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Abstract 
 

Microglial cells are key cells of the CNS that play crucial role in immunity but 

have been associated with the pathology of several neurological diseases 

such as Alzheimer’s and Parkinson’s diseases and multiple sclerosis. 

Microglial activation by bacterial LPS leads to activation of TLR-4 which in 

turns leads to neurological disorders. In this present thesis we have 

successfully synthesized TLR-4 antagonists that could potentially act as 

protective agents against the development of such diseases.  

 

Our methodology is based on a novel common precursor approach towards 

the synthesis of both tricyclic and spirocyclic heterocycles. All cyclisations 

are based on thiyl radical/ isocyanide methodology and avoid the use of tin. 

This methodology has found application to a range of analogues and the 

results will be described.  

 

The obtained tricyclic structures were subject to in-vitro testing, initially on 

cerebellum granule cells to determine their toxity, then on BV-2 cell lines and 

finally on microglial cell cultures where they showed a promising glio-

protective role against neurological disorders. 

 

To conclude, we have successfully synthesized tricyclic ring systems 235, 

293, 212 and 341 shown below using our radical cyclisation approach and 

after carrying out toxicity assays on primary microglia cell cultures which 

include LPS induced radical and cytokine production we can conclude that 

these compounds do not induce inflammatory cascades and might serve as 

protective agents.  
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1H NMR:  Hydrogen (proton) nuclear magnetic resonance 

13C NMR:  Carbon nuclear magnetic resonance 

AIBN:   Azobisisobutyronitrile 

AcCl:   Acetyl chloride 

AcOH:  Acetic acid 

AcONa:  Sodium acetate 

Ac2O:   Acetic anhydride 

AD:   Alzheimer’s Disease 

ANOVA: Analysis of Variance 

Ara-C:  Cytosine furanoarabinoside 

Arg:   Arginine 

ATP:   Adenosine Triphosphate 

Aza-MIRC:    Michael induced ring closure 

BBB:   Blood Brain Barrier 

br:   Broad 

Boc:   tert-butoxycarbonyl 

Bn:   Benzyl 

Cbz:   Carbobenzyloxy 

CEC:   Cerebral endothelial cells 

CDCl3:  Deuterated chloroform 

CGC:  Cerebellum Granule Cells 
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CNS:   Central Nervous System 

CSA:   Camphor-sulfonic acid 

d:   Doublet 

DAMPs:  Danger associated molecular patterns  

DAPI:   4,6-Diamino-2-phenylindole 

DCE:   Dichloroethane 

DCM:   Dichloromethane 

dHEth: Dihydroethidium 

DIBAL-H:  Diisobutylaluminum hydride 

DIPA:   Diisopropylamine 

DIV:  Days in-vitro 

DMAP:  4-N,N-Dimethylaminopyridine 

DMEM: Dulbelcco’s modified eagle’s medium 

DMF:   N,N-Dimethylformamide 

DMSO:  Dimethylsulfoxide 

DPDC:  Diisopropyl peroxydicarbonate 

Dppp:   1,3-Bis(diphenylphosphino)propane 

Eq:   Equivalent 

ELISA: Enzyme linked immunosorbant assay 

FBS:  Foetal bovine serum 

Gly:   Glycine 

Hoechst: 2-(4-Ethoxyphenyl)-5-(4-methyl-1-piperazininyl)-2,5-bi-1H- 

  benzimidazole  
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LUMO:  Lowest unoccupied molecular orbital 

M:   Molar 

m:   Multiplet 

MeCN:  Acetonitrile 

MHC:   Major histocompatibility complex 
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Me:   Methyl 

MEM:  Minimum essential medium 

MeOH:  Methanol 
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PBS:  Phosphate buffer saline 

Phe:   Phenylalanine 
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PRRs:  Pattern recognition receptors 
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1.0. Introduction  

1.1.0. General Introduction 

This thesis is concerned with a novel synthetic approach towards biologically 

active compounds related to the pyrrolo-[3.2.c]-quinoline core structure of the 

natural product martinelline (1). This tricyclic heterocycle (1) and its related 

derivative martinellic acid (2) possess potent biological activities and act as 

antagonists against G-protein coupled receptors (Figure 1). The anticancer 

potential of NVP-BEZ235 (3) and the Toll-like receptor activity of imiquimod 

(4), which are both related tricyclic heterocycles, render these compounds 

attractive synthetic targets and as such, this thesis focuses on these 

compounds and their synthetic cores. The biological activities of these 

compounds will be discussed in more detail in Chapter 4.0.  

 

Figure 1: Tricyclic heterocycles bearing the hydroxyquinoline core structure  

Related to these key tricyclic structures, are the sprirooxindole heterocycles 

(Figure 2), which range from simple structures such as coerulescine (5) and 

horsifiline (6) through to complex members such as Spirotryptosatin A (7) 

and B (8), which will be discussed in Section 1.5. 

 

Figure 2: Simple and complex structures of spirooxindole heterocycles  
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As part of our research, we were also interested in the effects of our 

compounds on brain microglia cell cultures due to the biological activity of 

the analogous tricyclic heterocycle imiquimod (4). As such, this section of the 

thesis opens with an introduction to the Central Nervous System (CNS) and 

a description of microglia and Toll-like receptors, followed by a discussion of 

the biological activities of martinelline (1) and previous synthetic approaches 

towards its core. The biological activities of the related spirocyclic 

heterocycles and a description of previous approaches towards their 

syntheses are described.  

As our proposed synthetic approach involves a non-toxic thiyl 

radical/isocyanide cyclisation to these compounds, a discussion of radical 

chemistry, followed by a discussion of the advantages that this approach 

confers over tin-based methodology, will also be discussed. 

 

1.2. Central Nervous System (CNS) 

The research described in this thesis involves in-vitro testing and analysis of 

the glia protective effects of our compounds, which have implications for the 

treatment of neurodegenerative diseases such as Alzheimer’s and 

Parkinson’s disease. As part of the investigations, we were interested in their 

effects on toll-like receptors (TLR) that are involved in the pathology of CNS 

diseases. The CNS is separated from the peripheries by the blood - brain - 

barrier (BBB), which protects the brain from any invasive pathogens that 

circulate in the blood. The BBB is located in endothelial cells, which form 

capillaries to the brain and are tightly joined, making the BBB a continuous 

lipid barrier for molecules (Figure 3). As such, the lipid solubility of drug-like 

molecules determines their accessibility to the brain but this can also lead to 

plasma solubility challenges once the drug has crossed the BBB (Fernstrom 

& Fernstrom, 2005, Nitta et al., 2003). 
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Figure 3: Structure of the blood brain barrier (BBB) 

1.2.1. Neuronal cells 

The CNS contains two main cell types - neurons and glia. Neuronal cells 

have wire-like structures (Figure 4) and release neurotransmitters in 

response to the activity of adjacent neurons (Fernstrom & Fernstrom, 2005). 

 

Figure 4: Schematic representation of a neuron 

Any alteration or damage to neurons affects the neuronal pathway, which in 

turn, has a significant effect on normal brain function leading to neurological 

diseases (Lindberg et al., 2005).   

1.2.2. Glia cells 

The CNS is composed of four main glia cells types; astrocytes, 

oligodendrocytes, ependymal cells and brain macrophages (microglia). As 

the scope of our research is focused on microglia cells, the morphology and 

function of microglia cells will be described. 

Microglia, have been extensively studied by several research groups but the 

term “microglia” was first introduced by del Rio Hortega in 1932 (Rio-

Hortega, 1932), who carried out numerous studies on these types of cell. 
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They are the resident phagocytes of the brain and account for up to 20% of 

all glia cells located throughout the brain, spinal cord and retina. They have 

many functional similarities with macrophages in somatic tissues (Perry & 

Gordon, 1988) and have uniform distribution, with little variation between 

regions of the brain. The main difference between microglia and 

macrophages is the expression of major histocompatibility complex (MHC) 

class antigens, which are found to be higher in white matter and in the aged 

brain (Graeber, 2009). 

Microglia are frequently known as “sensors of threats” as introduced by 

Kreutzberg, due to the fact that they are able to change morphology; from a 

resting state to amoeboid and then to phagocytic shape (Figure 5). As such, 

they are able to respond to their environment and any potential threat 

(Stence et al., 2001). 

 

 

Figure 5: Multistep process of microglial activation: Prior to microglial 
activation they have ramified morphology - with primary branches >50 µm in 
length, and defined space, characterised by slow scavenging movements, 
upon activation (LPS) – they reduce in size ~10 µm and acquire more rapid 
movements, after activation – they enter the phagocytic stage (M1 and M2 
phenotypes), possessing either neuroprotective or neurotoxic properties 
(adapted from (Stence, et al., 2001), reviewed in (Walter & Neumann, 2009). 
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Under normal conditions, microglia have a ramified shape, characterised by 

long and branched tails (Rio-Hortega, 1932) and are termed as “resting 

microglia” acting as “dynamic surveillants of brain parenchyma” as discussed 

by Nimmerjahn (Nimmerjahn et al., 2005, Hughes, 2012). They are 

characterised by their cellular plasticity and motility, due to the fact that they 

protect their defined microenvironment by responding to any external stimuli 

(Davalos et al., 2005, Färber & Kettenmann, 2005). Resting microglia have 

been found to express defined morphological features such as a small cell 

body (5-15 µm), thin branching processes and a granular or vesicular 

appearance to the soma membrane and cytoplasm (Glenn et al., 1989). In 

this state, they also express unique features of plasticity and motility, along 

with pinocytosis. They display constant alterations in both size and shape of 

the cell body combined with extension and retraction processes and 

movements in a defined area. By these features, microglia are responsible 

for maintaining the normal function and structure of the brain by acting as a 

“cleansing fluid” (Booth & Thomas, 1991).  

Activated microglia are characterised by an enlargement of the cell body and 

nucleus (Raivich, 2005). One of the two main microglia activators are 

bacterial lipopolysaccharide (LPS) that binds to TLR-4 receptors and 

adenosine tri-phosphate (ATP). The latter binds to microglia ATP receptors 

and is released from either nerve endings or from damaged cells leading to 

responses such as chemotaxis (Honda et al., 2001) reviewed in (Pocock & 

Kettenmann, 2007) or the release of the neuroprotective plasminogen protein 

(Inoue et al., 1998).  

Activated microglia also express higher levels of chemokine receptors, 

pattern recognition receptors and MHC receptors that are all essential for the 

normal immune response and are found at low levels in healthy microglia. 

Up-regulation of immunological-related molecules is also observed leading to 

the production of inflammatory stimuli. Finally, activated microglia cause the 

release of neurotoxic molecules such as reactive oxygen species (ROS), 

reactive nitrogen species (RNS) and other pro-inflammatory molecules like 
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IL-1 and TNFα (reviewed in Walter & Neumann, 2009), which are linked to 

neurological disorders. 

Activated microglia have dual action as they can serve as either 

neuroprotective or neurotoxic cells. As such, scientists have divided their 

phagocytic process into two phenotypes; M1 and M2 (Figure 5). M1 refers to 

microglial phagocytosis of pathogens and initiation of the pro-inflammatory 

cascade (reviewed in Walter & Neumann, 2009)) along with stimulation of 

TLRs and interferon-γ (Cameron & Landreth, 2010).  

In contrast, the M2 phenotype facilitates the clearance of apoptotic cells and 

the recognition of phosphatidylserine (PtdSer) residues. The latter induces 

anti-inflammatory processes and removal of any debris (reviewed in Walter & 

Neumann, 2009)). They regulate the release of various neurotrophic and 

anti-inflammatory factors in a manner of promoting neuronal survival. They 

are also responsible for the removal of toxic products and invasive 

pathogens along with promotion of neurogenesis through the regulation of 

stem-cells. As such they have protective effects in maintaining a healthy 

immune system within the CNS. 

Despite their neuroprotective capability, over-activated microglia can be toxic 

as they can release neurotoxic factors leading to neuronal death. In addition 

over-activation of microglia can be triggered by environmental toxins that are 

released from neuronal death as has been observed in neurological diseases 

(Liu et al., 2002, Sawada et al., 1989, Streit, 2002, Walton et al., 2006, Ziv et 

al., 2006). 

1.2.2.1 Microglia activation in Neurodegeneration 

Microglial activation is a hallmark of many neurodegenerative diseases such 

as Alzheimer’s (AD) or Parkinson’s disease (PD) and multiple sclerosis (MS), 

which are all characterised by chronic microglial activation upon stimuli by 

neurotoxins or blood-derived proteins. (Buttini et al., 1996, Medana et al., 

1997). 
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Microglia activation has been reported in AD pathology and is a widely 

accepted hallmark of this disease (Itagaki et al., 1989). A hallmark of the 

pathology of this illness is the formation of senile plaques, composed of 

extracellular deposits of β-amyloid and intracellular neurofibrillary tangles, 

containing hyperphosphorylated tau (Sastre et al., 2006). In the diseased AD 

brain, microglia are activated by Aβ-plaques (Araujo & Cotman, 1992), which 

then acquire their active phenotype and are localised around senile plaques 

(Perlmutter et al., 1990). Initially they perform a protective role as they try to 

prevent further neuronal damage (Mandrekar-Colucci & Landreth, 2010), but 

their constant activation ultimately leads to the production of inflammatory 

responses releasing TNFα, IL-1β, IL-6 and other chemokines, which are all 

found to be elevated in AD, leading to neuronal loss and subsequent cell 

death. It has also been observed, that activated microglia in AD also express 

cell surface receptors which when stimulated, release ROS and iNOS which 

are both microglial activators (Akiyama et al., 2000) leading to a runaway 

neurotoxic effect. As such there is a vicious cycle of microglia activation from 

Aβ-plaques, which accumulate and increase in size due to production of 

inflammatory products from activated microglia. This constant and chronic 

inflammatory process leads to neurotoxic injury characterised by both 

cognitive decline and neuronal loss.  

PD is characterised by degeneration of dopaminergic neurons in the 

substantia nigra (SN) region of the brain and loss of projecting fibres in the 

striatum (reviewed in Tambuyzer et al., 2009). Microglia cell numbers are 

elevated in the SN (Lawson et al., 1990, Kim et al., 2005) and their activation 

may therefore be implicated in PD pathology. Activation of microglia leads to 

production of TNF-α and superoxide, as well as microglial ROS production 

(reviewed in Tambuyzer et al., 2009). 

Interestingly, activated microglia are also implicated in the pathology of 

Multiple Sclerosis (MS), which is characterised by demyelinated 

inflammatory lesions in white matter leading to gliosis and axonal damage 

(Martino, 2004). Demyelination is initiated by the invasion of autoreactive T-

cells into the CNS causing microglial activation which in turn phagocytose 
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myelin and oligodendrocytes resulting in axonal degeneration and tissue 

injury (reviewed in Muzio et al., 2007). Despite their deleterious effects, 

microglial activation in MS progression can also be protective, as myelination 

has been observed in transplanted oligodendrocytes precursor cells (OPCs) 

after microglia activation on exposure to fungal zymosan (Setzu et al., 2006).   

1.3. Toll-like receptors (TLRs) 

The immune system is comprised of both the adaptive as well as the innate 

system. The role of the adaptive system is to generate immunological 

memory after exposure to invasive antigens, whereas in contrast, the innate 

system is the first line of defence against pathogens such as bacteria, 

viruses, fungi and parasites (Zhu & Mohan, 2010). Key to innate immunity 

are pattern recognition receptors (PRRs), as they possess pathogen 

associated molecular patterns (PAMPs) and danger associated molecular 

patterns (DAMPs) (Barton & Kagan, 2009, Hanamsagar et al., 2012). 

TLRs belong to type-I transmembrane proteins that recognise pathogen 

associated molecular patterns (PAMPs) which include lipopolysaccharides 

(LPS), lipoproteins and lipopeptides from bacteria, zymosan from fungi as 

well as RNA and DNA (reviewed in (Akira & Hemmi, 2003) along with danger 

associated molecular patterns (DAMPs), such as heat-shock proteins, 

hyaluronan and fibronectin fragments (Vabulas et al., 2001) rendering them 

vital regulators for innate and adaptive immunity as shown below (Table 1) 

(Wang et al., 2013). 
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TLR type Recognition &Activation factors 
Distribution & 

Location 
TLR - 1 Lipopeptides (with TLR2 or TLR6) 

Bacterial Cell surface 
TLR - 2 Lipopeptides (with TLR1 or TLR6) 
TLR - 4 Lipopolysaccharides 
TLR - 5 Flagellin 
TLR - 6 Lipopeptides (with TLR1 or TLR2) 
TLR - 3 Double stranded RNA Endosomal space of  

specific immune cells 

 

TLR - 7 Single stranded RNA 
TLR - 8 Single stranded RNA 
TLR - 9 CpG motif-containing DNA 

Table 1: TLR types with their activation factors and distribution (reviewed in 
Gambuzza, et al., 2011, Kokatla, et al., 2013) 

As a result of the diverse functionality that TLRs play in the protection of the 

host cell against extracellular and internal pathogens, they have proven to be 

attractive drug targets. However, research in both humans and mice has 

proven that disregulation of the innate immune TLR signalling accounts for 

the pathogenesis of various diseases such as sepsis, autoimmune diseases 

and neuropathic pain (Kokatla et al., 2013, Wang et al., 2013). 

TLRs therefore clearly have a dual role, which can be either protective or 

harmful. Activation of TLRs and the MyD88 pathway has proven to be 

protective against invasive pathogens such as protozoa parasites and 

pyogenic bacteria. In contrast, down-regulation or up-regulation of TLRs has 

been linked with pathologies such as sepsis and cancer, or allergies 

associated with autoimmune and neuroinflammatory diseases (reviewed in 

Zhu & Mohan, 2010). 

1.3.1. Microglia and Toll-like receptors (TLRs)  

There is evidence that activation of TLRs can lead to microglial activation 

and production of several inflammatory cytokines and chemokines initiating a 

cascade immune response (reviewed in Tambuyzer et al., 2009). In 

particular, TLR-2 activation by microglial HSV-1 leads to the production of 
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immune molecules; the activation of TLR-4 with LPS, showed increased 

apoptosis due to production of microglial IFN-β and in a knockout TLR-4 AD 

model, microglia failed to remove Aβ plaques effectively (Okun et al., 2009).  

As TLRs are mainly distributed in immune cells they serve as the primary 

sensors of invading pathogens (Koff et al., 2008, Loos et al., 2006) 

(Pryshchep et al., 2008), with TLR2, 3, 4, and 6 found to be expressed in 

cerebral endothelial cells (CECs) (Singh & Jiang, 2004, Fischer et al., 2009, 

Aoki et al., 2010, Nagyoszi et al., 2010). However, under pathological 

conditions such as inflammation, cerebral ischeamia, brain tumours or 

injuries, endothelial tight junctions of the BBB become loose and highly 

permeable, destroying homeostasis (Pal et al., 1997). 
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1.4. Pyrolo-[3.2-c]-quinolines and Spirocyclic compounds 

1.4.1. Martinelline and Martinellic acid 

The Martinella family of tropical plants were first isolated by Witherup, Vagra 

and co-workers at Merck Research Laboratories in 1995 from the root bark 

of Martinella iquitosensis (Witherup et al., 1995) and were found to contain 

two species; M. iquitosensis A. Sampaio and M. obovata. Two alkaloids were 

isolated from the organic extracts of M. iquitosensis and were designated as 

martinelline (1) and martinellic acid (2) as shown below (Figure 6). (Xia et al., 

2002). 

 

Figure 6: Structure of martinelline and martinellic acid 

Extracts from Martinella species have traditionally been used as eye 

medication by tribes from South America (Witherup et al., 1995) and further 

examination of the effects of martinelline, against a range of targets, 

indicated that it is active against several G-protein coupled receptors 

(GPCRs) (Xia et al., 2002). Interest in martinelline was first stimulated by its 

activity against bradykinin receptors as it was the first reported natural non-

peptide bradykinin antagonist (Lovely & Mahmud, 1999).  

1.4.2. Previous synthetic approaches towards Martinelline 

Due to the potent biological activity of martinelline and its unique structural 

occurrence, there have been a number of reported approaches towards 

synthesis of the core structure. In order to provide a succinct description of 

these, they have been divided into five distinct classes which will be 

described below: 
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1) Imino Diels-Alder approach 

2) Povarov reaction approach 

3) Metal catalysed approach 

4) 1,3-Dipolar cycloaddition approach 

5) Radical mediated approaches 

1.4.2.1. Imino Diels-Alder approach 

As a result of the six-membered pyridine core of martinelline, a cornerstone 

of synthetic endeavours has revolved around a Diels-Alder approach with 

particular emphasis on both imino Diels-Alder and Povarov reactions. The 

following are key examples and are indicative.  

In 1999 Hadden described a stereo-selective synthesis of the 

pyrroloquinoline core of martinelline that involved a Diels-Alder reaction 

using a cyclic enamide as the dienophile with a range of imines as the diene. 

The advantage offered by this approach is that all three chiral centres 

present in the hexahydropyrroloquinone core are generated in a single 

synthetic step (Hadden & Stevenson, 1999). 

The starting imines (9), were prepared via condensation of the corresponding 

aniline with an aromatic aldehyde. Enamide (10) was generated through 

condensation of the imine with propionyl chloride. The reaction between (9) 

and (10) was catalysed by indium chloride and gave the endo/exo 

cycloadducts (11) and (12) respectively in moderate yields as shown below 

(Scheme 1).  
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Scheme 1: Hadden’s approach towards the synthesis of martinelline 

Hadden and co-workers also carried out the Diels-Alder reactions between 

imines, derived from methyl glyoxylate and the corresponding enamides (14). 

This cycloaddition gave two different endo/exo adducts (11a,b) and (12a,b) 

in a 2:1 ratio but in low yields (20% and 31%).  

The imine derived from cinnamaldehyde (13c) led to a more efficient cyclo-

addition giving (15c:16c) (1:1) in 52% combined yield. As they contain a 

potential cleavable double bond at C2, they are more attractive for further 

fuctionalisation. The reaction was also attempted with a Cbz protecting group 

attached to the cyclic enamide, furnishing products (15d) and (16d) (1:1) in 

45% combined yield (Scheme 2). 

 

Scheme 2: Reaction between cinnamaldehyde derivatives and Cbz-pyrrole 

The reaction between a glyoxylate-derived imine (17) and Cbz protected 

pyrrole (18) (Scheme 3) was improved by Ma et al., (2001) with squaric acid 

(19) as a catalyst. This proved to be effective for the required cycloaddition 
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with an improved 92% combined yield of compounds (20) and (21). Other 

Lewis acid catalysts were also investigated by Ma et al., but lower yields 

were obtained.  

 

Scheme 3: Ma’s approach towards the synthesis of martinelline 

1.4.2.2. Povarov reaction approach 

The Povarov reaction of an inverse-electron demand hetero-Diels-Alder 

reaction was used for the synthesis of the core structure of martinelline by 

Powell and Batey in 2002 (Powell & Batey, 2002). The Povarov approach 

can be categorized as a subset of the Diels-Alder reaction. Mechanistically, 

the reaction may occur through a concerted inverse electron demand hetero- 

Diels-Alder reaction or via a stepwise Mannich pathway, as it generally 

involves the coupling between an N-arylimine (22) and an electron rich 

alkene (23) (Scheme 4). 

 

Scheme 4: General scheme of the Povarov reaction 

Powell and Batey’s approach involved reaction between 4-aminobenzoate 

and two equivalents of N-Cbz-2-pyrroline to give the hexahydropyrrolo-[3,2-

c]-quinoline core of martinelline as an 85:15 mixture of diastereomers 

favouring the undesired endo compound. To achieve the desired 

stereochemistry, a catalyst that would favour the formation of the exo-

diastereomer was required, thus the authors investigated protic acids that 

had previously been reported as successful in a number of Povarov 
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reactions (Nomura et al., 1978, Grieco & Bahsas, 1988, Gregoire et al., 

1991, Mellor et al., 1991, Mellor & Merriman, 1995, Posson et al., 2000).  

The desired exo diastereomer was obtained from reaction of 4-

aminobenzoate (27) with two equivalents of N-Cbz-2-pyrroline (28) in the 

presence of 5 mol% of camphor-sulfonic acid (CSA). The tricyclic triamine 

core (29) was obtained in 74% yield in a ratio of 11:89 in favour of the exo 

diastereomer. Selectivity favouring the desired exo diastereomer was 

observed only after use of protic acid catalysts under specified conditions, 

whereas addition of Lewis acid catalysts led to the endo diastereomer 

(Scheme 5), with the mechanism of this transformation shown below 

(Scheme 6).  

 

Scheme 5: Batey’s approach towards the synthesis of martinelline 

 

Scheme 6: Reaction mechanism of Batey’s approach 

After obtaining the tricyclic triamine core of martinelline, Powell and Batey 

attempted to incorporate the guanidine moiety. Initial attempts at direct 
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addition of N-1 and N-13 isoprenylguanidines to (29) were unsuccessful and 

as such, addition of the guanidine moiety was carried out with the triamine 

salt through a series of steps including protection of the exo-(26) product by 

deprotonation with 3 equivalents of KHMDS and treatment with TrocCl to 

give the protected amine (35). Further hydrogenation with Pearlman’s 

catalyst in 20:1 MeOH:AcOH led to removal of the Cbz group to yield the free 

amine (36). The trisubstituted guanidine moiety was subsequently introduced 

through HgCl2-promoted guanidinylation with (37) to generate guanidine (38) 

(Scheme 7). 

Incorporation of N-13 guanidine was attempted by initial deprotection of the 

Troc group using Zn dust in THF in the presence of a pH = 4.0 buffer. The 

product was obtained in 63% yield over a two-step process. The carboxylic 

acid derivative (41) was obtained after heating (39) in a 3:1 mixture of 

MeOH/aqueous NaOH (0.2M) for 16 hours at reflux. One Boc group was 

hydrolysed under these conditions and the remainder were removed after 

treatment with TFA/CH2Cl2. (±)-Martinellic acid was thus obtained in 14% 

overall yield after HPLC purification. 
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Scheme 7: Incorporation of guanidine groups into martinellic acid core 

structure 

1.4.2.3. CuI Catalysed approach 

In 2001, Ma et al. attempted to obtain the tricyclic core of martinelline by 

cuprous ion catalysis. Their approach involved formation of the desired N-

aryl-β-amino acid skeleton (44) by a cuprous-ion catalyzed coupling reaction 

between aryl iodide and the β-amino ester, as shown below (Scheme 8) (Ma 

et al., 2001). 
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Scheme 8: Synthetic steps towards the synthesis of N-aryl-β-amino acid 

Initial deprotection of N,N-disubstituted β-amino ester (42), led to (43) which 

was further coupled with 1,4-diiodobenzene to provide the requisite N-aryl β-

amino acid. The acid was esterified with SOCl2/MeOH to afford (44) in 53% 

overall yield. Compound (44) was converted into 4-oxoquinoline over four 

steps. Finally, Pd-catalysed carbonylation of aryl-iodide (45) and protection 

of functional group gave compound (46). 

Alkylation of (46) was carried out at -40 ºC to form an azide, which was 

converted to the cyclic imine after reduction and concomitant cyclisation with 

Ph3P/H2O. Protection of both amino groups with TFAA gave amide (48). The 

tetracyclic compound (50), was obtained as a side product following 

deprotection of (48) with TBAF/HOAc and subsequent cyclization. The silyl 

moiety was removed from compound (48) and azide (49) was generated in 

four steps. Reduction of the azide group with triphenylphosphine and H2O 

followed by deprotection with HCl/MeOH gave (51) as the hydrochloride salt. 

Treatment of (51) with N-(tert-butoxycarbonyl)-N’-(3-methyl-2-butenyl)-S-

methylisothiourea (52) at room temperature in the presence of AgNO3 gave 

product (53) in 65% yield. Success in this reaction was due to the use of 

more reactive N-Boc isothiourea species as reagent with silver nitrate as a 



Georgia Saviolaki                                                                                     Introduction 

 

20 
 

promoter. Finally, hydrolysis of the ester moiety gave compound (42) as the 

TFA salt.  

 

Scheme 9: Summary of synthetic steps to obtain the core structure of 

martinelline 
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1.4.2.4. 1,3-Dipolar Cycloaddition 

Another key approach used by several groups in the synthesis of the 

pyrrolo[3,2-c]quinoline core of martinelline, has been the intramolecular 1,3-

dipolar cycloaddition of non-stabilized azomethine ylides, which was first 

described by Martin and Cheavens (1989). Despite its synthetic 

effectiveness, the synthesis required several steps where the yields and/or 

stereoselectivities were variable.  

Nyerges et al. employed this approach for the synthesis of the core structure 

of martinelline, as they envisaged that the desired tricyclic structure could be 

generated in a one-step synthesis from the keto-pyrrolidine derivative (55) 

under reductive conditions (Scheme 10) (Nyerges et al., 2000). The authors 

envisaged that compound (54) would be readily produced in the desired cis-

conformation from a metal catalysed intramolecular azomethine ylide 

cycloaddition of imine (56) to alkyl vinyl ketone (57).  

 

Scheme 10: Overall retrosynthetic pathway for the synthesis of martinelline 

core structure 

The first step in the synthesis of azomethine ylides was derived from the 

reaction between imines of o-nitro-benzaldehydes in the presence of silver 

acetate and triethylamine in dry toluene. Reaction with methyl vinyl ketone 

(57) gave the predicted syn-endo cycloadducts (58a-c) as single isomers. 

When the dipolarophile was used in excess, it resulted in production of 

compounds (60a-c). Reduction of (58) or (60) with either Na2S2O4 in 

aqueous ethanolic solution or 10% Pd/C as catalyst afforded the unexpected 

compound (61a-c) (Scheme 11). 
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Scheme 11: Nyerges attempted synthesis of compounds 61a-c 

To avoid such reduction, Nyerges et al. elected to produce the same 

azomethine ylides from imines (58) in the presence of ethyl acrylate as the 

dipolarophile, which gave the syn-anti cycloadducts (62a-c) 

stereoselectively. Subsequent reduction of (62) with sodium hydrosulfate 

gave the expected cis-fused pyrrolo[3,2-c]quinolines (63) in good yields 

(Scheme 12). 

Scheme 12: Reaction between imines and ethyl acrylate  
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1.4.2.5. Radical mediated approaches 

Takeda et al. introduced two types of radical reactions for the synthesis of 

the hydroxyquinoline core structure of martinelline (Takeda et al., 2004). This 

involved: 1) a novel radical addition-cyclisation reaction of an oxime ether 

carrying an unsaturated ester for the construction of pyrroloquinoline, 2) C-C 

bond formation through 1,5-hydrogen atom translocation for the 

stereoselective introduction of the side chain into the C4 position of 

pyrroloquinoline (Scheme 13). 

Scheme 13: Radical cycloaddition approach 

Oxime ether cyclisation precursor (64) was prepared from commercially 

available methyl-anthralanine in a five-step process as shown (Scheme 14). 

 

Scheme 14: Overall synthetic steps in Takeda synthesis 

Reaction of (64) with Bu3SnH and AIBN gave a mixture containing 

compounds (65a-b) and (73). Compound (65a) was obtained in 52% yield in 
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a 1:1, cis/trans ratio, whereas the expected compound (73) was generated 

as the minor component (22%, cis/trans=1:1.5). Product (65a) resulted from 

a stannyl radical addition-cyclization-elimination reaction followed by 

debenzyloxylation.  

The authors examined the inter-conversion between (64) and (65a) in order 

to propose a mechanism. It was observed that when cis-(73) was treated 

with Bu3SnH and AIBN, most of the starting material was recovered, 

whereas when it was heated in MeOH in the presence of TsOH, N-benzyloxy 

cis-65b was produced, without conversion into cis-(65a) under the same 

conditions for the radical reaction. Finally when heated in MeOH in the 

presence of TsOH or under radical conditions, only trans-(73) was isolated 

(Takeda et al., 2004). 

The next step was to introduce a carbonyl group into the C8 position and a 

C3 unit into C4 position of cis-(65a) (Scheme 15). Reduction of cis-(65a) with 

BH3
.Me2S gave the corresponding amine that was further acylated with AcCl 

to give amide (74) in 90% yield. Treatment of (74) with AcCl in DCE at reflux 

led to the formation of compound (75). Further reaction of (75) with 10% 

aqueous NaOH in MeOH resulted in selective deacetylation at the vinylogous 

amide to afford compound (76) in 47% yield.  

The introduction of the C3 unit side chain into the C4 position from the less 

hindered convex face was carried out following Snieckus’ approach 

(Beaulieu et al., 1996). This involved diastereoselective C-C bond formation 

of an alpha carbon adjacent to nitrogen via 1,5-hydrogen atom translocation 

and subsequent Michael-type radical addition to methyl acrylate. Amine (76) 

was acylated (Scheme 13) to generate radical cyclisation precursor (66). 
Following addition of Bu3SnH and AIBN solution to (54) and methyl acrylate, 

compound (67) was generated along with pentacyclic (77), which involved 

radical cyclization of the transiently formed aryl radical (A) onto the aromatic 

ring followed by oxidation. Further treatment of (67) with Br2 in 2.5% aq. 

NaOH followed by esterification gave compound (78), which was converted 

to compound (81) in a four step process (Scheme 15).  
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Scheme 15: Overall reaction scheme of the approach 
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1.5. Isolation and biological properties of spiropyrrolidinyl-
oxindoles  

As previously discussed, the spiropyrrolidinyl-oxindole class of compound 

range from simple members such as coerulescine through to more complex 

derivatives such as spirotryptostatin A and B (Figure 7). They are all derived 

from tryptamine or tryptophan derivatives, with a unique spiro-fused ring at 

the C-3 position. Most have potent biological activities rendering them 

interesting synthetic targets.  

 

Figure 7: Structures of the spirocyclic compounds 

Coerulescine was first isolated in 1998 by Aderton and co-workers, from the 

blue canary grass Phalaris coerulescens. Horsfiline was first isolated in 1969 

by Agurell and co-workers (Agurell et al., 1969) from the Malaysian medical 

plant Horsfildea superba Warb class of Myristicacea plants. Due to their 

unique spirocyclic quarternary centre, and their simple structure, they are 

attractive synthetic targets (Chang et al., 2005). Examples of synthetic 

strategies to these compounds include Mannich reactions, ring-expansion 

reactions, intramolecular radical cyclisations, asymmetric nitroolefinations 

(Pellegrini et al., 1994, Bascop et al., 1994, Palmisano et al., 1996, 

Lakshmaiah et al., 1999) and intramolecular electrophilic cyclisations (Chang 

et al., 2005).  

Spirotryptostatins A and B, were first isolated in 1996 by Cui and co-workers 

from Aspergillus fumigatus. They are more complex structures bearing a 

unique spiro-skeleton ring system and consisting of a γ-lactam moiety 

attached to a benzene ring and a five-membered hetero ring fused to a 
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diketopiperazine structure (Figure 7). Spirotryptostatins have been shown to 

act as mammalian cell cycle inhibitors; specifically targeting the G2/M phase 

of mouse tsFT210 cells (Cui et al, 1996). Cell cycle inhibitors are important 

molecules as they can either act as antineoplastic agents or they can be 

used as probes for further information on signalling pathways (Edmondson et 

al., 1999). Cui et al, observed more potent inhibitory activity from 

spirotryptostatin B compared to spirotryptostatin A attributing this property to 

the absence of methoxy group on the oxindole moiety of spirotryptostatin B. 

In addition, the presence of the double bond in spirotryptostatin B might also 

be responsible for its potent activity (Cui et al., 1996). 

More interestingly in 1999, Danishefsky et al., reported enhanced activity 

from analogues of spirotryptostatins A and B (Figure 7) against MCF-7 and 

MDA MB-468 human breast cancer cells.  
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1.5.1. Previous synthetic approaches towards coerulescine and 
horsfiline  

Spirooxindole ring systems remain a highly attractive synthetic target for 

medicinal chemistry. They have a wide range of biological properties such as 

anti-tumour, contraceptive and antimigraine activities. Coerulescine and 

horsfiline comprise the simplest structures of the spirooxindole alkaloid family 

and five key approaches towards their synthesis will be described. 

1) Tandem radical cyclisation approach 

2) Aryl radical cyclisation approach 

3) Short synthesis from 2-arylpropenoic acid esters  

4) Intramolecular allylation approach (Tsuji allylation) 

5) Tandem aza-Michael/spiro-ring closure approach 

1.5.1.1. Tandem radical cyclisation 

Murphy and co-workers, employed a tandem radical cyclisation approach to 

horsfiline using an azide derivative (Lizos & Murphy, 2003). The radical 

cyclisation afforded exclusively the desired tricyclic core structure without 

any evidence of 6-endo cyclised product as observed by Jones and 

Wilkinson (1992), which will be discussed later.  

 

Scheme 16: Regiochemical outcome from tandem radical cyclisation (Lizos 

and Murphy, 2003) 
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Scheme 17: Synthetic pathway for the synthesis of coerulescine and 

horsfiline  

As such, dilithiated t-Boc-p-anisidine (85a) was iodinated with 1,2-

diiodoethane, to give (86a) (86%) followed by deprotection of the t-Boc group 

to give (87a) (89%), which was reductively alkylated. At this point the 

conversion of the primary amine (87a) to a secondary amine such as (88a) 

was needed as the radical cyclisations were intended to take place on the 

amide substrates. The authors chose the benzyl protection group as it is 

easily removed.  

Condensation of (88) with acid chloride (89) of the monomethyl ester of 

methylene succinic acid followed to give amides (90a) and (90b) (94%). 

Reduction of the ester group to the alcohol (91) was necessary before 

conversion to the azide (82) and subsequent cyclisation. During their first 

attempts for the reduction of the ester to alcohol (93), they used DIBAL-H, 

which afforded the desired compound (93) as the major product.  
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Protection of the alkene double bond in (90) was essential. To reduce this 

steric hindrance, PhSH was reacted with the ester (90) to give compound 

(92) in excellent yield (96%). Further reduction of (92) gave compound (93) 

(55%) along with small amounts of compound (84) (10%). Alcohol (93) was 

purified and oxidised to the corresponding sulfoxide that was then subjected 

to thermal elimination, yielding alcohols (91a) (72%) and (91b) (84%).   

As the protecting and deprotecting process of the alkene was a disadvantage 

for the directness of the methodology, another approach for the immediate 

conversion of ester (90) to the alcohol (91) was investigated. This was 

achieved through the use of in situ formation of LiBH4 that gave the desired 

product (91) in 83% yield, which was subsequently converted to the azide 

(82a) (68%) and (82b) which was obtained in 70% yield and was subjected 

to tandem radical cyclisation generating the tricyclic products (94a,b). 

Methylation of compounds (94a,b) was carried out in-situ and gave 

compound (95a) in 60% yield and (95b) in 83% yield respectively. 

Deprotection of (95a) under Birch conditions afforded horsfiline (6) at 87% 

yield.  
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1.5.1.2. Aryl radical cyclisation 

The synthesis of horsfiline was reported by Jones and Wilkinson (Jones & 

Wilkinson, 1992) who utilised an aryl cyclisation procedure. In contrast to the 

tandem radical cyclisation reported by Murphy (Lizos & Murphy, 2003) the 

authors obtained a mixture of the desired 5-exo (97) product along with the 

6-endo product (98) as shown (Scheme 18).  

 

Scheme 18: Cyclisation reaction yields obtained for 5-exo and 6-endo 

compounds 

Protection of glycine ethyl ester with benzyloxycarbonyl (Z), followed by 

reaction with ethyl acrylate gave (100) in 83% yield via Michael addition 

followed by a Dieckeman cyclisation. The ketone was reduced to give 

compound (101) as a mixture of diastereoisomers (6:1) in 85% yield. 

Hydrolysis of the ester led to (104) in 89% yield. Compound (105) was 

obtained by formation of the triethylammonium salt and subsequent reaction 

with thionyl chloride. Freshly prepared (105) was reacted with 2-bromo-4-

methoxyaniline to give the amide (106) in an overall yield of 79%.   

 

Scheme 19: Synthetic pathway for the synthesis of cyclisation precursor as 

reported by Jones and Wilkinson 
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Due to the conformation of the amide bond in compound (106), treatment 

with radical initiator would have led to reduction. Therefore, the authors 

decided to add an alkyl group onto the amide nitrogen using a trimethylsilyl 

protecting group and hence hoped to change the conformation of the amide 

bond. As such, (106) was treated with lithium hexamethyldisilazide followed 

by addition of trimethylsilyl chloride to generate N-trimethylsilylamide (106a) 

as one-pot procedure where the N-substituent would be easily removed on 

work-up (Scheme 20). Addition of TBTH and AIBN in the solution followed by 

heating of the reaction at 80 °C for 1 hour gave a mixture of compounds 

(107) in 29% yield and (108) in 26% yield respectively.  

 

Scheme 20: Cyclisation products and yields obtained from NZ derivative 

Another approach was also used where compound (106) was reacted with 

KH followed by the addition of SEMCl, generating compound (109). Radical 

cyclisation gave the expected spiropyrrolidine (110) in 70% yield with only 

5% of the 6-endo product (111) obtained, which was attributed to the 

conformation of substrate (109). Removal of the SEM group and transfer 

hydrogenation removed the Cbz protecting group leading to 

desmethylhorsfiline (112) in 85% yield. Finally treatment under Eschweiler-

Clarke conditions led to formation of horsfiline (6) in 75% yield (Scheme 21).  
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Scheme 21: Reaction pathway for the synthesis of horsifiline  

1.5.1.3. Short synthesis from 2-arylpropenoic acid esters bearing nitro 
groups in the aromatic ring 

This section describes the methodology used by (Selvakumar et al., 2002) 

for the production of arylpropenoic acid ester and its use in Palmisano’s 

conditions for subsequent cyclisation and formation of the spirocyclic 

structure. 

The approach described by Selvakumar involved the synthesis of 

coerulescine (5) and horsfiline (6) from nitro-aryl propenoate (115), which 

was synthesised in a two-step process. For the synthesis of compound 

(115), the authors commenced with commercially available 2-

fluoronitrobenzene (113). Aromatic nucleophilic substitution with dimethyl 

malonate afforded the nitro-malonate (114), which was treated with aqueous 

K2CO3 to give the decarboxylated derivative (116) (70%). The latter 

underwent aldol condensation to give compound (115) (62%) (Scheme 22). 

 

Scheme 22: Synthesis of nitro-aryl propenoate  



Georgia Saviolaki                                                                                     Introduction 

 

34 
 

Compound (115) was converted to the natural product coerulescine (5) in 

two-steps using Palmisano’s approach (Cravotto et al., 2001) 1,3-dipolar 

cycloaddition of (115) to a N-methylazomethine ylide generated ester (117), 

which underwent hydrogenation to give coerulescine in 84% yield (Scheme 

23).  

 

Scheme 23: Synthesis of coerulescine from nitro-aryl propenoate 

Similar conditions were used by Palmisano et al for the synthesis of horsfiline 

(Scheme 24). 

 

Scheme 24: Synthesis of horsfiline using nitro-aryl propenoate   
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1.5.1.4. Intramolecular Allylation to coerulescine (Tsuji allylation) 

A Tsuji allylation approach was carried out in the synthesis of coerulescine 

as it is characterised by a palladium catalysed substitution reaction 

containing a leaving group in an allylic position. It results in a racemic 

product mixture, hence serving as a methodology for enantioselectivity. 

(Tsuji et al., 1965). 

Compound (125) was reacted with allyl chloro formate and sodium 

bicarbonate to afford the allyl enolate carbonate derivative (126) in 80% 

yield. The authors envisioned compound (126) as the precursor for Tsuji 

allylation to generate the allylic aldehyde (127), but direct deformylation was 

observed. Therefore, compound (126) was reacted with Pd2(dba)3 and PPh3. 

Reduction of the crude product followed, where compound (128) was 

obtained in 60% yield. Deprotection of methyl carbamate on the nitrogen was 

observed during the two step process (Scheme 25). 

Mesylation of (128), followed by oxidative cleavage of the allylic double bond 

gave aldehyde (129) in 32% overall yield. Finally, compound (129) was 

converted to coerulescine after sequential application of MeNH2 and NaBH4 

to ensure reductive amination and subsequent cyclisation in 25% yield. 

 

Scheme 25: Synthetic pathway for the synthesis of coerulescine
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1.5.1.5. Tandem aza-Michael/spiro-ring closure approach 

Tandem aza-Michael initiated ring closure (aza-MIRC), is a key step for the 

formation of the spirocyclic core structure of horsfiline which was employed 

by Gormen and co-workers (Goermen et al., 2013). The reaction occurs via 

reaction between 3-ethoxymethylene-oxindole (132) as the Michael acceptor 

and benzyl(2-bromoethyl)carbamate (131) as the partner for the ring closure 

(Scheme 26).  

 

Scheme 26: Retrosynthetic pathway of aza-MIRC methodology 

Compound (132) was obtained from the oxindole (133) over two steps in 

29% overall yield. An aza-MIRC was applied generating the desired 

compound (130) in 83% yield. The α-ethoxy-pyrrolidine was reduced and the 

racemic compound was produced in-situ upon acidic treatment. Compound 

(±)-(135) was obtained in a mixture of 3:1 along with its deacylated derivative 

(±)-(136) in an overall yield of 86%. Compound (±)-(135) was converted to 

the corresponding (±)-(136) after treatment with sodium carbonate in 

methanol (Scheme 27).  
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Scheme 27: Synthesis of the spirocyclic ring system using aza-MIRC  

After isolation of compound (±)-(136) in 71% overall yield, the carboxybenzyl 

group was removed to generate product (±)-(137) in 99% yield. The 

secondary amine of (±)-(137) was subject to methylation in order to generate 

(±)-coerulescine (5) in 38% yield (Scheme 28). 

 

Scheme 28: Synthetic pathway towards the synthesis of coerulescine 
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1.6. Radical chemistry  

1.6.1. Background of thiyl radicals and isocyanides  

Our proposed methodology is based on Saegusa’s seminal work in 1970, 

who first described the radical reaction between isocyanides and thiols. He 

observed that when alkyl and phenyl isocyanides react with primary thiols, 

they produce the corresponding formimidate. When reacted with tertiary 

thiols, isothiocyanates are generated and when reactions occur with 

secondary thiols, a mixture of thioformimidates and isothiocyanates are 

obtained. (Bachi et al., 1994). This observation led to the reaction outcomes 

being categorised as Course I and Course II respectively (Scheme 29).  

 

Scheme 29: The two observed reaction courses between isocyanides and 

thiols  

The intermediate imidoyl radical, formed from reacting an isocyanide and a 

thiol, is isoelectronic with vinyl and acyl radicals of σ character. The reaction 

course is dependent on the nature of the alkyl group on the thiol; i.e. primary 

and aromatic thiols undergo course I only, whereas α-toluenethiol and 

tertiary thiols undergo course II reactions. Secondary thiols can proceed 

along both reaction pathways (Saegusa et al.,1970). 

The radical R´-S• is formed from the thiol by a radical initiator or by 

irradiation. The latter then attacks the isocyanide to form the intermediate 

imidoyl radical. The intermediate can undergo two reactions; a) either it will 

react with the thiol and through direct H abstraction, where thioimidate is 

generated or b) through β-cleavage of C-S bond which leads to the 

corresponding isothiocyanate and the alkane R´H (Scheme 30). 
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Scheme 30: Mechanism of radical chain reaction between thiol and 

isocyanide 

Based on Saegusa’s approach for the reaction between free radicals and 

isocyanides, Bachi et al. managed to synthesise cyclic compounds in 1994. 

They used a novel thiol induced cyclization method for the synthesis of 

substituted pyrrolines and 5-oxopyrrolidines (Scheme 31) (Bachi et al., 

1994). 

 

Scheme 31: Cyclization reaction mechanism between thiols and isocyanide 
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2.0. Project Objectives 

Our proposed research is based on the development of a novel tunable thiyl 

radical/isocyanide cyclisation that would lead to the synthesis of either 

pyrroloquinoline compounds related to martinelline (1) and martinellic acid 

(2) or spirocyclic compounds related to coerulescine (5) and spirotryptostatin 

(7).  

Radical mediated approaches to heterocycles are highly attractive due to 

their use of mild conditions that obviate the need for protection/ deprotection 

steps, their flexibility and predictability. Most radical approaches to the 

tricyclic core of martinelline and related compounds have relied upon the use 

of organotin derivatives which are associated with considerable drawbacks 

namely its inherent toxicity and price (Majumdar & Debnath, 2008). As a 

result of the mild conditions regarding radical chemistry, we intended to 

develop a non-organotin mediated radical approach to both spirocyclic and 

tricyclic heterocycles in contrast to other researchers (Hilton et al., 2000, 

Escolano & Jones, 2002, Miyata et al., 2007, Naito, 2008, Ho & Jones, 

1997).  

The aim of our synthetic approach is to produce two different classes of 

compounds - the tricyclics and spirocyclics, from a single precursor. We 

envisaged that this could be acieved by simple alteration of the reaction 

conditions.  

2.1. Retrosynthesis of tricyclic compounds 

We anticipated that the tricyclic core of martinelline (144) could be obtained 

via thiyl mediated radical cyclization with isocyanide (145). Further 

disconnection of the isocyanide leads to aldehyde (146), primary amine 

(147), and to the Suzuki coupling starting materials - boronic acid (148) and 
iodide (149) (Scheme 32). 
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Scheme 32: Synthetic pathway for the formation of tricyclics 

 

2.2. Retrosynthesis of spirocyclic compounds 

We anticipated that the spirocyclic structure (150) can also be obtained via 

the same methodology as shown below (Scheme 33). The difference in 

reaction conditions will determine the synthesis of either the tricyclic or the 

spirocyclic compound. 

 

Scheme 33: Synthetic pathway for the formation of spirocyclics 

2.3. Background to the proposed synthetic approach 

Our proposed initial approach focuses on the N-Boc derivative as N-Boc 

pyrrole-2-boronic acid is commercially available and the Boc group can be 

readily removed post cyclisation. Following the success of the cyclisation, we 

will next focus on the investigation of the nature of the intermediate α-
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mercaptoimidoyl radical. This will be carried out by designing experiments to 

investigate the necessary electronic requirements of the five-membered ring 

to determine whether reaction preferentially takes place with either electron 

donating or electron withdrawing substituents on the pyrrole. To achieve this, 

the pyrrole ring will be modified and will also be replaced by furan, thiophene 

and indole derivatives. As discussed previously, the first reported addition of 

thiol and stanyl radicals to isocyanides was carried out by Saegusa in the 

1960s with the formation of α-imidoyl radicals. Our interest in this approach 

to martinelline is based on the work of Fukuyama (Fukuyama et al., 2008) 

and Rainier (Rainier & Kennedy, 2000) who demonstrated that Saegusa’s 

approach can be used for the synthesis of substituted indoles as shown 

below (Scheme 34).  

 

Scheme 34: Indole formation by radical cyclization 

We envisaged that a suitably designed isocyanide precursor accessible via 

palladium chemistry should generate either the kinetic or thermodynamic 

core structure after addition of a thiol radical. Thiophenol is our preferred 

source as it is non-toxic compared to tin-based radical reactions and 

purification can be easier (Majumdar & Debnath, 2008). In addition, we 

elected to use thiophenol due to its excellent hydrogen atom donor ability 

attributed to resonance stabilization of the arenethiyl radical. We also 

intended to investigate the reaction with 4-methoxybenzenethiol and 4-

nitrobenzenethiol as para-substituents of the benzene ring can affect the S-H 

bond dissociation energies, which will further affect the cyclisation reaction 

(Denisov et al., 2005). 

Finally AIBN is our proposed radical initiator of choice, as it is relatively 

cheap and requires low temperatures for generation of the radical initiator 

with ranges of 60-120 °C, and a corresponding half-life at 80 °C of one hour 

(Simpkins, 2001).    
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From a mechanistic point of view we anticipated that the intermediate α-thio-

imidoyl radical (154) should undergo 6-endo-cyclisation under 

thermodynamic control to give compound (155), but can also undergo a 5-

exo-trig cyclisation under kinetic control giving compound (156) (Scheme 

35). Formation of the thermodynamic product is precedented in the literature 

following analogous work by Rainier (Rainier & Kennedy, 2000) and 

Fukuyama (Fukuyama et al., 2008) who both observed 6-endo-radical 

cyclization depending on the substrates used in their indole synthesis albeit, 

their studies focused on 5-exo dig cyclisations versus the proposed 5-exo trig 

and 6-endo trig in this work (Scheme 35).  

 

Scheme 35: Products (6-endo and 5-exo) from radical cyclisation 

2.3. Biological evaluation of the tricyclic family  

As a result of the potent biological activity of imiquimod (4) (Figure 8) and the 

structural similarities with our proposed tricyclic compounds, we also intend 

to explore the effects of our synthesised compounds on microglia to 

investigate their potential to reduce neuroinflammation.   

 

Figure 8: Structure of Imiquimod 
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This will involve intial exploration of the in-vitro cytotoxicity profiles of the 

compounds on cerebellum granule cells. Those that display a satisfactory 

safety profile will be further tested on BV2 cell lines for their toxicity. BV2 cell 

lines are immortalised murine microglial cells and are frequently used as a 

substitute for primary microglialcultures (Henn et al., 2009). All compounds 

that demonstrate a proven safety profile after administration on BV2 cell lines 

will be further tested on primary microglia cell cultures where their potential 

biological activity against neurological diseases can be investigated. Specific 

experiments will be designed so as to explore their effect on TLR modulation 

as will be discussed in Chapter 4.0. 
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3.0. Results and Discussion 

Intramolecular aryl radical cyclisations to multiple bonds have been 

extensively documented in the literature for the preparation of polycyclic 

compounds (Banik, 1999). In particular, the addition of aryl radicals to aryl 

rings with subsequent rearomatisation have been reported, but the 

intramolecular addition of aryl radicals to heterocycles has not been explored 

extensively (Escolano, 2002). 

Isocyanides, were first defined as isomers of cyanides by Gautier and 

Hofman (Lygin & de, 2010). The unpleasant odour of isocyanides has limited 

their use in organic synthesis, until the discovery of promising reaction routes 

towards their synthesis such as the dehydration of formamides and carbyl-

amine reaction of amines with phase transfer catalysts. The unique and dual 

properties of the isocyanide to act as both an electrophile and nucleophile, 

enable these compounds to be applied to a range of diverse synthetic 

reaction conditions (Schollkopf, 1977, Mitamura et al., 2007). 

Isocyanides are isoelectronic with carbon monoxide and are useful C1 units 

bearing an electron withdrawing group that enhances the acidity of C-H 

bonds (Schollkopf, 1977). They react with other carbon or heteroatom 

centered radicals (X•) generating the corresponding imidoyl radical (Scheme 

36) (Kawaguchi et al., 2006). 

 

Scheme 36: Generation of imidoyl radical 

Radical cyclisations are an attractive target in synthetic chemistry due to 

functional group tolerance and chemo/regio-selectivity in both the generation 

of free radical and production of the cyclisation reaction (Tokuyama et al., 

2001). Moreover, imidoyl radicals are of high importance as they lead to the 

generation of N-containing heterocycles through cyclisation. The first report 

of imidoyl radical mediated cyclisation was in 1984 by Leardini et al (Leardini 

et al., 1984) (Scheme 37). 
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Scheme 37: Mechanism of imidoyl radical mediated cyclisation by Leardini 

They demonstrated that the imidoyl radical can be generated from reaction 

between an imine and diisopropyl peroxydicarbonate (DPDC), which can 

further react with phenyl acetylene generating a vinyl radical which in turn 

after oxidation, cyclises to form 2,4-diphenylquinoline (160) (Tokuyama, et 

al., 2001). 

In our synthetic approach, we focused our studies on the intramolecular 

addition of thiyl radicals onto a pyrrole ring system where the linking chain is 

attached either to the C-2 or C-3 position. In addition, by varying the N-

substitution on the pyrrole ring, with several electron donating/withdrawing 

groups we hoped to affect the outcome of cyclisation.  

3.1. Synthesis of N-Boc precursor and Reaction Optimisation 
Conditions  

3.1.1. Synthesis of N-Boc derivatives 

As outlined in the objectives, our first aim was to synthesize the cyclisation 

precursor and then react this with thiyl radicals to form the tricyclic 

pyrroloquinoline or spirooxindole structures. The scheme below (Scheme 38) 

illustrates the disconnection approach towards the synthesis of the precursor 

(161) from the Suzuki coupling reagents (149) and (164). 

 

Scheme 38: Retrosynthetic pathway towards the synthesis of isocyanide  
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The overall synthetic pathway began with iodination of methyl 

aminobenzoate via a simple electrophilic aromatic substitution reaction. The 

yield of the reaction was 80% and easy to scale up and as such, multi-gram 

quantities were produced. This was required for the coupling reactions of 

either the N-Boc pyrrole boronic acid or other boronic acids/pinacol esters 

which will be discussed later.  

The coupling partner for the initial Suzuki reaction was N-Boc-2-pyrrole-

boronic acid (164), which was commercially available but also difficult to 

obtain in sufficient purity. It was therefore synthesised using directed ortho-

lithiation as reported by Matteson and co-workers (Matteson et al., 1981) 

(Scheme 39).  

 

Scheme 39: Directed ortho-lithiation reaction mechanism of boronic acid 

formation  

Freshly prepared LDA was used to deprotonate N-Boc pyrrole (165) at the 

C2 position via selective ortho-directed lithiation. The reaction was carried 

out under scrupulous anhydrous conditions as moisture would have reduced 

the reaction yield via quenching of the pyrrole anion. The reaction mixture 

was cooled to -78 °C so as to stabilise the anion and addition of 

trimethylborate followed by acid catalysed hydrolysis afforded the desired 

product. Solvent was partially removed under reduced pressure until 30% of 

the total amount remained. The final solution was kept at 0 °C overnight and 

the pure colourless crystalline compound was obtained after three crop 

cycles to give the desired N-Boc boronic acid. Initially the combined reaction 

yield was low, ranging from 17-22% but after use of fresh reagents, it 

increased to 50%. As reported by Martina and co-workers in 1991, the N-Boc 

pyrrole boronic acid has a planar arrangement due to the presence of an 

intramolecular hydrogen bond formed between a hydroxyl group of the 
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boronic acid and the carbonyl oxygen of the Boc group which perhaps 

accounted for its sluggish reactivity in the coupling reactions (Martina et al, 

1991). 

Coupling between iodoaniline (149) and the N-Boc pyrrole boronic acid (164) 

was achieved by use of Suzuki-Miyaura conditions (Scheme 40) (Johnson et 

al., 1998,  Wang et al., 2011, Hercouet et al., 2002). 

Two different sets of conditions (Schemes 40 & 41) were applied to the 

coupling as the efficiency and the yield of the reaction can be affected by a 

number of factors such as reaction solvent, temperature, amount and the 

nature of the catalyst and also the type and concentration of the base.  

Method A had previously been developed in our group, following variation of 

solvents and palladium derivatives, where the combination of 

bis(triphenylphosphine)palladium(II) dichloride and 1,4-dioxane gave the best 

yields (Scheme 40).  

 

Scheme 40: Palladium coupling followed with Pd(PPh3)Cl2 in 1,4-dioxane 

and corresponding mechanism  
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Method B was followed for alternative substrates which did not possess the 

N-Boc group following the conditions reported in a recent Patent 

(US2005/0113566 A1) (Scheme 41). 

 

Scheme 41: Palladium coupling with Pd(PPh3)4 in toluene/EtOH (US 

2005/0113566 A1) 

The first step in the mechanism involves oxidative addition of palladium to 

iodo-benzoate to form an organo-palladium species. Reaction with base 

generates the boronic acid intermediate that can undergo transmetallation 

with the boronate complex to form an organo-palladium species (Scheme 

40). At this point in the mechanism, the concentration of base is crucial as it 

is an activator of the boronic acid and helps in the subsequent step (i.e. the 

reductive elimination), followed by the regeneration of palladium(0). As such, 

we wanted to estimate whether addition of double the amount of base (2 

Molar) would lead to an improved reaction yield of the coupling product by 

increasing the amount of iodoester. Fortuitously, better yields were obtained 

when 1 molar equivalent of the base was used and 0.31 g of the iodoester.  

Purification of the crude product was carried out by automatic flash column 

chromatography where the reaction yield ranged between 32% and 62%, 

which was attributed to variations in the amount of base added as shown 

below (Table 2).  

Equivalence of  
Na2CO3 

Mass of  
4-amino-3-iodobenzoate  

 methyl ester (g) 

Product  
Yield (%) 

2 molar 0.26 44 

1 molar 0.31 62 

2 molar 1.00 32 

1 molar 1.00 45 

Table 2: Variations in the yield due to changes in base concentration 
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Once the pyrroloaniline was obtained in sufficient amounts, the next step 

was formylation of the amine to generate the formamide derivative (162). 

There are several formylating methods reported in the literature, but all 

exhibit drawbacks such as expensive formylating agents and catalysts along 

with elevated temperatures, prolonged reaction times and as such, they often 

lead to difficult removal of by-products. Some of the most highly utilised 

methods for such transformations are the use of either ethyl formate and 

formic acid or formic acetic anhydride.  

In this case, formic acetic anhydride was elected as the formylating agent, 

since it does not lead to the de-protection of the Boc group. High 

temperatures under acidic conditions led to decomposition of the Boc group 

as it can react with the nucleophilic amine, leading to the cyclised product 

(174) which we observed when the reaction was attempted with ethyl 

formate (Scheme 42).	  

	  

Scheme 42: Formation of the cyclised compound (174) under acidic 

condition at high temperatures 

As formic acetic anhydride is not commercially available, we needed to 

synthesise it in-situ via reaction of acetic anhydride with formic acid. This 

was followed by addition of aniline (163) to afford the desired formylated 

product (162) in 85% yield. Analysis of the 1H NMR spectrum verified that 

our formylated product had been obtained as a mixture of amide rotamers 

(70:30). A proposed mechanism showing the formation of formamide (162) is 

depicted below (Scheme 43). 



Georgia Saviolaki                                                                    Results and Discussion 

 

51 
 

Scheme 43: Reaction mechanism of amine formylation  

The next step involved the conversion of the formamide compound to its 

isocyanide derivative, which was our desired cyclisation precursor. 

Isocyanide (161) was obtained by dehydration of the amide group in the 

presence of phosphorous oxychloride and diisopropylamine in 76% yield 

(Scheme 44).  

 

Scheme 44: Reaction mechanism of isocyanide formation  
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3.1.4. Optimised radical cyclisation conditions 

Having obtained sufficient amounts of the isocyanide precursor, we next 

investigated its reaction in our proposed thiyl/isocyanide mediated radical 

cyclisation. We focused our research on investigation of the formation of 

either pyrroloquinoline or spirooxindole systems. Therefore, a series of 

reactions were carried out to try to tune our radical methodology in order to 

cyclise in either a 6-endo trig (thermodynamic) or a 5-exo trig (kinetic) 

manner through the formation of the unstable α-imidoyl radical as shown 

below (Scheme 45).  

 

Scheme 45: 6-endo and 5-exo product formation from the α-imidoyl radical 

All reactions were initially monitored by LC-MS analysis every 30 minutes. 

However, because both the 5-exo and 6-endo compounds eluted at the 

same time, the reactions were carried out and analysed individually using 1H 

NMR spectroscopy. It was observed that the termination step, took place at 

high reaction concentrations (0.2 M) after 30 minutes during the reaction 

process with multiple addition of thiophenol to the product. Unfortunately, this 

addition product could not be fully characterised as not enough material was 

obtained. 
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The first variable that was changed was the reaction concentration (Table 3, 

entries 1-4). It was envisaged that under high concentration, the kinetic 

compound (5-exo) would be obtained preferentially. According to the results 

however, (Table 3), the higher the reaction concentration (0.2 M), the more 

6-endo product was generated. Surprisingly, on lowering the concentration to 

0.03 M, the 5-exo product was favoured, but lowering the concentration 

further to 0.05 M both products were formed in an almost equal ratio (Table 

3, entry 4). As both products were formed at low concentrations, no direct 

conclusions could be drawn in relation to the selectivity of the cyclisation 

conditions. Therefore, we concluded that there was another variable that 

plays a role in the cyclisation.   

 

Entry 
Reaction 

Concentration 
(M) 

Eq. of 
AIBN 

Eq. 
of 

PhSH 

6-
endo 
(%) 

5-
exo 
(%) 

5-exo 
rearranged 

(%) 
1 0.2 0.3 5 100 0 0 
2 0.1 0.3 5 100 0 0 
3 0.03 0.3 5 11 75 14 
4 0.05 0.3 5 56 44 0 

Table 3: Results obtained after variation of concentration. Percentages 

obtained from analysis of crude NMR  

As such in the next set of the experiments, we decided to keep both the 

reaction concentration and the amount of thiophenol constant whilst varying 

the amount of AIBN (table 4, entries 5-9).  

Our results clearly showed that the kinetic 5-exo spirocycle is favoured at 

higher equivalents of AIBN (1.5 eq.). However when the equivalents of AIBN 
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are low (0.1 eq.), the cyclisation proceeds more slowly and the more stable 

thermodynamic 6-endo product predominates.  

Entry 
Reaction 

Concentration 
(M) 

Eq. of 
AIBN 

Eq. of 
PhSH 

6 endo 
(%) 

5 exo 
(%) 

5-exo 
rearranged 

(%) 
5 0.05 0.1 5 100 0 0 
6 0.05 0.3 5 56 44 0 
7 0.05 0.5 5 48 52 0 
8 0.05 1 5 42 58 0 
9 0.05 1.5 5 13 87 0 

Table 4: Results obtained after variation of AIBN 

After exploring variation of the conditions with the different equivalents of 

AIBN we next varied the amount of thiophenol. We anticipated that the use of 

ten times higher the amount (i.e 50 equivalents) of thiophenol whilst keeping 

the amount of AIBN and reaction concentration constant (table 5, entries 10-

11) would lead to the 5-exo product exclusively. However, from our results, 

there was no difference between the percentage ratios of the cyclized 

products formed. Therefore, it can be concluded that there is no effect of 

adding either 5 or 50 equivalents of thiophenol and the major regulator of the 

reaction process proved to be of the radical initiator - AIBN. 

 

Table 5: Results obtained after variation of AIBN and 50 eq. of thiophenol 

With these results in hand, we next wanted to investigate whether the rate of 

addition of AIBN alone or with thiophenol would affect the selectivity of the 

cyclisation process. Slow addition of each reagent was carried out through a 

syringe pump over 2 hours.  

To begin with, slow addition of AIBN alone was tried but decomposition of 

the reaction mixture was observed as all NMR results showed complex 

mixtures of unidentifiable compounds. We next carried out a slow addition of 

thiophenol and AIBN together and thiophenol alone. In the first instance, the 

Entry 
Reaction 

Concentration 
(M) 

Eq. of 
AIBN 

Eq. of 
PhSH 

6 endo 
(%) 

5 
exo 
(%) 

5-exo 
rearranged 

(%) 
10 0.05 1.5 50 0 100 0 
11 0.05 0.1 50 94 6 0 
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syringe was filled with a solution of 5 equivalents of thiophenol and 0.1 or 1.5 

eq. AIBN according to the reaction requirements. NMR analysis showed 

decomposition of the starting material and a complex mixture of compounds 

obtained in all cases. 

Finally, slow addition of only thiophenol was attempted whilst the AIBN and 

starting material mixed, but similarly, decomposition occurred again as 

before. 

The table below highlights the final cyclisation conditions that were selected 

from our screen that gave the required product. As such, we termed our 

methodology as “Tunable” as we were able to select for either the 5-exo or 6-

endo product. 

Concentration  

(M) 
AIBN PhSH 6 endo 5 exo 

5-exo  

rearranged 
0.05 0.1 5 100% 0% 0% 
0.05 1.5 5 13% 87% 0% 

Table 6: Tunable radical cyclisation conditions 

All percentages shown above were measured from the 1H-NMR spectrum of 

the crude material that was analyzed after the reaction was complete.  

Surprisingly, the results showed that the selectivity of the radical reaction 

was dependent on the amount of the initiator used and not on thiophenol. 

Since thiophenol acts as the hydrogen donor, we had envisaged that with 

increased amounts of thiophenol the kinetic product would be preferred.  

In order to determine why the amount of the radical initiator plays a key role, 

we considered two different possibilities for the radical termination reaction:  

I) Thiol incorporation to the spirocyclic radical 

II) AIBN reaction with the spirocyclic radical & production of 

diphenyl disulphide  
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I) Thiol incorporation to the spirocyclic product 

Following production of the thiyl radical from AIBN we would perhaps expect 

radical coupling between the thiol and the spirocyclic product in order to 

generate compound (192) (Scheme 46). However, this possibility was not 

confirmed from the data obtained as no evidence of double addition of 

thiophenol was observed.  

 

Scheme 46: Double addition of thiophenol to spirocyclic compound 
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II) AIBN incorporation to the spirocyclic product & production of 
diphenyl disulphide  

Our next hypothesis to explore was incorporation of the radical initiator to the 

spirocyclic compound. This is possible as we saw limited evidence of AIBN 

adducts in the NMR data. 

Beckwith and co-workers reported that when high amounts of AIBN are used 

some may undergo reduction as shown below (Scheme 47) (Beckwith et al, 

2004). 

 

Scheme 47: Reduction of AIBN (Beckwith et al, 2004) 

Therefore, one hypothesis is that the AIBN radical reacts with the spirocyclic 

compound leading to the formation of the 5-exo product. Alternatively, the 

resulting 5-exo radical may undergo reduction by the reduced or intermediate 

reduced form of AIBN. (Scheme 48).  

 

Scheme 48: Termination reaction between AIBN and spirocyclic radicals 

As such, when high amounts of AIBN are used we hypothesise that some 

remains unoxidised and therefore reacts with the radical. In our case, this 
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can lead to reaction of AIBN with the product. As such, a retro-ene reaction 

can occur generating the spirocyclic compound (189).  

Our initial hypothesis was based on the amount of thiophenol used; the more 

thiophenol, the more likely the kinetic product would be generated. This 

could occur due to the increased availability of hydrogen atoms from 

thiophenol for abstraction and resultant termination. However, this is not the 

case, as in our results, it is clear that AIBN plays a key role in the selectivity 

of either 6-endo or 5-exo production. Presumably, what is happening in this 

case is that high amounts of AIBN lead to production of diphenyl disulphide 

as we observed (Scheme 49). Similar results have been reported by Benati 

and co-workers (Benati et al., 1991) who exclusively obtained diphenyl 

disulphide after reacting thiophenol with an alkyne and AIBN.   

 

Scheme 49: Production of diphenyl disulphide 

As such we conclude that the combination of AIBN reduction and generation 

of diphenyl disulphide in the reaction lead to the formation of the kinetic 

product. The rapid production of disulphide renders the hydrogen abstraction 

from thiophenol unlikely as it may involve reduction of AIBN to its reduced 

form, perhaps accounting for the favouring of the 5-exo product.   
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3.1.3. Cyclisation under Thermodynamic Control 

With the conditions tuned, we attempted to synthesise the compound on a 

larger scale to verify that our test conditions were successful and duly 

reacted our isocyanide precursor with 5 equivalents of thiophenol, 0.1 eq. of 

AIBN at 0.05 M in toluene. As such, the expected thermodynamic product 

was obtained in 62% yield. Some presence of the spirooxindole compound 

was observed but only in minor amounts.  

 

Scheme 50: Production and isolation of 6-endo compound 

The representative 1H NMR spectrum of the thermodynamic product (6-

endo), with the peaks at 6.37-6.38 & 6.67-6.69 ppm corresponding to the two 

pyrrole hydrogens, CH-4 & CH-5 respectively is shown in the appendix. 

In addition, on a larger scale, we also observed formation of product (197) in 

44% yield with double addition of thiophenol at C-4 as shown below (Scheme 

51) (4 hours). 
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Scheme 51: Generation of double addition of thiophenol on the tricyclic core 

structure 

Due to the instability of this product only the NMR spectrum data are 

reported in the experimental as this compound decomposed rapidly. The 

formation of this product was surprising as we had anticipated that one 

alternative product would have been the non-aromatic compound (198) 

derived from abstraction of a hydrogen atom from thiophenol by the tertiary 

radical (Scheme 52). 

 

Scheme 52: Mechanism of H atom abstraction from thiophenol 

Since the thiyl radical is generated in the reaction mixture it can also react in 

an addition manner, with the tertiary radical.  In this termination step the two 

radicals are combined to form the highly unstable product (197). Such 

termination reactions are difficult since the concentration of the radicals in 

the reaction is very small. Therefore, a possible is that as the reaction 

proceeds, the stable tertiary radical reacts with diphenyl disulphide, which is 

generated from AIBN (McMurry, 1992). 
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3.1.4. Cyclisation under Kinetic Control 

When the isocyanide precursor was treated with 5 equivalents of thiophenol, 

and 1.5 equivalents of AIBN at 0.05 M, the 5-exo product was obtained in 

47% yield. In addition, the side product (190) was also isolated from this 

reaction which forms as a result of double bond migration under the reaction 

conditions. 

 

Figure 9: Major and minor 5-exo products 

The difference in the 1H NMR spectrum (appendix) is clear as the 

dihydropyrrolidine hydrogens are readily observed and are indicative.  

In the case of the major product, the dihydropyrrolidine alkene hydrogens are 

observed at 5.18 and 6.87 ppm in the 1H NMR spectrum whereas the more 

characteristic hydrogens from the pyrrole-CH2 appear as a doublet of doublet 

of doublets (ddd) at 3.27 and 3.02 ppm.  

On the other hand, in the 1H-NMR spectrum of the rearranged minor 5-exo 

product, the two dihydropyrrolidine alkene hydrogens come at lower shifts of 

5.37 and 6.26 ppm as they are further away from the nucleophilic nitrogen. 

But as it is shown on the corresponding NMR (appendix), the CH2 hydrogens 

have a chemical shift at a higher values (4.56 & 4.42) as they are closer to 

the pyrrole nitrogen.  
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3.2. Formation of other Tricyclic derivatives using the same 
methodology 

3.2.1. Application to N-Containing Heterocycles 

As the reaction conditions proved to be efficient for the N-Boc derivative, our 

aim was to extend the study and perform reactions, under the same tuned 

reaction conditions with different heterocycles. We started with various N-

containing heterocycles such as N-Tosyl, N-Me and other compounds with 

ortho substituent on the pyrrole ring.  

At this point we wanted to investigate the effect of other electron donating 

/withdrawing groups on the radical cyclisation conditions. In addition, we also 

investigated the effectiveness of our cyclisation conditions on oxygen and 

sulfur containing heterocycles along with application for the formation of 

tetracycles as will be discussed later. 

In this chapter the application of our methodology to a variety of N-containing 

heterocycles will be described. 
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3.2.1.1. N-Tosyl, N-Me derivatives 

We first investigate the effects of different derivatives of our initial N-Boc 

cyclisation precursor. These were the N-sulfonyl-4-methyl-phenylpyrrole-2-

boronic acid pinacol ester (199) and N-methylpyrrole-2-boronic acid pinacol 

ester (200) (Figure 10).  

 

Figure 10: N-tosyl & N-methyl pinacol ester coupling partners 

The first synthesis involved the use of the N-phenyl sulfonyl derivative. The 

presence of the tosyl group on the pyrrole nitrogen renders the molecule less 

prone to subsequent hydrolysis due to the increased stability and lower 

reactivity of the sulfonyl group (Knight et al., 2003).  

The second derivative possessed the methyl group attached to the pyrrole 

nitrogen in order to investigate the electron donating effects and small size of 

this substituent.  

Due to the similarity of these two derivatives their disconnection approach 

towards their respective synthesis are described in the same scheme 

(Scheme 53). 
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Scheme 53: Disconnection approach towards the synthesis of the 

isocyanide precursors from the corresponding pinacol esters and iodoaniline  

The first step involves Suzuki-Miyaura coupling between iodinated aniline 

(149) and the commercially available pinacol esters; N-tosyl and N-Me 

(Scheme 53). Pinacol ester derivatives were used, instead of the boronic 

acids, as they are not commercially available and are difficult to obtain in 

large quantities. Their use, as alternatives to boronic acids is widely known 

and have been extensively used due to their commercial availability and 

stability (Ishiyama & Miyaura, 2000, Fang et al., 2005). 

 

Scheme 54: Suzuki coupling for the synthesis of the corresponding amines 

(203) and (206) 
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For the coupling reaction between the iodoaniline (149) and the N-Tosyl 

derivative, both methodologies were applied, as previously described. 

 

Scheme 55: Coupling conditions for the synthesis of N-Tosyl amine 

Where low yields were reported starting material was recovered in all cases. 

Application of high temperatures to the coupling N-sulfonyl and N-Me 

derviatives led to reduced yields as observed by others for pyrrole containing 

derivatives (Mothana et al., 2005). 

With the coupling products in hand, we continued towards their formylation 

(Scheme 56). As these derivatives do not possess an N-Boc group, there is 

little chance for deprotection and subsequent cyclisation with the amine. 

Therefore, two methodologies were attempted involving the already reported 

formic acetic anhydride and also ethyl formate and formic acid. The latter 

requires higher temperatures and is highly efficient for more nucleophilic 

amines.  

Analysis of the 1H NMR spectrum verified our formylated products as a 

mixture of amide rotamers in a 70:30 ratio in both cases. 
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Scheme 56: Formylation of the amine derivatives 

The final step involved the synthesis of the isocyanide precursors (201) and 

(204). They were obtained by the same approach: dehydration of the 

formamide compounds (202) and (205) with phosphorus oxychloride and 

DIPA in DCM (Scheme 57) yielding 89% of the N-tosyl and 87% of the N-Me 

derivatives respectively (Scheme 57). 

 

Scheme 57: Formation of the N-Tosyl and N-Me isocyanide precursors 

3.2.2. Application of cyclisation conditions 

3.2.2.1. Results under Thermodynamic control 

When the N-tosyl derivative (201), bearing the electron withdrawing group 

was subjected to our developed 6-endo radical cyclisation conditions (0.1 eq. 

AIBN) the results showed the formation of the desired product in a 

dissapointing 12% yield. The thermodynamic compound is similar to that of 

the N-Boc derivative that was described previously, as the 1H NMR spectrum 

data are comparable. Therefore, the two characteristic peaks of the pyrrole 

hydrogens, were observed in the 1H NMR spectrum.  
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Under thermodynamic conditions, we also isolated the spirocyclic compound 

in a low 9% yield as shown in the following scheme. No other spirocyclic 

compound was detected as had occurred in the N-Boc compound, which 

might be attributed to the presence of the more electron withdrawing tosyl 

group. The double bond on the pyrrole ring is less reactive rendering both C-

2 and C-3 less prone for reaction due to the high stabilisation effect of the 

tosyl protecting group. In the synthesis of these series, double addition of 

thiophenol was again observed, along with addition of AIBN to the final 

product, which might explain the low yields. However, none of these side 

products could be further separated for full characterisation.  

 

Scheme 58: Radical cyclisation of the N-tosyl derivative 

With the second derivative (204), the same reaction conditions were applied. 

The N-Me protected pyrrole isocyanide, bearing the methyl group, renders 

the C-2 and C-3 of the pyrrole, much more prone to reaction with 

electrophiles and as such, is more nucleophilic at the 2-position. Therefore 

under thermodynamic control (0.1 eq. AIBN), only the desired product (208) 

was isolated in 12% yield (Scheme 58), along other unidentifiable 

compounds. The 1H NMR spectrum data showed two distinct pyrrole 

hydrogen peaks at a lower shift, due to the presence of the less electron 

withdrawing methyl group. We were also able to obtain the crystal structure 

of this compound as shown, confirming its structure (Figure 11). 



Georgia Saviolaki                                                                    Results and Discussion 

 

68 
 

 

Scheme 59: Radical cyclisation of the N-Me derivative 

 

 

Figure 11: Crystal structure of compound (212). Kindly obtained by Dr. Gary 

Parkinson at UCL - School of Pharmacy 

3.2.2.2. Results under Kinetic control 

In a next set of experiments, both derivatives were subjected to our 5-exo 

cyclisation conditions, but disappointingly, the 1H NMR spectra of the crude 

reaction mixtures showed only trace amounts of both cyclised products.  
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Scheme 60: Mechanism of spirocyclic radical cyclisation reaction 

Neither of the two spirocyclic compounds could be obtained with the 

corresponding 5-exo conditions (1.5 eq. AIBN) with complete degradation of 

the starting material shown from the 1H NMR spectrum of the crude 

products.  
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3.2.1.2. C-3 N-Me derivatives 

In this section of this thesis, we wanted to explore the effects of variation of 

the attachment point of the pyrrole ring. In addition, we also wanted to 

investigate the effects of both the presence and absence of a carboxylic 

group on the 2-position of the pyrrole ring (Scheme 61).  

 

Scheme 61: Synthetic pathway towards isocyanide precursors (217/ 220) 

Through these substrates, we wanted to investigate what the impact would 

be on the radical cyclisation after the addition of an electron withdrawing 

group on the pyrrole ring as well as the change in its attachment point. The 

disconnection approach for the synthesis of both precursors is the same as 

the ones described in previous chapters. The only difference is on the 

Suzuki-Miyaura substituents where the commercially available 2-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)aniline was used, instead of the boronic 

acids, and methyl 4-bromo-1-methyl-1H-pyrrole-2-carboxylate instead of 

iodo-aniline. The brominated coupling partner was synthesized in a stepwise 

process as shown below (Scheme 62). 

 

Scheme 62: Overall synthetic pathway for the synthesis of the brominated 

coupling partner (225) 
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Pyrrole (221) was acylated with 2,2,2-trichloroacetyl chloride in DCE to give 

compound (222) in 70% yield. Bromination of compound (222) proceeded 

smoothly to give (223) in 71% yield. Esterification of compound (223) with 

sodium methoxide gave compound (224) in 84% yield. Finally, methylation of 

(224) with sodium hydride and iodomethane in THF generated the 

brominated Suzuki-coupling partner (225) in 85% yield in multi-gram 

quantities.  

Although it is a four-step reaction, the synthesis is straightforward, as the first 

compounds can be purified by recrystallization and are high yielding steps. 

After obtaining the brominated derivative, we next turned our attention to the 

synthesis of the isocyanide precursors. The carboxylated derivative was first 

synthesised, as shown below (Scheme 63). 

 

Scheme 63: Retrosynthetic pathway towards isocyanide precursor (217) 

Starting with Suzuki-Miyaura coupling between our brominated-pyrrole 

compound (225) and the commercially available aniline pinacol ester (226), 

the reaction was performed with both methodologies as previously described 

(Scheme 64).  

 

Scheme 64: Formation of the coupling product (215)  
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After coupling, formylation of the amine generated the corresponding 

formylated compound (216). The formylated product was obtained by both 

methodologies and was then converted to the isocyanide precursor (217) in 

87% (Scheme 65).  

 

Scheme 65: Stepwise synthesis of the isocyanide precursor from the 
corresponding amine 

The second cyclisation precursor that we required, involved decarboxylation 

of the coupled product (215) by hydrolysis with sodium hydroxide followed by 

acid catalysed decarboxylation (Scheme 66). The desired compound (218) 

was obtained in 89%. 

 

Scheme 66: Reaction mechanism of pyrrole decarboxylation  

Formylation of the decarboxylated product (218) gave compound (219) in 

98% yield which was then converted to the corresponding isocyanide 

precursor (220) in 95% yield following our previous methodology (Scheme 

67).  

 

Scheme 67: Stepwise synthesis of the isocyanide precursor from the 
corresponding amine 
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3.2.2. Tunable Radical Cyclisations 

Having synthesised sufficient amounts of the isocyanides we were able to 

apply the selected conditions, presented in sections 3.1.3. and 3.1.4. The 

nature of the substituent on the pyrrole nitrogen can readily affect the radical 

cyclisation, both in terms of efficiency and productivity. In addition, according 

to the results obtained, any substitution on the benzene ring or on the pyrrole 

carbon atoms can also influence the outcome of radical cyclisation.  

Unlike the previous cyclisation examples, we were cognisant of the fact that 

our cyclisation precursors (217) and (220) could undergo different competing 

reaction pathways when subject to 6-endo cyclisation conditions (Scheme 

68). As shown below, there are two potential products that can be formed in 

this reaction which depend on the orientation of the pyrrole ring. 

 

Scheme 68: Two possible themodynamic products after radical cyclisation  

Following reaction under thermodynamic conditions, we were pleased to 

observe that only one product had formed from the cyclisation. According to 

analysis of the 1H NMR spectrum data of both cyclisation precursors (217) 

and (220), with the presence or absence of the ester group, the cyclisation 

had taken place at the C-2 position of the pyrrole ring as shown above 

(Scheme 68). We attributed this to the electronic nature of the pyrrole, which 

is more nucleophilic at the C-2 position. The 1H-NMR spectra, clearly show 
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the formation of compounds (231) and (235) in 34% and 20% yield 

respectively. 

We anticipated that isocyanide (217), possessing the ester group on the 

pyrrole C-5 positon would have generated this product as the ester group 

effectively blocks the 5-position meaning that reaction can only take place at 

one of the pyrrole 2-positions. 

Regarding the determination of structures between (233) and (235), we 

predicted that it would be possible to distinguish between the two products 

from analysis of the 1H NMR spectrum. The difference between the two 

potential compounds relates to the chemical shifts of the pyrrole hydrogens. 

As such, we anticipated that compound (233) would display two singlets 

corresponding to the pyrrole hydrogens as shown below (Figure 12).  

 

Figure 12: Highlight of the pyrrole hydrogens of compounds  

However, from the 1H-NMR spectrum we observed two doublets at 7.05 and 

6.87 ppm which coupled together and are characteristic of compound (235). 

We were also pleased to observe that our structure determination was 

further proven by crystallography as shown below (Figure 13). 
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Figure 13: Crystal structure of compound (235) 

However, determination as to the proof between compounds (229) and (231) 

is more challenging as the difference between the two relates solely to the 

shift in the 1H-NMR spectrum of the pyrrole hydrogens as depicted below 

(Figure 14). 

 

Figure 14: Representation of pyrrole hydrogens of compounds (229) & (231) 

From analysis of the HMBC and HMQC NMR spectra we determined that 

compound (229) had formed as the hydrogen-carbon correlation showed that 

the pyrrole hydrogen is adjacent to the tertiary carbon bearing the ester 

group. In addition confirmation came from the crystal structure, proving that 

compound (231) was the one obtained (Figure 15).  
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Figure 15: Crystal structure of compound (231) 

However, when both isocyanides (217) and (220) were subject to our 5-exo 

cyclisation conditions, only the thermodynamic products could be isolated 

from the reaction in 15% and 5% yield respectively with no recovery of 

starting material and decomposition products. The carboxylated isocyanide 

precursor (217) gave some evidence that the spirocyclic product had formed 

with the classic peaks for a dihydropyrole observed from the spectra, but 

isolation proved impossible due to the trace amounts obtained. In case of the 

decarboxylated compound, there was no evidence of any spirocyclic 

formation from the crude 1H-NMR spectrum.  

These results give further weight to the fact that the pyrrole is nucleophilic at 

the two position and that the α-imidoyl radical is electrophilic in nature. 

Further evidence stems from the results obtained with the carboxylated 

derivative as there was some formation of the spirocyclic structure whereby 

the double bond of the pyrrole is less electrophilic at the 2-position. 

However, we were keen to explore the possility of successfully obtaining the 

5-exo cyclisation as it is the core structure of both coerulescine and 

horsifiline (Figure 16). For this reason, we wanted to explore the effect of 

other electron rich and deficient thiyl radicals to investigate if they would give 

rise to the spirocyclic structure.  
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Figure 16: Structures of Coerulescine (5) and Horsfiline (6) 

Two different thiols were explored for this purpose - methoxybenzenethiol 

and nitrobenzenethiol (Figure 17), so as to explore the effects of the α-

imidoyl radical with electron donating and electron withdrawing groups 

respectively.  

 

Figure 17: Structure of thiols (236) and (237) 

Attempted cyclisation under 5-exo conditions with nitrobenzenethiol led to 

complete decomposition of the product as the 1H NMR spectrum of the crude 

reaction mixture showed no formation of either the 6-endo or the 5-exo 

products. These results add further weight that the effect of electron 

withdrawing groups on the thiyl radical (low-energy SOMO), reduces the 

reactivity of the corresponding thiyl radical.  

In our case even if we assume that the thiyl radical had successfully formed 

and reacted with the isocyanide precursor, the α-imidoyl radical that had 

formed, is unable to react with the double bond on the pyrrole (Scheme 69), 

as the nitro group is electron withdrawing, making it more electrophilic under 

the expected 5-exo conditions. As such none of the desired product was 

obtained and the 1H NMR spectral data showed complete decomposition of 

the isocyanide precursor.  
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Scheme 69: Radical cyclisation reaction using 4-nitrobenzenethiol  

However, when the isocyanide (220) was reacted with 4-

methoxybenzenethiol (Scheme 70) we were pleased to observe the 

synthesis of compound (244) in 6% yield. Despite the fact that it was 

produced in limited yield, it added further weight to the fact that the electronic 

nature of the thiyl radical also plays a factor in cyclisation.  

 

Scheme 70: Radical cyclisation towards the synthesis of the thermodynamic 

derivative  

As such, we decided to synthesize another derivative with the coupling 

partners being N-Boc 3-bromopyrrole (249) and aniline pinacol ester (226) 

(Scheme 71), in order to explore the effects of the more electron withdrawing 

Boc group and compare and contrast these results with the previous 

isocyanide precursor (220).  
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N-Boc-3-bromopyrrole is not commercially available and was synthesised 

from the corresponding triisopropylsilyl derivative in 99% yield. Suzuki 

coupling between compounds (246) and (226) in toluene/ethanol solvent 

system afforded coupled product (247) in 52%. The amine was converted to 

the formylated compound (248) following reaction with formic acetic 

anhydride in 92%. Finally isocyanide precursor (249) was obtained by the 

same dehydration methodology, by reaction with phosphorus oxychloride to 

give the isocyanide product (249) in 55% yield.  

 

Scheme 71: Synthetic pathway towards the synthesis of isocyanide 

precursor  

By comparing the outcome of cyclisation with the results previously obtained 

from isocyanides (217) and (220) we hoped to be able to draw conclusions 

as to the effects of both the N-pyrrole substitutions and the aromatic 

substitutions on the selectivity and the outcome of cyclisation.  

When isocyanide (249) was subject to our cyclisation conditions; (0.1 and 1.5 

eq. AIBN), surpisingly the same results were obtained. Analysis of the 1H 

NMR spectrum verified the formation of the reduced 6-endo product in 6% 

yield (Scheme 72).  



Georgia Saviolaki                                                                    Results and Discussion 

 

80 
 

 

Scheme 72: Radical cyclisation reaction towards the synthesis of 6-endo 

compound  

No sign of the spirocyclic product was observed even when 1.5 eq. of AIBN 

was added. We attributed this to the orientation and geometry between the 

α-imidoyl radical and the C-3 position of the pyrrole ring.  
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3.2.3. Other N-Containing heterocycles 

As a result of the challenges in synthesis of the spirocyclic products and our 

limited success in their obtention, we next turned our attention towards the 

formation of alternative tricyclic compounds, namely thiazole and imidazole 

derivatives. Due to the commercial availability of both thiazole and imidazole 

halogenated derivatives, we wanted to carry out our thiyl radical 

methodology with these compounds as described below.  

3.2.3.1. Thiazole derivative: 

Thiazole containing compounds are widely known for their biological 

potential and structural diversity. They possess cytotoxic, antiviral, antifungal 

and antibiotic activities, rendering them highly attractive synthetic targets 

(Umkehrer et al., 2005).  

Kokatla and co-workers (Kokatla et al., 2013) have also reported that tricyclic 

thiazole derivatives act as TLR-8 agonists. This particular biological activity is 

of significant interest as they could possesses potential anti-inflammatory 

effects on microglia cells that express TLRs as described in the following 

chapters.  

In order to obtain the isocyanide precursor (Scheme 73), the same 

procedures as described previously were attempted. Suzuki-Miyaura 

coupling between aniline pinacol ester (226) and the thiazole brominated 

derivative (253), proved high yielding (97%). Subsequent formylation via the 

use of ethyl formate, gave compound (255) in 97% yield (Scheme 73).  

 

Scheme 73: Synthetic pathway for the formation of isocyanide (256) 
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However, formation of the isocyanide precursor (256) proved difficult and 

unsuccessful. Using the same conditions as before, i.e. dehydration of 

formamide (255) with phosphorus oxychloride led to recovery of starting 

material even on prolonged heating of the reaction. We attributed this to the 

electron withdrawing nature of the thiazole, rendering the formamide less 

nucleophilic. Other methodologies were also attempted as shown below 

(Scheme 74). Amide derivative (255) was reacted with Burgess reagent 

(257), which is another more reactive dehydrating agent but unfortunately no 

formation of the desired product was observed.  

 

Scheme 74: Isocyanide formation using Burgess Reagent 

Another attempted approach involved conversion of amine (254) directly to 

the corresponding isocyanide (256) as reported by the methodology of 

Zakrzewski and Krawczyk (Zakrzewski & Krawczyk, 2009) (Scheme 75). 

This involved reaction with benzyl-triethylammonium chloride (258), sodium 

hydroxide and chloroform in DCM. The reaction mixture was left overnight at 

40 °C and formation of another product was observed by TLC analysis. 

Unfortunately, this methodology proved unsuccessful with the 1H NMR 

spectrum showing mixtures of unidentifiable compounds. 

 

Scheme 75: Isocyanide formation using benzyl-triethylammonium chloride, 

sodium hydroxide and chloroform  
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3.2.3.2. Imidazole derivatives: 

In this series of compounds we were cognisant of the need to protect the free 

NH on the imidazole ring, as it could affect the reaction and cyclisation 

outcome. Therefore three different protecting groups were explored and 

three different derivatives were synthesised. These involved addition of the 

Boc, Tosyl and benzyl groups to the imidazole nitrogen as shown below 

(Scheme 76). All protected compounds (260), (261), (262) and (263) were 

successfully obtained according to 1H NMR spectra. 

 

Scheme 76: Formation of different imidazole derivatives as coupling 

partners   

Following the synthesis of the protected halogenated imidazoles (260 - 263), 

we attempted Suzuki-Miyaura coupling. This was carried out with two 

different derivatives - pinacol ester (226) and boronic acid (264) (Scheme 

77). Therefore, the commercially available aniline pinacol ester was 

converted to its boronic acid derivative. The reason for investigation of both 

derivatives was to explore their effect on the coupling reaction and any 

potential formation of the desired products. 
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Scheme 77: Formation of the corresponding boronic acid derivative  

Table 7: Representation of the expected coupling products from the 

synthesised imidazoles 

The same coupling conditions were followed for the above reagents and this 

involved the use of caesium fluoride and PdCl2(dppf)-CH2Cl2 adduct as the 

coupling reagent in toluene/ethanol as solvent. To our surprise none of 

conditions and reactions produced any coupled product with recovery of both 

the aniline and boronic acid or pinacol ester starting materials.  

Only the reaction between the Boc-protected imidazole (263) with aniline 

pinacol ester (226) gave the cyclised product (269) albeit in a poor 4% yield 

which is probably due to the use of higher temperatures (Scheme 78). 

Unfortunately analysis of the 1H NMR spectrum showed no evidence of the 

desired compound and unfortunately, the product where cyclisation had 

taken place with the Boc carbonyl was the only product obtained.  

 

Anilines  N-protected imidazoles Expected products 
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265 

 

261 

 

266 

 

263 

 

267 
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Scheme 78: Cyclisation mechanism obtained from the coupling conditions 

Following this unsuccessful attempt, it was decided to change the final 

structure, but maintain the imidazole ring. As such, imidazole (275) was 

reacted with fluoronitrobenzene (274) in a simple substitution reaction. The 

disconnection approach is shown below (Scheme 79). 

 

Scheme 79: Retrosynthetic pathway for the synthesis of isocyanide 

precursor (270) 

As such, reaction between 1-fluoro-2-nitrobenzene (274) and 1H-imidazole 

(275) was carried out with potassium carbonate in acetonitrile giving product 

(273). However, despite the success of the reaction, purification of the 

substituted product resulted in decomposition on silica. Therefore, the crude 

material was directly used in the reduction step.  

Amine (272) was obtained at 99% yield and further formylated with ethyl 

formate and formic acid to produce the formylated compound (271) 51% 

yield.  
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Scheme 80: Synthetic pathway towards the synthesis of precursor (270) 

The final step involved the formation of the isocyanide precursor (270) 

(Scheme 81). To our surprise, reaction of the amide with phosphorus 

oxychloride and diisopropylamine led to the formation of the cyclised product 

(279). The reason for the cyclisation is attributed to the aromaticity of 

imidazole ring. According to the mechanism below, electron delocalisation on 

the imidazole ring results in the reaction with the formamide group and 

subsequent cyclisation. Then, the presence of the base and then removal of 

a water molecule generates compound (279) in 21% yield.   

 

Scheme 81: Cyclisation mechanism of the formylated compound   

As a result of the challenges associated with these derivatives and time 

constraints, no other attempts were carried out in order to synthesise the 

isocyanide precursor (270).  
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3.2.4. Application to oxygen containing heterocycles 

Following the attempted synthesis of nitrogen containing heterocycles, we 

turned our attention to oxygen derivatives. Both (172) and (280) furan 

boronic acids are commercially available. The same procedures to 

synthesise the isocyanide precursors (283) and (285) were employed as 

shown below (Scheme 82). 

 

 

Scheme 82: Synthetic pathway for the synthesis of furan containing 

isocyanide precursors (283) and (285) 

The first step involved Suzuki-Miyaura coupling between our synthesised 

iodoaniline and each boronic acid. Starting with furan-2-boronic acid (280), 

the coupling reaction was attempted in DME and toluene/ethanol (Scheme 

83). The same procedure was also followed for furan-3-boronic acid (172). 

Once the amines were successfully obtained, the formylated compound was 

synthesised either with formic acetic anhydride or ethyl formate and formic 

acid and 84% and 90% of the amide rotamers were obtained respectively in 

a ratio of 44:56. For the furan-3-boronic acid, only reaction with formic acetic 

anhydride was attempted (Scheme 84). 
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Scheme 83: Suzuki-Miyaura coupling between iodoaniline and furan boronic 

acids. 

 

Scheme 84: Formylation reaction conditions 

Finally with the formamide compounds in hand, isocyanide precursors (283) 

and (285) were synthesised by use of phosphorus oxychloride (Scheme 85). 

Isocyanide (283) was obtained in 88% and isocyanide (285) in 71% yield 

respectively. 
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Scheme 85: Synthesis of furan containing isocyanide precursors (283) and 

(285) 

3.2.4.1. Tunable radical cyclisation conditions 

Starting with isocyanide (283), the selected cyclisation conditions were 

applied so as to explore if and how efficient the radical cyclisation would be 

on these derivatives, since they posess a different atom on the five 

membered ring compared to the previous derivatives. Through this reaction, 

we hoped to compare the reactivity and the effectiveness of the radical 

cyclisation between pyrrole and furan rings.  

Taking into consideration the 6-endo cyclisation conditions, this involved 

reaction with 0.1 equivalents of the radical initiator. Since this is the 

thermodynamically favoured structure, we would have expected the same 

principle to apply, as for the N-Boc derivative and the other N-containing 

heterocycles. After carrying out the radical cyclisation reaction between the 

C-2 isocyanide and the thiyl radical, the thermodynamically favoured 

compound (288) (Scheme 86) was isolated albeit in trace amounts. The 1H 

NMR spectrum of the crude reaction mixture, clearly shows formation of the 

6-endo product which verified our approach to these kind of heterocycles.  

However, following application of our spirocyclic cyclisation conditions, we 

were unable to isolate any cyclised product (Scheme 86). However, limited 

evidence of the formation of compound (286) was observed but we were 

unable to fully characterise this compound.  
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Figure 18: Suggested obtained cyclised compound 

Fortunately, one of the isolated fractions showed trace amounts of both the 

5-exo and the 6-endo products but they could not be separated further.  

 

 

Scheme 86: Radical cyclisation reactions of the furan-2-boronic acid 

derivative 

Pleasingly, reaction with the C-3 derivative (285) under thermodynamic 

conditions gave the 6-endo product (293) in 23% yield (Scheme 87).  

As was the case for the N-Me COOMe compounds, in this reaction type, 

there are two potential cyclisation sites on the furan ring (Scheme 87). When 

the α-imidoyl radical is produced it can attack either the C-2 or C-3 of the 

furan as shown below (Scheme 87). When the C-3 position reacts, 

compound (292) is formed whereas when C-2 is attacked by the radical, 

compound (293) is produced.  

The same principle applies here, as for compounds (229) & (234) and (231) 

& (235) as in the case of cyclisation onto the C-3 position of the furan ring, 



Georgia Saviolaki                                                                    Results and Discussion 

 

91 
 

only one singlet would be observed corresponding to the furan hydrogens. In 

contrast, in case of cyclisation at the C-2 position on the furan ring, two 

peaks with same coupling constants would be obtained (Figure 19).  

 

Figure 19: H-NMR characteristics of the two possible thermodynamic 

products 

In our hands, compound (293) was isolated according to the 1H NMR 

spectrum data. Both hydrogens on the furan ring are in a similar environment 

so they would show a singlet compared to compound (292) where the two 

hydrogens split between each other and they show doublet. We attributed 

this selectivity due to the fact that the C-2 position is more electron rich and 

is the preferred site for attack as a more stable structure is formed.  

 

Scheme 87: Possible furan containing thermodynamic compounds after 

radical cyclisation 

The same principle applies here, as the one observed with the reactivity of 

the pyrrole isocyanide precursors. The furan ring is more reactive at the C-2 

position due to its aromaticity and therefore the preferred cyclisation site is at 

the C-2 position.  
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When our 5-exo conditions were applied, no evidence of the spirocyclic 

compound was observed. Decomposition of the starting material with 

unidentifiable products was observed from the crude 1H NMR spectrum with 

minor traces of the 6-endo product observed.   

 

Scheme 88: Mechanistic pathway for the furan spirocyclic compound 
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3.2.5. Thiophene containing heterocycles 

The next series of compounds that we wanted to synthesise involved the 

thiophene derivatives as shown below. Thienoquinolines are rare in nature 

despite their potent biological activities. Related compounds have been 

showhn to possess antileukaemic, antibacterial and vasodilator activiites 

(Marzinzik and Rademacher, 1995). 

Thiophene boronic acids (296) and (300) were commercially available from 

Combi blocks (USA). Therefore the same synthetic pathway was followed as 

before in order to obtain the isocyanide precursors (299) and (300) (Scheme 

89). 

 

Scheme 89: Synthetic pathways for the synthesis of isocyanide precursors 
(299) and (303) 
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The first step involved Suzuki coupling between (149) and the two thiophene 

boronic acids (296) and (300) (Scheme 90).  

 

Scheme 90: Coupling reaction methodologies applied to thiophene 

containing compounds  

Once the coupled compound was successfully obtained, we were able to 

continue with our synthetic pathway with formylation of the amine (Scheme 

91).  

 

Scheme 91: Formylation reaction conditions for the thiophene containing 
compounds 

The final step before cyclisation was formation of the isocyanide precursors 

(299) and (303) (Scheme 92). As with other examples, the reaction 

conditions involved dehydration of formamides (298) and (302) with 

phosphorus oxychloride and diisopropylamine in DCM to give isocyanides 

(299) and (303) in 96% and 95% yield respectively. 
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Scheme 92: Formation of the isocyanide precursors (299) and (303) 

3.2.5.1. Tunable radical cyclisations 

With sufficient amounts of both isocyanides (299) and (303) in hand, we next 

attempted radical cyclisation with both precursors.  

When isocyanide (299) was subjected to 6-endo cyclisation conditions, the 

desired product was observed from the crude 1H NMR spectrum, but proved 

difficult to isolate. All isolated fractions showed decomposition and mixtures 

of unidentifiable compounds (Scheme 93).  

It appears that the reactivity of the thiophene ring at C-2 and C-3 is impaired 

by the presence of the sulfur atom. This can be attributed to the size of sulfur 

atom and its associated lone pairs as it is possible that they can impede 

cyclisation, via stabilisation of the isocyanide radical intermediate or via steric 

hindrance leading to incorrect alignment for cyclisation.  

 

Scheme 93: Mechanism of the thermodynamic conditions for the synthesis 

of 6-endo product 

The next reaction attempted was to apply the 5-exo cyclisation conditions 

(1.5 eq. of AIBN). Decomposition of starting material was again observed 

with no evidence of the spirocyclic compound (Scheme 94).  



Georgia Saviolaki                                                                    Results and Discussion 

 

96 
 

 

Scheme 94: Mechanistic pathway for the radical cyclisation of the spirocyclic 

thiophene compound (307) 

Reaction with isocyanide (303) had been expected to produce similar results 

to both the furan and pyrrole compounds. However, following application of 

the cyclisation conditions, none of the two possible 6-endo products was 

observed (Scheme 95).  

 

Scheme 95: The two possible thermodynamic products from thiophene-3-

boronic acid derivative 

These results, therefore suggest that thiophene is not as reactive as pyrrole 

and furan, which is possibly due to the bigger size of the sulfur atom which 

reduces the reactivity to electrophiles. As such, this renders the thiophene 

ring inaccessible for cyclisation.  
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3.3. Formation of Tetracyclic derivatives  

The next phase of our research was directed towards investigation of the 

synthesis of tetracyclic compounds due to their diverse biological activities 

which include antimalarial, cytotoxic and anti-infective affects (Oliver-Bever, 

1986). Inspiration for this came from the structures of cryptolepine, 

neocryptolepine and isocryptolepine (Figure 20), which are all naturally 

occurring indole-containing alkaloids that could be obtained through 

application of our methodology.  

 

Figure 20: Structures of Cryptolepine, Neocryptolepine and Isocryptolepine 

These natural products were first isolated from the roots of the West African 

plant Cryptolepsis sanguinoleta in 1996 by Sharaf (Sharaf et al., 1996) and 

Cimanga (Cimanga et al., 1996). The first total synthesis of isocryptolepine 

313 was reported in 1997 by Timary via a Pd-catalysed coupling reaction 

between 3-bromoquinoline and o-substituted phenylboronic acid followed by 

indole formation through a nitrene insertion approach (Scheme 96).   

 

Scheme 96: First total synthesis of isocryptolepine reported by Timary et al., 
(1997) 
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Malaria is a parasitic disease caused by protozoa belonging to the genus 

Plasmodium, with the most serious infections caused by Plasmodium 

falciparum (O'Neill et al., 1998, Kumar et al., 2003). 

Cryptolepine analogues also possess cytotoxic properties through DNA 

intercalation and inhibition of DNA replication and transcription. In particular 

cryptolepine exhibits better incorporation into human topoisomerase II 

compared to neocryptolepine and isocryptolepine (Bailly et al., 2000).  

3.3.1. N-containing tetracyclics 

In this part of our research program, we were interested to investigate the 

possibility of extending our cyclisations to tetracyclic compounds. We 

therefore commenced with the coupling between N-Boc indole boronic acid 

(323) and iodoaniline (149). The synthetic approach towards the synthesis of 

our isocyanide precursor is the same as the ones shown previously, with the 

disconnection approach shown below (Scheme 97).  

Scheme 97: Retrosynthetic pathway for the the isocynide precursor 

Indole boronic acid was first protected with di-tert-butyl-dicarbonate (Scheme 

98) as to afford compound (323) in quantitative yield and in multi-gram 

amounts. 

 

Scheme 98: N-Boc protection of indole boronic acid 
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Suzuki coupling between iodoanilne (149) and the synthesised indole 

boronic acid (323) afforded the coupled product (322) in 87% yield. This was 

then subjected to formylation with formic acetic anhydride to give formamide 

(321) in 91% yield. Ethyl formate could not be used in this case as the 

carboxamide group on the protected nitrogen would potentially lead to 

cyclisation with the free amine.  

Following obtention of the fomamide (321), the isocyanide precursor (320) 

was subsequently obtained in 97% yield following the same methodology as 

described previously (Scheme 44). 

 

Scheme 99: Synthetic pathway of N-Boc indole isocyanide derivative 

With the isocyanide precursor in hand, the requisite cyclisation conditions 

described previously were used in order to explore whether cyclisation would 

occur in an analogous manner. We anticipated that similar results would be 

obtained for those found with the N-Boc pyrrole cyclisations as the aromatic 

ring in the indole derivative is more stable. However, we were aware that the 

C-3 position of the indole ring is more electron rich than the corresponding 

pyrrole derivative and as such may modify the reaction outcome. We 

therefore started our investigations by using a sub-stoichiometric amount of 

the radical initiator, which gave the thermodynamic product (327) (6-endo) in 

14% yield (Scheme 100).  
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Scheme 100: Mechanism for the synthesis of the compound (327)  

Following obtention of the tetracyclic derivative, we next investigated the 

application of the conditions used for the synthesis of the spirocyclic 

derivative. As such, 1.5 equivalents of AIBN was added and pleasingly, the 

expected product (330) was isolated in 39% yield (Scheme 101), with the 1H 

NMR and 13C NMR spectra clearly showing the presence of the indole CH2. 

As such there was a characteristic peak at 3.67 ppm on the 1H-NMR 

spectrum integrating for two hydrogens. However, more indicative were the 

results obtained from the 13C NMR spectrum where the peak at 41.0 ppm 

corresponded to the indole CH2.  

 

Scheme 101: Radical cyclisation reaction mechanism for the synthesis of the 

spirocyclic compound (330) 
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The results obtained for the synthesis of the tetracyclic compounds also 

acted as further proof of the requisite conditions for cyclisation seen with the 

pyrrole derivative, confirming that increased amounts of AIBN lead to more of 

the 5-exo product.  

Following successful cyclisation with indole boronic acid, we were tempted to 

try another derivative, where in this case the nitrogen of the indole will be 

incorporated into the ring, as shown below. 

 

Scheme 102: Retrosynthetic pathway for the synthesis of the tetracyclic 

compound (331) 

As such, the synthesis towards the isocyanide precursor was more 

challenging due to the linkage of the nitrogen with the benzene ring. The first 

step for the synthesis of (335) was simple nucleophilic substitution between 

fluoronitrobenzene (336) and indole (337) with potassium carbonate in 

acetonitrile. This reaction afforded the coupled product (335) in 25% yield. 

The next step of the synthesis involved conversion of the nitro group to the 

free amine with tin chloride. The desired compound (334) which bears the 

amine group, was successfully obtained in 41% yield (Scheme 103).  

With the desired amine in hand, we continued with the synthesis of the 

formamide derivative (333) with ethyl formate. As expected, the formamide 

compound (333) was obtained in 98% in a mixture of 80:20 amide rotamers. 

Finally, after application of the standard dehydration conditions to the 

formamide compound, the cyclisation precursor (332) was obtained in 91% 

yield (Scheme 103).  
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Scheme 103: Synthetic pathway towards isocyanide precursor (332) 

With the isocyanide precursor in hand, we carried out the radical cyclisation 

with the six-membered ring compound (341), obtained in 34% yield (Scheme 

104).  

 

Scheme 104: Radical cyclisation reaction for the synthesis of the 

thermodynamic product 

The last nitrogen containing compound that was attempted to be synthesised 

was the benzimidazole containing molecule (Scheme 105). In this case we 

wanted to explore if the radical cyclisation would be applicable between the 

benzimidoyl radical and the CN group of the imidazole.  
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Scheme 105: Disconnection approach of the isocyanide (342) 

The first step was the synthesis of the coupled compound (344) which 

contains the benzimidazole derivative. As such, Suzuki-Miyaura coupling 

was applied between commercially available amine pinacol ester (226) and 

bromo benzimidazole (345) giving the desired compound (344) in 81% yield. 

With the amine in hand, we continued our synthesis towards the formylated 

compound (Scheme 106).  

 

Scheme 106: Suzuki coupling and formylation of the imidazole derivative 

However, to our surprise formylation, led to the formation of the cyclised 

product (346) and as such, no further reaction towards the isocyanide was 

attempted.  

 

Scheme 107: Cyclised product obtained during formylation reaction 



Georgia Saviolaki                                                                    Results and Discussion 

 

104 
 

3.3.2. Oxygen and Sulfur containing tetracyclics 

In this section, the application of the tunable radical cyclisation conditions to 

bezofuranyl and benzothiophenyl containing heterocycles is described. As 

such, we envisaged that the synthesis of cyclisation precursors (347) and 

(351) by application of the same methodology to the one that had previously 

been described would give us access to the cyclisation precursors (Scheme 

108).

 

Scheme 108: Disconnection approach of isocyanides (347) and (351) 

Starting with the benzofuranyl derivative, Suzuki-Miyaura coupling between 

the iodoaniline (149) and the boronic acid (350) was applied which afforded 

the desired coupled product (349) in 56% yield. Formylation gave formamide 

(348) in a 60:40 ratio of amide rotamers. Compound (348) was converted to 

isocyanide precursor (347) in 67% yield, using the previously reported 

conditions (Scheme 109). 

 

Scheme 109: Synthetic pathway towards the synthesis of the isocyanide 

precursor (347) 
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With isocyanide (347) in hand, use of 0.1 equivalents of AIBN gave the 

desired 6-endo thermodynamic product (357) (Scheme 110) in 20% yield 

which shows the efficacy and the effect of the benzofuran group on the 

overall reaction pathway. 

 

Scheme 110: Radical cyclisation reaction for the synthesis of the 

thermodynamic compound (357)  

The conditions for the spirocyclic compound were also investigated, i.e 1.5 

equivalents of AIBN. Cyclisation onto the C-2 position of the furanyl ring was 

observed as both the 1H NMR and 13C NMR spectra showed the 

characteristic peak for the CH2 on the dihydro-bezofuranyl ring. The desired 

5-exo compound (360) was therefore isolated in 23% yield (Scheme 111).  

 

Scheme 111: Radical cyclisation reaction for the synthesis of the spirocyclic 

compound (360)  
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It can be concluded that the electron withdrawing/stabilising effect of the 

additional benzene ring next to the furan is of advantage for the cyclisation, 

as the compounds were able to be purified and isolated in contrast to that of 

their related 5-membered furan and thiophene congeners where 

decomposition or lack of cyclisation was observed. This effect may be 

partially attributed to the size of the bicyclic system which may favour correct 

alignment for cyclisation.   

The same principle applies for the benzothiophenyl derivative where coupling 

between iodoaniline (149) and benzothiophenyl derivative (354) afforded the 

coupled product (353) in 88% yield. Formylation afforded derivative (352) in 

89% yield as a mixture (70:30) of amide rotamers. Finally, dehydration of the 

formylated compound (352) gave isocyanide precursor (351) in 85% yield 

(Scheme 112). 

 

Scheme 112: Synthetic pathway towards the synthesis of the isocyanide 

precursor (351) 

Application of our radical cyclisation conditions gave the 6-endo cyclised 

product in 26% yield (Scheme 113). None of the characteristic peaks 

corresponding to the spirocyclic compound (5-exo) were observed under 5-

exo cyclisation conditions. As such, the sulfur atom on the thiophenyl ring 

does not favour radical attack on the C-2 position leading to the spirocyclic 

compound.  
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Scheme 113: Radical cyclisation mechanism  
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4.0.  In-vitro biological evaluation 

As a result of the close similarity between the compounds synthesised in this 

thesis and the immunomodulatory activity of imiquimod, the next phase of 

this research program focused on an exploration of the anti-inflammatory 

activity of our compounds. As such, we elected to explore whether the 

heterocycles synthesised in this thesis had the potential to reduce 

neuroinflammation and to achieve this via the effects on microglia as 

described in the introduction, centered around imiquimod (Figure 8).  

Imiquimod is an imidazoquinoline amine that binds to Toll-like receptors 

(TLRs)-7, 8 and has been approved for use by the U.S Food and Drugs 

Administration since 1997 (Moarbess et al., 2008). Activation of TLRs 7 and 

8 can indirectly activate the innate and adaptive immune system and as 

such, can cause the release of transcription factor NF-Kβ and other pro-

inflammatory cytokines such as interferon-γ, TNF-alpha and IL-12. 

Imiquimod also directly induces apoptosis both in-vitro and in-vivo in a 

tumour selective manner (Moarbess, et al., 2008). 

Due to the structural similarity between imiquimod and our tricyclic 

compounds (6-endo cyclisation), we were intrigued by the possibility that 

they could act as antagonists for imiquimod and prevent its binding and as 

such reduce neuroinflammation following a study by Butchi (Butchi et al., 

2008).  

Butchi and co-workers demonstrated that imiquimod induced glial activation 

and promoted the release of numerous pro-inflammatory cytokines and 

chemokines after intracerebroventricular inoculation.  This data suggested 

that TLR-7 plays an important role in neuroinflammation and disease 

progression through microglia activation (Butchi et al., 2011).  

In conjunction with the work of Butchi, the Shukla group (Shukla et al., 2010) 

described the structure activity relationship between imidazoquinolines and 

TLR-7 proving that the C4-NH2 is important for its agonistic effect. Since our 

compounds lack the amine and bear a thiol derivative at this position, we 
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reasoned that they might bind in a similar manner and act as potential neuro-

protective molecules. This phase of the project was carried out in 

collaboration with Dr. Pocock (UCL Institute of Neurology) who kindly 

prepared all the cultures and I carried out the experiments with the 

corresponding analysis. 

We anticipated that we would be able to investigate the effects of our 

compounds against TLR-7 activation in microglia but in initial studies, we 

observed that imiquimod proved toxic in primary cultured rat cerebellar 

granule cell neurons (CGCs). As such, we elected to explore their activity 

against the related target TLR-4 that could also be activated via an LPS 

induced challenge. The results from our studies into the effects of our 

compounds are described in the following chapters. 

4.1. In-vitro results on CGCs, BV-2 cell lines and migroglia 

According to our planned work, the compounds obtained were subjected to 

biological testing in microglia cells. In order to achieve this, the compounds 

had to be first tested on CGCs in order to determine their toxicity 

concentration profile. They were subsequently tested on the murine 

microglial BV2 cell line that is similar to microglia cells, whereupon they were 

finally applied to actual microglial cell cultures. All cultures reported, were 

kindly prepared by Dr Jennifer Pocock (UCL, Institute of Neurology, 

Department of Neuroinflammation).  

4.1.1. CGCs Cultures 

CGCs are routinely used to study the basic physiological properties of 

neurons and are a useful tool for investigating any potential neurotoxicity of 

various novel molecules (Giordano & Costa, 2011). The cells develop 

postnatally and are the most abundant type of neurons in the brain which are 

readily isolated, with a high homogeneity of population. ((Bilimoria & Bonni, 

2013). All these factors render them ideal models for studying neuronal 

development. The cerebellum is responsible for the co-ordination of 

movement and balance. (Arenz et al., 2009, Pocock, 1999). 
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Neuronal death was first assessed by nuclear morphology after incorporation 

of Hoechst 33342 stain (Figure 21). During apoptosis, cells’ nuclei become 

smaller and stain brighter with Hoechst due to the condensation of chromatin 

(Kroemer et al., 2009). Hoechst stain is membrane permeable and it 

therefore incorporates into the nucleus and binds to the minor groove of DNA 

at AT-rich regions (Fede et al., 1993). The size and shape of the cell nucleus 

will determine whether the cell is healthy or apoptotic. 

 

Figure 21: Structure of Hoechst stain  

In order to explore the toxicity profile of the componds, (235) and (293) were 

selcted for initial analysis and were first dissolved in DMSO and diluted with 

water to give a stock concentration of 0.25 M. As such, application of 1 µL of 

this stock solution onto CGC culture corresponded to a 0.25 mM applied 

drug concentration. As shown below (Figure 22) milimolar concentrations of 

compound (235) proved toxic to CGC cultures but micromolar and 

nanomolar concetrations were non-toxic with the total number of live cells 

comparable to the control. Compound (293) proved to be even less toxic at 

0.25 mM concentration with micromolar and nanomolar concetrations being 

safe and well tolerated. Following Hoeschst staining of CGC nuclei, we 

clearly demonstrated apoptosis after 1 mM application of compound (235) 

when compared to the presence of live healthy CGCs cells using 

concentrations of 1 µM and 1 nM respectively.  
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Initial CGC screening
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Figure 22: Graph and representative pictures obtained after screening of compounds 

(235) and (293) on CGC cultures. CGC cultures were stained with Hoescht 33342 (0.6 

µg/mL) to show nuclear morphology. Cells were viewed using a Zeis fluorescent microsope 

and x40 objective (Zeiss Axioskop 2, Oberkochen, Germany). Scale bar 20 µm. All 

experiments were analysed using two-way ANOVA followed by Bonferroni post-test. All 

treatments were compared to control with ***p<0.001, **p<0.01, *p<0.05 as shown. Graph 

was generated after counting dead and apoptotic cells. 

As a result of the fact that milimolar concentrations proved toxic to neurons, 

stock solution for other compounds in this study were correspondingly 

reduced to mM concentrations. Application of 1 µL of 1 mM stock, 

corresponded to 1 µM of applied concentration onto neurons, and 1 µL of 1 

µM stock corresponded to 1 nM applied concentration. All compounds 

proved to be non-toxic after testing on neurons with low numbers of apoptotic 

cells. Due to their demonstrated non-toxicity to CGCs, BV2 cell lines were 

used in the next phase of testing. 

 

a) control b) 1 mM 235 c) 1 nM 293 
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Compound (187) bearing the Boc group on the the nitrogen, proved to be 

non-toxic to CGCs at nanomolar and picomolar concentrations. Figure 23 

shows representative pictures of the healthy cell nuclei, after Hoeschst 

staining, verifying its low toxicity. 
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Figure 23: Graph and representative pictures obtained after application of 1 nM and 1 pM 

of compound (187) to CGCs. CGC cultures were stained with Hoescht 33342 (0.6 µg/mL) to 

show nuclear morphology. Cells were viewed using a Zeis fluorescent microsope and x40 

objective (Zeiss Axioskop 2, Oberkochen, Germany). Scale bar 20 µm. All experiments were 

analysed using two-way ANOVA followed by Bonferroni post-test. All treatments were 

compared to control with ***p<0.001, **p<0.01, *p<0.05 as shown. 

 

 

 

a) Control b) 1 nM 187 c) 1 pM 187 
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Compound (231) bearing the ester group on C-2 of the pyrrole ring displayed 

a good toxicity profile with the number of live cells being comparable to 

control.  
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Figure 24: Graph and representative pictures obtained after application of 1 nM and 1 pM 

of compound (231) onto CGCs (p<0.0001). CGC cultures were stained with Hoescht 33342 

(0.6 µg/mL) to show nuclear morphology. Cells were viewed using a Zeis fluorescent 

microsope and x40 objective (Zeiss Axioskop 2, Oberkochen, Germany). Scale bar 20 µm. 

All experiments were analysed using two-way ANOVA followed by Bonferroni post-test. All 

treatments were compared to control with ***p<0.001, **p<0.01, *p<0.05 as shown. 

Compound (212), has the same functional groups and molecular weight as 

compound (231), with the position of the N-Me and the carboxylic group 

varying.  

 

 

b) 1 nM 231 c) 1 pM 231 a) Control 
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Compound (212) was tested against µM, nM and pM concentrations on 

CGCs (Figure 25) with the latter concentration selected for further testing. 

Figure 25d demonstrates the non-toxicity at of 1 pM of 231 as healthy round 

cells were observed. 
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Figure 25: Graph and represenative pictures obtained after application of 1nM and 1pM of 

compound (212) onto CGCs (p<0.001). CGC cultures were stained with Hoescht 33342 (0.6 

µg/mL) to show nuclear morphology. Cells were viewed using a Zeis fluorescent microsope 

and x40  objective (Zeiss Axioskop 2, Oberkochen, Germany). Scale bar 20 µm. All 

experiments were analysed using two-way ANOVA followed by Bonferroni post-test. All 

treatments were compared to control with ***p<0.001, **p<0.01, *p<0.05 as shown. 

 

b) 1 µM 212 

d) 1 pM 212 c) 1 nM 212 

a) Control 
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Compound (279), was the only compound selected that lacked the thiol 

group on hydroxyquinoline ring. Due to its close structural similarity with 

imiquimod, its cytotoxicity profile was investigated. Data suggested non-

toxicity to CGCs at both 1 nM and 1 pM concentrations with low levels 

apoptotic cells.  
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Figure 26: Graph and representative pictures obtained after application of 1nM and 1pM 

of compound (279) onto CGCs. CGC cultures were stained with Hoescht 33342 (0.6 µg/mL) 

to show nuclear morphology. Cells were viewed using a Zeis fluorescent microsope and x40 

objective (Zeiss Axioskop 2, Oberkochen, Germany). Scale bar 20 µm. All experiments were 

analysed using two-way ANOVA followed by Bonferroni post-test. All treatments were 

compared to control with ***p<0.001, **p<0.01, *p<0.05 as shown. 

 

 

 

 

a) Control b) 1 nM 279 c) 1 pM 279 
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Compound (341), the only tetracyclic compound of our series selected for 

this study, also proved to be non-toxic to CGCs as shown below (Figure 27). 
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Figure 27: Graph and representative pictures obtained after application of 1nM and 1pM 

of compound (341) onto CGCs. CGC cultures were stained with Hoescht 33342 (0.6 µg/mL) 

to show nuclear morphology. Cells were viewed using a Zeis fluorescent microsope. (α x40 

objective, Zeiss Axioskop 2, Oberkochen, Germany). Scale bar 20 µm. All experiments were 

analysed using two-way ANOVA followed by Bonferroni post-test. All treatments were 

compared to control with ***p<0.001, **p<0.01, *p<0.05 as shown. 

b) 1µm 341 

c) 1 nM 341 d) 1 pM 341  

b) 1 µM 341 a)	  Control 
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4.1.2. BV2 Cell lines 

Following our initial screening on CGCs and identification of non-toxic 

concentrations we moved to explore the effects of the compounds on BV2 

cell lines. BV2 cells are mouse microglia cells that are used as an alternative 

model system to primary microglia cultures. The BV2 cell line originates from 

infected primary mouse microglia cells with the v-raf/v-myc oncogene that 

carries retrovirus J2 (Blasi, et al.,  1990). Research has shown that BV2 cells 

can be maintained in culture and retain the functions that microglia express 

in-vivo (Henn, et al., 2009). It has been proven by Lund and co-workers that 

when BV2 microglia cells are treated with the classical inflammatory activator 

and TLR-4 agonist, lipopolysaccharide (LPS), they express up-regulation of 

inflammatory genes, which is also observed after LPS treatment of primary 

microglia cells. This similarity suggests that BV2 cells respond in the same 

manner as primary microglia to activating stimuli (Lund et al., 2006).  

Cell survival or death was assessed using the “Live/Dead” assay. This was 

carried out by staining the cells with Hoechst 33342 (0.6 µg /mL), followed by 

treatment with propidium iodide (PI) (1 µg / mL). PI shows the necrotic and 

late apoptotic nuclei as it is not membrane permeable, and can be 

incorporated into the cell only when the plasma membrane is compromised 

(Suzuki et al., 1997) (Moore et al., 1998). Statistical analysis was carried out 

using Prism Graphpad 4.0 software. Statistical analyses carried out included 

Student’s t-test and two-way ANOVA followed by Bonferoni post test with as 

shown in the following graphs.  

 

 

 

 

 



Georgia Saviolaki                                                                    Results and Discussion 

 

118 
 

Although compound (187) had proven to be non-toxic to CGCs in the intial 

screen, on administration to BV2 cells, it displayed toxicity even at picomolar 

concentrations. Despite the fact that low numbers of dead cells were 

observed by PI staining, the total number of healthy cells remaining 

suggested that the compound should be excluded from further testing. 

Compound 187
co

nt
ro

l (
n=

3)

LP
S 

(n
=3

)

1 
nM

 1
87

 (n
=5

)

1 
pM

 1
87

 (n
=5

)0

100
no. of live cells
no. of apoptotic cells

N

BocN
MeO2C

SPh

***
***

N
o.

 o
f c

el
ls

 (2
.5

 x
 1

04 )

 

 

 

 

 

 

 

Figure 28: Graph and representative pictures obtained after application of 2µg/mL LPS, 1 

nM and 1 pM of compound (187). BV2 cell lines were treated with Hoescht 33342 (0.6 µg / 

mL) to show nuclear morphology (blue cells) followed by PI (1 µg / mL) to show necrosis 

(red cells). Cells were imaged using a Zeis axiotop fluorescence microscope and x 40 

objective. Images were taken under separate excitation wavelengths (PI & Hoescht) and 

images were merged to show apoptotic and pycnotic nuclei. Scale bar 20 µm. All 

experiments were analysed using two-way ANOVA followed by Bonferroni post-test. All 

treatments were compared to control with ***p<0.001, **p<0.01, *p<0.05 as shown. 

a) Control b) 1 µM 317 

c) 1 nM 317 d) 1 pM 317 

a) Control b) LPS 

d) 1 pM 187 

 187 

c) 1 nM 187 

c 
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Compound (231), also showed a reduced number of live cells but we 

considered this to be within an acceptable range. Whilst the compound was 

soluble in DMSO/H2O, we observed its insolubility in cultures, indicative of 

false positive results. Therefore, it was also excluded from further study. 
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Figure 29: Graph and representative pictures obtained after application of 2 µg / mL LPS, 

1nM and 1 pM of compound (231) BV2 cell lines were treated with Hoescht 33342 (0.6 µg / 

mL) to show nuclear morphology (blue cells) followed by PI (1 µg / mL) to show necrosis 

(red cells). Cells were imaged using a Zeis axiotop fluorescence microscope and x40 

objective. Images were taken under separate excitation wavelengths (PI & Hoescht) and 

images were merged to show apoptotic and pycnotic nuclei. Scale bar 20 µm. All 

experiments were analysed using two-way ANOVA followed by Bonferroni post-test. All 

treatments were compared to control with ***p<0.001, **p<0.01, *p<0.05 as shown. 

 

a) Control 

a)  

b) LPS 

c) 1 nM 231 d) 1 pM 231 
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Compound (235), proved to non-toxic to BV2 cell lines at 1 nM and 1 pM 

concentrations with the total number of live cells comparable with control 

(Figure 30). As such, compound (235) was chosen for further testing onto 

promary microglia cultures.  
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Figure 30: Graph and representative pictures obtained after application of 2 µg / mL LPS, 

1 nM and 1 pM of compound (235). BV2 cell lines were treated with Hoescht 33342 (0.6 µg / 

mL) to show nuclear morphology (blue cells) followed by PI (1 µg / mL) to show necrosis 

(red cells). Cells were imaged using a Zeis axiotop fluorescence microscope and x40 

objective. Images were taken under separate excitation wavelengths (PI & Hoescht) and 

images were merged to show apoptotic and pycnotic nuclei. Scale bar 20 µm. All 

experiments were analysed using two-way ANOVA followed by Bonferroni post-test. All 

treatments were compared to control with ***p<0.001, **p<0.01, *p<0.05 as shown. 

a) Control b) LPS 

c) 1 nM 235 d) 1 pM 235 
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Compound (293) at 0.25 pM concentration proved to be less toxic than at 

0.25 nM with lower numbers of dead cells and the number of live cells 

comparable with control and was therefore chosen for further testing. 
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Figure 31: Graph and representative pictures obtained after application of 2 µg / mL LPS, 

0.25 nM and 0.25 pM of compound (293). BV2 cell lines were treated with Hoescht 33342 

(0.6 µg / mL) to show nuclear morphology (blue cells) followed by PI (1 µg / mL) to show 

necrosis (red cells). Cells were imaged using a Zeis axiotop fluorescence microscope and 

x40 objective. Images were taken under separate excitation wavelengths (PI & Hoescht) and 

images were merged to show apoptotic and pycnotic nuclei. Scale bar 20 µm. All 

experiments were analysed using two-way ANOVA followed by Bonferroni post-test. All 

treatments were compared to control with ***p<0.001, **p<0.01, *p<0.05 as shown. 

 

a) Control b) LPS 

c) 0.25 nM 293 d) 0.25 pM 293 
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Compound (212) at 1 pM concentration proved to be less tocix to BV2 cell 

lines at 1 nM therefore, 1 pM was the concentration of choice for further 

testing.  
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Figure 32: Graph and representative pictures obtained after application of 2 µg / mL LPS, 

1 nM and 1 pM of compound (212). BV2 cell lines were treated with Hoescht 33342 (0.6 µg / 

mL) to show nuclear morphology (blue cells) followed by PI (1 µg / mL) to show necrosis 

(red cells). Cells were imaged using a Zeis axiotop fluorescence microscope and x40 

objective. Images were taken under separate excitation wavelengths (PI & Hoescht) and 

images were merged to show apoptotic and pycnotic nuclei. Scale bar 20 µm. All 

experiments were analysed using two-way ANOVA followed by Bonferroni post-test. All 

treatments were compared to control with ***p<0.001, **p<0.01, *p<0.05 as shown. 

 

a) Control b) LPS 

c) 1 nM 212 d) 1 pM 212 
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Compound (279) did not show a good profile, as the number of live cells was 

almost 50% less than that of control and the number of dead cells indicated 

its increased toxicity (Figure 33). Therefore, this was excluded from further 

testing. 
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Figure 33: Graph and representative pictures obtained after application of 2 µg / mL LPS, 

1 nM and 1 pM of compound (279). BV2 cell lines were treated with Hoescht 33342 (0.6 µg / 

mL) to show nuclear morphology (blue cells) followed by PI (1 µg / mL) to show necrosis 

(red cells). Cells were imaged using a Zeis axiotop fluorescence microscope and x40 

objective. Images were taken under separate excitation wavelengths (PI & Hoescht) and 

images were merged to show apoptotic and pycnotic nuclei. Scale bar 20 µm. All 

experiments were analysed using two-way ANOVA followed by Bonferroni post-test. All 

treatments were compared to control with ***p<0.001, **p<0.01, *p<0.05 as shown. 

 

a) Control b) LPS 

d) 1 pM 279 c) 1 nM 279 
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Compound (341), seemed to give the best response in terms of lack of 

toxicity compared to the other compounds selected. Both of the tested 

concentrations (1 nM and 1 pM) proved non-toxic to BV2 cell lines and as 

such, 1 nM was chosen for the subsequent testing. 
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Figure 34: Graph and representative pictures obtained after application of 2 µg / mL LPS, 

1 nM and 1 pM of compound (341). BV2 cell lines were treated with Hoescht 33342 (0.6 µg / 

mL) to show nuclear morphology (blue cells) followed by PI (1 µg / mL) to show necrosis 

(red cells). Cells were imaged using a Zeis axiotop fluorescence microscope and x40 

objective. Images were taken under separate excitation wavelengths (PI & Hoescht) and 

images were merged to show apoptotic and pycnotic nuclei. Scale bar 20 µm. All 

experiments were analysed using two-way ANOVA followed by Bonferroni post-test. All 

treatments were compared to control with ***p<0.001, **p<0.01, *p<0.05 as shown. 

 

a) Control b) LPS 

c) 1 nM 341 d) 1 pM 341 
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Before investigating the activity of our compounds on microglia cultures, co-

administration of compounds (231), (235) and (212) with LPS was first 

explored. We limited the testing to these compounds due to the limited 

availability of BV2 cells and as a result of time constraints. 
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Figure 35: Graph obtained after co-administration of 2 µg / mL LPS with compounds 

(231), (235) and (212) on BV2 cell lines. All experiments were analysed using two-way 

ANOVA followed by Bonferroni post-test. All treatments were compared to control with 

***p<0.001, **p<0.01, *p<0.05  as shown. 

The results obtained suggested that co-administration of 2 µg/mL LPS with 

compound (231) led to a toxic profile with reduced number of living cells; on 

administration of 1 pM concentrations of compound (231) the number of live 

cells was comparable to the application of LPS alone. Both concentrations (1 

nM and 1 pM) of compound (235) gave promising results with a low degree 

of apoptosis. The number of live cells remained high, suggesting some 

degree of protection against LPS induced apoptosis. Compound (212) gave 

the same degree of protection on LPS induced apoptosis at 1 pM 

concentration. This was a highly promising result as it verified the potential 

protective role of the compounds at picomolar concentrations.   
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4.1.3. Primary microglia cell culture  

The concentrations selcted in our studies on the toxicity profile of each 

compound ranged from molar (M), milimolar (mM) and micromolar (µM), 

using sterile DMSO as solvent. As such, 1 µL of these solutions was 

accordingly measured and applied onto cerebellum granule cell cultures, 

corresponding to applied concentrations of 1 mM, 1 µM and 1 nM 

respectively.  

Cell survival or death was assessed using Live/Dead assay as described 

previously. Following the application and testing of compounds on BV2 cell 

lines, the following four compounds (Table 8) were chosen for further testing 

at the assessed optimum concentrations as shown below. 

                             
Compound Concentration 

 
235 

1 pM 

 
293 

0.25 pM 

 
212 

1 pM 

 
341 

1 nM 

Table 8: Compounds of choice with the optimum corresponding 

concentrations shown for each. 
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Figure 36: Graphs obtained for the cytotoxicity profile of compounds (235) and (293) to 

primary microglia cultures. All experiments were analysed using two-way ANOVA followed 

by Bonferroni post-test. All treatments were compared to control with ***p<0.001, **p<0.01, 

*p<0.05 as shown. 

Following the cytotoxic profile of compounds (235) and (293) it can be 

observed that both proved to be non-toxic to primary microglia cultures at 

concentrations of 1 µM and 0.25 µM respectively as insignificant number of 

necrotic cells was observed.  
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Similar observations were obtained for compounds (212) and (341), as 

shown below. To our surprise both of the compounds at 1 pM and 0.25 nM, 

exhibited no apoptosis with the number of necrotic cells being close to zero.  
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Figure 37: Graphs obtained for the cytotoxicity profile of compounds (212) and (341). All 

experiments were analysed using two-way ANOVA followed by Bonferroni post-test. All 

treatments were compared to control with ***p<0.001, **p<0.01, *p<0.05 as shown. 

The following pictures are representative of each concentration that was 

selected for the rest of the experiments in order to examine their potential 

glio-protective role. 
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Picture 1: Representative pictures obtained showing the selected concentrations of each 

compound after cytotoxicity assay on microglia cells; microglia cells were treated with 

Hoescht 33342 (0.6 µg / mL) to show nuclear morphology (blue cells) followed by PI (1 µg / 

mL) to show necrosis (red cells). Cells were imaged using a Zeis axioskop fluorescence 

microscope and x40 objective. Scale bar 20.  

a) Control b) 1 pM 235 c) 0.25 pM 293 

d) 1 pM 212 e) 1 nM 341 
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4.2. Investigation into potential Glio-protective effect of the 
synthesised agents 

The next set of experiments investigated the “protective” effect of 

compounds on microglia cells following their activation. As such, microglia 

cells were treated with lipopolyssacharide (LPS) alone, co-administration of 

LPS together with each compound and compounds alone.  

The following graphs show the corresponding data obtained from treatment 

with LPS alone, LPS plus compound and compound alone. The amount of 

LPS applied was 1 µL of 2 µg/mL (= 1 ng), 1pM of (235), 0.25 pM of (293), 1 

pM of (212) and 1 nM of (341) which was applied to each well and left to 

incubate for 24 hours. Subsequently, after incubation, Hoechst 33342 stain 

was applied to explore the protective effects of our compounds. Cell nuclei 

that were smaller in size were characterised as apoptotic as previously 

described for CGC cells. 

We anticpated that LPS would be significantly reduce the numbers of live 

cells and induce apoptosis as has been previously been reported in the 

literature (Kloss, et al., 2001).  

Comparing the co-administration of LPS plus compound (235) and the data 

obtained from LPS alone, we observed that the number of live cells 

increased to almost double the number of dead cells and that the number of 

apoptotic cells remained constant. The results obtained after application of 

compound (235) alone onto microglia cells, verified the non-toxicity of the 

compound.  
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Figure 38: Graph and representative pictures obtained from microglia cells after 

application of LPS, LPS & 1 pM (235) and 1 pM (235) (p<0.0001); Microglia were treated 

with Hoescht 33342 (0.6 µg / mL) to show nuclear morphology and apoptosis. Cells were 

imaged using a Zeis axiotop fluorescence microscope and x40 objective. Scale bar 20. All 

experiments were analysed using two-way ANOVA followed by Bonferroni post-test. All 

treatments were compared to control with ***p<0.001, **p<0.01, *p<0.05 as shown. 

 

 

 

b) LPS 

c) LPS & 1 pM 235 d) 1 pM 235 

a) Control 
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Compound (293) displayed a better profile after co-administration with LPS 

as the number of live cells after staining was close to that of control. 

Administration of the compound alone also clearly demonstrated its non-toxic 

effect on microglia cells. 
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Figure 39: Graph and representative pictures obtained from microglia cells after 

application of LPS, LPS & 0.25 pM (293) and 1 pM (293). Microglia cells were treated with 

Hoescht 33342 (0.6 µg / mL) to show nuclear morphology and apoptosis. Cells were imaged 

using a Zeis axiotop fluorescence microscope and x40 objective. Scale bar 20 µm. All 

experiments were analysed using two-way ANOVA followed by Bonferroni post-test. All 

treatments were compared to control with ***p<0.001, **p<0.01, *p<0.05 as shown. 

 

b) LPS a) Control 

d) 0.25 pM 293 c) LPS & 0.25 pM 293 
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Application of LPS along with compound (212), caused an increase in the 

number of live cells to almost double, compared to LPS alone as well as a 

reduction in the degree of apoptosis.  
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Figure 40: Graph and representative pictures obtained from microglia cells after 

application of LPS, LPS & 1 pM (212) and 1 pM (212). Microglia cells were treated with 

Hoescht 33342 (0.6 µg / mL) to show nuclear morphology and apoptosis. Cells were imaged 

using a Zeis axiotop fluorescence microscope and x40 objective. Scale bar 20 µm. All 

experiments were analysed using two-way ANOVA followed by Bonferroni post-test. All 

treatments were compared to control with ***p<0.001, **p<0.01, *p<0.05 as shown. 

 

 

b) LPS a) Control  

c) LPS & 1 pM 212 d) 1 pM 212 
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Finally, compound (341), showed a potential protective profile as co-

administration of LPS with 1 nM of compound (341) increased the amount of 

live cells to almost three-fold compared to that of LPS alone.  
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Figure 41: Graph and representative pictures obtained from microglia cells after 

application of LPS, LPS & 1 nM (341) and 1 nM (341). Microglia cells were treated with 

Hoescht 33342 (0.6 µg / mL) to show nuclear morphology and apoptosis. Cells were imaged 

using a Zeis axiotop fluorescence microscope and x40 objective. Scale bar 20 µm. All 

experiments were analysed using two-way ANOVA followed by Bonferroni post-test. All 

treatments were compared to control with ***p<0.001, **p<0.01, *p<0.05 as shown. 

c) LPS & 1 nM 341 d) 1 nM 341 

b) LPS a) Control 
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4.3. Investigation of TNF-α production with ELISA assay 

Following the initial assays that had shown that the compounds were non-

toxic with a potential neuroprotective effect, we next explored whether this 

protection might be induced via a TNF-α induced modulation, using an 

Enzyme-linked immunosorbent assay (ELISA) (R & D Systems, Rat TNF-α 

Quantiqine  immunoassay). 

After measuring absorbance (450-540nm), the concentration of TNF-α was 

calculated according to a standard curve. The corresponding concentrations 

are shown below (Table 9). 

Sample 

Mean 
Absorbance 

(450-540 nm) 

TNF-α   

(pg / mL) 
Control 0.1815 83.042 

2 µg / mL LPS 2.1595 1428.391 
LPS + 0.25 pM  235 2.1330 1410.366 

LPS + 1 pM 293 2.1895 1448.795 
LPS + 1 pM 212 2.0545 1356.974 
LPS + 1 pM 341 1.9330 1274.335 

0.25 pM 235 0.1345 51.074 
1 pM 293 0.2225 110.928 
1 pM 212 0.1350 51.414 
1 pM 341 0.1850 85.422 

Table 9: Absorbance readings obtained for each condition with the corresponding 

concentration of TNF- α, n=2 

The results obtained suggested that LPS causes a pronounced induction of 

TNF- α as expected (1428.39 pg/mL). However, comparing this value with 

those obtained after co-administration of LPS with each of our tested 

compounds, we observed a slight reduction in TNF-α concentration on 

application of compounds (212) and (341). However, despite this reduction, 

the measured concentration of TNF-α still remains high. Compound 

application alone, did not lead to induction of TNF-α as the concentration 

levels remain low as shown. This suggested a potential protective role 

against TNF-α release but not inhibiting LPS-evoked TNF-α realease. 
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4.4. ELISA assay for cytokines TNF-α , IL-1α , IL-1β , IL-6, IFNr, 
MCP-1, Rantes and MIP 

As our data suggested that the compounds are potentially glio-protective, we 

were excited to investigate their effects in a newly released ELISA assay that 

would enable us to explore the release of seven different cytokines such as 

TNF-α, interleukin (IL)-1α, IL-1β, IL-6, interferon (IFNr), monocyte 

chemoattractant protein (MCP)-1, Rantes (CCL-5) and macrophage 

inflammatory protein (MIP). 

Due to the novelty of the kit it demonstrated that the absorbance of most 

cytokines is below that of the baseline. We expected that application of LPS 

alone, would increase the absorbance reading for all cytokines, and hence 

give high concentration levels. However, this was not observed as shown 

below (Figure 42).  
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Figure 42: Absorbance readings obtained for control and after administration of 

LPS  

In the above graph, we would have expected a large increase in absorbance 

reading from application of LPS alone, as it should stimulate the release of all 

the tested cytokines. This occurs only in MIP where the absorbance of the 

control appears to be increased. This verified our concern that the kit might be 

faulty, giving misleading results. However, despite our reservations, we decided 

to explore the effects of our compounds and compare them to that of the control 
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as this was the first attempt with this newly released kit and we wondered 

whether the results obtained in the control would be replicated with our 

compounds.  
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Control & LPS + 0.25 pM 293
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Figure 43: Comparison of absorbance readings obtained for control, LPS 

and after co-administration of LPS with each compound 

Co-administration of LPS with compounds (235), (293), (212) and (341) 

(figure 43), did not have any significant effect on the absorbance readings. 

The values were comparable with that of control, but no clear conclusions 

can be drawn from this study, as LPS alone did not induce any cytokine 

release. This is not the case with MIP as LPS stimulates its release, as 

expected and some effect is observed after application of the compounds. 

However, these results are false positive and cannot be analysed further.  
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4.5. Effect of supernatant on CGC cultures using Dead/Alive assay  

The supernatant that was kept from the TNF-α assay, was divided into two 

batches. One was used for the ELISA assay described above and the other 

was used in order to further test the compounds toxicity. As such, the 

supernatant was applied to cerebellum granule cell cultures.  

The supernatant contains several other factors, such as cytokines and 

chemokines that are produced by microglia cells and can prove toxic for their 

survival. Cytokines are inflammatory factors that are produced by microglia 

and have been shown to be implicated in neurological and 

neurodegenerative diseases, despite their neuroprotective role. The factors 

that determine their protective or toxic role, depend highly on the amounts 

produced but the exact mechanism by which this occurs remains unclear.  

We therefore carried out a live/dead assay with Hoechst and PI staining to 

determine whether the compounds are toxic when applied alone, and 

whether they offer any “protection” when they are co-administered with LPS.  

CGCs were treated with 1 µL of all samples (Table 9). Each graph presented 

shows the number of necrotic and live cells obtained after staining. Statistical 

analysis was carried out using graphpad prism software.   
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Figure 44: Graph obtained from control and after application of LPS; n=4 
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Application of LPS (Figure 45) proved to be toxic, as anticipated. 

Administration of the compounds alone onto CGCs, showed a non-toxic 

profile with a low number of necrotic cells obtained from PI staining. (Figure 

45) 

Dead/Alive assay on CCGs

co
nt

ro
l

LP
S 

1 
pM

 2
35

 

0.
25

 p
M

 2
93

 

1 
pM

 2
12

 

1 
nM

 3
41

 0

100

200

300

400

** * **
N

o.
 o

f c
el

ls
 (5

 x
 1

04 )

 

Figure 45: Preliminary results after performing Dead/Alive assay on CGCs. All 

experiments were analysed using two-way ANOVA followed by Bonferroni post-test. All 

treatments were compared to control with ***p<0.001, **p<0.01, *p<0.05 as shown. 

The next graph (Figure 46) highlights the co-administration of LPS with each 

of the compounds. Data are indicative of a potential protective effect upon 

LPS induction as the number of live cells is increased and the number of 

necrotic is been reduced. However, no conclusions can be drawn on the 

mechanism of protection against LPS induced toxicity. 
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Dead/Alive assay after co-administration with LPS
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Figure 46: Graphs show comparison between LPS and co-administration of LPS with 

each compound. All experiments were analysed using two-way ANOVA followed by 

Bonferroni post-test. All treatments were compared to control with ***p<0.001, **p<0.01, 

*p<0.05  as shown. 
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Picture 2: Live/Dead assay of supernatant on CGCs. Cells were treated with 

Hoescht 33342 (0.6 µg / mL) to show nuclear morphology (blue cells) followed by PI (1 µg / 

mL) to show necrosis (red cells). Cells were imaged using a Zeis axiotop fluorescence 

microscope and x40 objective. Images were taken under separate excitation wavelengths 

and images were merged to show apoptotic and pycnotic nuclei. Scale bar 20. 

 

d) 1 pM 235 

g) LPS & 1 pM 212 h) 1 pM 212 i) LPS & 1nM 341 

j) 1 nM 341 

a) Control c) LPS & 1 pM 235 b) LPS 

f) 0.25 pM 293 e) LPS & 0.25 pM 293 
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4.6. Reactive Oxygen Species (ROS) and Reactive Nitrogen Species 
(RNS) microglia 

In this assay, we wanted to explore whether our compounds had an effect on 

the production of reactive oxygen species (ROS) and reactive nitrogen 

species (RNS) as these have been shown to have significiant effects on the 

outcome of neuroinflammation.  

The data suggested an increased superoxide production (19%) after 

application of LPS alone which activates Nox (NADPH isoform) and leads to 

the production of superoxide radicals, hence the corresponding neurotoxic 

effects. A reduction in total number of cells is also observed after Hoescht 

staining (Figure 47).   

Co administration of LPS with compounds led to a reduction of superoxide 

production but not by a significant amount. Application of LPS and (235) 

produced 12% of superoxide positive cells, whilst LPS and (293) showed 

11% production, LPS and (212) 10% and LPS and (341) 9% superoxide 

positive cells respectively. Compared to the results obtained from LPS alone, 

(19% SO positive cells) we can clearly observe that the compounds are not 

protective against LPS induced superoxide production. 
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LPS & Compounds (n=3)
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Figure 47: Graph showing the percentage of SO expressing primary microglia cells after 

co-administration of LPS with each of the compounds and LPS alone. All experiments were 

analysed using two-way ANOVA followed by Bonferroni post-test. All treatments were 

compared to control with ***p<0.001, **p<0.01, *p<0.05 as shown. 
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Administration of each compound alone, led to an increased superoxide 

production compared to that of control. Application of a 1 pM dose of (235) 

caused a 9% production of SO but its effect proved to be non-significant, with 

0.25 pM (293) at 16%, 1 pM (212) at 18% and 1 nM (341) at 33% of 

superoxide production. Compound (341) showed an even higher superoxide 

production than that of LPS alone, possibly indicative of induction of radical 

production from the compounds but this is difficult to prove or to rationalise. 
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Figure 48: Graph shows the percentage of SO producing cells after administration of each 

compound. All experiments were analysed using two-way ANOVA followed by Bonferroni 

post-test. All treatments were compared to control with ***p<0.001, **p<0.01, *p<0.05 as 

shown. 
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Picture 3: Pictures showing the amount of SO expressing cells. Microglia were plated 

in 24 well plates were activated with the conditions a-j. Superoxide production was assessed 

by incubating microglia with 5 µM dHEth for 40min and co-staining with Hoechst 33342 (0.6 

µg / mL) to determine the total number of nuclei of view. Microglia were imaged with a Zeiss 

Axioskop 2 fluoresence microscope using a x40 objective, excitation wavelength at 550 nm 

and emission wavelength at 580 nm for dHEth and excitation at 360 nm and emission at 

>490 nm for Hoechst 33342. Superoxide producing microglia were detected by red 

fluorescence. Data were analysed using Image J software, Statistical analysis was 

performed using two-way ANOVA test and the number of superoxide producing cells is 

expressed as percentage of the total nuclei.  

a) Control b) LPS c) LPS & 1 pM 235 

d) 1 pM 235 e) LPS & 0.25 pM 293 f) 0.25 pM 293 

g) LPS & 1 pM 212 i) LPS & 1 nM 341 

j) 1nM 341 

h) 1 pM 212 
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4.7. Inducible Nitric oxide synthase (iNOS) assay  

The data shown below (Figure 49), demonstrate that production of iNOS 

occurred after LPS administration (41%). Co-administration of LPS with each 

compound did not have any significant effect on the expression of iNOS, but 

compound (293) seemed to reduce the number of iNOS expressing cells to 

around 10% with the total number of healthy cells less than that observed 

after LPS administration. Compound (341) showed an increase in the total 

number of healthy nuclei after staining, with 55% of cells expressing iNOS.  
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Figure 49: Percentage of iNOS expressing primary microglia cells after co-administration 

of LPS with each compound. All experiments were analysed using two-way ANOVA followed 

by Bonferroni post-test. All treatments were compared to control with ***p<0.001, **p<0.01, 

*p<0.05  as shown. 

The data shown above suggest that the compounds do not protect microglia 

cells through an LPS induced iNOS expression. 
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Figure 50: Percentage of iNOS expressing primary microglia cells after application of the 

compounds alone. All experiments were analysed using two-way ANOVA followed by 

Bonferroni post-test. All treatments were compared to control with ***p<0.001, **p<0.01, 

*p<0.05 as shown. 

Administration of compounds alone caused expession of iNOS with 

compound (212) having the highest number of iNOS expressing cells (55%) 

(Figure 50). Similar observations were also obtained with superoxide 

production. The  total number of nuclei counted is comparable to that of 

control, which indicates that iNOS expression does not lead to microglia 

death. Therefore, this might suggest that iNOS expression might have a 

potential protective phenotype. 
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Picture 4: Pictures showing the number of iNOS expressing primary microglia..  
Cells were treated with isolectin B4, a microglia marker, in PBS in 1:100 dilution factor , 

washed three times with PBS until they were incubated with DAPI for 1 minute in dark as a 

nuclear counterstain. Microglia were imaged with a Zeiss Axioskop 2 fluoresence 

microscope using x40 objective, excitation wavelength at 358 nm and emission wavelength 

at 461 nm for DAPI. Statistical analysis was performed by using two-way ANOVA. Scale bar 

20 µm. 

  

a) Control b) LPS c) LPS & 1 pM 235 

d) 1 pM 235 

i) LPS & 0.25 pM 293 

j) 0.25 pM 293 

e) LPS & 1 pM 212 

g) LPS & 1nM 341 h) 1nM 341 

f) 1pM 212 
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5.0. Conclusions  

5.1. Chemistry 
In summary, we have demonstrated that thiyl radical cyclisations with the 

thiyl radical/isocyanide precursors lead to the synthesis of two distinct 

classes of biologically active compounds - the isoquinolines and spirocyclics.  

Starting with the N-Boc derivative, we have shown that the amount of radical 

initiator is the key factor in determining the selectivity for 6-endo or 5-exo 

compound formation. We have also shown that application of our approach 

to other classes of compounds such as furan and thiophene containing 

tricyclic systems is also successful. In addition, our synthetic approach has 

been extended to the formation of tetracyclic systems with promising 

biological activity.  

According to the results obtained, the thermodynamic 6-endo compounds 

gave better yields when the pyrrole ring was substituted with a more electron 

withdrawing group in the case of the tetracyclic series. This suggests that an 

electronic effect operates, leading to selectivity towards the more 

thermodynamically stable compound giving an increased reaction yield. 

However, it may also be attributed to the size of the protecting group, 

whereby the bicyclic precursor is favourably aligned for cyclisation via steric 

repulsion.  

Despite the fact that application of the 6-endo proved more successful when 

compared to those used for the 5-exo spirocyclic compounds, the reaction 

yields remained low, which we attributed to the following factors: 

1) Double addition of thiophenol  

2) Incorporation of AIBN adduct due to the need for an excess 

3) The alignment of the α-imidoyl radical following thiyl radical addition 

4) Reactivity of the isocyanide precursor according to pyrrole reactivity 
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For the formation of the N-Boc tricyclic and spirocyclic compounds, we 

observed that an excess of thiol radical production can compete with the H-

abstraction and subsequent reduction. As a result it can also attack the 

thermodynamically stable 6-endo-trig radical (196) that is formed during 

cyclisation, leading to the formation of product (197) that bears two thiol 

molecules as shown below (Scheme 114). However, this remains difficult to 

prove as we were unable to fully characterise this effect as the compound 

proved unstable and prone to degradation. 

 

Scheme 114: Mechanism of double addition of thiophenol to the cyclized 

product 

 

Further by-products from the reaction showed evidence of the desired 

product formation, but with potential incorporation of AIBN. Such observation 

of AIBN incorporation in radical reactions has also been reported in the 

literature by Ishikawa and co workers (Ishiyama & Miyaura, 2000), which 

may account for our reduced yields due to the balance required between an 

excess of AIBN and product yield. 

A further challenge stems from the structural effects of the isocyanide as 

shown below (Scheme 115). As a result of the fact that the thiyl radical can 
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attack either of the two orbitals of the isocyanide, only one can lead to the 

formation of the desired α-imidoyl radical (366) which can then undergo 

either the required 6-endo or 5-exo cyclisation to give the product. 

 

Scheme 115: Possible ways of thiol attack on the isocyanide precursor 

In addition, using the N-Boc derivative, we have shown that in order to obtain 

the 5-exo cyclisation spirocycle, higher concentrations of AIBN are required 

suggesting that the cyclised product is rapidly trapped and that the reaction 

itself is reversible. The application of such kinetic conditions to other 

heterocycles didn’t prove as successful as we didn’t see any evidence of 

spirocyclic compound formation. We attribute the key for the selectivity of the 

synthesis of the 5-exo series as being the substitution pattern of the pyrrole 

ring, where substituents close to the bridge between the bicyclic system 

might enable a twist in the precursor, enabling the 5-exo reaction to be 

preferred. In addition substitution of the benzene ring might also have an 

effect which needs to be explored further.  



Georgia Saviolaki                                                                                       Conclusions 

 

152 
 

5.2. Cytotoxic activity of the compounds 

According to the data obtained, out of the seven compounds that were tested 

on CGCs and BV2 cells lines, only compounds (235), (293), (212) and (341) 

gave a low toxicity profile with a potential glioprotective effect. As such they 

underwent further testing against the induction of cytokines and reactive 

radical species.  

The data reported show that LPS administration alone is toxic to microglia 

cells. However, co-administration of compounds with LPS, showed an 

increase in the number of live cells, with compounds (212) and (341) giving 

better responses. This demonstrates that the compounds may act via TLR-4 

activity, but the precise pathway by which this takes place, requires further 

investigation. The furan containing tetracyclic systems have a better profile 

against LPS induced neuroinflammation.  

 

Figure 51: Compounds tested on microglia cells  

There are a number of reports on the activity of imidazoquinolines on TLR 

receptors, but little or no data on the activity of furan or tetracyclic 

compounds and as such, the work presented in this thesis is significant as it 

demonstrates that there is further potential for this class of compound. 

Shukla and co-workers have investigated the agonistic activity of 

imidazoquinoline compounds on TLR7/8 proving that they might be useful as 

vaccine adjuvants (Shukla, et al., 2010). They also reported that a TLR7 

antagonist would be useful in the treatment of HIV as TLR 7 has been found 

to be implicated in its pathophysiology and disease progression (Nikunj et al., 

2011). 
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5.2.1. Compound activity on cytokines 

Following the investigation of the cytotoxicity profile of our compounds, our 

research focussed on the effect of four compounds on LPS induction of the 

release of seven different cytokines (Table 10) and it is worth describing the 

implication of their potential in neurological disease. 

1 TNF-α 

2 MIP-1 

3 MCP-1 

4 RANTES 

5 IL1b 

6 IL-6 

7 IFNr 

Table 10: List of cytokines implicated in neurological conditions 

Microglial activation leads to the production of these cytokines, resulting in 

the pathophysiology of AD, PD and MS and disease progression. Each 

cytokine has a defined role but they are also interact between each other 

(Sawada et al., 1989, Buttini et al., 1996, Medana et al., 1997). 

TNF-α is an inflammatory cytotoxic cytokine, which when released under 

pathological conditions, can lead to neuronal death. It has been reported that 

its release is induced by stimulation with LPS (Sawada et al., 1989), amyloid 

beta peptide, interferon-γ and ATP (Yoshino et al., 2011). Amyloid-β 

stimulated microglia lead to increased TNF-α production resulting in both 

neuronal loss and iNOS production in astrocyte cells confirming its role in 

AD. (Akama & Van Eldik, 2000). Microglia are also activated during a stroke, 

producing TNF-α, which leads to neurotoxicity. (Kaushal & Schlichter, 2008, 

Taylor et al., 2005, Quan et al., 2011).  

Our data suggest that administration of compounds alone does not induce 

TNF-α production as the concentration of TNF-α was found to be low. 

However, this does not occur during co-administration with LPS where the 

concentration of TNF-α was found to be comparable with that of LPS alone. 
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The pathway through which this occurs is unclear and therefore the effect of 

our compounds on the release of other cytokines was investigated as this 

would highlight a potential neuroprotective effect of our compounds.  

The presence and implication of chemokines and cytokines in various CNS 

diseases is widely known. They are expressed in neurons and glia and have 

both protective and toxic effects (reviewed in (Allan, & Rothwell, 2001). 

As such, the effects of MIP-1, MCP-1, RANTES, IL1β, IL-6, and IFNr were 

investigated. No clear conclusions could be drawn as the kit was a new 

introduction to the market. The only promising result is for the MIP cytokine, 

where a possible protective role is suggested from compounds (212) and 

(341).  

5.2.2. Compound activity on radical production 

Compounds were also tested for their effects upon LPS induction of radical 

production. We focused on the investigation of SO and iNOS production from 

microglia cells (Wen et al., 2011, Nakai et al., 1998, Yoon et al., 1994) which 

are found to be implicated both in healthy and diseased states. (Brown, 

2007, Block & Hong, 2007).  

Our data, showed no effect on LPS induction of SO and iNOS radicals. 

Administration of compounds alone caused production of both radicals, but 

the total number of healthy cells remained high, indicating a potential 

glioprotective activity In the case of superoxide radical, this can be explained 

through the activation of Nox by BzATP or GABA which has been found to 

excert a neuroprotective phenotype since protective neurotrophins are 

secreted. However, Nox production by glutamate stimulation leads to cell 

death, as neurotoxins and neurotrophic substances are released (Mead et 

al.,2012). Therefore, the way that superoxide is produced by the 

administration of the compounds alone requires further investigation. 

Comparing the total number of nuclei after LPS administration and after 

application of each compound, we can observe that LPS not only leads to 

superoxide production but to cell death as well.  
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Superoxide is produced by NADPH isoform Nox-1. Other isoforms that have 

been found in microglia are Nox-2 and Nox-4 (Mead, et al., 2012, Cheret et 

al., 2008, Kawano et al., 2007). Nox-1 is also responsible for the production 

of iNOS, as such SO and iNOS can co-exist and exert cell loss and death 

(Lijia et al., 2012, Ferreira et al., 2010, Possel et al., 2000). NADPH is 

activated after microglial inflammation that leads to the initiation of 

intracellular signalling cascades and production of superoxide radicals 

(Figure 52) (Wilkinson & Landreth, 2006).  

 

Figure 52: Schematic representation of NADPH structure and function 

(Wilkinson & Landreth, 2006)  

Low concentrations of the oxidants are normally produced to control cell 

proliferation. High concentrations, though, are key for cytotoxicity. Production 

of NO from iNOS and superoxide from NADPH leads to neuroinflammation 

and disease progression. Some inflammatory mediators like LPS, TNF-α, 

and IL-1 stimulate iNOS release which then produces NO constantly (Brown, 

2007, Ono et al., 2010, Brown & Bal-Price, 2003, Zehntner et al., 2004) 
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6.0. Future Work  

Future work could focus on two areas. The first stems from the need to 

improve our synthetic approach and develop production of other related 

synthetic analogues and the second covers the exploration of the biological 

activity of these compounds based on our preliminary results. 

Initially, in order to avoid the incorporation of AIBN to the cyclised product 

and subsequent reduction of the reaction yield, radical initiation can be 

carried out by light. Use of a disulphide and application of UV-Vis light will 

cleave the disulphide bond generating a thiyl radical. In this manner, no by-

product of AIBN addition will be observed and the yields will potentially be 

increased.  

As mentioned earlier, trials with different substitutions on the benzene ring 

can also be attempted in order to investigate the selectivity towards either 

the thermodynamic or spirocyclic products. Comparisons can be made on 

the reaction yields with the compounds that have been already been 

described in this thesis. Modifications can be made by incorporation of a 

methyl group, CF3 or any carbonyl and other electron withdrawing and 

electron donating groups instead of the CO2Me group on the aromatic ring in 

order to explore their effects. Some representative examples of the 

corresponding isocyanides are shown below (Figure 53).  

 

Figure 53: Examples of isocyanide precursors that could be synthesized 

Other examples might include other nitrogen protecting groups such as tosyl 

and methyl groups. In addition thiophene and furan rings can be used.   
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In addition, after exploring the electronic effects on the cyclisation reaction by 

varying the substitution on the pyrrole ring, the next step would be the use of 

alternative thiols that are bigger in size and more bulky. By carrying this out, 

we would expect that the thioimidoyl radical might have the desired 

regiochemistry in order to favour the kinetic product (5-exo). Some examples 

of possible thiols are shown below (Figure 54). 

 

Figure 54: Different thiols that can be used instead of thiophenol 

We will also explore the application of our novel thiyl radical/isocyanide 

methodology to other analogues for the production of biologically active 

compounds as shown below (Figure 55). The pyrrole[3,2-c)quinolone ring 

system of (382), (383) and related heterocycles such as NVP-BEZ235 (385) 

and pyrroloquinoxaline CGS 12066B (384) all show potent anticancer and 

neurological activity respectively, therefore they possess  significant interest 

to the pharmaceutical industry (Lee et al, 2008). Typical synthetic procedures 

require multiple linear synthetic sequences and as such our synthetic 

approach can be utilised to easily and quickly build the following drug 

scaffolds. 

 

Figure 55: Drug scaffolds that can be synthesised using our methodology 

Furthermore we can develop a scalable synthesis of these types of 

molecules to illustrate the potential of our thiyl/isocyanide approach and our 

disconnection of NVP-BEZ235 (385) is illustrative (Scheme 116). As 
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opposed to the current approach to this molecule our key disconnection 

facilitates ready modification of either coupling partner that would enable 

facile synthesis of a library of analogues. 

 

Scheme 116: Proposed disconnection approach towards the synthesis of 

NVP-BEZ235 

Similarly the structure of CGS 12066B (384) can be easily obtained through 

our approach (Scheme 117). By incorporation of the CF3 functional group on 

the benzene ring, we will be able to explore its effect on the coupling reaction 

and furthermore on the cyclisation and more conclusions can be drawn.  

 

Scheme 117: Proposed disconnection approach towards the synthesis of 

CGS 12066B (384) 
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Little is known about the biological activity of CGS 12066B (384). There is 

evidence which supports its agonistic neurological activity towards serotonin-

lB (5HTIB) and CGS 12066B (384) is an active and selective 5HTls site 

agonist, which is a useful tool for the evaluation of the physiological role of 

such receptors in the mammalian CNS (Neal et al, 1987, Bell et al, 1995).  

Following our preliminary biological evaluation of our compounds on 

microglia cells, and the structural similarity with imiquimod (4), it would be 

interesting to test CGS-12066B (384) against TLR modulating activity. As 

such, the second part of the future work of this research project, would focus 

on an intensive biological examination of these compounds.  

Further evaluation has to be carried out in order to explore their mechanism 

of action and the pathway that they target. Disease model mice can be used 

such as AD, PD and MS models with specific mutations for further 

examination. Compounds, CGS 12066B (384) and NVP-BEZ235 (385) can 

be studied in vitro against other classes of TLRs such as TLR7 and 8 

following the described protocol. 

 



Georgia Saviolaki                                                                                     Experimental 

 

160 
 

7.0. Experimental 

7.1. General Methods 

All reactions requiring the use of dry conditions were carried out under an 

atmosphere of nitrogen and all glassware was pre-dried in an oven (110 °C) 

and cooled under nitrogen prior to use. Stirring was by internal magnetic 

follower unless otherwise stated. All reactions were followed by TLC and 

organic phases extracted were dried with anhydrous magnesium sulfate. 

Diethyl ether, tetrahydrofuran, dichloromethane, toluene, methanol, 

acetonitrile and triethylamine were purchased as anhydrous solvents from 

Sigma-Aldrich chemical company. 

Purification was carried out by column chromatography using the flash 

column chromatography technique reported by Still or by Biotage automatic 

purification (Horizon Flash Chromatography). The silica gel used was Merck 

60 (230-400 mesh).  Thin layer chromatographic analysis was carried out 

using Merck aluminium-backed plates coated with silica gel 60 F254. 

Components were visualised using combinations of ultraviolet light and 

iodine stain. 

Infrared spectra were recorded on a Perkin Elmer 1605 FT-IR 

spectrophotometer. Melting points were determined using open glass 

capillaries on a Stuart Scientific SMP3 apparatus and are uncorrected. 1H 

NMR and 13C NMR were recorded on a Bruker AV400, operating at 400 MHz 

for proton and 101 MHz for carbon, or a Bruker AV500 spectrometer 

operating at 500 MHz for proton and 126 MHz for carbon.  

Chemical shifts (δH and δC) are quoted as parts per million downfield from 0. 

The multiplicity of a 1H NMR signal is designated by one of the following 

abbreviations: s = singlet, d = doublet, t = triplet, q = quartet, quin = quintet, 

sept = septet, br = broad and m = multiplet. Coupling constants (J) are 

expressed in Hertz.  
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High-resolution mass spectra were carried out at School of Pharmacy.  Mass 

spectra carried out at using either an Agilent Micromass Q-TOF premier 

Tandem Mass Spectrometer from Micromass utilising electrospray. All 

samples were run under Electrospray ionization (EI), Atmospheric pressure 

chemical ionization (APCI) and Negative chemical ionization (NCI) mode 

using 50% acetonitrile in water and 0.1% formic acid as solvent. 

Crystal structures were kindly produced and analysed by Cancer Research 

UK and Dr. Gary Parkinson (UCL, School of Pharmacy). Determination of the 

compounds was performed using SHELXPRO software by single crystal X-

ray and neutron diffraction. 
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Methyl 4-amino-3-iodobenzoate (149) 

 

Sodium bicarbonate (2.83 g, 33.7 mmol) and iodine (7.56 g, 29.8 mmol) were 

added sequentially to a stirred biphasic solution of methyl 4-aminobenzoate 

(396) (3.00 g, 19.9 mmol) in dichloromethane (35.0 mL) and water (30.0 mL). 

The resulting mixture was stirred overnight at room temperature, after which 

a further portion of iodine (1.50 g, 5.92 mmol) was added and the resulting 

dark mixture stirred for a further 24 hours. Solid sodium thiosulfate was 

added and the organic phase separated. The organic phase was washed 

with water (2 x 30.0 mL), brine (2 x 30.0 mL), dried (MgSO4) and 

concentrated under reduced pressure. The residue was purified via 

automated flash chromatography ([3:1] [petroleum ether:ethyl acetate]; [snap 

25 g column]) to give methyl 4-amino-3-iodobenzoate (149) (4.40 g, 80%) as 

a pale yellow solid; m.p. 91-93 °C; νmax (DCM)/cm-1 3470 (NH2), 3362 (NH2), 

3202 (CH), 2947 (CH), 1682 (C=O); δH (400 MHz, CDCl3) 8.33 (1H, d, J = 2.0 

Hz, Ar-H), 7.80 (1H, dd, J = 8.5, 2.0 Hz, Ar-H), 6.69 (1H, d, J = 8.5, Ar-H), 

4.54 (2H, br. s, NH2), 3.85 (3H, s, CH3); δC (101 MHz, CDCl3) 165.7 (C), 

150.7 (C), 141.0 (CH), 131.1 (CH), 121.2 (C), 113.1 (CH), 82.1 (C), 51.8 

(CH3); m/z (ES) 277.9690 [M+H]+, C8H9INO2 requires 277.9678. 
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tert-Butyl 2-(2-amino-5-(methoxycarbonyl)phenyl)-1H-pyrrole-1-
carboxylate (163) 

 

Method A: 

Bis(triphenylphosphine)palladium(II) dichloride (0.05 g, 0.07 mmol) was 

added to a solution of methyl 4-amino-3-iodobenzoate (149) (0.32 g, 1.16 

mmol) and 1-(tert-butoxycarbonyl)-1H-pyrrol-2-ylboronic acid (164) (0.29 g, 

1.39 mol) in 1,4-dioxane (7.00 mL). The resulting mixture was stirred for 30 

minutes whereupon a 2 M aqueous solution of sodium carbonate (3.46 mL, 

6.93 mmol) was added. The final mixture was stirred overnight and solvent 

removed under reduced pressure. Ethyl acetate (100 mL) was added and the 

organic phase extracted with brine (2 x 50.0 mL), dried (MgSO4), filtered and 

solvent removed under reduced pressure. The residue was purified via 

automated flash chromatography ([4:1] [petroleum ether:ethyl acetate]; [snap 

25 g column]) to give tert-butyl 2-(2-amino-5-(methoxycarbonyl)phenyl)-1H-

pyrrole-1-carboxylate (163) (0.13 g, 0.41 mmol, 36%) as pale yellow solid; 

m.p. 128-130 °C; νmax (DCM)/cm-1 3425 (NH2), 1639 (C=O), 1623 (C=O); δH 

(400 MHz, CDCl3) 7.82 (1H, dd, J =  8.3, 2.0 Hz, Ar-H), 7.77 (1H, d, J =  2.0 

Hz, Ar-H), 7.41 (1H, dd, J = 3.3, 1.5 Hz, pyr-H), 6.65 (1H, d, J = 8.6 Hz, Ar-

H), 6.26 (1H, t, J = 3.3 Hz, pyr-H), 6.20 (1H, dd, J = 3.3, 1.8 Hz, pyr-H), 4.09 

(2H, br. s, NH2), 3.83 (3H, s, CH3), 1.27 (9H, s, 3 x CH3); δC (101 MHz, 

CDCl3) 167.1 (C), 150.0 (C), 149.1 (C), 133.0 (CH), 130.9 (CH), 129.4 (C), 

122.4 (CH), 119.6 (C), 118.8 (C), 114.8 (CH), 113.6 (CH), 110.8 (CH), 83.6 

(C), 51.5 (CH3), 27.3 (CH3); m/z (ES) 317.1508 [M+H]+, C17H21N2O4 requires 

317.1501.  
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Method B: 

Tetrakis(triphenylphosphine)palladium(0) (0.313 g, 0.271 mmol) was added 

to a solution of methyl 4-amino-3-iodobenzoate (149) (1.50 g, 5.41 mmol) 

and (1-(tert-butoxycarbonyl)-1H-pyrrol-2-yl)boronic acid (164) (1.14 g, 5.41 

mmol) in toluene (54.2 mL) and ethanol (27.1 mL) followed by the addition of 

2 M aqueous solution of sodium carbonate (28.0 mL, 56.0 mmol). The 

mixture was heated at 80 °C for 18 hours, allowed to cool to room 

temperature. Ethyl acetate (50 mL) and saturated aqueous sodium 

bicarbonate (25 mL) were added and the layers separated. The organic layer 

was dried (MgSO4) and concentrated under reduced pressure. The residue 

was purified via automated flash chromatography ([4:1] [petroleum 

ether:ethyl acetate]; [snap 45 g column]) to give tert-butyl 2-(2-amino-5-

(methoxycarbonyl)phenyl)-1H-pyrrole-1-carboxylate (1.41 g, 82%) as a 

yellow solid; identical spectroscopic data reported for (163). 
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tert-Butyl 2-(2-formamido-5-(methoxycarbonyl)phenyl)-1H-pyrrole-1-
carboxylate (162) 

 

Formic acid (0.02 mL, 0.41 mmol) was added to a stirred solution of acetic 

anhydride (0.04 mL, 0.41 mmol) in tetrahydrofuran (5.00 mL) at 0 °C. The 

resulting mixture was heated to reflux for 2 hours. The reaction mixture was 

then re-cooled to 0 °C and a solution of tert-butyl 2-(2-amino-5-

(methoxycarbonyl)phenyl)-1H-pyrrole-1-carboxylate (163) (0.13 g, 0.41 

mmol) in tetrahydrofuran (5.00 mL) was added and stirred warming to room 

temperature for 5 hours. A saturated aqueous solution of sodium carbonate 

(10.0 mL) was added and the solvent was removed under reduced pressure. 

The aqueous phase was extracted with ethyl acetate (3 x 60.0 mL). The 

combined organic extracts were washed with brine (2 x 50.0 mL), dried 

(MgSO4) and concentrated under reduced pressure. The residue was purified 

via automated flash chromatography ([3:1] [petroleum ether:ethyl acetate]; 

[snap 25 g column]) to give tert-butyl 2-(2-formamido-5-

(methoxycarbonyl)phenyl)-1H-pyrrole-1-carboxylate (162) (0.12 g, 85%) as a 

colourless solid and a mixture of amide rotamers (70:30); m.p. 128-130 °C; 

νmax (DCM)/cm-1 3385 (NH), 1740 (C=O), 1719 (C=O); δH (400 MHz, CDCl3) 

8.74 (0.3H, d, J = 11.1 Hz, CHO), 8.48 (0.7H, d, J = 8.6 Hz, CHO), 8.35 

(0.7H, s, Ar-H), 8.04 (1H, dd, J = 8.6, 1.6 Hz, Ar-H), 7.95 (0.3H, s, Ar-H), 7.90 

(0.7H, d, J = 1.5 Hz, Ar-H), 7.60 (0.7H, br. s, NH), 7.57 (0.3H, br.s, NH), 7.46 

(0.7H, dd, J = 3.4, 1.9 Hz, Ar-H), 7.42 (0.3H, s, Ar-H), 7.32 (0.3H, d, J = 8.6 

Hz, Ar-H), 6.29 (1H, dd, J 3.3, 3.3, pyr-H), 6.23 - 6.27 (1H, m, pyr-H), 3.89 

(3H, s, CH3), 1.22 (9H, s, 3 x CH3); δC (101 MHz, CDCl3) 166.2 (C), 166.0 

(C), 161.3 (CH), 159.0 (CH), 148.6 (C), 148.4 (C), 140.1 (C), 140.0 (2 x C), 

133.3 (CH), 132.3 (CH), 130.7 (CH), 130.5 (CH), 127.1 (2 x C), 125.9 (C), 

125.3 (C), 125.0 (C), 124.3 (C), 123.2 (2 x CH), 119.8 (CH), 116.2 (CH), 

116.1 (2 x CH), 111.1 (CH), 111.0 (CH), 84.4 (C), 84.2 (C), 52.1 (CH3), 52.0 
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(CH3), 27.5 (CH3), 27.3 (CH3); m/z (ES) 345.1441 [M+H]+, C18H21N2O5 

requires 345.1451. 
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tert-Butyl-2-(5-(methoxycarbonyl)-2-(methyleneamino)phenyl)-1H-
pyrrole-1-carboxylate (161) 

 

Diisopropylamine (1.26 mL, 8.97 mmol) was added to a solution of tert-butyl 

2-(2-formamido-5-(methoxycarbonyl)phenyl)-1H-pyrrole-1-carboxylate (162) 

(0.52 g, 1.49 mmol) in dichloromethane (20.0 mL) at 0 °C followed by 

dropwise addition of phosphorus oxychloride (0.29 mL, 3.13 mmol). The 

solution was stirred for 30 minutes at 0 °C and then at room temperature for 

2 hours. The mixture was cooled to 0 °C and a 20% aqueous solution of 

sodium carbonate (5.00 mL) was added and diluted with dichloromethane 

(20.0 mL). The organic phase was separated and washed with a 20% 

aqueous solution of sodium carbonate (30.0 mL), brine (30.0 mL), dried 

(MgSO4) and the solvent concentrated under reduced pressure. The residue 

was purified via automated flash chromatography ([6:1] [petroleum 

ether:ethyl acetate]; [snap 25 g column]) to give tert-butyl-2-(5-

(methoxycarbonyl)-2-(methyleneamino)phenyl)-1H-pyrrole-1-carboxylate 

(161) (0.37 g, 76%) as a colourless solid; mp115-116 °C; νmax (DCM)/cm-1 

2981 (CH), 2121 (CN), 1746 (C=O), 1727 (C=O), 1248 (C-O), 1149 (C-O); δH 

(400 MHz, CDCl3) 8.05 - 8.07 (1H, m, Ar-H), 8.02 (1H, dd, J = 8.2, 1.9 Hz, Ar-

H), 7.43 - 7.48 (2H, m, Ar-H & pyr-H), 6.30 (1H, s, pyr-H), 6.29 (1H, d, J = 1.0 

Hz, pyr-H), 3.93 (3H, s, CH3), 1.40 (9H, s, 3 x CH3); δC (101 MHz, CDCl3) 

168.9 (C), 165.4 (C), 148.6 (C), 132.9 (C), 131.9 (CH), 130.4 (C), 129.8 (C), 

129.5 (CH), 127.9 (C), 126.6 (CH), 123.3 (CH), 116.2 (CH), 110.9 (CH), 84.2 

(C), 52.5 (CH3), 27.6 (3 x CH3); m/z 349.1152 [M+Na]+, C18H19N2O4 requires 

349.1164. 
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1-(tert-Butyl) 5-methyl 2-(phenylthio)spiro[indole-3,2-pyrrole]-1,5(5H)-
dicarboxylate (190) and 1-(tert-butyl) 5-methyl 2 
(phenylthio)spiro[indole-3,2-pyrrole]-1,5(3H)-dicarboxylate (189) 

 

Benzenethiol (0.08 mL, 0.76 mmol) was added to a solution of tert-butyl 2-(5-

(methoxycarbonyl)-2-(methyleneamino) phenyl) - 1H-pyrrole-1-carboxylate 

(161) (0.05 g, 0.15 mmol) and 2,2-(diazene-1,2-diyl)bis(2-

methylpropanenitrile) (0.04 g, 0.23 mmol) in toluene (5.08 mL). The resulting 

solution was stirred for 2 hours at 80 °C. The mixture was cooled to room 

temperature and concentrated under reduced pressure. The residue was 

purified via automated flash chromatography ([4:1] [petroleum ether:ethyl 

acetate]; [zip 30 g column]) to give 1-(tert-butyl)-5-methyl-2-

(phenylthio)spiro[indole-3,2-pyrrole]- 1,5 (3H)- dicarboxylate (0.031 g, 

0.071 mmol, 47% yield) (189) as a colourless oil; followed by 1-(tert-butyl) 5-

methyl 2-(phenylthio)spiro[indole-3,2-pyrrole]-1,5(5H)-dicarboxylate (0.012g, 

0.027 mmol, 18% yield) (190) as a colourless oil. 

(189): νmax (neat)/cm-1 2928 (CH), 1713 (C=O); δH (400 MHz, CDCl3) 8.02 

(1H, dd, J = 8.1, 1.8 Hz, Ar-H), 7.98 (1H, d, J = 1.8 Hz, Ar-H), 7.65-7.70 (2H, 

m, Ar-H), 7.45-7.48 (3H, m, Ar-H), 7.35 (1H, d, J = 8.1 Hz, Ar-H), 6.87 (1H, 

ddd, J = 4.3, 2.3, 2.3 Hz, pyr-H), 5.18 (1H, ddd, J = 4.3, 2.3, 2.3 Hz, pyr-H), 

3.91 (3H, s, OCH3), 3.27 (1H, ddd, J = 17.1, 2.3, 2.3 Hz, 1 x CH2), 3.02 (1H, 

ddd, J = 17.1, 2.3, 2.3 Hz, CH2), 1.07 (9H, s, 3 x CH3); δC (126 MHz, CDCl3) 

187.0 (C), 166.9 (C), 157.6 (C), 150.7 (C), 142.9 (C), 134.5 (2 x CH), 131.4 

(CH), 130.8 (CH), 129.6 (CH), 129.4 (2 x CH), 126.9 (C), 126.7 (C), 121.9 

(CH), 119.0 (CH), 104.7 (CH), 81.6 (C), 76.4 (C), 52.1 (CH3), 43.7 (CH2), 

27.7 (3 x CH3); m/z (APCI) 437.1525 [M+H]+, C24H25N2O4S requires 

437.1530.  
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(190): νmax (neat)/cm-1 2976 (CH), 1706 (C=O), 1614 (C=O); δH (400 MHz, 

CDCl3) 8.02 (1H, dd, J 8.2, 1.9, Ar-H), 7.80 (1H, d, J = 2.0 Hz, Ar-H), 7.63-

7.68 (2H, m, Ar-H), 7.47-7.43 (3H, m, Ar-H), 7.35 (1H, d, J = 8.1 Hz, Ar-H), 

6.26 (1H, ddd, J = 6.3, 2.0, 2.0 Hz, pyr-H), 5.37 (1H, ddd, J = 6.3, 2.0, 2.0 Hz, 

pyr-H), 4.56 (1H, ddd, J = 15.9, 2.0, 2.0 Hz, CH2), 4.42 (1H, ddd, J = 15.9, 

2.0, 2.0 Hz, CH2), 3.89 (3H, s, OCH3), 1.08 (9H, s, 3 x CH3); δC (101 MHz, 

CDCl3) 186.5 (C), 166.9 (C), 158.0 (C), 152.3 (C), 140.2 (C), 134.3 (2 x CH), 

131.6 (CH), 129.8 (CH), 129.5 (CH), 129.3 (2 x CH), 128.9 (CH), 127.3 (C), 

126.5 (C), 122.9 (CH), 119.0 (CH), 83.4 (C), 80.9 (C), 54.3 (CH2), 52.1 (CH3), 

27.8 (3 x CH3); m/z (NSI) 437.1532 [M+H]+, C24H25N2O4S requires 437.1530. 
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1-tert-Butyl 8-methyl 4-(phenylthio)-1H-pyrrolo[3,2-c]quinoline-
1,8(3aH,9bH)-dicarboxylate (187), 1-(tert-butyl) 8-methyl 4,9b-
bis(phenylthio)-3a,9b-dihydro-1H-pyrrolo[3,2-c]quinoline-1,8-
dicarboxylate (197) 

 

Benzenethiol (0.08 mL, 0.77 mmol) was added to a solution of tert-butyl 2-(5-

(methoxycarbonyl)-2-(methyleneamino)phenyl)-1H-pyrrole-1-carboxylate 

(161) (0.05 g, 0.15 mmol) and 2,2-(diazene-1,2-diyl)bis(2-

methylpropanenitrile) (2.46 mg, 0.02 mmol) in toluene (3.06 mL). The 

resulting solution was stirred for 2 hours at 80 °C. The mixture was cooled to 

room temperature and concentrated under reduced pressure. The residue 

was purified via automated flash chromatography ([8:2] [petroleum 

ether:ethyl acetate]; [snap 10 g column]) to give 1-tert-butyl 8-methyl 

4-(phenylthio)-1H-pyrrolo[3,2-c]quinoline-1,8(3aH,9bH)-dicarboxylate (187) 

(0.04 g, 62%) as a colourless oil and 1-(tert-butyl) 8-methyl 4,9b-

bis(phenylthio)-3a,9b-dihydro-1H-pyrrolo[3,2-c]quinoline-1,8-dicarboxylate 

(197) ( 0.03 g, 33%).  

(187) νmax (DCM)/cm-1 3060 (CH), 2950 (CH), 1739 (C=O), 1706 (C=O); δH 

(400 MHz, CDCl3) 8.12 (1H, dd, J = 8.3, 1.8 Hz, Ar-H), 7.76 (1H, d, J = 1.8 

Hz, Ar-H), 7.60-7.64 (2H, m, Ar-H), 7.43 - 7.48 (4H, m, Ar-H), 6.70 (1H, d, J = 

5.8 Hz, pyr-H), 6.41 (1H, d, J = 5.8 Hz, pyr-H), 3.92 (3H, s, CH3), 1.22 (9H, s, 

3 x CH3); δC (101 MHz, CDCl3) 181.0 (C), 168.6 (C), 166.3 (C), 158.3 (2 x C), 

146.9 (C), 146.4 (CH), 134.5 (2 x CH), 134.4 (C), 132.6 (CH), 130.1 (CH), 

129.6 (2 x CH), 127.4 (C), 127.3 (CH), 126.0 (C), 122.6 (CH), 119.8 (CH), 

84.3 (C), 52.2 (CH3), 27.8 (3 x CH3); m/z (ES) 473.0958 [M+K]+, 

C24H22N2O4SK requires 473.0938. 
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(197): δH (400 MHz, CDCl3) 8.24 (1H, d, J = 8.7, Ar-H), 8.03 (1H, dd, J = 8.7, 

2.1, Ar-H), 7.86 (1H, d, J = 2.1, Ar-H), 7.52 - 7.48 (4H, m, Ar-H), 7.33 - 7.27 

(4H, m, Ar-H), 7.25 - 7.20 (2H, m, Ar-H), 6.70 (1H, s, Ar-H), 6.33 (1H, t, J = 

3.3, pyr-H), 6.26 (1H, dd, J = 3.3, 1.8, pyr-H), 3.89 (3H, s, CH3), 1.23 (9H, s, 

3 x CH3); δC (101 MHz, CDCl3) 184.9 (C), 167.0 (C), 158.2 (C), 151.0 (C), 

138.9 (C), 135.2 (CH), 134.4 (CH), 134.3 (CH), 132.8 (CH), 129.6 (CH), 

129.5 (CH), 129.2 (CH), 128.8 (CH), 128.3 (CH), 127.0 (C), 123.7 (CH), 

122.7 (CH), 119.2 (CH), 84.0 (C), 81.9 (C), 73.8 (CH), 52.2 (CH3), 28.0 (3 x 

CH3). Mass spectrum could not be obtained (see page 60 for explanation). 
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Methyl 4-amino-3-(1-tosyl-1H-pyrrol-2-yl)benzoate (203) 

 

Method A: 

Bis(triphenylphosphine)palladium(II) dichloride (0.08 g, 0.11 mmol) was 

added to a solution of methyl 4-amino-3-iodobenzoate (149) (0.50 g, 1.81 

mmol) and 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2-yl)-1-tosyl-1H-

pyrrole (199) (0.75 g, 2.17 mmol)  in 1,4-dioxane (20.0 mL). The resulting 

mixture was stirred for 30 minutes and a 2 M aqueous solution of sodium 

carbonate (0.66 mL, 1.32 mmol) was added. The mixture was stirred for 5 

hours at room temperature and solvent removed under reduced pressure. 

Ethyl acetate (100 mL) was added and the organic phase washed with brine 

(2 x 100 mL), dried (MgSO4) and solvent removed under reduced pressure. 

The residue was purified via automated flash chromatography ([7:1] 

[petroleum ether:ethyl acetate]; [snap 25 g column]) to give methyl 4-amino-

3-(1-tosyl-1H-pyrrol-2-yl) benzoate (203) (0.47 g, 1.27 mmol, 70%) as a light 

brown solid; m.p. (dec) 175 °C; νmax (DCM)/cm-1 3485 (NH2), 3384 (NH2), 

2995 (CH) 3144 (CH), 1702 (C=O), 1323 (CH3), 1359 (CH3), 1360 (S=O), 

1164 (S=O), 1139 (C-O), 1155 (C-O); δH (400 MHz, CDCl3) 7.84 (1H, dd, J = 

8.6, 2.1 Hz, Ar-H), 7.51 (1H, dd, J = 3.4, 1.7 Hz, Ar-H), 7.33 - 7.29 (2H, m, 

Ar-H), 7.19 (1H, d, J = 2.0 Hz, pyr-H), 7.13 (2H, d, J = 8.1 Hz, Ar-H), 6.65 

(1H, d, J = 8.5 Hz, Ar-H), 6.36 (1H, t, J = 3.3 Hz, pyr-H), 6.20 (1H, dd, J = 

3.4, 1.7 Hz, pyr-H), 4.08 (2H, br. s, NH2), 3.81 (3H, s, Ts-CH3), 2.37 (3H, s, 

COO-CH3). δC (101 MHz, CDCl3) 166.9 (C), 151.5 (C), 145.1 (C), 135.3 (C), 

135.0 (CH), 132.1 (CH), 130.0 (C), 129.7 (2 x CH), 127.6 (2 x CH), 123.8 (C), 

118.6 (C), 116.5 (CH), 115.7(CH), 114.2(CH), 112.1(CH), 51.7 (CH3), 21.7 

(CH3), m/z [M+H]+ 371.1058 C19H19N2O4S requires 371.1066. 
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Method B: 

Tetrakis(triphenylphosphine)palladium(0) (0.15 g, 0.13 mmol)  was added to 

a solution of methyl 4-amino-3-iodobenzoate (149) (0.73 g, 2.62 mmol) and 

2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1-tosyl-1H-pyrrole (199) (1.00 

g, 2.88 mmol) in toluene (26.0 mL) and ethanol (13.0 mL) followed by the 

addition of 2 M aqueous solution of sodium carbonate (13.1 mL, 26.2 mmol). 

The mixture was heated at 80 °C overnight and then allowed to cool to room 

temperature, ethyl acetate (50.0 mL) and saturated aqueous sodium 

bicarbonate were added and the layers were separated. The organic layer 

was dried over MgSO4 and concentrated under reduced pressure. The 

residue was purified via automated flash chromatography ([5:1] [petroleum 

ether:ethyl acetate]; [snap 25 g column]) to give methyl 4-amino-3-(1-tosyl-

1H-pyrrol-2-yl)benzoate (0.57 g, 1.54 mmol, 59%) as light brown solid. The 

spectroscopic data was identical to that reported for (203). 
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Methyl 4-formamido-3-(1-tosyl-1H-pyrrol-2-yl)benzoate (202) 

 

Method A: 

Formic acid (0.03 mL, 0.86 mmol) was added to a stirred solution of acetic 

anhydride (0.08 mL, 0.86 mmol) in tetrahydrofuran (10.0 mL) at 0 °C. The 

resulting mixture was heated at reflux for 2 hours. The solute was cooled to 0 

°C and a solution of methyl 4-amino-3-(1-tosyl-1H-pyrrol-2-yl)benzoate (203) 

(0.32 g, 0.86 mmol) in tetrahydrofuran (10.0 mL) was added and the mixture 

stirred at room temperature for 5 hours. A saturated aqueous solution of 

sodium bicarbonate (20.0 mL) was added and the solvent was removed 

under reduced pressure. The aqueous phase was extracted with ethyl 

acetate (3 x 60.0 mL) and the combined extracts washed with brine (2 x 30.0 

mL), dried (MgSO4), and the solvent was removed under reduced pressure. 

The residue was purified via automated flash chromatography ([3:1] 

[petroleum ether:ethyl acetate]; [snap 25 g column]) to give methyl 4-

formamido-3-(1-tosyl-1H-pyrrol-2-yl)benzoate (202) (0.26 g, 0.64 mmol, 83%) 

as an orange solid and a mixture of amide rotamers (70:30); m.p: 165-166 º 

C; νmax (neat)/cm-1 3250 (NH), 2895 (CHO), 1714 (CHO), 1693 (C=O), 1187 

(C-O), 1057 (S=O), 1382, 1365 (CH3); δH (400 MHz, CDCl3) 8.55 (0.3H, d, J 

= 11.1 Hz, CHO), 8.40 (0.7H, d, J = 8.6 Hz, CHO), 8.14 (0.7H, d, J = 1.8 Hz, 

Ar-H), 8.04 (1H, dd, J = 8.7, 2.0 Hz, Ar-H), 7.55 (1H, dd, J = 3.3, 1.7 Hz, Ar-

H), 7.52 (0.3H, br. s, NH), 7.38 (0.7H, d, J = 2.2 Hz, NH), 7.28 - 7.25 (3.3H, 

m, Ar-H), 7.13 - 7.09 (2H, m, Ar-H & pyr-H), 6.38 (1H, t, J = 3.3 Hz, pyr-H), 

6.21 - 6.24 (1H, m, pyr-H), 3.85 (3H, s, CH3), 2.35 (3H, s, Ph-CH3); δC (101 

MHz, CDCl3) 171.2 (C), 166.0 (C), 159.0 (CH), 145.7(C), 141.1 (C), 135.3 

(C), 134.2 (CH), 131.8 (CH), 129.8 (CH), 127.7 (C), 127.5 (CH), 124.8 (C), 
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124.3 (CH), 120.7(C), 120.2 (CH), 117.3 (CH), 116.0 (CH), 111.9 (CH), 77.2 

(CH), 52.1 (CH3), 21.7 (CH3); m/z (NSI) 399.1006 [M+H]+ C20H19N2O5S 

requires 399.1009. 

 

Method B: 

Methyl 4-amino-3-(1-tosyl-1H-pyrrol-2-yl)benzoate (203) (0.68 g, 1.84 mmol) 

was added to a solution of ethyl formate (11.7 mL, 143 mmol) and formic acid 

(1.55 mL, 40.4 mmol). The mixture was heated to reflux overnight and the 

solvent was removed under reduced pressure. The residue was purified via 

automated flash chromatography ([2:1] [petroleum ether:ethyl acetate]; [snap 

25 g column]) to give methyl 4-formamido-3-(1-tosyl-1H-pyrrol-2-yl)benzoate 

(202) (0.60 g, 82%) as a mixture of 70:30 of amide rotamers as an orange 

solid. The spectroscopic data was identical to that reported for (202). 
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Methyl 4-(methyleneamino)-3-(1-tosyl-1H-pyrrol-2-yl)benzoate (201) 

 

Diisopropylamine (0.53 mL, 3.76 mmol) was added to a stirred solution of 

methyl 4-formamido-3-(1-tosyl-1H-pyrrol-2-yl)benzoate (202) (0.25 g, 0.63 

mmol)  in dichloromethane (10.0 mL) at 0 °C followed by dropwise addition of 

phosphorus oxychloride (0.12 mL, 1.32 mmol). The resulting solution was 

stirred for 30 minutes at 0 °C and then at room tempertaure for 2 hours. The 

solute was cooled to 0 °C and a 20% aqueous solution of sodium carbonate 

(10.0 mL) was added and diluted with dichloromethane (10.0 mL). The 

organic phase was separated, washed with 20% aqueous solution of sodium 

carbonate (2 x 60.0 mL) and brine (2 x 60.0 mL), dried (MgSO4) and the 

solvent was removed under reduced pressure. The residue was purified via 

automated flash chromatography ([6:1] [petroleum ether:ethyl acetate]; [snap 

25 g column]) to give methyl 4-isocyano-3-(1-tosyl-1H-pyrrol-2-yl)benzoate 

(201) (0.21 g, 89%) as a white solid; m.p. 152.8-153.4 °C; νmax (DCM)/cm-1  

3100 (CH), 3000 (CH), 2117 (CN), 1726 (C=O), 1436 (CH3), 1363 (CH3), 

1311 (S=O), 1280 (C-O), 1151 (S=O); δH (400 MHz, CDCl3) 8.04 (1H, dd, J = 

8.3, 1.9 Hz, Ar-H), 7.89 (1H, d, J = 1.9 Hz, Ar-H), 7.47 (1H, dd, J = 3.3, 1.7 

Hz, Ar-H), 7.38 (1H, d, J = 8.3 Hz, Ar-H), 7.26 - 7.23 (2H, m, Ar-H), 7.15 - 

7.12 (2H, m, Ar-H & pyr-H), 6.36 (1H, dd, J = 3.4 Hz, pyr-H), 6.30 (1H, dd, J 

= 3.4, 1.7 Hz, pyr-H), 3.90 (3H, s, CH3), 2.35 (3H, s, Ph-CH3); δC (101 MHz, 

CDCl3) 169.7 (C), 165.3 (C), 145.5 (C), 135.5 (C), 134.5 (CH), 130.7 (CH), 

129.9 (2 x CH), 129.9 (C), 129.6 (C), 128.1(C), 127.0 (2 x CH), 126.7 (CH), 

124.8 (CH), 117.8 (CH), 112.5 (CH), 52.7 (CH3), 21.7 (CH3); m/z (NSI) 

381.1058 [M+H]+ C20H17N2O4S requires 381.1066. 
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Methyl 4-(phenylthio)-1-tosyl-1H-pyrrolo[3,2-c]quinoline-8-carboxylate 
(208) 

 

Benzenethiol (0.14 mL, 1.37 mmol) was added to a solution of methyl 4-

(methyleneamino)-3-(1-tosyl-1H-pyrrol-2-yl)benzoate (201) (0.10 g, 0.27 

mmol) and 2,2-(diazene-1,2-diyl)bis(2-methylpropanenitrile) (4.43 g, 0.03 

mmol) in toluene (5.47 mL). The resulting solution was heated for 2 hours at 

80 °C. The mixture was cooled to room temperature and the solvent was 

removed under reduced pressure. The residue was purified via automated 

flash chromatography ([5:1] [petroleum ether:ethyl acetate], [zip 15 g 

column]) to give methyl 4-(phenylthio)-1-tosyl-1H-pyrrolo [3,2-c]quinoline-8-

carboxylate (208) (0.04 g, 0.06 mmol, 12%) as a brown oil; νmax (DCM)/cm-1 

2123 (CN-S), 1718 (C=O), 1369 (CH3), 1294 (CH3), 1190 (C-O), 1150 (S=O); 

δH (400 MHz, CDCl3) 8.08 (1H, dd, J = 8.3, 1.9 Hz, Ar-H), 7.94 (1H, d, J = 1.9 

Hz, Ar-H), 7.51 (1H, dd, J = 3.3, 1.7 Hz, Ar-H), 7.43 - 7.40 (2H, m, Ar-H), 

7.30 - 7.27 (2H, m, Ar-H), 7.20 - 7.16 (3H, m, Ar-H), 7.15 - 7.12 (2H, m, Ar-

H), 6.40 (1H, t, J = 3.3 Hz, pyr-H), 6.35 - 6.33 (1H, m, pyr-H), 3.94 (3H, s, Ts-

CH3), 2.39 (3H, s, COO-CH3); δC (101 MHz, CDCl3) 165.9 (C), 164.9 (C), 

145.6 (C), 141.2 (C), 135.5 (CH), 134.7 (CH), 134.6 (C), 131.6 (CH), 130.5 

(CH), 130.0 (2 x CH), 129.8 (2 x CH), 127.2 (2 x CH), 127.0 (C), 124.5 (CH), 

124.0 (C), 120.0 (C), 119.1 (CH), 116.7 (CH), 111.6 (CH), 52.0 (CH3), 21.6 

(CH3); mass spectra could not be obtained.  
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Methyl 2-(phenylthio)-1-tosyl-1,3-dihydrospiro[indole-3,2-pyrrole]-5-
carboxylate (210) 

 

Benzenethiol (0.36 mL, 3.53 mmol) was added to a solution of methyl 4-

(methyleneamino)-3-(1-tosyl-1H-pyrrol-2-yl) benzoate (201) (0.27 g, 0.71 

mmol) and 2,2-(diazene-1,2-diyl)bis(2-methylpropanenitrile) (0.01 g, 0.07 

mmol) in toluene (12.0 mL). The resulting solution was heated for 2 hours at 

80 °C. The mixture was allowed to cool to room temperature and the solvent 

was removed under reduced pressure. The residue was purified via 

automated flash chromatography ([4:1] [petroleum ether:ethyl acetate]; [snap 

25 g column]) to give methyl 2-(phenylthio)-1-tosyl-1,3-dihydrospiro[indole-

3,2-pyrrole]-5-carboxylate (210) (9%) as a brown oil ; νmax (DCM)/cm-1 3062 

(CH), 2951 (CH), 1747 (CN-S), 1713 (C=O), 1513 (CH2), 1286 (C-O), 1042 

(S=O); δH (400 MHz, CDCl3) 8.01 - 7.98 (1H, dd, J = 1.7, 8.1 Hz, Ar-H), 7.79 - 

7.75 (2H, m, Ar-H), 7.48 - 7.46 (3H, m, Ar-H), 7.42 (1H, d, J = 8.1 Hz, Ar-H), 

7.27 - 7.24 (2H, m, Ar-H), 7.09 - 7.06 (2H, m, Ar-H), 7.04 (1H, d, J = 1.7 Hz, 

Ar-H), 6.28 (1H, m, pyr-H), 5.36 - 5.33 (1H, m, pyr-H), 4.76 (1H, dt, J = 2.1, 

14.1 Hz, CH2), 4.57 (1H, dd, J = 2.1, 14.1 Hz, CH2), 3.85 (3H, s, COO-CH3), 

2.36 (3H, s, Ts-CH3); δC (101 MHz, CDCl3) 187.6 (C), 166.5 (C), 158.2 (C) , 

143.6 (C) , 136.9 (C) , 136.0 (C) , 134.7 (2 x CH), 132.3 (CH), 129.6 (CH), 

129.6 (CH), 129.5 (CH), 129.3 (2 x CH), 129.0 (2 x CH), 127.8 (C), 127.2 (2 x 

CH), 126.1 (C), 124.9 (CH), 119.8 (CH), 84.4 (C), 56.4 (CH2), 52.1 (CH3), 

21.5 (CH3), m/z (NSI) 491.1087 [M+H]+ C26H23N2O4S2 requires 491.1094. 
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Methyl 4-amino-3-(1-methyl-1H-pyrrol-2-yl)benzoate (206) 

 

Method A: 

Bis(triphenylphosphine)palladium(II) dichloride (0.08 g, 0.11 mmol) was 

added to a solution of methyl 4-amino-3-iodobenzoate (149) (0.50 g, 1.81 

mmol) and 1-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-

pyrrole (200) (0.45 g, 2.17 mmol) in 1,4-dioxane (20.0 mL). The resulting 

mixture was stirred for 30 minutes and a 2 M aqueous solution of sodium 

carbonate (0.66 mL, 1.32 mmol) was added. The resulting mixture was 

stirred for 3 hours at room temperature and the solvent was removed under 

reduced pressure. Ethyl acetate (100 mL) was added and the organic phase 

washed with brine (2 x 100 mL), dried (MgSO4) and the solvent was removed 

under reduced pressure. The residue was purified via automated flash 

chromatography ([3:1] [petroleum ether:ethyl acetate]; [snap 25 g column]) to 

give methyl 4-amino-3-(1-methyl-1H-pyrrol-2-yl)benzoate (206) (0.32 g, 79%) 

as a light brown solid; m.p. (dec.) 168 °C; νmax (DCM)/cm-1 3473 (NH2), 3363 

(NH2), 1703 (C=O), 1415 (CH3), 1259 (C-O); δH (400 MHz, CDCl3) 7.88 (1H, 

d, J = 2.1 Hz, Ar-H), 7.85 (1H, t, J = 2.0 Hz, Ar-H), 6.76 (1H, t, J = 2.3 Hz, 

pyr-H), 6.73 (1H, d, J = 8.3 Hz, Ar-H), 6.24 (1H, t, J = 3.2, pyr-H), 6.20 (1H, 

dd, J = 3.6, 1.7 Hz, pyr-H), 4.36 (2H, br. s, NH2), 3.87 (3H, s, CH3), 3.49 (3H, 

s, CH3); δC (101 MHz, CDCl3) 167.1 (C), 150.3 (C), 133.6 (CH), 131.0 (CH), 

129.1(C), 123.0 (CH), 118.9 (C), 117.5 (C), 113.9 (CH), 109.0 (CH), 107.8 

(CH), 51.6 (CH3), 34.1 (CH3); m/z (NSI) 231.1128 [M+H]+ C13H15N2O2 

requires 231.1128. 
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Method B: 

Tetrakis(triphenylphosphine)palladium(0) (0.25 g, 0.22 mmol) was added to a 

solution of methyl 4-amino-3-iodobenzoate (149) (1.22 g, 4.40 mmol) and 1-

methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrrole (200) (1.00 

g, 4.84 mmol) in toluene (44.0 mL)  and ethanol (22.0 mL) followed by the 

addition of 2 M aqueous solution of sodium carbonate (22.0 mL, 44.0 mmol). 

The mixture was heated at 80 °C overnight and was allowed to cool to room 

temperature, ethyl acetate (50.0 mL) and saturated aqueous solution of 

sodium bicarbonate were added and the layers were separated. The organic 

layer was dried (MgSO4) and concentrated under reduced pressure. The 

residue was purified via automated flash chromatography ([5:1] [petroleum 

ether:ethyl acetate]; [snap 5 g column]) to give methyl 4-amino-3-(1-methyl-

1H-pyrrol-2-yl)benzoate (206) (0.57 g, 56%) as light brown solid. The 

spectroscopic data was identical to that reported for (206). 
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Methyl 4-formamido-3-(1-methyl-1H-pyrrol-2-yl)benzoate (205) 

 

Method A: 

Formic acid (0.03 mL, 0.67 mmol) was added to a stirred solution of acetic 

anhydride (0.06 mL, 0.67 mmol) in tetrahydrofuran (10.0 mL) at 0 °C. The 

resulting mixture was heated to reflux for 2 hours. The solute was cooled to 0 

°C and a solution of methyl 4-amino-3-(1-methyl-1H-pyrrol-2-yl)benzoate 

(206) (0.16 g, 0.67 mmol) in tetrahydrofuran (10.0 mL) was added and the 

mixture stirred at room temperature for 3 hours. A saturated aqueous solution 

of sodium bicarbonate (20.0 mL) was added and the solvent was removed 

under reduced pressure. The aqueous phase was extracted with ethyl 

acetate (3 x 60.0 mL) and the combined extracts washed with brine (2 x 30.0 

mL), dried (MgSO4) and the solvent was removed under reduced pressure. 

The residue was purified via automated flash chromatography ([3:1] 

[petroleum ether:ethyl acetate]; [snap 25 g column]) to give methyl 4-

formamido-3-(1-methyl-1H-pyrrol-2-yl)benzoate (205) (0.16 g, 91%) as a 

white solid and a mixture of amide rotamers (70:30); m.p. 148-150 °C; νmax 

(DCM)/cm-1 3322 (NH), 1717 (C=O), 1699 (CH=O), 1410 (CH3), 1267 (C-O); 

δH (400 MHz, CDCl3) 8.85 (0.3H, d, J = 11.1 Hz, CHO), 8.57 (0.7H, d, J = 8.7 

Hz, CHO), 8.33 (0.7H, d, J = 1.9 Hz, Ar-H), 8.03 (1H, dd, J = 8.7, 2.1 Hz, Ar-

H), 7.96 (0.3H, br. s, NH), 7.92 (0.7H, d, J = 2.1 Hz, Ar-H), 7.84 (0.7H, br. s, 

NH), 7.37 (0.3H, d, J = 8.5 Hz, Ar-H), 6.80 - 6.77 (0.3H, m, Ar-H), 6.25-6.22 

(1H, m, pyr-H), 6.20 (1H, dd, J = 3.4, 1.6 Hz, pyr-H), 3.88 (3H, s, CH3), 3.43 

(3H, s, CH3); δC (101 MHz, CDCl3) 166.4 (C), 159.2 (CH), 140.3 (C), 132.7 

(CH), 130.8 (CH), 126.9 (C), 125.4 (C), 124.3 (CH), 122.2 (C), 120.0 (CH), 

110.2 (CH), 108.4 (CH), 52.2 (CH3), 34.4 (CH3); m/z (NSI) 259.1079 [M+H]+ 

C14H15N2O3 requires 259.1077. 
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Method B: 

Methyl 4-amino-3-(1-methyl-1H-pyrrol-2-yl)benzoate (206) (0.55 g, 2.40 

mmol) was added to a solution of ethyl formate (15.2 mL, 187 mmol) and 

formic acid (2.02 mL, 52.7 mmol). The mixture was heated to reflux overnight 

and the solvent was removed under reduced pressure. The residue was 

purified via automated flash chromatography ([3:1] [petroleum ether:ethyl 

acetate];  [snap 25 g column]) to give methyl 4-formamido-3-(1-methyl-1H-

pyrrol-2-yl)benzoate (205) (0.60 g, 97%) as a mixture of 70:30 amide 

rotamers as a pale white solid. The spectroscopic data was identical to that 

reported for (205). 
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Methyl 4-isocyano-3-(1-methyl-1H-pyrrol-2-yl)benzoate (204) 

 

Diisopropylamine (1.66 mL, 11.9 mmol) was added to a stirred solution of 

methyl 4-formamido-3-(1-methyl-1H-pyrrol-2-yl)benzoate (205) (0.51 g, 1.98 

mmol)  in dichloromethane (20.0 mL) at 0 °C followed by dropwise addition of 

phosphorus oxychloride (0.39 mL, 0.64 mmol). The resulting solution was 

stirred for 30 minutes at 0 °C and then at room temperature for 2 hours. The 

solute was cooled to 0 °C and a 20% aqueous solution of sodium carbonate 

(10.0 mL) was added and diluted with dichloromethane (10.0 mL). The 

organic phase was separated, washed with 20% aqueous solution of sodium 

carbonate (2 x 60.0 mL) and brine (2 x 60.0 mL), dried (MgSO4) and the 

solvent was removed under reduced pressure. The residue was purified via 

automated flash chromatography ([5:1] [petroleum ether:ethyl acetate]; [snap 

25 g column]) to give methyl 4-isocyano-3-(1-methyl-1H-pyrrol-2-yl) benzoate 

(204) (0.42 g, 87%) as an orange solid; m.p. 88-89 °C; νmax (neat)/cm-1 2235 

(CN), 1721 (C=O), 1388 (CH3), 1370 (CH3), 1181 (C-O); δH (400 MHz, 

CDCl3) 8.06 (1H, d, J = 2.0 Hz, Ar-H), 8.00 (1H, dd, J = 1.9, 8.2 Hz, Ar-H), 

7.51 (1H, d, J = 8.3 Hz, Ar-H), 6.80 - 6.78 (1H, m, pyr-H), 6.35 - 6.33 (1H, m, 

pyr-H), 6.25 - 6.23 (1H, m, pyr-H), 3.92 (3H, s, CH3), 3.57 (3H, s, CH3); δC 

(101 MHz, CDCl3) 171.0 (C), 169.6 (C), 165.4 (C), 132.8 (CH), 131.2 (C), 

130.7 (C), 129.2 (CH), 127.7 (CH), 124.6 (CH), 111.3 (CH), 108.3 (CH), 52.5 

(CH3), 34.7 (CH3); m/z (NSI) 241.0972 [M+H]+ C14H13N2O2 requires 

241.0972. 
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Methyl 1-methyl-4-(phenylthio)-1H-pyrrolo[3,2-c]quinoline-8-carboxylate 
(212) 

 

Benzenethiol (0.36 mL, 3.53 mmol) was added to a solution of methyl 4-

isocyano-3-(1-methyl-1H-pyrrol-2-yl) benzoate (204) (0.10 g, 0.42 mmol) and 

2,2-(diazene-1,2-diyl)bis(2-methylpropanenitrile) (6.90 mg, 0.04 mmol) in 

toluene (12.0 mL). The resulting solution was heated for 2 hours at 80 °C. 

The mixture cooled to room temperature and the solvent was removed under 

reduced pressure. The residue was purified via automated flash 

chromatography ([4:1] [petroleum ether:ethyl acetate]; [snap 25 g column]) to 

give methyl 1-methyl-4-(phenylthio)-1H-pyrrolo[3,2-c]quinoline-8-carboxylate 

(212) (0.03 g, 17%) as white crystals; m.p. 190-191 °C; νmax (neat)/cm-1 2042 

(CN-S), 1713 (C=O), 1393 (CH3), 1364 (CH3), 1210 (C-O); δH (400 MHz, 

CDCl3) 9.02 (1H, d, J = 1.8 Hz, Ar-H), 8.11 - 8.08 (1H, dd, J = 1.8, 8.7 Hz, Ar-

H), 7.95 (1H, d, J = 8.7 Hz, Ar-H), 7.70 - 7.67 (2H, m, Ar-H), 7.44 - 7.39 (3H, 

m, Ar-H), 7.04 (1H, d, J = 3.1 Hz, pyr-H), 6.58 (1H, d, J = 3.1 Hz, pyr-H), 4.28 

(3H, s, CH3), 3.98 (3H, s, CH3); δC (126 MHz, CDCl3) 167.3 (C), 156.6 (C), 

147.0 (C), 134.5 (2 x CH), 133.7(C), 130.6 (C), 129.9 (CH), 129.9 (CH), 

129.1 (2 x CH), 128.6 (CH), 126.3 (CH), 126.0 (C), 123.3 (CH), 121.1(C), 

117.5 (C), 102.0 (CH), 52.5 (CH3), 38.2 (CH3); m/z (NSI) 349.1007 [M+H]+ 

C20H17N2O2S requires 349.1005. 
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2,2,2-Trichloro-1-(1H-pyrrol-2-yl)ethanone (222) 

 

A solution of 2,2,2-trichloroacetyl chloride (16.6 mL, 148 mmol) in diethyl 

ether (100 mL) was added dropwise via a drop funnel to a solution of 1H-

pyrrole (221) (10.0 mL, 144 mmol) in diethyl ether (50.0 mL,) so as to 

maintain a gentle reflux. The resulting mixture was stirred for 1 hour and the 

solution of saturated aqueous solution of sodium bicarbonate (100 mL) was 

added dropwise over 15 minutes. The resulting layers were separated and 

the organic phase dried (MgSO4) and treated with charcoal and filtered. The 

solvent was removed under reduced pressure and the residue was purified 

by recrystallisation (hexane) to give 2,2,2-trichloro-1-(1H-pyrrol-2-yl)ethanone 

(222) (21.3 g, 70%) as white/grey crystals; m.p. 80-81 °C; νmax (DCM)/cm-1: 

3322 (NH), 1656 (C=O), 734 (C-Cl); δH (400 MHz, CDCl3) 9.62 (1H, br. s, 

NH), 7.41 - 7.38 (1H, m, pyr-H), 7.19 - 7.17 (1H, m, pyr-H), 6.41 - 6.37 (1H, 

m, pyr-H); δC (101 MHz, CDCl3) 173.4 (C), 127.3 (CH), 123.1 (C), 121.4 

(CH), 112.0 (CH), 95.1 (C); m/z (APCI) 211.9431 [C6H4
35,35Cl3NO] requires 

211.9435, 213.9402 [C6H4
35,37Cl3NO] requires 213.9403, 215.9372 

[C6H4
37,37Cl3NO] requires 215.9372. 
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1-(4-Bromo-1H-pyrrol-2-yl)-2,2,2-trichloroethanone (223) 

 

Bromine (5.20 mL, 101 mmol) was added to a stirred solution of 2,2,2-

trichloro-1-(1H-pyrrol-2-yl)ethanone (222) (21.3 g, 100 mmol) in chloroform 

(60.0 mL) at 0 °C. The resulting solution was stirred at this temperature for 30 

minutes. The mixture was poured into water (100 mL) and the organic phase 

was separated, washed with saturated aqueous solution of sodium 

bicarbonate, dried (MgSO4) and concentrated under reduced pressure. The 

crude product was recrystallised from hexane to give 1-(4-bromo-1H-pyrrol-2-

yl)-2,2,2-trichloroethanone (223) (20.7 g, 71%) as a colourless solid; m.p. 

123-124 °C; νmax (DCM)/cm-1 3310 (NH), 1659 (C=O), 725 (C-Cl), 688 (C-Br); 

δH (400 MHz, CDCl3) 9.47 (1H, br. s, NH), 7.37 - 7.35 (1H, dd, J = 1.5, 2.7 

Hz, pyr-H), 7.16 (1H, dd, J = 1.5, 3.0 Hz, pyr-H); δC (101 MHz, CDCl3) 172.8 

(C), 126.8 (CH), 123.2 (C), 123.0 (C), 122.2 (CH), 99.5 (C); m/z (APCI) 

291.8511 [C6H4Br35,35Cl3NO] requires 291.8512, 293.8484 [C6H4Br35,37Cl3NO] 

requires 293.8482, 295.8456 [C6H4Br37,37Cl3NO] requires 295.8453, 

289.8570 [C6H4
79BrCl3NO] requires 289.8568, 292.8545 [C6H4

81BrCl3NO] 

requires 292.8543. 
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Methyl 4-bromo-1H-pyrrole-2-carboxylate (224) 

 

A solution of 1-(4-bromo-1H-pyrrol-2-yl)-2,2,2-trichloroethanone (223) (6.05 

g, 20.8 mmol) in methanol (50.0 mL) was added to a solution of sodium 

hydride (0.42 g, 10.4 mmol) in methanol (70.0 mL) and the resulting mixture 

was stirred at room temperature for 3 hours and concentrated under reduced 

pressure. The resulting mixture was partitioned between water (100 mL) and 

dichloromethane (200 mL), dried (MgSO4) and concentrated under reduced 

pressure. The residue was purified via automated flash chromatography 

([6:1] [petroleum ether:ethyl acetate], [zip 45 g column]) to give methyl 4-

bromo-1H-pyrrole-2-carboxylate (224) (3.55 g, 84%) as a colourless solid; 

m.p. 81-82 °C; νmax (DCM)/cm-1 3288 (NH), 1697 (C=O), 13926 (CH3), 629 

(C-Br); δH (400 MHz, CDCl3) 9.21 (1H, br. s, NH), 6.94 (1H, dd, J = 3.0, 1.6 

Hz, pyr-H), 6.89 - 6.88 (1H, dd, J = 2.6, 1.6 Hz, pyr-H), 3.86 (3H, s, CH3); δC 

(101 MHz, CDCl3) 160.9 (C), 123.2 (C), 122.8 (CH), 117.0 (CH), 98.0 (C), 

51.9 (CH3); m/z (APCI) 203.9655 [C6H6
79BrNO2] requires 204.9652, 

205.9634 [C6H6
81BrNO2] requires 205.9631. 
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Methyl 4-bromo-1-methyl-1H-pyrrole-2-carboxylate (225) 

 

Sodium hydride 60% (1.16 g, 29.0 mmol) was added to a solution of methyl 

4-bromo-1H-pyrrole-2-carboxylate (224) (5.37 g, 26.3 mmol) in 

tetrahydrofuran (30.0 mL) and stirred for 30 minutes whereupon one portion 

of iodomethane (4.94 mL, 79.0 mmol) was added followed by the addition of 

another equal portion of iodomethane (4.94 mL, 79.0 mmol) after 1 hour. The 

resulting mixture was stirred overnight. Saturated aqueous ammonium 

chloride (50.0 mL) was added and the solvent was removed under reduced 

pressure. The resulting mixture was extracted with dichloromethane (100 mL) 

dried (MgSO4) and the solvent was concentrated under reduced pressure. 

The residue was purified via automated flash chromatography ([6:1] 

[petroleum ether:ethyl acetate], [zip 45 g column]) to give methyl 4-bromo-1-

methyl-1H-pyrrole-2-carboxylate (225) (4.89 g, 85%) m.p. 73-74 °C; νmax 

(DCM)/cm-1 1698 (C=O), 1335 (CH3), 601 (C-Br); δH (400 MHz, CDCl3) 6.90 

(1H, d, J = 2.0 Hz, pyr-H), 6.76 (1H, d, J = 1.9 Hz, pyr-H), 3.89 (3H, s, CH3), 

3.80 (3H, s, CH3); δC (101 MHz, CDCl3) 161.0 (C), 128.9 (CH), 123.0 (C), 

119.3 (CH), 95.2 (C), 51.4 (CH3), 37.1 (CH3); m/z (APSI) 217.9811 

[C7H8
79BrNO2] requires 217.9812, 219.9791 [C7H8

81BrNO2] requires 

219.9789. 
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Methyl 4-(2-aminophenyl)-1-methyl-1H-pyrrole-2-carboxylate (215) 

 

Method A: 

Tetrakis(triphenylphosphine)palladium(0) (0.27 g, 0.23 mmol) was added to a 

solution of methyl 4-bromo-1-methyl-1H-pyrrole-2-carboxylate (225) (1.00 g, 

4.59 mmol) and 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (226) 

(1.01 g, 4.59 mmol) in toluene (46.0 mL) and ethanol (23.0 mL) followed by 

the addition of 2 M aqueous solution of sodium carbonate (23.7 mL, 47.4 

mmol). The mixture was heated at 80 °C overnight and then allowed to cool 

to room temperature. Ethyl acetate (50.0 mL) and saturated aqueous solution 

of sodium bicarbonate were added and the layers were separated. The 

organic layer was dried (MgSO4) and concentrated under reduced pressure. 

The residue was purified via automated flash chromatography ([4:1] 

[petroleum ether:ethyl acetate]; [zip 45g column]) to give methyl 4-(2-

aminophenyl)-1-methyl-1H-pyrrole-2-carboxylate (215) (0.98 g, 93%) as 

brown oil. νmax (DCM)/cm-1 3583 (NH2), 3384 (NH2), 1705 (C=O), 1422 (CH3), 

1265 (C-O); δH (400 MHz, CDCl3) 7.21 (1H, dd, J = 7.6, 1.6 Hz, Ar-H), 7.18 

(1H, d, J = 2.0 Hz, Ar-H), 7.09 - 7.11 (1H, m, Ar-H), 6.99 (1H, d, J = 2.0 Hz, 

Ar-H), 6.78 - 6.80 (1H, m, pyr-H), 6.75 (1H, dd, J = 1.2, 7.9 Hz, pyr-H), 3.95 

(3H, s, N-CH3), 3.93 (2H, br. s, NH2), 3.86 (3H, s, COO-CH3). δC (101 MHz, 

CDCl3) 161.5 (C), 143.8 (C), 129.5 (CH), 127.9 (CH), 127.6 (CH), 122.5 (C), 

121.2 (C), 120.6 (C), 118.5 (CH), 116.9 (CH), 115.6 (CH), 51.0 (CH3), 36.7 

(CH3); m/z (NSI) 231.2709 [M+H]+ C13H15N2O2 requires 231.2710. 

 



Georgia Saviolaki                                                                                     Experimental 

 

190 
 

Method B: 

Tetrakis(triphenylphosphine)palladium(0) (0.13 g, 0.11 mmol) was added to a 

solution of methyl 4-bromo-1-methyl-1H-pyrrole-2-carboxylate (225) (0.47 g, 

2.16 mmol) and 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (226) 

(0.57 g, 2.59 mmol) in toluene (4.00 mL) and methanol (2.00 mL) followed by 

the addition 2 M aqueous solution of sodium carbonate (11.9 mL, 23.7 mmol) 

for 10 minutes. The resulting mixture was heated at 80 °C overnight and then 

partitioned between water (3 x 50.0 mL) and ethyl acetate (3 x 100 mL). The 

combined extracts were dried over MgSO4 and concentrated under reduced 

pressure. The residue was purified via automated flash chromatography 

([5:1] [petroleum ether:ethyl acetate]; [snap 25 g column]) to give methyl 4-(2-

aminophenyl)-1-methyl-1H-pyrrole-2-carboxylate (215) (0.17 g, 34%) as a 

brown oil. The spectroscopic data was identical to that reported for (215). 
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Methyl 4-(2-formamidophenyl)-1-methyl-1H-pyrrole-2-carboxylate (216) 

 

Method A: 

Methyl 4-(2-aminophenyl)-1-methyl-1H-pyrrole-2-carboxylate (215) (0.26 g, 

1.13 mmol)  was added to a solution of ethyl formate (7.17 mL, 88.0 mmol) 

and formic acid (0.95 mL, 24.8 mmol). The mixture was heated at reflux 

overnight and the solvent was removed under reduced pressure. The residue 

was purified via automatedflash chromatography ([3:1] [petroleum ether:ethyl 

acetate]; [snap 25 g column]) to give methyl 4-(2-formamidophenyl)-1-methyl-

1H-pyrrole-2-carboxylate (216) (0.27 g, 93%) as pale white solid and a 

mixture of amide rotamers (50:50); m.p. 98-100 °C; νmax (DCM)/cm-1 3333 

(NH), 1699 (C=O), 1606 (CH=O), 1376 (CH3), 1266 (C-O); δH (400 MHz, 

CDCl3) δH 8.65 (0.5 H, d, J 11.4 Hz, CHO), 8.38 (0.5H, d, J 2.0 Hz, CHO), 

8.31 (0.5H, dd, J 8.3, 1.2 Hz, Ar-H), 7.61 (1H, br. s, NH), 7.36 - 7.27 (1H, m, 

Ar-H), 7.26 - 7.17 (2H, m, Ar-H), 7.12 (0.5H, td, J 7.6, 1.3 Hz, Ar-H), 7.01 

(1H, dd, J 6.0, 2.0 Hz, pyr-H), 6.89 (1H, dd, J 8.7, 2.1 Hz, pyr-H), 3.96 (3H, d, 

J 3.5 Hz, N-CH3), 3.82 (3H, d, J 1.2 Hz, COO-CH3); δC (101 MHz, CDCl3) 

171.2 (C), 162.4 (CH), 161.5 (CH), 159.1 (C), 134.3 (C), 133.7 (C), 130.6  

(CH), 130.1 (CH), 128.3 (CH) , 128.1 (CH), 128.0 (CH), 128.0 (CH), 126.9 

(C), 125.7 (CH), 125.2 (C), 124.7 (CH), 123.5 (C), 123.5 (C), 121.5 (CH), 

119.6 (C), 119.4 (CH), 119.3 (C), 117.3 (CH), 117.3 (CH), 51.4 (CH3), 51.3 

(CH3), 37.1 (CH3), m/z (NSI) 259.1078 [M+H]+ C14H15N2O3 requires 

259.1077. 
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Method B: 

Formic acid (0.04 mL, 1.00 mmol) was added to a stirred solution of acetic 

anhydride (0.09 mL, 1.00 mmol) in tetrahydrofuran (1.54 mL) at 0 °C. The 

resulting mixture was heated at reflux for 2 hours then cooled to 0 °C and a 

solution of methyl 4-(2-aminophenyl)-1-methyl-1H-pyrrole-2-carboxylate 

(215) (0.23 g, 1.00 mmol) in tetrahydrofuran (3.54 mL) was added and stirred 

at room temperature for 5 hours. A saturated aqueous solution of sodium 

bicarbonate (5.00 mL) and ethyl acetate (5.00 mL) was added and the 

organic layer was extracted. The combined extracts were washed with brine, 

dried (MgSO4) and concentrated under reduced pressure. The residue was 

purified via automatedflash chromatography ([1:1] [petroleum ether:ethyl 

acetate]; [snap 10 g column]) to give methyl 4-(2-formamidophenyl)-1-methyl-

1H-pyrrole-2-carboxylate (216) (0.21 g, 81%) as a pale white solid and a 

mixture of amide rotamers (50:50). The spectroscopic data was identical to 

that reported for (216). 
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Methyl 4-(2-isocyanophenyl)-1-methyl-1H-pyrrole-2-carboxylate (217) 

 

Diisopropylamine (0.85 mL, 6.04 mmol) was added to a solution of methyl 4-

(2-formamidophenyl)-1-methyl-1H-pyrrole-2-carboxylate (216) (0.26 g, 1.01 

mmol) in dichloromethane (15.0 mL) at 0 °C followed by dropwise addition of 

phosphorus oxychloride (0.20 mL, 2.11 mmol). The resulting solution was 

stirred for 30 minutes at 0 °C and then at room temperature for 2 hours. The 

solute was cooled to 0 °C and a 20% aqueous solution of sodium carbonate 

(10.0 mL) was added and diluted with dichloromethane (10.0 mL). The 

organic phase was separated and washed with 20% aqueous solution of 

sodium carbonate (2 x 60.0 mL) and brine (2 x 60.0 mL), dried (MgSO4) and 

the solvent was removed under reduced pressure. The residue was purified 

via automatedflash chromatography ([5:1] [petroleum ether:ethyl acetate]; 

[snap 25 g column]) to give methyl 4-(2-isocyanophenyl)-1-methyl-1H-

pyrrole-2-carboxylate (217) (0.21 g, 87%) as brown oil; νmax (DCM)/cm-1 2121 

(CN), 1710 (C=O), 1381 (CH3), 1258 (C-O); δH (400 MHz, CDCl3) 7.48 - 7.44 

(1H, m, Ar-H), 7.40 - 7.36 (1H, m,  Ar-H), 7.36 - 7.31 (2H, m, Ar-H), 7.27 (1H, 

d, J = 2.0 Hz,  pyr-H), 7.21 - 7.16 (1H, m,  pyr-H), 3.96 (3H, s, N-CH3), 3.82 

(3H, s, COO-CH3); δC (101 MHz, CDCl3) 167.3 (C), 161.4 (C), 131.4 (C), 

129.6 (CH), 128.6 (CH), 128.5 (CH), 128.3 (CH), 126.7 (CH), 123.0 (C), 

118.7 (C), 116.9 (CH), 51.2 (CH3), 37.1 (CH3); m/z (NSI) 241.0971 [M+H]+ 

C14H13N2O2 requires 241.0972. 
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Methyl 4-(2-isocyanophenyl)-1-methyl-1H-pyrrole-2-carboxylate (231) 

 

Benzenethiol (0.11 mL, 1.08 mmol) was added to a solution of methyl 4-(2-

isocyanophenyl)-1-methyl-1H-pyrrole-2-carboxylate (217) (0.05 g, 0.22 

mmol) and 2,2-(diazene-1,2-diyl)bis(2-methylpropanenitrile) (3.61 mg, 0.02 

mmol) in toluene (4.33 mL). The resulting solution was heated for 2 hours at 

80 °C. The mixture was cooled to room temperature and the solvent was 

removed under reduced pressure. The residue was purified via 

automatedflash chromatography ([4:1] [petroleum ether:ethyl acetate]; [snap 

25 g column]) to give methyl 4-(2-isocyanophenyl)-1-methyl-1H-pyrrole-2-

carboxylate (231) (0.03 g, 34%) as a pale yellow oil; νmax (DCM)/cm-1 2951 

(CN-S), 1717 (C=O), 1377 (CH3), 1258 (C-O); δH (400 MHz, CDCl3) 8.09 - 

8.06 (1H, m, Ar-H), 7.79 - 7.76 (1H, m, Ar-H), 7.70 (1H, s, pyr-H), 7.58 - 7.56 

(1H, m, Ar-H), 7.55 (1H, d, J = 1.7 Hz, Ar-H), 7.50 - 7.48 (1H, m, Ar-H), 7.47 

(1H, d, J = 2.3 Hz, Ar-H), 7.42 - 7.39 (3H, m, Ar-H), 4.63 (3H, s, N-CH3), 3.96 

(3H, s, COO-CH3); δC (101 MHz, CDCl3) 162.1 (C), 145.6 (C), 142.4 (C), 

134.1 (2 x CH), 131.6 (C), 130.8 (C), 129.4 (C), 129.1 (2 x CH), 129.0 (CH), 

128.5 (CH), 127.3 (C), 126.7 (CH), 126.4 (CH), 122.5 (C), 122.3 (CH), 108.8 

(CH), 52.2 (CH3), 35.5 (CH3); m/z (ES) [M+H]+ 349.1005 C20H17N2O2S 

requires 349.1005. 
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2-(1-Methyl-1H-pyrrol-3-yl)aniline (218) 

 

To a solution of methyl 4-(2-aminophenyl)-1-methyl-1H-pyrrole-2-carboxylate 

(215) (0.48 g, 2.09 mmol) in MeOH (23.2 mL) was added 2 M aqueous 

sodium hydroxide (21.0 mL, 42.0 mmol) and the resulting mixture was stirred 

for 24 hours at room temperature. The reaction mixture was concentrated 

under reduced pressure and taken up in 2.5 M aqueous hydrochloric acid 

(46.2 mL) at 50 °C for 5 hours. The resulting mixture was allowed to cool to 

room temperature and poured onto water (40.0 mL) and made basic by the 

addition of solid potassium carbonate. The aqueous phase was extracted 

with dichloromethane (3 x 50.0 mL), dried (MgSO4) and concentrated under 

reduced pressure. The residue was purified via automatedflash 

chromatography ([3:1] [petroleum ether:ethyl acetate], [zip 30 g column]) to 

give 2-(1-methyl-1H-pyrrol-3-yl)aniline (218) (0.32 g, 89%) as a brown oil; 

νmax (DCM)/cm-1: 3424 (NH2), 1276 (CH3); δH (400 MHz, CDCl3) 7.31 (1H, dd, 

J = 7.6, 1.8 Hz, Ar-H), 7.13 (1H, ddd, J = 7.6, 1.8 Hz, Ar-H), 6.89 - 6.83 (2H, 

m, Ar-H & pyr-H), 6.80 (1H, dd, J = 8.0, 1.4 Hz, Ar-H), 6.74 (1H, dd, J = 2.5, 

2.5 Hz, pyr-H), 6.42 (1H, dd, J = 2.8, 1.8 Hz, pyr-H), 3.99 (2H, br. s, NH2), 

3.74 (3H, s, CH3); δC (101 MHz, CDCl3) 143.7 (C), 129.7 (CH), 127.0 (CH), 

122.4 (C), 122.3 (CH), 122.1 (C), 120.1 (CH), 118.6 (CH), 115.5 (CH), 108.5 

(CH), 36.3 (CH3); m/z (APCI) 173.1072 [M+H]+, C11H13N2 requires 173.1073. 
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N-(2-(1-Methyl-1H-pyrrol-3-yl)phenyl)formamide (219) 

 

Method A: 

2-(1-Methyl-1H-pyrrol-3-yl)aniline (218) (0.40 g, 2.32 mmol) was added to a 

solution of ethyl formate (14.6 mL, 181 mmol) and formic acid (1.93 mL, 51.1 

mmol). The mixture was heated at reflux for 2 hours and then the solvent was 

removed under reduced pressure. The residue was purified via automated 

flash chromatography ([2:1]  [petroleum ether:ethyl acetate]; [snap 25 g 

column]) to give N-(2-(1-methyl-1H-pyrrol-3-yl)phenyl)formamide (219) (0.41 

g, 87%) as an orange oil and a mixture of amide rotamers (50:50); νmax 

(DCM)/cm-1: 3364 (NH2), 2886 (CHO), 1692 (C=O), 1358 (CH3); δH (400 

MHz, CDCl3) 8.69 (1H, d, J = 11.5 Hz, Ar-H), 8.43 - 8.39 (2H, m, Ar-H), 8.00 

(1H, br. s, NH), 7.83 (1H, d, J = 11.2 Hz, CHO), 7.46 - 7.42 (1H, m, Ar-H), 

7.36 - 7.21 (5H, m, Ar-H), 7.19 - 7.14 (1H, m, Ar-H), 6.78 (1H, dd, J = 4.1, 2.0 

Hz, pyr-H), 6.75 (2H, d, J = 2.0 Hz, Ar-H), 6.72 (1H, t, J = 2.5, 4.9 Hz, Ar-H), 

6.30 (1H, t, pyr-H, J = 2.3, 4.6 Hz), 6.28 (1H, t, pyr-H, J = 2.2, 4.5 Hz), 3.73 

(3H, s, CH3), 3.72 (3H, s, CH3); δC (101 MHz, CDCl3) 162.3 (CH), 159.1 (CH), 

134.2 (C), 133.3 (C), 130.3 (CH), 129.9 (CH), 128.0 (C), 127.1(CH), 127.0 

(CH), 126.5 (C), 125.3 (CH), 124.3 (CH), 122.9 (2 x CH), 120.9 (CH), 120.6 

(CH), 120.5 (CH), 120.1 (C), 119.9 (C), 118.7 (CH), 108.7 (CH), 108.7 (CH), 

36.3 (2 x CH3); m/z (NSI) 201.1021 [M+H]+ C12H13N2O requires 201.1022. 
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Method B: 

Formic acid (0.09 mL, 2.44 mmol) was added to a stirred solution of acetic 

anhydride (0.23 mL, 2.44 mmol) in tetrahydrofuran (8.89 mL) at  0 °C was 

added. The resulting mixture was heated at reflux for 2 hours, cooled to 0 °C 

and a solution of 2-(1-methyl-1H-pyrrol-3-yl)aniline (218) (0.42 g, 2.44 mmol) 

in tetrahydrofuran (8.89 mL) was added and stirred cooling to room 

temperature overnight. A saturated aqueous solution of sodium bicarbonate 

(5.00 mL) and ethyl acetate (15.0 mL) was added and the organic layer was 

extracted. The combined extracts were washed with brine, dried (MgSO4) 

and concentrated under reduced pressure. The residue was purified via 

automated flash chromatography ([4:1] [petroleum ether:ethyl acetate]; [snap 

5 g column]) to give N-(2-(1-methyl-1H-pyrrol-3-yl)phenyl)formamide (219) 

(0.48 g, 98%) as an orange oil and a mixture of amide rotamers (50:50). The 

spectroscopic data was identical to that reported for (219). 
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3-(2-Isocyanophenyl)-1-methyl-1H-pyrrole (220) 

 

Diisopropylamine (1.50 mL, 10.7 mmol) was added to a solution of N-(2-(1-

methyl-1H-pyrrol-3-yl)phenyl)formamide (219) (0.36 g, 1.78 mmol) in 

dichloromethane (20.0 mL) at 0º C followed by dropwise addition of 

phosphorus oxychloride (0.35 mL, 3.73 mmol). The resulting solution was 

stirred for 30 minutes at 0 °C and then at room tempertaure for 2 hours. The 

solute was cooled to 0 °C and a 20% aqueous solution of sodium carbonate 

(10.0 mL) was added and diluted with dichloromethane (10.0 mL). The 

organic phase was separated and washed with 20% aq. solution of sodium 

carbonate (2 x 60.0 mL) and brine (60.0 mL), dried (MgSO4) and the solvent 

was removed under reduced pressure. The residue was purified via 

automated flash chromatography ([5:1] [petroleum ether:ethyl acetate]; [snap 

25 g column]) to give 3-(2-isocyanophenyl)-1-methyl-1H-pyrrole (220) (0.38 

g, 95%) as a yellow oil; νmax (DCM)/cm-1: 2123 (CN), 1379 (CH3); δH (400 

MHz, CDCl3) 7.53 (1H, dd, J = 1.4, 7.9 Hz, Ar-H), 7.40 (1H, dd, J = 7.9, 1.5 

Hz, Ar-H), 7.35 (1H, m, Ar-H), 7.23 (1H, dd, J = 4.1, 2.1 Hz, Ar-H), 7.16 (1H, 

m, Ar-H), 6.68 (1H, dd, J = 5.0, 2.5 Hz, pyr-H), 6.55 - 6.53 (1H, m, pyr-H), 

3.73 (3H, s, CH3); δC (101 MHz, CDCl3) 166.7 (C), 132.8 (C), 129.5 (CH), 

128.5 (CH), 128.5 (CH), 125.8 (CH), 122.7 (C), 122.5 (CH), 121.8 (CH), 

119.6 (C), 108.4 (CH), 36.6 (CH3); m/z (NSI) 183.0916 [M+H]+ C12H11N2 

requires 183.0917. 
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3-Methyl-4-(phenylthio)-3H-pyrrolo[2,3-c]quinolone (235) 

 

Benzenethiol (0.51 ml, 4.94 mmol) was added to a solution of 3-(2-

isocyanophenyl)-1-methyl-1H-pyrrole (220) (0.18 g, 0.99 mmol) and 2,2-

(diazene-1,2-diyl)bis(2-methylpropanenitrile) (0.02 g, 0.10 mmol) in toluene 

(19.8 mL). The resulting solution was heated under reflux for 2 hours at 80 °C 

and the mixture cooled to room temperature. The solvent was removed under 

reduced pressure. The residue was purified via automated flash 

chromatography  ([6:1] [petroleum ether:ethyl acetate]; [snap 25 g column]) 

to give 3-methyl-4-(phenylthio)-3H-pyrrolo[2,3-c]quinoline (235) (0.04 g, 20%) 

as a yellow oil; νmax (DCM)/cm-1 2948 (CN-S), 1374 (CH3); δH (400 MHz, 

CDCl3) 8.06 - 8.01 (1H, m, Ar-H), 7.88 - 7.83 (1H, m, Ar-H), 7.44 - 7.41 (2H, 

m, Ar-H), 7.41 - 7.37 (2H, m, Ar-H), 7.28 - 7.21 (3H, m, Ar-H), 7.05 (1H, d, J 

= 3.0 Hz, pyr-H), 6.87 (1H, d, J = 3.0 Hz, pyr-H), 4.15 (3H, s, CH3); δC (101 

MHz, CDCl3) 143.2 (C), 142.6 (C), 132.8 (C), 132.4 (CH), 132.1(2 x CH), 

130.6 (C), 129.1 (2 x CH), 129.1 (CH), 128.7 (C), 127.6 (CH), 126.2 (CH), 

125.9 (CH), 123.2 (C), 122.6 (CH), 100.2 (CH), 37.7 (CH3); m/z (NSI) 

291.0952 [M+H]+ C18H15N2S requires 291.0950. 
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4-((4-Methoxyphenyl)thio)-3-methyl-3a,9b-dihydro-3H-pyrrolo[2,3-
c]quinolone (243) 

 

4-Methoxybenzenethiol (0.21 ml, 1.70 mmol) was added to a solution of 3-(2-

isocyanophenyl)-1-methyl-1H-pyrrole (220) (0.06 g, 0.34 mmol) and 2,2-

(diazene-1,2-diyl)bis(2-methylpropanenitrile) (5.58 mg, 0.03 mmol) in toluene 

(6.80 ml). The resulting solution was stirred for 2 hours at 80 °C. The mixture 

was cooled to room temperature and the solvent was removed under 

reduced pressure. The residue was purified via automated flash 

chromatography ([5:1] [petroleum ether:ethyl acetate]; [snap 10 g column]) to 

give 4-((4-methoxyphenyl)thio)-3-methyl-3a,9b-dihydro-3H-pyrrolo[2,3-

c]quinoline (243) (0.020 g, 6% yield) as a colourless oil; νmax (DCM)/cm-1 

3054 (CH), 2833 (CH3), 1590 (C=O), 1285 & 1244 (C-O); δH NMR (500 MHz, 

CDCl3) δH 8.09 - 8.06 (1H, m, Ar-H), 7.80 (1H, m, Ar-H), 7.52 (1H, d, J  2.2 

Hz, Ar-H), 7.51 (1H, d, J = 2.2 Hz, Ar-H), 7.44 (2H, dd, J = 6.2, 3.3 Hz, Ar-H), 

7.15 (1H, d, J = 2.9 Hz, pyr-H), 6.95 (1H, d, J = 2.2 Hz, pyr-H), 6.94 (2H, d, J 

= 2.8 Hz, Ar-H), 4.32 (3H, s, O-CH3), 3.85 (3H, s, N-CH3); δC NMR (126 MHz, 

CDCl3) δc 160.0 (C), 145.3 (C), 142.6 (C), 135.9 (2 x CH), 132.1 (CH), 130.1 

(C), 128.9 (CH), 128.2 (C), 126.0 (CH), 125.4 (CH), 122.9 (C), 122.5 (CH), 

121.5 (C), 114.7 (2 x CH), 100.2 (CH), 55.5 (CH3), 38.0 (CH3); m/z (NSI) 

321.1056 [M+H]+ C19H17N2OS requires 321.1056. 
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tert-Butyl 3-bromo-1H-pyrrole-1-carboxylate (246) 

 

To a stirred solution of tert-butyl 3-bromo-1H-pyrrole-1-carboxylate (245) in 

tetrahydrofuran (20.1 ml) at room temperature, was added tetra-n-

butylammonium fluoride (7.28 ml, 7.28 mmol). After 10 minutes ether (20.0 

mL) was added and the organic layer was washed with water (3 x 10.0 mL), 

brine (3 x 10.0 mL) and dried (MgSO4). Removal of the solvent afforded a 

colourless viscous oil which was immediately dissolved in dry acetonitrile. To 

this solution DMAP (0.10 g, 0.79 mmol) and di-tert-butyldicarbonate (1.73 g, 

7.94 mmol) were added. The reaction mixture left to stir for 1 hour followed 

by addition of ether (20.0 mL) and 1 M sodium bicarbonate (20.0 mL). The 

organic layer was washed with sodium bicarbonate (3 x 10.0 mL), water (3 x 

10.0 mL) and then brine (3 x 10.0 mL). The final mixture was dried and 

solvent was removed under reduced pressure. The residue was purified via 

automated flash chromatography ([9:1] [petroleum ether:ethyl acetate]; [snap 

45 g column]) to give tert-butyl 3-bromo-1H-pyrrole-1-carboxylate (246) (1.77 

g, 7.19 mmol, 99%) as a colourless oil; νmax (neat)/cm-1 1746 (C=O), 1316 & 

1297 (C=C), 1153 (C-O), 733 (C-Br); δH (400 MHz, CDCl3) 7.24 - 7.22 (1H, 

m, pyr-H), 7.17 - 7.15 (1H, m, pyr-H), 6.22 - 6.20 (1H, m, pyr-H), 1.59 (9H, s, 

3 x CH3); δC (101 MHz, CDCl3) 147.9 (C), 120.6 (CH), 119.6 (CH), 114.8 

(CH), 100.7 (C), 84.6 (C), 28.1(3 x CH3); m/z (NSI) 247.0079 [C9H13
79BrNO2] 

requires 247.0077, 249.0056 [C9H13
81BrNO2] requires 249.0057. 
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tert-Butyl 3-(2-aminophenyl)-1H-pyrrole-1-carboxylate (247) 

 

Tetrakis(triphenylphosphine)palladium(0) (0.50 g, 0.43 mmol) was added to a 

solution of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (226) (2.07 

g, 9.43 mmol) and tert-butyl 3-bromo-1H-pyrrole-1-carboxylate (246) (2.11 g, 

8.57 mmol) in toluene (40.0 mL)  and ethanol (20.0 mL) followed by the 

addition of 2 M aqueous solution of sodium carbonate (42.9 mL, 86.0 mmol). 

The mixture was heated at 80 °C overnight. The mixture was allowed to cool 

to room temperature. Ethyl acetate (50.0 mL) and saturated aqueous sodium 

bicarbonate were added and the layers were separated. The organic layer 

was dried (MgSO4) and concentrated under reduced pressure. The residue 

was purified via automated flash chromatography ([9:1] [petroleum 

ether:ethyl acetate]; [snap 45 g column]) to give tert-butyl 3-(2-aminophenyl)-

1H-pyrrole-1-carboxylate (247) (1.16 g, 52% yield) as a pale yellow oil; νmax 

(neat)/cm-1 2979 & 2934 (NH2), 1735 (C=O), 1343 (C=C), 1252 & 1218 (C-

O); δH (400 MHz, CDCl3) 7.44 - 7.41 (1H, m, Ar-H), 7.34 - 7.32 (1H, m, pyr-

H), 7.23 - 7.20 (1H, m, pyr-H), 7.12 - 7.07 (1H, m, Ar-H), 6.81 - 6.76 (1H, m, 

Ar-H), 6.76 - 6.73 (1H, m, Ar-H), 6.46 - 6.44 (1H, m, pyr-H), 3.91 (2H, br. s, 

NH2), 1.62 (9H, s, 3 x CH3); δC (101 MHz, CDCl3) 171.2 (C), 148.9 (C), 144.1 

(C), 129.8 (CH), 128.1 (CH), 125.3 (C), 120.7 (CH), 118.7 (CH), 117.6 (CH), 

115.7 (CH), 112.8 (CH), 83.9 (C), 28.1 (CH3); m/z (NSI) 259.1443 [M+H]+, 

C15H19N2O2 requires 259.1441. 
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tert-Butyl 3-(2-formamidophenyl)-1H-pyrrole-1-carboxylate (248) 

 

Formic acid (0.16 mL, 4.18 mmol) was added to a stirred solution of acetic 

anhydride (0.39 ml, 4.18 mmol) in tetrahydrofuran (10.0 mL) at 0 °C. The 

resulting mixture was heated to reflux at 70 °C for 2 hours. The reaction was 

re-cooled to 0 °C and a solution of tert-butyl 3-(2-formamidophenyl)-1H-

pyrrole-1-carboxylate (247) (1.08 g, 4.18 mmol) in tetrahydrofuran (10.0 mL) 

was added and stirred at room temperature overnight. A saturated aqueous 

solution of sodium bicarbonate was added and the solvent was removed 

under reduced pressure. The aqueous phase was extracted with ethyl 

acetate (3 x 60.0 mL). Combined extracts were washed with brine, dried 

(MgSO4), filtered and the solvent was removed under reduced pressure. 

Purification by automated flash chromatography ([3:1] [petroleum ether:ethyl 

acetate]; [snap 45 g column]) gave tert-butyl 3-(2-formamidophenyl)-1H-

pyrrole-1-carboxylate (248) (1.10 g, 92% yield) as a pale yellow oil; νmax 

(neat)/cm-1 3265 (CH), 2979 & 2959 (CHO), 1742 (CH=O), 1669 (C=O), 1255 

& 1221 (C-O); δH (500 MHz, CDCl3) 8.21 (1H, d, J = 8.1 Hz, CHO), 7.45 (1H, 

br. s, NH), 7.37 - 7.31 (3H, m, Ar-H), 7.29 (2H, d, J = 8.1 Hz, Ar-H), 7.14 - 

7.09 (1H, m, pyr-H), 6.37 - 6.34 (1H, m, pyr-H), 1.62 (9H, s, 3 x CH3); δC (126 

MHz, CDCl3) 168.3 (C), 148.6 (C), 135.2 (C), 129.7 (CH), 128.2, 125.3 (C), 

124.4, 124.0 (CH), 121.6 (CH), 121.3 (CH), 118.3 (CH), 112.6 (CH), 84.5 (C), 

28.1 (CH3); m/z (NSI) 287.0923 [M+H]+, C16H19N2O3 requires 287.0921. 
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tert-Butyl 3-(2-isocyanophenyl)-1H-pyrrole-1-carboxylate (249) 

 

Diisopropylamine (3.03 mL, 21.6 mmol) was added to a solution of tert-butyl 

3-(2-formamidophenyl)-1H-pyrrole-1-carboxylate (248) (1.03 g, 3.60 mmol) in 

dichloromethane (30.0 mL) at 0 °C, followed by dropwise addition of 

phosphorus oxychloride (0.70 mL, 7.55 mmol). The resulting solution was 

stirred for 30 minutes at 0 °C and then at room tempertaure for 2 hours. The 

mixture was then re-cooled to 0 °C and a 20% aqueous solution of sodium 

carbonate (10.0 mL) was added and diluted with dichloromethane. The 

organic phase was separated and washed with a 20% aqueous solution of 

sodium carbonate (60.0 mL) and brine (60.0 mL), dried (MgSO4), filtered and 

the solvent was removed under reduced pressure. The residue was purified 

via automated flash chromatography ([6:1] [petroleum ether:ethyl acetate]; 

[snap 25 g column]) to give tert-butyl 3-(2-isocyanophenyl)-1H-pyrrole-1-

carboxylate (249) (0.530 g, 55% yield) as a colourless oil; νmax (neat)/cm-1 

2119 (CN), 1744 (C=O), 1277 & 1256 (C-O); δH (500 MHz, CDCl3) 7.69 - 

7.67 (1H, m, Ar-H), 7.51 - 7.48 (1H, m, pyr-H), 7.42 (1H, d, J = 8.0 Hz, pyr-

H), 7.40 - 7.36 (1H, m, Ar-H), 7.33 - 7.31 (1H, m, Ar-H), 7.28 - 7.24 (1H, m, 

Ar-H), 6.64 - 6.62 (1H, m, pyr-H), 1.61 (9H, s, 3 x CH3); δC (126 MHz, CDCl3) 

167.6 (C), 148.6 (C), 131.6 (C), 129.6 (CH), 129.1 (CH), 128.4 (CH), 127.4 

(CH), 123.7 (C), 123.0 (C), 120.6 (CH), 119.1 (CH), 112.0 (CH), 84.4 (C), 

28.1 (CH3); m/z (NSI) 269.1287 [M+H]+, C16H17N2O2 requires 269.1285. 
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tert-Butyl 4-(phenylthio)-3H-pyrrolo[2,3-c]quinoline-3-carboxylate (252) 

 

Benzenethiol (0.10 mL, 1.01 mmol) was added to a solution of tert-butyl 3-(2-

isocyanophenyl)-1H-pyrrole-1-carboxylate (249) (0.05 g, 0.20 mmol) and 2,2-

(diazene-1,2-diyl)bis(2-methylpropanenitrile) (3.28 mg, 0.02 mmol) in toluene 

(4.00 mL). The resulting solution was stirred for 2 hours at 80 °C. The mixture 

was cooled to room temperature and the solvent was removed under 

reduced pressure. The residue was purified by automated flash 

chromatography ([8:1] [petroleum ether:ethyl acetate]; [snap 25 g column])to 

give tert-butyl 4-(phenylthio)-3H-pyrrolo[2,3-c]quinoline-3-carboxylate (252) 

(0.01 g, 0.03mmol,  6 % yield) as a colourless oil; νmax (DCM)/cm-1 3054 (CH), 

1422 (C=O), 1264 (C-O); δH (500 MHz, CDCl3) 8.08 - 8.05 (1H, m, Ar-H), 

7.76 - 7.72 (2H, m, Ar-H), 7.55 - 7.52 (2H, m, Ar-H), 7.52 - 7.45 (3H, m, Ar-

H), 7.41 - 7.39 (1H, m, Ar-H), 7.36 (1H, d, J = 1.8, pyr-H), 7.35 (2H, d, J = 2.2 

Hz, Ar-H), 7.07 (1H, d, J = 3.5 Hz, pyr-H), 1.74 (9H, s, 3 x CH3); δC (126 

MHz, CDCl3) 149.2 (C), 148.0 (C), 144.0 (C), 135.0 (2 x CH), 133.4 (CH), 

129.8 (CH), 128.9 (CH), 128.7 (2 x CH), 128.2 (CH), 127.6 (CH), 127.1 (C), 

125.8 (CH), 122.9 (CH), 121.4 (C), 112.6 (CH), 105.0 (CH), 85.9 (C), 28.2 (3 

x CH3); m/z (NSI) 377.1320 [M+H]+, C22H21N2O2S requires 377.1318. 
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2-(Thiazol-2-yl)aniline (254) 

 

Tetrakis(triphenylphosphine)palladium(0) (0.25 g, 0.21 mmol) was added to a 

solution of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (226) (1.03 

g, 4.69 mmol) and 2-bromothiazole (253) (0.39 mL, 4.27 mmol) in toluene 

(40.0 mL) and EtOH (20.0 mL) followed by addition of 2 M aqueous solution 

of sodium carbonate (21.3 mL). The mixture was heated at 50 °C overnight 

and was allowed to cool to room temperature. Ethyl acetate (50.0 mL) and 

saturated aqueous sodium bicarbonate (30.0 mL) were added and the layers 

were separated. The organic layer was dried (MgSO4) and concentrated 

under reduced pressure. The residue was purified via automated flash 

chromatography ([5:1] [petroleum ether:ethyl acetate]; [snap 5g  column]) to 

give 2-(thiazol-2-yl)aniline (254) (0.73 g, 97%) as a pale yellow oil; νmax 

(DCM)/cm-1 3459 (NH2), 3313 (NH2), 1613 (C=N), 1205 (C-S); δH (400 MHz, 

CDCl3) 7.81 (1H, d, J = 3.4 Hz, CH), 7.66 (1H, dd, J = 7.8, 1.4 Hz, CH), 7.21 

(1H, d, J = 3.4 Hz, CH), 7.19 - 7.16 (1H, m, CH), 6.76 (1H, dd, J = 8.3, 1.1 

Hz, CH), 6.73 - 6.71 (1H, m, CH), 6.15 (2H, br. s, NH2); δC (101 MHz, CDCl3) 

169.8 (C), 145.7 (C), 142.4 (CH), 130.7 (CH), 129.4 (CH), 117.0 (CH), 116.9 

(CH), 116.7 (CH), 115.9 (C); m/z (NSI) 177.0477 [M+H]+ C9H9N2S requires 

177.0481. 
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N-(2-(Thiazol-2-yl)phenyl)formamide (255) 

 

2-(Thiazol-2-yl)aniline (254) (0.37 g, 2.10 mmol) was added to a solution of 

ethyl formate (13.2 mL, 164 mmol) and formic acid (1.74 mL, 46.2 mmol). 

The mixture was heated at reflux for 2 hours and the solvent was removed 

under reduced pressure. The residue was purified via automated flash 

chromatography ([2:1] [petroleum ether:ethyl acetate]; [snap 25 g column]) to 

give N-(2-(thiazol-2-yl)phenyl)formamide (255) (0.42 g, 97%) as a pale yellow 

oil as a mixture of amide rotamers (80:20); νmax (DCM)/cm-1 3424 (NH), 2850 

(CHO), 1682 (C=O); δH (400 MHz, CDCl3) 12.21 (0.8H, s, CHO), 11.80 

(0.2H, s, CHO), 8.73 (1H, d, J = 8.4 Hz, CH), 8.56 (0.8H, s, NH), 8.10 (0.2H, 

s, NH), 7.87 - 7.82 (1H, m, Ar-H), 7.76 (1H, dd, J = 7.9, 1.5 Hz, Ar-H), 7.43 - 

7.36 (1H, m, Ar-H), 7.33 (1H, d, J = 3.4 Hz, Ar-H), 7.15 -7.10 (1H, m, Ar-H); 

δC (101 MHz, CDCl3) 168.7 (C), 163.0 (CH), 160.1 (CH), 142.4 (CH), 136.0 

(C), 131.0 (CH), 128.8 (CH), 123.9 (CH), 119.5 (C), 118.5 (CH); m/z (NSI) 

205.0428 [M+H]+ C10H9N2OS requires 205.0430. 
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4-Bromo-1-tosyl-1H-imidazole (260) 

 

Cesium carbonate (0.01 g, 0.03 mmol) and Tosyl-Cl (0.71 g, 3.74 mmol) 

were added to a solution of 4-bromo-1H-imidazole (259) (0.50 g, 3.40 mmol) 

in acetonitrile (3.40 mL) and stirred for 1 hour at room temperature. The 

reaction was diluted with water (15.0 mL), and extracted with ethyl acetate (3 

x 50.0 mL), dried (MgSO4) and concentrated under reduced pressure. The 

residue was purified by automated flash chromatography ([9:1] [petroleum 

ether:ethyl acetate]; [snap 10 g column]) to give 4-bromo-1-tosyl-1H-

imidazole (260) (0.61 g, 60%) as yellow solid; m.p. 147-148 °C νmax 

(DCM)/cm-1 3149 (CH), 1374 (CH3), 1171 (S=O), 1078 (C-Br); δH (400 MHz, 

CDCl3) 7.88 (1H, d, J = 1.8 Hz, Ar-H), 7.82 (2H, d, J = 8.5 Hz, Ar-H), 7.37 

(2H, d, J = 8.5 Hz, Ar-H), 7.26 (1H, d, J = 1.8 Hz, Ar-H), 2.43 (3H, s, CH3); δC 

(101 MHz, CDCl3) 146.8 (C), 136.1 (CH), 134.1 (C), 130.5 (2 x CH), 127.5 (2 

x CH), 118.5 (C), 116.4 (CH), 21.7 (CH3); m/z (NSI) 300.9644 

[C10H9
79BrN2O2S] requires 300.9641, 302.9620 [C10H9

81BrN2O2S] requires 

302.9620. 
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1-Benzyl-5-bromo-1H-imidazole (261), 1-benzyl-4-bromo-1H-imidazole 
(262)  

 

Potassium carbonate (0.85 g, 6.12 mmol) and (bromomethyl)benzene (259) 

(0.27 ml, 2.25 mmol) were added to a solution of 4-bromo-1H-imidazole (0.30 

g, 2.04 mmol) in acetonitrile (43.4 mL) and heated at reflux for 1 hour. The 

reaction was diluted with water (15.0 mL), extracted with ethyl acetate (3 x 

50.0 mL), dried (MgSO4) and concentrated under reduced pressure. The 

residue was purified via automated flash chromatography ([4:1] [petroleum 

ether:ethyl acetate; [snap 30 g column]) to give a) 1-benzyl-4-bromo-1H-

imidazole (261) (0.30 g, 1.28 mmol, 63% yield) as a colourless crystalline 

solid followed by 1-benzyl-5-bromo-1H-imidazole (262) (0.013 g, 0.055 mmol, 

3% yield) as a colourless solid;  

(261) m.p. 91-92 °C; νmax (DCM)/cm-1 (CH), 3109 (CH), 1511 (Ar-C=C), 1483 

(CH2), 1076 (ArC-Br); δH (400 MHz, CDCl3) 7.42 - 7.30 (4H, m, Ar-H), 7.19 - 

7.14 (2H, m, Ar-H), 6.84 (1H, d, J = 1.5 Hz, Ar-H), 5.04 (2H, s, Ph-CH2); δC 

(101 MHz, CDCl3) 136.8 (CH), 135.1 (C), 129.0 (2 x CH), 128.5 (CH), 127.4 

(2 x CH), 118.4 (CH), 115.5 (C), 51.3 (CH); m/z (NSI) 237.0024 [C10H9
79BrN2] 

requires 237.0022, 239.0002 [C10H9
81BrN2] requires 239.0001. 

(262) m.p. 78-79 °C; νmax (DCM)/cm-1 3101 (CH), 3030 (CH), 1635 (ArC=C), 

1452 (CH2), 1071 (C-Br); δH (400 MHz, CDCl3) 7.57 (1H, s, Ar-H), 7.40 - 7.29 

(3H, m, Ar-H), 7.18 - 7.12 (2H, m, Ar-H), 7.08 (1H, d, J = 1.3 Hz, Ar-H), 5.13 

(2H, s, Ph-CH2); δC (101 MHz, CDCl3) 138.2 (CH), 135.4 (C), 130.0 (CH), 

129.0 (2 x CH), 128.3 (CH), 127.2 (2 x CH), 103.5 (C), 49.5 (CH); m/z (NSI) 

237.0024 [C10H9
79BrN2] requires 237.0022, 239.0001 [C10H9

81BrN2] requires 

239.0001.  
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tert-Butyl 4-bromo-1H-imidazole-1-carboxylate (263) (WO2011/121555 
A1) 

 

Di-tert-butyl dicarbonate (1.63 g, 7.48 mmol) in dichloromethane (20.0 mL) 

was added to a solution of 4-bromo-1H-imidazole (259) (1.00 g, 6.80 mmol) 

and N,N-dimethylpyridin-4-amine (0.08 g, 0.68 mmol) in dichloromethane 

(20.0 mL). The resulting solution stirred at room temperature overnight. The 

solvent was removed under reduced pressure and the residue was taken up 

with dichloromethane (30.0 mL). The layers were separated, the aqueous 

layer was extracted with dichloromethane (60.0 mL) and the combined 

organic layers were washed with sodium bicarbonate (20.0 mL) dried 

(MgSO4) and concentrated under reduced pressure. The residue was purified 

via automated flash chromatography ([2:1] [petroleum ether:ethyl acetate]; 

[snap 50g column]) to give tert-butyl 4-bromo-1H-imidazole-1-carboxylate 

(263) (1.35 g, 80%) as a light yellow solid; m.p. 72-73 °C; νmax (DCM)/cm-1 

1761 (C=O), 1372 (CH3), 1151 (C-O), 561 (C-Br); δH (400 MHz, CDCl3) 7.93 

(1H, d, J = 1.4 Hz, Ar-H), 7.46 (1H, d, J = 1.4 Hz, Ar-H), 1.60 (9H, s, 3 x 

CH3); δC (101 MHz, CDCl3) 145.8 (C), 138.2 (CH), 122.9 (CH), 86.6 (C), 84.4 

(C), 28.0 (CH3). 
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2-(Aminophenyl)boronic acid (264) 

 

A solution of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (226) 

(1.50 g, 6.85 mmol) in dichloromethane (6.85 mL) was added dropwise to a 

stirred solution of trichloroborane (44.9 mL, 44.9 mmol) at -78 °C and the 

mixture was stirred at the same temperature for 15 minutes. The mixture was 

allowed to warm to room temperature and stirred for 3 hours. The solution 

was then concentrated under reduced pressure and methanol (10.0 mL) was 

carefully added. Trimethyl borate and methanol were removed by 

evaporation under reduced pressure, water (100 mL) and diethyl ether (3 x 

100 mL) were added and the aqueous layer was separated and washed with 

diethyl ether (3 x 100 mL), dried (MgSO4) and concentrated under reduced 

pressure. The residue was purified by recystallisation from MeOH/Et2O to 

afford (2-aminophenyl)boronic acid (264) (0.93 g, 99%) as a colourless solid; 

m.p. 176-178 °C; νmax (DCM)/cm-1 3431 (NH), 3356 (NH), 3209 (OH), 2923 

(CH), 1484 (Ar-C=C); δH (400 MHz, D2O) 7.90 (1H, dd, J = 7.5, 1.5 Hz, Ar-H), 

7.64 (1H, ddd, J = 7.5, 7.5, 1.5 Hz, Ar-H), 7.54 (1H, ddd, J = 7.5, 7.5, 1.5 Hz, 

Ar-H), 7.41 (1H, dd, J = 7.8, 0.8 Hz, Ar-H); δC (101 MHz, D2O, SR = 161.3, 

corresponding to external TSP capillary set at 0 ppm) 135.9 (CH), 135.0 (C), 

132.4 (CH), 130.1 (C), 128.7 (CH), 123.3 (CH), compound was derivatised to 

2-(1,3,2-dioxaborolan-2-yl)aniline and mass found m/z (EI) 162.0835 [M]+, 

C8H8O2BNO2 requires 162.0835. 
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Imidazo[1,5-c]quinazolin-5(6H)-one (269) 

 

A mixture of tert-butyl 4-bromo-1H-imidazole-1-carboxylate (263) (0.214 g, 

0.866 mmol), 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (226) 

(0.379 g, 1.732 mmol), cesium fluoride (0.395 g, 2.60 mmol), PdCl2(dppf)-

CH2Cl2 adduct (0.04 g, 0.04 mmol) and N-benzyl-N,N-diethylethanaminium 

chloride (0.01 g, 0.04 mmol) in toluene (6.00 mL) and water (6.00 mL)  was 

refluxed for 48 hours. After completion of the reaction the mixture was cooled 

to room temperature and partitioned between water (3 x 50.0 mL) and ethyl 

acetate (3 x 100 mL). The organic layer was dried and the solvent was 

reduced under reduced pressure. The residue was purified via automated 

flash chromatography ([2:1] [petroleum ether:ethyl acetate]; [snap 25 g 

column) to give imidazo[1,5-c]quinazolin-5(6H)-one (269) (0.01 g, 0.04 mmol, 

4%) as a yellow/brown oil; νmax (neat)/cm-1
 3410 (NH), 3302 (CH), 3247 (CH), 

1656 (C=O); δH (400 MHz, CDCl3) 7.78 - 7.74 (1H, m, Ar-H), 7.47 - 7.42 (1H, 

m, Ar-H), 7.40 - 7.34 (2H, m, Ar-H), 6.48 (1H, s, imid-H), 6.42 (1H, s, imid-H), 

5.11 (2H, br. s, NH); δC (101 MHz, CDCl3) 180.6 (C), 142.9 (C), 129.7 (CH), 

129.0 (CH), 125.4 (CH), 120.8 (C), 118.8 (C), 116.2 (CH), 104.3 (CH), 101.1 

(CH); m/z (NSI) 186.1912 [M+H]+, C10H8N3O requires 186.1917. 
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1-(2-Nitrophenyl)-1H-imidazole (273) (Moarbes et al., 2008) 

 

A mixture of 1-fluoro-2-nitrobenzene (274) (3.00 ml, 28.4 mmol), 1H-

imidazole (275) (2.96 g, 43.5 mmol) and potassium carbonate (8.01 g, 58.0 

mmol) in acetonitrile (40.0 mL) was heated at reflux for 24 hours. The solvent 

was removed under reduced pressure and the residue was dissolved in 

dichloromethane (200 mL), washed with water (2 x 100 mL), dried (MgSO4) 

and the solvent was removed under vacuum. The crude product 1-(2-

nitrophenyl)-1H-imidazole (273) (5.66 g, 100%) was used directly for the next 

step without further purification, as orange oil; νmax (neat)/cm-1 3102 (CH), 

3027 (CH), 1508 (NO2), 1353 (NO2); δH (400 MHz, CDCl3) 8.01 - 7.98 (1H, 

dd, J = 8.1,1.2 Hz, Ar-H), 7.75 - 7.70 (1H, m, Ar-H), 7.64 - 7.62 (1H, m, Ar-H), 

7.62 - 7.59 (1H, m, Ar-H), 7.48 - 7.45 (1H, dd, J = 7.8, 1.2 Hz, imid-H), 7.20 

(1H, d, J = 1.2 Hz, imid-H), 7.07 - 7.06 (1H, m, imid-H); δC (101 MHz, CDCl3) 

145.4 (C), 137.3 (CH), 133.9 (CH), 130.7 (C), 130.5 (CH), 129.8 (CH), 128.8 

(CH), 125.5 (CH), 120.4 (CH). 
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2-(1H-Imidazol-1-yl)aniline (272) 

 
 

1-(2-nitrophenyl)-1-H-imidazole (273) (5.30 g, 28.0 mmol) and tin(II) chloride 

(26.6 g, 140 mmol) in ethyl acetate (30.0 mL) was heated at reflux for 3 

hours. The solution was alkanilized to pH 8-9 with saturated aqueous sodium 

bicarbonate. The mixture was filtered and extracted with ethyl acetate, (2 x 

200 mL), dried (MgSO4) and the solvent was removed under reduced 

pressure to give 2-(1-H-imidazol-1-yl)aniline (272) (2.66 g, 99%) as a yellow 

solid; m.p. 97-98 °C; νmax (neat)/cm-1 3318 (NH2), 3205 (NH2), 3120 (CH); δH 

(400 MHz, CDCl3) 7.62 - 7.60 (1H, m, imid-H), 7.21 - 7.19 (1H, m, imid-H), 

7.19 - 7.17 (1H, m, imid-H), 7.10 - 7.08 (1H, m, Ar-H), 7.07 - 7.04 (1H, m, Ar-

H), 6.83 - 6.79 (1H, m, Ar-H), 6.78 - 6.75 (1H, m, Ar-H), 3.75 (2H, br. s, NH2); 

δC (101 MHz, CDCl3) 142.1 (C), 137.7 (CH), 130.0 (CH), 129.8 (CH), 127.2 

(CH), 123.3 (C), 120.2 (CH), 118.5 (CH), 116.4 (CH); m/z (NSI) 160.0869 

[M+H]+ C9H10N3 requires 160.0871. 
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N-(2-(1H-Imidazol-1-yl)phenyl)formamide (271) 

 

2-(1H-Imidazol-1-yl)aniline (272) (0.80 g, 5.03 mmol)  was added to a 

solution of ethyl formate (31.9 mL, 392 mmol) and formic acid (4.24 mL, 111 

mmol). The mixture was heated at reflux overnight and the solvent was 

removed under reduced pressure. The residue was purified via automated 

flash chromatography ([98:2] [DCM/MeOH]; [snap 25 g column]) and to give 

N-(2-(1H-imidazol-1-yl)phenyl)formamide (271) (0.48 g, 51%) as a colourless 

solid; m.p. 204-205 °C; νmax (neat)/cm-1 3119 (NH), 3102 (CH), 2923 (CH), 

2886 (CHO), 1680 (C=O), 1240 (CN); δH (500 MHz, DMSO) 9.73 (0.27H, s, 

CHO), 9.58 (0.73H, s, CHO), 8.19 (1H, s, imid-H), 7.94 (1H, d, J = 8.1 Hz, Ar-

H), 7.85 (0.27H, s, NH), 7.82 (0.73H, s, NH), 7.48 - 7.44 (1H, m, Ar-H), 7.35 

(2H, s, Ar-H), 7.32 (1H, d, J = 7.6 Hz, imid-H), 7.11 (1H, s, imid-H); δC (126 

MHz, DMSO) 160.6 (CH), 137.6 (CH), 131.8 (C), 129.7 (C), 129.1 (CH), 

128.8 (CH), 127.0 (CH), 125.8 (CH), 124.8 (CH), 120.7 (CH); m/z (NSI) 

188.0818 [M+H]+, C10H10N3O requires 188.0821.  
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Imidazo[1,2-a]quinoxaline (279) 

 

Diisopropylamine (2.02 mL, 14.4 mmol) was added to a solution of N-(2-(1H-

imidazol-1-yl)phenyl)formamide (271) (0.45 g, 2.40 mmol) in dichloromethane 

(6.83 mL) at 0 °C followed by dropwise addition of phosphorus oxychloride 

(0.47 ml, 5.05 mmol). The resulting solution was stirred for 30 minutes at 0 

°C and then at room tempertaure for 2 hours. The mixture was then cooled to 

0 °C and a 20% aqueous solution of sodium carbonate (5.00 mL) was added 

and diluted with dichloromethane (15.0 mL). The organic phase was 

separated and washed with a 20% aqueous solution of sodium carbonate 

(5.00 mL) and brine (5.00 mL), dried (MgSO4) and concentrated under 

reduced pressure. The residue was purified via automated flash 

chromatography ([1:1] [petroleum ether:ethyl acetate]; [snap 25 g column]) to 

give imidazo[1,2-a]quinoxaline (279) (0.087 g, 21%) as a tan solid; m.p. 124-

125 °C; νmax (neat)/cm-1 3101 (CH), 1451 (C=C), 1330 (C=C); δH (500 MHz, 

CDCl3) 9.14 (1H, s, Ar-H), 8.17 - 8.12 (2H, m, Ar-H), 7.93 (1H, dd, J = 8.2, 

0.9 Hz, Ar-H), 7.83 (1H, d, J = 0.9 Hz, Ar-H), 7.69 (1H, ddd, J = 7.9, 7.9, 1.5 

Hz, Ar-H), 7.62 (1H, ddd, J = 7.9, 7.9, 1.5 Hz, Ar-H); δC (126 MHz, CDCl3) 

144.4 (CH), 138.9 (C), 135.9 (C), 134.5 (CH), 130.8 (CH), 129.0 (CH), 127.3 

(C), 126.5 (CH), 114.8 (CH), 112.2 (CH); m/z (APCI) 170.0711 [M+H]+, 

C10H8N3 requires 170.0713.  
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Methyl 4-amino-3-(furan-2-yl)benzoate (281) 

 

Method A: 

Tetrakis(triphenylphosphine)palladium(0) (0.11 g, 0.09 mmol) was added to a 

solution of methyl 4-amino-3-iodobenzoate (149) (0.51 g, 1.84 mmol) and 

furan-2-ylboronic acid (280) (0.23 g, 2.03 mmol) in dimethylether (20.5 mL) 

followed by the addition of 2 M aqueous solution of sodium carbonate (3.22 

mL, 6.44 mmol). The final mixture was heated at reflux for 2 hours. The 

reaction mixture was partitioned between ethyl acetate (200 mL) and water 

(100 mL) and the aqueous phase extracted with ethyl acetate (200 mL). The 

combined extracts were dried (MgSO4) and the solvent was removed under 

reduced pressure. The residue was purified via automated flash 

chromatography ([5:1] [petroleum ether:ethyl acetate]; [snap 25 g column]) to 

give methyl 4-amino-3-(furan-2-yl)benzoate (281) (0.28 g, 70%) as a yellow 

oil; νmax (DCM)/cm-1 3499 (NH2), 3374 (NH2), 1702 (C=O), 1368 (CH3), 1322 

(C-O); δH (400 MHz, CDCl3) 8.15 (1H, d, J = 2.0 Hz, Ar-H), 7.75 (1H, dd, J = 

8.6, 2.0 Hz, fur-H), 7.47 - 7.46 (1H, m, Ar-H), 6.68 (1H, d, J = 8.6 Hz, Ar-H), 

6.61 - 6.59 (1H, m, fur-H), 6.49 - 6.47 (1H, m, fur-H), 4.93 (2H, br. s, NH2), 

3.85 (3H, s, CH3); δC (101 MHz, CDCl3) 167.0 (C), 152.7(C), 147.5(C), 141.5 

(CH), 130.4 (CH), 129.8 (CH),  119.3 (C), 115.7 (CH), 114.9 (C), 111.4 (CH), 

106.8 (CH), 51.7 (CH3); m/z (NSI) 218.0811 [M+H]+ C12H12NO3 requires 

218.0812. 
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Method B: 

Tetrakis(triphenylphosphine)palladium(0) (0.13 g, 0.11 mmol) was added to a 

solution of methyl 4-amino-3-iodobenzoate (149) (0.60 g, 2.17 mmol) and 

furan-2-ylboronic acid (280) (0.27 g, 2.38 mmol) in toluene (20.0 mL) and 

ethanol (10.0 mL), followed by the addition of 2 M aqueous solution of 

sodium carbonate (10.8 mL). The mixture was heated at 80 °C overnight. 

The mixture was allowed to cool to room temperature, ethyl acetate (50.0 

mL) and saturated aqueous sodium bicarbonate were added and the layers 

were separated. The organic layer was dried (MgSO4) and concetrated under 

reduced pressure. The residue was purified via automated flash 

chromatography ([5:1] [petroleum ether:ethyl acetate]; [snap 5 g column]) to 

give methyl 4-amino-3-(furan-2-yl)benzoate (281) (0.30g, 64%) as a yellow 

oil; The spectroscopic data was identical to that reported for (281). 
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Methyl 4-formamido-3-(furan-2-yl)benzoate (282) 

 

Method A: 

Formic acid (0.06 mL, 1.52 mmol) was added to a stirred solution of acetic 

anhydride (0.14 mL, 1.52 mmol) in tetrahydrofuran (5.00 mL) at 0 °C and the 

resulting mixture was heated at reflux for 2 hours. The solution was re-cooled 

to 0 °C and a solution of methyl 4-amino-3-(furan-2-yl)benzoate (281) (0.28 

g, 1.27 mmol) in tetrahydrofuran (5.00 mL) was added and stirred at room 

temperature overnight. A saturated aqueous solution of sodium bicarbonate 

was added and the solvent was removed under reduced pressure. The 

aqueous phase was extracted with ethyl acetate (3 x 60.0 mL). The 

combined extracts were washed with brine, dried (MgSO4) and the solvent 

was removed under reduced pressure. The residue was purified via 

automated flash chromatography ([3:1]; [petroleum ether:ethyl acetate]; [snap 

25 g column]) to give methyl 4-formamido-3-(furan-2-yl)benzoate (282) (0.26 

g, 84%) as an orange solid and a mixture of amide rotamers (44:56); m.p. 

120-121 °C; νmax (DCM)/cm-1 3363 (NH), 2952 (CHO), 1699 (2 x C=O), 1250 

(C-O); δH (400 MHz, CDCl3) 8.85 (0.44H, s, Ar-H), 8.81 (0.56 H, d, J = 10.9 

Hz, Ar-H), 8.66 (0.44 H, d, J = 10.3 Hz, Ar-H), 8.57 - 8.49 (1H, m, Ar-H), 8.25 

- 8.17 (1H, m, Ar-H), 7.96 - 7.91 (0.56H, m, Ar-H), 7.57 (1H, br. s, NH), 7.33 

(1H, d, J = 8.5 Hz, fur-H), 6.73 (1H, d, J = 3.5 Hz, fur-H), 6.58 - 6.53 (1H, m, 

fur-H), 3.91 (3H, d, J = 4.8 Hz, CH3); δC (101 MHz, CDCl3) 166.3 (C), 166.1 

(C), 161.8 (CH), 159.3 (CH), 151.6 (C), 150.8 (C), 143.3 (CH), 142.8 (CH), 

137.3 (C), 137.0 (C), 130.2 (CH), 130.1 (CH), 129.4 (CH), 126.9 (C), 126.1 

(C), 121.7 (CH), 120.8 (C), 119.6 (C), 118.0 (CH), 112.1 (CH), 112.0 (CH), 

109.4 (CH), 109.3 (CH), 52.4 (CH3), 52.3 (CH3); m/z (NSI) 246.0763 [M+H]+ 

C13H12NO4 requires 246.0761. 
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Method B: 

Methyl 4-amino-3-(furan-2-yl)benzoate (281) (0.30 g, 1.38 mmol) was added 

to a solution of ethyl formate (8.77 mL, 108 mmol) and formic acid (1.17 mL, 

30.4 mmol). The mixture was heated at reflux for 2 hours and the solvent was 

removed under reduced pressure. The residue was purified via automated 

flash chromatography ([3:1] [petroleum ether:ethyl acetate]; [snap 25 g 

column]) to give methyl 4-formamido-3-(furan-2-yl)benzoate (282) (0.31 g, 

90%) as an orange solid and a mixture of amide rotamers (44:56); The 

spectroscopic data was identical to that reported for (282). 
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Methyl 3-(furan-2-yl)-4-isocyanobenzoate (283) 

 

Diisopropylamine (0.55 mL, 3.91 mmol) was added to a solution of methyl 4-

formamido-3-(furan-2-yl)benzoate (282) (0.16 g, 0.65 mmol) in 

dichloromethane (15.0 mL) followed by dropwise addition of phosphorus 

oxychloride (0.13 mL, 1.37 mmol) at 0 °C. The resulting solution was stirred 

for 30 minutes at 0 °C and then at room tempertaure for 2 hours. The mixture 

was then re-cooled to 0 °C and a 20% aqueous solution of sodium carbonate 

(10.0 mL) was added and diluted with dichloromethane (3 x 15.0 mL). The 

organic phase was separated and washed with a 20% aqueous solution of 

sodium carbonate (60.0 mL) and brine (60.0 mL), dried (MgSO4) and 

concentrated under reduced pressure. The residue was purified via 

automated flash chromatography ([2:1] [petroleum ether:ethyl acetate]; [snap 

10 g column]) to give methyl 3-(furan-2-yl)-4-isocyanobenzoate (283) (0.13 g, 

88%) as a colourless solid; m.p. 97-98 °C; νmax (DCM)/cm-1 2122 (CN), 1726 

(C=O), 1265 (C-O); δH (400 MHz, CDCl3) 8.56 (1H, d, J = 1.8 Hz, Ar-H), 7.93 

(1H, dd, J = 8.3, 1.9 Hz, Ar-H), 7.60 - 7.58 (1H, m, fur-H), 7.51 (1H, d, J = 8.3 

Hz, Ar-H), 7.29 (1H, dd, J = 3.5, 0.7 Hz, fur-H), 6.61 - 6.59 (1H, m, fur-H), 

3.97 (3H, s, CH3); δC (126 MHz, CDCl3) 171.7 (C), 165.6 (C), 147.8 (C), 

143.4 (CH), 131.2 (C), 128.8 (CH), 128.4 (CH), 127.9 (CH), 127.3 (C), 124.1 

(C), 112.5 (CH), 111.9 (CH), 52.7 (CH3); m/z (NSI) 228.2163 [M+H]+ 

C13H10NO3 requires 228.2161. 
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Methyl 4-amino-3-(furan-3-yl)benzoate (173) 

 

Method A: 

Bis(triphenylphosphine)palladium(II) dichloride (0.08 g, 0.12 mmol) was 

added to a solution of methyl 4-amino-3-iodobenzoate (149) (0.32 g, 1.15 

mmol) and furan-3-ylboronic acid (172) (0.25 g, 1.15 mmol) in 1,4-dioxane 

(10.0 mL). The resulting mixture was stirred for 30 minutes and a 2 M 

aqueous solution of sodium carbonate (3.44 mL, 6.89 mmol) was added. The 

resulting mixture was heated at 70 °C overnight and the solvent was 

removed under reduced pressure. Ethyl acetate (100 mL) was added and the 

organic phase was separated and washed with brine (2 x 100 mL), dried 

(MgSO4) and concentrated under reduced pressure. The residue was purified 

by automated flash chromatography ([8:1] [petroleum ether:ethyl acetate]; 

[snap 45g column]) to give methyl 4-amino-3-(furan-3-yl)benzoate (173) (0.14 

g, 56%) as a brown oil; νmax (DCM)/cm-1 3476 (NH2), 3367 (NH2), 2951 (CH), 

1701 (C=O), 1252 (C-O); δH (400 MHz, CDCl3) 7.89 (1H, d, J = 2.0 Hz, Ar-H), 

7.81 (1H, dd, J = 8.6, 2.0 Hz, Ar-H), 7.65 (1H, dd, J = 1.5, 1.0 Hz, fur-H), 7.54 

(1H, dd, J = 1.5, 1.5 Hz, fur-H), 6.72 (1H, d, J = 8.6 Hz, Ar-H), 6.63 (1H, dd, J 

= 2.0, 1.0 Hz, fur-H), 4.31 (2H, br. s, NH2), 3.87 (3H, s, CH3); δC (101 MHz, 

CDCl3) 167.1 (C), 148.4 (C), 143.5 (CH), 139.9 (CH), 131.8 (CH), 130.3 

(CH), 122.5 (C), 119.8 (C), 117.3 (C), 114.5 (CH), 110.6 (CH), 51.6 (CH3); 

m/z (NSI) 218.0812 [M+H]+ C12H12NO3 requires 218.0814. 
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Method B: 

Tetrakis(triphenylphosphine)palladium(0) (0.10 g, 0.09 mmol) was added to a 

solution of methyl 4-amino-3-iodobenzoate (149) (0.51 g, 1.81 mmol) and 

furan-3-ylboronic acid (172) (0.20 g, 1.81 mmol) in toluene (18.8 mL) and 

ethanol (9.38 mL) followed by the addition of 2 M aqueous solution of sodium 

carbonate (9.33 mL, 18.7 mmol). The mixture was heated at 80 °C for 3 

hours and was allowed to cool to room temperature, ethyl acetate (50.0 mL) 

and saturated aqueous sodium bicarbonate were added and the layers were 

separated. The organic layer was dried (MgSO4) and concentrated under 

reduced pressure. The residue was purified via automated flash 

chromatography ([9:1] [petroleum ether:ethyl acetate]; [snap 5 g column]) to 

give methyl 4-amino-3-(furan-3-yl)benzoate (173) (0.14 g, 56%) as an brown 

oil; The spectroscopic data was identical to that reported for (173). 
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Methyl 4-formamido-3-(furan-3-yl)benzoate (284) 

 

Formic acid (0.02 mL, 0.41 mmol) was added to a stirred solution of acetic 

anhydride (0.04 mL, 0.41 mmol) in tetrahydrofuran (1.50 mL) at 0 °C. The 

resulting mixture was heated at reflux for 2 hours. The mixture was cooled to 

0 °C and a solution of methyl 4-amino-3-(furan-3-yl)benzoate (173) (0.09 g, 

0.41 mmol) in tetrahydrofuran (1.50 mL) was added and stirred at room 

temperature overnight. A saturated aqueous solution of sodium bicarbonate 

(15.0 mL) and ethyl acetate (3 x 15.0 mL) was added and the organic layer 

was extracted. The organic layer was washed with brine (3 x 20.0 mL) dried 

(MgSO4) and concentrated under reduced pressure. The residue was purified 

via automated flash chromatography ([3:1] [petroleum ether:ethyl acetate]; 

[snap 5 g column]) to give methyl 4-formamido-3-(furan-3-yl)benzoate (284) 

(0.08 g, 83%) as an orange solid and a mixture of amide rotamers (63:37); 

mp 122-123 º C; νmax (DCM)/cm-1 3320 (NH), 3144 (CH), 2951 (CH), 1698 

(C=O), 1257 (C-O); δH (500 MHz, CDCl3) 8.78 (0.37H, d, J = 11.3 Hz, CHO), 

8.46 (0.67H, d, J = 8.5 Hz, CHO), 8.41 (0.67H, d, J = 1.9 Hz, Ar-H), 8.02 

(0.37H, d, J = 2.2 Hz, Ar-H), 7.98 (1H, dd, J = 8.5, 2.2 Hz, Ar-H), 7.94 (0.67H, 

d, J = 2.2 Hz, Ar-H), 7.75 - 7.66 (1H, m, NH), 7.63-7.60 (0.37H, m, Ar-H), 

7.59 - 7.55 (1H, m, fur-H), 7.33 (1H, d, J = 8.5 Hz, fur-H), 6.57 - 6.54 (1H, m, 

fur-H), 3.91 (1.11H, s, OCH3), 3.89 (1.89H, s, OCH3); δC (126 MHz, CDCl3) 

166.3 (C), 166.1 (C), 161.4 (CH), 159.0 (CH), 144.3 (2 x CH), 140.6 (2 x CH), 

138.5 (C), 138.1 (C), 132.1 (CH), 131.4 (CH), 130.1 (2 x CH), 126.7 (C), 

125.8 (C), 123.3 (C), 122.2 (C), 121.0 (C), 120.8 (C), 120.5 (CH), 117.3 (CH), 

111.0 (CH), 110.6 (CH), 52.2 (CH3), 52.1 (CH3); m/z (ESI) 268.0598 [M+Na]+, 

C13H11NO4Na requires 268.0586. 
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Methyl 3-(furan-3-yl)-4-isocyanobenzoate (285) 

 

Diisopropylamine (0.24 mL, 1.74 mmol) was added to a solution of methyl 4-

formamido-3-(furan-3-yl)benzoate (284) (0.07 g, 0.29 mmol) in 

dichloromethane (7.00 mL) at 0 °C followed by dropwise addition of 

phosphorus oxychloride (0.06 mL, 0.61 mmol). The resulting solution was 

stirred for 30 minutes at 0 °C and then at room temperature for 2 hours. The 

mixture was then re-cooled to 0 °C and a 20% aqueous solution of sodium 

carbonate (10.0 mL) was added and diluted with dichloromethane (60.0 mL). 

The organic phase was separated and washed with a 20% aqueous solution 

of sodium carbonate (60.0 mL) and brine (60.0 mL), dried (MgSO4) and the 

solvent was removed under reduced pressure. The residue was purified via 

automated flash chromatography ([6:1] [petroleum ether:ethyl acetate]; [zip 

30g column]) to give methyl 3-(furan-3-yl)-4-isocyanobenzoate (285) (0.05g, 

71%) as a grey solid; mp 78-79 º C; νmax (DCM)/cm-1 3116 (CH), 2952 (CH), 

2126 (CN), 1726 (C=O); δH (400 MHz, CDCl3) 8.16 (1H, d, J = 1.8 Hz, Ar-H), 

8.03 - 8.01 (1H, m, Ar-H), 7.94 (1H, dd, J = 8.3, 1.9 Hz, fur-H), 7.55 - 7.54 

(1H, dd, J = 1.8, 3.3 Hz, Ar-H), 7.50 (1H, d, J = 8.3 Hz, fur-H), 6.84 - 6.83 

(1H, m, fur-H), 3.95 (3H, s, CH3); δC (101 MHz, CDCl3) 170.9 (C), 165.6 (C), 

143.7 (CH), 141.8 (CH), 131.2 (C), 130.3 (CH), 129.9 (C), 128.7 (CH), 128.5 

(CH), 126.8 (C), 121.0 (C), 109.9 (CH), 52.7 (CH3); m/z (NSI) 228.0652 

[M+H]+ C13H10NO3 requires 228.0655. 
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Methyl 4-(phenylthio)furo[2,3-c]quinoline-8-carboxylate (293) 

 

Benzenethiol (0.06 ml, 0.59 mmol) was added to a solution of methyl 3-

(furan-3-yl)-4-isocyanobenzoate (285) (0.03 g, 0.12 mmol) and 2,2-(diazene-

1,2-diyl)bis(2-methylpropanenitrile) (1.64 mg, 0.01 mmol) in toluene (2.38 

mL). The resulting solution was stirred for 2 hours under reflux at 80 °C. The 

mixture was cooled to room temperature and the solvent was removed under 

reduced pressure. The residue was purified via automated flash 

chromatography ([9:1] [petroleum ether:ethyl acetate]; [zip 30g column]) to 

give methyl 4-(phenylthio)furo[2,3-c]quinoline-8-carboxylate (293) (0.01 g, 

23%) as a white solid; m.p. 141-143 °C; νmax (neat)/cm-1 2925 (CH), 1713 

(C=O), 1247 (C-O); δH (400 MHz, CDCl3) 8.75 (1H, d, J = 2.0 Hz, Ar-H), 8.15 

(1H, dd, J = 8.8, 2.0 Hz, Ar-H), 7.92 (1H, d, J = 8.8 Hz, Ar-H), 7.85 (1H, d, J = 

2.1 Hz, fur-H), 7.72 - 7.69 (2H, m, Ar-H), 7.46 - 7.43 (3H, m, Ar-H), 7.30 (1H, 

d, J = 2.1 Hz, fur-H), 3.98 (3H, s, CH3); δC (101 MHz, CDCl3) 166.9 (C), 147.9 

(C), 147.5 (CH), 146.7 (C), 135.1 (2 x CH), 129.8 (C), 129.3 (CH), 129.2 (2 x 

CH), 129.1 (CH), 128.3 (C), 127.5 (C), 127.0 (C), 126.3 (C), 121.8 (CH), 

119.2 (CH), 106.0 (CH), 25.3 (CH3); m/z (NSI) 336.0691 [M+H]+ C19H14NO3S 

requires 336.0689. 
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Methyl 4-amino-3-(thiophen-2-yl)benzoate (297) 

 

Method A: 

A solution of methyl 4-amino-3-iodobenzoate (149) (0.50 g, 1.81 mmol) in 

dimethylether (20.1 mL) was added dropwise to a solution of thiophen-2-

ylboronic acid (296) (0.25 g, 1.99 mmol) in dimethylether (20.1 mL). To this 

solution 2 M aqueous solution of sodium carbonate (3.16 mL) and tetrakis 

(triphenylphosphine)palladium(0) (0.10 g, 0.09 mmol) were added and the 

solution was heated at reflux for 2 hours. The reaction mixture was 

partitioned between ethyl acetate (30.0 mL) and water and the aqueous 

phase extracted with ethyl acetate (30.0 mL). The combined extracts were 

dried (MgSO4) and the solvent was removed under reduced pressure. The 

residue was purified via automated flash chromatography ([5:1] [petroleum 

ether:ethyl acetate];  [snap 25 g column]) to give methyl 4-amino-3-(thiophen-

2-yl)benzoate (297) (0.37 g, 88%) as a dark orange solid; m.p. 118-119 °C; 

νmax (DCM)/cm-1 3485 (NH2), 3395 (NH2), 1706 (C=O), 1291 (CH3), 1265 (C-

O); δH (400 MHz, CDCl3) 7.96 (1H, d, J = 2.0 Hz, CH), 7.85 - 7.81 (1H, m, Ar-

H), 7.39 - 7.37 (1H, m, thio-H), 7.20 - 7.18 (1H, m, thioph-H), 7.14 - 7.12 (1H, 

m, Ar-H), 6.73 (1H, d, J = 8.5 Hz, thioph-H), 4.43 (2H, br. s, NH2), 3.86 (3H, 

s, CH3); δC (101 MHz, CDCl3) 167.1(C), 148.6 (C), 139.8 (C), 133.2 (CH), 

131.1(CH), 127.8 (CH), 126.4 (CH), 125.9 (CH), 119.9 (C), 119.0 (C), 114.8 

(CH), 51.9 (CH3); m/z (NSI) 234.0584 [M+H]+ C12H12NO2S requires 

234.0583. 
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Method B: 

Tetrakis(triphenylphosphine)palladium(0) (0.13 g, 0.11 mmol) was added to a 

solution of methyl 4-amino-3-iodobenzoate (149) (0.60 g, 2.17 mmol) and 

thiophen-2-ylboronic acid (296) (0.31 g, 2.38 mmol)  in toluene (20.0 mL) and 

ethanol (10.0 mL). A 2 M aqueous solution of sodium carbonate (10.8 mL), 

21.7 mmol) was added and the mixture was heated at 80 °C overnight. The 

mixture was allowed to cool to room temperature, ethyl acetate (50.0 mL) 

and saturated aqueous sodium bicarbonate were added and the layers were 

separated. The organic layer was dried (MgSO4) and concentrated under 

reduced pressure. The residue was purified via automated flash 

chromatography ([5:1] [petroleum ether:ethyl acetate]; [snap 5 g column]) to 

give methyl 4-amino-3-(thiophen-2-yl)benzoate (297) (0.43 g, 85%) as a dark 

orange solid; The spectroscopic data was identical to that reported for (297). 
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Methyl 4-formamido-3-(thiophen-2-yl)benzoate (298) 

 

Method A: 

Formic acid (0.07 mL, 1.80 mmol) was added to a stirred solution of acetic 

anhydride (0.17 mL, 1.80 mmol) in tetrahydrofuran (5.00 mL) at 0 °C. The 

resulting mixture was heated at reflux at 70 °C for 2 hours. The mixture was 

re-cooled to 0 °C and a solution of methyl 4-amino-3-(thiophen-2-yl)benzoate 

(297) (0.35 g, 1.50 mmol) in tetrahydrofuran (5.00 mL) was added and stirred 

at room temperature overnight. A saturated aqueous solution of sodium 

bicarbonate (30 mL) was added and solvent was removed under reduced 

pressure. The aqueous phase was extracted with ethyl acetate (3 x 60.0 mL). 

The combined organic extracts were washed with brine, dried (MgSO4) and 

the solvent was removed under reduced pressure. Purification via automated 

flash chromatography ([3:1] [petroleum ether:ethyl acetate]; [snap 10 g 

column]) afforded methyl 4-formamido-3-(thiophen-2-yl)benzoate (298) (0.20 

g, 51%) as yellow solid and a mixture of amide rotamers (63:37); m.p. 128-

129 °C; νmax (DCM)/cm-1 3388 (NH), 2953 (CHO), 1703 (CHO), 1609 (COO), 

1200 (C-O); δH (400 MHz, CDCl3) 8.77 (0.37H, d, J = 11.0 Hz, CHO), 8.52 - 

8.48 (0.63H, m, CHO), 8.37 (0.63H, d, J = 1.8 Hz, Ar-H), 8.08 (0.37H, d, J = 

2.1 Hz, CHO), 8.01 (1H, br. s, NH), 7.99 (0.63 H, d, J = 2.1 Hz, Ar-H), 7.89 

(0.63H, s, Ar-H), 7.80 (0.37H, d, J = 11.3, Ar-H), 7.45 - 7.42 (1H, m, thioph-

H), 7.34 (0.37H, d, J = 8.5, Ar-H), 7.13 (2H, d, J = 3.3, thioph-H), 3.88 (3H, d, 

J = 5.7 Hz, CH3); δC (101 MHz, CDCl3) 171.2 (C) 166.2 (C), 166.0 (CH), 

161.3 (CH), 159.3 (CH), 138.8 (C), 138.4 (C), 137.4 (C), 137.0 (C), 133.3 

(CH), 132.5 (CH), 130.8 (CH), 128.1(CH), 128.1(CH), 127.8 (2 x CH), 127.6 

(2 x CH), 126.7 (C), 125.8 (C), 124.8 (C), 123.8 (C), 120.7(CH), 117.1(CH), 

52.3 (CH3), 52.2 (CH3); m/z (NSI) 262.0534 [M+H]+ C13H12NO3S requires 

262.0532. 
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Method B: 

Methyl 4-amino-3-(thiophen-2-yl)benzoate (297) (0.43 g, 1.84 mmol) was 

added to a solution of ethyl formate (11.7 mL, 144 mmol) and formic acid 

(1.56 mL, 40.6 mmol). The mixture was heated at reflux for 2 hours and the 

solvent was removed under reduced pressure. The residue was purified via 

automated flash chromatography ([3:1] [petroleum ether:ethyl acetate]; [snap 

25 g column]) to give methyl 4-formamido-3-(thiophen-2-yl)benzoate (298) 

(0.42 g, 86%) as a pale yellow solid and a mixture of amide rotamers (63:37); 

The spectroscopic data was identical to that reported for (298). 
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Methyl 4-isocyano-3-(thiophen-2-yl)benzoate (299) 

 

Diisopropylamine (1.26 mL, 8.96 mmol) was added to a solution of methyl 4-

formamido-3-(thiophen-2-yl)benzoate (298) (0.39 g, 1.49 mmol) in 

dichloromethane (20.0 mL,) at 0 °C followed by dropwise addition of 

phosphorus oxychloride (0.29 mL, 3.13 mmol). The resulting solution was 

stirred for 30 minutes at 0 °C and then at room tempertaure for 2 hours. The 

mixture was then re-cooled to 0 °C and a 20% aqueous solution of sodium 

carbonate (10.0 mL) was added and diluted with dichloromethane (20.0 mL). 

The organic phase was separated and washed with a 20% aqueous solution 

of sodium carbonate (60.0 mL) and brine (60.0 mL), dried (MgSO4) and 

concentrated under reduced pressure. The residue was purified via 

automated flash chromatography ([5:1] [petroleum ether:ethyl acetate]; [snap 

25 g column]) to give methyl 4-isocyano-3-(thiophen-2-yl)benzoate (299) 

(0.35 g, 96%) as a colourless solid; m.p.90-92 °C; νmax (DCM)/cm-1 2120 

(CN), 1726 (C=O), 1242 (C-O); δH (400 MHz, CDCl3) 8.23 (1H, d, J = 1.8 Hz, 

Ar-H), 7.95 (1H, dd, J = 8.3, 1.8 Hz, Ar-H), 7.57 - 7.56 (1H, dd, J = 3.6, 1.2 

Hz, Ar-H), 7.51 (1H, d, J = 8.3 Hz, thioph-H), 7.46 (1H, dd, J = 5.1, 1.2 Hz, 

thioph-H), 7.17 - 7.15 (1H, m, thioph-H), 3.94 (3H, s, CH3); δC (101 MHz, 

CDCl3) 171.4 (C), 165.3 (C), 136.9 (C), 131.5 (C), 131.3 (CH), 131.1 (C), 

129.0 (CH), 128.7 (CH), 128.3 (CH), 128.1 (CH), 127.6 (CH), 126.6 (C), 52.7 

(CH3); m/z (NSI) 244.0422 [M+H]+ C13H10NO2S requires 244.0427. 
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Methyl 4-amino-3-(thiophen-3-yl)benzoate (301) 

 

Tetrakis(triphenylphosphine)palladium(0) (0.09 g, 0.07 mmol) was added to a 

solution of methyl 4-amino-3-iodobenzoate (149) (0.41 g, 1.47 mmol) and 

thiophen-3-ylboronic acid (300) (0.19 g, 1.47 mmol) in toluene (15.0 mL) and 

ethanol (7.00 mL) followed by the addition of 2 M aqueous solution of sodium 

carbonate (7.33 mL, 14.7 mmol). The mixture was heated at 80 °C for 48 

hours and allowed to cool to room temperature. Ethyl acetate (50.0 mL) and 

saturated aqueous sodium bicarbonate (50.0 mL) were added and the layers 

were separated, dried (MgSO4) and concentrated under reduced pressure. 

The residue was purified via automated flash chromatography ([5:1] 

[petroleum ether:ethyl acetate]; [snap 5 g column]) to give methyl 4-amino-3-

(thiophen-3-yl)benzoate (301) (0.30 g, 88%) as an orange solid; m.p. 135-

136 °C; νmax (DCM)/cm-1 3474 (NH2), 3364 (NH2), 1699 (C=O); δH (400 MHz, 

CDCl3) 7.91 (1H, d, J = 2.0 Hz, Ar-H), 7.83 (1H, dd, J = 8.3, 2.0 Hz, thioph-

H), 7.45 (1H, dd, J = 4.8, 3.0 Hz, thioph-H), 7.39 (1H, dd, J = 3.0, 1.5 Hz, Ar-

H), 7.25 (1H, dd, J = 4.8, 1.5 Hz, thioph-H), 6.73 (1H, d, J = 8.3 Hz, Ar-H), 

4.29 (2H, br. s, NH2), 3.87 (3H, s, CH3); δC (101 MHz, CDCl3) 167.1 (C), 

148.3 (C), 138.6 (C), 132.2 (CH), 130.4 (CH), 128.1 (CH), 126.5 (CH), 123.0 

(CH), 121.4 (C), 119.7 (C), 114.5 (CH), 51.6 (CH3); m/z (NSI) 234.0580 

[M+H]+ C12H12NO2S requires 234.0583. 
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Methyl 4-formamido-3-(thiophen-3-yl)benzoate (302) 

 

Formic acid (0.04 mL, 1.16 mmol) was added to a stirred solution of acetic 

anhydride (0.11 mL, 1.16 mmol) in tetrahydrofuran (4.20 mL) at 0 °C and the 

resulting mixture was heated at reflux for 2 hours. The mixture was cooled to 

0 °C and a solution of methyl 4-amino-3-(thiophen-3-yl)benzoate (301) (0.27 

g, 1.16 mmol) in tetrahydrofuran (4.20 mL) was added and stirred at room 

temperature overnight. A saturated aqueous solution of sodium bicarbonate 

(15.0 mL) and ethyl acetate (15.0 mL) was added and the organic layer was 

extracted. The organic layer was washed with brine, dried (MgSO4) and 

concentrated under reduced pressure. The residue was purified via 

automated flash chromatography ([6:4]; [petroleum ether:ethyl acetate]; [snap 

5 g column]) to give methyl 4-formamido-3-(thiophen-3-yl)benzoate (302) 

(0.27 g, 89%) as an orange oil and a mixture of amide rotamers (65:35); νmax 

(neat)/cm-1 3332 (NH), 3103 (CH), 2950 (CH), 1713 (C=O), 1696 (C=O), 

1243 (C-O); δH (400 MHz, CDCl3) mixture of rotamers (65:35): 8.81 (0.35H, 

d, J = 11.4 Hz, CHO), 8.51 (0.65H, d, J = 8.8 Hz, CHO), 8.38 (0.65H, d, J = 

1.8 Hz, Ar-H), 8.05 - 7.98 (1.35H, m, Ar-H), 7.96 (0.65H, d, J = 2.3 Hz, Ar-H), 

7.68 - 7.58 (1H, m, NH), 7.53 - 7.48 (1H, m, Ar-H), 7.59 - 7.55 (1H, m, thioph-

H), 7.39 - 7.32 (1H, m, thioph-H), 7.18 - 7.12 (1H, m, thioph-H), 3.91 (1.05H, 

s, CH3), 3.90 (1.95H, s, CH3); δC (101 MHz, CDCl3) mixture of rotamers: 

166.3 (C), 166.1 (C), 161.2 (CH), 159.0 (CH), 138.3 (C), 138.1 (C), 136.9 (C), 

136.4 (C), 132.5 (CH), 131.5 (CH), 130.2 (CH), 130.1 (CH), 128.1 (CH), 

127.9 (CH), 127.6 (2 x CH), 126.9 (C), 126.5 (C), 126.1 (C), 125.7 (C), 124.5 

(CH), 124.4 (CH), 120.4 (CH), 116.5 (CH), 52.2 (CH3), 52.1 (CH3); m/z (ESI) 

284.0363 [M+Na]+, C13H11NO3SNa requires 284.0352. 
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Methyl 4-isocyano-3-(thiophen-3-yl)benzoate (303) 

 

Diisopropylamine (0.28 mL, 1.98 mmol) was added to a solution of methyl 4-

formamido-3-(thiophen-3-yl)benzoate (302) (0.09 g, 0.33 mmol) in 

dichloromethane (15.0 mL) at 0 °C followed by dropwise addition of 

phosphorus oxychloride (0.06 mL, 0.68 mmol). The resulting solution was 

stirred for 30 minutes at 0 °C and then at room tempertaure for 2 hours. The 

mixture was then re-cooled to 0 °C and a 20% aqueous solution of sodium 

carbonate (10.0 mL) was added and diluted with dichloromethane (60.0 mL). 

The organic phase was separated and washed with a 20% aqueous solution 

of sodium carbonate (60.0 mL) and brine, dried (MgSO4) and concentrated 

under reduced pressure. The residue was purified via automated flash 

chromatography ([4:1] [petroleum ether:ethyl acetate]; [snap 5g column]) to 

give methyl 4-isocyano-3-(thiophen-3-yl)benzoate (303) (75.0 mg, 95%) as 

colourless solid; m.p. 105-106 °C; νmax (DCM)/cm-1 3100 (CH), 2952 (CH), 

2120 (CN), 1725 (C=O); δH (400 MHz, CDCl3) 8.21 (1H, d, J = 2.0 Hz, Ar-H), 

8.00 (1H, dd, J = 8.3, 1.8 Hz, Ar-H), 7.68 (1H, dd, J = 3.0, 1.5 Hz, thioph-H), 

7.55 (1H, d, J = 8.3 Hz, thioph-H), 7.48 (1H, dd, J = 5.1, 3.0 Hz, Ar-H), 7.43 

(1H, dd, J = 5.1, 1.5 Hz, thioph-H), 3.96 (3H, s, CH3); δC (101 MHz, CDCl3) 

170.0 (C), 165.5 (C), 136.1 (C), 133.5 (C), 131.3 (CH), 131.1 (C), 128.9 (CH), 

128.3 (CH), 127.7 (CH), 127.2 (C), 126.3 (CH), 125.2 (CH), 52.6 (CH3); m/z 

(APCI) 244.0423 [M+H]+ C13H10NO2S requires 244.0427. 
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tert-Butyl 1H-indole-1-carboxylate (323) 

 

Di-tert-butyl dicarbonate (1.05 g, 4.79 mmol) in dichloromethane (20.0 mL) 

was added to a solution of 1H-indole (337) (0.51 g, 4.35 mmol) and N,N-

dimethylpyridin-4-amine (0.05 g, 0.44 mmol) in dichloromethane (20.0 mL) 

and the resulting solution stirred at room temperature overnight. The 

solvent was removed under reduced pressure. The aqueous layer was 

extracted with dichloromethane (100 mL) and the organic layer was 

washed with sodium bicarbonate (20.0 mL) and dried (MgSO4) and 

concentrated under reduced pressure. The residue was purified via 

automated flash chromatography ([2:1]; [petroleum ether:ethyl acetate]; 

[snap 50 g column]) to give tert-butyl 1H-indole-1-carboxylate (323) (0.95 

g, 100%) as a yellow oil; νmax (DCM)/cm-1 2979 (CH), 1734 (C=O), 1252 

(C-O); δH (500 MHz, CDCl3) 8.30 (1H, d, J = 8.6 Hz, Ar-H), 7.70 (1H, d, J = 

4.1 Hz, Ar-H), 7.65 (1H, d, J = 7.8 Hz, Ar-H), 7.45 - 7.39 (1H, m, Ar-H), 

7.33 (1H, t, J = 7.5 Hz, Ar-H), 6.65 (1H, d, J = 3.8 Hz, Ar-H), 1.75 (9H, s, 3 

x CH3); δC (126 MHz, CDCl3) 149.8 (C), 135.2 (C), 130.6 (C), 125.8 (CH), 

124.2 (CH), 122.6 (CH), 120.9 (CH), 115.2 (CH), 107.3 (CH), 83.5 (C), 

28.1 (3 x CH3); m/z (ES) 218.1174 [M+H]+ C13H16NO2 requires 218.1176. 
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tert-Butyl-2-(2-amino-5-(methoxycarbonyl)phenyl)-1H-indole-1-
carboxylate (322) 

 

Bis(triphenylphosphine)palladium(II) dichloride (0.03 g, 0.04 mmol) was 

added to a solution of methyl 4-amino-3-iodobenzoate (149) (0.20 g, 0.72 

mmol) and (1-(tert-butoxycarbonyl)-1H-indol-2-yl)boronic acid (323) (0.23 

g, 0.87 mmol) in 1,4-dioxane (10.0 mL). The resulting mixture was stirred 

for 30 minutes and a 2 M aqueous solution of sodium carbonate (2.17 mL, 

4.33 mmol) was added. The mixture was stirred overnight and the solvent 

was removed under reduced pressure. Ethyl acetate (100 mL) was added 

and the organic phase extracted with brine (2 x 100 mL), dried (MgSO4) 

and concentrated under reduced pressure. The residue was purified via 

automated flash chromatography, ([9:1] [petroleum ether:ethyl acetate] [zip 

30 g column]) to give tert-butyl 2-(2-amino-5-(methoxycarbonyl)phenyl)-

1H-indole-1-carboxylate (322) (0.23 g, 87%) as yellowish oil. νmax 

(DCM)/cm-1 3470 (NH2), 3370 (NH2), 1710 (C=O), 1621 (C=O), 1589 (Ar-

C=C), 1436 (Ar-C=C), 1360 (CH3), 1254 (CH3), 1220 (C-O), 1159 (C-O); 

δH (400 MHz, CDCl3) 8.31 - 8.26 (1H, m, Ar-H), 7.90 - 7.85 (2H, m, Ar-H), 

7.56 (1H, d, J = 2.1 Hz, Ar-H), 7.35 (1H, ddd, J = 8.4, 7.2, 1.4 Hz, Ar-H), 

7.29 - 7.26 (1H, m, Ar-H), 6.71 (1H, d, J = 9.0 Hz, Ar-H), 6.58 (1H, d, J = 

0.9 Hz, ind-H), 4.20 (2H, br. s, NH2), 3.85 (3H, s, CH3), 1.29 (9H, s, 3 x 

CH3); δC (101 MHz, CDCl3) 167.1 (C), 149.9 (C), 149.6 (CH), 137.2 (C), 

135.6 (C), 132.5 (CH), 131.3 (CH), 129.1(C), 124.6 (CH), 123.0 (CH), 

120.6 (CH), 120.0 (C), 119.1(C), 115.5 (CH), 113.9 (CH), 110.6 (CH), 83.5 

(C), 51.7 (CH3), 27.5 (3 x CH3); m/z (ES) 367.1678 [M+H]+ C21H23N2O4 

requires 367.1675. 
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tert-Butyl 2-(2-formamido-5-(methoxycarbonyl)phenyl)-1H-indole-1-
carboxylate (321) 

 

Formic acid (0.02 mL, 0.60 mmol) was added to a stirred solution of acetic 

anhydride (0.06 mL, 0.60 mmol) in tetrahydrofuran (5.00 mL) at 0 °C. The 

resulting mixture was heated to reflux at 70 °C for 2 hours. The mixture 

was re-cooled to 0 °C and a solution of tert-butyl 2-(2-amino-5-

(methoxycarbonyl)phenyl)-1H-indole-1-carboxylate (322) (0.20 g, 0.55 

mmol) in tetrahydrofuran (6.00 mL) was added and stirred at room 

temperature for 3 hours. A saturated aqueous solution of sodium 

bicarbonate (10.0 mL) was added and solvent was removed under 

reduced pressure. The aqueous phase was extracted with ethyl acetate (3 

x 60.0 mL). The combined extracts were washed with brine (2 x 50.0 mL), 

dried (MgSO4) and concentrated under reduced pressure. The residue was 

purified by automated flash chromatography ([3:1] [petroleum ether:ethyl 

acetate] [zip 30 g column]) to give tert-butyl 2-(2-formamido-5-

(methoxycarbonyl)phenyl)-1H-indole-1-carboxylate (321) (0.10 g, 91%) as 

a pale yellow oil and a mixture of amide rotamers (77:23). νmax (DCM)/cm-1 

1722 (CHO), 1680 (C-O), 1641 (C-O), 1454 (CH3), 1368 (CH3), 1220 (C-

O), 1160 (C-O); δH (400 MHz, CDCl3) 8.58 (0.23H, d, J 11.0 Hz, CHO), 

8.46 (0.77, d, J 8.7 Hz, CHO), 8.26 (0.77H, d, J 8.3 Hz, Ar-H), 8.20 (1H, d, 

J 1.9 Hz, Ar-H), 8.04 (1H, dd, J 8.6, 2.0 Hz, Ar-H), 7.99 (0.23H, br. s, NH), 

7.95 (0.77H, d, J 2.1 Hz, Ar-H), 7.76 (0.77H, br. s, Ar-H), 7.66 (0.23H, d, J 

11.2 Hz, Ar-H), 7.54 (1H, d, J 7.5 Hz, Ar-H), 7.36 - 7.30 (1H, m, Ar-H), 7.26 

- 7.21 (1.23H, m, Ar-H), 6.60 (1H, s, ind-H), 3.86 (3H, s, CH3), 1.19 (9H, s, 

3 x CH3); δC (101 MHz, CDCl3) 171.2 (C), 166.3 (C), 159.3 (CH), 149.5 

(C), 139.9 (C), 137.3 (C), 133.4 (C), 131.8 (CH), 130.8 (CH), 128.8 (C), 

125.3 (CH), 124.9 (C), 123.3 (CH), 120.8 (CH), 120.1 (CH), 115.8 (CH), 
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112.0 (CH), 84.2 (C), 52.1 (CH3), 27.5 (3 x CH3); m/z (ES) 417.1409 

[M+Na]+ C22H22N2O5Na requires 417.1426. 
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tert-Butyl 2-(2-isocyano-5-methylphenyl)-1H-indole-1-carboxylate 
(320) 

 

Diisopropylamine (0.81 mL, 5.78 mmol) was added to a solution of tert-

butyl 2-(2-formamido-5-(methoxycarbonyl)phenyl)-1H-indole-1-carboxylate 

(321) (0.38 g, 0.96 mmol) in dichloromethane (20.0 mL) at 0 °C followed 

by the dropwise addition of phosphorus oxychloride (0.19 mL, 2.02 mmol). 

The resulting solution was stirred for 30 minutes at 0 °C and then at room 

temperature for 2 hours. The mixture was then re-cooled to 0 °C and a 

20% aqueous solution of sodium carbonate (10.0 mL) was added and 

diluted with dichloromethane (20.0 mL). The organic phase was separated 

and washed with a 20% aqueous solution of sodium carbonate (60.0 mL) 

and brine (60.0 mL), dried (MgSO4) concentrated under reduced pressure. 

The residue was purified by automated flash chromatography ([9:1] 

[petroleum ether:ethyl acetate]; [zip 30g column]) to give tert-butyl 2-(5-

(methoxycarbonyl)-2-(methyleneamino)phenyl)-1H-indole-1-carboxylate 

(320) (0.35 g, 97%) as yellowish oil; νmax (DCM)/cm-1 2982 (CH), 2253 

(CN), 1730 (C=O), 1326 (C-O), 1031 (CH3); δH (400 MHz, CDCl3) 8.26 

(1H, m, Ar-H), 8.16 (1H, d, J = 1.9 Hz, Ar-H), 8.09 (1H, dd, J = 8.2, 1.9 Hz, 

Ar-H), 7.62 - 7.59 (1H, m, Ar-H), 7.52 (1H, d, J = 8.3 Hz, Ar-H), 7.40 (1H, 

ddd, J = 8.5, 7.2, 1.3 Hz, Ar-H), 7.29 (1H, ddd, J = 8.2, 7.2, 1.0 Hz, Ar-H), 

6.69 (1H, d, J = 0.8 Hz, ind-H), 3.95 (3H, s, CH3), 1.41 (9H, s, 3 x CH3); δC 

(101 MHz, CDCl3) 169.6 (C), 165.5 (C), 149.7 (C), 137.2 (C), 133.7 (C), 

133.5 (C), 131.7 (CH), 130.7 (C), 130.0 (CH), 129.5 (C), 128.9 (C), 126.9 

(CH), 125.4 (CH), 123.3 (CH), 121.1 (CH), 116.0 (CH), 112.4 (CH), 84.3 

(C), 52.8 (CH3), 27.8 (3 x CH3). m/z (ES) 394.1760 [M+NH4]+ C22H24N3O4 

requires 394.1761. 
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11-tert-Butyl 2-methyl 6-(phenylthio)-11H-indolo[3,2-c]quinoline-2,11 
dicarboxylate (327) 

 

Benzenethiol (0.39 mL, 3.77 mmol) was added to a solution of tert-butyl 2-

(2-isocyano-5-methylphenyl)-1H-indole-1-carboxylate (320) (0.29 g, 0.75 

mmol) and 2,2-(diazene-1,2-diyl)bis(2-methylpropanenitrile) (0.01 g, 0.08 

mmol) in toluene (20.0 mL). The resulting solution was stirred for 2 hours 

under reflux at 80 °C. The mixture was cooled to room temperature and 

solvent removed under reduced pressure. The residue was purified via 

automated flash chromatography ([9:1] [petroleum ether:ethyl acetate]; [zip 

30g column]) to give 11-tert-butyl 2-methyl 6-(phenylthio)-11H-indolo[3,2-

c]quinoline-2,11 dicarboxylate (327) (0.05 g, 14%) as a yellow oil; νmax 

(DCM)/cm-1 3365 (CH), 3059 (CH), 1720 (C=O), 1681 (C=O), 1368 (CH3), 

1253 (C-O), 1216 (C-O); δH (400 MHz, CDCl3) 8.36 (1H, d, J = 8.7 Hz, Ar-

H), 8.28 (1H, d, J = 8.4 Hz, Ar-H), 8.07 - 8.03 (1H, m, Ar-H), 7.82 (1H, d, J 

= 2.2 Hz, Ar-H), 7.51 (1H, d, J = 7.7 Hz, Ar-H), 7.47 - 7.42 (1H, m, Ar-H), 

7.35 - 7.33 (1H, m, Ar-H), 7.33 - 7.29 (2H, m, Ar-H), 7.20 (1H, s, Ar-H), 

6.82 - 6.76 (3H, m, Ar-H), 6.33 (1H, s, Ar-H), 3.87 (3H, s, CH3), 1.23 (9H, 

s, 3 x CH3); δC (101 MHz, CDCl3) 166.4 (C), 165.5 (C), 149.3 (CH), 140.3 

(C), 137.4 (C), 135.3 (2 x CH), 132.6 (C), 132.1 (CH), 131.1 (CH), 130.5 

(CH), 129.8 (2 x CH), 128.9 (C), 127.0 (C), 125.2 (2 x CH), 124.7 (C), 

123.4 (CH), 121.0 (CH), 119.0 (CH), 116.3 (CH), 112.0 (CH), 84.3 (C), 

52.3 (CH3), 27.7 (CH3)3); m/z (ES) 487.1678 [M+H]+ C28H27N2O4S requires 

487.1686. 
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1-tert-Butyl 5-methyl 2-(phenylthio)spiro[indole-3,2-indoline]-1,5-
dicarboxylate (330) 

 

Benzenethiol (1.15 mL, 11.2 mmol) was added to a solution of tert-butyl 2-

(2-isocyano-5-methylphenyl)-1H-indole-1-carboxylate (320) (0.09 g, 0.23 

mmol) and 2,2-(diazene-1,2-diyl)bis(2-methylpropanenitrile) (0.06 g, 0.35 

mmol) in toluene (5.00 mL). The resulting solution was stirred for 2 hours 

under reflux at 80 °C. The mixture was cooled to room temperature and 

the solvent removed under reduced pressure. The residue was purified via 

automated flash chromatography ([6:1] [petroleum ether : ethyl acetate]; 

[zip 30g column]) to give 1-(tert-butyl) 5-methyl 2-(phenylthio)spiro[indole-

3,2-indoline]-1,5-dicarboxylate (330) (0.09 g, 0.19 mmol, 39% yield) as a 

yellow oil; νmax (DCM)/cm-1 3436 (NH), 3062 (CH), 2979 (CH), 1710 (C=O), 

1246 (C-O); δH (500 MHz, CDCl3) 8.07 - 7.99 (1H, m,  Ar-H), 7.87 (1H, d, J 

= 1.9 Hz, Ar-H), 7.67 - 7.62 (2H, m, Ar-H), 7.43 - 7.40 (3H, m, Ar-H), 7.39 - 

7.36 (1H, m, Ar-H), 7.33 - 7.29 (2H, m, Ar-H), 7.21 (1H, dd, J = 7.3, 0.9 Hz, 

Ar-H), 7.07 (1H, ddd, J = 7.3, 7.3, 0.9 Hz, Ar-H), 3.87 (3H, s, CH3), 3.67 

(1H, d, J = 17.0 Hz, CH2), 3.41 (1H, d, J = 17.0 Hz, CH2), 1.15 (9H, s, 3 x 

CH3); δC (101 MHz, CDCl3) 187.3 (C), 166.8 (C), 157.3 (C), 150.8 (C), 

143.0 (C), 142.9 (C), 134.4 (2 x CH), 131.5 (CH), 129.6 (CH), 129.4 (2 x 

CH), 128.2 (CH), 126.8 (2 x C), 126.7 (2 x C), 124.7 (CH), 123.0 (CH), 

121.5 (CH), 119.2 (CH), 115.4 (CH), 78.5 (C), 52.1 (CH3), 41.0 (CH2), 27.8 

(3 x CH3); m/z (NSI) 487.1675 [M+H]+, C28H27N2O4S requires 487.1686.  
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1-(2-Nitrophenyl)-1H-indole (335) 

 

A mixture of 1-fluoro-2-nitrobenzene (274) (3.00 mL, 28.4 mmol), 1H-

indole (337) (5.09 g, 43.5 mmol) and potassium carbonate (8.01 g, 58.0 

mmol) in acetonitrile (40.0 mL) was heated at reflux for 24 hours. The 

solvent was removed under reduced pressure and the residue was 

dissolved in dichloromethane (30.0 mL), washed twice with water (20.0 

mL), dried (MgSO4) and the solvent was removed under reduced pressure. 

The residue was purified via automated flash chromatography ([8:1] 

[petroleum ether:ethyl acetate]; [snap 50 g column]) to give 1-(2-

nitrophenyl)-1H-indole (335) (1.66 g, 25%) as a yellow solid; m.p. 77-78 

°C; νmax (neat)/cm-1 3106 (CH), 3051 (CH), 1511 (NO2), 1345 (NO2); δH 

(400 MHz, CDCl3) 8.04 (1H, dd, J = 8.1, 1.5 Hz, Ar-H), 7.77 - 7.72 (1H, m, 

Ar-H), 7.71 - 7.68 (1H, m, Ar-H), 7.62 - 7.55 (2H, m, Ar-H), 7.22 - 7.18 (2H, 

m, Ar-H), 7.18 - 7.13 (2H, m, Ar-H), 6.75 - 6.74 (1H, m, Ar-H); δC (101 

MHz, CDCl3) 146.4 (C), 136.8 (C), 133.8 (CH), 133.0 (C), 129.9 (CH), 

129.1 (C), 128.5 (CH), 128.1 (CH), 125.7 (CH), 123.1 (CH), 121.5 (CH), 

121.1 (CH), 109.6 (CH), 105.2 (CH); m/z (NSI) 239.0815 [M-H]+ 

C14H11N2O2 requires 239.0815. 
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2-(1H-Indol-1-yl)aniline (334) 

 

1-(2-nitrophenyl)-1H-indole (335) (0.74 g, 3.09 mmol) and tin (II) chloride 

(2.93 g, 15.5 mmol) in ethyl acetate (22.1 mL) was heated at reflux for 3 

hours. The solution was alkanilized to pH 8-9 with saturated aqueous 

solution of sodium bicarbonate, filtered and extracted with ethyl acetate 

(40.0 mL), dried (MgSO4) and concentrated under reduced pressure. The 

residue was purified via automated flash chromatography ([95:5] 

[petroleum ether:ethyl acetate]; [snap 10 g column]) to give 2-(1H-indol-1-

yl)aniline (334) (0.26 g, 41%) as an orange oil; νmax (neat)/cm-1  3464 

(NH2), 3370 (NH2), 3050 (CH); δH (500 MHz, CDCl3) 7.76 (1H, d, J = 8.2 

Hz, Ar-H), 7.18 - 7.34 (6H, m, Ar-H), 6.87 - 6.95 (2H, m, Ar-H), 6.75 (1H, d, 

J = 3.2 Hz, Ar-H), 3.61 (2H, br. s, NH2); δC (126 MHz, CDCl3) 143.1 (C), 

136.3 (C), 129.1 (CH), 128.6 (CH), 128.6 (CH), 128.5 (C), 124.8 (C), 122.2 

(CH), 120.9 (CH), 120.1 (CH), 118.5 (CH), 116.2 (CH), 110.7 (CH), 103.2 

(CH); m/z (NSI) 209.1074 [M-H]+ C14H13N2, requires 209.1073. 
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N-(2-(1H-Indol-1-yl)phenyl)formamide (333) 

 

Methyl 2-(1H-indol-1-yl)aniline (334) (0.24 g, 1.14 mmol) was added to a 

solution of ethyl formate (7.26 mL, 89.0 mmol) and formic acid (0.96 mL, 

25.1 mmol). The mixture was heated at reflux overnight and the solvent 

was removed under reduced pressure. The residue was purified via 

automated flash chromatography ([4:1] [petroleum ether:ethyl acetate]; [zip 

30 g column]) and recrystallised from DCM/petrol to give N-(2-(1H-indol-1-

yl)phenyl)formamide (333) (0.27 g, 98%) as a colourless solid and a 

mixture of amide rotamers (80:20); m.p. 92-93 °C; νmax (neat)/cm-1 3287 

(NH), 2934 (CH), 1700 (C=O); δH (500 MHz, CDCl3) 8.65 (0.2H, d, J = 11.1 

Hz, CHO), 8.54 (0.8H, d, J = 8.2 Hz, CHO), 8.16 (1H, br. s, NH), 7.757.70 

(1H, m, Ar-H), 7.52 - 7.46 (1H, m, Ar-H), 7.45 - 7.38 (1H, m, Ar-H), 7.32 

(1H, d, J = 7.7 Hz, Ar-H), 7.23 - 7.17 (3H, m, Ar-H), 7.08 - 7.04 (1H, m, Ar-

H), 6.97 (1H, s, Ar-H), 6.76 (1H, d, J = 3.4 Hz, Ar-H); δC (126 MHz, CDCl3) 

159.1 (CH), 136.8 (C), 133.9 (C), 129.5 (CH), 128.9 (C), 128.6 (CH), 128.2 

(C), 125.8 (CH), 125.1 (CH), 123.2 (CH), 122.1 (CH), 121.4 (CH), 121.0 

(CH), 110.5 (CH), 104.7 (CH); m/z (APCI) 237.1021 [M-H]+, C15H13N2O 

requires 237.1022. 
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1-(2-Isocyanophenyl)-1H-indole (332) 

 

Diisopropylamine (0.95 mL, 6.75 mmol) was added to a solution of N-(2-

(1H-indol-1-yl)phenyl)formamide (333) (0.27 g, 1.13 mmol) in 

dichloromethane (3.19 mL) at 0 °C followed by dropwise addition of 

phosphorus oxychloride (0.22 mL, 2.36 mmol). The resulting solution was 

stirred for 30 minutes at 0 °C and then at room temperature for 2 hours. 

The mixture was then cooled to 0 °C and a 20% aqueous solution of 

sodium carbonate (5.00 mL) was added and diluted with dichloromethane 

(20 mL). The organic phase was separated and washed with a 20% 

aqueous solution of sodium carbonate (5.00 mL) brine (5.00 mL), dried 

(MgSO4) and concentrated under reduced pressure. The residue was 

purified via automated flash chromatography ([9:1] [petroleum ether:ethyl 

acetate]; [snap 25 g column]) to give 1-(2-isocyanophenyl)-1H-indole (332) 

(0.22 g, 91%) as an orange solid; m.p.: 64-65 °C; νmax (neat)/cm-1 3050 

(CH), 2126 (CN), 1519 (C=C), 1496 (C=C); δH (400 MHz, CDCl3) 7.75 - 

7.71 (1H, m, Ar-H), 7.62 (1H, ddd, J = 7.9, 1.0, 1.0 Hz, Ar-H), 7.58 - 7.54 

(2H, m, Ar-H), 7.50 - 7.45 (1H, m, Ar-H), 7.36 (1H, d, J = 3.3 Hz, Ar-H), 

7.30 - 7.20 (3H, m, Ar-H), 6.78 (1H, d, J = 3.3 Hz, Ar-H); δC (126 MHz, 

CDCl3) 169.6 (C), 136.2 (C), 135.9 (C), 130.3 (CH), 128.9 (C), 128.6 (CH), 

128.1 (CH), 128.1 (CH), 128.0 (CH), 123.1 (C), 122.7 (CH), 121.3 (CH), 

120.8 (CH), 110.3 (CH), 104.6 (CH); m/z (NSI) 219.0909 [M-H]+, C15H11N2 

requires 219.0917. 



Georgia Saviolaki                                                                                     Experimental 

 

246 
 

6-(Phenylthio)indolo[1,2-a]quinoxaline (341) 

 

Benzenethiol (0.53 ml, 5.09 mmol) was added to a solution of 1-(2-

isocyanophenyl)-1H-indole (332) (0.22 g, 1.02 mmol) and 2,2-(diazene-

1,2-diyl)bis(2-methylpropanenitrile) (0.02 g, 0.10 mmol) in toluene (20.3 

mL). The resulting solution was stirred for 2 hours at 80 °C and then 

cooled to room temperature. The solvent was removed under reduced 

pressure. The residue was purified via automated flash chromatography 

([5:1] [petroleum ether:ethyl acetate]; [snap 10 g column]) to give 6-

(phenylthio)indolo[1,2-a]quinoxaline (340) (0.03 g, 34%) as a fluorescent 

yellow solid; m.p. 52-53 °C; νmax (DCM)/cm-1 3049 (CH), 2850 (CN-S), 

1509 (C=C); δH (500 MHz, CDCl3) 8.27 (2H, d, J = 8.5 Hz, 1H), 7.79 (1H, 

d, J = 8.0 Hz, Ar-H), 7.55 - 7.52 (3H, m, Ar-H), 7.39 - 7.33 (2H, m, Ar-H), 

7.30 - 7.27 (3H, m, Ar-H), 7.16 (2H, d, J = 7.7 Hz, Ar-H), 7.08 (1H, s, Ar-

H); δC (126 MHz, CDCl3) 155.3 (C), 135.8 (C), 135.2 (2 x CH), 133.2 (C), 

129.9 (C), 129.7 (CH), 129.2 (2 x CH), 129.0 (C), 129.1 (CH), 128.7 (C), 

128.2 (C), 127.6 (CH), 124.5 (CH), 124.1 (CH), 123.0 (CH), 122.9 (CH), 

114.7 (CH), 114.6 (CH), 99.8 (CH); m/z (NSI) 327.0947 [M+H]+, C21H15N2S 

requires 327.0950. 
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2-(1H-Benzo[d]imidazol-2-yl)aniline (344) 

 

Tetrakis(triphenylphosphine)palladium(0) (0.06 g, 0.05 mmol) was added 

to a solution of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (226) 

(0.22 g, 1.00 mmol) and 2-bromo-1H-benzo[d]imidazole (345) (0.20 g, 1.00 

mmol) in toluene (8.00 mL) and ethanol (4.00 mL) followed by the addition 

of a 2 M aqueous solution of sodium carbonate (5.19 mL). The mixture 

was heated at 80 °C for 3 hours and was allowed to cool to room 

temperature. Ethyl acetate (50.0 mL) and saturated aqueous sodium 

bicarbonate were added and the layers were separated. The organic layer 

was dried (MgSO4) and concentrated under reduced pressure. The residue 

was purified via automated flash chromatography ([9:1] [petroleum 

ether:ethyl acetate]; [snap 5 g column]) to give 2-(1H-benzo[d]imidazol-2-

yl)aniline (344) (0.17 g, 81%) as a brown oil; νmax (neat)/cm-1 3378 (NH), 

3143 (NH2), 3022 (NH2), 1610 (CN); δH (400 MHz, CDCl3) 9.25 (1H, br. s, 

NH), 7.79 - 7.75 (1H, m, Ar-H), 7.55 - 7.51 (1H, m, Ar-H), 7.48 - 7.45 (1H, 

m, Ar-H), 7.28 - 7.27 (1H, m, Ar-H), 7.26 - 7.24 (1H, m, Ar-H), 7.23 - 7.20 

(1H, m, Ar-H), 6.84 - 6.81 (1H, m, Ar-H), 6.79 - 6.75 (1H, m, Ar-H), 6.29 

(2H, br. s, NH2); δC (126 MHz, CDCl3) 152.0 (C), 147.6 (C), 131.1 (2 x CH), 

126.6 (2 x CH), 122.9 (2 x C), 117.2 (2 x CH), 116.9 (2 x CH), 111.4 (C); 

m/z (NSI) 210.1027 ([M+H]+, C13H12N3 requires 210.1026. 
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Benzo[4,5]imidazo[1,2-c]quinazoline (346) 

 

Formic acid (0.03 mL, 0.77 mmol) was added to a stirred solution of acetic 

anhydride (0.07 mL, 0.77 mmol) in tetrahydrofuran (10.0 mL) at 0 °C. The 

resulting mixture was heated at reflux for 2 hours. The solute was cooled 

to 0 °C and a solution of 2-(1H-benzo[d]imidazol-2-yl)aniline (344) (0.16 g, 

0.77 mmol) in tetrahydrofuran (10.0 mL) was added and stirred at room 

temperature overnight. A saturated aqueous solution of sodium 

bicarbonate (30 mL) was added and the solvent was removed under 

reduced pressure. The aqueous phase was extracted with ethyl acetate (3 

x 60.0 mL). The combined organic extracts were washed with brine, dried 

(MgSO4) and concentrated under reduced pressure. The residue was 

purified via automated flash chromatography ([5:1] [petroleum ether:ethyl 

acetate]; [snap 25 g column]) to give benzo[4,5]imidazo[1,2-c]quinazoline 

(346) (0.10 g, 56%) as a colourless solid; m.p. 231-233 oC; νmax (DCM) / 

cm-1 1629 (CN), 1602 (CN); δH (400 MHz, CDCl3) 9.16 (1H, s, CNH), 8.72 

- 8.68 (1H, m, Ar-H), 8.06 - 7.97 (3H, m, Ar-H), 7.84 - 7.78 (1H, m, Ar-H), 

7.75 - 7.69 (1H, m, Ar-H), 7.62 - 7.57 (1H, m, Ar-H), 7.53 - 7.48 (1H, m, Ar-

H). δC (101 MHz, CDCl3) 146.6 (C), 144.3 (C), 142.8 (C), 136.3 (CH), 

131.9 (CH), 128.8 (CH), 128.7(CH), 128.4 (C), 126.3 (CH), 124.4 (CH), 

123.5 (CH), 120.5 (CH), 119.6 (C), 110.2 (CH), m/z (ES) 220.0867 [M+H]+ 

C14H10N3 requires 220.0869. 
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Methyl 4-amino-3-(benzofuran-2-yl)benzoate (349) 

 

Tetrakis(triphenylphosphine)palladium(0) (0.51 g, 0.44 mmol) was added 

to a solution and of methyl-4-amino-3-iodobenzoate (149) (1.00 g, 3.61 

mmol) and benzofuran-2-ylboronic acid (350) (0.59 g, 3.61 mmol) in 

toluene (36.8 mL) and ethanol (18.4 mL) followed by the addition of 2 M 

aqueous solution of sodium carbonate (18.7 mL). The mixture was heated 

at 80 °C overnight. The mixture was allowed to cool to room temperature, 

ethyl acetate (50.0 mL) and saturated aqueous sodium bicarbonate were 

added and the layers were separated. The organic layer was dried 

(MgSO4) and concentrated under reduced pressure. The residue was 

purified via automated flash chromatography ([4:1] [petroleum ether:ethyl 

acetate]; [snap 45 g column]) to give methyl 4-amino-3-(benzofuran-2-

yl)benzoate (349) (0.54 g, 56%) as a tan solid; m.p. 128-129 °C; νmax 

(neat)/cm-1 3499 (NH2), 3369 (NH2), 2955 (CH), 1690 (C=O), 1612 (C=C); 

δH (500 MHz, CDCl3) 8.33 (1H, d, J = 1.9 Hz, Ar-H), 7.86 (1H, dd, J = 8.5, 

2.2 Hz, Ar-H), 7.62 (1H, d, J = 7.6 Hz, Ar-H), 7.54 (1H, d, J = 8.2 Hz, Ar-

H), 7.35 - 7.24 (2H, m, Ar-H), 7.02 (1H, s, BF-H), 6.77 (1H, d, J = 8.5 Hz, 

Ar-H), 5.01 (2H, br. s, NH2), 3.91 (3H, s, CH3); δC (126 MHz, CDCl3) 166.8 

(C), 154.8 (C), 154.3 (C), 148.1 (C), 131.4 (CH), 131.0 (CH), 128.6 (C), 

124.3 (CH), 123.2 (CH), 120.9 (CH), 119.8 (C), 116.0 (CH), 114.4 (C), 

111.1 (CH), 103.5 (CH), 51.8 (CH3); m/z (NSI) 268.0963 [M+H]+, 

C16H14NO3 requires 268.0968.  
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Methyl 3-(benzofuran-2-yl)-4-formamidobenzoate (348) 

 

Methyl-4-amino-3-(benzofuran-2-yl)benzoate (349) (0.50 g, 1.87 mmol)  

was added to a solution of ethyl formate (11.9 mL, 146 mmol) and formic 

acid (1.58 mL, 41.2 mmol). The mixture was heated at reflux overnight and 

the solvent was removed under reduced pressure. The residue was 

purified via automated flash chromatography ([4:1] [petroleum ether:ethyl 

acetate]; [snap 30 g column]) to give methyl 3-(benzofuran-2-yl)-4-

formamidobenzoate (348) (0.49 g, 88%) as a colorless solid and a mixture 

of amide rotamers (60:40); m.p. 195-196 °C; νmax (neat)/cm-1 3311 (NH), 

2957 (CH), 1683 (C=O); δH (500 MHz, CDCl3) 8.96 (0.6H, br. s, NH), 8.87 - 

8.81 (0.4H, m, Ar-H), 8.80 - 8.73 (0.4H, m, Ar-H), 8.62 (0.6H, d, J = 8.8 Hz, 

Ar-H), 8.55 (0.6H, s, Ar-H), 8.42 (0.4H, br. s, NH), 8.33 (0.6H, s, Ar-H), 

8.03 (1H, d, J = 8.8 Hz, Ar-H), 7.64 (1H, d, J = 7.9 Hz, Ar-H), 7.56 (1H, d, J 

= 8.5 Hz, Ar-H), 7.41 - 7.33 (1.4H, m, Ar-H), 7.32 - 7.28 (1H, m, BF-H), 

7.11 - 7.06 (1H, m, Ar-H), 3.95 (1.2H, s, CH3), 3.94 (1.8H, s, CH3); δC (126 

MHz, CDCl3) 166.0 (C), 165.8 (C), 161.6 (CH), 159.1 (CH), 154.7 (C), 

154.7 (C), 153.2 (C), 152.3 (C), 138.0 (2 x C), 137.6 (C), 131.1 (CH), 

131.0 (CH), 130.9 (CH), 130.3 (CH), 128.0 (C), 127.9 (C), 126.9 (C), 126.0 

(C), 125.4 (CH), 125.2 (CH), 123.7 (CH), 123.7 (CH), 121.6 (CH), 121.4 

(CH), 120.4 (C), 119.3 (C), 118.0 (CH), 111.4 (CH), 111.2 (CH), 106.0 

(CH), 105.9 (CH), 52.3 (CH3), 52.2 (CH3); m/z (NSI) 296.0920 ([M+H]+, 

C17H14NO4 requires 296.0917.   
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Methyl 3-(benzofuran-2-yl)-4-isocyanobenzoate (347) 

 

Diisopropylamine (1.39 mL, 9.91 mmol) was added to a solution of methyl 

3-(benzofuran-2-yl)-4-formamidobenzoate (348) (0.49 g, 1.65 mmol) in 

dichloromethane (12.2 mL) at 0 °C followed by dropwise addition of 

phosphorus oxychloride (0.32 mL, 3.47 mmol). The resulting solution was 

stirred for 30 minutes at 0 °C and then at room temperature for 2 hours. 

The mixture was then cooled to 0 °C and a 20% aqueous solution of 

sodium carbonate (5.00 mL) was added and diluted with dichloromethane 

(5.00 mL). The organic phase was separated and washed with a 20% 

aqueous solution of sodium carbonate (5.00 mL) and brine (5.00 mL), 

dried (MgSO4) and concentrated under reduced pressure. The residue was 

purified via automated flash chromatography ([9:1] [petroleum ether:ethyl 

acetate]; [snap 30 g column]) to give methyl 3-(benzofuran-2-yl)-4-

isocyanobenzoate (347) (0.30 g, 67%) as a colourless solid; m.p. 162-163 

°C; νmax (neat)/cm-1 3059 (CH), 2957 (CH), 2125 (CN), 1719 (C=O), 1204 

(C-O); δH (500 MHz, CDCl3) 8.78 (1H, s, Ar-H), 8.04 (1H, dd, J = 8.2, 1.9 

Hz, Ar-H), 7.73 - 7.66 (2H, m, Ar-H), 7.63 - 7.57 (2H, s, Ar-H), 7.40 (1H, 

dd, J = 7.7, 7.7 Hz, Ar-H), 7.31 (1H, dd, J = 7.7, 7.7 Hz, BF-H), 4.01 (3H, s, 

CH3); δC (126 MHz, CDCl3) 172.4 (C), 165.4 (C), 154.4 (C), 149.2 (C), 

131.3 (C), 129.4 (CH), 128.9 (CH), 128.8 (CH), 128.7 (C), 127.0 (C), 125.9 

(CH), 125.1 (C), 123.5 (CH), 122.0 (CH), 111.3 (CH), 108.2 (CH), 52.7 

(CH3); m/z (APCI) 278.0813 ([M+H]+, C17H12NO3 requires 278.0812.   
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Methyl 6-(phenylthio)benzofuro[3,2-c]quinoline-2-carboxylate (357) 

 
 

Benzenethiol (1.00 ml, 9.73 mmol) was added to a solution of methyl-3-

(benzofuran-2-yl)-4-isocyanobenzoate (347) (0.54 g, 1.95 mmol) and 2,2-

(diazene-1,2-diyl)bis(2-methylpropanenitrile) (0.03 g, 0.20 mmol) in toluene 

(38.9 ml). The resulting solution was stirred at 80 °C for 2 hours. The 

mixture was cooled to room temperature and the solvent was removed 

under reduced pressure. The residue was purified via automated flash 

chromatography ([9:1] [petroleum ether : ethyl acetate]; [snap 25 g 

column]) to give a tan solid mixture. The product was recystallised using 

acetonitrile/hexane to give methyl 6-(phenylthio)benzofuro[3,2-c]quinoline-

2-carboxylate (357) (0.15 g, 0.39 mmol, 20% yield) as a colourless solid; 

mp: 196-198 °C, νmax (neat) 3182 (CH), 1721 (C=O); δH (500 MHz, CDCl3) 

8.23 (1H, s, Ar-H), 8.17 (1H, s, Ar-H), 8.00 (1H, d, J = 8.5, Ar-H), 7.92 (1H, 

d, J = 8.5, Ar-H), 7.39 (1H, d, J = 8.5, Ar-H), 7.17 - 7.25 (5H, m, Ar-H), 

7.11 (1H, dd, J = 7.6, 7.6, Ar-H), 6.73 (1H, d, J = 8.5, Ar-H), 3.90 (3H, s, 

CH3); δC (126 MHz, CDCl3) 167.5 (C), 161.1 (C), 137.9 (C), 136.9 (C), 

135.8 (CH), 134.3 (C), 129.5 (2 x CH), 129.0 (2 x CH), 128.4 (CH), 127.4 

(CH), 125.6 (CH), 125.2 (C), 123.0 (C), 122.7 (CH), 121.0 (CH), 120.8 (C), 

118.5 (C), 115.2 (CH), 111.5 (CH), 52.2 (CH3); m/z (NSI) 403.1106 

[M+NH4]+, C23H19N2O3S requires 403.1111. 
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Methyl 2-(phenylthio)-3H-spiro[benzofuran-2,3-indole]-5-carboxylate 
(360) 

 

Benzenethiol (0.19 mL, 1.80 mmol) was added to a solution of methyl 3-

(benzofuran-2-yl)-4-isocyanobenzoate (347) (0.10 g, 0.36 mmol) and 2,2-

(diazene-1,2-diyl)bis(2-methylpropanenitrile) (0.09 g, 0.54 mmol) in toluene 

(7.21 mL). The resulting solution was stirred at 80 °C for 2 hours. The 

mixture was cooled to room temperature and the solvent was removed 

under reduced pressure. The residue was purified via automated flash 

chromatography ([4:1] [petroleum ether:ethyl acetate]; [snap 25 g column]) 

to give methyl 2-(phenylthio)-3H-spiro[benzofuran-2,3-indole]-5-

carboxylate (360) (0.03 g, 23%) as a colorless oil; νmax (neat)/cm-1 3056 

(CH), 2950 (CH), 1716 (C=O), 1615 (CN), 1288 (C-O), 1233 (C-O); δH 

(500 MHz, CDCl3) 8.06 (1H, ddd, J = 8.0, 1.5, 1.5 Hz, Ar-H), 8.00 (1H, s, 

Ar-H), 7.67 - 7.63 (2H, m, Ar-H), 7.46 - 7.42 (3H, m, Ar-H), 7.38 (1H, d, J = 

8.2 Hz, Ar-H), 7.33 (1H, d, J = 7.6 Hz, Ar-H), 7.28 (1H, dd, J = 7.6, 7.6 Hz, 

Ar-H), 7.24 (1H, dd, J = 7.4, 7.4 Hz, Ar-H), 6.98 (1H, d, J = 8.2 Hz, Ar-H), 

3.88 (3H, s, CH3), 3.74 (1H, d, J = 16.4 Hz, CH2), 3.63 (1H, d, J = 16.4 Hz, 

CH2); δC (126 MHz, CDCl3) 186.0 (C), 166.7 (C), 158.9 (C), 157.7 (C), 

139.5 (C), 134.6 (2 x CH), 133.0 (CH), 129.8 (CH), 129.5 (2 x CH), 129.0 

(CH), 127.4 (C), 126.7 (C), 125.5 (CH), 125.4 (C), 123.7 (CH), 121.8 (CH), 

119.5 (CH), 110.8 (CH), 95.6 (C), 52.3 (CH3), 39.7 (CH2) ; m/z (NSI) 

388.1003 [M+H]+ C23H18NO3S requires 388.1002. 
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Methyl 4-amino-3-(benzo[b]thiophen-2-yl)benzoate (353) 

 

Tetrakis(triphenylphosphine)palladium(0) (0.51 g, 0.44 mmol) was added 

to a solution of methyl-4-amino-3-iodobenzoate (149) (1.00 g, 3.61 mmol) 

and benzo[b]thiophen-2-ylboronic acid (354) (0.64 g, 3.61 mmol) in toluene 

(36.8 mL) and ethanol (18.4 mL) followed by the addition of 2 M aqueous 

solution of sodium carbonate (18.7 mL). The mixture was heated at 80 °C 

overnight and was allowed to cool to room temperature, ethyl acetate (50.0 

mL) and saturated aqueous solution of sodium bicarbonate (20.0 mL) were 

added and the layers were separated. The organic layer was dried 

(MgSO4) and concentrated under reduced pressure. The residue was 

purified via automated flash chromatography ([4:1] [petroleum ether:ethyl 

acetate]; [snap 45 g column]) to give methyl 4-amino-3-(benzo[b]thiophen-

2-yl)benzoate (353) (0.90 g, 88%) as a tan solid; m.p. 148-149 °C; νmax 

(neat)/cm-1 3428 (NH2), 3335 (NH2), 2950 (CH), 1689 (C=O), 1598 (C=C); 

δH (500 MHz, CDCl3) 8.07 (1H, d, J = 1.6 Hz, Ar-H), 7.90 - 7.85 (2H, m, Ar-

H), 7.81 (1H, d, J = 7.6 Hz, Ar-H), 7.44 - 7.34 (3H, m, Ar-H), 6.78 (1H, d, J 

= 8.5 Hz, Ar-H), 4.55 (2H, br. s, NH2), 3.89 (3H, s, CH3); δC (126 MHz, 

CDCl3) 166.9 (C), 148.5 (C), 140.2 (C), 140.1 (C), 139.8 (C), 133.2 (CH), 

131.3 (CH), 124.6 (CH), 124.5 (CH), 123.5 (CH), 123.0 (CH), 122.2 (CH), 

119.9 (C), 118.7 (C), 114.9 (CH), 51.8 (CH3); m/z (NSI) 284.0743 [M+H]+ 

C16H14NO2S requires 284.0740. 
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Methyl 3-(benzo[b]thiophen-2-yl)-4-formamidobenzoate (352) 

 

Methyl-4-amino-3-(benzo[b]thiophen-2-yl)benzoate (353) (0.89 g, 3.14 

mmol) was added to a solution of ethyl formate (19.9 mL, 245 mmol) and 

formic acid (2.65 mL, 69.1 mmol). The mixture was heated at reflux 

overnight and the solvent was removed reduced pressure. The residue 

was purified via automated flash chromatography ([4:1] [petroleum 

ether:ethyl acetate]; [snap 30 g column]) to give methyl 3-

(benzo[b]thiophen-2-yl)-4-formamidobenzoate (352) (0.87 g, 89%) as a 

colorless solid and a mixture of amide rotamers (70:30); m.p. 149-150 °C; 

νmax (neat)/cm-1  3325 (NH), 2947 (CH), 1694 (C=O); δH (500 MHz, CDCl3) 

8.86 (0.3H, d, J = 11.0 Hz, Ar-H), 8.61 (0.7H, d, J = 8.5 Hz, Ar-H), 8.42 

(0.7H, s, Ar-H), 8.23 (0.3H, br. s, NH), 8.16 (0.7H, br. s, NH), 8.13 - 8.05 

(1H, m, Ar-H), 7.95 - 7.82 (3H, m, Ar-H), 7.50 - 7.35 (3.3H, m, Ar-H), 3.96 

(0.9H, s, OCH3), 3.94 (2.1H, s, OCH3); δC (126 MHz, CDCl3) 166.1 (C), 

165.9 (C), 161.1 (CH), 159.0 (CH), 140.5 (C), 140.3 (C), 139.8 (2 x C), 

138.8 (C), 138.5 (C), 137.7 (C), 137.2 (C), 133.3 (CH), 132.5 (CH), 131.3 

(CH), 131.2 (CH), 126.7 (C), 125.9 (C), 125.3 (CH), 125.2 (CH), 125.1 (2 x 

CH), 124.8 (CH), 124.7 (CH), 124.6 (C), 124.1 (CH), 124.0 (CH), 123.6 

(C), 122.3 (CH), 122.3 (CH), 120.6 (CH), 117.0 (CH), 52.4 (CH3), 52.3 

(CH3), m/z (NSI) 312.0689 ([M+H]+, C17H14NO3S requires 312.0689. 
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Methyl 3-(benzo[b]thiophen-2-yl)-4-isocyanobenzoate (351) 

 

Diisopropylamine (0.81 mL, 5.78 mmol) was added to a solution of methyl-

3-(benzo[b]thiophen-2-yl)-4-formamidobenzoate (352) (0.30 g, 0.96 mmol) 

in dichloromethane (7.14 mL) at 0 °C followed by the dropwise addition of 

phosphorus oxychloride (0.19 mL, 2.02 mmol). The resulting solution was 

stirred for 30 minutes at 0 °C and then at room temperature for 2 hours. 

The mixture was then cooled to 0 °C and a 20% aqueous solution of 

sodium carbonate (10.0 mL) was added and diluted with dichloromethane 

(10.0 mL). The organic phase was separated and washed with a 20% 

aqueous solution of sodium carbonate (10.0 mL) and brine (10.0 mL), 

dried (MgSO4) and concentrated under reduced pressure. The residue was 

purified via automated flash chromatography ([9:1] [petroleum ether:ethyl 

acetate]; [snap 30 g column]) to give methyl 3-(benzo[b]thiophen-2-yl)-4-

isocyanobenzoate (351) (0.24 g, 85%) as a colourless solid; m.p. 146-147 

°C; νmax (neat)/cm-1 3081 (CH), 2952 (CH), 2115 (CN), 1718 (C=O), 1215 

(C-O); δH (500 MHz, CDCl3) 8.35 (1H, s, Ar-H), 8.05 (1H, dd, J = 8.2, 1.9, 

Ar-H), 7.92 - 7.86 (2H, m, Ar-H), 7.83 (1H, s, BTH-H), 7.61 (1H, d, J = 8.2 

Hz, Ar-H), 7.46 - 7.39 (2H, m, Ar-H), 3.98 (3H, s, CH3); δC (126 MHz, 

CDCl3) 171.6 (C), 165.2 (C), 140.1 (C), 140.0 (C), 136.8 (C), 131.9 (CH), 

131.5 (C), 131.2 (C), 129.6 (CH), 128.9 (CH), 127.0 (C), 125.4 (CH), 125.2 

(CH), 124.8 (CH), 124.4 (CH), 122.1 (CH), 52.7 (CH3); m/z (NSI) 294.0586 

[M+H]+, C17H12NO2S requires 294.0583. 
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Methyl 6-(phenylthio)benzo[4,5]thieno[3,2-c]quinoline-2-carboxylate 
(365) 

 

Benzenethiol (0.18 mL, 1.71 mmol) was added to a solution of methyl-3-

(benzo[b]thiophen-2-yl)-4-isocyanobenzoate (351) (0.10 g, 0.34 mmol) and 

2,2-(diazene-1,2-diyl)bis(2-methylpropanenitrile) (5.58 g, 0.03 mmol) in 

toluene (6.82 mL). The resulting solution was stirred at 80 °C for 2 hours. 

The mixture was cooled to room temperature and the solvent was 

removed under reduced pressure. The residue was purifies via automated 

flash chromatography ([4:1] [petroleum ether:ethyl acetate]; [snap 25 g 

column) to give methyl 6-(phenylthio)benzo[4,5]thieno[3,2-c]quinoline-2-

carboxylate (365) (0.04 g, 0.09 mmol, 26% yield) as colourless solid; mp 

181-182 °C; νmax (neat)/cm-1 2923 (CH), 1718 (C=O), 1615 (CN); δH (500 

MHz, CDCl3) 9.02 (1H, d, J = 7.8 Hz, Ar-H), 8.81 (1H, d, J = 2.0 Hz, Ar-H), 

8.19 (1H, dd, J = 8.8, 2.0 Hz, Ar-H), 8.04 - 8.08 (1H, m, Ar-H), 7.79 (1H, d, 

J = 8.6 Hz, Ar-H), 7.73 - 7.77 (2H, m, Ar-H), 7.66 - 7.71 (1H, m, Ar-H), 7.58 

- 7.64 (1H, m, Ar-H), 7.50 - 7.54 (3H, m, Ar-H), 4.02 (3H, s, CH3); δC (126 

MHz, CDCl3) 166.7 (C), 157.9 (C), 148.0 (C), 146.3 (C), 138.7 (C), 135.8 

(CH), 134.6 (C), 129.4 (2 x CH), 129.2 (4 x CH), 128.7 (C), 127.0 (2 x C), 

126.6 (2 x CH), 126.2 (CH), 125.6 (CH), 123.0 (CH), 121.9 (C), 52.6 (CH3); 

m/z (NSI) 402.0612 [M+H]+, C23H16NO2S2 requires 402.0617. 
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7.2. Method of preparation of CGCs 
 

Cerebellae were collected and CGCs were isolated as described by 

Courtney et al. (1990). Five day old Sprague Dawley rat pups were killed by 

cervical dislocation and decapitation in accordance with the Animals 

Scientific Procedures Act 1986 (UK). The cerebellae were collected on ice 

into a buffer consisting of 153 mM Na+, 4 mM K+, 1.5 mM Mg2+, 139 mM Cl-, 

10 mM PO4
2-, 1.5 mM SO4

2-, 14 mM glucose and 50 µM BSA (pH 7.4). This 

solution will be referred as solution A for the rest of this section. Cerebellae 

were mechanically dissociated with a sterile razor blade and collected into 

solution A supplemented with 0.5 mg/mL tryspin for enzymatic digestion of 

the extracellular matrix. CGCs in trypsin were incubated for 5 minutes at 37 

°C with gentle agitation every 1-2 minutes. Trypsinisation was neutralised by 

addition of 20 mL solution a containing 8 µg/mL soybean trypsin inhibitor 

(SBTI) and 8 U/mL DNAase, the suspension was centrifuged at 65 g for 5 

minutes to pellet the CGCs. The supernatant was discarded, and the pellet 

resuspended and triturated in 3 mL of buffer (solution a containing 3 mM 

Mg2+ and SO4
2- supplemented with 50 µg/mL SBTI and 50 U/mL DNAase) 

using three fire-polished glass Pasteur pipettes of progressively reducing 

diameter. Triturated, homogenous perikarya were layered onto 5 mL 4% 

BSA in Ca2+-free Earle’s Balanced Salts Solution (EBSS) and centrifuging for 

5 minutes at 100 g to remove debris. The pellet was resuspended in warmed 

CGC medium (MEM supplemented with 10% FBS, 20 mM KCl, 30 mM D-

glucose, 2 mM L-glutamine, 25 mM NaHCO4, 50 U/mL penicillin, 50 µM 

streptomycin and 6 µg/mL ampicillin) at a density of 8 x 106 cells/mL. CGCs 

were then pated at 8 x 105 cells per well onto 13mm diameter poly-Dextro-

lysine (PDL)-coated coverslips in a volume of 100 ul media. To give 

perikarya time to adhere, additional CGC medium (to a total volume of 500 

µL) was not added until at least 1 hour after plating. After 24 hours the cells 

were washed, and half the media was replaced with MEM supplemented with 

20 µM cytosine furanoarabinoside (Ara-C) to prevent further glial 

proliferation. The cultures were maintained at 37 °C in a humidified 

atmosphere of 6% CO2, and were available for use after 6 DIV. 
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7.3. Method of preparation of BV2 cell lines  

BV2 cell lines were a kind gift from Dr Claudie Hoeper from Institute of 

Psychiatry, Kings College London. BV2 cells were kept in culture medium 

(DMEM supplemented with 2 mM glutamine, 44 mM sodium bicarbonate, 

10% FBS and 100 U/mL penicillin, 100 µg/mL streptomycin) at 37°C in a 

humidified atmosphere with 6% CO2. The cells were passaged twice a week, 

the medium was removed and the cells were washed with PBS made up in 

filtered, UV-treated H2O to remove excess medium. Cells were then 

detached from the culture flask using 2 mL 400-600 U/mL accutase and were 

incubated for 1 minute at 37°C to promote enzymatic activity. Accutase was 

neutralised using an equal volume of serum containing media and cells were 

transferred to 15 mL Falcon tube, centrifuged at 3645 g for 5 minutes 

(Eppendorf centrifuge 5804R). The pellet was resuspended in 5 mL medium 

and cells were seeded into a new flask. BV2 cells were then cryopreserved 

at 1 x 106 cells/mL in medium composed of DMEM supplemented with 2 mM 

glutamine, 44 mM sodium bicarbonate, 100 U/mL penicillin, 100 µg/mL 

streptomycin, 20% FBS and 10% dimethyl sulfoxide (DMSO). Cells were 

thawed by defrosting one aliquot and transferring to a T25 culture flask in 10 

mL pre-warmed media. Once cells had adhered, the medium was changed 

to remove any contamination from DMSO, and the cells were grown to 

confluency. Then they were transferred into a larger T175 flask before use. 

BV2 cells were routinely counted using haemocytometer and plated in 24 

well plates at 2.5 x 104 cells per well. Before treatment the medium was 

changed to serum-free DMEM (DMEM supplemented with 2 mM glutamine, 

44 mM sodium bicarbonate, 100 U/mL penicillin, 100 µg/mL streptomycin) for 

at least 3 hours to down regulate the cells, resulting in a ramified morphology 

similar to that observed in cultured primary microglia cells. This allowed cells 

to respond better to external activating stimuli.  
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7.4. Method of preparation of microglia cells 

Primary microglia were isolated from five day old Sprague Dawley rat 

pups using a method developed by Kingham et al. (1999). Eight to 

sixteen pups were killed by cervical dislocation and decapitation in 

accordance with the Animals Scientific Procedures Act 1986 (UK). 

Whole brains, minus the cerebellum which were used to culture CGCs 

were removed and placed into 1 x PBS (137 mM NaCl, 5.37 mM KCl, 

5.65 mM NaHPO4.H2O, 13.3 mM Na2HPO4.7H2O, 11.1 mM D-glucose, 

0.02% bovine serum (BSA), 100 units/mL penicillin, 0.1 mg/mL 

streptomycin, 3 µg/mL ampicillin, pH 7.4, made up and filtered, UV-

treated d H2O) on ice. Brains were homogenised with 10-15 strokes of a 

Potter homogeniser. The homogenate was transferred into two 50 mL 

Falcon tubes (approximating 4 brains/tube) and centrifuged at 500g for 

5 minutes (Eppendorf Centrifuge 5804R). The supernatant was 

removed and discarded and pellets were resuspended in 10 mL 70% 

Percoll. A Percoll gradient was made by overlaying 10 mL 30% Percoll, 

and finally 10 mL 1 x PBS The gradients were centrifuged at 1250 g for 

50 minutes with no brake or acceleration. This separates the microglia 

from the remaining brain matter, and enabled microglia to be collected 

from the interface between the 70% and 30% Percoll gradient. 

Following removal of the microglia, cells were washed in 50 mL PBS to 

remove Percoll contamination by centrifugation at 500g for 5 minutes. 

the resulting pellet was then resuspended in 1 mL medium (MEM 

supplemented with 10% FBS, 20mM KCl, 30mM D-glucose, 2mM L-

glutamine, 25 mM NaHCO4, 50 U/mL penicillin, 50 µM streptomycin, 

and 6µg/mL ampicillin) and microglia were counted using a 

haemocytometer. They were plated on 13 mm glass coverslips at a 

density 5 x 104 cells per well in a 24 well plate. Microglia were initially 

plated in a small volume of media (100µl) to allow cells to adhere, which 

was then increased to 500µl following 30 minutes incubation in a 

humidified incubator with 6 % CO2 at 37 °C. Microglia were left 24 h 

before being washed 3 times in medium to remove any debris. The 

medium was then changed to serum-free medium (MEM supplemented 
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with 20 mM KCl, 30 mM D-glucose, 2 mM L-glutamine, 25mM NaHCO4, 

50 U/mL penicillin, 50 µM streptomycin and 6 µg/mL ampicillin) and 

microglia were left to rest for at least 3h before treatment and were used 

within 48h of isolation. 

7.5. ELISA assay  

7.5.1. TNF-α assay (R&D (RTAOO) TNF-α ELISA kit 

In both ELISA assays primary microglia cells were treated with direct 

administration of solvent, LPS, LPS and (235), LPS and (293), LPS and 

(212), LPS and (341) and then with the compounds (235), (293), (212) 

and (341) alone.  

Media was removed and centrifuged at 10 000 g for 5 minutes to pellet 

debris. The resulting supernatant was separated into two different fresh 

Eppendorf tubes and the samples were snap-frozen until next use. 

When the assay for TNF-α measurement was carried out, samples were 

defrosted on ice. The assay was performed according to manufacturer’s 

protocol using 96 well plates pre-coated with a monoclonal rat TNF-α 

specific antibody.  

7.5.2. Cytokine assay (Signosis Rat Inflammation ELISA kit 
EA1201) 

Each well of the strip is coated with a different antibody for the specific 

cytokine to be tested. Eight different cytokines are measured. As such, 

64-well plates were used being initially treated with 100 µL of standard 

solution, control and our samples and were incubated for 1hour at room 

temperature with gentle shaking. Our samples were diluted in a factor of 

1:5 with buffer. Each well was aspirated and washed three times with 

200 µL of assay buffer and with 95 µL of biotin-labelled antibody 

(dilution factor 1:50) and added in each well. The plate was incubated 

for 1 hour at room temperature with gentle shaking. Wells were washed 

three times with the buffer and were treated with 95 µL of streptavidin-

HRP conjugate, (dilution factor 1:200). Incubation followed for 45 

minutes at room temperature with gentle shaking. Then, 100 µL of the 
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substrate were added followed by 30 min incubation at room 

temperature until each well was treated with 50 µL of the stop solution. 

Colour change was observed (blue to yellow), with colour intensity being 

proportional to the concentration of each cytokine present. The optical 

density was measured using a plate reader at 450-540 nm within 30 

minutes.  
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7.6. Superoxide production assay  

In order to assess the superoxide production in primary microglia, 

dihydroethidium (dHEth) was used. Assessment is carried out through 

superoxide-specific oxidation of dihydroethidium to ethidium and 2-

hydroxyethidium (2-OH-E+), which binds to DNA in cells that produce 

superoxide (Bucana et al, 1986). Microglia plated at 5 x 104 cells/well in 

24 well plates and were treated for 24 hours with 2 µM LPS, co-

administration of LPS and 1 pM (235), LPS and 0.25 pM (293), LPS and 

1 pM (212), LPS and 1 nM (341), and administration of the compounds 

alone at the same concentration. Superoxide production was assessed 

by incubating microglia with 5 µM dHEth for 40 minutes. Cells were co-

stained with Hoechst 33342 (0.6 µg/ mL) to determine the total number 

of nuclei of view. Microglia were imaged with a Zeiss Axioskop 2 

fluoresence microscope using x40 objective, excitation wavelength at 

550 nm and emission wavelength at 580 nm for dHEth and excitation at 

360 nm and emission at >490 nm for Hoechst 33342. Superoxide 

producing microglia were scored as those with pink/red nuclei which 

shows that dHEth has intercalated into the nucleus and has oxidized to 

ethidium by superoxide presenting in these cells. Data were analyzed 

using Image J software and the number of superoxide producing cells is 

expressed as percentage of the total nuclei counted by Hoechst 33342 

staining.  
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7.7. iNOS expression by immunoligation 

Microglia were treated with 2 µg/mL LPS alone, then co-administration 

of LPS and 1 pM (235), LPS and 0.25 pM (293), LPS and 1 pM (212), 

LPS and 1 nM (341). Also cells were treated with 1 pM (235), 0.25 pM 

(293), 1 pM (212) and 1 nM (341) for 24 hours. Then in order to assess 

the expression of iNOS in microglia, Polyclonal Ratkit was used (BD 

Transduction Labs, anti-iNOS /NOS type II cat 610333, 2nd goat anti-

rabbit TRITC). Microglia cells were fixed with 4% paraformaldehyde in 

PBS for 30 minutes and then they were permealised in 100% ice cold 

methanol for another 20 minutes in -20 °C. after being washed three 

times with PBS, the cells were treated with 4% NRS (normal rabbit 

serum) in PBS for 30 minutes at room temperature. The primary rabbit 

anti-iNOS antibody in PBS was then added at a dilution factor of 1:250 

and the cells were incubated overnight in a wet box at 4°C. Then the 

cells were washed three times with PBS, and the secondary antibody 

was added, goat anti-rabbit-TRITC (BD Transduction Labs) in PBS at 

dilution factor 1:500. It was left for 1.5 hours at room temperature in the 

dark, as it is conjugated to a fluorescent probe. Therefore, dark is 

required for all the following steps to avoid photobleaching of the probe. 

At the same time isolectin B4 was added, a microglia marker, in PBS in 

1:100 dilution factor in dark too. Microglia were then washed three times 

with PBS until finally they were incubated with DAPI for 1 minute in dark 

as a nuclear counterstain. In order to visualise the coverslips, one drop 

of Vectashield mountant was first added in the middle of a cleaned 

glass slide, and then the coverslips, which were blotted in distilled water 

before, were carefully lowered onto the dye in a way so as to prevent 

any air bubbles being trapped. Microglia were then imaged with a Zeiss 

Axioskop 2 fluoresence microscope using x40 objective, excitation 

wavelength at 358 nm and emission wavelength at 461 nm for DAPI.  
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8.0. Appendix 
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Crystal structure data 

Compound (231) 
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Crystal data and structure refinement for (231). 

 

Chemical formula (moiety) C20H16N2O2S 

Chemical formula (total) C20H16N2O2S 

Formula weight  348.41 

Temperature  120(2) K 

Radiation, wavelength  synchrotron, 0.7848 Å 

Crystal system, space group  triclinic, P�1 

Unit cell parameters a = 6.792(3) Å = 70.987(4)° 

 b = 11.072(5) Å = 84.152(5)° 

 c = 11.831(5) Å = 83.136(5)° 

Cell volume 833.3(6) Å3 

Z 2 

Calculated density  1.389 g/cm3 

Absorption coefficient  0.210 mm−
1 

F(000) 364 

Crystal colour and size colourless, 0.12 × 0.08 × 0.02 mm3 

Reflections for cell refinement 698 (range 3.9 to 27.7°) 

Data collection method Bruker APEX2 CCD diffractometer 

 thin-slice scans 

Range for data collection 3.9 to 27.8° 

Index ranges h −8 to 8, k −13 to 13, l −14 to 14 

Completeness to = 27.8° 97.5 %  

Intensity decay 5% 

Reflections collected 5650 

Independent reflections 5650 (Rint = 0.0000) 

Reflections with F2>2 4020 
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Absorption correction none 

Structure solution direct methods 

Refinement method Full-matrix least-squares on F2 

Weighting parameters a, b 0.0976, 0.0920 

Data / restraints / parameters 5650 / 0 / 230 

Final R indices [F2>2s] R1 = 0.0619, wR2 = 0.1532 

R indices (all data) R1 = 0.0903, wR2 = 0.1711 

Goodness-of-fit on F2 1.039 

Extinction coefficient 0.035(9) 

Largest and mean shift/su 0.000 and 0.000 

Largest diff. peak and hole 0.42 and −0.37 e Å−
3 
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Table 2.  Atomic coordinates and equivalent isotropic displacement 
parameters (Å2) 

for 231.  Ueq is defined as one third of the trace of the orthogonalized Uij 
tensor. 

 

      x      y      z      Ueq 

 

S(1) 0.78857(12) 0.49657(6) 0.18327(5) 0.0401(3) 

O(2) 0.7163(3) 0.24687(15) 0.80122(14) 0.0376(5) 

O(3) 0.7478(3) 0.13145(15) 0.67423(14) 0.0378(5) 

N(4) 0.7555(3) 0.37724(16) 0.47734(16) 0.0256(5) 

N(5) 0.7643(3) 0.70361(17) 0.25445(16) 0.0282(5) 

C(6) 0.7544(4) 0.7696(2) 0.3361(2) 0.0247(6) 

C(7) 0.7518(4) 0.9045(2) 0.2906(2) 0.0308(6) 

C(9) 0.7451(4) 0.9757(2) 0.3665(2) 0.0317(6) 

C(11) 0.7428(4) 0.9155(2) 0.4912(2) 0.0337(6) 

C(13) 0.7464(4) 0.7841(2) 0.5371(2) 0.0281(6) 

C(15) 0.7509(3) 0.7089(2) 0.4620(2) 0.0238(5) 

C(16) 0.7516(3) 0.5717(2) 0.5021(2) 0.0235(6) 

C(17) 0.7434(3) 0.4775(2) 0.6165(2) 0.0257(6) 

C(19) 0.7449(3) 0.3608(2) 0.5991(2) 0.0239(6) 

C(20) 0.7588(4) 0.5070(2) 0.41729(19) 0.0235(5) 

C(21) 0.7675(4) 0.5782(2) 0.2919(2) 0.0267(6) 

C(22) 0.7378(4) 0.2336(2) 0.6918(2) 0.0284(6) 

C(23) 0.6972(5) 0.1267(2) 0.8987(2) 0.0497(8) 

C(27) 0.7500(4) 0.2771(2) 0.4221(2) 0.0333(7) 

C(31) 0.7978(5) 0.6252(2) 0.0472(2) 0.0428(8) 

C(34) 0.6390(6) 0.6582(3)  −0.0225(3) 0.0647(10) 
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C(32) 0.6513(8) 0.7594(4)  −0.1333(3) 0.0868(14) 

C(36) 0.8244(10) 0.8214(3)  −0.1680(3) 0.0914(17) 

C(40) 0.9805(8) 0.7861(3)  −0.0981(3) 0.0915(16) 

C(38) 0.9692(6) 0.6885(3) 0.0091(2) 0.0611(10) 
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Bond lengths [Å] and angles [°] for 231. 

 

S(1)–C(21)  1.782(2) S(1)–C(31)  1.770(3) 

O(1)–C(22)  1.341(3) O(2)–C(23)  1.459(3) 

O(2)–C(22)  1.208(3) N(4)–C(19)  1.387(3) 

N(4)–C(20)  1.382(3) N(14–C(27)  1.465(3) 

N(5)–C(6)  1.381(3) N(5)–C(21)  1.311(3) 

C(6)–C(7)  1.412(3) C(6)–C(15)  1.419(3) 

C(7)–H(8)  0.950 C(7)–C(9)  1.369(3) 

C(9)–H(10)  0.950 C(9)–C(11)  1.407(3) 

C(11)–H(12)  0.950 C(11)–C(13)  1.375(3) 

C(13)–H(14)  0.950 C(13)–C(15)  1.399(3) 

C(15)–C(16)  1.435(3) C(16)–C(17)  1.415(3) 

C(16)–C(20)  1.405(3) C(17)–H(17A)  0.950 

C(17)–C(19)  1.372(3) C(19)–C(22)  1.479(3) 

C(20)–C(21)  1.434(3) C(23)–H(24)  0.980 

C(23)–H(25)  0.980 C(23)–H(26)  0.980 

C(27)–H(28)  0.980 C(27)–H(29)  0.980 

C(27)–H(30)  0.980 C(31)–C(34)  1.366(4) 

C(31)–C(20)  1.390(4) C(34)–H(35)  0.950 

C(32)–C(34)  1.422(5) C(32)–H(33)  0.950 

C(34)–C(36)  1.391(6) C(36)–H(37)  0.950 

C(36)–C(38)  1.353(6) C(40)–H(39)  0.950 

C(38)–C(40)  1.374(4) C(38)–H(41)  0.950 
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C(21)–S(1)–C(31) 101.97(11) C(22)–O(2)–C(23) 114.03(18) 

C(19)–N(4)–C(20) 107.42(17) C(19)–N(4)–C(27) 126.54(19) 

C(20)–N(4)–C(27)        125.91(18) C(6)–N(5)–C(21)   120.09(19) 

N(5)–C(6)–C(7)          117.6(2) N(5)–C(6)–C(15) 123.6(2) 

C(7)–C(6)–C(15) 118.8(2) C(6)–C(7)–H(8) 119.7 

C(6)–C(7)–C(9) 120.7(2) H(8)–C(7)–C(9) 119.7 

C(7)–C(9)–H(10) 119.8 C(7)–C(9)–C(11) 120.5(2) 

H(10)–C(9)–C(11) 119.8 C(9)–C(11)–H(12) 120.2 

C(9)–C(11)–C(13) 119.7(2) H(12)–C(11)–C(13) 120.2 

C(11)–C(13)–H(28) 119.4 C(11)–C(13)–C(15) 121.2(2) 

H(14)–C(13)–C(15) 119.4 C(6)–C(15)–C(13) 119.2(2) 

C(6)–C(15)–C(16) 115.9(2) C(13)–C(15)–C(16) 124.9(2) 

C(15)–C(16)–C(17) 133.7(2) C(15)–C(16)–C(20) 119.4(2) 

C(17)–C(16)–C(20) 106.89(19) C(16)–C(17)–H(18) 126.3 

C(16)–C(17)–C(19) 107.3(2) H(18)–C(17)–C(19) 126.3 

N(4)–C(19)–C(17) 109.77(19) N(5)–C(19)–C(22)      122.81(19) 

C(17)–C(19)–C(22) 127.4(2) N(4)–C(20)–C(16) 108.60(19) 

N(4)–C(20)–C(21) 131.6(2) C(16)–C(20)–C(21) 119.8(2) 

S(1)–C(21)–N(5) 118.58(17) S(1)–C(21)–C(20) 120.27(17) 

N(5)–C(21)–C(20) 121.1(2) O(2)–C(22)–O(3) 123.7(2) 

O(2)–C(22)–C(19) 110.06(19) O(3)–C(22)–C(19) 126.3(2) 
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O(2)–C(23)–H(24) 109.5 O(2)–C(23)–H(25)   109.5 

O(2)–C(23)–H(26) 109.5 H(24)–C(23)–H(25)  109.5 

H(24)–C(23)–H(26) 109.5 H(25)–C(23)–H(26)  109.5 

N(4)–C(27)–H(28) 109.5 N(4)–C(27)–H(29)     109.5 

N(4)–C(27)–H(30) 109.5 H(28)–C(27)–H(29)   109.5 

H(28)–C(27)–H(30) 109.5 H(29)–C(27)–H(30)    109.5 

S(1)–C(31)–C(32) 119.7(3) S(1)–C(31)–C(40) 120.0(2) 

C(32)–C(31)–C(40) 120.3(3) C(31)–C(32)–H(33) 120.5 

C(31)–C(32)–C(34) 118.9(4) H(33)–C(32)–C(34) 120.5 

C(32)–C(34)–H(33) 120.4 C(32)–C(34)–C(36) 119.2(4) 

H(33)–C(34)–C(36) 120.4 C(34)–C(36)–H(37) 119.6 

C(34)–C(36)–C(38) 120.8(3) H(37)–C(36)–C(38) 119.6 

C(36)–C(38)–H(39) 119.9 C(36)–C(38)–C(40) 120.2(4) 

H(39)–C(38)–C(40) 119.9 C(31)–C(40)–C(38) 120.6(4) 

C(31)–C(40)–H(41) 119.7 C(38)–C(40)–H(41) 119.7 
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Anisotropic displacement parameters (Å2) for 231.  The anisotropic 

displacement factor exponent takes the form: −22[h2a*2U11 + ...+ 2hka*b*U12] 

 U11      U22      U33      U23      U13      U12 

 

S(1) 0.0780(6)  0.0202(3) 0.0226(4)   −0.0054(3)  −0.0038(3)   
−0.0094(3) 

O(2) 0.0626(13)  0.0213(9) 0.0225(9)  0.0027(7) 0.0000(9)   
−0.0082(9) 

O(3) 0.0579(13)  0.0200(9) 0.0316(10)  −0.0014(8)  −0.0034(9)   
−0.0077(8) 

N(4) 0.0358(13)  0.0171(10) 0.0232(11)  −0.0040(8)  −0.0048(9)   
−0.0049(9) 

N(5) 0.0402(13)  0.0207(10) 0.0225(10)  −0.0038(8)  −0.0029(9)   
−0.0063(9) 

C(6) 0.0306(15)  0.0195(12) 0.0230(12)  −0.0044(10) −0.0033(11)   
−0.0040(10) 

C(7) 0.0453(17)  0.0201(13) 0.0229(13)  −0.0002(10) −0.0029(12)   
−0.0062(11) 

C(9) 0.0466(18)  0.0170(12) 0.0295(13)  −0.0028(10) −0.0030(12)   
−0.0084(11) 

C(11) 0.0458(18)  0.0262(13) 0.0309(14)  −0.0112(11) −0.0009(12)   
−0.0057(12) 

C(13) 0.0379(16)  0.0247(13) 0.0200(12)  −0.0051(10) −0.0012(11)   
−0.0032(11) 

C(15) 0.0277(14)  0.0194(12) 0.0236(12)  −0.0054(10) −0.0026(10)   
−0.0027(10) 

C(16) 0.0265(14)  0.0194(12) 0.0227(12)  −0.0032(10) −0.0028(10)   
−0.0034(10) 

C(17) 0.0315(15)  0.0235(12) 0.0207(12)  −0.0051(10) −0.0016(11)   
−0.0028(11) 

C(19) 0.0280(14)  0.0202(12) 0.0215(12)  −0.0028(10) −0.0032(10)   
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−0.0036(10) 

C(20) 0.0285(14)  0.0183(12) 0.0223(12)  −0.0040(10) −0.0022(10)   
−0.0034(10) 

C(21) 0.0330(15)  0.0212(12) 0.0261(13)  −0.0064(10) −0.0026(11)   
−0.0055(11) 

C(22) 0.0339(16)  0.0222(13) 0.0264(13)  −0.0036(11) −0.0027(11)   
−0.0034(11) 

C(23) 0.087(2)  0.0291(15) 0.0225(14)  0.0086(11) 0.0002(15)   
−0.0144(15) 

C(27) 0.0532(18)  0.0189(12) 0.0274(14)  −0.0052(10) −0.0035(13)   
−0.0069(12) 

C(31) 0.088(2)  0.0190(13) 0.0214(13)  −0.0074(11) −0.0014(15)   
−0.0050(15) 

C(32) 0.093(3)  0.063(2) 0.0367(18)  −0.0188(16) −0.0147(19) 
 0.0148(19) 

C(34) 0.134(4)  0.086(3) 0.0297(19)  −0.018(2)  −0.018(2) 
 0.045(3) 

C(36) 0.209(6)  0.0270(17) 0.0287(19)  −0.0058(14) 0.002(3) 
 0.008(3) 

C(38) 0.207(5)  0.045(2) 0.0252(17)  −0.0061(15) 0.006(3)   
−0.048(3) 

C(40) 0.116(3)  0.0429(18) 0.0272(15)  −0.0102(13) 0.0033(18)   
−0.0288(19) 
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Hydrogen coordinates and isotropic displacement parameters (Å2) 

for 231 

 

      x       y       z       U 

 

H(8A) 0.7548 0.9463 0.2065 0.037 

H(10A) 0.7419 1.0665 0.3347 0.038 

H(12A) 0.7388 0.9653 0.5435 0.040 

H(14A) 0.7458 0.7438 0.6214 0.034 

H(18A) 0.7378 0.4923 0.6916 0.031 

H(24) 0.6765 0.1441 0.9753 0.075 

H(25) 0.8187 0.0692 0.8987 0.075 

H(26) 0.5835 0.0859 0.8875 0.075 

H(28) 0.7360 0.1946 0.4848 0.050 

H(29) 0.8735 0.2716 0.3726 0.050 

H(30) 0.6367 0.2983 0.3717 0.050 

H(33) 0.5224 0.6143 0.0026 0.078 

H(33) 0.5424 0.7843  −0.1831 0.104 

H(37) 0.8332 0.8894  −0.2417 0.110 

H(39) 1.0982 0.8290  −0.1231 0.110 

H(41) 1.0796 0.6640 0.0576 0.073 
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Torsion angles [°] for 231. 

 

C(21)–N(5)–C(6)–C(7) 179.9(2) C(21)–N(5)–C(6)–C(7) 1.2(4) 

N(5)–C(6)–C(7)–C(9)  −179.0(2) C(15)–C(6)–C(7)–C(9)  −0.3(4) 

C(6)–C(7)–C(9)–C(11) 0.7(4) C(7)–C(9)–C(11)–C(15)  −0.3(4) 

C(9)–C(11)–C(13)–C(15)  −0.5(4) C(11)–C(13)–C(15)–C(6) 0.8(4) 

C(11)–C(13)–C(15)–C(16) −178.9(2) N(5)–C(6)–C(15)–C(13) 178.2(2) 

N(5)–C(6)–C(15)–C(16)  −2.0(4) C(7)–C(6)–C(15)–C(13)  −0.4(3) 

C(7)–C(6)–C(15)–C(16) 179.3(2) C(6)–C(15)–C(16)–C(17)  −177.8(2) 

C(6)–C(15)–C(16)–C(20) 1.0(3) C(13)–C(15)–C(16)–C(17) 1.9(4) 

C(13)–C(15)–C(16)–C(20) −179.2(2) C(16)–C(16)–C(17)–C(19) 178.7(2) 

C(20)–C(16)–C(17)–C(19)  −0.2(3) C(16)–C(17)–C(19)–N(4) 0.5(3) 

C(16)–C(17)–C(19)–C(22) −179.8(2) C(20)–N(4)–C(19)–C(17)  −0.6(3) 

C(20)–N(4)–C(19)–C(22) 179.7(2) C(27)–N(4)–C(19)–C(17)  −176.6(2) 

C(27)–N(4)–C(19)–C(22) 3.7(4) C(19)–N(4)–C(20)–C(16) 0.4(3) 

C(19)–N(4)–C(20)–C(21) −179.5(3) C(27)–N(4)–C(20)–C(16) 176.5(2) 

C(27)–N(4)–C(20)–C(21)  −3.5(4) C(15)–C(16)–C(20)–N(4)  −179.3(2) 

C(15)–C(16)–C(20)–C(21) 0.7(3) C(17)–C(16)–C(20)–N(4)  −0.1(3) 

C(17)–C(16)–C(20)–C(21) 179.8(2) C(6)–N(5)–C(21)–S(1)  −177.98(18) 

C(6)–N(5)–C(21)–C(20) 0.6(4) N(4)–C(20)–C(21)–S(1)  −3.1(4) 

N(4)–C(20)–C(21)–N(5) 178.3(2) C(16)–C(20)–C(21)-S(1)177.02(18) 

C(16)–C(20)–C(21)–N(5)  −1.6(4) C(31)–S(1)–C(21)–N(5)  −0.3(2) 

C(31)–S(1)–C(21)–C(20)  −179.0(2) C(23)–O(2)–C(22)–O(3)  −2.5(4) 

C(23)–O(2)–C(22)–C(19) 176.9(2) N(4)–C(19)–C(22)–O(2)  −176.4(2) 

N(4)–C(19)–C(22)–O(3) 3.0(4) C(17)–C(19)–C(22)–O(2) 4.0(3) 

C(17)–C(19)–C(22)–O(3) −176.6(3) C(21)–S(1)–C(31)–C(32)  −108.8(2) 
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C(21)–S(1)–C(31)–C(40) 74.0(2) S(1)–C(31)–C(32)–C(34)  −178.2(2) 

C(40)–C(31)–C(32)–C(34)  −1.0(4) C(31)–C(32)–C(34)–C(36)     0.3(5) 

C(32)–C(34)–C(36)–C(38) 0.3(6) C(34)–C(36)–C(38)–C(40)    −0.4(6) 

C(36)–C(38)–C(40)–C(31)  −0.3(5) S(1)–C(31)–C(38)–C(40)    178.1(2) 

C(32)–C(31)–C(40)–C(38) 1.0(4)  
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Compound (235) 
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Chemical formula (moiety) C18H14N2S 

Chemical formula (total) C18H14N2S 

Formula weight  290.38 

Temperature  104.99(15) K 

Radiation, wavelength            1.5418 

Unit cell parameters a = 10.0441(6) 

 b = 13.3365(5) 

 c = 11.1013(5)  

Cell angle beta                 111.061(6)  

Cell angle gamma            90.0  

Cell volume                     1387.73(12)  

Cell formula units Z                    4.00000 

Cell measurement temperature    104.99(15)  

Cell measurement reflns used    3461 

Cell measurement theta min      3.3111 

Cell measurement theta max      73.4987 

Cell oxdiff length a                   10.0551(7)  

Cell oxdiff length b                   13.3198(13)  

Cell oxdiff length c                    11.1087(11)  

Cell oxdiff angle alpha                 89.908(8)  

Cell oxdiff angle beta                  111.135(8)  

Cell oxdiff angle gamma                89.983(7)  

Cell oxdiff volume                   1387.7(2)  

Cell oxdiff measurement reflns used    3461 

Exptl absorpt correction T min                0.60607 

Exptl absorpt correction T max               1.00000 

Exptl absorpt correction type multi-scan 
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Exptl absorpt process details   

Diffrn radiation type Cu K\a 

Diffrn radiation source Nova (Cu) X-ray Source 

Diffrn radiation monochromator mirror 

Diffrn measurement device type Xcalibur, Titan, Nova 

Diffrn detector area resol mean   8.2375 

Diffrn reflns number   5786 

Diffrn reflns av R equivalents   0.0203 

Diffrn reflns av sigmaI/netI   0.0475 

Diffrn reflns limit h min -11 

Diffrn reflns limit h max 6 

Diffrn reflns limit k min -15 

Diffrn reflns limit k max 16 

Diffrn reflns limit l min -13 

Diffrn reflns limit l max 13 

Diffrn reflns theta min 3.3111 

Diffrn reflns theta max 73.4987 

Diffrn orient matrix UB 11        0.0045914000 

Diffrn orient matrix UB 12       -0.0779585000 

Diffrn orientmatrix UB 13        0.1040224000 

Diffrn orientmatrix UB 21       -0.0435302000 

Diffrn orientmatrix UB 22        0.0818074000 

Diffrn orientmatrix UB 23        0.0765564000 

Diffrn orientmatrix UB 31      -0.1583222000 

Diffrn orientmatrix UB 32       -0.0246417000 

Diffrn orientmatrix UB 33       -0.0736534000 

Diffrn measurement details 
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Type start end width exp.time 1 omega  -71.00   27.00   1.0000    1.5000 

omega         theta          kappa          phi     frames 

 -43.2182   50.0000    -125.0000       98 

Type start end width exp.time 2 omega  -57.00   13.00   1.0000    1.5000 

omega          theta       kappa      phi   frames 

-43.2182   50.0000   127.0000  70 

Type start end width  exp.time_ 

3 omega   76.00  107.00   1.0000    1.5000 

Omega       theta         kappa       phi  frames 

-43.2182   50.0000    -69.0000     31 

Type start end width exp.time 

4 omega  -68.00  -18.00   1.0000    7.0000 

Omega      theta         kappa    phi  frames 

-95.0000   30.0000   60.0000   50 

Type  start  end width exp.time 

5 omega  -76.00  -39.00   1.0000    7.0000 

Omega        theta        kappa      phi frames 

-95.0000   45.0000    -90.0000  37 

Type start end  width  exp.time 

6 omega  -79.00  -52.00   1.0000    7.0000 

omega       theta         kappa        phi frames 

-95.0000   47.0000   -134.0000   27 

Type start end width exp.time_ 

7 omega  -80.00  -54.00   1.0000    7.0000 

Omega       theta         kappa      phi frames 

-95.0000   48.0000   177.0000   26 
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Type  start end width exp.time 

8 omega  -76.00  -21.00   1.0000    7.0000 

Omega       theta        kappa    phi  frames 

-95.0000   45.0000    0.0000    55 

 

Type  start end width exp.time 

9 omega  -76.00  -43.00   1.0000    7.0000 

 

Omega       theta          kappa      phi frames 

-95.0000   49.0000   -168.0000    33 

Type start end width exp.time 

10 omega  -74.00  -22.00   1.0000    7.0000 

Omega       theta        kappa        phi frames 

-95.0000   45.0000   -120.0000    52 

Type start end width exp.time 

 11 omega  -82.00  -55.00   1.0000    7.0000 

Omega        theta      kappa       phi frames 

-95.0000   49.0000   150.0000   27 

Type start end width exp.time 

 12 omega  -77.00  -52.00   1.0000    7.0000 

Omega         theta       kappa       phi frames 

-95.0000   45.0000    120.0000   25 

Type  start end width exp.time 

 13 omega   95.00  176.00   1.0000    7.0000 

Omega         theta          kappa       phi frames 

106.4682   45.0000    -180.0000     81 

Type  start end width exp.time 
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 14 omega   96.00  122.00   1.0000    7.0000 

Omega         theta        kappa   phi  frames 

106.4682    30.0000    0.0000   26 

Diffrn measurement method scans 

Symmetry space group name H-M P 1 21/n 1 

Symmetry cell setting monoclinic 

Reflns odcompleteness completeness 94.10 

Reflns odcompleteness theta  66.97 

Reflns odcompleteness iscentric  1 
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Compound (212) 
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Chemical formula (moiety) C20H16N2O2S 

Chemical formula (total) C20H16N2O2S 

Formula weight  348.42 

Temperature              105.00(16) K  

Radiation, wavelength   1.5418 

Unit cell parameters  a = 7.0504(3)  

  b = 17.5915(6) 

  c = 13.4613(3)     

Cell angle alpha                 90.0  

Cell angle beta                   100.540(3)  

Cell angle gamma                 90.0  

Cell volume                       1641.40(10)  

Cell measurement reflns used     6224 

Cell measurement theta min       3.3367 

Cell measurement theta max       73.9412 

Cell oxdiff length a                   7.0519(4)  

Cell oxdiff length b             17.5880(11)  

Cell oxdiff length c                    13.4609(7)  

Cell oxdiff angle alpha                 89.960(4)  

Cell oxdiff angle beta                  100.531(5)  

Cell oxdiff angle gamma                 90.014(5)  

Cell oxdiff volume                     1641.40(16)  
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Cell oxdiff measurement reflns used    6224 

Exptl absorpt correction T min             0.78018 

Exptl absorpt correction T max                1.00000 

Exptl absorpt correction type multi-scan 

Exptl absorpt process details 

Diffrn radiation type Cu K\a 

Diffrn radiation source Nova (Cu) X-ray Source 

Diffrn radiation monochromator mirror 

Diffrn measurement device type Xcalibur, Titan, Nova 

Diffrn detector area resol mean 8.2375 

Diffrn reflns number 12405 

Diffrn reflns av R equivalents 0.0602 

Diffrn reflns av sigmaI/netI 0.0763 

Diffrn reflns limit h min -7 

Diffrn reflns limit h max 6 

Diffrn reflns limit k min -21 

Diffrn reflns limit k max 20 

Diffrn reflns limit l min -16 

Diffrn reflns limit l max 16 

Diffrn reflns theta min 3.3367 
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Diffrn reflns theta max 73.9412 

Diffrn orient matrix UB 11      -0.0616162000 

Diffrn orient matrix UB 12      -0.0312720000 

Diffrn orient matrix UB 13      -0.1079593000 

Diffrn orient matrix UB 21      -0.0650637000 

Diffrn orient matrix UB 22      -0.0747072000 

Diffrn orient matrix UB 23       0.0433167000 

Diffrn orient matrix UB 31      -0.2033310000 

Diffrn orient matrix UB 32       0.0333674000 

Diffrn orient matrix UB 33      -0.0043950000 

Diffrn measurement details 

Type start end width exp.time 

1 omega  -70.00   29.00   1.0000    5.0000 

omega       theta         kappa    phi frames 

-42.9682   50.0000   94.0000   99 
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Type start end width exp.time 

2 omega   39.00  114.00   1.0000    5.0000 

Omega      theta       kappa      phi frames 

42.9682   49.0000  140.0000   75 

Type start end width exp.time 

3 omega   69.00  111.00   1.0000    5.0000 

Omega   theta       kappa  phi  frames 

42.9682      49.0000   55.0000      42 

Type start end width exp.time 

 4 omega   48.00   75.00   1.0000    5.0000 

Omega theta kappa phi frames 

 42.9682   50.0000   -5.0000 27 

Type start end width exp.time 

5 omega  -80.00  -37.00   1.0000   25.0000 

Omega        theta      kappa    phi frames 

-95.0000   48.0000   75.0000  43 

Type start end width exp.time 

6 omega  -80.00  -26.00   1.0000   25.0000 

Omega       theta        kappa     phi frames 

-95.0000   48.0000   13.0000   54 
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Type start end width exp.time 

7 omega  -77.00  -45.00   1.0000   25.0000 

Omega       theta       kappa      phi frames 

-95.0000   45.0000  150.0000   32 

Type start end width exp.time 

8 omega  -60.00  -24.00   1.0000   25.0000 

Omega       theta        kappa     phi frames 

-95.0000   45.0000   -60.0000   36 

Type start end width exp.time 

9 omega  -77.00  -47.00   1.0000   25.0000 

Omega       theta       kappa      phi frames 

-95.0000   45.0000  120.0000   30 

Type start end width exp.time 

10 omega  -77.00  -52.00   1.0000   25.0000 

Omega       theta        kappa         phi frames 

-95.0000   45.0000    -180.0000   25 

Type start end width exp.time 

 11 omega  -79.00  -32.00   1.0000   25.0000 

Omega        theta        kappa         phi  frames 

-95.0000   48.0000    -172.0000    47 
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Type start end width exp.time 

 12 omega   21.00  170.00   1.0000   25.0000 

Omega         theta       kappa        phi   frames 

106.4682    0.0000     -30.0000   149 

Type start end width exp.time 

13 omega  -71.00   32.00   1.0000    5.0000 

Omega       theta         kappa      phi frames 

-42.9682   38.0000   -90.0000    103 

Type start end width exp.time 

14 omega   15.00  117.00   1.0000    5.0000 

omega       theta         kappa         phi  frames 

42.9682   48.0000    -106.0000    102 

Type  start end width exp.time 

15 omega   15.00  116.00   1.0000    5.0000 

Omega      theta       kappa       phi  frames 

42.9682   50.0000   -5.0000     101 

Type start end width exp.time 

16 omega  -77.00  -21.00   1.0000   25.0000 

Omega        theta         kappa        phi    frames 

-95.0000   45.0000     -120.0000   56 
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Type start end width exp.time 

17 omega   78.00  167.00   1.0000   25.0000 

Omega         theta          kappa         phi   frames 

106.4682    45.0000     -180.0000    89 

Type start end width exp.time 

18 omega   58.00  178.00   1.0000   25.0000 

Omega         theta         kappa        phi    frames 

106.4682     15.0000    120.0000   120 

Diffrn measurement method scans 

Symmetry space group name H-M P 1 21 1 

Symmetry cell setting monoclinic 

Reflns odcompleteness completeness  96.75 

Reflns odcompleteness theta   66.97 

Reflns odcompleteness iscentric   1 
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