=O), 1604 (s, C=C); δH (400 MHz; CDCl3) 0.27-0.46 (6H, m, Si(CH2CH3)3), 0.79 

(9H, t, J 8.1, Si(CH2CH3)3), 2.76 (2H, dd, J 12.4, 10.3, C(6)H2), 3.30 (1H, ddd, J 

12.4, 9.3, 5.3, C(5)H), 4.06 (2H, s, C(12)H2), 4.60 (1H, dd, J 9.3, 1.8, C(4)H), 4.72 

(1H, ddd, J 12.6, 2.8, 1.8, C(7)HaHb), 4.81 (1H, ddd, J 12.6, 2.8, 1.8, C(7)HaHb), 7.05 

(1H, d, J 1.8, C(3)H), 7.07-7.10 (2H, m, Ar-CH), 7.18-7.30 (5H, m, Ar-CH), 7.39 

(2H, d, J 7.1, C(2ˈ)H and C(6ˈ)H) or C(3ˈ)H and C(5ˈ)H), 7.62-7.67 (2H, m, Ar-CH), 

7.73 (1H, d, J 8.6, C(8)H or C(9)H), 7.75 (1H, d, J 8.6, C(8)H or C(9)H), 7.87-7.90 

(1H, m, Ar-CH), 8.55-8.57 (1H, m, Ar-CH); δC (100 MHz; CDCl3) 4.5 

(Si(CH2CH3)3), 6.6 (Si(CH2CH3)3), 30.6 (C(12)H2), 42.9 (C(6)H2), 49.9 (C(5)H), 

70.3 (C(4)H), 72.9 (C(7)H2), 112.5 (q), 115.3 (CH), 115.5 (CH), 116.8 (q), 119.1 

(CH), 122.5 (CH), 123.1 (q), 124.3 (CH), 126.5 (CH), 127.2 (CH), 127.8 (CH), 128.6 

(d, J 2.9, CH), 128.7 (CH), 129.5 (d, J 8.1, CH), 133.6 (q), 134.8 (q), 136.1 (d, J 3.7, 

q), 139.0 (q), 150.2 (q), 151.2 (CH), 162.2 (d, J 246.2, C(4ˈ)F), 163.7 (d, J 15.5, q), 

196.4 (2x C=O); δF (376 MHz; CDCl3) -115.0 (s); m/z (+ES) 635.4 ([M+H]
+
, 100%); 

(Found 635.2610; C39H40O5SiF ([M+H]
+
) requires 635.2629).  

5.3.72  Synthesis of 3-benzyl-4-(((1S,6R)-4ˈ-fluoro-6-hydroxy-3-oxo-1,2,3,6- 

tetrahydro[1,1ˈ-biphenyl]-4-yl)methoxy)-2H-benzo([h]chromen-2-one, 

189 

 

C33H25O5F; Molecular weight: 520.17  

A solution of compound (223) (35 mg, 0.06 mmol) in trifluoroacetic acid: water (7:1, 

1.5 mL) was stirred for 30 minutes at room temperature. The solvents were 

concentrated under reduced pressure to give the crude material as an orange oil. The 

crude product was purified by flash silica chromatography (ethyl acetate: petroleum 

ether 1:1) to give the title compound (189) as a white solid (16.4 mg, 57%), Rf  0.4. 

[α]D
29

 -26.4 (c 0.48, CH2Cl2): νmax/cm
-1

 3432 (br, m, O-H), 1676 (s, C=O), 1604 (s, 

C=C);  δH (400 MHz; CDCl3) 2.76 (2H, dd, J 16.4, 9.8, C(6)H2), 3.29 (1H, td, J 9.8, 

6.8, C(5)H), 4.06 (2H, s, C(12)H2), 4.70-4.73 (2H, m, C(7)H2) 4.79 (1H, ddd, J 6.8, 
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2.0, C(4)H), 7.08 (1H, d, J 2.0, C(3)H), 7.10-7.13 (1H, m, Ar-CH), 7.19-7.22 (2H, m, 

Ar-CH), 7.29-7.32 (4H, m, Ar-CH), 7.38 (2H, d, J 7.3, C(8)H and C(9)H), 7.63-7.68 

(2H, m, Ar-CH), 7.74 (2H, dd, J 13.1, 8.8, C(10)H and C(13)H), 7.87-7.91 (1H, m, 

Ar-CH), 8.54-8.58 (1H, m, Ar-CH); δC  (100 MHz; CDCl3) 30.6 (C(12)H2), 43.3 

(C(6)H2), 49.8 (C(5)H),  70.3 (C(4)H), 72.0 (C(7)H2), 116.2 (d, J 20.6, CH), 116.3 

(CH), 116.8 (q), 119.0 (CH), 122.5 (CH), 123.1 (q), 123.4 (q), 124.3 (CH), 125.8 (q), 

126.5 (CH), 127.2 (CH), 127.8 (CH), 128.6 (CH), 128.7 (CH), 129.3 (d, J 8.1, CH), 

134.2 (q), 134.8 (d, J 4.4, q), 139.1 (q), 149.9 (CH), 152.3 (d, J 2.9, q), 161.1 (d, J 

247.7, C(4ꞌ) F), 196.0 (2x C=O); δF (376 MHz; CDCl3) -113.9 (s); m/z (+ES) 521.18 

([M+H]
+
, 100%); (Found 521.1771; C30H27O6F ([M+H]

+
) requires 521.1776). 

 

5.3.73  Synthesis of (E)- 3-((2-(((1S,6R)-4'-fluoro-3-oxo-6-(triethylsilyl)oxy)- 

1,2,3,6-tetrahydro-[1,1'-biphenyl]-4-yl)methoxy)naphthalene-1-

yl)methylene)chromane-2,4-dione, 224 

 

C39H37O6SiF; Molecular weight: 648.79 

To a solution of alcohol (169) (40 mg, 0.15 mmol) in dry dichloromethane (3 mL), 

was added triphenylphosphine (50 mg, 0.19 mmol) and (E)-3-((2-

hydroxynaphthalen-1-yl)methylene)chromane-2,4-dione (175a) (60 mg, 0.19 mmol). 

DIAD (40 µL, 0.21 mmol) was added dropwise and the reaction mixture was stirred 

at room temperature for 24 hours. The solvents were concentrated in vacuo to give 

the crude product as a thick yellow oil. This crude product was purified by flash 

silica chromatography (ethyl acetate: petroleum ether 1:3) to give the title compound 

(224) as a thick yellow oil (43 mg, 58%), Rf 0.4: νmax/cm
-1 

2957 (m, Ar-C-H), 2875 

(m, aliph-C-H), 1736 (s, C=O), 1681 (s, C=O); δH (400 MHz; CDCl3) 0.07-0.26 (6H, 

m, Si(CH2CH3)3), 0.67 (9H, t, J 7.8, Si(CH2CH3)3), 1.99 (1H, dd, J 16.3, 13.6, 

C(6)Hax), 2.22 (1H, dd, J 16.3, 3.8, C(6)Heq), 2.77 (1H, ddd, J 13.6, 9.3, 3.8, C(5)H), 

3.93 (1H, dd, J 9.3, 1.5, C(4)H), 4.55 (1H, ddd, J 11.9, 2.0, 1.5 C(7)HaHb), 4.75 (1H, 

ddd, J 11.9, 2.0, 1.5 C(7)HaHb), 6.66 (1H, d, J 1.5, C(3)H), 6.69-6.72 (2H, m, Ar-

CH), 6.90-6.94 (2H, m, Ar-CH), 6.99 (1H, d, J 8.8, C(17)H or C(18)H), 7.15 (1H, 
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ddd, J 8.1, 7.1, 1.0, C(14)H or C(15)H), 7.49 (1H, d, J 8.8, C(17)H or C(18)H), 7.52-

7.57 (1H, m, Ar-CH), 7.66  (1H, ddd, J 8.1, 7.1, 1.0, C(14)H or C(15)H), 7.78 (2H, 

ddd, J 8.6, 7.6, 1.5, C(9)H and C(10)H), 7.98 (1H, d, J 8.1, C(13)H or C(16)H), 8.08 

(1H, d, J 8.6, C(8)H or C(11)H), 8.38 (1H, d, J 8.6, C(8)H or C(11)H), 8.92 (1H, s, 

C(12)H); δC (100 MHz; CDCl3) 4.3 (Si(CH2CH3)3), 6.6 (Si(CH2CH3)3), 42.3 

(C(6)H2), 49.5 (C(5)H), 65.4 (C(4)H), 72.5 (C(7)H2), 112.5 (CH), 113.0 (q), 115.0 

(CH), 115.2 (CH), 116.9 (CH), 121.6 (CH), 121.9 (CH), 126.6 (CH), 128.3 (q), 128.4 

(q), 129.2 (d, J 2.2, CH)), 129.3 (d, J 8.1, CH), 129.7 (q), 130.3 (q), 130.6 (CH), 

133.2 (q), 134.2 (CH), 134.7 (CH), 139.2 (CH), 151.2 (CH), 155.0 (q), 157.8 (q), 

159.5 (d, J 247.8, C(4ꞌ)F), 191.1 (C=O), 196.0 (2x C=O); δF (376 MHz; CDCl3) -

115.3 (s); m/z (+ES) 649.5968 ([M+H]
+
, 100%); (Found 649.2446; C39H38O6FSi 

([M+H]
+
) requires 649.2422). 

 

5.3.74  Synthesis of (E)- 3-((2-(((1S,6R)-4'-fluoro-6-hydroxy-3-oxo-1,2,3,6- 

tetrahydro-[1,1'-biphenyl]-4-yl)methoxy)naphthalene-1-yl)methylene-

2,4-dione, 186 

 

C33H23O6F; Molecular weight: 534.53 

A solution of compound (224) (35 mg, 0.06 mmol) in trifluoroacetic acid: water (7:1, 

1.5 mL) was stirred for 30 minutes at room temperature. The solvents were 

concentrated under reduced pressure to give the crude product as a thick yellow oil. 

The crude product was purified by flash silica chromatography (ethyl acetate: 

petroleum ether 1:2) to give the title compound (186) as a yellow powder (20 mg, 

68%), Rf  0.5: [α]D
29

 -65.4 (c 0.5 in CH2Cl2): νmax/cm
-1

 1726 (s, C=O), 1676 (s, m, 

1560 (s, Ar-C=O); δH (400 MHz; CDCl3) 2.18 (1H, dd, J 16.4, 14.1, C(6)Hax), 2.38 

( 1H, dd, J 16.4, 4.1, C(6)Heq), 2.78 (1H, ddd, J 14.1, 10.1, 4.1, C(5)H), 3.92 (1H, br, 

d, J 10.1, C(4)H), 4.65 (1H, ddd, J 12.6, 2.8, 1.5, C(7)HaHb), 4.75 (1H, ddd, J 12.6, 

2.8, 1.5, C(7)HaHb), 6.72 (1H, d, J 1.5, C(3)H), 6.81-6.84 (2H, m, Ar-CH), 6.96-7.03 

(3H, m, Ar-CH), 7.16 (1H, ddd, J 8.6, 7.6, 0.8, C(18)H or C(19)H), 7.52-7.59 (2H, m, 

Ar-CH), 7.65 (1H, ddd, J 8.6, 7.6, 0.8, C(18)H or C(19)H), 7.78 (2H, ddd, J 8.3, 7.6, 
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1.8, C(13)H and C(14)H), 7.95 (1H, d, J 7.8, C(17)H or C(20)H), 8.09 (1H, d, J 8.3, 

C(12)H or C(15)H), 8.40 (1H, d, J 8.3, C(12)H or C(15)H), 9.02 (1H, s, C(16)H);  δC 

(125 MHz; CDCl3) 43.0 (C(6)H2), 49.3 (C(5)H), 64.7 (C(4)H), 71.4 (C(7)H2), 112.3 

(CH), 113.2 (q), 115.8 (d, J 21.8, CH), 115.9 (CH), 116.8 (CH), 121.7 (CH), 121.9 

(CH), 126.6 (CH), 128.1 (q), 128.4 (q), 128.9 (d, J 8.2, CH), 129.2 (d, J 6.4, CH), 

129.8 (q), 130.2 (q), 130.7 (CH), 133.9 (q), 134.3 (CH), 134.8 (d, J 3.6, q), 134.9 

(CH), 139.9 (CH), 149.0 (CH), 155.1 (q), 157.5 (q), 158.7 (q), 162.1 (d, J 248.9, 

C(4ꞌ)F), 191.2 (C=O), 195.8 (2x C=O); δF (471 MHz; CDCl3) -114.4 (s); m/z (+ES) 

535.2 ([M+H]
+
, 100%); (Found 557.1391; C33H23O6FNa ([M+Na]

+
) requires 

557.1376). 

 

5.3.75  Synthesis of 3-((E)-2-(2-((1S,6R)-4'-fluoro-3-oxo-6-((triethylsilyl)oxy)- 

 1,2,3,6-tetrahydro-[1,1'-biphenyl]-4-yl)ethyl)benzylidene)-2H-

 benzo[h]chromene-2,4(3H)-dione, 187 

             

       

C33H23O6F; Molecular weight: 534.53  

To a solution of alcohol (169) (43.5 mg, 0.13 mmol) in dry dichloromethane (3 mL), 

was added triphenylphosphine (53 mg, 0.20 mmol) and (E)-3-((2-

hydroxynaphthalen-1-yl)methylene)chromane-2,4-dione (177b), (60 mg, 0.19 mmol). 

DIAD (40 µL, 0.20 mmol) was added dropwise, and the reaction mixture was stirred 

at room temperature for 24 hours. The solvents were concentrated in vacuo to give 

the crude product (225) as a thick yellow oil (56 mg).  

A solution of the crude product (225) (56 mg, 0.09 mmol) in trifluoroacetic acid: 

water (7:1, 1.5 mL) was stirred for 30 minutes at room temperature, after which the 

solvents were concentrated under reduced pressure to give the crude product as a 

thick yellow oil. The crude product was purified by flash silica chromatography 

(ethyl acetate: petroleum ether 1:2) to give the title compound (187) as a yellow 

powder (26 mg, 39%, over 2 steps), Rf  0.4: [α]D
29

 -38.8 (c 0.41, CH2Cl2): νmax/cm
-1 
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3454 (m, br, C-H), 1708 (s, C=O), 1671 (s, C=O), 1601 (s, C=C); δH (400 MHz; 

CDCl3) 2.28 (1H, dd, J 16.5, 14.2, C(6)Hax), 2.48 (1H, dd, J 16.5, 3.8, C(6)Heq), 2.83 

(1H, ddd, J 14.2, 9.9, 3.8, C(5)H), 4.16 (1H, dd, J 9.9, 1.6, C(4)H), 4.56-4.62 (2H, m, 

C(7)H2), 7.00 (1H, d, J 1.6, C(3)H), 7.05-7.10 (2H, m, Ar-CH), 7.11-7.15 (2H, m, 

Ar-CH), 7.37-7.41 (1H, m, Ar-CH), 7.45 (1H, d, J 8.3, C(15)H or C(18)H), 7.56-7.59 

(1H, m, Ar-CH), 7.62-7.69 (3H, m, Ar-CH), 7.77 (1H, d, J 8.3, C(15)H or C(18)H), 

7.83 (1H, d, J 8.5, C(8)H or C(9)H), 7.92 (1H, d, J 8.5, C(8)H or C(9)H), 8.10 (1H, s, 

C(14)H), 8.18 (1H, d, J 8.2 C(10)H or C(13)H); δC (125 MHz; CDCl3) 41.1 (C(6)H2), 

47.2 (C(5)H), 69.7 (C(4)H), 70.3 (C(7)H2), 114.0 (CH), 114.1 (CH), 115.2 (CH), 

116.8 (q), 121.3 (CH), 122.9 (CH), 123.5 (d, J 17.3, (CH)), 125.1 (CH), 125.4 (q), 

125.7 (q), 126.4 (CH), 127.0 (CH), 127.2 (d, J 8.2, CH), 127.4 (q), 127.6 (CH), 131.4 

(q), 132.1 (q), 133.2 (d, J 2.7, q), 135.4 (CH), 141.4 (CH), 147.0 (CH), 152.8 (q), 

153.9 (q), 156.5 (q), 160.2 (d, J 248.9, C(4ˈ)F), 189.1 (C=O), 193.9 (2x C=O); δF 

(471 MHz; CDCl3) -116.3 (s); m/z (+ES) 535.2 ([M+H]
+
, 100%); (Found 557.1399; 

C33H23O6FNa ([M+Na]
+
) requires 557.1376). 
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6.0 Experimental procedures for the enzyme and biological assays 

6.1 Application of menadione and cytochrome c in enzyme assay evaluation 

The procedure for this analysis was adapted from the sequence originally outlined by 

Ernester and his co-workers in 1962,
56

 which involved the reduction of cytochrome c 

by NQO1 in the presence of menadione using NADH as electron donor. Cytochrome 

c which acted as a terminal electron acceptor was insufficient in this role and as a 

result menadione was included as an intermediate electron acceptor between reduced 

NQO1and cytochrome c. Both the menadione and cytochrome c therefore acted as a 

substrate for the measurement of the NQO1 activity. 

 

6.2 Preparation of chemicals and reagents for enzyme assay  

50 mM phosphate buffer (pH 6.8) was prepared using 50 mM potassium dihydrogen 

orthophosphate (KH2PO4; VWR, UK) and 50 mM potassium hydrogen 

orthophosphate 3-hydrate (K2HPO4; VWR, UK). The NQO1 enzyme was prepared 

in phosphate buffer with 250 mM sucrose and 5 μM FAD to give a final enzyme 

concentration of 5 mg/mL. The enzyme was then aliquoted and stored at -80 
o
C for 

future use. 

 

Serial dilution of the stock solutions of the synthetic dicoumarol analogues (10 mM 

concentration) were prepared in six cuvettes using DMSO to give concentrations 

ranging from 100 nM to 1 mM (0.1 μM – 1000 μM). NQO1 enzyme was diluted in 

50 mM phosphate buffer to give an enzyme activity within the 0.085 to 0.14 nM 

range. 

  

6.3 Evaluation of NQO1 inhibition 

10 μl of the dicoumarol analogue solution was added into six cuvettes containing 

phosphate buffer, cytochrome c, NADH and menadione as summarized in Table 11. 

The control cuvette contained 10 μl of DMSO. The reaction was iniated by the 

addition of 10 μl of NQO1 enzyme previously prepared and the six cuvettes were 

then inserted into the spectrophotometer. The reaction was monitored for colour 

change (deep-red to light orange-red) after a minute at 550 nm using a Beckman DU 

650 spectrophotometer at room temperature. The rate of colour change correlates to 

the rate of NQO1 activity. 
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Component MW 

(g/mol) 

Stock Weight Out Diluent Vol in 

cuvette 

(μl) 

Buffer (PO4)pH 6.8 - 50 mM - dH2O 445 

Cytochrome c 12,384 Da 140 μM 1.734 mg/mL Buffer 500 

NADH 709.5 20 mM 14.18 mg/mL Buffer 25 

Menadione 172.18 10 mM 1.72 mg/mL DMSO 10 

NQO1 - 5 mg/mL 1:2500 dilution Buffer 10 

Inhibition - 10 mM  DMSO 10 

d = distill water 

Table 11: Sequence for the enzyme assay analysis. 

 

The IC50 values were measured using nonlinear curve fitting as implemented in the 

program Excel (GraphPad Prism 5). Each measurement was made in triplicate and 

the experiments were repeated three times. 

 

6.4  MTT cell viability assay procedure 

The MTT assay was carried out by another member of the Whitehead group. The 

experimental sequence for this evaluation is outlined below: 

 

6.5 Counting and seeding cells in haemocytometer 

The A549 cell line was obtained from the American Type Culture Collection (ATCC) 

and grown in RPMI 1640 medium with 10% fetal bovin serum. Cells were seeded in 

96-well flatbottom microtiter plates and then allowed to attach overnight (24 hours) 

at 37 
o
C with a 5% CO2 in air humidified environment before the drug treatment. The 

concentration of cells in suspension was determined using a haemocytometer 

(Neubauer, Germany) (Figure 103) in order to determine the seeding density. A glass 

cover slip was positioned over the central area of the haemocytometer marked ‘X’ 

and 10 μL of the cell suspension was then transferred at the edge of the chamber. 

Cell suspension was drawn under the cover-slip onto the grid via the capillary action 

while the cells in the four corner squares (A, B, C, D) were counted by placing the 

grid under a light microscope. 
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Figure 103: The haemocytometer grid 

 

The cell concentration per mL was calculated using the following equation: 

Cells/ mL = Mean cell number of corner squares x 10
4 

 

6.6 Treating the cells 

The novel prodrugs to be analysized were dissolved in DMSO (MTT solvent) to give 

a stock concentrations ranging from 25 mM to 250 nM. The serial dilutions were 

prepared in the growth medium from 100 μM to 1 nM. 20 μL of each dilution and 

DMSO as the solvent control were added to 180 μL of cells in each sextuplicate 

across the microtiter plate in order to dilute the drug to final concentrations of 10 μM 

to 0.1 nM.  

 

6.7 Ending the viability assay 

Cells were then treated with various concentrations of the drug and then kept in the 

incubator for 96 hours and the experiment was stopped by addition of (2.5 g/L) MTT 

solution to each well. The microtitre plates were left for another 4 hours until purple 

formazan precipitate is observed, which were then solubilized in 200 μL of DMSO. 

The absorbances were determined at a wavelength of 540 nm using a multi-well 

scanning spectrophotometer. The optical density readings obtained depends on the 

number of viable cells.
270
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