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Abstract

ABSTRACT

Novobiocin (Nb) is a coumarin type antibiotic isolated from the bacterium species of 

Streptomyces and possesses modest anticancer and antimalarial activities. Nb and analogues 

have been extensively explored as potential anticancer agents through inhibition of the C- 

terminal domain of heat shock protein 90 (Hsp90), which plays a pivotal role in the protein­

folding machinery of cells. There has been little effort in the exploration of Nb and derivatives 

for antimalarial activity.

Incorporation of organometallic units, such as ferrocene (Fc), into bioactive chemical scaffolds 

remains an attractive approach for developing new therapeutic agents for treatment of several 

ailments. The current study sought to investigate the anticancer and antiplasmodial effects of 

incorporating ferrocene (Fc) into Nb scaffold presumably through inhibition of Hsp90. The 

ferrocenyl Nb analogues containing simplified structural motifs such as phenyl, benzyl, and 

piperidine were synthesized in six to nine steps employing conventional synthetic organic 

protocols adapted from literature, and the compounds were accessed in reasonable yields. For 

comparison purposes, a selection of organic Nb analogues were also included in the study. The 

target compounds were characterized by spectroscopic techniques including 1-dimensional 

nuclear magnetic resonance (1D NMR) and high-resolution mass spectroscopy.

The synthesized compounds were evaluated in vitro for potential anticancer and antiplasmodial 

activities using the breast cancer cell line (HCC38) and chloroquine-sensitive strain (3D7) of 

the malaria parasite, Plasmodium falciparum. The presence of the Fc unit was found to enhance 

both anticancer and antiplasmodial activities of the resultant ferrocenyl Nb compounds with 

IC50 values in the low to mid micromolar range. Hsp90 inhibitory studies of the ferrocenyl Nb 

analogues possessing superior activities (2.13a and 2.20c) were also conducted using different 

yeast strains expressing both human and malarial Hsp90 isoforms: hHsp90a/p and PfHsp90, 

respectively. The results of Hsp90 inhibitory studies suggested no direct correlation between 

the observed activities of the analogues and Hsp90 inhibition. However, since the conditions 

of the assay were not optimised due to time constrains of the project, these observed data 

remained to be confirmed.
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Chapter 1 Introduction

1. INTRODUCTION

This chapter provides a brief background on heat shock protein 90 as a drug target particularly 

in cancer and malaria (Section 1.1), and investigation of novobiocin (Section 1.2) and 

novobiocin-based compounds on the two diseases (Section 1.3). At the end of the chapter, 

attention is given to the medicinal chemistry of ferrocenyl derivatives (Section 1.4) and aims 

and objectives of the current work (Section 1.5).

1.1. BACKGROUND: HEAT SHOCK PROTEIN 90

Heat shock protein 90 (Hsp90) is a protein that belongs to a class of chaperones known as heat 

shock proteins (HSPs). The HSPs are molecular chaperones whose primary role is to carry out 

protein folding in cells. Under normal circumstances, heat shock proteins work in partnerships 

whereby unfolded proteins in metastable state are partially folded by one group of chaperones 

and passed down to another until full functional conformation is achieved.1 HSPs are 

constitutively expressed in all organisms under normal conditions, but can also be inductively 

expressed, especially in pathogenic cells, upon induction of stress stimuli, like temperature 

elevation, nutrient deprivation, hypoxia, and presence of metabolic inhibitors, heavy metals 

and amino acids.1 Like other HSPs, Hsp90 plays a crucial role in maturing nascent proteins and 

re-folding denatured proteins into their respective bioactive conformations.2 Over 200 proteins 

involved in various important cellular processes, particularly in signal transduction pathways, 

are substrates of Hsp90 (i.e. Hsp90 client proteins).3 As such, Hsp90 has been widely 

investigated as a therapeutic target for various afflictions, including cancer and infections 

caused by protozoan parasites.

1.1.1. Hsp90 Structure

There are four isoforms of Hsp90 in humans: Hsp90a, Hsp90p, GRP94 and TRAP1.4 Hsp90a 

and Hsp90p are the most studied of the four isoforms. They are localized in the cytoplasm and 

constitute 1 -  2% of the cytosolic protein content, whereas GRP94 and TRAP1, respectively, 

are found in the endoplasmic reticula and mitochondria. Hsp90 functions as a homodimer.5, 6 

The monomeric form of Hsp90 consists of three functional domains, namely: the N-terminal 

domain (25 kDa), the middle domain (35 kDa) and the C-terminal domain (12 kDa) (Figure 

1.1).5, 6 A linker characterized by charged amino acid residues connects the middle and N- 

terminal domains.
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N-terminal:
Ligand binding site

Linker

Client protein binding site

■

C-terminal domain:
Dimerisation site 

Putative ligand binding site
PfHsp90 ^  

3D represatantion I

Figure 1.1: A three-dimensional representation of PfHsp90 showing all three domains: 

N-terminal, Middle and C-terminal domains with their functional roles.7 The rods in PfHsp90 

represent a-helices of the protein while the arrows represent the P-sheets.

Of the three functional domains, the N-terminus is the most studied and well-understood, both 

functionally and structurally.8 There is high abundance of isolated and fully characterised co­

crystal structures of the N-terminus complexed with different ligand molecules that have been 

deposited into the protein data bank website (PDB search: hsp90 n-terminal domain). The N - 

terminus is defined by an ATP-binding site that is connected by a ‘linker’ to the middle domain, 

forming a well-recognised ‘split’ ATPase site to which other molecules such as geldanamycin 

(1.1), radicicol (1.2) and harmine (1.3) can competitively bind (Figure 1.2).

Figure 1.2: Examples of traditional Hsp90 N-terminal inhibitors.
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Chapter 1 Introduction

Binding of such molecules inhibits the function of the protein. N-terminal inhibition of Hsp90 

depletes the protein-folding machinery and Hsp90 client proteins and induces their proteasomal 

degradation.6 These have undesirable effects for the cell, which include induction of cell arrest 

and apoptosis. Surprisingly, the same inhibition at the N-terminus is also associated with 

induction of heat shock response as a survival mechanism for stressed cells.9 The middle 

domain is characterised by highly charged amino acid residues and has high affinity for co­

chaperones and client proteins.5 In Plasmodium falciparum heat shock protein 90 (PfHsp90), 

this charged region is unusually larger compared to Hsp90s from other species, signifying one 

of the unique features of PfHsp90.7

Unlike the N-terminal domain, much still remains unknown about the C-terminus. The primary 

function of this domain is to act as the chaperone’s site of dimerization.5, 6 It is characterised 

by an MEEVD motif that is recognised by Hsp90 co-chaperones that synergistically function 

with Hsp90 during protein folding.10 Additionally, the C-terminus contains a second putative 

ATP-binding site that lacks ATPase activity.11 The function of ATP binding to this site is to 

allosterically facilitate nucleotide exchange at the N -terminus. Molecules such as novobiocin 

(Nb, 1.4), epigallocatechin-3-gallate (1.5) and cisplatin (1.6) are known to also competitively 

bind to the same site (Figure 1.3). As with N-terminal inhibition, occupation of this site by 

these molecules disrupts the function of Hsp90 and has similar consequences for client proteins 

as well as the cell. However, C-terminal inhibition lacks the pro-survival heat shock response 

associated with N -terminal inhibition.

Figure 1.3: Examples of some traditional Hsp90 C-terminal inhibitors.
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1.1.2. Hsp90 as a drug target

As a molecular chaperone, Hsp90 is principally involved in the folding and maturation of newly 

synthesised polypeptides into fully functional proteins.2 These proteins are structurally and 

functionally diverse; a vast majority are signal transduction and transcription factors and 

regulatory kinases all of which are essential for normal cell growth.12 Thus, Hsp90 forms a 

global hub of cellular processes. A wide variety of Hsp90 client proteins are involved in crucial 

cellular processes such as signal transduction, cellular trafficking, chromatin re-modelling, cell 

growth, differentiation, and reproduction, cell growth and, more importantly, maintaining 

normal cellular function.6, 12 Disrupting the function of Hsp90 subsequently leads to 

proteasomal degradation of its client proteins suggesting that the processes in which they are 

involved will in turn be affected. The effects of Hsp90 blockade are far-reaching and 

detrimental for the cell, and include induction of cell apoptosis and cell arrest.12 Hence, Hsp90 

has been immensely explored as an attractive therapeutic target for many diseases, from 

neurodegenerative disorders13 and cancer to parasitic diseases such as malaria. The following 

sections discuss the roles of Hsp90 in cancer and malaria, and its exploration as a drug target 

for the two diseases.

1.1.2.1. Hsp90 inhibition for anticancer activity

Cancer is a global problem and one of the leading causes of mortality worldwide. In 2012 

alone, there were 14 million reported cancer cases and 18.2 million cancer-related deaths.14 By 

definition, cancer is a disease or a collection of diseases caused by uncontrolled division of 

cells which clump together to form malignant tumours. These cells are invasive and can spread 

to other parts of the body, leading to more formation of tumour cells that are capable of growing 

in any part of the body that can produce tissues. One of the most significant factors that make 

cancer such a dreadful disease is the development of tenacious malignant tumours against 

therapeutic agents in clinical use for treatment of the disease.15 Thus, there is a medical need 

for expansion of the anticancer drug arsenal targeting innovative therapeutic targets.

In 2004, Hanahan and Weinberg in their critical review described the six hallmarks of 

cancerous cells.16 These hallmarks include: i) self-sufficiency in growth signals, ii) insensitivity 

to growth inhibition, iii) evasion of cell apoptosis, iv) limitless replicative potential, v) 

sustained angiogenesis, and (vi) tissue invasion and metastasis. Thus, an effective anticancer 

agent should ideally affect all the six hallmarks of cancer. Classical anticancer 

chemotherapeutics act by targeting proteins associated with at least one, but not all, of these 

hallmarks.15
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As an integral component of protein folding complexes, Hsp90 is known to play a pivotal role 

in the manifestation of all six cancer hallmarks. Indeed, a number of Hsp90 client proteins are 

associated with each of the six hallmarks as illustrated in Table 1.1 below.17, 18 Since inhibition 

of Hsp90 induces degradation of client proteins, Hsp90 is logically the most promising target 

for design and development of anticancer therapeutics that are capable of simultaneously 

disrupting all six cancer traits with minimal incidences of development of drug resistance.

Table 1.1: Hsp90 client proteins associated with the hallmarks of cancer.

Cancer hallmark Client Protein

i. Self-sufficiency in growth signals Raf-1, AKT, Her2, MEK, Bcr-Alb, ErbB- 
2, Src, AKT, MEK

ii. Insensitivity to growth inhibition CDK4, CDK6, Plk-1, Myt-1, cyclin D

iii. Evasion of cell apoptosis RIP, AKT, mutant p53, AKT, c-MET, 
Apa-1, Survivin, Bcl2, IGF-IR

iv. Limitless replicative potential Telomerases: h-TERT and a-TERT

v. Sustained angiogenesis FAK, AKT, Hif-1a, VEGFR, Flt-3, Src

vi. Tissue invasion and metastasis c-MET, MMP-2

Numerous Hsp90 inhibitors have been investigated as potential anticancer agents.19, 20 In 2014, 

there were 13 structurally diverse Hsp90 inhibitors undergoing clinical evaluation as anticancer 

chemotherapeutics.17 A vast majority of these inhibitors is dominated by N-terminal inhibitors. 

The N-terminal inhibitor of Hsp90, 17-allylamino-17-desmethoxygeldanamycin (17-AAG), a 

derivative of 1.2, is amongst the first generation of Hsp90 inhibitors to be demonstrated to 

possess high antitumour efficacy that reached phase I clinical trials under the name

Tanespimycin®.21

5
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Figure 1.5: Some of Hsp90 N-terminal inhibitors that have reached clinical trials for

treatment of cancer.

However, progression of this drug to phase I/II clinical development was halted by its sponsor, 

Bristol-Myers Squibb, possibly due to financial constraints.17 Other N-terminal inhibitors 

undergoing clinical evaluation are shown in Figure 1.5. On the other hand, the C-terminal 

inhibitors of Hsp90 are increasingly attracting interest as potential anticancer agents. Among 

C-terminal inhibitors explored for anticancer activity, analogues of Nb are the most studied 

(Figure 1.6).17, 22-24 Although none of these have entered clinical trials, they have been 

demonstrated in vitro to effectively supress tumour cells with impressive potency.
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Figure 1.6: Novobiocin analogues explored as Hsp90 C-terminal inhibitors.

1.1.2.2. Hsp90 inhibition for antimalarial activity

Malaria is caused by a Plasmodium parasite transmitted through a bite by the Anopheles female 

mosquito. Of the five Plasmodium species that infect humans, Plasmodium falciparum (P. 

falciparum) is the most burdensome due to its high tenacity as a result of resistance to clinical 

drugs used for treatment of malaria. Despite the recent successes and average global decline of 

malaria infections over the last 15 years, malaria still remains a life-threatening disease 

globally, which claimed about half a million deaths in 2015.25 Resistance to traditional 

antimalarial therapeutics (Figure 1.7), including the highly active artesunate, poses a great 

socio-economic burden especially to developing countries in tropical and subtropical 

regions.26, 27

7
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Figure 1.7: Representative examples of traditional antimalarial chemotherapeutics.

To address resistance, the World Health Organisation (WHO) implemented the use of 

artemisinin-combination therapies (ACTs) in 2001 to treat uncomplicated malaria in endemic 

regions where antimalarial resistance is prevalent.28 ACTs employ a combination of two 

antimalarials with different modes of action: a long-lived non-artemisinin drug and a short­

lived artemisinin-based drug, which work synergistically to eliminate the parasite.28 

Undoubtedly, ACTs proved effective as they significantly reduced malaria incidences and 

mortalities in endemic regions since their introduction.25 However, development of artemisinin 

resistance by P. falciparum in 2009 has put ACTs under a great threat as an effective 

antimalarial regimen.26, 27 Development of resistance in antimalarial drugs is associated with 

genetic mutations in the drug targets and pathways on which the drug acts, which alter the 

phenotype of the parasitic cell as to circumvent the lethal effects of a drug used for treatment 

of the disease.29 Typical examples of targets and/or pathways on which traditional antimalarials 

act include: the purine salvage pathway, pyrimidine biosynthesis pathway, apicoplast processes 

and hemozoin formation.29 With ACTs currently at the verge of facing full-blown antimalarial 

resistance, the quest for antimalarial drugs which act against novel targets could counter the 

issue of resistance, and thus their investigation is of imminent importance.

8
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As a highly conserved protein across species, Hsp90 is ubiquitously expressed in P. falciparum 

and plays a vital role in the development of the parasite, especially during the asexual growth 

stages of the parasite’s erythrocytic life cycle during its tenure in the human host.30-33 Studies 

by Banumathy et al. confirmed the significance of P/Hsp90 in the parasite’s development by 

demonstrating that the V-terminal Hsp90 inhibitor GA (1.2) could repress P. falciparum growth 

in vitro by arresting transitions from the trophozoite stage to ring stage of the parasite’s life 

cycle (Figure 1.8, (5)).30 Additionally, P/Hsp90 is more expressed in the parasite than in the 

human host cells during the erythrocytic stages (Figure 1.8, (B)), suggesting the importance 

of the chaperone in growth and development of the parasite.30 It has also been postulated that 

since PfHsp90 plays a pivotal role in survival of the parasite, it mediates the mechanisms that 

allow the parasite to survive in stressful environments like drug-induced stress, thereby 

potentiating drug resistance.31 Indeed, Hsp90 is implicated in CQ (1.7) resistance by interacting 

with the CQ-resistance-associated protein, Cg4.34

Figure 1.8: Life cycle of Plasmodium falciparum parasite.35

Various Hsp90 inhibitors have been studied for antimalarial activity, including C-terminal 

inhibitors Nb and 1.6.31, 32, 36-39 Some inhibitors have been shown to restore the efficacy of

9
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previously ineffective traditional antimalarials.31, 32, 36-39 Evidently, Hsp90 is a promising target 

for exploration of its inhibitors as antimalarial agents. Nevertheless, there is still little 

knowledge regarding structure-activity relationship (SAR) profiles of P/Hsp90 inhibitors for 

antimalarial activity.

Despite the limitations associated with A-terminal inhibitors that have reached clinical 

evaluation for treatment of cancer, a majority of Hsp90 inhibitors investigated for antimalarial 

activity target the same A-terminal ATP-binding site of the chaperone. On the other hand, there 

is little evidence in literature about exploration of C-terminal Hsp90 inhibitors as potential 

antimalarial agents, which could circumvent issues related with A-terminal inhibition. Insights 

into Hsp90 C-terminal inhibition could lead to viable solutions to antimalarial resistance, and 

could possibly restore the efficacy of traditional antimalarial drugs if used in combination with 

C-terminal inhibitors.

1.2. MEDICINAL CHEMISTRY OF NOVOBIOCIN: CANCER AND MALARIA

Novobiocin (Nb, 1.4) is a naturally occurring antibiotic of the coumarin family of antibiotics 

that was first isolated from Streptomyces strains and described in mid-1950s as the first 

antibiotic in its class.40 Other coumarin type antibiotics, which are also isolable from the same 

strains, are coumermycin A 1 (1.21) and clorobiocin (1.22) (Figure 1.9). Besides its antibiotic 

activity, Nb has also been screened for anticancer and antimalarial activity. This section 

reviews the biological properties of Nb, its application as an antiseptic and its exploratory 

studies in malaria and cancer.

Figure 1.9: Chemical structures of coumermycin A 1 (1.21) and clorobiocin (1.22).

10
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1.2.1. Biological activities of novobiocin

Since its discovery, the medicinal chemistry of Nb has been primarily focused on treatment of 

bacterial infections. Similarly, research on Nb has been on improving its antibacterial efficacy 

through structural modifications.41-46 It was not until 1988 that Nb was exclusively tested for 

activity other than antibacterial by Bia and co-workers who screened fluoroquinolone 

antibiotics in parallel with Nb for potential antimalarial activity in vitro4  Prior to this, Nb had 

only been investigated in combination with known antimalarial drugs that had become 

ineffective in an attempt to restore their efficacy. Despite its modest repressive effects on 

Plasmodium parasite growth, there has been limited literature on structural modifications of 

Nb to improve its antiplasmodial activity. Apart from malaria, Nb has also been shown to 

suppress tumour cell growth through inhibition of Hsp90 by the research group of Neckers.48 

This discovery prompted research into further structural modifications of Nb to identify novel 

analogues with improved Hsp90 inhibitory effects for better antitumour efficacy. The 

following sections describe the activity and investigation o f Nb as an antibacterial, 

antiplasmodial and antitumour agent.

1.2.1.1. Antibacterial activity of novobiocin

Nb has been applied to treat infections caused by Staphylococci bacterial strains since its 

approval in 1964 as an oral antibiotic under the trade name Albamycin®, which is a 

monosodium salt of Nb. Despite its period in the market as a reliable antibiotic, its clinical 

usage was discontinued in 2008 for efficacy or safety concerns.49 The mode of action of Nb is 

associated with inhibition of the ATPase activity of the DNA gyrase enzyme. Indeed, Nb does 

inhibit the function of DNA gyrase.50, 51 DNA gyrase is a bacterial type IIA topoisomerase that 

is integrally involved in DNA processes, namely: replication, transcription, catalysis of 

reactions pertaining DNA supercoiling and repair processes.52 It consists of two subunits: GyrA 

and GyrB. Whilst GryA is involved in breaking and relinking DNA strands and DNA-protein 

interactions, GyrB facilitates the binding of gyrase to DNA. This enzyme is vital for normal 

bacterial cell growth.

11



Chapter 1 Introduction

Other coumarin type antibiotics, including 1.21 and 1.22, have also been reported to target this 

enzyme.51 As with Hsp90 blockade, interruption at either subunit of DNA gyrase induces 

cytostatic effects to the cell. Nb and other coumarin-based inhibitors of gyrase (Figure 1.11) 

bind to the GyrB subunit of the enzyme and inhibit its ATPase activity.51 This is the proposed 

mode by which Nb and related antibiotics work for treatment of Staphylococci infections.

Figure 1.11: Other DNA gyrase B inhibitors containing coumarin scaffold.42-46 

1.2.1.2. Antiplasmodial activity of novobiocin

Antimalarial activity of Nb first came into light in 1988 when Bia et al. investigated the 

antiplasmodial effects of fluoroquinolone antibiotics in parallel with Nb (1.4) and 

coumermycin A 1 (1.21) against two strains of P. falciparum, FCC1 (CQS) and VNS (CQR) 

strains.47 Both 1.4 and 1.21 were found to possess modest antimalarial activity against both 

strains. The IC50 values after 48 hours of exposure were 28 and 21 for Nb and 28 and 6 ^M

for coumermycin A 1 against FCC1 and VNS strains, respectively (Table 1.2).

12



Chapter 1 Introduction

Table 1.2: IC50 values of Nb and coumermycin A 1 against FCC1 and VNS strains of P. 

falciparum strains.47

IC50 (kM)

Coum arin Antibiotic FCC1 VNS

Nb 28 21
Coumermycin A1 28 6

The plausible mechanism of in vitro antimalarial effects of the tested antibiotics was not 

investigated. However, both types of antibiotics, i.e. fluoroquinolone and coumarin types, are 

known to possess inhibitory activity against DNA gyrase.53 The plausible mode of action of 

Nb for antiplasmodial activity remained unclear until recently when it was discovered by the 

group of Habib that Nb targets the DNA gyrase B subunit of the P. falciparum parasite 

(PfGyrB) expressed in E. coli.54 In their study, Nb strongly inhibited the ATPase activity of 

PfGyrB with the inhibition constant (K) of 1.24 ^M. Furthermore, the downstream effects of 

Nb were investigated. The study revealed that Nb repressed DNA replication in the apicoplast 

of the parasite, whilst mitochondrial DNA replication was not significantly affected. The 

apicoplast is a validated target for development of antimalarial agents.55 These findings 

unequivocally demonstrated Nb to be an interesting lead for design and development of novel 

antimalarial agents by disrupting the apicoplast DNA replication machinery through inhibition 

of PfGyrB.

Despite the lack of derivatives of Nb that have been investigated against the P. falciparum 

parasite, there are other coumarin derivatives, though not based on Nb scaffold, that have been 

investigated for antimalarial activity (Figure 1.18).56-63 These have been demonstrated to 

suppress in vitro the growth of both CQ-sensitive and -resistant strains of the P. falciparum 

parasite. Some have also been investigated in vivo and shown to have unfavourable effects 

against malaria.61-63 It is important to note that, unlike Nb and its analogues, none of these 

coumarin compounds have been shown to exhibit antimalarial activity that is associated with 

inhibition of Hsp90 function. In all instances of the synthetic antimalarial coumarins (1.52­

1.57) in Figure 1.18, the coumarin moiety principally serves as a backbone scaffold to which 

other pharmacophoric units (e.g trioxane, pyrozoline, chalcone) are appended.
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Figure 1.18: Some naturally occurring (1.49-1.51) and synthetic (1.52-1.57) coumarin- 

containing compounds possessing antimalarial activity.

1.2.1.3. Antitumour activity of novobiocin

For decades the anticancer activity of Nb remained unknown until the beginning of the twenty- 

first century. In 2000, Neckers and co-workers sought to investigate the anticancer and Hsp90 

inhibitory activities of known DNA gyrase B inhibitors: Nb, clorobiocin and coumermycin A 1, 

with specific focus on Nb.48 This study was inspired by the intriguing similarities in homology 

between the ^-terminal ATP-binding pockets of Hsp90 and bacterial DNA gyrase. As 

highlighted in Section 1.1.1 the structurally diverse antibiotics, 1.1 and 1.2, are known to 

competitively bind to the ^-terminal ATP binding pocket of Hsp90 and deplete the chaperone, 

and thus induce antitumour activity in cancerous cells.

Neckers et al. proposed Nb and other coumarin antibiotics (1.21 and 1.22) that inhibit DNA 

gyrase could inhibit Hsp90 in a similar manner as 1.1 and 1.2, and thus induce anticancer 

activity. As expected, Nb and related antibiotics (1.21 and 1.22) inhibited the ATPase activity 

of Hsp90 and induced the depletion of Hsp90 client proteins: Raf-1, p185erbB2, mutant p53, and 

p60v-src. Interestingly, when Nb and non-coumarin inhibitors (1.1 and 1.2) were investigated to 

ascertain whether both types of inhibitors bound Hsp90 in a similar manner, Nb was found to 

bind to a different fragment (designated 2A, with 380 -  728 amino acid residues) of Hsp90 

located at the C-terminus of the protein. The non-coumarin inhibitors, 1.1 and 1.2, on the other
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hand did not bind to this fragment, but instead to an ^-terminal fragment corresponding to the 

^-terminal ATP-binding pocket of Hsp90. These findings suggested that Nb binds to a putative 

C-terminal ATP-binding pocket to induce its anticancer activity.

Since the recognition of this putative ATP-binding pocket, there have been numerous studies 

that have focused on probing the C-terminal ATP-binding pocket of Hsp90.64-68 Similar studies, 

spearheaded by the research group of Blagg have focused on the design, synthesis and 

development of Nb analogues as potential anticancer therapeutic agents through inhibition of 

Hsp90. In the following section, investigation of Nb analogues as potential anticancer agents 

through C-terminal Hsp90 inhibition is discussed.

1.3. NOVOBIOCIN ANALOGUES WITH ANTITUMOUR ACTIVITY

The discovery of Hsp90 inhibitory activity of Nb by Marcu and co-workers attracted immense 

interest to investigate compounds based on the scaffold of Nb, i.e. novobiocin analogues, as 

potential therapeutic agents to treat cancer. With the limitations of associated with inhibiting 

the Hsp90 N-terminus, Nb analogues as Hsp90 C-terminal inhibitors are increasingly gaining 

more interest as alternative means of disrupting Hsp90 function for potential anticancer 

activity.

Neckers and co-workers demonstrated that Nb possessed modest anticancer activity against the 

SkBr3 cancer cell line with IC50 of ~700 ^M .48 Different research groups have since explored 

structural modifications of Nb in the search of novel Nb analogues with better Hsp90 inhibitory 

activity and anticancer efficacy. The first library of Nb analogues with better efficacy was first 

reported by the research group of Blagg.22 Figure 1.13 summarises the key structural 

modifications in this library of compounds.

Figure 1.13: First library of Nb analogues designed for improved efficacy.
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The most active analogue in the whole library was identified from Sublibrary A (Figure 1.13) 

and consisted of the A-acetyl motif in place of the benzamide side chain, and was devoid of 

both 4-hyroxyl and 2 ’,3’-carbamoyl groups. This analogue, designated A4 (1.12) (Figure 1.6), 

severely degraded phospho-AKT (an Hsp90 client protein) in SKBr3 cells upon incubation 

with the concentration of 100 ^M. This, in addition to the reduction of Hsp90-dependent 

androgen receptors, AKT and Hif-1a, at ~1 ^M  concentration of A4 (1.12) indicated effective 

inhibition of Hsp90 by the compounds A4 Figure 1.14).

Figure 1.14: First generation of Nb analogues with antitumour activity through Hsp90

inhibition.

These findings provided the first meaningful preliminary SAR data of Nb analogues: the 4- 

hydroxyl and carbamoyl groups reduced efficacy of Nb analogues. To verify these findings a 

second library of Nb analogues was prepared.23 This library was similar to the first library in 

all aspects except the 8-methyl and benzamide side chain groups were retained as in the 

parental compound, Nb. Two analogues, one with 3’-carbamoyl (DHN1, 1.31) and one without 

(DHN2, 1.13) were evaluated for Hsp90 inhibition and anticancer activity (Figure 1.14). 

Indeed, the results confirmed the initial findings: the presence of carbamoyl appeared to retard 

anti-Hsp90 activity of the prepared analogues.

Another class of Nb analogues that had been investigated for improved activity contained bulky 

structural moieties as replacements of the benzamide appendage. Both research groups of 

Blagg and Alami were independently at the forefront of these investigations.24, 69-72 In this class 

of Nb analogues, replacement of the benzamide with bulky substituents appeared to be 

favourable for anticancer and Hsp90 inhibitory efficacies of the analogues. The main focus of 

Blagg and co-workers was on the replacement of the benzamide with aryl, biaryl and fused 

heterocycle ring groups to probe the bonding capabilities of the putative hydrophobic pocket
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into which the benzamide of Nb presumably projects when bound to the C-terminal ATP- 

binding pocket of Hsp90 (Figure 1.15).24, 69 As with the first library of Nb analogues, the new 

library was devoid of 4-hydroxy and 3’-carbomoyl groups.

Figure 1.15: Second generation of Nb analogues.

The presence of bulky groups was found to augment the efficacy of Nb analogues for anticancer 

and Hsp90 inhibitory activity. In the biaryl series, compound KU174 (1.11) possessed the most 

efficacy, whilst 1.42 had greatest activity in the indole series (Figure 1.15). These findings 

suggested that the hydrophobic pocket of the ATPase site of the HSp90 C-terminal is tolerant 

of bulky moieties for better binding affinity and increased anticancer activity. On the other 

hand, the lactone moiety was found to be important for participation in H-bonding interactions 

with amino acid residues from the C-terminal Hsp90 ATPase pocket. Interestingly, the
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quinoline (1.47) and naphthalene (1.48) variants exhibited similar, but lower, activities as the 

coumarin derivatives. These results suggested that the lactone functionality was favourable but 

not necessary for activity, and thus dispensable.

Investigations by Alami and co-workers corroborated the findings by Blagg et al: bulky 

functional groups in place of benzamide chain favour the efficacy of Nb analogues.70-72 

Similarly, these investigations focused on: 1) replacement the benzamide chain with bulkier 

groups and 2) removal or replacement of the noviose appendage with simpler structural motifs 

(Figure 1.16). More importantly, these findings revealed that the noviose sugar moiety could 

be replaced with simpler motifs whilst retaining activity since some of the analogues devoid of 

noviose structure showed impressive anticancer and Hsp90 inhibitory activities. It is important 

to note, however, that the hydroxyl groups of the noviose sugar were found to be favourable 

for interactions with Hsp90.

Figure 1.16: Non-noviose Nb analogues with bulky benzamide replacements.

Findings by Alami et al., revealed that the noviose sugar was not requisite for antiproliferative 

and Hsp90 inhibitory activity of Nb analogues.70-72 Consequently, Blagg and co-workers 

prepared a library of Nb analogues with simpler structural motifs as replacements of the 

synthetically complex noviose sugar.73-78 The simplified replacements consisted of amine- 

containing groups (viz. acyclic amines and piperidines), sugar based derivatives (viz. 

dehydroxylated, mono- and di-hyroxylated furanose and paranose sugars), phenyl derivatives 

and other miscellaneous groups favourable for solubility (Figure 1.17).73-78 The results
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emanating from this study confirmed that the activity was retained for Nb analogues lacking 

the noviose moiety: des-noviose analogues had similar activities to noviosylated analogues.

Figure 1.17: Simplified des-noviose Nb analogues with retained efficacy.73-78

1.4. MEDICINAL CHEMISTRY OF FERROCENE AND ITS DERIVATIVES

Ferrocene (Fc) is a synthetic organometallic complex which was first discovered in 195 1 79 and 

its structure confirmed and disclosed in 1952.80, 81 It was discovered by serendipity when Kealy 

and Pauson attempted to prepare fulvalene (i.e. bicyclopentadienylidene) from cyclopentadiene 

magnesium bromide in the presence of iron(III) chloride as a catalyst, but instead formed 

dicyclopentadienyl iron (i.e. ferrocene) as the major product.79 Although Fc was not the first 

organometallic complex ever made at the time of its discovery, it was the first metallocene to 

be synthesized. Metallocenes are a class of organometallic compounds characterized by a 

“sandwich” structure comprising a central metal atom that is connected via covalent metal- 

carbon bonds to two cyclopentadienyl (Cp) anion rings on opposite sides of the metal (Figure 

1.19). More interestingly, the discovery of Fc accented the field of bioorganometallic
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chemistry, and many other metallocenes and their derivatives have since been synthesized and 

shown to possess antitumour activities.82, 83

f

Top Cp ring ligand

Central metal
(M = Fe, Ru, V, Ti, Mo)

Bottom Cp ring ligand

Figure 1.19: Representative structure of a metallocene.

Amongst metallocenes, Fc is notably of most important medicinal interest in the fields of 

medicinal and biorganometallic chemistry due to its broad spectrum of remarkable properties. 

These include high aromaticity, high chemical stability, favourable redox behaviour, ability to 

form reactive oxygen species (ROS) and absence of cytotoxicity in human cells.84, 85 These 

properties have rendered Fc and its derivatives appealing in medicinal inorganic chemistry and 

drug discovery fields. There have been numerous endeavours to tailor various bioactive organic 

compounds to Fc-bearing derivatives possessing different biological activities against a 

number of diseases from cancer to parasitic infections. Most notable example of such 

endeavours is the development of ferroquine (FQ, SSR97193), which is currently in phase II 

clinical evaluation (in combination with artesunate (1.16)) as the first antimalarial drug 

containing the Fc moiety.86

Fc has a redox potential of -0.54 V and can undergo anaerobic oxidation in the presence of 

strong acids, halogens or salts such as ferric chloride, silver and ceric sulphate.80 Its oxidation 

is reversible without major structural alterations. This is effected anodically at the central Fe(II) 

atom, which gets oxidized to Fe(III), essentially rendering the whole molecule cationic to form 

a water soluble ferrocenium ion. Fc in its neutral form is insoluble in water, but readily soluble 

in most organic solvents. The moderate ease of oxidation of Fc together with its low aqueous 

solubility and high aromaticity have significant implications on the physicochemical and 

medicinal properties of the compound.

1.4.1. Incorporation of ferrocene into bioactive chemical scaffolds

Ferrocene is regarded as a privileged structure in the medicinal chemistry context. First, the 

non-toxicity of Fc, high lipophilicity and favourable pharmacokinetic properties immediately
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make Fc appealing for incorporation into bioactive chemical scaffolds in the design and 

development of small molecules with drug-like properties. Second, the presence of Cp rings 

on opposite sides of the tightly bound central iron metal imparts aromaticity, thickness and 

rigidity into the molecule. Thus, the Fc moiety can bind to a variety of biomolecules such as 

nucleic acids (DNA and RNA), lipids and proteins, and it can fit into and block many enzyme 

active sites.87, 88 Third, the low redox potential of Fc allows ease of oxidation of Fe(II) metal 

to Fe(III) by O2, forming cytotoxic ferrocenium ions with concomitant generation of highly 

reactive oxygen species (ROS), such as hydroxyl fO H ) and superoxide anion radicals.82, 83 

These radicals are disruptive to the targeted biological cells.82, 83 The role of the Fc moiety in 

biologically active Fc-containing compounds is best presented in the mechanism of action of 

FQ (antimalarial agent), which exhibits a dual mode of action for antimalarial activity in which 

Fc moiety plays a crucial role.

FQ is a highly active antimalarial compound developed by Sanofi-Aventis and is currently in 

phase II clinical trials.86 It is more potent than chloroquine (CQ) and is active against a panel 

of chloroquine-resistant P. falciparum strains.89 It has been proposed that its mechanism of 

action resembles that of CQ by causing the accumulation of toxic heme in the Plasmodium cell 

and forming a highly toxic heme-CQ complex.90 Both processes are supposed to disrupt the 

cell membrane function of the parasite, leading to its death.90 Heme is a soluble, toxic by­

product that forms during digestion of host cell haemoglobin by the parasite for nourishment. 

To prevent cell disruption by this toxic molecule, the parasite biocrystallizes heme into non­

toxic and insoluble haemozoin crystals. These crystals collect in the putative digestive vacuole 

of the parasitic cell. Following diffusion of CQ into the acidic food vacuole (pH 5.2), the 

molecule gets diprotonated to CQ2+, which binds hemozoin to prevent further bio­

crystallization of heme. This causes a massive accumulation of the toxic heme in the parasitic 

cells, which leads to cell death by disruption of the cell membrane function of the cell.

FQ is proposed to act in a similar manner. Indeed, FQ has been shown to bind P-hematin 

(synthetic hemozoin) even more effectively than CQ.90 Inside the digestive vacuole, the 

diprotonated form of FQ (i.e. FQ2+) has a smaller p^a value than CQ2+.90 This would suggests 

low accumulation of FQ in the vacuole. However, FQ2+ adopts a closed conformation via “H- 

bond flip/flop” mechanism which exposes the Fc moiety, making the molecule more 

hydrophobic (Figure 1.20).91 This offsets the implied effects of low pKa and enhances 

interactions of the compound with hydrophobic membranes, hence its accumulation inside the 

vacuole.91
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Figure 1.20: H-bond “flip/flop” mechanism illustrating open (A) and 

closed (B) conformers of FQ.91

High hydrophobicity of FQ2+ means low concentration of the drug in water. This circumvents 

transportation of the molecule by efflux transporters (associated with CQ resistance) to the 

exterior of the vacuole, retaining it in the targeted site.91 High hydrophobicity of FQ2+ (owing 

to Fc) also allows it to bind to lipid structures at the catalytic sites of hemozoin formation. This 

could be an explanation for higher affinity of the drug for hematin, hence its impressive 

antimalarial potency.92 In addition to hemozoin inhibition, FQ produces ROS, specifically •OH 

radicals, which are degradative to the cell membrane of the parasite.93 This is proposed to take 

place inside the digestive vacuole and requires hydrogen peroxide (H2O2). During oxidation by 

H2O2, the Fe(II) central atom gets converted to Fe(III), forming a ferrocenium ionic form of 

FQ and •OH radicals (Figure 1.21).

Figure 1.21: Proposed mechanism of FQ for production of hydroxyl radicals fO H ) by 

peroxidative oxidation inside the digestive vacuole of the Plasmodium parasite.
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Great amounts of H2O2 are known to be expended in the peroxidative degradation of heme,94 

and would imply limited formation of •OH radicals.93 However, these radicals (in combination 

with hemozoin formation mechanism) are said to be enough to effect cell damage to the parasite 

regardless of the level of production. Roles of the Fc moiety in FQ and other biologically active 

Fc-containing compounds, i.e. ferrocifens, are summarised in Table 1.3 below.

Table 1.3: Role of Fc moiety in known biologically active compounds.

Com pound Disease Role of Fc Ref.

Malaria i. Enhances activity.
ii. Allows ease of compound to cross 

membrane to target site (digestive 
vacuole)

iii. Targets catalytic site for hemozoin 
formation.

iv. Retains compound in target site.
v. Facilitates strong hematin binding.
vi. Produces ROS.

90, 91

Cancer i. Enhances activity
ii. Allows ease of compound to cross 

membranes into tumour cells.
iii. Allows binding to DNA.
iv. Retains compound in target site.
v. Produces ROS

84, 95

Ferrocifens

In summary, it is apparent from the discussion above that the pharmacoric and medicinal roles 

of the Fc moiety in biologically active compounds seem to be vested in its physicochemical 

and redox properties.

1.4.2. Ferrocenyl compounds with biological activity

In addition to favourable physicochemical properties of the Fc moiety, another important trait 

of Fc is its amenability to several chemical transformations. This is principally due to the 

presence of two highly aromatic Cp rings on opposite sides of central iron metal. The high 

aromaticity of these rings is retained in Fc, thus making the molecule elicit chemistry of typical 

aromatic compounds. Chemical transformations of Fc take place on the Cp rings. It is 

noteworthy that although Fc exhibits facile electrophilic aromatic substitution, its sensitive 

redox character makes it impossible to undergo some oxidative substitution reactions such
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direct halogenation and nitration. Equally important is the mentioning of the lack of established 

synthetic routes for specific synthesis of monosubstituted Fcs due to the difficulty of isolating 

the desired isomer from a mixture of disubstituted isomers that form when employing typical 

chemical transformation.

Synthesis of monosubtituted Fcs can only be effected via non-oxidative electrophilic aromatic 

substitution reactions and metalation (with lithium, mercury or tin) (Figure 1.22) 96"99 

Metalation yields monosubstituted metalloferrocenes as vital intermediates for insertion of 

various functional groups such as hydroxy, amine, halogens and boric acids by conventional 

substitution methods. Various strategies for difunctionalisation of ferrocenes are reviewed in 

reference 96.96 Through these functional groups, Fc can be easily grafted into a variety of 

known bioactive chemical scaffolds for the design and development of novel potential 

therapeutic agents with improved biological activities.

Figure 1.22: Different approaches to mono-functionalization of Fcs. Different functional 

groups can be inserted by simple substitution reactions directly or via intermediate reactions.

The ease of structural modification of Fc (via such transformations on the Cp rings), and thus 

its convenient insertion to known bioactive scaffolds has led to the synthesis of several Fc 

derivatives possessing a wide range of biological activities. In almost all the reported cases of
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Fc-containing bioactive compounds, most Fc derivatives have higher activities than their 

organic counterparts. Some of these are exemplified in Table 1.4 below.

Table 1.4: Examples of ferrocenyl derivatives of known bioactive scaffolds and their 

biological activities.

Compound

Ferrocenyl quinolines

Ph

R = H, OMe

Ferrocenyl indoles

Activity

Antimalarial

Anticancer

R em ark

R = -CONHBn, n = 2,
IC50 (D10) : 16.20 ± 0.54 nM

R = -CONHBn, n = 6,
IC50 (D10): 19.01 ± 6.24 nM

R = H, IC50 (A549): 5 ± 1 ^M  

R = OMe, IC50 (A549): 7 ± 1 ^M

Ref

100

101

Ferrocenyl penicilins

Antibacterial n = 2, IC50 (MSSA): 10 ^ g/mL 

n = 3, IC50 (MSSA): 40 ^g/mL

102

O Anticancer

Ferrocenyl isoxazoles

R = 2’-Cl, IC50 (A549): 3.65 nM 103

R = 4’-Me, IC50 (A549): 34.18 
^M
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1.5. AIMS AND OBJECTIVES OF THE PR O JEC T

Nb (1.4) possesses modest anticancer and antimalarial activities.47, 48 Efforts to improve the 

anticancer activity of Nb through structural modifications, yielding Nb analogues, by targeting 

the C-terminus of Hsp90 have been extensive and fruitful.22-24, 69-78 Among other findings, 

these efforts have suggested the presence of a putative hydrophobic binding pocket within the 

C-terminal domain, which allows desirable interactions between the benzamide side chain of 

Nb and the C-terminus of Hsp90 for enhanced anticancer activity.24, 69-72 Furthermore, Blagg 

and co-workers have identified biphenyl A (Figure 1.24) as one of the most favoured motifs 

for activity if appended in place of the benzamide side chain of Nb.69 In the present work, we 

reasoned that incorporating Fc in the same position as this moiety would result to new 

compounds with enhanced anticancer and antiplasmodial activities. A selection of the organic 

counterparts of the Fc-Nb analogues bearing biaryl A in lieu of Fc were also included in the 

study for comparison purposes.

Simplified 
ring motifs

H ,N ^ O  ®H

Benzamide 
side chain

Fc

l = > A  Fe

0
Nb

Biphenyl A
^OMe

' J! ^OMe

Kj

Figure 1.24: Nb analogues pursued in this work.

Contrary to anticancer investigation of Nb analogues, there have been no reports in literature 

with regards to improving the antimalarial activity of Nb although there is evidence of its 

potency against strains of P. falciparum and the plausible target(s). Similarly, there is no 

evidence in literature of the incorporation of Fc into the Nb scaffold for investigation of 

anticancer and/or antiplasmodial activities despite it being known to impart favourable effects 

on the biological activities of known bioactive organic compounds. In light of the above 

assertions, the overall objective of the current work was as follows.
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Objective: To investigate the effects of incorporating Fc into Nb scaffold to form novel 

compounds with anticancer and antimalarial activities.

The specific aims entailed the following:

1. Incorporation of Fc into Nb scaffold to create a novel class of bioactive ferrocenyl 

compounds.

2. Synthesis of ferrocenyl Nb analogues and a selection of their corresponding organic 

variants bearing biphenyl A.

3. Pharmacological evaluation of ferrocenyl Nb analogues and their corresponding 

organic derivatives in vitro against cancer cell lines and P. falciparum strains for 

potential anticancer and antiplasmodial activities.

4. To gain insights into the plausible mechanism of action of the most promising 

compounds with respect to inhibition of the proposed targets: human and P. falciparum 

Hsp90 (hHsp90 and PfHsp90) for anticancer and antiplasmodial activity, respectively.
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Chapter 2 Synthesis of target Nb analogues

2. SYNTHESIS OF TARGET NOVOBIOCIN
ANALOGUES

This chapter focuses mainly on the synthesis and characterisation of target Nb analogues. The 

synthetic methods for preparation of coumarin compounds are briefly reviewed at the 

beginning of the chapter (Section 2.1) before delving into the synthesis and characterisation of 

the target analogues (Section 2.2). Conclusions of this part of the study are drawn at the end of 

the chapter (Section 2.3).

2.1. OVERVIEW  OF SYNTHESIS OF COUMARIN COMPOUNDS

The structure of Nb comprises three units: A -  noviose sugar, B -  coumarin ring and C -  

benzoic acid side chain (Figure 2.1). Of the three units, the coumarin ring is arguably the most 

important as it serves as a backbone for appending the noviose and benzamide units. 

Additionally, Nb and compounds 1.21-1.22 are known as aminocoumarin antibiotics, a name 

attributable to the coumarin nucleus common in all three antibiotics. In literature, synthesis of 

Nb analogues is typically initiated by preparation of the coumarin nucleus to which other 

substituents can be appended.1-3 Some researchers start with the parental structure of Nb and 

modify it to synthesize the desired analogues.4, 5

t---------------------------------------------------------------------------------------------

Nb ( 1.4 )

Figure 2.1: Structure of Nb showing different subunits: A -  noviose ring, B -  coumarin ring

and C -  benzoic acid side chain.

Coumarins belong to the a-benzopyrone sub-family of the benzopyrone family of 

coumpounds.6 The other group within the benzopyrone family is the y-benzopyrone whose 

prime members are flavonoids. Coumarins have a wide spectrum of properties including 

applications in pharmaceutical, agrochemical and photochemical industries.6 Due to their wide
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applicability, various synthetic methods have been developed for synthesis of coumarin 

compounds. The most common methods for coumarin synthesis include the Pechmann 

reaction, Knoevenagel condensation, Perkin condensation and Wittig reactions tailored for 

coumarin synthesis.

2.1.1. Pechm ann reaction

The Pechmann reaction involves condensing a phenol with a ̂ -keto ester or carboxylic acid in 

the presence of a strong acid like sulphuric acid (H2SO4) as illustrated in Scheme 2.6 It is by 

far the most high-yielding method compared to other classical methods mentioned above.6 The 

method is widely used for synthesis of coumarins with various substituents. However, it is 

somewhat limited in substrate variability due to the direct use of H 2SO4, which presents 

corrosion problems and leads to formation of many by-products. The reaction has since been 

modified to circumvent the use of H2SO4 for milder reaction conditions.

Scheme 2.1: Representative reaction of the Pechmann reaction.

Among other variations of the Pechmann reaction are the use of Lewis acids (AlCb, TiCb, 

ZnCl2, InCb),7-9 ionic liquids10, 11 and microwave irradiation.12, 13 Other variations employing 

Bronsted bases (NaOMe, NaOEt, NaOAc) have also been explored, but there is inadequate 

data regarding their efficacy compared to H2SO4.6 Another efficient and mild variation of the 

Pechmann reaction makes use of grinding the reactants in solid phase with catalytic amounts 

of an acid.14

2.1.2. Knoevenagel reaction

A typical Knoevenagel reaction utilizes an amine as a base to couple an active methylene 

compound to a carbonyl group, yielding an a,P-unsaturated adduct.15 This method has proven 

invaluable for synthesis of cinnamic acid derivatives. In coumarin synthesis, an activated 

methylene is added to a benzaldehyde substrate carrying a hydroxyl group in the ortho­

position, i.e. a salicylaldehyde, to effect an “open ring”, cinammic acid-like intermediate which
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subsequently cyclizes (lactonization) to give the desired coumarin product (Scheme 2.2).15 

This is usually achieved in a one-pot synthesis. Most methylene substrates are usually malonic 

esters and derivatives (e.g. carboxylic acids and amides), but cyanide (-CN) has also been 

reported as an activating group.16, 17

Scheme 2.2: Representative reaction of the Knoevenagel reaction.

Like other methods for coumarin synthesis, the Knoevanegel condensation yields coumarins 

with various substituents on the benzene ring and is compatible with quite a number of sensitive 

functional groups.15

2.1.3. W ittig reaction for coum arin synthesis

The Wittig reaction is a C=C bond forming reaction that has been widely applied in the 

synthesis of unsaturated acyclic systems since its inception. Due to limited generality of the 

classical coumarin synthetic methods, efforts to develop better procedures for coumarin 

preparation have led to the modification of the Wittig reaction for coumarin synthesis.18, 19 

Harayama et al. reported a modified Wittig method in which they reacted 

(Carbethoxymethylene)triphenylphosphorane (i.e. a Wittig reagent) with various 

salicylaldehydes under reflux.18 The method afforded milder reaction conditions and 

reasonable yields of the desired coumarin products.

Scheme 2.3: Synthesis of coumarin via modified Wittig reaction.

Mechanistically, the reaction is thought to proceed via a typical Wittig pathway, forming a 

cinnamic ester derivative as an intermediate, which self-cyclizes to give the desired coumarin
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product. Another modification by Yavari et al. employed a Wittig reagent formed in situ by 

treating dimethyl acetylenedicarboxylate (DMAD) with tripenyl phosphine (PPh3) and reacting 

it with substituted phenols, similarly to the Pechmann reaction.19

2.1.4. Perkin reaction

The Perkin reaction was first reported by Sir William Perkin in 1868.20 The reaction involved 

refluxing salicylaldehyde in acetic anhydride (Ac2O) in the presence of a base, sodium acetate 

(NaOAc), as a catalyst which gave coumarin as a product (Scheme 2.4). To this day, the Perkin 

reaction is one of the most direct and simplest methods for synthesis of substituted coumarins. 

However, it bears a major drawback of low yields which is attributable to harsh reaction 

conditions such as the use of excess amounts of Ac2O and NaOAc, and refluxing at elevated 

temperatures (>110 °C). These conditions lead to a tedious reaction workup, giving 

unsatisfactory product yields.

Scheme 2.4: Perkin condensation.

The mechanism of the Perkin reaction is not yet fully understood. There are, however, two 

propositions regarding the mechanistic details of this reaction. One take suggests the product 

forms by internal lactonisation of an intermediary trans-cinnamic acid derivative formed by 

normal aldol condensation of salicylaldehyde and Ac2O (Scheme 2 .5 )21"23 This is known as 

the intermolecular Perkin reaction mechanism.
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f---------------------------------------------------------------------------------------------------------------------------------

Scheme 2.5: Intermolecular Perkin reaction mechanism.21-23

Though this is a universally accepted mechanism for Perkin condensation, it is contested by 

the intramolecular proposition which contends that internal lactonisation of the trans-cinnamic 

acid intermediate is unlikely to occur under the reaction conditions used due to its trans- 

configuration.23 The intramolecular approach proposes that aldol condensation is preceded by 

intramolecular lactonisation (ring closure) of an o-acetyl salicylaldehyde intermediate which 

forms during the reaction.23, 24

Just like the Knoevenagel condensation, the Perkin reaction requires a hydroxyl group on C-2 

of the benzaldeyde substrate. Although an effective method, this requirement somewhat limits 

the substrate scope of the reaction. Also, the low yields and harsh reaction conditions are among 

other limitations of this procedure. There are numerous attempts described in literature to 

improve the reaction conditions and substrate scope of the Perkin reaction.25 These variations 

share similarities with the Knoevenagel reaction: they require an activated methylene in 

addition to salicyadehyde as substrates and yield 3-substituted coumarins.25 They have been 

widely applied for synthesis of 3-aminocoumarins and derivatives.26 In this work, a variation 

of the Perkin condensation was employed for synthesis of the coumarin core of the Nb 

analogues using 4-hydroxysalicylaldehydes and an acetyl-activated methylene, N-acetyl 

glycine.
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2.2. SYNTHESIS OF NOVOBIOCIN ANALOGUES

In line with the aims and objectives of the project, the overall study commenced with the 

synthesis of Nb analogues. In the proposed target analogues, the noviose sugar appendage on 

C-7 of the coumarin core was replaced with simplified cyclic substituents: phenyl and 

piperidinyl rings, yielding 7-O-phenyl (phenylated) and 7-O-piperidinyl (piperidinyl) Nb 

analogues, respectively. Fc and the previously reported biphenyl A, were appended in place of 

benzamide chain of Nb. The design of the Nb analogues pursued in this study is highlighted in 

Scheme 2.5 in light of the SAR data of the Nb analogues investigated in literature.27-29

Detrimental 
for activity

Not critical for '•

favourable for 
acivity

Target Nb analogues

Scheme 2.6: Design of Nb analogues pursued in this study.

Syntheses of both phenylated and piperidinyl analogues were initiated by preparation of the 

coumarin nucleus via Perkin condensation. Both types of analogues were synthesised starting 

from the coumarin core prepared by the Perkin methodology. The desired structural moieties 

(phenyl, piperidinyl, Fc, and biphenyl A) were successively appended to produce their 

corresponding target Nb analogues (Scheme 2.7).
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Scheme 2.7: Outline for synthesis of Nb analogues.

2.2.1. P reparation of the coum arin nucleus of Nb analogues

As important substrates of the Perkin methodology for coumarin synthesis, the 

salicylaldehydes 2.2a-b were prepared by formylation of resorcinols 2.1a-b under Vilsmeier- 

Haack conditions (Scheme 2.8).30

Scheme 2.8: Formation of coumarins 2.3a-b and their presumed side products 2.4a-b under

Perkin conditions.

The reaction entailed treating anhydrous dimethyl formamide (DMF) under stirring with 

phosphorus oxychloride (POCb) added dropwise at 18 -  25 °C in acetonitrile in a water bath 

for an hour to form the Vilsmeier-Haack reagent, which was subsequently reacted with 

resorcinols 2.1a-b in situ at a temperatures between -10 and 0 °C. The resulting yellow
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precipitate, which is a precursor of the formylation product, was hydrolysed with H2O at 50 °C 

to effect salicylaldehydes 2.2a-b in good yields, 60 and 66%, respectively.

The structures of the products were confirmed by proton and carbon-13 nuclear magnetic 

resonance spectroscopy techniques (1H NMR and 13C NMR, respectively). The signals 

observed for both salicylaldehydes resonated with the ones reported in literature for these 

compounds.30 For 1H NMR, the aldehyde proton appeared just above 5 9 ppm, whilst the 

hydroxyl groups were observed as broad signals above 5 10 ppm. Figure 2.1 shows assignment 

of protons in the 1H NMR spectrum of compound 2.2a as an example. Appearance of a signal 

in the carbonyl region of the 13C NMR spectrum of the products further confirmed successful 

formylation of resorcinols 2.1a-b to salicylaldehydes 2.2a-b.

Figure 2.2: 1H and 13C NMR spectrum of 2.2a.
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Following successful formylation of resorcinols, the parental coumarin nucleus which 

constitutes the core of Nb was attained via a modified Perkin condensation26 of 

salicylaldehydes 2.2a-b with N-acetyl glycine in the presence of anhydrous NaOAc as a base 

in excess Ac2O to effect 7-acetoxy-3-acetamidocoumarins 2.3a-b in relatively low yields: 38 

and 33%, respectively (Scheme 2.8). The progress of the reaction was monitored by thin-layer 

chromatography (TLC), which revealed many side products. Though known for effecting low 

product yields, this modification has proved useful and effective for accessing particularly 3- 

aminocoumarins as it provides the simplest and most direct route.26, 31 It was for these reasons 

that it was chosen over other known procedures for coumarin synthesis.

Low yields the coumarin products could be attributed to the harsh reaction conditions employed 

(highly acidic medium and elevated temperatures) and the resultant tedious workup, which 

involved washing the pasty crude product successively with distilled water and EtOAc. 

Besides, the hydroxyl group on C-4 of the salicylaldehyde ring is known to cause the 

salicylaldehyde to react sluggishly under Perkin conditions due to its electron-donating 

nature.21, 26, 32 In our case, the low-yielding effects of the electron-donating groups (EDGs) are 

further illustrated by the fact that the 8-methyl (8-Me) coumarin, 2.3b, was attained in the 

lowest yield (33%) whilst coumarin 2.3a, containing a lesser electron-donating hydrogen atom 

at C-8, was accessed in a slightly higher yield (38%).

It is also noteworthy that the same p-hydroxyl concomitantly undergoes acetylation under the 

Perkin conditions used, forming 7-acetoxy-3-acetamidocoumarin, since the reaction medium 

has high levels of the acetate ion (NaOAc and Ac2O). This would suggest the o-hydroxyl of 

the salicylaldehyde substrate also experiences acetylation to some extent. This could provide 

further explanation for the low yields of the reaction since two competing pathways will now 

be effected: one leading to formation of the desired products 2.3a-b and the other to formation 

of the acetylated side products, 2,4-diacetoxybenzaldehydes 2.3c-d (Scheme 2.8). Although 

these presumed side products were not isolated during workup, there is evidence in 

literature for acetylation of o-hydroxyl of salicylaldehyde in the presence of Ac2O and a strong 

base.23, 24

As with salicylaldehydes, the structures of acetylated coumarins 2.3a-b were confirmed by 1H 

and 13C NMR spectroscopy. Figure 2.3 illustrates 1H and 13C NMR spectra of 2.3a, 

highlighting the important structural features of this compound. The signals observed in both 

1H and 13C NMR spectra of 2.3a-b were consistent with the signals reported in literature for
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these products.26 For 1H NMR, the protons on the benzene ring of the coumarin core were 

observed between 5 7.0 and 8.6 ppm, which is slightly downfield compared to the 

salicylaldehyde substrates (Figure 2.2). This phenomenon is indicative of successful 

cyclisation.26 Most important was the appearance of a singlet proton at 5 8.60 and 8.61 ppm, 

respectively, in 1H NMR spectra of 2.3a and 2.3b, which is characteristic of the coumarin 

ring.26 Formation of the coumarin ring was further suggested by the appearance of the lactone 

carbonyl signal around 5 157.3 ppm in 13C NMR spectra of both coumarin products.

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30

Figure 2.3: 1H and 13C NMR spectra of 2.3a.

After successful preparation of N-acetyl 7-acetyloxy-3-aminocoumarins, 2.3a-b, it was 

imperative to deacetylate either at position 3 (for attaching Fc and biphenyl A) or position 7 

(for phenyl and piperidinyl) of the coumarin nucleus to allow coupling of these structural 

motifs required for target compounds. There is a plethora of deacetylation procedures in 

literature for both esters and amides.33-35 Since the functional groups that are effected following 

deacetylation of 2.3a-b, i.e. hydroxyl and amine, are labile and elicit similar reactivities, we
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wanted a procedure that would selectively deacetylate one group whilst leaving the other still 

protected. This was achieved by employing a two-step, one-pot procedure developed by Burk 

and Allen for facile conversion of N-acetamides into N-tert-butoxycarbamates.36 The 

procedure utilizes an amidation reaction between a secondary N -acetamide and di-tert- 

butyldicarbonate (Boc2O) catalyzed by 4-dimethylaminopyridine (DMAP) to displace the 

hydrogen atom on the nitrogen of the acetamide. This gives a tertiary amide intermediate, 

which is subsequently deacetylated in the second step via base-catalyzed hydrolysis to yield 

solely an NBoc-protected product.

In our case, the first step of the Allen and Burk procedure was envisaged to exchange the acetyl 

in position 3 of the coumarin ring for the Boc group, whilst the deacetylation step was 

envisaged to effectively hydrolyze the 7-acetoxy moiety to effect N-Boc 7-hydroxy-3- 

aminocoumarins. The acetylated aminocoumarins, 2.3a-b, and catalytic amounts of DMAP 

were stirred together with excess Boc2O at ambient temperature in tetrahydrofuran (THF) as 

reported by Kudale et a l26 As before, the progress of the reaction was monitored by TLC. Both 

acetyl coumarins 2.3a and 2.3b were completely consumed under these reaction conditions 

after an hour. The resultant clear brown solution, presumably containing a tertiary amide 

intermediate, turned orange upon successive addition of hydrazine monohydrate (NH2H2*H2O) 

and methanol, and was stirred for 20 minutes. Addition of NH2H2*H2O, simultaneously 

deacetylated the acetoxy at C-7 of the coumarin reactants (2.3a-b), yielding N-Boc 7-hydroxy- 

3-aminocoumarins, 2.4a-b (Scheme 2.9. The products were purified by silica gel column 

chromatography following a laborious reaction workup that involved removal of excess 

hydrazine by successively washing the reaction solution in dichloromethane (DCM) with 1 M 

HCl, CuSO4, and NaHCO3 solutions. Compound 2.4a was obtained in 81% yield as a white 

solid, whereas 2.4b was attained as a pale-yellow solid in 66%.
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Scheme 2.9: Hydrolysis of N-acetyl 7-acetoxy-3-aminocoumarins 2.3a-b.

Like before, the hydrolysis products were characterised by NMR spectroscopy techniques. 

Figure 2.4 shows the 1H NMR spectrum of compound 2.4b as a representation of 1H NMR 

spectra of the hydrolysis products. The coumarin signals remained almost unchanged in 1H 

NMR spectra of both products relative to their corresponding starting materials, 2.3a-b. Most 

significant was the disappearance of both acetyl signals in the aliphatic region and the 

appearance of a broad signal below 5 10 ppm, which is characteristic of the OH group (Figure

2.3) . An intense singlet, indicative of the Boc group, was also observed in the aliphatic region 

around 5 1.45 ppm. Disappearance of acetate signals was also observed in 13C NMR spectra of 

these compounds, further confirming successful deacetylation of compounds 2.3a-b (Figure

2.3) . The signals of the Boc group resonated at 5 158.3 -  159.4 ppm (C=O), 80.1 -  80.2 ppm 

(quaternary C) and 27.92 -  28.01 ppm (3*Me) as reported in literature.26
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Figure 2.4: 1H NMR spectrum of 2.4b.

2.2.2. Synthesis of 7-0-phenyl Nb analogues

The hydrolysis of acetylated coumarins (2.3a-b) afforded products, 2.4a-b, bearing a hydroxyl 

group on C-7 of the coumarin nucleus. The hydroxyl functional group elicits a wide variety of 

reactivities, from simple reactions, like SN2 substitutions to more involved transformations 

such as etheration and hydroboration. In line with the aims and objectives of the present study, 

the substituted phenyl moieties were appended at position 7 of the coumarin nucleus via the 

Chan-Lam coupling protocol.37

In Nb and most analogues reported in literature, position 7 is occupied by the stereochemically 

complex noviose sugar. Like most sugars, noviose exhibits both R- and S-configurations, and 

thus has D- and L-enantiomers, respectively. Synthesis of the noviose is far from trivial.38 

Although there have been a variety of protocols developed for synthesis of noviose, there has 

not been one that is more direct and can be performed in less than 10 steps.38

In light of the SAR data of Nb analogues for cancer, through Hsp90 inhibition, the noviose 

sugar is known to impart high activity into Nb analogues.1-3, 39 However, it has been reported 

that activity can still be retained by appending other structural motifs, both cyclic and acyclic,

47



Chapter 2 Synthesis o f target Nb analogues

in lieu of the noviose moiety.27, 29 In our case, the phenyl rings bearing substituents: methoxy 

(OMe) in positions 3’ and 4’, and tert-butyl (But) in position 4 ’ were selected for investigation, 

and have also been explored as noviose replacements in literature.29

2.2.2.1. Synthesis of N-Boc 7-phenyloxy-3-aminocoumarins (2.6a-f)

Using commercially available boronic acid derivatives of the substituted phenyls selected for 

investigation, the Chan-Lam coupling protocol was employed to couple these moieties to 

position 7 of N-Boc 7-hydroxy-3-aminocoumarins, 2.4a-b. The Chan-Lam protocol is a 

copper-promoted etherification procedure that involves cross-coupling of phenols with aryl 

boronic acids.40 This procedure has many benefits compared to other classical etherification 

protocols such as Ullman-Goldberg and Buchwald-Hartwig reactions.40 Among other benefits 

are the milder reaction conditions (low temperatures and weak bases) and general affordability 

due to use the of inexpensive copper(II) salts.40

Although there are still many unanswered questions, the proposed mechanism of Chan-Lam 

etheration is supposed to proceed via a typical redox, organometatalic catalysis (Scheme

2.10) .40 The reaction is initiated by oxidative addition of the phenol substrate to the copper(II) 

salt (CunX2) followed by transfer of the aryl of the boronic acid via transmetalation (Scheme

2.10) . The resultant Cu(II) intermediate undergoes disproportionation by another CuIIX2
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equivalent. Reductive elimination of the resultant quaternary intermediate gives the final ether 

product. The CuIIX2 catalyst gets restored by aerobic oxidation of CuIX2 from reductive 

elimination (Scheme 2.10).

Etheration of compounds 2.4a-b was effected using Chan-Lam coupling procedure as reported 

by Medda et al., which is specific for etheration of hydroxycoumarins.37 As highlighted in 

Scheme 2.11, compounds 2.4a-b (1 eq.) were suspended in DCM together with appropriate 

phenylboronic acids 2.5a-c (2 eq.) and copper acetate monohydrate (Cu(OAc)2*H2O) (1 eq.). 

Treatment of the suspension with 5 equivalents of triethylamine (Et3N) resulted in a dark-green 

solution into which activated powdered 4 A molecular sieves were immediately added. The 

reaction solution was stirred under N 2 atmosphere.

Scheme 2.10: Etheration of 7-hydroxycoumarins 2.4a-b with phenylboronic acids 2.5a-b.

Whilst all the phenolic starting material had been completely consumed for most boronic acids 

after 48 hours, as monitored by TLC, the reaction of compound 2.4b with 4-tert- 

butylphenylboronic acid (2.5a) did not go into completion even after 3 days of stirring. This 

reflected in the product yield since the corresponding phenylated product (2.6d) was attained 

in the lowest yield of 11%. Following purification by silica gel column chromatography, the 

phenylated products were achieved as white solids in low to moderate yields: 11 -  45% (Table 

2.1).
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Table 2.1: Product yields of Chan-Lam etherification.

Entry Compound R 1 R2 R3 %Yield

1 2.6a H But H 29
2 2.6b H OMe H 33
3 2.6c H H OMe 23
4 2.6d Me But H 11a
5 2.6e Me OMe H 38
6 2.6f Me H OMe 45

aReaction did not go into completion.

The diminished yields were not a surprise since many side products were noticed upon 

monitoring the progress of the reaction by TLC. Medda et al. also experienced the same issue 

in their study during the development of this procedure.37 They further identified phenolic and 

diaryl ether derivatives of the boronic acid substrates as the major side products. From a 

mechanistic view-point, the low yields could also be explained by employment of an inert 

atmosphere, which was necessitated by the sensitivity of the reaction. The catalytic cycle of 

Chan-Lam coupling involves anaerobic oxidation for the recovery of the active Cu(II) catalyst, 

i.e. Cun(OAc)2 (Scheme 2.10). Use of an inert atmosphere would imply absent anaerobic 

oxidation, which would hinder the recovery of CuII(OAc)2, and thus limit further catalysis of 

the substrates to form products.

The structures of the phenylated products (2.6a-f) were confirmed by 1H and 13C NMR 

spectroscopy. Signals of the coumarin nucleus remained unchanged relative to the 

hydroxycoumarin reactants, 2.4a-b, in both 1H and 13C NMR spectra of all products. The broad 

singlet of the OH group, which resonated below 5 10.00 ppm in 1H NMR spectra of compounds 

2.4a-b, was not observed in the 1H NMR spectra of the phenylated products. In addition, 

appearance of extra signals observed in the aromatic region and intense singlets in the aliphatic 

region, corresponding to OMe and But groups, further confirmed successful coupling of the 

phenyl moieties to the coumarin core at C-7. Figure 2.5 illustrates the observed signals 

discussed above.
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Figure 2.5: 1H and 13C NMR spectra of 2.6e.

2.2.2.2. NBoc-deprotection of phenylated 3-aminocoumarins

The NBoc-protected 7-phenyloxy-3-aminocoumarins, 2.6a-f, were subjected to acidic Boc- 

deprotection conditions to liberate the amine at C-3 of the coumarin ring. This was achieved 

facilely by treating compounds 2.6a-f with commercially available 4M HCl in dioxane 

solution, and the resulting suspension was stirred at room temperature for 12 hours. As usual,
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the progress of the reaction was monitored by TLC. The disappearance of compounds 2.6a-f 

on the TLC plate marked complete hydrolysis of the Boc group. Following complete 

hydrolysis, the thick, milky suspension that resulted was cautiously treated with a small amount 

of perchloric acid (HClO4) to completely dissolve it. Addition of saturated NaHCO3 solution 

effected neutralisation of the reaction solution. The products were extracted with DCM, dried 

over magnesium sulphate (MgSO4) and obtained in good to excellent yields (55 -  99%) as 

yellow solids after removal of the solvent under reduced pressure (Table 2.2). The free 3- 

aminocoumarins, 2.7d-f, carrying the methyl group at C-8 (R1 = Me) were obtained in higher 

yields than their hydrogen-containing variants, 2.7a-c. For both 8-H and 8-Me variants, the 

OMe group of the phenyl ring seemed to effect higher yields than the But (Table 2.2).

Table 2.2: Yields of 7-phenyloxy-3-amicomarins 2.7a-f.

2.6a-f 2.7a-f

Entry Compound R 1 R2 R3 %Yield

1 2.7a H But H 53
2 2.7b H OMe H 66
3 2.7c H H OMe 66
4 2.7d Me But H 76
5 2.7e Me OMe H 95
6 2.7f Me H OMe 99

Regarding characterisation of the products, successful Boc-deprotection was confirmed by the 

disappearance of the Boc signals between 5 1.47 and 1.53 ppm of 1H NMR spectra of products, 

and appearance of broad singlets indicative of the free amine (NH2), which resonated at 5 3.80 

-  4.20 ppm. The region where the NH2 group was observed is characteristic of free 

3-aminocoumarins as has been observed in literature for this class of compounds.26, 31

2.2.2.3. P reparation  of biphenyl A

As discussed in the in Section 1.3 and Section 1.5, the biphenyl A moiety enhances the 

anticancer activity of Nb analogues through Hsp90 inhibition. This moiety was included in the 

current study to produce organic counterparts of the phenylated, novel ferrocenyl Nb analogues
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for comparison purposes. These organic derivatives have been previously synthesised and 

investigated for anticancer activity.29

Having successfully coupled the phenyl moieties to position 7 of the coumarin core (required 

for target analogues) and liberated the 3-NH2 group of compounds 2.6a-f in satisfactory yields, 

the resultant free 7-phenyloxy-3-aminocoumarins (2.7a-f ) were now ready for coupling with 

carboxylic acids of Fc and biphenyl A via amidation. Before such coupling, biphenyl A had 

to be prepared since it is not commercially available, unlike Fc. This moiety was assembled by 

employing the palladium-promoted Suzuki coupling method, which is a C-C bond-forming 

protocol. The synthesis was initiated by ester-protection of the carboxylic acid OH of the 

commercially available precursor, 3-iodo-3-metoxybenzoic acid 2.8 (Scheme 2.12).

Scheme 2.12: Synthetic route to biphenyl A.

Esterification of 2.8 was achieved by conventional acid-catalysed esterification with excess 

methanol under reflux for 12 hours. The product was attained as an off-white solid after 

extraction with ethyl acetate (EtOAc) and removal of the solvent, yield: 85%. Figure 2.6 shows 

full assignment of proton signals in 1H NMR spectrum of the ester product, 2.9.
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Suzuki cross-coupling of ester 2.9 (1 eq.) with boronic acid 2.5c (3 eq.) was achieved thermally 

by reflux under N 2 atmosphere to access the biphenyl ester 2.10 in the presence of a palladium 

catalyst: [1,1’-Bis(diphenylphosphino)ferrocene]dichloropalladium(II), i.e. Pd(dppf)2Cl2. 

After 24 hours, complete conversion of 2.9 was noted by its disappearance and formation of a 

new spot upon monitoring the progress of the reaction by TLC. The product was isolated as a 

colourless oil in 90% yield after purification by silica gel column chromatography. The most 

significant features of the 1H NMR spectrum of 2.10 are the appearances of a new methoxy 

signal at 5 3.82 ppm and new aromatic signals, viz. : a triplet (1H) and two multiplets (3H) at 5 

7.34 and 6.92 -  7.04 ppm, respectively, which were consistent with the structure of the 

compound, suggesting successful C-C coupling of 2.5c with 2.9 (Figure 2.7).
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Figure 2.7: 1H NMR spectrum of 2.10.

The carboxylic acid functionality was recovered by sodium hydroxide (NaOH) hydrolysis of 

2.10 in 1:1:3 MeOH/H^O/THF solvent mixture followed by an acidic workup with HCl 

solution to give biphenyl carboxylic acid 2.11 in a yield of 89%. The disappearance of the third 

methoxy signal in the aliphatic region and appearance of the carboxylic acid OH group at 

5 12.73 ppm of the 1H NMR spectrum of 2.9 confirmed successful recovery of the carboxylic 

acid functionality.

2.2.2.4. Synthesis of target phenylated Nb analogues (2.113a-f and 2.14a-f)

With both the carboxylic acids of biphenyl A and Fc, and the free 7-phenyloxy-3- 

aminocoumarins (2.7a-f) at hand, the synthesis of target 7-O-phenyl Nb analogues (i.e. 

phenylated analogues) was performed by coupling the respective precursors via amidation 

(Scheme 2.13). The amide bond spans a wide region of the chemical spectrum, from complex 

macromolecules such as proteins to simple pharmaceutical drugs. It is reported that over 25% 

of all known drugs approved by the FDA in the United States contain at least one amide bond.41
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In the context SAR data, the amide functionality is known to be critical for anticancer activity 

of Nb analogues through Hsp90 inhibition.28

Scheme 2.13: Synthesis of target ferrocenyl (2.13a-f) and organic (2.14a-f) 7-O-phenyl Nb

analogues.

Successful preparation of target analogues was effected by EDCI amidation (Scheme 2.13).1 

The reaction entailed treating the free 3-aminocoumarins 2.7a-f with 30% pyridine/DCM 

solution at room temperature for 10 minutes, followed by addition of 2 equivalents of a relevant 

diaryl carboxylic acid, biphenyl A acid (2.11) or ferrocene carboxylic acid (2.12), and 3 

equivalents of EDC*HCl. Pre-treatment of aminocoumarins with pyridine was necessary to 

activate the 3-NH2 of the coumarin substrates. The reaction was further stirred for 1 to 3 days 

depending on the carboxylic acid used.

The progress of the reaction was monitored by TLC. The formation of ferrocenyl analogues 

(2.13a-f) was terminated after 1 day of stirring as TLC did not indicate any further consumption 

of the aminocoumarin reactants after 12 hours of stirring. The ferrocenyl analogues were 

purified by silica gel column chromatography using 10% EtOAc/Hex solvent system after the 

removal of solvents under reduced pressure. The yields of these analogues ranged between 13 

and 45% (Table 2.3). Except for 2.13e, the 8-Me analogues (2.13d and 2.13f) were obtained 

in higher yields than their respective hydrogen counterparts, i.e. 8-H analogues (2.13a and 

2.13c). This could be explained by the influence of the electronic effects of the methyl and
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hydrogen groups at C-8 on the reactivity of 3-NH2 in the coumarin reactants. The methyl being 

a better electron-releasing group donates higher electron density to the coumarin ring than the 

hydrogen, and thus activates the 3-NH2 of 8-Me aminocoumarins (2.7d-f) for amidation.

Table 2.3: Yields of phenylated ferrocenyl analogues.

R1
2.13a-f

Entry Compound R 1 R2 R3 %Yield

1 2.13a H But H 28
2 2.13b H OMe H 52
3 2.13c H H OMe 41
4 2.13d Me But H 45
5 2.13e Me OMe H 19
6 2.13f Me H OMe 45

The structures of the products 2.13a-f were confirmed by the spectroscopic techniques: NMR 

(1H and 13C NMR), infra-red (IR) and high-resolution mass spectroscopy (HRMS) in addition 

to CHNS micro-analysis. 1H NMR spectra of 2.13a-f revealed the characteristic proton signals 

due to the Fc moiety as two triplets and one singlet between 5 4.26 and 4.87 ppm. The amide 

NH resonated around 5 8.70 ppm, and was observed at v 3400 -  3396 cm-1 in the IR spectra of 

the compounds. In 13C NMR spectra, the carbon signals of the cyclopentadienyl (Cp) rings 

appeared in the range 5 68.5 -  75.2 ppm. The region where the Fc signals were observed for 

these compounds was concurrent with that of other biologically important ferrocenyl 

compounds reported in literature for both 1H and 13C NMR spectra.42, 43 There were no 

significant changes in the signals of the coumarin and phenyl moieties with respect to the 

phenylated free 3-aminocoumarin substrates (2.7a-b). Representative 1H and 13C NMR spectra 

of Fc analogues are illustrated by those of 2.13d in Figure 2.8 below.

57



Chapter 2 Synthesis o f target Nb analogues

HRMS spectra of the compounds revealed intense signals of the molecular ion peaks [M+H]+ 

at m/z: 522.1381(2.13a), 496.0851 (2.13b), 496.0835 (12.13c), 536.1520 (2.13d) and 510.1004 

(2.13e), which were consistent with the respective structures of the compounds. The computed 

values of carbon, nitrogen and hydrogen percentage composition of compounds 2.13a-f for 

CHNS micro-analysis were in agreement with the observed values (Table 2.4).
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Table 2.4: Elemental analysis results of phenylated ferrocenyl analogues.

Entry Compound
Calculated Found

C H N C H N

1 2.13a 69.11 5.22 2.69 68.23 6.03 2.27
2 2.13b 65.47 4.27 2.83 65.54 4.95 2.74
3 2.13c 65.47 4.27 2.83 65.88 4.97 2.27
4 2.13d 69.54 5.46 2.62 70.23 3.92 2.72
5 2.13e 66.03 4.55 2.27 66.77 4.59 2.66
6 2.13f 66.03 4.55 2.75 66.46 4.61 2.66

Now turning attention to organic Nb analogues (2.14a-f), the conversion of aminocoumarin 

reactants (2.7a-f) was only discernible after 24 hours of stirring as indicated by TLC. The 

reaction was terminated after 3 days when TLC showed no change in the reaction progress. 

The crude products obtained after the removal of solvents were purified by preparative TLC. 

DCM was used as an eluent to develop the preparative TLC plates spotted with the crude 

products (reconstituted in THF). The bands of the products were collected and recovered with 

DCM to yield the desired compounds as off-white and yellow solids in modest to average yields 

(Table 2.5). As with Fc analogues, the organic 8-Me analogues (2.14d-f) were effected in 

higher yields than their 8-H derivatives (2.14a-c), possibly for the same reasons.

Table 2.5: Yields of phenylated organic analogues.

Entry Compound R 1 R2 R3 %Yield

1 2.14a H But H 37
2 2.14b H OMe H 13
3 2.14c H H OMe 27
4 2.14d Me But H 55
5 2.14e Me OMe H 71
6 2.14f Me H OMe 45
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The organic novobiocins (2.14a-f) were characterized in a similar manner as the ferrocenyl 

analogues (2.13a-f). Successful amide coupling was confirmed by the appearance of the amide 

NH signal around 5 8.20 ppm in the 1H NMR spectra of these compounds. Analysis of the IR 

spectra of each compound revealed a sharp band in the range v 3366 -  3405 cm-1, which is 

characteristic of the amide N-H stretch. The proton signals of the biphenyl A moiety overlapped 

with those of the coumarin nucleus and phenyl units in the aromatic region of both 1H and 13C 

NMR spectra of the products as exemplified in Figure 2.9.

CDCI3
U -1C

H- 1-, 9- & 18-OMe

CDCI3
C-1, C-9&C-18

Figure 2.9: 1H and 13C NMR spectra of 2.14a.
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The observed elemental analysis values of the organic Nb analogues were consistent with the 

calculated values (Table 2.6). The base peaks were observed as intense signals at m/z: 550.2216 

(2.14a), 524.1700 (2.14b), 524.1714 (2.14c), 564.2377 (2.14d), 538.1881 (2.14e) and 

538.1852 (2.14f), respectively, in HRMS spectra of 2.14a-f. These were coherent with the 

structures of these compounds.

Table 2.6: CHNS micro-analysis data of organic Nb analogues.

Entry Compound
Calculated Found

C H N C H N

1 2.14a 74.30 5.69 2.55 74.63 5.95 2.66
2 2.14b 71.12 4.81 2.68 70.44 4.84 2.27
3 2.14c 71.12 4.81 2.68 71.62 5.25 2.53
4 2.14d 74.58 5.90 2.46 74.07 4.95 2.61
5 2.14e 71.50 5.06 2.61 70.14 4.61 2.60
6 2.14f 71.50 5.06 2.61 70.17 5.19 2.61

2.2.2.5. A ttem pted am idation procedures

Before successful amidation with EDCI via the method employed above, various amidation 

protocols had been attempted to access the target analogues. Among such attempts was 

amidation with activated acyl derivatives of carboxylic acids 2.11 and 2.12 (Scheme 2.14).

Scheme 2.14: Attempted amidation of 2.7a with 2.11 by acyl activation with HOBt.

Amidation by acyl chloride activation of biphenyl A acid 2.12 for coupling with free 3- 

aminocoumarin derivatives for preparation of a different library of Nb analogues investigated 

for anticancer activity was reported by Zhao et al.44 Though the procedure for activation of the 

acid was not fully disclosed, it was reported to have been effected with thionyl chloride
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(SOCI2). In our case, conversion of both acid 2.11 and 2.12 was attempted by refluxing them 

with excess SOCh or in equimolar ratios in DCM. However, the products could not be isolated 

since they turned into insoluble pasty materials upon removal of the solvents. Formation of the 

acyl chloride in situ by stirring the free amines 2.7a-f with the resultant pasty materials 

(reconstituted in 50% pyridine/DCM solution) did not give the desired amide products either. 

Attempted amidation with HOBt exclusively yielded the activated acid derivatives instead of 

the desired products even after two days of stirring with the aminocoumarin substrates (2.7a- 

f). Figure 2.6 shows the 1H NMR spectrum of an HOBt-activated Fc acid, 2.15.

8.3 7.8 7.3 6.8 6.3 5.8 5.3 4.8

Figure 2.10: 1H NMR of HOBt-activated Fc carboxylic acid, 2.15.

2.2.3. Synthesis of target piperidinyl Nb analogues

Upon biological screening of the phenylated Nb analogues (2.13a-f and 2.14a-f), it was 

discovered that these compounds were only sparingly soluble in DMSO, which was used as a 

solvent in the bioassays. It was postulated that the observed poor aqueous solubility could have 

been an effect of the hydrophobic phenyl moieties appended at C-7 of the analogues, and 

somewhat limited their biological activity. Based on this, we envisaged displacing the phenyl 

moieties with more hydrophilic motifs for better aqueous solubility and improved biological 

activity (presumably) whilst retaining the steric bulk in position 7.
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To realize this, 3’- and 4’-N-methyl or -NBoc or -NH substituted piperidinols (2.15a-d) were 

selected as replacements of the phenyl motifs since they are both cyclic (for steric bulk) and 

contain polar NMe and NH groups that participate in H-bonding and are known to be 

favourable for aqueous solubility (Figure 2.11). The NBoc-protected piperidinols (2.15e-f) 

were prepared from commercially available NH-containing piperidinols (2.15c-d) using the 

first step of the procedure described for the synthesis of N-Boc 7-hydroxy-3-aminocoumarins 

(2.4a-b) (Section 2.2.1). It is also noteworthy that these motifs have been shown to retain the 

efficacy of Nb analogues against cancer cell lines through Hsp90 inhibition as noted in Section 

1.3 27 28

2.15

Boc
protection

R1 R2

a NMe H
b H NMe

-  c NH H
-  d H NH

e NBoc H

-  f H NBoc

Figure 2.11: Piperidinols selected as replacements of phenyl moieties.

The synthesis of target piperidinyl analogues was envisaged as highlighted in Scheme 2.15, 

commencing with the benzylation of N-Boc 7-hydroxy-3-aminocoumarins, 2.4a-b. This route 

involved protection of the hydroxyl at C-7, which would later be recovered for coupling of the 

desired pipiridinyl moieties after attachment of the diaryl units (Fc and biphenyl A).
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Scheme 2.15: Synthetic route to target piperidinyl Nb analogues, 2.19a-k.

2.2.3.1. P reparation of benzyl-protected 3-aminocoumains (2.16a-b)

The benzylation reaction was performed conventionally by refluxing equimolar amounts of 

2.4a-b and benzylbromide in acetone in the presence of excess potassium carbonate (K2CO3) 

(4.0 eq.). Purification of the crude products by silica gel column chromatography yielded the 

pure compounds 2.16a-b (not shown in Scheme 2.15) in excellent yields: 88 -  93%, as white 

solids. 1H NMR spectra of the benzylation products revealed five extra aromatic proton signals 

in the aromatic region overlapping with the coumarin protons, and the methylene group (CH2) 

resonating around 5 5.00 ppm. This confirmed successful benzylation of the phenolic 

coumarins as exemplified by Figure 2.12.
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Figure 2.12: 1H NMR spectrum of 2.16b.

Before coupling of the Fc and biaryl A moieties, compounds 2.16a-b were Boc-deprotected as 

previously highlighted for preparation of free 7-phenyloxy-3-aminocoumarins (2.17a-b) in the 

synthesis of phenylated Nb analogues (Section 2.2.2.2). Successful removal of the Boc group 

was confirmed by the disappearance of the Boc-signals in both 1H and 13C NMR spectra of the 

products (2.17a-b), which were accessed as yellow solids in good to excellent yields. Whilst 

the reaction of 2.16a proceeded smoothly and exclusively afforded 2.17a (as monitored by 

TLC) in high purity and yield (93%), conversion of 2.16b was achieved with some difficulty 

and required warming the suspension in a water bath (at ~50 °C) for an hour. Formation of 

side products was also observed on the TLC plate for this conversion. Hence, the product 2.17b 

was purified by silica gel flash column chromatography and accessed in a lower yield of 71%.

Following liberation of 3-NH2, the diaryl acids (2.11 and 2.12) had to be appended on the 

benzamide side (RHS) of the coumarin core for preparation of target analogues. Unlike the 

synthesis of the phenylated analogues (2.13a-f and 2.14a-f), which was achieved in one step 

via EDCI amidation (in low yields) after liberation of 3-NH2, the synthetic route envisaged for 

preparation of the piperidinyl analogues required 2 -  3 steps after amidation to access the target 

compounds (2.20a-k) (Scheme 2.15). For this reason, EDCI coupling could not be employed
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since it would afford the amidation products (2.18a-d) in low yields and would further diminish 

the amounts of products as substrates in the succeeding steps leading to the final Nb analogues 

(2.20a-k). As a result, a better-yielding amidation protocol using a peptide coupling reagent, 

n-propylphosphonic anhydride (T3P®), was employed and it is discussed below.

2.2.3.2. Amidation with n-propylphosphonic acid (T3P®)

As the name suggests, n-propylphosphonic anhydride is the anhydride derivative of 

propylphosphonic acid under the trade name T3P® (Figure 2.13). It was developed in 1980s 

exclusively for peptide synthesis, but over the years it has found application in other areas of 

chemistry including dehydration chemistry and synthesis of functionalised heterocycles.25, 45 

T3P® amidation offers many benefits such as low toxicity, milder reaction conditions, lack of 

shock sensitivity, and wide substrate applicability (including epimerization-prone substrates) 

and offering high product yields.25, 45 It was selected in this study for the amide-coupling of 

free 7-0-benzyl-3-aminocoumarins (2.17a-d) with acids 2.11 and 2.12 mainly because of its 

high-yielding quality.

Figure 2.13: Structure of n-propylphosphonic anhydride (T3P®).

T3P® amidation was initially carried out by suspending stoichiometric amounts of free 3- 

aminocoumarin 2.17a and acids 2.12 in 1:2 pyridine/EtOAc solvent mixture on ice followed 

by the addition of commercially available 50% T3P®/EtOAc solution (2.0 eq.), which were 

stirred at 0 °C for 24 hours as reported by Dunetz et al. for amidation of epimerization-prone 

substrates.45 As in the previous cases, the reaction progress was monitored by TLC. After 24- 

hour stirring, TLC indicated no consumption of substrates nor formation of the products.
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Scheme 2.16: T3P® amidation of 2.18a-d.

This problem was solved by refluxing the reaction mixture at 75 °C, still following the reaction 

progress with TLC (Scheme 2.16). Transformation of the substrates to the amide products was 

noticed after 12 hours of stirring as spots of the substrates became faint and a new spot visible. 

The reaction was terminated after 24 hours and the solvents were removed in vacuo to give the 

crude products. Purification of the crude products by silica gel column chromatography 

afforded compound 2.18a as an orange solid in moderate yield of 50% (nearly unsatisfactory). 

The yield was improved by changing the major solvent from EtOAc to chloroform (Scheme 

2.16), which gave 2.18a in 80% yield. This modification was employed for synthesis of the 

remaining amides 2.18b-d, including the organic derivatives (Table 2.7).

Table 2.7: Product yields of T3P® amidation.

Entry Com pound R 1 R %Yield

1 2.18a H B 80
2 2.18b Me B 68
3 2.18c H A 50
4 2.18d Me A 42
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The ferrocenyl amides, 2.18a-b, were obtained in higher yields than their organic derivatives, 

2.18c-d. Interestingly, the 8-H variants (containing a lesser EDG) were effected in better yields 

than their respective 8-Me counterparts. This was contrary to the observation made for the 

amidation with EDCI for preparation of phenylated Nb analogues (2.13a-f and 2.14a-f) in 

Section 2.2.2.4.

The structures of the products (2.18a-d) were confirmed as was done for phenylated Nb 

analogues. The ferrocene signals were observed in the same region in the 1H and 13C NMR 

spectra of 2.18a-b, as exemplified in Figure 2.10, confirming successful coupling of acid 2.11 

to free 3-aminocoumarins (2.17a-b). The organic derivatives (2.18c-d) revealed signals of the 

biphenyl moiety as was observed for the organic, phenylated Nb analogues (Section 2.2.4). 

Except for 2.18a, the base peaks in HRMS spectra of compounds 2.18c-d were observed as 

intense signals at m/z: 494.1056 (2.18b), 507.1682 (2.18c) and 521.1838 (2.18d), which was 

consistent with their molecular masses [M+H]+. Although 2.18a had a base peak with only 

~5% peak intensity at m/z 480.0905, its fragmentation pattern (removal of the benzyloxy group 

at C-7) corresponded with the signal observed at m/z 373.1766, thus confirming its structure.

2.2.3.3. Synthesis of 7-hydroxy Nb analogues (2.19a-d)

To couple the piperidinols (2.15a-d) to C-7 of the coumarin ring for synthesis of target 

analogues, the benzyl group of the benzylated Nb analogues (2.18a-d) was removed by facile 

palladium-promoted hydrogenolysis using 10% mol palladium on carbon (Pd/C) as a catalyst. 

After stirring compounds 2.18a-d with 10% mol Pd/C in THF for 12 hours at room temperature 

(monitored by TLC), the products were filtered through a small pad of silica gel and eluted 

with EtOAc to remove Pd/C. The collected filtrates were concentrated in vacuo to the give the 

7-hydroxy Nb analogues (2.19a-d) in yields of: 93% (2.19a), 33% (2.19b), 70% (2.19c) and 

40 % (2.19d). Successful de-benzylation was indicated by the disappearance of the benzyl 

signals in both 1H and 13C NMR spectra of the resulting compounds (2.19a-d) in the aromatic 

and methylene regions. A broad band was also observed in the IR spectra of these compounds 

at v 3228 -  3258cm-1, indicating presence of the hydroxyl group (Figure 2.14).
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Figure 2.14: IR spectrum of 2.19c.

Except for 2.19b whose structure was confirmed by analysis of its fragmentation pattern, the 

HRMS data of the other compounds (2.19a and 2.19c-d) revealed base peaks which were 

consistent with their proposed structures as shown in Table 2.8.

Table 2.8: HRMS data of 7-hydroxy Nb analogues.

Entry Com pound Expected (M) Found [M+H]+

1 2.19a 389.0351 390.0392
2 2.19b 403.0507 413.2609a
3 2.19c 417.1212 418.1270
4 2.19d 431.1369 432.1434

aConfirmed by analysis of compound’s fragmentation pattern. 

2.2.3.4. Synthesis of target piperidinyl Nb analogues (2.20a-k)

Having successfully acquired the 7-hydroxy Nb analogues, 2.19a-d, in satisfactory yields (33 

-  93%), piperididinols (2.15a-d) were coupled to C-7 via Mitsunobu etheration. The Mitsunobu 

reaction was originally developed for the coupling of primary and secondary alcohols with 

aldehydes to form esters in the presence of azodicarboxylates, viz. : diethyl azodicarboxylate 

(DEAD) and diisopropyl azodicarboxylate (DIAD), and triphenyl phosphine (PPh3) (Scheme 

2.16).46 Over the years, the application of the reaction has been expanded to include preparation 

of ethers, thioethers and amines from compounds with active protons like phenols and 

carboxylic acids.46
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Scheme 2.17: Mitsunobu esterification.

In our case, the Mitsunobu reaction was employed to append piperidinols (2.15a-d) to C-7 of 

the phenolic 7-hydroxy Nb analogues, 2.19a-d, using DIAD and PPh3 to effect the final 

piperidinyl Nb analogues (Scheme 2.17). The synthesis of 3’- and 4’-N-methyl analogues was 

achieved in a single step, whereas that of NH-containing analogues required an additional 

NBoc-deprotection step. The reaction was performed by stirring a suspension of equimolar 

amounts of the phenolic substrates (2.19a-d) and 3’- or 4 ’-N-methyl or -NBoc piperidinols 

(2.15a-c and 2.15e-f), and PPh3 (2.0 eq.) in anhydrous THF in an ice-bath following addition 

of DIAD (2.0 eq.). The course of the reaction was monitored by TLC. Following termination 

of the reaction after 5 hours, the reaction mixture was concentrated under reduced pressure and 

the resulting residue resolved by silica gel column chromatography or preparative TLC.

The 3’- and 4’-NMe or -NBoc piperidinyl ferrocenyl Nb analogues (2.20a-f) were purified by 

column chromatography (5% MeOH/DCM) and obtained as orange and red solids in very low 

to modest yields (Table 2.9). These compounds were characterized similarly to the benzyloxy 

(OBn) and hydroxyl (OH) Nb analogues (2.18a-d and 2.19a-d).

70



Chapter 2 Synthesis o f target Nb analogues

Table 2.9: Isolated yields of 3’- and 4 ’-N-methyl and -NBoc Fc-Nb analogues (2.20a-f).

Entry Com pound R 1 R2 R3 %Yield

1 2.20a H NMe H 41
2 2.20b H H NMe 37
3 2.20c Me NMe H 22
4 2.20d Me H NMe 38
5 2.20e H NBoc H 37
6 2.20f H H NBoc 41

Successful etheration was indicated by the disappearance of the broad band in the IR spectra 

of products, which had been observed at v 3228 -  3258 cm-1 for the phenolic reactants (2.19a- 

b) (Figure 2.15). This indicated the hydroxyl group was no longer present in the products.
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Figure 2.15: IR spectra of 2.19a and 2.20a.

Furthermore, 1H and 13C NMR spectra of the products revealed the piperinyl CH2 peaks in the 

aliphatic region similarly to other piperidinyl Nb analogues reported in literature, therefore 

confirming successful attachment of the piperidinyl moieties.27, 28 For the 4’-substituted 

piperidinyl analogues (2.20a, 2.20c and 2.20e), the cyclic CH2 protons resonated at 5 1.77 -  

2.75 ppm as broad multiplets, each integrating to 2 hydrogens. Multiplets of protons of the 

CH2s attached to the nitrogen were slightly de-shielded (5 3.35 -  3.73 ppm) for the 4 ’-NBoc 

derivative (2.20e) as has been observed in literature (Figure 2.16).27 This de-shielding was 

possibly due to the presence of the amide functionality which draws electron density away 

from the CH2s, causing them to resonate at higher chemical shifts (Figure 2.16).27 The
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piperidinyloxy CH resonated in the ferrocene region between 5 4.40 and 4.57 ppm as indicated 

in the 1H NMR spectrum of compound 20.20e. This was not the case with the 3’-NBoc 

derivative (2.20f).

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5

Figure 2.16: 1H NMR spectrum of 2.20e.

The 3’- and 4’-NBoc piperidinyl Fc analogues, 2.20e-f, were further subjected to Boc- 

deprotection with 10% TFA/DCM solution to afford their corresponding 3’- and 4’-NH 

piperidinyl products (2.20g-h) in high purity and yields (95 -  97%). Figure 2.17 shows 1H 

NMR spectrum of 2.20h, highlighting successful removal of the Boc group as indicated by the 

appearance of a multiplet at 5 5.84 ppm (corresponding to the NH) and disappearance of the 

Boc signals in the aliphatic region. These observations were consistent with the spectra of other 

3’ - and 4’-NH piperidinyl Nb analogues reported in literature.27
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Figure 2.17: 1H NMR spectrum of 2.20h.

For organic compounds, analogues containing 3’- and 4 ’-NH piperidinyl units were 

synthesized as the reference compounds, i.e. 2.20i-k. They were prepared by subjecting 3’- and 

4’-NBoc piperidinols (2.15c-d) and relevant 7-hydroxy Nb analogues (2.19c-d) to produce 

their corresponding 3’- and 4’-NBoc Nb analogues. The reaction progress was monitored by 

TLC like before. Attempted purification of these products could not be successfully achieved 

with either silica gel column chromatography or preparative TLC due to the formation of many 

side products, which had similar retention factor (Rf) values to the desired products, as 

indicated by TLC. This problem was solved by subjecting the crude products to the NBoc- 

deprotecting conditions with 10% TFA/DCM solution, which resolved the spots by lowering 

the Rf values of the desired products. Preparative TLC purification of the resultant residues, 

using DCM as an eluent, afforded 3’- and 4’-NH piperidinyl Nb analogues (2.20i-k) as white 

solids in low yields of 9 -  16%.

The organic analogues (2.20i-k) were characterized in the same manner as the Fc analogues 

(2.20a-h). The piperidinyl ring was observed in the aliphatic region of both 1H and 13C NMR 

spectra of the compounds, similarly to 3’ - and 4’-NH piperidinyl Fc analogues (2.20g-h). The
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piperidinyl NH group was observed around 5 5.85 ppm, and it was confirmed by performing a 

deuterium (D2O) wash experiment on compound 2.20j as illustrated below (Figure 2.18).

7.6 7.4 7.2 7.0 6.8 6.6 6.4 6.2 6.0 5.8 5.6 5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.4

Figure 2.18: Deuterium wash experiment on 2.20j.

On performing the deuterium wash experiment, the 1H NMR spectrum of compound 2.20j was 

initially recorded normally in deuterated chloroform (CDCb). Upon adding a drop of deuterium 

oxide (D2O) into the same NMR sample containing 2.20j and then acquiring the spectrum, the 

signal corresponding to NH resonating around 5 5.85 ppm disappeared since the hydrogen 

carried is exchangeable, and was presumably exchanged for deuterium atoms (from D 2O) 

which are not visible in NMR (Figure 2.18).

As with the phenylated analogues (2.13a-f and 2.14a-f), the structures of both Fc and organic 

piperidinyl analogues were further confirmed with HRMS in a similar manner. Except for 

analogues 2.20e-f and 2.20k which were confirmed by fragmentation analysis of their 

structures, the base peaks of all the other compounds (2.20a-d and 2.20g-j), corresponding to 

their molecular masses, were observed in their respective HRMS spectra (Table 2.10).
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Table 2.10: HRMS data of piperidinyl Nb analogues 2.20a-d and 2.20g-j.

Entry Compound Calculated (M) Observed [M+H]+/M+

1 2.20a 486.1242 487.1318
2 2.20b 486.1242 487.1328
3 2.20c 500.1398 501.1471
4 2.20d 500.1398 500.1398
5 2.20g 472.1085 473.1156
6 2.20h 472.1085 473.3104
7 2.20i 500.1947 501.3754
8 2.20j 500.1947 500.3809

Analysis of the fragmentation patterns of compounds 2.20e and 2.20k, in light of their 

respective HRMS spectra, revealed peaks corresponding to their fragments as shown in Figure 

2.19 and Figure 2.20.

Figure 2.19: Fragmentation and HRMS analysis of 2.20e.
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Figure 2.20: Fragmentation and HRMS analysis of 2.20k.

2.3. CONCLUSIONS AND FUTURE W O RK

In this part of the study, a modified Perkin condensation methodology which makes use of 

salicylaldehydes and N-acetyl glycine was employed to assemble the coumarin nucleus to 

which the structural units of interest were appended to produce the desired ferrocenyl and 

organic Nb analogues. The phenylated Nb analogues, 2.13a-f and 2.14a-f, were achieved in 

modest to good yields (13 -  71%) via Chan-Lam O-coupling and EDCI amidation. To improve 

the observed poor aqueous solubility of these analogues which was perceived during biological 

screening of the compounds, the piperidinyl moieties were envisaged as replacements of the 

phenyl moieties. The targerted piperidinyl analogues (2.20a-k) were accessed through T3P® 

amidation and Mitsunobu coupling in low, but adequate yields. All the Nb analogues 

synthesized were characterised by spectroscopic techniques: 1D NMR (1H and 13C NMR), 

HRMS and IR. The structures of phenylated analogues were further confirmed by CHNS 

microanalysis.

It is obvious from these results that part of the objectives of the overall study have been 

achieved, i.e. ferrocenyl Nb analogues and some of their corresponding organic variants
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bearing biphenyl A have been successfully synthesized and their structures confirmed. Future 

investigations and/or extension of this work with regard to synthesis would entail the following:

1. Optimizing the reaction conditions for both EDCI and T3P® amidation for better 

product yields of Nb analogues.

2. Expanding the piperidinyl Nb series, which could not be pursued further due to time 

constraints and scope of the project.

3. Expanding the library of Nb analogues with improved aqueous solubility by 

incorporating various other structural motifs known to be favourable for aqueous 

solubility.
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3. BIOLOGICAL EVALUATION STUDIES

This chapter presents the biological investigation of the synthesised Nb analogues. The 

anticancer and antiplasmodial activities of these compounds are discussed in Section 3.1 and 

Section 3.3, respectively. The results of the cytotoxicity (Section 3.2) and Hsp90 inhibition 

studies (Section 3.4) are also discussed before drawing the general conclusions (Section 3.5) 

of the chapter.

3.1. ANTICANCER ACTIVITY OF TARGET NOVOBIOCIN ANALOGUES

Both the phenylated (2.13a-f and 2.14a-f) and piperidinyl (2.20a-k) Nb analogues were 

evaluated for in vitro anticancer activity against one of the most aggressive cancer cell lines, 

HCC38 triple negative breast cancer cell line.1 The assays were performed in collaboration 

with the lab of Assoc. Prof. A.L. Edkins (Biochemistry and Microbiology Department, Rhodes 

University). In all cases, the compounds were dissolved in dimethylsulfoxide (DMSO). 

Paclitaxel, a known anticancer drug, was used as a positive control, whilst Nb was used as a 

reference compound in the assays. The activity of each compound against the cell line is 

presented as a concentration of the compound that suppressed viability of the cells to half of 

the initial population, i.e. half-maximal inhibitory concentration (IC50) value.

3.1.1. Anticancer activity of phenylated Nb analogues (2.13a-f and 2.14a-f)

The in vitro anticancer activity of the phenylated Nb analogues (2.13a-f and 2.14a-f) is shown 

in Table 3.1. At first glance, the general pattern that emerged from the results is that the Fc- 

containing derivatives (2.13a-f) showed higher potency compared to their non-Fc derivatives 

(2.14a-f) with the exception of 2.14c and 2.14e, which displayed highest activity in the whole 

library. For example, compound 2.13a showed ~10-fold increased activity compared to its non- 

ferrocenyl counterpart, 2.14a, and parental Nb. Similarly, compound 2.13d showed higher 

activity compared to its congener compound 2.14d with ~26-fold improvement. Although 

compound 2.13c displayed reduced activity than the parental compound Nb, its organic variant 

(2.14c) was inactive against the cell line (Table 3.1).
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Table 3.1: Anticancer activity of phenylated Nb analogues against HCC38 cancer cell line.

Entry Compound R R 1 R2 R3 IC 50 (uM)

1 2.13a B H But H 20.7

2 2.13b B H OMe H 13.2

3 2.13c B H H OMe 261.5

4 2.13d B Me But H 8.7

5 2.13e B Me OMe H 1.1

6 2.13f B Me H OMe 8.0

7 2.14a A H But H 197.4

8 2.14b A H OMe H 0.36

9 2.14c A H H OMe N.A.

10 2.14d A Me But H 223.1

11 2.14e A Me OMe H 2.1

12 2.14f A Me H OMe >1000

13 Nb - - - - 205.1

14 Paclitaxel - - - - 0.029

N.A.: not active.

The lack of activity observed for most of the organic derivatives (2.14a-f), excluding 2.14b 

and 2.14e, against the cell line in this study appeared to be in agreement with the findings by 

Kusuma and co-workers who had also synthesized and demonstrated poor anti-proliferative 

effects of these compounds against SkBr3 and MCF7 breast cell lines (Table 3.1).2 Despite 

being active against HCC38 in the current study, both compounds 2.14b and 2.14e were 

inactive against SkBR3 and MCF7 breast cancer lines.2 The lower activity of the Fc compound 

2.13b with respect to its organic derivative (2.14b), amongst other reasons, could be attributed
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to its observed poor aqueous solubility. Generally, all the ferrocenyl derivatives (2.13a-f) were 

only sparingly soluble in DMSO compared to the organic analogues (2.14a-f) during the 

assays.

Since we limited our study to specific simplified novobiocin-like compounds with phenyl 

moieties at position 7 of the coumarin core bearing the ferrocene unit, a realistic structure- 

activity relationship (SAR) trend could not be clearly defined for this series of compounds. 

Nevertheless, the general trends observed with respect to the effects of functional groups on 

the activity of compounds screened was as follows:

1. The presence of the methyl group at position 8 of the coumarin framework seemed to 

favour enhanced activity for the Fc analogues (2.13a-c) more than the hydrogen (2.13d- 

f), whereas the opposite was observed for organic analogues (2.14a-f). Increase in 

activity by methylation at C-8 was also observed by Burlison et al. for a different class 

of organic Nb analogues.3

2. The 4’-OMe of the phenyl moiety at C-7 was better tolerated for activity than 4’-But and 

3’-OMe for both Fc and organic Nb analogues.

3.1.2. Anticancer activity of OBn/OH and piperidinyl Nb analogues (2.18a-d/2.19a-d and 

2.20a-k)

As highlighted in Section 2.2.3, the piperidinyl Nb analogues were designed and synthesised 

with an effort to improve the aqueous solubility of the phenylated Nb analogues and, thus, 

presumably enhance their anticancer activity. The 7-benzyloxy (OBn) and 7-hydroxy (OH) Nb 

analogues (2.18a-d and 2.19a-d, respectively) were also evaluated for anticancer activity 

against the same cell line as phenylated Nb analogues in Section 3.1.1, i.e. HCC38, as they 

resemble the analogues designed for this study. The anti-proliferative activity of these 

analogues is presented in Table 3.2.
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Table 3.2: IC50 values of 7-OBn and 7-OH Nb analogues against HCC38 cancer cell line.

Entry Compound R R 1 R2 IC 50 (uM)

1 2.18a B H OBn 182.9

2 2.18b B H OBn 41.1

3 2.18c A Me OBn 47.6

4 2.18d A Me OBn 5.0

5 2.19a B H OH 11.7

6 2.19b B H OH 29.3

7 2.19c A Me OH 2.2

8 2.19d A Me OH N.D.

N.D.: not determined

Whilst the 7-OH analogues (2.19a-d) dissolved readily in DMSO, the OBn variants (2.18a-d) 

required longer periods of shaking and heating to dissolve, even more than the phenylated 

analogues (2.18a-f and 2.20a-f). Compound 2.19d was evaluated not for anticancer activity 

since its colour interfered with the assay. From the biological results in Table 3.2, compound 

2.19c bearing biphenyl A and containing the OH group was the most potent in the whole 

OBn/OH series. Contrary to the previous findings made for the phenylated analogues (Section 

3.1.1), compounds bearing biphenyl A (2.18c-d and 2.19c-d) were generally more efficacious 

than their Fc counterparts (2.18a-b and 2.19a-b). Within the OBn series, the 8-Me analogues 

(2.18c-d) appeared to be more potent than their 8-H derivatives (2.18a-b) (Table 3.2). There 

was no discernible relationship between 8-Me and 8-H derivatives in the OH series, i.e. 

compounds 2.19a-d. The compounds in the OH series (2.19a-d) had superior activity than their 

OBn variants (2.18a-d). This observation seemed to consistent with the supposition that 

aqueous solubility of Nb analogues influences their biological activity (Section 2.2.3) since the 

OBn group (H-bond acceptor) retards aqueous solubility of a compound more than the OH 

group, which is both a H-bond donor and acceptor. Nevertheless, both OH and OBn analogues
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were comparable in activity to the phenylated analogues, 2.13a-f and 2.14a-f (Table 3.1) with 

IC50 values in the low to mid ^M  range.

Having evaluated both OBn and OH analogues, the pieridinyl Nb analogues (2.20a-k) were 

subjected to the same assay, i.e. screening for anti-proliferative activity against the HCC38 

breast cancer cell line. The results are presented in Table 3.3.

Table 3.3: IC50 values of piperidinyl Nb analogues against HCC38 cancer cell line.
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Entry Compound R R 1 R2 R3 IC 50 (uM)

1 2.20a B H NMe CH2 51.4

2 2.20b B H CH2 NMe 47.9

3 2.20c B Me NMe CH2 36.8

4 2.20d B Me CH2 NMe 13.8

5 2.20e B H NBoc CH2 29.8

6 2.20f B H CH2 NBoc 30.0

7 2.20g B H NH CH2 11.8

8 2.20h B H CH2 NH 108.9

9 2.20i A H NH CH2 19.5

10 2.20j A H CH2 NH 69.4

11 2.20k A Me CH2C NH 38.0

As with the phenylated analogues (Table 3.1), the activity of analogues bearing the Fc unit in 

the piperidinyl series (2.20a-h) was generally superior to that of organic analogues (2.20i-k) 

(Table 3.3). However, the piperidinyl analogues still did not significantly impart superior 

activity to the phenylated analogues (Table 3.1) despite their improved solubility in DMSO 

observed during the assay. Compared to the phenylated analogues, only fewer compounds in
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this series had IC50 values in the low micromolar region. Regardless, the activities were still 

similar.

The 3’-N-methyl analogues (2.20b and 2.20d) were almost twice as efficacious as the 4 ’ 

variants (2.20a and 2.20c), whilst the NBoc derivatives (2.20e and 2.20f) exhibited comparable 

activities: 29.8 and 30.0 ^M , respectively (Table 3.3). Zhao et al. made the same observations 

for organic Nb analogues bearing the benzamide chain of Nb (Figure 2.1), which were tested 

for anti-proliferative activity against SKBr3 and MCF-7 cancer cell lines.4 Within the NH 

series (2.20g-k), the 4 ’-substituted derivatives possessed higher efficacy than their 3’- 

substituted counterparts by ~5-fold increase (Table 3.3). There was no discernible trend in 

activity between 8-H and 8-Me analogues. Overall, the NH functionality (H-bond donor and 

acceptor) was generally more tolerated for activity than both NMe and NBoc groups (H-bond 

acceptors) in the piperidinyl series (Table 3.3). This observation was also made by Zhao et al.4 

and is consistent with the previous findings made for the OBn and OH candidates (Table 3.2): 

hydrophilic groups appear to favour the biological activity of Nb analogues.

3.1.3. Summ ary of anticancer activity studies

All the synthesised target Nb analogues were evaluated for in vitro anticancer activity against 

the HCC38 breast cancer cell line using DMSO. Although only sparingly soluble in DMSO, 

the phenylated Nb analogues (2.13a-f and 2.14a-f) generally exhibited comparable activities 

to both the 7-OBn/OH (2.18a-d and 2.19a-d) and 7-piperidinyl Nb analogues (2.20a-k). Within 

the OBn/OH and piperidinyl series, the OH and NH groups, which are capable of participating 

in hydrogen-bonding as both H-bond donors and acceptors, were more favoured for activity 

than the OBn, NMe and NBoc groups which are only H-bond acceptors. Although analogues 

bearing groups that favour aqueous solubility of a compound (i.e. OH and NH) were somewhat 

inferior in activity compared to the phenylated analogues, they were generally more potent than 

their variants with functional groups possessing lesser capacity to favour aqueous solubility 

(i.e. OBn, NMe and NBoc). Nevertheless, this latter observation seems to support the 

presumption that poor aqueous solubility limits the activity of the Nb analogues.

3.2. HeLa CELL TOXICITY ASSAY STUDIES

As a practice by the collaborators that performed the assays, compounds that are to be screened 

for antiplasmodial activity are tested for their relative human cell cytotoxicity effects using 

HeLa cells prior to conducting the antiplasmodial assays. This is done to test if  any of the 

activity that might be observed for the compounds to be screened is specific for the Plasmodium
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parasitic cells and not the human cells. In this study, the Nb analogues were screened for 

cytotoxicity effects at a single point concentration of 20 ^M  in duplicates. These assays were 

conducted in collaboration with Mrs. M. Isaacs (Centre for Chemico- and Biomedicinal 

Research Unit, Rhodes University).

All the phenylated analogues (2.13a-f and 2.14a-f) showed no significant decrease in 

percentage viability of the HeLa cells (>50%) as shown in Figure 3.1. In the context of 

anticancer assay results of these compounds in Section 3.1.1., these data suggested that the 

observed in vitro anticancer activity of these compounds was selective for the HCC38 breast 

cancer cell line (Table 3.1) employed in the assay and not for the HeLa cells which are also 

cancerous (cervical origin). It is also important to note that the single-point concentration assay 

used in the cytotoxicity study is less accurate than the IC50 determination, hence the 

interpretation made here is done so with reservations.

Figure 3.1: The in vitro cell toxicity (HeLa cells) results of phenylated Nb analogues.

The OBn/OH (2.18a-d and 2.19a-d) and piperidinyl analogues (2.20a-k) were subjected to the 

same assay. Whilst a majority of the compounds did not suppress the population of the HeLa 

cells to less than 50%, the organic analogues: 7-OH analogues (2.19c-d) and 3’-NH analogues 

(2.20j-k), significantly reduced the viability of the cells to less than 50%, implying high 

potency of the compounds against the HeLa cells (Figure 3.2). Therefore, these compounds 

appeared to possess in vitro anticancer activity against both breast and cervical cancer cell
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lines, HCC38 and HeLa cells, respectively. This interpretation is made with the same 

reservations as the phenylated Nb analogues in the context of anticancer activity as previously 

discussed.

Figure 3.2: The in vitro cell toxicity (HeLa cells) results of OBn/OH and piperidinyl Nb

analogues.

3.3. ANTIPLASM OIAL ACTIVITY OF TARGET NOVOBIOCIN ANALOGUES

The antiplasmodial activity of the target analogues was investigated against the chloroquine- 

sensitive P. falciparum strain, 3D7. The samples of the compounds were prepared as was done 

for anticancer assays. Chloroquine (CQ) was used as a control drug in the assays and Nb as a 

reference compound. As a standard practice, the antiplasmodial screening study commenced 

with the single-point concentration assay of the compounds against the 3D7 strain at 20 ^M  

concentration. Compounds showing promising activity (i.e. those that effect less than 25% cell 

viability of the parasite) were evaluated at different concentration values to determine their 

IC50 values.

3.3.1. Antiplasmodial activity of phenylated Nb analogues (2.13a-f and 2.14a-f)

The single-point concentration evaluation of phenylated Nb analogues (2.13a-f and 2.14a-f) 

revealed the Fc derivatives 2.13a and 2.13c as the most promising (Figure 3.3). None of the 

organic derivatives (2.14a-f) showed any promising anti-proliferative effects against the
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parasite (Figure 3.3) at the tested concentration. Thus, compounds 2.13a and 2.13c were 

subjected to further tests at different concentrations for IC50 determination. The IC50 values of 

these compounds are illustrated in Figure 3.4. Compound 2.13a was the most active in the 

phenylated series with percentage viability and IC50 values of 7.59% and 9.47 ^M, 

respectively.

Figure 3.3: Antiplasmodial activity of phenylated Nb analogues against 3D7 P. falciparum 

strain plotted in parallel with their cytotoxicity results against HeLa cells at 20 ^M.
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Figure 3.4: Percentage viability of the 3D7 P. falciparum parasite at different concentrations

and related IC50 values of 2.13a and 2.13c.

3.3.2. Antiplasmodial activity of OBn/OH and piperidinyl Nb analogues

In the OBn/OH series, only the organic analogues carrying the OH at C-7 (i.e. 2.19c-d) showed 

the most promising antiplasmodial activity (Figure 3.5). However, since these were deemed 

toxic against the HeLa cell line in Section 3.2 (Figure 3.2), they were not subjected to further 

assays for determining their IC50 values as their activity might have been a result of general 

cytotoxicity effects. Although the 3’-NH substituted organic analogues, 2.20j-k, in the 

piperidinyl series showed promising activity, they were also not subjected to further tests for 

the same reasons as compounds 2.19c-d.
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Figure 3.5: Antiplasmodial activity of piperidinyl Nb analogues against 3D7 P. falciparum 

strains plotted in parallel with their cytotoxicity results against HeLa cells at 20 ^M.

Three Fc analogues, 2.20a-c, all with N -methyl substituents exhibited favourable 

antiplasmodial activity against the 3D7 strain, whereas only one in the organic series, 2.20i, 

possessed promising activity (Figure 3.5). Highest activity was observed for analogue 2.20c 

with a percentage cell viability value of 1.94%. These data suggested the Fc moiety was more 

favourable for antiplasmodial activity than the biphenyl A motif. Also, the N-methyl group 

seemed to be well-tolerated for antiplasmodial activity since all three Fc analogues (2.20a-c) 

exhibiting promising activity had the same group in common. Compounds 2.20a-c and 2.20i 

were subjected to further assays to determine their IC50 values at the time the current thesis was 

compiled, but these assays were not yet concluded due to time constraints. Hence, no direct 

comparison in antiplasmodial activity could be made between these analogues (2.20a-c and 

2.20i) and the phenylated analogues (2.13a and 2.13c) in terms of IC50 values.

3.3.3. Sum m ary of antiplasm odial activity studies

As with the anticancer study, a comprehensive SAR profile of the target Nb analogues could 

not be generated. Generally, the Fc moiety seemed to be more favourable for antiplasmodial 

activity than biphenyl A for all analogues investigated. Although some organic analogues 

(2.19c-d and 2.20k) showed significant inhibition of the 3D7 parasite, they were toxic against
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the HeLa cell line, hence their activity was deemed non-specific for the Plasmodium parasite. 

Unlike the observations made for anticancer activity, the observed solubility of the analogues 

in DMSO did not seem to have any effect on their antiplasmodial activity.

3.4. HSP90 INHIBITION STUDIES

In line with the aims and objectives of the project, the target Nb analogues were designed for 

potential anticancer and antiplasmodial activity presumably through inhibition of Hsp90. 

Having evaluated the compounds for both anticancer and antiplasmodial activities, we sought 

to prove that the observed activities were, in fact, a result of Hsp90 inhibition for both 

pathogens. To realize this, different Saccharomyces cerevisiae (yeast) strains expressing 

different Hsp90 isoforms were employed in the assays to probe Hsp90 inhibitory activity of 

the compounds showing the most promising anticancer and antiplasmodial activities. The 

Hsp90 inhibition assays were done in collaboration with the lab of Assoc. Prof. A.L. Edkins 

(Rhodes University).

The yeast strains used were DP552 (expressing parental yeast Hsp90), DP553 (expressing P. 

falciparum Hsp90), DP555 (expressing human Hsp90a) and DP584 (expressing human 

Hsp90P).5 Compounds 2.13a and 2.20c were chosen as representative compounds from both 

phenyl and piperidinyl series and used in the assays as they demonstrated high efficacy for both 

anticancer and antiplasmodial activities. The assay, which was performed for the first time, 

entailed incubating 50 ^M  (in DMSO) of each compound with the appropriate yeast cell culture 

and spectrophometrically monitoring the population of the yeast cells over a period of two days 

at 6, 16, 24, 30 and 40-hour intervals. DMSO was used a negative control in the assays. Due 

to availability of resources and time constraints of the project, a positive control (i.e. an 

effective, known Hsp90 inhibitor) was not included in the assay. Surprisingly, the growth of 

the yeast cells incubated with the compounds (2.13a and 2.20c) was identical to that of the cells 

incubated with the negative control (DMSO) despite the presence of the compounds. The 

results are illustrated in Figure 3.6.
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Figure 3.6: Hsp90 inhibition study of compounds 2.13a and 2.20c against: A -  yeast Hsp90,

B -  PfHsp90, C -  hHs90a and D -  Hsp90p.

These results suggested that the observed anticancer and antiplasmodial potencies of the 

compounds tested was independent of Hsp90 inhibition. However, the assay was performed 

for the first time and a number of important assay parameters were not optimised, and could 

have been the reason why the assay did not work as expected. Such factors include: cell wall 

permeability of the yeast cells, use of a positive control (i.e. known Hsp90 inhibitor), testing 

different concentrations of the compounds instead of a fixed concentration (i.e. 50 ^M ) and 

optimising the temperature conditions of the assay.

In conclusion, although the obtained data suggested no direct correlation between the observed 

anticancer and antimalarial activities of the analogues and Hsp90 inhibition, this observation 

remains to be confirmed due to the conditions of the assay used. Optimisation studies of the 

assay conditions were underway at the time this thesis was compiled, but could not be included 

due to time constraints of the project.

94



Chapter 3 Biological evaluation o f Nb analogues

3.5. CONCLUSIONS AND FUTURE W O RK

In this part of the study, compounds bearing the Nb scaffold were investigated for anticancer 

and antiplasmodial activity, respectively, against the triple negative HCC38 breast cancer cell 

line and 3D7 P. falciparum strain. In all cases, the Fc analogues generally exhibited superior 

anticancer and antimalarial activities to the organic analogues. The phenylated analogues 

showed similar in vitro anticancer activities to both OBn/OH and piperidinyl analogues with 

IC50 values in the low to mid micromolar range despite their observed modest solubility in 

DMSO. There seemed to be a correlation between the observed solubility of the compounds in 

the OBn/OH and piperidinyl series and their in vitro anticancer activity. The cytotoxicity assay 

results suggested the observed antiplasmodial activity of the analogues for which the IC50 

values were determined was specific for the Plasmodium parasite and not the human cells 

(HeLa cells). From the Hsp90 inhibition study using yeast strains expressing Hsp90 isoforms 

important for both cancer and the Plasmodium parasite, it was uncertain if the observed 

activities of the compounds was dependent of Hsp90 inhibition or not. Part of the aims and 

objectives of this project in the context of biological studies have been achieved. Future 

investigations of this work would encompass determining the IC50 values of the piperidinyl 

analogues with most promising antiplasmodial activity, optimising conditions of the Hsp90 

assay and confirming the proposed target of the evaluated Nb analogues.
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4. EXPERIMENTAL

4.1. GENERAL DETAILS

All chemicals and solvents used in this study were sourced from Sigma-Aldrich (Pty) Ltd. 

and/or Merck (Pty) Ltd., and used without further purification. The progress of the reactions 

was monitored by analytical thin layer chromatography (TLC) using Merck F254 silica gel 

plates (supported on aluminium sheets) and the plates were visualised under ultraviolet (UV 

254 and 366 nm) light and in iodine flask. Where necessary, the crude compounds were purified 

by silica gel column chromatography using Merck Kieselgel 60 A: 70 -  230 (0.068 -  0.2 mm) 

silica gel mesh.

The 1H and 13C NMR spectra were recorded on Bruker Biospin 300, 400 or 600 MHz 

spectrometers, and were referenced internally using residual solvent signals of DMSO-d6: 2.50 

ppm for 1H and 39.5 ppm for 13C NMR, or CDCb: 7.26 ppm for 1H and 77.2 ppm for 13C NMR 

at room temperature. The spectra were processed using MestReNova software. The chemical 

shifts were recorded in parts per million (ppm) and the /-coupling constants in Herts (Hz). The 

abbreviations used to describe signal multiplicities are: s = singlet, br s = broad singlet, d = 

doublet, t = triplet, q = quartet, and m = multiplet. Elemental analysis was performed on 

Elementer Vario Microtube coupled to a thermal conductivity detector and a combustion tube 

at 1015 °C with reduction at 850 °C and pressures of Helium set at 1200 -  1350 millibars and 

oxygen at about 17 millibars. The high-resolution mass spectra (HRMS) were recorded on a 

Waters Synapt G2 Mass Spectrometer using electron impact (EI) ionization in the positive 

ionization mode, and the IR spectra were recorded on PerkinElmer Spectrum 100 FT-IR 

Spectrometer in the mid-IR range (640 -  4000 cm-1). The melting points were determined using 

Reichert melting point apparatus.

4.2. SYNTHESIS OF TARGET NOVOBIOCIN ANALOGUES

This section highlights the synthetic procedures employed for the preparation of target Nb 

analogues and their intermediates. All the compounds were characterized by melting point, 1H 

and 13C NMR techniques. The chemical structures of target analogues were further confirmed 

by IR, HRMS, and CHNS microanalysis where relevant.

97



Chapter 4 Experimental

4.2.1. General procedure for synthesis of salicylaldehydes (2.2a-b)1

A solution of POCb (1.2 eq.) in acetonitrile (20 mL) was added dropwise with stirring to a 

solution of DMF (1.4 eq.) in acetonitrile (20 mL) at 18 -  25 °C. The reaction solution was 

stirred at room temperature for 1 hour and then cooled to -10 °C in an ice bath. A solution of 

an appropriate resorcinol (1.0 eq.) in acetonitrile (20 mL) was added dropwise to the above 

solution, maintaining the temperature between -10  and 0 °C. A light yellow precipitate was 

observed during addition. The resulting yellow suspension was stirred at 0 °C for 30 minutes 

and then at 28 -  30 °C for 1 hour. The reaction solution was cooled to -5  -  0 °C for 30 minutes 

without stirring to form a precipitate. The acetonitrile layer was decanted and water (80 mL) 

was added to the precipitate. The resulting suspension was heated to 50 °C with stirring to 

obtain a clear light orange solution to which 0.1 M aqueous Na2S2O3 solution (2 mL) was 

added. The resulting solution was cooled to -5  °C and stirred for 1 hour after which the solids 

were filtered off, washed with ice-cold water and air-dried to afford the respective product as 

a fluffy solid.

4-Hydroxysalicylaldehyde (2.2a)

POCl3 (9.94 g, 64.8 mmol), DMF (5.56 g, 76.1 mmol) and resorcinol (6.21 g, 56.4 mmol) 

afforded 2.2a as a pale pink solid (4.98 g, 60%). M.p.: 133-135 °C. (Lit.1 134-135 °C). 1H NMR 

(600 MHz, DMSO-d6): 5 10.90 (s, 1H, OH), 10.61 (s, 1H, OH), 9.91 (s, 1H, H 1), 7.52 (d, J  = 

8.5 Hz, 1H, H4), 6.40 (dd, J  = 8.6, 2.2 Hz, 1H, H3), 6.32 (d, J  = 2.3 Hz, 1H, H2); 13C NMR (150 

MHz, DMSO): 5 191.0, 165.2, 163.3, 132.9, 115.2, 108.7, 102.2.

4-Hydroxy-3-methylsalicylaldehyde (2.2b)

POCl3 (9.94 g, 64.8 mmol), DMF (5.56 g, 76.1 mmol) and 2-methylresorcinol (7.00 g, 56.4 

mmol) afforded 2.2b as an off-white fluffy solid (5.59 g, 66%). M.p.: 150-151 °C. 1H NMR 

(300 MHz, DMSO): 5 11.53 (br s, 2H, 2xOH), 9.68 (s, 1H, H 1), 7.41 (d, J  = 8.2 Hz, 1H, H4), 

6.56 (d, J  = 8.5 Hz, 1H, H3), 1.96 (s, 3H, H2); 13C NMR (75 MHz, DMSO): 5 195.1, 163.5,

161.3, 133.1, 114.1, 110.2, 108.2, 7.4.
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4.2.2. General procedure for synthesis of acetamidocoumarins (2.3a-b)2

A mixture of a relevant salicylaldehyde 2.2a-b (1.0 eq.), N-acetylglycine (1.0 eq.) and 

anhydrous sodium acetate (4.0 eq.) in acetic anhydride (25 mL) was heated at 110 -  120 °C 

with stirring for 4 hours. The resulting brown solution was allowed to cool to room temperature 

at which time it completely solidified. The solid was broken with a spatula, mixed with ice- 

cold water (30 mL) to give a light brown emulsion which was cooled in ice for 1 hour and then 

filtered to obtain a brown pasty residue. The residue was successively washed with ice-cold 

water

(3 x 10 mL) and ethyl acetate (3 x 10 mL), and air dried to give the relevant acetamidocoumarin 

2.3a-b.

7-Acetoxy-3-acetamidocoumarin (2.3a)

4-Hydroxysalicylaldehyde 2.2a (5.00 g, 36.2 mmol), N-acetylglycine (4.24 g, 36.2 mmol) and 

anhydrous sodium acetate (11.88 g, 144.8 mmol) afforded 2.3a as a pale yellow fluffy solid 

(3.6 g, 38%). M.p.: 184-187 °C, (Lit.2 234-236 °C). 1H NMR (600 MHz, DMSO): 5 9.74 (s, 

1H, H2), 8.61 (s, 1H, H3), 7.74 (d, J  = 8.5 Hz, 1H, H4), 7.26 (d, J  = 1.7 Hz, 1H, H6), 7.13 (dd, 

J  = 8.4, 2.0 Hz, 1H, H5), 2.30 (s, 3H, H7), 2.16 (s, 3H, H 1); 13C NMR (150 MHz, DMSO-d6): 

5 170.2, 168.9, 157.3, 151.0, 149.9, 128.5, 124.1, 123.2, 119.0, 117.4, 109.7, 23.9, 20.9.

7-Acetoxy-8-methyl-3-acetamidocoumarin (2.3b)

4-Hydroxy-3-methylsalicylaldehyde 2.2b (5.00 g, 33.3 mmol), N-acetylglycine (3.90 g, 33.3 

mmol) and anhydrous sodium acetate (10.93 g, 82.0 mmol) afforded 2.3b as a pale yellow 

fluffy solid (3.10 g, 33%). M.p.: 258-260 °C. 1H NMR (300 MHz, DMSO-d6): 5 9.77 (s, 1H, 

H2), 8.60 (s, 1H, H3), 7.60 (d, J  = 8.5 Hz, 1H, H4), 7.10 (d, J  = 8.5 Hz, 1H, H5), 2.35 (s, 3H, 

H6), 2.17 (s, 6H, H 1, H7); 13C NMR (75 MHz, DMSO): 5 170.2, 168.8, 157.3, 149.5, 148.4,

125.5, 123.8, 123.6, 119.1, 117.8, 117.3, 23.9, 20.5, 8.6.

4.2.3. General procedure for synthesis of N-Boc 7-hydroxy-3-aminocoumarins (2.4a-b)2

To a mixture of a relevant acetamidocoumarin 2.3a-b (1.0 eq.) and DMAP (0.2 eq.) in THF 

(50 mL), Boc2O (4.2 eq.) was added and reaction mixture stirred at room temperature for 1 

hour. The initial yellow suspension became a clear brown solution. Hydrazine monohydrate 

(10.2 eq.) was then added to the reaction mixture followed by addition of methanol (50 mL). 

The reaction mixture was stirred for a further 30 minutes during which time it became a clear 

orange solution. The solvents were removed in vacuo and the resulting sticky yellow residue
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was dissolved in DCM (50 mL) and successively washed with 1 M aqueous HCl solution (25 

mL), 1 M aqueous CuSO4 solution (25 mL), saturated aqueous NaHCO3 solution (25 mL) and 

brine (25 mL). The organic layer was dried (MgSO4), concentrated under reduced pressure to 

give a crude product which was purified by silica gel column chromatography (5% 

EtOAc/Hex) to give 2.4a-b.

N-Boc 7-hydroxy-3-aminocoumarin (2.4a)

7-Acetoxy-3-acetamidocoumarin 2.3a (3.00 g, 11.5 mmol), di-tert-butyldicarbonate (10.52 g, 

48.2 mmol), DMAP (0.281 g, 2.3 mmol) and hydrazine monohydrate (5.57 g, 114.8 mmol) 

afforded 2.4a as an off-white solid (2.26 g, 81%). Mp.: 189-190 °C (Lit.2 177-178 °C). 1H NMR 

(600 MHz, DMSO-d6): 5 10.33 (s, 1H, OH), 8.27 (s, 1H, H2), 8.09 (s, 1H, H3), 7.50 (d, J  = 8.5 

Hz, 1H, H4), 6.78 (dd, J  = 8.8, 2.5 Hz, 1H, H 5), 6.72 (d, J  = 2.2 Hz, 1H, H6), 1.46 (s, 9H, H 1); 

13C NMR (150 MHz, DMSO) 5 159.4, 158.0, 152.7, 151.4, 128.8, 125.2, 120.98, 113.5, 111.4,

101.9, 80.1, 27.9 (3C).

N-Boc 7-hydroxy-8-methyl-3-aminocoumarin (2.4b)

7-Acetoxy-8-methyl-3-acetamidocoumarin 2.3b (3.00 g, 10.90 mmol), di-tert-

butyldicarbonate (10.00 g, 45.8 mmol), DMAP (0.266 g, 2.2 mmol) and hydrazine 

monohydrate (5.57 g, 111.2 mmol) afforded 2.4b as a pale yellow solid (2.02 g, 63%). Mp.: 

110-113 °C. 1H NMR (300 MHz, DMSO-d6): 5 10.27 (s, 1H, OH), 8.21 (s, 1H, H2), 8.05 (s, 

1H, H3), 7.32 (d, J  = 8.5 Hz, 1H, H4), 6.83 (d, J  = 8.5 Hz, 1H, H 5), 2.14 (s, 3H, H>), 145 (s, 

9H, H 1); 13C NMR (75 MHz, DMSO) 5 158.3, 157.3, 152.9, 149.6, 125.5, 120.7, 112.7, 111.5,

110.6, 80.2, 28.8, 28.0 (3C), 8.0.
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4.2.4. General procedure for synthesis of N-Boc 7-phenyloxy-3-aminocoumarins 

(2.6a-f)3

An appropriate volume of Et3N (5.0 eq.) was added to a mixture of 2.4a-b (1.0 eq.), 

Cu(OAc)2*H2O (1.0 eq.) or anhydrous Cu(OAc)2 (1.0 eq.) and a relevant phenylboronic acid 

2.5a-c (2.0 eq.) in DCM (10 mL) followed by addition of freshly activated powdered 4 A 

molecular sieves (ca. 920 mg). The resulting green suspension was stirred at room temperature 

for 48 hours under N2 atmosphere after which the molecular sieves were removed through 

filtration over a small pad of silica gel (using DCM (50 mL) to recover product). The solvent 

was removed under reduced pressure and the resulting crude product was purified by silica gel 

chromatography (5% EtOAc/Hex) to afford the respective N-Boc 7-phenyl-O-3- 

aminocoumarins 2.6a-f.

N-Boc 7-(4-feN-butylphenyl)-0-3-aminocoumarin (2.6a)

7-Hydroxy-3-acetamidocoumarin 2.4a (0.500 g, 1.8 mmol), 4-tert-butylphenylboronic acid 

2.5a (0.642 g, 3.6 mmol), Cu(OAc)2*H2O (0.360 g, 1.8 mmol) and Et3N (0.913 g, 9.0 mmol) 

afforded 2.6a as a white, fluffy solid (0.216 g, 29%). M.p.: 137-138 °C. 1H NMR (400 MHz, 

DMSO): 5 8.45 (s, 1H, H2), 8.19 (s, 1H, H3), 7.69 (d, J  = 8.4 Hz, 1H, H4), 7.46 (d, J  = 8.3 Hz, 

2H, H7), 7.04 (d, J  = 8.4 Hz, 2H, H8), 6.97 -  6.87 (m, 2H, H5, H6), 1.47 (s, 9H, H 1), 1.30 (s, 

9H, H 10); 13C NMR (100 MHz, CDCb) 5 159.6, 158.9, 153.3, 152.8, 150.8, 147.9, 128.4, 127.1 

(2C), 123.0, 121.0, 119.8 (2C), 115.5 (3C), 115.0, 105.2, 81.8, 34.7, 31.7 (3C), 28.4 (3C).

N-Boc 7-(4-methoxyphenyl)-0-3-aminocoumarin (2.6b)

7-Hydroxy-3-acetamidocoumarin 2.4a (0.500 g, 1.8 mmol), 4-methoxyphenylboronic acid 

2.5b (0.548 g, 3.6 mmol), Cu(OAc)2*H2O (0.360 g, 180.0 mmol) and Et3N (0.913 g, 9.0 mmol) 

afforded 2.6b as a white solid (0.200 g, 33%). M.p.: 74-75 °C. 1H NMR (600 MHz, DMSO): 

5 8.43 (s, 1H, H2), 8.17 (s, 1H, H3), 7.67 (d, J  = 8.6 Hz, 1H, H4), 7.09 (d, J  = 9.0 Hz, 2H, H7), 

7.01 (d, J  = 9.0 Hz, 2H, Hs), 6.90 (dd, J  = 8.6, 2.3 Hz, 1H, H5), 6.84 (d, J  = 2.1 Hz, 1H, H6),

3.77 (s, 3H, H 10); 13C NMR (75 MHz, DMSO) 5 159.5, 156.4, 152.8, 150.8, 148.2, 129.1, 

122.8, 121.5 (2C), 115.4 (2C), 114.4, 114.2, 103.8, 80.4, 73.6, 55.5, 30.8, 28.0 (3C).

N-Boc 7-(3-methoxyphenyl)-0-3-aminocoumarin (2.6c)

7-Hydroxy-3-acetamidocoumarin 2.4a (0.500 g, 1.8 mmol), 3-methoxyphenylboronic acid 

2.5c (0.548 g, 3.6 mmol), Cu(OAc)2*H2O (0.360 g, 1.8 mmol) and Et3N (0.913 g, 9.0 mmol) 

afforded 2.6c as a white solid (0.143 g, 23%). M.p.: 73-75 °C. 1H NMR (300 MHz, DMSO-
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d6): 5 8.50 (s, 1H, H ) , 8.19 (s, 1H, H3), 7.70 (d, J  = 9.3 Hz, 1H, H4), 7.33 (t, J  = 8.2 Hz, 1H, 

H9), 7.03 -  6.92 (m, 2H, H5, H6), 6.80 (ddd, J  = 8.3, 2.4, 0.8 Hz, 1H, H 10), 6.69 (t, J  = 2.3 Hz, 

1H, H7), 6.65 (ddd, J  = 8.0, 2.3, 0.8 Hz, 1H, Hi), 3.75 (s, 3H, H 11), 1.47 (s, 9H, H 1); 13C NMR 

(75 MHz, DMSO): 5 160.8, 157.9, 157.5, 156.6, 152.7, 150.7, 130.8, 129.1, 123.1, 115.3,

115.1, 111.4, 110.3, 105.5, 105.2, 80.4, 55.4, 30.8, 27.9 (3C).

N-Boc 7-(4-ferf-butylphenyl)-H8-methyl-3-aminocoumarin (2.6d)

7-Hydroxy-8-methyl-3-acetamidocoumarin 2.4b (0.500 g, 1.7 mmol), 4-tert-

butylphenylboronic acid 2.5a (0.601 g, 3.4 mmol), Cu(OAc)2 (0.306 g, 1.7 mmol) and Et3N 

(0.853 g, 8.4 mmol) afforded 2.6d as a white solid (0.080 g, 11%). M.p.: 227-230 °C. 1H NMR 

(300 MHz, CDCb): 5 8.24 (s, 1H, H2), 7.39 -  7.31 (m, 3H, H3, H ) , 7.22 (d, J  = 8.5 Hz, 1H, 

H4), 6.92 -  6.85 (m, 2H, H7), 6.81 (d, J  = 8.6 Hz, 1H, H5), 2.38 (s, 3H, H6), 1.53 (s, 9H, H 10), 

1.32 (s, 9H, H 1); 13C NMR (75 MHz, CDCb): 5 159.0, 156.3, 154.6, 152.7, 149.1, 146.6, 126.8,

125.1, 122.9, 121.3, 118.1 (2C), 117.3, 115.6 (2C), 81.7, 34.5, 31.6 (3C), 29.8, 28.4 (3C), 8.7.

102



Chapter 4 Experimental

N-Boc 7-(4-methoxyphenyl)-0-8-methyl-3-aminocoumarin (2.6e)

7-Hydroxy-8-methyl-3-acetamidocoumarin 2.4b (0.500 g, 1.7 mmol), 4-

methoxyphenylboronic acid 2.5b (0.523 g, 3.4 mmol), Cu(OAc)2 (0.312 g, 1.7 mmol) and Et3N 

(0.868 g, 8.6 mmol) afforded 2.6e as a white solid (0.261 g, 38%). M.p.: 150-152 °C. 1H NMR 

(300 MHz, CDCb): 5 8.25 (s, 1H, H2), 7.37 (s, 1H, H3), 7.21 (d, J  = 8.6 Hz, 1H, H4), 6.96 -  

6.85 (m, 4H, H7, H8), 6.73 (d, J  = 8.6 Hz, 1H, H 5), 3.83 (s, 3H, H 10), 2.42 (s, 3H, H6), 1.55 (s, 

9H, H 1); 13C NMR (75 MHz, CDCb): 5 159.4, 157.5, 156.6, 153.1, 150.5, 149.5, 125.5, 123.1,

121.7, 120.7, 116.8, 115.6, 115.5, 114.7, 82.0, 56.2, 28.7 (3C), 9.0.

N-Boc 7-(3-methoxyphenyl)-0-8-methyl-3-aminocoumarin (2.6f)

7-Hydroxy-8-methyl-3-acetamidocoumarin 2.4b (0.500 g, 1.7 mmol), 3-

methoxyphenylboronic acid 2.5c (0.523 g, 3.4 mmol), Cu(OAc)2 (0.312 g, 1.7 mmol) and Et3N 

(0.868 g, 8.6 mmol) afforded 2.6f as a white solid (0.307 g, 45%). M.p.: 146-148 °C. 1H NMR 

(300 MHz, CDCb): 5 8.24 (s, 1H, H ) , 7.36 (s, 1H, H3), 7.26 -  7.18 (m, 2H, H, H9, H 10), 6.85

(d, J  = 8.5 Hz, 1H, H4), 6.65 (ddd, J  = 8.3, 2.3, 1.0 Hz, 1H, Hs), 6.53 -  6.48 (m, 2H, H5, H7),

3.77 (s, 3H, H 11), 2.36 (s, 3H, H>), 153 (s, 9H, H 1); 13C NMR (75 MHz, CDCb): 5 161.2,

158.9, 158.4, 155.5, 152.7, 149.1, 130.4, 125.2, 123.1, 121.1, 117.8, 116.4, 116.0, 110.3, 109.0,

104.4, 81.7, 55.5, 28.4 (3C), 8.7.

4.2.5. General procedure for synthesis of free 7-phenyloxy-3-aminocoumarins (2.7a-f)

A relevant N-Boc 7-phenyl-O-3-aminocoumarin (2.6a-f) was stirred in 4 M HCl in dioxane 

solution (3 mL) for 12 hours after which saturated NaHCO3 solution (20 mL) was added with 

caution to neutralize the reaction solution. The product was extracted with DCM (3 x 25 mL). 

The organic layers were combined, dried (MgSO4) and solvent removed in vacuo to afford 

aminocoumarins 2.7a-f. Where necessary the product was purified by flash column 

chromatography (1% MeOH/DCM).
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7-(4-ferf-Butylphenyl)-0-3-aminocoumarin (2.7a)

N-Boc 7-(4-tert-butylphenyl)-O-3-aminocoumarin 2.6a (0.200 g, 0.49 mmol) afforded 2.7a as 

a brown solid (0.0802 g, 53%). M.p.: 103-106 °C. 1H NMR (400 MHz, CDCb) 5 7.42 -  7.35 

(m, 2H, H7), 7.22 (d, J  = 8.5 Hz, 1H, H3), 7.00 -  6.95 (m, 2H, H6), 6.90 (dd, J  = 8.5, 2.4 Hz, 

1H, H4), 6.86 (d, J  = 2.3 Hz, 1H, H 5), 6.70 (s, 1H, H2), 3.86 (s, 2H, H 1), 1.34 (s, 9H, H8); 13C 

NMR (101 MHz, CDCb) 5 159.6, 157.4, 153.9, 150.2, 147.4, 130.6, 127.0, 126.1, 119.3, 116.3,

115.5, 111.7, 105.7, 34.6, 31.7 (3C).

7-(4-M ethoxyphenyl)-0-3-aminocoumarin (2.7b)

N-Boc 7-(4-methoxyphenyl)-O-3-aminoocoumarin 2.6b (0.200 g, 0.59 mmol) afforded 2.7b as 

a brown solid (0.110 g, 66%). M.p.: 87-91 °C. 1H NMR (600 MHz, DMSO): 5 7.39 (d, J  = 8.4 

Hz, 1H, H3), 7.05 -  7.01 (m, 2H, H7), 6.99 -  6.95 (m, 2H, H>), 6.82 -  6.80 (m, 2H, H4, H 5), 

6.72 (s, 1H, H2), 5.50 (br s, 2H, H 1), 3.75 (s, 3H, H9); 13C NMR (150 MHz, DMSO): 5 158.7,

156.1, 155.9, 149.1, 148.8, 131.8, 126.0, 120.9 (2C), 116.8, 115.2 (2C), 114.3, 108.3, 104.3,

55.5,

7-(3-M ethoxyphenyl)-0-3-aminocoumarin (2.7c)

N-Boc 7-(3-methoxyphenyl)-O-3-aminocoumarin 2.6c (0.120 g, 0.35 mmol) afforded 2.7c as 

a dark-brown solid (0.098 g, 66%). M.p.: 74-75 °C. 1H NMR (600 MHz, DMSO) 5 7.43 (d, J  

= 8.5 Hz, 1H, H, H 3), 7.29 (t, J  = 8.2 Hz, 1H, H8), 6.94 (d, J  = 2.3 Hz, 1H, H5), 6.90 (dd, J  =

8.5, 2.4 Hz, 1H, H4), 6.75 -  6.72 (m, 2H, H2, H9), 6.62 (t, J  = 2.3 Hz, 1H, H>), 6.58 (dd, J  =

8.1, 2.1 Hz, 1H, H7), 5.56 (s, 2H, H 1), 3.74 (s, 3H, H 10).
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7-(4-ferf-Butylphenyl)-0-8-methyl-3-aminocoumarin (2.7d)

N-Boc 7-(4-tert-butylphenyl)-O-8-methyl-3-aminocoumarin 2.6d (0.220 g, 0.519 mmol) 

afforded 2.7d as a light brown solid (0.128 g, 76%). M.p.: 120-123 °C. 1H NMR (600 MHz, 

CDCb) 5 7.33 -  7.31 (m, 2H, H 8), 7.07 (d, J  = 8.5 Hz, 1H, H3), 6 .8 6  -  6.85 (m, 2H, H7), 6.80 

(d, J  = 8.5 Hz, 1H, H4), 6.70 (s, 1H, H2), 4.13 (br s, 2H, H 1), 2.36 (s, 3H, H5), 1.31 (s, 9H. H 10); 

5 13C NMR (150 MHz, CDCb) 5 159.6, 155.1, 153.8, 148.4, 145.8, 130.4, 126.5 (2C), 122.7,

117.6, 117.2, 116.9 (2C), 116.0, 111.9, 40.9, 34.2, 31.5 (3C), 8.0.

7-(4-M ethoxyphenyl)-0-8-methyl-3-aminocoumarin (2.7e)

N-Boc 7-(4-methoxyphenyl)-O-8-methyl-3-aminocoumarin 2.6e (0.240 g, 0.60 mmol) 

afforded 2.7e as a light-brown solid (0.172 g, 95%). M.p. 96-98 °C. 1H NMR (300 MHz, 

CDCb): 5 7.04 (d, J  = 8.5 Hz, 1H, H3), 6.92 -  6.82 (m, 4H, H7, H«), 6.70 (d, J  = 8.6 Hz, 1H, 

H4), 6.68 (s, 1H, H2), 3.79 (s, 3H, H 10), 2.37 (s, 3H, H 5); 13C NMR (75 MHz, CDCb): 5 159.9,

155.9, 155.0, 151.0, 148.6, 130.5, 122.9, 119.7, 117.1, 116.7, 115.1, 115.0, 112.2, 55.9, 8.9.

7-(3-M ethoxyphenyl)-0-8-methyl-3-aminocoumarin (2.7f)

N-Boc 7-(3-methoxyphenyl)-O-8-methyl-3-aminocoumarin 2.6f (0.270 g, 0.68 mmol) 

afforded 2.7f as a light-brown solid (0.199 g, 99%). M.p.: 78-80 °C. 1H NMR (300 MHz, 

CDCb): 5 7.20 (t, J  = 8.5 Hz, 1H, Hs), 7.09 (d, J  = 8.5 Hz, 1H, H3), 6.84 (d, J  = 8.5 Hz, 1H, 

H4), 6.70 (s, 1H, H2), 6.65 -  6.60 (m, 1H, H9), 6.50 -  6.45 (m, 2H, H7, H6), 4.18 (br s, 2H, H 1),

3.77 (s, 3H, H 10), 2.33 (s, 3H, H 5); 13C NMR (75 MHz, CDCb): 5 161.5, 160.0, 159.4, 153.6,

148.8, 131.1, 130.7, 123.3, 118.6, 117.8, 117.1, 112.1, 110.1, 108.8, 104.2, 55.8, 9.2.
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4.2.6. Synthesis of methyl 3-iodo-4-methoxybenzoate (2.9)

To a solution of 3-iodo-4-methoxybenzoic acid (2.00 g, 7.19 mmol) in methanol (40 ml), 8 

drops of conc. H2SO4 (98%) were added and the solution was refluxed for 16 hours. The 

solution was cooled to room temperature and the product extracted with EtOAc (2 x 100 mL) 

and the solvent removed under reduced pressure to afford the product, methyl 3-iodo-4- 

methoxybenzoate 2.9, as a white solid (1.70 g, 85%).

M.p.: 71-72 °C. 1H NMR (600 MHz, D M SO -^) 5 8.27 (d, J  = 2.1 Hz, 1H, H3), 7.96 

(dd, J  = 8.6, 2.2 Hz, 1H, H 2), 7.10 (d, J  = 8.7 Hz, 1H, H4), 3.91 (s, 3H, H 1), 3.82 (s, 3H, H5); 

13C NMR (150 MHz, D M SO -^) 5 164.7, 161.5, 139.8, 131.4, 123.6, 111.2, 85.9, 56.8, 52.1.

4.2.7. Synthesis of methyl of methyl 4-methoxy-3-(3-methoxy)-phenylbenzoate (2.10)4

A solution of 2 M NaOH (0.08 g, 3.00 mmol) was added to a mixture of 2.9 (0.292 g, 1.00 

mmol), 3-methoxyphenylboronic acid 2.5c (0.456 g, 3.00 mmol) and 3% mol PdCl2(dppf) in 

toluene (10 mL). The solution was refluxed under N 2 atmosphere, monitoring the reaction 

progress by TLC. After 24 hours, the reaction solution was diluted with distilled water, and the 

product extracted with ether (2 x 100 mL), washed with saturated brine and dried over 

magnesium sulphate (MgSO4). The solvent was removed under reduced pressure, and the 

product purified by silica gel column chromatography (10% EtOAc/Hex) to afford 2.10 as a 

viscous, colourless oil. 1H NMR (300 MHz, DMSO-d6): 5 7.97 (dd, J  = 8.7, 2.3 Hz, 1H, H2),

7.83 (d, J  = 2.2 Hz, 1H, H3), 7.37 -  7.31 (m, 1H, H7), 7.23 (d, J  = 8.7 Hz, 1H, H4), 7.04 -  7.00 

(m, 2H, H6, H8), 6.96 -  6.91 (m, 1H, H9), 3.85 (s, 3H, H 1), 3.82 (s, 3H, H 10), 3.78 (s, 3H, Hs);13C 

NMR (75 MHz, DM SO-^): 5 165.9, 160.0, 159.0, 138.4, 131.3, 130.7, 129.8, 129.3, 121.9,

121.5, 114.0, 112.8, 111.7, 56.0, 55.1, 52.0.

4.2.8. Synthesis of 4-methoxy-3-(3-methoxy)-phenylbenzoic acid (2.11)

A solution of 2.10 (0.245 g, 0.898 mmol) in 3:1:1 tetrahydrofuran-methanol-water (10 mL) 

was heated at 70 oC for 8 hours. The reaction was cooled to room temperature and acidified to 

1 -  2 pH with concentrated HCl (32%) to form a milky suspension. The product was extracted 

three times with ethyl acetate, dried over magnesium sulphate and concentrated under reduced 

pressure to afford 2.11 as an off-white solid (0.205 g, 89%). M.p.: 147-151 °C. 1H NMR (300 

MHz, DMSO-d6): 5 12.73 (s, 1H,H0, 7.95 (dd, J  = 8.6, 2.2 Hz, 1H, H2), 7.82 (d, J  = 2.2 Hz, 

1H, H3), 7.38 -  7.30 (m, 1H, H7), 7.21 (d, J  = 8.7 Hz, 1H, H4), 7.05 -  7.00 (m, 2H, H6,H«), 6.96
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-  6.91 (m, 1H, H9), 3.84 (s, 3H, H 10), 3.78 (s, 3H, H5); 13C NMR (75 MHz, DMSO-d6): 5 167.0,

159.7, 158.9, 138.6, 131.5, 130.7, 129.5, 129.2, 123.0, 121.5, 114.9, 112.7, 111.5, 55.9, 55.1.

4.2.9. General procedure for synthesis of target phenylated Nb analogues (2.13a-f and 

2.14a-f)5

A relevant free 7-phenyloxy-3-aminocoumarins (2.7a-f) (1.0 eq.) in 30% pyridine/DCM 

solution (2 mL) was stirred at room temperature for 10 minutes followed by addition of an 

appropriate diaryl acid (2.11 or 2.12) (2.0 eq.) and EDCFHCl (3.0 eq.). The reaction mixture 

was stirred at room temperature for 1 to 3 days after which the solvent was removed in vacuo 

to afford a crude product. The ferrocene-containing novobiocin analogues were purified by 

silica gel column chromatography (10% EtOAc/Hex for 2.13a-f) and the organic novobiocin 

analogues were purified by preparative TLC, using DCM as a mobile phase, to afford 2.14a-f.

7-(4-fer*-Butylphenyl)-0-3-ferrocenylcarboxamidocoumarin (2.13a)

7-(4-tert-Butylphenyl)-O-3-aminocoumarin 2.7a (0.080 g, 0.26 mmol), ferrocene carboxylic 

acid 2.12 (0.119 g, 0.52 mmol) and EDCI*HCl (0.149 g, 0.78 mmol) afforded 2.13a as an 

orange solid (0.0381 g, 28%). M.p.: 180-182 °C. IR Vmax/cm-1: 3409 (N-H, amide), 3090 (C-H, 

pyrone C=C), 2959 (C-H, methyl), 1708 (C=O, lacone), 1658 (C=O, amide), 1501 (C=C, 

aromatic), 1168 (C-O, aromatic); 1H NMR (300 MHz, CDCb): 5 8.71 (s, 1H, H 5), 8.27 (s, 1H, 

H4), 7.45 (d, J  = 8.6 Hz, 1H, H6), 7.41 (d, J  = 8.9 Hz, 2H, H 10), 7.04 -  6.95 (m, 3H, H7, H9), 

6 .8 8  (d, J  = 2.4 Hz, 1H, H8), 4.85 (t, J  = 1.9 Hz, 2H, H3), 4.50 (t, J  = 1.9 Hz, 2H, H2), 4.26 (s, 

5H, H 1), 1.35 (s, 9H, H 11); 13C NMR (75 MHz, CDCb): 5 170.0, 159.9, 159.2, 153.0, 151.0,

147.9, 128.8, 127.1 (2C), 123.0, 122.5, 119.8 (2C), 115.5, 114.9, 105.0, 75.2, 71.6 (2C), 70.2 

(5C), 68.5 (2C), 34.6, 31.6 (3C); HRMS (ESI+) m/z calcd for C30H2?FeNO4 : 521.1290, found 

522.1381 [M+H]+. Anal. calcd for C30H2?FeNO4 : C, 69.11; H, 5.22; N, 2.69. Found: C, 68.23; 

H, 6.03; N, 2.57%.
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7-(4-M ethoxyphenoxy)-0-3-ferrocenylcarboxamidocoumarin (2.13b)

7-(4-Methoxyphenyl)-O-3-aminocoumarin 2.7b (0.0950 g, 0.34 mmol), ferrocene carboxylic 

acid 2.12 (0.154 g, 0.67 mmol) and EDCbHCl (0.192 g, 1.0 mmol) afforded 2.13b as a dark 

red solid (0.0867 g, 52%). M.p.: 114-115 °C. IR Vmax/cm-1: 3394 (N-H, amide), 3054 (C-H, 

pyrone C=C), 2928 (C-H, methyl), 1690 (C=O, lactone), 1667 (C=O, amide), 1502 (C=C, 

aromatic), 1168 (C-O, aromatic ether); 1H NMR (300 MHz, CDCb): 5 8.70 (s, 1H, H5), 8.26 

(s, 1H, H4), 7.43 (d, J  = 8.6 Hz, 1H, H6), 7.06 -  7.01 (m, 2H, H 10), 6.96 -  6.90 (m, 3H, H7, H9),

6.83 (d, J  = 2.4 Hz, 1H, Hi), 4.82 (t, J  = 2.0 Hz, 2H, H3), 4.47 (t, J  = 1.9 Hz, 2H, H2), 4.26 (s, 

5H, H 1), 3.83 (s, 3H, H 11); 13C NMR (75 MHz, CDCb): 5 170.0, 160.5, 159.2, 156.9, 151.0,

148.6, 128.8, 123.0, 122.4, 121.8 (2C), 115.2 (2C), 114.9, 114.6, 104.4, 77.2, 75.1, 71.6 (2C),

70.2 (5C), 68.5 (2C), 55.8; HRMS (ESI) m/z calcd for C2?H21FeNO5: 495.0769, Found 

496.0851 [M+H]+. Anal. calcd C2?H21FeNO5: C, 65.47; H, 4.27; N, 2.83. Found: C, 65.54; H, 

4.95; N, 2.74%.

7-(3-M ethoxyphenoxy)-H3-ferrocenylcarboxam idocoum arin (2.13c)

7-(3-Methoxyphenyl)-O-3-aminocoumarin 2.7c (0.0780 g, 0.28 mmol), ferrocene carboxylic 

acid 2.12 (0.127 g, 0.55 mmol) and EDCI*HCl (0.158 g, 1.0 mmol) afforded 2.13c as a dark 

red solid (0.056 g, 41%). M.p.: 180-183 °C. IR Vmax/cm-1: 3400 (N-H, amide), 3056 (C-H, 

methylene), 2927 (C-H, methyl), 1693 (C=O, lactone), 1668 (C=O, amide), 1513 (C=C, 

aromatic), 1158 (C-O, aromatic ether); 1H NMR (600 MHz, CDCb): 5 8.71 (s, 1H, H4), 8.28 

(s, 1H, H5), 7.46 (d, J  = 8.6 Hz, 1H, H7), 7.29 (t, J  = 8.2 Hz, 1H, H 11), 6.98 (dd, J  = 8.5, 2.3 

Hz, 1H, H7), 6.93 (d, J  = 2.2 Hz, 1H, H ) , 6.75 (dd, J  = 8.3, 2.2 Hz, 1H, H 12), 6.66 (dd, J  = 8.0,

1.8 Hz, 1H, H 10), 6.63 (t, J  = 2.3 Hz, 1H, H9), 4.84 (t, J  = 1.8 Hz, 2H, H3), 4.49 (t, J  = 1.8 Hz, 

2H, H2), 4.26 (s, 5H, H 1), 3.80 (s, 3H, H3); 13C NMR (150 MHz, CDCb) 5 170.1, 161.2, 159.2,

159.1, 156.7, 150.9, 130.6, 128.9, 122.9, 122.7, 115.8, 115.2, 112.1, 110.4, 106.1, 105.6, 75.0,

71.6 (2C), 70.2 (5C), 68.5 (2C), 55.6; HRMS (ESI+) m/z calcd for C27H21FeNO5: 495.0769, 

Found 496.0835 [M+H]+. Anal. calcd C27H21FeNO5: C, 65.47; H, 4.27; N, 2.83. Found: C, 

65.88; H, 4.97; N, 2.75%.

7-(4-fer*-butylphenyl)-0-8-methyl-3-ferrocenylcarboxamidocoumarin (2.13d)

7-(4-tert-Phenyl)-O-8-methyl-3-aminocoumarin 2.7d (0.0600 g, 0.19 mmol), ferrocene 

carboxylic acid (0.0856 g, 0.37 mmol) and EDCbHCl (0.107 g, 0.56 mmol) afforded 2.13d as 

an orange solid (0.0446g g, 45%). M.p.: 188-191 °C. IR Vmax/cm-1 3389 (N-H, amide), 3090
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(C-H, pyrone C=C), 2960 (C-H, methyl), 1712 (C=O, lactone), 1698 (C=O, amide), 1506 

(C=C, aromatic), 1170 (C-O, aromatic); 1H NMR (600 MHz, CDCb): 5 8.70 (s, 1H, H 5), 8.32 

(br s, 1H, H4), 7.38 -  7.35 (m, 2H, H 10), 7.28 (d, J  = 8.8 Hz, 1H, H6), 6.92 -  6.84 (m, 2H, H9),

6.84 (d, J  = 8.6 Hz, 1H, H7), 4.85 (t, J  = 1.9 Hz, 2H, H3), 4.48 (t, J  = 1.9 Hz, 2H, H2), 4.27 (s, 

5H, H 1), 2.42 (s, 3H, H8), 1.33 (s, 9H, H 11); 13C NMR (150 MHz, CDCb): 5 170.0, 159.4,

156.7, 154.5, 149.4, 146.7, 126.9 (2C), 125.6, 123.4, 122.5, 118.2 (2C), 117.3, 115.6, 115.6,

75.2, 71.5 (2C), 70.2 (5C), 68.6 (2C), 34.5, 31.6 (3C); HRMS (ESI+) m/z calcd for C31H25NO7 : 

535.1446, Found 536.1520 [M+H]+. Anal. calcd C31H29NO4 : C, 69.54; H, 5.46; N, 2.62. Found: 

C, 70.23; H, 3.92; N, 2.72%.

N-(7-(4-M ethoxyphenyl)-0-8-m ethyl-3-ferrocenylcarboxamidocoumarin (2.13e)

7-(4-Methoxyphenyl)-O-8-methyl-3-aminocoumarin 2.7e (0.0750 g, 0.25 mmol), ferrocene 

carboxylic acid (0.116 g, 0.50 mmol) and EDCI*HCl (0.145 g, 0.76 mmol) afforded 2.13e as 

an orange solid (0.0245 g, 19%). M.p.: 167-169 °C. IR Vmax/cm-1 3407 (N-H, amide), 3097 (C- 

H, pyrone C=C), 2920 (C-H, methyl), 1704 (C=O, lactone), 1667 (C=O, amide), 1499 (C=C, 

aromatic), 1202 (C-O, aromatic ether); 1H NMR (600 MHz, CDCb): 5 8.70 (s, 1H, H4), 8.33 

(br s, 1H, H5), 7.28 (d, J  = 8.6 Hz, 1H, H>), 6.99 -  6.95 (m, 2H, H 10), 6.94 -  6.89 (m, 2H, H9), 

6.75 (d, J  = 8.6 Hz, 1H, H7), 4.86 (t, J  = 1.9 Hz, 2H, H3), 4.51 -  4.48 (m, 2H, H2), 4.29 (s, 5H, 

H 1), 3.83 (s, 3H, H 11), 2.45 (s, 3H, Hs); 13C NMR (150 MHz, CDCb): 5 170.0, 159.5, 157.6,

156.2, 150.0, 149.3, 125.5, 123.4, 122.3, 120.5 (2C), 116.4, 115.1 (3C), 114.3, 75.2, 71.5 (2C),

70.2 (5C), 68.5 (2C), 55.8, 8.7; HRMS (ESI+) m/z calcd for C28H23FeNO5: 509.0926, Found 

510.1004 [M+H]+. Anal. calcd C28H23FeNO5: C, 66.03; H, 4.55; N, 2.75. Found: C, 66.77; H, 

4.59; N, 2.66%.

7-(3-M ethoxyphenoxy)-0-8-methyl-3-ferrocenylcarboxam idocoumarin (2.13f)

7-(3-Methoxyphenyl)-O-8-methyl-3-aminocoumarin 2.7f (0.080 g, 0.27 mmol), ferrocene 

carboxylic acid (0.124 g, 0.54 mmol) and EDCI*HCl (0.155 g, 0.81 mmol) afforded 2.13f as 

an orange solid (0.0615 g, 45%). M.p.: 162-164 °C. IR Vmax/cm-1 3396 (N-H, amide), 3080 (C- 

H, pyrone C=C), 2924 (C-H, methyl), 1716(C=O, lactone), 1663 (C=O, amide), 1510 (C=C, 

aromatic), 1170 (C-O, aromatic ether); 1H NMR (600 MHz, CDCb): 5 8.71 (s, 1H, H4), 8.32 

(s, 1H, H5), 7.31 (d, J  = 8.5 Hz, 1H, H>), 7.23 (t, J  = 8.7 Hz, 1H, H 11), 6.89 (d, J  = 8.5 Hz, 1H, 

H7), 6.67 (dd, J  = 8.2, 2.5 Hz, 1H, H 10), 6.54 -  6.51 (m, 2H, H9, H 12), 4.85 (t, J  = 1.9 Hz, 2H, 

H3), 4.48 (t, J  = 1.9 Hz, 2H, H3), 4.27 (s, 5H, H5), 3.79 (s, 3H, H 13), 2.39 (s, 3H, Hs); 13C NMR 

(150 MHz, CDCb) 5 170.1, 161.2, 159.3, 158.3, 155.9, 149.3, 130.5, 125.7, 123.2, 122.7,
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117.8, 116.4, 116.0, 110.4, 109.1, 104.5, 75.1, 71.6 (2C), 70.2 (5C), 68.6 (2C), 55.5, 8.8; 

HRMS (ESI) m/z calcd for C28H23FeNO5: 509.0926, Found 510.1004 [M+H]+. Anal. calcd 

C28H23FeNO5: C, 66.03; H, 4.55; N, 2.75. Found: C, 66.46; H, 4.61; N, 2.66%.

7-(4-ferf-Butylphenyl)-0-3-(3',6-dimethoxy-[1,1'-biphenyl])-3-carboxamidocoumarin

(2.14a)

7-(4-tert-Butylphenyl)-O-3-aminocoumarin 2.7a (0.0630 g, 0.20 mmol), 4-methoxy-3-(3- 

methoxy)-phenylbenzoic acid (0.12 g, 0.41 mmol) and EDCbHCl (0.117 g, 0.61 mmol) 

afforded 2.14a as a yellow solid (0.041 g, 37%). M.p.: 182-185 °C. IR Vmax/cm-1: 3369 (N-H, 

amide), 3070 (C-H, pyrone C=C), 2920 (C-H, methyl), 1700 (C=O, lactone), 1665 (C=O, 

amide), 1601 (C=C, aromatic), 1177 (C-O, aromatic); 1H NMR (600 MHz, CDCb): 5 8.83 (s, 

1H, H 10), 8.71 (s, 1H, H 11), 7.91 (dd, J  = 8.6, 2.4 Hz, 1H, Hs), 7.88 (d, J  = 2.3 Hz, 1H, H9), 

7.47 (d, J  = 8.6 Hz, 1H, H7), 7.42 -  7.41 (m, 2H, H 16), 7.36 (t, J  = 7.9 Hz, 1H, H4), 7.11 (dt, J  

= 7.5, 1.2 Hz, 1H, H 5), 7.08 (t, J  = 1.1 Hz, 1H, H2), 7.06 (d, J  = 8.6 Hz, 1H, H 12), 7.03 -  7.00 

(m, 2H, H 15), 6.98 (dd, J  = 8.6, 2.4 Hz, 1H, H 13), 6.93 (dd, J  = 8.2, 2.3 Hz, 1H, H3), 6.87 (d, J  

= 2.3 Hz, 1H, H 14), 3.90 (s, 3H, H 1), 3.86 (s, 3H, H6), 1.35 (s, 9H, H 17); 13C NMR (150 MHz, 

CDCb): 5 165.6, 160.1, 160.0, 159.4, 159.3, 153.0, 151.2, 148.0, 138.7, 131.2, 130.0, 129.3,

129.0, 128.3, 127.1 (2C), 126.0, 123.7, 122.6, 122.1, 119.9 (2C), 115.4, 114.7, 113.2, 111.1,

105.0, 56.0, 55.5, 34.6, 31.6, 29.8 (3C); HRMS (ESI+) m/z calcd for C34H31NO6 : 549.2151, 

Found 550.2216 [M+H]+. Anal. calcd for C34H31NO6 : C, 74.30; H, 5.69; N, 2.55. Found: C, 

74.63; H, 5.95; N, 2.66%.

7-(4-M ethoxyphenyl)-0-3-(3',6-dim ethoxy-[1,r-biphenyl])-3-carboxam idocoum arin

(2.14b)

7-(4-Methoxyphenyl)-O-3-aminocoumarin 2.7b (0.100 g, 0.35 mmol), 4-methoxy-3-(3- 

methoxy)-phenylbenzoic acid (0.162 g, 0.71 mmol) and EDCI*HCl (0.203 g, 1.1 mmol) 

afforded 2.14b as an off-white solid (0.0260 g, 13%). M.p.: 182-184 °C. IR Vmax/cm-1: 3366 

(N-H, amide), 3085 (C-H, pyrone C=C), 2922 (C-H, methyl), 1698 (C=O, lactone), 1663 (C=O, 

amide), 1601 (C=C, aromatic), 1180 (C-O, aromatic ether); 1H NMR (300 MHz, CDCb): 5

8.82 (s, 1H, H 11), 8.70 (s, 1H, H 10), 7.91 (dd, J  = 8.6, 2.4 Hz, 1H, Hs), 7.88 (d, J  = 2.4 Hz, 1H, 

H9), 7.46 (d, J  = 8.7 Hz, 1H, H7), 7.36 (t, J  = 7.9 Hz, 1H, H4), 7.11 (d, J  = 7.8 Hz, 1H, H5), 7.10 

-  7.07 (m, 2H, H2, H3), 7.05 -  7.01 (m, 2H, H 16), 6.96 -  6.91 (m, 4H, H 12, H 13, H 15), 6.84 (d, J  

= 2.3 Hz, 1H, H 14), 3.90 (s, 3H, H 1), 3.86 (s, 3H, H>), 3.83 (s, 3H, H 17); 13C NMR (150 MHz, 

CDCb): 5 165.6, 160.7, 159.9, 159.4, 159.3, 156.9, 151.20, 148.5, 138.7, 131.1, 130.0, 129.3,
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129.0 128.2, 126.0, 123.7, 122.5, 122.1, 121.8 (2C), 115.4, 115.3 (2C), 114.9, 114.5, 113.2,

111.1, 104.3, 56.0, 55.8, 55.4; HRMS (ESI+) m/z calcd for C31H25NO7 : 523.1631, Found 

524.1700 [M+H]+. Anal. calcd C31H25NO7 : C, 71.12; H, 4.81; N, 2.68. Found: C, 70.44; H, 

4.84; N, 2.27%.
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7-(3-M ethoxyphenyl)-0-3-(3',6-dim ethoxy-[1,r-biphenyl])-3-carboxam idocoum arin

(2.14c)

7-(3-Methoxyphenyl)-O-3-aminocoumarin 2.7c (0.120 g, 0.42 mmol), 4-methoxy-3-(3- 

methoxy)-phenylbenzoic acid (0.195 g, 0.85 mmol) and EDCI*HCl (0.244 g, 1.3 mmol) 

afforded 2.14c as a yellow solid (0.0588 g, 27%). M.p.: 152-153 °C. IR Vmax/cm-1: 3365 (N-H, 

amide), 3085 (C-H, pyrone C=C), 2919 (C-H, methyl), 1697 (C=O, lactone), 1663 (C=O, 

amide), 1601 (C=C, aromatic), 1178 (C-O, aromatic ether); 1H NMR (600 MHz, CDCb): 5

8.83 (s, 1H, H 11), 8.72 (s, 1H, H 10), 7.91 (dd, J  = 8.6, 2.5 Hz, 1H, Hs), 7.88 (d, J  = 2.5 Hz, 1H, 

H9), 7.48 (d, J  = 8.6 Hz, 1H, H7), 7.36 (t, J  = 7.9 Hz, 1H, H4), 7.29 (t, J  = 8.2 Hz, 1H, H 17), 

7.12 (d, J  = 7.6 Hz, 1H, H 5), 7.10 -  7.08 (m, 1H, H 15), 7.06 (d, J  = 8.6 Hz, 1H, H 12), 6.99 (dd, 

J  = 8.5, 2.3 Hz, 1H, H 13), 6.95 -  6.90 (m, 2H, H 14, H 16), 6.76 (dd, J  = 8.3, 2.3 Hz, 1H, H5), 6.66 

(dd, J  = 8.0, 2.1 Hz, H3), 6.64 (t, J  = 2.2 Hz, 1H, H2), 3.90 (s, 3H, H 1), 3.86 (s, 3H, H6), 3.80 

(s, 3H, H 19); 13C NMR (150 MHz, CDCb) 5 165.6, 161.2, 159.9, 159.4, 159.3, 159.2, 156.7,

151.2, 138.6, 131.1, 130.6, 130.0, 129.3, 129.0, 128.3, 126.0, 123.5, 122.8, 122.1, 115.8, 115.4,

115.1, 113.2, 112.1, 111.1, 110.5, 106.1, 105.6, 56.0, 55.6, 55.4; HRMS (ESI+) m/z calcd for 

C31H25NO7 : 523.1631, Found 524.1714 [M+H]+. Anal. calcd C31H25NO7 : C, 71.12; H, 4.81;

N, 2.68. Found: C, 71.62; H, 5.25; N, 2.53%.

7-(4-ferf-Butylphenyl)-0-8-methyl-3-(3',6-dimethoxy-[1,1'-biphenyl])-3- 

carboxam idocoum arin (2.14d)

7-(4-tert-Butylphenyl)-O-8-methyl-3-aminocoumarin 2.7d (0.0420 g, 0.13 mmol), (0.0653 g,

O. 26 mmol) and EDCI*HCl (0.0750 g, 0.39 mmol) afforded 2.14d as a yellow solid (0.0404 g, 

55%). M.p.: 179-181 °C. IR Vmax/cm-1 3413 (N-H, amide), 3078 (C-H, pyrone C=C), 2962 (C- 

H, methyl), 1698 (C=O, lactone), 1672 (C=O, amide), 1599 (C=C, aromatic), 1175 (C-O, 

aromatic); 1H NMR (600 MHz, CDCb): 5 8.83 (s, 1H, H 11), 8.75 (s, 1H, H 10), 7.93 (dd, J  =

8.5, 2.4 Hz, 1H, Hs), 7.91 (d, J  = 2.4 Hz, 1H, H9), 7.39 -  7.35 (m, 3H, H4, H 16), 7.31 (d, J  = 8.6 

Hz,1H, H7), 7.13 (dt, J  = 7.6, 1.2 Hz, 1H, H5), 7.10 (t, J  = 2.1 Hz, 1H, H2), 7.08 (d, J  = 8.7 Hz, 

1H, H 12), 6.96 -  6.90 (m, 3H, H 15, H3), 6.84 (d, J  = 8.6 Hz, 1H, H 13), 3.90 (s, 3H, H 1), 3.86 (s, 

3H, H6), 2.42 (s, 3H, H 14), 1.33 (s, 9H, H 17); 13C NMR (150 MHz, CDCb) 5 165.7, 159.9,

159.4, 159.4, 156.9, 154.4, 149.5, 146.7, 138.7, 131.1, 130.1, 129.3, 128.3, 126.9 (2C), 126.1,

125.7, 124.0, 122.6, 122.1, 118.2 (2C), 117.2, 115.5, 115.4, 115.3, 113.2, 111.1, 56.0, 55.4,

34.5, 31.6 (3C), 8.7; HRMS (ESI+) m/z calcd for C35H33NO6 : 563.2308, Found 564.2377
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[M+H]+. Anal. calcd C35H33NO6 : C, 74.58; H, 5.90; N, 2.49. Found: C, 74.07; H, 4.95; N, 

2.61%.

7-(4-Methoxyphenyl)-0-8-methyl-3-(3',6-dimethoxy-[1,1'-biphenyl])-3- 

carboxam idocoum arin (2.14e)

7-(4-Methoxyphenyl)-0-8-methyl-3-aminocoumarin 2.7e (0.0500 g, 0.17 mmol), 4-methoxy- 

3-(3-methoxy)-phenylbenzoic acid (0.0826 g, 0.32 mmol) and EDCI*HCl (0.0920 g, 0.48 

mmol) afforded 2.14e as a pale yellow solid (0.0640 g, 71%). M.p.: 156-159 °C. IR Vmax/cm-1 

3412 (N-H, amide), 3058 (C-H, pyrone C=C), 2921 (C-H, methyl), 1698 (C=O, lactone), 1672 

(C=O, amide), 1671 (C=C, aromatic), 1207 (C-O, aromatic ether); 1H NMR (600 MHz, 

CDCb): 5 8.81 (s, 1H, H 11), 8.74 (br s, 1H, H 10), 7.92 (dd, J  = 8.5, 2.5 Hz, 1H, Hs), 7.90 (d, J  

= 2.4 Hz, 1H, H9), 7.37 (t, J  = 7.9 Hz, 1H, H4), 7.27 (d, J  = 8.8 Hz, 1H, H7), 7.13 (dt, J  = 7.6,

1.2 Hz, 1H, H5), 7.10 (t, J  = 0.3, 1H, H2), 7.07 (d, J  = 8.5 Hz, 1H, H 12), 6.98 -  6.87 (m, 5H, 

H 15, H 16, H3 ), 6.74 (d, J  = 8.6 Hz, 1H, H 13), 3.90 (s, 3H, H 1), 3.86 (s, 3H, H6), 3.81 (s, 3H, H 17), 

2.43 (s, 3H, H 14); 13C NMR (150 MHz, CDCb) 5 165.7, 159.9, 159.5, 159.4, 157.8, 156.2,

149.9, 149.5, 138.7, 131.1, 130.1, 129.3, 128.3, 126.1, 125.7, 124.1, 122.4, 122.1, 120.6 (2C),

116.4, 115.3, 115.1, 115.0 (2C), 114.2, 113.2, 111.1, 56.0, 55.8, 55.4, 8.7; HRMS (ESI+) m/z 

calcd for C31H25NO7 : 537.1788, Found 538.1881 [M+H]+. Anal. calcd C32H27NO7 : C, 71.50; 

H, 5.06; N, 2.61. Found: C, 70.14; H, 4.61; N, 2.60%.
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7-(3-Methoxyphenyl)-0-8-methyl-3-(3',6-dimethoxy-[1,1'-biphenyl])-3- 

carboxam idocoum arin (2.13f)

7-(3-Methoxyphenyl)-8-methyl-0-3-aminocoumarin 2.7f (0.0800 g, 0.27 mmol), 4-methoxy- 

3-(3-methoxy)-phenylbenzoic acid (0.139 g, 0.54 mmol) and EDCI*HCl (0.155 g, 0.81 mmol) 

afforded 2.13f as a yellow solid (0.0750 g, 52%). M.p.: 112-114 °C. IR Vmax/cm-1 3405 (N-H, 

amide), 3082 (C-H, pyrone C=C), 2933 (C-H, methyl), 1705 (C=O, lactone), 1669 (C=O, 

amide), 1601 (C=C, aromatic), 1185 (C-O, aromatic ether); 1H NMR (600 MHz, CDCb): 5

8.83 (s, 1H, H 11), 8.75 (br s, 1H, H 10), 7.93 (dd, J  = 8.5, 2.4 Hz, 1H, Hs), 7.90 (d, J  = 2.4 Hz, 

1H, H9), 7.37 (t, J  = 7.9 Hz, 1H, H4), 7.33 (d, J  = 8.5 Hz, 1H, H7), 7.24 (t, J  = 8.6 Hz, 1H, H 17), 

7.13 (dt, J  = 7.6, 1.2 Hz, 1H, H 5), 7.10 (t, J  = 2.1 Hz, 1H, H 15), 7.08 (d, J  = 8.6 Hz, 1H, H 12), 

6.94 (ddd, J  = 8.3, 2.6, 0.9 Hz, 1H, H 16), 6.89 (d, J  = 8.5 Hz, 1H, H 13), 6.68 (ddd, J  = 8.3, 2.4, 

1.0 Hz, 1H, H 18), 6.55 -  6.52 (m, 2H, H2, H3), 3.90 (s, 3H, H 1), 3.86 (s, 3H, H6), 3.79 (s, 3H, 

H 19), 2.39 (s, 3H, H 14); 13C NMR (150 MHz, CDCb): 5 165.7, 161.2, 160.0, 159.4, 159.4,

158.2, 156.1, 149.5, 138.7, 131.2, 130.5, 130.1, 129.3, 128.3, 126.0, 125.8, 123.9, 122.8, 122.1,

117.8, 116.3, 115.9, 115.4, 113.3, 111.1, 110.5, 109.2, 104.5, 56.0, 55.5, 55.4, 8.8; HRMS 

(ESI+) m/z calcd for C32H27NO7: 537.1788, Found 538.1852 [M+H]+. Anal. calcd C32H27NO7 : 

C, 71.50; H, 5.06; N, 2.61. Found: C, 70.17; H, 5.19; N, 2.61%.

4.2.10. General procedure for synthesis of NBoc-protected piperidinols (2.15e-f)

A suspension of an appropriate 3- or 4-hydroxy piperidinol (2.15c-d) (1.0 eq.) and Boc2O (1.2 

eq.) in THF (10 mL) was stirred at room temperature for 20 minutes after which DMAP (ca. 

10 mg) was added. The resulting light yellow solution was further stirred for 30 minutes and 

concentrated in Vacuo. The product was purified by silica gel flash column chromatography 

(5% MeOH/DCM) to give the relevant product.
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N-Boc 4-piperidinol (2.15e)

4-Piperidinol 2.15c (0.500 g, 4.94 mmol), Boc2O (1.29 g) and DMAP (ca. 10 mg) afforded 

2.15e as a white solid (1.02 g, 96%). M.p.: 39-40 °C. 1H NMR (400 MHz, CDCb): 5 3.85 -  

3.79 (m, 4H, H2), 3.01 (ddd, J  = 13.3, 9.8, 3.3 Hz, 1H, H 1), 1.86 -  1.82 (m, 4H, H3), 1.44 (s, 

9H, H4); 13C NMR (101 MHz, CDCb): 5 155.0, 79.7, 67.9, 41.4 (2C), 34.4 (2C), 28.6 (3C).

N-Boc 3-piperidonol (2.15f)

3-Piperidinol 2.15d (0.500 g, 4.94 mmol), Boc2O (1.29 g) and DMAP (ca. 10 mg) afforded 

2.15f as a yellow oil (1.04 g, 98%). 1H NMR (400 MHz, CDCb): 5 3.77 -  3.73 (m, 2H, H>), 

3.54 -  3.28 (m, 2H, H5), 2.99 -  2.92 (m, 3H, H 1, H3), 1.92 -  1.65 (m, 2H, H4), 1.41 (s, 9H, H7); 

13C NMR (101 MHz, CDCb): 5 155.2, 79.68, 66.1, 39.5, 32.6, 28.4 (3C), 27.7, 22.6.

4.2.11. General procedure for synthesis of N-Boc-protected 7-benzyloxy-3- 

am inocoumarins (2.16a-b)

A suspension of an appropriate NBoc 7-hydroxycoumarin 2.4a-b (1.0 eq.), benzylbromide (1.0 

eq.) and K2CO3 (4.0 eq.) in acetone (20 mL) was refluxed for 3 hours. The reaction mixture 

was diluted with distilled water (50 mL) and the product extracted with EtOAc (3 x 3 0  mL). 

The collected organic layers were combined, dried (MgSO4) and concentrated under reduced 

pressure to afford a crude product, which was purified by silica gel chromatography (5% 

EtOAc/Hex) to yield the desired product as a white solid.

N-Boc 7-benzyloxy-3-aminocoumarin (2.16a)

7-Hydroxy-3-acetamidocoumarin 2.4a (0.500 g, 1.8 mmol), benzylbromide (0.879 g, 1.8 

mmol) and K2CO3 (1.00 g, 7.2 mmol) afforded 2.16a as a white solid (0.479 g, 91%). M.p.: 

111-113 °C. 1H NMR (300 MHz, CDCb): 5 8.23 (s, 1H, H2), 7.44 -  7.29 (m, 7H, H3, H4, Hs, 

H9, H 10), 6.93 (dd, J  = 8.6, 2.5 Hz, 1H, H 5), 6.88 (d, J  = 2.4 Hz, 1H, H>), 5.10 (s, 2H, H7), 1.53 

(s, 9H, H 1); 13C NMR (75 MHz, CDCb): 5 160.0, 159.0, 152.8, 151.0, 136.2, 128.9 (2C), 128.5,

128.3, 127.7 (2C), 122.4, 121.3, 113.9, 113.7, 101.9, 81.6, 70.7, 28.4 (3C).

N-Boc 7-benzyloxy-8-methyl-3-aminocoumarin (2.16b)

7-Hydroxy-3-acetamidocoumarin 2.4b (1.18 g, 4.05 mmol), benzylbromide (0.693 g, 1.8 

mmol) and K2CO3 (2.24 g, 16.2 mmol) afforded 2.16b as a white solid (1.05 g, 81%). M.p.: 

147-152 °C. 1H NMR (600 MHz, CDCb): 5 8.22 (s, 1H, H2), 7.44 (d, J  = 7.3 Hz, 2H, Hs), 7.40
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(t, J  = 7.5 Hz, 1H, H9), 7.36 -  7.31 (m, 2H, H 10, H3), 7.24 (d, J  = 8.6 Hz, 1H, H4), 6.89 (d, J  =

8.6 Hz, 1H, H 5), 5.15 (s, 2H, H7), 2.36 (s, 3H, H6), 1.53 (s, 9H, H 1); 13C NMR (150 MHz, 

CDCb): 5 159.3, 157.8, 152.8, 148.9, 136.8, 128.8 (2C), 128.2, 127.3 (2C), 125.2, 122.0, 121.8, 

114.6, 113.9, 109.4, 81.6, 70.7, 28.4 (3C), 8.5.

4.2.12. General procedure for synthesis of free 7-benzyloxy-3-aminocoumarins (2.17a-b)

Compounds 2.16a-b were Boc-deprotected according to the procedure highlighted in Section

4.6 to yield free 7-benzyloxy-3-aminocoumarins (2.17a-b).

7-Benzyloxy-3-aminocoumarin (2.17a)

N-Boc 7-benzyloxy-3-aminocoumarin 2.16a (0.264 g, 0.72 mmol) afforded 2.17a as a light- 

yellow solid (0.178 g, 93%). M.p.: 116-118 °C. 1H NMR (300 MHz, CDCb): 5 7.47 -  7.30 (m, 

5H, H7, Hs, H9), 7.22 -  7.16 (m, 1H, H3), 6.92 -  6.85 (m, 2H, H4, H5), 6.69 (s, 1H, H2), 5.09 (s, 

2H, H6), 4.06 (s, 2H, H 1); 13C NMR (75 MHz, CDCb): 5 159.9, 158.3, 150.4, 136.5, 130.0, 

128.9 (2C), 128.4, 127.7 (2C), 126.0, 114.8, 113.5, 112.3, 102.1, 70.6.
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7-Benzyloxy-8-methyl-3-aminocoumarin (2.17b)

N-Boc 7-benzyloxy-8-methyl-3-aminocoumarin 2.16b (0.800 g, 2.51 mmol) afforded 2.17b as 

a light-yellow solid (0.706 g, 71%). M.p.:

83 -  84 °C. 1H NMR (400 MHz, CDCb): 5 7.44 - 7.37 (m, 5H, H7, Hs, H9), 7.07 (d, J  = 8.7 Hz, 

1H, H3), 6.84 (d, J  = 8.7 Hz, 1H, H4), 6.69 (s, 1H, H2), 5.12 (s, 2H, H6), 3.15 (s, 2H, H 1), 2.37 

(s, 3H, H5); 13C NMR (100 MHz, CDCb): 5 160.1, 156.2, 148.6, 137.1, 129.6, 128.8 (2C),

128.2, 127.3 (2C), 122.7, 115.0, 114.7, 112.9, 109.4, 70.9, 8.6.

4.2.13. General procedure for synthesis of 7-OBn analogues (2.18a-d)6

To a suspension of a relevant free 7-benzyl-0-3-aminocoumarin 2.17a-b (1.0 eq.) and an 

appropriate diaryl carboxylic acid (2.10 or 2.11) (1.0 eq.) in 1:2 pyridine/CHCb solution (2 

mL) on ice was added 50% T3P®/EtOAc solution (2.0 eq.). The reaction mixture was refluxed 

at 75 oC for 1 -  2 days after which the solvents were removed under reduced pressure to afford 

a crude product, which was purified by silica gel chromatography (100% DCM) to afford the 

desired product.

7-Benzyl-0-3-ferrocenylcarboxam idocoum arin (2.18a)

7-Benzyl-0-3-aminocoumarin 2.17a (0.350 g, 1.31 mmol), ferrocene carboxylic acid (0.301, 

1.31 mmol), 50% T3P®/EtOAc solution (0.452 g, 2.00 mmol) afforded 2.18a as a red solid 

(0.502 g, 80%). Mp.: 155-160 °C. IR Vmax/cm-1 3387 (N-H, amide), 2957 (C-H, pyrone C=C), 

1700 (C=O, lactone), 1635 (C=O, amide), 1H NMR (300 MHz, CDCb): 5 8.69 (s, 1H, H 4), 

8.26 (s, 1H, H 5), 7.47 -  7.34 (m, 6H, H>, H 10, H 11, H 12), 6.98 (dd, J  = 8.6, 2.4 Hz, 1H, H7), 6.93 

(d, J  = 2.3 Hz, 1H, Hs), 5.13 (s, 2H, H9), 4.83 (t, 2H, J  = 1.9 Hz, H3), 4.47 (t, J  = 1.9 Hz, 2H, 

H2), 4.26 (s, 5H, H 1); 13C NMR (75 MHz, CDCb): 5 170.0, 160.3, 159.5, 151.4, 136.1, 128.9 

(2C), 128.8, 128.5, 127.7 (2C), 123.4, 122.1, 114.1, 113.8, 102.1, 75.4, 71.6 (2C), 70.7, 70.2 

(5C), 68.6 (2C); HRMS (ESI+) m/z calcd for C30H24FeNO4 : 479.0820, Found 480.0905 

[M+H]+.
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7-Benzyl-0-8-methyl-3-ferrocenylcarboxamidocoumarin (2.18b)

7-Benzyl-0-8-methyl-3-aminocoumarin 2.17b (0.400 g, 1.42 mmol), ferrocene carboxylic acid 

(0.327 g, 1.42 mmol), 50% T3P®/EtOAc solution (0.904 g, 2.84 mmol) afforded 2.18b as a red 

solid (0.475 g, 68%). Mp.: 92-94 °C. IR Vmax/cm-1 3355 (N-H, amide), 3094 (C-H, pyrone 

C=C), 1701 (C=O, lactone), 1650 (C=O, amide), 1H NMR (600 MHz, CDCb): 5 8.68 (s, 1H, 

H4), 8.28 (s, 1H, H 5), 7.45 (d, J  = 7.2 Hz, 2H, H 11), 7.41 (t, J  = 7.5 Hz, 2H, H 10), 7.35 (t, J  =

7.2 Hz, 1H, H 12), 7.31 (d, J  = 8.6 Hz, 1H, H6), 6.93 (d, J  = 8.6 Hz, 1H, H7), 5.17 (s, 2H, H9),

4.84 (t, J  = 1.9 Hz, 2H, H3), 4.47 (t, J  = 1.9 Hz, 2H, H2), 4.26 (s, 5H, H 1), 2.40 (s, 3H, Hs); 13C 

NMR (150 MHz, CDCb): 5 170.0, 160.0, 158.1, 149.2, 136.7, 128.8 (2C), 128.3, 127.3 (2C),

125.7, 123.9, 121.7, 114.7, 113.9, 109.5, 75.4, 71.5 (2C), 70.7, 70.2 (5C), 68.6 (2C), 8.5; 

HRMS (ESI+) m/z calcd for C28H23NO4 : 493.0977, Found 494.1056 [M+H]+.

7-Benzyl-0-3-(3',6-dim ethoxy-[1,r-biphenyl])-3-carboxam idocoum arin (2.18c)

7-Benzyl-0-8-methyl-3-aminocoumarin 2.17a (0.259 g, 0.97 mmol), 4-methoxy-3-(3- 

methoxy)-phenylbenzoic acid (0.250 g, 0.97 mmol), 50% T3P®/EtOAc solution (0.617 g, 2.0 

mmol) afforded 2.18c as a red solid (0.244 g, 50%). Mp.: 148-150 °C. IR Vmax/cm-1: 3411 (N- 

H, amide), 3070 (C-H, pyrone C=C), 2920 (C-H, methyl), 1698 (C=O, lactone), 1666 (C=O, 

amide), 1H NMR (400 MHz, CDCb) 5 8.82 (s, 1H, H 10), 8.68 (s, 1H, H 11), 7.91 (dd, J  = 8.5,

2.4 Hz, 1H, Hs), 7.88 (d, J  = 2.3 Hz, 1H, H9), 7.47 -  7.40 (m, 5H, H 16, H 17, H 18), 7.40 -  7.34 

(m, 2H, H4, H7), 7.12 (d, J  = 7.7 Hz, 1H, H5), 7.10 -  7.08 (m, 1H, H3), 7.07 (d, J  = 8.6 Hz, 1H, 

H 12), 6.98 (dd, J  = 8.6, 2.4 Hz, 1H, H 13), 6.95 -  6.92 (m, 2H, H2, H 14), 5.13 (s, 2H, H 15), 3.90 

(s, 3H, H 1), 3.86 (s, 3H, H>); 13C NMR (101 MHz, CDCb) 5 172.2, 165.7, 160.5, 160.0, 159.5,

151.5, 138.8, 136.1, 131.3, 130.1, 129.4, 129.0 (2C), 128.9, 128.6, 128.4, 127.7 (2C), 126.2,

124.1, 122.2 (2C), 115.5, 114.1, 113.7, 113.3, 111.2, 102.1, 70.7 56.1, 55.5; HRMS (ESI+) m/z 

calcd for C31H25NO6: 507.1682, Found 508.1739 [M+H]+.

7-Benzyl-0-8-methyl-3-(3',6-dimethoxy-[1,1'-biphenyl])-3-carboxamidocoumarin

(2.18d)

7-Benzyl-0-8-methyl-3-aminocoumarin 5e (0.273 g, 0.67 mmol), 4-methoxy-3-(3-methoxy)- 

phenylbenzoic acid (0.250 g, 0.97 mmol), 50% T3P®/EtOAc solution (0.617 g, 2 mmol) 

afforded 6j as a red solid (0.214 g, 42%). Mp.: 155-157 °C. IR Vmax/cm-1: 3416 (N-H, amide), 

3033 (C-H, pyrone C=C), 2957 (C-H, methyl), 1733 (C=O, lactone), 1702 (C=O, amide); 1H 

NMR (400 MHz, CDCb) 5 8.80 (s, 1H, H 10), 8.70 (s, 1H, H 11), 7.92 (dd, J  = 8.5, 2.3 Hz, 1H,

118



Chapter 4 Experimental

Hs), 7.90 (d, J  = 2.2 Hz, 1H, H9), 7.46 -  7.43 (m, 3H, H3, H4, H7), 7.41 -  7. 40 (m, 2H, H 16), 

7.36 -  7.33 (m, 3H, H 17, H 18), 7.13 (d, J  = 7.7 Hz, 1H, H5), 7.10 (t, J  = 2.0 Hz, 1H, H2), 7.07 

(d, J  = 8.5 Hz, 1H, H 12), 6.94 (d, J  = 8.5, 1H, H 13), 5.18 (s, 2H, H 15), 3.90 (s, 3H, H 1), 3.86 (s, 

3H, H6), 2.40 (s, 3H, H 14); 13C NMR (101 MHz, CDCb) 5 165.7, 160.0, 159.7, 159.5, 158.3,

149.4, 138.8, 136.8, 131.4, 130.2, 129.4, 128.9 (2C), 128.3 (2C), 127.3 (2C), 126.3, 125.8,

124.5, 122.2, 121.9, 115.4, 114.8, 113.8, 113.4, 111.2, 109.6, 70.8, 56.1, 55.5, 8.5; HRMS 

(ESI+) m/z calcd for C32H27NO6 : 521.1838, Found 508.1739 [M+H]+.

4.2.14. General procedure for synthesis of 7-OH Nb analogues (2.19a-d)

A mixture of a relevant OBn Nb analogue 2.18a-d (1.0 eq.) and 10 mol % Pd/C in THF (15 

mL) was stirred under H 2 atmosphere for 12 hours at room temperature. The product was 

filtered through a small pad of silica gel, eluting with 100% EtOAc. The solvent was removed 

under reduce pressure to afford the desired product 2.19a-d.

7-Hydroxy-3-ferrocenylcarboxamidocoumarin (2.19a)

7-Benzyl-0-3-ferrocenylcarboxamidocoumarin 2.18a (0.140 g, 0.29 mmol) and 10 mol % 

Pd/C afforded 2.19a as a light red solid (0.116 g, 96%). M.p.: >300 °C. IR Vmax/cm-1 3243 (N- 

H, amide & OH), 2981 (C-H, pyrone C=C), 1732 (C=O, lactone), 1688 (C=O, amide); 1H NMR 

(600 MHz, DMSO-de): 5 10.49 (br s, 1H, OH), 8.83 (s, 1H, H4), 8.30 (s, 1H, H 5), 7.57 (d, J  =

8.5 Hz, 1H, H6), 6.82 (dd, J  = 8.5, 2.0 Hz, 1H, H7), 6.78 (d, J  = 1.8 Hz, 1H, Hs), 4.95 (s, 2H, 

H3), 4.48 (s, 2H, H2), 4.27 (s, 5H, H 1); 13C NMR (150 MHz, DMSO-de): 5 168.8, 160.0, 158.5,

152.1, 129.5, 129.2, 120.3, 113.7, 111.4, 102.1, 75.3, 70.9 (2C), 69.7 (5C), 68.5 (2C); HRMS 

(ESI+) m/z calcd for C20H 15FeNO4 : 389.0351, Found 390.0392 [M+H]+.

7-Hydroxy-8-methyl-3-ferrocenylcarboxamidocoum arin (2.19b)

7-Benzyl-0-8-methyl-3-ferrocenylcarboxamidocoumarin 2.18b (0.550 g, 1.1 mmol) and 10 

mol % Pd/C (10 mol%) afforded 2.19b as a light red solid (0.150, 33%). M.p.: 94-96 °C.IR 

Vmax/cm-1 3352 (N-H, amide & OH), 2927 (C-H, pyrone C=C), 1703 (C=O, lactone), 1656 

(C=O, amide); 1H NMR (600 MHz, DMSO-de): 5 10.37 (br s, 1H, OH), 8.83 (s, 1H, H4), 8.28 

(s, 1H, H5), 7.40 (d, J  = 8.4 Hz, 1H, H>), 6.88 (d, J  = 8.4 Hz, 1H, H7), 4.96 (s, 2H, H3), 4.48 (s, 

2H, H2), 4.27 (s, 5H, H 1), 2.19 (s, 3H, Hs); 13C NMR (150 MHz, DMSO-de): 5 168.8, 158.7,

157.8, 150.2, 129.9, 125.9, 119.9, 112.6, 111.4, 110.6, 75.3, 70.9 (2C), 69.7 (5C), 68.5 (2C), 

8.0; HRMS (ESI+) m/z calcd for C21H n FeNO4 : 403.0507, Found 413.2609

[C20H15FeNO4+Na]+.
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7-Hydroxy-3-(3',6-dimethoxy-[1,1'-biphenyl])-3-carboxamidocoumarin (2.19c)

7-Benzyl-0-3-(3',6-dimethoxy-[1,1'-biphenyl])-3-carboxamidocoumarin 2.18c (0.200 g, 1.1 

mmol) and Pd/C (10 mol%) afforded 2.19c as an off-white solid (0.115, 70%). M.p.: 201-205 

°C. IR Vmax/cm-1: 3258 (N-H, amide & OH), 2940 (C-H, pyrone C=C), 2836 (C-H, methyl), 

1715 (C=O, lactone), 1600 (C=O, amide); 1H NMR (400 MHz, DMSO-de): 5 10.46 (s, 1H, 

OH), 9.60 (s, 1H, H 10), 8.42 (s, 1H, H 11), 7.98 (dd, J  = 8.6, 2.3 Hz, 1H, Hs), 7.92 (d, J  = 2.3 

Hz, 1H, H9), 7.58 (d, J  = 8.6 Hz, 1H, H7), 7.36 (t, J  = 7.9 Hz, 1H, H4), 7.25 (d, J  = 8.8 Hz, 1H, 

H 12), 7.12 -  7.09 (m, 2H, H2, H3), 6.95 (dd, J  = 7.9, 2.2 Hz, 1H, H5), 6.83 (dd, J  = 8.5, 2.3 Hz, 

1H, H 13), 6.78 (d, J  = 2.2 Hz, 1H, H 14), 3.86 (s, 3H, H 1), 3.79 (s, 3H, H6); 13C NMR (100 MHz, 

DM SO-^): 5 165.1, 160.0, 159.1, 158.9, 158.3, 152.3, 138.7, 130.0, 129.9, 129.4, 129.3, 129.1, 

129.0, 125.8, 121.7, 120.5, 115.2, 113.6, 112.6, 111.6, 111.3, 102.0, 55.1, 39.5; HRMS (ESI+) 

m/z calcd for C24H 19NO6: 417.1212, Found 418.1270 [M+H]+.

7-Hydroxy-8-methyl-3-(3',6-dimethoxy-[1,1'-biphenyl])-3-carboxamidocoumarin (2.19d)

7-Benzyl-0-8-methyl-3-(3',6-dimethoxy-[1,1'-biphenyl])-3-carboxamidocoumarin 2.18d 

(0.200 g, 0.38 mmol) and Pd/C (10 mol%) afforded 2.19d as an off-white solid (0.0665 g, 

40%). M.p.: 140-144 °C. IR Vmax/cm-1: 3228 (N-H, amide & hydroxyl), 2919 (C-H, pyrone 

C=C), 2856(C-H, methyl), 1679 (C=O, lactone), 1603 (C=O, amide); 1H NMR (400 MHz, 

CDCb): 5 8.78 (s, 1H, H 10), 8.68 (s, 1H, H 11), 7.94 -  7.87 (m, 2H, Hs, H9), 7.36 (t, J  = 7.9 Hz, 

1H, H4), 7.24 -  2.23 (m, 1H, H7), 7.16 -  7.10 (m, 1H, H 12), 7.13 -  7.09 (m, 2H, H2, H3), 7.07 

(d, J  = 8.7 Hz, 1H, H 13), 6.94 -  6.91 (m, 1H, H5), 3.90 (s, 3H, H 1), 3.86 (s, 3H, H6), 2.35 (s, 3H, 

H 14); HRMS (ESI+) m/z calcd for C25H21NO6 : 431.1369, Found 432.1434 [M+H]+.

4.2.15. M itsunobi etheration for synthesis of piperidinyl Fc-Nb analogues (2.20a-f)7

An appropriate volume of DIAD (2.0 eq.) was added to as suspension of a relevant phenolic 

substrate 2.19a-b (1.0 eq.), piperidinol (2.15a-b or 2.15e-f) (1.0 eq.) and PPh3 (2.0 eq.) in THF 

(20 mL) on ice. The reaction mixture was stirred at 0 oC for 5 hours followed by removal of 

solvent under reduced pressure. The resulting orange residue was purified by silica gel 

chromatography (5% MeOH/DCM) to afford the desired product 2.20a-f.

7-(N-methyl-4-piperidinyl)-0-3-ferrocenylcarboxamidocoumarin (2.20a)

7-Hydroxy-3-ferrocenylcarboxamidocoumarin 2.19a (0.100 g, 0.26 mmol), A-methyl-4- 

piperidinol 2.15a (0.030 g, 0.26 mmol), PPh3 (0.135 g, 0.51 mmol) and DIAD (0.104 g, 0.51 

mmol) afforded 2.20a as red solid (0.051 g, 41%). M.p.: 161-163 °C. IR Vmax/cm-1 3355 (N-H,
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amide), 3107 (C-H, pyrone C=C), 2935 (C-H, methyl), 1704 (C=O, lactone), 1659 (C=O, 

amide), 1501 (C=C, aromatic), 1173 (C-O, aromatic ether);

1H NMR (600 MHz, CDCb): 5 8.68 (s, 1H, H4), 8.25 (s, 1H, H5), 7.40 (d, J  = 8.6 Hz, 1H, H6), 

6.89 (dd, J  = 8.6, 2.4 Hz, 1H, H7), 6.85 (d, J  = 2.4 Hz, 1H, Hs), 4.82 (t, J  = 1.9 Hz, 2H, H3), 

4.46 (t, J  = 1.9 Hz, 2H, H2), 4.39 (br s, 1H, H 10), 4.26 (s, 5H, H 1), 2.73 (s, 2H, 13), 2.34 (br s, 

5H, H 14, H 15), 2.09 -  2.04 (m, 2H, H 12), 1.92 -  1.85 (m, 2H, H 11); 13C NMR (150 MHz, CDCb): 

5 170.0, 159.5, 159.1, 151.5, 128.8, 123.5, 122.0, 114.7, 113.5, 102.7, 75.4, 71.5 (2C), 70.2 

(6C), 68.6 (2C), 52.6 (2C), 46.2, 30.7 (2C), 29.9; HRMS (ESI+) m/z calcd for C26H26FeN2O4 : 

486.1242, Found 487.1318 [M+H]+.

7-(N-methyl-3-piperidinyl)-0-3-ferrocenylcarboxamidocoumarin (2.20b)

7-Hydroxy-3-ferrocenylcarboxamidocoumarin 2.19a (0.100 g, 0.26 mmol), A-methyl-4- 

piperidinol 2.15b (0.030 g, 0.26 mmol), PPh3 (0.135 g, 0.51 mmol) and DIAD (0.104 g, 0.51 

mmol) afforded 2.20b as red solid (0.046 g, 37%). M.p.: 161-163 °C. IR Vmax/cm-1 3380 (N-H, 

amide), 3068 (C-H, pyrone C=C), 2923 (C-H, methyl), 1706 (C=O, lactone), 1663 (C=O, 

amide), 1518 (C=C, aromatic), 1237 (C-O, aromatic ether); 1H NMR (600 MHz, CDCb): 5

8.68 (s, 1H, H4), 8.25 (s, 1H, H 5), 7.40 (d, J  = 8.6 Hz, 1H, H>), 6.92 (dd, J  = 8.6, 1.9 Hz, 1H, 

H7), 6.89 (d, J  = 1.6, 1H, Hs), 4.82 (br s, 2H, H3), 4.46 -  4.44 (m, 3H, H2, H9), 4.26 (s, 5H, H 1), 

2.96 -  2.52 (m, 2H, H 13), 2.34 -  2.18 (m, 5H, H 12, H 14), 2.02 -  1.86 (m, 2H, H 11), 1.69 -  1.51 

(m, 2H, H 10); 13C NMR (150 MHz, CDCb): 5 170.3, 159.8, 159.6, 151.7, 129.1, 123.8, 122.3,

114.8, 113.9, 103.1, 75.7, 73.7, 71.8 (2C), 70.5 (5C), 68.9 (2C), 59.9, 55.8, 46.8, 29.3, 23.2; 

HRMS (ESI+) m/z calcd for C26H26FeN2O4 : 486.1242, Found 487.1328 [M+H]+.

7-(N-methyl-4-piperidinyl)-0-8-methyl-3-ferrocenylcarboxamidocoumarin (2.20c)

7-Hydroxy-3-ferrocenylcarboxamidocoumarin 2.19b (0.060 g, 0.15 mmol), A-methyl-4- 

piperidinol (0.017 g, 0.15 mmol), PPh3 (0.078 g, 0.30 mmol) and DIAD (0.060 g, 0.30 mmol) 

afforded 2.20c as an red solid (0,016 g, 22%). M.p.: 161-163 °C. IR Vmax/cm-1 3363 (N-H, 

amide), 3079 (C-H, pyrone C=C), 2921 (C-H, methyl), 1704 (C=O, lactone), 1658 (C=O, 

amide), 1521 (C=C, aromatic), 1107 (C-O, aromatic ether); 1H NMR (600 MHz, CDCb): 5

8.67 (s, 1H, H4), 8.27 (s, 1H, H 5), 7.29 (d, J  = 8.6 Hz, 1H,H,), 6.87 (d, J  = 8.6 Hz, 1H, H 7), 

4.85 -  4.82 (m, 2H, H3), 4.49 -  4.43 (m, 3H, H2, H 10), 4.26 (s, 5H, H 1), 2.66 (s, 2H, H 11), 2.38 

(s, 2H, H 12), 2.35 (s, 3H, H 15), 2.33 (br s, 3H, Hs), 2.07 -  1.99 (m, 2H, H 13), 1.95 -  1.87 (m, 

2H, H 14); 13C NMR (150 MHz, CDCb): 5 169.9, 159.7, 156.9, 149.5, 125.5, 123.9, 121.7,
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115.4, 113.6, 110.7, 75.4, 71.5 (2C), 70.2 (5C), 68.5 (2C), 52.5 (2C), 46.4, 30.9 (2C), 29.8, 8.5; 

HRMS (ESI+) m/z calcd for C2?H2sFeN2O4 : 500.1398, Found 501.1471 [M+H]+.

7-(A-m ethyl-3-piperidinyl)-0-8-methyl-3-ferrocenylcarboxamidocoumarin (2.20d)

7-Hydroxy-3-ferrocenylcarboxamidocoumarin 2.19b (0.060 g, 0.15 mmol), N-methyl-3- 

piperidinol (0.017 g, 0.15 mmol), PPh3 (0.078 g, 0.30 mmol) and DIAD (0.060 g, 0.30 mmol) 

afforded 2.20d as a red solid (0,016 g, 38%). M.p.: 100-102 °C. IR Vmax/cm-1 3361 (N-H, 

amide), 3088 (C-H, pyrone C=C), 2925 (C-H, methyl), 1702 (C=O, lactone), 1660 (C=O, 

amide), 1517 (C=C, aromatic), 1107 (C-O, aromatic ether); 1H NMR (300 MHz, CDCb): 5

8.67 (s, 1H, H4), 8.27 (s, 1H, H 5), 7.31 (d, J  = 8.6 Hz, 1H, H6), 6.97 (d, J  = 8.7 Hz, 1H, H7), 

4.83 (t, J  = 1.95 Hz, 2H, H3), 4.58 (s, 1H, H9), 4.83 (t, J  = 1.95 Hz, 2H, H2), 4.60 (s, 5H, H 1), 

3.31 -  3.06 (m, 2H, H 13), 2.89 -  2.79 (m, 2H, H 12), 2.43 (s, 3H, H 14), 2.31 (s, 3H, Hs), 1.92 -  

1.79 (4H, H 10, H 11); 13C NMR (150 MHz, CDCb): 5 170.0, 159.7, 156.7, 149.4, 125.7, 123.8,

121.8, 115.5, 114.0, 111.1, 75.4, 71.5 (2C), 70.2 (5C), 68.6 (2C), 55.3, 53.6, 46.0, 31.1, 29.9,

22.1, 8.6; HRMS (ESI+) m/z calcd for C2?H2sFeN2O4 : 500.1398, Found 501.1474 [M+H]+.

7-(N-Boc-4-piperidinyl)-0-3-ferrocenylcarboxamidocoumarin (2.20e)

7-Hydroxy-3-ferrocenylcarboxamidocoumarin 2.19a (0.100 g, 0.26 mmol), N-Boc 4- 

piperidinol 2.15e (0.061 g, 0.28 mmol), PPh3 (0.135 g, 0.51 mmol) and DIAD (0.104 g, 0.51 

mmol) afforded 2.20c as a red solid (0.055 g, 37%). M.p.: 159-161 °C. IR Vmax/cm-1 3399 (N- 

H, amide), 3089 (C-H, pyrone C=C), 2934 (C-H, methyl), 1692 (C=O, lactone), 1662 (C=O, 

amide), 1520 (C=C, aromatic), 1234 (C-O, aromatic ether); 1H NMR (600 MHz, CDCb): 5

8.69 (s, 1H, H4), 8.26 (s, 1H, H 5), 7.42 (d, J  = 8.6 Hz, 1H, H>), 6.89 (dd, J  = 8.6, 2.4 Hz, 1H, 

H7), 6.86 (d, J  = 2.3 Hz, 1H, Hs), 4.82 (t, J  = 1.8 Hz, 2H, H3), 4.55 -  4.51 (m, 1H, H9), 4.48 -  

4.45 (t, J  = 1.8 Hz, 2H, H2), 4.26 (s, 5H, H 1), 3.75 -  3.66 (m, 2H, H 13), 3.41 -  3.33 (m, 2H, 

H 12), 2.00 -  1.93 (m, 2H, H 10), 1.82 -  1.75 (m, 2H, H 11), 1.47 (s, 9H, H 15); 13C NMR (150 

MHz, CDCb): 5 170.0, 167.6, 159.4, 158.9, 155.0, 151.4, 128.9, 123.4, 122.1, 114.7, 113.7,

102.8, 80.0, 73.1, 71.8 (2C), 70.3 (5C), 68.9 (2C), 68.6, 28.6 (3C), 21.9; HRMS (ESI+) m/z 

calcd for C30H32FeN2O6: 572.1610, Found 494.1045 [C25H23FeN2O4+Na]+.

7-(N-Boc-3-piperidinyl)-0-3-ferrocenylcarboxamidocoumarin (2.20f)

7-Hydroxy-3-ferrocenylcarboxamidocoumarin 2.19a (0.100 g, 0.26 mmol), N-Boc-3- 

piperidinol 2.15d (0.030 g, 0.26 mmol), PPh3 (0.135 g, 0.51 mmol) and DIAD (0.104 g, 0.51 

mmol) afforded 2.20d as a red solid (0.060 g, 37%). M.p.: 112-114 °C. IR Vmax/cm-1 3384 (N-
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H, amide), 3056 (C-H, pyrone C=C), 2926 (C-H, methyl), 1698 (C=O, lactone), 1663 (C=O, 

amide), 1518 (C=C, aromatic), 1232 (C-O, aromatic ether); 1H NMR (400 MHz, CDCb): 5

8.68 (s, 1H, H4), 8.27 (s, 1H, H 5), 7.41 (d, J  = 8.6 Hz, 1H, H6), 7.05 (d, J  = 2.2 Hz, 1H, Hs), 

6.99 (dd, J  = 8.6, 2.2 Hz, 1H, H7), 5.14 -  4.88 (m, 1H, H9), 4.82 (t, J  = 1.29 Hz, H3), 4.46 (t, J  

= 1.26 Hz, H2), 4.26 (s, 5H, H 1), 4.10 -  3.94 (m, 2H, H 13), 2.30 -  2.08 (m, 4H, H 11, H 12), 2.08 

-  1.90 (m, 2H, H 10), 1.47 -  1.37 (m, 9H, H 15); 13C NMR (101 MHz, CDCb): 5 169.8, 159.3,

158.6, 155.7, 151.0, 128.4, 123.3, 122.0, 114.7, 113.9, 103.9, 102.6, 75.2, 71.3, 70.6, 70.1 (2C),

68.5 (5C), 68.4 (3C), 32.7, 28.4 (3C), 23.3; HRMS (ESI+) m/z calcd for C30H32FeN2O6: 

572.1610, Found 373.1765

[C20H15FeNO3+H]+.

4.2.16. General procedure synthesis of 3’- and 4’-NH piperidinyl Fc-Nb analogues 

(2.20g-h)

An appropriate NBoc-protected piperidinyl Fc-Nb analogue 2.20e-f (1.0 eq.) was stirred in 

10% TFA/DCM solution (2 mL) for 12 hours at room temperature. The solvents were removed 

under reduced pressure to obtain a crude product, which was purified by silica gel column 

chromatography (10% MeOH/DCM) to afford the desired product 2.20g-h.
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7-(4-Piperidinyl)-0-3-ferrocenylcarboxam idocoum arin (2.20g)

7-(N-Boc-4-piperininyl)-0-3-ferrocenylcarboxamidocoumarin 2.20e (0.045 g, 0.079 mmol) 

afforded 2.20g as a light red solid (0.035 g, 95%). Mp.: 76-80 °C. IR Vmax/cm-1 3397 (N-H, 

amide and piperidinyl amine), 2931 (C-H, pyrone C=C), 2708 (C-H, methyl), 1658 (C=O, 

lactone), 1610 (C=O, amide), 1530 (C=C, aromatic), 1131 (C-O, aromatic ether); 1H NMR 

(300 MHz, CDCb): 5 8.69 (s, 1H, H4), 8.26 (s, 1H, H5), 7.45 (d, J  = 8.6 Hz, 1H, H6), 6.90 (dd, 

J  = 8.6, 2.2 Hz, 1H, H7), 6.85 (d, J  = 1.7 Hz, 1H, Hs), 4.82 (t, J  = 1.8 Hz, 2H, H3), 4.72 (br s, 

1H, H9), 4.47 (t, J  = 1.8 Hz, 2H, H2), 4.26 (s, 5H, H 1), 3.31 (br s, 4H, H 12, H 13), 2.19 (br s, 4H, 

H 10, H 11); 13C NMR (75 MHz, CDCb): 5 170.1, 159.5, 158.8, 151.2, 128.6, 123.5, 122.1, 114.9,

114.1, 104.0, 102.8, 75.3, 71.6 (2C), 70.3 (5C), 68.6 (3C), 32.9 (2C), 23.5(2C); HRMS (ESI+) 

m/z calcd for C25H24FeN2O4 : 472.1085, Found 473.1156 [M+H]+.

7-(3-Piperidinyl)-0-3-ferrocenylcarboxam idocoum arin (2.20h)

7-(N-Boc-4-piperininyl)-0-3-ferrocenylcarboxamidocoumarin 2.20e (0.045 g, 0.079 mmol) 

afforded 2.20h as a light red solid (0.036 g, 97%). Mp.: >300 °C. IR Vmax/cm-1 3385 (N-H, 

amide and piperidinyl amine), 2920 (C-H, pyrone C=C), 1702 (C=O, lactone), 1607 (C=O, 

amide), 1607 (C=C, aromatic), 1533 (C-O, ether); 1H NMR (300 MHz, CDCb): 5 8.68 (s, 1H, 

H4), 8.26 (s, 1H, H 5), 7.40 (d, J  = 8.7 Hz, 1H, H>), 7.04 (d, J  = 2.3 Hz, 1H, Hs), 6.98 (dd, J  =

8.6, 2.4 Hz, 1H, H7), 5.89 -  5.80 (m, 1H, H 13), 4.82 (t, J  = 1.92 Hz, 2H, H3), 4.46 (t, J  = 1.92, 

2H, H2), 4.34 -  4.31 (m, 1H, H9), 4.26 (s, 5H, H 1), 4.06 -  3.92 (m, 2H, H 14), 2.52 -  1.92 (m, 

6H, H 10, H 11, H 12); 13C NMR (75 MHz, CDCb): 5 170.0, 159.5, 158.8, 151.1, 128.6, 123.5,

122.1, 114.8, 114.0, 104.0, 102.7, 75.3, 71.5 (2C), 70.2 (5C), 68.6, 68.5 (2C), 32.9, 28.0, 23.5; 

HRMS (ESI+) m/z calcd for C25H24FeN2O4 : 472.1085, Found 473.3404 [M+H]+.

4.2.17. Synthesis of organic piperidinyl Nb analogues (2.20i-k)

An appropriate organic phenolic coumarin 2.19c-d was subjected to Mitsunobi conditions as 

described in Section 4.16 using a relevant 3’- or 4 ’-N-Boc piperidinol 2.15c-d. The resultant 

residue was stirred in 10%TFA/DCM (2 mL) solution for 12 hours as described in Section 4.17 

after which the solvents were removed under reduced pressure to yield a pale-yellow paste. 

The crude products were purified by silica gel preparative TLC purification to yield the desired 

products 2.20i-k.

7-(4-Piperidinyl)-0-3-(3',6-dim ethoxy-[1,r-biphenyl])-3-carboxam idocoum arin (2.20i)
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7-Hydroxy-3-(3',6-dimethoxy-[1,1'-biphenyl])-3-carboxamidocoumarin 2.19a (0.100 g, 0.24 

mmol), V-Boc-4-piperidinol 2.15b (0.514 g, 0.24 mmol), PPh3 (0.126 g, 0.48 mmol) and DIAD 

(0.097, 0.48 mmol) afforded 2.20i as an off-white solid (0.0110 g, 9%). M.p.: 145-149 oC. IR 

Vmax/cm-1 3415 (N-H, amide) 3382 (N-H, piperidinyl amine), 2919 (C-H, pyrone C=C), 2850 

(C-H, methyl), 1702(C=O, lactone), 1662 (C=O, amide), 1531 (C=C, aromatic), 1178 (C-O, 

aromatic ether); 1H NMR (600 MHz, CDCb): 5 8.81 (s, 1H, H 10), 8.70 (s, 1H, H 11), 7.91 (dd, 

J  = 8.6, 2.4 Hz, 1H, Hs), 7.88 (d, J  = 2.4 Hz, 1H, H9), 7.44 (d, J  = 8.6 Hz, 1H, H7), 7.36 (t, J  =

7.9 Hz, 1H, H4), 7.12 (d, J  = 7.6 Hz, 1H, H2), 7.10 -  7.08 (m, 1H, H3), 7.07 (d, J  = 8.6 Hz, 1H, 

H 12), 7.05 (d, J  = 2.3 Hz, 1H, H9), 7.00 (dd, J  = 8.6, 2.3 Hz, 1H, H 13), 6.93 (dd, J  = 8.3, 1.9 Hz, 

1H, H5), 5.85 (d, J  = 3.7 Hz, 1H, H 18), 4.08 -  3.95 (m, 2H, H 17 ), 3.90 (s, 3H, H 1), 3.86 (s, 3H, 

H6), 3.84 -  3.64 (m, 1H, H 15), 2.28 -  1.83 (m, 4H, H 19, H20), 1.55 -  1.30 (m, 2H, H 16); 13C 

NMR (150 MHz, CDCb): 5 165.7, 160.0, 159.6, 159.5, 159.0, 151.3, 138.8, 131.3, 130.1,

129.4, 128.8, 128.3, 126.3, 124.1, 122.2, 115.4, 114.9, 114.0, 113.3, 111.2, 104.1, 102.8, 68.7 

(2C), 56.1, 55.5, 32.9 (2C), 23.5; HRMS (ESI+) m/z calcd for C29H28N2O6 : 500.1947, Found 

501.3754 [M+H]+.

7-(3-Piperidinyl)-0-3-(3',6-dim ethoxy-[1,r-biphenyl])-3-carboxam idocoum arin (2.20j)

7-Hydroxy-3-(3',6-dimethoxy-[1,1'-biphenyl])-3-carboxamidocoumarin 2.19a (0.100 g, 0.24 

mmol), V-Boc-4-piperidinol 2.15b (0.514 g, 0.24 mmol), PPh3 (0.126 g, 0.48 mmol) and DIAD 

(0.097, 0.48 mmol) afforded 2.20j as an off-white solid (0.013 g, 16%). M.p.: 115-117 °C. IR 

Vmax/cm-1 3415 (N-H, amide) 3384 (N-H, piperidinyl amine), 2920 (C-H, pyrone C=C), 2851 

(C-H, methyl), 1702(C=O, lactone), 1667 (C=O, amide), 1607 (C=C, aromatic), 1178 (C-O, 

aromatic ether); 1H NMR (400 MHz, CDCb) 5 8.81 (s, 1H, H 10), 8.70 (s, 1H, H 11), 7.91 (dd, J  

= 8.5, 2.4 Hz, 1H, Hs), 7.88 (d, J  = 2.3 Hz, 1H, H9), 7.44 (d, J  = 8.6 Hz, 1H, H7), 7.36 (t, J  =

7.9 Hz, 1H, H4), 7.14 -  7.11 (m, 1H, H2), 7.10 -  7.07 (m, 2H, H3, H 12), 7.05 (d, J  = 2.2 Hz, 1H, 

H 14), 7.00 (dd, J  = 8.6, 2.3 Hz, 1H, H 13), 6.93 (dd, J  = 8.2, 2.4 Hz, 1H, H 5), 5.85 (d, J  = 3.8 Hz, 

1H, H 19), 4.10 -  3.95 (m, 2H, H 18), 3.90 (s, 3H, H>), 3.86 (s, 3H, H 1), 3.80 -  3.70 (m, 1H, H 15),

3.70 -  3.54 (m, 2H, H20), 2.17 (s, 4H, H 16, H 17); 13C NMR (100 MHz, CDCb) 5 165.9, 160.3,

159.8, 159.2, 151.6, 151.2, 131.5, 130.4, 129.6, 129.0, 128.6, 126.5, 124.3, 122.6, 122.4, 115.7,

115.2, 114.3, 113.6, 111.5, 104.3, 103.0, 77.5, 68.7, 56.1, 55.5, 32.9, 29.9, 23.5; HRMS (ESI+) 

m/z calcd for C29H28N2O6 : 500.1947, Found 500.3809 [M]+.

7-(4-Piperidinyl)-0-8-methyl-3-(3',6-dimethoxy-[1,1'-biphenyl])-3- 

carboxam idocoum arin (2.20k)
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7-Hydroxy-8-methyl-3-(3',6-dimethoxy-[1,1'-biphenyl])-3-carboxamidocoumarin 2.19b 

(0.100 g, 0.23 mmol), V-Boc-4-piperidinol 2.15b (0.514 g, 0.23 mmol), PPh3 (0.126 g, 0.46 

mmol) and DIAD (0.097, 0.46 mmol) afforded 2.20k as an off-white solid (0.015g, 13%). M.p.: 

140-141 °C. IR Vmax/cm-1 3387 (N-H, amide) 3173 (N-H, piperidinyl amine), 2924 (C-H, 

pyrone C=C), 2850 (C-H, methyl), 1705 (C=O, lactone), 1628 (C=O, amide), 1600 (C=C, 

aromatic), 1240 (C-O, aromatic ether); 1H NMR (400 MHz, CDCb): 5 8.80 (s, 1H, H 10), 8.69 

(s, 1H, H 11), 7.92 (dd, J  = 8.5, 2.4 Hz, 1H, Hs), 7.90 -  7.87 (d, J  = 2.3 Hz, 1H, H9), 7.36 -  7.32 

(m, 2H, H4, H7), 7.17 (d, J  = 8.7 Hz, 1H, H 12), 7.13 -  7.11 (m, 1H, H3), 7.10 -  7.08 (m, 1H, 

H2), 7.07 (d, J  = 8.6 Hz, 1H, H 13), 6.93 (dd, J  = 8.2, 2.5 Hz, 1H, H5), 5.87 (d, J  = 3.9 Hz, 1H, 

H 18), 4.14 -  3.95 (m, 3H, H 15, H 19), 3.90 (s, 3H, H6), 2.36 (s, 3H, H 1), 2.30 (s, 3H, H 14) 2.35 -  

2.11 (m, 4H, H 16, H 17), 2.06 -  1.84 (m, 2H, H20); 13C NMR (100 MHz, CDCb): 5 165.8, 160.0,

159.7, 159.5, 155.8, 149.7, 138.8, 131.3, 130.2, 129.4, 128.3, 126.0, 124.8, 122.2, 121.6, 115.5,

113.5, 113.4, 113.2, 112.5, 112.0, 111.2; HRMS (ESI+) m/z calcd for C29H28N2O6 : 514.2104, 

Found 454.1254 [C25H21NO6+Na]+.
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4.3. HCC38 BREAST CANCER CELL LINE INHIBITIO N  ASSAY

The toxicity of novobiocin and novobiocin analogues was assessed in the human breast cancer 

HCC38 cell line (ATCC CRL-2314) using a WST-1 cell proliferation kit (Roche) carried out 

according to manufacturer’s instructions. All compounds were resuspended to a final 

concentration of 100 mM in DMSO. Cells of equal density (4 x 104 cells/mL at 50 uL/well) 

were seeded in a 96 well plate and treated the following day with a range of compound 

concentrations (0, 0.32, 1.6, 8, 40, 200, 1000 ^M). After 72 hours, media containing 

compounds were removed from the wells and 5 /uL of a 5 mg/mL WST-1 reagent in 100 /uL of 

medium was added to each of the wells and incubated for 4 hours prior to reading absorbance 

at 450 nm. The cell viability was determined by cleavage of the tetrazolium salt, WST-1, to 

formazan by metabolically active cells to produce a coloured product. This viability assay was 

carried out in triplicate and the dose response and half-maximal inhibitory concentrations (IC50) 

determined by non-linear regression using GraphPad Prism 4.

4.4. HeLa CELL CYTOTOXICITY ASSAY

HeLa cells (Cellonex) were cultured in DMEM medium (Lonza) supplemented with 10% fetal 

calf serum and antibiotics (penicillin/streptomycin/amphotericin B) at 37 °C in a 5% CO2 

incubator. Cells were plated in 96-well plates at a cell density of 2*104 cells/well and grown 

overnight. Serial dilutions of test compounds were incubated with the cells for an additional 24 

hours, and cell viability in the wells assessed by adding 20 /uL resazurin toxicology reagent 

(Sigma-Aldrich) for an additional 2 -  4 hours. Fluorescence readings (excitation 560 nm, 

emission 590 nm) obtained for the individual wells were converted to % cell viability relative 

the average readings obtained from untreated control wells.

4.5. 3D7 ANTIPLASM ODIAL ASSAY

The 3D7 strain of P. falciparum was routinely cultured in medium consisting of RPMI1640 

containing 25 mM Hepes (Lonza), supplemented with 0.5% (w/v) Albumax II (Thermo Fisher 

Scientific), 22 mM glucose, 0.65 mM hypoxanthine, 0.05 mg/mL gentamicin and 2-4% (v/v) 

human erythrocytes. Cultures were maintained at 37 °C under an atmosphere of 5% CO2, 5% 

O2, 90% N2. To assess antiplasmodial activity, three-fold serial dilutions of test compounds in 

culture medium were added to parasite cultures (adjusted to 2% parasitaemia, 1% haematocrit) 

in 96-well plates and incubated for 48 hours. Duplicate wells per compound concentration were 

used. Parasite lactate dehydrogenase (pLDH) enzyme activity in the individual wells was
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determined by removing 20 /uL of the parasite cultures and mixing it with 125 /uL colorimetric 

substrate solution containing 0.18 M L-lactic acid, 0.13 mM acetylpyridine adenine 

dinucleotide, 0.39 mM nitrotetrazolium blue chloride, 0.048 mM phenazineethosulphate and 

0.16% (v/v) Triton X-100 in 44 mM Tris buffer (pH 9). Color development was monitored by 

measuring absorbance at 620 nm in a Spectramax M3 plate reader (Molecular Devices). 

Absorbance values were converted to percentage parasite viability relative to untreated control 

cultures and plotted against log[compound] to derive IC50 values by non-linear regression, 

using GraphPad Prism (v. 5.02) software.

4.6. HSP90 INHIBITION ASSAY

The Saccharomyces cereVisiae strains used were: DP552 (wild type/parental strain), DP553 

(expressing PfHsp90), DP555 (expressing hHsp90a) and DP584 (expressing hHsp90P). A 

1/500 dilution of a 2-day culture was used to seed a 5 mL test tube culture in YEP rich media 

(1% w/v yeast extract, 2% w/v bacterial peptone, 2% w/v glucose, 0.2% w/v adenine). The 

cells were treated at seeding in triplicate with either DMSO (vehicle control), or 50 uM  of 

either compound 2.13a or 2.20c before culturing at 28 °C with shaking at 200 rpm. Samples 

were collected at 6, 16, 24, 30 and 40-hour intervals and absorbance measured at 600 nm using 

a Powerwave microplate reader.
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