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Abstract 

Heterocycles are one of the most important class of molecules in medicinal chemistry. These 

compounds comprise a vast amount of the bioactive molecules available and provide 

biological activity over a huge range of targets. This work strives to develop novel drug 

candidates to target different diseases, utilising structure-activity relationship data and the 

results of biological testing to guide synthesis. The ultimate aim is to discover lead drug 

candidates that could advance to clinical trials and are readily accessible.  

Part One of this thesis discusses the synthesis of thiophenes and preliminary studies 

investigating their capacity to act as PAF receptor antagonists. More than 40 diseases and 

disorders are associated with the inflammatory actions of PAF and its receptor. Antagonists 

can be used to control these inflammatory responses. Existing antagonists suffer from difficult 

and lengthy syntheses. A range of 2-pyrrolothiophenes were prepared via an efficient 2-step 

pathway. A number of these analogues showed excellent activity and potency as PAFr 

antagonists in vitro, with no toxic effects observed in initial tests up to concentrations of 100 

m. 

A range of thienoquinolines were also synthesised, via a rapid and highly efficient route. In 

preliminary in vitro results, a number of these new molecules have exhibited selective and 

potent anti-giardial activity (<5 g/mL) and complete inhibition of growth. Giardia 

intestinalis is a common protozoan parasite which infects the intestines of various mammals, 

causing giardiasis. In 2004, Giardiasis was classified as a Neglected Disease by the World 

Health Organization (WHO). It affects about 280 million people annually, and for developing 

countries, diarrheal disease is the leading cause of death for children younger than five years 

of age. New antimicrobial drugs are necessary to stay ahead of the emerging resistance to 

existing antimicrobial therapies, which is an ongoing and significant issue in up to 20% of 

cases.  

Part Two of this thesis investigates the mode of action of quinone compounds in the rescue of 

ATP production associated with mitochondrial dysfunction. The prevailing wisdom is that 

these quinone molecules act as electron shuttles in the electron transport chain (ETC) and, 

hence, need to be redox-active. A new range of redox-inactive molecules were prepared to 

explore whether a non-redox mode of action may be operative. These molecules were found 

to be inactive, with no improvement in ATP production compared to the control. This strongly 
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supported the hypothesis that these molecules do need to be redox active and participate in the 

electron transport chain. 

Part Three of this thesis concerns the investigation of the chlorinated heterocycle CDMT (2-

chloro-4,6-dimethoxy-1,3,5-triazine) as a new reagent for N-demethylation. N-Demethylation 

is an important step in the late-stage functionalisation and semi-synthesis of various opioids. 

For opiates, many methods exist for N-demethylation, but are often compound-specific, and 

have various drawbacks that include the use of toxic reagents, harsh reaction conditions, 

incompatibility with functional groups or the necessity to use protecting groups, poor 

efficiency, and formation of side products. For non-opioid N-demethylations, selectivity is the 

biggest issue.  

CDMT is a reagent traditionally used for peptide coupling reactions but has been observed to 

demethylate N-methyl morpholine via an N-heterocyclic intermediate. This reactivity 

prompted an investigation into the application of CDMT as a new demethylating agent. 

Initially, the reagent was successfully applied to alkaloid-type compounds such as codeine in 

THF, acetonitrile, or neat. The identity of the solvent was found to be important, as many 

substrates did not react in dichloromethane but formed demethylated products in ethanol. Both 

opioid and non-opioid substrates have been successfully reacted with CDMT, but results 

indicated that a secondary pathway was in competition, causing varied results depending on 

the substrate used.  
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Glossary 

The following abbreviations have been used throughout this thesis: 

° degree(s) 

°C   degrees Celsius  

   chemical shift (parts per million) 

   wavelength (nm)   

µg  microgram(s)  

µL   microlitre(s)  

AA amino acid 

Å Ångstrom 

Ac   acetyl   

AcOH acetic acid 

aq. aqueous  

Ar   unspecified aryl group  

ATP adenosine triphosphate 

BEAS-2B Bronchial epithelial cells 

Bn benzyl  

Boc tertiary butoxycarbonyl 

br   broad  

Bu butyl   

tBu tertiary butyl 

CDMT 2-chloro-4,6-dimethoxy-1,3,5-triazine

ChoP Phosphorylcholine 

cm centimetre(s) 

CNS Central Nervous System 

COPD Chronic Obstructive Pulmonary Disease 

CoQ10 Coenzyme Q10 

CSE Cigarette smoke extract 

CYP450 cytochrome p450 enzymes 

d doublet  

DEAD diethyl azodicarboxylate 

DMAP  4-(N,N-dimethylamino)pyridine 

DMF N,N-dimethylformamide   

DMP Dess–Martin periodinane 

DMSO dimethyl sulfoxide  

DNA deoxyribonucleic acid 
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EDCI 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

EDG electron donating group 

EI   electron impact (mass spectrometry) 

equiv.  equivalent(s)  

ESI   electrospray (mass spectrometry)  

Et   ethyl  

ETC electron transport chain 

Et2O   diethyl ether  

EtOAc   ethyl acetate  

  EtOH   ethanol 

  EWG  electron withdrawing group 

  FRDA  Freidrich’s Ataxia 

g gram(s) 

GC gas chromatography  

GPCR G-protein coupled receptor

h hour(s)  

HATU 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-

oxide hexafluorophosphate 

HCl hydrochloric acid 

HRMS high resolution mass spectrometry  

Hz   Hertz 

ICS inhaled corticosteroid 

IR   infrared  

J    coupling constant   

K Kelvin 

KOH potassium hydroxide 

LHON Leber’s hereditary optic neuropathy 

m   multiplet  

m meta 

M   molar   

M+   molecular ion  

MAPK mitogen-activated protein kinase 

Me  methyl  

MeCN acetonitrile 

MeOH methanol  

MHz   mega-Hertz  

Min minute(s)  



xi 

 

 mL      millilitre(s)  

 mmol     millimole(s)  

 mol      mole(s)  

 MS      mass spectrometry  

 mV   millivolts 

 m/z      mass to charge ratio  

 NAD(P)H   nicotinamide adenine dinucleotide phosphate 

 NBS   N-bromo succinimide 

 NCA   N-carboxy anhydride 

 nm      nanometer(s)  

 NMR     nuclear magnetic resonance  

 NSAID  non-steroid anti-inflammatory drug 

 NTHi   non-typeable Haemophilus influenzae 

 NQO1      NAD(P)H quinone dehydrogenase 1 

 o   ortho 

 oxphos  oxidative phosphorylation 

 p      para  

 PAF   platelet activating factor 

 PAFr   platelet activating factor receptor 

 PCC   pyridinium chlorochromate 

 Ph      phenyl  

 PhMe   toluene 

 pin   pinacolato 

 ppm      parts per million   

 PyBOP   benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate 

 R      unspecified alkyl group  

 ROS   reactive oxygen species 

 r.t.      room temperature  

 s      singlet 

 SAR   structure-activity relationship 

 t      triplet  

 TFA     trifluoroacetic acid  

 THF     tetrahydrofuran  

 TLC     thin layer chromatography  

 UV      ultraviolet  

 VKOR  Vitamin K epoxide reductase  

 v/v      unit volume per unit volume (ratio)  
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General Experimental Details 

Materials and Methods 

Anhydrous CH2Cl2 was distilled over CaH2, under N2, and stored over molecular sieves, under 

N2, prior to use. Anhydrous toluene, acetonitrile, hexane, diethyl ether and tetrahydrofuran 

were purchased from Chem-Supply and passed through columns on an Innovative 

Technologies Solvent Purification system. Unless otherwise noted, all reagents were 

purchased from Sigma-Aldrich, Combi-Blocks, AK Scientific or Oakwood Chemical and used 

as received. Boronic acids were purchased from Boron Molecular and used as received. 

iPr2NEt and N,N-dimethylaniline were distilled prior to use. Unless otherwise noted, all other 

starting materials were either purchased from commercial sources and used as received or 

prepared according to reported procedures.  

NMR experiments were performed either on a Bruker Avance III NMR spectrometer operating 

at 400 MHz (1H), 100 MHz (13C), 376 MHz (19F) or 161 MHz (31P) or on a Bruker Avance III 

NMR spectrometer operating at 600 MHz (1H), 150 MHz (13C), or 576 MHz (19F). The 

deuterated solvent used was CDCl3, CD3CN, D2O, CD3OD or DMSO-d6. Spectra were 

calibrated by assignment of the residual solvent peak. Coupling constants (J) were recorded in 

Hz.  

Infrared spectrometry was performed on a Shimadzu FTIR 8400s spectrometer, with samples 

analysed either as thin films on NaCl plates or using an ATR attachment.  

Melting point data was collected using Digimelt MPA161 SRS. 

ESIMS analyses were conducted on a Thermo-Scientific LTQ-Orbitrap mass spectrometer. 

EIMS analyses were performed using a Kratos Analytical Concept ISQ hybrid magnetic sector 

quadrupole tandem or Shimadzu GCMS-QP2010 mass spectrometers. 

TLC was performed using Merck silica gel 60-F254 plates. Developed TLC plates were 

visualised by UV absorbance (254 nm) or through application of heat to a plate stained with 

cerium molybdate {Ce(NH4)2(NO3)6, (NH4)6Mo7O24·4H2O, H2SO4, H2O}. Flash column 

chromatography was performed with flash grade silica gel (60 μm) and the indicated eluent in 

accordance with standard techniques.1 

X-ray data were collected at 100 K on crystals mounted on a Hampton Scientific cryoloop on

a Bruker AXS D8 Quest diffractometer using Cu-Kα radiation (λ = 1.54178 Å) or on the MX1 

or MX2 beamlines of the Australian Synchrotron. The structures were solved by direct 
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methods with SHELXT,2 refined using full matrix least squares routines against F2 with 

SHELXL-97 and visualised with OLEX2.3 All non-hydrogen atoms were refined 

anisotropically. All hydrogen atoms were placed in calculated positions and refined using a 

riding model with fixed C–H distances of 0.95 Å (sp2CH), 0.99 Å (CH2), 0.98 Å (CH3). The 

thermal parameters of all hydrogen atoms were estimated as Uiso(H) = 1.2Ueq(C), except for 

CH3 where Uiso(H) = 1.5Ueq(C). A summary of crystallographic data is provided below. 

1. W. C. Still,; M. Kahn; A. Mitra, J. Org. Chem. 1978, 43, 2923–2925.

2. G. M. Sheldrick, Acta. Cryst. 2015, 71, 3–8.

3. O. V. Dolomanov; L. J. Bourhis; R. J. Gildea; J. A. K. Howard; H. Puschmann, J. Appl. Cryst. 2009, 42,

339–34
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Part One 

Synthesis of New Bioactive Molecules Based on WEB-2086 



2 

1.1 Introduction 

Inflammation is a biological response to injury that provides protection against infection. 

However, if inflammation is left unregulated, as can occur in disease, it can lead to severe 

tissue injury and dysfunction.[1,2] Ameliorating inflammation in disease states depends 

on the active control of inflammatory mediators such as the Platelet Activating Factor 

(PAF) (1) (Figure 1). Phospholipid 1, first reported over 45 years ago, is one member of 

a family of structurally-related phospholipid signaling molecules.[3–5] PAF mediates 

inflammatory pathways, and can exert its effects at concentrations as low as 10–12 M, 

which makes it the most potent member of its family.[6,7] Other biomolecules can also 

exert PAF-like activity, acting as agonists to the PAFr (PAF receptor), including oxidised 

low density lipoprotein, bacterial lipopolysaccharide, and lipotechoic acid moieties in 

cell walls of Streptococcus species.[8] 

Figure 1. Platelet Activating Factor (PAF). 

1.1.1 PAF and the PAF Receptor 

The Platelet-Activating Factor Receptor (PAFr) is a G-protein coupled receptor that has 

represented a therapeutic target for many years.[3,4,9] PAF is an agonist of the PAF 

receptor. When PAF binds to the PAFr, it induces the mitogen-activated protein kinase 

(MAPK) pathway leading to a pro-inflammatory cascade.  PAF receptors are present 

throughout the body in most major organ tissues, the central nervous system (CNS), 

muscles and inflammatory cells.[1,10–13] In 2002, the PAFr gene was localised to 

chromosome 1p35-1p34.4.[14] Although there have been a number of attempts to 

determine the structure of the PAFr and its active site using molecular modelling 

methods, both still remain unknown.[15–17] An example of one such model is shown in 

Figure 2. However, work has focused on elucidating PAF binding by employing 

radiolabeled species such as [3H]PAF and [3H]WEB-2086, a PAFr antagonist.[9,18] 

Melnikova and Peplow have provided detailed accounts of the mechanisms involved in 

PAF production and receptor binding.[8,17]
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Figure 2. A. Model of the structure of the PAF receptor, based on other GPCRs, active site 

facing top of page. B. Model of active site with PAF bound, superior view with nitrogen (blue), 

phosphate (orange), oxygen (red).[19] 

The production and biosynthesis of PAF have been extensively studied, and a large range 

of cells, tissues, and signaling pathways have been implicated in PAF-mediated 

inflammation. PAF-producing cells are often white blood cells or other cells involved in 

inflammation. However, hepatocytes, keratinocytes, osteoclasts, renal mesangial cells 

and vascular smooth muscle are also reported to produce molecule 1.[1,9,20,21] A large 

number of diseases and disorders are associated with the inflammatory actions of PAF 

and its receptor, including cancers, respiratory and neurodegenerative diseases. PAF has 

been implicated in over 40 disease states.[9,22,23] 

This section discusses PAFr antagonists that demonstrate potential for the treatment of 

inflammatory diseases, their activity against a range of disease states, progress in the 

synthesis of PAFr antagonists, and structure activity relationships that have been 

established. This work focuses on providing an overview of progress in this area over the 

preceding 20 years.  

 

1.1.2 Inflammatory Diseases 

Cancer remains one of the leading causes of death worldwide.[24] It is accepted that an 

inflammatory microenvironment and angiogenesis (the formation of new blood vessels),  

are both important factors in cancer initiation and progression.[8,25–30] Considerable 

research has focused on investigating the role that PAF and its receptor play in cancer, 

and both have been specifically implicated in breast, prostate, and skin cancer, in addition 
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to Kaposi’s sarcoma and melanoma metastasis.[8,25,31] Consequently, this suggests that 

some anti-inflammatory drugs such as non-steroidal anti-inflammatory drugs (NSAIDs) 

and PAFr antagonists may possibly be used to treat certain types of cancer.[25] In addition, 

the PAFr has been implicated in modulating radiation and cisplatin sensitivity in various 

cancers, including prostate, cervical and ovarian cancers.[32–34] 

Inflammatory diseases of the respiratory system include chronic obstructive pulmonary 

disease (COPD), which is defined as chronic airflow obstruction that is progressive and 

only partly reversible and which comprises emphysema and chronic bronchitis.[35] This 

disease usually develops over a number of years after routine exposure to oxidative 

stress, often from cigarette smoke. However, genetic triggers and air pollution represent 

other possible factors.[25] Typically, irritation by fine particles in the air elicits an 

inflammatory immune response whereby white blood cells invade the lung tissues.[36,37] 

COPD kills >3 million people per year worldwide, the third highest after heart disease 

and stroke, and it is estimated that without reduction of risk factors, the mortality rate 

will increase in the coming decades.[38,39] 

Bacterial and viral infections of the respiratory tract can also trigger these immune 

responses, and the frequency and severity of these exacerbations significantly affects the 

quality of life of the patient.[40] An exacerbation is a sudden worsening of symptoms 

resulting in reduced lung function and increased inflammation.[41–44]  Exacerbations from 

micro-organisms and environmental pollutants are a major cause of morbidity and 

mortality in COPD.[45] Streptococcus Haemophilus and Pseudomonas species, in 

particular, cause these exacerbations, as they have the capacity to directly interact with 

the PAFr.[8,15,46–50]  

These bacteria exist naturally in the body, but do not cause infection in healthy 

individuals due to sophisticated immune defences.[51] The commensal microbiome 

undergoes documented changes in COPD, showing significantly less diversity than in 

healthy patients.[52–57] The airway epithelium also provides a physical barrier to bacterial 

infection, but due to the destruction of lung cells as seen in COPD, this defence 

mechanism is compromised in patients with COPD.[58] The first interactions between 

bacteria and the lung epithelium occur via a physicochemical interaction between ChoP 

(2; phosphorylcholine), shown in Figure 3, which is present on the cell surface of the 

bacteria, and the PAFr , which is present on the surface of lung epithelial cells.[59–62] 
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ChoP is a molecular mimic of PAF. When pathogens such as non-typeable Haemophilus 

influenzae (NTHi)  and S. pneumoniae bind to PAF receptors in the respiratory tract via 

ChoP, it allows them to bypass the normal immune responses and go on to colonise and 

invade the lung epithelium and deeper tissues, causing chronic infection.[46,51,63,64] 

 

 

Figure 3. Phosphorylcholine (ChoP). 

Exacerbations caused by viruses are mainly due to rhinoviral infections. These 

commonly co-infect with bacteria, resulting in a mix of bacterial and viral aetiology. 

Additionally, infections in the lung can initiate a biochemical cascade reaction, which 

results in an altered immune response from the host, and causes a significant increase in 

pro-inflammatory cytokines.[65–68] This large inflammatory cytokine response enhances 

the incidence of bacterial adhesion to lung epithelial cells by inducing the upregulation 

of several receptors in the lower respiratory tract, including the PAFr.[48]  

Mallia and co-workers provide a detailed account of the respiratory microbiome and the 

bacterial exacerbations that can occur.[48] Consequently, the upregulation of PAFr 

expression on airway epithelial and alveolar cells in smokers and COPD patients could 

provide a gateway to respiratory infections.[69,70]  

Current treatments for COPD include short-acting bronchodilators and inhaled 

corticosteroids (ICS), with antibiotics often used in conjunction to treat cases of bacterial 

exacerbation.[45,71] The first option for treatment is usually the β2-agonist salbutamol, 

which helps to reduce breathlessness, but when exacerbations persist or worsen, a long-

acting bronchodilator such as salmeterol or formeterol are introduced.[45] In severe cases, 

inhaled corticosteroids (ICS) such as fluticasone propionate are used in combination with 

a long-acting bronchodilator.[45] Antibiotics are also commonly prescribed, under the 

assumption that most exacerbations are of bacterial origin. Antibiotics also provide a 

protection against possible complications such as pneumonia.[72] ICS treatments have 

been shown to be effective at reducing the incidence of exacerbation in COPD, however, 

studies have also indicated that long-term use of ICS can increase the risk of 

pneumonia[72–76] and mycobacterial disease.[77,78] Other side effects of long-term ICS use 
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include easy bruising, adrenal suppression, decreased bone mineral density and the 

development of cataracts and glaucoma.[79–83] The use of broad-spectrum antibiotics is 

associated with adverse effects such as diarrhoea and exanthema,[72] and the over-use of 

antibiotics is contributing to a rise in multi-drug resistant bacterial strains.[45,84] These 

treatment methods mainly focus on alleviation of symptoms, and there are limitations 

associated with the use of steroids and antibiotics for long term treatment.[45,85]  

The role of PAF in asthma is well established. Specifically, PAF has been implicated in 

the pathogenesis of asthma by inducing bronchospasms, increasing vascular 

permeability, and activating inflammatory cells in the lower airways.[86] The function of 

PAF in these biological pathways and disease progression is well documented.[86–88] The 

inflammatory process associated with bronchial asthma is complex and requires 

treatments that target various steps in the inflammatory cycle, including binding of the 

PAFr. For example, several antagonists of the PAFr have been tested for asthma in 

various assays with mixed results.[86–88] PAF has been implicated in other allergic 

disorders, such as anaphylaxis and allergic rhinitis. Although the relevance of PAF is 

well established in the pathophysiology of these diseases, there has been limited research 

exploring the role that PAFr antagonists might play in treating these diseases.[89] Given 

the increasing incidence of allergic disorders further studies are required in this area.[90] 

PAF has been implicated in tissue injuries and cell death in the spinal cord and the glial 

cells, in neuronal apoptosis, synaptic plasticity, and its role in oxidative stress can 

reportedly lead to neural cell death.[91,92] PAF receptors are present in the brain, on 

synaptic membranes, and on intracellular membranes in the cerebral cortex. The interplay 

between glutamate receptors in the CNS and PAF has also been established.[93–95] 

Interestingly, neurodegenerative disorders such as Alzheimer’s disease (AD) have been 

identified as conditions that are mediated by PAF.[95,96] In the early stages of Alzheimer’s 

disease, treatment with the PAFr antagonists ginkgolides A and B has demonstrated a 

beneficial effect in prevention of synapse loss and cognitive decline.[96] This work has 

also been extended to include prion-induced synapse degeneration.[97,98] In addition, it 

has been suggested that some PAFr antagonists are capable of crossing into the CNS and, 

thus, could be used in the treatment of Parkinson’s disease, which shares some 

characteristics with Alzheimer’s disease.[99] 
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In 2014, researchers succeeded in exploiting the PAFr pathway to facilitate the entry of 

small interfering RNA oligonucleotides (siRNA) into difficult to transfect, well-

differentiated airway epithelial cells.[100] The efficient delivery of siRNA to the airways 

is a major challenge in the advancement of RNA interference technology. This study 

took advantage of the existing mechanisms that microorganisms may use to enter 

epithelial cells, such as the direct interaction of phosphorylcholine (ChoP; Figure 3) 

molecules on the surface of Streptococcus species or non-typeable Haemophilus 

influenzae (NTHi) with the PAFr. In this way, these often-detrimental invasion 

mechanisms were used to facilitate entry of siRNA oligonucleotides. This novel work 

demonstrates that binding of the PAFr may be utilised to exploit RNA interference 

technology in the treatment of lung disease or to protect against pathogens.  

Besides the well-established pro-inflammatory effects of PAF, PAFr has been implicated 

in dampening the immune response, inducing immune suppression.[101] Several in vitro 

and in vivo studies have reported that the PAFr activation in macrophages and dendritic 

cells is able to shift these cells towards an anti-inflammatory or tolerogenic 

phenotype.[102–104] Thus, PAFr antagonists have the ability to fine-tune the innate and 

adaptive immunity with a potential role in immunisation.[103] 

 

1.1.3 PAF Receptor Antagonists 

PAFr antagonists are molecules that are capable of binding to the PAF receptor. These 

antagonists may competitively or non-competitively displace PAF, the naturally 

occurring agonist, from its binding site on the PAFr.[25]  A great variety of molecules 

exhibit PAFr antagonistic activity, and can be grouped into four broad categories: 

structurally-related synthetic PAF derivatives, synthetic compounds without a structural 

similarity to PAF, natural products, and metal complexes.[105] The majority of antagonists 

were synthesised prior to 1995.[9] Subsequent research has generally focused on refining 

the activity of these lead compounds and testing them in various animal and human 

assays. More recent studies have primarily sought to clarify and improve the synthetic 

routes leading to these antagonists. With this in mind, only a brief summary of key PAFr 

antagonists is provided below. Respective reviews by Braquet and Whittaker, published 

over 20 years ago, already provide detailed information on many PAFr antagonists.[9,106] 
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Structurally Related Synthetic PAF Derivatives 

PAF (1) contains a long alkyl tail and a quaternary ammonium head (Figure 1). In 1983, 

thiazolium derivative CV-3988 (3), a zwitterionic species similar in structure to PAF, 

was the first synthetic substance identified as a PAFr antagonist, (Figure 4A).[107] This 

led to the preparation of a range of related derivatives.[9,106] Most examples feature a 

carbamate group as the ether isostere and the lipophile is often a C-16 to C-18 alkyl 

chain.[108] The key structural elements of this family of compounds are depicted in Figure 

4B. These antagonists are generally not orally active, and some suffer from toxicity 

issues,[109,110] which have limited their therapeutic utility.[88,106] 

 

Figure 4. A. CV-3988 (3). B. Key structural elements present in structurally related synthetic 

PAF derivatives. 

Other Synthetic Molecules 

Compounds containing the 1,4-diazepine motif exhibit a broad range of biological 

activity, including PAFr antagonism, and are traditionally used as sedatives.[111] 

Examples include alprazolam (4), clonazepam (5), diazepam (6) or lorazepam (7), among 

others (Figure 5).  

 

 

Figure 5. Alprazolam (4), clonazepam (5), diazepam (6), lorazepam (7). 

Since the discovery of benzodiazepines as bioactive molecules, many similar compounds 

have been developed. The benzodiazepine scaffold is known to interact with various 
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receptors in the body, making it an excellent structure to use in drug development, 

however, this also means that there are risks of off-target effects.[112] Within this category 

are the hetrazepine antagonists; much attention has been directed to replacing the fused 

benzene ring in the benzodiazepines with other fundamental heterocyclic motifs such as 

pyrazole, imidazole, pyrrole or indole.[107] Thiophenes can act as effective bioisosteres 

for benzene, (e.g., in benzodiazepine drugs).[112] The thiophene analogues are generally 

less well studied than traditional benzodiazepine congeners.  

One thienodiazepine, brotizolam (8), was found to inhibit PAF-induced platelet 

aggregation selectively and at relatively low concentrations when compared to other 

antagonists (Figure 6).[113] Further work led to the development of WEB-2086 (apafant; 

9) and WEB-2170 (bepafant; 10), which are even more potent than brotizolam.[18,114] 

Both compounds 9 and 10 exhibit good in vitro activity and excellent bioavailability, 

with long-lasting pharmacological effects.[9] WEB-2086 is an effective PAFr antagonist 

in humans and no significant side effects have been identified that may prevent clinical 

trials.[113] However, molecule 9 reportedly featured in a number of clinical trials that were 

later discontinued.[106,115,116] The reasons for this are unclear. The synthetic accessibility 

of the requisite fused diazepine ring system has complicated the large-scale synthesis of 

lead compound 9.  

 

Figure 6. Brotizolam (8), WEB-2086 (apafant; 9), WEB-2170 (bepafant; 10). 

While WEB-2086 has performed well in the previous studies discussed, none of the data 

published involved tests using a disease model. A recent study by O’Toole and co-

workers aimed to fill this knowledge gap.[15] The study focused on using WEB-2086 as 

a PAFr antagonist to prevent NTHi and S. pneumoniae from binding to lung epithelial 

cells (BEAS-2B). This work would eventually aim to develop a treatment for bacterial 

exacerbations in COPD and smokers, as discussed previously. Bronchial epithelial cells 

were treated with 1% CSE (Cigarette Smoke Extract) and the levels of bacterial adhesion 

to the PAFr were measured by immunofluorescence. The CSE treated cells exhibited 
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significantly higher levels of the PAFr than untreated cells, and the adhesion levels of 

NTHi and S. pneumoniae to the epithelial cells were also significantly enhanced.[15] 

These findings are in agreement with the previously published literature.[69,117,118] When 

CSE treated cells were exposed to WEB-2086 and then challenged with bacteria, both 

the levels of the PAFr and the adhesion levels of NTHi and S. pneumoniae were reduced 

to levels similar to those seen in non-CSE treated control cells (Table 1).[15] It was also 

noted that WEB-2086 did not appear to be toxic to the cells in any way.[15]  

 

Table 1. Effect of PAFr antagonist WEB-2086 on PAFr expression in CSE assay. 

Cell Treatment Relative PAFr expression (x10000) 

Untreated BEAS-2B 2.35 ± 0.53 

CSE (1%, 4 hours) 3.80 ± 0.41 

WEB-2086 1 µm, CSE 2.51 ± 0.16 

WEB-2086 10 μm, CSE 1.71 ± 0.10 

 

While information relating to the chemical properties of WEB-2086 is lacking, it is the 

most well-studied PAFr antagonist in terms its pharmacological properties. In 1989, 

Weber and Heuer conducted initial pharmacological activity studies of WEB-2086 in the 

inhibition of PAFr mediated platelet aggregation, and safety and tolerance tests on 

healthy human volunteers.[115] The results of these studies showed that WEB-2086 is a 

well-tolerated and potent PAFr antagonist, regardless of the route of administration. Even 

at high doses (far greater than those required to fully antagonise the PAFr), no clinically 

significant side effects were noted, suggesting that WEB-2086 does not interact or 

interfere with other receptors or mediators, or have any other pharmacological 

actions.[115] 

In 1991, three more potent analogues of WEB-2086 were identified, however, their 

potencies still do not compare to the natural ligand PAF.[119,120] Indeed, the 1H and 13C 

NMR spectroscopic data for brotizolam were only published in 2013,[121] and, to our 

knowledge, extensive spectroscopic data for WEB-2086 is not available. The first 

complete synthetic route for Brotizolam (8) was  published in 1978 by Weber et al.[37] 
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Before this time there were publications related to the synthesis of intermediates and 

precursors to Brotizolam,  and other closely related diazepines.[36,37,130–132,122–129] Since 

then, numerous patents have been published on the synthesis of Brotizolam and its 

analogues, most recently in 2012.[129,130,133] Brotizolam is currently marketed by 

Boehringer Ingelheim under the brand name Lendormin® as a sedative-hypnotic for 

sleep disorders.[134] 

While the diazepine core structure provides potency and activity for PAFr antagonists, 

other heterocyclic scaffolds are more synthetically accessible. The imidazo[4,5-c]pyridyl 

framework is a particularly important motif, with key substituents present at either the 1- 

or 5-positions of this subunit. An important example is UK-74,505 (modipafant; 11) 

(Figure 7). Analogues of modipifant have been constructed by replacing the 

dihydropyridine structure with benzodiazepine, benzazepine and other more lipophilic 

moieties.[9] Various benzimidazole structures have also shown activity and modifying the 

lipophilicity of the substituents on these compounds provides a marked effect on 

antagonist activity. Interestingly, some of the most active benzimidazole-containing 

antagonists, such as SDZ series 12, bear a close resemblance to the diazepine core of the 

WEB compounds, with three fused rings comprising the core structure.[9]  

 

Figure 7. UK-74,505 (modipifant, 11), SDZ series, 12. 

Natural Products 

The ginkgolides, isolated from Gingko biloba, are the most well studied natural products 

that have been identified as PAFr antagonists.[9] Representative example, ginkgolide B 

(BN 52021, 13) shows particular potency for the PAFr (Figure 8).[135] Unfortunately, the 

ginkgolides are not selective antagonists of the PAFr and have been shown to influence 

other biological functions.[106] Furthermore, the generally low natural abundance and 

complex structures of the ginkgolides have limited their accessibility and this has 

hindered efforts to extensively evaluate their therapeutic potential. In addition, several 

marine natural products, compounds of microbial origin, and Chinese medicinal herbs 
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have shown PAFr activity. These include kadsurenone (14), phomactin A (15), and a 

range of xanthones 16.[9,136–138] Some other natural substances (mixtures or extracts) also 

display PAFr antagonism, including olive oil and fish oil.[25] 

 

Figure 8. Ginkgolide B (BN 52021, 13), kadsurenone (14), phomactin A (15), and xanthones 

16. 

Metal Complexes 

Recently, various rhodium complexes have been synthesised that display activity against 

the PAFr (Figure 9).[16,139] Specifically, square planar rhodium(I) complexes 17 and 18 

and a series of rhodium(III) complexes 19 were evaluated as PAFr antagonists. It was 

determined that their activities were comparable to that of WEB-2170 (10), one of the 

more potent antagonists.[139] Rhenium complex 20 was also found to be active against 

the PAFr. Interestingly, this molecule was also evaluated for antitumor activity, and 

found to be more effective than cisplatin.[140] A range of other metal complexes have also 

been evaluated for their PAFr activity.[16] 

  

Figure 9. Metal complexes 17–20. 
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1.1.4 Structure-Activity Relationship (SAR) Studies 

Structure-activity relationship (SAR) studies are central to the development of potent and 

selective antagonists, particularly as the structure of the PAFr receptor active site remains 

unknown. In silico modelling studies have identified some key features of the PAFr 

binding site, but crystallographic data and protein structural modelling are required to 

accurately elucidate the binding properties of the PAFr.[15,141–144] It has been proposed 

that the binding site of the PAFr consists of a bipolarised cylinder ~10–12Å in diameter, 

and a second, shorter domain of ~6–7Å in diameter.[145,146] Recent reports even suggest 

that the binding site may consist of a tetrapolarised cylinder.[146] Work has also been 

undertaken towards designing a pseudoreceptor.[147] It appears that the PAFr contains a 

large lipophilic binding pocket that can accommodate considerable steric bulk, a 

hydrogen-bond donor that can interact with either a carbonyl or oxygen atom, and a 

functional group capable of interactions with pyridine-like moieties.[145] However, these 

data were obtained through a variety of different (human and animal) assays and may not 

translate directly to the viability of these compounds for the treatment of human disease.  

It should be noted that IC50 values have not been included due to the variability between 

cell lines and assays used. However, IC50 values for the compounds discussed can be 

found in individual references. One in silico model of antaognist WEB-2086 bound to 

the active site of the PAFr (Figure 10) suggests that there are unbound amino acid 

resiudes on the recptor surface, meaning that binding affinity could be greatly 

improved.[19]
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Figure 10. In silico model of WEB-2086 bound to PAF receptor binding pocket, superior 

view.[19] 

Organic Small Molecules 

Significant research over the past decade has generated SAR data for non-diazepine-

based synthetic molecules and some natural products.[145,146,148–151] In contrast, seminal 

SAR studies relating to diazepine-type compounds were reported over ~25 years ago and 

there have been few major developments since this time.[9,106] Heterocyclic N-

substituents (possible hydrogen-bond acceptors) have been identified as crucial to 

providing active PAFr antagonists. The spatial orientation of this sp2-hybridised nitrogen 

appears to influence activity. Three common heterocyclic scaffolds present in PAFr 

antagonists that contain sp2 -hybridised N-substituents are fused triazole moieties (e.g., 

WEB-2086), 3-pyridyl groups, and fused imidazole derivatives.[106] 

WEB-2086 has shown no evidence of effects in the Central Nervous System (CNS), 

suggesting that it is selective for the PAF receptor.[115]  Diazepine drugs are most 

commonly used as sedative/hypnotic drugs, but, as discussed previously, WEB-2086, 

despite containing a diazepine core does not appear to cross the Blood-Brain Barrier 

(BBB) or have any sedative or hypnotic effect.[115] It follows that this unique reactivity 

and selectivity for the PAFr comes from the side chain/other substituents, and not the 

diazepine core. Replacing the diazepine core with a different scaffold could allow for a 

potentially shorter and more robust synthetic pathway, such that synthesis of a range of 

compounds is readily achievable. This would be advantageous in that a large number of 
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molecules could be synthesised and evaluated to create a larger structural database from 

which to draw conclusions about SAR.  

In WEB-2086, the position and identity of the substituent on the phenyl ring (Figure 11) 

has been shown to influence the activity of the compound. A halogen or a methoxy group 

in the ortho position of the ring gives better activity than a methyl at the ortho position, 

or a halogen or methoxy at the para position.[152] There is no data available for analogues 

with meta substituents on this ring. Halogen substituents provide greater activity than 

analogues with a methoxy or hydroxyl substituent, at both the ortho and para 

positions.[152] Methyl and ethyl groups as substituents on the triazolo ring give the best 

activity, compared to bulkier substituents such as propyl or phenyl groups in the same 

position. Compounds without substituents at this position showed little to no activity.[152] 

The identity of the substituent at the alpha position of the thiophene also appears to have 

a significant influence on the activity of the compound. A rigid linear substituent such as 

a chain containing a triple bond is less active than a single or double bond in the same 

position.[119] A trans double bond was found to be more active than a cis double bond in 

this position, perhaps because a more linear structure is unable to fit into the active site 

of the receptor.[119] The literature also indicates that large fatty substituents in this 

position often exhibit increased activity.[19,119]  

 

Figure 11. WEB-2086, side chain (blue), phenyl ring (green), core structure (black), triazole 

substituent (red). 

The most notable central changes to the diazepine core that have been investigated to 

date are the benzodiazepines, a closely related family of compounds.[122,126] The 

benzodiazepines predate the thienodiazepines in terms of discovery, but the thieno- series 

has shown the most success in the space of PAF receptor antagonism, and has hence 

overtaken the benzodiazepines in this area. Little research has been done outside of these 

two cores, mostly due to the potency and efficacy of these cores over a range of different 
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biological processes.[115,119,152–154] There has been a very small amount of research 

centred on pyrrolodiazepines, but no significant results have emerged.[155]  

In 2015, preliminary studies at the Menzies Centre for Research, University of Tasmania, 

on in silico modelling of novel PAFr antagonists based on the lead structure of WEB-

2086 were performed. The model used a receptor structure based on other known GPCRs 

and the affinity of the modelled compounds for the receptor are represented as negative 

ΔG (kcal/mol) values.[19] Figure 12 shows the modelled analogues in three classes: side 

chain changes, core structure changes, and changes to the substituent on the phenyl ring. 

Besides simple derivatives of WEB-2086 and analogues for which experimental data 

were available to test the model, the core structure was modified to maintain the three 

aromatic rings (or mimics of) with disconnections that would provide greater flexibility 

of the core and relative base of synthesis. 

Table 2 shows the calculated binding affinities for all 23 of these compounds and WEB-

2086. The largest -ΔG values are shown in green, indicating that analogues 21c, 21e, and 

21g have the best binding affinity for the PAFr, even greater than that for WEB-2086 

(21a). The smallest values are shown in red, with 21b being considerably worse than the 

others, followed by 21d and 21m. Changes to the core resulted in mixed results with the 

simple pyrrolo derivatives 21l−r, but indicated that compounds may be still active. 

 

Table 2. Binding affinity of WEB-2086 and novel analogues 21b-y for PAFr, in – ΔG 

(kcal/mol). Largest values have the greatest binding affinity. 

Compound 

21a  

(WEB-

2086) 

21b 21c 21d 21e 21f 21g 21h 21i 21j 21k 21l 

Activity 9.1 5.6 9.8 7.6 9.7 8.8 9.5 8.9 8.3 8.4 8.2 8.7 

Compound 21m 21n 21o 21p 21q 21r 21s 21t 21u 21v 21w 21x 21y 

Activity 7.6 8.7 8.2 8.4 8.1 8.1 9.1 8.6 8.6 8.7 8.1 8.2 8.1 
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Figure 12. In silico modelling of novel analogues. 

In other recent work, 24 conformationally-strained PAFr analogues 22 were synthesised 

(Figure 13A).[145] These molecules share some structural similarities with PAF. 

Specifically, these compounds consisted of various combinations of lipophiles and N-

heterocycles joined via a hydrogen-bond acceptor such as an ether or a carbamate group. 

These were linked to cyclic frameworks such as 1,1-bis(hydroxymethyl)cycloalkanes or 

3,3-bis(hydroxymethyl)-oxetanes, -thietanes, and -azetanes. All of these analogues were 
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found to be potent antagonists of PAFr, with greater activity than CV-6209 (23) and 

ginkgolide B (13).  

 

Figure 13. A. Conformationally-strained PAFr analogues 22. B. CV-6209 (23). 

Although thietanes 22 provided superior activity in some instances, in the majority of 

cases the presence of a heteroatom in the 4-membered ring made little difference. Ring-

size did affect potency, but a discernable trend was not evident. The identity of the 

counteranion was not significant, however, carbamates did appear slightly more active 

than ethers. The nature of the heterocyclic nitrogen atom provided the greatest influence 

on potency with quinolones found to be the most potent, followed by thiazoles and 

pyridines. Quaternisation of compounds appeared crucial, as neutral analogues displayed 

much lower activities.[145] 

A number of new tri-substituted 4-aminopiperidines 24 were prepared as alternatives to 

previously reported piperazine antagonists (Figure 14).[106,146] These heterocycles 

featured improved conformational flexibility and greater distances between the key N-

substituents. All of the molecules in this series contained a trimethoxybenzyl group 

(TMB), which is present in known PAFr antagonists (e.g., SDZ series 12).[106] SAR data 

revealed that the replacement of the piperazine core with the aminopiperidine motif did 

not change the ability of molecules to bind the PAFr. Although there were marked 

differences in the PAFr-binding activity associated with various diastereomers used in 

this study, a clear trend was not evident.[146] 
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Figure 14. Examples of 4-aminopiperidine-based PAFr antagonists 24. 

Novel ginkgolide derivatives have been primarily accessed via semi-synthesis and this 

has facilitated SAR studies of this class of compounds. In the ginkgolide series, a t-butyl 

group appears to be critical for providing notable biological activity (Figure 15).[9] Rings 

E and F are also essential for retention of activity.[149,150] However, the substitution of the 

hydroxy group on lactone ring F with lipophilic moieties, such as substituted benzyl 

groups, does not have a significant effect.[150] The presence of B ring-substituents 

typically increases the ability of the molecules to bind the PAFr.[150] Furthermore, 7-α-

substituted ginkgolides generally feature better affinity for the PAFr than the 

corresponding 7-β-derivatives; 7-α-chloroginkgolide B is the most potent derivative 

described.[150] Interestingly, Ginkgolide C (25), which differs from ginkgolide B (13) by 

the presence of a 7-hydroxy group, is 25-fold less potent than the latter.[150] 

 

Figure 15. Ginkgolide B (13) and Ginkgolide C (25). 

Various xanthones 16 were assessed for their ability to inhibit the effects of PAF (Figure 

16). It was determined that a R6-prenyl group featured strong binding affinity for the 

PAFr, but when this group was hydroxylated, activity was lost. Cyclisation of the R6-

prenyl group to deliver chromene 26, which is annulated at the 5- and 6-positions, 

provided only slightly lowered potency (as did the presence of a R8-dimethyl-prop-2-

enyl substituent) (Figure 16). However, chromene 27, annulated at the 2,3-positions 

provided a small loss in binding affinity. The presence of a R1-phenolic substituent 

increased potency, while the presence of a R2-hydroxy group had the opposite effect.[138] 
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Figure 16. Xanthones 16 and annulated chromene derivatives 26 and 27. 

Metal Complexes 

Some metal-based complexes have been assessed for their anti-inflammatory activity.[156] 

However, limited research has investigated applications of metal-based compounds as 

PAFr antagonists. Some studies have provided preliminary SAR data regarding 

coordination geometry, ligand substitution, the effects of the counter anions and the 

overall size and charge of the complex. A range of rhodium (III) complexes  featuring 

bidentate ligands have been prepared (e.g., complexes 19; Figure 9).[16,139] Molecular 

modelling studies illustrated that octahedral complexes containing two aromatic ligands 

are unable to fit into the PAFr binding site and hence any observed activity occurs via 

non-specific binding.[16] Various square planar rhodium(I) complexes were also prepared 

(e.g., complexes 17 and 18; Figure 9).[139] Biological assays evaluating the inhibition of 

PAF-induced platelet aggregation and theoretical docking studies illustrate that these 

compounds are selective and potent inhibitors.[139] All of the square planar rhodium 

complexes prepared as part of this study were more active than rhodium analogues 

featuring octahedral coordination geometries.[16,139] 

Copper(II), zinc(II), cobalt(II), nickel(II), and gallium(II) complexes containing 

chalcogenated imidodiphosphinato ligands are PAFr antagonists (Figure 17).[157,158] 

These complexes feature a range of fundamental metal coordination geometries, with the 

bulkiest, gallium complex 30a, identified as the most active of these molecules. A range 

of ruthenium(II/III) complexes, including compounds 30b and 30c, were also synthesised 

and evaluated as PAFr antagonists.[16] The activity of these complexes increased 

dramatically upon exchanging the chloride for a hexafluorophosphate counteranion. In 

addition, ionic compounds were typically found to be more active than their neutral 

analogues.[16] 
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Figure 17. Copper(II), cobalt(II), zinc(II), nickel(II), gallium(II), and ruthenium complexes 28–

30. 

 

1.1.5 Synthesis of PAFr Antagonists 

A variety of structurally diverse molecules have been identified as PAFr antagonists and 

an array of approaches were developed to prepare them. However, over the past ~20 

years, the focus of research in this area has primarily centered on improving the synthetic 

accessibility of established diazepine-based antagonists. During this period, the synthesis 

of original metal-based antagonists was also notable. 

Synthetic Heterocycles  

Examples include alprazolam, clonazepam, diazepam or lorazepam, among others. The 

most common approaches to the construction of these benzodiazepine drugs such 

alprazolam, clonazepam, diazepam and lorazepam involve multistep pathways in which 

N-protected α-amino acids are coupled with an o-ketoaniline, deprotected, and then 

cyclised. These methods feature poor atom-economy and can be complicated by 

racemization at the stereogenic center and protected α-amino acid. 

In 2017, a direct method enabling stereospecific, single-step syntheses of benzodiazepine 

core structures was reported (Scheme 1).[159] This method featured the reaction of chiral 

N-carboxyanhydrides (NCAs, 31) with o-ketoanilines 32 to efficiently provide 

enantiopure diazepinones 32 with water and carbon dioxide as the only byproducts. 

Notably, products 33 did not require further purification using this approach. This 

strategy avoids issues associated with earlier routes, which were complicated by lengthy 
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and low-yielding syntheses, low atom-economy, and difficulties constructing the key 7-

membered heterocyclic core.[122,130,160,161] Unfortunately, the synthesis of NCAs 31 

typically requires triphosgene or PCl3 and, consequently, this method is perhaps not well-

suited to synthesis on industrial scales.[159] Although the transformation shown in Scheme 

1 has enabled the synthesis of compounds related to WEB-2086 and WEB-2170, these 

specific molecules have not been prepared by this approach.[159] 

 

Scheme 1. Synthesis of diazepinones 33. (i) 2 equiv TFA, PhMe, 60 ºC; then 2 equiv NEt3, 80 ºC. 

Thiophenes can act as effective bioisosteres for benzene, including in benzodiazepine 

compounds.[112] Notably, the use of a thiophene in place of a benzene could serve to 

overcome the selectivity issues that have been associated with the benzodiazepine drugs. 

Consequently, efforts have been directed to improving the synthesis of thienodiazepine 

scaffolds to investigate their therapeutic potential.[111] To this end, recent work has strived 

to establish more viable synthetic approaches that are shorter, more efficient, and are 

amenable to scale up.[163] 

The synthetic accessibility of thienodiazepines, such as WEB-2086 (9), has improved. 

Specifically, a number of patents concerning the synthesis of brotizolam (8; precursor of 

WEB-2086) and its analogues have been filed, most recently in 2012.[37,123,125,130,133]  

Brotizolam can be synthesised in 6–8 steps (Scheme 2).[164] The majority of these 

processes require relatively hazardous reagents and are complicated by rather time-

intensive procedures, and typically low-yielding transformations.  

Naik and coworkers reported an improved 75–80% yield over the last three synthetic 

steps by slightly modifying established chemistry.[130] Many of the intermediate 

compounds also appear difficult to purify.[164] The four steps, shown in Scheme 2, are 

representative of general approaches. In this case, the reaction of 2-aminothiophene 34 

with a 2-halogenated acetyl halide, such as bromoacetyl bromide, afforded amide 35. A 

subsequent substitution of the bromine to an azide and cyclisation formed heterocycle 

36, and the installation of the triazole was then completed over 2 steps to furnish 
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brotizolam (8). The reported yield for the formation of heterocycle 36 from bromine 35 

was 4%.[124,125] 

Work in the literature suggests that the order of the steps in the above-mentioned reaction 

sequence leading to the key 7-membered ring can be varied.[125,164] Although most reports 

illustrate that acid catalysts and high temperatures are necessary,[113,124,125,161,165] a patent 

suggests that bases, such as sodium hydroxide or triethylamine, can also catalyse these 

transformations.[113] In addition, it has been noted that cyclisations can occur 

spontaneously.[126] The installation of the triazole ring has been affected using a number 

of different reagents, usually by treatment of amide 36 with a chlorination or thionation 

agent, and then reaction with a hydrazide or hydrazine.[37,124,125,130,161] 

 

 

Scheme 2. Synthesis of Brotizolam (8). (i) 1.1 equiv bromoacetyl bromide, 1 equiv pyridine, 

Et2O, r.t. (ii) 1:1 CH2Cl2/ NH3(l), reflux; then DMSO, 100 ºC. (iii) 1.4 equiv NaN3, DMSO, r.t.; 

then H2, Pd/C, AcOH. (iv) 1 equiv P2S5, pyridine, reflux; then AcOH, 3 equiv methylhydrazine, 

n-BuOH, reflux.  

A series of novel 1,4-thienodiazepine-2,5-diones 38, 18 in total, were synthesised via 4-

component Ugi-reaction/deprotection sequences from thiophenes 37 (Scheme 3).[111,166] 

This 2-step Gewald process has been used for preparing these heterocycles,[125] and has 

been utilised in the synthesis of WEB-2086 (9) and analogues.[113,167] The 4-component 

Ugi-condensation reaction has not been used previously to access this manifold and 

offers an efficient route to thienodiazepines and the ability to introduce up to 6-points of 
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diversity into the products.[111,166] By employing this strategy, the successful synthesis of 

thieno[2,3-e][1,4]diazepines was established by a sequence commencing from proline 

derivatives and 2-aminobenzenethiols or dithiandiol.[150,168] The Gewald reaction 

provided heterocycle 39 (Scheme 4), which was then transformed to a 

thienopyrimidinone and alkylated to deliver tricycle 40. The 7-membered ring was 

formed via a one-pot base-mediated hydrolysis/N-alkylation/cyclisation transformation 

to afford product 41.[169] The biological activity of compound 41 was not reported. 

 

 

Scheme 3. Synthesis of 1,4-thienodiazepine-2,5-diones 38. (i) 1 equiv ethyl glyoxylate, MeOH, 

r.t. (ii) TFA, r.t.; then 1,5,7-triazabicyclo[4,4,0]-dec-5-ene, NEt3, THF, 40 ºC. 

 

Scheme 4. Synthesis of thieno[2,3-e][1,4]diazepines 41. (i) 2 equiv MeCN, dioxane/HCl, 40 ºC. 

(ii) 3 equiv K2CO3, 1.1 equiv ethyl bromoacetate, DMF, r.t. 

The majority of thienodiazepine-based PAFr antagonists such as WEB-2086 (9) feature 

2-amino-fused-thiopheno-1,4-diazepines 42 (Figure 18). In contrast, the 3-amino-fused 

congener 43 has not been the subject of significant interest. Heterocycles of this type 

were first prepared via the condensation of 3-thiaisatoic anhydride with L-proline in 

1998.[170] These frameworks have been constructed by the one-pot regioselective ring-

opening of 3-thiaisatoic anhydride 45 employing chiral α-amino acids 44, followed by 

intramolecular condensation to afford heterocycles 46 (Scheme 5).[168,171] This method is 

also amenable to solid-phase synthesis, using Wang resin and, in this way, 8 analogues 
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were prepared in 71–95% yields.[172] While these regioisomeric thienodiazepines have 

not been tested as PAFr antagonists, these structures have demonstrated activity against 

other receptors. As previously noted, the spatial orientation of molecules in PAFr 

antagonists does appear to influence receptor binding.[106] Thus, it is possible that 

regioisomeric thienodiazepines, such as molecules 45, may represent potential PAFr 

antagonists.  

 

Figure 18. 2-Amino-fused-thiopheno-1,4-diazepinone 42 and 3-amino fused-1,4-diazepinone 

43. 

 

Scheme 5. Synthesis of 3,4-substituted thieno[2,3-e][1,4]diazepine-2,5-diones 46. (i) H2O, 40 

ºC; then AcOH, reflux. 

A series of thienodiazepinones 49 and various thienopyridinones 50 were prepared from 

precursors 47 (Scheme 6A).[162] Heterocycles 49, which are structurally similar to PAFr 

antagonists WEB-2086 (9) and WEB-2170 (10), were synthesised by a sequence 

featuring the addition of aryl Grignard nucleophiles 48 to substrates 47a, Boc-

deprotection, Schiff base condensation, and oxidative deprotection. In contrast, 

compounds 50 were efficiently prepared by the nucleophilic addition of Grignard 

reagents 48 to heterocycles 47b, followed by a 2-step intramolecular aldol condensation. 

In 2015, Pictet–Spengler reactions were used to construct a library of 24 novel 

thienodiazepines 52 (Scheme 6B).[108] In this work, α-amino acids were coupled with 3-

aminothiophenes to provide substrates 51 and Pictet–Spengler reactions furnished 

heterocycles 52.[108] By this approach, a series of phenylalanine-, alanine- and proline-

based analogues were prepared.[108]  



 

26 

 
 

  

Scheme 6. A. Synthesis of thienodiazepinones 49 and thienopyridinones 50. (i) THF, r.t.; (ii) 

1:1 TFA/CH2Cl2, r.t.; (iii) NEt3; (iv) 5 equiv CAN, 3:1 MeCN/H2O, r.t. (v) THF, r.t.; (vi) 2.2 

equiv KOt-Bu, THF; (vii) 4.4 equiv p-TsOH. B. Synthesis of thienodiazepine compounds 52. 

(viii) PhMe, 4 Å molecular sieves, 110 ºC. 

A range of thienopyrimidines 53, thienotriazones 54, and thienodiazepinones 55 have 

been prepared from 2-aminothiophenes by standard methods (Figure 19).[173] These 

compounds featured potent anti-tumor properties, but have not been specifically tested 

for activity towards the PAFr. In addition, the Beckmann rearrangement was utilised to 

construct various thienoazepines 56, furanoazepines 57, pyrroloazepines 58, and 

thienodiazepines 59.[174] Many of these molecules were identified as vasopressin 

antagonists and anti-tumor agents, but not been specifically tested for PAFr activity. 

These previously unreported compounds all contain clear structural similarities to 

existing PAFr antagonists and guide the development of new PAFr antagonists. 
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Figure 19. Representative thienopyrimidines 53, thienotriazinones 54, thienodiazepinones 55, 

thienoazepines 56, furanoazepines 57, pyrroloazepines 58, and thienodiazepines 59 that have 

been synthesised. 

Pyrrolodiazepines represent alternative scaffolds to both benzodiazepines and 

thienodiazepines. The majority of established methods to these systems utilise Pictet–

Spengler reactions to convert 1-[2-(α-aminoalkyl)phenyl]pyrroles into these targets.[175] 

However, the arylpyrrole starting materials featured in these transformations are 

susceptible to decomposition in the presence of acids and other electrophilic agents, 

which potentially limits their utility.[175] In 2010, a novel approach was developed that 

obviates the need for employing arylpyrrole substrates (Scheme 7).[175] The method 

converts furans 60 directly into pyrrolodiazepines 61 in a single step.  

 

Scheme 7. Synthesis of pyrrolodiazepines 61. (i) 7:1 AcOH/HCl, r.t. 

Pyridine-fused compounds 65 were synthesised from pyridines 62 and amino acids 63 

(Scheme 8).[176] Importantly, intermediates 64 do not require further functionalisation 

prior to conversion into cyclised products 65. In contrast, germane conventional 

approaches do require additional functional group manipulations prior to construction of 

the diazepine ring. For example, transformation of amines 63 into 1,3-oxazine-2,6-dione 

derivatives or the Boc-protection/acylation of amines 63.[126,176] It is unknown whether 

these pyrrolo- and pyridine-fused compounds act as PAFr antagonists similar to thieno- 

and benzodiazepine analogues. 
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Scheme 8. Synthesis of heterocycles 65. (i) 10% KOH/H2O, DMF, 50 ºC. (ii) neat, 220 ºC. 

Other PAFr Antagonists   

The first total syntheses of ()-ginkgolides A and B were completed in 1988 by Corey 

and coworkers.[177] Over a decade later, a 25-step total synthesis of ()-ginkgolide B (13) 

was disclosed, which showcased an original stereoselective intramolecular 

photocycloaddition reaction.[135,178] Total syntheses of phomactin A (15)[179–183], 

phomactin D (62),[184] phomactin B2 (67)[185] and phomactin G (68)[184]  have been 

completed (Figures 8 and 20).  

Phomactin A has been prepared a number of times. This natural product has been 

accessed via an intramolecular Suzuki–Miyaura cross-coupling and Nozaki–Hiyama–

Kishi-type macrocyclisations.[180,181,183] The centerpiece of another approach to molecule 

10 featured an original intramolecular oxa-[3 + 3]-annulation.[179,182] Compound 66 was 

prepared stereoselectively from ascorbic acid, phomactin B2 (67) was synthesized via 

the intramolecular annulation of a chromium carbene, and target 68 was realised by an 

intramolecular Nozaki–Hiyama–Kishi reaction.[184–186] 

 

Figure 20. Phomactin D (66), phomactin B2 (67), and phomactin G (68). 
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A number of xanthone (16) natural products have been prepared, [187–191] and total 

syntheses of kadsurenone (14) have been reported (Figure 8).[192–194] Notably, Popinom 

and co-workers prepared molecule 14 in only 3 steps from allyloxyphenol and 3,4-

dimethoxycinnamyl alcohol by developing a novel pericyclic cascade reaction.[192] Over 

a decade later, a biomimetic synthesis of this natural product was reported.[193] 

Finally, several patents have been published on the synthesis and use of PAFr 

antagonists. These include the synthesis of ginkgolide analogues, 2,5-

diaryltetrahydrothiophenes, tetrahydrofurans, and 1,3-diarylcyclopentanes and their 

applications in the treatment of PAF-associated conditions including cardiovascular, 

inflammatory, and immune disorders.[195–199] In addition, a range of sulfamoylheteroaryl 

pyrazole anti-inflammatory agents have been prepared[200]
 and various 

cyclohexylsulfonamide compounds have also been developed for use as PAFr 

antagonists.[201] 

A number of molecules have also been synthesised that are structurally similar to existing 

PAFr antagonists, however, these compounds have not been tested for PAFr activity. 

These include pyrrolo[1,4]thienodiazepines, furano-, thieno- and pyrrolazepines, 

pyrrolo-, indolo-, benzo- and thieno[1,4]diazepines,  thineodiazepinones, 

thienotriazolo[1,4]diazepines, substituted triazolodiazepines, thienopyrimidine, 

thienopyridine, thienothiazine and thienoxazine and 2-amino-3-aroyl-4,5-

alkylthiophenes.[155,202,211,212,203–210] Among these classes of compounds, various 

analogues have been identified as human adenosine receptor inhibitors and bromodomain 

inhibitors.[155,202,211,212,203–210] Metal-based PAFr antagonists have typically been prepared 

via standard methods.[130,139,213] 
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1.1.6 Research Proposal 

In summary, the PAF receptor is an important inflammatory mediator, and could be 

exploited in the treatment of a wide range of diseases as a therapeutic target. Many PAFr 

antagonists exist but there are currently no viable drug candidates due either to off-target 

effects, lack of reactivity, or difficulty and expense of synthesis. The O’Toole Group at 

the Menzies Research Centre has made progress in developing a new assay testing the 

use of PAFr antagonists in the treatment of COPD exacerbations.[15,214] They have also 

identified structure modifications to existing PAFr antagonists by in silico modelling 

(Table 2),  that may yield valuable information in identifying a viable drug candidate.[19] 

This project forms a collaborative work between the Discipline of Chemistry at the 

University of Tasmania and the O’Toole Research Group at the Menzies Centre for 

Research, and as such this work will focus on the synthesis of novel small molecules that 

could improve on the activity of WEB-2086 in this context. Figure 21 demonstrates the 

progression of COPD and how PAFr antagonists might be used as a treatment.[15,19,214] 

In healthy lungs, the epithelium has fully functioning cilia which are able to clear away 

particulates and pathogens. The levels of PAF receptor expression are low or absent. The 

combination of few PAF receptors and constant clearing of pathogens means that 

bacterial adhesion and subsequent invasion is unlikely to occur. When the lung 

epithelium is exposed to cigarette smoke the expression of PAF receptors increases.[215] 

Cilia are no longer present to clear away pathogens and particles, and inflammation 

begins. Over time, if irritation by smoking (or other irritants) continues, COPD occurs. 

The levels of PAF receptor are significantly higher, allowing S. pneumoniae and H. 

influenzae to bind, by the mechanism described already. The introduction of a PAFr 

antagonist would inhibit the binding mechanism of these pathogens to the PAFr, and 

therefore decrease the incidence of bacterial infection in cases of COPD.  
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Figure 21. Progression of COPD and how PAFr antagonists might be used as a treatment. 

Image from Shukla et al.215 
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1.2 Project Aims 

 

1. To synthesise Brotizolam (8) and create novel analogues by introducing new side 

chains to test the in silico model. 

 

 

 

2. To synthesise a range of compounds identified from the in silico screening based 

on a thienoquinoline or 2-aminothiophene/ 2-pyrrolothiophene core structure and 

test these against WEB-2086 for activity as PAF receptor antagonists. 

 

 

 

 

 

 

3. To determine if any Structure Activity Relationship trends can be ascertained 

from these new analogues in the COPD model and use this information to further 

develop these bioactive molecules. 
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1.3 Results & Discussion 
 

1.3.1 Synthesis of Brotizolam 

The first aim of this project was to prepare a large amount of the precursor material 

Brotizolam (8) for WEB-2086, and then use this to synthesise a range of analogues with 

different side chains, such as those shown in the in silico modelling discussed in the 

introduction in Figure 13. It was envisaged that analogues with both high and low 

predicted activities would be constructed to support these trends seen in the in silico 

modelling. These analogues would be tested at the Menzies Centre for Research, 

University of Tasmania, for PAFr activity by Ronan O’Toole and his group using the 

assay for COPD that they have recently developed.[15] The proposed route for the 

synthesis of 8 is shown in Scheme 9.  

 

Scheme 9. Proposed synthesis of Brotizolam (8) modified from literature procedures.  

Compound 71 was obtained by the formation of amino thiophene 70 by reaction of 

benzoyl acetonitrile 69 with dithiane diol in 99% yield (Gewald reaction) and then 

alkylation with bromoacetyl bromide, following established literature procedures 

(Scheme 10).[124,125,216,217] Thiophene formation in 70 was supported by resonances in the 

1H NMR at 6.76 and 6.72 ppm, with a coupling constant of 5.9 Hz, and the C=O amide 

and CH2 resonances in 71 could be clearly seen at 164.3 and 28.0, respectively, in the 
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13C NMR spectrum. The reaction of 71 to primary amine 72 / fused seven-membered 

heterocycle 73 could then proceed via a number of different methods, as outlined in 

Scheme 2 in the introduction. 

 

Scheme 10. Synthesis of bromine 71. 

Ammonolysis of α-bromoacetamide 71 was attempted first (Scheme 11). This reaction 

is common in the literature for the synthesis of related compounds and is used in the 

original procedure for the preparation of Brotizolam.[124–126]  Starting bromide 71 was 

dissolved in a 1:1 mixture of MeOH:Et2O, cooled to −78 C and NH3 gas bubbled 

through the solution for approximately 5 minutes.  The reaction was then left to warm to 

0 C. TLC monitoring of the reaction was ambiguous and after the reaction had run 

overnight and was worked up and analysed, it was shown to have reverted to the starting 

amine 70 by cleaving the amide bond, rather than the desired product 72.[125] The 

literature method that was followed quoted a reaction time of overnight.[124] An analysis 

of the literature reveals that methods employing the use of liquid ammonia for reactions 

such as this have been performed on benzodiazepine compounds, or on compounds 

analogous to 71 which already have a substituent at C5 of the thiophene,[124–126] not for 

the synthesis of unsubstituted thienodiazepines as is proposed here. In addition, reaction 

times are usually long (between 6 hours and 3 days).[125] As part of the aim for this section 

of work was to improve on the synthesis of Brotizolam, this avenue was not pursued past 

an initial investigation. 

 

Scheme 11. Ammonolysis to form amine 72. 
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The use of N−protected amino acids to form compounds of type 76 (Scheme 12) has been 

reported for the synthesis of compounds similar to Brotizolam.[124,126,159] If successful, 

the Boc protecting group could be removed by TFA, leaving all other functional groups 

unaffected, to give primary amine 72, or, if spontaneous cyclisation occurs under acid 

mediated conditions, 73.[125] Based on a literature method[126] an amide coupling reaction 

between primary amine 70 and Boc-glycine 75 was attempted. Coupling agents PyBOP, 

EDCI or HATU were used under standard conditions consisting of NEt3 as the base with 

addition of DMAP in anhydrous CH2Cl2 or DMF. Multiple attempts yielded no results, 

returning only starting materials. There are limited literature references to this method 

being used for similar compounds, with the procedure followed being for a 

benzodiazepine series rather than a thienodiazepine, indicating the amine of the 

thiophene 70 is less nucleophilic than an aniline.[126] 

 

Scheme 12. Glycine coupling with amine 70. 

Another method utilising a glycine derivative was described by Fier & Whittaker in a 

recent publication.[159] They describe the formation of a range of N-carboxy anhydride 

(NCA) substrates, such as 77 (Scheme 13), which could be reacted with a primary amine 

of a type similar to 70 to give cyclised compounds such as 73. The publications state high 

yields and ee values, a 1 hour reaction time, and a one-pot reaction method with CO2 and 

H2O as the only by-products.[159] The compounds used in this work were of the 

benzodiazepine type.  

 

Scheme 13. Literature reaction of amine 70 with glycine N-carboxy anhydride 77. 



 

36 

 
 

Fier and Whittaker quote two different methods for the formation of the NCA prior to 

reaction with the amine.[159] The first is the use of unprotected amino acid and 

triphosgene. The second method involves a protected amino acid reacting with 

PCl3.[159,218] Indeed, Mobashery and Johnston describe the synthesis of N-carboxy 

anhydrides  as: 

 “accessible by less-than-straightforward routes. These often involve harsh 

reaction conditions, long reaction times with poor yields and-not inconsequentially the 

use of severely toxic reagents. N-carboxy anhydrides have been prepared most frequently 

by treatment of an amino acid with large excesses of phosgene at elevated temperature, 

an obviously hazardous method.”[219] 

We were unwilling to use triphosgene, but attempted the formation of the NCA of 

glycine, 77, using PCl3.171  Following the procedure outlines by Akssira[218] in 1994 (and 

used by Fier and Whittaker), Boc-glycine was reacted with PCl3. On TLC,  1H and 13C 

NMR analysis, it was determined that the reaction had not occurred and only starting 

materials remained. The Akssira paper states that reaction times are for 2 hours at 0 C, 

but on closer inspection, the text mentions 10 C temperatures and 4 hour reaction times. 

Taking this into account, the reaction conditions were explored, using different 

equivalents, times, and temperatures. PCl5 was also used. No method, however, 

successfully yielded the desired NCA 77.  It was not clear why the reaction did not 

proceed as expected. Two other, earlier, publications also discuss the formation of NCAs, 

but do not include an NCA product of glycine.[219,220] It may be possible to use an 

alternative reagent such as diethyl carbonate to affect the formtion of the NCA, but this 

route was not investigated. 

 

Another method cited in the literature for the synthesis of similar 2,3-dihydro-1H-

thieno[2,3-e]diazepines suggests using an azide as a synthon for the desired primary 

amine in 72 (Scheme 14).[124] In this method, a brominated compound analogous to 71 

was reacted with sodium azide, and then this material was reduced to a primary amine 

using hydrogenation.  

Application of this procedure to a sample of 71 yielded the azide 78 in quantitative yield 

and with no need for purification. 1H NMR analysis shows a shift of the CH2 resonance 

from 4.15 ppm in 71 to 4.33 ppm in 78, which is also apparent in the 13C NMR spectrum. 
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The azide can also be clearly seen in the infra-red spectrum at 2116 cm−1. The azide was, 

however, surprisingly resistant to hydrogenation when performed under the reported 

conditions of 20% Pd/C in acetic acid for 2.5 hours.[124] A range of variations were 

explored, including the use of pressure (40 psi), mixed solvent systems (EtOH/AcOH) 

and increased reaction times (up to 6 hours). These reactions were monitored by TLC, 

NMR, and IR, but no change was seen in the spectra for any of the attempted reductions 

by hydrogenation, indicating that 72 was not formed.  

 

Scheme 14. Formation of amine 72. 

An alternative way to reduce the azide functional group to the desired primary amine is 

to use the Staudinger reaction (Scheme 15). This has not been previously applied to the 

synthesis of Brotizolam. Azides react with triphenylphosphine, (PPh3) to give an 

intermediate iminophosphorane, and then, if water is present in the reaction mixture or 

upon aqueous workup, hydrolysis should occur to liberate triphenyphosphine oxide 

(PPh3O) and yield a primary amine.[221] 

 

Scheme 15. General Staudinger reaction. 

This Staudinger reaction as described above was applied to compound 78 (Scheme 16) 

but initially only gave the intermediate iminophosphorane species, as supported by a 

resonance at ~16 ppm in the 31P NMR spectrum. Two other peaks were present at −6 

ppm and 29 ppm, being unreacted PPh3 and a very small amount of triphenylphosphine 

oxide, respectively. The reaction was repeated with the addition of water (a few drops) 

to the reaction mixture. The 31P NMR spectrum for this reaction showed a large peak at 

~29 ppm, indicating that most of the PPh3 had been converted to PPh3=O. Minor peaks 

were present at ~16 and −6 ppm, indicating trace amounts of iminophosphorane and 

unreacted PPh3. TLC and IR analysis suggest the presence of a new compound.  
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However, upon analysis of the 1H and 13C NMR spectra, it was not immediately clear 

whether the desired amine 72 had been formed. 

 

Scheme 16. Staudinger reduction of azide 78, product 72 was not isolated. 

In the 1H NMR spectrum (Figure 22), a doublet was observed at 4.07 ppm which 

indicates a change from the singlet at 4.33 ppm in the azide starting material 78. The 13C 

NMR spectrum correlates to the formation of amine 72, except for the absence of a 

diagnostic CH2 peak at around ~50 ppm. The relevant carbon peak is in fact present at 

49 ppm, but it is lacking the expected peak intensity. This is thought to be due to the 

Nuclear Overhauser Effect (NOE), which is the change in intensity of one resonance 

when it is in close proximity with another nucleus in a dipolar coupling.[222] NOE effects 

are usually not apparent but in this case they are significant. The HSQC spectrum shows 

a correlation between this doublet at 4.0 ppm in the 1H NMR spectrum and the expected 

position of the methylene carbon peak at ~50 ppm in the 13C NMR spectrum. Indeed, a 

small peak can be seen at 49.1 ppm in the 13C NMR spectrum. When taken together, 

these data strongly indicate the successful formation of amine 72. 

While this reaction was successful, the resulting product proved to be extremely difficult 

to purify, and only minute quantities could be isolated using a combination of silica gel 

chromatography and precipitation techniques. Similarly, on reaction of this mixture with 

AcOH, cyclisation of the compound appears to occur to give the desired diazepine 73, 

based on 1H NMR (CH2 singlet at 4.52 ppm, 8.98 ppm NH peak), and 13C NMR (C=N 

peak at 167.6 ppm and lack of C=O peak), but isolation again proved difficult. Quantities 

of amines 70 and 72 were recovered from the reaction, as decomposition of amine 72 or 

diazepine 73 occurred either during the reaction at high temperature or during the 

purification on silica gel. Using an alternative solid phase would be equally problematic 

due to low solubility of the reaction mixture in any solvent. Scheme 17 illustrates the 

overall progress made towards the synthesis of Brotizolam with a significant problem to 

obtain the thienodiazepine 73.  
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Figure 22. 1H and 13C NMR spectra for amine 72. 
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Scheme 17. Final attempted synthesis of Brotizolam 8. 

As this synthesis proved challenging due to problems with forming the key glycine 

derivative 72, and as the main focus of the project was to investigate new core scaffolds 

for PAFr antagonists, this work was put aside. While it would have been advantageous 

to develop a SAR investigation of the side chain group of WEB-2086, it was not deemed 

to be a critical part of this project. However, the difficulty encountered during this 

synthesis further highlights the need for a more efficient pathway to potent and selective 

PAFr antagonists. As such, the project moved towards the construction of a series of 

analogues with a different core to the thienodiazepine in WEB-2086, which could be 

constructed via a quicker and simpler route. Biological testing of compounds with 

different cores against WEB-2086 for PAFr antagonism would provide an answer as to 

whether the diazepine core is necessary for activity. Development of new bioactive cores 

would also allow for the synthesis of structurally distinct lead compounds. 
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1.3.2 Synthesis of Unfused Analogues (Series 1) 

The aim of this part of the project was to identify simpler, more readily accessible 

analogues of WEB-2086 that provide comparable or enhanced PAFr antagonism. To this 

end, a small library of novel 2-aminothiophenes and 2-pyrrolothiophenes featuring 

structurally-distinct and conformationally-unrestrained core structures were synthesised 

and screened in an assay that evaluated PAFr-dependent bacterial adhesion in a human 

bronchial epithelial cell model of cigarette smoke exposure. These data were 

benchmarked against results employing WEB-2086 and the results are discussed below. 

We were driven to prepare new non-diazepine-containing molecules that retained many 

of the core elements and functional groups present in WEB-2086, but which could be 

prepared quickly and via a more modular approach. The most logical disconnection to 

make in the thienodiazepine core is through the seven-membered ring to make 

conformationally less restricted analogues as shown in structure 79 (Figure 23). The 

triazole ring structure could also be replaced with a much simpler pyrrole moiety (83 or 

84). A ketone and two connected, but not fused, rings are left. Structures such as these 

were investigated in the in silico modelling study discussed previously.[19] These 

scaffolds differ markedly from the fused, conformationally-restrained core structure of 

WEB-2086 (9). Unlike compound 9, which is constrained by the predominantly planar 

arrangement of its ring-fused tricyclic core, these molecules allow free rotation about the 

C–N bond at the 2-position of the thiophene. It is anticipated that this design feature will 

cause the novel molecules to favour non-planar conformations, which may have an effect 

on their biological efficacy. 

In this series of analogues the ortho-Cl aromatic group has been kept for comparison to 

WEB-2086, while the side chain at position R1 has been varied based on the previous 

literature[119] and the modelling results from the O’Toole group. Examples of proposed 

R groups are shown in Figure 23, and while the core changes in this series are 

significantly different from WEB-2086, they represent an opportunity to utilise pyrrole 

chemistry developed by our laboratory and allow for an extremely short and simple 

synthetic procedure. The 2-aminothiophene scaffold is known to possess diverse 

biological and pharmacological properties and provides a promising starting point for the 

development of novel bioactive molecules.[223] 
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Figure 23. Examples of core and side chain modifications for Series 1 compounds. 

Accordingly, a direct and efficient synthesis was developed to access heterocycles 82−84 

(Scheme 18). In the first step, commercially available nitrile 69 was reacted with an 

appropriate aldehyde or ketone, exploiting a multi-component Gewald-type approach to 

efficiently deliver 2-aminothiophenes 82 in high yields.[216,217] The Gewald reaction 

proceeds through a Knovenagel condensation, initiated by base to form an intermediate 

alkene V, and then sulfur inserts at the allylic position and cyclisation to yield the 2-

aminothiophene 82 (Scheme 19). 

 

Scheme 18. Series 1 synthesis. 
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Scheme 19. Proposed mechanism of the Gewald reaction. The exact mechanism for the 

incorporation of sulfur is unknown. 

Compounds 82b–e featured n-alkyl substituents at the 5-positions which are derived 

from the aldehyde reactant employed in the condensation reaction. Heterocycle 82f, 

synthesised by reaction with cyclohexanone, featured a six-membered ring annulated at 

the 4- and 5-positions of the thiophene. Analysis of the 1H NMR data for these 

compounds shows a distinct singlet around ~6 ppm, which corresponds to the thiophene 

proton H4, and supports formation of compounds 82. 

Amines 82a−f were then subjected to either a Clauson–Kaas or Paal–Knorr reaction to 

furnish pyrrole rings at the 2-positions of these thiophenes. For the Clausen-Kaas 

reactions, amines 82a−f were heated with 2,5-dimethoxy tetrahydrofuran in acetic acid 

under microwave conditions to give pyrroles 83a−f in 20−67 % yield. Compounds 

containing the octyl and phenyl substituents (83c and 83e) had the lowest yields of 21 

and 20%, respectively, while the rest were ~60%. 1H NMR clearly shows two sets of 

doublets corresponding to the pyrrole protons between 6.0 and 6.8 ppm, with coupling 

constants of ~2.1 Hz. 

For the Paal-Knorr reaction, amines 82 were heated with hexane-2,5-dione in acetic acid 

under microwave conditions to give pyrroles 84 in 19−80% yields. Again, the octyl and 

phenyl derivatives 84c and 84e had reduced yields of around 20%, with the remainder 

giving about 40% yield, with the exception of 84a which gave 80%. 1H NMR analysis 

for these analogues showed a similar diagnostic singlet between ~5.50 and 5.70 ppm for 
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the H3 and H4 pyrrole protons, as well as a large singlet integrating for 6H at around 

~2.0 ppm for the methyl substituents at C2 and C5 of the pyrrole. 

As shown in Figure 24, this method afforded rapid access to analogues featuring either 

unsubstituted pyrrole moieties (83a–f) or 2’,5’-dimethyl-substituted pyrroles (84a–f). 

Scaffolds 82a–f, 83a–f and 84a–f differ markedly from the fused, conformationally-

restrained core structure of WEB-2086 (9). Unlike compound 9, which is constrained by 

the predominantly planar arrangement of its ring-fused tricyclic core, all of these 

molecules allow free rotation about the C–N bond at the 2-position of the thiophene. It 

is anticipated that this design feature will cause the molecules 82–84 to favour non-planar 

conformations. Indeed, this is supported by the structures of heterocycles 83a and 84a in 

the solid state. These were supported via single-crystal X-ray crystallography, where the 

angle between the plane of the pyrrole and thiophene rings is 52.19(7) and 108.64(16) 

(major component) respectively (Figures 25a and b). This indicates that adding bulk at 

C2 and C5 on the pyrrole increased the dihedral angle to minimise interaction.  The 

substituents at the 5-positions of thiophenes 82b–f, 83b–f and 84b–f were incorporated 

to investigate the effects of sterically-varied non-polar substituents and were guided by 

germane research focused on preparing WEB-2086 derivatives.[119] 
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Figure 24. Series 1 analogues.  
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Figure 25A. Molecular representation of 83a derived from x-ray crystallography. Hydrogen 

positions have been derived. Ellipsoids are shown at 50% probability. Analysis performed by 

Dr. Nathan Kilah. 

 

Figure 25B. Molecular representation of major component of 84a derived from x-ray 

crystallography. Compound 84a was observed to be disordered in the asymmetric unit. The 

disorder suggested the space group P21/m would be most appropriate, but refinement in P21 

revealed the two components to be of unequal occupancy. Hydrogen positions have been 

derived. Ellipsoids are shown at 50% probability. Analysis performed by Dr. Nathan Kilah. 



 

47 

 
 

 

During attempts to remake some of these analogues, difficulty was encountered in 

replicating the original work. After an investigation of reaction conditions and reagents, 

it was discovered that the starting material 69 had decomposed. A new bottle of this 

reagent was obtained and the 1H and 13C NMR spectra compared (Figure 27). It was 

clear from these spectra that the CH2 group was no longer present in the molecule (or 

only in very small quantities). There were a number of new peaks appearing the aromatic 

region in the 1H and 13C NMR spectra of the old sample, and one peak in the 13C NMR 

at ~85 ppm is particularly apparent. One possibility is that a self-Knoevenagel 

condensation had occurred to give a compound similar to 85 in Figure 26, and the NMR 

data would appear to support this, with the 13C spectrum showing approximately double 

the number of signals in the aromatic region. The retention of the C=O peak, resonating 

at ~190 ppm also supports the formation of this product. Peaks between 80 and 180 ppm 

could possibly correspond to the new CHs in the decomposition product. Mass 

spectrometry evidence was not obtained. The reactions were attempted again using a new 

bottle of reagent 69, and they readily gave the desired products, and indicated that it was 

crucial to check the integrity of the starting material prior to the Gewald reaction. 

 

Figure 26. Proposed decomposition product of 69. 
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Figure 27. 1H and 13C NMR comparison of old and new samples of compound 69 in CDCl3, 

showing decomposition. 
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1.3.3 Biological Testing of Series 1 

The assay used to test Series 1 compounds involved treating lung epithelial cells with 

Cigarette Smoke Extract (CSE) to cause an upregulation in the PAFr levels. Cells were 

then inoculated with Non-Typeable Haemophilus influenzae (NTHi) and the levels of 

bacterial binding to PAF receptors measured. When cells were treated with WEB-2086, 

there was a decrease in the level of bacteria binding to the PAFr.[15] 

The results in Figure 28 showed that the majority of compounds tested retain the activity 

against the PAF receptor as compared to WEB-2086. Compounds 82b-f showed bacterial 

reductions that are comparable to those of WEB-2086, with the exception of 82c, which 

did not appear to reduce bacterial adhesion at all compared to the CSE treated cells 

(within error). Compounds 83b-f with the unsubstituted pyrrole substituent showed 

mixed results, with one compound in particular, 83d, showing a greater reduction in 

bacterial adhesion than WEB-2086. Further testing showed that compound 83d gives 

14% more reduction in bacterial adhesion than WEB-2086 at 10 µM (Table 3). The full 

dose-dependent analysis can be seen in Figure 29. The octyl derivative 83c was also 

significantly less active than the butyl or dodecyl side analogues 83b and d. 

 

Figure 28. Biological evaluation of novel compounds 82b−f, 83b−f and 84a−f for PAFr 

antagonism in lung epithelial cells. In all experiments, the concentrations of the compounds 

were 10 M. Performed in triplicate. Compound 83d shows the greatest reduction in bacterial 

adhesion compared to controls. Testing details can be found in the experimental section. 
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Table 3. Reduction of bacterial adhesion by WEB-2086 and compound 83d at two different 

concentrations, showing comparable activity. 

 10 µ𝐌 100 µ𝐌 

WEB-2086 63% 88% 

83d 77% 90% 

 

 

Figure 29. Inhibition of CSE-induced NTHi adhesion to BEAS-2B cells by WEB-2086 and 

compound 83d. The BEAS-2B cells were exposed to CSE for 4 h followed by treatment with 10 

µM WEB-2086 or compound 83d at a concentration range of 1nM to 100 µM for 1 h and 

subsequent challenge with NTHi for an additional hour. The data represent the mean ± standard 

error for triplicates; **p < 0.01, ***p < 0.001 relative to CSE-exposed BEAS-2B cells; one-way 

analysis of variance with Dunnett’s multiple comparison test. 

The dimethylpyrrole compounds 84a-f appeared to be slightly less effective than amines 

782b-f or unsubstituted pyrroles 83b-f, although results were mixed. It was not possible 

to draw any Structure-Activity Relationship (SAR) conclusions relating to the substituent 

at the 5 position of the thiophene as indicated by the octyl chain generally being less 

active than the butyl derivatives. It should be noted that some of the error bars in Figure 
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28 are large, and this is due to poor adhesion of cells to the growth media after CSE 

stimulation. The results obtained from this small library of compounds allowed 

discernible structure-activity relationships (SARs) to be identified, showing that the 

fused rings can be disconnected and still retain activity. The results also appear to support 

the previous literature where the presence of a lipophilic pocket in the active site is 

concerned, as the most active compound 83d had a long fatty chain at C5.[115,119]   

In an Alamar Blue toxicity assay, 2-pyrrolothiophene 83d was found to be non-toxic, 

when tested up to 100 M over 24 h (Figure 30). In healthy cells, Alamar Blue 

(containing the compound resazurin) will be reduced from a blue dye to the pink and 

highly fluorescent resofurin. When compounds 82–84a-f were screened against S. aureus 

(MRSA), E. coli, K. pneumonia (MDR), A. baumannii, P. aeruginosa, C. albicans and 

C. neoformans using the Compounds Australia facility, no antibacterial or antifungal 

activity was observed in screening. Importantly, this indicates that the observed reduction 

in NTHi adhesion to human bronchial epithelial cells was not due to any direct 

bacteriostatic or bactericidal effects of the compounds but is more consistent with an 

effect on bacterial interaction with the PAF receptor. 

 

Figure 30. Alamar Blue Toxicity Assay for compound 83d. The data represent the mean ± 

standard error for triplicates; one-way analysis of variance with Bonferroni multiple 

comparison test. Compound 83d does not appear to be toxic to cells up to 100 µM 

concentration. 

In summary, a small library of novel 2-aminothiophenes and 2-pyrrolothiophenes was 

constructed via a direct and efficient synthetic strategy. These heterocycles, featuring 

structurally-distinct core scaffolds, were evaluated for their capacity to antagonise the 
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platelet-activating factor receptor (PAFr) and these results were benchmarked against 

one of the most well-studied PAFr antagonists, WEB-2086. We have demonstrated that 

the predominantly planar thienodiazepine framework of the PAF receptor antagonist 

WEB-2086 can be replaced by an unfused, less conformationally-restrained 2-

aminothiophene core structure and retain the relevant PAF receptor activity. Specifically, 

we have identified that heterocycle 83d, which we prepared in two steps, represents an 

equipotent PAFr antagonist compared to WEB-2086 in a COPD model. Importantly, 

molecule 83d was found to be non-toxic. Future studies will focus on a more extensive 

evaluation of the biological activity of lead compound 83d, screening studies in a mouse 

model of COPD, and the construction of a larger library of analogues of structures 82−84 

in order to investigate SARs.  
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1.3.4 Synthesis of Thienoquinolines (Series 2)  

Along with Series 1 compounds, a range of analogues with different fused ring cores 

were synthesised. Series 2 analogues contain a thienoquinoline core with the same 

number of atoms in the scaffold as the thienodiazepine core of WEB-2086, but in a 

different arrangement (Figure 31), i.e. a 6,6,5-tricyclic system (88) versus a 5,7,5- 

tricyclic (86) system. Contraction of the 7-membered ring yields a pyrimidine (87) and 

replacement of the triazole for benzene resulted in a fused quinoline (88). For simplicity, 

a phenyl ring with no substituents instead of an ortho-chlorine was chosen for this work, 

as the focus was on the effect of the change of the core. Unlike the analogues in Series 1 

and WEB-2086, these thienoquinolines con only adopt a planar arrangement, and thus 

give a good indication of whether this is an important property for PAFr antagonists, 

offering further insight into the structure of the receptor binding pocket.  

 

Figure 31. Modification of thienodiazepine core 86. 

 

Synthesis of Thienoquinoline Core 

Work began with a small selection of side chains rather than a comprehensive screen, as 

the focus of this project was to develop an active core structure. Once this was achieved, 

the side chain and other substituents could be more fully investigated and refined. The 

proposed synthetic method for the construction of Series 2 is outlined in Scheme 20.  
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Scheme 20. Strategy for construction of thienoquinoline core. 

The cheap and readily available starting material thiophene-3-carbaldehyde (89) was 

reacted with phenylmagnesium chloride to give the alcohol in 49% yield, and this alcohol 

was subsequently oxidised to give ketone 90 (Scheme 21). The oxidation was 

investigated with both Dess−Martin Periodinane (DMP) and pyridinium chlorochromate 

(PCC). Both gave the desired ketone 90 in good yield, but PCC was chosen in preference 

as it is cheaper and was more easily separated from the reaction products. The use of 

DMP gave a yield of 73% and required column chromatography to isolate the product, 

whereas PCC allowed purification via a short plug of silica gel and gave 90 in ~ 95% 

yield. The lower yield obtained when using DMP could be due to oxidation of the 

thiophene, in a similar manner that pyrroles are oxidised by DMP, but this was not 

investigated further.[224] 

 

Scheme 21. Synthesis of bromide 91. 

Ketone substrate 90 was then dibrominated with elemental bromine at the C2 and C5 

positions to yield dibromo thiophene 91 in 58% isolated yield. When using a large excess 

of elemental bromine and an extended reaction time, a minimum of 10% of 

monobrominated product at C5 (95) was obtained, as well as some unreacted thiophene 

90 (~20%). 1H NMR data of the monobrominated product 95 showed two resonances at 
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7.49 ppm as a singlet and ~7.80 ppm as part of a multiplet with aromatic protons, (13C 

NMR supported). This is consistent with the bromine being at position C5. 

Nevertheless, the major product formed was the dibrominated compound 91. The mono− 

and di– brominated products were separable by flash column chromatography, however 

the Rf values were very close, and automated column chromatography (Reveleris) was 

used in preference for the isolation of the desired dibrominated product. The mono− and 

di− brominated products had a different physical appearance, with the dibrominated 

thiophene being an oil and the monobrominated thiophene a solid, however, from a very 

brief investigation, they were not able to be isolated via crystallisation or trituration. 

The dibrominated material was desired so that in a single step, the molecule could be 

utilised for functionalisation at both the 2- and the 5- positions of the thiophene, rather 

than doing a stepwise functionalisation sequence which would include a second 

bromination. Monobrominated side product could be recycled and added into the next 

batch of material, to maximise the efficiency of the synthetic route. N-Bromosuccinimide 

(NBS) was also trialled for this bromination but only starting materials were recovered 

under a variety of conditions (DMF or 50% CHCl3/AcOH, 2 −18 h). 

The electron-withdrawing capability of the carbonyl group reduces electron density at 

position C2 of the thiophene, meaning that oxidative addition of Pd0 should occur at C2 

preferentially, rather than the more electron-rich C5 position. As shown in Scheme 22, 

when dibrominated thiophene 91 was reacted with ortho-aminophenyl boronate 92, a 

regioselective Suzuki−Miyaura reaction occurred, and subsequent cyclisation where the 

primary amine attacks the ketone as a nucleophile and eliminates water to give the 

aromatic quinoline 93 (56%). The formation of 93 was supported by 1H and 13C NMR 

analysis, with resonances in the 1H spectrum at 7.67 ppm indicating the thiophene proton. 

Four new aromatic proton CH signals can be seen, the loss of the ketone carbonyl peak 

is apparent in the 13C NMR spectrum and a new signal can be seen at 154.5 ppm 

indicating the C=N.  No C=O can be seen in the IR spectrum. The reaction was not 

completely selective and did produce some diarylation product 97, as supported by extra 

aromatic peaks in the 1H and 13C NMR spectra and a peak in the IR spectrum at ~3330 

cm-1, indicating the primary amine. 
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Scheme 22. Regioselective Suzuki-Miyaura coupling reaction. 

Initially, the Suzuki−Miyaura reaction of thiophene 91 with o-aminophenyl boronated 

ester 92 to give quinoline 93 was performed at 110 C under standard conditions, and 

was not as selective as desired, giving only a 56% yield of 93, and 35% of diarylated 

product 95. Performing the reaction at 70 C produced greater selectivity, giving almost 

none of diarylation product 97 (~8% yield) but with no significant increase in the yield 

of 93 (62%).  The leftover mass was recovered as unreacted starting material 91 (30% 

yield). This was a preferable outcome as this starting material could be easily separated 

from the products and recycled. Utilising this approach, the thienoquinoline core 93 was 

quickly and efficiently constructed, with a bromine already in place for functionalisation 

at the C5 position of the thiophene.  

 

Functionalisation of Thienoquinoline Core Using Suzuki-Miyaura Coupling  

From bromothiophene 93, Pd-mediated coupling reactions, including the 

Suzuki−Miyaura and Sonogashira couplings, were used and performed with various 

boronic acids and alkynes. In some cases, variations such as carboxymethylation were 

used, and further reactions of the Sonogashira products were performed to give the 

reduced alkene and alkane versions of these derivatives. 
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Scheme 23. Final procedure for the synthesis of analogues 94a−g. 

For the Suzuki-Miyaura coupling reactions, the same conditions as before were used 

(Pd(PPh3)4, toluene/EtOH, Na2CO3, 110 C, 2−3 hours). Bromide 93 was reacted with 

various boronic esters to give the products 94a−g as shown in Scheme 24. Analogue 94g 

and 94f were constructed using Pd carbomethoxylation (Scheme 25).  

 

 

Scheme 24. Thienoquinolines prepared from 93 via Suzuki-Miyaura coupling. 

 



 

58 

 
 

 

Scheme 25. Thienoquinolines prepared from 93. Conditions a for 94f: MeOH, NEt3, 70 C for 

16 h. Conditions b for 94g: toluene/EtOH (5:2) morpholine, Na2CO3, 80 C for 24 h. 

Alkyne 94e was constructed using a Sonogashira reaction with phenyl acetylene ((Pd(PPh3)4, 

CuI, THF/NEt3, 70 C, 2 hours) (Scheme 26). Product formation was supported by shifting of 

the 1H and 13C NMR resonances corresponding to the thiophene ring, appearance of new 

resonances, and mass spectrometry. Methoxybenzene derivatives 94c and 94g gave the highest 

yields (91% and 82% respectively), while 94a,f and b were formed in yields around 60%. The 

carbomethoxylation reactions with morpholine gave 94g in a particularly low yield of 12%. This 

reaction did not go to completion even after reacting overnight, as could be seen by the presence 

of starting material 93 in the TLC. Isolation of the product was difficult, with Rf values very close 

to the starting material. 

 

 

Scheme 26. Thienoquinolines prepared from 93 via Sonogashira coupling. 

 

It was later found that the two, consecutive, Pd-mediated coupling reactions to form the 

aryl substituted thienoquinolines could be performed in one pot without any work up or 

purification in between, by simply adding the second aryl boronic acid or ester once the 

first reaction was deemed to be complete by TLC (Scheme 27). The comparative yields 

for products 94a, 94b and 94d by the one-pot method from 91 were 81% (94a), 53% 

(94b), and 47% (94d). The amount of conversion to products appeared to be similar to 

the step-wise procedure as analysed by TLC and 1H NMR, with yields appearing to be 

dependent mainly on the ease of isolation from the reaction mixture. While the 
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Sonogashira couplings were initially performed in a different solvent to the 

Suzuki−Miyaura couplings, it was later determined that the solvents were 

interchangeable, allowing these reactions to be performed in one pot.  

 

Scheme 27. One-pot Suzuki-Miyaura method to thienoquinolines. 

 

Further Manipulation of Side Chains  

Previous literature has explored the effects of a linear side chain like an alkyne, compared 

to a cis or a trans alkene and an alkane, on the ability of the molecule to bind to the 

PAFr.[119] It was found that molecules that are restrained to a linear conformation have 

less PAFr binding than ones that are bent or can move freely. To see a comparison 

between the thienodiazepine core and the new, thienoquinoline core, analogues with 

linear, bent, and freely rotating side chains were constructed. 

From alkyne analogue 94e, further analogues 94h−j were prepared (Scheme 28). Alkane 

94h was produced in 77% yield through a standard hydrogenation at ~30 psi in EtOH 

with Pd/C and was complete after 2 hours. The 1H NMR spectrum showed methylene 

resonances at 3.31 (t, J = 7.7 Hz) and 3.11 (t, J = 7.7 Hz) ppm. Cis alkene 94i was 

produced in 65% yield using a hydrogenation reaction with Lindlar’s catalyst 

(Pd/CaCO3, which is ‘poisoned’ with lead or sulfur), preventing over-reduction to the 

alkane.[225] The reaction was performed under a balloon of hydrogen and monitored by 

1H NMR every 0.5 hours. Some alkane material was seen to form in the reaction, and 

isolation of the desired alkene using flash column chromatography was difficult. In 

addition, the 1H NMR showed a single peak for both of the alkene protons at 6.82 ppm, 

so confirmation of cis or trans using coupling constants was impossible (although the 

Lindlar catalyst should be selective for the cis isomer). IR was used as the primary 
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method of analysis as cis and trans alkenes give markedly different peaks. Alkene 94i 

showed a clear peak at 1412 cm−1, indicating that it was indeed cis.   

Alkyne 94e was also reduced to the trans analogue 94j using NaBH4.[119] This reaction 

was difficult for similar reasons as noted above, and while some 94j was able to be 

obtained (78%), over-reduction to the alkane was again observed and the products were 

difficult to separate. 1H NMR analysis for this compound also gave the alkene protons 

as a single peak at 6.81 ppm, but IR analysis showed a small peak at 909 cm−1, 

indicating the trans isomer. 13C NMR spectra for 94i and 94j were almost identical. 

Despite multiple attempts, this reaction was unable to be repeated, returning either 

unreacted starting materials, or over-reduced alkane 94h.  

 

Scheme 28. Reductions of compound 94e. 

Synthesis of Morpholine Amide Side Chain 

An attempt was made to install the same side chain as in WEB-2086 onto the 

thienoquinoline core, to produce analogue 98 (Figure 32). 

 

Figure 32. Proposed thienoquinoline analogue 98. 
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A Sonogashira coupling reaction between bromide 93 and propargyl alcohol was 

performed, as outlined by Walser and Flynn in their synthesis of WEB-2086 

derivatives[119] (Scheme 29). The reaction appeared to proceed by NMR analysis, giving 

resonances at 4.52 ppm in the 1H NMR spectrum, corresponding to the methylene group 

in 99, and 76.4 and 96.1 in the 13C NMR spectrum, corresponding to the alkyne carbons. 

Due to the low solubility of the reaction mixture in common solvents (CH2Cl2, methanol, 

ethanol, ethyl acetate, hexanes, acetone, acetonitrile, water, toluene, diethyl ether, DMF, 

THF), purification was difficult, and chromatography was unable to be performed. Only 

48% yield of the alkyne product 99 was obtained through precipitation from 

MeOH/EtOAc, in low purity. 

Nevertheless, this crude product was reacted with morpholine and MnO2 following the 

procedure reported by Walser and Flynn for the synthesis of 94k.[119] No reaction 

occurred, but it was not clear whether this was due to the difficulty of the reaction, or 

low-quality of MnO2. Therefore, it was decided to use a two-step strategy to oxidise the 

alcohol to the carboxylic acid, and then use an amide coupling reaction to install the 

morpholine.  

Oxidation of 99 was attempted with DMP and with PCC but gave no reaction in either 

case.  A Jones-type oxidation using CrO3 with acetic acid as the solvent successfully gave 

the carboxylic acid 100, based on NMR analysis of the crude, but was not able to be 

isolated from the reaction mixture due to solubility issues. The crude mixture was reacted 

in an amide coupling with morpholine using EDCI and purified using flash column 

chromatography to give the amide product 94k in just 2.4% overall yield from bromide 

93. The 1H NMR spectrum shows the eight morpholine protons as two multiplets 

between 3.74−3.67 ppm, and the 13C NMR spectrum shows all four morpholine carbon 

peaks at 66.8 ppm. Had this synthesis given a better yield, the alkyne 94k would have 

been reduced to the alkane 98 using hydrogenation, to give a compound analogous to 

WEB-2086, but due to the difficulties encountered such as low yields and poor solubility, 

this reaction was not performed. 
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Scheme 29. Strategy for construction of analogue 98. 

 

Further Pd-Catalysed Reactions  

Bromide 93 was also reacted with methyl propiolate in a Sonogashira reaction, but none 

of the coupled product was formed under a range of conditions tried. Initially, the 

previously successful conditions of Pd(PPh3)4, CuI, NEt3 in THF were tried, but when 

these were unsuccessful, variations using PdCl2(PPh3)2, Pd2(dba)3, K2CO3, toluene, 

temperature and amount of catalyst were investigated. Due to complex crude 1H NMR 

spectra of the reactions, it was thought that the alkyne might be degrading at higher 

temperatures before trans-metalation could occur, but reducing the temperature of the 

reaction did not result in an improvement. On further investigation of the literature, it 

was found that alkynes with conjugated electron-withdrawing groups such as methyl 

propiolate tend to give Michael addition products instead of the desired cross-coupled 

coupled products, but it was not clear if this was the case here.[221] 

Following the theme of using Pd-mediated coupling reactions to functionalise thiophene 

93, a Heck reaction with acryloyl morpholine 101 was attempted (Scheme 30). Several 

different conditions were attempted including the use of different bases (K2CO3, NEt3), 

solvents (DMF, THF), temperatures (70 C, 100 C) and time (monitored by TLC up to 

72 h). The addition of t-BuNH4Br as an additive to facilitate the Heck reaction was also 

tested. In all cases, only starting materials were recovered. 
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Scheme 30. Reaction of 93 with acryloyl morpholine 101. 

Synthesis of ortho-Chloro Group 

As mentioned earlier, the phenyl ring with an ortho-Cl substituent in WEB-2086 

analogues showed the best activity as a PAFr antagonist in the previous literature.[115] 

Throughout the synthesis of this series, an unsubstituted phenyl ring was used, for 

simplicity. However, in order to obtain SAR data that could be compared more closely 

to the existing literature, a series of thienoquinoline analogues containing the ortho-Cl 

group was proposed. Utilising the same methodology as before, a Grignard reaction was 

attempted with an ortho-Cl substituent already in place on the phenyl ring (Scheme 31A). 

The Grignard reagent 103 was made following established procedures and appeared to 

have formed correctly. Surprisingly, this Grignard would not react with the thiophene 

aldehyde coupling partner 89. The reverse case was tried also (Scheme 31B) where the 

Grignard of the thiophene, 105, was reacted with ortho-chloro phenylaldehyde 106, but 

this also gave no reaction. 

 

Scheme 31. Attempts to form ortho-Cl core molecule 104. 

At a later stage, a further 7 analogues 94l−r (Figure 33) were constructed using the 

Suzuki−Miyaura reaction described in Scheme 24. These analogues were constructed to 

investigate the influence of the substituent on the phenyl ring and its position around the 

ring on biological activity. Figure 34 provides a summary of the work on this project and 

the analogues produced. 
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Figure 33. Further thienoquinoline analogues 94l−r. 

 

 

 

 

Figure 34. Summary of analogues produced for this project. 
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1.3.5 Biological Testing of Series 2 

Thienoquinolines have not been the subject of extensive biological testing studies.[226–

231]  These novel molecules were screened for activity against a range of targets, including 

bacterial, fungal, parasitic and cancer cell lines. The results of this testing are detailed 

below and indicate that the thienoquinoline scaffold represents a new class of anti-

giardial compounds. Specifically, our results are consistent with a number of these 

heterocycles acting as selective agents against giardiasis. The most active of these 

thienoquinolines has a minimum inhibitory concentration (MIC) of 1.6 µg/mL, which is 

comparable to the frontline treatment, metronidazole.  

 

1.3.5.1 Giardiasis Overview 

 

Giardia intestinalis (syn. Giardia duodenalis, Giardia lamblia) is a non-invasive, 

protozoan parasite that infects the small intestines of various mammals, resulting in 

giardiasis.[232,233] Symptoms of infection are variable, but typically appear after an 

incubation period of 6−15 days and include watery diarrhea, nausea, epigastric pain and 

weight loss.[234] The acute phase of infection usually lasts several days, but can persist 

for extended periods, even months.[233] Most symptomatic infections resolve 

spontaneously, but can leave chronic after-effects such as IBS (Irritable Bowel 

Syndrome), food allergies, arthritis and chronic fatigue syndrome.[232,235]  Some patients 

suffer a severe, long-lasting illness that is non-responsive to normal treatment. 

Asymptomatic infections are equally common.[232] 

Giardiasis has been part of the WHO’s (World Health Organization) Neglected Diseases 

initiative since 2004 and is a global pandemic estimated to affect about 280 million 

people worldwide each year.[234] Children, pregnant women, the immunocompromised, 

and those living in overcrowded areas with poor sanitation are particularly 

susceptible.[233] Diarrheal disease, more generally, is the leading cause of death for 

children under five years of age in developing countries.[236] The parasite is most 

commonly spread via contaminated water, and many developing countries are considered 

endemic regions.[232] There appear to be differences in disease presentation and outcome 

between patients from developing countries and patients from developed countries, 

possibly due to differences in nutrition, immune status, co-infections and intestinal 

flora.[232]  



 

66 

 
 

While research has shown that the composition of the gut flora plays a role in influencing 

the susceptibility, type, and outcome of giardiasis, it is not yet clear what the link is. A 

study in mice showed that differences in gut flora varied the susceptibility to Giardia 

infection.[237] Administration of Lactobacillus sp. probiotics to mice reduced the severity 

and duration of giardiasis,[238] and another study suggests that the Giardia parasite is able 

to modify its host microbial makeup and the interactions between its host and the normal 

gut flora.[239]  

Relatively little is known about the specific mechanism of giardiasis or the cause of post-

giardiasis syndromes and treatment failures, however, it is established that giardiasis is a 

multifactorial disease involving several different mechanisms of infection. These include 

changes to the intestinal wall to allow for parasite attachment; attraction of immune cells 

to the parasite; disruption of cell junctions; induction of apoptosis; increased intestinal 

permeability and changed composition of normal bacterial flora, among others.[232] While 

these mechanisms are known to occur, there is limited research and discussion into the 

specifics of how the parasite achieves these changes. 

 

Treatment Options 

Several drugs are available to treat giardiasis and the most common agents are 

nitroimidazole-based, such as metronidazole (108) (Figure 35). [233,240] This antibiotic is 

a pro-drug, and requires activation by microbial reductases (ferredoxins from the ETC of 

Giardia),[241] converting the nitro moiety to form reactive radical species that can damage 

DNA and proteins in microaerophilic and anaerobic organisms such as Giardia.[233,242]  

Metronidazole also targets the redox enzyme thioredoxin reductase, present in Giardia, 

and inactivation of this enzyme causes oxidative stress in the parasite.[243] Metronidazole 

108 is the frontline treatment for giardiasis, but in the event of treatment failure, 

metronidazole resistance or in pregnant or immunocompromised patients, there are only 

limited alternatives available.[242] Treatment failure and development of drug resistance 

occurs in up to ~20% of cases.[233] 

There are a number of other 5-nitroimidazoles available for Giardia treatment, such as 

tinidazole, ornidazole and secnidazole, which have modifications in the R2 position of 

107. They have similar activities to 108, but slightly longer half-lives.[233] The exact 

mechanisms of drug activation and activity against the parasite are still largely 
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unknown.[233] Similar to metronidazole are nitazoxanide 109 and furazolidone 110, 

which are reduced to an active form in a similar way, but appear to have slightly different 

activation requirements and cellular targets.[233,244]  The 5-nitroimidazole core structure 

has provided many other active antimicrobial derivatives, which are active against a 

range of different microbes. A longer, more complex side chain in the 1, 2 or 4 positions 

of compound 107 has shown increased activity against Giardia, and more importantly, 

has overcome some of the microbial resistance in animal models.[242,245]  The underlying 

mechanism of this SAR are not clear.[233] While these results are good, metronidazole 

derivatives can themselves induce resistance,[246] thus having temporary and limited 

efficacy.[233] Ultimately, another strategy is required. 

 

Figure 35. Structures of major classes of anti-Giardia compounds. 

Benzimidazole carbamates such as albendazole (112) represent a second-tier option. 

These drugs act by binding tubulin to inhibit the cytoskeletal attachment of the parasite, 

which interferes with continuous colonisation of the small intestine.[233,247] 

Benzimidazole 112 has been shown to have a similar effectiveness as metronidazole 

(108) in humans. [248] Chloroquine 113 is very similar in structure to 111,  and is active 

against Giardia but is not available in the US or Canada and as such, has been studied 

less than the other compounds discussed here.[233] Paromomycin, an antibiotic, is 

occasionally employed in treatment, but appears to be less effective than metronidazole 

108 or benzimidazole 112.[249] Notably, Quinacrine 111 has provided an excellent cure 

rate in giardiasis cases where treatment failure has occurred, but also can have serious 

side-effects including gastro-intestinal toxicity and damage to unborn fetuses. [233] The 
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mechanism of action is not known, but it is probable that it interacts with Giardia DNA 

and inhibits nucleic acid synthesis.[233]  

A systematic analysis of SAR studies in the benzimidazole derivatives provides some 

interesting results, but none that are ultimately useful from a drug design perspective.[250] 

Other SAR data indicates that conjugation in the side chain is optimal; lipophilicity and 

hydrogen bond donors play a role and the substituent at position C2 of a benzimidazole 

is important. [233,242] There has also been some limited investigation of the core 

structure.[251] A number of existing drugs have been noted to possess anti-giardia activity, 

some specific, some not. This is partly useful in that many of these compounds have 

already been shown to be safe for human use.[252,253] A veterinary vaccine (GiardiaVax) 

exists and is somewhat effective in the treatment of Giardiasis in cats and dogs. No 

human vaccine exists as yet, but there is some research towards this goal.[242] 

In summary, Giardia is a common infection which causes pathophysiological changes in 

the hosts intestines, causing structural damage which affects the electrolyte balance, 

leading to increased intestinal permeability and diarrhea. Other factors such as individual 

gut flora, geographical region of infection and even age can have an effect.[232] The 

efficacy of existing anti-giardial agents are often compromised by resistance and high 

side-effect profile. More recent developments have identified a range of other 

compounds which show anti-giardial activity, but these are derived from the existing 

drug scaffolds of 5-nitroimidazole and benzimidazole. The mechanism of action of these 

existing drugs is also largely unknown, although variability has been seen. Given the 

global prevalence of giardiasis and the limited therapeutic options, the identification of 

new selective and potent anti-giardial agents is urgently needed. 
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Testing Results 

 

Table 4. In vitro activities of compounds 93 and 94a−f,h, k−r against G. duodenalis, B. subtilis, S. aureus, C. albicans, S. cerevisiae, and cytotoxicity 

against murine myeloma and human neonatal fibroblast cells (MIC, g/mL). 
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Compound G. duodenalisa B. subtilisa S. aureusa C. albicansa S. cerevisiaea NS-1b NFFc 

 
96 h 24 h 48 h 24 h 48h 24 h 48 h 24 h 48 h 

 
96 h 96 h 

93 100 >100 >100 >100 >100 >200 >200 >200 >200  >100 >100 

94a 25 >100 >100 >100 >100 >200 >200 >200 >200  50 >100 

94b 25 >100 >100 >100 >100 >200 >200 100 >200  100 >100 

94c 50 >100 >100 >100 >100 >200 >200 >200 >200  50 >100 

94d 100 3.1 >100 >100 >100 >200 >200 >200 >200  25 >100 

94e >100 >100 >100 >100 >100 >200 >200 >200 >200  >100 >100 

94f >100 >100 >100 >100 >100 >200 >200 >200 >200  50 100 

94h 1.6 >100 >100 >100 >100 >200 >200 >200 >200  50 >100 

94k >100 >100 >100 >100 >100 >200 >200 >200 >200  25 >100 

94l >100 0.8 1.6 >100 >100 >200 >200 >200 >200  12.5 >100 

94m >100 0.8 0.8 >100 >100 >200 >200 >200 >200  12.5 >100 

94n >100 3.1 >100 >100 >100 >200 >200 >200 >200  12.5 >100 

94o >100 1.6 >100 >100 >100 >200 >200 >200 >200  >100 >100 

94p >100 1.6 >100 >100 >100 >200 >200 >200 >200  25.0 >100 

94q >100 >100 >100 >100 >100 >200 >200 >200 >200  >100 >100 

94r >100 1.6 >100 >100 >100 >200 >200 >200 >200  >100 >100 

      

       a All compounds tested at a concentration of 10,000 µg/mL. 
       b NS-1: murine myeloma cells.  
       c NFF: human neonatal fibroblast cells.  
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Heterocycles 94c and 94b only provided moderate anti-giardial activity (screening 

against Giardia duodenalis). These data were consistent with the presence of para-

substituents on a phenyl group increasing activity. However, additional ortho- and meta-

substituents led to inactive compounds. When we evaluated non-aryl-substituted 

thienoquinolines 93, 94a, 94e, and 94f,h and k, we identified that molecules 94a and 94h 

exhibited anti-giardial activity. Notably, compound 94h, which features a phenethyl 

moiety, displayed a MIC of 1.6 µg/mL. For comparison, the MIC for metronidazole (108) 

in our assay was 1.6 µg/mL. The reported MIC for metronidazole is 3 µg/mL. [233] The 

anti-giardial activity provided by analogues 94a and 94h in comparison to inactive 

alkynes 94e and 94k suggests that a less conformationally restricted substituent at the 

C5-position of the thiophene is a key structural feature.    

The anti-giardial activity displayed by compound 94h was also rather selective. 

Specifically, it elicited only small effects on tumor cells (NS-1), had negligible effects 

on human neonatal fibroblast cells (NFF), and displayed no antibacterial, antifungal, 

antiparasitic activity (screening against Bacillus subtilis, Staphylococcus aureus, 

Candida albicans, and Saccharomyces cerevisiae). This selectivity was consistent with 

the results of assays employing heterocycles 94c, 94b and 94a. When taken together, 

these data are consistent with bacteriostatic rather than bactericidal behavior for these 

lead thienoquinolines. Importantly, this reveals that thienoquinolines systems, and 

particularly molecule 94h and its derivatives, may provide the means to overcome the 

drug resistance and treatment failure issues associated with metronidazole and related 

anti-giardial treatments.  
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1.4 Conclusions 
 

From the lead compound WEB-2086 a number of changes were made, as shown in Figure 

36, however, there is still the opportunity for further analogues to be investigated, 

including other modifications to the triazine ring with different heterocycles, a wider 

range of side chains, and a more thorough investigation of the o-chlorophenyl moiety. 

 

 

Figure 36. Modifications to WEB-2086. 

This research has shown that the thienodiazepine core scaffold of the PAF receptor 

antagonist WEB-2086 can be replaced by an unfused core based on a 2-aminothiophene 

or 2-pyrrolothiphene structure and still retain the relevant PAF receptor activity. A range 

of compounds were synthesised and tested, one of which was more potent than WEB-

2086 and had no toxicity effects. The next steps in this research are to further investigate 

the Structure-Activity Relationships by synthesising and testing further compounds, and 

to take compound 83d further into biological testing, for instance into a mouse model for 

COPD. 

The testing results shown in Table 4 are promising because they indicate that an entirely 

new scaffold, not previously used in the treatment of Giardiasis, has selective and potent 

inhibition of the parasite.  It is also hypothesised that the mode of action is different to 

that of metronidazole as the novel thienoquinolines lack a nitro group for activation. They 

have greater similarity to quinacrine and chloroquinine in that they possess a planar 

heterocyclic system. Future work in this area would involve synthesising further reduced 

analogues of 94a and 94k as well as further derivatives of 94h, and screening these for 

activity. Analogues could also be tested against a wider range of protozoan targets. 
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1.5 Experimental 

1.5.1 Synthesis of Brotizolam  

(2-Aminothiophen-3-yl)(2-chlorophenyl)methanone (70) 

 

2-Chlorobenzoylacetonitrile 69 (993 mg, 5.53 mmol; 1 equiv), dithiane-2,5-diol (856 

mg, 5.63 mmol; 1 equiv), NEt3 (0.8 mL; 1 equiv) and THF (2 mL) were combined. The 

mixture was heated at reflux. After 1 h, the mixture was cooled, transferred and 

concentrated under reduced pressure. The ensuing residue was dissolved in EtOAc (15 

mL) and then successively washed with KHSO4 (2 x 10 mL of a saturated aqueous 

solution) and NaHCO3 (2 x 10 mL of a saturated aqueous solution). The organic phase 

was then dried (MgSO4), filtered, and concentrated under reduced pressure. The ensuing 

residue was subjected to flash chromatography (silica gel; 20% EtOAc/ hexanes) to 

provide the compound as a brown semi-solid in 92% yield (259 mg, 1.09 mmol). The 

spectral data for 70 were consistent with that published previously.[124,254]  

1H NMR (600 MHz, CDCl3)  7.43−7.42 (m, 1H), 7.35−7.31 (m, 3H), 6.46 (d, J = 5.8 

Hz, 1H), 6.06 (d, J = 5.8 Hz, 1H) ppm. 

13C NMR (150 MHz, CDCl3)  189.2 (C=O), 166.5, 140.2, 130.5, 130.4, 130.0, 128.4, 

127.2, 126.6, 114.7, 106.5 ppm. 

IR ѵmax (NaCl): 3279 (NH2), 1707 (C=O), 1589, 1447, 1318, 1056, 838, 757, 649 cm−1. 

HRMS [M + H]+: for C11H9ClNOS, predicted 238.0093, found 238.0088. 
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2-Bromo-N-(3-(2-chlorobenzoyl)thiophen-2-yl)acetamide (71) 

 

Bromoacetyl bromide (0.79 mL, 9.02 mmol, 1.1 equiv.) and NEt3 (0.32 mL, 2.28 mmol, 

1.2 equiv.) were added to a stirred solution of amine 70 (1.948 g, 8.20 mmol) in 

anhydrous CH2Cl2 (25 mL) maintained under N2. The reaction was stirred at r.t. for 2 h, 

after which time the reaction mixture was washed with KHSO4 (3 x 15 mL of a saturated 

aqueous solution), Na2CO3 (3 x 15 mL of a saturated aqueous solution), dried (MgSO4), 

filtered, and the solvent evaporated under reduced pressure. The product was purified 

using a short plug of silica gel to give bromine 71 as a yellow oil in 43% yield (1.260 g, 

3.51 mmol).  

1H NMR (400 MHZ, CDCl3)  12.60 (bs, 1H, NH), 7.46–7.33 (m, 4H), 6.76 (d, J = 5.9 

Hz, 1H), 6.72 (d, J = 5.9 Hz, 1H), 4.15 (s, 2H) ppm. 

13C NMR (100MHz, CDCl3)  191.5 (C=O), 164.3, 150.3, 139.0, 131.3, 130.6, 130.2, 

128.5, 126.8, 126.3, 121.8, 116.8, 28.0 (CH2) ppm. 

IR ѵmax (NaCl): 1678 (C=O), 1622, 1528, 1435, 1302, 1246, 1073, 1030, 855, 758, 704 

cm−1. 

Lit 

2-Azido-N-(3-(2-chlorobenzoyl)thiophen-2-yl)acetamide (78) 

 

Sodium azide (0.538 g, 7.89 mmol, 2 equiv.) was added to a solution of bromine 71 

(1.414 g, 3.94 mmol) in acetone (75 mL) and the mixture vigorously stirred at r.t. for 16 

h. H2O (20 mL) was added, and the aqueous layer extracted with CH2Cl2 (3 x 15 mL), 
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dried (Na2SO4), filtered, and the solvent removed under reduced pressure to give the 

azide 78 as a yellow oil in quantitative yield (1.265 g, 3.94 mol) that was sufficiently 

pure and used directly in the next step. 

1H NMR (400 MHz, CDCl3)  12.49 (bs, 1H, NH), 7.51−7.39 (m, 4H), 6.80 (d, J = 5.8 

Hz, 1H), 6.75 (d, J = 5.8 Hz, 1H), 4.33 (s, 2H) ppm. 

13C NMR (100MHz, CDCl3)  191.4 (C=O), 165.2, 149.9, 139.1, 131.2, 130.5, 130.1, 

128.4, 126.8, 126.2, 121.7, 116.6, 52.4 (CH2) ppm. 

IR ѵmax (NaCl): 2116 (N3), 1692 (C=O), 1624, 1526, 1302, 1240, 1030, 855, 758, 704 

cm−1. 

 

5-(2-Chlorophenyl)-1H-thieno[2,3-e][1,4]diazepin-2(3H)-one (73) 

 

PPh3 (0.392 g, 1.50 mmol, 1.2 equiv.) was added to a stirred solution of 78 (0.400 g, 1.25 

mmol) in CH2Cl2 (50 mL). The mixture was stirred at r.t for 16 h, and then the solvent 

was removed under reduced pressure. H20 (20 mL) was added, and the aqueous layer 

was extracted with 50% Et2OAc/hexanes (5 x 15 mL), dried (Na2SO4), filtered, and the 

solvent removed under reduced pressure to give a sample presumed to contain the amine 

72. AcOH (30 mL) was added to amine 72 and the reaction was stirred at 120 C for 1 h. 

Excess NaHCO3 (a saturated aqueous solution) was added and the aqueous layer 

extracted with CH2Cl2 (3 x 10 mL). The combined organic fractions were washed with 

NaHCO3 (3 x 10 mL of a saturated aqueous solution), with NaCl (15 mL of a saturated 

aqueous solution), dried (MgSO4), filtered, and the solvent removed under reduced 

pressure. The compound was isolated using flash column chromatography to give 73 as 

a light brown semi-solid in 7% yield (25 mg, 0.009 mmol). 
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1H NMR (600 MHz, CDCl3)  8.98 (bs, 1H, NH), 7.47 (dd, J = 7.2 Hz and 1.8 Hz, 1H), 

7.42–7.34 (m, 3H), 6.85 (d, J = 5.7 Hz, 1H), 6.57 (d, J = 5.7 Hz, 1H), 4.52 (s, 2H) ppm. 

13C NMR (100MHz, CDCl3)  167.6 (C=O), 166.6 (C=N), 144.3, 138.3, 133.0, 130.7, 

130.6, 130.0, 127.3, 126.9, 126.3, 117.3, 57.4 (CH2) ppm. 
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1.5.2 Synthesis of Series 1 

General Procedure A: Compounds 82b−82f 

 

2-Chlorobenzoylacetonitrile 69 (1.0 equiv), aldehyde/ketone (1.1 equiv), sulfur (1.5 

equiv), morpholine (1 equiv) and EtOH (0.4 mM) were combined and the mixture was 

heated at reflux. After 2 h, the mixture was cooled, transferred to a round-bottom flask 

and concentrated under reduced pressure. The ensuing residue was then subjected to flash 

column chromatography (silica gel, eluent ethyl acetate/hexanes). 

General Procedure B: Compounds 83a−f 

 

Amines 82a–f (1 equiv), 2,5-dimethoxytetrahydrofuran (1.2 equiv) and AcOH (0.3 mM) 

were added to a microwave reactor tube (10-mL). The mixture was heated in a 

microwave reactor at 90 C. After 0.5 h, the mixture was cooled, made alkaline by the 

addition of NaHCO3 (saturated aqueous solution), and extracted with CH2Cl2 (3 x 15 

mL). The combined organic phases were dried (MgSO4), filtered, and concentrated under 

reduced pressure. The ensuing residue was then subjected to flash column 

chromatography (silica gel, eluent ethyl acetate/hexanes). 
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General Procedure C: Compounds 84a−f 

 

Amines 82a-f (1 equiv), hexane-2,5-dione (1.2 equiv) and AcOH (0.3 mM, 3 mL) were 

added to a microwave reactor tube (10-mL). The mixture was heated in a microwave 

reactor at 90 C. After 0.5 h, the mixture was cooled, made alkaline by the addition of 

NaHCO3 (saturated aqueous solution), and extracted with CH2Cl2 (3 x 15 mL). The 

combined organic phases were dried (MgSO4), filtered, and concentrated under reduced 

pressure. The ensuing residue was then subjected to flash column chromatography (silica 

gel, eluent ethyl acetate/hexanes).  

 

(2-Aminothiophen-3-yl)(2-chlorophenyl)methanone (82a) 

 

2-Chlorobenzoylacetonitrile 69 (993 mg, 5.53 mmol; 1 equiv), dithiane-2,5-diol (856 

mg, 5.63 mmol; 1 equiv), NEt3 (0.8 mL; 1 equiv) and THF (2 mL) were combined. The 

mixture was heated at reflux. After 1 h, the mixture was cooled, transferred and 

concentrated under reduced pressure. The ensuing residue was dissolved in EtOAc (15 

mL) and then successively washed with KHSO4 (2 x 10 mL of a saturated aqueous 

solution) and NaHCO3 (2 x 10 mL of a saturated aqueous solution). The organic phase 

was then dried (MgSO4), filtered, and concentrated under reduced pressure. The ensuing 

residue was subjected to flash chromatography (silica gel; 20% EtOAc/ hexanes) to 

provide amine 82a a brown semi-solid in 92% yield (259 mg, 1.09 mmol). The spectral 

data for 82a were consistent with that published previously.[124] 
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1H NMR (600 MHz, CDCl3)  7.43−7.42 (m, 1H), 7.35−7.31 (m, 3H), 6.46 (d, J = 5.8 

Hz, 1H), 6.06 (d, J = 5.8 Hz, 1H) ppm. 

13C NMR (150 MHz, CDCl3)  189.2 (C=O), 166.5, 140.2, 130.5, 130.4, 130.0, 128.4, 

127.2, 126.6, 114.7, 106.5 ppm. 

IR ѵmax (NaCl): 3279 (NH2), 1707 (C=O), 1589, 1447, 1318, 1056, 838, 757, 649 cm−1. 

HRMS [M + H]+: for C11H9ClNOS, predicted 238.0093, found 238.0088. 

 

(2-Amino-5-butylthiophen-3-yl)(2-chlorophenyl)methanone (82b) 

 

Compound 82b was prepared from substrate 69 (1.00 g, 5.57 mmol) and hexanal (0.70 

mL, 5.70 mmol) following General Procedure A (40% EtOAc/ hexanes) as a brown oil 

in 97% yield (1.59 g, 5.41 mmol).  

1H NMR (600 MHz, CDCl3)  7.36−7.35 (m, 1H), 7.29−7.23 (m, 3H), 6.01 (s, 1H), 2.43 

(t, J = 7.6 Hz, 2H), 1.43 (quin. J = 7.6 Hz, 2H), 1.25 (sext, J = 7.5 Hz, 2H), 0.82 (t, J = 

7.3 Hz, 3H) ppm. 

13C NMR (150 MHz, CDCl3)  188.7 (C=O), 165.4, 140.5, 130.6, 130.2, 129.9, 128.4, 

126.6, 126.4, 122.5, 115.3, 33.1, 26.5, 22.1, 13.8 ppm. 

IR ѵmax (NaCl): 3273 (NH2), 2929, 1709 (C=O), 1594, 1450, 1308, 1122, 1055, 755, 694, 

644 cm−1. 

HRMS [M + H]+: for C15H17ClNOS, predicted 294.0719, found 294.0714. 
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(2-Amino-5-octylthiophen-3-yl)(2-chlorophenyl)methanone (82c) 

 

Compound 82c was prepared from substrate 69 (499 mg, 2.78 mmol) and n-

decylaldehyde (519 mg, 3.32 mmol) following General Procedure A (15% EtOAc/ 

hexanes) as a yellow oil in 89% yield (442 mg, 1.26 mmol).  

1H NMR (600 MHz, CD3OD)  7.49 (dd, J = 7.9 and 1.2 Hz, 1H), 7.41 (dtd, J = 21.3, 

7.4 and 1.8 Hz, 2H), 7.34 (dd, J = 7.4 and 1.7 Hz, 1H), 6.00 (s, 1H), 2.50 (td,  J = 7.4 and 

0.9 Hz, 2H), 1.54−1.49 (m, 2H), 1.33−1.28 (m, 10H), 0.90 (t, J = 7.0 Hz, 3H) ppm.  

13C NMR (150 MHz, CD3OD)  188.1 (C=O), 168.1, 140.6, 130.1, 130.0, 129.4, 127.9, 

126.6, 125.7, 121.6, 113.8, 31.6, 30.4, 29.1, 28.9, 28.4, 22.3, 13.0 ppm.  

IR ѵmax (NaCl): 3277 (NH2), 2925, 1586, 1447, 1304, 1120, 1056, 754, 644 cm−1. 

HRMS [M + H]+: for C19H24ClNOS, predicted 350.1345, found 350.1338. 

 

(2-Amino-5-dodecylthiophen-3-yl)(2-chlorophenyl)methanone (82d) 

 

Compound 82d was prepared from substrate 69 (504 mg, 2.81 mmol) and 

tetradecylaldehyde (656 mg, 2.64 mmol) following General Procedure A (15% EtOAc/ 

hexanes) as a brown oil in 88% yield (916 mg, 2.26 mmol).   

1H NMR (600 MHz, CDCl3)  7.43 (m, 1H), 7.38−7.30 (m, 3H), 6.09 (s, 1H), 2.50 (t, J 

= 7.5 Hz, 2H), 1.56−1.49 (m, 2H), 1.36−1.24 (complex m, 18H), 0.90 (t, J = 6.8 Hz, 3H) 

ppm. 
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13C NMR (100 MHz, CDCl3)  188.6 (C=O), 165.8, 140.5, 130.6, 130.2, 129.9, 129.4, 

126.6, 126.4, 122.4, 115.1, 31.9, 30.9, 29.8, 29.7, 29.6, 29.4, 29.3, 29.0, 22.7, 14.1 ppm. 

IR ѵmax (NaCl): 3252 (NH2), 2927, 1704 (C=O), 1525, 1235, 1037, 753, 646 cm−1. 

HRMS [M + H]+: for C23H33ClNOS, predicted 406.1971, found 406.1963. 

 

(2-Amino-5-phenylthiophen-3-yl)(2-chlorophenyl)methanone (82e) 

 

Compound 82e was prepared from substrate 69 (1.00 g, 5.57 mmol) and 

phenylacetaldehyde (735 mg, 6.12 mmol) following General Procedure A (20% EtOAc/ 

hexanes) as a yellow oil in 97% yield (1.59 g, 5.41 mmol).  

1H NMR (600 MHz, CDCl3)  7.66−7.40 (complex m, 10H) ppm. 

13C NMR (150 MHz, CDCl3)  186.1 (C=O), 153.4, 156.0, 134.0, 132.9, 131.8, 131.7, 

131.0, 130.5, 130.3, 129.2, 127.7, 127.5, 126.9, 120.4, 117.4, 114.1 ppm. 

IR ѵmax (NaCl): 3060 (NH2), 1710 (C=O), 1615, 1433, 1337, 1054, 759, 736, 644 cm−1. 

HRMS [M + Na]+: for C17H12ClNOSNa, predicted 336.0226, found 336.0210. 

 

(2-Amino-4,5,6,7-tetrahydrobenzo[b]thiophen-3-yl)(2-chlorophenyl)methanone (82f) 
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Compound 82f was prepared from substrate 69 (1.00 g, 5.57 mmol) and cyclohexanone 

(0.65 mL, 6.29 mmol) following General Procedure A (20% EtOAc/ hexanes) as a yellow 

solid in 90% yield (2.06 g, 7.11 mmol). Melting point: 82 C.  

1H NMR (400 MHz, CDCl3)  7.41−7.25 (m, 4H), 2.51−2.48 (m, 2H), 1.72−1.68 (m, 

4H), 1.52−1.49 (m, 2H) ppm. 

13C NMR (100 MHz, CDCl3)  189.1 (C=O), 166.6, 141.9, 130.7, 130.3, 129.9, 129.6, 

127.8, 126.7, 118.0, 115.2, 25.9, 24.7, 22.9, 22.7 ppm. 

IR ѵmax (NaCl): 3390 (NH2), 2933, 1705 (C=O), 1564, 1424, 1293, 754, 644 cm−1. 

HRMS [M + H]+: for C15H15ClNOS, predicted 292.0563, found 292.0558. 

 

(2-(1H-Pyrrol-1-yl)thiophen-3-yl)(2-chlorophenyl)methanone (83a) 

 

Compound 83a was prepared from substrate 82a (504 mg, 2.12 mmol) following General 

Procedure B (20% EtOAc/ hexanes) as brown semi-solid in 60% yield (299 mg, 1.26 

mmol). 

1H NMR (400 MHz, CDCl3)  7.29−7.28 (m, 4H), 7.17 (m, 1H), 7.10 (d, J = 5.8 Hz, 1H), 

6.76−6.75 (m, 2H), 6.07−6.06 (m, 2H) ppm. 

13C NMR (100 MHz, CDCl3)  188.5 (C=O), 148.7, 138.2, 131., 131.5, 130.2, 129.3, 

128.5, 126.5, 123.6, 120.7, 110.8 ppm. 

IR ѵmax (NaCl): 1709 (C=O), 1591, 1515, 1065, 735, 648 cm−1. 

HRMS [M + H]+: for C15H11ClNOS, predicted 288.0250, found 288.0244. 
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(5-Butyl-2-(1H-pyrrol-1-yl)thiophen-3-yl)(2-chlorophenyl)methanone (83b) 

 

Compound 83b was prepared from substrate 82b (229 mg, 0.78 mmol) following General 

Procedure B (40% CH2Cl2/ hexanes) as a brown oil in 60% yield (160 mg, 0.46 mmol).  

1H NMR (400 MHz, CDCl3)  7.29−7.26 (m, 3H), 7.14 (m, 1H), 6.98 (s, 1H), 6.71 (s, 

2H), 6.01 (s, 2H), 2.79 (t, J = 7.6 Hz, 2H), 1.74−1.66 (m, 2H), 1.50−1.42 (m, 2H), 0.98 

(t, J = 7.3 Hz, 3H) ppm.  

13C NMR (100 MHz, CDCl3)  188.6 (C=O), 146.3, 141.1, 138.4, 131.7, 131.5, 131.3, 

130.1, 129.2, 126.4, 124.6, 123.5, 110.4, 33.3, 29.8, 22.1, 13.8 ppm. 

IR ѵmax (NaCl): 2930, 1713 (C=O), 1656, 1514, 1303, 1065, 726, 646 cm−1. 

HRMS [M + H]+: for C19H19ClNOS, predicted 344.0876, found 344.0870. 

 

(2-Chlorophenyl)(5-octyl-2-(1H-pyrrol-1-yl)thiophen-3-yl)methanone (83c) 

 

Compound 83c was prepared from substrate 82c (205 mg, 0.58 mmol) following General 

Procedure B (30% EtOAc/ hexanes) as a brown oil in 21% yield (49 mg, 0.12 mmol).  

1H NMR (400 MHz, CD3OD)  7.32−7.28 (m, 3H), 7.20 (m, 1H), 6.97 (s, 1H), 6.70 (t, J 

= 2.1 Hz, 2H), 5.96 (t, J = 2.1 Hz, 2H), 2.81 (t, J = 7.4 Hz, 2H), 1.71 (quin, J = 7.5 Hz, 

2H), 1.44−1.32 (complex m, 10H), 0.92 (t, J = 7.0 Hz, 3H) ppm. 
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13C NMR (100 MHz, CDCl3)  188.6 (C=O), 146.3, 141.1, 138.4, 131.6, 131.5, 131.3, 

130.1, 129.2, 126.3, 124.5, 123.5, 110.4, 31.8, 31.2, 30.1, 29.3, 29.2, 29.0, 22.7, 14.1 

ppm.  

IR ѵmax (NaCl): 2926, 1709 (C=O), 1436, 1236, 752, 647 cm−1. 

HRMS [M + H]+: for C23H27ClNOS, predicted 400.1502, found 400.1497. 

 

(2-Chlorophenyl)(5-dodecyl-2-(1H-pyrrol-1-yl)thiophen-3-yl)methanone (83d) 

 

Compound 83d was prepared from substrate 82d (111 mg, 0.27 mmol) following General 

Procedure B (50% CH2Cl2/ hexanes) as a yellow oil in 67% yield (83 mg, 0.18 mmol).  

1H NMR (400 MHz, CDCl3)  ): 7.28−7.23 (m, 3H), 7.18−7.12 (m, 1H), 6.98 (s, 1H), 

6.71 (t, J = 2.2 Hz, 2H), 6.02 (t, J = 2.2 Hz, 2H), 2.78 (t, J = 7.6 Hz, 2H), 1.71 (quin, J = 

7.4 Hz, 2H), 1.43−1.30 (m, 18H), 0.91 (t, J = 6.8 Hz, 3H) ppm. 

13C NMR (100 MHz, CDCl3) 188.6 (C=O), 146.3, 141.2, 138.4, 131.6, 131.5, 131.3, 

130.1, 129.2, 126.3, 124.5, 123.5, 110.4, 31.9, 31.2, 30.1, 29.7, 29.6, 29.5, 29.4, 29.3, 

29.0, 22.7, 14.1 ppm. 

IR ѵmax (NaCl): 2925, 1717 (C=O), 1651, 1516, 1234, 753, 646 cm−1. 

HRMS [M + Na]+: for C27H34ClNOSNa, predicted 478.1947, found 478.1935. 

 

(2-Chlorophenyl)(5-phenyl-2-(1H-pyrrol-1-yl)thiophen-3-yl)methanone (83e) 
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Compound 83e was prepared from substrate 82e (1389 mg, 0.44 mmol) following 

General Procedure B (70% CH2Cl2/ hexanes) as a brown semi-solid in 22% yield (36 

mg, 0.10 mmol). 

1H NMR (400 MHz, CDCl3)  7.61−7.59 (m, 2H), 7.49 (s, 1H), 7.46−7.42 (m, 2H), 

7.39−7.28 (m, 4H), 7.20−7.16 (m, 1H), 6.79 (t, J = 2.1 Hz, 2H), 6.07 (t, J = 2.1 Hz, 2H) 

ppm. 

13C NMR (100 MHz, CDCl3)  188.5 (C=O), 147.4, 139.0, 138.1, 132.8, 132.6, 131.6, 

130.2, 129.3, 129.1, 128.5, 126.5, 125.8, 123.5, 123.4, 110.8 ppm. 

IR ѵmax (NaCl): 1713 (C=O), 1652, 1505, 1379, 1222, 1060, 750, 729, 645 cm−1. 

HRMS [M + H]+: for C21H15ClNOS, predicted 364.0563, found 364.0554. 

 

(2-(1H-Pyrrol-1-yl)-4,5,6,7-tetrahydrobenzo[b]thiophen-3-yl)(2-

chlorophenyl)methanone (83f) 

 

Compound 83f was prepared from substrate 82f (103 mg, 0.35 mmol) following General 

Procedure B (40% CH2Cl2/ hexanes) as a brown semi-solid in 61% yield (73 mg, 0.22 

mmol).  

1H NMR (400 MHz, CDCl3)  7.28 (m, 1H), 7.23−7.22 (m, 2H), 7.09 (m, 1H), 6.60 (bs, 

2H), 5.93 (bs, 2H), 2.75 (dt, J = 20.5 and 5.5 Hz, 4H), 1.95−1.82 (m, 4H) ppm. 

13C NMR (100 MHz, CDCl3)  190.5 (C=O), 144.5, 138.0, 134.7, 132.6, 132.2, 132.1, 

131.7, 130.2, 130.1, 126.2, 123.5, 110.2, 25.5, 24.9, 23.0, 22.5 ppm. 

IR ѵmax (NaCl): 2936, 1713 (C=O), 1657, 1514, 1435, 1333, 1218, 1066, 1032, 871, 752, 

647 cm−1. 

HRMS [M + H]+: for C19H17ClNOS, predicted 342.0719, found 342.0712. 
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(2-Chlorophenyl)(2-(2,5-dimethyl-1H-pyrrol-1-yl)thiophen-3-yl)methanone (84a) 

 

Compound 84a was prepared from substrate 82a (101 mg, 0.43 mmol) following General 

Procedure C (60% CH2Cl2/ hexanes) as a pale-yellow solid in 80% yield (107 mg, 0.34 

mmol). Melting point: 109 C.  

1H NMR (600 MHz, CDCl3)  7.25−7.18 (m, 4H), 7.13−7.08 (m, 2H), 5.61 (s, 2H), 1.96 

(s, 6H) ppm.  

13C NMR (150 MHz, CDCl3)  188.8 (C=O), 145.6, 138.3, 136.9, 131.2, 130.9, 130.1, 

129.8, 128.6, 128.3, 126.5, 123.6, 107.3, 12.7 (CH3) ppm. 

IR ѵmax (NaCl): 171 (C=O), 1656, 1534, 1382, 1306, 1262, 861, 761, 738, 648 cm−1. 

HRMS [M + H]+: for C17H15ClNOS, predicted 316.0563, found 316.0555. 

 

(5-Butyl-2-(2,5-dimethyl-1H-pyrrol-1-yl)thiophen-3-yl)(2-chlorophenyl)methanone 

(84b) 

 

Compound 84b was prepared from substrate 82b (110 mg, 0.37 mmol) following General 

Procedure C (40% CH2Cl2/ hexanes) as a brown oil in 47% yield (66 mg, 0.18 mmol).   

1H NMR (400 MHz, CDCl3)  7.31−7.26 (m, 2H), 7.18 (m, 2H), 7.00 (s, 1H), 5.67 (s, 

2H), 2.82 (t, J = 7.6 Hz, 2H), 2.06 (s, 6H), 1.72 (quin, J = 7.5 Hz, 2H), 1.46 (sext, J = 7.4 

Hz, 2H), 0.99 (t, J = 7.3 Hz, 3H) ppm.  
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13C NMR (100 MHz, CDCl3)  188.9 (C=O), 143.9, 142.9, 138.5, 136.9, 131.0, 130.8, 

130.1, 129.7, 128.5, 126.4, 124.4, 107.0, 33.2, 30.0, 22.2, 13.8, 12.7 ppm. 

IR ѵmax (NaCl): 2958, 1716 (C=O), 1675, 1521, 1436, 1235, 754, 644 cm−1. 

HRMS [M + H]+: for C21H23ClNOS, predicted 372.1189, found 372.1180. 

 

(2-Chlorophenyl)(2-(2,5-dimethyl-1H-pyrrol-1-yl)-5-octylthiophen-3-yl)methanone 

(84c) 

 

Compound 84c was prepared from substrate 82c (147 mg, 4.2 mmol) following General 

Procedure C (15% EtOAc/ hexanes) as a brown oil in 20% yield (36 mg, 0.09 mmol).  

1H NMR (400 MHz, CD3OD)  7.36−7.34 (m, 2H), 7.24−7.22 (m, 2H), 7.01 (s, 1H), 5.59 

(s, 2H), 2.86 (t, J = 7.5 Hz, 2H), 2.02 (s, 6H), 1.73 (quint, J = 7.5 Hz, 2H), 1.44−1.32 

(complex m, 10H), 0.92 (t, J = 7.0 Hz, 3H) ppm.  

13C NMR (100 MHz, CDCl3)  188.9 (C=O), 144.0, 142.9, 138.5, 136.9, 131.0, 130.8, 

130.1, 129.7, 128.5, 126.4, 124.4, 107.0, 31.8, 31.1, 30.3, 29.2, 29.0, 22.7, 14.1, 12.7 

ppm.  

IR ѵmax (NaCl): 2927, 1714 (C=O), 1669, 1521, 1436, 1236, 754, 646 cm−1. 

HRMS [M + H]+: for C25H31ClNOS, predicted 428.1815, found 428.1804. 

 

(2-Chlorophenyl)(2-(2,5-dimethyl-1H-pyrrol-1-yl)-5-dodecylthiophen-3-yl)methanone 

(84d) 



 

88 

 

 

Compound 84d was prepared from substrate 82d (92 mg, 2.3 mmol) following General 

Procedure C (20% EtOAc/ hexanes) as a brown oil in 44% yield (48 mg, 0.01 mmol).  

1H NMR (400 MHz, CDCl3)  7.33−7.28 (m, 2H), 7.19−7.17 (m, 2H), 7.00 (s, 1H), 5.67 

(s, 2H), 2.81 (t, J = 7.6 Hz, 2H), 2.06 (s, 6H), 1.71 (quin, J = 7.6 Hz, 2H), 1.42−1.29 

(complex m, 18H), 0.91 (t, J = 6.8 Hz, 3H) ppm.  

13C NMR (100 MHz, CDCl3)  188.9 (C=O), 144.0, 142.9, 138.5, 136.9, 131.0, 130.8, 

130.1, 129.7, 128.5, 126.3, 124.4, 107.0, 31.9, 31.1, 30.3, 29.7, 29.6, 29.5, 29.4, 29.3, 

29.0, 22.7, 14.1, 12.7 ppm. 

IR ѵmax (NaCl): 2925, 1717 (C=O), 1669, 1520, 1436, 1235, 756, 644 cm−1. 

HRMS [M + H]+: for C29H39ClNOS, predicted 484.2440, found 484.2431. 

 

(2-Chlorophenyl)(2-(2,5-dimethyl-1H-pyrrol-1-yl)-5-phenylthiophen-3-yl)methanone 

(84e) 

 

Compound 84e was prepared from substrate 82e (113 mg, 0.36 mmol) following General 

Procedure C (15% EtOAc/ hexanes) as a yellow oil in 19% yield (24 mg, 0.06 mmol).  

1H NMR (400 MHz, CD3OD)  7.68 (d, J = 8.0 Hz, 2H), 7.60 (s, 1H), 7.46 (t, J = 7.4 Hz. 

2H), 7.41−7.35 (m, 3H), 7.30−7.24 (m, 2H), 5.61 (s, 2H), 2.08 (s, 6H) ppm.  

13C NMR (150 MHz, CD3OD)  189.3 (C=O), 143.9, 142.3, 138.5, 138.0, 132.7, 131.3, 

130.3, 129.7, 129.5, 128.9, 128.4 (2C), 126.5, 125.4, 122.6, 107.2, 11.5 (CH3) ppm.  
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IR ѵmax (NaCl): 1717 (C=O), 1670, 1591, 1505, 1435, 1235, 1109, 754, 736, 647 cm−1. 

HRMS [M + H]+: for C23H19ClNOS, predicted 392.0876, found 392.0868. 

 

(2-Chlorophenyl)(2-(2,5-dimethyl-1H-pyrrol-1-yl)-4,5,6,7-tetrahydrobenzo[b]thiophen-

3-yl)methanone (84f) 

 

Compound 84f was prepared from substrate 82f (108 mg, 0.37 mmol) following General 

Procedure C (40% CH2Cl2/ hexanes) as a brown oil in 46% yield (63 mg, 0.17 mmol). 

1H NMR (400 MHz, CDCl3)  7.24−7.22 (m, 2H), 7.09−7.08 (m, 2H), 5.52 (s, 2H), 2.78 

(dt, J = 14.7 and 5.6 Hz, 4H), 1.98−1.86 (complex m, 10H) ppm. 

13C NMR (100 MHz, CDCl3)  192.3 (C=O), 140.5, 138.8, 137.8, 135.2, 134.5, 131.2, 

130.8, 130.2, 129.3, 128.4, 126.5, 106.9, 25.2, 25.1, 23.2, 22.4, 12.6 (CH3) ppm. 

IR ѵmax (NaCl): 2943, 1711 (C=O), 1662, 1436, 1037, 754, 647 cm−1. 

HRMS [M + Na]+: for C21H20ClNOSNa, predicted 392.0852, found 392.0847. 
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 1.5.2.1 Crystallographic Data 

Table E1. Crystallographic Data Parameters 

Compound 83a 84a 

empirical formula C15H10ClNOS C17H14ClNOS 

fw (g mol-1) 287.75 315.80 

crystal system orthorhombic monoclinic 

space group P212121 P21 

a, Å 5.7467(5) 7.7974(2) 

b, Å 12.3858(19) 11.5043 (4) 

c, Å 18.264(2) 8.7767(3) 

V, Å3 1300.0(3) 741.05(4) 

cryst size, mm 0.22 x 0.12 x 0.08 0.20 x 0.10 x 0.10 

, mm-1 4.01 3.57 

no. unique reflns 2559 2755 

no. reflns obs. (I > 2(I)) 2518 2742 

Rint 0.063 0.028 

temperature, K 100 100 

Final R1, wR2  0.024, 0.061 0.036, 0.084 

Flack parameter -0.001(9) 0.39(5) 
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Figure S1. Molecular representation of 83a derived from x-ray crystallography. Hydrogen 

positions have been derived. Ellipsoids are shown at 50% probability. Analysis performed by 

Dr. Nathan Kilah. 

 

Figure S2. Molecular representation of major component of 84a derived from x-ray 

crystallography. Hydrogen positions have been derived. Ellipsoids are shown at 50% 

probability. Analysis performed by Dr. Nathan Kilah. 
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 Figure S3. Molecular representation of main component of 84a derived from x-ray 

crystallography. Hydrogen positions have been derived. Ellipsoids are shown at 50% 

probability. Analysis performed by Dr. Nathan Kilah. 

 

X-ray crystallographic data for the structural determination of compounds 83a and 84a 

was collected at 100 K with monochromated Cu K radiation (λ = 1.54178 Å) from an 

Incoatec IS Cu microsource on a Bruker D8 Quest, equipped with a PHOTON 100 

CMOS detector. The structures were solved by intrinsic phasing methods with 

SHELXT,1 and refined with SHELXL2 in OLEX2.3 Non-hydrogen atoms in compound 

83a were refined with anisotropic displacement parameters. Hydrogen atoms were 

visible in the diffraction map but were included at calculated positions and ride on the 

atoms to which they are attached. Compound 84a was observed to be disordered in the 

asymmetric unit. The disorder suggested the space group P21/m would be most 

appropriate, but refinement in P21 revealed the two components to be of unequal 

occupancy. Restraints were required to maintain chemically reasonable bond lengths and 
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angles for the minor component, and some atoms near the pseudosymmetry element were 

modelled isotropically. Hydrogen atoms were visible in the diffraction maps of both 

structures but were included at calculated positions and ride on the atoms to which they 

are attached.  Molecular graphics were produced with OLEX2.3 Crystallographic data 

have been deposited with the Cambridge Crystallographic Data Centre (1921328– 

1921329). 

1. Sheldrick, G. M. 2015. SHELXT - Integrated space-group and crystal-structure determination 

Acta Cryst. A71, 3–8. 

2. Sheldrick, G. M. 2015. Crystal structure refinement with SHELXL. Acta Cryst. C71, 3–8. 

3.  Dolomanov, O. V., Bourhis, L. J., Gildea, R.J., Howard, J. A. K., Puschmann, H. 2009. OLEX2: 

a complete structure solution, refinement and analysis program. J. Appl. Cryst. 42, 339. 
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1.5.3 Synthesis of Series 2 

Phenyl(thiophen-3-yl)methanone (90) 

 

To a stirred solution of thiophene-3-carbaldehyde 89 (2.00 g, 17.82 mmol) in anhydrous 

THF, maintained under N2 at 0 oC, phenylmagnesium chloride (27 mL, 53.50 mmol. 3 

equiv.) was added drop-wise. The reaction mixture was warmed to r.t. and stirred for 4 h. 

The reaction was quenched with NH4Cl (50 mL of a saturated aqueous solution) and then 

extracted with Et2O (3 x 15 mL), and the combined organic portions were washed with 

H2O (2 x 10 mL), NaCl (1 x 15 mL of a saturated aqueous solution), dried (MgSO4), 

filtered and the solvent removed under reduced pressure. Alcohol 104 was purified using 

flash column chromatography, to give the intermediate alcohol as pale-yellow oil in 49% 

yield (1.67 g, 8.80 mmol). The spectral data for 104 were consistent with that published 

previously.[255] 

1H NMR (400 MHz, CDCl3)  7.44–7.28 (m, 6H), 7.21–7.19 (m, 1H), 7.02 (dd, J = 4.9, 

1.2 Hz, 1H), 5.89 (s, 1H), 2.44 (bs, OH) ppm. 

13C NMR (100 MHz, CDCl3)  145.4, 143.4, 128.6, 127.8, 126.5, 126.4, 126.2. 121.7, 

72.9 ppm. 

The above alcohol 104 (0.964 g, 5.07 mmol) was combined with pyridinium 

chlorochromate (2.741 g, 12.67 mmol, 2.5 equiv.) in CH2Cl2 and stirred at r.t. for 2 h. 

After this time, celite (~ 1.0 eq. by wt.) was added to the reaction and stirred for ~5 min. 

The mixture was then filtered through a plug of silica gel with CH2Cl2, and the solvent 

removed under reduced pressure to give the previously reported ketone 90 as a clear oil 

in 95% yield (0.909 g, 4.83 mmol). The spectral data for 90 were consistent with that 

published previously.[256] 

1H NMR (400 MHz, CDCl3)  7.95 (dd, J = 2.8, 0.9 Hz, 1H), 7.88 – 7.86 (m, 2H), 7.64 

– 7.59 (m, 2H), 7.51 (t, J = 7.6 Hz, 2H), 7.41 (dd, J = 5.0, 2.9 Hz, 1H) ppm. 
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13C NMR (100 MHz, CDCl3)  190.0 (C=O), 141.3, 138.7, 133.9, 132.3, 129.4, 128.6, 

128.4, 126.2 ppm. 

 

(2,5-Dibromothiophen-3-yl)(phenyl)methanone (91) and (2-Bromothiphen-3-

yl)(phenyl)methanone (95) 

 

Bromine (0.98 mL, 1.92 mmol, 2.1 equiv.) was added to a solution of thiophene 90 (1.720 

g, 9.15 mmol) in CH2Cl2. The reaction was stirred for 2.5 h, and then the solvent was 

removed under reduced pressure. A portion of the mixture (1.230 g) was purified using 

flash column chromatography, to give the desired product 91 as a clear oil in 58% yield 

(729 mg, 2.11 mmol), and the mono-brominated 95, previously reported as a white solid 

in 11% yield (136.7 mg, 0.40 mmol). The spectral data for 91 were consistent with that 

published previously.[257]  

(2,5-Dibromothiophen-3-yl)(phenyl)methanone (91) 

1H NMR (400 MHz, CDCl3)  7.85–7.83 (m, 2H), 7.64 (t, J = 7.5 Hz, 1H), 7.52 (t, J = 

7.5 Hz, 2H), 7.12 (s, 1H) ppm. 

13C NMR (100 MHz, CDCl3)  189.2 (C=O), 140.1, 136.8, 133.5, 131.7, 129.9, 128.6, 

115.7, 111.9 ppm. 

 (2-Bromothiphen-3-yl)(phenyl)methanone (95) 

1H NMR (400 MHz, CDCl3)  7.28–7.79 (m, 3H), 7.59 (t, J = 7.5 Hz, 1H), 7.54 (s, 1H), 

7.49 (t, J = 7.5 Hz, 2H) ppm. 

13C NMR (100 MHz, CDCl3)  188.5 (C=O), 141.5, 137.8, 134.9, 132.6, 131.0, 129.3, 

128.5, 113.6 ppm. 
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2-Bromo-4-phenylthieno[3,2-c]quinoline (93) and 2-(4-Phenylthioneo[3,2-c]quinolin-2-

yl)aniline (97) 

 

 

Dibromothiophene 91 (1.199 g, 3.46 mmol) was dissolved in toluene/EtOH (70 mL, 5:2) 

maintained under N2. Boronic acid 92 (835mg, 3.811 mmol, 1.1 equiv.), Pd(PPh3)4 (80 

mg, 1%), and Na2CO3 (2.5 mL, approx. 1 equiv. as a 2M aqueous solution) were added. 

The reaction was stirred at 70 oC for 3 h. H2O (40 mL) was added and the aqueous layer 

extracted with EtOAc (3 x 20 mL). The combined organic extracts were washed with 

NaCl (20 mL of a saturated aqueous solution), dried (Na2SO4), filtered, and the solvent 

evaporated under reduced pressure. The product was isolated using flash column 

chromatography, to give a 93 as a white solid in 62% yield (735 mg, 2.16 mmol). Melting 

point: 142 C. The diaryl product 97 was obtained as a brown semi-solid in 8% yield (106 

mg, 0.30 mmol).  

2-Bromo-4-phenylthieno[3,2-c]quinoline (93) 

1H NMR (600 MHz, CDCl3) δ 8.28 (d, J = 8.2 Hz, 1H), 7.99 (dd, J = 8.2, 0.9 Hz, 1H), 

7.89–7.88 (m, 2H), 7.76–7.73 (m, 1H), 7.67 (s, 1H), 7.64–7.58 (m, 3H), 7.56–7.53 (m, 

1H) ppm. 

13C NMR (100 MHz, CDCl3) δ 154.5 (C=N), 147.4, 143.9, 139.6, 132.2, 130.5, 129.3, 

129.2, 129.1, 128.8, 127.8, 127.2, 122.9, 122.5, 114.7 ppm. 

IR ѵmax (NaCl): 1474, 1441, 1325, 1074, 955, 752, 692 cm−1. 

HRMS [M + Na]+: for C17H10NBrNaS, predicted 361.9615, found 361.9608. 
 

2-(4-Phenylthioneo[3,2-c]quinolin-2-yl)aniline (97) 

1H NMR (400 MHz, CDCl3)  8.30 (d, J = 8.3 Hz, 1H), 8.12 (d, J = 7.8 Hz, 1H), 7.96–

7.94 (m, 2H), 7.77  (s, 1H), 7.76–7.72 (m, 2H), 7.65–7.51 (m, 5H), 7.40 (dd, J = 7.6, 1.2 

Hz, 1H), 7.25–7.21 (m, 1H), 6.87 (t, J = 7.3 Hz, 1H), 6.82 (d, J = 8.0 Hz, 1H) ppm. 
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13C NMR (100 MHz, CDCl3)  155.5 (C=N), 146.1, 144.3, 143.9, 141.6, 140.1, 132.9, 

131.2, 130.5, 130.0, 129.3, 129.1, 128.7, 126.9, 123.5, 123.3, 123.2, 119.1, 118.8, 116.2 

ppm. 

IR ѵmax (NaCl): 3329 (NH2), 1616, 1479, 1331, 752, 704 cm−1. 

 

General Procedure D: Compounds 94a−d, l−r 

 

Boronic acid or ester (1.1 equiv.), [Pd(PPh3)4] (1%) and Na2CO3 (1 equiv. of a 2 M 

aqueous solution) were successively added to a magnetically-stirred solution of 

compound 93 (0.02 M) in PhMe/EtOH (5:2 v/v) maintained under N2. The ensuing 

mixture was heated at 110 C. After 2 h, the reaction mixture was cooled to r.t and H2O 

(10 mL) added. The aqueous layer was extracted with EtOAc (3 x 10 mL) and the 

combined organic fractions were washed with sat. NaCl (10 mL of a saturated aqueous 

solution), dried (MgSO4), filtered and concentrated under reduced pressure. The ensuing 

residue was subjected to flash column chromatography (silica gel, eluent ethyl 

acetate/hexanes) to provide the cross-coupled product. 

 

General Procedure E: One-Pot Suzuki-Miyaura Procedure 

 

Dibromothiophene 91 (1 equiv.) was dissolved in toluene/EtOH (5:2 v/v) maintained 

under N2. Boronic acid 92 (1.1 equiv.), Pd(PPh3)4 (1%), and Na2CO3 (approx. 1 equiv. as 

a 2M aqueous solution) were added. The reaction was stirred at 70 oC for 3 h. The second 

boronic acid (1.1 equiv.) was added to the mixture, and the temperature increased to 110 
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oC for 2 h. The reaction mixture was cooled to r.t and H2O (10 mL) added. The aqueous 

layer was extracted with EtOAc (3 x 10 mL) and the combined organic fractions were 

washed with sat. NaCl (10 mL of a saturated aqueous solution), dried (MgSO4), filtered 

and concentrated under reduced pressure. The ensuing residue was subjected to flash 

column chromatography (silica gel, eluent ethyl acetate/hexanes) to provide the cross-

coupled product. 

 

(E)-2-(Hept-1-en-1-yl)-4-phenylthieno[3,2-c]quinoline (94a) 

 

Prepared according to the General Procedure D from 93 (106 mg, 0.31 mmol) and trans-

1-heptenylboronic acid pinacol ester (77 mg, 0.34 mmol) to give the product as a yellow 

semi-solid in 64% yield (71 mg, 0.20 mmol).  

Following General Procedure E, 94a was synthesized in 81% yield. 

1H NMR (400 MHz, (CD3)2CO)  8.10 (d, J = 8.3 Hz, 1H), 7.98 (d, J = 8.3 Hz, 1H), 7.92 

(d, J = 7.2 Hz, 2H), 7.66 (t, J = 7.7 Hz, 1H), 7.58–7.50 (m, 4H), 7.43 (s, 1H), 6.64 (d, J 

= 15.7 Hz, 1H), 6.25–6.17 (m, 1H), 2.16 (q, J = 7.2 Hz, 2H), 1.46–1.40 (m, 2H), 1.30–

1.27 (m, 4H), 0.87 (t, J = 6.6 Hz, 3H) ppm. 

13C NMR (100 MHz, (CD3)2CO)  154.7 (C=N), 144.2, 144.1, 143.5, 140.2, 134.6, 132.5, 

130.4, 129.3, 128.9, 128.5, 128.4, 126.9, 123.3, 123.1, 122.9, 121.9, 32.7, 31.3, 28.6, 

22.3, 13.5 ppm. 

IR ѵmax (NaCl): 2930, 2859, 1674, 1557, 1481, 1453, 1331, 858, 758, 702 cm−1. 

HRMS [M + H]+: for C24H24NS, predicted 358.1629, found 358.1629. 
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Morpholino(4-phenylthieno[3,2-c]quinoline-2-yl)methanone (94g) 

 

Bromothineoquinoline 93 (53 mg, 0.16 mmol) was dissolved in toluene/EtOH (7 mL, 

5:2) under an atmosphere of N2 gas and morpholine (30 µL, 0.309 mmol), Pd(PPh3)4 (4 

mg, 0.003 mmol, 2%) and Na2CO3 (1 mL of a 2M aqueous solution) were added. Carbon 

monoxide was bubbled through the reaction for 5 min, and then the reaction flask was 

placed under a balloon of carbon monoxide. The reaction was stirred at 80 C for 24 h, 

and then H2O (5 mL) was added. The aqueous layer was extracted with EtOAc (3 x 10 

mL), washed with NaCl (2 x10 mL of a saturated aqueous solution), dried (MgSO4), 

filtered and the solvent evaporated under reduced pressure. Products were isolated using 

flash column chromatography to give the product as a yellow oil in 12% yield (7 mg, 0.02 

mmol). 

1H NMR (600 MHz, CDCl3)  8.30 (d, J = 8.3 Hz, 1H), 8.15 (d, J = 8.0 Hz, 1H), 7.91 

(d, J = 8.3 Hz, 2H), 7.84 (s, 1H), 7.79 (t, J = 7.6 Hz, 1H), 7.67 (t, J = 7.6 Hz, 1H), 7.62–

7.55 (m, 3H), 3.84–3.77 (m, 8H) ppm. 

13C NMR (150 MHz, CDCl3)  163.2 (C=O), 156.2 (C=N), 147.2, 144.5, 139.6, 136.1, 

131.3, 130.6, 129.6, 129.4, 129.2, 128.8, 127.3, 126.6, 123.3, 123.0, 66.8 (CH2) ppm. 

IR ѵmax (NaCl): 1622, 1481, 1456, 1248, 1115, 1001, 758, 702 cm−1. 

HRMS [M + Na]+: for C22H18O2NNaS, predicted 397.0987, found 397.0984. 

 

Methyl-4-phenylthieno[3,2-c]quinoline-2-carboxylate (94f) 

 

Bromothineoquinoline 93 (41 mg, 0.12 mmol) was dissolved in MeOH (20 mL) 

maintained under N2 and Pd(PPh3)4 (3 mg, 0.002 mmol, 2%) and NEt3 (1 mL) were 
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added. Carbon monoxide was bubbled through the reaction for 5 min, and then the 

reaction flask was placed under a balloon of carbon monoxide. The reaction was stirred 

at 70 C for 16 h, and then HCl (5 mL of a 2M aqueous solution) was added. The aqueous 

layer was extracted with CH2Cl2 (3 x 10 mL), washed with NaCl (10 mL of a saturated 

aqueous solution), dried (MgSO4), filtered and the solvent evaporated under reduced 

pressure. Products were isolated using flash column chromatography to give the product 

as an off-white solid in 69% yield (53 mg, 0.18 mmol). Melting point: 165 C. 

1H NMR (600 MHz, CDCl3)   8.36 (s, 1H), 8.31 (d, J = 7.1 Hz, 2H), 8.17 (d, J = 8.1Hz, 

1H), 7.91 (d, J = 7.1 Hz, 2H), 7.81 (t, J = 7.6 Hz, 1H), 7.67 (t J = 7.6 Hz, 1H), 7.62 – 

7.56 (m, 3H), 4.00 (s, 3H) ppm.  

13C NMR (150 MHz, CDCl3)  162.6 (C=O), 156.8 (C=N), 149.4, 144.6, 139.3, 133.1, 

131.6, 131.6, 130.5, 130.1, 129.5, 129.3, 128.9, 127.4, 123.4, 123.0, 52.7 (CH3) ppm. 

IR ѵmax (NaCl): 1727 (C=O), 1453, 1257, 756, 696 cm−1. 

HRMS [M + Na]+: for C19H13O2NNaS, predicted 342.0565, found 342.0564. 

 

4-Phenyl-2-(phenylethynyl)thieno[3,2-c]quinoline (94e) 

 

Bromothineoquinoline 93 (52.9 mg, 0.156 mmol), CuI (0.016 mmol 3.0 mg), and 

Pd(PPh3)4 (0.0078 mmol, 9.0 mg) were added to a flask, which was then flushed with N2. 

Anhydrous THF/NEt3 (10 mL, 9:1) was added. Phenyl acetylene (0.02 mL, 0.187 mmol, 

1.2 equiv.) was added last, and the reaction stirred at 70 oC for 2 h. The reaction was 

allowed to cool to r.t and was then diluted with Et2O (10 mL) and washed with H2O (3 x 

10 mL) and NaCl (10 mL of a saturated aqueous solution). The organic portion was dried 

(MgSO4), filtered, and the solvent removed under reduced pressure. The product was 

isolated using a short plug of silica gel, to give the product, as a yellow solid in 66% yield 

(37 mg, 0.10 mmol). Melting point: 149 C. 
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1H NMR (400 MHz, CDCl3)  8.29 (d, J = 8.32 Hz, 1H), 8.07 (d, J = 8.2 Hz, 1H), 

7.95−7.93 (m, 2H), 7.84 (s, 1H), 7.75 (t, J = 7.2 Hz, 1H), 7.64–7.53 (m, 7H), 7.41–7.39 

(m, 3H) ppm. 

13C NMR (100 MHz, CDCl3)  155.5 (C=N), 146.7, 144.3, 139.7, 131.8, 131.6, 130.5, 

129.7, 129.3, 129.2, 129.0, 128.7, 128.5, 127.1, 123.4, 123.2, 123.0, 122.2, 95.7, 82.4 

ppm. 

IR ѵmax (NaCl): 1489, 1474, 1443, 1329, 1235, 1026, 858, 752, 689 cm−1. 

HRMS [M + Na]+: for C25H15NNaS, predicted 384.0823, found 384.0822. 

 

2-(3-Methoxyphenyl)-4-phenylthieno[3,2-c]quinoline (94d) 

 

Prepared according to General Procedure D from 93 (54 mg, 0.16 mmol) and (3-

methoxyphenyl)boronic acid (27 mg, 0.18 mmol)  to the product as a white solid in 82% 

yield (48 mg, 0.13 mmol). Melting point: 112 C.  

Following General Procedure E, 94d was synthesized in 47% yield. 

1H NMR (400 MHz, (CD3)2CO)  8.23–8.12 (m, 2H), 8.08–8.05 (m, 3H), 7.81–7.77 (m, 

1H), 7.73–7.69 (m, 1H), 7.66–7.57 (m, 3H), 7.45–7.41 (m, 3H), 7.04–7.01 (m, 1H), 3.91 

(s, 3H) ppm.  

13C NMR (100 MHz, (CD3)2CO)  160.5, 155.2 (C=N), 145.1, 144.3, 144.1, 140.1, 134.8, 

133.0, 130.4, 130.3, 129.4, 129.3, 129.1, 128.8, 128.5, 127.2, 123.1, 123.0, 120.7, 118.9, 

114.4, 112.0, 54.9 ppm. 

IR ѵmax (NaCl): 1599, 1478, 1331, 1290, 1167, 1049, 768, 708 cm−1. 

HRMS [M + Na]+: for C24H17ONNaS, predicted 390.0929, found 390.0930. 
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2-(4-Methoxyphenyl)-4-phenylthieno[3,2-c]quinoline (94c) 

 

Prepared according to General Procedure D from 93 (104 mg, 0.31 mmol) and (4-

methoxyphenyl)boronic acid (51 mg, 0.34 mmol) This provided the product 94c as a 

white solid in 91% yield (102 mg, 0.28 mmol). Melting point: 101 C.  

1H NMR (400 MHz, CDCl3)  8.27 (d, J = 8.3 Hz, 1H), 8.09 (d, J = 7.9 Hz, 1H), 7.97–

7.95 (m, 2H), 7.73–7.56 (m, 8H), 6.98–6.96 (m, 2H), 3.87 (s, 3H) ppm. 

13C NMR (100 MHz, CDCl3)  160.1, 155.5 (C=N), 145.1, 144.4, 143.9, 140.2, 133.4, 

130.4, 129.3, 129.0, 128.7, 128.5, 127.9, 126.9, 126.3, 123.4, 123.0, 119.1, 114.5, 55.4 

ppm. 

IR ѵmax (NaCl): 1607, 1505, 1478, 1256, 1180, 1028, 824, 768, 704, 658 cm−1. 

HRMS [M + Na]+: for C24H17ONNaS, predicted 390.0929, found 390.0928. 

 

2-(4-Chlorophenyl)-4-phenylthieno[3,2-c]quinoline (94b) 

 

Prepared according to General Procedure D from 93 (147 mg, 0.43 mmol) and (4-

chlorophenyl)boronic acid (75 mg, 0.48 mmol)  to give the product as a white solid in 

58% yield (93 mg, 0.25 mmol). Melting point: 163 C. 

Following General Procedure E, 94b was synthesized in 53% yield. 

1H NMR (400 MHz, CDCl3)  8.29 (d, J = 8.3 Hz, 1H), 8.10 (d, J = 7.8 Hz, 1H), 7.96–

7.94 (m, 2H), 7.80 (s, 1H), 7.75–7.72 (m, 1H), 7.67–7.55 (m, 6H), 7.43–7.41 (m, 2H) 

ppm. 
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13C NMR (100 MHz, CDCl3)  155.6 (C=N), 145.7, 144.0, 142.9, 140.1, 134.6, 133.2, 

132.1, 130.5, 129.3, 129.2, 128.9, 128.8, 127.7, 127.1, 123.3, 123.1, 120.8 ppm. 

IR ѵmax (NaCl): 1474, 1331, 1250, 1171, 1094, 812, 754, 718, 692, 656 cm−1. 

HRMS [M + Na]+: for C23H14NClNaS, predicted 394.0433, found 394.0432. 

 

2-Phenethyl-4-phenylthieno[3,2-c]quinoline (94h) 

 

Alkyne 94e (45 mg, 0.12 mmol) was dissolved in EtOH (5 mL) and stirred with Pd/C 

under an atmosphere of H2 gas in a Parr hydrogenator at ~30 psi for 2 h. The reaction 

mixture was filtered through celite with CH2Cl2, and the solvent evaporated under 

reduced pressure and flash column chromatography performed to give the product as a 

yellow oil in 77% yield (35 mg, 0.10 mmol). 

1H NMR (400 MHz, CDCl3)  8.29 (d, J = 8.3 Hz, 1H), 8.07 (d, J = 7.9 Hz, 1H), 7.89–

7.87 (m, 2H), 7.71 (t, J = 7.9 Hz, 1H), 7.62–7.51 (m, 4H), 7.36–7.32 (m, 2H), 7.30–7.24 

(m, 4H), 3.31 (t, J = 7.7 Hz, 2H), 3.11 (t, J = 7.7 Hz, 2H) ppm. 

13C NMR (100 MHz, CDCl3)  155.2 (C=N), 145.4, 145.2, 143.8, 140.5, 140.3, 132.5, 

130.4, 129.3, 128.9, 128.6, 128.4, 128.3, 126.7, 126.4, 123.6, 123.0, 122.3, 37.6, 32.6 

ppm. 

IR ѵmax (NaCl): 2922, 1481, 1453, 1412, 1331, 1026, 858, 754, 698 cm−1. 

HRMS [M + Na]+: for C25H19NNaS, predicted 388.1136, found 388.1134. 

 

(Cis)-4-Phenyl-2-styrylthieno[3,2-c]quinoline (94i) 
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Alkyne 94e (32 mg, 0.09 mmol) was dissolved in EtOH/EtOAc (5 mL, 4:1) and stirred 

with Lindlar’s catalyst (~10 mg) under an atmosphere of H2 gas in a balloon for 1 h. The 

reaction mixture was filtered through celite with CH2Cl2, and the solvent evaporated 

under reduced pressure to give the product as a clear oil in 65% yield (21 mg, 0.06 mmol). 

1H NMR (400 MHz, CDCl3)  8.23 (d, J = 8.2 Hz, 1H), 7.92–7.90 (m, 2H), 7.86–7.84 

(m, 2H), 7.70–7.66 (m, 1H), 7.55–7.51 (m, 5H), 7.44 (s, 4H), 6.82 (s, 2H). 

13C NMR (100 MHz, CDCl3)  155.4 (C=N), 146.0, 144.2, 140.0, 139.8, 136.6, 132.1, 

131.6, 130.5, 130.4, 129.2, 129.0, 128.9, 128.7, 128.6, 128.5, 128.1, 126.7, 126.0, 123.2, 

123.1. 

IR ѵmax (NaCl): 2926, 1674, 1412, 154 cm−1. 

 

(Trans)-4-Phenyl-2-styrylthieno[3,2-c]quinoline (94j) 

 

Alkyne 94e (10 mg, 0.03 mmol) was dissolved in MeOH (20 mL) and NaBH4 (5 mg, 0.13 

mmol) was added. The reaction was stirred at r.t. for 15 min, and then NaHCO3 (10 mL 

of a saturated aqueous solution) was added. The aqueous layer was extracted with CH2Cl2 

(3 x 5 mL) and the combined organic portions washed with NaCl (10 mL of a saturated 

aqueous solution), dried (MgSO4), filtered, and the solvent evaporated under reduced 

pressure. The remaining residue purified using flash column chromatography to give the 

desired product as a yellow oil in 78% yield (8 mg, 0.02 mmol). 

1H NMR (400 MHz, CDCl3)  8.24 (d, J = 8.2 Hz, 1H), 7.93–7.90 (m, 2H), 7.88–7.84 

(m, 2H), 7.70–7.67 (m, 1H), 7.56–7.51 (m, 5H), 7.45 (s, 4H), 6.83 (s, 2H). 
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13C NMR (100 MHz, CDCl3)  155.4, 146.0, 144.1, 139.9, 139.8, 136.7, 132.1, 131.5, 

130.5, 130.4, 129.2, 129.1, 128.9, 128.7, 128.6, 128.3, 126.7, 126.1, 123.2, 123.0.  

IR ѵmax (NaCl): 2926, 909, 746 cm−1. 

 

1-Morpholino-3-(4-phenylthieno[3,2-c]quinolin-2-yl)prop-2-yn-1-one (94k) 

 

Thiophene 93 (105.0 mg, 0.309 mmol), CuI (0.031mmol, 6.1 mg), and Pd(PPh3)4 (0.0154 

mmol, 15.8 mg) were added to a flask, which was then flushed with N2. Toluene (18 mL) 

and NEt3 (3.0 mL) were added. Propargyl alcohol (0.037 mmol, 0.02 mL) was added last, 

and the reaction stirred at 70 oC for 2 h. The reaction was allowed to cool to r.t and was 

then diluted with ethyl acetate (10 mL) and washed with H2O (3 x 10 mL) and NaCl (2 x 

10 mL of a saturated aqueous solution). The organic portion was dried (MgSO4), and the 

solvent removed under reduced pressure. The product was isolated using flash column 

chromatography, with an eluent of 50% EA/hexanes to give alcohol 99 as an off-white 

solid in 48% yield (0.147 mmol, 46.5 mg).  

1H NMR (600 MHz, (CD3)2CO)  8.25 (d, J = 8.1 Hz, 1H), 8.19 (d, J = 8.1 Hz, 1H), 

8.01−7.99 (m, 2H), 7.85–7.28 (m, 2H), 7.74–7.72 (m, 1H), 7.65–7.59 (m, 3H), 4.52 (s, 

2H) ppm. 

13C NMR (150 MHz, (CD3)2CO)  155.0 (C=N), 146.2, 144.2, 139.4, 131.7, 131.4, 130.2, 

129.5, 129.4, 128.5, 127.5, 123.3, 123.2, 122.7, 96.1, 76.4, 50.2 ppm.  

The above alcohol (400 mg, 0.13 mmol), was dissolved in glacial AcOH (50 mL), and 

CrO3 (256 mg, 2.54 mmol, 2 equiv.) was added. The mixture was magnetically stirred for 
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2.5 h. Sodium metabisulfite was added in excess, and then NaHCO3 was added (50 mL 

of a saturated aqueous solution). The aqueous layer was extracted with CH2Cl2 (3 x 20 

mL) and the combined organic portions washed with NaHCO3 (3 x 15 mL of a saturated 

aqueous solution), dried (MgSO4) and concentrated under reduced pressure. Without 

purification, this product was dissolved in anhydrous CH2Cl2 (30 mL), cooled to 0 C, 

and EDCI (144.6 mg, 0.08 mmol, 1.4 equiv.), DMAP (9 mg, 0.006 mmol, 0.1 equiv.), 

NEt3 (0.2 mL, 0.15 mmol, 2.5 equiv.) and morpholine (75 uL, 0.06 mmol, 1 equiv.) were 

added successively. The ensuing mixture was magnetically-stirred at r.t for 16 h. H2O 

( 20 mL) was assed, and the organic portion washed with KHSO4 (3 x 10 mL of a saturated 

aqueous solution,), NaHCO3 (3 x 10 mL of a saturated aqueous solution,), H2O (3 x 10 

mL of a saturated aqueous solution,), dried (MgSO4) and concentrated under reduced 

pressure and purified using flash column chromatography (silica gel) to give the product 

94k as an orange oil in 5% yield.  

1H NMR (600 MHz, CDCl3)  8.22−8.21 (m, 1H), 8.05 (d, J = 8.0 Hz, 1H), 7.81 (d, J = 

8.0 Hz, 2H), 7.74 (s, 1H), 7.70 (t, J = 7.8 Hz, 1H), 7.57 (t, J = 7.6 Hz, 1H), 7.52−7.45 

(m, 3H), 3.74−3.72 (m, 4H), 3.68−3.67 (m, 4H) ppm. 

13C NMR (100 MHz, CDCl3)  163.1 (C=O), 156.2 (C=N), 147.3, 136.2, 131.3, 130.5, 

129.7, 129.5, 129.2, 128.8, 127.4, 126.6, 123.3, 123.0, 66.8 ppm.  

IR ѵmax (NaCl): 2920, 1623, 1454, 1275, 1114, 1019, 770, 703 cm−1. 

 

2-(2-Methoxyphenyl)-4-phenylthieno[3,2-c]quinoline (94l) 

 

Prepared according to General Procedure D from 93 (104 mg, 0.31 mmol) and 2-

methoxyphenylboronic acid (51 mg, 0.34 mmol) to give the product as a yellow solid in 

68% yield (109 mg, 0.30 mmol). Melting point: 148 C.  
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1H NMR (600 MHz, CDCl3)  8.18 (d, J =  8.2 Hz, 1H), 8.05 (dd, J =  8.2, 0.9 Hz, 1H), 

7.90 (s, 1H), 7.87 (d, J =  8.1 Hz, 2H), 7.62−7.57 (m, 2H), 7.50−7.47 (m, 3H), 7.43 (t, J 

=  7.4 Hz, 1H), 7.23 (t J = 7.4 Hz, 1H), 6.94−6.91 (m, 2H), 3.87 (s, 3H) ppm. 

13C NMR (150 MHz, CDCl3)  156.1, 155.5 (C=N), 146.1, 143.8, 140.2, 140.1, 132.2, 

130.4, 129.7, 129.4, 129.2, 129.0, 128.7, 128.4, 126.7, 123.4, 123.2, 122.7, 122.5, 121.1, 

111.8, 55.8 ppm. 

IR ѵmax (NaCl): 1551, 1491, 1480, 1333, 1248, 1117, 1026, 752, 707, 658 cm−1. 

HRMS [M + Na]+: for C24H17ONNaS, predicted 390.0929, found 390.0925. 

 

2-(2,3-Dimethoxyphenyl)-4-phenylthieno[3,2-c]quinoline (94m) 

 

Prepared according to General Procedure D from 93 (103 mg, 0.30 mmol) and 2,3-

dimethoxyphenylboronic acid (61 mg, 0.33 mmol) to give the product as a white solid in 

66% yield (113 mg, 0.28 mmol). Melting point: 130 C.  

1H NMR (600 MHz, CDCl3)  8.19 (d, J = 8.47 Hz, 1H), 8.09, (dd, J = 8.1, 0.9 Hz, 1H), 

7.92 (s, 1H), 7.87 (d, J = 8.2 Hz, 2H), 7.61 (dt, J = 6.9, 1.4 Hz, 1H), 7.53−7.48 (m, 3H), 

7.44 (t, J = 7.4 Hz, 1H), 7.25 (dd, J = 8.0, 1.4 Hz, 1H), 7.02 (t, J = 8.0 Hz, 1H), 6.8 (dd, 

J =  8.1, 1.3 Hz, 1H), 3.84 (d, J = 4.2 Hz, 6H) ppm. 

13C NMR (150 MHz, CDCl3)  155.6 (C=N), 153.5, 146.7, 146.2, 143.9, 140.2, 139.3, 

132.9, 130.4, 129.3, 129.1, 128.7, 128.6, 127.5, 126.8, 124.5, 123.5, 123.2, 122.8, 120.3, 

112.4, 60.9, 56.0 ppm. 

IR ѵmax (NaCl): 1577, 1486, 1472, 1427, 1265, 1234, 1086, 1002, 768, 703 cm−1. 

HRMS [M + Na]+: for C25H19O2NNaS, predicted 420.1034 found 420.1032. 
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2-(3,4-dimethoxyphenyl)-4-phenylthieno[3,2-c]quinoline (94n) 

 

Prepared according to General Procedure D from 93 (101 mg, 0.30 mmol) and 3,4-

dimethoxyphenylboronic acid (61 mg, 0.33 mmol) to give the product as a brown solid 

in 60% yield (120 mg, 0.25 mmol). Melting point: 164 C.  

1H NMR (600 MHz, CDCl3)  8.16 (d, J = 8.3 Hz, 1H), 7.96 (dd, J = 8.1 and 0.9 Hz, 

1H), 7.8 (d, J = 8.3 Hz, 2H), 7.59−7.57 (m, 2H), 7.50−7.42 (m, 4H), 7.16 (d, J = 8.2 Hz, 

1H), 7.7 (d, J = 2.1 Hz, 1H), 6.79 (d, J = 8.4 Hz, 1H), 3.86 (s, 3H), 3.82 (s, 3H) ppm. 

13C NMR (150 MHz, CDCl3)  155.4 (C=N), 149.8, 149.4, 145.3, 144.6, 143.8, 140.2, 

134.3, 130.4, 129.3, 129.1, 128.7, 128.6, 126.9, 126.6, 123.4, 123.0, 119.5, 119.2, 111.6, 

109.8, 56.2, 56.1 ppm. 

IR ѵmax (NaCl): 1507, 1479, 1440, 1264, 1145, 1026, 767, 707, 657 cm−1. 

HRMS [M + Na]+: for C25H19O2NNaS, predicted 420.1034 found 420.1031. 

 

2-(3,5-Dimethoxyphenyl)-4-phenylthieno[3,2-c]quinoline (94o) 

 

Prepared according to General Procedure D from 93 (103 mg, 0.30 mmol) and 3,5-

dimethoxyphenylboronic acid (61 mg, 0.33 mmol) to give the product as a white solid in 

66% yield (112 mg, 0.28 mmol). Melting point: 168 C.  
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1H NMR (600 MHz, CDCl3)  8.3 (d, J = 7.7 Hz, 1H), 8.2 (dd, J = 8.0, 0.8 Hz, 1H), 7.96 

(d, J = 7.4 Hz, 2H), 7.82 (s, 1H), 7.73 (t, J = 7.0 Hz, 1H), 7.65−7.61 (m, 3H), 7.57 (t, J 

= 7.4 Hz, 1H), 6.88 (d, J = 2.2 Hz, 2H), 6.51 (t, J = 2.2 Hz, 1H), 3.88 (s, 6H) ppm. 

13C NMR (150 MHz, CDCl3)  161.3, 155.6 (C=N), 145.7, 144.4, 143.7, 139.9, 135.4, 

133.0, 130.3, 129.3, 129.2, 128.8, 127.0, 123.3, 123.1, 120.7, 105.1, 100.5, 55.6 ppm. 

IR ѵmax (NaCl): 1592, 1454, 1425, 1329, 1206, 1156, 1066, 832, 768, 702 cm−1. 

HRMS [M + Na]+: for C25H19O2NNaS, predicted 420.1034 found 420.1030. 

 

2,4-Diphenylthieno[3,2-c]quinoline (94r) 

 

Prepared according to General Procedure D from 93 (102 mg, 0.30 mmol) and 

phenylboronic acid (40 mg, 0.33 mmol) to give the product as a white solid in 63% yield 

(90 mg, 0.27 mmol). Melting point: 147 C.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

1H NMR (600 MHz, CDCl3)  7.30 (d, J = 8.3 Hz, 1H), 9.10 (dd, J = 8.1, 0.9 Hz, 1H), 

7.99 (d, J = 7.0 Hz, 2H), 7.82 (s, 1H), 7.73−7.70 (m, 3H), 7.64−7.56 (m, 4H), 7.45 (t, J = 

7.4 Hz, 2H), 7.38 (t, J = 7.4 Hz, 1H) ppm. 

13C NMR (150 MHz, CDCl3)  155.6 (C=N), 145.7, 144.4, 143.9, 140.1, 133.6, 133.2, 

130.4, 129.4, 129.1, 128.8, 128.7, 126.9, 126.6, 123.4, 123.1, 120.4 ppm. 

IR ѵmax (NaCl): 1554, 1476, 1453, 1331, 1252, 1027, 947, 757, 711, 698, 658 cm−1. 

HRMS [M + Na]+: for C23H15NNaS, predicted 360.0823, found 360.0822. 

 

2-(2-Chlorophenyl)-4-phenylthieno[3,2-c]quinoline (94p) 
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Prepared according to General Procedure D from 93 (102 mg, 0.30 mmol) and 2-

chlorophenylboronic acid (51 mg, 0.33 mmol) to give the product as a white solid in 65% 

yield (102 mg, 0.28 mmol). Melting point: 126 C.  

1H NMR (600 MHz, CDCl3)  8.32 (d, J = 8.0 Hz, 1H), 8.14 (dd, J = 8.0, 0.9 Hz, 1H), 

7.99 (d, J = 8.0 Hz, 2H), 7.90 (s, 1H), 7.75 (ddd, J = 8.4, 7.0, 1.4 Hz, 1H), 7.64−7.53 (m, 

4H), 7.56−7.53 (m, 2H), 7.36−7.33 (m, 2H) ppm. 

13C NMR (150 MHz, CDCl3)  155.8 (C=N), 146.6, 144.0, 140.3, 140.0, 132.8, 132.6, 

132.3, 131.9, 130.7, 130.5, 129.7, 129.3, 129.2, 128.9, 128.7, 127.1, 126.9, 125.5, 123.2 

ppm. 

IR ѵmax (NaCl): 1558, 1485, 1467, 1330, 1246, 1064, 949, 756, 700, 658 cm−1. 

HRMS [M + Na]+: for C23H14ClNNaS, predicted 394.0433, found 394.0427. 

 

2-(3-Chlorophenyl)-4-phenylthieno[3,2-c]quinoline (94q) 

 

Prepared according to General Procedure D from 93 (101 mg, 0.30 mmol) and 3-

chlorophenylboronic acid (51 mg, 0.33 mmol) to give the product as a white solid in 66% 

yield (104 mg, 0.28 mmol). Melting point: 165 C.  

1H NMR (600 MHz, CDCl3)  8.12 (d, J = 8.3 Hz, 1H), 7.88 (d, J =  8.0 Hz, 1H), 7.78 

(d, J = 6.9 Hz, 2H), 7.62 (s, 1H), 7.55 (t, J = 7.8 Hz, 1H), 7.51 (s, 1H), 7.48−7.36 (m, 

5H), 7.17−7.16 (m, 2H) ppm. 
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13C NMR (150 MHz, CDCl3)  155.6 (C=N), 145.9, 143.9, 142.5, 139.8, 135.3, 135.1, 

133.0, 130.4, 130.3, 129.3, 128.9, 128.8, 128.5, 127.0, 126.4, 124.6, 123.2, 123.2, 121.2 

ppm. 

IR ѵmax (NaCl): 1593, 1564, 1485, 1453, 1330, 1250, 1079, 966, 767, 740, 719, 701 cm−1. 

HRMS [M + Na]+: for C23H14ClNNaS, predicted 394.0433, found 394.0432. 
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1.5.3.1 Biological Testing Experimental  

Performed by Rajendra Kc, Menzies Centre, University of Tasmania 

Human bronchial epithelial cells (BEAS-2B) were cultured in the serum free bronchial 

epithelial basal medium (BEBM) supplemented with the BulletKit (BEGM) at 37 C and 

5% CO2. The BEAS-2B cells were sub-cultured in a T-75 and were used for the 

experiments at passage numbers ≤15 passages. NTHi bacteria were labelled with 

fluorescein isothiocyanate (FITC). Briefly, bacteria were grown overnight in brain heart 

infusion medium supplemented with hemin (1 mg/mL) and nicotinamide adenine 

dinucleotide (NAD, 10 mg/mL) and then bacteria (108 CFU/mL) were incubated for 1 h 

at 4C with 1 mg/mL (w/v) FITC prepared in a carbonate buffer (0.9M sodium carbonate, 

0.015M sodium bicarbonate and 0.1M sodium chloride). The FITC-labelled bacteria were 

washed three times with phosphate buffered saline (PBS) and resuspended in BEGM 

without antibiotics at a density of 5 x 107 CFU/mL. BEAS-2B cells were transferred to 

sterile 8-well chambered glass slides pre-coated with 5% (v/v) bovine collagen I at a 

density of 30,000 cells per well and cultured for an additional 24 hours to form a confluent 

monolayer. The cell monolayer was then exposed to CSE at concentrations ranging from 

8.75 ng/mL to 8.75 µg/ml. After exposure to the CSE, the BEAS-2B cells were washed 

with pre-warmed PBS and treated with PAFr antagonists. Compounds were prepared in 

DMSO at 10mM concentration and then diluted in antibiotic-free BEGM to a final 

concentration of 100 µm, 10 µm, 1 µm, and 100 nm. The BEAS-2B cells were incubated 

with 200 µl of different concentration of compound for 1 hour at 37 C and 5% CO2. 

FITC-tagged NTHi (100 µL) was added to the monolayer at a multiplicity of infection of 

100:1. The cells were incubated for 1 h at 37 C and 5% CO2 and then washed three times 

with pre-warmed PBS. 

Cells were analysed via immunocytochemistry and analysis of microscopy images. 

BEAS-2B cells were fixed with 200 µL of 4% (w/v) paraformaldehyde for 20 minutes at 

room temperature. After two washes with PBS, cells were permeabilised with 100 µL of 

chilled (-20 C) acetone for 10 minutes at r.t.  Then cells were washed three times with 

PBS and blocked with 200 µL of 1% (w/v) bovine serum albumin (BVA), prepared in 

1% (v/v) Tween-20-PBS for 1 h at r.t.. The cells were then incubated with mouse anti-

human platelet activating factor receptor monoclonal antibody (anti-PAFr mAb, 2.5 

µg/mL) overnight in the dark at 4 C. After here washed with 0.1% (w/v) BSA, cells were 
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incubated with 1:100 dilutions of Alexa Fluor 594-conjugated goat anti-mouse IgG (H+L) 

secondary antibody for 1 h at r.t. The cells were then rinsed three times with 0.1% (w/v) 

BSA, followed by staining with 4’,6-diamidino-2-ohenylindole (DAPI, 1 µg/ mL) in the 

dark at r.t for 15 minutes. Finally, the cells were washed three times with PBS and air-

dried before the slides were mounted with Dako fluorescence mounting media. Cells were 

examined with an Olympus BX50 epifluorescence microscope equipped with NIS 

elements software and Cool Snap Hq2 CCD camera under 400x magnification. Ten 

images were taken per well from different points using three different fluorescence 

channels for DAPI (violet excitation and blue emission, 200 ms exposure), Alexa Fluor 

594 (green excitation and red emission, 300 ms exposure) and FITC (blue excitation and 

green emission, 500 ms exposure). Image merging and bacterial and BEAS-2B cell 

counting was performed using the software ImageJ. 

Toxicity testing 

Cells were seeded into sterile clear flat-bottom 96 well plates at a density of 5,000 per 

well and incubated overnight at 37 C and 5% CO2. The cells were exposed to different 

concentrations of compound, followed by Alamar Blue at a concentration of 10% (v/v). 

The cells were then incubated for 4 hours at 37 C and 5% CO2 to allow cells to convert 

resazurin (blue) to resorufin (red). 

Dose dependent inhibition of NTHi adhesion 

Inhibition of CSE induced NTHi adhesion to BEAS-2B cells by WEB-2086 and 

compound 83d. The BEAS-2B cells were exposed to 1% DMSO or 87.5 µg/mL of CSE 

for 4 hours. This was followed by treatment with vehicle (1% DMSO) or WEB-2086 or 

compound 83d at concentration of 10 nM for an hour and subsequent challenge with 

FITC-labelled NTHi for an additional hour. The data represent the mean ± standard error 

for duplicates; $$$p <0.001, **p < 0.01 relative to 1% DMSO-exposed and vehicle-treated 

CSE-exposed BEAS-2B cells, respectively; one-way analysis of variance with 

Bonferroni multiple comparison test.  
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2.1 Background 

2.1.1 Mitochondria and Mitochondrial Dysfunction  

Mitochondria are intracellular organelles that perform fundamental roles in eukaryotic 

cells, including the generation of energy as adenosine triphosphate (ATP) via a process 

called oxidative phosphorylation (oxphos), which takes place in the Electron Transport 

Chain (ETC).[1,2] The ETC is comprised of five large, multi-subunit complexes (Figure 

1).[2,3] Electrons are shuttled from complex I to complex IV, and in doing so, protons are 

pumped from these complexes out into the intermembrane space, creating a membrane 

potential of approximately 160 mV. The final subunit of the ETC, ATP synthase, utilises 

this proton gradient to create ATP.[3] 

 

Figure 4. Representation of the Electron Transport Chain.[1] 

Mitochondria are also major producers of Reactive Oxygen Species (ROS).[4,5] ROS can 

cause damage to mitochondrial proteins, lipids and DNA, disrupting ATP production.[5] 

The mitochondria has defences in the form of antioxidants and enzymes that help to 

scavenge ROS.[6]  In normally functioning mitochondria, the production of ROS is not an 

issue, but when antioxidant mechanisms can no longer cope with the levels of ROS, 

oxidative stress occurs.[7]  This in turn can lead to degeneration and cell death, and 

numerous diseases.[3,5]  

Mitochondrial dysfunction can be classified as either primary or secondary. Primary 

dysfunctions are the result of a genetic mutation in mitochondrial or nuclear genes.[3] One 
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example of the dysfunctions is a deficiency or disruption to the function of complex I in 

the ETC, which occurs in both rare and common diseases relating to the mitochondria.[8] 

Secondary dysfunctions are far more common and are caused by pathological events that 

occur outside the mitochondria, such as ischemia, sepsis, neurodegeneration, metabolic 

syndrome, organ transplantation, cancer, autoimmune diseases and diabetes.[3]  

Mitochondria are an important therapeutic target due to their involvement in so many 

biological functions. Most treatment methods for mitochondrial diseases aim to 

ameliorate the consequences rather than treat the root cause of the malfunction.[3] 

Mitochondrial dysfunction and oxidative damage have been implicated in a range of 

diseases from fatigue, drug-induced toxicity, atherosclerosis, arthritis and hepatitis to 

optic neuropathies such as Leber’s Hereditary Optic Neuropathy (LHON) and 

neurodegenerative diseases.[6,9] Despite the varied presentation of these diseases, all share 

defective ATP production and increased ROS generation. 

The current opinion is that most mitochondrial-related diseases occur as a result of a 

number of factors, one of which is an impairment of the functioning of complex I in the 

ETC. While these diseases are relatively common, there is a lack of effective, approved 

treatments available.  One potential strategy for the treatment of such complex I 

dysfunction is to use “complex I bypass” techniques to restore synthesis of ATP and ETC 

function.[8] In this strategy, complex I of the ETC is effectively ignored, or skipped, and 

compounds such as Vitamin K or Coenzyme Q10 are used to transfer electrons directly to 

complex II. These are reversible, redox-active molecules that already play a role in the 

ETC. 

 

2.1.2 Current Treatment Options 

Vitamin K2, or menaquinone (1), is the major form of vitamin K found in animal tissues. 

It has a variable number of isoprenoid units, but it most commonly has four (Figure 2A). 

Vitamin K3, or menadione (2) is a synthetic form of vitamin K which can also be 

converted into vitamin K2.[10] In the ETC, vitamin K shuttles electrons from complex I 

to complex II. As shown in Figure 2B, it is first reduced to vitamin K hydroquinone (3) 

by vitamin K epoxide reductase (VKOR). Hydroquinone 3 becomes an electron donor 

for the -carboxylation of vitamin K dependent proteins by -glutamyl carboxylase, and 

then is oxidised to vitamin K epoxide 4. VKOR  reduces 4 back to vitamin K.[11,12]  
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Previous studies have demonstrated that vitamin K and the vitamin K cycle are involved 

in cell growth, inflammation, apoptosis, and Ca2+ metabolism, and are associated with 

diseases such as osteoporosis, cancer, diabetes,  vascular clarification, as well as being 

involved in brain function and ageing.[10,13–15] Vitamin K treatment has also been shown 

to rescue mitochondrial function in a Parkinson’s Disease model.[16] 

 

 

Figure 5. A. Vitamin K derivatives. B. The Vitamin K Cycle. 

Coenzyme Q10, or ubiquinone, (5) is also a quinone based molecule which forms part of 

the ETC (Figure 3A). Like vitamin K, it is a redox active lipophilic molecule. It is 

synthesised endogenously, and as well as acting as an electron carrier for complexes I 

and II in the ETC, it participates in protection of membranes and lipoproteins from 

oxidative damage.[17] CoQ10 differs from vitamin K in the quinone portion of the 

molecule. Vitamin K is a naphthoquinone while CoQ10 is classed as a benzoquinone. 

Naphthoquinones can be reduced by two enzymes, VKOR, or NQO1 (NAD(P)H:quinone 

oxidoreductase).[13] In contrast, benzoquinones can only be reduced by NQO1. There are 

a number of polymorphisms that can occur in the genes encoding for NQO1 resulting in 

inhibition of NQO1 function.[7,18–20] The implication is that individuals with these 

polymorphisms have impaired metabolism of benzoquinone compounds such as CoQ10, 

and thus have impaired mitochondrial function and increased generation of ROS via 

CYP450.[7,18–20] Figure 3B shows the competing reduction of benzoquinones by NQO1 

and CYP450 (NADPH:cytochrome P450 reductase). If reduced by NQO1, a stable 

hydroquinone 6 will form, but if reduced by CYP450 a semiquinone 7 will form, which 

is toxic and can react with molecular oxygen to form ROS.[21,22]  
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Figure 3. A. Coenzyme Q10 (Ubiquinone). B. Competing NQO1/CYP450 metabolism of 

quinones. 

Treatment with CoQ10 has shown some evidence of acting as a neuroprotective agent in 

Alzheimer’s, Parkinson’s and Huntington’s disease, and Friedreich’s Ataxia.[17,23–25] 

There is also a small amount of evidence that it may be beneficial in muscular and 

cardiovascular diseases, as well as cancer.[17] Clinical trials of CoQ10 for 

neurodegenerative diseases and mitochondrial dysfunction, including optic neuropathies, 

have shown mixed results.[7,26,27] The effectiveness of CoQ10 in the treatment of 

mitochondrial disorders may be related to its limited solubility, as it is an extremely 

hydrophobic molecule, resulting in low bioavailability.[7] In rats, only about 3% of 

ingested CoQ10 is absorbed.[28] Further, it is unlikely that such lipophilic molecules could 

penetrate the mitochondrial membrane to reach sites of ROS generation.[6] 

Idebenone (8; Figure 4) is a synthetic analogue of CoQ10, with the same benzoquinone 

core but a different tail structure: a 10-carbon alkane chain terminating in a hydroxyl 

group as opposed to the 10 isoprenyl units of CoQ10. It is thought to act in a similar way 

to CoQ10, where upon reduction by NQO1 to the active hydroquinone form, it shuttles 

electrons in the ETC, contributing to ATP synthesis. It also scavenges free radicals and 

protects the mitochondrial membrane from lipid peroxidation.[17] Its actions as a 
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therapeutic for mitochondrial dysfunction are therefore twofold; to rescue ATP synthesis 

and reduce the amount of ROS present. 

  

Figure 4. Idebenone 

 

The structural differences between CoQ10 and idebenone have a further impact on the 

function of the molecule, changing its solubility and ability to participate in other redox 

reactions outside of the mitochondria.[21] It is also able to cross the blood-brain barrier, 

and has been demonstrated to successfully treat Leigh syndrome (a neurological disorder) 

where CoQ10 had no effect.[17] The specific lipophilicity of idebenone (logD = 3.9) means 

that it has a unique biochemical activity that cannot be replicated by CoQ10 or other 

related molecules.[29]  

Idebenone has encouraging pre-clinical results for the treatment of LHON, and has been 

used in a number of clinical trials for the disease.[17,30] Results show that it is well tolerated 

and aids visual recovery.[17,30–32] It can also protect against the loss of vision in LHON if 

given preventatively. In 2015, the European Medicines Agency approved Idebenone, 

produced by Santhera as Raxone®, to be used in the treatment of LHONs, albeit with a 

requirement for continued evaluation of its clinical benefit.[8,30] There is also some 

evidence that idebenone may be beneficial in other optic neuropathies.[30] Idebenone has 

also been examined as a potential therapeutic for Friedreich’s Ataxia,[17,23,33] Duchenne 

Muscular Dystrophy,[34–37] Multiple Sclerosis,[38] and is under investigation in various 

other indications too.[29] 

 

2.1.3 Previous Work Within the Group 

There has been a significant amount of work done previously within our research group 

by Dr. Krystel Woolley to examine the Structure-Activity Relationships of novel short-

chain quinones.  A small library of ~145 compounds were synthesised and tested by 

colleagues in the Pharmacy Department, University of Tasmania for toxicity and the 
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ability to rescue ATP and cell viability in a rotenone-induced mitochondrial dysfunction 

model.[39] The key findings from this research are outlined below.  

• Replacing the benzoquinone core in idebenone with a naphthoquinone core 

greatly reduced the cytotoxicity of the compound. This is likely due to the 

different reduction mechanisms of the two quinone cores by VKOR and NQO1 

enzymes. 

• Removing the terminal hydroxy group in idebenone caused an almost total loss of 

activity, indicating that a polar group is necessary within the molecule to facilitate 

entry into the cell.  

• Compounds with aliphatic side chains containing between four and eight carbon 

atoms had better activity than analogues with shorter or longer chains, but there 

was no clear difference in activity between compounds with four to eight 

carbons.[39]  

• Cytoprotection was observed to be cell line specific, in contradiction to the 

previous literature where no species or tissue dependency for cytoprotection had 

been noted.[40]  

• Novel naphthoquinone compounds provided cytoprotection equal to that of 

idebenone but did not restore the levels of ATP production to normal, suggesting 

that an ATP-independent pathway was mediating the cytoprotective capabilities 

of these molecules. This is in contrast to the previously discussed body of work 

pointing to idebenone as a complex I bypass agent.[39]  

• Cytoprotection by quinones does not necessarily correlate with ability to rescue 

ATP, contrary to previous studies. From this we can infer that cytoprotective 

ability is likely to be associated with the side chain functionality rather than the 

core, although we do know that the type of quinone core used is important in 

toxicity.[39,40] 

 

• Substitution of the methyl group at the C2 position with a hydrogen or a hydroxy 

group decreased the activity in all cases that were tested.  

 

 



 

135 

 

A comprehensive SAR study was established, as shown in Figure 5. Analogues are 

considered to have good activity if they have a high level of both ATP rescue and cell 

viability.  

 

Figure 5. SAR data for novel naphthoquinone compounds.[39] 

From this work, five top-performing compounds were identified and studied further 

(Figure 6). Two of these top-performing analogues have been advanced into in vivo 

studies in models for LHON and diabetic retinopathy. Preliminary results show that the 

in vitro SAR study appears to give an adequate representation of activity in vivo. In the 

LHON model, the naphthoquinone derivative was clearly seen to be superior to 

idebenone. At 200 mg/kg, idebenone was unable to restore vision after ten days, but the 

naphthoquinone compounds had a measurable effect. In the diabetic retinopathy model, 

the novel derivatives provided a similar response to idebenone, but at one-fifth of the 

concentration. 
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Figure 6. Lead Idebenone analogues identified. 
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2.2 Project Aims 

 

 

1. To synthesise short-chain naphthoquinone compounds containing a heteroatom 

(O, N or S) at position X to change the redox potentials of the naphthoquinone. 

 

 

 

2. To measure the activity of these compounds in the previously established ATP 

rescue assay and determine if the addition of these heteroatoms has a significant 

effect on solubility, metabolism, toxicity, and ATP rescue of the molecule. 

 

 

 

 

3. To explore whether the redox activity is essential to the ability of these short-

chain naphthoquinones to rescue ATP production by constructing redox-inactive 

analogues based on the top 5 compounds and testing their ability to rescue ATP. 
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2.3 Results and Discussion 

2.3.1 Oxygen-Containing Analogues 

Previous work has demonstrated that compound solubility plays a significant role in the 

ability of the molecule to rescue ATP production, with the lead compounds 9a−e having 

a logP (partition coefficient) of between 3.1 – 4.9, although no clear SAR trend for log P 

or D could been seen over the full range of ~145 compounds.[39]  We wished to investigate 

the changes in ATP rescue associated with introducing an oxygen atom into the molecule, 

and thus changing the solubility and redox potential of the naphthoquinone. The new 

analogues would be almost structurally identical to the lead compounds, keeping the same 

four-atom chain length and amino acid groups. The proposed synthetic strategy for the 

synthesis of these compounds is outlined in Scheme 1.  

 

Scheme 2. Proposed procedure for oxygen-containing analogues. AA = α−amino acid. 

The key starting material, phthiocol 10 (Scheme 2), is a known compound, and was 

synthesised following a literature procedure.[41] The epoxide (13) of menadione 2 

(Scheme 3) was generated using H2O2 and then a ring-opening reaction with sulfuric acid 

yielded the desired alcohol compound 10. The epoxidation step was found to proceed 

without difficulty, however the ring-opening reaction was initially found to be unreliable. 

It was consequently discovered that the ring-opening reaction was very temperature 

sensitive and required that a narrow temperature range of 10 − 15 C was maintained to 

proceed in reproducible and high yields. This was not made clear in the original literature 

procedure. Once this was determined through extensive experimentation, the reaction was 

found to be very efficient and reproducible, giving 87% yield over both steps (from 

compound 2 to 10), with no further purification required.  

 

Scheme 3. Synthesis of phthiocol from menadione. 
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Phthiocol 10 was then reacted with halo acid 14a in an SN2 alkylation reaction (Scheme 

3). Initially, K2CO3 and DMF were used. This reaction was not successful and returned 

only starting material. LiCO3 and DMF and K2CO3 and acetone at 60 C[42] were tried as 

well, but gave the same result.  

 

Scheme 3. Alkylation of phthiocol 10 with halo acid 11a. 

Previous work within the group showed that for the lead compounds, there was little 

difference in either ATP rescue or cell viability between linkers with three to six 

carbons,[39] so halo acids with 4 and 5 carbons in the chain were tried in this alkylation 

reaction (Figure 7).  Halo acid 14b did not react under any conditions, while 14c gave the 

lactone product 15 with no alkylation occurring. Although no new resonances for the 

quinone could be clearly seen in the NMR data for this reaction, and in fact the 1H and 

13C spectra are almost identical before and after the reaction, TLC indicated that phthiocol 

10 was still present. Carboxylic acid 14c had been consumed and a new compound had 

appeared, presumably lactone 15 by intramolecular alkylation of the carboxylate. It was 

hypothesised this may also occur for 4-bromobutyric acid. 

 

Figure 7. Four and five carbon halo acids used for alkylation, and lactone product 15. 

To avoid this lactone formation, alkylation of phthiocol 10 was next attempted with halo 

esters 14d and 14e (Scheme 4), which were readily available. Ester 14d formed the 

alkylation product 11b using K2CO3 in acetone, but did not react using LiCO3, or in DMF. 

Ester 14e did not react under either set of conditions. The formation of 11b was supported 

by NMR spectroscopy and TLC analysis. In 11b the CH2 ground adjacent to the ester can 

be clearly seen in the 1H NMR spectrum with a resonance at 5.08 ppm, indicating 

attachment of the methylene group on oxygen. 
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Scheme 4. Reaction of phthiocol with halo esters 14d and e. 

Installing the relevant amino acids on to quinone 11b required a hydrolysis of the ester 

group prior to amide coupling. Ester 11b was subjected to hydrolysis, with conditions of 

60% EtOH/H2O with KOH at room temperature, or 60% THF/H2O with LiCO3 or LiOH 

at room temperature. Unfortunately, only starting materials were returned. The quinone 

core is particularly sensitive to hydrolysis conditions and tends to decompose easily, 

possibly via the mechanism shown in Scheme 5. Conditions tested for the hydrolysis of 

ester 11b were ones previously investigated in the early stages of this project by Dr. 

Krystel Woolley and deemed mild enough to leave the quinone intact.[39] Harsher 

conditions had been previously shown to affect the quinone core, so were not attempted 

for this reaction.  

 

Scheme 5. Possible mechanism for decomposition of quinone compounds. 

 The use of a t-butyl ester would allow deprotection using TFA to give the desired 

carboxylic acid and thus avoid the problematic hydrolysis. Alkyl halide t-butyl esters 14d 

and 14f (Figure 8) were reacted with phthiocol 10 under the same conditions used 

previously, but surprisingly did not react.  

 

Figure 8. Halo t-butyl esters 14d−14g. 
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An amide coupling between halo acid 14b and phenyl alanine t-butyl ester was attempted 

but did not proceed. However, it was found that increasing the reactivity of the halo acid 

by transforming it into an acid chloride was sufficient to enable the reaction to occur, 

giving the substrate 14g. The reaction of halo acid chloride 14e with phenyl alanine t-

butyl ester in an amide coupling reaction prior to alkylation is shown in Scheme 6. This 

compound was then reacted with phthiocol 10, but also only gave no alkylated products 

on the hyroxyl group. 

 

Scheme 6. Coupling reaction of acid chloride 14g with L-phenylalanine t-butyl ester. 

 

Due to the difficulties encountered here, the focus was moved to other aspects of short-

chain quinone chemistry. 
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2.3.2 Phthalazine Analogues 

The generally accepted mechanism for quinone protection against ROS damage/rescue 

of ATP production relies on the redox activity of the quinone core, as discussed in the 

introduction. However, it is still unclear whether the lead short-chain quinone compounds 

9a−d act as redox participants in the ETC, or simply as antioxidants. Evidence suggests 

that idebenone acts both by shuttling electrons in the ETC, and by scavenging ROS, and 

hence its redox properties are essential. However, we are unable to say for certain if our 

novel short-chain naphthoquinone compounds are acting in the same manner.  

Previous testing has shown a difference in activity between the naphtho-, benzo- and 

plasto- quinone cores (Figure 9). Compounds tested in this assay had the general structure 

shown in 17 (Figure 9), where AA is either phenylalanine t-butylester, phenylalanine, 

phenylalaninol, or dimethoxyphenethylamine. A trend with the naphthoquinone core 

being the most active was apparent (except for those analogues with the t-butyl ester), but 

it is unclear why this was the case. 

 

 

Figure 9. Comparison of activity between different quinone cores in ATP rescue cell assay. 

Details can be found in the experimental section. 
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To investigate whether redox properties are essential for the activity of these compounds, 

analogues which are redox-inactive were synthesised and tested against the lead 

compounds (analogous naphthoquinone derivatives) for a comparison. It was decided that 

a phthalazine core (Figure 10) would be used because it is similar in structure to the 

naphthoquinones but would be unlikely to participate in redox processes in the same 

manner, but could bind in a similar way if it is a binding interaction rather than a redox 

process. 

 

Figure 10. Comparison of naphthoquinone (18) and phthalazine (19) cores. 

Phthalazine 19 is a known compound, and as such, literature procedures were followed 

to construct it (Scheme 7). There were some initial problems, with the first method that 

was utilised giving a complex mixture of products. Phthalic anhydride 20, and methyl 

hydrazine were heated in methanol at 70 C for 2 hours.[43] A complex mixture was seen, 

appearing to contain some starting anhydride 20 and perhaps some carboxylic acid 

intermediates, based on 13C NMR analysis. Unfortunately, this mixture did not contain 

any of the desired phthalazine 19. The reaction was also attempted under solvent-free 

conditions over a temperature range from r.t up to 120 C in 20 C increments, for 1 hour 

at each temperature. At the lower temperatures (<50 C) only starting materials were seen, 

and at higher temperatures the same complex mixture as before was observed.  

 

Scheme 7. Synthesis of phthalazine core 19. 

A second literature method stated that anhydride 20 should be heated at 120 C in a 1:1 

mixture of AcOH/H2O for 15 minutes and then left overnight at room temperature.[44] 

Following this method gave the desired compound 19 in 80% yield without a need for 

purification, as the product crystallised from the reaction medium. The formation of this 
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product was supported by 1H NMR analysis, with the key resonance of the methyl group 

appearing at 3.75 ppm, which matches the values cited in the literatue.[47]  

 

Scheme 8. Synthesis of phthalazine core and subsequent alkylation reaction. 

In the next step, phthalazine 19 was alkylated with halo ester 21 to successfully give 

compound 22. 1H NMR analysis indicated the presence of the methylene adjacent to N at 

2.47 ppm, and integration ratios as well as TLC analysis showed that only a single 

compound was present, indicating that the allylation had occurred. t-Butyl ester 22 was 

then subjected to TFA to yield the carboxylic acid in >99% yield from phthalazine 19. 

13C NMR analysis showed a resonance at 178.4 ppm for acid 23, which shifted from 172.4 

ppm in ester 22. This is a similar strategy to that which was employed in the O-alkylation 

of phthiocol discussed in the previous section. The use of the t-butyl ester rather than an 

ethyl ester allowed the easy removal of the protecting group using TFA to give carboxylic 

acid 23, instead of the problematic hydrolysis encountered previously. From acid 23, the 

established peptide coupling protocol described previously was used with the relevant 

amino acid to construct the four final compounds 24a−d shown in Figure 11. 
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Figure 11. Final phthalazine synthesis and analogues 24a−d. 

These four compounds were tested for rescue of ATP activity by colleagues in the 

Pharmacy Department, University of Tasmania, and the results are displayed in Figure 

11.  ATP production was measured as a percentage of the control. When rotenone, a 

mitochondrial toxin, is introduced to cells, ATP levels greatly decrease. Treatment with 

lead compounds 9a−d showed an increase in ATP levels, meaning that mitochondrial 

function and hence ATP production has been rescued. The analogous redox-inactive 

compounds 24a-d showed a very minimal increase in ATP levels after treatment. Figure 

12 is a combined graph showing the comparison of the phthalazine compounds to the 

naphtho-, plasto-, and benzo- quinone analogues shown first in Figure 9. 
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Figure 11. ATP assay of phthalazine compounds 24a−d (red) against the lead compounds 9a−d 

(blue), all in the presence of rotenone (R) except for control (c). 

 

 

Figure 12. Comparison of quinone cores with phthalazine core. 
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2.4 Conclusions 

Mitochondria are an important therapeutic target due to their involvement in many 

biological functions. Most treatments do not target the root cause of mitochondrial 

dysfunction. An impairment of the functioning of complex I in the ETC is proposed to be 

one such cause. The generally accepted mechanism for quinone protection against ROS 

damage/rescue of ATP production relies on the redox activity of the quinone core, as 

discussed in the introduction. This study showed that redox-inactive compounds 24a-d, 

analogous to the redox-active lead compounds 9a−d, caused a very minimal increase in 

ATP levels after treatment. It can be concluded from this data that the activity shown by 

the most active naphthoquinone compounds in ATP rescue assays is likely due to their 

participation as electron transport molecules in the ETC. Therefore, a non-redox active 

mode of action can be ruled out. 
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2.5 Experimental 

2.5.1 O-Alkylation 

1a-Methylnaphtho[2,3-b]oxirene-2,7(1aH,7aH)-dione (13) 

 

In a modified literature procedure[41] menadione 2 (1.015 g, 5.90 mmol) was dissolved in 

NaOH (1.5 mL of a 2M aqueous solution; ~ 0.5 equiv.) and cooled to 0 C. A solution of 

H2O/MeOH (15 mL of 1:4; to make ~ 0.4 M concentration) was added and the reaction 

magnetically-stirred for 10 mins. H2O2 (7 mL of 30% wt. solution; ~ 1.5 equiv.) was 

added and the ensuing mixture stirred for 3 h while maintaining the temperature at ~10 

C. After, the reaction mixture was extracted with diethyl ether (3 x 15 mL), and the 

combined organic fractions were dried (Na2SO4), filtered, and concentrated under 

reduced pressure to give the previously reported compound as an off-white solid in 88% 

yield (979 mg, 0.52 mmol). The spectral data for 13 were consistent with that published 

previously.[45] 

1H NMR (400 MHz, CDCl3)  7.95−7.93 (m, 1H), 7.88−7.86 (m, 1H), 7.70−7.67 (m, 2H), 

3.81 (s, 1H), 1.68 (s, 3H) ppm. 

 

2-Hydroxy-3-methylnaphthalene-1,4-dione (10) 

 

In a modified literature procedure[41] H2SO4 (20 mL of ~6 M) was added to epoxide 13 

(979 mg, 0.520 mmol) at 0 C with magnetic stirring and left for 0.5 h, and then stirred 

at 10 −15 C for a further 15 min. H2O (~100 mL) was slowly added to the mixture at 0 

C, and the aqueous mixture extracted with CH2Cl2 (3 x 20 mL), dried, filtered and 

evaporated under reduced pressure to give previously reported phthiocol as a yellow 

powder in 99% yield (973 mg, 0.52 mmol). The spectral data for 10 were consistent with 

that published previously.[46] 



 

149 

 

1H NMR (400 MHz, CDCl3)  8.14 (d, J = 7.8 Hz, 1H), 8.09 (d, J = 7.8 Hz, 1H), 7.77 (t, 

J = 7.5 Hz, 1H), 7.69 (t, J = 7.5 Hz, 1H), 7.35 (s, 1H), 2.15 (s, 3H) ppm. 

 

Ethyl 2-((3-methyl-1,4-dioxo-1,4-dihydronaphthalen-2-yl)oxy)acetate (11b) 

 

Phthiocol 10 (72.4 mg, 0.385 mmol) was dissolved in DMF (~10 mL) and a solution of 

LiCO3 (36.1 mg, 0.385 mmol) in DMF (~5 mL) was added. The mixture was stirred at 

r.t. for ~15 min. Ethylbromoacetate 14d (85 L, 0.769 mmol) was dissolved in DMF (~5 

mL) and added dropwise to the solution of phthiocol (10) and LiCO3. The reaction was 

stirred at 155 C for 3 h. Ether (20 mL) was added and extracted with H2O (5 x 15 mL). 

The combined aqueous portions were then extracted with ether (3 x 15 mL), combined, 

dried (MgSO4), filtered, and the solvent evaporated under reduced pressure to give the 

product 11b as a yellow solid in 91% yield (96.3 mg, 0.351 mmol). 

1H NMR (400 MHz, CDCl3)  8.05−7.98 (m, 2H), 7.70−7.63 (m, 2H), 5.08 (s, 2H), 4.23 

(q, J = 7.0 Hz, 2H), 2.16 (s, 3H), 1.29 (t, J = 7.0 Hz, 3H) ppm.  

13C NMR (100 MHz, CDCl3)  185.3, 181.3, 169.1, 162.1, 155.3, 133.8, 133.1, 131.9, 

131.3, 131.2, 126.1, 68.6, 61.3, 14.1, 9.5 ppm. 

 

tert-Butyl (4-bromobutanoyl)-L-phenylalaninate (14g) 

 

4-Bromobutyric acid 14b (62.5 µL, 0.0059 mol) was combined with an excess of thionyl 

chloride (~20 µL) and stirred at r.t. overnight to give the product 4-Bromobutanoyl 

chloride (14e) as a yellow in 77% yield (86 mg, 0.00046 mol). This product was used 

directly in the next reaction without purification. 
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1H NMR (400 MHz, CDCl3)  3.47 (t, J= 6.3 Hz, 2H), 3.14 (t, J= 6.8 Hz, 2H), 2.25 

(quint., J= 6.6 Hz, 2H) ppm. 

13C NMR (100 MHz, CDCl3)  173.2, 45.3, 31.2, 27.7 ppm. 

4-Bromobutanoyl chloride 14e (5.000 g, 0.014 mol) was dissolved in CH2Cl2 (~30 mL) 

in a flask under an atmosphere of nitrogen and phenyl alanine t-butyl ester hydrochloride 

salt (3.8286 g, 0.0149 mol) was added. The mixture was cooled in an ice bath and EDCI 

hydrochloride salt (3.8819, 0.020 mol), DMAP (165 mg, 0.0014 mol) and DIPEA (~2.5 

mL, 0.0034 mol) were added. The reaction was then stirred at r.t. for 1 h. The reaction 

was quenched with H2O (20 mL) and the organic layer washed with sat. KHSO4 solution, 

sat. NaHCO3 solution and H2O. The organic layer was dried (MgSO4), filtered and 

concentrated under reduced pressure to give a residue which was purified by flash 

chromatography (silica gel; 30% ethyl acetate/hexanes). The product tert-Butyl (4-

bromobutanoyl)-L-phenylalaninate (14g) was obtained a pale yellow oil in 94% yield 

(4.6880 g, 0.013 mol). 
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2.5.2 Phthalazine Analogues Experimental 

2-Methyl-2,3-dihydrophthalazine-1,4-dione (19) 

 

Prepared according to a literature procedure.[44] Phthalic anhydride (10.19 g, 67.5 mmol), 

methylhydrazine (3.5 mL, 67.5 mmol), conc. AcOH (35 mL) and H2O (35 mL) were 

heated at 120 C for 15 min, then allowed to stand at r.t for 16 h. The resulting precipitate 

was filtered, washed with water, and concentrated under reduced pressure to give the 

previously reported compound as a pale yellow crystalline solid in 80% yield (8.49 g, 

53.9 mmol). The spectral data for 19 were consistent with that published previously.[47]  

1H NMR (600 MHz, CD3OD)  8.32 (d, J = 7.6 Hz, 1H), 8.08 (d, J = 7.6 Hz, 1H), 7.90 

(dtd, J = 18.6, 7.3, 1.5 Hz, 2H), 3.75 (s, 3H) ppm. 

 

4-(3-Methyl-1,4-dioxo-3,4-dihydrophthalazin-2(1H)-yl)butanoic acid (TFA salt)  (23) 

 

To a stirred solution of phthalazine 19 (108 mg, 0.57 mmol) in anhydrous DMF (8 mL) 

was added K2CO3(s) (81.0 mg, 0.57 mmol), and the mixture magnetically-stirred for 15 

min before the addition of halo ester 21 (259 mg, 1.14 mmol). The reaction was heated 

at 155 C for 3 h, and then, after cooling to r.t, EtOAc (15 mL) and H2O (15 mL) were 

added. The layers were separated, and the resulting aqueous portion was extracted with 

EtOAc (2 x 10 mL). The combined organic fractions were washed with H2O (5 x 10 mL), 

dried, filtered, and concentrated under reduced pressure to give the t-butyl ester 22 as a 

clear oil in quantitative yield (179 mg, 0.57 mmol). 

1H NMR (600 MHz, CDCl3)  8.41−8.39 (m, 1H), 7.98−7.97 (m, 1H), 7.79−7.75 (m, 2H), 

4.34 (t, J = 6.2 Hz, 2H), 3.73 (s, 3H), 2.47 (t, J = 7.4 Hz, 2H), 2.15 (quin, J = 6.9 Hz, 2H), 

1.47 (s, 9H) ppm.  
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13C NMR (150 MHz, CDCl3)  172.4, 158.8, 149.6, 132.5, 131.8, 129.0, 126.9, 124.8, 

123.4, 80.5, 65.9, 38.8, 32.2, 28.1, 24.3 ppm. 

The t-butyl ester 22 (45 mg, 0.014 mmol) was stirred in a 10% solution of TFA/CH2Cl2 

for 16 h at r.t, and then concentrated under reduced pressure to give the product 23 as a 

white solid in a quantitative yield (38 mg, 0.014 mmol). Melting Point: 116 C. 

1H NMR (400 MHz, CDCl3)  9.77 (bs, 1H, OH), 8.43−8.41 (m, 1H), 8.01−7.98 (m, 1H), 

7.82−7.80 (2H), 4.41 (t, J = 6.2 Hz, 2H), 3.79 (s, 3H), 2.64 (t, J = 7.2 Hz, 2H), 2.24 (quin, 

J = 6.7 Hz, 2H) ppm. 

13C NMR (100 MHz, CDCl3)  178.4, 159.3, 150.4, 133.0, 132.2, 128.5, 127.0, 124.6, 

123.4, 65.9, 39.3, 30.8, 24.0 ppm. 

IR ѵmax (NaCl): 2952 (COOH), 1735 (C=O), 1645, 1591, 1331, 1167, 1141, 1101, 689 

cm-1.  

 

General Method A: Compounds 24a−d 

Carboxylic acid 23 (1 equiv.) was added to anhydrous CH2Cl2 (10 mL) under an 

atmosphere of N2 and cooled to 0 °C. Amine (1.1 equiv.), DMAP (0.1 equiv.), DIPEA 

(2.5 equiv.) and EDCI (1.5 equiv.) were added successively and the reaction mixture 

warmed slowly to room temperature before leaving overnight. The reaction was quenched 

with H2O (20 mL) and the organic layer washed with sat. KHSO4 solution, sat. NaHCO3 

solution and H2O. The organic layer was dried (MgSO4), filtered and concentrated under 

reduced pressure to give a residue which was purified by flash chromatography (silica 

gel; ethyl acetate/hexanes). Amines used were bought from commercial sources and used 

without further purification. 

 

(S)-tert-Butyl-2-(4-(3-methyl-1,4-dioxo-3,4-dihydrophthalazin-2(1H)-yl)butanamido)-3-

phenylpropanoate (24a) 
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Prepared according to General Method A, using 23 (46 mg, 0.12 mmol), to give the 

product as a clear oil in 79% yield (45 mg, 0.10 mmol). 

1H NMR (600 MHz, CD3OD)  8.33−8.31 (m, 1H), 8.06−8.05 (m, 1H), 7.90 (dtd, J = 

16.6, 7.3, 1.5 Hz, 2H), 7.21−7.15 (m, 5H), 4.57 (dd, J = 8.8, 6.2 Hz, 1H), 4.30 (qt, J = 

10.6, 6.1 Hz, 2H), 3.72 (s, 3H), 3.09 (dd, J = 14.0, 6.2 Hz, 1H), 2.92 (dd, J = 14.0, 8.8 

Hz, 1H), 2.45 (dquin, J = 7.3, 4.4 Hz, 2H), 2.13 (quin, J = 6.7 Hz, 2H), 1.40 (s, 9H) ppm.  

13C NMR (150 MHz, CD3OD)  173.7, 171.0, 159.0, 150.2, 136.9, 133.0, 132.0, 128.9, 

128.3, 127.9, 126.3, 126.1, 124.6, 123.5, 81.5, 66.0, 54.4, 38.0, 37.1, 31.9, 26.8, 24.5 

ppm. 

IR ѵmax (NaCl): 2976 (COOR), 1735 (C=O), 1651, 1590, 1332, 1155, 691 cm-1. 

HRMS [M + Na]+: for C26H31O5N3Na, predicted 488.2161, found 488.2154. 

 

(S)-2-(4-(3-Methyl-1,4-dioxo-3,4-dihydrophthalazin-2(1H)-yl)butanamido)-3-

phenylpropanoic acid (TFA salt) 24b) 

 

24a (105 mg, 0.23 mmol), was magnetically-stirred in a 50% TFA/CH2Cl2 solution for 

16 h at r.t and then concentrated under reduced pressure to give the product as clear oil 

in quantitative yield (120 mg, 0.23 mmol), and 78% from 23. Melting point: 132 C. 

1H NMR (600 MHz, CDCl3)  10.26 (bs, 1H, OH), 8.36 (d, J = 7.6 Hz, 1H), 7.98 (d, J = 

7.6 Hz, 1H), 7.85−7.80 (m, 2H), 7.26−7.22 (m, 3H), 7.12 (d, J = 7.4 Hz, 2H), 6.46 (d, J 

= 7.8 Hz, 1H), 4.90 (q, J = 6.5 Hz, 1H), 4.35 (t, J = 6.0 Hz, 2H), 3.75 (s, 3H), 3.22 (dd, J 

= 14.2, 5.5 Hz, 1H), 3.10 (dd, J = 14.1, 6.2 Hz, 1H), 2.52 (dquin, J = 14.7, 6.9 Hz, 2H), 

2.26−2.15 (m, 2H) ppm. 

13C NMR (100 MHz, CDCl3)  174.6, 173.7, 159.6, 150.9, 135.3, 133.4, 132.5, 129.3, 

128.6, 128.1, 127.3, 126.9, 124.6, 123.5, 66.1, 53.1, 39.6, 37.3, 33.1, 24.7 ppm. 

IR ѵmax (NaCl): 2950 (COOH), 1733 (C=O), 1635, 1576, 1336, 1169, 692 cm-1.  
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HRMS [M + Na]+: for C22H23O5N3Na, predicted 432.1535, found 432.1535. 

 

(S)-N-(1-hydroxy-3-phenylpropan-2-yl)-4-(3-methyl-1,4-dioxo-3,4-dihydrophthalazin-

2(1H)-yl)butanamide (24c) 

 

Prepared according to General Procedure A, using 23 (220 mg, 0.59 mmol), to give the 

product as a white powder in 42% yield (96 mg, 0.24 mmol). Melting point: 160 C. 

1H NMR (400 MHz, CDCl3)  8.42−8.40 (m, 1H), 7.95−7.94 (m, 1H), 7.79−7.78 (m, 2H), 

7.29−7.27 (m, 2H), 7.21−7.20 (m, 3H), 5.83 (d, J = 6.5 Hz, 1H), 4.35−4.28 (m, 2H), 

4.25−4.20 (m, 1H), 3.73−3.70 (m, 4H), 3.62 (dd, J = 10.8, 4.7 Hz, 1H), 2.92−2.86 (m, 

2H), 2.45−2.36 (m, 2H), 2.18 (quin, J = 6.5 Hz, 2H) ppm. 

13C NMR (100 MHz, CDCl3)  172.7, 158.8, 149.6, 137.6, 132.5, 131.9, 129.1, 129.0, 

128.7, 127.0, 126.7, 124.7, 123.3, 65.9, 64.2, 38.8, 37.0, 33.2, 24.7, 14.2 ppm. 

IR ѵmax (NaCl): 1635, 1583, 1354, 1043, 745, 693 cm-1.  

HRMS [M + Na]+: for C22H25O4N3Na, predicted 418.1743, found 418.1739. 

 

N-(3,4-dimethoxyphenethyl)-4-(3-methyl-1,4-dioxo-3,4-dihydrophthalazin-2(1H)-

yl)butanamide (24d) 

 

Prepared from 23 (218 mg, 0.58 mmol) following General Procedure A to give the 

product as a pale-yellow oil in 11% yield (26 mg, 0.06 mmol). Melting point: 111 C. 

1H NMR (600 MHz, CDCl3)  8.32−8.30 (m, 1H), 7.86−7.84 (m, 1H), 7.70−7.66 (m, 2H), 

6.68 (d, J = 7.9 Hz, 1H), 6.63−6.61 (m, 2H), 4.25 (t, J = 6.1 Hz, 2H), 3.77 (s, 3H), 3.76 
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(s, 3H), 3.64 (s, 3H), 3.45 (q, J = 6.9 Hz, 2H), 2.68 (t, J = 7.0 Hz, 2H), 2.30 (t, J = 7.4 

Hz, 2H), 2.12 (quin, J = 6.7 Hz, 2H) ppm. 

13C NMR (150 MHz, CDCl3)  172.1, 158.7, 149.6, 149.1, 147.8, 132.5, 131.8, 131.3, 

129.0, 127.0, 124.7, 123.3, 120.6, 111.9, 111.4, 66.1, 55.9 (2C), 40.7, 38.8, 35.3, 33.2, 

24.8 ppm.  

IR ѵmax (NaCl): 3299, 2936, 1652, 1589, 1516, 1332, 1262, 1141, 1028, 690 cm-1.  

HRMS [M + Na]+: for C23H27O5N3Na, predicted 448.1848, found 448.1845. 
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2.5.3 Biological Testing Experimental Details 

Cytoprotection against mitochondrial dysfunction 

Cytoprotection against mitochondrial dysfunction was measured as previously 

described.[49] Briefly, 5,000 cells per well were incubated with compound (10 μM) in a 

96 well plate for 2 days prior to being challenged by the mitochondrial complex I inhibitor 

rotenone (1 μM) for 6 hours. After post incubation with only quinones for 24h, cell 

viability was quantified by analysing ATP content per well using a luciferase-based 

reaction. Cytoprotection is displayed as a percentage of the untreated (no rotenone) 

control. Data represent the average of 3 independent experiments with n=6 wells within 

each experiment. Error bars = SD. 

 

Acute rescue of ATP levels 

Acute rescue of ATP levels in the presence of a mitochondrial inhibitor was measured as 

previously described.[40] Briefly, 15,000 cells per well were seeded in a 96 well plate and 

allowed to attach overnight. After 24h, cells were incubated with compound (10 μM) 

along with the mitochondrial complex I inhibitor rotenone (10 μM) for 1 hour in glucose-

free growth media before immediately measuring ATP levels using a luciferase-based 

reaction. Acute rescue of ATP levels is displayed as a percentage of the untreated (no 

rotenone) control. Data represent the average of 3 independent experiments with n=6 

wells within each experiment. Error bars = SD. 
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Part Three 

 

 

A New Method for the N-Demethylation of Opiates and N-

Heterocycles 
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3.1 Background 

N-Demethylation is an important step in the late-stage functionalisation and semi-synthesis of 

alkaloids to industrially relevant opioid compounds. The ability to replace the native N-methyl 

group with other alkyl substituents, or with a simple hydrogen, leads to numerous other 

bioactive compounds.[1] The N-methyl group is often associated with many alkaloid 

compounds which are bioactive. In opiate-based pharmaceutical products this N-methyl is 

often replaced with other alkyl groups, such as allyl, cyclopropylmethyl or cyclobutylmethyl. 

These are typically prepared from naturally occurring opiate precursors, and hence the ability 

to N-demethylate these substrates is very important in the pharmaceutical industry.[1,2] This N 

substituent is able to dramatically change the activity of the molecule, for instance, morphine 

with an N-methyl substituent is an agonist, but with N-cyclopropylmethyl or allyl, is an 

antagonist (i.e. naltrexone and oxymorphone). 

 

3.1.1 Existing Methods of N-Demethylation 

Nature has devised very efficient methods for N-demethylation in complex systems such as 

alkaloids and opioids through oxidative methods (i.e. P450 enzymes), but N-demethylation in 

a laboratory environment remains a challenge. The N-methyl group is relatively stable to a 

variety of conditions and is hence difficult to cleave in the presence of other functional 

groups.[1] 

Many synthetic N-demethylation methods already exist: the von Braun reaction with cyanogen 

bromide; the use of chloroformates; use of dialkyl azodicarboxylates; the Polonovski reaction; 

oxidative Pd-mediated methods; and various photochemical, electrochemical, and 

biochemical methods. However, these methods are often specific for only one compound, and 

have various drawbacks that include the use of toxic reagents, harsh reaction conditions, 

limited functional group compatibility requiring the use of protecting groups, poor efficiency 

and formation of side products. For non-opioid N-demethylations, selectivity is the biggest 

issue.  

In general, most existing methods for N-demethylation proceed through a similar pathway, 

where the N-methylated compound (1) is reacted with an N-demethylating agent (A; Scheme 

1) to give a salt or intermediate (2 or 3). Hydrolysis or further reaction is then used to remove 
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an amine protecting group or the methyl group, leaving the N-demethylated product (4). A 

more specific discussion of these reactions is discussed below. 

 

 Scheme 1. General pathways for N-demethylation. PG = Protecting Group.  

The von Braun reaction was developed in the early twentieth century and uses cyanogen 

bromide (CNBr) to convert the N-methyl substrate to an N-CN quaternary ammonium salt 5 

(Scheme 2).[2,3] Liberation of methyl bromide by SN2 substitution gives a cyano amine 6, and 

subsequent hydrolysis with acid or base of the nitrile to an intermediate carbamic acid 7, which 

loses CO2, gives the demethylated product 4.[4] This approach typically gives poor to moderate 

yields in opiates and the toxicity of CNBr required extra precautions on an industrial scale.[1] 

 

Scheme 2. The von Braun reaction. 

Methyl chloroformate (and other chloroformates) are regularly used for the N-demethylation 

of morphinans with tertiary nitrogen groups (Scheme 3). By this strategy, which is analogous 

to the von Braun method, nucleophilic acyl substitution affords quaternary ammonium 8, 

which reacts to give the volatile methyl chloride via an SN2 reaction and a stable carbamate 9, 

which is then hydrolysed to the products 4.[4] Usually harsh conditions and extended reaction 

times are required to cleave the carbamate, but some methods employ hydrazine to accelerate 

this.[1] A number of chloroformates including alkyl, phenyl, vinyl, 2-TMS-ethyl and 2,2,2-



 

163 

 

trichloroethyl have proved to be effective for the N-demethylation of N-methyl tertiary amines, 

but their cost is limiting.[1] 

 

Scheme 3. N-demethylation using chloroformates. 

N-Demethylation can also be achieved through N-oxide formation, and then an Fe-mediated 

Polonovski reaction (Scheme 4).[5] The key factor here is the transformation of the N-oxide 

into an iminium intermediate by an activating agent (acylating agents or iron-based reagents). 

The classical Polonovski reaction is defined as using acylating agents, such as acid anhydrides, 

acid chlorides or chloroformate esters.[1] In the non-classical Polonovski reaction, iron salts 

can cause problems in product isolation, which has led to research to overcome this problem, 

for example by using porphyrins to coordinate the Fe so it can be removed from the desired 

products.[2] There are some other variations on this method, including the use of Burgess and 

Grignard reagents.[4] Non-classical Polonovski-type conditions (i.e. using reagents other than 

acylating agents)[6] have been used to N-demethylate Noscapine.[7] Noscapine can’t be 

demethylated under von Braun or chloroformate conditions (highly substrate dependent).[8] 

The classical Polonovski reaction is usually not effective in the N-demethylation of opiate 

alkaloids, but the non-classical version can facilitate this chemistry on codeine, thebaine and 

tropanes.[1,2] The Polonovski reaction typically features broad functional group tolerance.[1] 

There are many variations on the classical Polonovski reaction, including the use of flow 

chemistry.[2,9–15] 

 

Scheme 4. Polonovski method. 

The N-demethylation of opioids can also be achieved with dialkyl azodicarboxylate (DEAD), 

and related compounds, utilising an oxidation step followed by hydrolysis, usually of an 

iminium species. This methodology has been used for thebaine, but care must be taken to use 

exactly one equivalent of DEAD in order to prevent the formation of side products.[1,4] 



 

164 

 

Photoredox methods have been used for the N-demethylation of anilines, the conversion of 

tertiary amines to secondary amines catalysed by Ru or Ir catalysts.[16,17] These methods are 

often based on natural enzymatic pathways and appear to work well for simple tertiary amines 

but not for more complex substrates.[1,16] Bioenzymatic methods such as the catalysis of N-

demethylation with P450 enzymes and methylated benzeneamine substrates using whole cells 

of Aspergillus terreus can affect selective mono-demethylation.[18,19] Ag2O and BTNO 

(benzotriazole N-oxyl) radical methods have facilitated N-demethylation, but have not been 

widely explored.[20–22]  

Metal-catalysed N-demethylation such as with Pd0 can provide very efficient formation of N-

demethylated derivatives, but often require high temperatures, pressures, and long reaction 

times, which limits its application.[4] The mono-N-demethylation of N-dimethyl phenyl 

compounds by Cu(O2) was reported.[23] The N-demethylation of mifepristone 11 has been 

performed in one-pot using iodine and LiOAc in 93% yield (Scheme 5).[24] This improved on 

the previous methods using CaO and iodine in methanol (28% yield),[25] a two-step procedure 

using tetrapropylammonium perruthenate/N-methylmorpholine N-oxide (50% yield),[26] and a 

method using PhI(OAc)2 (10% yield).[24,27] 

 

Scheme 5. N-demethylation of mifepristone. 

A metal-free oxidative N-demethylation method was developed in 2016 for arylamines and 

used NEt3 and t-butyl hydroperoxide as the oxidant. This method was selective for the removal 

of a methyl group over an ethyl group and had good yields. Arylamines with strong electron 

withdrawing groups did not react well, the same for morphine, 9-methyl-9H-carbazole and N-

methyl aniline.[28] This represents perhaps the first example of a widely applicable method for 

N-demethylation of non-opioid (aniline) compounds that does not involve enzymes. 

2-Chloro-4,6-dimethoxy-1,3,5-triazine (CDMT; 13) is a reagent traditionally used for peptide 

coupling reactions (Scheme 6). When CDMT is reacted with N-methylmorpholine (14) in THF 

at room temperature, a salt is formed after 30 minutes (15). Transformation of this chloride 

salt to the PF6 salt gives a compound  which is commonly used as a non-carbodiimide 

condensing agent for the synthesis of esters, amides and acid anhydrides.[29]  In the original 
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article,[30] chloride salt 15 was seen to decompose in CH2Cl2 to give triazine 16 after 3 hours, 

which is why the anion exchange with PF6 was performed. This reactivity prompted an 

investigation into the use of CDMT as a demethylating agent.[30] 

 

Scheme 6. CDMT for use as an N-demethylation agent. 

The related sodium salt of 4,6-dichloro-2-hydroxy-[1,3,5]triazine (18, Scheme 7) has been 

used on a silica gel support to affect the mono-demethylation of N-oxide non-opioid tertiary 

amines.[31] This classical Polonovski reaction involved using a column-like setup with 

different solid reagents in three zones in a flow through bed reactor. The first zone performed 

oxidation of the methylated substrate 1 to N-oxide 17. Zone 2 consisted of deoxygenative 

demethylation of 17 with triazine 18 to give 20 via the intermediate salt 19. Imine 20 then 

reacts again with N-oxide 17 to give N-demethylated 4. The last zone is where isolation of the 

N-demethylated product 4 from the reagents and by-products occurs.[31] 

 

Scheme 7. N-demethylation using solid support and triazine 18. 
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3.1.2 Previous Work Within the Group 

Previous work from our research group, performed by Dr. Peter Molesworth in collaboration 

with Tasmanian Alkaloids investigated the ability of CDMT (based upon the instability of the 

intermediate salt) to affect N-demethylation of various alkaloid and opioid compounds. The 

reaction pathway that was explored is outlined in Scheme 8. Unlike N-methyl morpholine, no 

intermediate salt was isolated, and the reaction proceeded to give the N-substituted triazine 21 

directly. It was shown that CH2Cl2 or CH3CN were solvents of choice, or the reaction could 

also be performed neat as a melt, as CDMT has a melting point of 71−80 C[32].  

 

Scheme 8. General reaction scheme using CDMT as N-demethylating agent. 

It was also demonstrated that cyanuric chloride could be used to affect the N-demethylation of 

various alkaloids and opioids, such as oxycodone (22), through an intermediate species such 

as 23, and then hydrolysis with sulfuric acid to obtain the N-demethylated product 24 (Scheme 

9.) Cyanuric chloride can react further to form a trisubstituted triazine species, or give a 

mixture of mono-, bis-, and tri- substituted species. CDMT is a more convenient reagent 

because it will only react once. As the focus of this current work is on CDMT, these results 

with cyanuric chloride will not be discussed. 

 

Scheme 9. Reaction of Oxycodone with cyanuric chloride. 

A summary of the results using CDMT from Molesworth’s work is displayed in Figure 1. The 

yields shown correspond to the formation of N-substituted triazines of type 21 and not the N-

demethylated secondary amine product 4, as the work on the hydrolysis was incomplete. The 

major success from this work was from the reaction of codeine and 6-acetylcodeine with 

CDMT. Molesworth also investigated the hydrolysis of compounds 21 to 4 and could convert 

codeine-CDMT 21 into nor-codeine in 21% yield using 2 M sulfuric acid, but the lower yield 

was believed to be with difficulties in isolation, as monitoring in D2SO4/D2O by 1H NMR 
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indicated complete conversion. During Peter Molesworth’s studies, he had limited success 

using acid hydrolysis. With both acid and base hydrolysis methods, there seems to be a fine 

balance between using conditions that are too harsh and causing decomposition of the product 

and not using harsh enough conditions and reclaiming starting material. This aspect of the 

previous work was revisited here and is discussed further on. 

 

Figure 6. Overview of key previous work undertaken by Peter Molesworth. All reactions were 

performed at reflux unless otherwise stated, and yields correspond to the formation of the triazine 

complexes, isolated via flash column chromatography (silica gel). 

The methods of N-demethylation which have been discussed have various drawbacks, 

including the formation of side products, the necessary use of toxic reagents, expensive 

reagents, harsh reaction conditions, incomplete conversion, complicated procedures, and low 

yields.[33] Methods are often incompatible with functional groups or not selective. Methods 

utilising photochemistry, electrochemistry, and biochemistry are generally more selective than 

other methods, but low yielding. The development of an efficient, high-yielding, 

chemoselective method under mild conditions and featuring broad scope would greatly benefit 

this area of chemistry. From both the wider literature and Peter Molesworth’s work, CDMT 

seems the most promising reagent to investigate. 
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3.2 Project Aims 

 

1. To explore the reaction scope of CDMT with a range of N-methylated compounds 1, 

and to develop a set of general conditions that can be used to construct CDMT 

compounds of type 21. 

 

 

 

 

2. To determine the regio- and chemoselectivity of CDMT as an N-demethylation agent, 

including the influence of solvent on reactivity. 

 

 

 

 

3. To develop a general method for the removal of the triazine group to give N-

demethylated products 4, which is compatible with a range of substrates and functional 

groups. 
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3.3 Results and Discussion 

3.3.1 Substrate Scope for CDMT 

The first aim of this project was to expand the reaction scope of CDMT as an N-demethylation 

agent, particularly for non-opioid substrates. This began with, the establishment of a set of 

general conditions, for which N-methylmorpholine was used as a test substrate. This part of 

the project focused only on the formation of the amine-CDMT compound of type 21, and not 

the subsequent hydrolysis product 4 (Scheme 8). First, a solvent screen was performed. 

Initially, N-methylmorpholine 14 was reacted with CDMT in CH2Cl2, and gave triazine 16, as 

was indicated in the original article showing CDMT as a possible N-demethylation agent.[30] 

TLC analysis showed that the reaction was complete after 2 hours at reflux. The reaction did 

not proceed at room temperature in any solvent. Analysis of 1H and 13C NMR spectra were in 

agreement with the literature, showing peaks at 3.91 ppm corresponding to the methoxy groups 

on the triazine, and a resonance at 166.7 ppm, indicating the carbon bound to the nitrogen of 

morpholine, and the absence of an N-methyl signal. Ethanol was tested next, as we anticipated 

that the polarity of the solvent would be an important factor. Ethanol is also amenable to scale-

up and is more compatible with industrial synthesis. The reaction of CDMT and amine 14 in 

ethanol at reflux gave similarly good results (Table 1). Not all reaction products were isolated 

as at this stage we were simply screening solvents for a yes or no reaction, and TLC and 1H 

NMR analysis were sufficient. 

 

Table 1. Reaction of N-methylmorpholine with CDMT to establish general conditions and solvent 

screen. Columns are ordered by increasing temperature. Y indicates that the reaction proceeded to 

completion as judged by TLC and no isolated yield was obtained. 

 

Solvent CH2Cl2 THF MeCN EtOH Neat 

Temperature (C) 40 65 82 80 95 

Yield  >99% Y Y >99%  Y 
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THF, acetonitrile, and solvent-free conditions were also applied to this reaction. Table 1 shows 

that all the solvents that were tested allowed for the reaction of N-methylmorpholine with 

CDMT. In all solvents, TLC analysis indicated that these reactions proceeded to completion 

after 2 hours at reflux. EtOH was chosen as the solvent from which to continue the substrate 

scope studies as it gave good results here and would be amenable to use on an industrial scale. 

The use of two equivalents of CDMT gave optimal reaction, while one equivalent was not 

sufficient, giving only partial conversion to the product 16, on a 100 mg scale test reaction in 

CH2Cl2. 

Application of these standard conditions (2 equiv. CDMT, EtOH or CH2Cl2, reflux, 2 h) to 

other substrates yielded interesting results. Substrates are shown in Table 2. Unless stated 

otherwise, reactions were performed on a 100 mg scale in CH2Cl2 or EtOH and yields relate 

to isolated product. In cases in which two possible positions for N-demethylation exist, 3 

equivalents of CDMT were used.  A table showing the full list of solvents and substrates can 

be seen in Appendix I.  

 

Scheme 10. Substrate exploration using CDMT. 

Reaction of CDMT with N-methylmorpholine (14) gave the desired product 16 in both CH2Cl2 

and EtOH, as previously discussed. When performed on a 2 g scale in EtOH the yield 

decreased from >99% (100 mg) to only 62%. It is possible that a longer reaction is required 

for larger quantities, but this was not tested here. In the reaction of CDMT with N,N-

dimethylaniline (22) and tropinone (23), no reaction occurred in CH2Cl2, and decomposition 

products were observed for 22 in EtOH. Tropane 23 did not react at all in EtOH even after 36 

hours at reflux. 

N,N-Dimethylphenylethylamine (24) gave the desired product 24a in CH2Cl2 in 91% yield and 

analysis by 1H NMR showed the clear retention of one N-methyl peak at 3.00 ppm, indicating 

that CDMT is selective for mono-demethylation of N,N-dimethyl groups. The formation of 

24a was reduced when the reaction was performed on a 2 g scale, in both CH2Cl2 and EtOH 

(68 and 52% respectively) but optimisation was not performed. 
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Diamine 25 formed the expected di-demethylated product 25a in CH2Cl2, reacting at both 

tertiary amine groups on each end of the molecule, as analysed by NMR. Two N-methyl peaks 

are seen in the 1H NMR at 3.12 ppm, integrating for 6 protons, and HMBC shows this peak 

correlating to 13C peaks at 46.4 and 167.1 ppm.  This indicated that the methyl group is 

adjacent to both the triazine and an aliphatic CH2. If both triazine units had attached to the 

same nitrogen atom, there would be no correlation between the methyl groups and the triazine. 

This analysis was further supported by HSQC and COSY data. Interestingly, substrate 25 had 

a different reactivity in EtOH than in CH2Cl2, forming N,N-dimethyl triazine 33 instead, in 

91% yield. The formation of this product was unexpected, and most likely to arise from 

Hoffmann elimination of the intermediate quaternary salt (25’) to give products 33 and 34, as 

shown in Scheme 11. It is interesting that simply changing the solvent caused such a big shift 

in reactivity, where none of the expected product 25a was seen within the mixture.  

 

Scheme 11. Hoffmann elimination mechanism. 

Similar reactivity was seen for substrates 27, 28 and 29, all forming triazine 33, likely through 

a similar Hoffmann elimination mechanism as shown in Scheme 11. Substrate 26 formed 

triazine 33 in CH2Cl2, although only in 7% yield. As there is no beta hydrogen present for 

Hoffmann elimination to occur, it is possible that SN2 substitution is occurring in this case. In 

the analysis of 1H and 13C NMR and CGMS data, no conclusive evidence of the presence of 

benzyl chloride species was found. From this data it can be concluded that at least one 

alternative reaction pathway is occurring and appears to be favoured in the more polar solvent 

EtOH. Future research is required to help determine the mechanism of these reactions. 

Noscapine (30) and codeine (31) reacted as desired in EtOH giving good yields and very clean 

products of the N-substituted triazines. The reaction time was extended for these reactions, 

which is in line with the previous work by Molesworth, where reactions with codeine in THF 

took up to 48 hours. In fact, by changing the solvent from THF to EtOH, the reaction time is 

reduced to 21 hours. Previously, noscapine could only be demethylated under non-classical 

Polonovski conditions but the use of CDMT in ethanol gave a good yield of the demethylated 

product 30a.[6] Notably, this reaction does not proceed as cleanly in acetonitrile or neat.  
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In the literature there is a precedent for different reactivity of CDMT in different solvents.[4] 

Reaction of thebaine 32 in CH2Cl2 and THF had previously been unsuccessful, and not 

surprisingly the reaction in EtOH yielded also only a complex mixture. Thebaine has been a 

traditionally difficult molecule to demethylate, with previous work in the group suggesting 

that a ring-opened product was formed by Hoffmann elimination of the intermediate salt in 

these studies and hence supporting the formation of product 33 from 25, 27, 28 and 29. 

 

Table 2. Substrate exploration using CDMT. Unless otherwise noted, all reactions were performed at 

reflux for 2 h on a 100 mg scale. Isolated yields are provided, with the exception of those denoted by 

“*”. Reactions with N/A were not performed. A comprehensive version of this table is provided in 

Appendix I.  

Entry 
Substrate CH2Cl2  EtOH 

40 C 80 C 

1 

  

 

  

2 

 

 

No Reaction  Decomposition 

3 

 

 

 

No Reaction 

 

No Reaction 

36 h 

4 
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5 
 

 
 

6 

 

N/A 

 

7 

 

 

Decomposition 

 

8 

 

No Reaction 

    
 

9 

 

  

10 

  

No Reaction 

18 h 

 

11 

 

N/A 

 

12 

 

N/A Complex Mixture 

 

It was apparent from the results summarised in Table 2 that the choice of solvent was 

important, as some substrates did not react at all in dichloromethane but formed demethylated 
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products in ethanol. Some substrates showed divergent reactivity depending on which solvent 

was used, for example, diamine 25, but it is not yet clear the exact role that solvent plays in 

this reaction. Plausible mechanisms for the formation of product 33 could be devised, but the 

results indicated that it might be more complicated than a simple substitution reaction. It is not 

understood from this initial substrate screen why some substrates formed product 33 and not 

others, and how the solvent influences the reaction so significantly that different products form 

from the same substrate. A deeper understanding of the mechanistic side of the reactions is 

required to shed light on these initial findings.  

It was stated in the introduction that most N-demethylation occurs from a quaternary amine 

salt, and then an SN2 reaction with a chloride ion gives amines of type 4, including for CDMT. 

During the substrate exploration no quaternary amine salts were observed by isolation or NMR 

analysis of the reaction. Reaction mixtures did not give precipitates or any other indication of 

salt formation. A previous publication outlined the formation of N-methylmorpholine-DMT 

PF6 salts from the chloride salt, with the aim of creating a more stable coupling agent.[34] No 

evidence of the chloride salt was observed in the various solvents (toluene, THF, DMF, EtOH, 

CH2Cl2) during this substrate screen (Appendix 1) meaning that isolation of a salt and anion 

exchange could not be performed, therefore, a one-pot reaction with anion exchange was 

devised. 

N-Methylmorpholine 14 was reacted with an excess of NaPF6 (3 equiv.) and CDMT in 60% 

EtOH/H2O at room temperature (Scheme 12).[30,34] The NaPF6 was added to the reaction at the 

start (before CDMT). The reaction was monitored by TLC for consumption of starting 

material, with the aim of precipitating a PF6 salt from the reaction mixture as it formed to 

prevent further reaction to the final product 16. After reaction overnight, the 1H and 13C NMR 

spectra from the reaction were compared to the literature values and indicated that the desired 

PF6 salt (35) had been formed. This reaction was also performed in  THF over 30 minutes and 

the intermediate salt isolated and anion exchange performed, as per the literature.[30,34] The N-

CH3 peak appears at 3.47 ppm (lit. 3.49)[30]  in the 1H NMR. After addition of KCl to the NMR 

sample in DMSO−d6 the reaction was monitored by 1H NMR for any change. After leaving 

over night at ambient temperature there was a clear shift of the aforementioned methyl peak 

to 3.06 ppm (lit. 3.06)[30] indicating that chloromethane (CH3-Cl) had formed, as expected by 

analysis of the literature.[30]  Other peaks in the 1H NMR also had minor shifts, all of which 

agree with the literature values for formation of 13. This was supported by 13C and 19F NMR 
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also. This supports the mechanism of formation of an intermediate salt with subsequent SN2 

reaction of chloride to perform the demethylation. 

 

Scheme 12. Formation of N-methylmorpholine-CDMT PF6 salt. 

With these results in hand we endeavoured to expand this method to isolate PF6 salts of other 

amine substrates and investigate the pathway in which the unexpected product 33 was forming, 

i.e., whether different reactivity was occurring after salt formation, or if the salt was not 

forming in the first place. Application of the above method to substrate 27 (Scheme 13) yielded 

the desired PF6 salt (36) as analysed by NMR, showing a new resonance in the 19F NMR 

spectrum at −71.1 ppm, along with minor shifts in the 1H and 13C NMR spectra. Reaction of 

this salt with KCl in DMSO-d6 did not proceed, even after heating at 85 C for 18 hours. 

CD3OD was also used but gave the same result. This could perhaps be due to steric 

encumbrance in 36. Results were similar for substrate 28. These results indicate that SN2 

substitution may not be proceeding here and provide further support for the Hoffmann 

elimination mechanism. Unfortunately, due to time constraints, this could not be investigated 

further, for example, by adding additional base to promote the reaction, or evaluating other 

substrates. 

 

Scheme 13. Investigation of PF6 salt formation. 

To further investigate the use of CDMT as a N-demethylation agent, x-ray crystallography and 

mass spectrometry analysis of the intermediate PF6 salts is required. A wider range of 

substrates could be explored to better the understanding of reactivity. Unfortunately, due to 

time constraints, these analyses were not performed. 
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3.2.2 Removal of Triazine 

While formation of the intermediate amine-triazines 21 is the crucial first step in the 

investigation of a new reagent for N-demethylation, the removal of the triazine group to give 

the final demethylated amine is also important. In the literature, most N-demethylation 

methods form an intermediate, and a subsequent hydrolysis reveals the demethylated product. 

During Peter Molesworth’s studies, he had limited success using acid hydrolysis. We wished 

to investigate both acid and base hydrolysis to confirm that this method could use improvement 

and secondly to devise a more successful strategy. 

Triazine 24a (Scheme 14) was heated in 2M H2SO4 at 100 C, however, after 18 hours no 

reaction occurred. The reaction was repeated using conc. sulfuric acid, but decomposition 

materials were seen after ~3 hours. 2M HCl and concentrated HCl were also attempted but 

gave the same results. 2M sulfuric acid hydrolysis of noscapine was attempted, but only 

starting material seen after heating for 18 hours. Base hydrolysis of 24a was also attempted 

using KOH in 60% EtOH/ H2O, but the reaction did not proceed at room temperature, or after 

heating at 85 C for 24 hours. 

 

Scheme 14. Removal of triazine by hydrogenolysis. 

Hydrogenolysis of 24a was attempted with all combinations of catalysts (Pd/C, Pd(OH)2 and 

PtO) and solvents (AcOH, 10%AcOH/EtOH and 5% HCl/EtOH), but in each case starting 

material was returned with no change. These reactions were performed at 40 psi for 6 hours.
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3.4 Conclusions 

CDMT has the potential to be a very useful agent for N-demethylation. We have shown that it 

is selective for mono N-demethylation of N-dimethyl compounds. It is selective for N-

demethylation over other N-dealkylations and non-nitrogen methyl groups. We have shown 

that it can be used on a range of different compounds to successfully form a demethylated 

triazine intermediate. Solvent is important, but we do not yet understand what role it plays, 

and why some substrates react with CDMT differently in different solvents. The removal of 

the triazine from the intermediate product can sometimes be effected by acid hydrolysis, but 

this is not successful for all compounds and also not always compatible with other functional 

groups present in the molecule. Some initial investigation was made into the discovery of 

another method for the removal of the triazine, but no solution was found. 

 

Future work will include an investigation into the mechanism of the reaction to better 

understand the solvent effects and differing reactivity of substrates, and further work towards 

a method for triazine removal.  
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3.5 Experimental 

Substrate Scope 

 

General Procedure A 

 

CDMT (2 equiv.), N-methylated substrate (1 equiv.) and solvent (0.1 M) were added to a flask 

and magnetically-stirred at reflux. After 2 h, the mixture was concentrated under reduced 

pressure and the ensuing reside purified using flash column chromatography (silica gel). 

 

4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)morpholine (16) 

 

Prepared according to General Procedure A from 4-methylmorpholine (55 L, 0.49 mmol) in 

CH2Cl2 to give the previously reported product as a colourless crystalline solid in quantitative 

yield (112 mg, 0.49 mmol). The spectral data were consistent with that published previously.[30] 

1H NMR (400 MHz, CDCl3)  3.91 (s, 6H), 3.82–3.80 (m, 4H), 3.69–3.67 (m, 4H) ppm. 

13C NMR (100 MHz, CDCl3)  172.3, 166.7, 66.6, 54.5, 44.0 ppm. 

 

N-(3,4-Dimethoxyphenethyl)-4,6-dimethoxy-N-methyl-1,3,5-triazin-2-amine (24a) 
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3,4-Dimethoxyphenethylamine (150 L, 0.89 mmol) was dissolved in MeCN (20 mL) and 

formaldehyde (0.3 mL, 6.23 mmol) and formic acid (0.08 mL, 1.78 mmol) were added 

successively. The ensuing mixture was magnetically-stirred for 2 h at 85 C and then cooled 

to room temperature. AcOH (~1 mL) was added, and the solvent evaporated under reduced 

pressure. NaOH (as a 2 M aqueous solution) was added to adjust the mixture to ~pH 11. The 

mixture was extracted with CH2Cl2 (3 x 10 mL), dried (Na2SO4), filtered and the solvent 

evaporated under reduced pressure to give N,N-dimethyl-3,4-dimethoxyphenethylamine as a 

yellow oil (194 mg). This product was used without further purification in the next step 

described immediately below. 

1H NMR (400 MHz, CDCl3)  6.83−6.76 (m, 3H), 3.90 (s, 3H), 3.88 (s, 3H), 2.82−2.76 (m, 

2H), 2.60−2.55 (m, 2H), 2.35−2.34 (m, 6H). 

Prepared according to General Procedure A from N,N-dimethyl-3,4-dimethoxyphenethylamine 

(22) (186 mg, 0.89 mmol) in CH2Cl2 to give the product 24a as a colourless crystalline solid in 

91% yield (271 mg, 0.81 mmol). Melting point:  56 C. 

1H NMR (400 MHz, CDCl3)  6.74−6.67 (m, 3H), 3.89 (s, 3H), 3.88 (s, 3H), 3.74−3.70 m, 

8H), 3.00 (s, 3H), 2.80 (t, J = 7.4 Hz, 2H) ppm. 

13C NMR (100 MHz, CDCl3)  172.1, 171.9, 166.9, 148.9, 147.6, 131.5, 120.8, 112.1, 111.3, 

55.8, 54.3, 51.0, 35.3, 33.2 ppm. 

IR ѵmax (NaCl): 1587, 1538, 1465, 1360, 1262, 1236, 1146, 1030, 816 cm–1. 

HRMS [M + Na]+: for C16H22O4N4Na, predicted 357.1539, found 357.1534. 

 

N1,N3-Bis(4,6-dimethoxy-1,3,5-triazin-2-yl)-N1,N3-dimethylpropane-1,3-diamine (25a) 
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Prepared according to General Procedure A from N1,N1,N3,N3-tetramethylpropane-1,3-

diamine (25) (64 L, 0.38 mmol), using 3 equiv. of CDMT in CH2Cl2  to give the product 25a 

as a colourless powder in 45% yield (102 mg, 0.31 mmol).  

1H NMR (600 MHz, CDCl3)   3.91 (s, 6H), 3.88 (s, 6H), 3.64 (t, J = 7.3 Hz, 4H), 3.12 (s, 6H), 

1.92 (quin, J = 7.3 Hz, 2H) ppm. 

13C NMR (150 MHz, CDCl3)  172.0, 167.07, 54.5, 46.4, 34.7, 25.1 ppm. 

IR ѵmax (NaCl): 2954, 1575, 1538, 1465, 1413, 1360, 1318, 1245, 1129, 1109, 813 cm–1. 

 

3-(6-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-5,6,7,8-tetrahydro-[1,3]dioxolo[4,5-g]isoquinolin-5-

yl)-6,7-dimethoxyisobenzofuran-1(3H)-one (Noscapine) (30a) 

 

Prepared according to General Procedure A from noscapine (30) (100 mg, 0.23 mmol) in EtOH 

to give the product 30a, as a colourless oil in 72% yield (89 mg, 0.17 mmol). 

1H NMR (600 MHz, CDCl3)   6.94−6.92 (m, 1H), 6.55 (bs, 1H), 6.00−5.97 (m, 3H), 4.05 (s, 

3H), 3.94−3.92 (m, 6H), 3.82 (s, 3H), 3.61 (bs, 2H), 3.54−3.49 (m, 2H), 3.16−3.00 (m, 2H), 

1.20−1.19 (m, 3H) ppm. 

13C NMR (150 MHz, CDCl3)  172.1, 167.8, 166.9, 152.6, 149.4, 148.1, 139.1, 133.3, 119.1, 

118.4, 105.4, 101.4, 81.7, 65.6, 62.3, 56.7, 54.4, 35.1, 15.4 ppm. 

IR ѵmax (NaCl): 2943, 1761, 1587, 1538, 1531, 1476, 1378, 1273, 1086, 1053, 924, 816, 732 

cm–1. 

 

(4R,4aR,7S,7aR,12bS)-3-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-9-methoxy-2,3,4,4a,7,7a-

hexahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinolin-7-ol (Codeine) (31a) 
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Prepared according to General Procedure A from codeine (31) (107 mg, 0.36 mmol) in EtOH 

to give the product 31a, as a colourless oil in 77% yield (116 mg, 0.27 mmol). 

1H NMR (600 MHz, CDCl3)   6.73 (d, J = 8.2 Hz, 1H), 6.61 (d, J = 8.2 Hz, 1H), 5.81 (d, J = 

9.9 Hz, 1H), 5.64−5.62 (m, 1H), 5.38 (dt, J = 9.9, 2.5 Hz, 1H), 4.93 (d, J = 6.6 Hz, 1H), 

4.80−4.76 (m, 1H), 4.49−4.41 (m, 2H), 4.20−4.17 (m, 1H), 4.01 (s, 3H), 3.98 (s, 3H), 3.88 (s, 

3H), 3.14 − 3.07 (m, 1H), 2.97 (dd, J = 18.8, 6.6 Hz, 1H), 2.76 (d, J = 18.8, 1H), 2.57 (s, 1H), 

2.03−1.98 (m, 1H) ppm. 

13C NMR (150 MHz, CDCl3)  172.4, 166.3, 146.5, 142.6, 134.4, 130.0, 127.0, 125.7, 120.1, 

113.4, 91.1, 66.1, 56.3, 54.6, 54.6, 49.6, 43.7, 39.5, 37.1, 35.4, 29.1 ppm. 

IR ѵmax (NaCl): 2951, 1585, 1529, 1455, 1380, 1363, 1330, 1276, 1112, 1028, 731 cm–1. 

 

4,6-Dimethoxy-N,N-dimethyl-1,3,5-triazin-2-amine (33) 

 

Following General Procedure A, some substrates gave amine 33 as indicated in the results 

section, also Appendix I. 

1H NMR (400 MHz, CDCl3)  3.89 (s, 6H), 3.11 (s, 6H) ppm. 

13C NMR (110 MHz, CDCl3)  172.0, 167.2, 54.3, 36.4 ppm. 

IR ѵmax (NaCl): 2955, 1557, 1525, 1360, 1240, 1130, 810 cm–1. 
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4.0 Overall Conclusion & Future Work 

 

From the lead compound WEB-2086 a number of changes were made. The 

thienodiazepine core scaffold can be replaced by an unfused core based on a 2-

aminothiophene or 2-pyrrolothiphene structure and still retain the relevant PAF receptor 

activity. A range of compounds were synthesised and tested, one of which was more 

potent than WEB-2086 and had no toxicity effects. A range of thienoquinolines were 

also synthesised and tested based off WEB-2086, and testing indicated that at least one 

of these analogues has selective and potent inhibition of the parasite Giardia. These 

results are promising because they indicate that an entirely new scaffold, not previously 

used in the treatment of Giardiasis, may be viable as a candidate for work towards a new 

anti-protozoan treatment. 

 

 

The next steps in this research are to further investigate the Structure-Activity 

Relationships in the PAFr binding by synthesising and testing further compounds, and to 

take compound 83d further into biological testing, for instance into a mouse model for 

COPD. For the thienoquinolines, future work in this area would involve synthesising 

further analogues and screening these for activity. Analogues could also be tested against 

a wider range of protozoan targets, and in a variety of different assay. There is still plenty 

of opportunity for further analogues to be investigated, including other modifications to 

the triazine ring with different heterocycles, a wider range of side chains, and a more 

thorough investigation of the o-chlorophenyl moiety. 
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The investigative work into the treatment of mitochondrial dysfunction showed that 

redox-inactive compounds were unable to rescue ATP production in cells, indicating that 

a molecule capable of participating in redox in the ETC is required. Further work here 

could involve the synthesis of other analogues were the redox potential is changed or a 

separate, different, redox-active molecule is investigated for activity. It is still unclear 

why quinone analogues containing a t-butyl phenylalanine ester group were more active 

than the other analogues, and this could also be further investigated. 

Towards a new reagent for N-demethyaltion, this work showed that CDMT was selective 

for mono N-demethylation of N-dimethyl compounds and for N-demethylation over other 

N-dealkylations and non-nitrogen methyl groups. It can be used on a range of different 

compounds to successfully form a demethylated triazine intermediate. Solvent is 

important, but we do not yet understand what role it plays, and why some substrates react 

with CDMT differently in different solvents. The removal of the triazine from the 

intermediate product to form the demethylated product still needs work as a broadly 

applicable and efficient method has not yet been found. Future work will include an 

investigation into the mechanism of the reaction to better understand the solvent effects 

and differing reactivity of substrates, and further work towards a method for triazine 

removal.  
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5.0 Appendices 

Appendix I: Results of Substrate Screening  

Table I. Substrate exploration using CDMT. Unless otherwise noted, all reactions were performed at reflux for 2 h on a 100 mg scale. Isolated yields are 

provided, with the exception of those denoted by “*”. Reactions with N/A were not performed. A comprehensive version of this table is provided in Appendix I.

  

Entry 
Substrate CH2Cl2  EtOH THF MeCN Neat 

40 C 80 C 65 C 82 C 95 C 

1 

  

  

 
   

2 

  

No Reaction  Decomposition N/A Decomposition Decomposition 

3 

 

 
 

No Reaction 

 

No Reaction 

36 h 
N/A 

Decomposition 

16 h 

No Reaction 
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4 

  

  

N/A N/A N/A 

5 
 

 
 

N/A N/A N/A 

6 

 

N/A 

 

 Decomposition 

18 h 

No Reaction 

6 h 
N/A 

7 

  

Decomposition 

 

N/A N/A N/A 

8 

 

No Reaction 

    
 

N/A N/A N/A 
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9 

 

  

N/A N/A N/A 

10 

 

 

No Reaction 

18 h 

 

N/A N/A N/A 

11 

 

N/A 

 

N/A 

  

12 

 

N/A Complex Mixture N/A N/A N/A 

 

 

 


