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Abstract

This thesis is concerned with the identification o f  novel antiproliferative agents for the 

treatment o f  Burkitt’s lymphom a (BL), an aggressive B -cell malignancy. Numerous SERT  

and NET ligand such as SSRIs and TCAs, having been shown to induce cell death in BL cell 

lines. By exploiting the pro-apoptotic capabilities o f  these monoamine transporter targeting 

com pounds, potential drug candidates for the treatment o f BL could be identified. This thesis 

exam ines this subject over four chapters.

Chapter One encom passes a com prehensive literature review regarding m onoam ine  

transporter ligands and their potential as antiproliferative agents. In Chapter Tw o, the 

synthesis o f  a library o f  l,3-bis(aryl)-2-nitro-l-propenes and l,3-bis(aryl)-2-propanam ines is 

detailed. A series l,3-bis(aryl)-2-nitro-l-propenes, were found to have a potent 

antiproliferative effect on BL cell lines (M UTU-1, DG -75, E C joof 1-5 |jM ), and a moderate 

effect in a dopam inergic neuroblastoma cell line, SH SY -5Y . Further investigations indicated  

that the l,3-bis(aryl)-2-n itro-l-propenes induced apoptosis in the M UTU-1 cell line. 

Additional biochem ical evaluations determined that cell death was not mediated through 

protein tyrosine phosphatases or tubulin polymerization. SERT reuptake inhibition  

experim ents determined that the l,3-bis(aryl)-2-nitro-l-propenes do not bind to SERT and 

this was consistent with results o f  an in silico  study, which predicted no protein-ligand  

interactions for these com pounds in the 5-HT binding site o f a hom ology m odel o f  human 

SERT.

Chapter Three describes the synthesis o f  a diverse library o f com pounds structurally 

related to maprotiline, a NET selective antidepressant, which has recently been identified as a 

novel in vitro  antiproliferative agent against BL cell lines (EC50 = 5.9-15.3  |aM). A series o f



9,10-dihydro-9,10-ethanoanthracenes were synthesised with modifications to the bridge of 

the dihydroethanoanthracene structure and with alterations to the basic side chain. A number 

of compounds were found exhibit a more potent antiproliferative activity than maprotiline in 

BL cell lines. In addition a series of novel 9-substituted anthracene compounds were 

investigated as intermediates in the synthesis of 9,10-dihydro-9,10-ethanoanthracenes and 

were found to exert a potent caspase-dependant apoptotic effect in the BL cell lines, while 

having no effect on the viability of PBMCs.

Chapter Four investigates the in vitro toxicity of a series of C6 substituted MDMA 

and MBDB analogues on the neuronal cell line model, PC -12. It was determined that at 100 

|jM  many of the compounds evaluated had no effect on the viabiUty of the PC -12 cell line, 

while a small number of compounds including C6 halogenated MDMA analogues and C6 

amino and propynol MBDB analogues were identified as having potent cytotoxic effects on 

the PC -12 cell line. These C6 compounds were found to be more toxic than MDMA, MDA 

and MBDB. SERT inhibition experiments determined that the majority of these C6 

halogenated compounds inhibit the reuptake of 5-HT at 1 |jM  comparable to that of MDMA, 

4-M lA  and PMA at the same concentration. This was further supported by a molecular 

modelling study which showed that a number of these representative compounds displayed 

significant interactions within the 5-HT binding pocket, key interactions that are also shown 

by MDMA, 4-MTA and the natural SERT substrate 5-HT.

This thesis identifies a varied library of compounds including nitrostyrene, 9,10- 

dihydro-9,10-ethanoanthracenes, 9-substituted anthracenes and amphetamine based 

compounds which have been determined to have potent, selective, antiproliferative abilities 

in BL cell lines. These effective compounds are identified as lead compounds for the 

development of potential drug candidates for the treatment of BL.
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Chapter 1. Introduction



1.1. General introduction

This thesis is concerned with the synthesis and biochemical evaluation of novel 

antiproliferative agents, which specifically target the malignancy Burkitt’s lymphoma (BL). 

Although BL is a rare disease, which in developed countries is mostly associated with HIV, it 

is the most frequent childhood cancer in developing areas such as equatorial Africa. In Ireland, 

lymphomas including Hodgkin and non-Hodgkin’s lymphoma, account for 2.5 % of all 

cancers '. Accordingly, there is a vital need to develop safe, effective and economical 

treatments for this disease.

1.1.2. Cancer -  An overview

Cancer is a very prevalent disease, with an average of more than 27,000 new cases 

annually and over 8,000 cancer related deaths (2005-2007) in Ireland. Breast cancer is the 

most common form of female cancer in Ireland (30 % of all cancers), while prostate cancer is 

the most common in men (29 % of all cancers). Other frequently occurring cancers include 

non-melanoma skin cancer, colorectal and lung cancer. Ireland has the second highest 

incidence rate of cancer in Europe, with mortality rates in females being the fifth highest 

overall compared to the other European counties '.

Malignant tumors arise due to abnormalities in the DNA sequence of the genomes of 

cancer cells. Cancerous cells differ from normal cells due to various genetic mutations. These 

mutations include substitution of purine and pyrimidine bases, insertion or deletion of large 

DNA sequences, rearrangements in DNA sequence, chromosomal abnormalities (gene 

amplification) and absence of some DNA sequences These changes to the normal cellular 

make up, lead to alterations in signalling pathways, which allow the tumour cell to adapt its
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metabolism in order to support its survival This altered metabolism results in an 

uncontrolled proliferating cell which evades cellular mechanisms controlling programmed cell 

death (PCD) such as apoptosis. This unrestrained proliferation instigates metastasis, when 

cancerous cells spread to parts of the body other than the original site of malignancy

There are more than 100 distinct malignancies with origins in almost any cell type or 

organ in the body . Most cancers are derived from epithelial cells and give rise to the most 

common type of cancer; carcinomas. Carcinomas include tumors arising from the 

gastrointestinal tract, skin, breast, pancreas, lung, liver, ovary and bladder. Other cancers are 

derived from non-epithelial cells, so-called sarcomas, and result in cancers of the bone, 

muscle, blood-forming tissues (leukaemias and lymphomas) and the central (CNS) and 

peripheral (PNS) nervous systems The diverse nature of cancer means that there is a wide 

variety of treatments which aim to selectively target malignant cells over normal calls of the 

body as well as targeting specific malignancies.

1.1.3. Treatment of cancer

Cancer therapy employs surgery, radiotherapy and chemotherapy, either alone or in 

combination, to cure the disease or prolong the survival of patients. The majority of cancer 

chemotherapy drugs are cytotoxic not only to tumor tissue but also to healthy tissue and are 

effective because rapidly dividing cells are more sensitive to these cytotoxic drugs. There are 

numerous types of chemotherapy drugs, each designed to act on a different cellular target. 

Among the copious number of targets for chemotherapeutic drugs are DNA, tubulin, 

hormones, genes, cellular metabolism and biosynthetic pathways A selection of some of the 

more commonly employed anticancer drugs are summarised in Table 1.1.3.1. and Table 

1.1.3.2.
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Table 1.1.3.1. Examples of current cancer treatments targeting DNA and biosynthetic 
pathways ______

Drug Type Malignancy Target Drug

A lkylating  agents
Leukaem ia, breast, ovary 
non-H odgkin’s lym phom a, 
m ultiple m yelom a

D N A

C yclophospham ide
Cisplatin
B ulsufan

Procarbazine

Cl

-C l
q  N -

-N H  

C ycl oph OS ph ami de Bulsufan

H2N, ,CI 
P t

H2N 'Cl

Cisplatin

,N H

Procarbazine

Intercalators
T esticu lar cancer, 

paedriatric solid tum or, 
sarcom as

D NA
T opoisom erase I & II

EIlip tocine,E toposide, 
D actinom ycin , 

M itonafide, A m scarine

Elliptocme

'»=0 b - \ MN—() i  y

<J
0

^  V-0  H N^O  b

R = NO2 M itonafide 
R =  NH2 A m onafide '

. NH, 

■'0

Amsacnne
Dactinomvcin

M inor groove 
intercalators

B reast, stom ach, bladder, 
oesophagus

D NA  m inor groove

A nthram ycin, 
T etrahydroisoquinoline 

alkaloids. 
M itom ycin  C

HO-

HN

A ntliram vcin D u carm y cin  A

A ntim etabolite

B reast, head and neck, 
colorectal cancer, non- 
H odgkin’s lym phom a, 

acue lym phocytic 
leukaem ia

Purine and pyrim idine 
synthesis, 

dihydrofolate reductase, 
D N A  polym erase

5-F luorouracil,
M ethotrexate,
A m inopterin

H 2 N _ N  N
II T H n

NH2

Aminopterin 5-Fluorouracil

NHj

N 

H2N

M ethotrexate
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Table 1.1.3.2. Examples of current cancer treatments targeting hormones and tubulin
Drug Type Malignancy Target Drug

Hormone targeting
Breast, ovary, uterus, 

prostate.

Oestrogen receptor, 
androgen receptor, 

aromatase, 
steroid sulfatase, 

gonadotropin releasing 
hormone, 

luteinizing hormone 
releasing hormone

Tam oxifen,
Raloxifene,

Cyproterone,
Flutamide,

Testolactone,
Am inoglutethim ide

O2N

F3C

Tamoxifen

OH

HO'
•OH

HO'

R aloxefine

F lu ta in id e

O

A m in o g lu te th im id e

Tubulin targeting
Breast, ovary, testicular 
cancer, leukaemia, non- 

small cell lung cancer

Taxane binding site, 
vinca binding site, 

colchicines binding site

Paclitaxel, 
Vincristine, 

Combretastatin A4

P  OH

NM O

a  6 h

C o m b re ta s ta tin  A 4 C o lc h ic in e

\ = /  -6 o

P aclitax e l

0 '

o  ^

V in cris tin e

1.1.4. Burkitt’s Lymphoma

Burkitt’s lymphoma (BL) is an aggressive B-cell malignancy that was first 

documented in 1959 by Dennis Burkitt BL exists in three forms; sporadic (sBL), endemic 

(eBL) and HIV-associated BL. It is endemic in areas where diseases such as HIV and malaria 

are common, namely equatorial belts of Africa, Papua New Guinea and South Eastern Brazil, 

with an annual incidence of 6-7  cases per 100,000 and a peak incidence at six or seven years

7 8of age ■ . In developed countries, sBL accounts for 1-2 % of adult lymphomas and due to the
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increased incidences o f HIV, it has becom e the largest group of HIV-associated non- 

H odgkin’s lymphom as (35-50 %) eBL tumors normally present in the jaw  and kidneys 

but can also occur in the ovaries and facial bones, while sBL tumours are usually found in the 

abdomen

In the equatorial “lym phom a belt” , 95 % of Burkitt’s lym phom a cases have an

association with Epstein Barr virus (EBV) EBV is a human herpesvirus which causes

infectious m ononucleosis or “glandular fever” in humans. It is known to have oncogene

potential as it can be found in tum ours o f BL, nasopharyngeal carcinom a and H odgkin’s

disease. EBV acts to interrupt cellular pathways that regulate cell proliferation and prevent

11 12apoptosis o f the cell. In this way, EBV m aintains proliferation o f the tum our cells ' .

Burkitt’s lym phom a is an aggressive malignancy with a rapid rate o f proliferation and 

as such requires intensive com bination chemotherapy to treat it One current treatm ent 

option is a com bination of cyclophospham ide, doxorubicin, vincristine (oncovin), and 

prednisone (known as CHOP) which is comm only used for HIV-associated BL patients as it is 

associated with less haem atological toxicities than more aggressive treatm ents M ultiple 

phase II clinical trials (1996-2011) have involved treating BL patients (HIV-associated 

BL and non-HIV-associated BL) with a five week, five drug regim en of cyclophospham ide, 

doxorubicin, high dose m ethotrexate or isofosfamide, etoposide and high dose cytarabine 

(CYDOX-M /IVAC), with increased doses o f etoposide and isofosfam ide for patients with 

bone m arrow and CNS involvement. This combination o f drugs has been shown to lead a two 

year disease free survival o f 80-93 % o f patients with non-HIV associated BL and 60 % of 

those with HIV-associated BL A novel treatment option for BL is rituxim ab, a

m onoclonal antibody which targets the CD20 antigen on the surface o f m alignant and norm al 

B-lymphocytes. Rituxim ab acts to bind to CD20 which triggers a cytotoxic immune response
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against CD 20 expressing cells. R ituxim ab, in conjunction with chem otherapeutic drugs such 

as vincristine, doxorubicin, m ethotrexate and cyclophospham ide can allow up to 60 % survival 

rates in children Due to the growing incidence o f H IV-associated BL and increased 

resistance in eBL, there is a need to develop potent, selective and econom ical treatm ents for 

BL.

Recent academ ic studies have shown that a series o f phenothiazines (chlorprom azine, 

thioridazine, trifluoroperazine, Figure 1.1.4.1.) may have potential as a new treatm ent for

lym phom as, including B urkitt’s lym phom a (EC 50 o f 6-23 pM  in BL cell lines Raji and Daudi)

22 . Phenothiazm es are typical antipsychotics, which are used clinically for the treatm ent of 

schizophrenia and psychosis and exert this antipsychotic effect though interaction with 

dopam inergic and serotonergic post-synaptic receptors They have been im plicated as lead 

com pounds for the treatm ent o f lym phom as due to the growing evidence that m onoam ine 

transporter (M AT) ligands can have a chem otherapeutic effect (discussed further in Section 

1.5.1.) and it is thought that they exert their antiproliferative effect through inhibition of 

m itochondrial DNA polym erase and decreased ATP production in malignant cells " . The 

natural product resveratrol has been found to have an in vitro  anticancer effect in a num ber of 

leukem ic cell lines and recently has been proposed as a possible lead com pound for the 

treatm ent o f BL as it was found to induce apoptosis in BL cell lines (EC50 of 50-100 |aM in BL 

cell lines Raji and Daudi) (Figure 1.1.4.1.). O ther prom ising lead com pounds for the treatm ent 

o f BL are 2-benzoxazolylhydrazones and E-styrylbenzylsulfanones (Figure 1.1.4.1.) A 

series o f 2 -benzoxazolylyhydrazones were recently shown in vitro to inhibit cell proliferation 

in a range o f m alignant cell lines including a BL cell line (CA46) in a low nanom olar 

concentration range (EC50 of 5-27 nM) A study by Reddy et al (2008) identified two novel
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f-styrylbenzylsu lfone com pounds which induced apoptosis in BL cell lines (EC50  range o f  4-

2515 nM in Daudi, Raji, Nam alwa cell lines), as w ell as a number o f  other m alignancies .

Cl

.OH

C h lo rp ro m azin e T h io rid az in e T rif lu o ro p e raz in e R esvera tro l

0

R =  H. A lkyl. Ar>i R =  H, OH

2-Benzoxazolvlvhvd razones £ -S ty rjlb en zy lsu lfan o n es  

Figure 1.1.4.1. Lead compounds for the treatment of Burkitt’s lymphoma

Since 2002, there have been a number o f studies which have demonstrated the 

antiproliferative abilities o f  m onoam ine transporter ligands in BL cell lines. Selective  

serotonin reuptake inhibitors (SSRI) such as citalopram, paroxetine and fluoxetine, tricyclic 

antidepressants (TCA) imipramine and clomipramine (Section 1.3.2.) and amphetamine 

related com pounds such as 3,4-m ethylenedioxyam phetam ine (M D M A, ecstasy) and 

fenfluramine (Section 1.3.1.) have been shown to induce apoptosis in BL and other malignant 

cell lines and have potential as a novel treatment option for BL ' . The antiproliferative 

effects o f  M AT ligands are discussed further in Section 1.5.1. A  number o f  BL cell lines 

(M U T U -1, DG -75, BJAB, L3055) have been shown to overexpress m onoam ine transporters 

SERT, NET and D A T to varying degrees and there have been conflicting reports o f  their 

involvem ent in the antiproliferative effect o f  M AT ligands ' ’ ' . As monoam ine
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transporters SERT, NET and DAT have been imphcated as possible anticancer targets, a 

discussion of each transporter along with their associated substrates and ligands is now 

presented.

1.2. Monoamine transporters (MAT)

Monoamine transporters (MAT) represent a class of pharmacologically important 

targets for the treatment of numerous psychiatric and neurological disorders including 

depression, Parkinson’s disease and attention deficit hyperactivity disorder (ADHD). These 

transporters are located on the plasma membrane of the pre-synaptic nerve synapses and play a 

regulatory role by controlling the amount of neurotransmitter available for neurotransmission 

in central and peripheral synapses. They are part of the neurotransmitter sodium symporter 

(NSS) family of transmembrane proteins which use the sodium chloride electrochemical 

gradient to actively remove biogenic amines (such as serotonin, norepinephrine and dopamine) 

from the synaptic cleft and transport them into the inti'acellular space against their 

concentration gradient

Figure 1.2.1. summarises the synthesis, storage and release of monoamines at nerve 

temiinals. Biogenic amines serotonin (5-hydroxytryptamine, 5-HT), norepinephrine (NE, 

noradrenahne) and dopamine (DA) (Figure 1.2.2.) are synthesised in the CNS neurons and are 

taken up into storage vesicles by the active transport mechanism of the vesicular monoamine 

transporter (VMAT). Following an external nerve stimulus, high levels of Ca""̂  migrate to the 

nerve terminal due to opening of voltage-gated Câ "̂  ion channels. This initiates fusion of the 

monoamine storage vesicles to the plasma membrane and the stores of amines are released 

into the synaptic cleft via exocytosis. Once released, biogenic amines bind to their respective
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post-synaptic receptors leading to a cascade of cellular events that result in neurotransmission 

(Figure I.2.I.)-

D op«nino neuron ^•HydroxytrypUmirw neuron

‘j  nyooxyByptopfun \

r>A

t K t l - t l  -

Figure 1.2.1. Neurotransmission of biogenic amines SERT, NET and DAT.
M onoam ines are encapsulated in v e s ic les  in the post-synaptic nerve. The neurotransm itter containing vesic les  
fuse w ith the nerve cell m em brane and release their contents into the synaptic c left w here the neurotransinitters 
bind to their respective  post-synaptic receptors. In order to prevent continuous neurotransm ission, the 
neurotransm itters are taken into the pre-synaptic nerve terminal via  active transport though m onoam ine  
transporters SK RT, N E T  or D A T

Serotonin (5-HT) Dopamine (D.A) Norepinephrine (NE)

Figure 1.2.2. Structures of serotonin, dopamine and norepinephrine

Following neurotransmission, these monoamines are sequestered from the synaptic 

cleft by the appropriate monoamine transporter; SERT (serotonin reuptake transporter), NET 

(norepinephrine reuptake transporter) and DAT (dopamine reuptake transporter) (see section 

1.2.2. for mechanistic detail) Recent discoveries of the presence of monoamine

transporters SERT, NET and DAT in a number of malignancies including diffuse large B-cell 

lymphoma, multiple myeloma and Burkitt’s lymphoma, neuroblastoma, glioma and

10



neuroendochrine derived m alignancies has led to the study of M A T ligands as pro-apoptotic 

agents

1.2.1. Serotonin and the serotonin reuptake transporter (SERT)

The serotonin reuptake transporter (SERT) is a polytopic transm em brane protein which 

m ediates secondary active transport o f 5-HT against its concentration gradient into the pre-

38synaptic nerve ' . SERT is a high affinity target for antidepressants such im ipram ine, 

am ytryptiline (tricyclic antidepressants), citalopram  and fluoxetine (selective serotonin 

reuptake inhibitors (SSRI)) as well as being a high affinity target for non-selective stim ulants

-5Q

such as cocaine and am phetam ines . High density o f SERT is found m ainly at the nerve 

term inals o f the CNS, especially in the cerebral cortex, hippocam pus and in the raphe nuclei 

In the PNS, SERT is located at high densities in platelets, intestinal tract and the adrenal 

gland Serotonin is the natural SERT substrate and changes in the level o f 5-HT at 

synapses has m ajor psychiatric and neurological consequences including depression, obsessive

4S-48com pulsive disorder, ADHD, aggressive behaviour, pain, anxiety and suicide ' . Serotonin 

is synthesised from L-tryptophan in serotonergic neurons in the CNS and enterochrom affin 

cells in the periphery. 5-HT is also found in platelets, where it is stored

1.2.2. Structure of SERT

The exact structure of SERT and its active site remains unclear due to the lack o f a 

crystal structure, as transm em brane proteins being hydrophobic and dynam ic, are difficult to 

crystallise. The amino acid sequence is known to contain 630 residues which make up twelve 

helical transm em brane dom ains (TM D) with intracellular N- and C- term inals (Figure 

1.2.2.1.A). SERT has one large exctracellular loop located betw een TM D3 and TM D4
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containing many glycosylation sites which may play a role in SERT regulation, as N- 

glycosylation is known to be im portant for monoam ine transport activity but not ligand 

recognition Studies by Barker et al identified TM D l as crucial for substrate recognition 

while subsequent studies identified TM D3 as important for binding o f the SERT substrate, 5- 

HT and cocaine. T M D l2 and T M D l were found to be determinant in the binding affinity of 

the antidepressants im ipram ine and citalopram  respectively

The recent crystallisation o f LeuT, a bacterial leucine transporter hom ologue o f human 

m onoam ine transporters, has led to an increased knowledge o f the structure of the human 

SERT (hSERT) active site Although, overall there is only 20-25 % conservation with 

human M ATs, this hom ologue has areas o f high sequence conservation in areas which contain 

residues im portant for substrate binding Based on this homologue, many hom ology models 

of hSERT have been constructed (Figure 1.2.2.1.B) and in com bination with site directed 

m utagenesis studies, has led to identification of a number of amino acid residues involved in 

substrate and inhibitor binding

SERT is a m em ber o f the NSS, NaVCl" transporter fam ily o f transporters which 

indirectly uses the NaVK"^ ATPase m em brane pump to drive biogenic amines into the pre- 

synaptic neuron against the electrochem ical gradient. SERT transport also involves the co

transport o f one K'  ̂ ion which is transported in a separate and opposite m anner to the transport 

of the sodium  and chloride ions The m echanism  of active transport by SERT is shown in 

Figure 1.2.2.2. Protonated serotonin, Na"  ̂and C l’ bind to SERT. This induces a conform ational 

change in the protein which allows the ions to pass across the plasm a m em brane, and enter the 

intracellular space. Follow ing release o f 5-HT into the cell cytosol, K'^ binds to SERT 

intracellularly and this is co-transported extracellularly to promote reorientation of the protein 

for another transport cycle ' .
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Figure 1.2.2.1. A) Amino acid sequence of human SERT with highlighted residues which 
affected the high affinity and low affinity binding of the SERT ligand citalopram “ B) 

Homology model of SERT in the plasma membrane based on LeuT
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Figure 1.2.2.2. Schematic diagram illustrating the mechanism of transport of serotonin
through SERT

1.2.3. Norepinephrine and the norepinephrine transporter (NET)

Like SERT, the norepinephrine transporter (NET) is a twelve transmembrane 

regulatory protein, whose role involves the removal of norepinephrine from the synaptic cleft 

after neurotransmission. NET is a high affinity target for TCAs including amytryptiline and 

imipramine and a selective target for the antidepressants such as maprotihne, reboxetine and 

nisoxetine (Table 1.3.2.1., Section 1.3.2.) NET is also a high affinity target for drugs of

abuse such as cocaine and amphetamines High density of NET is found in the CNS but

68NET is also distributed in peripheral sympathetic neurons, the lung and the placenta . NE is
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directly produced in the CNS from the catecholamine neurotransmitter dopamine, which is 

synthesised by a two-step enzyme catalysed process from the amino acid L-tyrosine NE is 

directly associated with mood stabilisation, sleep regulation and expression of aggression with 

alterations to the levels of norepinephrine at nerve synapses leading to disorders such as 

depression, alcoholism and anxiety In the CNS, NE is also involved in control of the 

endochrine and autonomic nervous systems. In the PNS, NE has direct effects on cardiac 

function and vascular tone, with associated disorders including congestive heart failure and 

hypertension

1.2.4. Structure of NET

The lack of crystal structure of human NET (hNET) means that the exact structure of 

the NE binding site is not fully understood. hNET shows significant homology to hSERT and 

hDAT with 617 amino acid residues, cytoplasmic N- and C-terminals and a large extracellular 

loop between TMD3 and TMD4 (Figure 1.2.4.1 .A) The crystallisation of LeuT has led to 

the generation of a number of hNET homology models, including one constructed by 

Paczkowski et al (2007) (Figure 1.2.4.1.B) and many possible residues involved in NE and 

NET ligand binding have been identified through a combination of homology modeling and 

site directed mutagenesis Structural mutagenesis studies identified TMD9 and an

aspartate residue on TM Dl (conserved for SERT, NET and DAT) as being responsible for 

high affinity binding of neurotransmitters. A region between TMD6 and TMD8 is thought to 

be involved in the binding affinity of TCAs and cocaine The binding interactions of

the TCA nisoxetine has recently been investigated and residues Phe207, Ser225, His296, 

Thr381 and Asp473 were identified as playing a major role in the binding affinity of 

nisoxetine. While residues Asp473 and Thr381 were found to line the mouth of the
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transporter, the residues Phe207, Ser225 and His296 were found to be outside the transporter 

active site suggesting an indirect role in the binding of NET ligands by possible disruption of 

the structure of the transporter

The transport mechanism of NET is similar to that of SERT and DAT. It uses the 

NaVK"^ ATPase to indirectly transport Na’̂ /Cl' ions across the plasma membrane along with

36the protonated neurotransmitter and releases it into the pre-synaptic neuron . Unlike SERT, 

no is co-transported in this process.
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Figure I.2.4.I. A) Amino acid sequence of hNET, B) Top (left) and side (right) view of 
the hNET homology model based on LeuT with residues that affect the binding of the

antidepressant nisoxetine
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1.2.5 Dopamine and the dopamine transporter (DAT)

Sim ilar to SERT and NET, the dopamine transporter (DAT) is a twelve transmembrane

protein located on pre-synaptic nerve terminals. DAT acts to sequester dopam ine (DA) from

80the synaptic cleft, in order to prevent continuous dopaminergic neurotransm ission . DAT is a 

high affinity target for psychostim ulants such as cocaine and ainphetam ine, which induces 

efflux o f DA through DAT, inducing the feelings of euphoria and rew ard associated with 

amphetam ine use Anti depressants also have an affinity for DAT with some, such as 

buproprion and nom ifensine binding with higher affinity to DAT over SERT or NET ^  (Table 

1.3.2.1., Section 1.3.2.). DAT is also the primary target for drugs used in the treatment of 

ADHD including m ethylphenidate (Ritalin) and J-am phetam ine (Adderall) DAT is located 

in high densities in the CNS and peripherally DAT is expressed in the stomach, kidney and 

pancreas Like NE, DA is synthesised from the amino acid L-tyrosine, in a two-step enzyme

catalysed biosynthetic route. DA has many functions in both the CNS and PNS, encompassing

80behaviour, cognition, attention, reward, learning, m otivation and m ovem ent . Alterations m 

DAT levels and dopam inergic signalling pathways lead to a num ber o f CNS and PNS 

disorders including Parkinson 's disease, schizophrenia and ADHD " .

1.2.6. Structure of DAT

Like other m onoam ine transporters, the precise crystal structure o f human DAT 

(hDAT) is unclear. Its am ino acid sequence is known to contain 620 residues with intracellular 

amino and carboxyl term inals and the amino acid sequence is highly conserved in regions that 

make up the transm em brane a-helices for SERT, NET and DAT (Figure 1.2.6. LA) ‘ . Active 

transport o f DA by DAT is sim ilar to that o f SERT and NET. DAT is a Na^/Cl" dependant 

transporter and transport is m ediate by the NaVK^ ATPase pump. The pum p uses the NaVCl"
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electrochemical gradient to drive the transport of two Na"̂  ions along and one Cl' ion, along 

with protonated DA, across the plasma membrane into the cell

Site-directed mutagenesis experiments identified that modification of an aspartate 

residue in TM Dl significantly reduced DA affinity for DAT and this residue is conserved 

for SERT and NET, affecting 5-HT and NE recognition, respectively Other residues 

identified as important for DAT recognition include Asp313, Asp435 and Asp476 and binding 

affinity of cocaine and the DAT selective neurotoxin l-M ethyl-4-phenylpyridinium (MPP^) is 

reportedly determined by residues of TMD7, T M D ll and T M D l2 Site-directed

mutagenesis studies along with the crystallisation of the bacterial leucine transporter (LeuT) 

have contributed to the construction of DAT homology models Studies by Indarte et al 

(2006) constructed three DAT homology models, based on the structure LeuT, and compared 

the amino acid sequences and structural differences. This work identified residues Ala77, 

Ser320, Phe319 and Asp79 as important for binding of protonated DA to the DA binding site 

of hDAT. An additional interaction was observed for the meta-hydroxy group of DA and 

Ser421. Residues Ala77, Ser320 and Asp79 were also found to interact with protonated 

amphetamine (Figure 1.2.6.1.B). This work also further supported previous reports that 

T M D l, TMD6, TMD8 and TMD3 are involved in substrate binding
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Figure I.2.6.I. A) Amino acid sequence of the human dopamine transporter with 
highlighted residues involved in Zn"'̂  binding and site-directed mutagenesis studies B) 

2D representation of the protein-ligand binding interactions of dopamine and 
amphetamine in the DA binding site of the hDAT homology model
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1.3. MAT inhibitors

The structural similarities of MATs mean that they are a target for a number of the 

same ligands including antidepressants and psychostimulants. SERT, NET and DAT are high 

affinity targets for drugs of abuse such as amphetamines and cocaine, with the amphetamine 

class of compounds binding to each transporter with varying affinities. There are many diverse 

antidepressant compounds which also target MATs, including selective SERT, NET or DAT 

antidepressants and SERT/NET selective antidepressants (serotonin/norepinephrine reuptake 

inhibitors (SNRI)). A summary of the MAT targeting compounds, amphetamines and 

antidepressants, are now discussed

1.3.1. Amphetamines

Amphetamines are a distinct class of compounds which act as monoamine transporter

07

substrates to selectively inhibit and reverse the transport of neurotransmitters . Amphetamine 

(AMPH) (1) (Figure 1.3.1.1.) was first synthesised in 1887 and was marketed as a treatment

go OQ
for narcolepsy in 1932 ’ . It has been previously used as a treatment for seasickness,

schizophrenia, opiate addiction and radiation sickness and today is still used for the treatment 

of narcolepsy and juvenile ADHD (marketed as Adderall) In 1971, sale and manufacture 

of amphetamine and its methyl amino analogue, methamphetamine (METH) (2 ), was 

restricted by the United Nations Convention on Psychotropic Substances, which lists 

amphetamines as Schedule II illegal substances, which classifies them as “substances whose 

liability to abuse constitutes a substantial risk to public health and which have little to 

moderate therapeutic usefulness”
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The generic term “amphetamines” is used to refer to a large number of compounds 

with structural similarities to amphetamine and includes the synthetic amphetamines 3,4- 

methylenedioxyamphetamine (MDA) (3), 3,4-methylenedioxyamphetamine (MDMA, ecstasy) 

(4), 3,4-methylenedioxyethamphetamine (MDEA) (5), l-(3,4-methylenedioxyphenyl)-2- 

butanamine (BDB) (6), A^-methyl-l-(3,4-methylenedioxyphenyl)-2-butanamine (MBDB) (7), 

4-methylthioamphetamine (4-MTA) (8), para-methoxyamphetamine (PMA) (9) and para- 

chloroamphetamine (PCA) (10) (Figure 1.3.1.1.)- All of these amphetamine like compounds 

are consistent with having an aromatic ring (substituted or unsubstituted), an amine (primary

87or secondary) separated by a two-carbon chain and an a-alkyl group . Amphetamines are 

also chiral compounds with the S(-l-) enantiomers of amphetamine, methamphetamine, and 

MDMA exhibiting more potent pharmacological effects than the R(-) enantiomers The 

use of amphetamines has many desired central and peripheral effects including feelings of 

euphoria, increased alertness, and increased awareness; however there are many unwanted 

side effects including confusion, agitation, paranoia, depression, increased blood pressure and 

heart rate and impaired thermoregulation, which can be fatal through multi-organ failure. 

Chronic or long term users can suffer from addiction, psychosis and neurotoxicity leading to 

reduced cognitive function and behavioural problems .
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Figure 1.3.1.1. Structure of amphetamine and related structures

A m phetam ines are thought to act as substrates for m onoam ine transporters. They act to 

inhibit the action o f vesicular m onoam ine transporters (VM AT) by displacing the m onoam ines 

from it, releasing a high level o f m onoam ine into the cell cytosol. They are also thought to 

bind to and inhibit the reuptake activity o f SERT, NET and DAT and induce reverse transport 

o f m onoam ines through these transporters (Figure 1.3.1.2.) . This increases the levels of

neurotransm itters in the synaptic cleft, leading to increased neurotransm ission, which accounts 

for the associated euphoric effects o f am phetam ine usage. Am phetam ines are known to affect 

m olecular regulation o f transporters in the same way as neurotransm itters do. Ram am oorthy 

(1999) dem onstrated that SERT substrates including 5-HT and am phetam ines prevent 

phosphorylation o f the transporter by protein kinase C and this prevents sequestration o f the

98neurotransm itter .
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Figure I.3.I.2. Reverse transport of dopamine induced by binding of amphetamine to
DAT.

A m phetam ine h in ds to D A T , w hich induces a conform ational change in the transporter, converting it to an open  
channel. T his a llo w s high lev e ls  o f  Na'^ and Cl to enter the cell w hich ca u ses a rapid e fflu x  o f  dopam ine from  the 
cell into the synaptic c left

There are numerou.s structural amphetainine analogues with slightly altered 

biochem ical effects due to their selectivity toward a particular neurotransm itter transporter. In 

1991, Shulgin and Shulgin published a collection o f diverse structurally related amphetam ine 

com pounds . These analogues included a plethora o f ring substituted, A^-alkylated and a -

alkylated am phetam ines, each o f which was consum ed by Shulgin and Shulgin and the

100psychotropic effects docum ented . This collection o f com pounds has been invaluable in 

contributing to the determ ination o f the structure activity relationship o f amphetam ines with 

regards their psychotropic abihties Table 1.3.1.1. shows some structurally related

am phetam ines along with their affinity for each o f the transporters SERT, NET and DAT.
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Table 1.3.1.1. IC50 (nM) values for the inhibition of [^H] monoamine uptake by a series of
structurally related amphetamine compounds

'H] 5-HT
(nM)

[^H] NE 
(nM)

[’H] d a
(nM)StructureDrug

2650 380AMPH
NH

O
< 425 405 1442MDMA

HNO
O

< 478 266 890MDA
NHO

O
< 784 1233 7825MBDB

HNO
O

< 1600 2800 7900BDB
NHO

2375 30734-MTA NH

PMA 173NH
O

207 424PCA NH
Cl

1.3.1.1. 3,4-M ethylenedioxymethamphetamine (MDMA, ecstacy)

One of the most extensively studied amphetamines is 3,4- 

methylenedioxymethamphetamine (MDMA) (4). First patented as an intermediate in the 

synthesis of an appetite suppressant by Merck in 1914 it became popular in the 1970’s as a 

recreational drug but was also used as a psychotherapeutic aid. Following revelations of its 

neurotoxicity, it was classified as a Schedule I controlled substance in 1986 MDMA is one 

of the most commonly abused recreational drugs in Europe, with 5.8 % of 15-34 year olds 

having taken ecstasy in their lifetime with 1.7 % having consumed it in the last year

MDMA, together with its primary amine equivalent 3,4-methylenedioxyamphetamine 

(MDA) (3), has a similar mechanism of action to that of other amphetamines as they induces 

the release of 5-HT from synaptic vesicles and into the synaptic cleft via reverse transport
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through SERT Compared to amphetamine and methamphetamine which are non-

selective inhibitors of monoamine transporters, MDMA selectively inhibits SERT anc NET 

over DAT (ratio of 3:1) (Table 1.3.1.1.). Abuse of MDMA can result in “serotonin syndrome” 

which is due to the release of a large amount of 5-HT into the synaptic cleft. Symptoms 

include hyperactivity, mental confusion, elevated body temperature, tachycardia, agitation and 

tremors MDMA is known to be neurotoxic to serotonergic neurons in the CNS but not to 

other monoamine transporters, and the toxic effects are more potent than those of 

amphetamine or methamphetamine Also it is known that the more active S(+)-MDMA

is responsible for neurotoxicity, compared to the less pharmacologically active R(-) 

enantiomer The toxic effect of MDMA is thought to be related to SERT activity but 

exact mechanisms are unclear; however, MDMA has been shown to induce SERT- 

independent toxicities in SERT-expressing cell lines

1.3.L2. A^-Methyl-l-(3,4-methylenedioxyphenyl)-2-butanamine (MBDB)

A^-Methyl-l-(3,4-methylenedioxyphenyl)-2-butanamine (MBDB) (7) is the a-ethyl

analogue of MDMA. Its reported psychotropic effects are similar to those of MDMA but with

1 1
less euphoria and a slower onset of action . MBDB is less potent than MDMA at SERT and 

inhibits NET and DAT only weakly compared to MDMA (Table 1.3.1.1.). It exhibits 

neurotoxic effects on serotonergic neurons and hepatotoxicity in rat hepatocytes (at high 

concentrations 1-4 mM ’'"*) and is suggested to be more potent in its toxic effect than MDMA 

1 1 4 . 1 1 5  related amphetamine compound 3,4-methylenedioxyphenyl-2-butanamine (BDB) 

(6) is the a-ethyl analogue of MDA. It was recently been found to be more toxic to 

hepatocytes and mitochondria than MDMA and it is much less potent at inhibiting MATs than
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either its A^-methylated or a-methyl equivalents MBDB and MDA respectively (Table 1.3.1.1.)

1 0 2 , 114

I.3.I.3. 4-Methylthioamphetamine (4-MTA)

4-MTA (8 ) is a potent, SERT selective amphetamine characterised by its methylthio-

substituted aromatic ring (Table 1.3.1.1.). 4-MTA also inhibits monoamine oxidase (MAO),

an enzyme which metabolizes catecholamines in the synaptic cleft after neurotransniission

Effects of 4-MTA include a feeling of calm and peaceful stimulation, with no hallucinogenic

effect. Negative effects include nausea, amnesia, hyperthermia, pressure on the eyeball, thirst,

shivering, confusion, memory loss and coma. Deaths associated with 4-MTA have been

contributed to the induction of serotonin syndrome The onset of action of 4-MTA is longer

than that of MDMA (two hours for 4-MTA compared to thirty minutes for MDMA) but the

duration of effects lasts longer (up to eight hours compared to two hours for MDMA)

Knowledge of 4-MTA among users is low and the longer onset of action has been responsible

for overdoses of 4-MTA, as double doses were consumed due to assumptions that the first

dose was inactive 4-MTA has been reported to be non-neurotoxic in vivo compared to

1 ^ 0other amphetamines such as amphetamine and para-chloroamphetamine ‘ ; however there 

have been many reports of its neurotoxicity at high concentrations A recent study

earned out in our laboratory, reported for the first time that 4-MTA is cytotoxic to SERT, NET 

and DAT expressing human embryonic kidney (HEK) cell lines (EC50 range of 160 |aM - 600 

|jM ) This concentration range was found to be comparable to reported in vivo tissue

concentrations of 4-MTA (170 |j M - 202 |j M), associated with 4-MTA related deaths 

4-MTA was found to be more toxic to these monoamine transporter expressing cell lines than 

MDA or MDMA as well as a neuronal cell line model (PC-12)
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1.3.1.4./?ara-Methoxyamphetamine (PMA) and para-chloroamphetamine (PCA)

The alkoxy analogue of MDA, para-methoxyamphetamine (PMA) (10) has a similar

pharmacological profile to structurally related amphetamines such as MDMA, MDA, and 4-

MTA. It is a SERT selective substrate and is also known to inhibit MAO Unlike MDMA,

PMA is a mild hallucinogen, a property that is attributed to its structural similarity to the

naturally occurring hallucinogenic drug mescaline (Figure 1.3.1.4.). Effects of PMA include

euphoria, empathy and heightened sexuality, while overdoses can result in tachycardia,

12 "?

hypertension, hyperthermia, renal and heart failure, seizures and death

Mescaline PMA (10)

Figure I.3.I.4. Hallucinogenic drug mescaline and paro-methoxyamphetamine

/?ara-Chloroamphetamine (PCA) (9), the 4-chloro analogue of 4-MTA and PMA, is an 

amphetamine with preferential affinity for SERT and NET. PCA is not a commonly used drug 

of abuse and so the full pharmacological profile of this compound is unclear. It is known to be 

a potent neurotoxin compared to amphetamine, with studies suggesting that its oxidative 

metabolism in vivo leads to formation of toxic metabolites which are responsible for its 

neurotoxicity PCA is also known to cause sensitisation of serotonergic and dopaminergic 

neurons leading to problems with dependence and addiction. PCA inhibits tryptophan 

hydroxylase, an enzyme involved in 5-HT biosynthesis and reduces the levels of 5-HT 

available for neurotransmission, leading to behavioural and locomotor function problems 

including hyper- and hypo-locomotor activity
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1.3.2. Antidepressants

Antidepressants are a class of compounds which target monoamine transporters to treat 

symptoms of depression which include excessive anxiety, worry, poor concentration, 

sustained feeling of melancholia and physical symptoms such as restlessness and sleep 

disturbances Although it is well known that antidepressants prevent reuptake of

biogenic amines into the pre-synaptic cleft, the exact mechanism of how they exert their 

antidepressant effect is unclear due to the fact that relief of depressive symptoms occurs only 

after prolonged administration

There are several types of antidepressants which have different affinities for different 

transporters; selective serotonin reuptake inhibitors (SSRI) such as citalopram and fluoxetine, 

norepinephrine selective reuptake inhibitors (NSRI) such as maprotiline and reboxetine, 

serotonin/norepinephrine selective inhibitors (SNRI) such as the TCA’s clomipramine and 

amytyptiline, and NET/DAT inhibitors such as nomifensin and bupropion Table

1.3.2.1. shows examples of each of these types of antidepressant along with their associated 

depressive disorder, side effects and other possible targets.
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Table I.3.2.I. A selection of antidepressants, their respective targets and associated side 
effects

Drug Type Therapeutic Uses Primary
Target(s) Other Targets Side Effects

SSRI 6 4 . 133. 135-

D ep ress io n , A nx ie ty , b u lim ia  
n erv o sa , o b se ss iv e  co m p u lsiv e
d iso rd e r  (O C D ), P o st-trau m atic
stress  d iso rd er, p sy ch o tic
d ep ress io n

SERI

N ico tin ic  recep to rs , M A O  
A /B , N a ^  Cr, 
ch an n e ls , D A T , ui 
recep to r

G I effec ts, nausea ,
h ead ach e , trem or,
s leep  d istu rb an ces , 
w eigh t gain ,
d row sin ess

CF3

C ita lo p ra m Fluoxetine P aroxetine

N S R I
D ep ress io n , b ip o la r  d iso rder, 
p sy ch o tic  d ep ress io n , panic  
d iso rd er, A D H D , pain

N E T
H istam in e  H I ,  a -  

ad ren erg ic , 
ch o lin erg ic  recep to rs

Seizures,
co n stip a tio n , b lu rred  
v ision , h y po tension , 
d izz in ess, nausea, 
.sedation

J H
N

n

il

Nisoxetine R cboxclinc M aprotilinc

TCA' D ep ress io n , A D H D , b ipo lar 
d iso rd er, ago rap h o b ia , panic  
di.sorder, neu ro p a th ic  pain

SERT
NET

C h o lin erg ic , 
a -ad ren e rg ic , 
h is tam in e  H I recep to rs

B lurred  v ision ,
u rinary  re ten tio n , d ry  
m outh , co n stip a tio n , 
hyp o ten sio n , w eigh t 
ga in , ja u n d ic e ,
deliriu m , se izu res

Im iprainine C lom ipram ine A m ytrjpfiline

Other
D ep ress io n , anx ie ty , ag o rap h o b ia ,

p o st-trau m atic  stress d iso rd er. D A T N E T
p hob ic  d iso rd ers , pan ic  attacks

Im po tence , u rinary  
re ten tion , sleep 
d istu rbances , 
d iso rien ta tio n , 
hyp o ten sio n , fa in ting , 
sed a tio n , trem or, 
hy p erflex ia___________

B upropion Nom ifensine

30



I.3.2.I. Maprotiline

Maprotiline (11) is an atypical antidepressant compound, characterised by its 

tetracyclic structure and secondary amine side chain (Figure 1.3.2.1.)- Maprotiline selectively 

targets NET over SERT or DAT ( K d 11 .1  nM) but is also known to have moderate effects 

on y5-noradrenergic receptors, a-adrenergic and muscarinic receptors and histaminic receptors 

Side effects from the use of maprotiline include seizures, drowsiness, sweating,

141headache, arrhythmia and memory impairment . Although maprotiline is not used clinically 

as an antidepressant due to the emergence of more efficient drugs such as SSRIs, other effects 

of maprotiline have recently been discovered. Reports of its analgesic, anti-convulsant, anti

inflammatory and anti-multi drug resistance (MDR) effects in both cancer cell lines and the 

malarial strain Plasmodium falciparum  have recently been reported

H
Maprot i l ine  (1 1)

Figure L3.2.1. Structure of maprotiline (11)

Maprotiline was first patented in 1969 by Wilhelm and Schmidt and a subsequent 

publication reported its synthesis They reported a number of synthetic routes for the

synthesis of maprotiline and a various dibenzo[/7,e]bicycle[2,2,2]octadienes. The synthetic 

route for maprotiline is shown in Scheme 1.3.2.1.

The first step in this synthetic route involves a Michael addition of anthrone (12) to 

acrylonitrile using potassium tert-hutox\de as a base. The nitrile is then hydrolysed in situ 

using hydrochloric acid to 3-(10-oxo-9,10-dihydroanthracen-9-yl)propanoic acid (13). A
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dissolving metal reduction of zinc in aqueous ammonia reduces the ketone to form 3-(9- 

anthracenyl)propanoic acid (14). The 9,10-dihydro-9,10-ethanoanthracene structure is then 

introduced by a high pressure Diels-Alder reaction of 14 and ethylene to produce 3-(9,10- 

dihydro-9,10-ethanoanthracen-9-yl)propanoic acid (15). The acid is then treated with 

oxalylchloride to form an acid chloride, which is then reacted with methylamine to produce 3- 

(9,10-dihydro-9,10-ethanoanthracen-9-yl)-yV-methylpropanamide (16). Reduction with lithium 

aluminium hydride produces 3-(9,10-dihydro-9,10-ethanoanthracen-9-yl)-A^-methylpropan-l- 

amine (11) (maprotiline).

l ) K O ’Bu, 'B uOH

CHjCHCN

2)HC1

•OH

O

Zn. NHi

OH

A nthrone  (12) 13 14

H2C=CH2

M apro til ine  ( I I )

NH

16

OH
){C0C1)2

2 ) C H 3NH 2  
benzene

15

Scheme I.3.2.I. Synthesis of maprotiUne

Following reports of the anti-MDR effect of maprotiline, numerous analogues have 

been synthesised and evaluated for their ability to sensitise resistant malarial strains and 

resistant cell lines which are known to overexpress the p-glycoprotein efflux pump, toward

antimalarial and chemotherapeutic drugs 1 49 . 150 . In 2002, Alibert et al designed a number of

structurally related maprotiline derivatives which were evaluated in strains of P. falciparum
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known to be resistant and sensitive to the antimalarial drug chloroquine This study 

identified several 9,10-dihydro-9,10-ethanoanthracene com pounds which increased cellular 

chloroquine accum ulation at a concentration range o f  1-10 pM . A  structure-activity 

relationship (SA R ) study concluded that several functional m oieties including aromatic 

groups, a basic side chain and a cationic charge were important for the anti-M DR effect but 

also that the nature o f  the basic side chain is important. It was found that m ost o f  the 

successful com pounds contained amine substituted ethanoanthracene structures compared to 

com pounds which contained am ide side chains which w ere not as potent (Figure 1 .3 .2 .2 .A) 

The anti-M DR effect is thought to have an inhibitory effect on the p-glycoprotein  

mediated efflux pump but the exact m echanism  o f  activity is unknown. Further studies 

reported in 2003, demonstrated the ability o f  these com pounds to inhibit anti-M DR activity in 

a leukaem ic M D R cell line (L 5178) and a SA R  study identified that two hydrogen bond  

acceptors (H B A ) on the bridgehead o f the com pound separated by a distance o f 6 .6-6.7 A  

plays a role in their anti-M D R activity (Figure 1.3.2.2.B ) Those com pounds that were 

found to be the m ost effective at increasing cellular concentration o f  rhodamine, by preventing 

drug efflux, in the leukaem ic cell line are shown in Figure I.3 .2 .2 .B . T hese potent com pounds 

(EC 50 o f  2 50-620  nM) contain bulky diphenylphosphinate and diphenylphosphinam ide groups 

on the ethanoanthracene structure in a trans conform ation.
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Optim ised pharmacophore for  anti-MDR  
activity in malignant cells

Figure I.3.2.2. 9,10-Dihydro-9,10-ethanoanthracenes with A) anti-MDR activity in 
resistant P. falciparum  strains, B) anti-MDR activity in cancer cells

Recent studies carried out in the School o f B iochem istry and Imm unology, Trinity 

College Dublin, identified m aprotiline as a potent antiproliferative agent against the resistant 

Burkitt’s lym phom a cell line, DG-75 (E C joof 5.9-15.3 |aM after a treatm ent time o f 72 hours). 

It was found that m aprotiline (and the SSRI fluoxetine) induce Type II autophagic cell death 

in the resistant DG-75 cell line Further studies investigating the role of SERT and NET in 

this antiproliferative effect determ ined that these transporters were not directly involved, as 

other NSRIs and SSRIs did not have the same effect as m aprotiline. Also, when the normal 

activity of the transporters was blocked, the autophagic death induced by m aprotiline was not 

prevented

As m aprotiline, along with many other antidepressant and am phetam ine com pounds 

have been show n to induce cell death in vitro, a discussion o f the m echanism s of program m ed 

cell death is now presented.

34



1.4. Programmed cell death

In recent years, many mechanisms of programmed cell death (PCD) have been 

documented in the literature including apoptosis, autophagy, parapoptosis, senescence and 

mitotic catastrophe, with apoptosis being the most extensively studied PCD is the way in 

which cells die through a specific and highly regulated pathway. PCD occurs in all cells at 

appropriate times in order to maintain cellular homeostasis and is crucial in controlling the 

number of cells in an organism When PCD breaks down, this leads to uncontrolled cell 

growth and the development of malignant cells.

1.4.1. Apoptosis

Apoptosis is a highly regulated, energy-dependant way in which cell death is induced. 

It is separate from necrosis, which occurs due to cytotoxicity and is energy independent 

Apoptosis is characterised by a number of morphological features including chromatin 

condensation, membrane blebbing, nuclear fragmentation and cell shrinkage. Biochemical 

features include DNA fragmentation (DNA laddering) and cleavage o f specific proteins 

(PARP, caspase) Apoptosis is induced in response to a number of different stimuli 

including reactive oxygen species (ROS), increased cellular calcium levels, hypoxia and 

oxidants

There are two main pathways by which apoptosis occurs. The first is known as the 

intrinsic pathway and is mitochondrially mediated, while the second pathway is the extrinsic 

pathway, which is activated by cell surface receptors such as the tumor necrosis factor (TNF) 

receptor. The intrinsic and extrinsic pathways are linked via the activation of cysteine 

aspartate-specific proteases (caspases), and it is this family o f proteases which is responsible
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for induction of apoptosis. There are 14 identified caspases which are found to have roles as 

initiator (caspase 2, 8, 9, 10), executioner (caspase 3, 6, 7) and inflammatory (caspase 1, 4, 5) 

caspases. The majority of the apoptotic effects are due to caspases 3, 6 and 7. Together with 

the executioner caspases, they induce cleavage of several cellular proteases which leads to 

PCD

The intrinsic apoptotic pathway is a complex system which begins in the mitochondria, 

where the pro-apoptotic Bcl-2 proteins (Bax, Bak, BID) are activated by external stimuli and 

undergo proteolytic cleavage by specific caspases. They are then released into the cell 

cytoplasm where they activate caspases that induce apoptosis. The extrinsic pathway is 

activated by ligand binding to cellular surface “death receptors” (Fas, TN FR l, tumour necrosis 

factor-related apoptosis-inducing ligand (TRAIL) receptors). Binding of these receptors leads 

to a cascade of signal transduction, the result of which is caspase activation. The intrinsic and 

extrinsic pathways of apoptosis are summarised in Figure 1.4.1.1.
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Death>receptor pathway Mitochondrial pathway

Death ligand

Apoptotic stimulus
Death receptor
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Caspase-8
(Caspase-10)

O Caspase-9

Executioner caspases

i
Death substrates

Figure 1.4.1,1. Intrinsic and extrinsic pathways of apoptotic cell death

1.4.2. Apoptosis and cancer

The uncontrolled cell division that occurs in a m alignant cell is due to a lack o f PCD. 

By targeting PCD pathw ays which activate apoptosis in a m alignant cell, this could lead to an 

effective anticancer agent. Genes involved in apoptosis, such as BCL-2 and caspases, are 

known to be defective in m alignant cells, therefore preventing cell death The Bcl-2 fam ily 

o f proteins consists o f pro- and anti-apoptotic proteins, m any of which are overexpressed in 

m alignant cell lines, including the B urkitt’s lym phom a cell line M U T U -l Currently there 

are a num ber o f prom ising therapies which target the BCL2 gene to  inactivate the anti- 

apoptotic proteins as well as some small m olecule inhibitors o f anti-apoptotic Bcl-2 proteins

158 1 4■ ' . Table 1.4.2.1 shows a num ber o f drugs involved in clinical trials which target the
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apoptotic pathway. Besides BCL2, other apoptotic targets include TRAIL, which induces 

apoptosis though interaction with external death receptors and p53, a cell cycle regulatory 

protein which acts as a tumour suppressing protein

Table I.4.2.I. Drugs which target the apoptotic pathway _________________________
Drug name Drug type Target Status Malignancy
Oblimersen

sodium
Antisnese

oligonuclcuotide
BCL2 Phase III

Chronic lym phocytic lymphoma. 
Multiple myeloma

Advexin Adenovirus p53 Phase III/II
Head and neck , breast, lung, 

colorectal, ovary
SC H 58500 Adenovirus p53 Phase III/Il Ovary, head and neck, liver

C N Y X -015 Adenovirus Mutated p53 Phase II/III
Pancreas, colorectal, head and neck, 

liver, non-small cell lung cancer

H G S-ETRl
Human

monoclonal
antibody

TRAIL-RI Phase 11
N on-H odgkin’s lymphoma, 

colorectal

HGS-TR2J
Human

monoclonal
antibody

TRAIL-R2 Phase 1 Solid tumours

Trail/Apo2L Protein TRAIL-R Phase I Undefined

1.4.3. Autophagy

Autophagic cell death is an alternative fomi of PCD during which cellular organelles 

including mitochondria, endoplasmic reticulum, proteins and ribosomes are encapsulated into 

a membrane-bound cycloplasmic vesicle (autophagosome) and degraded Autophagy is

a regulatory process which contributes to homeostasis by removing damaged organelles from 

the cell during times of cellular stress; however autophagy on a large scale leads to induction 

of PCD

Autophagy is morphologically distinct fonn apoptosis and is characterised by the

1formation of large cytoplasmic vacuoles Autophagy is caspase-independent and does not 

cause DNA fragmentation, chromatin condensation or membrane blebbing. Like apoptosis, 

autophagy is distinct from necrosis owing to the lack o f cell swelling and inflammation 

associated with necrotic cell death Distortion of autophagic pathways and autophagy

related genes have implications in neurodegenerative diseases including Huntington’s disease
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and Alzheimer’s disease. Autophagy has also been suggested to play conflicting roles in 

malignant tumor fonnation. Studies have shown that autophagy contributes to survival of 

nutrient starved cancerous cells when they are treated with chemotherapeutic agents, while 

there is evidence that the sequestering of damaged organelles leading to cell death contributes 

to an anticancer effect although the exact mechanism of autophagic cell death is

unknown Figure 1.4.3.1. shows the process of autophagy, in which a double membrane

fonns around damaged cellular organelles to fonn a phagophore. Autophagic proteins, such as 

LC3B are recruited from the cell cytosol to the phagophore plasma membrane to forni an 

autophagosome. The autophagosome fuses with cellular lysosomes and the autophagosome 

contents are degraded

Aulophagosome

UC3B
recruitment

•  •

Lysosome

Figure 1.4.3.1. The process of autophagy
A double membrane forms around damaged cellular organelles to form a phagophore. Autophagic proteins, such 
as LC3B are recruited from the cell cytosol to the phagophore plasma membrane to form an autophagosome. 
The autophagosom e fuses with cellular lysosom es and the autophagosom e contents are degraded

Recently, it has been shown that the antidepressants maprotiline and fluoxetine induce 

autophagic cell death in the resistant BL cell line DG-75 This cell line does not
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generally undergo apoptosis, making it more resistant to traditional chemotherapeutic drugs. 

This autophagic cell death is consistent with the upregulation of Beclinl, a protein known to 

promote autophagy in vivo and the lack of pro-apoptotic proteins of the Bcl-2 family (Bak, 

Bax) Targeting autophagic cell death of this aggressive cell line may lead to successful 

treatment of this resistant malignancy. Currently there are a number of pro-autophagic 

treatments undergoing clinical trials The macrolide antibiotic rapamycin has traditionally 

been used as an immunosuppressant drug to prevent rejection of organs after transplantation 

but recently it has been suggested as a pro-autophagic drug (Figure 1.4.3.2.) Rapamycin 

and its analogues act to inhibit mammalian target of rapamycin (mTOR), a kinase which has 

many cellular functions including the suppression of autophagy Other promising

treatments, arsenic trioxide (AS2 O 3 ) and temozolomide, have been shown to induce autophagic 

cell death in malignant gliomas at micromolar concentrations (EC50 of 1-4 |jM  and 100 ijM 

respectively) (Figure 1.4.3.2.); however, exact mechanisms of autophagic cell death still need

to be defined 169. 170

O
jj

'N  N - ^ ,
N

N H ,

Temozolom ide

Rapamycm

Figure 1.4.3.2. Structure of pro-autophagic drugs temozolomide and rapamycin
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1.5. Design of novel anticancer agents

Traditional chemotherapy treatments such as DNA intercalators are effective at 

inhibiting the proliferation of malignant cells, however many of these treatments are non- 

selective, meaning they kill normal cells as well as malignant cells. This can lead to many 

unwanted side effects including alopecia, mouth ulcers, nausea and in some cases the 

formation o f new malignancies Drug resistance is becoming increasingly problematic with 

aggressive cancers such as chronic myelogenous leukaemia (CML) Acquired resistance is 

also becoming more prevalent, even in patients who initially responded well to treatment 

Many cancers develop resistance to a number of structurally and functionally different drugs, 

an occurrence known as multi-drug resistance (MDR), in which drugs are pumped out of the 

malignant cell via ATP-dependant transporters To overcome these issues, the future of 

cancer chemotherapy is the development of drugs which can specifically target malignant cells 

over normal cells of the body, therefore diminishing adverse effects and improving the quality 

of life. To conquer problems of resistance, there is a need to investigate alternative 

mechanisms of cell death and alternative molecular targets that have the ability to selectively 

induce programmed cell death in malignant cells.

1.5.1. Monoamine transporter ligands and antidepressants as potential 
anticancer agents

In recent years, there has been a surge in the number of studies investigating the pro- 

apopototic abilities of monoamine transporter (MAT) ligands By

exploiting the pro-apoptotic capabilities of these compounds, this could lead to an alternate 

pharmacological role for MAT ligands as antiproliferative agents.
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Initial studies by Xia et al (1997), discovered that the antidepressants imipramine, 

clomipramine and citalopram induced apoptosis in human T-lymphocytes at concentrations of 

50 |uM, 20 (jM and 180 )uM respectively, suggesting a possible immunosuppressant role for 

these compounds Subsequent studies examined the pro-apoptotic effect of these

compounds in malignant cell lines and discovered that TCAs induced caspase-dependant 

apoptosis in the acute myeloid leukaemia cell line, HL-60 at moderate micromolar 

concentrations (EC50 of 35-220 pM ) Following on from these results TCAs, in particular 

clomipramine, have been shown to have positive effects against a wide range of malignant cell 

lines including colon carcinoma, human leukaemia, renal cancer, glioma, neuroblastoma and

172 i 76 177non-Hodgkin’s lymphoma cell lines

The mechanism of action of this apoptotic effect of TCAs is not fully elucidated but 

studies have shown that it is mitochondrially mediated via the production of oxygen free 

radicals TCAs exert their antiproliferative effect by blocking complex III of the

electron transport chain. This is thought to cause an increase in free radical oxygen species, 

leading to hydrogen peroxide production and decreased membrane potential. This results in 

the activation of pro-apoptotic caspases and DNA degradation due to release of cytochrome c, 

leading to apoptotic cell death Figure 1.5.1.1. shows the apoptotic effect of

clomipramine (25 |jM ) on heart mitochondria.
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Figure 1.5.1.1. The effect of clomipramine (25 ^M) on heart mitochondria.
A ) Electron micrograph o f  untreated mitochondria. B) Mitochondria treated with clomipramine for 10 minutes 
results in sw elling and membrane rupture (white rectangles). Som e mitochondria also have vacuoles and 
damaged cristae (red rectangles). (Image taken from Pilkington et al  (2008))

Other SERT-targeting ligands including SSRIs, amphetamines and even the SERT 

substrate 5-HT have been suggested as apoptosis inducing entities, h  has been reported that 

monoamines can induce apoptosis in cultured cells and research carried out by Serafeim et 

al (2002) investigated these claims regarding 5-HT. It was suggested that 5-HT caused 

apoptosis in biopsylike BL cell lines (chemosensitive cell lines), consistent with caspase 

activation, a decrease in membrane potential and inhibition of DNA synthesis. This reported 

apoptotic effect was blocked by the action of SSRIs, suggesting that the direct binding of 5- 

HT to SERT was responsible for this effect and further evidence demonstrated that the 

induced apoptosis was not caused by oxidative stress This coupled with the fact that BL 

cells lines MUTU-1 and DG-75 are known to overexpress SERT strongly implicated 5-HT 

and other SERT ligands as antiproliferative agents. Later work by Serafeim et al (2003) 

reported the apoptotic effect of the SSRIs fluoxetine, citalopram and paroxetine on BL cell 

l;nes. These compounds triggered apoptosis in sensitive BL cell lines but not in a series of five 

non-BL lymphoid cell lines or in non-malignant peripheral blood mononuclear cells (PBMC) 

aid tonsil B-cells, suggesting a selectively toxic effect. The exact mechanism of action of this
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apoptotic effect is not known; however the SSRIs were found to stimulate calcium flux and

tyrosine phosphorylation in BL cell lines treated with the compounds, events that are related to

->0

signal transduction in apoptosis “ .

Psychotropic drugs have also been implicated in the pro-apoptotic effect of SERT 

ligands. The pro-apoptotic abilities of 3,4-methylenedioxymethamphetamine and the 

amphetamine related compound fenfluramine (EC50 of 100-200 |aM) have been reported for a 

number of lymphoma cell lines, including BL cell lines along with the non-selective stimulant 

drug cocaine, albeit at high concentrations (ECjoof >500 |aM) This abundance of evidence 

suggested a crucial role for SERT and NET in the apoptotic effect of antidepressants and 

psychotropics. However, in 2007, a study by Schuster et al doubted these claims, suggesting 

that antidepressants exerted their apoptotic effect in malignant cell lines, regardless of their 

SERT expressing character, concluding that their antiproliferative effect was unrelated to their 

principle pharmacological action of inhibiting SERT As previously mentioned (Section 

1.3.2.1.) research carried out in Trinity College Dublin discovered the SSRI fluoxetine and the 

NSRI maprotiline have the ability to induce Type II PCD (autophagy) in resistant BL cell 

lines, but that this effect also was unrelated to SERT or NET

A recent report by Gandy et al (2010) investigating the effects of novel a-substituted

MDMA compounds (Figure 1.5.1.2.) on BL cell lines observed that a series o f a-aryl MDMA

■̂6
analogues had a potent effect on the L3055 cell line (known to overexpress SERT “ and DAT 

^ )̂ at micromolar concentrations (EC50 of 6-12 |jM). These compounds were found to be less 

neurotoxic on a dopaminergic cell line (SHSY-5Y) than MDMA, equipotent at inhibiting the 

action of the serotonin transporter and devoid of any psychoactive abilities, making them 

attractive lead compounds for the treatment of BL and related lymphomas.
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Figure I.5.I.2. a-Substituted MDMA compounds

A lthough the m echanism  by which SERT and NET targeting com pounds induce 

apoptosis rem ains elusive, they continue to be a novel lead com pound for the design o f new, 

potent anticancer agents and as such warrant further investigation.

1.6. Thesis objectives

The m ain focus o f this thesis is the synthesis o f com pounds that are structurally related 

to m onoam ine transporter ligands, in particular com pounds related to am phetam ines and their 

structurally related synthetic byproducts and com pounds related in structure to the NET 

selective antidepressant m aprotiline, with a view to developing novel antiproliferative agents 

for use as a potential treatm ent for the m alignancy B urkitt’s lym phom a. The am phetam ine 

M DM A is known to be cytotoxic to BL cell lines but its associated neurotoxicities m ake it an 

unsuitable drug candidate. It is im perative to reduce the neurotoxic effects o f am phetam ine 

like com pounds while retaining their antiproliferative effects in BL cell lines. This subject is 

discussed over three chapters;
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The main objectives of Chapter Two include:

•  Synthesis of a library of l,3-bis(aryl)-2-nitro-l-propenes and l,3-bis(aryl)-2- 

propanamines related in structure to a variety of amphetamines and their synthetic 

byproducts, including MDMA, 4-MTA, PCA and PMA.

• Investigation of the antiproliferative effect of these compounds in a range of relevant

cell lines including BL (MUTU-1, DG-75), neuroblastoma (SHSY-5Y) and chronic 

myelogenous leukaemia (CML) (K562) cell lines.

• Investigation of the pro-apoptotic abilities of these compounds using FACS analysis

and probing of the possible mechanism of action of this series of compounds by

investigating their protein tyrosine phosphatases (PTP) inhibition ability and by cell 

cycle analysis.

• Determination of the selectivity of the antiproliferative effect using peripheral blood 

mononuclear cells (PBMC).

• Investigation of reports of SERT as a pro-apoptotic target by determining the SERT 

inhibition capabilities of this library of compounds.

• Performing a molecular modelling study using a homology model of hSERT to 

investigate possible protein-Iigand interactions of active compounds in the 5-HT 

binding site.

The main objectives of Chapter Three include;

• Design and synthesis o f a diverse library of compounds related in structure to the NSRI 

antidepressant maprotiline.
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• Evaluation of the antiproliferative effect of these compounds in BL cell lines (MUTU- 

1, DG-75) and a CML cell line (K562).

• Determination of the selectivity of these compounds for malignant cells using PBMCs.

• Conducting a molecular modelling study investigating the structure-antiproliferative 

activity relationship of this series of compounds with respect to other MAT targeting 

compounds which are known to have antiproliferative abilities.

The main objectives of Chapter Four include:

• Determination of any potential neurotoxicity associated with a library of C6- 

substituted-MDMA and MBDB analogues which have previously been found to be 

cytotoxic to MAT expressing cell lines using the neuronal cell line model PC-12,

• Investigation of the possible role of SERT in the cytotoxic effect of these compounds 

by investigating the SERT inhibition abilities of the C6-substituted-MDMA and 

MBDB compounds compared to their unsubstituted analogues MDMA and MBDB.

• Conducting a molecular modelling study using the hSERT homology model and 

investigate the protein-ligand interactions of the C6-substituted amphetamine 

analogues in the 5-HT binding site.
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Chapter 2. Design, synthesis and biochemical 
evaluation of l,3-bis(aryl)-2-nitro-l-propenes and 

1,3-bis(aryl)-2-propanamines
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2.1. Introduction

Investigations into the synthesis o f am phetam ines such as M D M A  and 4-M TA  leads to 

form ation o f route specific byproducts and im purities, which have been well docum ented in 

the literature and have been useful in forensic analysis o f these am phetam ine based

180 184com pounds ‘ . Previous research in our laboratory identified a series o f structurally related

im purities and byproducts form ed during the synthesis o f 4-M TA  and M DM A. This led to the 

synthesis o f a library o f over 200 analogues and derivatives structurally related to 4-M TA , 

M DM A and their route specific byproducts Because o f a lack o f cytotoxicity data for 

synthetic am phetam ines used as illicit drugs, this library o f com pounds was evaluated for their 

cytotoxicity toward a range o f cell lines including hum an em bryonic kidney (HEK) cells, HEK 

cells overexpressing the m onoam ine transporters SERT (HEK hSERT), NET (H EK  hNET) 

and DAT (HEK hDA T) and the neuronal cell line m odel P C -12. Com pounds were also 

investigated for their toxicity tow ards the m alignant cell line SH SY-5Y (a dopam inergic 

neuroblastom a cell line) as well as the B urkitt’s lym phom a (BL) cell lines MUTU-1 and DG- 

75. This screen identified a num ber of lead com pounds which had antiproliferative effects on 

BL cell lines In particular, A ^-form yl-l,3-bis(4-m ethylthiophenyl)-2-nitro-l-propane (17), 

showed a selectively toxic effect on those cell lines which overexpress SERT, over those that 

overexpress either NET or D A T (EC50 o f 50 |jM , 457 pM  and 87 |jM  for HEK hSERT, H EK  

hN ET and HEK hD A T respectively) Com pound 17 was also found to have a m oderate 

antiproliferative effect on the SH SY -5Y  cell line (EC50 o f 32 |lM ).

Recently, a num ber o f SERT-targeting ligands, including am phetam ines and 

antidepressants such as SSRIs and TCAs, have been shown to induce apoptosis in a num ber o f 

m alignant cell lines, including B urkitt’s lym phom a 28- 29, 32.177 im plicated
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in serotonin-mediated apoptosis in Burkitt’s lymphoma and in the mechanism of 

cytotoxicity associated with the amphetamine analogues, fenfluramine and 3,4- 

methylenedioxymethamphetamine (MDMA) Although these ligands can target the

26 32serotonin transporter, their anticancer effects are thought to occur independently of SERT ’ '

suggesting that (a) molecular target(s) other than SERT may exist in the lymphoma cell with

26the possibility of these ligands preferentially targeting the proliferating malignant cell .

As compounds of type 17 are structurally related derivatives of 4-MTA and MDMA, it 

was proposed that these derivatives could behave like amphetamines by binding to SERT and 

therefore may have potential as antiproliferative agents against lymphomas, particularly, 

Burkitt’s lymphoma. The objective of this study was to synthesise a number of structurally 

related analogues of 17, investigating their SERT inhibition activity and antiproliferative 

potential against Burkitt’s lymphoma-derived cell lines.

In order to investigate the structure-antiproliferative activity relationship of this series 

of compounds and to improve their potency against malignant cell lines, a range of analogues, 

structurally related to 17 was designed with modifications to the aromatic substituents and to 

the p-position of the alkyl chain, as shown in Figure 2.1.1.

NH,

4-MTA (8) R = SCH3, OCH3, -OCH2O-, Cl, F, Br 
R’ = NH2, N O ,, NHCHO, C=NOH, OH

NH

17

Figure 2.1.1. Structural modifications of the lead compound 17
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2.2. Chemistry

2.2.1 Synthesis of l,3-bis(aryl)-2-nitro-l-propenes and l,3-bis(aryI)-2- 
propanamines

The nitrostyrene route to amphetamine synthesis has been previously documented in 

the literature and this route involves the synthesis of a phenyl-2-nitropropene intermediate 

which is directly reduced to the primary amine using lithium aluminium hydride to produce 

amphetamine (Scheme 2.2.1.1) Using the nitrostyrene 3,4-methylenedioxphenyl-2-

nitropropene, this route is also used to synthesise a commonly used precursor in the synthesis 

of MDMA, 3,4-methylenedioxyphenyl-2-propanone (PMK) as illustrated in Scheme

2 . 2 . 1 . 1 .

Phenyl-2-nitropropene Amphetamine (1)

Fe, AcOH

3,4-m ethylenedioxyphenyl- PMK
2-nitropropene

Scheme 2.2.1.1 Synthesis of amphetamine and PMK from nitrostyrene intermediates

Previous studies in our laboratory identified the nitrostyrene route as a straightforward 

method for the synthesis of the l,3-bis(aryl) compounds The l,3-bis(aryl)-2-nitro-l-

propenes (39-47) and l,3-bis(aryl)-2-propanamines (48-51) were synthesised in a three and 

four step synthetic sequence respectively as shown in Scheme 2.2.1.2.
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R , O CH3NO2
cyclohexylamine

AcOH. 6 h reflux

NaBHj 
NO2 silica gel

propan-2-ol 
CH2CI2, rt

Rj

R

NO,

I8R,= SCH3, R2=H. R3 = H 
I 9 R , =  R ,=  -0C H 20-. R 3 = H 
20R |= O C H 3, R-, = H .R 3  = H 
21 R |=C 1. R 2  = H .R 3  = H 
2 2 R , =C1, R 2  = H, R 3  = C 1 

2 3 R , = B r. R 2  =  H. R j =  H 
2 4 R ,= F .  R 2  = H ,R 3  = H

25 R = SCH3 , R 2= H, R3  = h 32 R, = SCH3 , R2 = H
26 R = R,= -OCHjO-. R3  = H 33 R, = Ro= -OCH2 O-
27 R = OCH3 , Rj = H, R3  = H 34 R| = 0 CH3 , R , = H
28 R = Cl. R,=H, R3  = H 35 R, = Cl, R.=H
29 R = ci, r', = h , R3 = C 1 36 R, = Cl, R'2  = H, R3  = Cl
30 R = Br. R , =  H. R3  = H 37 R, =  Br, Rj = H
31 R = F. R 2  =  H. R3  = H 38 R| =  F. R-, =  H

HN(CH3)2.HC1, KF 
toluene, 24 h reflux

LiAlH4

benzene. THF 
3 h reflux

48 R |=  SCH3 , R2 =H
49 R |=  R ,= -O C H jO - 
5 0 R ,=  OCH 3 . R-,= H 
51 R ,=  C1,R-,=h‘

39 R |=  R | ' =  SCH3, R j=  R2' =  H. R3 =  H
40 R |=  R |’ =  R2= R2' =  -OCH2O-, R3 =  H
41 R ,=  R | ' =  O C H 3."r2 =  R :' =  H . R3 =  H 
4 2 R ,=  R , '=  Cl, R .=  R2' =  H , R3 =  H
43 R | =  R |’ =  Cl. R j =  R'v =  H, R3 =  Cl
44 R , =  Cl, R ,’ =  SCH3, R j =  RV =  H. R3 =  H 
4 5 R | = R , '  =  Br, R2 =  R2' =  H ,R 3  =  H
46 R | =  R ;' =  F, R., =  R2' =  H , R3 =  H
47 R | =  SCH3, R |' =  C l, R2 =  RV =  H, R3 =  II

Scheme 2.2.I.2. Synthetic route for l,3-bis(aryl)-2-nitro-l-propenes and l,3-bis(aryl)-2-
propanamines

The first step involves generation of the l-(aryl)-2-nitroethenes 25-31 via a Henry- 

Knoevenagel condensation of the appropriate aldehydes 18-24 and nitromethane using 

cyclohexylamine as a base. The reaction mechanism is show below in Scheme 2.2.1.3. The 

Henry reaction, or nitroaldol reaction, was first discovered in 1895 and has long been used as 

an efficient carbon-carbon bond forming method It involves nucleophilic attack of a 

nitroalkane on a carbonyl group, to produce a nitroalcohol product. The main attraction of the 

Henry reaction is the introduction of the nitro group which is amenable to structural 

modification to produce for example, amino alcohols and ct-hydroxy carboxylic acids 

The Knoevenagel condensation was first introduced in 1898 as a modified aldol condensation.
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in which a carbonyl group with an acidic a-proton can undergo deprotonation using a weak 

base such as pyridine or piperidine. This anion can then attack an aldehyde or ketone in an 

aldol-like reaction followed by dehydration to give an alkene The Henry-Knoevenagel

reaction used in this synthesis requires the nucleophilic attack of a nitroalkane on a carbonyl 

group to form the nitroalcohol, which is immediately dehydrated to form the P-nitrostyrene. 

Synthesis of P-nitrostyrenes is cited extensively in the literature. Generally, P-nitrostyrenes are 

syntheised via reaction of an aldehyde and an appropriate base e.g. sodium hydroxide, 

alcoholic potassium hydroxide using ammonium acetate in acetic acid or potassium 

fluoride and A^,A^-dimethylamine hydrochloride with the azeotropic removal of water 

Recently, the solvent free microwave assisted synthesis of nitrostyrenes was reported, which 

involved the use of aluminium oxide and potassium carbonate

The synthetic method used in this study was chosen for its short reaction time and 

convenient work up and purification. It involves heating the materials in a water bath for 6-7 

hours. After cooling the mixture, water added allows most of the pure product to precipitate 

out, while the mother liquor was concentrated and the remaining product was purified by flash 

column chromatography to afford the pure nitrostyrene. Recrystallisation of the precipitated 

and chromatographed product results in the pure nitrostyrene.

The infra-red spectra for P-nitrostyrenes 25-31 identifies two absorption bands which 

represent the nitro group in the range of v 1490-1587 cm ' and v 1320-1340 cm ' and an alkene 

stretch in the range of v 1603-1640 cm '. 'H NMR spectroscopy was used to identify the 

nitrostyrenes 25-31 as the f-alkene, due to large coupling constant of J = 13.5 Hz, which is 

characteristic for f-alkenes
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0
C H 2 N 0 2

NO,

OH

NO.R

Scheme 2.2.I.3. Mechanism for the Henry-Knoevenagel reaction

The nitrostyrenes 25-31 were then selectively reduced to the corresponding l-(ary)-l-

203nitroethanes 32-38 using NaBH4 using the method employed by Bhattacharjya et al . Durmg 

this reaction, dimeric nitroethane impurities can form in comparable yields due to the 

resonance stabilised a-carbanion reacting with a molecule of nitroethene in a Michael-like 

addition (Scheme 2.2.1.4.)

NO2
O
tl'i® ^

R '

O© R 

O2N NO2

Scheme 2.2.I.4. Formation of dimeric impurities

The addition of silica gel and a non-polar solvent (e.g. dichloromethane) to the reaction 

mixture allows the carbanion to form on the surface of the silica, which allows the anion to 

accept a proton before it can undergo Michael addition with the nitroethene Using this 

method, the alkene was successfully reduced under mild conditions and short reaction time 

(15-20 mins) and produced nitroalkane compounds 32-38 in high yields (85-98 %) with no
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purification procedure required. The infra-red spectra for the alkanes 32-38 shows absorption 

bands for the nitro group similar to those found in the nitroethene compounds (v 1544-1567 

cm ' and v 1362-1382 cm '); however, no absorption band is observed in the range of v 1603- 

1640 cm ', indicating the absence of the alkene. l-(4-Fluorophenyl)-l-nitroalkane (38) and 1- 

(4-chlorophenyl)-l-nitroethane (35) are unreported in the literature. The 'H NMR spectrum for 

compound 35 is now discussed as a representative example of this series.

7 S 5 4 [ppm]

Figure 2.2.1,1. NMR spectrum of l-(4-chlorophenyl)-l-nitroethane (35)

The 'h  NMR spectmm of compound 35 (Figure 2.2.1.1) shows a triplet at 5 3.31 ppm 

which integrates for two protons (J = 7.3 Hz). This represents the more shielded H2 proton 

next to the aromatic ring. The more downfield methylene protons next to the nitro group, at 5 

4.62 ppm, are also represented as a triplet integrating for two protons (J = 7.3 Hz). The 

aromatic protons H27H6’ and H37H5’ resonate as two doublets (J = 8.5 Hz) at 5 7.17 ppm 

and 8 7.32 ppm respectively.

55



The l,3-bis(aryl)-2-nitro-l-propenes 32-38 were synthesised by condensation of the 

unsaturated nitroalkane by a second Henry condensation with the appropriate benzaldehyde 

18-24 (Scheme 2.2.1.2). In this case, A^,A^-dimethylamine hydrochloride and potassium 

fluoride were used as a base and the mixture was refluxed for 24 hours in toluene. The reflux 

condenser was fitted with a Dean-Stark trap to facilitate the removal of water from the 

reaction. According to the literature, a reflux time of 8 hours achieved a yield of 65 % (for 

compound 40) however 24 hours was needed to achieve near comparable yields, following 

flash column chromatography purification and recrystallisation from methanol. Yields for this 

reaction varied depending on the aromatic substituents. Table 2.2.1 shows the yield and 

melting point for each compound.

125 182 ^05Compounds 39-41 have been previously reported in the literature ' , however

compounds 42-47 are novel and the spectroscopic data for compound 46 is now presented as 

an example of this series of l,3-bis(aryl)-2-nitro-l-propenes (Figure 2.2.1.2).
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Compound No. Yield (%) M.p. (“O

vgXXiOO-s-- 39 51
80-81 

(Lit. m.p. 
81-82 °C)

^ 0 NO2
40 60

131-134  
(Lit. m.p. 

136

41 37
120-123  
(Lit. m.p. 

120-123 °C)^“

e,XX̂OCAc, 42 50 74-76

Cl

43 30 90-92

44 35 115-117

45 21 91-93

46 32 73-75

47 56 76-78

Table 2.2.1. Percentage yield and melting point of l,3-bis(aryl)-2-nitro-l-propenes

The IR spectrum  o f 46 shows two bands at v 1346 and 1503 cm ’ which represent the

stretch o f the N O 2 group. The alkene C=C stretching is observed at v 1637 cm  '. The 'h  NM R 

1 ^and C N M R spectra for com pound 46 are com plicated by the presence o f the fluorine atoms, 

which, w ith a nuclear spin num ber o f 1/2, can undergo coupling to both protons and carbons. 

In the 'H  N M R  spectrum , shown in Figure 2.2.1.2., a singlet at 5 4.24 ppm  represents the 

m ethylene protons, H3. Further dow nfield in the arom atic region, a signal centered at 5 7.05
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ppm correlates to the aromatic protons H3’7H5” . These protons are shielded due to the 

ortholpara directing nature of halogens. This double doublet occurs due to the coupling 

between adjacent protons H2’7H6” ( J hh = 8.5 Hz) and also with the fluorine atom ( J hf = 5.5 

Hz). A multiplet centred at 5 7.17 represents the aromatic protons H27H6’ and H2’7H6” . 

Another double doublet at 5 7.45 ppm corresponds to the aromatic protons H37H5’ ( J hh = 9.0 

Hz, Jhf = 5.5 Hz) and a singlet at 5 8.29 ppm represents the HI proton.

NO.

[ppm]e 58 7

Figure 2.2.I.2. NMR spectrum of compound 46

The '^C NMR spectrum of 46, illustrated in Figure 2.2.1.3., shows a signal at 5 23.15 

ppm which was identified as the methylene carbon C3, by means of an inverted signal in the 

DEPT 135 spectrum, Figure 2.2.1.4. Four signals at 8 115.80 ppm, 8 116.01 ppm, 8 116.41 

ppm and 8 116.64 ppm are identified as two doublets which represent carbons C37C5’, 

C3’7C5” which are coupled to a fluorine atom (^J = 88.0 Hz). Two signals at 8 127.94 ppm 

and 8 131.57 ppm identify the quaternary carbons C l’ and C l ” , which undergo long range C- 

F coupling ('̂ J = 3.5 Hz). The other aromatic carbons C27C6’ and C2’7C6” are observed at 8
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129.09 ppm, 6 129.16 ppm, 5 131.75 ppm and 6 131.84 ppm, with long range C-F coupling (^J 

= 36.0 Hz). A  signal at 6 149.29 ppm represents the carbon adjacent to the NO2 group, C2. The 

quaternary CF carbons appear as two doublets at 5 160.70 ppm, 5 162.58 ppm, 8 163.14 ppm 

and 5 165.10 ppm (J cf = 247.0 Hz, Jcf = 253.0 Hz) (Figure 2.2.1.5.).

NO-

160 140

Figure 2.2.I.3. NMR spectrum of compound 46
120
13,

100 80 60 40 [ppm]

NO.

140 120 100 80 60 40 [ppm]

Figure 2.2.I.4. DEPT 135 spectrum of compound 46
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NO-

120135 130 125

Figure 2.2.I.5. NMR spectrum of 46 (CF doublets of compound 46)

l,3-Bis(aryl)-2-nitro-l-propenes 39-42 were reduced with LiAlH4 according to the 

method by Pifl et al (2002)'*^ to afford the primary amines 48-51 in low to moderate yields 

(35-74 %). No purification was required for the l,3-bis(aryl)-2-propanamines 48-51. 

Compounds 48 and 49 have been previously reported however spectral data for 50 and

51 could not be found in the literature. The IR, 'H  NMR and '^C NMR spectra are now 

discussed for these compounds. For both compounds 50 and 51, an absorption band for the 

primary amine is observed in the range o f v 3300-3340 cm '. The ether bond stretch is 

observed at v 1179 cm ' for 50 and a C-Cl bond is observed for compound 51 at v 810 cm '.

The 'H  NMR spectrum for compound 50 shows a broad singlet at 5 1.40, integrating 

for the two amino protons. The methylene protons HI are diastereotopic and are represented 

as two double doublets at 5 2.47 ppm and 5 2.78 ppm, each denoting four magnetically 

equivalent protons. The double doublet at 5 2.47 ppm integrates for two protons. These
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protons are coupled to the CH adjacent to the amino group, H2 (J = 9.0 Hz) and are also 

coupled to each other by geminal couphng (J = 13.5 Hz). The signal at 5 2.78 ppm also 

represents HI and shows vicinal coupling to H2 (J = 4.5 Hz) and geminal coupling to HI (J = 

13.3 Hz). At 5 3.20 ppm, a multiplet signifies proton, H2. A singlet at 6 3.81 ppm integrates 

for the six methoxy protons. In the aromatic region, a doublet at 5 6.87 ppm integrating for 

four protons corresponds to the protons H27H6’ (J = 8.5 Hz) and a doublet at 6 7.15 ppm 

integrating for four protons represents H37H5’ (J = 8.5 Hz) (Figure 2.2.1.6.).

NHj

7 6 5 4 3 2 [ppm]

Figure 2.2.I.6. NMR spectrum of compound 50

A signal at 5 42.50 ppm in the '^C NMR spectrum for compound 50 corresponds to the 

methylene carbon. C l. The methoxy carbons are observed at 5 53.93 ppm and 5 54.81 ppm. 

The carbon adjacent to the amine group C2 is represented by a signal at 5 113.42. Quaternary 

carbons C l ’ and C4’ are found at 5 129.74 ppm and 5 157.66 ppm. Aromatic carbons C2’/C6’
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can be found at 5 129.74 ppm, while a signal at 8 130.99 ppm corresponds to aromatic carbons 

C37C5’ (Figures 2.2.1.7. and 2.2.1.8.).

Compound 51 shows a similar 'H NMR spectrum, with similar splitting pattern and 

coupling constants, to compound 50. Again, a similar '^C NMR spectrum was observed for 

compound 51, however, the quaternary carbon C4’ was found further upfield at 6 137.16 ppm, 

compared to 5 157.66 ppm for compound 50.

NHj

40 [ppm]60120 100 SO140

Figure 2.2.I.7. DEPT 135 spectrum of compound 50
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Figure 2.2.I.8. DEPT 90 spectrum of compound 50

2.2.2. Synthesis of structurally related l,3-bis(aryl)-2-propanamine 
compounds from a l,3-bis(aryl)-2-propanone precursor

In order to increase the structural diversity of the library of compounds, it was decided 

to modify the C2 position of the alkyl chain. The nitroethene compounds 39-41 can easily be 

converted to their 2-propanone analogues 52-54, using iron powder and acetic acid. The 

ketone functional group formed is amenable to many different reactions including reduction to 

an alcohol, oxime formation and reductive amination as shown in Scheme 2.2.2.1.

Reduction of p-nitrostyrenes with iron powder was first employed by Dal Cason et al 

(1990) to reduce l-(3,4-methylenedioxyphenyl)-2-nitropropene to the corresponding 1,3- 

bis(3,4-methylenedioxyphenyl)-2-propanone (PMK), in the synthesis of MDMA. This method 

is attractive due to the short reaction time, relatively low temperature and high purity levels. 

The ketone is purified by vacuum distillation, with no further purification required.
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Fe, AcOH

steam bath. 2 h

NHjCHO 
190°C, 5 h NaBH.

DCMNHjOH.HCl 
pyridine 

2 li reflux

O
17R |= S C H 3, R2 = H 5 7 R ,=  R 2= -0C H 20- 58 R ,=  R ,= -O C H jO-
5 5 R , = R , = -0 C H ,0 -  
.^6R,=0CH3. R2 = H

Scheme 2.2.2.I. Reduction of l,3-bis(aryl)-2-nitro-l-propenes 39-41 to l,3-bis(aryl)-2-
propanones 52-54

Compounds 17, 55 and 54 were synthesised from the ketone precursors 52-54 using 

formamide at an elevated temperature. This reaction is known as the Leuckart-Wallach

206 207reaction and is a popular route used in the synthesis of amphetamines . Although

commonly used, this route is not the most convenient due to the formation of many pyridine

1 gQ j
and pyrimidine based impurities formed during this reaction . This leads to difficult

purification and low yields.

l,3-Bis(3,4-methylenedioxyphenyl)-2-propanone 53 was reacted with hydroxylamine 

HCl with pyridine as a base to produce the novel l,3-bis-(3,4-methylenedioxy)-2-propanone 

oxime (57). The oxime was formed as a dark brown powder of high yield (73 %). As 

compound 57 is previously unreported in the literature, the IR, ’H NMR and NMR 

spectroscopy data is now presented. The IR spectrum for 57 shows a broad band at v 3253 

cm ', indicating the presence of the hydroxyl group.
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The ’H NMR spectmm of 57 shows two singlets at 5 3.37 ppm and 5 3.58 ppm, each 

integrating for two protons. These signals represent the two methylene protons HI and H3. 

The presence of the C=N group restricts the rotation of the C-N bond and results in an 

asymmetrical structure, which allows differentiation of the methylene protons. The close 

proximity in space of the hydroxyl group to H3, due to its syn conformation, results in a more 

deshielded environment, which implies that the signal at 5 3.58 ppm corresponds to H3. The 

protons anti to the hydroxyl group, HI, are found at 5 3.37 ppm. The methylene protons of the 

methylenedioxy ring are found as a singlet, integrating for four protons at 8 5.95 ppm. In the 

aromatic region of the spectrum, two mulitplets in the range of 5 6.63-6.68 ppm and 5 6.72- 

6.77 ppm, each integrating for three protons, correspond to the aromatic protons.

57

The '"̂ C NMR spectrum shows a signal at 5 31.81 ppm represents the carbon syn to the 

hydroxyl group, C3. The more downfield signal at 5 38.98 ppm correlates to C l. The 

methylenedioxy carbons are found at 5 101.09 ppm and 5 101.15 ppm. Signals at 5 108.47 

ppm, 8 108.51 ppm, 8 109.73 ppm, 8 109.94 ppm represent the aromatic carbons C27C2” and 

C57C5” , while a single signal at 8 122.53 ppm signifies the C67C6” carbons, which are 

deshielded due to the electron donating effect of the methylenedioxy oxygens. Carbons 

C17C1” are observed at 8 130.26 ppm and 8 130.45 ppm. The other aromatic quaternary 

carbons are found at 8 146.64 ppm, 8 146.90 ppm, 8 148.22 ppm and 8 148.25 ppm. The imino 

carbon is represented by a signal resonating at 8 159.83 ppm.

The l,3-(3,4-methylenedioxyphenyl)-2-propanol 58 is synthesised by reduction of the 

2-propanone 53 with sodium borohydride. The ketone is readily reduced by this hydride
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reducing agent under mild reaction conditions to give a colourless solid of high yield (90 %) 

and purity. The mechanism for reduction using NaBH 4 is shown in Scheme 22.2.2.

NMR data is now discussed. A broad singlet at 5 1.75 ppm, integrating for one proton signifies 

the OH group. The two methylene groups H I, are diastereotopic and resonate as two double 

doublets, each integrating for two protons. The more upfield signal centred at 5 2.66 ppm.

(Ji ,2 = 8.0 Hz). The more downfield signal, centred at 5 2.77 ppm, again shows geminal 

coupling of the methylene protons (Jgem = 14.0 Hz) and vicinal coupling to the H2 proton that 

is in a trans conformation to HI (Ji ,2 = 4.5 Hz). A multiplet centred at S 3.95 ppm integrates 

for the H2 proton which is adjacent to the hydroxyl group. The methylene group of the 

methylenedioxy ring is found as a singlet at 5 5.95 ppm. A doublet integrating for two protons 

at 5 6.74 ppm corresponds to the aromatic protons H2’ (J = 1.5 Hz), while doublets at 5 6.69 

ppm and 5 6.77 ppm correspond to the aromatic protons H 6’ and H5’ respectively (J = 8.0

I
H

Scheme 2.2.2.2. Reduction of a ketone by sodium borohydride

Surprisingly, compound 58 was undocumented in the literature. The 'H  NMR and '^C

shows geminal coupling (Jgem = 13.5 Hz) and also vicinal coupling to the H2 proton cis to HI

Hz).

5'

58
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A signal inverted in the DEPT 135 '^C NMR spectrum at 5 42.49 ppm represents the 

CH2 carbons C 1. The CH2 of the methylenedioxy ring is also seen as an inverted signal at 5 

100.45 ppm of the DEPT spectrum. A signal at 8  73.23 ppm correlates to the CH adjacent to 

the hydroxyl group, C2. Signals found at 5 107.85 ppm, 6  109.24 ppm and 5 121.84 ppm 

represent aromatic carbons C6 ’, C2’ and C5’ respectively. The quaternary carbon, C l ’ is 

observed at 5 131.65 ppm, while quaternary carbons C3’ and C4’ can be found at 5 145.73 

ppm and 5 147.29 ppm.

2.2.3. Synthesis of l,3-bis(aryl)-2-propanamines with alkylated and acylated 
amines

A series of compounds (59-66) previously synthesised by our laboratory are also 

included in this study The sulphur containing compounds (59, 61, 63 , 65) have been 

shown to exhibit a cytotoxic effect on a variety of cell lines including those which over 

express the monoamine transporters SERT, NET and DAT (HEK hSERT, HEK hNET, HEK 

hDAT) (EC50 range of 25-40 pM for hSERT) and a malignant neuroblastoma, SHSY-5Y as 

well as a neuronal cell line model PC-12 These compounds are structurally related to the 

lead compound 16 with alkylated and acylated modifications as shown in Scheme 2.2.3.1.

Compounds 59 and 60 are synthesised from their corresponding amines 48 and 49 

using acetic anhydride and pyridine as an organic base, which were heated at reflux for 1 hour. 

The acylated compounds were reduced with LiAlH4 to the A^-ethyl derivatives 61 and 62 . 

Compounds 64 and 66 have previously been identified by Bohn et al, as impurities of MDMA 

synthesised via the Leuckart reaction from PMK, which itself arises as a synthetic byproduct 

from the acetic acid route of MDMA synthesis from 3,4-methylenedioxyphenylacetic acid 

l,3-Bis(aryl)propanone compounds 52 and 53 can undergo the Leuckart reaction using N-
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methylformamide, to generate the tertiary amides 63 and 64. Compounds 65 and 66 are 

synthesised by hydrolysis of the amides 63 and 64 respectively using concentrated HCl and 

methanol, which were heated at reflux for 7 hours.

48 R ,=SC H 3 , R 2=H  
4 9 R ,=  R ,=  -0 C H ,0 -

AC2 O. pyridine 
1 h, rt

59 R |=SC H 3 , R 2=H  
60R,= R,= -OCH20-

5 2 R ,=  SCH 3 .R 2 = H  
5 3 R |= R 2 = -0 C H 2 0 -

CH 3NHCHO, HCOOH  

150°C . 7 h

O

63 R ,=SC H 3 , R 2 =H  
64R,= R2=-0CH20-

LiAlH 4 , THF, 
Benzene 3 h reflux

M eOH, conc. HCl 
7 h. reflux

61 R ,=SC H 3 . R ,=H
62 R ,=  R j=  -OCHjO-

65 R ,=SC H 3 , R 2 =H
6 6  R ,=  R2 =  -OCH 2 O-

Scheme 2.2.3.I. Synthesis of compounds structurally related to 17 from amine and
ketone precursors

2.3. Biochemical Evaluation 

2.3.1. Introduction

Compounds were evaluated for their ability to inhibit the serotonin neurotransmitter 

transporter (SERT) using HEK hSERT cells. The compounds were also evaluated for their
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antiproliferative activity on a range of malignant cell lines, including the chronic myelogenous 

leukaemia cell line, K562, the Burkitt’s lymphoma cell lines DG-75 (chemoresistant cell line) 

and MUTU-1 (chemosensitive cell line) and a dopaminergic neuroblastoma, SHSY-5Y. 

Antiproliferative activity was measured with an Alamar Blue dye which is used to determine 

the percentage cell viability, when treated with the test sample. The BL cell lines were chosen 

for evaluation due to the fact that they are known to overexpress the monoamine transporters 

SERT and NET (to a lesser extent than SERT) The SHSY-5Y cell line was chosen as it is a 

malignant cell line that overexpresses DAT but not SERT and the K562 cell line was 

chosen as a comparative cell line which is known to be chemoresistant and does not 

overexpress any of the monoamine transporters SERT, NET or DAT.

The Alamar Blue assay identified a number of compounds which displayed a potential 

antiproliferative activity. In order to investigate the mechanism of action of cell death, potent 

compounds were evaluated for their effect on the cell cycle in MUTU-1 cells using propidium 

iodide (PI) FACS analysis. Caspase 3/7 activation and PARP cleavage experiments were 

carried out to investigate any apoptotic effects. A subset of the l,3-bis(aryl)-2-nitro-l- 

propenes were also evaluated for their ability to inhibit protein tyrosine phosphatase (PTP), as 

this has been suggested as a possible target for nitrostyrenes to exert their antiproliferative 

effect

2.3.2. Materials and methods

All reagents including cell culture growth medium, serum and trypsin EDTA were 

purchased from BD Bioscience, Invitrogen-Biosciences or Sigma-Aldrich. The 

neurotransmitter transporter reuptake assay kit was purchased from Molecular Devices. The
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Apo-ONE homogenous caspase 3/7 assay kit was from Promega and the protein tyrosine 

phosphatase IB activity kit was purchased from Calbiochem.

All consumables such as 96-well plates, sterile pipettes, centrifuge vials etc. were 

purchased from Cruinn. Fluorescence was read using a BMG-Labtech, fluostar Optima plate 

reader and Gemini SpectraMax plate reader. FACS analysis was carried out on a FACSCalibur 

flow cytometer.

HEK hSERT cells were provided by Dr. Patrick Schloss (Central Institute for Mental 

Health, Mannheim, Germany). K562, MUTU-1 and DG-75 cell lines were provided by Prof. 

Clive Williams (School of Biochemistry and Immunology, Trinity College Dublin). SHSY-5Y 

cells were provided by Dr. Daniela Zisterer (School of Biochemistry and Immunology, Trinity 

College Dublin). PBMCs were isolated by Dr. Kiva Brennan (School of Biochemistry and 

Immunology, Trinity College Dublin). Caspase activation, PARP cleavage and cell staining 

experiments were carried out by Dr. Suzanne Cloonan (School of Biochemistry and 

Immunology, Trinity College Dublin).

2.3.2.I. HEK hSERT cell line

The HEK293 cell line is an adherent human embryonic kidney cell line. From this, 

HEK hSERT HEK hNET and HEK hDAT cell lines are derived, which stably overexpress 

the human catecholamine transporters SERT, NET and DAT. These cells were grown in 

DMEM supplemented with 10 % foetal bovine serum (FBS), L-glutamine (2 mM), 

penicillin/streptomycin (100 |jg/mL) and geneticin (500 |jg/mL).
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23.2.2. K562 cell line

The K562 cell line originates in the bone marrow and was isolated from a 53-year old 

female with chronic myelogenous leukemia. They are small, rounded suspension cells and 

they have no trace of Epstein Barr virus (EBV). These cells were grown in RPMI 1640 

medium supplemented with 10% foetal bovine serum (FES), L-glutamine (2 mM) and 

penicillin/streptomycin (100 |jg/mL)

2.3.2.3. MUTU-1 cell line

The MUTU-1 ( c l79) cells come from a group 1 Burkitt lymphoma cell line that is 

derived from a Burkitt’s lymphoma biopsy which is positive for EBV and expresses low levels 

of Bcl-2 These cells were grown in RPMI 1640 medium supplemented with 10 % FBS, L- 

glutamine (2 niM), penicillin/streptomycin (100 pg/niL), a-thioglycerol (5 mM in PBS with 

20 pM  balhocuprione disulfonic acid), sodium pyruvate (100 mM) and HEPES (1 mM).

2.3.2.4. DG-75 cell line

The DG-75 cell line is a B-lymphocyte, Burkitt’s lymphoma cell line derived from a 

metastatic pleural effusion. It is EBV negative and expresses low levels of Bcl-2 These 

cells were grown in RPMI 1640 medium supplemented with 10% FBS, L-glutamine (2 mM) 

and penicillin/streptomycin (100 pg/mL).

2.3.2.5. SH-SY5Y cell line

SH-SY5Y is a dopaminergic neuroblastoma cell line which originated in the brain. The 

SHSY-5Y cell line is a thrice cloned (SK-N-SH -> SH-SY -> SH-SY5 -> SH-SY5Y) subline 

of the human neuroblastoma cell line SK-N-SH established from a metastatic bone tumour
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These cells are grown in DMEM; F12 (1:1) medium supplemented with 10 % FBS, L- 

glutamine (2 mM) and penicillin/streptomycin (100 |ug/mL).

2.3.2.6. Generation of peripheral blood mononucleocytes (PBMC)

PBMCs are white blood cells; monocytes, lymphocytes and macrophages, which 

circulate in the blood. Blood was obtained from a healthy donor, transferred into a 50 mL 

falcon tube and diluted 1:2 with phosphate buffered saline (PBS). LymphoPrep was used to 

separate the blood into red blood cells, white blood cell ring and serum. The blood was slowly 

added to 20 mL of Ficoll Pague plus. The tubes were centrifuged at 1700 xg for 30 min. The 

white blood cell ring was transferred into a new 50 mL tube. The volume was adjusted to 50 

mL with PBS and the samples were centrifuged again at 1700 xg for 10 min. The supernatant 

was removed. This step was repeated again, the pellet was then resuspended in 10 mL of 

complete DMEM media (FCS, penicillin/ streptomycin (100 mg/mL)) Cells were counted 

and seeded at an appropriate concentration of cells/mL.

2.3.2J. Storage, growth and maintenance of cells

When not in use, the cells are stored in liquid nitrogen, vapour phase at -178 °C. Cells 

are preserved in a solution of 10 % DMSO/30 % FBS/60 % media. They are initially stored 

overnight at -80 °C and are transferred the following day to the liquid nitrogen at -178 °C. 

When required for growth, cells first have to be “broken out”. Breaking out cells involves 

removing them from frozen stores and preparing them for growth. They are removed from 

cryogenic storage at -178 °C and quickly thawed to 37 °C in a water bath. They are centrifuged 

at 1200 rpm for five minutes and the supernatant poured off. The cells are then resuspended in

o 35 mL of the appropriate growth medium pre-warmed to 37 °C and transferred to a 25 cm cell
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culture flask. They are then incubated at 37 °C in an atmosphere of 5 % CO2/ 95 % air where 

the cells grow until confluent. Once the cells reach 70-80 % confluency they can be sub

cultivated in a 75 cm  ̂cell culture flask.

When the cells become confluent, they need to be split to prevent infection, cell death 

and possible mutation. The method of splitting depends on whether the cells are adherent or 

suspension cells. To split suspension cells, 2 mL of the cells are transferred to a 75 cm  ̂ flask 

containing 20 mL of appropriate medium, warmed to 37 °C. Adherent cells (such as HEK 

hSERT and SH-SY5Y cells) must first be removed from the flask surface. This involves the 

use of trypsin EDTA solution. Trypsin is a serine protease and acts to prevent adhering of 

cells. The medium is first poured off the cells. They are then washed with phosphate buffered 

saline (PBS) to remove any excess medium. 2 mL of trypsin is added to the cells and they are 

incubated at 37 °C for 2-3 minutes. After this time, the trypsin is deactivated by adding 5 mL 

of medium to the flask. This solution is then centrifuged at 1200 ipm for 5 minutes. The 

supernatant is poured off and the cells are resuspended in 5-10 mL of medium. Approximately 

half (1:2-1:4 depending on cell type and confluency) of this mixture is then transferred to a 

flask containing 20 mL of the appropriate medium. Cells are then incubated as previously 

described. Cells are maintained by splitting as necessary.

2.3.2.S. Seeding of cells

Seeding of cells involves growing the cells in 96-well plates or tissue culture flasks in 

preparation for use in an assay. Firstly, cells need to be counted to determine the number of 

cells/mL. From this, it can be determined how many milliliters of cells suspended in media 

will be needed for the appropriate assay.
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Cells are counted using a haemocytometer. This is a thick glass slide that contains a 

central chamber. This chamber is etched with a grid, the area of which is known. A coverslip 

is placed over the grid and 20 pL of cells suspended in medium is pipette on to it. Using a 

microscope, the number of cells in the central grid is counted. Cells in the four corners and the 

central square are counted. Cells on the bottom and left of each square are excluded. This 

process is repeated for both sides of the grid. The number of cells is then applied to a formula 

to determine the number of cells/mL

{No. of cells/2) X 5 x 10,000 = No. o f  cells/mL 

23.2.9.  Neurotransmitter transporter uptake assay

Compounds were evaluated for inhibition of the serotonin neurotransmitter transporter. 

This was performed using a novel neurotransmitter transporter uptake assay. This assay 

actively transports a biogenic amine mimic into the cell through the transporters SERT, NAT 

and DAT. The mimetic fluoresces once inside the cell and any external fluorescence is 

extinguished by a membrane impermeable masking dye. This allows the fluorescence of the 

cell to be measured and the SERT inhibition of the compound determined. This assay avoids 

the use of radio labeled substrates which can be hazardous and difficult to use.

Black, clear-bottomed plates were coated with poly-L-lysine to allow the cells to 

adhere to the well surface. Poly-L-lysine (20 |aL, 0.01 % solution) was added to each well and 

placed in the incubator for 2 hours to allow the poly-L-lysine to dry. The plates were kept 

sterile at 4 °C until needed. IX HBSS Buffer was prepared by adding 50 mL of lOX HBSS to 

10 mL HEPES buffer and adding sterile water to make a final volume of 500 mL. For dilution 

of compounds, 143 |aL of bovine serum albumin (BSA) was added to 50ml of IX  HBSS. This 

gives a buffer of IX  HBSS + 0.1 % BSA.
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A stock solution o f each com pound was m ade to a concentration o f 10 mM  in 

D M SO /buffer 1:1. Then each com pound was diluted using the IX  HBSS buffer + 0.1 % BSA 

to give concentrations o f 100 |j M  and 1 pM . Cells were seeded at a density  o f 2x10^ cells/m L. 

C italopram  (10 |aM) was used as a positive control, which represented >97 % inhibition. Three 

wells contained only IX  HBSS buffer to act as a background control, to which no dye was 

added.

A fter grow ing the cells for 24 hours, the m edia was aspirated from  the wells and 100 

|jL  o f the appropriate com pound was added to the wells. The cells were then incubated at 37 

°C for 15-20 m inutes to allow the com pound to bind. A fter this tim e, 100 p L  o f the fluorescent 

dye was added to the wells. The fluorescence o f each plate was read at em ission 520 nm 

(excitation 440 nm) on a bottom  up plate reader The background fluorescence o f the cells 

and IX  HBSS buffer was taken aw ay from  each group. Untreated cells represented 100 % 

fluorescence/0 % inhibition. F luorescence for each com pound was calculated as a percent of 

untreated cell response. This value was then subtracted from  100 % to determ ine the percent 

inhibition. IC50 values were calculated for com pounds having >80 % inhibition at 100 pM .

2.3.2.10. Alamar Blue antiproliferative assay

Com pounds were also evaluated for antiproliferative effect using an A lam ar Blue 

assay. The A lam ar Blue assay uses a safe, non-toxic dye to indicate cell viability in the assay. 

The blue dye contains a RED O X  indicator which turns from  blue to pink in viable cells. A 

redox reaction occurs as the oxidised form  o f the dye enters the cell and becom es reduced after 

accepting electrons from  electron carriers (NAD H, N A D PH , FADH) or cytochrom es (Figure 

2.3.2.1.). This causes a colourim etric change over a period o f 4-6 hours, depending on the cell
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type The colour change can easily be identified and the fluorescence of the dye can be 

measured. The degree of fluorescence is directly proportional to the viability of the cells.

Blue Pink

Figure 2.3.2.I. Reduction of Alamar Blue

1-5x10"* cells/well were seeded in a 96-well plate and treated with the respective drug for 

the desired length of time. Each well was then treated with 20 |jL of Alamar Blue (pre-warmed 

to 37 °C) and left to incubate at 37 °C in the dark for 4-6 h. Fluorescence was read at emission 

590 nm (excitation 544 nm). The background fluorescence of the media without cells was taken 

away from each group, and the control untreated cells represented 100 % cell viability. The 

antifungal agent miconazole (10 pM) was used as a positive control for cell death in each of the 

cell lines, resulting in 90 % cyotoxicity.

2.3.2.11. FACS analysis (Fluorescence Activated Cell Sorter)

FACS analysis was used to analyse the cell cycle and determine if MUTU-1 cells are 

undergoing apoptosis when treated with the compounds. FACS analysis is a type of flow 

cytometry which acts to separate a heterogenous mixture of cells of different sizes. Flow 

cytometry is a means of measuring certain physical and chemical characteristics of cells or 

particles as they travel in suspension one by one past a sensing point. Flow cytometry is used 

to analyze the cell cycle by measuring fluorescence of an intercalating dye, as it binds to the
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m ajor or m inor grooves of DNA. Propidium  iodide (PI) is a fluorescent dye that intercalates 

the m ajor groove o f DNA that has an em ission at 600 nm and excitation around 488 nm. 

FA CS analysis allows cells in different stages o f the cell cycle to be separated. This is due to 

the fact that cells undergoing distinct stages o f the cell cycle occupy different volumes. Cells 

in Gi and S phases occupy m ore space than cells in the G 2 and M phases. Depending on the 

particular phase o f the cells, this will give a characteristic series o f peaks, as shown in Figure 

2.3.2.2.
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Figure 2.3.I.2. Spectrum of a normal cell cycle of the MUTU-1 cell line. M l = pre-Gi 
phase, M2 = Gi phase, M3 = S phase and M4 = M phase

750,000 cells were treated with the appropriate am ount o f com pound and incubated for 

a specified time. Cells were harvested by centrifugation at 300 x g  for 5 m inutes and washed 

with 5 m L o f ice-cold PBS. The pellet was resuspended in 200 |iL  PBS and 2 mL of ice-cold 

70 % ethanol and cells were fixed overnight at 4 °C. A fter fixation, the cells were pelleted by 

centrifugation at 300 x g  for 5 m inutes and the ethanol was carefully rem oved. The pellet was 

resuspended in 400 |il o f  PBS with 25 |il o f  RN Ase A (10 m g/ m L stock) and 75 |iL  o f PI (1 

m g/ mL). The tubes w ere incubated in the dark at 37 °C for 30 m inutes. Cell cycle analysis 

was perform ed using appropriate gates counting 10,000 cells and analysed using
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CELLQUEST software package. Untreated cells had <5 % cells in the pre-Gi phase of the cell 

cycle and Taxol (10 |jM) was used as a positive control for cell death, resulting in 77 % cell 

death (cells in pre-G] phase).

2.3.2.12. Caspase 3/7 activation

Caspase 3/7 activity was assessed using the Apo-ONE homogenous caspase 3/7 assay. 

This assay involves a profluorescent caspase 3/7 substrate which fluoresces when exposed to 

caspases. 0.5x10^ cells/mL were grown overnight in black 96-well plates. The cells were 

treated with the compound (10 |aM, 1 |j L) for 5 hours before the addition of 100 |jl caspase 

substrate Z-DEVD-RllO. After two hours the activity of caspase 3/7 was quantified by 

measuring the amount of cleaved substrate at 521 nm (excitation 499 nm). Taxol (10 |aM) was 

used as a positive control. This was performed in triplicate on two independent days.

2.3.2.13. PARP cleavage

Poly(ADP-ribose) polymerase (PARP) enzymes are a class of enzyme involved in 

cellular signalling, which catalyzes poly(ADP-ribosylation) of DNA-binding proteins.

7 17Damaged DNA initiates PARP activity which leads to cell death and is one of the 

characteristic markers of apoptosis

5x10^ cells were harvested by centrifugation at 500 xg for 5 minutes and the pellet 

washed with ice-cold PBS. Cells were resuspended in 60 |a,L PBS and 60 |iL lysis buffer 

(Laemmh buffer; 62.5 mM Tris-HCl, 2 % w/v SDS, 10 % glycerol, 0.1 % w/v bromophenol 

Blue supplemented with protease inhibitors). Samples were prepared for SDS-PAGE resolved 

on an 8 % loading gel and transferred onto PVDF membranes. Membranes were probed with 

anti-PARP (recognises full length 113 kDA PARP as well as the 85 kDA cleaved form)
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primary antibody followed by incubation with the corresponding IgG HRP conjugated 

secondary antibody. Membranes were developed using electrochemiluminescence detection.

2.3.2.14. Staining and visualisation of cells to assess programmed cell death morphology

Cells were seeded at a density of 3x10^ cells/ mL and treated with the indicated 

compounds (10 |aM) for the relevant time. An aliquot of cells (150 |J.L) was cytocentrifuged 

onto microscopy slides at 500 xg for 2 min using a Cytospin 3 (Shandon). The slides were 

removed and left to air-dry at room temperature for 2 minutes. Staining was earned out using 

the RapiDiff kit (Sigma Aldrich) containing solution A (100 % methanol), solution B (Eosin 

Y) and solution C (methylene blue). The cells were fixed by dipping them ten times in 

solution A. The nucleus of the cells was stained pink by dipping the slide ten times in solution 

B and the cytoplasm stained blue by dipping eight times in solution C. Excess dye was washed 

off with deionised water. After allowing the slides to air dry cells were examined under a light 

rricroscope using a 60X magnification.

2.3.1.15. Protein tyrosine phosphatase assay

The FTP IB assay is a non-radioactive, colourimetric assay which measures the levels 

o:’ free phosphate as a result of phosphatase activity. The PTPIB inhibitor. Suramin was used 

as a positive control for PTPIB inhibition, with a Kj of 5.5 pM.

Piosphate standard curve was performed by adding appropriate volumes of IX assay buffer 

(100, 97.5, 95, 90, 80 and 70 |aL) to each well and adding to the same wells appropriate 

volumes (0, 2.5, 5, 10, 20 and 30 pL) of a 100 |j M phosphate standard. This resulted in the six 

wells containing 0, 0.25, 0.5, 1.0, 2.0 and 3.0 nM of inorganic phosphate.
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Test compounds were dissolved in IX assay buffer provided with the kit. Each 

compound was diluted to ten times the desired final concentration of 10 |aM. The plate was 

warmed to 30 °C. 35 pL of IX assay buffer, pre-warmed to 30 °C, was added to each well, 

followed by 10 |j L of the test sample and 5 pL of the PTPIB enzyme. 10 pL of IX assay 

buffer was added to control wells. 50 pL of a PTPIB substrate was added to each well to 

initiate the reaction. The samples were incubated for 30 minutes at 30 °C. The reaction was 

terminated by addition of 25 pL of Red Reagent. A “time zero” measurement was obtained by 

adding 25 pL of Red Reagent, 5 pL of the PTPIB enzyme and 50 pL of the substrate to three 

wells. This well was subtracted from all values. Colour was allowed to develop for 20-30 

minutes before reading the absorbance at 620 nm. This was performed in triplicate on two 

independent days.

2.3.3. Inhibition of SERT activity

As previously discussed, SERT targeting compounds such as the SSRI class of 

antidepressants and amphetamines such as MDMA have been shown to have an 

antiproliferative effect on BL cell lines. In 2002, Serafeim el al demonstrated that the natural 

substrate for SERT, 5-HT, can induce apoptosis in BL cell lines, suggesting that SERT may 

play a key role in the pro-apoptotic effect of SSRIs and amphetamines Subsequent studies 

into the role of SERT as a mechanism of apoptosis discovered that this apoptotic effect, 

observed when BL cells are treated with SERT ligands, is also observed in a range of 

malignant cell lines, irrespective of their SERT expression, suggesting that the pro-apoptotic 

effect of SSRIs is unrelated to their principal pharmacological action .

As the library of l,3-bis(aryl)-2-propanamines (48-51) are related in structure to 

compounds of amphetamine origin (e.g. 4-MTA (8) and MDMA (4 )), it was decided to
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investigate their SERT inhibition ability in order to determine if they behave in the same way 

as amphetamines. In this way, it would provide evidence to either confirm or contradict 

previous reports suggesting SERT as a mechanism for PCD.

In this study, a subset of the l,3-bis(aryl)-2-nitro-l-propene and l,3-bis(aryl)-2- 

propanamines were evaluated for their ability to bind to and inhibit SERT, using a novel 

fluorescence neurotransmitter transporter assay (as described in section 2 .3.2 .9), the results of 

which are presented in Table 2.3.3.1.

The percentage reuptake for the compounds was initially determined at concentrations 

of 1 |iM and 100 pM. The approximate IC5 0  value for reuptake inhibition of the more potent 

compounds (>80 % uptake inhibition at 100 pM) was then determined from the appropriate 

sigmoidal dose-dependent curves. The SSRI antidepressant citalopram (10 pM) (67) was used 

as a positive control, resulting in >97 % SERT inhibition. The IC5 0  for citalopram (67) was 

determined as 19.3 nM (in agreement with a reported Kj value of 8.9 nM EC5 0  values were 

estimated from log-concentration sigmoidal dose response curves, where logECso is the 

log[Dose] when response is equal to 50 % SERT inhibition.
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Table 2.3.3.I. Inhibition of SERT by l,3-bis(aryl)-2-nitro-l-propenes and related 
compounds________________________ ___________ ___________________ _______

Compound
Structure

Compound
Num ber

% SERT  
Inhibition  
(IOOmM)

% SERT  
Inhibition  

(I mM)

IC 50

(mM)

v g X X ' ' i C O - s /
39 18 25 -

40 36 15 -

/ o o \

41 10 25 -

„XXm CXci 42 23 0 -

ŝXX̂CX̂s'' 48“ 98 50 2.5

{U X € c} 49 77 44 1.6

50 65 11 '

ciXXXXXci 51 94 39 1.98

0

17 85 5 15.7

0

55 55 18 -
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Table 2.3.3.] continued

Compound
Structure

Compound
Number

% SERT 
Inhibition 
(IOOmM)

% SERT 
Inhibition 

(ImM)

I C 5 0

(mM)

0

56 18 8 -

59 28 0 -

61 92 31 2.2

/ - o  r
n/a 87 0.019

^C om pound evaluated as free base 
 ̂Evaluated  as (S )-citalopram  

*-*- not determ ined 
n /a - not applicable

The lead compound 17 was found to inhibit SERT with an IC50 of 15.7 |uM, implying 

that the cytotoxic activity of 17 is unlikely to be mediated through SERT, as the IC50 value for 

SERT inhibition is high compared to amphetamines 4-MTA and MDMA (74 nM and 425 nM 

respectively). Compound 55, the methoxy analogue of 17 also showed little SERT inhibition, 

again implying that that the cytotoxic activity of 55 may not be mediated through SERT. At 

concentrations of 100 pM and 1 |jM, l,3-bis(aryl)-2-nitro-l-propenes 39-42 and l,3-bis(aryl)- 

2-propanamines 50, 56 and 59, did not bind to SERT with <20 % inhibition observed at 1 |jM. 

Compounds 48, 49, 51, 16 and 61 displayed SERT inhibition in a low micromolar range, with 

the most active compound 49, having an ICjoof 1.6 |aM . Compounds 48, 51 and 61 showed a 

similar affinity for SERT compared to 49, with IC50 values of 2.53 |aM, 1.98 |jM and 2.20 |jM
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respectively. Previous studies investigating the SERT inhibition o f  com pounds 49  and 55 

found that w hile a similar SERT inhibition activities were found for com pound 49 (IC50 of  

7.7+1.5  |jM  compared to 2 .20 |jM  in our study), contrasting inhibitory activities were found  

for com pound 55 , as no SERT inhibition was observed in this study (compared to 8.0+2.0  

|jM ) .

In contrast to the low  nanom olar range o f  SERT inhibition values for amphetamines 

reported in the literature; 4-M T A  (74nM ) M D M A  (425 nM) and PCA (173 nM) 

observed IC50 values for the com pounds in this study are com parably high. This would  

indicate that they m ost likely do not bind strongly to SERT. It can therefore be hypothesised  

that w h ile  displaying low  microm olar inhibition to SERT, com pounds, 48, 49, 51, 17 and 61, 

m ay not be interacting in the sam e w ay as amphetamines at SERT.

2.3.4. In vitro antiproliferative activity of l,3-bis(aryl)-2-nitro-l-propenes 
and related compounds

To investigate any potential antiproliferative effect, each com pound (39-51 , 5 3 ,1 7 ,  55- 

59) was evaluated using the Alamar Blue assay in a range o f  malignant cell lines; two  

Burkitt’s lym phom a cell lines (M U T U -I and D G -75) and the human dopam inergic 

neuroblastoma cell line, (SH SY -5Y ). EC50 values for antiproliferative activity were estim ated  

from log-concentration sigm oidal dose response curves where the cytotoxic potency o f  each  

com pound was quantified by a pECjo value, where pECso is -LogECso + S.E  (log EC50 is the 

log  [D ose] when response is equal to 50  % cell viability). The antiproliferative effect o f  each  

com pound is presented in Table 2.3.4.1 and Figure 2 .3 .4 .1.

I,3-B is(4-chlorophenyl)-2-propanam ine (51) w as found to have the m ost potent 

antiproliferative effect on the M U TU-1 BL cell line (pECjo o f 6 .77), with an approximate
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ECso value o f 160 nM. The slightly more lipophilic nitrostyrene analogue o f 51, compound 

l,3-bis(4-chlorophenyl)-2-nitro-l-propene (42) also displayed a potent effect against the 

MUTU-1 cells (pECso o f 5.99), with an approximate EC50 value o f 1 pM (Table 2.3.4.1 and 

Figure 2.3.4.1). The other l,3-bis(aryl)-2-propanamine compounds 48-50 exhibited only 

moderate antiproliferative effects on this cell line (pECso range o f 3.1-4.9). This is in contrast 

to the other l,3-bis(aryl)-2-nitro-l-propenes (39-44), which all showed similarly potent effects 

on the MUTU-1 cell line (pECso range o f 5.4-5.9). This suggests that the presence o f the 

slightly more lipophilic nitropropene structure (as determined by clogP  estimations, Table 

2.3.4.1.) may be crucial for a potent antiproliferative effect in MUTU-1 cells.

l,3-Bis(aryl)-2-propanamines 48-51 did not show any significant antiproliferative 

effect on the resistant BL cell line, DG-75 (pECjo o f 3 .4-4.6 ) compared to l,3-bis(aryl)-2- 

nitro-l-propene compounds 39-42, which displayed a moderate antiproliferative effect in this 

cell line (pECso range of 4.3-4.9) with an approximate EC50 range of 11-37 |aM. Interestingly, 

halogenated compounds 43 and 44 were found to have a much more potent antiproliferative 

effect on the resistant DG-75 cell line (pECso of 5.48 and 5.05 respectively), with approximate 

EC50 values o f 3.33 |jM and 9.31 |uM respectively. Other halogenated analogues 45 and 46, 

d;splayed antiproliferative effects on both the MUTU-1 and DG-75 cell lines along with 

compound 47, a structural isomer o f compound 44 which has approximate EC50 values o f 2.6 

|jVI and 1.5 |aM in MUTU-1 and DG-75 cell lines respectively. These halogenated compounds 

(^5-47) were also found to have a significant antiproliferative effect on the SH SY-5Y cell line 

(fECjo range o f 5.3-5.7, approximate EC50 of 2.8-4.2 pM). When evaluated for their 

attiproliferative effect on the SH SY-5Y cell line, compounds 42 and 51 showed a potent 

effect (pECso o f 5.60+0.05 and 5.33+0.03 respectively) with approximate EC50 values o f 2.49 

|j Vl and 4.64 pM respectively. Other propanamine and nitropropene compounds 39-41 and 48-
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50 showed only moderate effects against the SHSY-5Y cell line (pECso of 4.5-4.9) with an 

approximate EC5 0  range of 11-33 |jM.

All other compounds were found not to possess a significant antiproliferative effect on 

each of the cell lines. Compounds were also evaluated for their antiproliferative activity on the 

K562 cell line, a chemoresistant chronic myelogenous leukaemia (CML) cell line. Only one 

compound, compound 48 (pECjo of 4.38, approximate EC5 0  value of 50.1 |aM) was found to 

have significant activity on this cell line (Table 2.3.4.2). From these results it appears that 

these l,3-bis(aryl)-2-nitro-l-propenes (39-47) are selectively toxic to Burkitt’s lymphoma 

derived cell lines.

86



Table 2.3.4.I. In vitro, antiproliferative effects (pECso) of l,3-bis(aryl)-2-nitro-l-propenes 
and related compounds in various cell lines.________________________________________

Compound
Structure

Compound
Number

PEC.V ± SE 
Cell Viability clogP’̂

MUTU-1 DG-75 SHSY-5Y

39 5.49+0.08 4.44+0.02 4.67±0.08 5.06

NO2 1 ^ 0 ^
40 5.54+0.10 4.31 ±0.02 4.48±0.14 3.87

--oXXiOO-Q^ 41 5.59±0.11 4.90+0.04 4.96±0.06 3.78

cXXiTCic, 42 5.99+0.10 4.95+0.02 5.60±0.05 5.37

Cl

C | / ^ v ^  NO2 43 5.51+0.08 5.48+0.08 4.62±0.12 6.01

ciXXiOCXs- 44 5.48±0.08 5.05+0.05 4.79±0.11 5.22

45 5.94+0.05 5.58±0.04 5.38±0.07 5.67

46 5.80±0.21 5.69±0.03 5.54±0.05 4.23

- s X X ' X X X c ,
47 5.58+0.26 5.67±0.05 5.54±0.06 5.22

. 3 i x c a 3 .
48” 4.92+0.05 4.64±0.01 4.88+0.07 4.27

< : i x c a : >
49 4.29+0.08 3.65±0.06 4.47±0.18* 3.09

. o i x c a , .
50 3.14±0.64 3.43±0.09 4.70±0.13* 2.99

ciXXXX̂c, 51 6.77+0.38 4.59±0.02 5.33±0.03 4.59

0

17 0.95+1.82 2.34±1.13 4.49 ±0.15* 3.97

< : x 7 ^ : >

0

55 4.17+0.11 3.81±0.07 3.65±0.23 2.78
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Table 23.4.1. continued
Compound
Structure

Compound
Number

pECso'' ± SE 
Cell Viabilit'

clogP’̂

MUTU-1 DG-75 SHSY-5Y

59 3.79+0.07 3.43+0.13 1.82+1.41 3.86

<:xxm:> 53 4.01±0.15 3.76+0.08 3.59+0.10 3.13

<:xxro::> 58 4.42+0.13 3.88+0,06 3.76+0.08 2.99

57 4.61+0.09 4.32+0.08 4.25±0.14 3.48

“ pECso (-LogECso is the log[Dose] when response=50%) values were calculated from % Cell Viability versus -lo g  concentration curves, 
using four concentrations in triplicate on three independent days. Data was subjected to non-linear regression analysis using a sigmoidal dose 
response (Hill >lope=l) using GRAPHPAD Prism4 software (Graphpad software Inc., San Diego, CA). Miconazole (10 pM ) acted as positive 
control for cytotoxicity resulting in 90 % cytotoxicity to all cells.

Compound evaluated as the free base.
'c logP  evaluatid using ChemDraw Ultra version 12.
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Table 23.4.2. ECso values for compounds 39-42, 48-51 and 17 on the K562 cell line
Compound
Structure

Compound
Number

Approx. 
EC,n“ (mM)

' . s X X i O O - s / 39 113.4

40 >1000

41 >1000

aXXXXXc, 42 42.1

48 50.1

<:xroa:> 49 833.2

50 541.2

51 52.7

0

17 286.4

“ECso values for an tipro liferative  activity  w ere estim ated  from  log-concentration sigm oidal dose response curves w here the cyto toxic  potency 
o f  each com pound was quantified  by a pECso value, w here pECso is -LogECso ±  S .E  (log EC.™ is the log [Do.sel w hen response is equal to 50%  
cell viability).
M iconazole (10 p M ) was used as a positive control resulting  in >90 % cytotoxicity .
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Figure 2.3.4.I. Approximate EC50 value for l,3-bis(aryl)-2-nitro-l-propenes and related 
compounds in MUTU-1, DG-75 and SHSY-5Y cell lines

2.3.4.I. Effect on peripheral blood mononuclear cells

The l,3-bis(aryl)-2-nitro-l-propenes and related compounds have been shown to have 

potent antiproliferative effects on various malignant cell lines including the BL cell lines 

MUTU-1 and DG-75. An effective anticancer agent should be selectively toxic to malignant
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cells, while ignoring healthy, non-malignant cells. In order to assess the selectivity of these 

compounds towards proliferating malignant cells over the ‘normal’ cells of the body, the 

cytotoxic effects of a representative group of the compounds evaluated (39-44, 48, 49) were 

assessed in peripheral blood mononuclear cells (PBMCs). PBMCs are white blood cells, 

including lymphocytes, monocytes and macrophages. The experiment was carried out as 

described in section 2.3.2.10.

After 24 hours, it was found that at 10 |aM, most of the derivatives had little effect on 

the viability of PBMCs compared to their effect on a range of malignant cells lines, as shown 

in Figure 2.3.4.2. Such results are consistent with these agents selectively targeting cells of 

malignant origin over ‘normal’ cells of the body. However, l,3-bis(aryl)-2-propanamines 48 

and 51 were found to have a potent toxic effect on the PBMCs, implying a non-specific 

cytotoxicity toward malignant cell lines as well as non-malignant PBMCs.

90-1
mm PBMc 
nz] MUTU-1

Figure 2.3.4.2. l,3-Bis(aryl)-2-nitro-l-propenes and related compounds show selective
toxicity toward the MUTU-1 cell line

From the results of the cell viability studies, it appears that the nitrostyrene compounds

(39-47), in general, have a more potent, selective antiproliferative activity than their

propanamine analogues (48-51), suggesting further evidence that the antiproliferative abilities
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of these compounds are not related to their SERT inhibition ability, as the nitrostyrene 

compounds do not bind to SERT.

2.3.5. Pro-apoptotic effect of l,3-bis(aryl)-2-nitro-l-propenes

Designing drugs that can induce programmed cell death (PCD), namely apoptosis, of a 

cancer cell, whilst ignoring the ‘normal’ cells of the body is imperative to the future 

development of safe effective anticancer agents. A drug that can induce PCD in vitro in 

malignant cell lines has the potential to become an anticancer agent. While potent 

antiproliferative effects were observed for the l,3-bis(aryl)-2-nitro-l-propenes (38-47) and 

l,3-bis(aryl)-2-propanamines (48-51), further investigations were needed in order to identify 

whether these antiproliferative effects were due to PCD e.g. apoptosis, autophagy etc. or if the 

compounds were simply cytotoxic i.e. necrosis.

In order to investigate the possible apoptotic effect of the l,3-bis(aryl)-2-nitro-l- 

propenes and 1,3-bis(aryl)-2-propanamines, PI FACS analysis was carried out on a subset of 

potent compounds (EC50 <20 pM in MUTU-1 cells from Alamar Blue assay) at 10 pM and 1 

pM in the MUTU-1 cell line. The MUTU-I cell line was chosen for this study because these 

cells tend to die by classic apoptosis. This is in contrast to the chemoresistant DG-75 cell line 

which is more likely to die by the autophagic route of PCD If this experiment shows a high 

percentage of cells in the pre-Gi phase of the cell cycle, then we can propose that the 

compounds are causing the cells to die by apoptosis.

FACS analysis was carried out as described in section 2.3.2.11. Taxol (10 pM and I 

pM) was used as positive control, showing 58-77 % cell death at both concentrations. At 10 

pM, compounds 39, 40, 41 and 42 showed 50 %, 30 %, 32 % and 41 % cells in pre-Gi phase 

of the cell cycle respectively, indicating that these compounds are causing the cells to die by
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apoptosis. Figure 2.3.5.1. shows the effect of compounds 39-42, 48 and 51 on the pre-Gi phase 

of the cell cycle of the MUTU-l cell line.
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Figure 2.3.5.I. Effect of compounds 39-42, 48 and 51 on the pre-Gi phase of the cell cycle

As previously discussed in Chapter One, apoptosis is an energy-dependant process 

which involves activation of specific caspases and a complex cascade of biochemical 

signalling events to allow the cell to die. The apoptotic cell exhibits several structural and 

biochemical modifications including protein cleavage, DNA fragmentation, membrane 

disruption and caspase activation As activation of caspases and poly(ADP-ribose) 

polymerase (PARP) cleavage are two of the hallmarks for apoptosis, it was decided to carry 

out these experiments in order to confirm the results from the FACS analysis. Caspases 3 and 

7 are two of ten major caspases identified and are categorised as effectors or executioner 

caspases Caspase 3/7 activity was assessed using the Apo-ONE homogenous caspase 3/7 

assay and was performed as described in section 2.3.2.12. PARP cleavage was carried out as 

described in section 2.3.2.13. Compounds 39, 41 and 42 (10 |aM) were chosen as a
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representative group of the l,3-bis(aryl)-2-nitro-l-propenes (39-47) for evaluation of caspase 

activity. Taxol 10 |jM was used as a positive control. As shown in Figure 2.3.5.2., all of the 

compounds evaluated (39, 41 and 42) were found to be equipotent to Taxol for activation of 

caspases 3 and 7.

Figure 2.3.S.2. Compounds 39, 41 and 42 activate caspase 3 and caspase 7

As shown in figure 2.3.5.3., l,3-bis(aryl)-2-nitro-l-propene compounds 39-42 were 

found to induce PARP cleavage, while the l,3-bis(aryl)-2-propanamine 48 did not. This 

confirms that the nitrostyrene based compounds 39-42 are inducing apoptosis in the MUTU-1 

cell line, while the propanamines 48-51 do not seem to be killing the cells by apoptosis. This 

was initially suggested from the FACS analysis in which cells treated with compounds 49 and 

51 had less than 10 % in the pre-Gi phase.

con Taxol
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Figure 2.3.S.3. l,3*Bis(aryl)-2-nitro-l-propenes 39-42 induce PARP cleavage

Figure 2.3.5.4. shows images of the cells after four and eight hours of treatment with 

nitrostyrenes 39-42. The compounds elicited morphological features of apoptosis such as 

chromatin condensation (red arrow) and membrane blebbing (red circle) in the MUTU-I cell 

line all conclusive with these compounds inducing Type-I programmed cell death (apoptosis) 

in Burkitt’s lymphoma cells. It is also worth noting that after four hours of treatment with 

these representative compounds, the majority of MUTU-I cells displayed all of the features of 

apoptotic PCD, whereas Taxol at the same concentration (10 pM ) did not display all of 

features (just morphological features associated with G2/M arrest).
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Figure 2.3.S.4. Images o f MUTU-1 cells treated with compounds 39-42 for four and eight
hours

2.3.6. Potential targets: Protein tyrosine phosphatase and tubulin

Interestingly, a number of these compounds (39-47) are structurally related to simple 

nitrostyrene compounds which have been previously shown to have a variety of biological 

effects including antitumour and pro-apoptotic effects ' . In recent years, there have been

many studies investigating the biological effects and functions of these compounds, with 

nitrostyrenes having been shown to have antimicrobial insecticidal and antivenom

properties. Some have even been shown to affect the down regulation of interleukins, 

suggesting an immunological role ‘ A number of P-nitrostyrenes and related compounds
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have been found to possess anti-tumour capabilities via the inhibition of tubulin

210polymerisation and inhibition of protein tyrosine phosphatases (PTP). 7’rani'-y5-nitrostyrene 

(TENS) is a byproduct in the synthesis of methamphetamine and there is evidence to suggest 

that it induces apoptosis in cancer cell lines via inhibition of PTP (Figure 2.3.6.1.)

Rs

R2 /rflws-B-nitrostvrene
R , =  OH. R 2  =  R 3  =  R4  =  Rj =  H
R , = 0 C H 3 ,  R 2  =  R3 =  R4 =  R5 =  H  
R | = R 2  =  R4 =  R5 =  H. R3 =  0C H 3
R I =  R 3  =  Rj =  H. R 2  =  R 4  =  OCH 3

R3 =  C H 3 , R , = R ,  =  R4 =  R 5 = H
R 3  =  COOH. R , =  R 2  =  R 4  =  R 5  =  H

Figure 2.3.6.I. Structures of various P-nitrostyrenes which display tubulin inhibition and
PTP inhibition

Work carried out by Park et al in 2004, found that TENS and a 4-methoxy-TENS

derivative inhibited three PTPs (Yop, PTPIB, SHP-1) at concentrations in the low micromolar

221range (2.5 jaM and 4.5 |aM respectively) , which is similar to the concentration at which our 

l,3-bis-(4-methoxyphenyl)-2-nitro-propene 41 induces cell death in the MUTU-1 cell line. 

Due to the structural similarity between TENS and the l,3-bis(aryl)-2-nitro-l-propenes 

synthesised in this study, it was thought possible that they are targeting PTP in order to cause 

an apoptotic effect.

A PTP IE inhibition assay was used to determine if any o f the compounds had an effect 

on PTP. The assay was performed as described in section 2.3.1.15. However, further 

investigation into the ability of these compounds to inhibit protein tyrosine phosphatases 

(PTPIE) revealed that compared to the known PTPIB inhibitor Suramin, compounds 39, 41 

and 42 had no effect on the activity of PTPIB (Figure 2.3.6.2.).
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Figure 2,3.6.2. Compounds 39, 41 and 42 did not inhibit PTPIB

Investigations into the ability of these compounds to affect microtubules were also 

carried out using PI FACS analysis. Microtubule targeting drugs affect the G2 /M phase of the 

cell cycle, when the cell is preparing to divide, and this can be seen by PI FACS analysis as an 

accumulation of cells in the G 2/M phase compared to the Gi phase. In this study, the quantity 

of cells in the G2 /M phase was assessed over time periods of two, four, six and eight hours as 

the control drug, Taxol (10 |jM ) was found to cause G 2/M arrest between six and eight hours. 

FACS analysis was carried out as previously described in section 2.3.2.11.

It was observed that at two, four, six and eight hours, compounds 39-41 had little effect 

on the G 2 /M phase of the cell cycle compared to Taxol (Figure 2.3.6.3.A.). Interestingly, the 

morphology o f cell death elicited by compounds 39-41 after four hours of treatment shows 

some evidence of these compounds affecting cell cycle dynamics as indicated by the apparent 

arrest of chromosomal alignment in the nucleus (Figure 2.3.5.4.). This maybe an indirect 

effect of the action of these drugs or may be as a result of these compounds targeting a yet 

undefined cell cycle target. Further investigations are required to evaluate such possibilities.

The quantity o f cells in the pre-Gi phase of the cell cycle were also measured during 

this experiment and the results are presented in Figure 2.3.6.3.B. This graph shows that even 

after the short treatment o f two hours, 20 % of the cells treated with compound 39 are in the
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pre-Gi phase, while after four hours cells treated with compounds 39, 40 and 42 show 

approximately 50 %, 30 % and 40 % of cells in the pre-G| phase respectively. This indicates 

that the l,3-bis(aryl)-2-nitro-l-propene compounds induce a fast and potent apoptotic effect in 

the MUTU-1 cell hne.
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Figure 2.3.6.3. Percentage cells in A) G2/M arrest and B) Pre-Gi phase over time periods
of 2, 4, 6 and 8 hours

2.3.7. Effect of l,3-bis(aryl)-2-nitro-l-propenes on Toll-like receptors

Toll-like receptors (TLR) are a class of prototypical pattern recognition receptors 

which recognise conserved microbial signature molecules such as yeast cell wall and gram- 

negative bacterial lipopolysaccharide (LPS). TLRs are located either on the cell surface or 

cytoplasmically (TLR3) and activation by microbial (viral, bacterial, fungi) stimulants leads to 

an inflammatory effect due to the release of pro-inflammatory cytokines (Figure 2.3.7.1.)
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Figure 2.3.7.I. Activation of TLR4 by LPS leads to a signalling cascade which activates 
NF-kB and releases pro-inflammatory cytokines

The recent identification of TLRs and their role in the initiation of inflammation makes 

them an attractive therapeutic target. TLR polymorphisms have been implicated in a number 

of diseases including systemic inflammatory syndrome, Legionella pneumophila  associated 

pneumonia, Crohn’s disease, tuberculosis (TB) and staphylococcal infections. A number of 

TLR targeting drugs are in pre-clinical and clinical trials for the treatment of a variety of 

disorders such as sepsis, hepatitis B and C infections, influenza, TB, neuropathic and chronic 

pain and cancer Agonists of TLR, in particular TLR7, TLRS and TLR9 can be used

therapeutically as antitumour agents. Activation of these receptors leads to cytokine 

production which stimulates the immune system and activates natural killer T-cells. Further 

activation of regulatory T-cells leads to an increased immune response and has been shown to 

induce a strong antitumour effect TLRS has also been implicated as an anticancer target

1 0 0



as a synthetic dsRNA (double stranded RNA) is currently undergoing clinical trials for the 

treatment of breast cancer via induction of apoptosis in a TLR3-dependant manner and TLR4 

agonists have been shown to induce apoptosis in chemotherapy resistant tumour cells 

Antagonists of TLR have been used in the treatment of rheumatoid arthritis, irritable bowel 

syndrome and autoimmune diseases such as Crohn’s disease. TLR4 inhibition acts to decrease 

the pro-inflammatory response by preventing release of cytokines. A number of antagonists 

including synthetic LPS compounds and some small molecule inhibitors are currently in 

clinical trials for the treatment of chronic pain, opioid withdrawl and autoimmune disorders

227 , 229

A study by Hutchinson et al (2010) reported that a series of TCAs had varying 

inhibitory effects on LPS-induced TLR signaling. TCAs are commonly used for the treatment

”̂30of neuropathic pain “ and this study suggests that this pharmacological effect may be due, in 

part, to the interaction of TCAs with TLRs, in particular TLR4 and TLR2. It was determined 

that the TCA amytrypltiline had a potent inhibitory effect on both TLR4 and TLR2 signalling 

(a: 1 |j M and 100 fjM). While TCAs imipramine and oxacarbozine had moderate inhibitory 

effects on TLR4 (at 100 pM only) but not TLR2 signalling, the TCA carbamazepine led to an 

activation of TLR4 and TLR2 signalling Based on this evidence, a similar study was 

caTied out in the School of Biochemistry and Immunology, Trinity College Dublin, to 

in/estigate the TLR inhibitory activity of a number of monoamine transporter ligands, with

9^1respect to mhibiting the pro-inflammatory activity of TLRs . Included in this study were the 

TCAs amytryptiline (68) and imipramine (69), the SSRI fluoxetine (70), the NSRI maprotiline 

(11) and the amphetamines MDMA (4) and 4-MTA (8) (Figure 23.1.2.). As l,3-bis(4- 

mcthylthiopheny)-2-propanamine (48) was found to inhibit SERT (approximate IC50 of 2.5 

|jM), it was also included in this study, along with l,3-bis(4-chlorophenyl)-2-nitro-l-propene
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(42), which was identified as a potent antiproliferative agent against BL cell lines (Section 

2.3.4., Section 2.3.5.).

CF3

M apro tiline  (11) A m ytryp tiline  (68) Ttnipram ine (69) Fluoxetine (70)

M D M A (4) 4-M TA (8) 42 48

Figure 2.3.7.2. Compounds evaluated for Toll-like receptor 4 inhibition

It was determined that l,3-bis(4-chlorophenyl)-2-nitro-l-propene (42) inhibited LPS- 

induced TLR4 signalling at 100 pM , 10 pM  and 1 pM , making it a more potent inhibitor of 

TLR4 than the lead compound amytryptiline (68) (which, in this study, inhibited activity at 

100 pM  only). l,3-Bis(4-methylthiophenyl)-2-propanamine (48) was also found to have a 

potent effect as it inhibited TLR4 signalling at 10 pM. The SSRI fluoxetine (70) and NSRI 

maprotiline (11) inhibited LPS-induced TLR4 activity at 100 pM  only and the amphetamines 

MDMA (4) and 4-MTA (8) had no inhibitory effect. Further investigations using a variety of 

nitrostyrene compounds (39-42) were consistent with inhibiting LPS-induced TLR4 signalling 

at 10 pM . This suggests that the nitroalkene functional group may be responsible for the 

inhibitory activity of these compounds, however further SAR studies in conjunction with in 

silico experiments, using the X-ray crystal structure of TLR4, are required to determine this.

Currently, investigations are ongoing to determine the selectivity of these compounds 

for TLR4 over other TLRs. Compounds 39-42 are presently being evaluated for their
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inhibitory activity on TLR2 and TLR3 to determine any TLR-specific activity. A series of 

structurally related nitroalkenes and nitroalkanes are being synthesised to further probe the 

structure activity relationship of the TLR inhibitory activity and determine if the unsaturated 

nitro moiety is crucial for this effect.

2.3.8. Drug-like properties of l,3-bis(aryl)-2-nitro-l-propenes

The most effective antiproliferative compound in the MUTU-1 cell line, l,3-bis(4- 

chlorophenyl)-2-nitro-l-propene (42), was chosen as a representative of the nitrostyrene class 

of compounds (39-47) for analysis of its drug-like properties from a Tier-1 profiling screen. 

This screen includes predictions of permeability, metabolic stability, hepatotoxicity, blood- 

brain barrier partition, plasma protein binding and human intestinal absorption properties 

which indicated the suitability of these compounds for further development. Pipeline Pilot 

Professional (v7.0.1.100) was used to predict ADMET (absorption, distribution, metabolism, 

exrcetion, toxicity) properties of compound 42 in order to determine its suitability as a drug 

compound. Molinspiration Chemoinformatics (www.molinspiration.com) was used to predict 

drug-like properties and predict bioavailability with respect to the potential interaction of the 

drug with G-protein coupled receptors (GPCR), ion channels, kinases and nuclear receptors.

Compound 42 was investigated to determine its agreement with Lipinski’s rule of five 

for drug-like properties. Lipinski’s rule of five is a guide to measuring the drugability of a 

compound and determine if it may be suitable for oral administration Lipinski’s rules state 

that the drug should agree with the following guidelines;

• Molecular weight <500

• cLogP value of 1 -5

• <5 hydrogen bond donors
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• <10 hydrogen bond acceptors

Compound 42 was found to agree with five of the guidelines (Table 2.3.8.1.)- It has 

less than five hydrogen bond donors (nOHNH), less than ten hydrogen bond acceptors (nON) 

and a molecular weight (Mr) less than 500 (308). Compound 42 violates one of the rules as it 

has a clogP value greater than five (5.37), suggesting it may not be suitable for oral 

bioavailability. Other parameters suggested to be important determinants for drug-likeness 

include the molecular volume (M. Vol.) and total polar surface area (TPSA), as these criteria 

can help indicate the potential for a compound to be absorbed through the intestine. The TPSA 

for a drug should be not greater than 140 A? for intestinal absorption and not greater than 60 

A  ̂ for blood-brain barrier permeability Compound 42 satisfies these criteria for

absorption as it has a TPSA of 45.82 A .̂ Compound 42 also has a molecular volume of 

250.76. Additionally, 42 has less than 7 rotatable bonds, in agreement with suggested 

guidelines The Molinspiration Chemoinformatics predictor (v2010.01) also analysed the 

potential for compound 42 to act as a ligand for GPCRs, ion channels, kinases and nuclear 

receptors and predicted that it would most likely not interact with these molecular targets. 

Table 2.3.8.I. Predicted molecular paramaters for drug-likeness of l,3-bis(4-

Compound Structure No. LogP" TPSA' nrotb' nON" nOHNH'^ M Vol"̂ Mr

42 5.37 45.82 4 3 0 250.76 308

“ Molecular paramaters were determined u.sing Molinspiration Chemoinformatics (v2010.01) (April 2010)
* 'c\ogP  valus were determined using ChemDrawUltra version 12.0
‘ TPSA refers to the total polar surface area. M Vol refers to the molecular volume. nON refers to the total number of hydrogen bond 
acceptors. nOHNH refers to the total number of hydrogen bond donors.

ADMET was predicted for compound 42 using Pipeline Pilot Professional, the results 

of which are presented in Table 2.3.8.2. The log of the water solubility of compound 42 at 25 

°C was predicted to be -5.9350 and this was given a solubility ranking of 2 (on a scale of 0-5
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where 0 is low and 5 is very soluble), indicating that this nitrostyrene compound may have 

poor aqueous solubility. Blood-brain barrier (BBB) partition prediction gives the log of the 

blood-brain barrier partition coefficient for neutral molecules. The value obtained for 

compound 42 (0.778) predicts that it will have good BBB penetration. Plasma protein binding 

(PPB) was estimated, which gives the concentration of drug that is bound to plasma proteins. 

A compound that is bound to plasma proteins is not able to circulate freely in the blood, 

therefore preventing it from exerting its desired pharmacological effect. Compound 42 was 

given a PPB ranking of 2 indicating a 95 % chance of it binding to plasma protein. Human 

intestinal absorption was estimated and 42 was given a score of 0 (on a scale of 0-3), 

predicting that it would have adequate absorption. This is consistent with predicted TPSA and 

molecular volume values, which also predict good absorption. Compound 42 was predicted to 

have a high probability of hepatotoxicity. It was also predicted to have a low probability of 

inhibiting CYP2D6, indicating that it would probably not lead to drug-drug interactions due to 

inhibited metabolism. These predictions of drug-likeness suggest that although nitrostyrene 42 

has good intestinal absorption and low CYP2D6 inhibition, it probably is not the optimal 

structure for an orally active drug in its current form. Introduction of water soluble, polar 

functional groups would be required to imporove drugability of 42.

Table 2.3.S.2. Predicted ADMET parameters for l,3-bis(4-chlorophenyl)-2-nitro-l- 
propene (42)________________ _______________ __________ ____________ _______________

Compound Structure Solubility 
level” ' BBB“ CYP2D6

probabilitv"
Hepatotoxicity

probability”
Absorption

level-
PPB
leveP

jiXxxxXci 2 0.778 0 .366 0.827 0 2

°P;ram eters evaluated  using  P ipeline  Pilot Professional (v7.0.1.100). Perform ed by Dr. D arren Fayne. M olecu lar D esign G roup, School o f 
B iichem istry  and  Im m unology, T rin ity  C ollege  D ublin
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2.4. Molecular Modelling

In order to rationalise the results of the SERT inhibition experiments, a molecular 

modelling study was carried out. This involved molecular docking of the l,3-bis(aryl)2-nitro- 

1-propenes and l,3-bis(aryl)-2-propanamines in the 5-HT binding site of a SERT homology 

model, in order to identify potential ligand-protein interactions. Molegro Virtual Docker 

(www.molegro.com) was used as a docking programme and MOE (molecular operating 

environment) was used for visualisation of results.

2.4.1. Computational Methods

For ligand preparation, all compounds were built and minimised using MOE v2009.10 

The optimal 5-HT bound SERT complex was utilised as our starting point for the series of 

docking studies. Docking was carried out using Molegro Virtual Docker (www.molegro.com), 

which enables both ligand and receptor flexibility to be accounted for in the docking process. 

All side-chains within 5A  of bound 5-HT were chosen as flexible and a search space with grid 

radius of 15A was created. No template was used in the docking process to prevent any bias, 

and all other parameters were retained as default. The highest ranking solutions ranked by 

MolDock Score with appropriate H-bonding interactions were then selected for analysis using 

MOE v2009.10. The SERT homology model used was constructed by J0rgensen et al

2.4.2. Homology modelling of SERT and identification of residues important 
for ligand interaction

To date, there is no crystal structure available for any of the monoamine transporters 

SERT, NET or DAT. In 2005, Yamashita et al were successful in crystallising a 

neurotransmitter sodium transporter (NSS) homologue from the bacteria Aquifex aeolicus,
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which was subsequently used as a template for creating monoamine transporter homology 

models This homologue is known as LeuT and is a NaVCl’ dependant leucine

transporter. Although, overall there is only 20-25 % conservation, this homologue has areas of 

high sequence conservation with human monoamine transporters, including areas which 

contain residues important for substrate binding

Site-directed mutagenesis studies have detemiined key residues involved in substrate 

binding and have confirmed that residues Asp98, Ala 169 and Thr439 likely interact with 5-HT 

in SERT and that He 172 is involved in inhibitor binding to SERT Many other studies

have also identified key residues involved in the binding of SERT ligands, including Ser438 

Ala96, Phe335 and Tyr95 Work carried out in our laboratory identified that 5-HT and 

amphetamines such as 4-MTA (8) interact with residues Ala96, Asp98 and Phe335 via binding 

of the protonated amine (Figure 2.4.2.1.), and that this interaction is essential for protein- 

ligand interaction of a series of sulfur-substituted a-alkyl phenethylamines. An unsubstituted 

amine will interact with all three key residues Ala96, Asp98 and Phe335, while a primary 

substituted amine will bind only to Asp98 and Phe335
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Figure 2.4.2.I. Binding interactions of A) 4-MTA and B) 5-HT in the 5-HT binding site of
the hSERT homology model

Antidepressants such as the SSRIs and TCAs also interact strongly with the Asp98 

residue via formation of a salt bridge with the protonated amine A recent study into the 

binding interactions of the two enantiomers of the SSRI citalopram (67) found that while 

residues Tyr95 and Ilel72  are involved in SERT binding, residues A lal73 and Thr439 play a 

key role in binding of the specific enantiomers. For the high affinity S-enantiomer, it was 

discovered that the fluorine atom interacts with the Alai 73 residue and the nitrile group is 

located near to the Thr439 residue, while for the low affinity /?-enantiomer, these contacts are 

reversed

Recently, it was reported that the Ser438 residue is important for binding to the 

aminopropyl groups of the SSRI and TCA class of antidepressants, as it is involved in potency 

determination of SERT binding We previously determined that this interaction is present 

for 5-HT, 4-MTA and MDMA in the substrate binding site This occurrence of Ser438 in
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both antidepressant and substrate binding sites suggests a possible overlap in the two binding 

sites Recent studies, using radioligand competition binding experiments, have shown that 

the binding of SERT targeting antidepressants is a competitive process i.e. the antidepressant 

and substrate binding site are overlapping to some degree and studies in 2010 by both 

Koldso et al and Sinning et al confinn that the SSRI citalopram and tricyclic 

antidepressants bind to the serotonin binding site. This has led to debate as to whether the 

LeuT template is accurate, as LeuT crystallised with bound ligands imipramine, desipramine 

and clomipramine shows that the ligands are bound to a low-affinity binding site 11 A above 

the substrate site and not a high-affinity substrate binding site.

2.4.3. Ligand-protein interactions of l,3-bis(aryl)-2-nitro-l-propenes and 
l,3-bis(aryl)-2-propanamines

In this study, compounds (39-42, 48-51, Figure 2.4.3.1.) were docked in the 5-HT 

binding site of the SERT homology model using Molegro Virtual Docker. Nitrostyrene 

compounds 39-42 were found to have no significant protein-ligand interactions with the 5-HT 

binding site of SERT. Figure 2.4.3.2 is a 2-dimensional representation of compound 39 (as a 

representative of the nitrostyrene class of compounds) in the 5-HT binding site of the SERT 

homology model.

42 51

Figure 2.4.3.I. Compounds evaluated in this study
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Figure 2.4.3.2. Compound 42 does not interact with the 5-HT binding site of SERT

No interactions occur with key residues important for amphetamine binding (Ala96, 

Asp98, Phe335) which predicts that these nitrostyrene compounds would not bind to the 5-HT 

binding site of hSERT (Figure 2.4.3.2.). Although the nitrostyrene and propanamine class of 

compounds have similar structures (as shown by 3D overlapping structures in Figure 2.4.3.3.), 

the absence of the amine in the nitrostyrene compounds 39-42 prevents protonation of the 

nitrogen, therefore, preventing formation of any strong interaction with significant residues. 

This result is consistent with our SERT uptake experiments, in which none of the nitrostyrene 

compounds 39-42 showed SERT inhibition.

l,3-Bis(4-methoxyphenyl)-2-propanamine derivative 50 displayed little SERT 

inhibition and this was consistent with molecular docking results which predict no ligand- 

protein interactions. As previously discussed, derivatives 48, 49 and 50 were found to have a 

moderate inhibitory effect on SERT (EC50 approx. 1.6-2.5|jM). Amine 48 was found to have 

an interaction between the protonated amine group and key residues Asp98 and Ala96, while
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also interacting with the hydrophobic residue Leu337 (Figure 2.4.3.4.A.). The protonated 

amine of 49 again interacts with crucial residues important for SERT binding, Asp98, Ala96 

and Phe335 at distances of 1.61, 2.18 and 1.86 A, respectively, as shown as a 3-dimensional 

representation in Figure 2.4.3.5. A hydrogen bond interaction is also observed between the 

methylenedioxy ring of compound 49 and residue Tyr95 (1.94 A), which is known to play a 

role in antidepressant binding while residue Phe341 displays parallel displaced Ti-stacking 

with 49 (Figure 2.4.3.4.B.). Crucial protein-ligand interactions between residues Ala96 and 

Asp98 are also predicted for the protonated amine of compound 51, along with a cation-arene 

interaction with Tyr95 and an additional interaction with the hydrophobic residue Leu337 

(Figure 2.4.3.4.C.).

39 48

Figure 2.4.3.3. Overlay of compounds 39 (yellow) and 48 (red)
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Figure 2.4.3A. Ligand-protein interactions of compounds A) l,3-bis(4- 
methylthiophenyi)-2-nitro-l-propene (48), B) l,3-bis(3,4-methylenedioxyphenyl)-2-nitro- 

1-propene (49), C) l,3-bis(4-chlorophenyl)-2-nitro-1-propene (51) in the 5-HT binding
site of the SERT homology model
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Figure 2.4.3.S. 3D image of the docked pose of compound 49 in the 5-HT binding site of 
SERT with isolated important residues for ligand interaction. H-bonding is shown in

blue.
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2.5. Conclusion

A series of more than twenty l,3-bis(aryl)-2-nitro-l-propenes, l,3-bis(aryl)-2- 

propanamines and related compounds were synthesised and biochemically evaluated for their 

anticancer ability against Burkitt’s lymphoma (BL).

Previous studies have documented the ability of monoamine transporter targeting 

ligands to induce cell death in BL cell lines Based on this evidence, studies carried out by 

our laboratory, identified a lead compound, 16, which was found to have a selectively toxic 

effect against cells of SERT character, i.e. HEK hSERT, MUTU-1 and DG-75. Previous 

research suggesting SERT as a pro-apoptotic target led an investigation into the SERT 

inhibition activity of the library of compounds. The l,3-bis(aryl)-2-nitro-l-propenes 39-42 

have no SERT interaction activity, while l,3-bis(aryl)-2-propanamines 48 , 49 and 50, along 

with the lead compound 16 display only weak inhibitory activity.

When investigated for their antiproliferative activity, it was discovered that the 

nitrostyrene compounds 39-42 showed potent antiproliferative activity against the BL cell 

lines MUTU-1 and DG-75 as well as showing a moderate effect on the dopaminergic cell hne 

SHSY-5Y. Further studies on the MUTU-1 cell line indicated that the l,3-bis(aryl)-2-nitro-l- 

propenes induce the formation of apoptotic bodies, activate caspases (3 and 7), induce 

chromatin condensation, membrane blebbing and PARP cleavage, all conclusive with these 

compounds inducing type-I programmed cell death (apoptosis). This is in contrast to the 1,3- 

bis(aryl)-2-propanamine compounds which, while showing a potent antiproliferative effect in 

BL cell lines, did not display any features of apoptotic cell death as indicated by FACS 

analysis. The biochemical effects of the most potent compound 42 are summarised in Figure 

2.5.1.
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Investigations into the mechanism of action of cell death eliminated a role for PTP and 

tubulin polymerisation, and the SERT uptake experiments imply that binding directly to SERT 

is probably not the mechanism by which these compounds exert their potent apoptotic effects. 

Additional studies are required to investigate the ability of the nitrostyrene compounds to 

induce Type-II programmed cell death (autophagy) in the resistant BL cell line, DG-75, which 

is known to die by this mechanism rather than by apoptosis. Investigations into the structure 

activity relationship of the nitroethene functional group are required to identify structural 

requirements important for inducing the antiproliferative and pro-apoptotic effects observed in 

this study.

Further exploration into this mechanism of action and the identification of a possible 

target for these nitrostyrene compounds is of paramount importance to the potential 

development of these compounds as novel anticancer agents. Recent discoveries of the 

inhibition of LPS-induced TLR4 signalling by the nitrostyrene compounds 39-42 offers a 

novel therapeutic role for this nitrostyrene class of compounds as potential anti-inflammatory 

agents and the structure activity relationship of these compounds is currently being 

investigated.
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Chapter 3. Design, synthesis and biochemical 
evaluation of novel 9,10-dihydro-9,10- 

ethanoanthracenes and related compounds
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3.1. Introduction

Research carried out in the School of Biochemistry and Immunology, Trinity College 

Dublin, identified the antidepressant maprotiline (11) (Figure 3.1.1) as a potential 

antiproliferative agent against Burkitt’s lymphoma (BL) cell lines, in particular, the resistant 

lymphoma cell line DG-75 (Chapter 1, Section 1.3.2.1.). An EC 50 range of 5.9-15.3 |jM  was

152determined for maprotiline in the DG-75 cell line after a treatment time of 72 hours . This 

antiproliferative effect was not observed for other norepinephrine selective reuptake inhibitor 

(NSRI, such as nisoxetine and reboxetine, (see Section 1.3.2., Table 1.3.2.1. for structures)) 

and is thought to occur independently of the norepinephrine transporter (NET). It was reported 

that the ability of the antidepressant to inhibit NET was not proportional to its antiproliferative 

effect, and when incubated with NSRI nisoxetine or NET substrate norepinephrine,

32maprotiline induced cell death was not blocked

Figure 3.1.1, Maprotiline (11)

Based on this evidence, it was decided to design a series of analogues related in 

structure to maprotiline (Figure 3.1.2.). The main aim of this study was to generate a library of 

compounds, structurally related to maprotiline, with modifications to the bridgehead of the 

9,10-dihydro-9,10-ethanoanthracene structure and to the basic side chain. The proposed 

maprotiline analogues would incorporate an amine containing side chain due to the fact that
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the basic side chain of maprotiline is known to be a determinant in its NET binding abilities 

These compounds were then evaluated in a series of malignant cell lines including BL cell 

lines, MUTU-1 and DG-75, in order to investigate the structure-antiproliferative activity 

relationship of these maprotiline analogues and to attempt to improve potency in the DG-75 

cell line.

R, =  CHCHCOOEt, CHCHCOOH, CHCHCONR' (R' =  alkyl, cycloalkyl, aryl, etc), CHCHCN  
R2 = CN, COOH, COOEt, CH2NR'2 CONR '2  (R' =  alkyl, cycloalkyl, aryl, etc)

R3 = H, COOH, C 00E t2 , COONR'2, CH2NR2 (R' =  alkyl, cycloalkyl, aryl, etc)

Figure 3.1,2. General modifications to the maprotiline structure 

3.2. Chemistry

The synthetic route for maprotiline was first reported and patented by W ilhelm and 

Schmidt (Ciba-Geigy) (1969) They reported the synthesis of a range of 9,10-dihydro-

9,10-ethanoanthracenes from anthraldehyde and anthrone starting materials. Their synthetic 

route involved extension of the side chain from an aldehyde followed by a Diels-Alder 

reaction, using acetylene as the dienophile, to create the bridge structure (synthetic route 

documented in Chapter One, Section 1.3.2.1.). Subsequent work carried out by Alibert et al in 

2002 and 2003 identified a number of structurally related maprotiline analogues which 

sensitised multi-drug resistant (MDR) malarial stains and a MDR leukaemic cell line toward 

anti-malarial and chemotherapeutic agents respectively (Section 1.3.2.1.). They developed a
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library of diverse 9,10-dihydro-9,10-ethanoanthracene compounds with various functional 

groups on the bridgehead, using the Diels-Alder reaction, with anthracene as the diene.

In the present work, structural modifications were to be made to the dihydro- 

ethanoanthracene structure and to the basic side chain of the maprotiline structure to produce a 

varied library of compounds. It was decided to synthesis the novel maprotiline analogues by 

two main routes;

• Route A involves fonnation of the dihydroethanoanthracene structure from an 

anthracene precursor, by way of a Diels-Alder reaction, to give varied 

functional groups on the bridgehead (Scheme 3.2.1)

• Route B involves building the basic side chain from anthraldehyde by various 

methods, including the W ittig reaction, followed by a Diels-Alder reaction to 

form the bridged structure (dihydroethanoanthracene structure) (Scheme 3.2.1)

Route A

D iels-A lder
reaction

Route B
W ittig reaction

D iels-A lder
reaction

Scheme 3.2.1. Synthetic routes A and B for 9,10-dihydro-9,10-ethanoanthracenes
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3.2.1. Synthesis of 9,10-dihydro-9,10-ethanoanthracene compounds via the 
Diels-Alder reaction (Route A)

The Diels-Alder reaction is a [4 + 2], pericyclic cycloaddition reaction between a diene 

and a dienophile. This reaction was first published in 1928 by Otto Diels and Kurt Alder in 

which they suggest the structure of the product (73), formed during the reaction of 

cyclopentadiene (71) and p-benzoquinone (72), as shown in Figure 3.2.1.1.

O

cyclopentadiene (71) /?-benzoquinone (72)
Diene Dienophile

Scheme 3.2.1.1, Diels-Alder reaction of cyclopentadiene and p-benzoquinone

The Diels-Alder reaction is energetically favourable due to the fonnation of two new a 

bonds at the expense of one tt bond. The exact mechanism of how this reaction proceeds 

remains unclear; however two possible routes have been suggested. The first route was 

proposed based on the fact that the stereochemistry of the dienophile is retained in the product, 

suggesting a conceited mechanism. This means that the a bonds form simultaneously either by 

direct addition or via an intermediate charge-transfer. The second proposed mechanism is a 

two step reaction via a zwitterionic or radical intermediate. These proposed mechanisms are 

illustrated in Scheme 3.2.1.2.
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Charge-transfer

0 CO
zwitterionic intermediate

o
radical intermediate

Scheme 3.2.1.2. Proposed Diels-Alder reaction mechanism

In this study, a series of 9,10-dihydro-9,10-ethanoanthracenes were synthesised using 

anthracene as the diene, with diethyl fumarate and ethyl acrylate as dienophiles. This allowed 

the synthesis of a range of amide and amine compounds which arc structurally similar to 

maprotiline, by the four step scheme shown in Scheme 3.2.1.3.

Table 3.2.1.1 shows the Diels-Alder products (74, 75) formed in the first step of this 

synthesis, along with their percentage yields, melting point and cLogP value. As mentioned in 

Chapter Two (Section 2.3.8.), the dogP  value is used as a measure of the lipophilicity of a 

drug and can be used as an aid to determining how “drug-like” a compound is. The dogP 

value is included as one of the Lipinski’s rules of five Lipinski’s rules of five is a guide to 

measuring the drugability of a compound and determine its suitability for oral administration. 

Lipinski’s rules state that the drug should agree with the following guidelines;

• Molecular weight <500

• cLogP value of 1-5



• <5 hydrogen bond donors

• <10 hydrogen bond acceptors

o

OEt

A n th racen e

AlCU

It, 18-24 h

O Et ■OH

5 M K 0 H
EtOH

reflux,  3 h

74  R , =  COjEt,
75 R, =  H

7 6 R ,  = C O O H  
7 7 R ,  = H

R'
R " - N

9 3 R |  =
94  R | =
95  R | =
96  R, =
9 7  R, =  
9 8 R |  =  
9 9 R ,  =
100 R,
101 R,
102 R,
103 R,

rt. 18-24 h

CH,NR'R", R' =  R" =  CHj 
CHjNR'R", R' =  R" =  CH 2 C H 3  

H. R' =  R” =  CH 3  

H. R' =  R" =  -(C5H,o)- 
H. R' =  R" =  -(C 4 Hg)NCH 3  

H, R' =  R" =  -(C 4 H 8 ).
= H. R' =  CH3. R" =  Q H | |
=  H .R ' =  H. R" =  CH,CH3  
=  H. R' =  R" =  -(C ,H 40C 2H 4)- 
=  H, R' =  H. R" =  CfiHj 
=  H, R' =  R" =  (C ,H 4)N (Q H 4)C 1

0°C-rt. 

18-24 h

EDCI, HOBT  

NEt3, NHR2

R'
R " - N

LiA lH .,  THF

7 8 R , =
79 R , =
80 R , =
81 R , =  
8 2 R ,  =  
8 3 R ,  =  
8 4 R |  =
85  R | =
86 R ,  =
87  R , =
88 R , =
89  R , =  
9 0 R ,  =
91 R , =
92 R |  =

CONR'R". R ’ =  R" =  C H 3 

CONR'R". R' =  R" =  C H 2 CH 3 

CONR'R", R' =  R" =  -(C 5 H 10)- 
H, R' =  R" =  CH 3 

H. R '=  R" =  - ( € 5 1 1 ,0 )- 
H. R' =  R" =  -(C 4 H g)NCH 3 

H. R' =  R" =  -(C 4 H 8 )- 
H, R' =  CH 3 , R" =  Q H | ,
H. R ’ =  H, R" =  C H ,C H 3

H. R ’ =  R" =  -(C ,H 4 0 C ,H 4 )-
H, R' =  R" =  (C4H8)Nc 6 0 C (C H 3 )3
H. R' =  H. R" =  CgH5

H. R' =  R" =  (C2H4)N(C(,H4)C1
H. R' =  H. R ” =  C H (C 00C H 3)(C H 2C 6H 40H )
H. R' =  H. R" =  H C (C 00C H 3)[C H ,C H (C H 3)C H 3]

Scheme 3.2.1.3. Synthetic route for maprotiUne analogues

The complete library of compounds are broken into two structurally related groups; 11- 

substituted-9,I0-dihydro-9,10-ethanoanthracenes and 1 l,12-disubstituted-9,10-dihydro-9,10- 

ethanoanthracenes.
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Table 3.2.1.1. ll,12-disubstituted-9,10-dihydro-ethanoanthracene (74) and 
ll-substituted-9,10-dihydro-ethanoanthracene (75) _________ _________

Compound
Structure

Compound
Number % Yield M.p. (°C) cLogP*

o V o E ,

EtoA/
7 4 73

98-100
(lit. m .p.
110-112)

245

4.52

0

II 
J 

m

7 5 50
88-90

(lit. m .p.
83-85)

4.22

*clogP  ca lcu la ted  usin g  C h e m D raw  U ltra  version  12.0

Compounds 74 and 75 were both prepared as described by Yates (1960) This 

synthesis involves the use of a Lewis acid catalyst to allow the reaction to proceed under mild 

conditions. Aluminium trichloride (AICI3) was used in this case and was added in portions to a 

stirring mixture of anthracene and the appropriate dienophile in DCM. According to the 

method by Yates, this reaction gave quantitative yields in 1.5 minutes; however, it was found 

in this study that a reaction time of 18-24 hours was needed to produce sufficient yields.

3.2.2. Synthesis of 9,10-dihydro-9,10-ethanoanthracene-carboxyamide 
compounds via amine coupling reaction

In order to introduce a basic functional group to the ll-ethoxycarbonyl-9,10-dihydro- 

ethanoanthracene (75) and rra/w-l l,12-diethoxycarbonyl-9,10-dihydro-ethanoanthracene (74), 

it was decided to use a coupling reaction, in which a variety of amines could be coupled to an 

acid to produce an amide product (Scheme 3.2.1.3.). A coupling reaction can be used to 

synthesise esters as well as amides and involves the use of a coupling reagent to activate the 

carboxylic acid toward reacting with an amine or alcohol. Many different groups of coupling
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reagent exist, including carbodiimides (DCC, EDCI), l//-benzotriazole uronium/aminium 

salts (HATU, TBTU), l//-benzotriazole phosphomium salts (AOP, BOP, PyBOP) and 

reagents which generate carbonic anhydrides (EEDQ, IIDQ) shown in Figure 3.2.2.1.

PyBOP

EDCI

TBTU HATU EEDQ IIDQ

Figure 3.2.2.I. Structure of a number of coupling reagents

The most common coupling reagents are the carbodiimides, which are favourable due 

to their mild reaction conditions (0 °C to room temperature) and the fact that the main by

product formed, A^-acylurea, is quite insoluble in organic solvent and can either be removed by 

filtration or washed out using water and brine. One disadvantage for the use of carbodiimides 

is the formation of oxazolones during the reaction lead to epimerisation and racemisation 

which can be problematic when using chiral compounds or amino acids. The use of additives 

such as 1-hydroxy-l//-benzotriazole (HOBt) and 1-hydroxy-l//-azabenzotriazole (HOAt) act 

to prevent racemisation and also increase yields of amide synthesis. The mechanism of 

acid/amine coupling via EDCI coupling with HOBt is shown in Scheme 3.2.2.4. It is the
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discovery of these additives that led to the development of the l//-benzotriazole 

phosphomium/uronium/aminium salts (Figure 3.2.2.1.) as effective coupling reagents.

In this work several coupling reagents, including DCC, EDCI, TBTU and PyBROP 

were investigated for the coupling of the 9,10-dihydro-9,10-ethanoanthracenes to various 

amines. Interestingly, it was found that only a combination of EDCI with the additive HOBt 

gave successful results. Neither EDCI nor DCC alone, without HOBt, gave successful product 

fomiation.

HOBt

Scheme 3.2.2 A. Mechanism of EDCI coupling with HOBt

Before the required amides can be synthesised, the ester functional groups of 

compounds 74 and 75 need to be hydrolysed to give the corresponding carboxylic acids 76
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and 77. This was carried out by hydrolysis of the esters using 5M aqueous KOH as a base

(Scheme 3.2.1.3.) to afford the carboxylic acids, shown in Table 3.2.2.1, which required no

further purification. The spectroscopic data for compounds 74-76 are consistent with previous 

reports >49. .5 0 .2 4 5 , 252_

Table 3.2.2.I. //•ans-ll,12-dihydroxycarbonyl-9,10-dihydro-ethanoanthracene (76) and
1 l-hydroxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (77)

Compound
Structure

M .p. ( T )Compound
Number

% Yield

OH

HO 246
(li t.  m . p .  =  

253)

2.51

OH
191 

(li t.  m .p .  
197-199°C)

252

3.32

*c]o gP  calculated using CliemDraw Ultra version 12.0

Following successful hydrolysis, the acids /ran5-ll,12-dihydroxycarbonyl-9,10- 

dihydro-9,10-ethanoanthracene (76) and ll-hydroxycarbonyl-9,10-dihydro-9,10- 

ethanoanthracene (77) were coupled to various amines using EDCI and HOBt to provide the 

11-substituted- and 11,12-substituted-dihydroethanoanthracene amides in various yields. A 

complete list of amides formed, as well as their yields, melting point and clogP value is shown 

in Table 3.2.2.2 and Table 3.2.2.3.

Compounds 79 and 80 (Table 3.2.2.2.) are novel compounds, previously unreported in 

the literature. The spectral data for rran^-ll,12-A^,A^,A^’,A ’̂-tetraethyl-9,10-dihydro-9,10- 

ethanoanthracene-11,12-dicarboxyamide 79 is now discussed. The infra-red spectrum of 79 

shows a strong band at v 1636 cm ', indicating the carbonyl functional group. No band is 

observed in the region of v 3000 cm ' as for the carboxylic acid precursor (76).
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Table 3.2.2.2. ll,12-substituted-9,10-dihydro-9,10-ethanoanthracene-ll,12-
dicarboxyamide compounds (78-80

Compound
Number

Compound
Structure M.p. (T )% yield

NMe.
196-199 
(li t.  m .p .  

172 “O
3.40

O , NEt2

Et2N
120-123 4.51

O

143-144 4.17

*c}ogP  calculated  using C heniD raw  U ltra version  12.0

The 'H NMR spectrum of 79 (Figure 3.2.2.2.) shows two signals at 8 1.08 ppm and 5 

1.23 ppm, each integrating for six protons. These signals represent the four methyl groups. At 

5 3.08 ppm, a multiplet integrating for two protons represents two methylene protons. A 

further six methylene protons resonate at a chemical shift centred at 6 3.51 ppm, along with 

the alkyl protons H9 and HIO. Usually the methylene group of an ethyl moiety would be a 

clear quartet; however overlapping of the methylene proton signals leads to the formation of 

an undistinguishable multiplet due to the coupling to each of the methyl protons. The 

remaining alkyl protons, H ll  and H12 appear as a singlet at 5 4.30 ppm, integrating for two 

protons. These protons are found further downfield due to the high electron withdrawing effect 

of the amide group. Interestingly, the alky protons H9 and H ll do not couple to each other to
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give the expected doublet, perhaps a result of a small dihedral angle. Instead, both signals 

appear as singlets; however, the H-H COSY spectrum indicates the presence of coupling 

interaction between the two protons (circled in red, Figure 3.2.2.3). The dihedral angle for 79 

was measured between H ll  and H9 using MOE and an angle of 65.9 ° was determined. This 

small angle would result in a small coupling constant of approximately 1.0 Hz, which may not 

be distinguishable by NMR, hence the signals appear as singlets in the 'H NMR spectrum. The 

appearance of protons H9 and H ll  as singlets in the 'H  NMR spectrum is in agreement with 

literature reports Finally, the aromatic protons H1-H8 are displayed as a multiplet

integrating for eight protons in the range of 5 7.12-7.19 ppm.

esi CM w o  q

8 6 4 2 [ppm]

Figure 3.2.2.2. NMR spectrum of frans-ll,12-A ,̂A^,A^’,Â ’-tetraethyl-9,10-dihydro-9,10-
ethanoanthracene-ll,12-dicarboxyamide (79)
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1
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Figure 3.2.2.3. H-H COSY spectrum of fra/is-ll,12-A^,A^,A^’,Â ’-tetraethyl-9,10-dihydro- 
9,10-ethanoanthracene-ll,12-dicarboxyam ide (79)

The '"’C NMR spectrum for compound 79 (Figure 3.2.2.4.) shows two methyl carbons 

at 5 12.76 ppm and 6 14.52 ppm. The DEPT spectrum (Figure 3.2.2.5.) shows two inverted 

signals at 6 39.93 ppm and 5 41.63 ppm which correspond to the two methylene carbons. 

Signals at 5 44.65 ppm and 6 47.95 ppm represent carbons C l 1/C12 and C9/C10 respectively. 

Aromatic carbons C1-C8 are represented by four signals at 5 122.05 ppm, 6 124.61 ppm, 6 

125.65 ppm and 5 125.80 ppm, shown in the DEPT spectrum (Figure 3.2.2.5.), while the 

quaternary carbons appear as two signals at 8 139.49 ppm and 5 142.27 ppm. The carbonyl 

carbon of the amide is found downfield at 5 170.83 ppm.
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r*-cq
o

150 100 50 [ppm]

Figure 3.2.2A NMR spectrum of /raHs-ll,12-A ,̂A ,̂A ’̂,Â ’-tetraethyl-9,10-dihydro-9,10-
ethanoanthracene-ll,12-dicarboxyamide (79)

L I

-1  I I---------- 1 -

120 100 so

lO  ' t<n u>

60 40 20 [ppm]

Figure 3.2.2,5. DEPT 135 spectrum of trans-ll,12-A ,̂A ,̂A ’̂,Â ’-tetraethy!-9,10-dihydro- 
9,10-ethanoanthracene-ll,12-dicarboxyamide (79)

131



Table 3.2.2.3. 1 l-Substituted-9,10-dihydro-9,10-ethanoanthracene-l 1-carboxyamide
compounds (81-92)____________________ __________________ _______

Compound
Structure

Compound
Number % yield M.p. (°C) clogf*

°<v^NMe2

81 78 n/a 2.73

82 70 138-140 3.49

vO "
83 76 162-164 3.26

84 58 74-75 2.93

y N

85 94 70-74 4.74

86 90 170-174 2.96

0  / — ^

87 70 133-135 2.70
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Table 3.2.2.3. continued
Compound
Structure

Compound
Number % yield M.p. (°C) clogP*

^  PV-N^__
88 85 206-207 4.67

P
89 60 230-232 4.67

90 87 111-113 5.57

OH

/ - 1 0
91 73 149-150 3.78

Y^-NH
92 55 143-144 4.49

*clog /’ calcu lated  using C hem D raw  U ltra version 12.0

Many of these 1 l-substituted-9,10-dihydro-9,10-ethanoanthracene-l 1-carboxyamide 

compounds (81-92) (Table 3.2.2.3.) are novel and are previously unreported in the literature. 

The proton and carbon NMR spectra for these compounds have a generally similar pattern, 

with regards to the aromatic signals and to the signals for the alkyl CH of the 9,10-dihydro-
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9,10-ethanoanthracene structure i.e. H9, HIO, H l l ,  H12 (Figure 3.2.2.6 .). For the 

carboxyamide series of compounds, the methylene protons H12 are diastereotopic, referred to 

in this thesis as HI2a and HI2b. HI2a has been assigned as being cis to HI 1 and HI2b has been 

assigned as being trans to HI 1.

O

NR12a
1 2 b

6

34

Figure 3.2.2.6. General structure and numbering system of ll-substituted-9,10-dihydro-
9,10-ethanoanthracene-ll-carboxyam ide

As 9 ,10-dihydro-A^,yV-dimethylamino-9,10-ethanoanthracene-11-carboxyamide (81) is 

unreported in the literature, the spectral data is now discussed. The IR spectrum for compound 

81 shows a strong band at v 1655 cm ' representing the carbonyl functional group of the 

amide. This is slightly further downfield than the acid equivalent (v 1709 cm '). Mass 

spectrometry analysis for this compound found an (M"̂  + H) ion with a mass of 278.1539, 

compared to a calculated mass of 278.1545 for C 1 9H 1 9NO.

The 'H  NMR spectrum for this compound shows a similar pattern to most other 

compounds of this type (Table 3.2.2.3.), with the methylene HI2a and HI2b resonating as 

diastereotopic protons which undergo geminal coupling to each other. These protons are seen 

as two signals at 5 1.95 ppm and 5 2.15 ppm. Each signal should exist as a double double 

doublet due to the coupling of each to three inequivalent protons H l l ,  HIO and the 

diastereotopic H I 2; however the signal at 5 2.15 ppm exist only as an indistinguishable 

multiplet due to overlapping signals. The signal at 5 1.95 ppm (HI2a) resonates with coupling

134



to the diastereotopic H12b (J = 11.9 Hz). Cis coupling with H l l  (J = 17.8 Hz) and coupling to 

HIO (J = 2.5 Hz) is observed also. This coupling can be clearly seen in the H-H COSY 

sepectrum (Figure 3.2.2.8.). A multiplet at 5 2.96 ppm represents the alkyl proton H l l  due to 

the interaction with both diastereotopic H12 protons and H9. Two singlets at 5 2.96 ppm and 5 

3.02 ppm correlate to the two methyl amine groups, which are slightly inequivalent due to 

their relative proximity in space to the carbonyl group. These methyl groups also weakly 

couple to H9, as observed from the H-H COSY spectrum. HIO is found as a singlet at 5 4.89 

ppm. Interestingly, even though coupling was observed for HI2a with HIO (J = 2.5 Hz), this is 

not obvious from its singlet signal. Similarly, H9, which is further downfield than HIO due to 

its relative proximity in space to the amide group, does not show any coupling to H l l ,  as it 

resonates as a singlet at 5 4.51 ppm. However, the H-H COSY clearly demonstrates the 

interaction of both HIO and H9 with and H I2 and H l l  protons respectively. This spectral 

detail is consistent with previous reports of similar dihydroethanoanthracenes Three 

separate aromatic signals centred at 5 7.13 ppm, 5 7.25 ppm and 5 7.39 ppm represent the 

aromatic protons H1-H8 (Figure 3.2.2.7.).

135



« - « - o > i o t > « - o o o c o w m ' t ^ r >
p  CO

[ppm]3 26 5 478

Figure 3.2.2,7. NMR spectrum of 9,10-dihydro-A^,A^-dimethylamino-9,10- 
ethanoanthracene-11 -carboxyamide (81)

Id J 1 .11
□

12/

2 F2 [ppm]36 5 47

Figure 3.2.2.S. H-H COSY spectrum of 9,10-dihydro-A^,A^-dimethylamino-9,10- 
ethanoanthracene-ll-carboxyamide (81)

The diastereotopic methylene (C12) carbon is found as an inverted signal at 5 31.78

ppm in the DEPT 135 spectrum. The two methyl group appear as two separate signals at 5
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35.34 ppm and 5 36.49 ppm. Slightly further upfield, carbons CIO, C9 and Cl 1 resonate at 5 

41.40, 43.61 and 46.31 ppm respectively, as observed in the C-H COSY spectrum (Figure 

3.2.2.12). C l l  is shifted the furthest upfield due to the adjacent amide group, while C9 is 

further upfield also due to its proximity to the amide group, compared to CIO. Aromatic CH 

carbons are found in the range of 5 122.17-125.66 ppm, while the signals 5 140.14 ppm and 

143.30 ppm are identified as quaternary carbons (C4) from the DEPT spectra (Figure 3.2.2.10., 

Figure 3.2.2.11.). Finally, the carbonyl carbon resonates characteristically at 5 173.00 ppm 

(Figure 3.2.2.9.)

Oo
r>

12/
7 8

4 3

150 100 50 [ppm]

Figure 3.2,2.9. NMR spectrum of 9,10-dihydro-A^,A^-dimethylamino-9,10- 
ethanoanthracene-11 -carboxyamide (81)
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Figure 3.2.2.10. DEPT 135 spectrum of 9,10-dihydro-A^,A^-dimethylamino-9,10- 
ethanoanthracene-11 -carboxyamide (81)

> (P  h -  00
h -  O  CO

120 100 30 eo [ppm]

Figure 3.2.2.11. DEPT 90 spectrum of 9,10-dihydro-A^,A^-dimethylamino-9,10- 
ethanoanthracene-ll-carboxyamide (81)
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Figure 3.2.2.12. C-H COSY spectrum of 9,10-dihydro-A^,A^-dimethylamino-9,10- 
ethanoanthracene-ll-carboxyamide (81)

3.2.3. Synthesis of 9,10-dihydro-9,10-ethanoanthracene-methanamine 
compounds via reduction by LiAlH4

A selection of the carboxyamide compounds, prepared in the previous section (Section

3.2.2.), were reduced to their corresponding amine equivalents using UAIH4 with moderate 

yields (Figure 3.2.3.1). The mechanism by which this hydride reagent reduces the amides is 

similar to the manner in which NaBH4  reduces ketones, as discussed in Chapter 2 (Section

2.2.2, Scheme 2 .2.2 2 . ) .  LiAlH4  is used to reduce amides rather than NaBH4  due to the fact 

that aluminium is more electropositive than boron and gives up its “hydride” easier. This 

makes it more reactive and able to reduce the resonance stabilised amides.

The crude amine products (93-103) (Figure 3.2.3.1.), were purified by flash column 

chromatography. The acid compounds 74 and 75 were also reduced in this way to produce the 

corresponding alcohol compounds 104 and 105.
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The spectroscopic data for compounds 93, 95, 104 and 105 is consistent with previous 

reports All other compounds (94, 96-103) are novel and previously

undocumented in the literature. The spectral data of 9,10-dihydropiperidine-9,10- 

ethanoanthracene-11-methanamine (96) is now discussed as a representative of the 

methanamine compounds (93-103).

LiAIH4 
 ►

THF 

O^C-rt. 24 h

78 R = R' =  CH3 . R" = CONlCHj),
79 R = R' = CH^CHj, R" = CON(CH2 CH3 ) 2

81 R = R’ = CH3

82 R = R' = piperidine
83 R =  R' = A^-Me-piperazine
84 R =  R' = pyrrolidine
85 R = R’ =  A’-Me-A'-c} clohexane
8 6  R = CH2 CH3 , R' =  H
87 R = R' =  morpholine
89 R =  R' = aniline
90 R = R' = A^-4-chlorophenylpiperazine 

R" = H unless otherwise stated

93 R =
94 R =
95 R =
96 R =
97 R =
98 R =
99 R =
100 R
101 R^
102 R^
103 R

R’ = CH3, R" = CH,N(CH3), (41 %)
R' = CH,CH3. R" = CH,N(CH,CH3), (35 %) 
CH3,R' = CH 3(86% ) ‘

R' = piperidine (50 %)
R’ = A'-Me-piperazine (75 %)
R' = pyrrolidine (50 %)
R' = A^-Me-A^-eyclohexane (50 %)
= CH2CH3, R’ = H (33 %)

= R' = morpholine (31 %)
= R' = aniline (57 %)
=  R' = A'-4-chlorophen\ lpiperazine (54 %)

OH

74 R = COOH 
75 R  = H

LiAlH4

THF 
reflux. 3 h

OH

104R  = CH,OH  
105 R = H

Figure 3.2.3.I. Reduction of carboxyamides (78-90) to methanamine compounds (93-103) 
and reduction of acids (74, 75) to alcohols (104,105)

The 'H NMR spectrum for compound 96 shows a double double doublet at 5 1.19 

ppm. This signal integrates for one proton and represents the alkyl proton, HI 1 (J = 13.0 Hz, J 

= 7.0 Hz, J = 2.0 Hz) (Figure 3.2.3.2.). A broad singlet at 6 1.47 ppm represents the piperidine 

protons H I6, while a broad multiplet signal integrating for four protons at 8 1.62 ppm
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represent the adjacent piperidine protons, H I5. A multiplet in the region of 5 1.85-2.02 ppm 

correlates to the methylene protons HI2a and HI2b as well as one of the diastereotopic 

methylene protons H I3. The other methylene proton H i3, along with the piperidine protons 

adjacent to the nitrogen atom, H14, are located as a broad multiplet signal, integrating for five 

protons, centred at 5 2.60 ppm. The piperidine protons H14 and alkyl protons H13 are adjacent 

to the amine group and so are slightly deshielded due to an inductive withdrawal effect from 

the amine, which allows them to be shifted further downfield. The alkyl protons H9 and HIO 

are found as a singlet at 5 4.30 ppm and a doublet at 5 4.43 ppm (J = 4.0 Hz). The H-H COSY 

spectrum indicates the coupling interaction between the alkyl groups H9 and H l l .  It was 

expected that proton H9 would be further downfield than the HIO proton, due to its proximity 

in space to the piperidine group; however, the H-H COSY spectrum clearly identifies that this 

is not the case and that it is HIO that is further downfield at §4.43 ppm (Figure 3.2.3.3.). The 

aromatic protons resonate as expected as two multiplet signals centred at 5 7.13 ppm and 5 

7.28 ppm.
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Figure 3.2.3.2. NM R spectrum of 9,10-dihydropiperidine-9,10-ethanoanthracene-ll-
methanamine (96)

The DEPT '^C NMR spectra for compound 96 shows inverted signals at 5 24.10 ppm, 

5 25.57 ppm and 5 54.44 ppm, which represent the piperidine carbons C16, C15 and C14 

respectively (Figure 3.2.3.5.). Methylene carbons C l2 and C l3 resonate at 6 33.05 ppm and 5 

64.11 ppm respectively. The alkyl carbon C l l  is found at 6 35.36 ppm, while the alkyl 

carbons C9 and CIO are found further downfield at 6 43.88 ppm and 5 46.72 ppm respectively, 

due to the deshielding effect of the adjacent aromatic groups. The C-H COSY clearly 

distinguishes between the alkyl carbons CIO and C9 (Figure 3.2.3.6.). Aromatic carbons are 

located in the range o f 5 122.51-125.23 ppm. Three quaternary carbons are observed at 5 140 

ppm, 5 143.49 ppm and 5 144.06 ppm (Figure 3.2.3.4.).
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Figure 3.2.3.3. H-H COSY spectrum of 9,10-dihydropiperidine-9,10-ethanoanthracene-
11-methanamine (96)
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Figure 3.2.3A ^̂ C NMR spectrum of 9,10-dihydropiperidine-9,10-ethanoanthracene-ll-
methanamine (96)
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Figure 3.2.3.S. DEPT spectrum of 9,10-dihydropiperidine-9,10-ethanoanthracene-ll-
methanamine (96)
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Figure 3.2.3.6. C-H COSY spectrum of 9,10-dihydropiperidine-9,10-ethanoanthracene-
11-methanamine (96)

Compounds 88, 91, and 92 were not reduced to their corresponding amines as direct

reduction by LiAlH4 would not have been appropriate. Instead, the ‘Boc protected piperidine
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compound, 88, was deprotected using trifluoroacetic acid to give the secondary amine 

compound 106. Deprotection was successfully completed by addition of trifluoroacetic acid to 

a stirring solution of 88 in DCM at 0 °C, to give the piperidine 106, which required no further 

purification. The resulting piperidine (106) was then reduced to the corresponding amine (107) 

using U A I H 4 as above (Scheme 3.2.3.1.).

NH

TFA

0-23 °C. 6 h

(88) ( 106)

rt. 18-34 h

( 107)

Scheme 3.2.3.I. Removal o f ‘Boc group from 88 using trifluoroacetic acid

(9-Methyl amino acid ester coupled compounds 92 and 93 were converted to their 

corresponding amino acid compounds by base hydrolysis (Scheme 3.2.3.2.). This reaction was 

carried out using the same method employed for the hydrolysis of compounds 74 and 75 

(section 3.2.2.), to produce compounds 108 and 109 in yields of 89 % and 98 % respectively.

O O

HO
R

NH NH

5M aq. KOH

EtOH 
3h reflux

91 R = (Q H 4)0H  108 R = (C(,H4)0H
92 R = C(CH3)2 109 R = C(CH3)2

Scheme 3.2.3.2. Hydrolysis of 0-m ethyl amino acid ester compounds
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Compounds 108 and 109 are novel compounds, previously unreported in the literature. 

The spectral data for compound 108 is now discussed. The IR spectrum displays two strong 

broad bands that exist at v 3022 cm"' and v 3308 cm ', representing the hydroxyl and phenol 

groups. The two carbonyl groups of the acid and the amide are found as strong bands at 1723 

cm"' and 1650 cm"' respectively.

2-(9,10-Dihydro-9,10-ethanoanthracene-11 -carboxamido)-3-(4-hydroxyphenyl) 

propanoic acid (108) exists as two diastereomeric pairs which overlap in the 'H NMR 

spectrum. The ’H NMR spectmm shows four multiplet signals centred at 6 1.70 ppm, 5 1.72 

ppm, 5 1.85 ppm and 8 1.99 ppm, which correlate to the methylene protons HI2a and HI2b. A 

high resolution HSQC (HR HSQC) reveals the diastereotopic proton pairs as 8 1.70 ppm and 8 

1.99 ppm, with carbons that resonate at 8 26.69 ppm, and 8 1.72 ppm and 8 1.85 ppm, which 

resonate at 8 30.12 ppm (Figure 3.2.3.7.).

________________ . X k ^  ^  °

OH

OH

NH

“  n

~ n

~ n

_ o

1.9 1.8 1.7 F2 [ppm]2.02.2 2.1

Figure 3.2.3.7. High resolution HSQC spectrum (8 1.70 ppm -  8 2.00 ppm) of 2-(9,10- 
dihydro-9,10-ethanoanthracene-ll-carboxamido)-3-(4-hydroxyphenyl)propanoic acid

(108)
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Figure 3.2.3.8. shows a HR HSQC spectrum for 108 of the region 8 2.70 ppm - 5 3.2 

ppm. This displays the alkyl proton H ll  at 5 2.64 ppm ('^C 6 44.00 ppm) and 5 2.66 ppm ('^C 

6 44.20 ppm). The methylene protons H14a and H14b are found to resonate as two signals at 6 

2.73 ppm and 5 2.90 ppm, which correlate to a carbon signal at 6 36.44 ppm and at 5 2.77 ppm 

and 5 2.98 ppm, which correlate to a carbon signal at 5 36.63 ppm.

□

_ to

OH

OH

NH

3.0 2.9 2.S 2.7 F2 [ppm]

Figure 3.2.3.S. HR HSQC spectrum (8 2.70 ppm - 8 3.2 ppm) of 2-(9,10-dihydro-9,10- 
ethanoanthracene-ll-carboxamido)-3-(4-hydroxyphenyl)propanoic acid (108)

Two overlapping signals, evident in the HR HSQC (Figure 3.2.3.9.), found at 6 4.18 

ppm and 5 4.20 ppm represent the alkyl proton H I3 of both distereomers which resonates at 

the same position in the '^C NMR spectrum at 8 54.54 ppm. HIO resonates as two signals 

which can be seen at 5 4.31 ppm and 5 4.32 ppm, which correlate to the signal at 5 43.20 ppm 

and 43.40 ppm respectively in the carbon spectrum. The HR HSQC (Figure 3.2.3.10.) also 

allows identification of H9, which resonates as two signals at 6 4.33 ppm and 5 4.59 ppm, 

correlating to signals of 6 47.93 ppm and 5 47.71 ppm respectively in the carbon spectrum.
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Figure 3.2.3.9. HR HSQC spectrum (6 4.16 ppm -  8 4.60 ppm) of 2-(9,10-dihydro-9,10- 
ethanoanthracene-ll-carboxamido)-3-(4-hydroxyphenyl)propanoic acid (108)

In the aromatic region, the phenol protons are located 5 7.14 ppm and 5 6.80 ppm (’^C

1 ̂5 130.6 ppm and 5 115.5 ppm) for one diastereomer and at 5 6.96 ppm and 5 6.61 ppm ( C 6 

130.4 ppm and 5 115.3 ppm) for the other, with the more upfield signals representing the 

protons ortho to the hydroxyl group (Figure 3.2.3.10). Phenolic quaternary carbons directly 

attached to the hydroxyl group (C4-OH) are located at 5 156.00 ppm and 5 155.2 ppm, while 

those adjacent to the methylene group (C4-CH2) appear at 8 130.60 ppm and 5 130.40 ppm. An 

NH COSY identifies the amino group at 5 8.29 ppm ('^N 5 I I 8.00 ppm) and 5 8.18 pppm ('"^N 

118.00 ppm) (Figure 3.2.3.11.).
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Figure 3.2.3.10. HR HSQC spectrum (5 6.40 ppm -  6 8.30 ppm) of 2-(9,10-dihydro-9,10- 
ethanoanthracene-ll-carboxamido)-3-(4-hydroxyphenyl)propanoic acid (108)
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Figure 3.2.3.11. N-H COSY spectrum of 2-(9,10-dihydro-9,10-ethanoanthracene-ll- 
carboxamido)-3-(4-hydroxyphenyi)propanoic acid (108)

149



3.2.4. Synthesis of 9,10-dihydro-9,10-ethanoanthracenes via side chain 
extension using the Wittig reaction (Route B)

A second route of synthesis was used to extend the side chain of the dihydro- 

ethanoanthracene structure examined in this study. Following successful modification of the 

aldehyde group, a Diels-Alder reaction would be used to construct the bridged structure. 

Scheme 3.2.4.1. illustrates this route.

Scheme 3.2.4.I. Proposed route of synthesis of 9-substituted-ll-substituted-9,10-dihydro-
9,10-ethanoanthracenes

The first step of this synthetic route involves a Wittig reaction, which was employed to 

introduce an ester, from which the basic side chain could be built into the anthracene structure 

from anthraldehyde. The Wittig reaction involves the deprotonation of a phosphomium salt to

D C M . reflux 3 hr, relfux

5 M K 0 H
EtOH

A nthraldehyde 6-7  hr 111 112

E D C l, H O Bt 
NEt3,NHR|R2

reduce
R j =  C N , COOH. 
C OOEt. C H 2OH.

R2

1 1 3 R | = R 2  =  CH3 
114R, = R2 = CH2CH3 
1 1 5 R | = R 2 = -(C 5H |o)- 
1 1 6 R ,= R 2 = -(C 4 H 8 ) -
l l 7R,  =R2=-(C4H«)NCH3
118 R, =  R2 =  -(C4Hg)NCOCH2CH3
119 R, =  R j =  -(C4Hg)NC<;H4CH3
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generate a ylid, which can react with an aldehyde or a ketone to produce an unsaturated alkene 

product. This reaction is driven forward by the favourable interaction of an oxygen atom and a 

phosphorous atom to form the cyclic oxaphosphatane intermediate, which spontaneously 

decomposes to produce the alkene and a phosphine oxide byproduct (Scheme 3.2.4.2.).

PPh,

®Base

phosphonium salt

PPh, PPh,

phosphonium ylid

Ph,P
Ph,R

R R'

Ph,R R'

R R'

oxaphosphetane
intermediate

^  + Ph3P=0

E/Z

Scheme 3 .2A 2 . W ittig reaction mechanism

phosphine
oxide

For this synthesis anthraldehyde and carbethoxymethylene triphenylphosphorane (110) 

were reacted to produce 3-(9-anthracenyl)acrylic acid ethyl ester (111) in high yields (92 %) 

(Scheme 3.2.4.1.). The spectroscopic data for compound 111 is consistent with literature 

reports It is important to note that the alkene formed is in the irans or £'-alkene 

conformation. This is due to the fact that the ylid used in this reaction is stabilised, i.e. electron 

density can be delocalised over a number of bonds, therefore lowering the energy of the ylid 

and making it more stable. It is known that stabilised ylids will react to give f-selective alkene 

products. Because of their increased stability, they are slower to react and will be under 

thermodynamic control, which allows the more stable isomer to form. This is true for 

compound 111 and can be identified due to the large coupling constant (J = 16.0 Hz), which is 

characteristic for f-alkenes ’ ’̂̂ •257.258̂
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The ester product was then hydrolysed using 5M KOH to produce the corresponding 3- 

(9-anthracenyl)acrylic acid (112) (95 % yield). This reaction allowed a series of amides

(113-119) to be produced in the same way as those synthesised in section 3.2.2., from an acid 

precursor using EDCI, HOBt and a variety of amines. Table 3.2.4.1. shows the amides 

synthesised, along with their yields and melting points. (£’)-3-(9-anthracenyl)-A^- 

methylacrylamide (120) was not syntheised via EDCI coupling like the other compounds. This 

amide was synthesised by the method used by Tsotinis et al (Scheme 3.2.4.3).This involved 

heating 3-(9-anthracenyl)acrylic acid ethyl ester (111) with methylamine (2M in THF) in a 

sealed tube at 110 °C for 24 hours. After this time, yellow needles precipitated from solution. 

Attempts to synthesise other amides in this way, using ethylamine and other primary amines, 

failed.

H

NH2CH3

111

l I0°C,24h 
sealed tube

120

Scheme 3.2A.3. Synthesis of (£)-3-(9-anthracenyl)-A^-methylacrylamide (120)
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Table 3.2.4.I. Yield and melting point of a series of (£')-3-(9-anthracenyl)-l- 
(substituted)prop-2-en-l-ones

R

R Compound
Num ber % Yield M .p. (°C) clogP*

0X
V̂ N(CH3)2

113 87 77-80 4.05

0X
\̂ N(CH2CH3)2

114 78 78-81 5.11

115 54 92-98 5.24

o
116 63 94-95 4.68

< 0 /

117 67 120-125 4.67

0

k . N Y °
118 65 76-78 5.37

0

119 67 80-85 6.63

-X-
^  H

120 95 240 4.68
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As a literature search did not reveal previous reports of any of the above compounds or 

any spectroscopic data for them, it is assumed that they are all novel compounds. The spectral 

data for (£)-3-(9-anthracenyl)-l-(pyrrolidinyl)prop-2-en-l-one ( 116) is now presented as a 

representative of this class of compound.

The IR spectrum for 116 shows a carbonyl peak at v 1656 cm '. The methylene protons 

of the p>trolidine ring can be found as a broad singlet integrating for four protons at 5 2.00 

ppm in the 'H NMR spectrum (Figure 3.2.4.2.). The methylene protons, adjacent to the 

nitrogen atom, are shifted further downfield to appear as a broad singlet integrating for four 

protons, at 8 3.66 ppm. The H-H COSY spectrum shows the alkene proton H I2, resonating at 

6 6.73 ppm, is coupled to the second alkene proton H Il (Figure 3.2.4.2.), which resonates 

much further downfield at 5 8.63 ppm due to the induced magnetic field of the adjacent 

anthracene group. These two protons have a large coupling constant (J = 16.0 Hz), indicating a 

trans or f-alkene conformation.

In the 'H NMR spectrum of (£')-3-(9-anthracenyl)-l-(pyrrolidinyl)prop-2-en-l-one 

( 116) the aromatic protons are divided into three separate signals (Figure 3.2.4.1.). A multiplet 

signal at 5 7.50 ppm represents the protons H2, H7, H3 and H6. A multiplet at 5 8.02 ppm 

represents protons H4 and H5, while a multiplet at 5 8.29 ppm correlates to the protons HI and 

H8, due to the electron withdrawing effect of the unsaturated amide which is meta directing 

and ortho/para deshielding. HIO is found to resonate as a singlet integrating for one proton at 5 

8.45 ppm.
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Figure 3.2.4.I. NMR spectrum of (£')-3-(9-anthracenyl)-l-(pyrrolidinyl)prop-2-en-l-
o n e (116)

Figure 3.2.4.2. shows the NMR spectrum of (£)-3-(9-anthracenyl)-l-

(pyrrolidinyl)prop-2-en-l-one (116). The DEPT NMR spectrum identifies the pyrrohdine 

carbons at 5 46.49 ppm and 5 53.01 ppm (Figure 3.2.4.3.). The DEPT spectrum also allows 

identification of three quaternary carbons (C4) at 5 129.43, 130.84 and 131.28 ppm, as well as 

the carbonyl at 5 164.28 ppm. The C-H COSY spectrum (Figure 3.2.4.4.) indicates that the 

alkene carbon C l l  is found at S 139.36 ppm, while its corresponding alkene carbon (C l2) is 

located at 5 127.02 ppm. The aromatic carbons C4 and C5 are located furthest downfield at 5 

128.53 ppm, while CIO resonates at 5 127.78 ppm. Carbons C l and C 8 are found at 5 125.51 

ppm and the remaining aromatic CH carbons (C2, C7, C3, C6) resonate at 5 125.89 ppm and 6 

145.12 ppm.
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Figure 3.2.4.2. H-H COSY spectrum of (£')-3-(9-anthracenyl)-l-(pyrrolidinyl)prop-2-en-
1-one (116)

40 [ppm]100 80 60140 120

Figure 3.2.4,3. DEPT NMR spectrum of (E)-3-(9-anthracenyl)-l-(pyrrolidinyl)prop-2-en-
1-one (116)
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Figure 3.2.4.4. C-H COSY spectrum of (£')-3-(9-anthracenyl)-l-(pyrrolidinyl)prop-2-en-
1-one (116)

3.2.5. Further reactions of 9-anthraldehyde

A Wittig reaction was used to synthesise (£')-4-(9-anthracenyl)but-3-en-2-one (121) 

and (£)-9-(4-nitrostyryl)anthracene (122) as shown in Scheme 3.2.5.1. While compound 121 

was synthesised as previously described (Section 3.2.4.), the ylid starting material for 

synthesis of compound 122 exists as a salt, which first needs to be deprotonated with NaH to 

generate the ylid. Both 121 and 122 are previously reported in the literature. A number 

of Grignard reactions were attempted using the ketone 121 and 9-anthraldehyde, as an 

alternate way of introducing the basic side chain, however these reactions were unsuccessful.
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0
DCM. 6 h 122 (3 8 %)

121 (4 5 %)

Scheme 3.2.5.1. Synthesis of 121 and 122

The generation of a ketone functional group in compound 121 allowed progression to a 

reductive amination reaction, using NaCNBHs. Reductive amination is a one-pot method that 

produces an imine form a ketone or aldehyde, followed by immediate reduction of the imine to 

an amine (Scheme 3.2.5.2.). The reaction takes place in slightly acidic conditions which 

allows generation of an iminium ion, which encourages the borohydride to react with the 

imine and not with the carbonyl group. It is a convenient reaction which proceeds under mild 

conditions (room temperature, pH 5-6); however, in the present study, long reaction times 

were necessary (72 hours).

V ^ C nh

Scheme 3.2.S.2. Mechanism of reductive amination



(£')-4-(9-Anthracenyl)-A^-methylbut-3-en-2-amine (123) was synthesised by this 

method (Scheme 3.2.5.4.) from the ketone 121, as were other compounds which will be 

discussed later in Section 3.2.9. As compound 123 is a novel compound, the IR and NMR 

spectra are now discussed.

121

pH 5-6 
72 h ,rt

123

Scheme 3.2.5A  Reductive amination of 121

The 'H NMR spectrum for this compound (Figure 3.2.5.1.) shows the methyl group as 

a doublet integrating for three protons at 5 1.56 ppm (J = 6.5 Hz). The methyl amine group is 

found further downfield as a singlet at 6 3.60 ppm. The alkyl proton, H I3, adjacent to the 

amine resonates as a mulitplet at 5 4.24 ppm due to the coupling interaction with the methyl 

group and the nearby alkene proton. The alkene proton H12 resonates at 5 6.00 ppm. It exists 

as a double doublet due to coupHng with H13 and the alkene proton HI 1 (J = 7.0 Hz, J = 16.0 

Hz). HI 1 is located as a doublet (J = 16.5 Hz) at 5 7.35 ppm.
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Figure 3.2,5.1. 'H NMR spectrum of (£')-4-(9-anthracenyl)-A^-methylbut-3-en-2-amine
(123)

The ’'̂ C NMR spectrum of (£)-4-(9-anthracenyl)-A^-methylbut-3-en-2-amine (123) 

shows the two methyl groups at 5 13.69 ppm and 5 56.08 ppm, with the methyl amine the 

further downfield signal (Figure 3.2.5.2.). C13 resonates at 5 77.06 ppm. Aromatic carbons are 

located in the range 8 124.67-128.23 ppm, while the quaternary carbons (C4) are identified as 

signals at 8 128.98 ppm, 8 130.94 ppm and 8131.76 ppm from the DEPT spectrum (Figure 

3.2.5.3.) The C-H COSY spectrum allows the alkene carbons C ll  and C l2 to be identified as 

resonating at 8 126.67 ppm and 8 139.74 ppm respectively (Figure 3.2.5.4.).
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Figure 3.2.5A  C-H COSY spectrum of (£')-4-(9-anthracenyl)-A^-methylbut-3-en-2-amine
(123)

A Knoevenagel reaction was next used to synthesise compound 125 using cyanoacetic 

acid and morpholine This reaction was used to produce two products 125 and 124 (Scheme 

3.2.5.5.). Compound 125 was synthesised by adding morphoHne to a solution of anthraldehyde 

and cyanoacetic acid in dimethylformamide. This solution was heated at reflux for seven 

hours, after which lime, it was stored at -20 °C overnight. The precipitate that formed was 

filtered off to give pure 3-(9-anthracenyl)acrylonitrile (125) in yields slightly lower than those 

quoted in the literature (30 % yield, compared to literature value of 46 % ^̂ )̂.

Synthesis of the alternative product 124 came from heating the reagents for one hour at 

90 °C. A solution of potassium hydroxide in water : methanol (1:2) was added, followed by 

diethyl ether. The crystals were isolated and recrystallised form methanol to afford 3-(9- 

anthryI)-2-cyanoacrylic acid (124) in 76 % yield.
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Scheme 3.2.5.S. Knoevenagel reaction of anthraldehyde and cyanoacetic acid

A Henry-Knoevenagel reaction was used to synthesise (£')-9-(2-nitrovinyl)anthracene 

(126) from 9-anthraldehyde and nitromethane, in a manner similar to that discussed in Chapter 

Two (Section 3.2.1.), (Scheme 3.2.5.6.). A literature method by Becker et al suggested the use 

of piperidine as a base to produce the nitrostyrene, however this method was found to give 

very low yields, despite reports of 94 % yield The Henry-Knoevenagel reaction previously 

used in Chapter Two increased this yield to 66 %.

CH3NO,
cyclohexylamine

9-Anthraldehyde

AcOH, 6 h

NO

126

Scheme 3.2.S.6. Henry-Knoevenagel reaction of 9-anthraldehyde
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3.2.6. Investigation into the Diels-Alder reaction with 9-substituted 
anthracene compounds

In order to synthesise a range of compounds with modified ethanoanthracene 

structures, a variety of cyclic and acyclic dienophiles were selected and reacted with some 9- 

substituted anthracenes to investigate reactivity. The dienes and dienophiles used in this study 

are shown in Scheme 3.2.6.1.

9-Anthraldehyde

Anthracene

9-Substituted anthranene

R = CN. ArNO,. NOj. 
COOH. COOEt, cbO N R ,R , 

( R |,R ,  = Alkyl. H)

B

XOzEt

EtOzC

d l <12 (13

C02Et

d6

OH

O
d8d7

Dienophiles

CO jEt

d4

O

L
b

d9

CO2MG

C02Me
d5

O

b

dIO

Dienes

Scheme 3.2.6.I. A) Dienes and B) dienophiles (dl-d9) used in this study

Firstly, the dienophiles were all reacted with 9-anthraldehyde in a sealed tube at 

varying temperatures (120-200 °C) for 12-24 hours. Upon work up, it was found that the most 

successful reaction was that with acrylonitrile (dl), which gave sufficient yields (48 %) and 

purity (Scheme 3.2.6.2.). It was therefore decided to use acrylonitrile (dl) as the dienophile 

with which to synthesise the bridged structure for further structural studies.
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9-Anthraldehyde 127
Ortho adduct 100 % Meta adduct 0 %

Scheme 3.2.6.2. Synthesis of 9-formyl-9,10-dihydro-ll-cyano-9,10-ethanoanthracene
(127)

9-Formyl-9,10-dihydro-11-cyano-9,10-ethanoanthracene (127) has been previously 

documented in the literature and spectral results are consistent with this reaction forming the 

ortho adduct only This is due to the stabilising molecular orbital overlap between the 

nitrile and carbonyl groups. Electron density is donated from the nitrile to the highest occupied 

molecular orbital of the carbonyl and lowers its energy therefore stabilising it and allowing for 

only one adduct to form. 'H NMR spectroscopy and X-ray crystallography for compound 127 

confirmed the exclusive formation of the ortho adduct. The X-ray crystallography results will 

be discussed further in Section 3.4.

As mentioned above, these cycloaddition reactions were conducted in sealed tubes 

with long reaction times and high temperatures. Under the conventional heating methods, 

some of the dienophiles mentioned (Figure 3.2.6.1.) failed to react, possibly due in part to the 

susceptibility of the Diels-Alder reaction to reverse by retro Diels-Alder reaction under long 

reaction times Recent advances in microwave technology have led to the development

of laboratory microwave reaction syntheses which can be used to accelerate many reactions, 

including cycloadditions. Microwave irradiation allows rapid heating of polar solvents, which 

accelerates the reaction allowing for shorter reaction times compared to conventional heating

165



methods Microwave reactions usually also lead to increased yields and cleaner reactions 

which require less purification.

The method of heating a diene and dienophile together in a sealed tube requires long 

reaction times (12-24 hours). By using microwave technology, this reaction time can be 

considerable shortened (<60 mins). Table 3.2.6.1. shows the reaction conditions and 

percentage yields for the microwave method utilised in this study.

Table 3.2.6,1. Reaction conditions for microwave reactions

9-Anthraldehyde

X
Dienophile

Number Y Product
Number

Temperature
(°C)

Reaction
Time
(min)

% Yield

d l 127 160
*130

45 
*24 h

70
*48

^ O H d2

HO
0J n/a 130-200 40 n/a

COOMe

COOMe

d5

0
0

j  0J 128 170 45 47

IO d6 129 250 10 22

^Temperature, reaction time and % yield o f 127 synthesised using conventional heating methods

Compound 129 was coupled to A^-methyl-A^-cyclohexylamine using HOBt and ECDI, to 

produce 11 -A^-cyclohexyl-A^-methyl-9-formyl-9,10-dihydro-9,10-ethanoanthracene-11 -

carboxamide (130) (Scheme 3.2.6.3).
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EDCI, HOBt

NEt3,N(CH3)QH„ 
DCM. 0 °C-it 24 h

129 130

Scheme 3.2,6.3. Synthesis of compound 130

The Diels-Alder reaction of 9-substituted anthracenes is well documented in the 

literature however, it was found in this study that not all reactions with anthraldehyde

were successful. Also, when this reaction was attempted with the 9-substituted anthracenes as 

synthesised in Section 3.2.4. and Section 3.2.5. (Table 3.2.4.1.), many of the compounds failed 

to react, returning only starting material, while others gave unidentifiable adducts. Those 

reactions that were successful are shown in Scheme 3.2.6.4. All of these products were 

formed, in high yields, by high pressure reaction in a sealed tube at 130 °C, as described 

above, using catalytic amounts of hydroquinone as an inhibitor.

R
^ C N  

(dl)
hydroquinone

130 °C, 24 h

111 R = C0,CH ,CH 3  
120R  = CONHCH3  

125R  = CN

131 R = CO2 CH2 CH3  (90 %)
132 R = CONHCH 3  ( 8 8  %)
133 R = CN (67 %)

Scheme 3.2.6.4. Synthesis of 9,10-dihydro-ll-cyano-9,10-ethanoanthracene-9-substituted
compounds (131-133)

References for the above compounds could not be found in the literature. The spectral

data for 9,10-dihydro-9,10-ethanoanthracen-l 1-cyano-A^-methylacrylamide (132) is now

discussed as a representative of this group of compounds. The IR spectrum identifies the



carbonyl group of the amide at v 1675 cm ' as well as a weak band at v 2289 cm ' which 

represents the nitrile group. Mass spectrometry identified an ion of mass 337.1329, compared 

to a calculated mass of 337.1317 (M"̂  + Na) for a molecular formula CiiHigNiONa.

The 'H NMR spectrum for 9,10-dihydro-9,10-ethanoanthracen-l 1-cyano-A^- 

methylacrylamide (132) is shown in Figure 3.2.6.1. As for many of the other dihydro- 

ethanoanthrcene compounds, it displays two mulitplet signals at 5 2.20 ppm and 5 2.38 ppm, 

each integrating for one proton, correlating to the two methylene protons HI2a and HI2b. A 

signal centred at 8 3.06 ppm, integrating for four protons, represents the methyl group and 

Hl l .  The alkyl proton HIO is found at 8 4.45 ppm as a singlet integrating for one proton. The 

amine proton resonates as a broad singlet at 8 5.85 ppm. The alkene protons H14 and H13 

resonate as doublets (J = 16.0 Hz) at 8 6.50 ppm and 8 7.91 ppm respectively, with H13 

further downfield due to its proximity to the aromatic group, which has a deshielding effect on 

the alkenyl proton.

CN

8 7 6 5 4 3

Figure 3.2.6.I. NMR spectrum of 9,10-dihydro-9,10-ethanoanthraeen-ll-cyano-A^-
tppm]

methylacrylamide (132)
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The methyl group of 9,10-dihydro-9,10-ethanoanthracen-11 -cyano-A^- 

methylacrylamide (132) resonates at 5 26.16 ppm in the '^C NMR spectrum (Figure 3.2.6.2.). 

Alkyl carbons CIO and C9 are identified from the DEPT 90 spectrum as signals at 6 42.54 

ppm and 5 49.95 ppm respectively, while C l 1 is located at 5 30.99 ppm (Figure 3.2.6.4.). C12 

is found as an inverted signal at 5 34.59 ppm in the DEPT spectrum (Figure 3.2.6.3.). The 

nitrile carbon resonates as a small signal at 5 120.42 ppm, while other quaternary carbons 

resonate in the range of 6 139.45-142.09 ppm as well as the carbonyl which resonates 

downfield at 5 164.67 ppm. The alkenyl carbons C l3 and C14 are located at 5 126.83 ppm and 

138.97 ppm respectively, as shown in the DEPT 90 spectrum (Figure 3.2.6.4.).

CN

160 140 120 100 SO 4060 [ppm]

Figure 3.2.6.2. NMR spectrum of 9,10-dihydro-9,10-ethanoanthracen-ll-cyano-A^-
methylacrylamide (132)
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140 120 100 80 SO 40 [Ppm]

Figure 3.2.6.3. DEPT NMR spectrum of 9,10-dihydro-9,10-ethanoanthracen-ll-cyano-A^-
methylacrylamide (132)

CN

[ppm]60 4080120 100140

Figure 3.2.6.4. DEPT 90 NMR spectrum of 9,10-dihydro-9,10-ethanoanthracen-ll-
cyano-A^-methylacryiamide (132)
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3.2.7. Catalytic hydrogenation of unsaturated compounds

9 ,10-Dihydro-1 l-cyano-9,10-ethanoanthracene-(9-acrylic acid ethyl ester) (131) and 9- 

(2-cyanovinyl)-9,10-dihydro-9,10-ethanoanthracene-ll-carbonitrile (133) and 9,10-dihydro- 

9,10-ethanoanthracen-ll-cyano-A^-methylacrylamide (132) are vinylic compounds, 

structurally related to maprotiline; however, the presence of the double bond conformationally 

restricts the side chain in a trans conformation. In order to make these structures more 

maprotiline-like, the double bond was reduced by way of catalytic hydrogenation (Scheme 

3.2.7.I.).

CN CN

H2  Pd/C ' '

48 h, rt

131 R = C02CH2CH3
132 R = C0NHCH3
133 R = CN

134 R = CO 2 CH2 CH 3  ( 8 8  %)
135 R = CONHCH 3  (98 %)
136 R = CN (75 %)

Scheme 3.2.7.I. Catalytic hydrogenation of compounds 134-136

This method involved stirring the compound in solution (ethyl acetate or ethanol) with 

catalytic amounts of palladium (10 % on charcoal), in an atmosphere of hydrogen. The 

hydrogenation process was monitored by TLC and was usually completed in 48 hours.

Previous attempts to reduce unsaturated compounds such as those in Table 3.4.2.1. 

(Section 3.2.4.) by catal}4ic hydrogenation failed. Attempts were also made to reduce the 

unsaturated amides using LiAlH4, which would directly reduce both the alkene and the 

carbonyl groups (Scheme 32 .12 .). These reactions were also unsuccessful, as the adducts 

formed were indistinguishable by NMR spectroscopy.
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NR. NR

H , Pd/C

X -
48 h ,r t

Scheme 3.2.7.2. Attempted reduction of unsaturated amide compounds 

3.2.8. Diels-Alder reactions of anthracene

The Diels-Alder reaction was also used to generate compounds from an anthracene 

diene as in Section 3.2.1. Compounds 137, 138 and 139 were synthesised in this way and are 

shown in Table 3.2.8.1.

Table 3.2.8.1. Diels-Alder reaction using anthracene as a diene

+  X = Y

Compound
Number

Dienophile
Number

M.p (°C) c\ogP

150-152 
(lit. m .p.

160- 16rC )-'^*
3.81137

112-113 
(lit m .p. 

107-108°C)
4.31138d6

CN

112-115 T  
(lit. m .p. 

18-120°C)
3.12139
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Compound 139 was synthesised by heating a solution o f anthracene, acrylonitrile and 

catalytic amounts o f hydroquinone by microwave irradiation at 200 °C for 10 minutes. After 

this time the solution was concentrated in vacuo to remove excess acrylonitrile and then the 

crude product was purified by flash column chromatography. The spectral data for compound 

139 is consistent with previous reports

trans-9,10-D im ethyl-9,10-dihydro-9,10-ethenoanthracene-11,12-dicarboxylate (137)

was prepared by both microwave and conventional heating methods. The conventional 

synthesis method involved heating for 24 hours at 120 °C, which produced 137 in yield o f 31 

%. The microwave irradiation method involved heating a solution o f anthracene and excess  

dimethyl acetylenedicarboxylate at 160 °C for 45 minutes. Work up involved concentration o f  

the solution and purification by flash column chromatography. Compared to the conventional 

heating method the number o f impurities were reduced and the yield more than doubled (64 

%) when using the microwave method. Compound 138 was prepared by microwave 

irradiation as for compound 137 to afford 9,10-dihydro-9,10-ethenoanthracene-l 1- 

ethylcarboxylate in 62 % yield. Spectral data for both /ra/jj'-9,10-dimethyl-9,10-dihydro-9,10- 

ethenoanthracene-11,12-dicarboxylate and 9 ,10-dihydro-9,10-ethenoanthracene-11 -

ethylcarboxylate are consistent with literature values

Compound 138 was hydrolysed in a similar manner to that described in section 3.2.2. 

to give the 9 , lO-dihydro-9,10-ethenoanthracene-11-carboxylic acid (140). This acid was then 

coupled to a series o f amines using EDCI and HOBt to produce compounds 9,10-dihydro-11- 

A^-methyl-A^-cyclohexanyl-9,10-ethenoanthracene-11-carboxyamide (141) and 9,10- 

dihydropiperidine-9,10-ethenoanthracene-11-carboxyamide (142) and then reduced using 

LiAlH 4 to afford the corresponding amines 143 and 144 (Figure 3.2.8.1.). These compounds 

were synthesised to investigate the effect o f an alkene structure on the bridgehead o f the
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dihydroethanoanthracene structure. The particular amines used, A^-methyl-A^-cyclohexylamine 

and piperidine, were chosen due to the positive result obtained from their corresponding 

dihydroethanoanthracene analogues when initially evaluated in BL cell lines (see biochemistry 

section 3.3.2.).

5M KOH

138

EtOH 
3h reflux

OH

140

DCM
18-24h

EDCI, HOBt 
NEt3, NHR2

LiAlH4

THF
18-24h

143 R = A^-Me-N^-cyclohexylamine 
144 R = piperidine

141 R = A^-Me-A'^-cyclohexylamine 
142 R = piperidine

Scheme 3.2.8.I. Synthesis of 9,10-dihydro-11-substituted- 
9,10-ethenoanthracenes (138,140-144)

3.2.9. Structural modifications of 9-formyl-9,10-dihydro-12-cyano-9,10- 
ethanoanthracene

9-Formyl-9,10-dihydro-Il-cyano-9,10-ethanoanthracene (127) was used as a starting 

material for the synthesis of a range of compounds with the nitrile functional groups on the 

bridgehead. As for 9-anthraldehyde, the aldehyde functional group was useful for many 

different synthetic transformation including reductive amination and reduction.

9-Hydroxymethyl-9,10-dihydro-9,10-ethanoanthracene-ll-carbonitrile (145) was 

synthesised from 9-formyl-9,10-dihydro-1 l-cyano-9,10-ethanoanthracene (127) via reduction
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of the aldehyde by NaBH4 (Scheme 3.2.9.1) to afford the alcohol (89 % yield) which did not 

require any further purification.

CN CN

= 0

127

OH

145 (8 9 %)

Scheme 3.2.9.I. Reduction of 9-formyl-9,10-dihydro-ll-cyano-9,10-ethanoanthracene
(127)

Reports of 9-hydroxymethyl-9,10-dihydro-9,10-ethanoanthracene-ll-carbonitrile 

(145) were not found in the literature, so its spectral data is now discussed. The infra-red 

spectrum of compound 144 shows a broad band at v 3485 cm ' representative of the hydroxyl 

group, while a medium band at v 2238 cm ' correlates to the nitrile group. Mass spectrometry 

analysis for this compound found an (M"̂  + Na) ion with a mass of 284.1041, compared to a 

calculated mass of 284.1051 for a molecular formula CisHijNONa.

The 'H NMR spectrum (Figure 3.2.9.1.) for 9-hydroxymethyl-9,10-dihydro-9,10- 

ethanoanthracene-11-carbonitrile (145) displays two multiplet signals, each integrating for one 

proton at 5 2.09 ppm and 6 2.37 ppm. These signals correspond to the diastereotopic 

methylene protons HI2a and HI2b. One signal is slightly further downfield due to its relative 

position to the hydroxyl group. The alkyl proton H ll  is found at 8 3.20 ppm. This signal 

integrates for one proton and exists as a double doublet centred at 6 3.20 ppm due to its 

coupling to HI2a (Jdi = 10.5 Hz) and to HI2b (h ra n s =  4.5 Hz). The other alkyl proton, 

integrating for one proton (HIO), resonates as a singlet at 5 4.39 ppm. The methylene group 

adjacent to the hydroxyl group exists as two diastereotopic protons, Hi3a and HI3b. They are 

only very slightly separated in the NMR spectrum, with two doublets resonating at 5 4.94 ppm
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and 5 5.05 ppm (J = 11.0 Hz) due to coupling to the alcohol proton. A multiplet at 6 7.22 ppm, 

integrating for eight protons, represents the aromatic protons. A broad singlet at 5 1.64 ppm 

correlates to the hydroxyl group.

p> o o n c n

CN
OH

IK

2 [ppm]38 6 5 47

Figure 3.2.9.I. NMR spectrum of 9-hydroxymethyl-9,10-dihydro-9,10- 
ethanoanthracene-11 -carbonitrile (145)

The DEPT spectrum for 9-hydroxymethyl-9,10-dihydro-9,10-ethanoanthracene-l 1- 

carbonitrile (145) identifies methylene carbons C12 and C13 as two inverted signals at 8 33.41 

ppm and 8 60.65 ppm respectively (Figure 3.2.9.3.). C13 is observed further downfield due to 

the inductive withdrawal effect of the alcohol group which causes deshielding of the carbon 

atom. The alkyl carbons C l l  and CIO are located at 8 29.70 ppm and 8 42.96 ppm 

respectively. The aromatic CH carbons are located in the range of 8 121.96-126.52 ppm, while 

the quaternary carbons are found at 8 139.69 ppm (C9), 8 142.87 ppm and 8 143.16 ppm 

(Figure 3.2.9.2.).
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CN
OH

140 120 100 80 60 40 [ppm]

Figure 3.2.9.2. NMR spectrum of 9-hydroxymethyl-9,10-dihydro-9,10- 
ethanoanthracene-ll-carbonitrile (145)

ID i d  IT) O  O  N

CN
OH

120 I C O 80 60 40 [ppm]

Figure 3.2.9.3. DEPT spectrum of 9-hydroxymethyI-9,10-dihydro-9,10- 
etlianoanthracene-ll-carbonitrile (145)

Reductive amination of 9-formyl-9,10-dihydro-1 l-cyano-9,10-ethanoanthracene (127) 

using NaCNBHs and methylamine led to the synthesis of 9-((methylamino)methyl)-9,10-
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dihydro-9,10-ethanoanthracene-11-carbonitrile (146) (Scheme 3.2.9.2.). This compound was 

synthesised in the same manner as previously described (Section 3.2.5.) an afforded 9- 

((methylamino)methyl)-9, lO-dihydro-9,10-ethanoanthracene-11-carbonitrile (146) as an oil in 

a high yield of 87 %.

CN CN
NaCNBHj 
NH2CH3

pH 5-6 
ft, 72 h

127

NH

146 (87% )

Scheme 3.2.9.2. Reductive amination of 9-formyl-9,10-dihydro-ll-cyano-9,10-
ethanoanthracene (127)

As 9-((methylamino)methyl)-9,10-dihydro-9,10-ethanoanthracene-11 -carbonitrile 

(146) is previously unreported in the literature, the NMR spectral data is now presented. The 

diastereotopic proton HI2a is located at 6 1.74 ppm in the 'H NMR spectrum (Figure 3.2.9.4.), 

where it resonates as a double double doublet (Jgp,„ = 18.0 Hz, = 12.4 Hz, J,™™ = 2.0 Hz), 

integrating for one proton. The other bridgehead proton, HI2b, exists as a multiplet at 5 2.16 

ppm. H ll  resonates as a double doublet at 5 2.17 ppm due to its coupling to the methylene 

H12 protons (Jc,s = 12.0 Hz, Jrrans = 8.0 Hz). The methyl amine protons resonate at 8 3.08 ppm 

and exist as a singlet integrating for three protons, while the adjacent methylene protons (H I3) 

resonate as a singlet, integrating for two protons, at 5 4.30 ppm. The amino proton exists as a 

broad singlet at 5 4.09 ppm. HIO is located further upfield at 6 4.42. This signal integrates for 

one proton and is split into a doublet (Jtrans = 1-5 Hz) due to coupling to HI2a. The aromatic 

protons are found as multiplets in the region of 5 7.12-7.38 ppm.
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CN

12/
NH

I  in

7 6 5 4 3 2 [ppm]

Figure 3.2.9A  *H NMR spectrum of 9-((methylamino)methyl)-9,10-dihydro-9,10- 
ethanoanthracene-l 1-carbonitrile (146)

The ‘‘̂C NMR spectrum of 9-((methylamino)methyl)-9,10-dihydro-9,10- 

ethanoanthracene-l 1-carbonitrile (146) identifies a signal at 5 31.36 ppm as the methyl amine 

group (Figure 3.2.9.5.). The alkyl carbons CIO and C ll  are located at 5 44.25 ppm and 5 

50.24 ppm respectively. The DEPT spectrum for this compound allows the methylene carbons 

C l2 and C l3 to be easily identified as inverted signals at S 27.95 ppm and 5 50.12 ppm 

respectively. The quaternary carbon C9 resonates at 5 49.76 ppm as seen in the DEPT 

spectrum (Figure 3.2.9.6.), while the aromatic quaternary carbons resonate much further 

downfield at 6 137.56 ppm, 5 141.87 ppm, 5 143.18 ppm and 5 145.67 ppm. The nitrile group 

carbon resonates characteristically at 5 118.99 ppm.
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CN

■NH

[ppm]60 40100 80140 120

Figure 3.2.9.S. C NMR spectrum of 9-((methylamino)methyl)-9,10-dihydro-9,10-
ethanoanthracene-ll-carbonitrile (146)

CN

n  loN M.d
lO  Ti-

12/
NH

6

4 3

120 100 80 60 40 [Ppm]

Figure 3.2.9.6. DEPT spectrum of 9-((methyIamino)methyI)-9,10-dihydro-9,10- 
ethanoanthracene-ll-carbonitrile (146)
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The oxime 9-((£')-(hydroxyimino)methyl)-9,10-dihydro-9,10-ethanoanthracene-l 1- 

carbonitrile (147) was obtained from 9-formyl-9,10-dihydro-1 l-cyano-9,10-ethanoanthracene 

(127) (Scheme 3.2.9.3.) by reaction with hydroxylamine hydrochloride and pyridine as a base 

and afforded the product (82 % yield) which required no further purification. The spectral data 

for this compound is consistent with previous reports

CN CN

•=0

127

- = N

3h, reflux

147

Scheme 3.2.9.3. Synthesis of 9-((£’)-(hydroxyimino)methyl)-9,10-dihydro-9,10- 
ethanoanthracene-11 -carbonitrile (147)

3.2.10. Reactions of oxime and hydroxyl compounds with acid chlorides

The presence of hydroxyl moieties of compounds 145 and 147 made them attractive 

compounds for reacting with acid chlorides (Scheme 3.2.10.!.)• Both of these compounds 

were reacted with the acid chlorides shown to give the carbamate products 148, 149, 150 and 

the ester compounds 151 and 152 in high yields; however reaction of 9-hydroxymethyl-9,10- 

dihydro-9,10-ethanoanthracene-l 1-carbonitrile (145) with A^,A^-diethylcarbamamoyl chloride 

did not produce a product.
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CN CN
HN(CH2CH3)2 

DCM, 3 h, reflux

A
O

145R  = CH,OH Cl R' 148 R = HCNOCOCH3  (74 %)
149 R = HCN0C0N(CH2CH3)2 (78 %)147R  = HCNOH R' = QH5 

R' = CH3  

R'=N(CH,CH3),
150 R = HCNOCOCgHs (74 %)
151 R = C H ,0C0C H 3 (67 %)
152 R = CH^C0C6H5 (79 %)

Scheme 3.2.10,1 Synthesis of carbamate (148-150) and ester (151,152) compounds

These novel compounds (148-152) have not been previously documented in the 

literature. The spectral data for compound 149 is now presented as a representative of this 

class of compounds (148-152). The IR spectrum for 9-((£’)-(((l- 

(diethylamino)vinyl)oxy)imino)methyl)-9,10-dihydro-9,10-ethanoanthracene-l 1-carbonitrile 

(149) displays absorption bands at v 1625, v 2250 and v 3364 cm ', representing carbonyl, 

nitrile and imine groups respectively.

The 'H NMR spectrum for compound 149 (Figure 3.2.10.1.) shows two overlapping 

triplets centred at 5 1.23 ppm and 5 1.26 ppm (J = 6.0 Hz), corresponding to the two methyl 

groups. The diastereotopic protons HI2a and HI2b resonate as two multiplet signals centred at 

8 2.14 ppm and 5 2.32 ppm, while HI 1 resonates as a double doublet at 5 3.26 ppm (J = 10.5 

Hz, J = 4.0 Hz). The methylene protons adjacent to the nitrogen atom are located at 6 3.43 

ppm and 5 3.50 ppm and resonate as two quartets (J = 7.0 Hz). HIO is located as a singlet at S 

2.29 ppm and the imino proton resonates as a singlet at 5 8.55 ppm.
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CN

12/
• = N

cm
00

8 6 4 2 [ppm]

Figure 3.2.10.1. IH NMR spectrum of 9-((£')-(((l-(diethylamino)vinyl)oxy)imino)inethyl)- 
9,10-dihydro-9,10-ethanoanthraeene-l 1-carbonitrile (149)

The ' ‘̂ C NMR displays the two methyl carbons at 5 12.41 ppm and 5 13.29 ppm. 

Carbons C l l ,  C12 and CIO are resonate at 5 30.42 ppm, 5 33.90 ppm and 5 42.65 ppm 

respectively. The methylene carbons directly attached to the nitrogen atom are found to 

resonate as inverted signals in the DEPT spectrum at 5 44.00 ppm and 5 45.28 ppm. The nitrile 

group carbon resonates characteristically at 5 120.76 ppm and the carbonyl carbonyl is found 

at 5 149.01 ppm.

3.3. Biochemical Evaluation 

3.3.1. Introduction

The library of over fifty 9,10-dihydroanthracene and 9-anthracenyl compounds 

synthesised was evaluated for antiproliferative activity on a range of malignant cell lines,
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including the chronic myelogenous leukaemia (CML) cell line, K562 and the Burkitt’s 

lymphoma cell lines DG-75 (chemoresistant cell line) and MUTU-1 (chemosensitive cell line). 

Antiproliferative activity was measured with an Alamar Blue dye which is used to determine 

the percentage cell viability when treated with the test sample. The BL cell lines were chosen 

for evaluation due to the fact that they are known to overexpress the monoamine transporters 

SERT and NET (NET to a lesser extent than SERT) The K562 cell line was chosen as a 

comparative cell line which is known to be chemoresistant and does not overexpress any of 

the monoamine transporters SERT, NET or DAT. All materials and methods not described in 

this section are as per those described in Chapter Two (Section 2.3.2.).

3.3.1.1. Caspase activation assay

Activation of caspase 3 and 7 was assessed using an Apotox-Glo Triplex assay 

(Promega). Cells were seeded at a density of 10,000 cells/well in opague 96-well plates and 

treated with the appropriate compound (10 |aM) for 8 h. After this time, Caspase-Glo reagent 

(100 |j L) was added to each well and the mixture was mixed by orbital shaking (500 ipm for 

30 s). This was incubated at room temperature for 30 mins and then the luminescence was 

read on a luminescence plate reader. Vinblaastine (100 nM) was used as a positive control.

3.3.2. In vitro antiproliferative activity of 9,10-dihydro-9,10- 
ethanoanthracenes

To determine if the series of 9,10-dihydro-9,10-ethanoanthracene compounds had any 

cytotoxic effect and investigate any possible antiproliferative effect, each compound was 

initially evaluated using an Alamar Blue dye on the BL cell lines MUTU-1 and DG-75. Cells 

were treated over a range of concentrations of the compound for 24 hours and the results are 

presented in Table 3.3.2.1. Compounds were also evaluated after a treatment time of 48 hours,
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however no significant difference in cell viability was observed compared to that after 24 

hours (data not shown). EC50 values for antiproliferative activity were estimated from log- 

concentration sigmoidal dose response curves where the cytotoxic potency of each compound 

was quantified by a pECso value, where pECso is -LogECjo + S.E (log EC50 is the log [Dose] 

when response is equal to 50% cell viability). M iconazole (10 |jM ) was used as a positive 

control and resulted in >90 % cytotoxicity to all cell lines.

9-Form yl-9,10-dihydro-11-cyano-9,10-ethanoanthracene (127) and 3-(l l-cyano-9,10- 

dihydro-9,10-ethanoanthracenyl)-9-propanoate (134) displayed the most potent 

antiproliferative effects on the MUTU-1 cell line with observed pECso values of 4.49-4.53 

corresponding to an approximate EC 50 values of 31.7 pM  and 29.3 |aM. The ester compounds 

9 ,10-dihydro-11-cyano-9,10-ethanoanthracene-(9-acrylic acid ethyl ester) (130) and 11- 

ethoxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (75) displayed only moderate activities 

on this cell line, with pECso values of 4.34 and 4.26 (approximate EC 50 values of 45.6 |aM 

and 55.4 |jM ) (Table 3.3.2.1.). The 11,12-disubstituted ester (74 ) and DL-tyrosine coupled 

compound, methyl 2-(9,10-dihydro-9,10-ethanoanthracene-l l-carboxamido)-3-(4- 

hydroxyphenyl)propanoate (91), exhibited a less potent antiproliferative effect, with 

approximate EC 50 values of 89.4 |jM  and 63.0 pM  respectively. The A^-alkyl amide 

compounds 132 and 79 were found to be toxic only at high concentrations of approximately 

200 |jM  and 500 pM  respectively. All other dihydroethanoanthracene compounds (Table 

3.3.2.1.) were found to have no effect on the MUTU-1 cell line (EC50 >1 mM). As compounds 

134, 127 and 131 possess nitrile groups at the C l l  position of the dihydroethanoanthracene 

structure, it is possible that this functional group is contributing to the antiproliferative effect 

of these compounds, although other nitrile containing compounds 133, 132 and 135 are much
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less potent. Also compounds 91, 134, 131, 75 and 74, which contain alkyl esters, were found

to be much more potent than their amide or acid analogues (Table 3.3.2.1.).

Table 3.3.2.I. In vitro effects (pECso, EC5 0) of 9,10-dihydroethanoanthracene 
carboxyamide compounds on BL cell lines_________________________________ ______

Compound
structure

Compound
number MUTU-1 DG-75 clogf

pEC.,o“
±SE

EC50
(mM)

pECso^
±SE

ECso
(nM)

HN

11
(maprotiline) 4.80±0.06 15.8 4.42±0.04 37.5*’ 4.52

0
0

EtO-\,

vX-

y ^ O E t

/
74 4.05+0.02 89.4 <2 >1000 4.51

0
0

HO-Ay

VX-

^ O H

76 <2 >1000 <2 >1000 2.51

0
0

/

/
78 <2 >1000 <2 >1000 2.40

0
B jn A

^■^NEt2

/
79 3.26±0.20 543.2 <2 >1000 4.51

° y -O E t

75 4.26+0.03 55.4 <3 >200 4.22
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Table 3.3.2.1 continued
Compound
structure

Compound
number MUTU-1 DG-75 clog/^

pECso^
+SE

ECjo
(mM)

pECs«“
+SE

EC.,0
(mM)

y o H

77 <2 >1000 <2 >1000 3.32

0T 83 <2 >1000 <2 >1000 3.26

OH

o h \ 3

108 <2 >1000 <2 >1000 3.66

OH

^ o 6

91 4 .20+0.05 63.0 4 .26+0.08 54.6 3.78

92 <2 >1000 <2 >1000 4.49
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Table 3.3.2.1 continued
Compound
structure

Compound
number MUTU-1 DG-75 clogP

pEC5o“
+SE

EC5»(jiM) pECso”
+SE

EC5o(mM)

109 <2 >1000 <2 >1000 4.37

CN 0

131 4.34+0.02 45.6 <3 >200 3.74

CN

133 <2 >1000 <3 >500 2.71

132 3.70±0.07 199.5 <2 >1000 1.83

135 <2 >1000 <2 >1000 1.87

CN 0

134 4.53+0.11 29.3 <2 >1000 3.66

CN

O :^ 127 4.49+0.04 31.7 <2 >1000 2.52

'  pECso (-L ogE C so is  the lo g [D o se ]  w hen  re sp o n se = 5 0 ‘5t) va lu es w ere ca lcu la ted  from  % C ell V ia b ility  versu s - l o g  con centration  curves, 
u sin g  fou r con centration s in trip licate on three in d ep en d en t d ays. D ata w as sub jected  to non-lin ear regression  an a lysis  u sin g  a sig m o id a l d ose  
resp on se  (H ill s lo p e = l )  u sin g  G R A P H P A D  Prism 4 softw are (G raphpad softw are Inc., San D ieg o , C A ).
C om p ou n d s w ere evaluated  u sin g  the A lam ar B lu e c e ll v ia b ility  assay  in trip licate on three indep en d en t days.
M ico n a zo le  (1 0  p M ) acted  as p o sitiv e  con trol for cy to to x ic ity  resu ltin g  in 9 0  %  cy to to x ic ity  to all ce lls .
"The pECso for m aprotiline w as d eterm in ed  as 4 .4 3 + 0 .0 3  (EC50 o f  3 7 .5  p M ) for the D G -75  ce ll lin e  after a treatm ent tim e o f  72  hours

188



Compound 91, a DL-tyrosine methyl ester compound, was the only compound in this 

series that exhibited a toxic effect on the DG-75 cell line after 24 hours, with a pECso of 4.26 

corresponding to an approximate EC50 of 54.6 |aM. None of the other compounds evaluated 

showed an antiproliferative effect on the BL resistant cell line DG-75 after 24 hours or 48 

hours. EC50 values of >1 mM were determined for most of the compounds evaluated, while 

compounds 75, 133 and 131 were found to be slightly more potent with an approximate EC50 

range of 200-500 pM.

Table 3.3.2.2. displays the effect of a series of 9,10-dihydro-9,10-ethanoanthracene 

methanamine compounds (93-103), on the BL cell lines MUTU-1 and DG-75. The effect of 

these compounds on cell viability was first evaluated at concentrations of 100 |jM and 1 |jM. 

As there was no significant effect on either of the cell lines at 1 |aM, for a number of the 

compounds (93, 97-98, 100, 102) only results for cell viability at 100 |jM are shown. EC50  

values were calculated for potent compounds (94-96, 99, 100-103, 130) (<50 % at lGO(aM, 

marked with *). Cell viability was evaluated after a treatment time of 24 hours for the MUTU- 

1 cell line and 72 hours for the resistant DG-75 cell line.
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Table 3.3.2.1, Cell viability (%) of BL cell lines when treated with 9,10-dihydro-9,10- 
ethanoanthracene methanamine compounds (93-103) and compound 130 for 24 hours

Compound
Structure

Compound
Num ber

% Cell Viability 
at lOOuM

clogP

M UTU-1 
24 h

DG-75 
72 h

\ j X

HN1

11
(m aprotiline)

4 4 4.52

Y

/

93 90 80 3.32

^ N E t 2

/
94* 30 20 5.43

1

r ^ \

95* 60 70 4.00

rO
96* 15 30 5.19

97 80 90 3.22

/ = \

-O
/ 98 80 - 4.64
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Table 3.3.2.2. continued
Compound
Structure

Compound
Number

% Cell Viability 
at lOOiiM clogP

MUTU-1 
24 h

DG-75 
72 hP

99* 10 10 6.03

H

100 80 80 3.99

O
101* 10 30 4.03

p
102 70 60 5.62

nr“

O x^
103* 60 80 6.52
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Table 3 .3 .2 .2 . continued

% Cell Viability 
at lOOuM

Compound
Structure

Compound
Number clogP

DG-75 
72 h

MUTU-1 
24 h

4.64130*

* p E C ;o (-L o g E C S O  is  th e  lo g fD o s e ]  w h e n  r e s p o n s e = 5 0 % )  v a lu e s  w e r e  c a lc u la te d  fo r  p o te n t  c o m p o u n d s  fro m  % C e l l  V ia b i l i ty  v e r s u s  - l o g  

c o n c e n tr a t io n  c u r v e s ,  u s in g  fo u r  c o n c e n tr a t io n s  in  tr ip lic a te  o n  th r ee  in d e p e n d e n t  d a y s . D a ta  w a s  su b je c te d  to  n o n - l in e a r  r e g r e s s io n  a n a ly s is  

u s in g  a s ig m o id a l  do.se r esp o n .se  (H ill  s l o p e = l ) u s in g  G R A P H P A D  Pri.sm 4 so ftw a r e  (G ra p h p a d  s o ftw a r e  In c ., S a n  D ie g o ,  C A ) .

M ic o n a z o le  ( 1 0  p M )  a c te d  a s  p o s i t iv e  c o n tro l fo r  c y t o t o x ic i t y  r e su lt in g  in  9 0 %  c y to t o x ic i t y  to  a ll c e l ls .

C o m p o u n d s  w e r e  e v a lu a te d  u .sing th e  A la m a r  b lu e  c e l l  v ia b il ity  a s s a y  in  tr ip lic a te  o n  th ree  in d e p e n d e n t  d a y s .
T h e  pE C so fo r  m a p r o ti lin e  w a s  d e te r m in e d  a s  4 .4 3 ± 0 .0 3  {E C 50 o f  3 7 .5  |j M )  fo r  th e  D G -7 5  c e l l  l in e  a fte r  a tre a tm en t t im e  o f  7 2  h o u rs

Compound 99, an A^-methyl-A^-cyclohexanyl amine, was found to be the most potent 

compound of this series with pECjo values of 4.64 and 4.45 after a treatment time of 24 hours 

in the MUTU-1 cell line and 72 hours in the DG-75 cell line respectively (approximate EC50 

values of 23.0 |aM and 35.5 |jM respectively). The A^-morpholinyl compound 101 displayed a 

similar potency for the MUTU-1 cell line (approximate EC50 of 23.5 |jM). Compound 101 was 

found to have a potent effect on the DG-75 cell line after 72 hours with a pECjo of 5.05 

(approximate EC50 of 8 . 8  pM). Compound 96 , a piperidine compound, was also determined 

to have an antiproliferative effect with pECso values of 4.18 and 4.15 in the MUTU-1 and DG- 

75 cell lines respectively (corresponding to EC50 values of approximately 65.6 |nM and 69.9 

|jM respectively). Compounds 102 and 95 , A^-aniline- and N,  A^-dimethylamine 

dihydroethanoanthracene compounds, were found to have a less potent antiproliferative effect 

with 50-70 % cell viability at 100 |aM. 94, an 1 l,12-A',A^’-diethylamine, showed only weak 

antiproliferative effect on the MUTU-1 cell line (approximate EC50 of 65.0 |jM) and the DG- 

75 cell line (approximate EC50 of 51.8 |jM). 1 l-A^-cyclohexyl-A^-methyl-9-formyl-9,10- 

dihydro-9,10-ethanoanthracene-l 1-carboxamide (130), which is structurally related to 127 and
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99 was found to have a moderate effects on the MUTU-1 cell line with a pECso of 4.39 

(corresponding to an approximate EC50 value of 40.6 |jM). This compound displayed no effect 

on the resistant DG-75 cell line.

All other compounds were found to have no antiproliferative effect on the BL cells. 

These results show that the monosubstituted amine compounds (95-103) in general are more 

potent at inducing an antiproliferative effect in BL cell lines compared to the disubstituted 

dihydroethanoanthracene compounds (94, 95) and that most of the compounds with an amide 

group (76-78, 83, 92, 108, 109, 132, 135) (Table 3.3.2.1) do not possess any antiproliferative 

effect. Compounds (131-135) which contain the 11-nitrile moiety on the bridge of the 9,10- 

dihydro-9,10-ethanoanthracene structure were also found to have a moderate effect on the 

viability of the MUTU-1 cell line after 24 hours (approximate EC50 value of 32 )jM and 45 

|uM for 134, 131 and 127 respectively). Interestingly the saturated ester compound 134 has a 

more effective antiproliferative activity than its unsaturated analogue 131 (EC50 of 45.6 |jM 

and 29.3 |aM respectively), possibly due to the restricted conformation of the unsaturated ester 

131.

These results are consistent with previous reports that a series of 9,10-dihydro-9,10- 

ethanoanthracenes with amine groups were much more active than their amide analogues at 

reducing efflux of rhodamine through the p-glycoprotein efflux pump, in a multi-drug resistant 

leukaemia cell line (approximate EC50 range of 0.25 |jM - 970 |uM)

A subset of these compounds (74-79 , 93-98, 102, 131) was evaluated for their 

antiproliferative effect on the resistant CML cell line K562. None of the 9,10-dihydro-9,10- 

ethanoanthracene compounds displayed any antiproliferative effect on this cell line (data not 

shown).
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3.3.3. In vitro antiproliferative activity of 9,10-dihydro-9,10- 
ethenoanthracenes

To determ ine if the series o f 9,10-dihydro-9,10-ethenoanthracene com pounds had 

antiproliferative effect, each com pound was evaluated using an Alam ar Blue dye on the BL 

cell lines M UTU-1 and DG-75. Com pounds were evaluated for their antiproliferative activity 

after treatm ent times o f 24 hours for the M UTU-1 cell line (Table 3.3.3.1), and treatm ent 

tim es o f 24 hours and 72 hours for the DG-75 cell line (Table 3.3.3.2.). EC 50 values for 

antiproliferative activity were estim ated from  log-concentration sigmoidal dose response 

curves where the cytotoxic potency o f each com pound was quantified by a pECso value, where 

pECso is -LogECjo ± S.E (log EC50 is the log [Dose] when response is equal to 50 % cell 

viability).

Table 3.3.3.I. In vitro antiproliferative effect (pECso, ECso) of 9,10-dihydro-9,10- 
etheneoanthracenes in the MUTU-1 cell line

MUTU-1
Compound
Structure

Compound
Number pE C 5o"±SE E C 50

(UM)

HN
1

11
(maprotiline)

4 .80+0.06 15.8

P
143 4.13+0.08 73.3

144 4.50+0.07 31.5
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Table 3.3.3.1. continued

MUTU-1
Compound
Structure

Compound
Number pEC5o“±SE ECso

(HM)

138 - -

o V ° w

137 - -

“pECso {-LogEC50 is the log[Dosel when response=50%) values were calculated for potent compounds from % Cell Viability 
versus - lo g  concentration curves, using four concentrations in triplicate on three independent days. Data was subjected to non
linear regression analysis using a sigmoidal dose response (Hill slope=l) using GRAPHPAD Prism4 software (Graphpad software 
Inc.. San Diego, CA).
Compounds were evaluated using the Alamar blue cell viability as.say in triplicate on three independent days.
Miconazole (10 pM ) acted as positive control for cytotoxicity resulting in 90% cytotoxicity to all cells, 

represents compounds which had <50 % cell viability at 100 |jM

9 ,10-Dihydropiperidinyl-9,10-ethenoanthracene-l 1-methanamine ( 144) was found to 

exhibit a potent antiproliferative effect on the DG-75 cell line with pECjo values of 5.02 and 

4.99 after treatment times of 24 and 72 hours respectively (approximate ECjo values of 9.3 |jM 

and 10.2 pM) (Table 3.3.3.2.). All other 9,10-dihydro-9,10-ethenoanthracenes ( 137, 138, 143) 

evaluated had no effect on the viability of the DG-75 cell line. This antiproliferative effect was 

found to be much more potent than the effect of the saturated analogue of 143, 9,10- 

dihydropiperidinyl-9,10-ethanoanthracene-l 1-methanamine (96) (approximate EC5 0  of 65 |jM 

after 24 hours) (Section 3.3.2.). Compound 144 also displayed the strongest antiproliferative 

effect in the MUTU-1 cell line with a pECso of 4.5, corresponding to an approximate E C 5 0  

value of 31.5 pM. The unsaturated dihydroethanoanthracene compound 143 displayed only a 

weak antiproliferative effect on the MUTU-1 cell line with a pECso of 4.13, corresponding to 

an approximate E C 5 0  of 73.3 )jM, which is weaker than the effect of the saturated 

dihydroethanoanthracene analogue 9,10-dihydro-A^-methyl-A^-cyclohexanyl-9,10-
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ethanoanthracene-11-methanamine (99) (EC50 o f 23 |jM ) (Section 3.3.2.). The unsaturated 

dihydroethanoanthracene compounds 138 and 137 were found to have no effect on either of 

the BL cell lines (>90 % cell viability at 100 pM), while their saturated 

dihydroethanoanthracene analogues 75 and 74 respectively displayed moderate to weak 

antiproliferative effects on the MUTU-1 cell line (EC50 of 55 |aM and 89 |iM  respectively), 

suggesting that the double bond accounts for the lack of activity of 9,10-dihydro-9,10- 

ethenoanthracene-ll-ethylcarboxylate (138) and rra«5-9,10-dimethyl-9,10-dihydro-9,10- 

ethenoanthracene-11,12-dicarboxylate (137). This is in contrast to the antiproliferative effect 

of 9,10-dihydropiperidinyl-9,10-ethenoanthracene'll-methanam ine (144), which is much 

more potent than its saturated analogue 9,10-dihydropiperidine-9,10-ethanoanthracene-ll- 

methanamine (96).

Table 3.3.3.2. In vitro antiproliferative effect (pECso, EC50) of compound 144 in the DG- 
75 cell line

Compound Compound DG-75
Structure Number 24 h 72 h

p E C jo+ S E E C 50
(HM) pECso+SE ECso

(mM)

144 5 .0 0 + 0 .2 0 9 .3 4 .9 9 + 0 .1 8 10.2

“pECso (-LogEC50 is the log[Dosel when response=50%) values were calculated for potent compounds from % Cell Viability 
versus - lo g  concentration curves, using four concentrations in triplicate on three independent days. Data was subjected to non
linear regre.ssion analysis using a sigmoidal dose response (Hill slope=l) using GRAPHPAD Pri.sm4 software (Graphpad .software 
Inc., San Diego. CA).
Compounds were evaluated using the Alamar blue cell viability assay in triplicate on three independent days.
Miconazole (10 |aM) acted as positive control for cytotoxicity resulting in 90% cytotoxicity to all cells.

3.3.4. In vitro antiproliferative activity of 9,10-dihydro-ll-cyano-9,10- 
ethanoanthracenes

Compounds 139 and 145-152 were designed following successful results from initial 

biochemical evaluation of 1 l-cyano-9,10-dihydro-9,10-ethanoanthracene compounds (Table
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3.3.2.1.)- The in vitro antiproliferative effects of these compounds in the DG-75 and MUTU-1 

cell lines are shown below (Table 3.3.4.1., Table 3.3.4.2.). The MUTU-1 cell line was treated 

for 24 hours while, the DG-75 cell line was treated with the compounds for 24 hours and 72 

hours.

The diethylcarbamate compound 149 was found to be the most effective compound for 

inducing an antiproliferative effect in the resistant DG-75 cell line with a pECso of 4.89, 

(approximate EC50 value of 12.8 |jM), after 24 hours (Table 3.3.4.1.). This potency was 

increased after a treatment time of 72 hours to give a pECso value of 5.51, (approximate EC50 

value of 3.1 |aM). This value is comparable to the antiproliferative effect of maprotiline, as 

reported by Cloonan et al (2010) (EC50 range of 5-15 |jM) and more potent than the EC50 

of maprotiline determined in the present study (37.5 |jM). The oxime 147 was also found to 

have an antiproliferative effect on this cell line after 24 hours with a pECso of 4.56, 

corresponding to an approximate EC50 of 27.5 pM. Interestingly, this effect was much less 

potent after a treatment time of 72 hours, perhaps an indication that the proliferation of the 

cells was slowed rather than inhibited which would lead to an increase in cell density after 72 

hours compared to 24 hours. The acetylated oxime compound, 148, was found to have no 

antiproliferative effect after 24 hours (EC50 >1000 pM) and a weak antiproliferative effect 

after 72 hours (pECso of 3.73, EC50 of 183.3 pM). The benzoyl oxime derivative 150 was also 

found to weakly inhibit proliferation of the DG-75 cell line with a pECso value of 3.55 after a 

treatment time of 24 hours (approximate EC50 of 280 pM). The potency of this compound was 

increased to a pECjo of 4.02 (approximate EC50 of 95.3 pM) after treatment for 72 hours. It 

was observed that the calculated clogP values for the most effective compounds 149 and 150 

are very similar to the clogP value for maprotiline (dogP of 4.23, 4.26 and 4.52 respectively), 

possibly signifying that the increased lipophilicity of these compounds plays a role in their
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antiproliferative effect. All other compounds evaluated (139, 146, 145, 151, 152) displayed no 

antiproliferative effect on the DG-75 cell line (>90 % cell viability at 100 |iM).

Compound 151, an acetate ester compound, was found to have the most potent effect 

on the MUTU-1 cell line with a pECso of 4.89 (approximate EC 50 value of 12.8 |uM) 

(Table.3.3.4.2.). The oxime 147 was also found to display a slightly less potent 

antiproliferative effect, with a pECso of 4.69 (approximate EC50 of 20.8 |aM). Compound 148 

is structurally related to both potent compounds 147 and 151 as it contains both oxime and 

acetyl moieties. Interestingly, its effect on the viability of MUTU-I cells is much less potent 

than either 147 or 151 (pECso of 4.46, EC 50 of 34.6 |jM). Compound 149 was also found to 

have a moderate effect on the MUTU-1 cell line with a pECjo of 4.55 (approximate EC 50 of 

28.4). Compound 149 contains an ethylamide group. It is worth noting that a number of potent 

compounds identified in this study have ethyl substituents (ethyl esters 74 , 75 , 131, 134, 

ethylamine 94 and ethylamide 114* (*see Section 3.3.6.)) and these ethyl substituted 

compounds are more potent than their methyl equivalents, perhaps due to an increased 

lipophilicity (as determine by clogP values) which would allow more of the drug to pass 

through the lipophilic plasma membrane, leading to a higher accumulation of compound in the 

cell. All other 11-cyano-dihydroethanoanthracene compounds evaluated (Table 3.3.4.2.) were 

found to have only weak antiproliferative effects on the MUTU-1 cell line (approximate EC50 

values of 80 |jM  - 200 |jM).
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Table 3.3.4.I. In vitro antiproliferative effect (pECso, EC50) of ll-cyano-9,10-dihydro- 
9,10-ethanoanthracene compounds on the DG-75 cell line_____________________

Compound
Structure

Compound
Number

DG-75

24 h 72 h
p E C 5 „ “

±SE
E C s o

(uM)
p E C 5 o “

+SE
E C 5 0

(uM)
CN pH

147 4 .56+ 0.11 27.5 <2 >1000

CN 9
148 <2 >1000 3 .73+ 0.50 183.3

CN 9
I

/ = \  / 1 ^ = N  N ^O 149 4 .89+ 0.02 12.8 5 .51+ 0.16 3.1

CN 9

ol4'o 150 3 .55± 0.50 280.9 4 .02± 0.12 95.3

* pECso valued were calculated for potent compounds. pECjo (-LogEC.so is the log[Dose] when response=50%) values were calculated for 
potent compounds from % Cell Viability versus - lo g  concentration curves, using four concentrations in triplicate on three independent 
days. Data was subjected to non-linear regression analysis using a sigmoidal dose response (Hill slope=l) using GRAPHPAD Prism4 
software (Graphpad software Inc.. San Diego, CA).
Miconazole (10 |j M) acted as positive control for cytotoxicity resulting in 90% cytotoxicity to all cells.
Compounds were evaluated using the Alamar Blue cell viability assay in triplicate on three independent days
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Table 33.4.2. In vitro antiproliferative effect (pECso, ECso) of ll-cyano-9,10-dihydro- 
9,10-ethanoanthracene compounds on the MUTU-1 cell line______________

Compound
Structure

Compound
Number MUTU-1 (24 h) clogP*

pEC_V
+SE

ECso
(WM)

139 <3 >100 3.12

CN

146 3 .57+ 0.40 >200 2.38

CN

145 <3 >100 2.38

151 4 .89± 0.16 12.8 3.29

152 4 .65+ 0.04 24.5 5.04

CN

147* 4 .69+ 0.49 20.4 2.39

CN P

148 4 .46± 0.14 34.6 2.93

CN P
1 P -^

149 4 .55+ 0.04 28.4 4.23
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Table 3.3.4.2. contued
Compound
Structure

Compound
Number MUTU-1 (24 h) clog/**

pEC5„“
+SE

EC50
(mM)

CN P

150 4 .09+ 0.04 80.5 4.26

‘ pECso valued were calculated for potent compounds. pECso (-LogECSO is the log[Dose] when response=50%) values were calculated for 
potent compounds from % Cell Viability versus - lo g  concentration curves, using four concentrations in triplicate on three independent days. 
Data was subjected to non-linear regression analysis using a sigmoidal dose response (Hill slope=l) using GRAPHPAD Prism4 software 
(Graphpad software Inc., San Diego, CA).
Miconazole (1 OmM) acted as positive control for cytotoxicity resulting in 90% cytotoxicity to all cells.
Compounds were evaluated using the Alamar Blue cell viability assay in triplicate on three independent days 
* cLogP was estimated from ChemDrawUltra version 12.0

A summary of the antiproliferative effects of potent 9,10-dihydro-9,10- 

ethanoanthracenes is shown in Figure 3.3.4.3.

110
100 '

C N

CN

• = N

HN

The effect o f each compound at 10 pM  was compared to the effect of maprotiline at 10 pM using an unpaired t test where p<0.05 (*), p<0.01 
(**) represents a .significant difference 
DG-75 cells were evaluated for 72 hours

Figure 3.3.43. Summary of the in vitro antiproliferative effects of potent compounds in 
the MUTU-1 and DG-75 cell lines
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3.3.5. In vitro effect on peripheral blood mononuclear cells

To assess the selectivity of these compounds for malignant cells over normal healthy 

cells, a subset o f the compound series were evaluated in PBMCs. After an incubation period of 

24 hours it was found that the 9 ,10-dihydro-11-cyano-9,10-ethanoanthracene-(9-acrylic acid 

ethyl ester) (131) had no effect on the viability of the PBMCs, with an EC50 value of >1 mM. 

The ethyl ester 75 was found to have an equipotent effect on the malignant cell lines and the 

PBMCs (approximate E C 5 0  values of 55 )iM and 52 (jM respectively) suggesting no selective 

ability of this compound. Methanamine compounds 99 and 96 were also evaluated as a 

representative of the amine class of compounds. These compounds were found to have a more 

potent cytotoxic effect on the PBMCs compared to their effect in the malignant cell lines 

(Table 3.3.5.1.). This suggests that the antiproliferative effect of these compounds is not 

selective to malignant cell lines.
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Table 3.3.5.I. In vitro antiproliferative effect (EC50) of compounds 75, 96, 99 and 131 on 
the viability of PBMCs_______________________________________________

Compound
Structure

Compound
Number

EC5o(MMr
MUTU-1 DG-75 PBMC

CN 0
/(/=:==/^O Et

131 45 >200 >1000

75 55 >200 52

p

99 23 35 7

rO
96 65 70 32

“EC50 va lues for an tip ro liferative  activity  w ere estim ated  from  log-concentra tion  sigm oidal dose response curves w here the cyto toxic  potency 
o f each com pound  w as quantified  by a pECso value, w here pECso is -LogEC jo ±  S .E  (log EC50 is the log [D ose] w hen response is equal to 
50% cell v iability).
C om pounds were evaluated  using the A lam ar b lue cell v iab ility  assay  in trip licate  on tw o independen t days 
NaN3 acted  as positive con tro ls for cy to tox icity  resu lting  in 90% cytotoxicity  to all cells.

3.3.6. In vitro antiproliferative effect of 9-substituted anthracenyl 
compounds

9-Substituted compounds 111, 113-123, 125 and 126 were evaluated in the BL cell 

lines MUTU-1 and DG-75. The results are presented in Table 3.3.6.1. and Table 3.3.6.2. 

pECjo values were calculated for potent compounds (<50 % cell viability at 100 |aM). The 

MUTU-1 cell line was treated for 24 hours and the DG-75 cell line was treated for periods of 

24 hours and 72 hours.
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(£')-3-(9-Anthracenyl)-l-(piperidinyl)prop-2-en-l-one ( 115) was found to exert the 

most potent antiproliferative effect on the MUTU-1 cell line, with a pECso of 5.72 

(approximate EC50 of 1.9 |jM). The structurally related A^-substituted-piperazines 118 and 117 

also displayed potent activities with pECjo values of 5.26 and 5.12 (corresponding to 

approximate EC50 values of 5.4 |liM and 8 . 8  |jM, respectively). The nitrostyrene compounds 

(£')-9-(2-nitrovinyl)anthracene (126) and (£)-9-(4-nitrostyryl)anthracene (122) also exhibited 

potent antiproliferative effects with approximate EC50 values of 3.0 |aM and 8 . 8  |jM 

respectively (Table 3.3.6.1.).

Most of the remaining anthracene related compounds were found to have 

antiproliferative activities in the low micromolar range, with a pECjo range of 4.4-4.7 

corresponding to approximate EC50 values in the range of 18.7-38.5 |aM (Table 3.3.6.1.). (E)- 

4-(9-anthracenyl)-A^-methylbut-3-en-2-amine ( 123) and (£')-3-(9-anthracenyl)-A^-methyl- 

acrylamide (120) displayed only moderate effects on the MUTU-1 cell line (approximate EC50 

of >60 |jM). Interestingly, both 123 and 120 have secondary A^-methylamine groups compared 

to the other, more potent compounds, which for the most part have tertiary amine groups, 

which may be influencing their relative potencies on the MUTU-1 cell line. The lead 

compounds maprotiline also contains a secondary substituted nitrogen in the form of an amine 

and was found to be less potent than a number of the 9-anthracenyI compounds (115, 117, 

118, 122, 126). The clogP was calculated for each of the 9-anthracenyl compounds (Table 

3.3.6.1.). As mentioned in Section 3.2.1., dogP  is a measure of the lipophilicity of a 

compound and is used as one of the criteria to estimate the oral bioavailability of a drug. Many 

of the 9-anthracenyl compounds evaluated have a clogP value <5 in accordance with 

Lipinski’s rules; however there seems to be no correlation between the dogP  value and the 

antiproliferative activity of the compounds (Table 3.3.6.1.).
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Table 3.3.6.I. In vitro antiproliferative effect (pECso) of a series of 9-substituted 
anthracene analogues on the MUTU-1 cell line

R

R Compound
Number

Cell Viability®
clogP*MUTU-1

p E C 5 o ’’± S E EC50' (mM)
COCCHoCHj) 111 4.56+0.06 27.1 5.34

C0N(CH3)2 113 4.60±0.06 24.9 4.05

C0N(CH2CH3)2 114 4.67+0.09 21.5 5.10

C O N ( C 5 H , o) 115 5.72+0.12 1.9 5.24

C0N(C4Hk) 116 4.72+0.07 18.7 4.68

C0N(C2H4)NCH3 117 5.12+0.16 7.6 4.67

C0[N(C2H4)NC0(CH2CH3)] 118 5.26+0.06 5.4 5.37

C0[N(C2H4)N(C6H4)CH3] 119 4.41 ±0.07 38.5 6.60

C O N H C H 3 120 4.21+0.06 62.5 4.15

COCH 3 121 4.66+0.08 21.8 4.49

C 6 H 4 N 0 2 122 5.05+0.10

C
O

0
6 6.92

CH(CH3)NHCH3 123 4.20+0.03 62.9 4.51

CN 125 4.66+0.09 21.2 4.46

N 0 2 126 5.52±0.14 3.0 4.57

maprotiline 11 4.80+0.06 15.8 4.52

"Cell viability was assessed after a treatment time of 24 hours. ''pECso (-LogEC50 is the log[Do.se] when re.spon.se=50%) values were 
calculated from %  Cell Viability versus - lo g  concentration curv'es, using four concentrations in triplicate on three independent days. Data 
was subjected to non-linear regression analysis using a sigmoidal do.se re.sponse (Hill slope=l) using GRAPHPAD Prism4 software 
(Graphpad software Inc., San Diego, CA).
‘EC50 values for antiproliferative activity were estimated from log-concentration sigmoidal dose response curves where the cytotoxic potency 
of each compound was quantified by a pECjo value. Compounds were evaluated using the Alamar blue cell viability a.s.say in triplicate on 
three independent days.
Miconazole (10 mM) acted as positive control for cytotoxicity resulting in 90% cytotoxicity to all cells.
* c \o g P  evaluated u.sing ChemDraw Ultra version 12

Several o f the 9-substituted anthracene compounds displayed potent antiproliferative 

activity on the resistant DG-75 cell line (Table 3.3.6 .2.). (£')-9-(2-Nitrovinyl)anthracene (126), 

a nitrostyrene compound, displayed the most potent activity for the DG-75 cell line, after 

treatment times of 24 and 72 hours with pECso values of 5.39 and 5.82 respectively 

(approximate EC50 values of 4.1 |jM and 1.5 pM respectively). Structurally related piperazines
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(£’)-ethyl-4-(3-(9-anthracenyl)acryloyl)piperazine-l-carboxyIate (118) and (£’)-3-(9- 

anthracenyl)-l-(A^-methylpiperazinyl)prop-2-en-l-one (117) were also found to induce a 

potent antiproliferative effect, with approximate EC50 values of 9.3 |aM and 15.8 |aM 

respectively after 24 hours. These compounds were found to be equipotent after treatment 

times of 24 hours and 72 hours. Compounds 126, 118 and 117 were found to have a toxic 

effect on both the chemosensitive MUTU-1 and chemoresistant DG-75 cell lines (Table 

3.3.6.I., Table 3.3.6.2.).

It is noteworthy that both of these potent compounds (118, 117) contain A^-substituted 

piperazine groups, and while they exhibit a potent toxic effect the BL cell lines, the 

structurally similar piperazine compound, 119, was found to have no antiproliferative effect on 

the DG-75 cell line and only a moderate effect on the MUTU-1 cell line (38.5 |aM). It is 

possible that presence of the bulky A^-toluyl group of 119 may be preventing interaction with 

the as yet undetermined molecular target, preventing an antiproliferative effect (see Section 

3.4. for overlay of 119 and 118). This theory can also be applied to (E)-9-(4- 

nitrostyryl)anthracene (122). This aromatic nitrostyrene compound was found to have no 

effect on the viability of DG-75 cells (>50 % cell viability at 100 |jM), compared to the 

structurally similar, aliphatic nitrostyrene (£')-9-(2-nitrovinyl)anthracene (126), which 

displayed the most potent effect against the DG-75 cell line (Table 3.3.6.2.). (£')-4-(9- 

Anthracenyl)but-3-en-2-one (121) exhibits an antiproliferative effect on the resistant DG-75 

cell line (EC50 of 14.4 |jM after 24 hours) but it is noteworthy that this effect was not observed 

for the chemosensitive MUTU-1 cell line, perhaps indicative of 121 inducing an alternate form 

of cell death, such as autophagy, in DG-75 cells, which does not occur in MUTU-I cells as 

they preferably die by apoptosis (£')-3-(9-Anthracenyl)-MA^-diethylacrylamide (114) and 

(£')-3-(9-anthracenyl)-l-(pyrrolidinyl)prop-2-en-l-one (116) were found to have moderate
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effects on this cell line with approximate EC50 values of 26.4 fjM and 35.0 |aM respectively

after 24 hours. While compound 116 was equipotent after a treatment time of 72 hours (EC50

of 32.5 |aM), compound 114 displayed a more potent effect after 72 hours compared to 24

hours (EC50 of 9.3 |jM compared to 26.4 |jM after 24 hours), perhaps due to the fact that the

resistant DG-75 cell line usually requires a longer treatment time to undergo cell death

Table 3.3.6.2. In vitro antiproliferative effect (pECso) of a series of 9-substituted 
anthracene analogues on the DG-75 cell line

R

R Com pound
Num ber

Cell V iability (24 h) Cell V iability (72 h)
DG-75 DCx-75

pEC 5 o'’±SE ECso^
(mM) pEC 5 o'’+SE EC 5 0 '

(HM)
COCCH.CHj) 1 1 1 - - - -

C0N(CH3)2 113 - - - -

C 0 N(CH 2 CH , ) 2 114 4.58+0.06 26.4 5.03+0.11 9.3

CONCCjHio) 115 - - - -

C 0 N(C 4 H8 ) 116 4.46+0.13 35.0 4.48+0.07 32.5

C0N(C2H4)NCH_, 117 4.80±0.10 15.8 4.21+0.02 62.1

C 0 [N(C 2 H4 )NC 0 (CH 2 CH 3 )] 118 5.04+0.04 9.2 4.94+0.06 1 1 . 6

C0 [N(C 2 H4 )N(C 6 H4 )CH3 ] 119 - - - -

CONHCH 3 1 2 0 - - - -

COCH 3 1 2 1 4.84+0.07 14.4 5.12+0.08 7.6

C6 H4 N 0 2 1 2 2 - - - -

CH(CH 3 )NHCH 3 123 - - - -

CN 125 - - - -

N 0 2 126 5.39±0.04 4.1 5.82+0.04 1.5

m aprotiline 11 - - 4.42+0.04 37.5

^ E C jo  (-L ogE C SO  is the lo g [D o se ]  w hen  re sp on se= 50% ) va lu es  w ere ca lcu la ted  from  % C ell V ia b ility  versu s - l o g  con cen tra tion  cu rves, 
u sin g  four con cen tration s in trip licate on  three in d ep en d en t d ays. D ata w as sub jected  to  n on-lin ear regression  an a ly sis  u sin g  a sig m o id a l d ose  
resp on se  (H ill s lo p e = l )  u sin g  G R A P H P A D  P rism 4 softw are (G raphpad softw are Inc., San D ie g o , C A ). ‘E C 50 va lu es  for an tip ro liferative  
a ctiv ity  w ere estim ated  from  log -con cen tra tion  sig m o id a l d o se  resp on se  curx es w here the c y to to x ic  p o ten cy  o f  each  co m p o u n d  w as q uan tified  
by a pECjo v a lu e .C om p ou n d s w ere eva lu a ted  u sin g  the A lam ar b lu e ce ll v ia b ility  a ssa y  in trip licate on three in d ep en d en t d ays  
M ico n a zo le  (1 0  m M ) acted  as p o sitiv e  con trol for c y to to x ic ity  re.sulting in 90%  cy to to x ic ity  to all ce lls , 

repre.sents co m p o u n d s w ith  > 5 0  % ce ll v iab ility  at 100 p M
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The lead compound in this study, maprotiline, had previously been found to induce 

(autophagic) cell death in the DG-75 cell line at a low micromolar concentration range (5.9 - 

15 |jM ) however in this study an EC50 value of 37.5 |aM was determined after a treatment 

time of 72 hours. Many of the 9-anthracenyl compounds evaluated displayed a more potent 

antiproliferative effect than maprotiline (<37.5 pM) after treatment for 24 hours and 72 hours 

(Table 3.3.6 .2.). The low micromolar concentration at which these potent 9-anthracenyl 

compounds exhibit an antiproliferative effect is similar to E C 5 0  values determined for a series 

of phenothiazines which have recently been suggested as lead compounds for the treatment of 

Burkitt’s lymphoma These phenothiazines are structurally similar to the 9-anthracenyl 

compounds as shown by the overlay of compound 114 and chlorpromazine (Figure 3.3.6.1.). 

The nitrogen atom of the basic side chains of both chlorpromazine and 114 align well, while 

the aromatic phenothiazine structure completely overlays with the anthracene ring. In addition, 

the N-methyl piperazine anthracenyl compound 117 also bears a structural similarity to the 

phenothiazine trifluoroperazine (Figure 3.3.6.1) due to the near total alignment of the 

piperazine rings. Both of these phenothiazines (chlorpromazine and trifluoroperazine) have 

been shown to have an antiproliferative effect on BL cell lines at low micromolar 

concentrations ( E C 5 0  = 6-23 |aM) similar to the concentration at which compounds 114 and 

117 induce cell death in BL cell lines ( E C 5 0  =7.6-21.5 |aM) This structural similarity suggests 

that the 9-anthracenyl compounds ( 111 , 113- 123, 125, 126) and the phenothiazines may be 

exerting their antiproliferative effect through the same molecular target(s).
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117 Tiiniioi'opei'azine

Figure 3.3.6.I. Overlay of A) compound 114 with chlorpromazine and B) compound 117
and trifluoroperazine (coloured by atom)

3.3.7. Effect of 9-substituted anthracenyl compounds on the viability of 
PBMCs

A representative group of 9-substituted anthracenyl compounds (Table 3.3.6.1.) were 

evaluated for their toxicity on PBMCs to determine if these potent compounds have a 

selectively toxic effect on the malignant BL cell lines over normal lymphatic cells. 

Compounds were evaluated at 10 pM and 1 pM over a 24 hour treatment time. The results are 

presented in Figure 3.3.7.1 A. At 1 |aM, none the compounds evaluated demonstrated any toxic 

effect on the PBMCs (>80 % cell viability). At 10 |aM, most of the compounds also had little 

effect on the viability of the PBMCs (>75 % cell viability). Only compound 126, a 

nitrostyrene derived compound, showed any toxic effect on the cells with 40 % cell viability at 

10 |j M. Figure 3.3.7.IB. shows a comparative effect of these compounds (10 pM) on the BL 

cell lines MUTU-1 and DG-75. Compared to the PBMCs, all of these compounds, with the
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exception of 126, have a more potent effect on the malignant cell lines. This suggests that the 

9-substituted anthracene compounds exert a selectively toxic effect on BL cell lines.
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T he effect o f each  com pound  on the viability  o f the PB M C s w as com pared  to the untreated control using an unpaired  t-test w here p<0,05 (*), 
p<0.01 {♦*) represents a sign ifican t difference. The effect o f  each com pound on the PB M C s (at 10 pM ) was com pared  to  the effect o f  the 
com pound on each o f  the B L cell lines using  one-w ay A N O V A  statistical analysis, w here p<0.05 ( ), p<0.01 ( ), p<O.OOI ( ) represen ted  a
significant difference. C om pounds w ere evaluated  using the A lam ar B lue cell viability  assay in trip licate  on tw o independen t days. 
C om pound A4 did not show  any  an tip ro liferative  effect on the D G -75 cell line 
N aN j (10 m M ) acted as positive  contro ls for cy to toxicity  resulting  in 90%  cyto toxicity  to all cells.

Figure 3.3.7.I. In vitro antiproliferative effect of 9-anthracenyl compounds (114,116-118, 
121,126) in A) PBMCs and B) BL cell lines MUTU-1 and DG-75
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3.3.8. Investigations into the pro-apoptotic effect of 9,10-dihydro-9,10- 
ethanoanthracenes and 9-anthracenyl compounds

Designing drugs that can induce programmed cell death (PCD), namely apoptosis, of a 

cancer cell, whilst ignoring the ‘norm al’ cells of the body is imperative to the future 

development o f safe effective anticancer agents. A drug that can induce PCD in vitro in 

malignant cell lines has the potential to become an anticancer agent. W hile potent 

antiproliferative effects were observed for 9,10-dihydro-9,10-ethanoanthracene 149 and 9- 

anthracenyl compounds (117, 115, 118, 126), further investigations are needed in order to 

identify whether these antiproliferative effects were due to PCD e.g. apoptosis, autophagy etc. 

or if the compounds were simply cytotoxic i.e. promoting necrosis.

In order to investigate the possible apoptotic effect of the 9,10-dihydro-9,10- 

ethanoanthracenes, and 9-anthracenyl compounds PI FACS analysis was carried out on a 

subset of potent compounds (EC50 <20 |jM  in MUTU-1 cells from Alamar Blue assay) at 10 

|aM in the MUTU-1 cell line. The MUTU-1 cell line was chosen for this study because these 

cells tend to die by classic apoptosis. This is in contrast to the chemoresistant DG-75 cell line 

which is more likely to die by the autophagic route of PCD If this experiment shows a high 

percentage of cells in the pre-Gi phase of the cell cycle, then it can be proposed that the 

compounds are causing the cells to die by apoptosis.

FACS analysis was carried out as described in Chapter Two (Section 2.3.2.11.) in 

triplicate. Vinblastine (10 |j M) was used as a positive control with 45 % of cells in the pre-G| 

phase of the cell cycle, after 24 hours.
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Figure 3.3.8.I. In vitro effect of compounds 149,115,117,118 and 126 on the cell cycle of
the MUTU-1 cell line

FACS analysis determined that compounds 118 and 126 had 42 % and 40 % of cells in 

the pre-Gi phase of the cell cycle respectively (Figure 3.3.8.1.), indicating that they are 

inducing apoptosis the MUTU-1 cell line. Compounds 115 was found to have an average of 26 

% of cells in the pre-Gi phase, again indicating the formation of apoptotic cells. Compounds 

117 and 149 were determined to have quantities of apoptotic cells comparable to the untreated 

control cells, suggesting that these compounds do not induce apoptosis in the MUTU-1 cell 

line. Although these compounds induced potent antiproliferative effects in the MUTU-1 cell 

line, as seen from the cell viability studies (Section 3.3.6.), FACS analysis suggests that they 

do not induce apoptosis in the MUTU-1 cell line at 10 |jM, indicating a cytotoxic effect.

Apoptosis is an energy-dependant process which involves activation of specific 

caspases and a complex cascade of biochemical signalling events to allow the cell to die. The 

apoptotic cell exhibits several structural and biochemical modifications including protein 

cleavage, DNA fragmentation, membrane disruption and caspase activation As activation 

of caspases is one of the hallmarks for apoptosis, it was decided to carry out caspase activation
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experiments in order to confirm the results from the FACS analysis. Caspases 3 and 7 are two 

of ten major caspases identified and are categorised as effectors or executioner caspases 

Caspase 3/7 activity was assessed using the Apotox-Glo Triplex Assay and was performed as 

described in section 3.3.1.1.

Figure 3.3.8.2. shows that the 9-anthracene compounds 118, 126 and 115 all activate 

caspases 3 and 7, compared to the untreated control, consistant with the results of the FACS 

analysis, suggesting that these compounds do in fact induce apoptosis in the MUTU-1 cell 

line. In contrast the dihydroethanoanthracene 149 and the 9-anthracene compound 117 do not 

seem to induce apoptosis in this cell line, again, consistant with results from the FACS 

analysis which does not suggest that these compounds have an apoptotic effect.

MUTU-1

m115

o
(A
(00)oc.

1 0 |iM

Figure 3.3.S.2. Compounds 118,126 and 115 activate caspases 3 and 7
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3.3.9. Drug-like properties of 9,10-dihydro-9,10-etlianoanthracenes and 9- 
anthracenyl compounds

A selection of representative 9,10-dihydro-9,10-ethanoanthracenes and 9-anthracenyl 

compounds (91, 94, 96, 99, 114, 126) were chosen for analysis of their drug-like properties 

from a Tier-1 profiling screen. This screen includes predictions of permeability, metabolic 

stability, hepatotoxicity, blood-brain barrier partition, plasma protein binding and human 

intestinal absorption properties which indicated the suitability of these compounds for further 

development. Pipeline Pilot Professional (v7.0.1.100) was used to predict ADMET 

(absorption, distribution, metabolism, excretion, toxicity) properties of compounds 91, 94, 96, 

99, 114) in order to determine their suitability as drug compounds. Molinspiration 

Chemoinformatics (www.molinspiration.com) was also used to predict drug-like properties 

and predict bioavailability with respect to the potential interaction of the drug with G-protein 

coupled receptors (GPCR), ion channels, kinases and nuclear receptors.

Compounds 91, 94, 96, 99, 114 and 126 were investigated to determine their 

agreement with Lipinski’s rules of five for drug-like properties. Lipinski’s rules of five is a 

guide to measuring the drugability of a compound and determine if it may be suitable for oral 

administration Lipinski’s rules state that the drug should agree with the following 

guidelines;

• Molecular weight <500

• chogP value of 1 -5

• <5 hydrogen bond donors

• <10 hydrogen bond acceptors
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In addition, a suitable orally active drug should have less than 7 rotatable bonds, to 

reduce flexibility of the compound

Compounds 91 , 117 and 126, selected as representatives of the compounds evaluated 

which displayed potent antiproliferative effects, were found to agree with four of the 

guidelines (Table 3.3.9.1.)- They were found to have less than five hydrogen bond donors 

(nOHNH), less than ten hydrogen bond acceptors (nON), a d o g P  value less than five and a 

molecular weight (Mr) less than 500. Compounds 94 , 96 and 99 violate one o f the rules as they 

all have a clogP value greater than five, suggesting that they may not be suitable for oral 

bioavailability. Other parameters suggested to be important determinants for drug-likeness 

include the molecular volume and total polar surface area (TPSA), as these criteria can help 

indicate the potential for a compound to be absorbed through the intestine. The TPSA for a 

drug should be not greater than 140 for intestinal absorption and not greater than 60 A^ for 

blood-brain barrier permeability . All compounds evaluated satisfy these criteria for 

absorption. All compounds evaluated were found to have less than 7 rotatable bonds, in 

agreement with suggested parameters
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Table 3.3.9.I. Predicted molecular parameters for drug-likeness of a representative
lanoanthracene and 9-anthracenyl compounds‘ 9,10-dihydro-9,10-etgroup o

M Vol' 
(A")

TPSA
(Â ) nOHNH'nON'LogP' nrotb'Compound No.

337.19 3326.03 3.24

303303.815.19 3.24

OH

428340.023.78 75.63HN

378396.815.43 7.67

303297.934.67 20.30114

NO.

249222.774.57 45.82126

“ M olecular param aters were determ ined using M olinspiration C hem oinform atics (v2010.01) (A pril 2010)
V lo g P  valus w ere determ ined using C hem D raw U ltra version 12.0
‘ T P SA  refers to the total po lar surface area. M Vol refers to the m olecular volum e. nO N  refers to the to tal num ber o f hydrogen bond 
acceptors. nO H N H  refers to the  total num ber o f  hydrogen bond donors.
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The MoHnspiration Chemoinformatics (v2010.01) predictor also analysed the potential 

for compounds 91 , 94 , 96 , 99 , 114 and 126 to act as a ligand for GPCRs, ion channels, kinases 

and nuclear receptors and predicted that compounds 96, 91 , 99 , 126, 94 and 114 would most 

likely not interact with any of these molecular targets. ADMET was predicted for compounds 

96 , 94 , 99 , 91 and 114 using Pipeline Pilot Professional (v7.0.1.100). The results are presented 

in Table 3.3.9.2. The log of the aqueous solubility of compounds 91 , 94 , 96 , 99 , 114 at 25 °C 

were predicted using this programme and this value was given a solubility ranking on a scale 

of 0-5 where 0 represents low solubility and 5 represents a high solubility. Blood-brain barrier 

(BBB) partition prediction gives the log of the blood-brain barrier partition coefficient for 

neutral molecules (ranked on a scale of 0-5, where 0 represents a very high probability of BB 

permeability and 5 represents a low probability). Plasma protein binding (PPB) was estimated, 

which gives the concentration of drug that is bound to plasma proteins. A compound that is 

bound to plasma proteins is not able to circulate freely in the blood therefore preventing it 

from exerting its desired pharmacological effect (PPB ranked on a scale of 0-2, where 0 

represents a <90 % chance of PPB and 2 represents a >95 % chance of PPB). Human intestinal 

absorption was estimated on a scale of 0-3. Probability of hepatotoxicity associated with the 

compound was estimated and given a score between 0 and 1, where 0 represents a low 

hepatotoxicity. CYP2D6 inhibition was predicted and ranked on a scale of 0-1, w'here 0 

corresponds to no CYP2D6 inhibition. Inhibition of CYP2D6 can lead to drug-drug 

interactions and toxicities due to the inhibited metabolism of drugs

The predicted ADMET results suggest that overall compounds 96 , 94 , 99 , 91 and 114 

may not be suitable drug compounds and would require some structural modifications to 

improve their drugability. All of the compounds have poor aqueous solubility, >95 % chance 

of binding to plasma protein and CYP2D6 inhibition. In addition, compounds 91 and 94 were
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predicted to be hepatotoxic. To address some of these ADMET concerns, perhaps 

modification of the amine functional groups of these compounds to their salt analogues 

(hydrochloride, sulfate, phosphate etc.) may improve aqueous solubility and reduce some of 

the toxicities predicted for these compounds (91, 94, 96, 99, 114).

Table 3.3.9.2. Predicted ADMET parameters for drug-Jikeness of a representative group 
of 9,10-dihydro-9,10-ethanoanthracene and 9-anthraccnyl compounds (91, 94, 96, 99, 
114)___________________________________ ___________ ____________ __________ _______

Compound No. Solubility
leveP

CYP2D6
probability”

Hepatotoxicity
probability*

Absorption
level”

PPB
level”

9
- N \

99 1 1.55 0,90 0.14 1 2

rO
96 1 1.26 0.85 0.18 0 2

OH

^ o 6

91 2 0.07 0.90 0.67 0 2

^N Et2

E t s N - ^
94 1 1.29 0.60 0.60 0 2

114 2 0.82 0.98 0.28 0 2

“Param eters evaluated using P ipeline  Pilot Professional (v7.0.1.100). A D M E T prediction  w as perform ed by Dr. D arren Fayne, M olecu lar 
D esign G roup, School o f B iochem istry  and  Im m unology, T rin ity  C ollege D ublin.
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3.4. Molecular Modelling

A structure-activity relationship (SAR) study was conducted for the 9,10-dihydro-9,10- 

ehtanoanthracenes (74-108, 127-152) and 9-anthracenyl compounds (111-126), to identify 

structural similarities and differences between compounds which were found to have an 

antiproliferative effect and those which did not exert any effect in BL cell lines. Those 

compounds which exhibited a potent antiproliferative effect were also compared to those 

which had moderate antiproliferative effects in BL cell lines to investigate any SAR and 

rationalise the potent effects of these compounds. These compounds were also analyzed with 

respect to the lead compound maprotiline. This SAR study was conducted with a view to 

identifying the optimal structure required to cause an antiproliferative effect in BL cell lines.

3.4.1. Computational methods

Flexible alignment of compounds was performed using MOE Compounds were 

built and minimised using MOE and were kept flexible for structural analysis. Following 

structural alignment the overlaid structures with the lowest energy were chosen. The 

molecular structure of 9,10-dihydro-9,10-ethanoanthracenes (74, 78, 81, 127) was determined 

by single crystal X-ray crystallography. These compounds were kept rigid for structural 

analysis using MOE.

3.4.1.1. XRD of a number of 9,10-dihydro-9,10-ethanoanthracenes (74, 78, 81, 127)

Crystals were obtained by slow crystallisation from a dilute solution of methanol over 

a period of 4-8 weeks. The X-ray crystallography data for crystals were collected on a Rigaku 

Saturn 724CCD diffractometer. A suitable crystal was selected and mounted on a glass fiber

219



tip and placed on the goniometer head in a 123K N2 gas stream. The data set was collected 

using Crystalclear-SM 1.4.0 software, and 1680 diffraction images of 0.5° per image were 

recorded. Data integration, reduction, and correction for absorption and polarisation effects 

were all performed using Crystalclear-SM 1.4.0 software. Space group determination, 

structure solution, and refinement were obtained using Crystalstructure, version 3.8, and 

Bruker Shelxtl, version 6.14, software For experimental detail and a full list of coordinates 

see Appendix 1.

3.4.2. Homology model of NET and identification of residues involved in 
ligand binding

To date, there is no crystal structure available for any of the monoamine transporters 

SERT, NET or DAT. In 2005, Yamashita et al were successful in crystallising a 

neurotransmitter sodium transporter (NSS) homologue from the bacteria Aqidfex aeolicus, 

which was subsequently used as a template for creating monoamine transporter homology 

models This homologue is known as LeuT and is a NaVCl" dependant leucine

transporter. Although, overall there is only 20-25 % conservation, this homologue has areas of 

high sequence conservation with human monoamine transporters, including areas which 

contain residues important for substrate binding Many possible residues involved in NE and 

NET ligand binding have been identified through a combination o f homology modeling and 

site directed mutagenesis

A study by Paczkowski et al (2007), constructed a NET homology model based on 

LeuT and site directed mutagenesis experiments identified a number of residues involved in 

NET binding (Chapter One, Figure 1.2.4.1.). It was discovered that residues Leu469 and 

Glu382 affected the binding ability of a potent non-competitive NET inhibitor (x-MrlA). The
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binding interactions of the TCA nisoxetine ( K j  0.7 nM were also investigated and

residues Phe207, Ser225, His296, Thr381 and Asp473 were identified as playing a major role 

in the binding affinity of nisoxetine. While residues Asp473 and Thr381 were found to line the 

mouth of the transporter, the residues Phe207, Ser225 and His296 were found to be outside the 

transporter active site suggesting an indirect role in the binding of NET ligands by possible 

disruption of the structure of the transporter

Although a homology model of hNET was obtained for this study, it lacked a bound 

ligand in the NE or TCA binding sites. In order to predict protein-ligand interactions for 

maprotiline in the TCA binding site, a complex dynamic in silica study would be required to 

identify residues contained in the TCA binding site and identify residues directly interacting 

with the ligand in this active site. As such, this was not carried out as this is beyond the 

limitations of this study. Instead, a structure activity relationship (SAR) study was conducted 

comparing structural moieties of effective compounds and non-effective compounds. 

Additionally, NET binding experiments were not carried out as previous studies have 

determined that the antiproliferative effect of the lead compound is not mediated through NET

32

3.4.3. Structural analysis of compound 96 and compound 99

9,10-Dihydropiperidine-9,10-ethanoanthracene-l l-methanamine (96) and 9,10- 

dihydro-yV-methyl-A^-cyclohexanyl-9,10-ethanoanthracene-l l-methanamine (99) were 

identified as having a moderate effect as antiproliferative agents on BL cell lines (EC50 of 23 

HM and 35 |jM (99) and 65 |jM and 69 pM (96) in MUTU-1 and DG-75 cell lines 

respectively) (Section 3.3.2). Figure 3.4.3.1.A shows an overlay of both compounds. These 

two compounds have a very similar structure with completely aligned
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dihydroethanoanthracene structures and nitrogen atoms in similar positions. Compound 99 has 

a slightly larger lipophilic structure due to the presence of the cyclohexane ring and an 

additional methyl group. This increased lipophilicity is also evident from the calculated clogP 

values (6.03 for 99 and 5.19 for 96) and may contribute to the more potent antiproHferative 

effect of compound 99. Figure 3.4.3.l.B shown 99 structurally aligned with maprotihne. 

While there is an alignment between the dihydroethanoanthracene structure as well as the 

amino group, the C 11 substituent of 99 and the C 9  aminoalkyl chain of maprotiline lead to 

different structural conformations, however this lack of alignment of the alkyl side chain does 

not seem to be a factor in the antiproliferative effect of these two compounds as they were 

found have equipotent effect in the DG-75 cell line ( E C 50  of 35 pM (99) and 37.5 pM 

(maprotihne)).

99
99

Figure 3.4.3.I. Structural alignment of A) 99 and 96 and B) 99 and maprotiline
(hydrogens omitted for clarity)
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3.4.4. Structural analysis of compound 149 and compound 151

9-((E)-((( 1 -(D iethylamino)vinyl)oxy)im ino)methyl)-9,10-dihydro-9,10- 

ethanoanthracene-11-carbonitrile (149) and 1 l-cyano-9,10-dihydro-9,10-ethanoanthracenyl-9- 

methyl acetate (151) were identified as having a potent antiprohferative effect in the BL cell 

lines MUTU-1 (151) and DG-75 (149) (EC 5 0  of 12.8 |jM  and 3.1 pM  respectively) (Section 

3.3.4.). These compounds were detennined to have a more potent effect than maprotiline 

evaluated in this study (EC50 values o f 15.8 pM  for MUTU-1 and 37.5 pM  for DG-75) and 

results were comparable to literature values for maprotiline in these cell lines 

Interestingly, 149 had a stronger antiproliferative effect on the resistant cell line DG-75 (EC50 

of 12.8 pM  after 24 h, 3.10 pM  after 72 h) than it did on the cheniosensitive cell line MUTU-1 

(EC50 of 28.4 pM  after 24 h). These two compounds were analysed to investigate structural 

differences which may contribute to their respective potencies Figure 3.4.4.1.A shows the 

structural alignment of compounds 149 and 151.

M a p ro to lin e  ( I I )

Figure 3.4.4.I. A) Structural alignment o f 149 (blue) and 151(red) and B) flexible 
alignment o f 149 (blue) and maprotiline (red)
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Compounds 149 and 151 show complete alignment of their dihydroethanoanthracene 

and nitrile groups. Although the C9 substituents of 149 (oxime based) and 151 (ether based) 

are structurally and electronically different, their respective carbonyl groups are similarly 

aligned. Compound 149 also has an additional basic functional group in the form o f the 

carbamate, which may be responsible for its increased effects in the DG-75 cell line. 

Furthemiore, the oxime group of 149 restricts its rotation, compared to 151 which has free 

rotation about the C-O bond, which may contribute to the different antiproliferative effects of 

these compounds.

Figure 3.4.4.l.B  shows the structural alignment of compound 149 with maprotiline. 

Both maprotiline and 149 have been found to have potent effects in the DG-75 cell hne. 

Maprotiline is a more lipophilic compound than 149 (clogP of 4.52 and 4.23 respectively) and 

its saturated basic side chain allows much more flexible confomiations than for the 

unsaturated 149. The basic side chains of both compounds are well aligned, with the alkyl 

amine structures in similar positions. The additional electronegative atoms of the oxime and 

carbonyl groups of 149 may play a role in its potency due to the possibility of additional 

hydrogen bond interactions between these hydrogen bond acceptor atoms and an unidentified 

molecular target; however further biochemical and in silico studies would be required to 

determine this.

Figure 3.4.4.2. shows the structural alignment of 149 and 9-({E)- 

((benzoyloxy)imino)methyl)-9,10-dihydro-9,10-ethanoanthracene-l 1-carbonitrile (150), a 

compound which was found to have only weak antiproliferative effects in the DG-75 and 

MUTU-1 cell lines (EC50 values of 95 |jM  after 72 h (DG-75), 80 pM  after 24 h (MUTU-1)) 

(Section 3.3.5.).
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CN

150 149

Figure 3A.4.2. Structural alignment of 149 and 150 (coloured by atom)

Clearly, as demonstrated by their absolute alignment, 149 and 150 are structurally 

similar. The only difference is the nature of the substituent adjacent to the carbonyl group. 

Compound 150 contains an aromatic ring compared to the ethylamine of 149. This suggests 

that the presence of a basic entity separated from the lipophilic dihydroethanoanthracene 

moiety by five bonds (5.94 A) may be important for the antiproliferative effect of this 

compound. This is comparable to maprotiline, in which the amine is separated from the 

dihydroethanoanthracene by four C-H bonds (5.07 A). Also, the electron rich benzene ring 

may be contributing to the lack of antiproliferative effect of 150. It is worth noting that 150, 

the phenyl analogue of 149, also has diminished antiproliferative effects in the MUTU-1 cell 

line, further suggesting that an aromatic group at this position is not appropriate for a potent 

antiproliferative effect in BL cell lines.

3.4.5. Structural analysis of 9-substituted anthracenyl compounds

Compounds (£')-9-(2-nitrovinyl)anthracene (126), (£')-ethyl-4-(3-(9-

anthracenyl)acryloyl)piperazine-l-carboxylate (118) and (£')-3-(9-anthracenyl)-A^,jV-
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diethylacrylamide (114) were identified as having potent antiprohferative effects on the BL 

cell lines MUTU-1 and DG-75 (EC 5 0  values of 3.0 |jM , 5.4 pM and 21.5 |jM  (MUTU-1) and 

1.5 jjM, 11.6 |jM  and 9.0 juM (DG-75 after 72 h) respectively) (Section 3.3.6.).

Figure 3.4.5.1.A. displays the structural overlay of 114 and maprotiline. The 

dihydroethanoanthracene and anthracene structures are aligned well along with the side chains 

of both compounds which are shown to be in the same position. 114 was found to have a 

stronger effect than maprotiline in the DG-75 cell line. 114 is a highly unsaturated compound 

due to the presence of the anthracene ring directly attached to an unsaturated ainide and this 

may contribute to its potency in BL cell lines. As mentioned in Section 3.3.2., the presence of 

an ethyl group may also play a role in the antiproliferative effect of this compound, as many of 

the compounds with antiproliferative effects evaluated in this study contained ethyl esters and 

ethyl amines. 126 was found to have the most potent effect, out of all the compounds 

evaluated in this study including maprotiline, on both the MUTU-1 and DG-75 cell lines. 

Figure 3.4.5.I.B. shows 126 overlaid with maprotiline. Similar to 114, the anthracene and side 

chain structures align well with those of maprotiline; however, 126 does not possess an amine 

on the side chain. Instead it contains an unsaturated nitro group (nitrostyrene), which is not 

basic in nature and cannot become protonated in vivo. This has previously been discussed in 

Chapter Two of this thesis, where it was demonstrated that nitrostyrene based compounds did 

not become protonated and interact with the human serotonin transporter (hSERT) in vitro 

which was consistent with in silico studies predicting no protein-ligand interactions for 

nitrostyrene based compounds (Section 2.3.3. and Section 2.4.). The fact that maprotiline and 

126 are structurally distinct suggests that perhaps they may be exerting their respective 

antiproliferative effects through separate molecular targets. The potent antiproliferative effect
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of compound 126 on BL cell lines further suggests nitrostyrene based compounds as potential 

lead compounds in the development of new anticancer agents.

M ap ro tilin e

M aproriline

Figure 3.4.5.I. Structural alignment of compounds A) 114 (blue) and B) 126 (blue) with 
maprotiline (red) (hydrogens omitted for clarity)

Figure 3.4.5.2. A. shows (£)-ethyl-4-(3-(9-anthracenyl)acryloyl)piperazine-l-

carboxylate (118) overlaid with maprotiline. They show similar structural features with the 

nitrogen atoms aligned well, however compound 118 is larger than maprotiline and has an 

additional basic element due to the piperazine moiety, as well as an ethyl ester functional 

group. It is noteworthy that although compounds 119 and 118 are structurally similar due to 

the presence of the A^-substituted piperazine moieties (Figure 3.4.5.2.B.), they have very 

different antiproliferative effects, with 119 having only a moderate effect on the MUTU-1 cell 

hne (ECso of 38.5 |jM  compared to 5.4 |jM  for 118) and no effect on the viabihty o f the DG- 

75 cell hne after 24 hours or 72 hours (Section 3.3.6.). It is possible that the electron rich 

toluyl group of 119 contributes to its lack of effect in BL cell lines. This is comparable to 

compounds 150 and 152, discussed in Section 3.4.4., which both have aromatic side chain
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substituents and are lacking in antiproliferative effects compared to their aliphatic analogues 

151 and 149.

M a p ru t ilin i-

Figure 3.4.S.2. Structural alignment of A) 118 (red) and maprotiline (blue) and B) 118
(red) and 119 (blue)

3.4.6. X-ray crystal structures of 9,10-dihydro-9,10-ethanoanthracenes

The exact structure of a selection of 9,10-dihydro-9,10-ethanoanthracenes was 

determined by single crystal X-ray crystallography. These crystal structures are shown in 

Table 3.4.6.1. The crystal structure of compound 127 was obtained to determine if the ortho 

adduct is the only product fonned in the reaction of anthraldehyde and acrylonitrile (Scheme 

3.4.4.).

.0 CNCN

= 0

Hydroquinone

127

NC
= 0

meta
ortho

Scheme 3.4.6.1. Reaction of anthraldehyde and acrylonitrile
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It was confirmed using X-ray diffraction (XRD) that the ortho adduct was formed as 

100 % of the product with 0 % of the meta adduct formed. Surprisingly, the crystal structure 

obtained by XRD was not as expected for 127 as indicated by NMR, IR and mass 

spectrometry. Instead of an aldehyde group at the C9 position of the dihydroethanoanthracene 

structure, a methyl hemiacetal structure is present. It is thought that this novel structure (127’) 

formed during the slow crystallisation of 127 from methanol by the reversible reaction 

mechanism shown in Scheme 3.4.6 .2. The structure of compound 127’ was confirmed by high 

resolution mass spectrometry of the crystal which detected a molecular ion + H) with a 

mass of 292.1329, compared to a calculated mass of 292.1338 for a molecular formula 

C 19H 18NO2 . An IR spectrum also identified absorption bands at 2238 cm ' and 3448 cm'', 

corresponding to a nitrile and a hydroxyl group respectively (Figure 3.4.6.1). A 'H NMR 

spectrum of 127’ could not be obtained as dissolving it in solution caused a shift in 

equilibrium towards formation of the aldehyde 127.

CH3OH Hemiacetal

Scheme 3.4.6.2. Proposed mechanism of hemiacetal formation
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Figure 3.4.6.I. IR spectrum of hemiacetal analogue of 127,127’
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Table 3.4.6.I. Crystal structures for a selection of 9,10-dihydro-9,10-ethanoanthracenes
Compound

Number
Compound
Structure

Crystal
Structure

127

78

0
0

/

74

c
0

A

81
V \

XRD for compounds 74 and 78 confinned that the trans conformation of these 

compounds was formed. Structural alignment of 81 with maprotiline was conducted, keeping 

the structures rigid. Figure 3.4.6.2. shows the structural alignment of these two compounds. 

Although the dihydroethanoanthracene structures align, the basic side chains do not.
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Compound 81 was found to have no effect on the viabihty of BL cell lines, perhaps due to the 

fact that the basic side chain cannot interact with the molecular target due to its close 

proximity to the dihydroethanoanthracene structure.

M a p ro l i l in e

Figure 3.4.6.2. Structural analysis of maprotiline (red) and the crystal structure of 81
(blue)

3.5. Conclusion

Previous research identified the NSRI maprotiline as a pro-autophagic antiproliferative 

agent in Burkitt’s lymphoma (BL) cell lines (EC50 of 5.9-15.3 fjM) Based on this

evidence, a diverse library of structurally related 9,10-dihydro-9,10-ethanoanthracene and 

9,10-dihydro-9,10-ethenoanthracene compounds were synthesised that were related in 

structure to maprotiline. Biochemical evaluation of these maprotiline analogues revealed that a 

number of the compounds displayed a moderate antiproliferative effect on the BL cell lines 

MUTU-1, a chemosensitive cell hne and DG-75, a resistant BL cell line. Compound 151 was 

found to be equipotent to maprotiline in the MUTU-1 cell line after a treatment time of 24 

hours (EC50 of 12.8 pM  and 15.5 |jM  respectively). Compound 149 exhibited a more potent
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antiproliferative effect on the resistant DG-75 cell line compared to maprotiline after treatment 

times of 24 and 72 hours (EC50 of 12.8 (jM and 3.1 pM respectively). A SAR study revealed 

than 149 and maprotiline have a similar structural alignment, however unlike maprotiline, the 

unsaturated oxime of 149 restricts the conformation of the basic side chain perhaps allowing it 

to interact more efficiently with an as yet undetermined molecular target. Further cell cycle 

analysis and caspase activation experiments determined that 149 was not inducing apoptosis in 

the MUTU-1 cell line, even though it displayed potent in vitro antiproliferative effects as 

shown by the cell viability studies. It is possible that this compound is killing the cells though 

an alternative cell death pathway such as autophagy, however, further studies would be 

required to determine this. The library of 9,10-dihydro-9,10-ethanoanthracenes evaluated in 

this study are structurally similar to a series of 9,10-dihydro-9,10-ethanoanthracenes evaluated 

by Alibert et al (2003) which were found to decrease the multi-drug resistance of a leukaemia 

cell line (EC50 range of 0.25-970 pM) via possible inhibition of the p-glycoprotein efflux 

pump, allowing increased cellular accumulation of rhodamine As a number of 

dihydroethanoanthracenes evaluated in the present study were found to have antiproliferative 

effects at low micromolar concentrations, it is possible that they may also have the potential to 

inhibit the p-glycoprotein pump in MDR cell lines. Further biochemical evaluation would be 

needed to address these claims.

A series of 9-substituted anthracenyl compounds were synthesised as intermediates in 

the synthesis of the 9,10-dihydro-ethanoanthracenes. These structurally related unsaturated 9- 

substituted anthracenyl compounds were evaluated for their ability to induce cell death in BL 

cell lines. It was determined that the 9-anthracenyl compounds displayed a potent 

antiproliferative effect in the MUTU-1 (EC50 of 1.9-62 pM) and DG-75 (EC50 of 1.5-62 pM) 

cell lines. Further studies identified that compounds 118, 115 and 126 displayed a pro-
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apoptotic effect as demonstrated by FACS analysis and caspase activation. A number of these 

compounds were found to be more potent than maprotiline. A representative group of 9- 

anthracenyl compounds were evaluated in PBMCs and it was revealed that many of the 

compounds had no effect on their viability, implying that these 9-anthracenyl compounds are 

selectively toxic to BL cell lines. A SAR study identified that these compounds are similar in 

structure to maprotiline but that those compounds such as 126 and 118, which are less 

structurally similar due to both the lack of basic elements (126) and addition of larger 

functional groups (118), are more potent than maprotiline in BL cell lines. The SAR study also 

identified that aromatic substituted side chains on both the 9-anthracenyl and 9,10-dihydro- 

9,10-ethanoanthracene structures led to a decrease in antiproliferative activity.

This study identified a number of novel structurally diverse compounds which 

exhibited selective, potent antiproliferative and apoptotic effects in BL cell lines (effects of the 

most potent 9,10-dihydro-9,10-ethanoanthracene 149 and 9-anthracenyl compound 118 are 

summarised in Figure 3.5.1.). These results are comparable to other compounds, including 

maprotiline, phenothiazines, tricyclic antidepressants, SSRIs and amphetamines which have 

antiproliferative effects on BL cell lines as documented in the literature
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Chapter 4. In vitro toxicity and serotonin transporter 
uptake inhibition if C6-substituted MDMA and

MBDB analogues

236



4.1. Introduction

3,4-M ethylenedioxym etham phetam ine (M D M A ) (4) is a com m only abused 

am phetam ine analogue which induces the release o f  serotonin m ost likely through the 

serotonin reuptake transporter (SERT) and decreases intracellular serotonin levels in the brain 

(Section 1.1.3.1) M D M A  is a know n neurotoxin  and it has been show n to induce

selective degeneration o f 5-H T nerve term inals in rats and non-hum an prim ates 

A m phetam ine m isuse is a significant problem  in Europe w ith new am phetam ines such as 3,4- 

m ethylenedioxyetham phetam ine (M D EA ) (5), A^-m ethyl-1-(3,4-m ethylenedioxyphenyl)-2- 

butanam ine (M BD B) (7) and 4-m ethylth ioam phetam ine (4-M TA ) (8) (Figure 4 .1.1) constantly 

appearing on the illicit drug m arket M D M A  and related am phetam ines, including 3,4- 

m ethylenedioxyam phetam ine (M D A) and M BDB have been found to be toxic to num erous 

cell lines, including the hum an serotonergic JA R  cell line, CO S-7 cells and CO S-7 cells 

transfected to overexpress SER T A lthough there is a p lethora o f inform ation

regarding the neuro- and cytotoxicities o f M DM A and its related m etabolite M D A , the role o f 

SER T in this neurotoxic process and the exact m echanism  o f action o f neurotoxicity  rem ains

I I I  112 281 2 8 3unknow n ‘ ’ ' . I n  com parison to M D M A , inform ation concerning the toxicity  o f its a -

ethyl analogue M BD B is lim ited. It is know n to be less potent at SER T than M D M A  and 

M D A  (IC50 o f 784 nM , 425 nM  and 478 nM  r e s p e c t i v e l y ) a n d  a study carried out in 

2009, suggested that it is m ore neurotoxic than M D M A  at high concentrations (1-4 mM)

113,  114

237



MDMA (4) MBDB(7) MDEA (5) 4-MTA (8)

Figure 4.1.1. Structure of amphetamines MDMA, MBDB, MDEA and 4-MTA

Although the m ost exten sively  studied analogues o f  the amphetam ine class o f  

com pounds contain unsubstituted (am phetam ine), 3 ,4-m ethylenedioxy-substituted (M D M A ) 

and 4-m ethylthio-substituted (4-M T A ) rings, there are many exam ples o f  other ring 

substituted am phetam ines in the literature, including ring halogenated and alkylated  

am phetam ine com pounds Ring halogenated am phetam ines such as the

hallucinogenic am phetam ines 2,5-dim ethoxy-4-brom oam phetam ine (D O B ) and 2 ,5- 

dim ethoxy-4-chloroam phetam ine (D O C ) have been previously investigated for effects on 

serotonin neurons and extensive m odifications o f  the C4 aromatic substituent o f  2 ,5- 

dim ethoxyam phetam ine have been pursued towards the exploration o f  com pounds with  

hallucinogenic effects (Figure 4 .1 .2 .) A  number o f  studies o f  alkylated

am phetam ines have been investigated for their SERT inhibitory abilities and it has been  

show n that the C 6  m ethylated analogue o f  M D A  (6 -m ethyl-M D A , Figure 4 .1 .2 ) had a reduced  

potency at rat synaptosom es com pared to unsubstituted M D A  (IC50 o f  783 nM compared to 

478  nM for M D A ). A dditionally it was observed that 6 -m ethyl-M D A  displayed an increased  

selectiv ity  for SER T over N ET and D A T , compared to M D A  It has also been suggested  

that the orientation o f  the am inoalkyl chain is essential for entactogenic activity o f  

am phetam ines with com pounds such as 4 ,5-m ethylenedioxy-2-am inoindane (4 ,5-M D A I) and 

6 -m ethyl-M D M A , but not 5,6-m ethylenedioxy-2-am inoindane (5 ,6-M D A I), lacking SERT  

activity (Figure 4 .1 .2 .) A  recent study by Gandy et a l  (2010) demonstrated that a

series o f  a-aryl M D M A  analogues (Figure 4 .1 .2 .) have com parable SERT reuptake inhibition
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capabilities to MDM A but that the psychoactivity o f these analogues was greatly reduced 

compared to MDM A and /7ara-methoxyamphetamine (PMA) This suggests that 

amphetamines with extended ct-alkyl or a-aryl side chains, while interacting with SERT, may 

not be inducing their principle pharmacological action i.e. reversal o f SERT activity and 

release of intracellular 5-HT

Figure 4.1.2. Structures of DOB, DOC, 5,6-MDAI, 4,5-MDAI, a-aryl-MDMA and 6-
methyl-MDA and 6-methyl-MDMA

In order to investigate the potential cytotoxicity o f a series of ring substituted MDMA 

and MBDB analogues, research carried out previously by our laboratory involved the 

synthesis of a series of ring substituted M DMA and MBDB analogues with modifications to 

the C6 of the aromatic ring (Figure 4.1.3) C6 substituents include the electronegative 

halogens along with nitro and amino groups which were used as precursors in the synthesis of

2 ,5 -D im eth o x v -4 -b ro m o a m p h eta m in e
(D O B )

2 ,5 -D im cth o x y -4 -ch lo ro m o a m p h eta m in e
(D O C )

\ - 0
4 ,5 -m eth y len ed io x y -2 -a m in o in d a n e

(4 ,5 -M D A I)
5 ,6 -m eth y len ed io x y -2 -a m in o in d a n e

(5 ,6 -M D A I)

H

R  =  C H 3 =  6 -M eth y l-3 ,4 -m eth y len ed io x y m eth a n ip h eta m in e  
R  =  H  =  6 -M eth y l-3 ,4 -ir ie th y len ed io x y a n ip h eta n iin e

6 -A ry l-3 ,4 -m eth y len ed io x y m eth a m p h eta n iin e
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C6 halogenated MDMA and MBDB. A library of C6 alkylated analogues were also 

investigated and include the lipophilic alkyl, aryl, alkenyl and alkynyl substituents. These C6 

halogenated and alkylated amphetamine analogues were synthesised to further probe the 

structure-activity relationship of the neuro- and cytotoxicity of MDMA and MBDB analogues.

RV 2,N

R' =  CH3, CHoCHj 
R = NO2, N H , Cf, Br, F, I 
alkyl, aryl, alkenyl, alkynyl

Figure 4.1,3. Modifications to the C-6 of MDMA and MBDB

Using a Neutral Red assay, this library o f MDMA and MBDB analogues was 

previously evaluated in a human embryonic kidney (HEK) cell line as well as a series of MAT 

expressing cell lines (HEK hSERT, HEK hNET and HEK hDAT), in order to determine any 

monoamine transporter dependant cytotoxicity It was found that several o f these

analogues had a toxic effect on the HEK293 and monoamine expressing cell lines 

(approximate EC50 range of 5-50 |jM ). However, no specific monoamine transporter toxicity 

was observed. Cytotoxicity was also evaluated in the SERT expressing BL cell line, DG-75 

and the dopaminergic neuroblastoma, SHSY-5Y. A number of the MDMA and MBDB 

analogues displayed a significantly toxic effect against the SHSY-5Y and DG-75 cell lines 

(approximate EC 50 range of 10-30 |jM  for both cell lines) compared to the HEK293 cell line, 

suggesting a possible selective cytotoxic effect on malignant cell lines. The effect of these 

compounds was also found to be more toxic than other amphetamines, including MDMA, 

MBDB, MDA, BDB, 4-M TA and PMA
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In the present study, in order to investigate any possible role for SERT in the 

cytotoxicity of these compounds and determine the binding ability of C6 substituted 

compounds, the SERT reuptake activity of these compounds was evaluated using a novel 

fluorescence neurotransmitter transporter uptake assay. The toxicity of MDMA and MBDB 

analogues was further assessed on a primary neuronal cell line model (PC-12) to determine the 

potential neurotoxicity of these amphetamines.

The compounds evaluated in this study are divided into two groups: The Group I series 

of compounds include MDMA and MBDB analogues with amino, nitro and halogen 

substituents at C6 (Table 4.1.1.), while the Group II series of compounds include MDMA and 

MBDB analogues with alkyl, aryl, alkoxy and alkylthio substituents at C6 (Table 4.1.2.).
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Table 4. .1. Group I compounds evaluated in this study
Compound
structure

Compound
number

Compound
structure

Compound
number

158

^ N H 2

166

159

H

4
MDMA*

<°Yx
0 ' ^ ^ N H 2

160 V"<°xx 167

161 <°XT
0 '^ = = ^ N H 2

168

H

<:xx! 162

1 H

169

<:ix/
163 <°iV

170

o 
o

164

< ° T y
171

\ / N H 2

165

>\^NH2

< " ^ Y x

172
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Table 4.1.2. Group II compounds evaluated in this study
Compound
structure

Compound
number

Compound
structure

Compound
number

O 
O

173

O 
O

f
t

/

179

174

H

180

<°3TX 175

H

181

/
\

176

H

182

H

177

\ / N H 2

■^%^NH2

183

H

178

/

o 
o 184
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Table 4.1.2 continued
Compound
structure

Compound
number

Compound
structure

Compound
number

1 H

185

L R .

<°TX_ 191

186 192

187 <''IX 193

< ° Y X

188

< ° x x

194

1 H

189
V""

195

< ° x x ^

190 <°XT
7

MBDB*

* M D M A  and  M BD B  are included in Tables 4 .1 .1 . and 4 .1 .2 . respectively  fo r clarity
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4.2. Chemistry

The synthesis of 6-nitro-MDMA (158) and 6-amino-MDMA (160), carried out in the 

present study, is shown below in Section 4.2.1. All other compounds evaluated in this study 

were previously synthesised in our laboratory by Dr. John J. Keating

4.2.1. Synthesis of 6-nitro and 6-amino MDMA

The amino group at the C6 position of the methylenedioxy ring was introduced in a 

seven step synthetic route via the 6-nitro intermediate (156) as shown in Scheme 4.2.1.1. The 

C6 amino compound is synthetically relevant as it is the precursor to the synthesis of 6-chloro- 

MDMA and 6-chloro-MBDB (Scheme 4.2 .1.2.)

O CHjCHjNOj
\ \ cyclohexylam ine Fe, AcOH

AcOH 
6 h reflux

2h. steam bath

153 1 5 4 (7 7 % ) 1 5 5 (5 0 % )

N aC N B H j M eOH 
N H jC H j HCI 72h, rt

TFA A , NEt:H N O ,/N aN O -

A cOH, 2h, rt

D CM
157 (8 0 % ) 156 (78 % ) 4 (68 %)

K CO3 48  h. rt I
M eOH 
rt. 2h

H 2, Pd/C

i <
K C O ,, M eO H

1 5 9 (3 8 % ) 160 (8 7 % )

1 5 8 (8 9 % )

Scheme 4.2.1.1. Synthesis of 6-nitro-MDMA(158) and 6-amino-MDMA (160)
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l)NaN02, 
HCl, 0  “CTPAA, NEt;

K 2 CO3 , MeOH

160R  = CH 3 R = CH3  6 0 ° C - r t  r  = CH3 161R = CH3

I68 = CH2CH3 R = CH2CH3 R = CH2CH3 169R = CH2CH3

Scheme 4.2.I.2. Synthesis of 6-chIoro-MDMA (161) and 6-chloro-MBDB (169) from 6- 
amino-MDMA (160) and 6-amino-MBDB (161)

MDMA was prepared by the method according to Gimeno et al (2005) in which

piperonal methyl ketone (PMK, l-(3,4-Methylenedioxyphenyl)-2-propanone) (155) was

synthesised via the nitrostyrene route from piperonal. PMK is a common impurity found in

MDMA as it is used as a starting material for two main methods of clandestine synthesis;

295reductive amination and the Leuckart reaction

A Henry-Knoevenagel condensation, previously discussed Chapter Two (Section 

2.2.1.), of piperonal (153) and nitroethane was used to produce 3,4-methylenedioxy-2- 

nitropropene (154) (77 % yield). The nitrostyrene was reduced using iron powder and acetic 

acid via a dissolving metal reduction (Scheme 4.2.1.3.) to give PMK) (155) as a pale oil, 

which was distilled to give the pure product (50 % yield).
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PMK

Scheme 4.2.I.3. Mechanism for the reduction of nitropropene (154) using iron
powder and acetic acid

3,4-Melhylenedioxyamphetamine (4) was symhesised from PMK (155) using a 

reductive amination reaction. This method of synthesis, discussed in Chapter Three (Section 

3.2.5.), involved stirring a solution of PMK in dry methanol along with sodium 

cyanoborohydride and methylamine hydrochloride for 72 hours at room temperature to afford 

MDMA (4) as a pale oil which required no further purification (68 % yield). Prior to nitration 

of MDMA, the amine group was protected with a trifluoroacetyl group (Scheme 4.2.1.1.). 

Although this was not necessary for the reaction to occur, it was found through previous 

research that amine protection leads to a more straightforward purification of the substituted 

products.

The synthesis of 6-nitro-MDMA (158) was accomplished using the nitration method 

employed by Coutts et al (1973) Nitric acid (65 %) was added to a solution of N- 

trifluoroacetyl protected MDMA and NaN02 in acetic acid to afford a pure sample of 2-{N-
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methylamino-2-A^-trifluoroacetyl)-l-(6-nitro-3,4-methylenedioxyphenyl)propane (157) (80 % 

yield) (Scheme 4.2.1.1.)•

Following successful nitration, the nitro group was reduced using palladium catalyst on 

charcoal. 2-(A^-Methylamino-A^-trifluoroacetyl)-l-(6-amino-3,4-methylenedioxyphenyl)

propane (159) was synthesized in acceptable yields (38 %) and required no further 

purification. The A^-trifluoroacetyl group was then removed using aqueous potassium 

carbonate in methanol to afford 2-7V-Methylamino-l-(6-amino-3,4- 

methylenedioxyphenyl)propane (160) (87 % yield), which required no further purification 

(Scheme 4.2.1.1.). Compounds were fully characterised by 'H  and '^C NMR spectroscopy, 

infra-red (IR) spectroscopy, high resolution mass spectrometry (HRMS) and melting point. 

Full experimental details are documented in Chapter Six (Section 6.3.)

4.3. Biochemical Evaluation

The novel C6 substituted MDMA and MBDB series of compounds was evaluated for 

their ability to inhibit the serotonin transporter using the HEK hSERT cell line, in order to 

investigate any SERT dependent cytotoxicity, and to determine if the 6-substituted MDMA 

and MBDB analogues behave in the same manner as their unsubstituted equivalents. The 

compounds were also evaluated in a primary neuronal model cell line (PC-12), to determine 

any neurotoxicity associated with these compounds.

4.3.1. Materials and methods

All materials and methods not mentioned in this section are as per those in Chapter 

Two (Section 2.3.2.).
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4.3.1.1. PC-12 cell line

The P C -12 cell line is derived from a transplantable rat pheochromocytoma. 

Undifferentiated P C -12 cells were cultured in DMEM/F12 (1:1) supplemented with 10 % (v/v) 

horse serum, 5 % (v/v) FBS, L-Glutamine (2 mM) and penicillin/streptomycin (100 |ig/mL)

297 . This cell line was obtained from Prof. D. Clive W illiams, School of Biochemistry and 

Immunology, Trinity College Dublin and Dr. Kenneth Hun Mok, School of Biochemistry and 

Immunology, Trinity College Dublin.

4.3.1.2. Collagen coating of plates

96-W ell plates were coated in collagen (mouse, type IV) to aid in the adherence of the 

P C -12 cell line. Collagen type IV was stored at -80 °C and remained stable for three months. 

Before use, the collagen needed to be thawed very slowly by storing it at 4 °C for forty eight 

hours. The collagen was vortexed to ensure all solids were dissolved. The solution was diluted 

to 50 |Jg/mL using 0.05N HCl so that the final concentration on the surface of the plate would 

be 5 |jg/mL. 20 pL  was added to each well and the plates were incubated at room temperature 

for one hour. After this time, the excess material was aspirated and the wells were rinsed with 

PBS. The plates were kept sterile at 4 °C until required for use.

4.3.1.3. Differentiation of PC-12 cell line

Cells were seeded in collagen coated 96-well plates. Cells were cultured for seven days 

in DMEM supplemented with 1 % (v/v) Horse serum, L-glutamine (2 mM),

penicillin/streptomycin (100 |J,g/mL) supplemented with 50-100 ng/mL of nerve growth factor 

(NGF), with media changed every two days. After seven days, cells cease to multiply and
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begin to form a post mitotic, neurite bearing neuron similar to those produced by sympathetic 

neurons in primary cell culture (Figure 4.3.1.3.)- This static population of differentiated cells 

was obtained for an additional seven days thereafter Once the cells were differentiated for 

seven days, they were treated with the compound and cell viability was evaluated using the 

Alamar Blue assay, as described in Chapter Two (Section 2.3.2.10.).

Figure 4.3.I.3. Image of A) undifferentiated PC-12 cells and B) PC-12 cells differentiated
with 100 ng/mL NGF

4.3.2. In vitro effects of Group I MDMA and MBDB compounds on the PC- 
12 cell line

The toxicity of M DM A and MBDB together with their ring substituted equivalents and 

structurally related analogues (158-172) were evaluated using the Alamar Blue assay on the 

nerve growth factor (NGF) differentiated PC -12 cell line. The PC -12 cell line is derived from

9Q7a transplantable rat pheochomocytoma that when supplemented with NGF displays a 

differentiated morphology from a proliferating cell to a post-mitotic, neurite bearing neuron. 

The P C -12 cell line is a classical in vitro neuroendocrine cell line model that has been 

previously used to test the potential neurotoxicity of a range of drugs
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U sing this m odel, it was found that at 1 |j M  none o f  the com pounds evaluated (158- 

172) had any cytotoxic effect after treatment for 24 hours (> 80  % ce ll viability) (Figure

4 .3 .2 .L, Figure 4 .3 .2 .2 .). A t 100 |aM, 6 -brom o-M D A  (165), 6 -fluoro-M B D B  (170) and 6 - 

amino-A^-protected-M DM A (159) had a moderate effect on the P C -12 cell line with  

approxim ately 63-67  % ce ll v iability  (p < 0 .005). The unsubstituted com pound M B D B  w as also  

evaluated and found to have no effect on the viability  o f  the P C -12 ce ll line at 1 |jM  and 100 

|jM  (Figure 4 .3 .2 .2 .). T hese results are consistent with previous reports that am phetam ines 

M D A  and M D M A  have little effect on the P C -12 cell line (IC 50 values o f  3365 p.M and 44 6 4  

)iM respectively) The 6 -fluoro-M D M A  com pound (162) w as found to have the m ost 

potent cytotox ic effect on the P C -12 ce ll line at 100 pM  (approxim ately 4 0  % cell viability), 

as did the 6 -am ino-M B D B  com pound (168) (approxim ately 37 % cell viability) (p <0.001), 

indicating that these C 6  substituted am phetam ine com pounds are more tox ic to the P C -12 cell 

line than the unsubstituted parent com pounds M D M A  and M B D B  (Figure 4 .3 .2 .1 ., Figure

4 .3 .2 .2 .).
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Sodium  azide (10  m M ) w as used as a positive control fo r cell death in each o f the o ther cell lines, resulting  in 90%  cyto toxicity . Each 
com pound  was screened at concentrations o f  100 pM  and 1 [jM in trip licate on tw o independent days with activ ity  expressed  as percentage 
cell v iability  com pared to vehicle treated controls. T he  effect o f each  com pound w as com pared to the untreated  contro l cells using  an 
unpaired  t-test w here (*) p <  0.05, (**) p < 0.005 and (***) p <  0.001 represented  a significant difference

Figure 4.3.2.I. In vitro effects of 6-MDMA analogues (158-166) on the PC-12 cell line
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S odium  azide (10 m M ) w as used as a positive  contro l for cell death  in each o f  the o ther cell lines, resu lting  in 90%  cy to tox icity . Each 
com pound  w as screened at concen trations o f  100 |j M  and 1 pM  in trip licate  on tw o independen t days w ith activ ity  expressed  as percentage 
cell v iab ility  com pared  to vehicle treated contro ls. T he effect o f  each  com pound  w as com pared  to the untreated  control cells  using  an 
unpaired  t-te.st w here (*) p <  0.05. (**) p <  0.005 and {***) p <  0.001 repre.sented a sign ifican t d ifference

Figure 43 .2 .2 . In vitro effects of 6-substituted MBDB analogues (167-172) on the PC-12 
cell line

These compounds (170, 165, 168 and 162) were also previously found to be cytotoxic 

to the HEK293 cell line, while compound 159 was found to have a cytotoxic effect on the DG- 

75 cell line, as determined using a Neutral Red dye (approximate EC50 range o f 5-50 |jM, data 

not shown) This result shows that these compounds (168, 162) have a more potent 

cytotoxic effect than MDA, MDMA and MBDB on the PC-12 cell line and have a similar
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toxicity to 4-MTA, which has been previously shown by our laboratory to be toxic to PC -12

125cells at high concentrations (approximate EC50 range of 160-600 |aM)

4.3.3. In vitro effects of Group II MDMA and MBDB compounds on the PC- 
12 cell line

The toxicity of a series of Group II M DMA and MBDB compounds (173-195) was 

evaluated using the Alamar Blue assay on the nerve growth factor (NGF) differentiated PC -12 

cell line (Section 4.3.1.)- It was determined that at 1 |aM, most of the compounds evaluated 

had no significant toxic effect on the P C -12 cell line (Figure 4.3.3.1., Figure 4.3.3.2). Only 

compound 183, a propynyl amino MDMA analogue, exhibited a slight toxic effect 

(approximately 80 % at 1 |jM ). At 100 pM  many of the C 6  substituted MDMA and MBDB 

compounds also exhibited no cytotoxic effect on the P C -12 cells (>90 % cell viability). The 

parent compound MBDB was determined to have no effect on the viability of the cells at 1 

|jM  and 100 |aM. This is consistent with reports that structurally similar amphetamines 

MDMA and MDA are toxic to the PC -12 cell line at high concentrations only (approximate 

EC 50 range of 3365 p,M and 4464 [iM respectively)

The MBDB analogue 194 , which contains a propynol C6 substituent, displayed a 

potent cytotoxic effect on the P C -12 cell line at 100 pM . Compound 185, a phenyl substituted 

MBDB analogue was found to be less toxic than compound 194 but still induced a 

significantly toxic effect at 100 pM , compared to MBDB. The propynamine MDMA analogue 

183 displayed the most potent cytotoxic effect on the P C -12 cell line at 100 |jM  (<20 % )  

(p<0.001). The 6-cyclopropyl-MBDB compound (180) and the 6-ethylthio-MDMA compound 

(177) were also found to have a toxic effect on the P C -12 cell line, albeit a less potent one
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compared to 183 (approximately 80 % at 100 |aM) (p<0.05). The 6 -phenyl-MDMA analogue 

64 was found to have a similar effect to its MBDB equivalent (185) as it showed a cytotoxic 

effect on PC-12 cells (approximately 80% cell viability at 100 |jM) (P<0.005). This indicates 

that the presence of a C6  phenyl substituent may be responsible for inducing a cytotoxic 

effect. While both potent compounds 183 and 194 contain C 6  propynyl substituents, MDMA 

analogue 182 which contains a C6  propynol substituent, does not have a toxic effect, perhaps 

indicative of the a-ethyl group of the MBDB analogue contributing to the toxicity of 

compound 194. C6 -substituted MDMA compounds 173, 177, 180 and 183 and C6 -MBDB 

substituted compounds 194 and 185 were found to be more cytotoxic to the PC-12 cell line 

than their unsubstituted analogues MDMA and MBDB while being equipotent, or in

the case of compound 194 and 183, more potent than 4-MTA (approximate EC50 range of 160- 

600 |jM)
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Sodium  azide (10 m M ) w as used as a positive control for cell death  in each o f the o ther cell lines, resu lting  in 90%  cytotoxicity . Each 
com pound  was screened at concen trations o f 100 |iM  and 1 pM  in trip licate  on tw o independent days with activity  expressed  as percentage 
cell v iability  com pared  to  vehicle treated controls. T he effect o f each com pound was com pared to the untreated contro l cells u sing  an 
unpaired t-test w here (*) p <  0.05. (**) p <  0.005 and (***) p < 0.001 represented  a significant difference.

Figure 4.3.1.1. Effect of compounds 94-107 and MBDB on the PC-12 cell line
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Figure 4.3.1.2. Effect of group II compounds 64-93 on the PC-12 cell line

4.3.4. Inhibition of SERT activity for group I compounds

To determine if these novel C6 substituted compounds could behave like other 

amphetamines and inhibit the activity o f SERT, the effects of these derivatives on 5-HT 

reuptake was assessed using a novel fluorescence neurotransmitter transporter assay in 

HEK cells stably expressing hSERT

It has been difficult to determine if amphetamines are genuine substrates of SERT, due 

to their lipophilic nature and to the lack of a crystal structure of human SERT. However, 

amphetamines in general are thought to release stores of catecholamines from nerve endings
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by converting the respective molecular transporters into open channels. They are thought to 

compete with substrate for the transporters, reversing the transport of monoamines by either

87binding to the transporter as a substrate or binding without being transported . The 

amphetamine analogues MDMA, MBDB, MDA and 4-MTA have all been previously shown 

to inhibit SERT activity with IC50  values of 74 nM (4-MTA), 425 nM (MDMA), 478 nM 

(MDA) and 784 nM (MBDB) respectively. These amphetamines also inhibit the activity 

of the noradrenaline transporter (2,375 nM (4-MTA), 405 nM (MDMA), 266 nM (MDA) and 

1,233 nM (MBDB) '°'*) and inhibit the activity of the dopamine transporter (3,073 nM (4- 

M T A ), 1,442 nM (MDMA), 890 nM (MDA) and 7,825 nM (MBDB) '°^) .

The C6  MDMA and MBDB analogues ( 158- 172) were evaluated for their ability to 

bind and inhibit hSERT using a novel fluorescence reuptake assay, as described in Chapter 

Two (Section 2.3.2.9.). The percentage reuptake for the compounds was determined at 

concentrations of 1 |jM  and 100 fjM.  The selective serotonin reuptake inhibitor (SSRI 

antidepressant) citalopram (10 |jM ) was used as a positive control, resulting in >97 % SERT 

inhibition. The IC50  for citalopram was determined as 12.9 nM (compared to a reported Kj 

value of 8.9 nM ^ )̂.

Many of the compounds evaluated ( 10 , 11 , 12 , 14 , 15, 17, 29 , 33 , 38 ), including all 6- 

nitro- and 6-amino- substituted analogues, showed moderate to low SERT inhibition activity, 

with <40 % inhibition at 1 |aM, suggesting that these compounds probably do not elicit any 

cytotoxic effect through SERT. These results together with their do g P  values are presented in 

Table 4.3.4.1.
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Table 4.3.4.1, SERT reuptake inhibition ( %)  of 6-substituted MDMA and MBDB 
analogues _______________________ __________ ____________________________

Compound
structure

Compound
number clogP

% SERT 
Inhibition'’ 
(100  mM )

% SERT 
Inhibition*’ 

( I mM)

H

158 1.80 35 19

1

159 1.51 75 48

H

0 ^ ' \ ^ ^ N H 2

160 0.67 38 36

H

161 2.64 77 62

O - ^ ^ F

162 2.06 70 55

1
^ N ^ C F 3

0 -^ ^ J  0 163 3.61 68 60

H

164 2.79 65 52
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Table 4.3.4.1. continued

Compound
structure

Compound
number clogP

% SERT 
Inhibition'’ 
(100  mM )

% SERT 
Inhibition’’

(1 mM )

\ / N H 2

165 2.64 64 56

H

166 2.75 71 51

1 H

0 " ^ ^ ^ N 0 2

167 2.32 33 25

1 H

<xx
0 ^ ' ^ N H 2

168 1.21 41 40

1 H

<°xx 169 3.16 67 50

<°xx 170 2.60 55 39

<°xx 171 3.32 53 30

260



Table 4 .3 .4 .] .continued

Compound
structure

Compound
number clogP

% SERT 
Inhibition*’ 
(100 mM)

% SERT 
Inhibition'’ 

( I mM)

<°xx 172 3.28 68 45

H

4
MDMA* 1.85 75 28

1 H

7
MBDB* 2.38 70 35

\ / N H 2

3
MDA*

1.70 71 29

L̂ N̂H2

<°Xj 6
BDB* 2.24 74 42

\ / N H 2

8
4-MTA*

2.44 84 49

\ / N H 2

10
PMA* 1.80 75 46

Citalopram  (10 pM ) was used as a positive control for SERT inhibition, resulting in >98% inhibition. IC50 for citalopram was calculated as 
12.9 nM. d o g  P  calculated using ChemDraw Ultra version 12.0.
* SERT inhibition previously evaluated using [’H] 5-HT

6-Chloro-MDMA (161) displayed the most potent SERT inhibition activity with 

approximately 62 % inhibition at 1 pM. 6-Fluoro-MDMA (162), displayed increased SERT
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inhibition activity with 55 % inhibition at 1 |uM (Table 4.3.4.!.)• One possible reason for this 

may be due to the steric similarity of the C-F bond with the C-H bond, which facilitates the 

acceptance of fluorinated analogues at biological recognition sites. However, the high 

electronegativity of fluorine often imparts altered physicochemical properties to the analogue, 

which influences biological recognition. 6-Bromo-A^-protected-MDMA (30) and 6-bromo- 

MDA (165) also displayed potent SERT inhibition activity with 60 % and 56 % inhibition at 1 

|j M , respectively. The other ring substituted MDMA compounds (164 and 166) along with the 

ring substituted MBDB compound 19 displayed a percentage SERT inhibition of >50 % 

(Table 4.3.4.1). Interestingly, as well as inhibiting SERT, compounds 165, 164 and 166 had a 

potent cytotoxic effect on the HEK and HEK hSERT cell lines in a previous study (EC50 range 

of 12-16 pM and 8-25 pM for HEK and HEK hSERT respectively) (data not shown)

Along with compound 161, this could suggest a possible role for SERT in the cytotoxicity of 

these compounds. However, in contrast, 6-bromo-N-trifluoroacetyl-MDMA (163), while 

showing potent SERT inhibition at 1 pM, did not show any cytotoxicity toward a series of 

monoamine transporter expressing cell lines, which were previously evaluated in another 

study The high SERT inhibitory ability of 6-bromo-A^-trifluoroacetyl-MDMA (163) is

unexpected due to the lack of a primary or secondary amine group. It is the interaction of an 

amine with the residue Asp98 that contributes to the strong binding affinities of 

amphetamines, 5-HT and other SERT ligands to the 5-HT binding site of hSERT As

compound 30 cannot form a cationic interaction with Asp98, it would be expected that its 

SERT inhibition ability would be much less than those compounds which have a primary or 

secondary amine e.g. 164, 171, 165. This suggests that perhaps compound 163 is interacting 

with SERT at a binding site other than the 5-HT binding site, which prevents substrate 

binding. Recent research has suggested the existance of a low-affinity allosteric binding site,
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located above the substrate binding site o f  hSER T H ow ever further SERT binding

studies w ould  be required to determ ine i f  com pound 163 is indeed interacting w ith this 

binding site.

Table 4 .3 .4 .1 . show s that at 1 |jM  m any o f  the ring substituted group I com pounds are 

more potent at inhibiting SER T than their unsubstituted analogues M D M A , M B D B  and M D A  

(> 50 % inhibition com pared to 38-42  % for M D M A , M B D B  and M D A ). A lthough the ring 

halogenated M D M A  and M B D B  com pounds do not have the sam e potency as citalopram  

(calculated IC50 o f  12.9 nM , data not show n), it is apparent that they do bind to SERT in a 

sim ilar manner to the know n am phetam ines M D M A , M B D B  and M D A . This result is in 

contrast to suggestions by Parker et a l  (1998) and Shulgin  (1995) w hich suggest that 

am phetam ines with C 6 substituents m ay cause an unfavourable orientation o f  the am inoalkyl 

chain, leading to a decreased affinity toward SER T com pared to unsubstituted equivalents 

Interestingly, m ost o f the ring substituted M B D B  com pounds (16 7 -1 7 2 ) did not show  

strong SER T inhibitory activity. This is in contrast to unsubstituted M B D B  which has an IC50 

value o f  784  nM at SERT.

Previous in vitro  studies have show n that the ability o f  M B D B  to inhibit the uptake o f  

serotonin into rat synaptosom es is slightly  weaker than that o f  M D M A . M B D B  is a 

considerably weaker inhibitor o f  dopam ine uptake A lthough the above results suggest

that these com pounds are directly binding to SERT in the sam e manner as am phetam ines, it is 

possib le that there m ay be som e other indirect interaction with the protein, how ever; further 

binding studies w ould  be required to determ ine this.
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4.4. Molecular modelling

A molecular modelling study was carried out to investigate possible binding 

orientations for the ring substituted MDMA and MBDB compounds within the hSERT 5-HT 

binding site to allow us to rationalise results of SERT uptake inhibition experiments. 

Currently, there is no existing crystal structure of SERT; however, a number of homology 

models of hSERT are available which were constructed using the bacterial leucine transporter 

(LeuT) as a template For this study the homology model of hSERT constructed

by J0rgensen et al (2007) was used A number of previous studies have identified key 

binding residues involved in the binding of SERT ligands 5-HT, the natural

substrate of SERT, and amphetamines such as MDMA and 4-MTA interact with residues 

Ala96, Asp98 and Phe335 via binding of the protonated amine, while the tricyclic 

antidepressant imipramine is also thought to interact strongly with the Asp98 residue

It has also been previously shown that the protonated amine of a series of sulfur-

103substituted a-alkyl phenethylamines is essential for protein-ligand inhibitory interaction 

Other commonly mentioned significant binding residues include Ilel72 and Tyr95, which 

allow for hydrophobic and aromatic interactions respectively Docking experiments were 

carried out using Molegro Virtual Docker (www.molegro.com) as previously described in 

Chapter Two (Section 2.4.1.).

4.4.1. Protein-ligand interactions of 6-substituted MDMA analogues

Halogenated MDMA analogues (161, 162, 164 and 166) were docked in the 5-HT 

binding site of the human SERT homology model to investigate potential ligand-protein 

interactions which may rationalise the results of the SERT inhibition experiments discussed in
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Section 4.3.3. It was found that the protonated secondary amine group of 6-chloro-, 6-iodo- 

and 6-bromo-MDMA (161, 166 and 164 respectively) form a salt bridge interaction with 

Asp98, a crucial residue for SERT ligand binding. Tyr95, a residue which is commonly 

associated with aromatic n-n stacking in SERT ligands is found to interact with the amino 

group of compound 161 and the methylenedioxy oxygen atom of compounds 164 and 166 

(Figure 4.4.1.1.). 6-Iodo-MDMA forms a second cationic interaction with another significant 

residue, Ala96. These interactions are conserved for unsubstituted MDMA and the SERT 

substrate 5-HT, and results from the SERT uptake inhibition experiments are consistent with 

the protein-ligand interactions leading to a strong SERT inhibition by these halogenated 

compounds (inhibition of >50-60 % at 1 |jM).
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Figure 4.4.1.1. Ligand-protein interactions of A) MDMA (4) B) 6-Iodo-MDMA (166) C) 
6-ChIoro-MDMA (161), D) 6-Bronio-MDMA (164), E) 5-HT in the 5-HT binding site of

hSERT

Figures 4.4.1.2.A. and 4.4.1.2.B shows the 3D docked pose for MDMA and 6-iodo- 

MDMA in the 5-HT binding site of the SERT homology model. Although they are found to 

interact with similar residues, namely Asp98 and Phe335, the presence of the iodide at the C6 

position of the aromatic ring seems to deflect the aromatic ring such that it is in a position to
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interact with an additional residue, Tyr95. The different orientations of MDMA and 6-iodo- 

MDMA in the 5-HT binding site of hSERT can be clearly seen in the overlay of the docked 

poses of both compounds (Figure 4.4.1.2.C). This extra interaction may contribute to the 

increased SERT inhibition observed in the hSERT inhibition experiments.

Figure 4.4.I.2. 3D image of the docked pose of A) MDMA (4), B) 6-iodo-MDMA (166) in 
the 5-HT binding site of hSERT with isolated residues important for inhibition

o
(distances (A) shown in blue, coloured by atom) C) overlay of the docked poses of 

MDMA (blue) (4) and 6-iodo-MDMA (red) (166) in the 5-HT binding site of hSERT

The protonated amine of 6-fluoro-MDMA (162) was found to interact with Phe341 and 

a hydrogen bond was observed with the methylenedioxy ring and Thr439. An interaction with 

crucial residues Asp98, Ala96 and Phe335 was not observed; however, compound 162 

behaved in a similar manner to other halogenated MDMA compounds (161, 166, 164)

A B

iAsp98

6-lodo-M DM A (166)

MDMA (4)
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(inhibition of 55 % at 1 |j M) (Figure 4.4.1.3.A.). It is worth noting that the presence of the C6 

substituent seems to force the aminoalkyl chain into a conformation that is structurally 

different from the unsubstituted parent compound (Figure 4.4.1.2.). This proposed 

conformation is also observed for MBDB and its C6 analogues (Section 4.4.2.). This is in 

contrast to reports that C6 substituents lead to unfavourable conformation of the aminoalkyl 

chain, resulting in decreased SERT inhibition potency “ . This may be responsible for the 

increased SERT inhibition observed for these compounds in the SERT inhibition experiments 

(Section 4.3.4.)

1 ^ 2  O  polar ‘ sidechain acceptor O  solvent residue •• noncoaser.^e3 1 6 0
O aD d c  ̂ s icechain  donor O  m etal com plex -nonpresen l
O basic - * backbone acxsplor solvent contact O Inconsislent
O  ijreasy  ^  backbone donor m etal contact cC'fii'arene-arene

proximity ligand ^ f e c e p t o r  (I f+ a re n e -c a to n
con to if *  exposure ^  contact

Figure 4.4.I.3. Ligand-protein interactions of A) 6-fluoro-MDMA (162) and B) 6-amino- 
MDMA (160) in the 5-HT binding site of hSERT

The 6-amino analogue of MDMA (160) was also docked in hSERT to investigate if 

any interactions exist with SERT. The results of the SERT uptake experiments suggest that 6- 

amino-MDMA does not bind to SERT (<40 % inhibition at 1 pM), however the docking 

experiments show interactions between the protonated amine and residues Asp98, Tyr95 and
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Ser438 in addition to Thr439, which forms a hydrogen bond with the amino moiety in the C6 

position of the aromatic ring (Figure 4.4.I.3.B.).

4.4.2. Protein-Ligand interactions of 6-substituted MBDB analogues

A series of MDMB analogues (169-172) were docked in the 5-HT binding site of the 

hSERT homology model to examine any ligand-SERT interactions. As previous in silica 

studies on the interactions of MBDB and SERT were not documented in the literature, MBDB 

was also chosen for examination in this study. Docking results predict cationic interaction of 

the protonated amine of MBDB with residues Asp98 and Phe335. These interactions are 

conserved for MDMA in the active site of hSERT which may rationalize the similar inhibitory 

abilities of these amphetamines to the serotonin transporter (IC30 values of 425 nM (MDMA) 

and 784 nM (MBDB) However an interaction with the significant residue Ala96, 

known to influence 5-HT and MDMA binding, does not occur for MBDB, which may explain 

its slightly lower potency at the 5-HT binding site of hSERT. Additional hydrogen bonding is 

observed between Thr439 and the methylenedioxy ring (Figure 4.4.2.1.). This interaction with 

Thr439 is significant as it has been shown though site-directed mutagenesis studies to be 

important for high affinity binding of SERT ligands
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Figure 4.4.2.1. A) 2D rendering of the protein-ligand interactions of MBDB (7) in the 5- 
HT binding site of hSERT B) 3D image of the docked pose of MBDB in the 5-HT binding 
site of SERT with isolated important residues for binding, (coloured by atom, H-bonding

distances (A) are shown in blue)

Figure 4.4.2.2. shows an overlay of the docked poses of MDMA and MBDB in the 5- 

HT binding site of the hSERT homology model. It can be clearly seen that a-ethyl side chain
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of MBDB protrudes out from the plane of the aromatic ring. This conformation is not 

observed for M DMA as the a-methyl group lies in the same plane as the aromatic ring. It is 

possible that this protrusion of the ethyl group may be preventing an interaction with the 

residue Ala96, as observed for MDM A (Figure 4.4.1.1, Section 4.4.1.). Figure 4.4.2.2.B. 

shows that the presence of the ethyl chain of MBDB causes a deflection o f the aromatic ring 

which may account for the additional hydrogen bonding predicted between the 

m ethylenedioxy ring and Thr439, an interaction that is not predicted for M DMA (Figure 

4.4.1.1, Section 4 .4 .1 .).

Figure 4.4.2.2. A) top view and B) side view o f the 3D image of the overlay o f the 
docked poses of MDMA (4) (blue) and MBDB (7) (red) in the 5-HT binding site of 

hSERT (hydrogens are omitted for clarity)

Figure 4.4.2.3. shows the protein-ligand interactions of 6-chloro-MBDB (169) and 6- 

iodo-MBDB (172). Strong interactions are observed between the protonated amine of 6- 

chloro-M BDB and the residues Asp98 and Phe335, which are known to be crucial for 

successful protein-ligand binding There is also an additional observed interaction with 

T yrl76  and the protonated amine. A hydrogen bond interaction is also observed between 

Thr439 and the methelendioxy ring of 6-chloro-MBDB. Thr439 is a significant residue that 

has been shown to play a role in binding of SERT ligands. The interaction with these specific

MBDB (7) MDMA (4)
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residues may account for the increased SERT inhibition compared to other substituted 

analogues (Table 4.3.4.I.)- 6-Iodo-MBDB has a strong interaction with significant residues 

Asp98 and Ala96, while also interacting with Tyr95 via a hydrogen bond with the oxygen 

atom of the methylenedioxy ring. This is consistent with SERT inhibition studies which 

indicate that 6-iodo-MBDB binds to SERT (68 % at 100 |jM ) with a similar potency to 6- 

chloro-MBDB (Table 4.3.4.1.).
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Figure 4,4.2.3. Ligand-protein interactions of A) 6-chloro-MBDB (169) and B) 6-iodo- 
MBDB (172) in the 5-HT binding site o f the SERT homology model

Ligand-protein interactions for 6-fluoro-MBDB (170) and 6-bromo-MBDB (171) were 

found to be similar to those for other halogenated MBDB analogues (Figure 4.4.2.4.) 6- 

Fluoro-MBDB (170) was found to interact with the same residues as the 6-chloro analogue 

(169), namely Asp98, Phe335, which are known to be important for potent ligand binding. An 

additional interaction with Tyr 176 is also observed. Interestingly, although predicted protein-



ligand interactions for these MBDB analogues are similar, the determined SERT reuptake 

inhibition results indicate that the 6-chloro-MBDB (169) analogue is more potent than the 6- 

fluoro-MBDB (170) analogue (50 % inhibition at 1 |jM  for 6-chloro-M BDB (169) compared 

to 39 % inhibition at 1 |jM  for 6-fluoro-MBDB (1 7 0 )) (Table 4.3.4.1.)
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Figure 4.4.2.4. Predicted protein-ligand interactions o f A) 6-fluoro-M BDB (170) and B) 
6-bromo-M BDB (171) in the 5-HT binding site o f hSERT

6-Bromo-M BDB (171) was predicted to interact with the significant residue Asp98 in 

the 5-HT binding site of the hSERT homology model. An additional cationic interaction is 

also predicted for Tyr95, a residue which has been suggested as important for the high affinity 

binding o f SERT ligands, including TCAs The lack o f interaction of this compound with a 

second key residue, Ala96, may be responsible for its less potent SERT inhibition activity 

compared to 6-chloro- (169) and 6-iodo-M BDB (172).
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4.4.3. Protein-ligand interactions of C6-alkyl MDMA and MBDB analogues

The C6-alkyl MDMA and MBDB analogues (173, 178, 185, 189) were docked in the

5-HT binding site of the hSERT homology model to investigate previous reports suggesting 

that C6 alkyl substituents force the aminoalkyl chain of MDMA into an unfavourable position, 

preventing adequate SERT interaction SERT inhibition results for group II compounds

are not available for this present study.

Figure 4.4.3.1.A shows 6-methyl-MDMA in the 5-HT binding site of the hSERT 

homology model. The protonated amine of 6-methyl-MDMA interacts with residues Asp98, 

Ala96 and Phe335, residues which have been previously shown to be crucial for the strong 

binding of SERT ligands including MDMA and 5-HT (Figure 4.4.1.1.) This suggests that

6-methyl-MDMA would inhibit SERT with a similar potency to that of MDMA, in contrast to 

hterature reports. An additional hydrogen bond interaction with Tyr95 and the methylenedioxy 

ring further suggests potent SERT inhibition of 6-methyl-MDMA (178). A 3D image o f the 

docked poses of MDMA and its C6 methyl analogue, overlaid in the 5-HT binding site of 

hSERT, shows that the amino moieties of both MDMA and 6-methyl-MDMA (178) are 

aligned in the same position in the 5-HT binding site, rationalising their similar interactions 

with residues Ala96, Asp98 and Phe335. The presence of the methyl substituent distorts the 

position of the aromatic ring in the SERT binding site, compared to unsubstituted MDMA (4), 

allowing it to interact with Tyr95 (Figure 4.4.3.1.B).

6-Methyl-MBDB (189) was docked in the 5-HT binding site of the hSERT homology 

model and was found to interact with Asp98 and Try95 via its protonated amine group (Figure 

4.4 .3 .l.C). Although an interaction with Asp98 is conserved for the parent compound MBDB 

(7), additional interactions with Phe335 and Thr439 which are observed for MBDB, do not
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exist for its 6-methyl equivalent, suggesting that the interaction of 6-methyl-MBDB (189) with 

SERT may be less potent than that of MBDB (7). A 3D image of the docked poses of 6- 

methyl-MBDB (189) and MBDB (7) overlaid in the 5-HT binding site of hSERT (Figure 

4.4.3.1.D) shows that the protonated amines do not align due to the different orientations of 

the aminoalkyl chains of MBDB and its 6-methyl analogue, which may explain the different 

residues interacting with each compound.
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Figure 4.4.3.I. A) 2D image of 6-methyl-MDMA (178), B) 3D image of the docked poses 
of MDMA(blue) and 6-methyl-MDMA(red), overlaid C) 2D image of 6-methyl-MBDB 

(189), D) 3D image of the docked poses of 6-methyl-MBDB (red) and MBDB (blue) in the
5-HT binding site of the hSERT homology model

6-Phenyl-MDMA (173) and 6-phenyl-MBDB (185) were also docked in the 5-HT 

binding site of the hSERT homology model. The protonated amine of 6-phenyl-MDMA (173)
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interacts with Asp98 and Tyrl76, however, in contrast to MDMA (4 ) and 6-methyl-MDMA 

(178), no interaction is observed between the protonated amine and residues Ala96 and 

Phe335 (Figure 4.4.3.2.A.), suggesting a reduced potency of 6-phenyl-MDMA (173) at SERT. 

A hydrogen bond interaction is observed between Thr439 and the methylenedioxy ring, a 

residue which has been suggested as playing a role in determining potent substrate binding 

The presence of the 6-phenyl moiety allows further interaction with hSERT via k-tt 

stacking of Tyr95. Structural alignment of MDMA (4 ) and 6-pheyl-MDMA (173) in the 5-HT 

binding site of hSERT shows that the amino moieties do not overlap, consistent with the fact 

that they do not interact with the same residues (Figure 4.4.3.2.B). Docking of 6-phenyl- 

MBDB (185) in the 5-HT binding site of hSERT indicates that a n-n stacking interaction exists 

between Tyr95 and the 6-phenyl moiety, similar to that observed for 6-phenyl-MDMA ( 1851 

(Figure 4.4.3.2.C). The methylenedioxy ring of 6-phenyl-MBDB was found to interact with 

Thr439, along with interactions between the protonated amine of 6-phenyl-MBDB (185) and 

residues Asp98 and Phe335, consistent with interactions predicted for MBDB. The additional 

interaction of the 6-phenyl moiety of 6-phenyl-MBDB ( 185) with the 5-HT binding site of 

hSERT suggests an increased potency at SERT, compared to the unsubstituted parent 

compound MBDB. This result is in contrast to reports suggesting that C6 substituents would

"̂ 88 ^89have less potent interactions with SERT compared to unsubstituted analogues ~ . Figure

4.4.3.2.D. shows a 3D image of the docked poses of 6-phenyl-MBDB (185) and MBDB (7 ) 

overlaid in the 5-HT binding site of hSERT. Similar to that observed for 6-phenyl-MDMA 

(173), the presence of the C6 phenyl substituent distorts the orientation of the aminoalkyl 

chain, allowing an additional interaction between Tyrl76 and the protonated amine. Predicted 

interactions for 6-phenyl-MBDB (185) suggest that it would be more potent at hSERT 

compared to MBDB. This is in agreement results obtained in a study by Gandy et al (2010),
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which determined that incorporation of aromatic moieties at the y?-position of the aminoalkyl 

chain does not affect the potency of MDMA
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Figure 4.4.3.2. A) 2D image of 6-phenyl-MDMA (173), B) 3D image of the docked poses 
of MDMA (blue) and 6-phenyl-MDMA (173) (red) overlaid, C) 2D image of 6-phenyl- 

MBDB (185), D) 3D image of the docked poses of 6-phenyl-MBDB (185) (red) and 
MBDB (blue) overlaid in the 5-HT binding site of the hSERT homology model

(hydrogens omitted for clarity)
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4.5. Conclusion

This study reports the cytotoxic activities o f  C 6 M B D B  and M D M A  analogues (158- 

195) on the neuronal cell line m odel, P C -12. It was found that a number o f  ring halogenated  

and ring alkylated M D M A  and M B D B  analogues displayed a potent cytotoxic effect on the 

primary neuronal cell line at high concentrations and these analogues were more toxic than 

their unsubstituted equivalents M D M A  and M B D B . It was also determined that M B D B  is not 

neurotoxic at low  concentrations (I |iM  and 100 pM ), consistent with the neurotoxicity o f  

similar amphetamines M D M A  and M D A , which are known to be toxic at high concentrations 

(approximate EC 50 values o f  3365 ^iM and 44 6 4  |iM  respectively).

This study also reports for the first time the SERT inhibitory activities o f  a range o f  

C6-substituted M D M A  and M B D B  analogues (158-172). It w as detennined that the majority 

o f these C 6-halogenated com pounds inhibit the reuptake o f  5-H T at 1 |j M com parable to the 

percentage reuptake inhibition by M D M A , 4-M T A  and PM A at the same concentration. These 

results im ply that this series o f  amphetamine analogues m ay bind to SERT in a sim ilar way  

albeit at higher concentrations to other amphetamines. This hypothesis was further supported  

by a m olecular m odelling study which show ed that a number o f  these representative 

com pounds displayed key interactions within the 5-H T binding pocket, key interactions that 

are also used by M D M A , 4-M T A  and other SERT ligands such as citalopram.

A number o f  these M D M A  and M B D B  analogues were found in a previous study, 

carried out in our laboratory, to be cytotoxic to a series o f  HEK cell lines which overexpress 

the m onoam ine transporters SERT, N E T  and D A T  and the malignant cell lines D G -75 and 

SH SY -5Y  (which are know n to overexpress SERT, NET (D G -75) and D A T (S H S Y -5Y )“®̂ ). 

A s previously m entioned, a recent study by Gandy et a l  (2010) identified a number o f  novel a-
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alky and a-aryl MDMA analogues which were shown to demonstrate an antiproliferative 

effect in a BL cell line at concentrations (EC50 of 6-12 pM) comparable to those previously 

determined for the library of C6 substituted MDMA and MBDB analogues evaluated in this 

study (EC50 10-30 laM in DG-75 cell line) (data not shown) Figure 4.5.1.

summarises the effects of 6-chloro-MDMA (161) in the PC-12 cell line along with its 

cytotoxicity in the HEK293, HEK hSERT, HEK hNET and HEK hDAT cell lines and the 

malignant cell lines DG-75 and SHSY-5Y. The fact that many of these compounds were found 

to be non-toxic to normal neuronal cells (PC-12), while exhibiting a toxic effect on the 

malignant cell line, DG-75 (Figure 4.5.I.C.), makes them attractive lead compounds for the 

development of novel, selective anticancer agents.

S E R T  Inhibition

Figure 4.5.1. Summary of the in vitro effects of compound 161
A) Compound 161 induced 77 % SERT inhibition at 100 pM and 62 % SERT inhibition at 1 pM, B) Compound 
161 had little effect on the viability o f the PC -12 cell line, C) Compound 161 had low micromolar cytotoxic 
effects on the HEK, hSERT, hNET, hDAT and DG-75 cell lines and a weak effect on the SHSY-5Y cell line 
(results in graph C were carried out by Dr. Suzanne Cloonan)
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Chapter 5. Conclusion
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5.0. Conclusion

A diverse library of compounds related in structure to monoamine transporter ligands, 

in particular, compounds related in structure to amphetamines and their structurally related 

synthetic byproducts and the NSRI maprotiline were synthesised and evaluated for their 

antiproliferative effect in Burkitt’s lymphoma (BL) cell lines.

A series of 1,3-bis(aryl)-2-nitro-l-propenes, structurally related to amphetamines 

MDMA, 4-MTA, PCA and PMA ,were identified as novel antiproliferative agents in BL cell 

lines MUTU-1 and DG-75. These compounds also displayed a moderate effect on the 

neuroblastoma cell line SHSY-5Y. Further investigations determined that the nitrostyrene 

related compounds induced apoptotic cell death as indicated by FACS analysis, accompanied 

by caspase activation, PARP cleavage, chromatin condensation and membrane blebbing. The 

pro-apoptotic effect of these compounds was found to be selective to malignant cell lines as 

they had no effect on the viability of PBMCs. Additional investigations concluded that protein 

tyrosine phosphatase and tubulin are not involved in the mechanism of cell death. SERT 

inhibition experiments determined that the l,3-bis(aryl)-2-nitro-l-propenes do not inhibit 

SERT and that cell death induced by these compounds is most likely not mediated though 

SERT. The SERT inhibition results were rationalised via an in silico study using a homology 

model of hSERT, which predicted no protein-ligand interactions between the 1,3-bis(aryl)-2- 

nitro-1-propenes and the 5-HT binding site of hSERT.

A series o f 9,10-dihydro-9,10-ethanoanthracnene and 9,10-dihydro-9,10- 

ethenoanthracnene, related in structure to the NSRI maprotiline were synthesised with 

modifications to the bridge of the dihydroethanoanthracene structure and alterations to the 

basic side chain. Many of these compounds were found to have a moderate antiproliferative
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effect on the BL cell lines MUTU-1 and DG-75, while a number of these compounds 

exhibited a potent antiproliferative effect on the BL cell lines, more potent than the lead 

compound maprotiline. In addition a series of novel 9-substituted anthracene compounds were 

synthesised as intermediates in the synthesis of 9,10-dihydro-9,10-ethanoanthracenes. These 

compounds were also found to exert a potent antiproliferative effect in the BL cell lines at low 

micromolar concentrations. The 9-anthracenyl compounds exhibited a selectively toxic effect, 

as they had no effect on the viability of peripheral blood mononuclear cells. Cell cycle 

analysis and caspase activation experiments determined that three 9-anthracene compounds 

induced apoptosis in the MUTU-1 cell line, identifying them as potential lead compounds for 

optimization for the treatment of BL.

A library of C6-halogenated and C6-alkylated MDMA and MBDB analogues were 

evaluated for their neurotoxic effect in the neuronal cell line model, P C -12. Most of these 

novel MDMA and MBDB analogues were found to have no neurotoxic effect at 1 |jM  and 100 

|jM . a  small number of compounds including MDMA analogues with 6-fluoro-,6-bromo- and 

6-aklynylamino substituents and MBDB analogues with 6-amino- and 6-propynol substituents 

were found to have potent cytotoxic effects on the PC -12 cell line, indicating a potential 

neurotoxic effect in vivo. These compounds were found to have a more potent neurotoxic 

effect than that of related amphetamines MDMA and MDA. MBDB was also evaluated in this 

study and found to be non-toxic at 100 |jM , indicating a neurotoxic effect at high 

concentrations only, consistent with reports that related amphetamines M DM A and MDA are 

toxic at high concentrations. SERT inhibition experiments determined that a number of the 

C6-halogenated MDMA and MBDB analogues displayed a more potent SERT inhibitory 

effect at 1 |jM  than their unsubstituted parent compounds MDMA and MBDB and related 

amphetamines PMA and 4-MTA. An in silico study was conducted using a homology model
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of human SERT and identified protein-ligand interactions between the C6-halogenated 

MDM A and MBDB analogues and the 5-HT binding site of hSERT, which are comparable to 

those identified for MDM A and the SERT substrate, 5-HT.

In summary, a diverse library o f l,3-bis(aryl)-2-nitro-l-propene, 9,10-dihydro-9,10- 

ethanoanthracene, 9-substituted anthracene compounds and C6-substituted MDM A and 

MBDB compounds were synthesised and identified as novel antiproliferative agents in BL cell 

lines. These antiproliferative effects are potent and selective toward malignant cell lines and 

have the potential to act as lead compounds for the development of novel drug candidates for 

the treatment of Burkitt’s lymphoma. Accordingly, further studies are needed to determine the 

exact nature of the antiproliferative effect and identify possible molecular targets to further 

exploit the antiproliferative effect o f these novel compounds.
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Chapter 6. Experimental
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6.1. Experimental Note

U ncorrected m elting points were m easured on a G allenkam p apparatus. Infra-red (IR) 

spectra were recorded on a Perkin E lm er FT-IR Paragon 1000 spectrom eter. 'H , '^C and '^F 

nuclear m agnetic resonance (N M R) spectra w ere recorded at 27 °C on a B rucker DPX 400 

spectrom eter (400.13 M H z, 'H ; 100.61 M H z, ’^C; 376.47 M Hz, ’^F) in either CD CI3  (internal 

standard tetram ethylsilane (TM S)) or C D 3 OD. For CD CI3 , 'H -N M R  spectra were assigned 

relative to the TM S peak at 6  0.00 and '^C-N M R spectra were assigned relative to the m iddle 

C D C I3  triplet at 77 .00 ppm . For C D 3 OD, ’H and '^C-N M R spectra w ere assigned relative to 

the center peaks o f the C D 3 OD m ultiplets at 5 3.30 and 49.00 ppm  respectively. '^F-NM R 

spectra were not calibrated. C oupling constants are reported in Hertz. For ' H -N M R 

assignm ents, chem ical shifts are reported: shift value (num ber o f protons, description of 

absorption, coupling constant(s) w here applicable). Com pounds in bearing an N -  

trifluoroacetyl m oiety are represented in their respective 'H , '^C and '^F-N M R spectra as two 

sets o f signals due to the presence o f  rotam ers. ' ‘̂ C and '^F-NM R signals corresponding to the 

m ajor rotam er o f each com pound are indicated by H ow ever, w here only one '^C or ''^F 

signal is observed for a given carbon or fluorine atom  (due to coinciding chem ical shifts or 

inadequate acquisition tim e), this signal is also indicated by E lectrospray ionisation m ass 

spectrom etry (ESI-M S) was perform ed in the positive ion m ode on a liquid chrom atography 

tim e-of-flight m ass spectrom eter (M icrom ass LCT, W aters Ltd., M anchester, UK). The 

sam ples w ere introduced into the ion source by an LC system  (W aters A lliance 2795, W aters 

C orporation, USA) in acetonitrile:w ater (60:40% v/v) at 200 |aL/min. The capillary  voltage o f 

the m ass spectrom eter was at 3 kV. The sam ple cone (de-clustering) voltage was set at 40 V. 

For exact m ass determ ination, the instrum ent was externally calibrated for the m ass range m /z 

100 to m/z 1000. A lock (reference) m ass (m /z 556.2771) was used. M ass m easurem ent 

accuracies o f <±5 ppm  w ere obtained. Low resolution m ass spectra (LR M S) were acquired on 

a H ew lett-Packard 5973 M SD  G C -M S system  in electron im pact (ESI) m ode. H igh resolution 

m ass spectra (H R M S) were acquired on a Therm o Scientific LTQ O rbitrap D iscovery system  

in ESI mode. Flash flash colum n chrom atography was carried out on M erck K ieselgel 60 

(particle size 0.040-0.063 m m ), A ldrich alum inium  oxide, (activated, neutral, B rockm ann I, 50 

m esh) or A ldrich alum inium  oxide, (activated, acidic, B rockm ann I, 50 m esh).
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6.2. Experimental detail for Chapter Two: Preparation of l,3-bis(aryl)-2- 
nitro-l-propenes and related compounds

General Procedure 6.2.1. Preparation of nitroethenes

To a solution of the appropriate benzaldehyde (10.00 mmol) in glacial acetic acid (15 

mL) was added nitromethane (20.00 mmol), followed by cyclohexylamine (10.00 mmol). The 

reaction was refluxed over a water bath for 6  hours. Water (50 mL) was added and the reaction 

was allowed to stand overnight. The precipitated nitroethene was isolated by filtration. The 

filtrate was further diluted with water (100 mL) and extracted with dichloromethane (3 x 50 

mL). The organic phases were combined and washed with satd. aq. NaHCOa (3 x 50 mL). The 

solution was dried over anhydrous Na2S0 4 , filtered and all solvent removed in vacuo, to g;ve 

an oil which was purified by flash column chromatography over silica gel. The 

chromatographed and precipitated nitroethene fractions were combined and recrystallised.

Preparation of l-(4-methylthiophenyl)-2-nitroetliene (25)

l-(4-Methylthiophenyl)-2-nitroethene (25) was prepared from 4- 

methylthiobenzaldehyde (18) (10.00 mmol, 1.52 g) according to procedure 6.2.1. The prodict 

was purified by flash column chromatography over silica gel (eluent: 4:1 DCM/Hexane) and 

recrystallised from ethyl acetate.

Yellow crystals (72 %).

M.p. 80-82 °C (lit. M.p. 84-86 °C)

IRvmax (KBr) 1619 (C=C) 1491, 1327 (NO2 ) cm '.

iR NMR 8  (CDCI3) 2.55 (3H, s, SCH3 ), 7.28, 7.47 (4H, 2d, J = 8.5 Hz, J = 8.5 Hz, H27H6’, 

H37H5’) 7.55 (IH, d, J = 13.2 Hz, HI) 7.95 (IH, d, J = 13.6 Hz, H2).

13C NMR ppm (CDCI3 ) 14.39 (SCH3 ), 125.44 (C27C6’), 126.16 (C4’), 129.00 (C37C5’), 

135.60 (C2), 138.30 (Cl), 144.70 (C l’)

HRMS (ESI) calculated for C9 H,oN0 2 S: (M^ + H) 196.0433: found 196.0439.

Preparation of l-(3,4-metlilyenedioxyphenyl)-2-nitroethene (26)

l-(3,4-Methlyenedioxyphenyl)-2-nitroethene (26) was prepared from piperonal (19) 

(10.00 mmol, 1.50 g) according to general procedure 6.2.1. The product was purified by flish
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column chromatography over silica gel (eluent: 4:1 DCM/hexane) and recrystallised from 

ethyl acetate.

Yellow crystals (77 %).

M.p. 159-161 °C (lit. M.p. 161-164 °C)

IRvmax(KBr) 1630 (C=C), 1493, 1335 (NO2) cm >.

JR NM R 8  (CDCI3 ) 6.10 (2H, s, OCH2O), 6.90 (IH, d, J = 8.0 Hz, H5’), 7.03 (IH, s, H2’) 

7.10 (IH , d, J = 8.0 Hz, H6 ’), 7.49 (IH, d, J = 13.5 Hz HI), 7.96 (IH , d, J = 13.5 Hz H2).

J3C NMR ppm (CDCI3 ) 101.59 (OCH2O), 106.59 (C5’), 108.61 (C2’), 123.78 (C l’), 126.07 

(C6 ’), 134.99 (C2), 138.55 (C l), 148.34 (C3’), 150.91 (C4’)

HRMS (ESI) calculated for C9 H8NO4 : (M^ + H) 194.0814: found 194.0475.

Preparation of l-(4-methoxyphenyl)-2-nitroethene (27)

l-(4-Methoxyphenyl)-2-nitroethene (27) was prepared from p-anisaldehyde (20) 

(10.00 mmol, 1.36g) according to general procedure 6.2.1. The product was purified by flash 

column chromatography over silica gel (eluent: 4:1 DCM /hexane) and recrystallised from 

ethyl acetate.

Yellow crystals (70%).

M.p. 83-85 °C

IRv„,ax (KBr) 1602 (C=C), 1174 (C-0), 1493, 1338 (NO2) cm *.

’H NMR 8  (CDCI3 ) 3.89 (3H, s, OCH3), 6.98 (2H, d, J = 9.0 Hz, H2’/H6’), 7.52-7.57 (3H, 2d, 

J = 9.0 Hz, H3’/H5’, J = 13.5 Hz, HI), 8.00 (IH, d, J = 13.5 Hz, H2).

•3C NM R ppm  (CDCI3) 55.57 (OCH3), 114.95 (C3’/C5’), 122.58 (C l’), 131.19 (C2’/C6’), 

135.07 (C2), 139.08 (C l) 162.96 (C4’)

HRMS (ESI) calculated for CgHmNOs: (M^+ H) 180.0661: found 180.0664

Preparation of l-(4-chlorophenyl)-2-nitroethene (28)

l-(4-ChlorophenyI)-2-nitroethene (28) was prepared from 4-chlorobenzaldehyde (21) 

(10.00 mmol, 1.46 g) according to general procedure 6.2.1. The product was purified by flash 

column chromatography over silica gel (eluent: 4:1 DCM/hexane) and recrystallised from 

ethyl acetate.

Pale yellow' crystals (80 %).
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M.p. 98-100 °C (lit. M.p. 113-114 °C)

IRvn,ax(KBr) 1633 (C=C), 1587, 1337 (NO2), 816 (C-Cl) cm *.

m  NMR 5 (CDCI3) 7.46 (2H, d, J = 8.5 Hz, H 27H 6’), 7.52 (2H, d, J = 8.5 Hz, H 37H 5’), 

7.59 (IH , d, J = 13.6 Hz, H I), 7.98 (IH , d, J = 13.6 Hz, H2).

»3C NMR ppm (CDCI3) 128.07 (C4’), 129.35 (C2), 129.89 (C l), 136.97 (C 37C 5’), 137.27 

(C 27C 6’), 137.92 (C F )

HRMS (ESI) calculated for C 8H6CINO2 : (M^) 183.0087: found 183.0083

Preparation of l-(2,4-dichlorophenyl)-2-nitroethene (29)

l-(2,4-Dichlorophenyl)-2-nitroethene (29) was prepared from 2,4-chlorobenzaldehyde 

(21) (10.00 mmol, 1.75 g) according to general procedure 6.2.1. The product was purified by 

flash column chromatography over silica gel (eluent; 4:1 DCM/hexane) and recrystallised 

from ethyl acetate.

Yellow crystals (91 %)

M. p. 100-102 °C

I R v w  (KBr) 1337, 1587 (NO 2 ), 1634 (C=C) cm '

m  NM R 6 (CDCI3 ) 7.34 (IH , d, J = 8.0 Hz, H 5'), 7.42 (IH , s, H 3’), 7.45 (IH , d, J = 8.0 Hz, 

H6’), 7.87 (IH , d, J = 14.0 Hz, H I), 8.27 (IH , d, J = 14.0 Hz, H2)

NMR ppm (CDCI3 ) 128.15 (C4’), 129.32 (C2), 131.14 (C l), 131.60, 133.16, 135.60, 

136.42, 142.50 (C4’).

HRMS (ESI) calculated for CsHsNOjCb: (M^) 216.9697: found 216.9694.

Preparation of l-(4-brom ophenyl)-2-nitroethene (30)

l-(4-Bromophenyl)-2-nitroethene (30) was prepared from 4-bromobenzaldehyde (23) 

(4.42 mmol, 1.00 g) according to general procedure 6.2.1. The product was purified by flash 

column chromatography over silica gel (eluent: 85:15, hexane/diethyl ether) and recrystallised 

from methanol.

Pale yellow crystals (73 %)

M.p. 149-150 °C

IRvniax(KBr) 1541, 1339 (NO 2 ) cm *

288



iH  NMR 8  (CDCI3) 7.43 (2H, d, J = 8.5 Hz, H2VH6’), 7.58 (IH, d, J = 13.6 Hz, H2), 7.62 

(2H, d, J = 8.5 Hz, H37H5’), 7.95 (IH, d, J = 13.5 Hz, HI)

13C NMR ppm (CDCI3) 126.34 (C F), 128.50 (C4’), 129.91 (C27C6’), 132.31 (C37C5’), 

137.02 (C l), 137.29 (C2)

HRMS (ESI) calculated for CgHsBrNOj: (M^) 226.9586: found 226.9582.

Preparation of l-(4-fluorophenyl)-2-nitroethene (31)

l-(4-Fluorophenyl)-2-nitroethene (31) was prepared from 4-fluorobenzaldehyde (24) 

(10.00 mmol, 1.67 g) according to general procedure 6.2.1. The product was purified by flash 

column chromatography over silica gel (eluent: 85:15, hexane/diethyl ether) and recrystallised 

from methanol.

Pale yellow crystals (85 %)

M.p. 104-106 °C (lit. m.p. 100-101 °C)

IRvmax(filrn) 1346, 1503 (NO2), 1637 (C=C) cm'*

NMR 6  (CDCI3 ) 7.18 (2H, dd, Jhf = 17.0 Hz, Jhh = 8.5 Hz, H37H5’), 7.54-7.60 (3H, m, 

H27H6’, H2) 7.99 (IH, d, J = 13.6 Hz, HI)

'^CNMR ppnUCDCb) 116.45 (d, ^Jcf = 22 Hz, C37C5’), 125.86 (CT), 130.80 (d, ^Jcf = 5.7 

Hz, C27C6’), 136.37 (C l), 137.34 (C2), 163.22 (d, 'Jcf = 254 Hz, C4’).

HRMS (ESI) calculated for CgHfiFNOj: (M^) 167.0383: found 167.0383.

General Procedure 6.2.2. Preparation of nitroethanes

To a vigorously stirred mixture of the appropriate l-(aryl)-2-nitroethene (3.68 mmol), 

silica gel (9.30 g) and propan-2-ol (100 mL) in dichloromethane (350 mL) at room 

temperature there was added NaBH4 (15.00 mmol, 0.57 g). The mixture was stirred for 20 min 

until the solution turned colourless. Excess NaBH4 was quenched with the addition of dilute 

HCl (50 mL). The mixture was filtered and the silica gel washed with dichloromethane (100 

mL). All organic phases were combined and washed with brine (3 x 50 mL) and water (3 x 50 

mL). The organic phases were then dried over anhydrous Mg2S0 4  and the solvent removed in 

vacuo, to give an oil which was then purified by flash column chromatography over silica gel.
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Preparation of l-(4-methyIthiophenyl)-l-nitroethane (32)

l-(4-Methylthiophenyl)-l-nitroethane (32) was prepared from l-(4-methylthiophenyl)- 

1-nitroethene (25) (36.80 mmol, 7.20 g) according to general procedure 6.2.2. The product 

was purified by flash column chromatography over silica gel (eluent: 35:65 diethyl 

ether/hexane) and recrystallised from ethyl acetate.

Dark orange oil (89 %).

IRv’niax (film) 1549, 1375 (NO2) cm'*.

m NMR 8  (CDCI3 ) 2.49 (3H, s, SCH3), 3.30 (2H, t, J =  7.5 Hz, H2), 4.60 (2H, t, J = 7.5 Hz 

HI), 7.15 (2H, d, J = 8.0 Hz, H27H6’), 7.23 (2H, d, J = 8.0 Hz, H37H5’).

13C NMR ppm (CDCI3) 15.25 (SCH3), 23.36 (C2 ), 76.14 (Cl), 126.45 (C27C6’), 128.66 

(C37C5’), 132.02 (C4’), 137.21 (CT).

HRMS (ESI) calculated for C9H ,,N 0 2 S; (M^) 197.0510: found 197.0515

Preparation of l-(3,4-methylenedioxyphenyl)-l-nitroethane (33)

l-(3,4-Methylenedioxyphenyl)-l-nitroethane (33) was prepared from l-(3,4- 

methylenedioxyphenyl)-l-nitroethene (26) (36.80 mmol, 7.10 g) according to procedure 6.2.2. 

No further purification was required.

Pale brown crystals (89 %)

M.p. 50 °C (lit M.p. 53-54 °C)

IRvmax(KBr) 2777 (OCH2O), 1544, 1382 (NO2) cm *

iH NMR 6  (CDCI3) 3.26 (2H, t, J = 7.3 Hz, H2), 4.58 (2H, t, J = 7.3 Hz, HI), 5.98 (2H, s, 

OCH2O), 6.67 (IH, dd, J = 1.2 Hz, J = 7.8 Hz, H6 ’) 6.69 (IH, d, J = 1.2 Hz, H2’), 6.77 (IH, d, 

J = 7.8Hz, H5’).

13C NMR ppm (CDCI3) 32.77 (C2), 76.04 (Cl), 100.70 (OCH2O), 108.20 (C2’), 108.42 

(C5’), 121.19 (C6 ’), 128.74 (C l’) 146.47, 147.57 (C3’, C4’).

HRMS (ESI) calculated C9H9NO4 : (M^) 195.0532: found 195.0540

Preparation of l-(4-methoxyphenyl)-l-nitroethane (34)

l-(4-Methoxyphenyl)-l-nitroethane (34) was prepared from l-(4-methoxyphenyl)-l- 

nitroethane (27) (36.80 mmol, 6.59 g) according to procedure 5.1.2. No further purification 

was required.
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Dark brown oil (91 %)

IRvmax (film) 1549, 1378 (NO2) 1179 (C-O) cm *.

iR  NM R 6  (CDCI3 ) 3.29 (2H, t, J = 7.5 Hz, H2), 3.82 (3H, s, OCH3 ), 4.60 (2H, t, J = 7.5 Hz,

HI), 6 . 8 8  (2H, d, J = 8 . 8  Hz, H27H6’), 7.16 (2H, d, J = 8 . 8  Hz, H37H5’)

13C NMR ppm (CDCI3 ) 55.57 (OCH3), 33.04 (C2), 75.23 (C l), 114.95 (C37C5’), 122.58 

(Cr), 131.19 (C27C6’), 162.96 (C4’)

HRM S (ESI) calculated for CgHijNOj: (M^ + H) 182.0818: found 182.0820

Preparation of l-(4-chlorophenyl)-l-nitroethane (35)

l-(4-Chlorophenyl)-l-nitroethane (35) was prepared from l-(4-chlorophenyl)-l- 

nitroethane (28) (36.80 mmol, 6.76 g) according to general procedure 6.2.2. No further 

purification was required.

Dark brown oil (82 %).

IRvniax (film) 1552, 1376 (NO2) cm'i.

*H NMR 8  (CDCI3 ) 3.31 (2H, t, J = 7.3 Hz, H2), 4.62 (2H, t, J = 7.3 Hz, HI), 7.17 (2H, d, J =

8.5 Hz, H27H6’), 7.32 (2H, d, J = 8.5 Hz, H37H5’).

NMR ppm (CDCI3) 32.71 (C2), 76.03 (C l), 129.15 (C27C6’), 129.97 (C37C5’), 133.42 

(CT), 134.12 (C4’).

HRMS (ESI) calculated for CgHgClNOi: (M^) 185.0244: found 185.0250.

Preparation of l-(2,4-dichlorophenyl)-l-nitroethane (36)

l-(2,4-Dichlorophenyl)-l-nitroethane (36) was prepared from l-(2,4-dichlorophenyl)- 

2-nitroethene (29) (1.38 mmol, 0.30 g) according to general procedure 6.2.2. The product was 

purified by flash column chromatography over silica gel (eluent: 7:3 hexane/diethyl ether).

Pale yellow oil (83 %).

IRv„,ax 1549, 1369 (NO2) cm '

‘H NMR 6  (CDCI3) 3.24 (2H, t, J = 7.0 Hz, HI), 4.65 (2H, t, J = 7.0 Hz, H2), 7.20 (2H, d, J = 

8.0 Hz, H57H6’), 7.42 (IH, s, H3’).

13C NMR ppm (CDCI3) 30.42 (C2), 73.53 (C l), 127.21 (C3’), 129.27 (C5’), 131.49 (C6 ’), 

133.82, 134.21 (C4 ).

HRMS (ESI) calculated for C 8H7CI2NO2 : (M^) 218.9854: found 218.9848
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Preparation of l-(4-bromophenyl)-l-nitroethane (37)

l-(4-Bromophenyl)-l-nitroethane (37) was prepared from l-(4-bromophenyl)-l- 

nitroethene (30) (2.91 mmol, 0.67 g) according to general procedure 6.2.2. No further 

purification was required.

Pale oil (98 %)

IRvmax(film) 1567, 1362 (NO2 ) cm '.

m NMR 6 (CDCI3 ) 3.29 (2H, t, J = 7.0 Hz, H2), 4.61 (2H, t, J = 7.5 Hz, HI), 7.10 (2H, d, J =

8.0 Hz, H27H6’), 7.46 (2H, d, J = 8.0 Hz, H37H5’)

NMR ppm (CDCI3) 32.78 (C2), 75.91 (Cl), 121.49 (C37C5’), 130.28 (CT), 132.12 

(C27C6’), 134.60 (C4’)

HRMS (ESI) calculated for C8HgN02Br: (M^) 228.9738: found 228.9741.

Preparation of l-(4-fIuorophenyl)-l-nitroethane (38)

l-(4-Fluorophenyl)-l-nitroethane (38) was prepared from l-(4-fluorophenyl)-l- 

nitroethene (31) (10.00 mmol, 1.67 g) according to general procedure 6.2.2. No further 

purification was required.

Orange oil (85 %)

IRvmax(filrn) 1378, 1552 (NO2) cm ''.

iR NMR 8  (CDCI3 ) 3.21 (2H, t, J = 7.0 Hz, H2), 4.51 (2H, t, J = 7.0 Hz, HI), 7.01 (2H, d, J =

8.0 Hz, H27H6’), 7.38 (2H, d, J = 8.0 Hz, H37H5’)

'3C NMR ppm (CDCI3 ) 32.53 (C2), 76.27 (Cl), 115.68 (d Jcf = 11-6 Hz), 115.89 (d, Jcf =

11.6 Hz, C27C6’), 130.23, 131.54 (J  ̂= 9.0 Hz, = 3.5 Hz, C37C5’), 160.87, 163.31 ( J c f  = 

250 Hz, C4’)

HRMS (ESI) calculated for CgHsFNOz: (M^) 169.0539; found 169.0544.

General Procedure 6.2.3.Preparation of l,3-bis(aryI)-2-nitro-l-propenes

A mixture of the appropriate l-(aryl)-l-nitroethane (15.00 mmol), dimethylamine 

hydrochloride (30.00 mmol), potassium fluoride (2.25 mmol) and the appropriate aldehyde 

(15.00 mmol) in toluene (20 mL) was refluxed with a Dean-Stark trap for 24 hours. The 

reaction was then diluted with toluene (100 mL) and washed with 10 % aq. HCl (3 x 30ml).
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The organic phase was dried over anhydrous Mg2S0 4  and solvent evaporated in vacuo. The 

product was purified by flash column chromatography over silica gel.

Preparation of l,3-bis(4-methylthiophenyl)-2-nitro-l-propene (39)

1.3-Bis(4-methylthiophenyl)-2-nitro-l-propene (39) was prepared from l-(4- 

methylthiophenyl)-l-nitroethane (32) and 4-methylthiobenzaldehyde (18) (15.00 mmol, 2.28 

g) according to procedure 6.2.3. The product was purified by flash column chromatography 

over silica gel (eluent: 7:3 hexane/diethyl ether) and recrystallised from methanol.

Yellow crystals (50 %).

M .p. 80-81 °C (lit M.p. 80-82 °C)

IRvmax(KBr) 1638 (C=C), 1492, 1308 (NO2) cm >.

iH NMR 8 (CDCI3) 2.50 (3H, s, SCH3), 2.51 (3H, s, SCHj), 4.26 (2H, s, H3), 7.16 (2H, d, J = 

8.3 Hz, H2”/H6”), 7.25, 7.28 (4H, m, H3”/H5”, H27H6’), 7.39 (2H, d, J = 8.5 Hz, H3VH5’), 

8.30 (IH, s, HI).

•3C NMR ppm (CDCI3) 14.93, 15.97 (SCH3), 32.62 (C3), 125.92, 127.26, 128.10, 130.30 

(ArCH), 133.01, 135.37 (C4), 143.02 (C2).

HRMS (ESI) calculated for C nH nN O jSj: (M^ + H) 332.0787; found 332.0779.

Preparation of l,3-bis(3,4-methylenedioxyphenyl)-2-nitro-l-propene (40)

1.3-Bis(3,4-methylenedioxyphenyl)-2-nitro-l-propene (40) was prepared from l-(3,4- 

methylenedioxyphenyl)-l-nitroethane (33) and piperonal (19) (15.00 mmol, 2.25 g) according 

to procedure 6.2.3. The product was purified by flash column chromatography over silica gel 

(eluent: 85:15 hexane/ethyl acetate) and recrystallised from methanol.

Yellow crystals (60 %)

M.p. 131-134 °C (lit. M.p. 136 °C)

IRvmax(KBr) 1645 (C=C), 1501, 1315 (NO2) cm'*

iH NMR 8 (CDCI3) 4.21 (2H s, H3), 5.97, 6.05 (4H, 2s, OCH2O), 6.69 (3H, m, H5” ,H1” ), 

6.78 (IH, d, J = 8.0 Hz, H6 ” ), 6 . 8 8  (2H, d, J = 8.5 Hz, H5’), 6.95 (IH, s, H2’), 7.03 (2H, d, J 

= 8.0 Hz, H6 ’), 8.24(1H, s, HI)
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13C NMR ppm (CDCI3) 32.20 (C3), 100.66, 101.38 (OCH2O), 107.73, 108.19, 108.59, 

108.71 (C27C5’, C2”/C5”), 119.97, 125.60 (C6 ’,C6 ”), 125.25 (C l’), 129.26 (C l”), 135.14 

(Cl), 146.15 (C2), 147.55, 147.71, 148.00, 149.38 (C47C4”, C37C3”)

HRMS (ESI) calculated for C nH ,4 N0 6 : (M^+ H) 328.0816; found 328.0821.

Preparation of l,3-bis(4-methoxyphenyl)-2-nitro-l-propene (41)

1.3-Bis(4-methoxyphenyl)-2-nitro-l-propene (41) was prepared from l-(4- 

methoxyphenyl)-l-nitroethane (34) and p-anisaldehyde (15.00 mmol, 4.04 g) according to 

general procedure 6.2.3. The product was purified by flash column chromatography over silica 

gel (eluent: 4:1 DCM/hexane) and recrystallised from methanol.

Yellow crystals (37 %)

M.p. 120-123 °C (litM.p. 124 °C)

IRvmax (film) 1643 (C=C), 1513, 1303 (NO2 ), 1177(C-0) cm *

m  NMR 6 (CDCI3) 3.81, 3.86 (6 H, 2s, OCH3 ), 6 . 8 8  (2H, d, J = 8.5 Hz, H2”/H6”), 4.25 (2H, 

s, H3), 6.95 (2H, d, J = 9.0 Hz, H27H6’), 7.16 (2H, d, J = 8.5 Hz, H3”/H5”), 7.46 (2H, d, J = 

8.5 Hz, H37H5’), 8.31 (IH, s, HI)

i^C NMR ppm (CDCI3) 31.76 (C3), 54.84, 55.00 (OCH3), 113.89, 114.22 (C2”/C6”), 123.83 

(C l”), 127.74 (C r) , 128.15 (C27C6’), 131.53 (C3”/C5”), 134.94 (C37C5’), 158.07 (C4”), 

161.08 (C4’).

HRMS (ESI) calculated for C nH ,9 N0 4 : (M  ̂+ H) 300.1236: found 300.1224.

Preparation of l,3-bis(4-chlorophenyl)-2-nitro-l-propene (42)

1.3-Bis(4-chlorophenyl)-2-nitro-l-propene (42) was prepared from l-(4-chlorophenyl)- 

1-nitroethane (35) and 4-chlorobenzaldehyde (15 mmol, 2.11 g) according to general 

procedure 6.2.3. The product was purified by flash column chromatography over silica gel 

(eluent: 1 0 : 1  hexane/ethylacetate) and recrystallised from methanol.

Yellow crystals (50 %)

M.p. 74-76 °C

IRvmax(KBr) 1520, 1312 (NO2 ) cm''

iH NMR 6  (CDCI3) 4.22 (2H, s, H3), 7.14 (2H, d, J = 8.5 Hz, H3”/H5”), 7.32, 7.37 (4H, 2d, J 

= 8.5 Hz , H2”/H6”,H37H5’), 7.43 (2H, d, J = 8.5 Hz, H27H6’), 8.28 (IH, s, HI)
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13C NMR ppm (CDCI3 ) 32.37 (C3), 134.37, 136.88 (C4’VC4’), 130.19 (CT), 133.06 (CT), 

128.90, 129.20, 129.57, 130.87, (ArCH), 149.46 (C2)

HRMS (ESI) calculated for CjsHioCliNOi: (M - H) 306.0089: found 306.099.

Preparation of l-(4-chlorophenyl)-3-(2,4-dichlorophenyl)-2-nitro-l-propene (43)

l-(4-Chlorophenyl)-3-(2,4-dichlorophenyl)-2-nitro-l-propene (43) was prepared from 

l-(4-chlorophenyl)-l-nitroethane (35) (2.69 mmol, 0.50 g) and 2,4-dichlorobenzaldehyde 

(2.69 mmol, 0.47 g) according to general procedure 6.2.3. The product was purified by flash 

column chromatography over silica gel (eluent: 7:3 hexane/diethyl ether) and recrystallised 

from methanol.

Yellow solid (20 %).

M.p. 90-92 °C.

IRvmax(KBr) 1508, 1341 (NO2 ) cm '‘.

‘H NMR 8  (CDCI3 ) 4.09 (3H, s, H3), 7.09 (2H, d, J = 8.5 Hz, H37H5’), 7.23 (IH, d, J = 8.5 

Hz, H5” ), 7.30 (3H, d, J = 8.5 Hz, H27H6’, H6 ’), 7.55 (IH, d, J = 1.5 Hz, H3” ), 8.32 (IH , s, 

HI).

NMR ppm (CDCI3) 31.83 (C3), 127.25, 128.57, 128.69, 129.73, 129.75, 131.21 (ArCH, 

C l), 128.88, 132.66, 133.74, 135.18, 136.46 (C4 ), 150.68 (C2).

HRMS (ESI) calculated for C 15H9NO2CI3 : (M^ - H) 339.9699: found 339.9696.

Preparation of l-(4-chlorophenyl)-3-(4-methylthiophenyl)-2-nitro-l-propene (44)

l-(4-Chlorophenyl)-3-(4-methylthiophenyl)-2-nitro-l-propene (44) was prepared from 

l-(4-chlorophenyl)-l-nitroethane (35) (2.69 mmol, 0.50 g) and 4-methylthiobenzaldehyde 

(2.69 mmol, 0.41 g) according to general procedure 6.2.3. The product was purified by flash 

column chromatography over silica gel (eluent: 7:3 hexane/diethyl ether) and recrystallised 

from methanol.

Yellow needles (30 %)

M.p. 115-117 °C.

IRvmax(KBr) 1525, 1354 (NO2) cm '.
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iH NMR 8  (CDCI3 ) 2.53 (3H, s, SCH3 ), 4.27 (2H, s, H3), 7.16 (2H, d, J = 8.5 Hz, H2’7H6” ), 

7.26 (2H, d, J = 8.5 Hz, H27H6’), 7.31 (2H, d, J = 8.5 Hz, H3’7H5” ), 7.36 (2H, d, J = 8.5 Hz, 

H37H5’), 8.31 (IH, s, HI).

NMR ppm (CDCI3 ) 14.44 (SCH3 ), 32.11 (C3), 125.51, 128.50, 128.65, 129.78 (ArCH), 

127.31, 132.43,134.25 (C4 ) 135.15 (C l), 142.84 (C2).

HRMS (ESI) Calculated for CieHnNOsSCl: 319.0434 (M^ + H): found: 319.0432.

Preparation of l,3-bis(4-bromophenyl)-2-nitro-l-propene (45)

1.3-Bis(4-bromophenyl)-2-nitro-l-propene (45) was prepared from l-(4- 

bromophenyl)-l-nitroethane (37) (1.62 mmol, 0.30 g) according to general procedure 6.2.3. 

The product was purified by flash column chromatography over silica gel (eluent: 6:1 

DCM/hexane).

Yellow solid (35 %).

M.p. 91-93 °C.

IRv„,ax (film) 1520, 1325 (NO2 ) cm '.

‘H NMR 8 (CDCI3) 4.19 (2H, s, H3), 7.07 (2H, d, J = 8.0 Hz, ArCH), 7.28 (2H, d, J = 8.5 Hz, 

ArCH), 7.46 (2H, d, J = 8.5 Hz, ArCH), 7.57 (2H, d, J = 8.5 Hz, ArCH), 8.25 (IH, s,Hl).

*3C NMR ppm (CDCI3 ) 32.00 (C3), 128.86, 130.57, 131.67, 132.08 (ArCH), 120.62, 124.78, 

129.85, 134.23(C4), 134.49 (Cl), 148.93 (C2).

HRMS (ESI) calculated for CijHioBrjNOz: (M - H) 393.9078: found 393.9076 .

Preparation of l,3-bis(4-fIuorophenyl)-2-nitro-l-propene (46)

1.3-Bis(4-fluorophenyl)-2-nitro-l-propene (46) was prepared from l-(4- 

fluoronitrophenyl)-nitroethane (38) (2.99 mmol, 0.50 g) according to general procedure 6.2.3. 

The product was purified by flash column chromatography over silica gel (eluent: 6:1 

DCM/hexane).

Yellow solid (30 %)

M.p. 73-75 °C.

I R v n ,a x  (film) 1519, 1333 (NO2) cm ‘.
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NMR 6  (CDCI3 ) 4.24 (2H, s, H3) 7.04 (2H, dd, J h h  = 8.5 Hz, Jhf = 5.5 Hz, H3’7H 5” ), 

7.13-7.19 (4H, m, H27H6’, H2’7H 6” ), 7.45 (2H, dd, Jhh = 9.0 Hz, Jhf = 5.5 Hz, H37H5’), 

8.29 (IH, s, HI).

»3C NMR ppm (CDCI3 ) 32.15 (C3), 115.80, 116.01, 116.41, 116.64 (2d, Jcf = 88.0 Hz, 

C37C5’, C3’7C5” ), 127.94 (C4 ), 128.62, 128.70 (d, J  ̂ = 36.0 Hz, J'* = 3.5 Hz, C27C6’), 

131.31, 131.40 (d, J  ̂ = 36.0 Hz, C2’7C 6” ), 131.84 (C4 ), 134.07 (C l, J"* = 3.5 Hz,), 160.70, 

163.14 (d, Jcf = 253.0 Hz, CF), 162.58, 165.10 (d, Jcf = 247.0 Hz, CF)

HRMS (ESI) calculated for CisHioFiNOz: (M - H) 274.0680: found 274.0667.

Preparation of l-(4-methylthiophenyl)-3-(4-chlorophenyl)-2-nitro-l-propene (47)

l-(4-Methylthiophenyl)-3-(4-chlorophenyl)-2-nitro-l-propene (47) was prepared from 

l-(4-methylthiophenyl)-l-nitroethane (32) (2.53 mmol, 0.50 g) and 4-chlorobenzaldehyde 

(2.53 mmol, 0.35 g) were reacted together according to general procedure 6.2.3. The product 

was purified by flash column chromatography over silica gel (eluent: 1 0 : 1  petroleum 

ether/ethyl acetate) and recrystallised from methanol.

Yellow crystals (55%).

M.p. 76-78 °C.

IRv„,ax (film) 1517, 1316 (NO2) cm '.

‘H NMR 6 (CDCI3) 2.49 (3H, s, SCH3), 4.22 (2H, s, H3), 7.13 (2H, d, J = 8.5 Hz, H27H6’), 

7.23 (2H, d, J = 8.5 Hz, H2’7H6” ), 7.40 (4H, dd, J = 15 Hz, J = 8.5 Hz, H37H5’, H3’7H 5” ), 

8.26 (IH, s, HI).

NMR ppm (CDCI3 ) 15.44 (CH3 ), 31.96 (C2), 126.74, 127.62, 129.04, 130.48 (ArCH), 

129.87 (C l” ), 132.17 (C F), 133.80 (C l), 136.27 (C4’), 136.85 (C4” ), 149.34 (C2).

HRMS (ESI) Calculated for Ci6 H,4 N0 2 SCl: 358.0071 (M^+ K): found: 358.0321.

General Procedure 6.2.4. Preparation of l,3-bis(aryl)-2-propanamines

To a solution of LiAlH4 (15.00 mmol) in dry THF (25 mL), the appropriate nitroalkene 

(5.00 mmol) in anhydrous benzene (20 mL) was added dropwise. After the addition, the 

mixture was refluxed for 3 hours. The excess LiAlH4 was quenched by addition of 1-2 mL of 

water, and the mixture filtered through celite. The organic filtrate was extracted using 2N HCl 

(3 X 30 mL), and the combined aqueous extracts were basified w'ith 2M NaOH. The free base
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was then extracted with ethyl acetate, dried over anhydrous Mg2 S0 4  and the solvent 

evaporated in vacuo.

Preparation of l,3-bis(4-methylthiophenyl)-2-propanamine (48)

1.3-Bis(4-methylthiophenyl)-2-propanamine (48) was prepared from l,3-bis(4- 

methylthiophenylphenyl)-2-nitro-l-propene (39) (5.00 mmol, 1.66 g) according to general 

procedure 6.2.4. No further purification was required.

Pale yellow crystals (74 %)

M.p. 46 °C

IRvmax (KBr) 3340 (NH2 ) cm '

iH NMR 8 (CDCI3) 1.67 (2H, br s, NH2 ), 2.51 (6 H, s, SCH3 ), 2.55 (2H, m, Jgem = H -5 Hz, 

HI), 2.82 (2H, dd, Ji ,2 = 4.3 Hz, Jgem= 13.3 Hz, HI), 3.25 (IH, br s, H2), 7.16 (4H, d, J = 8.0 

Hz, H37H5’), 7.24 (4H, d, J = 8.0 Hz, H27H6’)

NMR ppm (CDCI3 ) 16.11 (SCH3 ), 43.48 (Cl), 54.14 (CT), 127.02 (C27C6’), 129.81 

(C37C5’), 136.23 (C4’)

HRMS (ESI) calculated for C ,7 H2 2NS2 ; (M  ̂+ H) 304.1179: found 304.1194.

Preparation of l,3-bis(3,4-methyIenedioxyphenyl)-2-propanamine (49)

1.3-Bis(3,4-methylenedioxyphenyl)-2-propanamine (49) was prepared from 1,3- 

bis(3,4-methylenedioxyphenyl)-2-nitro-l-propene (40) (5.00 mmol, 1.63 g) according to 

general procedure 6.2.4. No further purification was required.

Dark brown oil (35 %)

IRvmax(filni) 3401 (NH2 ) cm"'

NMR 8 (CDCI3) 1.59 (2H, br s, NH2 ), 2.46 (2H, dd, J , .2  = 9.0 Hz, Jgem= 13.3Hz, HI), 2.77 

(2H, d, J,.2 = 10.0 Hz, HI), 3.18 (IH, br s, H2), 5.95 (4H, s, OCH2O), 6 . 6 8  (2H, d, J = 8.0 Hz, 

H6 ’), 6.72 (2H, s, H2’), 6.77 (2H, d, J = 8.0 Hz, H5’)

NMR ppm (CDCI3) 43.67 (Cl), 54.41 (C2), 100.87 (OCH2 O), 108.27, 109.47 (C5’, C6 ’), 

122.16 (C2’), 146.05, 147.72 (C3’, C4’)

HRMS (ESI) calculated for C ,7 H,8 N0 4 : 300.1227 (M^ + H); found 300.1236.

298



Preparation of l,3-bis(4-methoxyphenyI)-2-propanamine (50)

1.3-Bis(4-methoxyphenyl)-2-propanamine (50) was prepared from l,3-bis(4- 

methoxyphenyl)-2-nitro-l-propene (41) (5.00 mmol, 1.49 g) according to general procedure

6.2.4. No further purification was required.

Pale yellow oil ( 6 6  %)

IRvmax(filrn) 3341 (NH2 ), 1179 (C-O) cm '

NM R 8  (CDCI3) 1.40 (2H, br s, NH 2 ), 2.47 (2H, dd, J = 9.0 Hz, Jgem= 13.5 Hz, HI), 2.78 

(2H, dd, J = 4.5 Hz, Jgem= 13.3 Hz, HI), 3.20 (IH, m, H2), 3.81 (6 H, s, OCH3), 6.87 (4H, d, J 

= 8.5 Hz, H27H6’), 7.15 (4H, d, J = 8.5 Hz, H37H5’)

»3C NMR ppm (CDCI3) 42.50 (C2), 53.93, 54.81 (OCH3 ), 113.42 (C l), 129.54 (CT), 129.74 

(C27C6’), 130.99 (C37C5’), 157.66 (C4’).

HRM S (ESI) calculated for C 17H2 2NO 2 : 271.1572 (M^+ H): found 272.1649.

Preparation of l,3-bis(4-chlorophenyl)-2-propanamine (51)

1.3-Bis(4-chlorophenyI)-2-propanamine (51) was prepared from l,3-bis(4- 

chlorophenyl)-2-nitro-l-propene (42) (5.00 mmol, 1.40 g) according to general procedure

6.2.4. No further purification was required.

Pale resin (30 %)

IRvmax (film) 3307 (NH2 ), 810 (C-Cl) cm '

>H NMR 8  (CDCI3) 1.32 (2H, br s, NH), 2.55 (2H, dd, J = 8.5 Hz, Jgem = 13.5 Hz, HI), 2.82 

(2H, dd, J = 4.5 Hz, Jgen,= 13.5 Hz, HI), 3.24 (IH, m, H2), 7.15 (4H, d, J = 8.0 Hz, H27H6’), 

7.30 (4H, d, J = 8.0 Hz, H37H5’)

NMR ppm (CDCI3) 42.97 (C l), 53.54 (C2), 128.21, 130.13 (C27C6’, C37C5’), 131.77, 

137.16 (C4 ).

HRMS (ESI) calculated for CisHieNCb: (M^+ H) 280.0660: found 280.0668

Preparation of l,3-bis-(3,4-methylenedioxy)-2-propanone oxime (57)

1.3-Bis-(3,4-methylenedioxyphenyl)-2-nitro-l-propene (40) (1.00 mmol, 0.31 g), 

hydroxylamine HCl (2.36 mmol, 0.16 g), pyridine (3 mL) and ethanol (5 mL) were refluxed 

for 2 hours. After cooling, the reaction was acidified using 10 % aq. HCl and extracted with
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DCM (3 X  20ml). The organic phases were combined, dried over anhydrous Na2S0 4  and tie 

solvent evaporated in vacuo. No further purification was required.

Dark brown crystals (73 %)

M.p. 106-107 °C.

IRvniax(KBr) 3251 (OH) cm '

m  NMR 8 (CDCb) 3.37 (2H, s, CH 2 ), 3.58 (2H, s, CH2 ), 5.95 (4H, s, OCH2 O), 6.63-6.77 

(6 H, m, ArH)

»3C NMR ppm (CDCI3) 31.81 (CH2 ), 38.93 (CH2 ), 101.15 (-OCH2O-), 108.47, 108.fl, 

109.73, 109.94, 122.53 (ArCH), 130.36, 130.45, 146.64, 146.90, 148.22, 148.25 (C4 ), 15933 

(C=N)

HRMS (ESI) calculated for CnHieNOs: (M%H) 314.1028: found 314.1032

Preparation of l,3-bis-(3,4-methylenedioxy)-2-propanol (58)

l,3-Bis-(3,4-methylenedioxyphenyl)-2-nitro-l-propene (40) (0.67 mmol, 0.20 g) vas 

stirred in dry MeOH (20 mL) and DCM (5 mL) while NaBH4 (2.74 mmol, 1.04 g) was adced 

slowly. Reaction was stirred for 2 hours, checking progress by TLC. When the reaction vas 

complete, the solvent was evaporated in vacuo. The residue was dissolved in DCM md 

washed with water (3 x 20 mL). The DCM was evaporated in vacuo to give a white solid. '4o 

further purification was required.

Colourless solid (90%)

M.p. 141-144 °C

IRvmax (KBr) 3397 (OH) cm '

m  NMR 6  (CDCI3) 1.75 (IH, br s, OH), 2.66 (2H, dd, J = 8.0 Hz, J = 13.5 Hz, CH2 ), 277 

(2H, dd, J = 4.5 Hz, J = 14.0 Hz, CH2 ), 3.95 (IH, m, H2), 5.95 (2H, s, OCH2O), 6.69 (2H, c, J 

= 8.0 Hz, H6 ’), 6.74 (2H, d, J = 1.5 Hz, H2’), 6.77 (2H, d, J = 8.0 Hz, H5’)

13C NMR ppm (CDCI3) 42.49 (CH2 ), 73.23 (C2), 100.45 (OCH2 O), 107.85, 109.24, 12184 

(ArCH), 131.65 (CT), 145.74, 147.29 (C4)

HRMS (ESI) calculated for CnHieOjNa: (M + Na) 323.0895; found 323.0899
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6.3. Experimental detail for Chapter Three: Preparation of 9,10-dihydro- 
9,10-ethanoanthracenes and related compounds

Preparation of ?rans-ll,12-diethoxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (74)

To a solution of anthracene (10.00 mmol, 1.78 g) and diethylfumarate (10.00 mmol, 

1.72 g) in DCM (150 mL), AICI3 (20.00 mmol, 2.66 g) was added in small portions. The 

reaction was stirred at room temperature for 18-24 hours. Then it was quenched with 

Na2 C 0 3 . 1 0 H2 0  (20.00 mmol, 2.11 g). Following gas evolution, anhydrous NaiCOs (5 g) was 

added. The mixture was filtered, washed with DCM (3 x 50mL), dried over anhydrous 

Mg2 S0 4 , and the solvent evaporated in vacuo. The product was then purified using flash 

column chromatography over silica gel (eluent: 1 0 : 1 , petroleum ether/ethyl acetate) and then 

recrystallised from ethyl acetate.

Colourless powder (73 %)

M.p. 98-100 °C (lit. M.p. 110-112 °C)

IRvmax (KBr) 1727 (C=0), 1259 (C-O) cm ‘

m NMR 6  (CDCI3) 1.25 (6 H, t, J = 7.3 Hz, CH2 ), 3.45 (2H, s, H9), 4 .1 1 (4H, m, H14), 4.77 

(2H, s, HI 1), 7.10 (4H, m, H2, H3), 7.25, 7.36 (4H, d, J = 7.0 Hz, H I, H4)

»3C NMR ppm (CDCI3) 14.32 (C9), 46.79 (Cl 1 ), 46.79 (CH3), 61.07 (CH2 ), 123.83, 124.61, 

126.25, 126.41 (ArCH), 142.07, 140.40 (C4), 172.37 (C=0)

HRMS (ESI) calculated for C2 2 H2 2 0 4 Na: (M^ + Na) 373.1413: found 373.1416

Preparation of ll-ethoxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (75)

To a solution of anthracene (10.00 mmol, 1.78 g) and ethyl acrylate (10.00 mmol, 1.00 

g) in DCM (150 mL), AICI3 (10.00 mmol, 1.33 g) was added in small portions. The reaction 

was stirred at room temperature for 18-24 hours. Then it was quenched with Na2 C0 3 . 1 0 H 2 0  

(10.00 mmol, 1.06 g). Following gas evolution, anhydrous Na2 C0 3  (3.00 g) was added. The 

mixture was filtered, washed with DCM (3 x 50mL), dried over anhydrous Mg2 S0 4 , and the 

solvent evaporated in vacuo. The product was then purified using flash column 

chromatography over silica gel (eluent: 1 0 : 1 , hexane/ethyl acetate) and then recrystallised 

from ethyl acetate.

Colourless powder (50 %)

M.p. 250 °C
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IRvmax (KBr) 1728 (C =0), 1204 (C -0), 2960 (Ar C-H) cm '

iH NMR 8  (CDCI3 ) 1.30 (3H, t, J = 7.0 Hz, CH3), 2.01 (IH, m, H12a), 2.19 (IH, m, H12b), 

2.89 (IH, m, HIO), 4.03 (2H, m, CH2 ), 4.37 (IH, t, J = 2.5 Hz, H12), 4.71 (IH, d, J = 2.5 Hz, 

H9), 7.11 (4H, m, ArH), 7.27 (4H, m, ArH)

»3C NMR ppm (CDCI3 ) 14.09 (CH3 ), 30.45 (C12), 43.58 (C9), 46.71 (CIO), 60.37 (CH2), 

123.08, 123.23, 123.46, 124.56, 125.43, 125.52, 125.91, 126.00 (ArCH), 139.81, 142.22 

(C13), 143.44, 143.77 (C14), 173.12 (C =0)

HRMS (ESI) calculated for CigHigOzNa: (M^ + Na) 301.1204; found 301.1215

General Procedure 6.3.1. Hydrolysis of esters

The appropriate ester (10.00 mmol) was dissolved in EtOH (100 mL) and an aqueous 

solution of KOH (5M, 150 mL) and heated at reflux for 3 hours. After this time, the solution 

was diluted with water (50 mL) and washed with diethyl ether. The aqueous layer was 

acidified with HCl (2M) and the product was extracted using ethyl acetate (3 x 50mL). The 

organic phase wash washed with brine (3 x 25mL), dried over anhydrous Mg2S0 4  and the 

solvent was evaporated in vacuo. The product required no further purification.

Preparation of /ra/is-ll,12-dihydroxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (76)

rra7i5 - l l,12-Diethoxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (74) (4.55 mmol, 

1.60 g,) according to general procedure 6.3.1.

Colourless crystals (99 %)

M.p. 246 °C (lit. M.p. 253 °C)

IRv„,ax (KBr) 3025 (-OH), 1708 (C =0) cm '

NM R 8  (CD3 OD) 4.75 (2H, s, H9), 4.93 (2H, s, HI 1), 7.11 (4H, m, ArH), 7.26 (2H, d, J = 

7.0 Hz, ArH), 7.34 (2H, d, J = 6.5 Hz, ArH)

13C NM R ppm (CD 3 OD) 15.94 (C9), 67.41 (Cl l ) ,  124.97, 126.28, 127.63, 127.82 (ArCH), 

142.45, 144.63 (C4 ), 176.30 (C=0)

HRMS (ESI) calculated for C i8 H,4 0 4 Na: (M^ + Na) 317.0790; found 317.0805
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Preparation of ll-hydroxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (77)

1 l-Ethoxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (75) (3.60 mmol, 1.00 g) 

according to general procedure 6.3.1.

Colourless crystals (98 %)

M.p. 191 °C (lit. m.p. 197-199 °C)

I R v „ ,a x  (KBr) 2950 (OH), 1709 (C=0) cm '

iH  NM R 8 (CD3 OD) 1.92 (IH,  m, H12a), 2.15 (IH, ddd, J = 17.2 Hz, J = 12.5 Hz, J = 2.7 Hz, 

H12b), 2.86 (IH, ddd, J = 15.1 Hz, J = 10.3 Hz, J = 2.5 Hz, HI 1), 4.35 (IH, dd, J = 5.3 Hz, J = 

2.7 Hz, HIO), 4 .70 (IH, d, J = 2.5 Hz H9), 7.10 (4H, m, ArH), 7.33 (4H, m, ArH)

13C NMR ppm (CD3 OD) 30.34 (C12), 43.80 (C9), 46.98 (CIO), 122.68, 122.95, 123.06, 

124.45, 125.18, 125.34, 125.71 (ArCH, C l l ) ,  140.19, 142.87, 143.99 (C4 ), 175.57 (C=0) 

HRMS (ESI) calculated for C ,7H,4 0 2 Na: (M% Na) 273.0891: found 273.0883

General procedure 6.3.2. Preparation of amides

To a solution of the appropriate acid (10.00 mmol) in dry DCM at 0 °C, were added 

HOBT (36.00 mmol), EDCI (36.00 mmol) and triethylamine (4.40 mmol). This was stirred for 

10 minutes before adding the appropriate amine (36.00 mmol). This solution was stirred 

overnight at room temperature. The solvent was then evaporated and water (50 mL) was added 

and the product extracted with DCM (3 x 50mL). The combined organic layers were washed 

with brine (3 x 50mL) and dried over anhydrous Mg2S0 4 . The solvent was evaporated in 

vacuo to give the amide

Preparation of fraHs-ll,12-(A ,̂A ,̂A^’,Â ’-tetramethyl)-9,10-dihydro-9,10-

ethanoanthracene-ll,12-dicarboxyamide (78)

fra/7 5- l l,12-Dihydroxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (76) (1.70 mmol, 

0.50 g) was reacted with dimethylamine hydrochloride (6.12 mmol, 0.25 g) according to 

general procedure 6.3.2. The product was then purified using flash column chromatography 

over silica gel (eluent: 95 % DCM/MeOH)

Colourless crystals (80 %)

M.p. 196-199 °C (lit. m.p. 172 'C)

IRv'niax (KBr) 1622 (C=0) cm '
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iH NMR 6  (CDCI3 ) 2.92 (6 H, s, CH 3 ), 3.24 (6 H, s, CH 3), 3.72 (2H, s, H9), 4.37 (2H, s, HI 1), 

7.15 (4H, m, H2, H3), 7.22 (2H, d, J = 7.6 Hz, H I), 7.34 (2H, d, J = 7.0 Hz, H4/H5)

NMR ppm (CDCI3 ) 36.07, 37.46 (C9), 45.25, 47.47 (CH3 ), 122.63, 125.06, 126.27 

(ArCH), 139.80, 142.78 (C4 ), 172.06 (C =0)

HRMS (ESI) calculated for C 22H 25N 2O 2 : (M ^+ H) 349.1916: found 349.1921

Preparation of /rans-ll,12-(A^,A^,A^’,Â ’-tetraethyi)-9,10-dihydro-9,10-ethanoanthracene- 

11,12-dicarboxyamide (79)

trans-l l,12-DihydroxycarbonyI-9,10-dihydro-9,lG-ethanoanthracene (76) (1.70

mmol, 0.50 g) was reacted with dimethylamine hydrochloride (6.12 mmol, 0.25 g) according 

to general procedure 6.3.2. The product was then purified using flash column chromatography 

over silica gel (5 % MeOH/DCM)

Colourless crystals (75 %)

M.p. 120-123 °C

IRvmax (KBr) 1636 (C =0) cm '

m NMR 8  (CDCI3 ) 1.08 (6 H, t, J = 7.0 Hz, CH 3 ), 1.23 (6 H, t, J = 7.0 Hz, CH 3 ), 3.08 (2H, m, 

CH 2), 3.41 (8 H, m, CH 2 , H9/H10), 4.30 (2H, s, HI 1/H12), 7.12-7.19 (8 H, m, ArH)

>3C NMR ppm (CDCI3 ) 12.76, 14.52 (CH3 ), 39.93, 41.63 (CH 2), 44.65 (C11/C12), 47.95 

(C9/C10), 122.05, 124.61, 125.65, 125.80 (ArCH), 139.49, 142.27 (C4), 170.83 (C =0)

HRMS (ESI) calculated for C 26H 33N 2O 2 : (M^ + H) 405.2549; found 405.2542

Preparation of frans-ll,12-A^-piperidinyl-9,I0-dihydro-9,10-ethanoanthracene-ll,12- 

dicarboxyamide (80)

rran5-ll,12-dihydroxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (76) (1.70 mmol, 

0.50 g) was reacted with piperidine (6.12 mmol, 0.52 g) according to general procedure 6.3.2. 

The product was then purified using flash column chromatography over silica gel (5 % 

MeOH/DCM)

Colourless crystals (89 %)

M.p. 144-145 °C

IRv„,ax (KBr) 1623 (C=0 ) cm ‘
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m  NMR 8  (CDCI3) 1.53 (12H, m, CH2 ), 3.42 (2H, H9), 3.57 (4H, m, CH 2 ), 3.76 (4H, m, 

CH 2 ), 4.32 (2H, s, Hl l ) ,  7.12 (4H, m, ArH), 7.21 (2H, d, J = 8.0 Hz, ArH), 7.32 (2H, d, J =

8.0 Hz, ArH)

*3C NMR ppm (CDCI3) 24.27, 25.45, 26.57, 42.93, 44.53 (CH2 ), 46.35 (C9), 47.45 (Cl l ) ,  

122.32,124.41, 125.81,139.59,142.01 (ArCH), 169.83 (C =0)

HRMS (ESI) calculated for C28H32N202Na: (M  ̂+ Na) 451.2361: found 451.2357.

General procedure 6.3.3. Preparation of amides

To a solution of the appropriate acid (10 mmol) in dry DCM at 0°C, were added HOBT 

(18.00 mmol), EDCI (18.00 mmol) and triethylamine (2.20 mmol). This was stirred for 10 

minutes before adding the appropriate amine (18.00 mmol). This solution was stirred 

overnight at room temperature. The solvent was then evaporated and water (50mL) was added 

and the product extracted with DCM (3 x 50 mL). The combined organic layers were washed 

with brine (3 x 50 mL) and dried over anhydrous Mg2 S0 4 . The solvent was evaporated in 

vacuo to give the amide

Preparation of 9,10-dihydro-N,N-dimethylamino-9,10-ethanoanthracene-ll- 

carboxyamide (81)

1 l-Hydroxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (77) (1.80 mmol, 0.50 g) 

was reacted with dimethylamine hydrochloride (3.24 mmol, 0.26 g) according to general 

procedure 6.3.3. The product was then purified by flash column chromatography over silica 

gel (eluent: 85:15, hexane/ethyl acetate)

Colourless semi-solid (78 %)

IRv„,ax(fiIm) 1655 (C=0) cm '

iH NMR 8  (CDCI3) 1.95 (IH, ddd, J = 17.8 Hz, J = 11.9 Hz, J = 2.5 Hz, H 12a), 2.15 (IH, m, 

H12b), 2.86 (3H, s, CH3 ), 2.96 (IH, m, H l l ) ,  3.02 (3H, s, CH3 ), 4.89 (IH, s, HIO), 4.51 (IH, s, 

H9), 7.13 (4H, m, ArH), 7.25 (3H, m, ArH), 7.39 (IH, m, ArH).

i^C NMR ppm (CDCI3) 31.79 (CH2 ), 35.34 (CH3 ), 36.48 (CH3 ), 41.40 (CIO), 43.61 (C9), 

46.31 (CIO), 122.17, 122.68, 123.27, 125.25, 125.30, 125.66 (ArCH), 140.14, 143.30 (C4),

173.00 (C=0)

HRMS (ESI) calculated for CigHzoNO: (M^ + H) 278.1545: found 278.1539
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Preparation of 9,10-dihydro-piperidinyl-9,10-ethanoanthracene-ll-carboxyam ide (82)

1 l-Hydroxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (77) (1.80 mmol, 0.50 g) 

was reacted with piperidine (3.24 mmol, 0.28 g) according to general procedure 6.3.3. The 

product was then purified by flash column chromatography over silica gel (eluent; 2 :1 , 

hexane/ethyl acetate)

Colourless powder (70 %)

M.p. 138-140 °C

IR Vmax (KBr) 1672 (C =0) cm '

m  NM R 6 (CDCb) 1.58 (6 H, br m, CH2), 2.00 (IH, ddd, J = 18.0 Hz, J = 11.0 Hz, J = 2.4 

Hz, H12a), 2.11 (IH , m, H12b), 2.95 (IH, ddd, J = 16.0 Hz, J = 10.0 Hz, J = 2.4 Hz, HI 1), 3.46 

(4H, br s, CHi), 4.37 (IH, s, HIO), 4.48 (IH, s, H9), 7.11 (4H, m, ArH), 7.31 (4H, m, ArH)

13C NMR ppm (CDCI3) 24.51 (C l2), 41.63 (CIO), 42.00 (CH2), 43.98 (C9), 44.40 (CH2), 

46.39 (C ll) ,  47.10 (CH2), 47.25 (CH2) 122.43, 122.94, 123.48, 125.53, 125.57, 125.78, 

125.89 (ArCH), 133.37, 134.59, 140.45, 143.64 (C4), 171.58 

HRMS (ESI) calculated for C2 iH23NONa: (M ^+ Na) 340.1677: found 340.1673

Preparation of 9,10-dihydro-A^-niethylpiperazinyl-9,10-ethanoanthracene-ll- 

carboxyaniide (83)

ll-Hydroxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (77) (1.80 mmol, 0.50 g) 

was reacted with A^-methylpiperazine (3.24 mmol, 0.81 g) according to general procedure 

6.3.3. The product was then purified by flash column chromatography over silica gel (eluent: 

2 :1 , hexane/ethyl acetate)

Colourless powder (76 %)

M.p. 162-164 °C

IR  Vniax (KBr) 1648 (C=0) cm '

m  NM R 8 (CDCI3) 1.98 (IH , ddd J = 17.9 Hz, J = 12.7 Hz, J = 2.0 Hz, H12a), 2.02 (IH , m, 

H12b), 2.32 (7H, br m, CH 3 , C14), 2.94 (IH , ddd, J = 16.5 Hz, J = 10.4 Hz, J = 2.0 Hz H I 1) 

3.47 (4H, m, H13), 4.40 (IH , s, HIO), 4.51 (IH , s, H9), 7.15 (4H, m, ArH), 7.16 (3H, m, 

ArH), 7.28( IH, m, ArH)

>3C NM R ppm (CDCI3) 31.98 (CH2 , C12), 41.23 (CH3), 41.41 (CH 2 , C14), 43.60 (CH, C l l ) ,  

44.80 (CH2 , C14), 45.62 (CH, CIO), 46.42 (CH, C9), 54.38 (CH 2 , C13), 54.87 (CH2 , C13),
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122.26, 122.74, 123.28, 125.33, 125.35, 125.39, 125.43 (ArCH), 140.08 (C4), 143.3 (C4),

171.50 (C=0)

HRMS (ESI) calculated for C22H25N2O: (M V  H) 333.1967; found 333.1956

Preparation of 9,10-dihydro-ll-pyrrolidinyl-9,10-ethanoanthracene-ll-carboxyamide 

(84)

1 l-Hydroxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (77) (1.80 mmol, 0.50 g) 

was reacted with pyrrolidine (3.24 mmol, 0.23 g) according to general procedure 6.3.3. The 

product was then purified by flash column chromatography over silica gel (eluent: 2 :1 , 

hexane/ethyl acetate)

Colourless powder (58 %)

M.p, 74-75 °C

IR Vmax (KBr) 1643 (C=0) cm‘‘

iH NMR 8  (CDCI3 ) 1.67 (2H, br s, CH2), 1.98 (3H, br m, CH2, HI2a), 2.09 (IH, m, HI2b), 

2.87 (IH, ddd, J = 16.0 Hz, J = 10.0 Hz, J = 2.4 Hz, H ll) , 3.41 (4H, br s, CH2), 4.38 (IH , s, 

H9), 4.52 (IH, s, HIO), 7.12 (4H, m, ArH), 7.27 (4H, m, ArH)

NMR ppm (CDCI3) 23.76 (CH2), 25.87 (CH2), 31.30 (C12), 43.05 (C9), 43.59 (CIO),

45.50 (CH2), 46.10 (C ll) , 122.13, 122.62, 123.24, 125.23, 125.29, 125.46, 125.53 (ArCH), 

143.25, 143.40 (C4), 171.68 (C=0)

HRMS (ESI) calculated for C21H21NO: (M V  Na) 326.1521: found 326.1512

Preparation of 9,10-dihydro-ll-A^-methyl-A^-cyclohexanyl-9,10-ethanoanthracene-ll- 

carboxyamide (85)

1 l-Hydroxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (77) (1.80 mmol, 0.50 g) 

was reacted with A^-methyl-A^-cyclohexylamine (3.24 mmol, 0.36 g) according to general 

procedure 6.3.3. The product was then purified by flash column chromatography over silica 

gel (eluent: 2:1, hexane/ethyl acetate)

Colourless powder (94 %)

M.p. 70-74 °C

IR Vn,ax (KBr) 1640 (C=0), 2927 (C-H) cm’’
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NMR 6 (CDCI3 ) 1.28-1.92 (lOH, m, SCHj), 1.98 (IH, m, H12a), 2.15 (IH, m, H12b) 2.72 

(IH, br s, NCH), 2.88 (IH, br s, NCH), 2.97 (IH, m, H ll) ,  4.37 (IH, s, HIO), 4.85 (IH, s, 

H9), 7.11 (4H, m, ArH), 7.29 (2H, m, ArH), 7.35 (2H, dd, J = 3.5 Hz, J = 8.0 Hz, ArH)

»3C NMR ppm (CDCI3 ) 25.32, 25.63, 25.82, 25.97 (CH2), 27.70 (CH), 29.20 (CH3), 29.86 

(C12), 31.04, 31.26, 32.32, 32.66 (CH2), 42.29 (C l 1), 44.15 (CIO), 46.98 (C9), 143.83, 140.72 

(C4), 173.00 (C =0)

HRMS (ESI) calculated for C 24H27NONa: 368.1990 (M^ + Na): found 368.1974.

Preparation of 9,10-dihydro-ll-A^-ethylamino-9,10-ethanoanthracene-ll-carboxyamide

(86)

1 l-Hydroxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (77) (1.80 mmol, 0.50 g) 

was reacted with ethylamine hydrochloride (3.24 mmol, 0.26 g) according to general 

procedure 6.3.3. The product was then purified by flash column chromatography over silica 

gel (eluent: 2 :1 , hexane/ethyl acetate)

Colourless powder (90 %)

M.p. 170-174 °C

IR Vmax (KBr) 1633 (C =0) cm '

m NMR 8  (CDCI3 ) 0.98 (3H, t, J = 7.0 Hz, CH 3), 1.93 (IH , m, H I2a), 2.07 (IH , m, H I2b), 

2.77 (IH , m, H ll) ,  3.13 (2H, q, J = 7.0 Hz, CH 2), 4.40 (IH , s, HIO), 4.55 (IH , s, H9), 5.10 

(IH , br s, NH), 7.13 (4H, m, ArH), 7.31 (4H, m, ArH)

>3C NMR ppm (CDCI3 ) 14.30 (CH3), 31.68 (C12), 33.93 (CH2), 43.40 (C ll) ,  45.20 (CIO), 

47.22 (C9), 122.85, 122.99, 123.16, 124.93, 125.53, 125.65, 125.90 (ArCH), 139.57, 142.49, 

142.85, 143.30 (C 4), 172.98 (C =0)

HRMS (ESI) calculated for CigHigNONa; (M^ -1- Na) 300.1364; found 300.1372

Preparation of 9,10-dihydrom orpholinyl-9,10-ethanoanthracene-ll-carboxyam ide (87)

1 l-Hydroxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (77) (1.80 mmol, 0.50 g) 

was reacted with morpholine (3.24 mmol, 0.28 g) according to general procedure 6.3.3. The 

product was then purified by flash column chromatography over silica gel (eluent: 2 :1 , 

hexane/ethyl acetate)

Colourless powder (70 %)
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M .p. 133-135 °C

IR Vmax (KBr) 1650 (C=0) cm '

m  NMR 6 (CDCI3) 1.96 (IH, ddd, J = 17.0 Hz, J = 11.9 Hz, J = 2.5 Hz, H12a), 2.16 (IH, m, 

H12b), 2.91 (IH, ddd, J = 16.1 Hz, J = 10.4, J = 2.5 Hz, H ll) , 3.52 (8H, br m, 4 CH2), 4.38 

(IH , s, HIO), 4.46 (IH , s, H9), 7.12 (4H, m, ArH), 7.31 (4H, m, ArH)

13C NMR ppm (CDCij) 31.92 (C12), 41.11 (CIO), 41.95 (CH2), 43.52 (C9), 45.47 (CH2) 

46.32 (C ll) , 66.29, 66.61 (OCH2), 122.26, 122.69, 123.27, 125.45, 125.56, 125.64 (ArCH), 

139.88, 142.93, 143.09, 143.16 (C4 ), 171.77 (C=0)

HRMS (ESI) calculated for C2iH2iN02Na: (M^ + Na) 342.1470; found 342.1475

Preparation of /erf-butyl-4-(9,10-dihydro-9,10-ethanoanthracene-ll-

carbonyl)piperazine-l-carboxylate (88)

1 l-Hydroxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (77) (0.30 mmol, 0.08 g) 

was reacted with l-‘Boc-piperazine (0.50 mmol, 0.11 g) according to general procedure 6.3.3. 

The product was then purified by flash column chromatography over silica gel (eluent; 2;1, 

hexane/ethyl acetate)

Colourless powder (85 %)

M.p. 192-195 °C

IR Vmax (KBr) 1630 (C=0) cm '

m  NMR 8 (CDCI3) 1.48 (9H, s, 3xCHj), 1.96 (IH, dd, J = 5.0 Hz, J = 10.7 Hz, H12a), 2.13 

(IH, m, H12b), 2.94 (IH, m, H ll) , 3.39 (8H, br m, CH2 piperizine), 4.38 (IH, s, HIO), 4.47 

(IH, s, H9), 7.12 (4H, m, ArH), 7.14 (3H, m, ArH), 7.40 (IH, d, J = 3.34 Hz, ArH)

13C NMR ppm (CDCI3) 27.92 (CH3), 32.02 (C12), 41.32 (CIO), 43.51 (Cl l ) ,  44.73 (CH2 

piperizine), 46.35 (C9), 79.90 (C4 O'Bu), 122.26, 122.71, 123.27, 125.34, 125.37, 125.43, 

125.59, 125.66 (ArCH), 139.91, 142.91, 143.10, 143.14 (C4 ), 154.11 (C = 0 ‘Bu), 171.83 (C=0 

amide)

HRMS (ESI) calculated for C2eH3 0 N2 0 3 Na; (M  ̂+ Na) 441.2154; found 441.2148

Preparation of 9,10-dihydro-ll-A^-anilinyl-9,10-ethanoanthracene-ll-carboxyamide (89)

1 l-Hydroxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (77) (1.80 mmol, 0.50 g) 

was reacted with aniline (3.24 mmol, 0.31 g) according to general procedure 6.3.3. The
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product was then purified by flash column chromatography over silica gel (eluent: 2:1, 

hexane/ethyl acetate)

Colourless powder (60 %)

M.p 230-232 ° C

IR V n i a x  (KBr) 1660 (C =0) cm '

iH NMR 8 (CDCb) 1.80 (IH , ddd, J = 14.5, J = 12.4, J = 2.9 Hz, H12a), 2.07 (IH , m, H12b), 

2.87 (IH , ddd, J = 14.9 Hz, J = 9.9 Hz, J = 2.5 Hz HI 1), 4.43 (IH , s, HIO), 4.69 (IH , s, H9), 

6.99-7.16 (4H, m, ArH), 7.24-7.41 (4H, m, ArH), 7.49 (2H, d, J = 7.5 Hz, ArH)

13C NMR ppm (C D C I3 ) 29.69 (CH2 ), 42.89 (C ll) , 44.85 (CIO), 47.45 (C9), 119.22 (C15), 

122.95, 123.43, 124.69, 125.28, 125.58 (ArCH), 128.62 (C15), 139.45, 140.03, 143.32 (C4 ), 

143.97 (NH), 170.89 (C=0)

HRMS (ESI) calculated for C2 3 H ,9NONa: (M^ + Na) 348.1364; found 348.1362

Preparation of 9,10-dihydro-ll-4-{4-chlorophenyl}-piperazinyl-9,10-ethanoanthracene- 

11-carboxyamide (90)

1 l-Hydroxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (77) (1.80 mmol, 0.50 g) 

was reacted with 4-(4-chlorophenyl)-piperazine (3.24 mmol, 0.64 g) according to general 

procedure 6.3.3. The product was then purified by flash column chromatography over silica 

gel (eluent: 95 %, DCM/MeOH)

Colourless powder (87 %)

M.p. 111-113 °C

IR V n i a x  (KBr) 1648 (C=0) cm '‘

iH NMR 6 (C D C I3) 1.98 (IH, ddd, J = 17.7 Hz, J = 11.9 Hz, J = 2.5 Hz, H12a), 2.01 (IH, m, 

H12b), 2 .99 (IH, ddd, J = 16.3 Hz, J = 10.2 Hz, J = 2.1, H ll) , 3.00, 3 .69 (8H, 2br m, CH2), 

4 .3 9  (IH, s, HIO), 4 .50  (IH, s, H9), 6 .86  (2H, d, J = 1.9 Hz, H15), 7 .14-7 .38  (lOH, 2m, ArH, 

H16)

13C NMR ppm (CD C I3) 32.03 (CH2 C12), 41.26 (C9), 43.56 (CIO), 45.00 (CH2 ), 46.40 

(C ll) , 49.05, 49.50, 53.06 (CH2 ), 117.43, 122.30, 122.74, 122.74, 123.31, 125.37, 125.39, 

125.47, 125.62, 125.69, 128.69 (ArCH), 139.95 (C4 C-N), 142.9, 143.14, 143.23 149.05 (C- 

Cl), 171.65 (C=0)

HRMS (ESI) calculated for C27H25N20ClNa: (M^ -1- Na) 451.1553: found 451.1541
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Preparation of methyl 2-(9,10-dihydro-9,10-ethanoanthracene-ll-carboxamido)-3-(4- 

hydroxyphenyl)propanoate (91)

1 l-Hydroxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (77) (1.12 mmol, 0.31 g) 

and DL-tyrosine methyl ester (2.20 mmol, 0.51 g) were reacted together according to general 

procedure 6.3.3. No further purification was required.

Pale crystals (73 %)

M.p. 102-104 °C

IRvmax(KBr) 1745 (CH3 0 C=0 ), 1614 (NHC=0), 3320 (OH) cm '

NMR 6  (CDCI3) 1.71 (IH , m, HI2a), 1.86* (IH, m, HI2a), 2.08 (IH, m, 12b), 2.20* (IH, 

m, H12b), 2.73 (2H, m, CH2), 2.78 (IH, d, J = 5.6 Hz, HI 1), 3.03* (2H, m, CH2), 3.83 (3H, s, 

CH3), 4.33 (IH, s, HIO), 4.37* (IH, s, HIO), 4.47 (1, s, H9), 4.58* (IH , s, H9), 4.67 IH, dd J 

= 16.0 Hz, J = 7.0 Hz, H13), 4.76* (IH, dd, J = 14.2 Hz, J = 5.4 Hz, H13), 5.72 (IH, d, J = 7.6 

Hz, NH), 5.77* (IH, dd, J = 7.6 Hz, NH), 6.69 (2H, m, ArH phenol), 6.77* (2H, d, J = 8.0 Hz, 

ArH phenol), 7.17 (4H, m, ArH), 7.31 (4H, m, ArH)

NMR ppm (CDCI3) 30.54 (CH3), 31.30, 31.68* (C12), 36.37, 36.88* (CHi), 43.69, 

43.75* (CIO), 45.39, 45.46* (C9), 46.88, 46.90* (C ll) , 53.15, 53.35* (C13), 115.45, 115.47* 

(ArCHCOH). 122.70, 122.88, 123.01, 123.18, 123.27, 125.00, 125.41, 125.57, 125.68, 125.86, 

126.06, 126.13 (ArH), 130.11, 130.22* (ArCHCCH^). 143.70, 143.49, 142.70, 142.53, 142.38, 

139.16, 138.91 (C4), 154.80, 154.85 (C4) 171.78 (CH3C=0 ), 172.80 (NHC=0)

HRMS (ESI) calculated for C27H26NO4 : (M^ + H) 428.1863: found 428.1848

Preparation of Methyl-2-[9,10-dihydro-9,10-ethanoantracene-ll-carboxyamido]-4- 

methyl-pentoate (92)

1 l-Hydroxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (77) (1.80 mmol, 0.50 g) 

and L-leucine methyl ester (3.24 mmol, 0.49 g) were reacted together according to general 

procedure 6.2.4. The product was then purified by flash column chromatography over silica 

gel (2 :1 , hexane/ethyl acetate).

Colourless powder (55 %)

M.p. 143-144 ° C

IRvn,ax(KBr) 1648 (C=0), 1748 (C=0), 3288 (NH) cm '
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NMR 8  (CDCI3) 0.90 (6 H, d, J = 8.0 Hz), 1.33 (IH, m, CH), 1.50 (2H, m, CH2), 1.98 (IH, 

m, H ll) , 2.14 (IH, m, H ll) , 2.82 (IH, ddd, J = 2.0 Hz, J = 5.0 Hz, J = 16.0 Hz, H12), 3.73 

(3H, s, OCH3), 4.41 (IH, s, HIO), 4.52 (IH, m, NHCH), 4.61 (IH, s, H9), 5.44 (IH, d, J = 8.0 

Hz, NH), 7.13 (4H, m, ArH), 7.33 (4H, m, ArH)

NMR ppm (CDCI3) 21.42, 22.32 (CH3), 24.24 (C16), 41.04 (C14), 43.35 (C ll) , 45.21 

(C9), 46.98 (CIO), 50.10 (C13), 51.79 (OCH3), 122.88, 123.01, 123.16, 124.93, 124.97, 

125.43, 125.69, 125.97 (ArCH), 139.28, 142.35, 142.82, 143.32 (C4 ), 172.88, 173.18 (C=0) 

HRMS (ESI) calculated for C24H2 7NO3 ; (M V  H) 378.2070: found 378.2053

Preparation of fra«s-9-10-dihydroxymethyl-9,10-ethanoanthracene (104)

A solution of compound /ra«5 -l l,12-dihydroxycarbonyl-9,10-dihydro-9,10- 

ethanoanthracene (76) (5.70 mmol, 2.00 g) in dry THF (20 mL) was added dropwise to a 

solution of LIAIH4 (18.30 mmol, 0.695 g) in dry THF (20 mL). The mixture was refluxed for 3 

hours and then quenched with the careful addition of water (25 mL) and then HCl (IM , 25 

mL). The aqueous phase was extracted with diethyl ether. The organic phase was then washed 

with water, dried over anhydrous Mg2S0 4  and solvent evaporated in vacuo to give a colourless 

powder. The product was then purified using flash column chromatography over silica gel 

(eluent: DCM) and washed with methanol to elute the product.

Colourless needles (40 %)

M.p. 194-198 °C (Lit: 199-200 °C)

IRv„,ax (KBr) 3280 (OH), 1076 (C-0) cm '

m NMR 8 (DMSO-d) 1.27 (2H, m, HI 1), 2.75 (2H, m, H12), 3.10 (2H, m, H12), 4.34 (2H, s, 

H9), 4.68 (2H, t, J = 5.0 Hz, OH), 7.08-7.27 (8 H, m, ArH).

NMR ppm (DMSO-d) 45.28 (C ll) , 45.96 (C9/C10), 64.42 (C12), 123.45, 125.61, 

125.84, 126.07 (C1-C8), 141.68, 144.44 (C4 )

HRMS (ESI) calculated for C,gH,8 0 2 Na: (M^+ Na) 289.1204: found 289.1218

Preparation of ll-hydroxymethyl-9,10-ethanoanthracene (105)

A solution of compound 1 l-ethoxycarbonyl-9,10-dihydro-9,10-ethanoanthracene (75) 

(1.70 mmol, 0.50 g) in dry THF (20 mL) was added dropwise to a solution of LIAIH4 (8.16 

mmol, 0.31 g) in dry THF (20 mL). The mixture was refluxed for 3 hours and then quenched
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with the careful addition of water (25 mL) and then HCl (IM , 25 mL). The aqueous phase was 

extracted with diethyl ether. The organic phase was then washed with water, dried over 

anhydrous M g2S0 4  and solvent was evaporated in vacuo. The product was purified by flash 

column chromatography (eluent: 1 : 1  hexane/ethyl acetate)

Colourless powder (38 %)

M . p .  9 6 - 9 8  ° C

I R v w  (KBr) 3290 (OH) cm ’

m NMR 6  (CDCI3) 1 . 0 8  ( I H ,  ddd, J  = 1 7 . 0  Hz, J  =  1 2 . 1  Hz, J  = 2 . 5  Hz, H l l )  1 . 9 3  ( I H ,  m, 

H 1 2 a ) ,  2 . 1 5  ( I H ,  m, H 1 2 b ) ,  2 . 9 8  ( I H ,  t, J  =  1 0 . 0  Hz, H 1 3 ) ,  3 . 3 5  ( I H ,  q, J  =  5 . 0  Hz, H 1 3 ) ,  4 . 2 9  

( I H ,  t, J  =  2 . 5  Hz, H I O ) ,  4 . 4 6  ( I H ,  d, J  =  2 . 0  Hz, H 9 ) ,  7 . 1 5  ( 4 H ,  m, ArH), 7 . 2 8  ( 4 H ,  m, ArH) 

13C NMR ppm (CDCI3) 3 0 . 5 5  (C 1 2 ), 4 0 . 4 8  ( C I O ) ,  4 3 . 5 6  (Cl l ) ,  4 5 . 0 5  ( C 9 ) ,  6 5 . 6 3  ( C H 2 ) ,  

1 2 2 . 6 8 ,  1 2 2 . 9 9 ,  1 2 3 . 1 1 ,  1 2 4 . 8 6 ,  1 2 5 . 1 8 ,  1 2 5 . 2 3 ,  1 2 5 . 2 5 ,  1 2 5 . 5 3  (ArCH), 1 4 0 . 0 2 ,  1 4 3 . 3 5 ,  

1 4 3 . 4 0  ( C 4 )

HRMS (ESI) calculated for; C 17H 17O (M^ + H) 237.3163: found 237.3182

Preparation of 9,10-dihydro-ll-piperizinyl-9,10-ethanoanthracene-ll-carboxyam ide  

(106)

To a solution of re/Y-butyl-4-(9,10-dihydro-9,10-ethanoanthracene-l 1- 

carbonyl)piperazine-l-carboxylate (8 8 ) (0.095 mmol, 0.04 g) in DCM (3 mL) was added 

trifluoroacetic acid (0.956 |amol, 0.11 mg) at 0 °C. The solution was stirred at 23 °C for 6  h. 

After this time the solution was diluted with DCM (10 mL) and basified by the slow addition 

o f aq. satd. NaHCOa. The aqueous layer was extracted with ethyl acetate, dried over 

anhydrous Na2 S0 4  and the solvent removed in vacuo. The resulting residue required no further 

purification.

Pale solid (80 %)

M . p .  1 3 0 - 1 3 3  ° C

IR Vmax (KBr) 1668 (C = 0) cm '

iH  NMR 6  (CDCI3) 1 . 2 6  ( I H ,  m, H l l ) ,  1 . 9 7  ( I H ,  m, H 1 2 a ) ,  2 . 1 3  ( I H ,  m, H 1 2 b ) ,  2 . 9 1 - 3 . 6 0  

( 8 H ,  3 X br s, CH 2 piperizine), 4 . 3 8  ( I H ,  s, HIO), 4 . 4 6  ( I H ,  s, H 9 ) ,  7 . 1 6  (4H, m, ArH), 7 . 2 6  

(3H, m, ArH), 7 . 4 0  (IH,  d, J  = 7 . 6  Hz, ArH)
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>3C NMR ppm (CDCI3) 31.95 (C12), 41.15 (CIO), 43.49 (C ll) ,  46.30 (C9), 122.27, 122.72, 

123.29, 125.34, 125.38, 125.45, 125.28, 125.67 (ArCH), 139.88142.89, 143.11, 143.15 (C4), 

171.68 (C=0).

H RM S (ESI) calculated for C 2 1H23N 2O; (M^ + H) 319.1810; found 319.1800

General procedure 6.3.4. Preparation of amines

Amide (1.00 mmol) was added slowly to a slurry of LiAlH4 (8.00 mmol) in dry THF. 

The solution was stirred overnight. H 2O (2 mL) was added slowly to quench the reaction. The 

suspension was filtered over celite. Diethyl ether (50 mL) was added to the solution and 

extracted with 2N HCl (3 x 20 mL). The aqueous phase was basified and extracted with 

EtOAc (3 X 20 mL). The solution was dried over anhydrous M g2S0 4 . The solvent was 

evaporated in vacuo to give the product.

Preparation of /ra/is-9,10-dihydro-A^, N, N \  Â ’-tetramethyl-9,10-ethanoanthracene- 

11,12-dimethanamine (93)

trans-11,12-Â , Â ’-Tetramethyl-9,10-dihydro-9,10-ethanoanthracene-11,12- 

dicarboxyamide (78) (1.00 mmol, 0.35 g) was added to L1A 1H4 according to general procedure

6.3.4. No further purification was required.

Pale brown oil (41 %)

IR Vn,ax (KBr) 1466 (ArC=C) 2973 (ArH) cm '

iR  NMR 8 (CDCI3) 1.38 (2H, m, 2H, H ll) ,  1.85 (4H, m, 2 CH 2), 2.20 (12H, s, 4 CH 3), 4.38 

(2H, s, H9), 7.11 (4H, m, ArH), 7.28 (4H, m, ArH)

J3C NMR ppm (CDCI3) 42.48 (C9), 45.46 (CH3), 45.97 (Cl l ) ,  63.66 (CH2), 122.72, 124.98, 

125.19, 125.27 (ArCH), 140.97, 143.80 (C4)

H RM S (ESI) calculated for C 22H29N 2 (M ^+ H) 321.2331: found 321.2324

Preparation of /rans-9,10-dihydro-A^,A^,A^’,Â ’-tetraetliyl-9,10-ethanoanthracene-ll,12- 

dimethanamine (94)

trans-11,12-N ,N ,N \N ’-T  etraethyl-9,10-dihydro-9,10-ethanoanthracene-11,12- 

dicarboxyamide (79) (1.00 mmol, 0.40 g) was added to LiAlH4 according to general procedure

6.3.4. No further purification was required.
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Brown solid (35 %)

M.p. 60-64 °C

IR v„,ax (KBr) 1466 (Ar C=C) 2973 (ArCH) cm ''

•H NMR 6  (CDCI3) 0.98 (12H, t, J = 7.0 Hz, 4 CH 3), 1.44 (2H, br m. C l 1/C12), 1.94 (2H, dd, J 

= 9.5 Hz, J = 12.5 Hz, C13), 2.05 (2H, dd, J = 4.0 Hz, J = 12.5 Hz, C14), 2.41 (4H, 2t, J = 7.0 

Hz, 2 CH 2), 2.54 (4H, 2t, J = 7.0 Hz, 2 CH 2), 7.10 (4H, m, ArH), 7.28 (4H, m, ArH)

NM R ppm (CDCI3) 11.37 (CH3), 42.84 (C ll) ,  46.19 (C9), 47.03 (CH2 C13/C14), 57.00 

(CH2), 122.55, 124.69, 125.13, 125.37 (ArCH), 141.21, 144.33 (C4)

HRM S (ESI) calculated for C 26H37N2 : (M V  H) 377.2961: found 377.2961

General procedure 6.3.5. Preparation o f amines

Amide (1.00 mmol) was added slowly to a slurry of U A IH 4 (4.00 mmol) in dry THF. 

The solution was stirred overnight. H2O (2 mL) was added slowly to quench the reaction. The 

suspension was filtered over celite. Diethyl ether (50 mL) was added to the solution and 

extracted with 2N HCl (3 x 20 mL). The aqueous phase was basified and extracted with 

EtOAc (3 X 20 mL). The solution was dried over anhydrous M g2S0 4 . The solvent was 

evaporated in vacuo to give the product.

Preparation of 9,10-dihydro-A^,A^-dimethyl-9,10-ethanoantliracene-ll-methanamine (95)

9,10-Dihydro-A^,A^-dimethylamino-9,10-ethanoanthracene-l 1-carboxyamide (81) (1.00 

mmol, 0.27 g) was added to LiAlH4 according to general procedure 6.3.5. and purified by 

flash column chromatography over silica gel (eluent: 95 % DCM/MeOH)

Colourless crystals ( 8 6  %)

M.p. 83-84 °C

IRv„,ax (KBr) 1456 (ArC=C) 2940 (ArH) cm '

m  NM R 8 (CDCI3) 1.21 (IH , ddd, J = 16.8 Hz, , J = 12.3 Hz, J = 2.5 Hz, HI 1), 2.01, 2.19 

(2H, 2m, 2H12), 2.37 (6 H, s, 2 CH 3), 4.29 (IH , s, H9), 4.51 (IH , s, HIO), 7.26 (4H, m, ArH), 

7.32 (2H, m, ArH), 7.43 (2H, m, ArH)

>3C NMR ppm (CDCI3) 32.84 (CH 2, C l2), 35.52 ( C l l ) ,  43.90 (C9), 44.90 (CH3), 46.38 

(CIO), 63.75 (CH 2, C13), 123.18, 123.54, 123.66, 125.73, 125.77, 125.79, 125.93, 126.17 

(ArCH), 139.48, 142.84, 143.13, 143.30 (C4)
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HRMS (ESI) calculated for C 1 9H2 2 N: (M^ + H) 264.1752: found 264.1749

Preparation of 9,10-dihydro-A^-piperidinyl-9,10-ethanoanthracene-ll-methanamine (96)

9.10-Dihydro-A^-piperidinyl-9,10-ethanoanthracene-l 1-carboxyamide (82) (1.00 

mmol, 0.32 g) was reacted according to general procedure 6.3.5. The crude product was then 

purified by flash chromatography over silica gel (eluent: 95 % DCM : MeOH)

Pale brown solid (50 %)

M.p. 157-158 °C

IR Vmax (KBr) 1455 (Ar C=C), 2939 (Ar C-H) cm '

iH NMR 8  (CDCI3) 1.19 (IH, ddd, J = 13.0 Hz, J = 7.0 Hz, J = 2.0 Hz, H ll) , 1.47 (2H, br s, 

H16), 1.62 (4H, m, H15), 1.85-2.02 (3H, 2 x m, H12, H13a), 2.23, 2.39 (5H, 2 x m, H14, 

H13b), 4.30 (IH, s, HIO), 4.43 (IH, s, H9), 7.13 (4H, m, ArCH), 7.28 (4H, m, ArCH)

NMR ppm (CDCI3) 24.10 (C16), 25.57 (C15), 33.05 (C12), 35.36 (C ll) , 43.88 (CIO), 

46.72 (C9), 54.44 (C14), 64.11 (C13), 122.51, 122.91, 123.08, 124.95, 125.08, 125.14, 125.23 

(ArCH), 140.61, 143.49, 144.06 (C4 )

HRMS (ESI) calculated for C 2 2 H2 6 N: (M^+ H) 304.2065: found 304.2054

Preparation of 9,10-dihydro-A^-niethylpiperazinyl-9,10-ethanoanthracene-ll- 

methanamine (97)

9.10-Dihydro-A^-methylpiperazine-9,10-ethanoanthracene-l 1-carboxyamide (83) (1.00 

mmol, 0.32 g) was reacted according to general procedure 6.3.5. The crude product was then 

purified by flash column chromatography over silica gel (eluent: 95 % DCM; MeOH)

Pale brown solid (75 %)

M.p. 102-104 °C

IR Vn,ax (KBr) 1455 (Ar C=C), 2931 (ArCH) cm ’

JR NMR 8 (CDCI3) 1.14 (IH, ddd, J = 2.3 Hz, J = 12.3 Hz, J = 16.9 Hz, H12a), 1.28 (IH, m, 

H12b), 1.94 (3H, s, CH3), 2.15 (IH, m, H ll) , 2.49 (4H, br s, CH2 ), 2.53 (4H, br s, CH 2 ), 4.26  

(IH, d, J = 2.4 Hz, H9), 4.35 (IH, d, J = 2.3, HIO), 7.15 (4H, m, ArH), 7.32 (4H, m, ArH)

13C NMR ppm (CDCI3) 35.21 (CH3 ), 43.77 (CIO), 45.46 (C ll) , 46.45 (C9), 52.61 (CH2 ), 

54.71 (CH2 ), 63.01 (C13), 122.53, 122.91, 122.94, 124.93, 125.01, 125.07, 125.10, 125.26 

(ArCH), 140.45, 143.38, 143.49, 143.86 (C4 )
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HRMS (ESI) C 2 2H2 7N 2 : (M^ + H) 319.2174: found 319.2179

Preparation of 9,10-dihydro-A^-pyrrolidinyl-9,10-ethanoanthracene-ll-methanamine

(98)

9 .10-Dihydro-1 l-A^-pyrrolidinyl-9,10-ethanoanthracene-l 1-carboxyamide (84) (1.00 

mmol, 0.29 g) was reacted according to general procedure 6.3.5. The crude product was then 

purified by flash column chromatography over silica gel (eluent: 95 % DCM: MeOH)

Pale brown solid (50 %)

M.p. 92-94 °C

IR Vmax (KBr) 1457 (Ar C=C), 2941(Ar C-H) cm''

iH NMR 8 (CDCI3) 1.23 (IH, m, H ll) , 1.80 (4H, br s, H15), 1.96 (2H, m, H12), 2.15 (2H, m, 

H13), 2.53 (4H, br m, H14), 4.27 (IH, s, H9), 4.39 (IH, s, HIO), 7.10 (4H, m, ArCH), 7.26 

(4H, m, ArCH)

J3C NMR ppm (CDCI3) 23.01 (CH2 ), 33.04 (C12), 36.79 (C9), 43.67 (CIO), 46.59 (C ll) ,

54.04 (CH2), 64.47 (C13) 122.55, 122.97, 125.04, 125.18 (ArH), 140.05, 143.44 (C4 )

HRMS (ESI) calculated for C 2 1 H2 4 N: (M  ̂+ H) 290.1909: found 290.1898

Preparation of 9,10-dihydro-A^-methyl-A^-cyclohexanyl-9,10-ethanoanthracene-ll- 

methanamine (99)

9.10-Dihydro-11 -A^-methyl-A^-cycIohexanyl-9,10-ethanoanthracene-11 -carboxyamide 

(85) (1.00 mmol, 0.33 g) was reacted according to general procedure 6.3.5. The crude product 

was then purified by flash column chromatography over silica gel (eluent: 95 % DCM/MeOH) 

Pale brown solid (50%)

M.p. 80-82 ° C

IR Vniax (KBr) 1456 (ArC=C), 2927 (ArCH) cm '

iH NMR 6 (CDCI3) 1.05-1.23 (6 H, m, H16, H I7), 1.62 (IH, d, J = 12.5 Hz, HI 1), 1.79 (4H, 

br s, H15), 2.00 (3H, m, CH3 ), 2.15-2.40 (5H, 2m, H12, H13, H14), 4.30 (IH, s, HIO), 4.46 

(IH, s, H9), 7.13-7.17 (4H, m, ArH), 7.25-7.40 (4H, m, ArH)

13C NMR ppm (CDCI3) 25.62, 25.81, 27.41, 28.19 (CH2 ), 32.80 (CH2 C12), 37.81 (C ll) , 

43.79 (CIO), 46.09 (C9), 57.98 (CH, C13), 63.34 (CH3 ), 122.41, 122.93, 122.99, 124.88,

125.04 (ArCH), 125.08, 125.24, 125.38 143.71 (C4)
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HRMS (ESI) calculated for C2 4 H3 0N: (M^ + H) 332.2378: found 332.2373

Preparation of 9,10-dihydro-A^-ethyl-9,10-ethanoanthracene-ll-methanamine (100)

9.10-Dihydro-1 l-A^-ethylamino-9,10-ethanoanthracene-l 1-carboxyamide (8 6 ) (1.00 

mmol, 0.26 g) reacted according to general procedure 6.3.5. and the product was purified by 

flash column chromatography over silica gel (eluent: 95 % DCM/MeOH)

Brown oil (33 %)

IR Vmax (film) 1466 (ArC=C), 2943 (ArCH) cm '

NMR 8 (CDCI3) 1.12 (3H, t, J = 7.0 Hz, CH3 ), 1.19 (IH, m H ll) , 2.01 (H, m, H12), 2.18 

(IH, m, H12), 2.25 (2H, d, J = 7.0 Hz, H13), 2.60 (2H, m, CH2), 4.30 (IH, s, HIO), 4.34 (IH, 

s, H9), 7.12 (4H, m, ArH), 7.30 (4H, m, ArH)

NMR ppm (CDCI3) 14.59 (CH3 ), 32.73 (C12), 38.07 (C ll) , 43.64 (CH2), 43.69 (CIO), 

46.42 (C9), 54.14 (C13), 122.60, 122.92, 123.00, 124.74, 125.03, 125.14, 125.39, 125.42 

(ArCH), 143.22, 143.38, 143.58 (C4 )

HRMS (ESI) calculated for C ,9 H2 2N: (M^ + H) 264.1752: found 264.1758

Preparation of 9,10-dihydroniorpholinyl-9,10-ethanoanthracene-ll-methanamine (101)

9.10-Dihydromorpholinyl-9,10-ethanoanthracene-l 1-carboxyamide (87) was reacted 

according to general procedure 6.3.5. The crude product was then purified by flash column 

chromatography over silica gel (eluent: 95 % DCM/MeOH).

Pale brown oil (33 %)

IR  Vmax (film) 1460 (ArC=C), 2934 (ArCH) cm '

iH NMR 6 (CDCI3) 1.60 (4H, s, CH2 ), 1.98 (IH, m, H I2a), 2.12 (4H, s, CH2 ) 2.20 (IH, m, 

H12b), 2.80 (IH, m, H ll) , 4.42 (IH, s, HIO), 4.71 (IH, s, H9), 7.13 (4H, m, ArH), 7.32 (4H, 

m, ArH)

13C NMR ppm (CDCI3) 28.26 (C12), 31.55 (NCH2 ), 33.02 (OCH2 ), 43.57 (C ll) , 46.10 

(CIO), 122.77, 122.98, 123.06, 123.17, 123.24, 124.06, 125.34, 125.77 (ArCH)

HRMS (ESI) calculated for C2 iH2 3NONa: (M^ -1- Na) 328.1677: found 328.1655
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Preparation of 9,10-dihydro-A^-anilinyI-9,10-ethanoanthracene-ll-methanamine (102)

9.10-Dihydro-11 -A^-anilinyl-9,10-ethanoanthracene-11 -carboxy amide (89) (1.00

mmol, 0.33 g) was reacted according to general procedure 6.3.5. The crude product was then 

purified by flash column chromatography over silica gel (eluent: 95 % DCM: MeOH)

Brown resin (57 %)

IR Vmax (KBr) 2853 (ArCH), 3410 (NH) cm '

iH N M R  8  (CDCI3 ) 2.05 (2H, m, H I3), 2.25 (IH , m, H ll) , 2.70 (IH, m, H I2a), 2.79 (m, 

H12b), 3.70 (IH, NH), 4.33 (IH, t, J = 3.0 Hz, HIO), 4.38 (IH, d, J = 2.0 Hz, H9), 6.58 (2H, d, 

J = 7.5 Hz, H17), 6.72 (2H, t, J = 7.5 Hz, H15), 7.13-7.22 (6H, m, ArH, H16), 7.30 (4H, m, 

ArH)

13C NMR ppm (CDCI3) 32.28 (CH2 C l2), 37.90 (C ll) , 43.68 (CIO), 46.31 (C9), 48.43 (CH2 

C13), 112.36 (C17), 122.76 (C15), 128.81 (C16), 123.04, 124.93, 125.25, 125.30, 125.64 

(ArCH), 139.99, 143.39, 143.21 (C4 ), 147.79 (C4 NH)

HRMS (ESI) calculated for C2 3 H2 2N: (M^ + H) 312.1752: found 312.1748

Preparation of 9,10-dihydro-ll-4-{4-chIorophenyl}-piperazinyl-9,10-ethanoanthracene- 

11-methanamine (103)

9.10-Dihydro-11 -(4- {4-chlorophenyl} -piperazinyl)-9,10-ethanoanthracene-11 - 

carboxyamide (90) (0.49 mmol, 0.20 g) was reacted according to general procedure 6.3.5. 

The crude product was then purified by flash column chromatography over silica gel (eluent: 

95 % DCM/MeOH).

Pale brown oil ( 6 6  %)

IRvmax (film) 751 (C-Cl), 1598 (ArC=C), 2941 (ArCH) cm '

iH N M R 6  (CDCI3 ) 1.25 (IH, br m, H ll) , 2.01 (3H, br s, CH2 , H12a), 2.25 (IH, br s, H12b), 

2.51 (2H, br s, CH2 ), 2.62 (2H, br s, CH 2 ), 3.23 (4H, br s, CH2 ), 4.34 (IH, br s, HIO), 4.45 

(IH, br s, H9), 6.91 (2H, br m, ArH), 7.10 (4H, m, ArH), 7.28 (6 H, m, ArH)

’3C NMR ppm (CDCI3 ) 32.69 (C12), 35.25 (C ll) , 43.79 (CIO), 46.74 (CIO), 48.78 (CH2 ), 

52.81, 52.98 (NCH2 ), 63.07, 63.15 (NCH2 ), 115.61, 116.75, 119.20, 122.63, 123.01, 125.03, 

125.07, 125.16, 125.21, 125.35, 128.50, 128.68 (ArCH), 140.46, 143.43, 143.51, 143.84 (C4), 

149.61 (C4 N), 150.99 (C4 CI)

HRMS (ESI) calculated for C2 7 H2 7NCI: (M^ + H) 415.1941: found 415.1939.
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Preparation of 2-(9,10-dihydro-9,10-ethanoanthracene-ll-carboxam ido)-3-(4- 

hydroxyphenyl)propanoic acid (108)

Methyl 2-(9,10-dihydro-9,10-ethanoanthracene-11 -carboxamido)-3-(4-

hydroxyphenyl)propanoate (91) (1.45 mmol, 0.62 g) according to general procedure 6.3.1. No 

further purification was required.

Pale brown crystals (98 %)

M.p. 161-163 °C

IRVmax(KBr) 1723 (0H C = 0), 1650 (N H C=0), 3022, 3308 (OH) cm '

NMR 8 (CDfiSO) 1.70 (IH , m, H12a), 1.72* (IH, m, H12a), 1.85* (IH , m, H12b), 1.99 

(IH , m, H12b) 2.64 (IH, m, H l l ) ,  2.66* (IH , m, H l l ) ,  2.73 (IH, m, H14), 2.77* (IH , m, 

H14), 2.90 (IH , m, H14), 2.98* (IH , m, H I4), 4.18 (IH , m, H13), 4.20* (IH , m, H13), 4.32 

(IH , m, HIO), 4.34 (IH , m, HIO), 4.36* (IH , m, H9), 4.95* (IH , m, H9), 6.61* (2H, d, J = 8.0 

Hz, ArCHCOH). 6.80 (2H, d, J = 8.0 Hz, ArCHCOH). 6.96* (2H, d, J = 8.0 Hz, ArCHCCH,). 

7.14 (2H, d, J = 8.0 Hz, ArCHCCH,), 7.10-7.35 (16H, m, ArH)

*'̂ C NMR ppm (CDfeSO) 26.68, 30.12* (C l2), 36.63, 36.44* (CH14), 44.00, 44.20* (C ll) , 

54.54 (C13), 43.30, 43.40* (CIO), 47.70, 47.90* (C9), 130.40*, 130.60 (ArCHCCH.). 

115.30*, 115.50 (ArCHCOH). 128.20, 127.80* (C4 CH 2 ), 120-140 (ArCH), 155.20, 156.0 

(C4 OH)

HRMS (ESI) calculated for C 2 6 H2 3N 0 4 Na: (M"̂  + Na) 436.1525: found 436.1523.

Preparation of 9,10-dihydro-9,10-ethanoanthracene-ll-carboxamido-4-methylpentanoic 

acid (109)

M ethyl-2-[9,10-dihydro-9,10-ethanoantracene-11 -carboxyamido]-4-methyl-pentoate 

(92) (0.52 mmol, 0.20 g) according to general procedure 6.3.1. No further purification was 

required.

Colourless crystals (89 %)

M.p. 169-172 ° C  

IRv„,ax(KBr)3105 cm '

‘H  N M R  8  (CDCI3) 0.86 (6 H, s, CH 3 ), 1.49 (IH , br s, CH 3 CHCH 3 ), 1.96 (IH , m, H12a), 2.12- 

2.16 (3H, br m, CH 2 , H12b), 2.85 (IH , m, H ll) ,  5.56, 5.75 (IH , 2 s, NH), 7.14 (4H, m, ArH), 

7.28 (4H, m, ArH)
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NMR ppm (CDCI3) 20.43, 21.23*, 21.29, 22.37* (CH3), 24.23, 24.33* (CH3CHCH3), 

31.60, 31.89* (C12), 40.53, 40.48* (CH2), 43.29, 43.35* (CIO), 44.97, 45.19* (C9), 46.73*, 

46.95 (C ll) , 50.34, 50.42* (CH), 122.95, 123.00*, 123.08, 123.20*, 123.27, 125.00*, 125.54, 

125.76* (ArCH), 126.04, 126.16*, 138.96, 139.16*, 142.22, 142.23*, 142.66, 142.75* (C4 ), 

173.93 (COOH), 175.00 (NHC=0)

HRMS (ESI) calculated for CjsHssNOjNa: (M^ + Na) 386.1732: found 386.1721

Preparation of 3-(9-anthracenyl)acrylic acid ethyl ester (111)

Anthraldehyde (10.00 mmol, 2.06 g) and carbethoxymethylene-triphenylphosphorane 

(110) (13.0 mmol, 4.52 g) were added to a round bottomed flask containing dry DCM (200 

mL). The solution was refluxed over a water bath for 7 hours. The solution was then diluted 

with DCM (50 mL) and washed with water (3 x 50 mL) and brine (3 x 50 mL). The organic 

phase was dried over Mg2S0 4  and the solvent was removed in vacuo to give orange crystals. 

The product was purified by flash column chromatography over silica gel (eluent: 85:15, 

hexane/ethyl acetate)

Yellow crystals (92 %)

M.p. 77-78 °C (lit. m.p 79-80 °C)

IR v w  (KBr) 1628 (C=C), 1713 (C=0), 1153 (C-O) cm '

iR  NMR 8 (CDCI3) 1.44 (3H, t, J = 7.0 Hz, H15), 4.41 (2H, q, J = 7.0 Hz, J = 14.3 Hz, H14), 

6.45 (IH, d, J = 16.0 Hz, H12), 7.53 (4H, m, ArCH), 8.04 (2H, d, J = 9.5 Hz, H4, H5), 8.27 

(2H, d, J = 10.0 Hz, H I, H8), 8.49 (IH, s, HIO), 8.66 (IH, d, J = 16.0 Hz, HI 1)

J3C NMR ppm (CDCI3) 13.95 (C15), 60.39 (C14), 124.81, 124.94, 125.85, 127.76, 128.39 

(Cl l ,  ArCH), 126.81 (C4), 130.79 (C12), 141.50 (C=0)

HRMS (ESI) calculated for CjgHigOs: (M^-i- H) 277.1229: found 277.1234

Preparation of 3-(9-anthracenyl)-acrylic acid (112)

3-(9-Anthracenyl)acrylic acid ethyl ester (111) (1.00 g, 4.03 mmol) according to 

general procedure 6.3.1.

Yellow crystals (95 %)

M.p. 237-239 °C (lit. m.p 244-245 °C) '̂‘’̂

IRvn,ax (KBr) 3050 (OH), 1689 (C=0), 1630 (C=C) cm '
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IH NMR 8  (CDCI3) 6.45 (IH , d, J=15.0 Hz, H ll) ,  7.54 (4H, m, ArH), 8.03 (2H, d, J = 9.5 

Hz, H4/H5), 8.26 (2H, d, J = 10.0 Hz, H1/H8), 8.49 (IH , s, HIO), 8 . 6 6  (IH , d, J = 15.0 Hz, 

H12)

13C NMR ppm (CDCI3) 126.51 (C12), 127.00, 128.06 (ArCH), 129.90 (C4 ), 130.55 (ArCH), 

131.10 (C9), 133.31 (C ll) ,  143.67 (C =0)

H R M S (ESI) calculated for CnHizOzNa: (M^ + Na) 271.0735: found 271.0742

Preparation of (E)-3-(9-anthracenyl)-A^,iV-dimethylacrylamide (113)

3-(9-Anthracenyl)acrylic acid (112) (2.01 mmol, 0.50 g) and dimethylamine 

hydrochloride (3.60 mmol, 1.12 g) were reacted according to general procedure 6.3.4. The 

residue was purified by flash column chromatography over silica gel (eluent; 2 : 1 , hexane/ethyl 

acetate)

Dark brown solid (87 %)

M.p. 77-80 °C

IRv„,ax (KBr) 1645 (C =0) cm '

>H NMR 6  (CDCI3) 3.17 (6 H, s, CH 3 ), 6 . 8 6  (IH , d, J = 15.5 Hz, H12), 7.51 (4H, m, ArH), 

8.29 (2H, d, J = 9.5 Hz, H4/H5), 8.29 (2H, d, J = 9.5 Hz, H1/H8), 8.60 (IH , s, HIO), 8.59 (IH , 

d , J =  15.5 Hz, H l l )

'3C NMR ppm (CDCI3) 34.43 (C9), 36.00 (CH 3 ), 37.47 (CH 3 ), 125.26, 125.33, 125.59, 

126.00, 126.70, 127.24, 127.51, 128.47, 128.76, 132.84 (ArCH, C12), 139.68 (Cl l ) ,  166.16 

(C =0)

H RM S (ESI) calculated for CigHigNO: (M^ + H) 276.1388: found 276.1380

Preparation of (£)-3-(9-anthracenyl)-A^,A^-diethylacrylamide (114)

3-(9-Anthracenyl)acrylic acid (113) (2.01 mmol, 0.50 g) and MA^,-diethylamine 

hydrochloride (3.60 mmol, 1.22 g) were reacted according to general procedure 6.3.4. The 

residue was purified by flash column chromatography over silica gel (eluent: 2 : 1 , hexane/ethyl 

acetate)

Orange solid (78 %)

M.p.78-81 ° C

IRv„,ax (KBr) 1649 (C =0), 2974 (Ar C=C) cm ’
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IH NMR 6  (CDCI3) 1.29 (6 H, s, CH3 ), 3.46-3.63 (4H, br d, J = 6.0 Hz, CH 2 ), 6.80 (IH, d, J = 

15.5 Hz, H12), 7.50 (4H, m, ArH), 8.03 (2H, m, H4/H5), 8.30 (2H, m, H1/H8), 8.49 (IH, s, 

HIO), 8.65 (IH, d , J =  15.5 Hz, H l l )

>3C NMR ppm (CDCI3) 12.88, 14.80 (CH2 ), 40.78, 41.88 (CH3 ), 124.87, 125.17, 125.49, 

125.64, 128.29 (ArCH), 126.98 (C12), 128.95, 130.65, 130.83 (C4 ), 139.15 (Cl l ) ,  164.68 

(C=0).

HRM S (ESI) calculated for C2 1 H2 2NO: (M V  H) 304.1714: found 304.1701

Preparation of (£')-3-(9-anthracenyl)-l-(piperidinyl)prop-2-en-l-one (115)

3-(9-Anthracenyl)acrylic acid (112) (2.01 mmol, 0.50 g) and piperidine (3.60 mmol, 

1.13 g) were reacted according to general procedure 6.3.4. The residue was purified by flash 

column chromatography over silica gel (eluent: 85.15, hexane/ethyl acetate).

Yellow solid (54 %)

M .p. 92-98 °C

IRvinax (KBr) 1655 (C=0) cm '

>H NMR 8  (CDCI3 ) 1.68 (6 H, br s, CH2 ), 3.56 (4H, br s, CH2 ), 6.90 (IH, d, J = 15.0 Hz, 

HI 2), 7.54 (4H, m, ArH), 8.04 (2H, d, J = 8.0 Hz, ArH), 8.31 (2H, d, J = 8.0 Hz, ArH), 8.48 

(IH, s, HIO), 8.59 (IH, d, J = 15.0 Hz, H l l )

NMR ppm (CDCI3 ) 24.19 (CH2 ), 25.89 (CH2 ), 124.85, 125.16, 125.50, 128.14, 128.29 

(ArCH), 127.33 (C12), 128.93, 130.83 (C4 ), 139.07 (Cl l ) ,  164.32 (C=0)

HRMS (ESI) calculated for C2 2 H2 2 NO: (M^+ H) 316.1701: found 316.1692

Preparation of (£')-3-(9-anthracenyl)-l-(pyrrolidinyl)prop-2-en-l-one (116)

3-(9-Anthracenyl)acrylic acid (112) (2.01 mmol, 0.50 g) and pyrrolidine (3.60 mmol, 

1.08 g) were reacted according to general procedure 6.3.4. The residue was purified by flash 

column chromatography over silica gel (eluent: 85:15, hexane/ethyl acetate).

Orange powder (63 %)

M.p. 94-95 °C

IRv„,ax (KBr) 1656 (C=0) cm '
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iR  N M R 6 (CDCI3 ) 2.00(4H, br s, CH 2 ), 3.66 (4H, 2s, CH 2), 6.73 (IH , d, J = 16.0 Hz, H12), 

7.50 (4H, m, ArH), 8.02 (2H, m, H4/H5), 8.29 (2H, m, H1/H8), 8.45 (IH , s, HIO), 8.63 (IH , 

d, J =  16.0 Hz, H l l )

N M R ppm (CDCI3) 46.49 (CH 2), 53.01 (CH 2 ), 125.25, 125.34, 125.61, 125.80, 126.02, 

127.60, 127.85, 128.76 (ArCH) 127.02 (C12), 129.43, 130.84, 131.28 (C4 ), 139.36 (Cl l ) ,  

164.28 (C =0)

HRMS (ESI) calculated for C 2 1 H2 0NO: (M^ + H) 302.1545: found 302.1555

Preparation of (£')-3-(9-anthracenyl)-l-(A^-methylpiperazinyl)prop-2-en-l-one (117)

3-(9-Anthracenyl)acrylic acid (112) (2.01 mmol, 0.50 g) and A^-methylpiperazine (3.60 

mmol, 1.18 g) were reacted according to general procedure 6.3.4. The residue was purified by 

flash column chromatography over silica gel (eluent: 85:15, hexane/ethyl acetate).

Brown solid (67 %)

M.p. 120-125 °C

IRv„,ax (KBr) 1644 (C =0) cm '

’H N M R 8 (CDCI3) 2.48 (3H, s, CH 3 ), 2.66 (4H, 2 x br s, CH.), 3.79 (2H, br s, CH 2 ), 4.01 

(2H, br s, CH 2 ), 6.84 (IH,  d, J = 15.5 Hz, H12), 7.52 (4H, m, ArH), 8.03 (2H, m, H5/H4), 8.25 

(2H, m, H1/H8), 8.48 (IH,  s, HIO), 8.73 (IH,  d, J = 15.5 Hz, HI 1)

NMR ppm (CDCI3) 30.52 (CHj), 45.24 (CH2 ), 49.50 (CH 2 ), 124.89, 124.98, 125.55, 

125.65, 127.24 (C12), 130.82, 128.91, 128.35 (C4 ), 140.08 (Cl l ) ,  164.38 (C=0).

HRMS (ESI) calculated for C 2 2 H2 3N 2 O; (M^ + H) 331.1810: found 331.1810

Preparation of (£')-ethyl-4-(3-(9-anthracenyl)acryloyl)piperazine-l-carboxylate (118)

3-(9-Anthracenyl)acryIic acid (112) (2.01 mmol, 0.50 g) and ethyl piperazine-1- 

carboxylate (3.60 mmol, 0.56 g) were reacted according to general procedure 6.3.4. The 

residue was purified by flash column chromatography over silica gel (eluent: 85:15, 

hexane/ethyl acetate).

Orange crystals (65 %)

M.p. 80-85 °C

IRvmax (KBr) 1648 (C =0), 1693 (C =0) cm '
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iH NMR 8  (CDCI3 ) 1.30 (3H, m, CH3), 3.60 (6 H, 2br s CH2), 4.82 (2H, br s, CH2 ), 4.17 (4H, 

m, CH2 ), 6.85 (IH, d, J = 15.5 Hz, H ll) ,  7.55 (4H, m, ArH), 8.04 (2H, d, J = 7.0 Hz, ArH), 

8.25 (2H, d, J = 7.0 Hz, ArH), 8.49 (IH, s, HIO), 8 . 6 8  (IH, d, J = 15.5 Hz, H12).

13C NMR ppm  (CDCI3 ) 40.55 (CH2), 20.62 (CH3 ), 59.96, 61.01 (CH2), 124.73, 128.48, 

129.07, 130.63 (C4 ), 124.90, 125.00, 125.72, 127.28, 127.57, 127.81, 128.33 (ArCH), 131.87 

(C ll) .

HRM S (ESI) calculated for C2 4H24N2 0 3 Na; (M"̂  + Na) 411.4487: found 411.1691.

Preparation of (£')-3-(9-anthracenyl)-l-(4-(p-tolyI)piperazinyl)prop-2-en-l-one (119)

3-(9-Anthracenyl)acrylic acid (112) (2.01 mmol, 0.50 g) and p-toluylpiperazine (3.60 

mmol, 0.63 g) were reacted according to general procedure 6.3.4. The residue was purified by 

flash column chromatography over silica gel (eluent: 85:15, hexane/ethyl acetate).

Orange crystals (67 %)

M.p. 76-78 °C

IRvniax (KBr) 1643 (C=0) cm''

m NMR 8  (CDCI3) 2.61 (3H, s, CH3), 3.24 (4H, br d, .1 = 30.0 Hz, CH2 ), 3.86 (2H, br s, 

CH2), 4.04 (2H, br s, CH 2), 6.90 (IH , d, J = 15.5 Hz, H U ), 7.13 (2H, d, J = 8.0 Hz, ArH), 7.51 

(4H, m, ArH), 8.04 (2H, dd, J = 5.0 Hz, J = 8.0 Hz, ArH), 8.28 (2H, dd, J = 5.0 Hz, J = 8.0 Hz, 

ArH), 8.47(1H, s, HIO), 8.69 (IH, d, J = 15.5 Hz, H12).

13C NMR ppm  (CDCI3) 20.62 (CH3), 59.96, 61.01 (CH2), 124.73, 124.90, 125.00, 125.72, 

127.01, 127.28, 128.48 (ArCH), 127.57 (C12), 131.84 (C ll) , 129.07, 130.63 (C4 ), 164.98 

(C=0)

HRMS (ESI) calculated for C2 8H2 7N2 O: (M^ + H) 407.2123: found 407.2174

Preparation of 3-(9-anthracenyl)-A^-methylacrylamide (120)

Methylamine (10 mL of 2M solution in THF) was added to 3-(9-anthryl)-acrylic acid 

ethyl ester (111) (5.71 mmol, 2.00g) and stirred at 110 °C in a sealed tube for 24 hours. 

Yellow needles precipitated during reaction were filtered off and washed with ethyl acetate 

(10 mL). The filtrate was evaporated to remove the excess methylamine. Water (25 mL) was 

added to the residue and the product was extracted using ethyl acetate (3 x 25 mL). The 

organic phase was washed with brine (3 x 25 mL), dried over anhydrous Mg2 S0 4  and the
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solvent evaporated in vacuo. The product was then purified flash column chromatography 

over silica gel (eluent; 85:15, hexane/ethyl acetate) followed by recrystallisation from DCM. 

Yellow needles (95 %)

M.p. 240 'C

IRv^ax (KBr) 3296 (N-H, s), 1563 (N-H, b), 1360 (C-N), 1651 (C=0) cm’' 

iH NMR 6  (CDCb) 3.05 (3H, s, CH3 ), 5.75 (IH, br s, NH), 6.34 (IH, d, J = 14.5 Hz, H12), 

7.49 (4H, m, H2/H7, H3/H6), 8.02 (2H, m, H4/H5), 8.23 (2H, m, H1/H8), 8.45 (IH, s, HIO), 

8.55 (IH, d, J =  14.5 Hz, H Il)

NMR ppm (CDCI3) 26.16 (CH3 ), 125.30 (C3/C6), 125.5 (C1/C8), 126.00 (C2/C7), 128.8 

(C4/C5), 129.20 (C4 ), 129.50 (C l2), 130.00 (C9), 131.30 (C4 ), 137.85 (C ll) , 165.50 (C=0) 

HRMS (ESI) calculated for CigHijNONa; (M^+ Na) 284.1051; found 284.1052

Preparation of (£)-4-(9-anthracenyl)but-3-en-2-one (121)

Anthraldehyde (4.85 mmol, l.OOg) and l-triphenyl-phosphoranylidene-2-propanone 

(6.30 mmol, 2.00g) were dissolved in dry DCM (100 mL) and heated at reflux for 7 hours. 

After this time, the mixture was diluted with DCM (50 mL) and washed with water (3 x 25 

mL) and brine (3 x 25 niL). The solution was dried over anhydrous Mg2 S0 4  and the solvent 

evaporated in vacuo to give the crude product. This was purified by flash column 

chromatography over silica gel (eluent; 2 ; 1 , hexane/ethyl acetate).

Yellow crystals (45 %)

M.p. 96-100 °C

IRv„,ax (KBr) 1665 (C=0) cm '

iH NMR 8 (CDCI3) 2.59 (3H, s, CH3), 6.77 (IH, d, J = 17.0 Hz, H I2), 7.55 (4H, m, ArH), 

8.06 (2H, m, ArH), 8.25 (2H, m, ArH), 8.52 (IH, d, J = 17.0 Hz, HI 1)

13C NMR ppm (CDCI3) 27.60 (CH3 ), 125.03, 125.39, 126.24, 126.40, 128.46, 128.90, 

(ArCH), 128.55 (C12), 135.86 (C ll) , 145.40 (CIO), 127.77, 130.89, 131.50, 197.99 (C=0) 

HRMS (ESI) calculated for CigHnONa; (M^ + Na) 269.0942; found 269.0953.

Preparation of (£')-9-(4-nitrostyryl)anthracene (122)

(4-Nitrophenyl)triphenlphosphonium bromide (2.18 mmol, 1.04 g) and 60 % NaH in 

oil (2.90 mmol, 0.12 g) were stirred for 30 mins in anhydrous THF (20 mL), in an inert

326



atmosphere, at 0 °C. 9-Anthraldehyde (1.45 mmol, 0.30 g) in dry THF (10 mL) was added 

dropwise to the solution and it was heated at reflux for 12 hours. After this time the reaction 

was quenched with water (l-5m L). The product was diluted with water (20 mL) and the 

product extracted with DCM (3 x 20 mL). The solvent was removed in vacuo and the product 

was purified by flash column chromatography over silica gel (eluent: 85:15 hexane/ethyl 

acetate).

Orange crystals (35 %)

M.p. 89-91 °C

IRvmax(KBr) 1339, 1512 (NO 2 ) cm’'

NMR 8 (CDCI3 ) 7.05 (IH , d, J = 16.5 Hz, H12), 7.34 (2H, d, J = 8.8 Hz, H13), 7.53 (4H, 

m, ArH), 7.83 (2H, d, J = 8.8 Hz, H14), 8.15 (IH , d, J = 17.0 Hz, H l l ) ,  8.32 (4H, m, ArH), 

8.49 (IH , s, HIO)

NMR ppm (CDCI3 ) 124.28 (C15), 125.30, 125.46, 126.03, 127.40 (ArCH) 127.02 (C14), 

128.92 (ArCH), 129.87 (C ll) ,  129.64, 131.27, 131.46 (C4), 135.15 (C12), 143.63 (C4), 148.04 

(C4 NO2).

HRMS (ESI) calculated for C22H,5N02Na: (M ^+ Na) 348.1000: found 348.1007

Preparation o f (£')-4-(9-anthracenyl)-A^-methylbut-3-en-2-amine (123)

To a solution of (£')-4-(9-anthracenyl)but-3-en-2-one (121) (1.12 mmol, 0.27 g) in dry 

MeOH (20 mL) was added NaCNBHs (1.57 mmol, 0.10 g) and methylamine hydrochloride 

(8.96 mmol, 0.60 g). This solution was stirred under an atmosphere of N 2 for 72 hours as 

indicated by TLC. The pH was adjusted to 5-6 with 4M methanolic HCl. W hen the reaction 

was complete, excess hydride was quenched using 10 % aq. HCl (25 mL). The aqueous 

solution was washed with dichloromethane (3 x 25 mL). The aqueous phase was basified with 

2M NaOH and extracted with dichloromethane (3 x 25 mL). The organic phases were 

combined and dried with anhydrous M g2S0 4  and the solvent was evaporated in vacuo. The 

crude product was purified by flash column chromatography over silica gel (eluent: 2:1, 

hexane/ethyl acetate)

Pale oil (89 %)

IRvmax (film) 3109 (NH) cm '
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m  NMR 6 (CDCI3) 1.55 (3H, d J = 6.5 Hz, CH 3 ), 3.59 (3H, s, CH 3 NH), 4.24 (IH , q, J = 6.5 

Hz, H13), 6.00 (IH , dd, J = 16.0 Hz, J = 7.0 Hz, H12), 7.35 (IH , d, J = 16.5 Hz, H l l ) ,  7.50 

(4H, m, ArH), 8.03 (2H, m, ArH), 8.30 (2H, m, ArH), 8.45 (IH , s, HIO).

NMR ppm (CDCI3) 13.69 (CH 3 ), 56.08 (CH 3 NH), 78.06 (C13), 124.67, 125.01, 125.23, 

125.33, 125.92, 128.23 (ArCH), 126.67 (C ll) ,  128.98, 130.94, 131.76 (C4 , C9), 139.74 (C12). 

HRMS (ESI) calculated for C 19H 2 0N; (M^ + H) 262.1596: found 262.1601

Preparation of 3-(9-anthracenyl)-2-cyanoacrylic acid (124)

Morpholine (0.70 mL) was added to a solution of anthraldehyde (5.00 mmol, 1.00 g) 

and cyanoacetic acid (5.80 mmol, 0.49 g) in DMF (10 mL). The mixture was heated at 90 °C 

for 1 hour. A solution of KOH (1.00 g) in water: methanol (1:2) (1.5 mL) was added, followed 

by diethyl ether (5 mL) which caused a yellow precipitate to form. The mixture was filtered 

and washed with ether. The crystals were recrystallised from methanol. The crystals were 

dissolved in water and then acidified using 10 % aq. HCl. This caused a bright orange solid to 

precipitate. The orange crystals were recrystallised from DCM.

Orange crystals (76 %)

M.p. 70 °C

IRvniax (KBr) 2224 (CN), 3351 (OH) cm '

iH NMR 6 (CDCI3) 7.56-7.65 (4H, dt, J = 7.0 Hz, H2/H7, H3/H6), 8.00 (2H, d, J = 8.5 Hz, 

H5/H4), 8.14 (2H, d, J = 8.5 Hz, H5/H4), 8 . 6 8  (IH , s, HIO), 9.31 (IH,  s, H l l )

13C NMR ppm (CDCI3) 114.65, 114.8 (CN, C12), 124.87, 125.90, 127.32, 128.16 (ArCH), 

128.99, 129.78 (ArC4 ), 130.56 (CIO), 154.79 (Cl l ) ,  162.20 (C =0)

HRMS (ESI) calculated for; (M^ - H) 272.0717: found 272.0732

Preparation of 3-(9-anthracenyl)acrylonitrile (125)

Morpholine (0.70 mL) was added to a solution of anthraldehyde (5.00 mmol, 1.00 g) 

and cyanoacetic acid (5.80 mmol, 0.49 g) in DMF (10 mL). The mixture was refluxed for 7 

hours and then left at -20 °C overnight. This allowed precipitation of the product. The filtrate 

was diluted with water (15 mL) to allow further precipitation of the product. The crystals were 

combined and recrystallised from toluene.

Yellow crystals (30 %)
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M.p. 150-155 °C (Lit: 204-207 °C)

IRvmax (KBr) 2217 (CN) cm '

>H NMR 8 (CDCI3) 5.65 (IH, d, J = 17.0 Hz, H12), 7.56 (4H, 2t, J = 6.5 Hz, ArH), 8.06 (2H, 

d, J = 8.5 Hz, H4/H5), 8.17 (2H, d, J = 8.5 Hz, H1/H8), 8.35 (IH, d, J = 17.0 Hz, H ll) , 8.53 

(IH , s, HIO)

13C NMR ppm (CDCI3) 105.14 (C12), 117.18 (CN), 123.96, 125.12, 126.58, 128.89 (ArCH), 

124.28, 126.27 (C4 ), 127.62 (C9), 130.66 (CIO) 148.09 (C ll)

HRMS (ESI) calculated for CiyHnNNa: (M^ + Na) 252.0789: found 252.0791

Preparation of (£')-9-(2-nitrovinyI)anthracene (126)

To a solution of anthraldehyde (2.40 mmol, 0.50 g) in glacial acetic acid (10 ml) was 

added nitromethane (2.40 mmol, 0.15 g), followed by cyclohexylamine (4.80 mmol, 0.48 g). 

The reaction was refluxed over a water bath for 6 hours. Water (20 ml) was added and the 

reaction was allowed to stand overnight. The precipitated nitroethene was isolated by 

filtration. The filtrate was further diluted with water (100 ml) and extracted with 

dichloromethane (3 x 50 ml). The organic phases were combined and washed with satd. aq. 

NaHCOs (3 x 50 ml). The solution was dried over anhydrous Na2 S0 4 , filtered and all solvent 

removed in vacuo, to give an oil which was purified by flash column chromatography over 

silica gel (eluent: 85/15, hexane:ethyl acetate). The chromatographed and precipitated 

nitroethene fractions were combined and recrystallised from methanol.

Orange solid (66 %)

M.p, 158-160 °C (lit. m.p. 162-164 

IRvniax (KBr) 1566, 1345 (NO2 ) cm''

iH NMR 5 (CDCI3) 7.58 (5H, m, H2, H3, H6, H7, H12), 8.07 (2H, d, J = 8.0 Hz, H5, H4), 

8.21 (2H, d, J = 8.0 Hz, H I, H8), 8.57 (IH, s, HIO), 9.10 (IH, d, J = 13.8 Hz, H l l )

13C NMR ppm (CDCI3) 123.23, 125.50, 129.96, 131.18 (ArCH), 123.23, 125.50, 129.96, 

131.18 (C4), 135.73 (Cl l ) ,  142.72 (C12)

HRMS (ESI) calculated for CigHiiNOi: (M^ + H) 250.0868: found 250.0860.
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Preparation of 3-(9-anthracenyl)propanenitriIe (133)

3-(9-Anthracenyl)acrylonitrile (125) (4.33 mmol, 1.00 g) according to general 

procedure 6.2.2. The product was purified by flash column chromatography over silica gel 

(eluent: 2:1 DCM/hexane)

Pale yellow solid (40 %)

M.p. 140-142 °C

IRvmax (KBr) 2223 (CN) cm '

iR  NMR 6 (CDCI3) 2.82 (2H, t, J = 8.0 Hz, H I2), 4.05 (2H, t, J = 8.0 Hz, H ll) , 7.52 (2H, m, 

ArH), 7.60 (2H, m, ArH), 8.05 (2H, d, J = 8.0 Hz, H4/H5), 8.20 (2H, d, J = 8.0 Hz, H1/H8), 

8.45 (IH, s, HIO)

13C NMR ppm (CDCI3) 17.64 (C12), 23.32 (C lI), 118.79 (CN), 122.68, 124.69, 126.77, 

127.06, 129.14 (ArCH), 126.38, 128.98 (C4 )

HRMS (ESI) calculated for CnHuNNa: (M^ + Na) 254.0946: found 254.0955

General procedure 6.3.6. Preparation of dihydroethanoanthracenes

The appropriate anthracenyl compound (10.00 mmol) and acrylonitrile (14.00 mmol), 

with hydroquinone (0.20 mmol) were heated together in a sealed tube, at 130 °C for 24 h 

(method A) or heated by microwave irradiation at 160 °C for 45 min (method B). The reaction 

mixture was then put into a large beaker with ethyl acetate (10-20 mL). This was allowed to 

evaporate using air and N 2 . This was repeated to allow the excess acrylonitrile to evaporate. 

The solid that remained was filtered and washed with hexane. The product was then purified 

flash column chromatography over silica gel and recrystallised from methanol.

Preparation of 9-(2-cyanovinyl)-9,10-dihydro-9,10-ethanoanthracene-ll-carbonitrile (90)

3-(9-Anthracenyl)acrylonitrile (196) (2.18 mmol, 0.50 g) was reacted according to 

general procedure 6.3.6. method A. The product was purified by flash column chromatography 

over silica gel (eluent: 2:1 hexane/ethyl acetate).

Colourless powder (67 %)

M.p. 222-226 °C

IRv„,a  ̂(KBr) 2228 (CN), 3055 (C=C) cm '
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iR  NMR 8 (CDCI3 ) 1.93 (IH, ddd, J = 3.4 Hz, J = 14.8 Hz, H12a), 2.30 (IH, m, H12b), 3.57 

(IH, dd, J = 3.9 Hz, J = 10.3 Hz, HI 1), 4.60 (IH, s, HIO), 6.46 (IH, d, J = 17.1 Hz, H14), 7.25 

(5H, m, ArH), 7.49 (3H, m, ArH), 8.08 (IH, d, J = 16.6 Hz, H13)

»3C NMR ppm (CDCI3) 30.51 (CIO), 39.75 (C9), 41.81 (C ll) , 105.23 (CN vinyl), 115.62 

(CN alkyl), 122.99, 123.30, 123.79, 124.16, 126.05, 126.14, 127.17, 127.24 (ArCH, C14), 

138.99, 140.20, 142.26, 142.64 (C4), 151.32 (C13)

HRMS (ESI) calculated for CzoHMNjNa: (M^ + Na) 305.1055: found 305.1047

Preparation of 9-formyl-9,10-dihydro-ll-cyano-9,10-ethanoanthracene (127)

Anthraldehyde (91.39 mmol, 4.00 g), acrylonitrile (164.82 mmol, 8.75 g) were reacted 

according to general procedure 6.3.6. method A or method B. The product was then purified 

flash column chromatography over silica gel (eluent: 2:1 hexane/ethyl acetate), followed by 

recrystallisation from methanol.

Pale yellow crystals (48 %)^ (70 %)^

M.p. 160 °C (lit M.p. 208-210 °C)

IR v w  (KBr) 2239 (CN), 1727 (C=0), 2831, 2728 (C-H aldehyde) cm '

NMR 8  (CDCI3) 2.10 (IH, m, H12a), 2.35 (IH, m, HI2b), 3.21 (IH, dd, J = 4.7 Hz, J = 

10.5 Hz, HIO), 4.47 (IH, s, H U ),  7.19-7.5 (8 H, ArH), 10.93 (IH, s, H13)

NMR ppm (CDCI3 ) 28.61 (C12), 33.53 (CIO), 42.87 (C ll) , 58.09 (C9), 119.84 (CN), 

121.58, 122.58, 123.86, 124.03, 126.00, 126.34, 127.38, 127.42, 136.13, 137.54, 141.61, 

142.02 (ArCH, C4 ), 199.80 (C l3)

HRMS (ESI) calculated for CigHiaNONa: (M^ -1- Na) 282.0895; found 282.0921

Preparation of 9-formyl-9,I0-dihydro-9,10-ethanoanthracene-ll-carboxylic acid (129)

Anthraldehyde (0.49 mmol, 0.10 g), acrylic acid (3 mL), xylene (5 mL) and a few 

drops of acetic acid were heated together under microwave irradiation at 250 °C for 10 

minutes. After this time the solvent was evaporated in vacuo and the crude mixture was 

purified by flash column chromatography (95% DCM/MeOH).

Colourless crystals (22 %)

M.p. 175-179 °C (lit M.p. 184-185 °C)

IRvn,ax (KBr) 1730 (C=0), 2958 (OH) cm‘‘
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m  NMR 8 (CD3OD) 2.21 (IH, m, H I2a), 2.36 (IH, m, 12b), 3.00 (IH, m, HI 1), 4.74 (IH, d, J 

= 4.0 Hz, HIO), 7.20 (4H, m, ArH), 7.33 (3H, m, ArH), 7.42 (IH, m, ArH)

13C NM R ppm (CD3OD) 30.12 (C12), 43.54 (C l 1), 46.38 (CIO), 55.44 (C9), 120.67, 121.10, 

123.94, 125.24, 126.96, 126.02, 126.18, 126.24 (ArCH), 138.97, 140.45, 140.53, 141.58 (C4), 

178.23 (CHO), 202.34 (COOH)

HRMS (ESI) calculated for CigHnOj: (M^ - H) 277.0870: found 277.0415

Preparation of 9,10-dihydro-ll-cyano-9,10-ethanoanthracene-(9-acrylic acid ethyl ester) 

(131)

3-(9-Anthracenyl)acrylic acid ethyl ester (111) (10.00 mmol, 2.76 g) was reacted 

according to general procedure 6.3.6. method A. The product was then purified flash column 

chromatography over silica gel (eluent: 2 : 1 , hexane/ethyl acetate), followed by

recrystallisation from methanol.

Colourless crystals (90 % )

M.p. 70 °C

I R v w  (KBr) 1190 (C-O), 1722 (C =0), 2237 (CN) cm '

'H NMR 8 (CDCI3 ) 1.43 (3H, t, J = 7.0 Hz, CH3), 2.15 (IH, m, H12a), 2.35 (IH, m, H12b), 

3.10 (IH, dd, J = 4.0 Hz, J = 10.5 Hz, HIO), 4.38 (2H, q, J = 7.5 Hz, CH2 ), 4.46 (IH, s, HI 1), 

6.50 (IH, d, J = 16.5 Hz, H13), 7.15-7.28 (8 H, m, ArH), 8.01 (IH, d, J = 16.5 Hz, H14).

13C NMR ppm (CDCI3 ) 13.87 (CH3), 31.04 (Cl l ) ,  34.49 (CIO), 42.58 (CH2, C12), 50.23 

(C9), 60.63 (CH2), 120.07 (CN), 122.70-127.02 (C14, ArCH), 138.72, 140.15, 141.38, 142.12 

(C4 ), 143.17 (C13), 165.28 (C =0)

HRMS (ESI) calculated for C22H ,9N 0 2 Na: (M""-!- Na) 352.1313: found 352.1325

Preparation of 9,10-dihydro-9,10-ethanoanthracen-ll-cyano-A^-methylacrylamide (132)

3-(9-Anthracenyl)-A^-methyl-acrylamide (120) (0.77 mmol, 0.20 g) was reacted 

according to general procedure 6.3.6. method A. The product was purified by flash column 

chromatography over silica gel (eluent: 2 :1  hexane/ethyl acetate).

Colourless powder (8 8  %)

M.p. 180-182 °C

I R v w  (KBr) 1675 (C =0), 2240 (CN) 3289 (NH), cm '
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m NMR 8  (CDCI3 ) 2.20 (IH, m, H I2a), 2.38 (IH, m, H I2b), 3.06 (4H, t, J = 8.0 Hz, CH3 , 

H ll) , 4.45 (IH , s, HIO), 5.85 (IH, br s, NH), 6.42 (IH, d, J = 16.0 Hz, H14), 7.17 (2H, m, 

ArH), 7.25 (3H, m, ArH), 7.33 (IH , d, J = 7.0 Hz, ArH), 7.39 (2H, d, J = 7.0 Hz, ArH), 7.95 

(IH, d, J =  16.0 Hz, H13)

«C NMR ppm (CDCI3) 26.16 (CH3), 30.99 (C ll) , 34.59 (CH2), 42.54 (CIO), 49.95 (C9), 

120.42 (CN), 122.85, 123.04, 123.29, 123.43, 125.80, 126.10, 127.16 (ArCH), 126.83 (C14), 

138.97 (C13), 139.45, 140.42, 141.35, 142.09 (C4 ), 164.67 (C=0)

HRMS (ESI) calculated for CziHigNzONa: (M^+ Na) 337.1317: found 337.1329

Preparation of 9,10-dihydro-9,10-ethanoanthracene-ll-carbonitrile (139)

Anthracene (2.80 mmol, 0.50 g), acrylonitrile (10 mL) and hydroquinone (0.28 mmol, 

0.02 g) were heated together under microwave irradiation at 200 °C for 10 minutes. Excess 

solvent was evaporated in vacuo and the residue was purified by flash column 

chromatography over silica gel (eluent: 85:15, hexane/ethyl acetate).

Colourless solid (38 %)

M.p. 112-115 °C (lit. m.p. 118-120) 

lRv„,ax (KBr) 2243 (CN) cnV'

>H NMR 8  (CDCI3 ) 1.97 (IH, ddd, J = 17.1 Hz, J = 12.4 Hz, J = 2.5 Hz, H12a), 2.22 (IH, m, 

H I2b), 2.92 (IH, ddd, J = 15.5 Hz, J = 10.4 Hz, J = 2.5 Hz, H ll) , 4.43 (IH, t, J = 2.5 Hz, H9), 

4.60 (IH, d, J = 2.5 Hz, HIO), 7.18 (4H, m, ArH), 7.29 (3H, m, ArH), 7.52 (IH, m, ArH)

•3C NMR ppm (CDCI3) 28.59 (C ll) , 32.73 (C l2), 42.62 (C9), 46.18 (CIO), 121.28 (CN), 

123.08, 123.37, 123.49, 124.93, 125.88, 126.10, 126.53, 126.65 (ArCH), 138.10, 140.06, 

141.96, 142.23 (C4 )

HRMS (ESI) calculated for CiyH^NNa: (M^ + Na) 254.0946: found 254.0951

General procedure 6.3.7. Hydrogenation of alkenes

The appropriate unsaturated compound was dissolved in ethyl acetate (10 mL) and 

added to 10% palladium on charcoal (1.00 g). The flask was filled with H2 and stirred for 48 

hr, while bESIng monitored by TLC. After this time, the solution was filtered through celite 

and solvent was evaporated in vacuo. No further purification was necessary.
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Preparation of ethyl 3-(ll-cyano-9,10-dihydro-9,10-ethanoanthracenyl)-9-propanoate

(134)

9.10-Dihydro-9,10-ethanoanthracene-l 1-cyano-A^-methylacrylamide (132) (1.52 

mmol, 0.50 g) was reacted according to general procedure 6.3.7. The product required no 

further purification.

Colourless crystals (95 %)

M.p. 132-138 °C

IRv„,ax (KBr) 2233 (CN) cm '

iR NMR 6 (CDCI3) 1.38 (3H, t, J = 7.0 Hz, CH3 ), 2.10 (IH, m, H12a), 2.40 (IH, m, H12b), 

2.83 (2H, m, CH2 ), 2.89 (IH, m, H ll) , 3.13 (IH, m, CH2 ), 4.30 (2H, q, J = 7.0 Hz, OCH2 ), 

4.38 (IH, s, CIO), 7.18-7.30 (4H, m, ArH), 7.35 (3H, m, ArH), 7.49 (IH, d, J = 8.0 Hz, ArH) 

13C NMR ppm (CDCI3) 13.86 (CH3 ), 23.78 (C12), 29.45 (CH2 ), 33.79 (CH2 ), 38.50 (C ll) , 

42.82 (CIO), 46.41 (C9), 60.59 (OCH2 ), 119.97 (CN), 121.94, 122.54, 123.10, 123.70, 125.73, 

126.06, 126.32, 126.45 (ArCH), 139.99, 142.79, 143.43 (C4 ), 172.54 (C=0)

HRMS (ESI) calculated for C2 2 H2 iN0 2 Na; (M^ + Na) 354.1470: found 354.1463

Preparation of 9,10-dihydro-9,10-ethanoanthracen-ll-cyano-A^-methylpropanamide

(135)

9.10-Dihydro-9,10-ethanoanthracen-12-cyano-iV-methylacrylamide (132) (0.95 mmol, 

0.30 g) was reacted according to general procedure 6.3.7. No further purification was 

necessary.

Grey solid (98 %)

M.p. n/a

IRvmax (KBr) 2244 (CN) cm'*

m NMR 6 (CDCI3) 2.05 (IH, m, HI2a), 2.10 (IH, m, 12b), 2.60 (IH, m, CH2 ), 2.98 (3H, s, 

CH3), 3.01 (IH, m, HI 1), 4.37 (IH, s, HIO), 5.85 (IH, br s, NH), 7.20 (4H, m, ArH), 7.25 (2H, 

m, ArH), 7.42 (IH, d, J = 8.0 Hz, ArH), 7.50 (IH, d, J = 8.0 Hz, ArH)

13C NMR ppm (CDCI3 ) 24.60, (CH2 ), 26.18 (CH3), 31.35 (CH2 ), 31.44, 33.64 (C l2 ), 42.79 

(CIO), 46.50 (C9), 120.22 (CN), 122.31, 122.52, 123.04, 123.62, 125.83, 126.03, 126.26, 

126.39 (ArCH), 140.14, 142.92, 143.28 (C4 ), 172.16 (C=0)

HRMS (ESI) calculated for C2 1 H2 1N2 O: (M^ -t- H) 339.1471; found 339.1462
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Preparation of 9-(2-cyanoethyl)-9,10-dihydro-9,10-ethanoanthracene-ll-carbonitrile

(136)

9-(2-Cyanovinyl)-9,10-dihydro-9,10-ethanoanthracene-11 -carbonitrile (133)

(0.70 mmol, 0.20g) was reacted according to general procedure 6.3.7. The residue was 

purified by flash column chromatography over silica gel (eluent: 2:1 hexane/ethyl acetate).

Pale solid (75 %)

M.p. 149-151 °C

IRvmax (KBr) 2237 (CN) cm '

iH  N M R  8 (C D C b) 2.07 (IH, ddd, J = 17.0 Hz, J = 10.2 Hz, J = 3.0 Hz, H12a), 2.34 (IH,  m, 

H12b), 2.74 (IH,  dd, J = 10.0 Hz, J = 4.0 Hz, H l l ) ,  2.83 (IH, dd, J = 17.0 Hz, J = 9.0 Hz, 

H13a), 2.96 (IH,  dd, J = 16.8 Hz, J = 8.0 Hz, H13b), 3.17 (2H, t, J = 7.5 Hz, H14), 4.42 (IH, J 

= 2.7 Hz, HIO), 7.25 (4H, m, ArH), 7.40 (4H, m, ArH)

13C N M R  ppm  (C D C b) 12.97 (C12), 25.39 (C13), 31.62 (Cl l ) ,  33.68 (C14), 42.71 (CIO), 

46.52 (C9), 118.71, 119.37 (CN), 121.58, 122.55, 123.84, 126.39, 124.54, 126.39, 126.68, 

127.27, 127.31 (ArCH), 138.79, 142.49, 143.21 (C4 )

H R M S (ESI) calculated for C 2oH,6N 2Na: (M^ + Na) 307.1211: found 307.1195

Preparation of 9,10-dim ethyl-9,10-dihydro-9,10-ethenoanthracene-ll,12-dicarboxylate

(137)

Anthracene (1.00 mmol, 0.18 g) and dimethyl acetylenedicarboxylate (5 mL) were 

heated in a sealed tube at 120 °C for 24 hours (method A) or heated by microwave irradiation 

160 °C for 45 mins (method B). After this time any solvent was evaporated to give a brown 

resin which was purified by flash column chromatography over silica gel (eluent: 10:1 

hexane/ethyl acetate)

Colourless powder (31 %)^  (64 %)®

M.p. 150-152 °C (lit. m.p. 160-161 °C)^^*

IR  v„,ax (KBr) 1734 (C =0) cm ''

iH  N M R  8 (CDCI3 ) 3.81 (6H, s, CH 3 ), 5.50 (2H, s, CH), 7.03 (4H, dd, J = 3.0 Hz, J = 5.0 Hz, 

ArH), 7.39 (4H, dd, J = 3.0 Hz, J = 5.0 Hz, ArH)

>3C N M R  ppm  (CDCI3 ) 51.95 (C10/C9), 53.04 (CH3 ), 123.37, 124.97 (ArCH), 143.28 (C=C), 

146.54 (C4 ), 151.76 (C4 ), 165.51 (C =0)
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HRMS (ESI) calculated for C 2oHi6 0 4 Na: (M^ + Na) 343.0946: found 343.0944.

Preparation of 9,10-dihydro-9,10-ethenoanthracene-ll-ethylcarboxylate (138)

Anthracene (1.00 mmol, 0.18 g) and ethyl propiolate (3 mL) according to general 

procedure 6.3.6. method B. The resulting brown solution was concentrated in vacuo and the 

product was purified by flash column chromatography over silica gel (eluent: 1 0 : 1  

hexane/ethyl acetate).

Colourless crystals (62 %)

M.p. 112-113 T  (lit. m.p. 108-110)

IR Vmax (KBr) 1734 (C =0) cm ’

m NMR 8  (CDCI3 ) 1.32 (3H, t, J = 7.0 Hz, CH 3 ), 4.25 (2H, q, J = 7.0 Hz, CH 2 ), 5.31 (IH , d, 

J = 6.0 Hz, HIO), 5.77 (IH , s, H9), 7.05 (4H, m, ArH), 7.39 (2H, m, ArH), 7.46 (2H, m, ArH), 

7.95 (IH,  dd, J = 6.0 Hz, J = 1.5 Hz, H12).

'-̂ C NMR ppm (CDCI3 ) 13.89 (CH 3 ), 49.95 (CIO), 51.17 (C9), 60.31 (CH 2 ), 123.13, 123.35, 

124.47, 124.66 (ArCH), 144.05, 144.30, 144.95 (C4 ), 148.90 (C12), 164.38 (C=0)

HRMS (ESI) calculated for C ,9 H ,6 0 2 Na: (M^ + Na) 299.1048: found 299.1098

Preparation of 9-(hydroxym ethyl)-9,10-dihydro-9,10-ethanoanthracene-ll-carbonitrile 

(145)

To a solution of 9-formyl-9,l 0-dihydro-12-cyano-9,10-ethanoanthracene (127) (1.93 

mmol, 0.50 g) in MeOH (30 mL) and DCM (10 mL), was added NaBH 4  (2.32 mmol, 0.88 g) 

in portions. The mixture was stirred at room temperature and monitored by TLC. After 2 

hours, the solvent was evaporated in vcauo. Chloroform (50 mL) was added to the residue and 

the solution washed with water (3 x 25 mL). The organic phase was dried over anhydrous 

Mg2 S0 4 , and the solvent was evaporated in vacuo. The product required no further 

purification.

Colourless solid (89 %)

M.p. 192-195 °C

IRv„,ax (KBr) 2238 (CN), 3485 (OH) cm‘‘
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iH NMR 6  (CDCI3 ) 2.09 (IH, m, H12a), 2.37 (IH, m, H12b), 3.20 (IH, dd, J = 10.5 Hz, J = 

4.5 Hz, H ll) ,  4.39 (IH, s, HIO), 4.94 (IH, d, J = 11.0 Hz, H13a), 5.05 (IH, d, J = 11.0 Hz, 

H13b), 7.22 (8 H, m, ArH)

13C NMR ppm (CDCI3 ) 29.70 (C ll) , 33.41 (C12), 42.96 (CIO), 48.38 (C9), 60.65 (CH2), 

120.49 (CN), 121.96, 122.67, 123.26, 123.34, 125.76, 125.96, 126.28, 126.52 (ArCH), 138.26, 

139.69, 142.87, 143.16 (C4)

HRMS (ESI) calculated for CigHisNONa: (M^ + Na) 284.1051: found 284.1041

Preparation of 9-((methylamino)methyl)-9,10-dihydro-9,10-ethanoanthracene-l 1- 

carbonitrile (146)

To a solution of 9-formyl-9,10-dihydro-12-cyano-9,10-ethanoanthracene (127) (0.77 

mmol, 0.20 g) in dry methanol (50 mL) was added methylamine HCl (6.16 mmol, 0.42 g) and 

NaCNBHs (1.09 mmol, 0.07 g). The mixture was stirred at room temperature for 72 h and 

monitored by TLC. The pH was adjusted occasionally to pH 5-6 using 4M methanolic HCl. 

When the reaction was complete, excess hydride was quenched using 10 % aq. HCl (50 mL). 

The aqueous solution was washed with dichloromethane (3 x 25 mL). The aqueous phase was 

basified with 2M NaOH and extracted with dichloromethane (3 x 25 mL). The organic phases 

were combined and dried with anhydrous Mg2S0 4  and the solvent was evaporated in vacuo. 

No further purification was required.

Brown oil (87 %)

IRvmax (KBr) 2333 (CN) cm"'

NMR 8 (CDCI3 ) 1.72 (IH, ddd, J = 18.0 Hz, J = 12.4 Hz, J = 2.0 Hz, H I2a), 2.16 (IH, m, 

H12b), 2.71 (IH, dd, J = 12.0 Hz, J = 8.0 Hz, Hl l ) ,  3.08 (3H, s, CH3 ), 4.09 (IH, br s, NH), 

4.30 (2H, s, CH2), 4.42 (IH, d, J = 1.5 Hz, HIO), 7.12 (5H, m, ArH), 7.20 (IH, m, ArH), 7.29 

(IH, m, ArH), 7.38(1 H, ArH)

NMR ppm (CDCI3 ) 27.95 (C l2), 31.36 (CH3), 44.25 (CIO), 49.76 (C9), 50.12 (CH2), 

50.24 (Cl l ) ,  118.99 (CN), 121.20, 122.27, 124.31, 125.43, 125.57, 125.90 (ArCH), 137.56, 

141.87, 143.18, 145.67 (C4)

HRMS (ESI) calculated for CigHigNz: (M^ 4- H) 275.1548: found 275.1537
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Preparation of 9-((£)-(hydroxyim ino)m ethyl)-9,10-dihydro-9,10-ethanoanthracene-ll- 

carbonitrile (147)

9-Formyl-9,l 0-dihydro-12-cyano-9,10-ethanoanthracene (127) (0.77 mmol, 0.20 g) 

hydroxylamine hydrochloride (1.81 mmol) and pyridine (5 mL) and EtOH (15 mL) were 

heated at reflux for 3 hours. After cooling, the reaction was acidified using 10 % aq. HCl and 

extracted with DCM (3 x 20mL). The organic phases were combined, dried over anhydrous 

Na2 S0 4  and the solvent evaporated in vacuo. The product was then purified by flash column 

chromatography over silica gel (eluent: 2 : 1 , hexane/ethyl acetate).

Colourless solid (82 %)

M.p. 204-206 °C

IRvniax (KBr) 1458 (C=N), 2251 (CN), 3362 (OH) cm ’

'H NMR 5 (CDCI3) 2.10 (IH, m, H12a), 2.32 (IH, m, H12b), 3.25 (IH, dd, J = 10.0 Hz, J = 4.0 

Hz, HI 1), 4.44 (IH, d, J = 13.0 Hz, HIO), 7.17 (4H, m, ArH), 7.35 (4H, m, ArH), 8.60 (IH, s, 

CHN)

NMR ppm (CDCI3 ) 30.41 (CIO), 33.90 (C12), 42.66 (Cl l ) ,  49.61 (C9), 120.77 (CN), 

122.40, 122.79, 123.20, 123.66, 125.82, 126.20, 126.99, 127.08 (ArCH), 138.78, 139.87, 

141.38, 141.14 (C4), 148.33 (CHN)

HRMS (ESI) calculated for CigH^NjONa: (M^-i- Na) 297.1004: found 297.0990

Preparation o f dimethyI-9-formyl-9,10-dihydro-9,10-ethenoanthracene-l 1,12- 

dicarboxylate (128)

Anthraldehyde (0.48 mmol, 0.10 g) and dimethyl acetylenedicarboxylate (5 mL) were 

heated together under microwave irradiation at 160 °C for 45 min. The mixture was 

concentrated in vacuo and the product was purified by flash column chromatography over 

silica gel (eluent: 2 : 1  hexane/ethyl acetate), followed by recrystallisation from ethyl acetate 

Colourless powder (47 %)

M.p. 160-162 °C

IR  v-niax (KBr) 1705, 1732 (C =0) cm ''

iH  NM R 5 (CDCI3 ) 1.27 (3H, s, CH 3 ), 3.78 (3H, s, CHj), 5.66 (IH,  s, HIO), 7.07 (4H, m, 

ArH), 7.46 (4H, d, J = 6.5 Hz, ArH), 10.83 (IH,  s, CHO)
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>3C N M R  ppm (CDCI3) 50.44 (CIO), 52.19 (CH 3 ), 63.73 (C9), 121.78, 124.03, 124.97, 

125.71 (ArCH), 141.17, 144.02 (C=C), 143.71, 148.26 (C4 ), 163.33, 166.08 (C = 0 ester), 

196.97 (C = 0  aldehyde)

H R M S (ESI) calculated for C 2 iH ,6 0 5 Na: (M^ + Na) 371.0895: found 371.0895

Preparation of ll-A^-cyclohexyl-A^-methyl-9-formyl-9,10-dihydro-9,10-ethanoanthracene- 

11-carboxam ide (130)

9-Formyl-9,10-dihydro-9,10-ethanoanthracene-l 1-carboxylic acid (129) (0.1 mmol, 

0.03 g) was reacted with A^-methyl-A^-cyclohexylamine (180.0 |amol, 0.02 g) according to 

general procedure 6.3.3.

Pale brown resin (56 %)

IRv„,ax(KBr) 1660 (C =0), 1708 (C =0) cm '

‘H N M R  8  (CDCI3 ) 1.13-3.16 (I5H, m, CH2 , CH3 , H12a, H12b), 3.49 (IH, m, HI 1), 4.52 (IH, 

m, HIO), 7.18 (8 H, m, ArH), 10.91 (IH, s, CHO)

'-"'C N M R  ppm  (CDCI3 ) 24.78, 25.10, 25.31, 29.02, 29.29 (CH2), 27.33 (CH3 ), 42.07 (Cl 1), 

46.99 (CIO), 52.46 (NCH), 119.81, 121.39, 123.35, 125.31, 125.60, 126.07, 126.14, 126.56 

(ArCH), 140.20, 140.44, 140.51, 143.22 (C4 ), 171.91 ( C - 0 ) ,  202.90 (CHO)

H RM S (ESI) calculated for CajHavNOiNa: (M^ + Na) 396.1939; found 396.1926

Preparation of 9 ,10-dihydro-9,10-ethenoanthracene-l 1-carboxylic acid (140)

9,10-Dihydro-9,10-ethenoanthracene-l 1-ethylcarboxylate (138) (1.80 mmol, 0.50 g) 

according to general procedure 6.3.1. No further purification was required.

Pale brown powder (97 %)

M .p. 246 °C

IR Vn,ax (KBr) 3009 (OH) cm '

iH  N M R  6  (CD 3 OD) 5.30 (IH , d, J = 6.0 Hz, HIO), 5.58 (IH,  s, H9), 6.96 (4H, dd, J = 5.0 

Hz, J = 8.2 Hz, ArH), 7.33 (4H, dd, J = 4.0 Hz, J = 8.0 Hz, ArH), 7.87 (IH,  d, J = 5.8 Hz, 

H12)

N M R  ppm  (CD 3 OD) 52.37 (C9), 53.32 (CIO), 124.89, 125.07, 126.39, 126.49, (ArCH), 

146.59, 147.43 (C4 ), 151.77 (C12)

H RM S (ESI) calculated for C 17H 1102: (M‘ - H) 247.0765: found 247.0783
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Preparation of 9,10-dihydro-ll-A^-methyI-A^-cyclohexanyl-9,10-ethenoanthracene-ll- 

carboxyamide (141)

9.10-Dihydro-9,10-ethenoanthracene-l 1-carboxylic acid (140) (0.80 mmol, 0.20 g) 

was reacted with A^-methyl-A^-cyclohexylamine (1.41 mmol, 0.16 g) according to general 

procedure 6.3.3. The product was purified by flash column chromatography over silica gel 

(eluent; 2 : 1  hexane/ethyl acetate).

Colourless crystals (34 %)

M.p. 118-119 °C

IRvmax(KBr) 1635 (C =0), 3399 (ArCH) cm '

N M R 6  (CDCI3 ) 1.20-2.00 (6 H, m, CH 2), 2.01 (3H, s, NCH 3), 2.70 (5H, br s, NCH. CHj), 

5.22 (2H, s, H9, HIO), 6.98 (5H, m, ArH, H12), 7.46 (2H, m, ArH), 7.45 (2H, m, ArH).

NMR ppm (CDCI3) 14.24, 21.09, 25.36, 30.56 (CH2), 50.93 (CIO), 53.36 (C9), 60.43 

(CH3), 123.22, 123.48, 124.81, 124.85 (ArCH), 145.13 (C12), 147.91 (C4), 165.43 (C =0) 

HRMS (ESI) calculated for C24H25NONa: (M^+ Na) 366.1834: found 366.1822

Preparation of 9,10-dihydro-ll-A'^-piperidinyl-9,10-etheneoanthracnene-ll-

carboxyamide (142)

9.10-Dihydro-9,10-ethenoanthracene-l 1-carboxylic acid (140) (0.8 mmol, 0.20 g) was 

reacted with piperidine (1.41 mmol, 0.12 g) according to general procedure 6.3.3. The product 

was purified by flash column chromatography over silica gel (eluent: 2 : 1  hexane/ethyl 

acetate).

Brown solid ( 6 6  %)

M.p. 123-124 °C

IRvmax(KBr) 1626 (C =0), 2937 (ArCH) cm '

*H N M R 6  (CDCI3) 1.64 (6 H, br s, CH 2), 3.40 (4H, br s, CH 2), 5.22 (IH , d, J = 6.0 Hz, HIO), 

5.35 (IH , s, H9), 6.99 (4H, m, ArH), 7.07 (IH , d, J = 6.0 Hz, H12), 7.32 (4H, m, ArH)

NMR ppm (CDCI3) 24.18 (CH2), 50.53 (CIO), 52.85 (C9), 122.78, 122.96, 124.34, 

124.41 (ArCH), 138.93 (C12), 144.65, 144.92, 146.72 (C4 ), 167.44 (C =0)

HRMS (ESI) calculated for C 22H2 ,NONa: (M^ + Na) 338.1521: found 338.1512
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Preparation o f 9,10-dihydro-A^-methyl-A^-cyclohexanyl-9,10-ethenoanthracene-ll- 

m ethanam ine (143)

9.10-D ihydro-11 -A^-methyl-A^-cyclohexane-9,10-etheneoanthracnene-11 -carboxyamide 

(141) (0.29 mmol, 0.11 g) was added to U A IH 4 according to general procedure 6.3.5. The 

crude product was then purified by flash column chromatography over silica gel (eluent; 95 % 

DCM: MeOH).

Colourless solid (87 %)

M .p. 160-163 °C

IRv„,ax (KBr) 3034 (ArCH) cm '

‘H N M R  8  (CDCI3) 1.27-1.69 (6 H, m, CH 2 ), 1.80 (3H, s, NCH 3 ), 2.60 (5H, br s, NCH, CH 2 ), 

3.19 (2H, s, CH 2 ), 5.21 (IH , d, J = 6.0 Hz, HIO), 5.28 (IH , s, H9), 7.00 (5H, m, ArH, H12), 

7.49 (4H, m, ArH)

*'̂ C NM R ppm (CDCI3) 14.26, 20.99, 25.60, 29.63 (CH 2), 50.24 (CIO), 54.90 (C9), 61.65 

(CH 2 ), 60.57 (CH 3 ), 123.48, 123.98, 124.22, 124.99 (ArCH), 145.01, 145.23, 146.11 (C4), 

149.98 (C l2)

HRMS (ESI) calculated for C 2 4H 2 8N: (M^ + H) 330.2222: found 330.2229

Preparation o f 9,10-dihydro-A^-piperidinyl-9,10-ethenoanthracene-ll-metliananiine 

(144)

9.10-D ihydro-11-A^-piperidinyl-9,10-etheneoanthracnene-11-carboxyamide (142) (0.80 

mmol, 0.20 g) was added to LiAlH 4 according to general procedure 6.3.5. The crude product 

was then purified by flash column chromatography over silica gel (eluent: 95 % DCM: 

MeOH).

Brown resin (85 %)

IRvmax (film) 2937 (ArCH) cm '

NMR 6 (CDCI3) 1.53 (6 H, br m, CH 2 ), 1.97 (4H, m, CH 2 ), 3.11 (2H, s, CH 2), 5.05, (1H, d, 

J = 6.0 Hz, HIO), 5.26 (IH , s, H9), 6 . 6 6  (IH,  d, J = 6.0 Hz, H12), 6.95 (2H, m, ArH), 6.96 

(2H, m, ArH), 7.10 (4H, m, ArH).

NM R ppm (CDCI3) 24.18 (CH 2 ), 25.42 (CH 2 ) 50.53 (CIO), 52.85 (C9), 60.88 (CH 2 ), 

64.12 (CH.), 122.73, 122.96, 124.34, 124.40 (ArCH), 138.93 (C12), 144.65, 144.91, 146.72 

(C4), 145.
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HRMS (ESI) calculated for C 22H 24N: (M^ + H) 302.1909: found 302.1911

General procedure 6.3.8. reactions with acid chlorides

The appropriate acid chloride (1.40 mmol) was dissolved in anhydrous DCM (10 mL) 

and added dropwise to a stirring solution of 9-((£')-(hydroxyimino)methyl)-9,10-dihydro-9,10- 

ethanoanthracene-11-carbonitrile (147) or 1 l-hydroxymethyl-9,10-ethanoanthracene (145) 

(1.00 mmol) and triethylamine (3.00 mmol) in anhydrous DCM (10 mL). The solution was 

heated at reflux for 3 hours. After this time, the solution was cooled, diluted with DCM (50 

mL) and washed with water (3 x 25 mL) and brine (3 x 25 mL). The organic phase was th;n 

dried over anhydrous Na2S0 4  and the solvent evaporated in vacuo. The product was th;n 

purified by flash column chromatography over silica gel to afford the pure product.

Preparation of 9-((£')-(acetoxyimino)methyl)-9,10-dihydro-9,10-ethanoanthracene-ll- 

carbonitrile (148)

9-((£')-(hydroxyimino)methyl)-9,10-dihydro-9,10-ethanoanthracene-11 -carbonitrile 

(147) (1.0 mmol, 0.26 g) and acetyl chloride (1.20 mmol, 0.09 g) were reacted according to 

general procedure 6.3.8. and the product was purified by flash column chromatograp.iy 

(eluent: 2 :1 , hexane/ethyl acetate).

Colourless crystals (74 %)

M.p. 64-68 °C

IRvn,ax(KBr) 2251 (C =0) cm '

'H  NMR 6  (CDCI3 ) 2.13 (IH , m, H12a), 2.36 (IH , m, H12b), 2.46 (3H, s, CH3), 3.41 (IH , dc, J 

= 10.5 Hz, J = 4.0 Hz, H l l ) ,  4.49 (IH , s, HIO), 7.19-7.30 (5H, m, ArH), 7.37 (2H, d, J = ".0 

Hz, ArH), 7.43 (IH , m, ArH), 8.85 (IH , s, HCN)

NMR ppm (CDCI3) 13.76 (CH 3), 30.53 (C ll) ,  33.70 (C12), 42.63 (CIO), 59.97 (O ), 

120.10 (CN), 122.31, 122.52, 123.43, 123.91, 125.99, 126.32, 127.32, 127.30 (ArCH), 137..8, 

138.84, 141.35, 141.91 (C4 ), 155.07 (C=N), 168.73 (C =0)

HRMS (ESI) calculated for C 2oH,6N 2 0 2 Na: (M^ + Na) 339.1109: found 339.1109
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Preparation of 9-((£')-(((l-(diethylamino)vinyl)oxy)imino)inethyl)-9,10-dihydro-9,10- 

ethanoanthracene-11-carbonitrile (149)

9-((£')-(hydroxyimino)methyl)-9,10-dihydro-9,10-ethanoanthracene-l 1-carbonitrile 

(147) (0.73 mmol, 0.20 g) and diethylcarbamoyl chloride (0.87 mmol, 0.12g) were reacted 

according to general procedure 6.3.8. and the product was purified by flash column 

chromatography (eluent: 2 :1 , hexane/ethyl acetate).

Colourless solid (70 %)

M.p. 189-193 °C

IRvmax(film) 1625 (C=0), 2250 (CN), 3364 (C=N) cm '

NMR 8  (CDCI3) 1.23, 1.26 (6H, 2x t, J = 6.0 Hz, CH3), 2.14 (IH, m, H12a), 2.32 (IH, m, 

H12b), 3.26 (IH, dd, J = 10.5 Hz, J = 4.0 Hz, HI 1), 3.43 (2H, q, J = 7.0 Hz, CH2), 3.50 (2H, q, 

J = 7.0 Hz, CH2), 4.49 (IH, s, HIO), 7.25 (6H, m, ArH), 7.35 (IH, d, J = 7.5 Hz, ArH), 7.41 

(IH, s, ArH), 8.55 (IH, s, HC=N)^^C NMR ppm (CDCI3) 12.41, 13.29 (CH3), 30.42 (C ll) , 

33.90 (C12), 42.65 (CIO), 44.00, 45.28 (CH2), 49.61 (C9), 120.76 (CN), 122.41, 122.80, 

123.20, 123.66, 125.82, 126.20, 126.98, 127.07 (ArCH), 138.08, 139.89, 141.39, 142.14 (C4), 

149.01 (C=0)

HRjVIS (ESI) calculated for C23H23N3 0 2 Na: (M'  ̂+ Na) 396.1688: found 396.1751.

Preparation of 9-((E)-((benzoyloxy)imino)methyl)-9,10-dihydro-9,10-ethanoanthracene- 

11-carbonitrile (150)

9-((£')-(Hydroxyimino)methyl)-9,10-dihydro-9,10-ethanoanthracene-11 -carbonitrile 

(147) (0.36 mmol, 0.10 g) and benzoyl chloride (0.50 mmol, 0.07 g) were reacted according to 

general procedure 6.2.8. The product was purified by flash column chromatography over silica 

gel (eluent: 2 :1 , hexane/ethyl acetate).

Colourless solid (74 %)

M.p. 180-183 °C

IRv„,ax(KBr) 1741 (C=0) 2242 (CN) 3065 (C=N) cm '

NMR 5 (CDCI3) 2.16 (IH, m, H12a), 2.34 (IH, m, H12b), 3.55 (IH, dd, J = 10.5 Hz, J = 

4.0 Hz, Hl l ) ,  4.51 (IH, s, HIO), 7.21-7.33 (6H, m, ArH), 7.39 (IH, d, J = 7.0 Hz, ArH), 7.49 

(2H, m, ArH), 7.57 (2H, t, J = 7.0 Hz, ArH), 7.69 (IH, t, J = 7.0 Hz), 8.24 (2H, d, J = 8.0 Hz, 

ArH), 9.10 ( lH, s ,  HCN)
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NMR ppm (CDCI3 ) 30.87 (Cl l ) ,  33.75 (C12), 42.72 (CIO), 50.41 (C9), 120.14 (CN), 

122.58, 123.38, 123.94, 126.01, 126.30, 127.29, 127.38, 128.22, 129.48, 133.25 (ArCH), 

137.26, 138.90, 141.42, 141.94 (C4), 156.58 (HCN), 162.97 (C =0)

HRMS (ESI) calculated for CzsHisNjOzNa: (M^ + H) 401.1266: found 401.1309

Preparation of ll-cyano-9,10-dihydro-9,10-ethanoanthracenyl-9-m ethyl acetate (151)

1 l-Hydroxymethyl-9,10-ethanoanthracene (145) (0.24 mmol, 0.06 g) and acetyl 

chloride (0.29 mmol, 0.02 g) were reacted according to the general procedure 6.3.8. The 

product was purified by flash column chromatography over silica gel (eluent: 2 :1 , 

hexane/ethyl acetate).

Colourless crystals (67 %)

M.p. 66-69 ° C

IRv„,ax(KBr) 1640 (C =0), 2234 (CN) cm ’

'H NMR 8  (CDCI3 ) 2.08 (IH, m, H12a), 2.24 (3H, s, CH3 ), 2.39 (IH, m, H12b), 3.15 (IH, dd, 

J = 10.5 Hz, J = 4.0 Hz, HU),  4.42 (IH, s, HIO), 5.23 (IH, d, J = 12.0 Hz, CH2 ), 5.48 (IH, d, J 

= 12.0 Hz, CH2 ), 7.19-7.35 (8 H, m, ArH)

'-'C NMR ppm (CDCI3 ) 29.27 {CH3), 30.39 (Cl l ) ,  33.55 (C12), 42.85 (CIO), 46.55 (C9), 

62.34 (OCH2), 119.84 (CN), 121.89, 122.04, 123.42, 123.44, 125.81, 126.16, 126.55, 126.80 

(ArCH), 137.49, 139.13, 142.42, 142.95 (C4), 170.36 (C =0)

HRMS (ESI) calculated for C 2 o H n N 0 2 N a :  (M^ - I -  Na) 326.1157: found 326.1149

Preparation of 9-(ll-cyano-9,10-dihydro-9,10-ethanoanthracenyl)m ethyl benzoate (152)

1 l-Hydroxymethyl-9,10-ethanoanthracene (145) (0.38 mmol, 0.10 g) and benzoyl 

chloride (0.53 mmol, 0.08 g) were reacted according to the general procedure 6.2.8. The 

product was purified by flash column chromatography over silica gel (eluent: 2 :1 , 

hexane/ethyl acetate).

Colourless solid (74 %)

M.p. 169-172 °C

IRvmaxCKBr) 2238 (CN), 1540 (C=0), 3454 (ArCH) cm‘‘
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’H NMR 6 (CDCI3) 2.08 (IH,  m, H12a), 2.39 (IH, m, H12b), 3.21 (IH,  dd, J = 11.0 Hz, J = 

4.0 Hz, H ll) ,  4.39 (IH, s, HIO), 4.95 (IH, d, J = 11.0 Hz, CH 2), 5.06 (IH,  d, J = 11.0 Hz, 

CH2 ), 7.20 (12H, m, ArH), 7.60 (IH, d, J = 7.0 Hz, H12)

NMR ppm (CDCI3) 30.71 (C ll) , 33.61 (C12), 42.27 (CIO), 48.35 (C9), 59.24 (OCH2 ), 

122.63 (CN), 123.37, 123.67, 123.80, 125.50, 125.78, 126.09, 126.33, 127.80, 127.80, 129.20, 

129.36, 130.38, 130.81 (ArCH), 135.18, 139.87, 144.89, 145.01 (C4 )

HRMS (ESI) calculated for C25H,9N02Na: (M^ + Na) 388.1313; found 388.1321

6.4. Experimental detail for Chapter Four: Preparation of 6-nitro and 6- 
amino MDMA

Compounds MBDB (7), MDA (3), BDB (6 ) and PMA (10) were prepared according to 

the literature procedures ' ‘ . All other compounds evaluated in Chapter Four were 

previously prepared in our laboratory by Dr. John J. Keating

Preparation of l-(3,4-methylenedioxyphenyl)-2-nitro-l-propene (154)

Piperonal (153) (10.00 mmol, 2.07 g) nitroethane (20.00 mmol) and cyclohexylamine 

(10.00 mmol, 0.99 g) were reacted according to general procedure 6.2.1. The product was 

purified by flash column chromatography over silica gel (eluent: 7:3 hexane/diethyl ether). 

The chromatographed and precipitated nitroethene fractions were combined and recrystallised 

from methanol.

Yellow crystals (77 %)

M.p. 93-94 °C (lit. m.p. 97-98)

IR v w  (KBr) 1322, 1505 (NO2 ), 1602 (C=C) cm ''.

NMR 8  (CDCI3) 2.48 (3H, s, CH 3), 6.06 (2H, s, OCH2 O), 6.91 (IH , d, J = 8.0 Hz, H5’), 

6.96 (IH, s, H2’), 6.99 (IH, d, J = 8.0 Hz, H6 ’).

J3C NMR ppm (CDCI3) 13.71 (CH3), 101.34 (OCH2 O), 108.42 (C5’), 109.07 (C2’), 125.52 

(C D , 125.77 (C l), 133.22 (C6 ’), 145.69 (C2), 147.80, 148.85 (C3’, C4’).

HRMS (ESI) calculated for C,oH,oN0 4 : (M^ + H) 208.0610: found 208.0602.
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Preparation of l-(3,4-m ethylenedioxyphenyl)-2-propanone (PMK) (155)

A suspension of iron powder (10.00 mmol, 0.55 g) in glacial acetic acid (30 mL) was 

heated on a steam bath for 20 mins, stirring occasionally. To this mixture, a solution of l-(3,^- 

methylenedioxyphenyl)-2-nitro-l-propene (154) (2.20 mmol, 0.45 g) in glacial acetic acid 20 

mL) was added over 20 mins. The reaction was heated for 2.5 h until the mixture became a 

grey/white colour. The reaction was cooled and poured into a mixture of water/ice (100 mL). 

The product was extracted with dichloromethane (4 x 25 mL) and the organic extracts were 

washed with 15 % aq. NaOH (3 x 25 mL). The organic phase was then dried over anhydrous 

N a2 S 0 4  and concentrated in vacuo, to afford the product, which required no further 

purification.

Colourless oil (50 %)

IRVmax 1708 (C =0) cm ’

NMR 8  (CDCI3 ) 2.168 (3H, s, CH 3 ), 3.62 (2H, s, H I), 5.96 (2H, s, OCH 2 O), 6.65 (IH , 1, J 

= 8.0 Hz, C 5’), 6.67 (IH , s, C 2’), 6.79 (IH , d, J = 8.0 Hz, C 6 ’).

'^C NMR ppm (CDCI3 ) 28.70 (CH 3 ), 50.09 (C l), 100.60 (OCH 2 O), 108.02 (C5’), 10^.30 

(C2’), 122.06 (C6 ’), 127.34 (C T ), 146.23, 147.38 (C3’, C4’), 206.15 (C=0).

HRMS (ESI) calculated for CioHioOjNa: (M^ + Na) 201.0519: found 201.0528.

Preparation of 2-A^-methylamino-l-(3,4-niethylenedioxyphenyl)propane (3,4- 

methylenedioxymethamphetamine, MDMA) (4)

To a solution of l-(3,4-methylenedioxyphenyl)-2-propanone (155) (10.00 mmol, 1.78 

g) in dry methanol (30 mL) was added methylamine HCl (80.00 mmol, 5.40 g) and NaCNBHs 

(14.0 mmol, 0.52 g). The mixture was stirred at room temperature for 72 h and monitorec by 

TLC. The pH was adjusted occasionally to pH 5-6 using 4M methanolic HCl. W hen the 

reaction was complete, excess hydride was quenched using 10 % aq. HCl (30 mL). "he 

aqueous solution was washed with dichloromethane (3 x 25 mL). The aqueous phase vas 

basified with 2M NaOH and extracted with dichloromethane (3 x 25 mL). The organic phises 

were combined and dried with anhydrous Na2 S 0 4  and the solvent was evaporated m vacuo. 

No further purification was required.

Colourless oil (89 %)

IRvniax 3327 (NH) cm’'
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’H N M R 6  (CDCI3 ) 1.06 (3H, d, J = 5.9 Hz, CH 3 ), 1.74 (IH , br s, NH), 2.53 (3H, s, HNCH 3 ), 

2.61 (2H, dd, J = 13.3 Hz, J = 6.3 Hz, H I), 2.72 (IH , dd, J = 13.0 Hz, J = 7.0 Hz, H2), 5.94 

(2H, s, OCH 2 O), 6.65 (IH , d, J = 8.0 Hz, H 5’), 6.70 (IH , s, H 2’), 6.75 (IH , d, J = 8.0 Hz, 

H 6 ’).

13C NM R ppm (CDCI3) 19.09 (CH 3 ), 33.49 (C2), 42.63 (C l), 55.98 (NHCHO. 100.36 

(O CH 2 O), 107.71 (C5’), 109.04 (C2’), 121.71 (C 6 ’), 132.67 (C l’), 145.68, 147.15 (C3’, C 4’). 

HRM S (ESI) calculated for Cl 1H 16NO 2 : ( M ^ + H)  194.1181: found 194.1183.

Preparation of 2-A^-methylamino-l-(3,4-methylenedioxyphenyl)propane hydrochloride 

salt

MDMA (4) (10.00 mmol) was dissolved in propan-2-ol (3 mL). Cone. HCl (0.5 mL) 

was added dropwise and the solution was diluted with diethyl ether until turbid. The mixture 

was allowed to stand overnight at room temperature and the resulting solids were isolated by 

filtration. The crude HCl salt was recrystallized from a mixture of hexane and ethanol. 

Colourless crystals (65 %)

M .p.143-145 °C (lit. m.p. 144-145 °C)

IRvn,ax 2458, 2429 (NH^) cm ' .

Preparation of 1 -(3,4-methylenedioxyphenyl)propane-2-A^-methyl-A^-trifluoroacetamide 

(156)

To a solution of 2-A^-methylamino-l-(3,4-methylenedioxyphenyl)propane (4) (4.70 

mmol, 0.90 g) in dry DCM (40 mL) at 0 °C, was added dropwise, triethylamine (4.70 mmol, 

0.48 g) followed by trifluoroacetic anhydride (9.4 mmol, 1.97 g). The reaction was stirred for 

15 minutes at 0-5°C and then for 2 hours at rt. After this time, the mixture was washed with 

dilute HCl (3 x 25 mL), 5 % aq. NaHC 0 3  (3 x 25 mL), water (2 x 20 mL) and brine (2 x 20 

mL). The organic phase was dried over anhydrous Na2 S0 4  and the solvent was removed in 

vacuo. The product was then purified by flash column chromatography over silica gel (eluent: 

1 : 1 , diethyl ether/hexane).

Orange oil (78 %)

IRvmaxl6 8 6  (C =0), 1251, 1188, 1145 (CF3 ) cm '
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NMR 8  (CDCI3) 1.23 (3H, t, J = 6.0 Hz, CH 3 ), 2.82 (2H, m, H I), 2.96 (3H, d, J = 5.5 Hz, 

NHCH 3 ), 4.19 (0.4H, m, H2), 4.76 (0.6H, m, H2), 5.95 (2H, d, J = 6.0 Hz, OCH 2 O), 6.62 (IH , 

d, J = 8.0 Hz, H 5’), 6.70 (IH , s, H2’), 6.75 (IH , d, J = 8.0 Hz, H6 ’).

NMR ppm (CDCI3) 16.12*, 17.41 (CH 3 ), 27.55*, 28.60 (CH 3 NH), 38.68*, 40.26 (C2), 

100.49*, 100.58 (OCH.O), 107.81*, 107.97 (C5’), 108.72*, 108.80 (C2’), 116.01 (COCF3 ), 

121.34*, 121.56 (C6 ’), 130.27*, 130.69 (C l’), 145.86*, 146.06, 147.27*, 147.31 (C3’, C 4’), 

153.09 (COCF3 )

HRMS (ESI) calculated for C ,2H i2 N 2 0 3 F3Na: (M ^+ Na + N) 312.0698: found 312.0712.

Preparation of 2-(A^-methylamino-2-A^-trifluoroacetyl)-l-(6-nitro-3,4-

methylenedioxyphenyl)propane (157)

To a cooled solution of 2-(A^-methylamino-A^-trifluoroacetyl)-l-(3,4-methylenedioxy 

phenyl)alkane (156) (2.60 mmol, 0.70 g) in glacial acetic acid (2 mL), was added a catalytic 

amount o f sodium nitrite (0.02 g) followed by dropwise addition of 65 % aq. nitric acid (1.00 

mL) over the course of 20 minutes. The reaction was allowed to stir at room temperature for 2 

h and then diluted with water (400 mL). This was extracted with dichloromethane (3 x 75 

mL) and organic extracts washed with saturated NaHC 0 3  solution (3 x 50 niL). The organic 

phase was dried over anhydrous MgS0 4  and solvent removed in vacuo. The resulting crude 

product was purified by flash chromatography over silica gel (eluent: diethylether/hexane, 

60/40).

Amber oil ( 8 8  %)

IR v w  (film) 1689 (C=0), 1524, 1332 (NO 2 ) cm’’

NM R 6 (CDCI3) 1.32 (3H, 2 d, 1 = 6.5 Hz, CH 3 ), 2.85 (0.4H, dd, Jgem = 13.8 Hz, J= 8.5 

Hz, H I), 3.00 (3H, s, NCH 3 ), 2.99 (0.6H, dd, Jgem = 13.8 Hz, J= 6.0 Hz, H I), 3.38 (IH , m, 

H I), 4.48 (0.4H, m, H2), 4.77 (0.6H, m, H2), 6.12 (2H, d, J = 2.5 Hz, OCH 2O), 6.55 (0.4H, s, 

H2’), 6 . 6 8  (0.6H, s, H2’), 7.50 (0.6H, s, H 5’), 7.55 (0.4H, s, H5’).

NMR ppm (CDCI3) 16.68*, 18.44 (CH 3 ), 27.92*, 29.71 (NCH 3 ), 35.80*, 37.06 (C l), 

53.46*, 53.67 (C2), 102.54*, 102.69 (OCHjO), 105.60*, 105.74, 110.02, 110.05* (C2’, C 5’), 

114.45*, 117.32 (2 q, ^Jc,F = 287 Hz, COCF3 ), 129.13*, 129.63* (C T , C6 ’), 142.51*, 142.61, 

146.55*, 146.84 (C3’, C 4’), 157.32* (q, ^Jc.f = 35 Hz, COCF3 ).

NMR ppm (CDCI3) -70.59*, -68.96 {COCF3)
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H R M S calculated for CnHBPsNzOsNa: (M^ + Na) 357.0674; Found: 357.0623.

Preparation of 2-(A^-Methylamino-A^-trifluoroacetyl)-1 -(6-amino-3,4-

m ethylenedioxyphenyl) propane (159)

2-A^-(Methylamino-A^-trifluoroacetyl)-l-(6-nitro-3,4-methylenedioxyphenyl) propane 

(157) (2.70 mmol, 0.86 g) was dissolved in ethyl acetate (50 mL). 10 % Pd on charcoal (2.00 

g) was added and the mixture stirred at room temperature for 48 hours under an atmosphere of 

hydrogen. W hen the reaction was complete, the metal was removed by filtration over cilte and 

the solvent was removed in vacuo to afford the product which was then purified by flash 

column chromatography over silica gel (eluent: diethylether/hexane, 1 : 1 ).

Colourless crystals (63 %).

M .p. 98-100 °C

IR Vn,ax (KBr) 3409, 3350, 2767 (NH 2 ), 1667 (C =0) cm ''.

N M R 8  (CDCI3) 1.22 (3H, d, J = 7.0 Hz, CH 3 ), 2.46 (0.8H, dd, Jgem = 13.6 Hz, J = 10.0 Hz, 

H I), 2.62 (0.2H, dd, Jgem = 14.0 Hz, J = 8.5 Hz, H I), 2.74 (0.2H, dd, Jgem = 14.5 Hz, J = 6.0 

Hz, H I), 2.83 (0.8H, dd, Jgem = 14.0 Hz, J= 4.5 Hz, H I), 2.98 (0.6H, s, NCH 3 ), 3.02 (2.4H, s, 

N CH 3 ), 3.79 (2H, br s, NH 2), 4.31 (0.2H, m, H2), 4.55 (0.8H, m, H2), 5.88 (2H, s, OCH 2 O), 

6.29 (IH , s, H 5’), 6.45 (IH , s, H 2’)

NMR ppm (CDCI3) 15.63*, 17.52 (CH 3 ), 29.01*, 30.65 (NCH 3 ), 36.04 (C l), 50.78, (C2), 

98.33*, 98.78 (C 5’), 100.70*, 100.88 (OCH 2 O), 110.34*, 110.59 (C2’), 113.24 (C 6 ’), 115.40* 

(q, ^Jc-F = 288 Hz, COCF3 ), 140.19, 140.28* (C F ), 139.90*, 140.67, 147.20*, 147.64 (C3’, 

C 4’), 157.02* (q, ^Jc-f = 36 Hz, COCF3 ).

NMR ppm (CDCI3) -70.30*, -68 .94  {COCF3)

H RM S (ESI) calculated for C 13H 16N 2 O3 F3 : (M"̂  + H) 305.1113: found 305.1110

General preparation 6.4.1. A^-trif!uoroacetyl hydrolysis

To a solution of an appropriate 2-(A^-methylamino-A^-trifluoroacetyl)-l-(6-substituted- 

3,4-methylenedioxyphenyl)alkane (1.00 mmol) in methanol (10 mL) and water (3.5 mL) was 

added potassium carbonate (4.00 mmol, 0.56 g). The reaction was stirred at ambient 

temperature for 72h. The mixture was then made acidic with 10 % aq. HCl (50 mL), and 

washed with dichloromethane (3x25 mL). The acidic phase was made basic with 15 % aq.
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NaOH and extracted with dichloromethane (3x50 mL). The organic phases were combined, 

dried over Na2 S0 4  and volatiles removed in vacuo, affording the product in adequate purity 

which did not require further purification.

Preparation o f 2-A^-MethyIamino-l-(6-nitro-3,4-methylenedioxyphenyl)propane (158)

2-A^-(Methylamino-A^-trifluoroacetyl)-l-(6-nitro-3,4-methyIenedioxyphenyl) propane 

(157) (1.00 g, 2.99 mmol) according to general procedure 6.4.1. The product required no 

further purification.

Orange oil (85 %).

IRvmax (film) 3342, 2880 (C =0) cm ’.

NMR 8 (CDCI3) 1.06 (3H, d , J3.2' = 6.0 Hz, CH 3 ), 1.12 (IH , hr s, NH), 2.41 (3H, s, 

NCH 3 ), 2.77-2.87 (2H, m, H I, H2), 3.12 (IH , d d ,  Jgem = 12.3 Hz, J= 5.3 Hz, H I), 6.09 (2H, s, 

OCH 2 O), 6.74 (IH , s, H 5’), 7.48 (IH , s, H 2’).

'-'C NMR ppm (CDCI3) 19.82 (CH 3 ), 33.76 (NCH 3 ), 40.97 (C l), 55.40 (C2), 102.70 

(OCH 2 O), 105.75 (C5’), 111.48, (C2’), 131.92 (C 6 ’), 143.16, 146.46 (C3’, C4’), 151.27 (CT). 

HRMS (ESI) calculated for C ,,H ,7 N 2 0 2 : (M^ + H) 209.1290: found 209.1280 

HCl salt. Yellow solid. M.p. 205-207 °C.

IRvn.ax (KBr) 2469, 2447 (NH^), 1519 (NO.) cm '.

Preparation of 2-A^-MethyIamino-l-(6-amino-3,4-methylenedioxyphenyl)propane (160)

2-A^-Methylamino-l-(6-amino-3,4-methylenedioxyphenyl)propane (160) was prepared 

from 2-(A^-Methylamino-A^-trifluoroacetyl)-l-(6-amino-3,4-methylenedioxyphenyl) propane 

(12) (0.35 g, 1.15 mmol) according to general procedure 6.4.1.

Amber oil (93 %).

IR  Vmax (film) 3431, 3340, 3226 (NH 2 ) cm '.

NMR 8  (CDCI3) 1.03 (3H, d, J= 6.0 Hz, CH 3 ), 2.35 (3H, s, NCH 3 ), 2.46 (2H, m, H I, H2), 

3.12 (IH , dd, Jgem = 12.3 Hz, J = 5.3 Hz, H I), 5.77 (2H, s, OCH 2 O), 6.22 (IH , s, H 5’), 6.48 

(IH , s, H 2’).

NMR ppm (CDCI3) 19.29 (CH 3 ), 33.71 (NCH 3 ), 38.77 (CH 3 ), 54.92 (C2), 97.70 (C 5’) 

99.97 (OCH 2 O), 110.20 (C2’), 115.57 (C 6 ’), 139.27, 139.61 (C3’, C4’), 146.00 ( C l’).

HRMS (ESI) calculated for C ,|H , 7 N2 0 2 : (M ^+ H) 209.1290; Found: 209.1274.
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Appendix. X-ray crystallography data
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A 1.1 XRD experimental detail for 9,10-dihydro-(MA^-dimethylamino)-9,10-ethanoanthracene- 
11-carboxyamide (81)

A 1.2 XRD experimental detail for /ran5-ll,12-diethoxycarbonyl-9,10-dihydro-9,10- 
ethanoanthracene (74)

A1.3. XRD experimental detail for 10-(hydroxy(methoxy)methyl)-9,I0-dihydro-9,10- 
ethanoanthracene-11-carbonitrile (127’)

A1.4. XRD experimental detail for rranj'-ll,12-(A^,A^,A^’,7V’-tetramethyl)-9,10-dihydro-9,10- 
ethanoanthracene-ll,12-dicarboxyamide (78)

Crystals were obtained by slow crystallisation from a dilute solution of methanol over 

a period of 4-8 weeks. The X-ray crystallography data for crystals were collected on a Rigaku 

Saturn 724CCD diffractometer. A suitable crystal was selected and mounted on a glass fiber 

tip and placed on the goniometer head in a 123K N2 gas stream. The data set was collected 

using Crystalclear-SM 1.4.0 software, and 1680 diffraction images of 0.5° per image were 

recorded. Data integration, reduction, and correction for absorption and polarization effects 

were all performed using Crystalclear-SM 1.4.0 software. Space group determination, 

structure solution, and refinement were obtained using Crystalstructure, version 3.8, and 

Bruker Shelxtl, version 6.14, software
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A l.l .  XRD experimental detail for 9,10-dihydro-(A^,A^-dimethylamino)-9,10- 

ethanoanthracene-ll-carboxyamide (81)

H188 H18C

Table 1. Crystal data and structure refinem ent for 81.

Identification code 

Empirical formula 

Formula wESIght 

Tem perature 

W avelength 

Crystal system 

Space group 

Unit cell dim ensions

Volume

Z

Density (calculated) 

Absorption coefficient 

F(OOO)

Crystal size

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Com pleteness to theta = 25.00° 

A bsorption correction

shelxl

C I 9 H 1 9 N O  

277.35 

150(2) K 

0.71073 A 

Monoclinic 

P 2(l)/c

a = 10.622(2) A a=

b = 9.7423(19) A P=

c =  14.343(3) A y :

1473.1(5) A3 

4

1.251 Mg/m^

0.077 mm '

592

0.6 X 0.5 X 0.5 m m ^

1.93 to 25.00°.

-12<=h<= 12,-11 <=k<= 11, - 17<= 

12361

2588 [R(int) = 0.0610]

99.9 %

None

90°.

97.02(3)°.

90°.

I<=I7
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Refinement method

Data / restraints / parameters

Goodness-of-fit on F-

Final R indices [I>2sigma(I)]

R indices (all data)

Largest d if f  peak and hole

Full-matrix least-squares on F-

2 588 /0  /  192

1.264

R1 =0.0673, wR2 = 0.1485 

R1 =0.0737, w R 2= 0.1523 

0.230 and -0.235 e.A'^

Table 2. Atomic coordinates ( x 10'*) and equivalent isotropic displacement parameters (A-x 10-̂ ) 

for 81. U(eq) is defined as one third o f the trace o f the orthogonalized U ‘J tensor.

X y z U(eq)

0 (1 ) 1555(2) 4377(2) 2436(1) 36(1)

C(6) 2731(2) 8768(2) 1802(2) 26(1)

C(7) 2957(2) 7255(2) 1998(1) 24(1)

C(8) 1891(2) 6807(2) 2623(2) 25(1)

C(5) 1516(2) 9049(2) 1325(2) 26(1)

C ( l l ) 2703(2) 6488(2) 1071(2) 25(1)

C(16) 3514(2) 5562(2) 718(2) 29(1)

c(n 3565(2) 9842(2) 2065(2) 29(1)

C(12) 1513(2) 6780(2) 578(2) 24(1)

C(13) 1137(2) 6143(2) -286(2) 28(1)

C(9) 578(2) 7054(2) 2058(2) 28(1)

C(10) 732(2) 7762(2) 1098(2) 26(1)

C(4) 1149(2) 10400(2) 1138(2) 29(1)

N ( l) 2938(2) 5029(2) 3689(1) 32(1)

C(3) 1992(2) 11470(2) 1404(2) 33(1)

C(2) 3190(2) 11189(2) 1860(2) 33(1)

C(14) 1973(2) 5226(2) -648(2) 31(1)

C(17) 2101(2) 5308(2) 2907(2) 29(1)

C(19) 3654(2) 6040(3) 4292(2) 35(1)

C(18) 3188(2) 3599(2) 3957(2) 38(1)

C(15) 3142(2) 4935(2) -150(2) 33(1)

Table 3. Bond lengths [A ] and angles [°] for 81.
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0(1)-C(17)

C(6)-C(l)

C(6)-C(5)

C(6)-C(7)

C (7)-C (ll)

C(7)-C(8)

C(8)-C(17)

C(8)-C(9)

C(5)-C(4)

C(5)-C(10)

C (ll)-C (16)

C (ll)-C (12)

C(16)-C(15)

C(l)-C(2)

C(12)-C(13)

C(12)-C(10)

C(13)-C(14)

C(9)-C(10)

C(4)-C(3)

N(l)-C(17)

N(l)-C(19)

N(l)-C(18)

C(3)-C(2)

C(14)-C(15)

C(l)-C(6)-C(5)

C(l)-C(6)-C(7)

C(5)-C(6)-C(7)

C(6)-C(7)-C(ll)

C(6)-C(7)-C(8)

C(ll)-C(7)-C(8)

C(17)-C(8)-C(9)

C(17)-C(8)-C(7)

C(9)-C(8)-C(7)

C(4)-C(5)-C(6)

C(4)-C(5)-C(10)

C(6)-C(5)-C(10)

C(16)-C(ll)-C(12)

C(16)-C(ll)-C(7)

1.233(3) 

1.393(3) 

1.411(3) 

1.515(3) 

1.520(3) 

1.588(3) 

1.525(3) 

1.544(3) 

1.389(3) 

1.518(3) 

1.386(3) 

1.400(3) 

1.400(3) 

1.393(3) 

1.399(3) 

1.521(3) 

1.403(3) 

1.566(3) 

1.398(3) 

1.370(3) 

1.461(3) 

1.461(3) 

1.385(3) 

1.384(3) 

120 .0 (2 ) 

126.8(2) 

113.16(18) 

107.98(17) 

105.34(17) 

107.24(17) 

112.50(18) 

108.84(17) 

108.71(17) 

119.7(2) 

127.3(2) 

112.91(19) 

120.7(2) 

126.0(2)
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C(12)-C (ll )-C (7) 113.29(18)

C (ll)-C (16)-C (15) 119.2(2)

C(2)-C(l)-C(6) 119.6(2)

C (13)-C (12)-C (l l) 120.0(2)

C(13)-C(12)-C(10) 126.79(19)

C (ll)-C(12)-C(10) 113.11(18)

C(12)-C(13)-C(14) 118.9(2)

C(8)-C(9)-C(10) 110.25(17)

C(5)-C(10)-C(12) 107.86(17)

C(5)-C(I0)-C(9) 106.76(17)

C(12)-C(10)-C(9) 105.99(17)

C(5)-C(4)-C(3) 119.9(2)

C(17)-N(l)-C(19) 126.1(2)

C(17)-N(l)-C(18) 118.9(2)

C(19)-N(l)-C(18) 114.95(19)

C(2)-C(3)-C(4) 120.2(2)

C(3)-C(2)-C(l) 120.6(2)

C(15)-C(14)-C(13) 120.6(2)

0(1)-C(17)-N(1) 121.1(2)

0 (n -C (1 7 V C (8 ) 121.0(2)

N(l)-C(17)-C(8) 117.9(2)

C(14)-C(15)-C(I6) 120.5(2)

S ym m etry  transform ations used  to generate eq u iva len t atom s:

T ab le  4 . A n iso trop ic  d isp la cem en t param eters (A -x  10- )̂ for 8 1 . T he an isotropic  

d isp la cem en t factor ex p o n en t takes the form : - 2 k ~[ h - a * - U ' ' +  ... +  2  h k a* b* U '-  ]

U " U'3 U'2

0 (1 ) 44(1) 31(1) 33(1) -3(1) 2(1) -7(1)

C(6) 30(1) 31(1) 18(1) -2(1) 9(1) -1(1)

C(7) 23(1) 31(1) 19(1) 0(1) 2(1) -1(1)

C(8) 29(1) 28(1) 19(1) -2(1) 6(1) 0(1)

C(5) 29(1) 31(1) 18(1) 0(1) 8(1) -1(1)

C ( l l ) 28(1) 26(1) 22(1) 3(1) 6(1) -4(1)

C(16) 28(1) 33(1) 29(1) 3(1) 7(1) -1(1)
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C (l) 30(1) 36(1) 21(1) -4(1) 5(1) -4(1)

C(12) 27(1) 24(1) 23(1) 4(1) 8(1) -3(1)

C(13) 30(1) 32(1) 23(1) 2(1) 3(1) -5(1)

C(9) 29(1) 33(1) 24(1) 1(1) 9(1) -1(1)

C(10) 24(1) 31(1) 23(1) 0(1) 3(1) 1(1)

C(4) 34(1) 32(1) 23(1) 2(1) 8(1) 5(1)

N (l) 43(1) 30(1) 24(1) 3(1) 3(1) 5(1)

C(3) 47(1) 28(1) 28(1) -1(1) 15(1) 1(1)

C(2) 40(1) 31(1) 29(1) -6(1) 12(1) -8(1)

C (I4 ) 37(1) 33(1) 25(1) -4(1) 10(1) -8(1)

C(17) 32(1) 31(1) 24(1) 0(1) 12(1) 0(1)

C(19) 40(1) 39(1) 24(1) -1(1) -1(1) 6(1)

C(18) 51(2) 32(1) 32(1) 8(1) 10(1) 6(1)

C(15) 36(1) 30(1) 35(1) -6(1) 16(1) -2(1)

Table 5. Hydrogen coordinates ( x 10'*) and isotropic displacem ent param eters (A-x 10 

for 81

X y z U(eq)

H(7) 3812 7078 2315 29

H(8) 1965 7374 3191 30

H(16) 4297 5358 1055 35

H (l) 4368 9660 2376 35

H (I3) 344 6324 -614 34

H(9A) 72 7632 2417 34

H(9B) 141 6185 1944 34

H(10) -90 7969 736 31

H(4) 342 10591 837 35

H(3) 1749 12374 1274 40

H(2) 3749 11906 2030 40

H(14) 1740 4811 -1227 37

H(19A) 4540 5957 4229 52

H (I9B ) 3524 5880 4934 52

H(19C) 3367 6946 4109 52

H(18A) 2634 3011 3558 57
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57

57

39

Table 6. Torsion angles [°] for 81

C(1)-C(6)-C(7)-C(I1) -127.1(2)

C(5)-C(6)-C(7)-C(ll) 54.8(2)

C(l)-C(6)-C(7)-C(8) 118.5(2)

C(5)-C(6)-C(7)-C(8) -59.6(2)

C(6)-C(7)-C(8)-C(17) -176.41(17)

C(ll)-C(7)-C(8)-C(17) 68.7(2)

C(6)-C(7)-C(8)-C(9) 60.7(2)

C(ll)-C(7)-C(8)-C(9) -54.1(2)

C(l)-C(6)-C(5)-C(4) -1.4(3)

C(7)-C(6)-C(5)-C(4) 176.83(18)

C(l)-C(6)-C(5)-C(10) -179.69(19)

C(7)-C(6)-C(5)-C(10) -1.5(2)

C(6)-C(7)-C(in-C(16) 128.3(2)

C(8)-C(7)-C(ll)-C(16) -118.7(2)

C(6)-C(7)-C(ll)-C(12) -53.0(2)

C(8)-C(7)-C(ll)-C(12) 60.1(2)

C(12)-C(ll)-C(16)-C(15) 1.2(3)

C(7)-C(ll)-C(16)-C(15) 179.9(2)

C(5)-C(6)-C(l)-C(2) 0.4(3)

C(7)-C(6)-C(l)-C(2) -177.56(19)

C(16)-C(ll)-C(12)-C(13) -0.6(3)

C(7)-C(ll)-C(12)-C(13) -179.43(18)

C(16)-C(ll)-C(12)-C(10) 177.01(19)

C(7)-C(ll)-C(12)-C(10) -1.8(3)

C(1I)-C(12)-C(13)-C(14) -0.7(3)

C(1G)-C(12)-C(I3)-C(14) -177.9(2)

C(17)-C(8)-C(9)-C(10) -124.97(19)

C(7)-C(8)-C(9)-C(10) -4.4(2)

C(4)-C(5)-C(10)-C(12) 128.6(2)

C(6)-C(5)-C(10)-C(12) -53.2(2)

C(4)-C(5)-C(10)-C(9) -117.8(2)

H(18B) 3041 3468 4599

H(18C) 4054 3379 3892

H(15) 3685 4318 -395
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C(6)-C(5)-C(10)-C(9) 60.3(2)

C(13)-C(12)-C(10)-C(5) -127.4(2)

C(ll)-C(12)-C(10)-C(5) 55.2(2)

C(13)-C(12)-C(10)-C(9) 118.6(2)

C(ll)-C(12)-C(10)-C(9) -58.8(2)

C(8)-C(9)-C(10)-C(5) -54.6(2)

C(8)-C(9)-C(10)-C(12) 60.2(2)

C(6)-C(5)-C(4)-C(3) 1.5(3)

C(10)-C(5)-C(4)-C(3) 179.5(2)

C(5)-C(4)-C(3)-C(2) -0.5(3)

C(4)-C(3)-C(2)-C(l) -0.5(3)

C(6)-C(l)-C(2)-C(3) 0.5(3)

C(12)-C(13)-C(14)-C(15) 1.3(3)

C(19)-N(l)-C(17)-0(1) 179.0(2)

C(]8)-N (l)-C(17)-0(1) 0.6(3)

C(19)-N(l)-C(17)-C(8) 0.5(3)

C(18)-N(l)-C(17)-C(8) -177.94(19)

C(9)-C(8)-C(17)-0(l) 27.2(3)

C(7)-C(8)-C(17)-0(l) -93.3(2)

C(9)-C(8)-C(17)-N(l) -154.27(19)

C(7)-C(8)-C(I7)-N(1) 85.2(2)

C(13)-C(14)-C(15)-C(16) -0.7(3)

C(11)-C(16)-C(I5)-C(14) -0.6(3)

Symmetry transformations used to generate equivalent atoms:

374



A1.2. XRD experimental detail for /ran5-ll,12-diethoxycarbonyl-9,10-dihydro-9,10- 

ethanoanthracene (74)
H2

H23 c ? :

Table 1. Crystal data and structure refinem ent for 74.

Identification code 

Empirical formula 

Formula wESIght 

Tem perature 

W avelength 

Crystal system 

Space group 

Unit cell dim ensions

Volume

Z

Density (calculated)

Absorption coefficient 

F(OOO)

Crystal size

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Com pleteness to theta = 25.00° 

Absorption correction 

Refinement method

shelxl

C96 H92 0 8

1373.70

1 5 0 (2 )K

0.71073 A
M onoclinic

P 2(l)/n

a ==7.8808(16) A 

b =  18.326(4) A 
c = 14.210(5) A 
1835.5(8) A^

a =  90°.

(3= 116.57(2)°. 

7 = 90°.

1.243 Mg/m^

0.077 mm-'

732

0.7 X 0.3 X 0.2 m m ^

1.95 to 25.00°.

-9<=h<=9, -21<=k<=21, -16<=1<=16 

15994

3234 [R(int) = 0.0648]

99.6 %

None

Full-matrix least-squares on F-
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Data /  restraints /  parameters 

Goodness-of-fit on F- 

Final R indices [I>2sigma(I)] 

R indices (all data)

Largest diff. peak and hole

3 2 3 4 /0 /2 3 7

1.227

R1 = 0.0755, wR2 = 0.2238 

R1 = 0 .1068 , wR2 = 0.2775 

0.897 and -0.853 e.A-^

Table 2. Atomic coordinates ( x 10"*) and equivalent isotropic displacement parameters (A^x 10-̂ ) 

for 74. U(eq) is defined as one third o f the trace o f the orthogonalized U‘J tensor.

X y z U(eq)

0(1) 3303(4) 5600(1) 678(2) 29(1)

0(2) 3174(4) 7035(1) 2794(2) 32(1)

C (l) 5302(6) 6124(2) -1448(3) 35(1)

C(2) 4018(5) 6010(2) -953(3) 32(1)

0(3) 4898(4) 6346(1) 91(2) 29(1)

C(4) 4432(4) 6085(2) 820(3) 20(1)

C(5) 5456(4) 6509(2) 1850(2) 19(1)

C(6) 5381(4) 6103(2) 2791(3) 19(1)

C(7) 4214(5) 6536(2) 3227(2) 22(1)

0(4) 4520(3) 6271(1) 4168(2) 27(1)

C(9) 3475(5) 6647(2) 4666(3) 34(1)

C(10) 4158(6) 6335(3) 5746(3) 49(1)

C( l l ) 10581(5) 5006(2) 2166(3) 27(1)

C(12) 10538(5) 4633(2) 3003(3) 25(1)

C(13) 9470(5) 4901(2) 3496(3) 24(1)

C(14) 8528(4) 5559(2) 3167(2) 20(1)

C(15) 8604(4) 5948(2) 2331(2) 19(1)

C(16) 9608(5) 5660(2) 1821(3) 23(1)

C(17) 7583(4) 6674(2) 2121(2) 19(1)

C(18) 7440(4) 5960(2) 3668(2) 18(1)

C(19) 8339(4) 6707(2) 3984(2) 18(1)

C(20) 8402(4) 7096(2) 3146(2) 19(1)

C(21) 9111(4) 7009(2) 4986(3) 22(1)

C(22) 9950(5) 7700(2) 5158(3) 27(1)

C(23) 9982(5) 8092(2) 4320(3) 26(1)

C(24) 9204(5) 7789(2) 3313(3) 24(1)
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Table 3. Bond lengths [A] and angles [°] for 74

0(1)-C(4) 1.209(4)

0(2)-C(7) 1.199(4)

C(l)-C(2) 1.483(5)

C(1)-H(1A) 0.9600

C(1)-H(1B) 0.9600

C(1)-H(1C) 0.9600

C(2)-0(3) 1.464(4)

C(2)-H(2) 0.9300

0(3)-C(4) 1.333(4)

C(4)-C(5) 1.529(4)

C(5)-C(6) 1.555(4)

C(5)-C(17) 1.572(4)

C(5)-H(5) 0.9800

C(6)-C(7) 1.539(5)

C(6)-C(18) 1.564(4)

C(6)-H(6) 0.9800

C(7)-0(4) 1.339(4)

0(4)-C(9) 1.474(4)

C(9)-C(10) 1.494(5)

C(9)-H(9A) 0.9700

C(9)-H(9B) 0.9700

C(10)-H(10A) 0.9600

QIO)-H(IOB) 0.9600

C(10)-H(10C) 0.9600

C(ll)-C(12) 1.386(5)

C(ll)-C(16) 1.388(5)

C(l l )-H(l l ) 0.9300

C(12)-C(13) 1.403(5)

C(12)-H(12) 0.9300

C(13)-C(14) 1.383(5)

C(13)-H(13) 0.9300

C(I4)-C(15) 1.408(4)

C(14)-C(18) 1.526(4)

C(15)-C(16) 1.394(4)



C(15)-C(17)

C(16)-H(16)

C(17)-C(20)

C(17)-H(17)

C(18)-C(19)

C(18)-H(18)

C(19)-C(21)

C(19)-C(20)

C(20)-C(24)

C(21)-C(22)

C(21)-H(21)

C(22)-C(23)

C(22)-H(22)

C(23)-C(24)

C(23)-H(23)

C(24)-H(24)

C(2)-C(1)-H(IA)

C(2)-C(1)-H(1B)

H(1A)-C(1)-H(1B)

C(2)-C(1)-H(1C)

H(IA)-C(1)-H(1C)

H(1B)-C(1)-H(IC)

0(3)-C(2)-C(l)

0(3)-C(2)-H(2)

C(l)-C(2)-H(2)

C(4)-0(3)-C(2)

0(l)-C(4)-0(3)

0(1)-C(4)-C(5)

0(3)-C(4)-C(5)

C(4)-C(5)-C(6)

C(4)-C(5)-C(17)

C(6)-C(5)-C(17)

C(4)-C(5)-H(5)

C(6)-C(5)-H(5)

C(17)-C(5)-H(5)

C(7)-C(6)-C(5)

C(7)-C(6)-C(18)

C(5)-C(6)-C(18)

1.514(4)

0.9300

1.515(4)

0.9800

1.513(4)

0.9800

1.389(4)

1.409(4)

1.391(4)

1.399(5)

0.9300

1.400(5)

0.9300

1.395(5)

0.9300

0.9300

109.5

109.5

109.5

109.5

109.5

109.5 

107.9(3) 

126.0 

126.0 

117.8(3) 

124.9(3) 

124.6(3) 

110.5(3) 

111.9(3) 

112.4(3) 

109.1(2)

107.8

107.8

107.8 

111.1(3) 

111.1(3) 

109.9(3)
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C(7)-C(6)-H(6) 108.2

C(5)-C(6)-H(6) 108.2

C(18)-C(6)-H(6) 108.2

0(2)-C (7)-0(4) 124.4(3)

0(2)-C(7)-C(6) 125.5(3)

0(4)-C(7)-C(6) 110.1(3)

C(7)-0(4)-C(9) 114.9(3)

0(4)-C(9)-C(10) 107.0(3)

0(4)-C(9)-H(9A) 110.3

C(10)-C(9)-H(9A) 110.3

0(4)-C(9)-H(9B) 110.3

C(10)-C(9)-H(9B) 110.3

H(9A)-C(9)-H(9B) 108.6

C(9)-C(10)-H(10A) 109.5

C(9)-C(10)-H(10B) 109.5

H(10A)-C(10)-H(10B) 109.5

C(9)-C(10)-H(10C) 109.5

H(10A)-C(10)-H(10C) 109.5

H(10B)-C(10)-H(10C) 109.5

C (12)-C (in-C (16) 120.5(3)

C(I2)-C(1 l)-H (l 1) 119.8

C(I6)-C(11)-H(1I) 119.8

C(l 1)-C(12)-C(13) 120.4(3)

C(11)-C(12)-H(12) 119.8

C(13)-C(12)-H(12) 119.8

C(14)-C(13)-C(12) 119.2(3)

C(14)-C(13)-H(13) 120.4

C(12)-C(13)-H(13) 120.4

C(13)-C(14)-C(15) 120.4(3)

C(13)-C(14)-C(18) 126.2(3)

C(15)-C(14)-C(18) 113.3(3)

C(16)-C(15)-C(14) 119.7(3)

C(16)-C(15)-C(17) 127.2(3)

C(14)-C(15)-C(17) 113.0(3)

C (ll)-C(16)-C(15) 119.7(3)

C(ll)-C(16)-H(16) 120.2

C(I5)-C(16)-H(16) 120.2

C(15)-C(17)-C(20) 107.4(2)
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C(15)-C(17)-C(5) 107.1(2)

C(20)-C(17)-C(5) 106.4(2)

C(15)-C(17)-H(17) 111.9

C(20)-C(17)-H(17) 111.9

C(5)-C(17)-H(17) 111.9

C(19)-C(18)-C(14) 106.7(2)

C(19)-C(18)-C(6) 105.4(2)

C(14)-C(18)-C(6) 107.9(2)

C(19)-C(18)-H(18) 112.1

C(14)-C(18)-H(18) 112.1

C(6)-C(18)-H(18) 112.1

C(21)-C(19)-C(20) 119.9(3)

C(21)-C(19)-C(18) 126.7(3)

C(20)-C(19)-C(18) 113.3(3)

C(24)-C(20)-C(19) 120.2(3)

C(24)-C(20)-C(17) 126.6(3)

C(19)-C(20)-C(17) 113.2(3)

C(19)-C(21)-C(22) 119.8(3)

C(19)-C(21)-H(21) 120.1

C(22)-C(21)-H(21) 120.1

C(21)-C(22)-C(23) 120.1(3)

C(21)-C(22)-H(22) 120.0

C(23)-C(22)-H(22) 120.0

C(24)-C(23)-C(22) 120.1(3)

C(24)-C(23)-H(23) 119.9

C(22)-C(23)-H(23) 119.9

C(20)-C(24)-C(23) 119.7(3)

C(20)-C(24)-H(24) 120.1

C(23)-C(24)-H(24) 120.1

Symmetry transformations used to generate equivalent atoms:
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T ab le  4. A n iso trop ic  d isp lacem en t param eters (A -x  10^) fo r 74 . T he aniso trop ic  

d isp lacem en t fac to r exponen t takes the form : -2n~[  h- a * ^ U '' + ... + 2 h k  a* b* U ’- ]

U " U22 U ” U23 U '3 U '2

0 ( 1 ) 31(1) 28(1) 24(1) -2(1) 9(1) -7(1)

0 ( 2 ) 33(1) 40(2) 24(1) 7(1) 13(1) 16(1)

C ( l) 47(2 ) 37(2) 26(2) -3(2) 19(2) -8(2)

C (2) 25(2) 51(2) 17(2) -14(2) 7(2) -12(2)

0 ( 3 ) 31(1) 38(2) 18(1) -7(1) 12(1) -10(1)

C (4) 19(2) 19(2) 21(2) 1(1) 8(1) 2(1)

C (5) 19(2) 18(2) 17(2) 0(1) 6(1) 0(1)

C (6) 19(2) 17(2) 21(2) -2(1) 8(1) -3(1)

C (7) 23(2) 27(2) 16(2) 0(1) 9(1) -5(1)

0 (4 ) 24(1) 37(1) 24(1) 7(1) 14(1) 9(1)

C (9) 27(2) 54(2) 26(2) 5(2) 17(2) 10(2)

C (10) 45(3 ) 71(3) 38(3) 13(2) 26(2) 21(2)

C ( l l ) 24(2) 26(2) 36(2) -11(1) 16(2) -4(2)

C (12) 25(2) 22(2) 28(2) -3(1) 10(2) 2(1)

C (13) 23(2) 20(2) 25(2) -1(1) 8(1) -2(1)

C (14) 19(2) 20(2) 19(2) -3(1) 8(1) -3(1)

C (15) 18(2) 21(2) 15(2) -4(1) 6(1) -4(1)

C (16) 22(2) 24(2) 24(2) -4(1) 11(1) -5(1)

C (17) 22(2) 15(2) 18(2) 2(1) 9(1) -1(1)

C (18) 21(2) 18(2) 16(2) 2(1) 9(1) 2(1)

C (19) 17(2) 16(2) 19(2) -2(1) 7(1) 2(1)

C (20) 15(2) 20(2) 21(2) 0(1) 6(1) 1(1)

C (21) 21(2) 25(2) 20(2) 0(1) 9(1) 5(1)

C (22) 22(2) 27(2) 26(2) -9(1) 6(1) 1(1)

C (23) 23(2) 22(2) 29(2) -5(1) 8(2) 0(1)

C (24) 20(2) 23(2) 26(2) 0(1) 8(1) 0(1)
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Table 5. Hydrogen coordinates ( x 10^) and isotropic displacement parameters (A^x 10 

for 74

X y z U(eq)

H(1A) 6501 5895 -1027 53

H(1B) 5489 6637 -1498 53

H(1C) 4746 5913 -2140 53

H(2) 2859 5768 -1253 39

H(5) 4804 6978 1765 22

H(6) 4762 5631 2539 23

H(9A) 2122 6568 4261 41

H(9B) 3720 7168 4705 41

H(IOA) 5501 6411 6135 73

H(IOB) 3890 5822 5696 73

H(IOC) 3521 6572 6101 73

H( l l ) 11266 4817 1832 33

H(12) 11221 4202 3239 30

H(13) 9397 4640 4038 29

H(16) 9626 5905 1252 27

H(17) 7695 6945 1557 22

H(18) 7446 5691 4266 22

H(21) 9070 6753 5540 27

H(22) 10488 7900 5831 32

H(23) 10523 8554 4435 31

H(24) 9222 8049 2756 29

Table 6. Torsion angles [°] for 74

C(l)-C(2)-0(3)-C(4) -154.5(3)

C (2)-0(3)-C(4)-0(l) -1.6(5)

C(2)-0(3)-C(4)-C(5) -179.0(3)

0(1)-C(4)-C(5)-C(6) 17.7(4)

0(3)-C(4)-C(5)-C(6) -165.0(3)

0(1)-C(4)-C(5)-C(17) 140.8(3)

0(3)-C(4)-C(5)-C(17) -41.8(4)
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C(4)-C(5)-C(6)-C(7) -114.4(3)

C(17)-C(5)-C(6)-C(7) 120.6(3)

C(4)-C(5)-C(6)-C(18) 122.2(3)

C(17)-C(5)-C(6)-C(18) -2.7(3)

C(5)-C(6)-C(7)-0(2) 14.4(5)

C(18)-C(6)-C(7)-0(2) 137.1(3)

C(5)-C(6)-C(7)-0(4) -165.9(3)

C(18)-C(6)-C(7)-0(4) -43.2(3)

0(2)-C(7)-0(4)-C(9) -0.5(5)

C(6)-C(7)-0(4)-C(9) 179.8(3)

C(7)-0(4)-C(9)-C(10) -173.8(3)

C(16)-C(ll)-C(12)-C(13) 1.6(5)

C(11)-C(12)-C(13)-C(14) -2.8(5)

C(12)-C(13)-C(14)-C(15) 1.4(5)

C(12)-C(13)-C(14)-C(18) -174.8(3)

C(13)-C(14)-C(15)-C(I6) 1.1(5)

C(18)-C(14)-C(15)-C(16) 177.8(3)

C(13)-C(14)-C(15)-C(17) -176.8(3)

C(18)-C(14)-C(15)-C(17) -0.1(4)

C(12)-C(11)-C(16VC(15) 0.9(5)

C(14)-C(15)-C(16)-C(ll) -2.3(5)

C(I7)-C(15)-C(16)-C(11) 175.3(3)

C(I6)-C(15)-C(!7)-C(20) -123.2(3)

C(14)-C(15)-C(17)-C(20) 54.6(3)

C(I6)-C(15)-C(17)-C(5) 122.9(3)

C(14)-C(15)-C(17)-C(5) -59.4(3)

C(4)-C(5)-C(17)-C(15) -65.7(3)

C(6)-C(5)-C(17)-C(15) 59.0(3)

C(4)-C(5)-C(17)-C(20) 179.7(2)

C(6)-C(5)-C(17)-C(20) -55.6(3)

C(13)-C(14)-C(18)-C(19) 121.9(3)

C(15)-C(14)-C(18)-C(19) -54.5(3)

C(13)-C(14)-C(18)-C(6) -125.2(3)

C(15)-C(14)-C(18)-C(6) 58.4(3)

C(7)-C(6)-C(18)-C(19) -63.9(3)

C(5)-C(6)-C(18)-C(19) 59.5(3)

C(7)-C(6)-C(18)-C(14) -177.6(2)

C(5)-C(6)-C(18)-C(14) -54.3(3)
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C(14)-C(18)-C(19)-C(21) -123.0(3)

C(6)-C(18)-C(19)-C(21) 122.4(3)

C(14)-C(18)-C(19)-C(20) 55.0(3)

C(6)-C(18)-C(19)-C(20) -59.6(3)

C(21)-C(19)-C(20)-C(24) -1.2(5)

C(18)-C(19)-C(20)-C(24) -179.4(3)

C(21)-C(19)-C(20)-C(17) 177.3(3)

C(18)-C(19)-C(20)-C(17) -0.9(4)

C(15)-C(17)-C(20)-C(24) 124.1(3)

C(5)-C(17)-C(20)-C(24) -121.4(3)

C(15)-C(17)-C(20)-C(19) -54.2(3)

C(5)-C(17)-C(20)-C(19) 60.2(3)

C(20)-C(19)-C(21)-C(22) 0.0(5)

C(18)-C(19)-C(21)-C(22) 177.9(3)

C(19)-C(21)-C(22)-C(23) 1.1(5)

C(21)-C(22)-C(23)-C(24) -1.0(5)

C(19)-C(20)-C(24)-C(23) 1.3(5)

C(17)-C(20)-C(24)-C(23) -176.9(3)

C(22)-C(23)-C(24)-C(20) -0.2(5)

Symmetry transformations used to generate equivalent atoms;

A1.3. XRD experimental detail for 10-(Hydroxy(methoxy)methyl)-9,10-dihydro-9,10- 

ethanoanthracene-ll-carbonitrile (127’)

H24 H22

C3(
HI

s>̂H30
02

H16

N1
IC7C17 H2

H15
C16

C2C6C1CC9
C1i

1C5 C3;C12 C11
H3

H11AH11B
H14 [C8

C i:

Table 1. Crystal data and structure refinement for 127’
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Identification code 

Empirical formula 

Form ula wESIght 

Tem perature 

W avelength 

Crystal system 

Space group 

Unit cell dim ensions

Volume

Z

D ensity (calculated)

A bsorption coefficient 

F(0()0)

Crystal size

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Com pleteness to theta = 24.99° 

Absorption correction 

Refinement method 

Data / restraints / param eters 

Goodness-of-fit on F- 

Final R indices [I>2sigm a(l)]

R indices (all data)

Largest d iff  peak and hole

shelxl

C76 HO N4 0 8  

1096.80 

150(2) K 

0.71073 A 

Triclinic 

P-1

a = 9.920(2) A a= 90°.

b =  17.200(3) A 94.39(3)°.

c = 8.3340(17) A y = 90°.

1417.8(5) A3 

1

1.285 Mg/m3 

0.086 mm '

548

0.6 X 0.6 X 0.2 mm^

2.06 to 24.99°.

-10<=h<=l 1, -20<=k<=16, -9c=I<^9 

11149

2456 [R(int) = 0.0355]

98.6 %

None

Full-matrix least-squares on F- 

2 4 5 6 /0 /2 2 4  

1.212

R1 = 0 .0530 , wR2 =0.1841 

R1 = 0 .0822 , wR2 = 0.2594 

0.652 and -0.710 e.A'^

Table 2. Atomic coordinates ( x lO"*) and equivalent isotropic displacement parameters (A-x 10-̂ ) 

for 127 ’. U(eq) is defined as one third o f the trace of the orthogonalized U'J tensor.

U(eq)

N (l)

C (l)

C(2)

978(2)

3144(3)

3848(3)

170(2)

579(2)

1281(2)

-2713(3)

-917(3)

-1717(3)

27(1)

17(1)

2 0 ( 1)
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C(3) 1933(3) 1544(2) 669(3) 16(1)

C(4) 2598(3) 2162(2) -35(3) 16(1)

C(5) 1983(3) 2881(2) -251(3) 19(1)

C(6) 679(3) 2987(2) 251(3) 21(1)

C(7) 13(3) 2375(2) 916(3) 20(1)

C(8) 624(3) 1651(2) 1130(3) 17(1)

C(9) 2787(3) 804(2) 842(3) 15(1)

C(10) 3999(3) 1959(2) -500(3) 18(1)

C (ll) 4791(3) 1643(2) 979(3) 17(1)

C(12) 4155(3) 1031(2) 1717(3) 16(1)

C(13) 4786(3) 687(2) 3081(3) 18(1)

C(14) 6048(3) 950(2) 3684(3) 20(1)

C(15) 6688(3) 1552(2) 2938(3) 20(1)

C(I6) 6056(3) 1904(2) 1569(3) 19(1)

C(33) 1922(3) 348(2) -1908(3) 20(1)

0(1) 2868(2) -539(1) 1489(2) 20(1)

0(6) 1844(2) 299(1) 3219(2) 24(1)

C(20) 2053(3) 130(2) 1610(3) 16(1)

C(24) 2202(3) -1227(2) 1969(4) 25(1)

Table 3. Bond lengths [A] and angles [°] for 127’

N(l)-C(33) 1.151(4)

C(l)-C(33) 1.469(4)

C(l)-C(2) 1.568(4)

C(l)-C(9) 1.582(4)

C(l)-H(26) 0.96(3)

C(2)-C(10) 1.545(4)

C(2)-H(28) 0.96(4)

C(2)-H(27) 0.98(3)

C(3)-C(8) 1.394(4)

C(3)-C(4) 1.402(4)

C(3)-C(9) 1.531(4)

C(4)-C(5) 1.384(4)

C(4)-C(10) 1.512(4)

C(5)-C(6) 1.401(4)

C(5)-H(5) 0.9300
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C(6)-C(7)

C(6)-H(6)

C(7)-C(8)

C(7)-H(7)

C(8)-H(8)

C(9)-C(20)

C(9)-C(12)

C (10)-C (ll)

C(10)-H(25)

C (ll)-C (16)

C (ll)-C (12)

C(12)-C(13)

C(13)-C(14)

C(13)-H(13)

C(14)-C(15)

C(14)-H(14)

C(15)-C(16)

C(15)-H(15)

C(16)-H(16)

0(I)-C (20)

0(1)-C(24)

0(6)-C(20)

0(6)-H(40)

C(20)-H(31)

C(24)-H(24A)

C(24)-H(24B)

C(24)-H(24C)

C(33)-C(l)-C(2)

C(33)-C(l)-C(9)

C(2)-C(l)-C(9)

C(33)-C(l)-H(26)

C(2)-C(l)-H(26)

C(9)-C(l)-H(26)

C(10)-C(2)-C(l)

C(10)-C(2)-H(28)

C(l)-C(2)-H(28)

C(10)-C(2)-H(27)

C(l)-C(2)-H(27)

1.381(4) 

0.9300 

1.390(4) 

0.9300 

0.9300 

1.535(4) 

1.541(3) 

1.510(4) 

0.95(3) 

1.387(4) 

1.395(4) 

1.387(4) 

1.389(4) 

0.9300 

1.387(4) 

0.9300 

1.397(4) 

0.9300 

0.9300 

1.414(3) 

1.427(3) 

1.403(3) 

1.10(5) 

1.19(2) 

0.9600 

0.9600 

0.9600 

110.2(2 ) 

110.7(2) 

110.2(2 ) 

104.2(19) 

111.6(19) 

109.9(19) 

109.0(2) 

104(2) 

111(2 ) 

108.0(19) 

110.7(19)
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H(28)-C(2)-H(27) 113(3)

C(8)-C(3)-C(4) 119.6(3)

C(8)-C(3)-C(9) 127.1(2)

C(4)-C(3)-C(9) 113.3(2)

C(5)-C(4)-C(3) 120.9(2)

C(5)-C(4)-C(10) 125.3(2)

C(3)-C(4)-C(10) 113.8(2)

C(4)-C(5)-C(6) 119.0(3)

C(4)-C(5)-H(5) 120.5

C(6)-C(5)-H(5) 120.5

C(7)-C(6)-C(5) 120.1(2)

C(7)-C(6)-H(6) 119.9

C(5)-C(6)-H(6) 119.9

C(6)-C(7)-C(8) 121.1(3)

C(6)-C(7)-H(7) 119.5

C(8)-C(7)-H(7) 119.5

C(7)-C(8)-C(3) 119.3(3)

C(7)-C(8)-H(8) 120.4

C(3)-C(8)-H(8) 120.4

C(3)-C(9)-C(20) 113.0(2)

C(3)-C(9)-C(12) 107.1(2)

C(20)-C(9)-C(12) 115.0(2)

C(3)-C(9)-C(l) 106.1(2)

C(20)-C(9)-C(l) 110.5(2)

C(12)-C(9)-C(l) 104.4(2)

C(ll)-C(10)-C(4) 107.8(2)

C(ll)-C(10)-C(2) 106.5(2)

C(4)-C(10)-C(2) 107.3(2)

C(ll)-C(10)-H(25) 112.4(19)

C(4)-C(10)-H(25) 110.3(19)

C(2)-C(10)-H(25) 112.4(19)

C(16)-C(ll)-C(12) 121.0(2)

C(16)-C(ll)-C(10) 125.0(2)

C(12)-C(ll)-C(10) 114.0(2)

C(13)-C(12)-C(ll) 119.5(2)

C(13)-C(12)-C(9) 127.3(2)

C(ll)-C(12)-C(9) 113.2(2)

C(12)-C(13)-C(14) 119.7(3)
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C(12)-C(13)-H(13) 120.1

C(14)-C(13)-H(13) 120.1

C(15)-C(14)-C(13) 120.8(3)

C(15)-C(14)-H(14) 119.6

C(13)-C(14)-H(14) 119.6

C(14)-C(15)-C(16) 119.9(2)

C(14)-C(15)-H(15) 120.1

C(16)-C(15)-H(15) 120.1

C (ll)-C (16 )-C (15 ) 119.1(3)

C (ll)-C (16 )-H (16 ) 120.4

C(15)-C(16)-H(16) 120.4

N (l)-C (33 )-C (l) 178.6(3)

C (20)-0 (!)-C (24) 112.0(2)

C (20)-0(6)-H (40) 112(3)

0 (6 )-C (20 )-0 (1 ) 111.4(2)

0(6)-C (20)-C (9) 110.6(2)

0 (I)-C (20)-C (9) 107.0(2)

0(6)-C (20)-H (31) 110.1(12)

0 (1 )-C (20)-H (3I) 105.5(12)

C (9V C (20V H (3n 112.2(12)

0(1)-C (24)-H (24A ) 109.5

0(1)-C (24)-H (24B ) 109.5

H (24A)-C(24)-H(24B) 109.5

0(1)-C (24)-H (24C ) 109.5

H(24A)-C(24)-H(24C) 109.5

H (24B)-C(24)-H(24C) 109.5

Sym m etry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters (A-x 10-̂ ) for 127’. The anisotropic 

displacem ent factor exponent takes the form: -2 n -[  h- a* -U " + ... + 2 h k a* b* U ’- ]

U " U22 U” U 23 U>3 U'2

N (l) 22(1) 30(2) 28(1) -3(1) 0(1) -6(1)

C (l) 16(1) 19(2) 17(1) -1(1) 0(1) 2(1)

C(2) 16(1) 27(2) 17(1) 3(1) 2(1) 1(1)
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C(3) 15(1) 19(2) 13(1) -1(1) -4(1) 0(1)

C(4) 14(1) 22(1) 12(1) 1(1) -4(1) -1(1)

C(5) 22(2) 20(2) 15(1) 2(1) -4(1) -4(1)

C(6) 23(2) 18(2) 20(1) -1(1) -6(1) 6(1)

C(7) 15(1) 23(2) 20(1) -4(1) 1(1) 3(1)

C(8) 15(1) 23(2) 14(1) -3(1) -1(1) -2(1)

C(9) 13(1) 17(2) 16(1) -1(1) 1(1) -1(1)

C(10) 15(1) 23(2) 17(1) 6(1) 2(1) -3(1)

C ( l l ) 14(1) 18(1) 18(1) -3(1) 1(1) 2(1)

C(12) 12(1) 19(1) 18(1) -1(1) 0(1) 1(1)

C(13) 18(1) 18(1) 19(1) -2(1) 3(1) -1(1)

C(14) 19(1) 22(2) 18(1) -2(1) -4(1) 5(1)

C(15) 14(1) 26(2) 19(1) -4(1) -3(1) -2(1)

C(16) 15(1) 21(2) 22(1) 0(1) 3(1) -2(1)

C(33) 23(2) 19(2) 17(1) -2(1) 5(1) 0(1)

0 (1 ) 20(1) 14(1) 27(1) 2(1) 2(1) 0(1)

0 (6 ) 22(1) 27(1) 23(1) 1(1) 3(1) -3(1)

C(20) 16(1) 15(1) 17(1) 0(1) 2(1) 2(1)

C(24) 26(2) 19(2) 30(2) 3(1) -1(1) -4(1)

Table 5. Hydrogen coordinates ( x lO"*) and isotropic displacement parameters (A-x 10 3)

for 127’

X y z U(eq)

H(5) 2428 3287 -722 23

H(6) 262 3470 136 25

H(7) -859 2448 1226 24

H(8) 165 1243 1577 21

H(13) 4365 282 3590 22

H(14) 6470 719 4599 24

H(15) 7535 1722 3349 23

H(16) 6478 2308 1060 23

H(25) 4410(30) 2400(18) -930(40) 16(7)

H(26) 3700(30) 123(19) -880(40) 20(8)

H(28) 4760(40) 1155(19) -1930(40) 26(8)
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Will) 3300(30) 1464(18) -2670(40) 22(8)

H(24A) 2126 -1215 3110 38

H(24B) 2716 -1675 1698 38

H(24C) 1316 -1254 1421 38

H(31) 1010(20) -22(15) 890(30) 0(6)

H(40) 800(50) 180(30) 3490(60) 62(13)

Table 6. Torsion angles [°] for 127’

C(33)-C(l)-C(2)-C(10) 124.0(2)

C(9)-C(l)-C(2)-C(10) 1.6(3)

C(8)-C(3)-C(4)-C(5) 1.2(4)

C(9)-C(3)-C(4)-C(5) -178.6(2)

C(8)-C(3)-C(4)-C(10) -179.0(2)

C(9)-C(3)-C(4)-C(10) 1.1(3)

C(3)-C(4)-C(5)-C(6) 0.2(4)

C(10)-C(4)-C(5)-C(6) -179.5(2)

C(4)-C(5)-C(6)-C(7) -1.5(4)

C(5)-C(6)-C(7)-C(8) 1.3(4)

C(6)-C(7)-C(8)-C(3) 0.2(4)

C(4)-C(3)-C(8)-C(7) -1.4(4)

C(9)-C(3)-C(8)-C(7) 178.4(2)

C(8)-C(3)-C(9)-C(20) 0.3(4)

C(4)-C(3)-C(9)-C(20) -179.9(2)

C(8)-C(3)-C(9)-C(12) -127.4(3)

C(4)-C(3)-C(9)-C(12) 52.4(3)

C(8)-C(3)-C(9)-C(l) 121.5(3)

C(4)-C(3)-C(9)-C(l) -58.7(3)

C(33)-C(l)-C(9)-C(3) -67.0(3)

C(2)-C(l)-C(9)-C(3) 55.2(3)

C(33)-C(l)-C(9)-C(20) 55.9(3)

C(2)-C(l)-C(9)-C(20) 178.0(2)

C(33)-C(l)-C(9)-C(12) -179.9(2)

C(2)-C(l)-C(9)-C(12) -57.8(3)

C(5)-C(4)-C(10)-C(ll) 125.1(3)

C(3)-C(4)-C(10)-C(ll) -54.7(3)

C(5)-C(4)-C(10)-C(2) -120.6(3)
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C(3)-C(4)-C(10)-C(2) 59.6(3)

C(l)-C(2)-C(10)-C(ll) 57.0(3)

C(l)-C(2)-C(10)-C(4) -58.2(3)

C(4)-C(10)-C(ll)-C(16) -128.3(3)

C(2)-C(10)-C(ll)-C(16) 116.8(3)

C(4)-C(10)-C(ll)-C(12) 53.5(3)

C(2)-C(10)-C(ll)-C(12) -61.4(3)

C(16)-C(ll)-C(12)-C(13) 1.2(4)

C(10)-C(ll)-C(12)-C(13) 179.5(2)

C(16)-C(ll)-C(12)-C(9) -177.5(2)

C(10)-C(ll)-C(12)-C(9) 0.8(3)

C(3)-C(9)-C(12)-C(13) 127.7(3)

C(20)-C(9)-C(12)-C(13) 1.2(4)

C(l)-C(9)-C(12)-C(13) -120.0(3)

C(3)-C(9)-C(I2)-C(11) -53.7(3)

C(20)-C(9)-C(12)-C(ll) 179.8(2)

C(l)-C(9)-C(12)-C(ll) 58.6(3)

C(ll)-C(12)-C(13)-C(14) -0.8(4)

C(9)-C(12)-C(13)-C(14) 177.8(3)

C(12)-C(13)-C(14)-C(15) 0.0(4)

C(13)-C(14)-C(15)-C(16) 0.3(4)

C(12)-C(ll)-C(16)-C(15) -0.9(4)

C(10)-C(ll)-C(16)-C(15) -179.0(3)

C(14)-C(15)-C(16)-C(ll) 0.2(4)

C(2)-C(l)-C(33)-N(l) 32(13)

C(9)-C(l)-C(33)-N(l) 155(12)

C(24)-0(l)-C(20)-0(6) 67.0(3)

C(24)-0(l)-C(20)-C(9) -172.1(2)

C(3)-C(9)-C(20)-0(6) -66.6(3)

C(12)-C(9)-C(20)-0(6) 56.8(3)

C(l)-C(9)-C(20)-0(6) 174.6(2)

C(3)-C(9)-C(20)-0(l) 171.9(2)

C(12)-C(9)-C(20)-0(l) -64.6(3)

C(l)-C(9)-C(20)-0(l) 53.2(3)

Symmetry transformations used to generate equivalent atoms:
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A1.4. XRD experimental detail for fran^-11,12-(N,N,N’,N’-tetramethyl)-9,10-dihydro- 

9,10-ethanoanthracene-ll,12-dicarboxyamide (78)

Table 1. Crystal data and structure refinem ent for 78.

Identification code 

Empirical formula 

Formula wESIght 

Tem perature 

W avelength 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

Density (calculated) 

Absorption coefficient 

F(OOO)

Crystal size

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Com pleteness to theta = 25.00°

shelxl

C72 HONS 0 8  

1104.80 

150(2) K 

0.71073 A 
Triclinic 

P-1

a = 9.4200(19) A a=
b =  12.123(2) A
c =  14.275(3) A Y =

1444.9(5) A^

1

1.270 Mg/m-’

0.086 m n r '

552

0.6 X 0.2 X 0.1 m m ^

1.50 to 25.00°.

-1 l<=h<=10, -14<=k<=14. -16<= 

22667

5061 [R(int) = 0.0609]

99.4 %

99.12(3)°.

101.51(3)°.

110.87(3)°.

k=16
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Absorption correction 

Refinem ent method  

Data / restraints /  parameters 

G oodness-of-fit on F- 

Final R indices [I>2sigm a(I)] 

R indices (all data)

Largest diff. peak and hole

None

Full-matrix least-squares on F-

5 0 6 1 / 0 / 3 9 7

1.198

R1 = 0 .0 8 0 8 , wR2:=: 0.2413  

R1 = 0 .1 1 6 9 , wR2 = 0 .2929  

0.735 a n d -1.038 e.A-3

Table 2. Atom ic coordinates ( x 10“*) and equivalent isotropic displacement parameters ( A “X 10-’) 

for 78

.. U (eq) is defined as one third o f  the trace o f  the orthogonalized U ‘J tensor.

X y z U(eq)

C (l) 6725(5) 5052(4) 4445(3) 20(1)

C(2) 7799(5) 4521(4) 4673(3) 20(1)

C(3) 7370(4) 3281(4) 4282(3) 18(1)

C(4) 5853(4) 2576(3) 3684(3) 17(1)

C(5) 4762(4) 3105(3) 3461(3) 16(1)

C(6) 5211(5) 4338(4) 3839(3) 20(1)

C(7) 2564(4) 1142(4) 3235(3) 18(1)

C(8) 3176(4) 2217(3) 2792(3) 17(1)

C(9) 3651(5) 615(3) 3453(3) 17(1)

C(10) 3284(5) -387(3) 3856(3) 19(1)

C( l l ) 1825(5) -849(4) 4058(3) 23(1)

C(12) 745(5) -330(4) 3833(3) 25(1)

C(13) 1103(5) 671(4) 3425(3) 23(1)

C(28) 5154(4) 1216(3) 3183(3) 17(1)

C(29) 4680(4) 1113(3) 2045(3) 17(1)

C(30) 3518(4) 1731(3) 1808(3) 16(1)

C(34) 1991(5) 920(4) 1021(3) 21(1)

C(14) 3645(4) 6763(3) 2972(3) 16(1)

C(15) 4890(5) 7203(4) 3820(3) 19(1)

C(16) 6296(5) 8174(4) 3861(3) 21(1)

C(17) 6433(5) 8660(4) 3057(3) 21(1)

C(18) 5179(5) 8221(3) 2199(3) 19(1)

C(19) 3791(4) 7281(3) 2163(3) 16(1)
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C(20) 2309(4) 6678(3) 1298(3) 16(1)

C(21) 2047(4) 5724(3) 2789(3) 17(1)

C(22) 753(5) 6165(3) 2468(3) 19(1)

C(23) 904(4) 6699(3) 1662(3) 17(1)

C(24) -187(5) 7130(4) 1277(3) 21(1)

C(25) -513(5) 6046(4) 2846(3) 21(1)

C(26) -1627(5) 6472(4) 2449(3) 25(1)

C(27) -1452(5) 7033(4) 1674(3) 26(1)

C(31) 2057(4) 5310(3) 988(3) 16(1)

C(32) 1856(4) 4729(3) 1868(3) 16(1)

C(36) 253(4) 3686(3) 1668(3) 16(1)

0 (2) 7358(3) 1437(3) 2091(2) 24(1)

0 (3) -835(3) 3369(3) 936(2) 22(1)

0 (1) 1720(3) -91(3) 543(2) 29(1)

N(4) 161(3) 3180(2) 2426(2) 7(1)

N(2) 3759(3) 5847(3) -23(2) 10(1)

N (l) 6150(3) 2237(3) 1075(2) 17(1)

0(4) 4009(3) 4488(3) 802(2) 24(1)

N(3) 990(4) 1446(3) 887(2) 19(1)

C(40) 3386(4) 5176(4) 596(3) 17(1)

C(41) 6190(5) 1614(3) 1737(3) 19(1)

Table 3. Bond lengths [A] and angles [° for 78

C(l)-C(6) 1.386(6)

C(l)-C(2) 1.394(6)

C (l)-H (l) 0.9300

C(2)-C(3) 1.395(6)

C(2)-H(2) 0.9300

C(3)-C(4) 1.383(5)

C(3)-H(3) 0.9300

C(4)-C(5) 1.404(5)

C(4)-C(28) 1.526(5)

C(5)-C(6) 1.381(6)

C(5)-C(8) 1.504(5)

C(6)-H(6) 0.9300

C(7)-C(13) 1.390(5)
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C(7)-C(9) 1.399(6)

C(7)-C(8) 1.517(5)

C(8)-C(30) 1.574(5)

C(8)-H(8) 0.9800

C(9)-C(10) 1.389(5)

C(9)-C(28) 1.501(5)

C (10)-C(ll) 1.395(6)

C(10)-H(10) 0.9300

C (ll)-C (12) 1.387(6)

C (ll) -H (ll) 0.9300

C(12)-C(13) 1.392(6)

C(12)-H(12) 0.9300

C(13)-H(13) 0.9300

C(28)-C(29) 1.569(5)

C(28)-H(28) 0.9800

C(29)-C(41) 1.518(5)

C(29)-C(30) 1.545(5)

C(29)-H(29) 0.9800

C(30)-C(34) 1.515(5)

C(30)-H(30) 0.9800

C (34)-0(l) 1.215(5)

C(34)-N(3) 1.315(5)

C(14)-C(15) 1.382(5)

C(14)-C(19) 1.406(5)

C(14)-C(21) 1.520(5)

C(15)-C(16) 1.406(6)

C(15)-H(15) 0.9300

C(16)-C(17) 1.380(6)

C(16)-H(16) 0.9300

C(17)-C(18) 1.394(6)

C(17)-H(17) 0.9300

C(18)-C(19) 1.380(5)

C(18)-H(18) 0.9300

C(19)-C(20) 1.519(5)

C(20)-C(23) 1.523(5)

C(20)-C(31) 1.564(5)

C(20)-H(20) 0.9800

C(21)-C(22) 1.517(5)
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C(21)-C(32) 1.570(5)

C(21)-H(21) 0.9800

C(22)-C(25) 1.376(6)

C(22)-C(23) 1.414(5)

C(23)-C(24) 1.371(6)

C(24)-C(27) 1.395(6)

C(24)-H(24) 0.9300

C(25)-C(26) 1.390(6)

C(25)-H(25) 0.9300

C(26)-C(27) 1.395(6)

C(26)-H(26) 0.9300

C(27)-H(27) 0.9300

C(31)-C(40) 1.518(5)

C(31)-C(32) 1.546(5)

C(31)-H(31) 0.9800

C(32)-C(36) 1.521(5)

C(32)-H(32) 0.9800

C(36)-0(3) 1.206(5)

C(36)-N(4) 1.328(5)

0(2)-C(41) 1.223(5)

N(4)-H(4A) 0.8600

N(4)-H(4B) 0.8600

N(2)-C(40) 1.309(5)

N(2)-H(2A) 0.8600

N(2)-H(2B) 0.8600

N(l)-C(41) 1.303(5)

N d)-H (IA ) 0.8600

N(I)-H(1B) 0.8600

0(4)-C(40) 1.218(5)

N(3)-H(3A) 0.8600

N(3)-H(3B) 0.8600

C(6)-C(l)-C(2) 119.8(4)

C(6)-C(l)-H(l) 120.1

C(2)-C(l)-H(l) 120.1

C(l)-C(2)-C(3) 120.4(4)

C(l)-C(2)-H(2) 119.8

C(3)-C{2)-H(2) 119.8

C(4)-C(3)-C(2) 119.3(4)
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C(4)-C(3)-H(3) 120.3

C(2)-C(3)-H(3) 120.3

C(3)-C(4)-C(5) 120.4(4)

C(3)-C(4)-C(28) 127.5(3)

C(5)-C(4)-C(28) 112.1(3)

C(6)-C(5)-C(4) 119.7(4)

C(6)-C(5)-C(8) 126.6(3)

C(4)-C(5)-C(8) 113.7(3)

C(5)-C(6)-C(l) 120.4(4)

C(5)-C(6)-H(6) 119.8

C(l)-C(6)-H(6) 119.8

C(13)-C(7)-C(9) 120.3(4)

C(I3)-C(7)-C(8) 127.1(4)

C(9)-C(7)-C(8) 112.7(3)

C(5)-C(8)-C(7) 108.8(3)

C(5)-C(8)-C(30) 105.1(3)

C(7)-C(8)-C(30) 107.3(3)

C(5)-C(8)-H(8) 111.8

C(7)-C(8)-H(8) 111.8

C(30)-C(8)-H(8) 111.8

C(10)-C(9)-C(7) 120.5(4)

C(10)-C(9)-C(28) 126.0(4)

C(7)-C(9)-C(28) 113.5(3)

C(9)-C(10)-C(ll) 119.1(4)

C(9)-C(10)-H(10) 120.4

C(ll)-C(10)-H(10) 120.4

C(12)-C(ll)-C(10) 120.2(4)

C (12)-C (ll)-H (ll) 119.9

C (10)-C (ll)-H (ll) 119.9

C(ll)-C(12)-C(13) 121.0(4)

C(ll)-C(12)-H(12) 119.5

C(13)-C(12)-H(12) 119.5

C(7)-C(13)-C(12) 118.9(4)

C(7)-C(13)-H(13) 120.5

C(12)-C(13)-H(13) 120.5

C(9)-C(28)-C(4) 108.4(3)

C(9)-C(28)-C(29) 106.9(3)

C(4)-C(28)-C(29) 105.8(3)
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C(9)-C(28)-H(28) 111.8

C(4)-C(28)-H(28) 111.8

C(29)-C(28)-H(28) 111.8

C(41)-C(29)-C(30) 115.5(3)

C(41)-C(29)-C(28) 108.0(3)

C(30)-C(29)-C(28) 109.7(3)

C(41)-C(29)-H(29) 107.8

C(30)-C(29)-H(29) 107.8

C(28)-C(29)-H(29) 107.8

C(34)-C(30)-C(29) 114.1(3)

C(34)-C(30)-C(8) 110.9(3)

C(29)-C(30)-C(8) 108.8(3)

C(34)-C(30)-H(30) 107.6

C(29)-C(30)-H(30) 107.6

C(8)-C(30)-H(30) 107.6

0(1)-C(34)-N(3) 123.0(4)

0(1)-C(34)-C(30) 124.5(4)

N(3)-C(34)-C(30) 112.4(3)

C(15)-C(14)-C(19) 120.2(4)

C(13)-C(14)-C(21) 126.6(3)

C(19)-C(I4)-C(21) 113.2(3)

C(14)-C(15)-C(16) 119.1(4)

C(14)-C(15)-H(15) 120.5

C(16)-C(15)-H(15) 120.5

C(17)-C(16)-C(15) 120.2(4)

C(17)-C(16)-H(16) 119.9

C(15)-C(16)-H(16) 119.9

C(16)-C(17)-C(18) 121.0(4)

C(16)-C(17)-H(17) 119.5

C(18)-C(17)-H(17) 119.5

C(19)-C(18)-C(17) 118.9(4)

C(19)-C(18)-H(18) 120.5

C(17)-C(18)-H(18) 120.5

C(18)-C(19)-C(14) 120.7(4)

C(18)-C(19)-C(20) 126.6(3)

C(14)-C(19)-C(20) 112.7(3)

C(19)-C(20)-C(23) 108.6(3)

C(19)-C(20)-C(31) 105.8(3)
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C(23)-C(20)-C(3I) 106.9(3)

C(19)-C(20)-H(20) 111.8

C(23)-C(20)-H(20) 111.8

C(31)-C(20)-H(20) 111.8

C(22)-C(21)-C(14) 109.0(3)

C(22)-C(21)-C(32) 105.2(3)

C(14)-C(21)-C(32) 106.8(3)

C(22)-C(21)-H(21) 111.8

C(14)-C(21)-H(21) 111.8

C(32)-C(21)-H(21) 111.8

C(25)-C(22)-C(23) 120.0(4)

C(25)-C(22)-C(21) 127.1(4)

C(23)-C(22)-C(21) 112.8(3)

C(24)-C(23)-C(22) 119.9(4)

C(24)-C(23)-C(20) 127.3(4)

C(22)-C(23)-C(20) 112.8(3)

C(23)-C(24)-C(27) 120.1(4)

C(23)-C(24)-H(24) 119.9

C(27)-C(24)-H(24) 119.9

C(22)-C(25)-C(26) 120.0(4)

C(22)-C(25)-H(25) 120.0

C(26)-C(25)-H(25) 120.0

C(25)-C(26)-C(27) 120.0(4)

C(25)-C(26)-H(26) 120.0

C(27)-C(26)-H(26) 120.0

C(24)-C(27)-C(26) 119.9(4)

C(24)-C(27)-H(27) 120.1

C(26)-C(27)-H(27) 120.1

C(40)-C(31)-C(32) 112.2(3)

C(40)-C(31)-C(20) 111.5(3)

C(32)-C(31)-C(20) 109.6(3)

C(40)-C(31)-H(31) 107.8

C(32)-C(31)-H(31) 107.8

C(20)-C(31)-H(31) 107.8

C(36)-C(32)-C(31) 113.6(3)

C(36)-C(32)-C(21) 107.5(3)

C(31)-C(32)-C(21) 109.4(3)

C(36)-C(32)-H(32) 108.8
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C(31)-C(32)-H(32) 108.8

C(21)-C(32)-H(32) 108.8

0(3)-C(36)-N (4) 123.1(3)

0(3)-C(36)-C(32) 125.4(3)

N(4)-C(36)-C(32) 111.4(3)

C(36)-N(4)-H(4A) 120.0

C(36)-N(4)-H(4B) 120.0

H(4A)-N(4)-H(4B) 120.0

C(40)-N(2)-H(2A) 120,0

C(40)-N(2)-H(2B) 120.0

H(2A)-N(2)-H(2B) 120.0

C(41)-N(1)-H(1A) 120.0

C(41)-N(1)-H(1B) 120.0

H(1A)-N(1)-H(1B) 120.0

C(34)-N(3)-H(3A) 120.0

C(34)-N(3)-H(3B) 120.0

H(3A)-N(3)-H(3B) 120.0

0(4)-C(40)-N (2) 123.1(3)

0 (4)-C (40)-C (31) 124.1(3)

N(2)-C(40)-C(31) 112.8(3)

0(2)-C (41)-N (l) 122.7(4)

0(2)-C(41)-C(29) 121.6(3)

N (l)-C(41)-C(29) 115.6(3)

Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters (A-x 1 O’) for 78. The anisotropic 

displacement factor exponent takes the form: -2 n -[  h“ a* -U " + ... + 2 h k a* b* U '-  ]

U>' U22 U33 U23 U'3 U'2

C (l) 22(2) 18(2) 15(2) 4(2) 7(2) 2(2)

C(2) 15(2) 26(2) 14(2) 5(2) 2(2) 1(2)

C(3) 14(2) 23(2) 20(2) 8(2) 8(2) 9(2)

C(4) 16(2) 19(2) 16(2) 9(2) 6(2) 6(2)

C(5) 16(2) 22(2) 14(2) 9(2) 6(2) 10(2)

C(6) 23(2) 21(2) 20(2) 7(2) 8(2) 10(2)

401



C(7) 16(2) 24(2) 13(2) 3(2) 4(2) 8(2)

C(8) 15(2) 19(2) 18(2) 6(2) 4(2) 8(2)

C(9) 20(2) 17(2) 12(2) 3(2) 3(2) 5(2)

C(10) 19(2) 18(2) 17(2) 3(2) 1(2) 5(2)

C ( l l ) 25(2) 21(2) 17(2) 5(2) 4(2) 1(2)

C(12) 16(2) 30(2) 23(2) 7(2) 6(2) 2(2)

C(13) 12(2) 29(2) 22(2) 4(2) 2(2) 6(2)

C(28) 15(2) 19(2) 20(2) 5(2) 5(2) 9(2)

C(29) 18(2) 16(2) 15(2) 5(2) 5(2) 5(2)

C(30) 15(2) 18(2) 17(2) 6(2) 3(2) 8(2)

C(34) 22(2) 21(2) 18(2) 6(2) 2(2) 6(2)

C(14) 17(2) 14(2) 16(2) 0(1) 3(2) 7(2)

C(15) 21(2) 21(2) 18(2) 5(2) 5(2) 11(2)

C(16) 17(2) 21(2) 24(2) 1(2) 0(2) 10(2)

C(17) 13(2) 19(2) 29(2) 3(2) 6(2) 5(2)

C(18) 20(2) 19(2) 20(2) 7(2) 8(2) 9(2)

C(19) 19(2) 15(2) 19(2) 5(2) 8(2) 9(2)

C(20) 17(2) 20(2) 13(2) 8(2) 6(2) 8(2)

C(21) 17(2) 23(2) 13(2) 8(2) 7(2) 7(2)

C(22) 21(2) 16(2) 18(2) 3(2) 6(2) 6(2)

C(23) 17(2) 15(2) 15(2) 1(2) 2(2) 7(2)

C(24) 25(2) 19(2) 18(2) 4(2) 6(2) 9(2)

C(25) 21(2) 23(2) 19(2) 4(2) 9(2) 7(2)

C(26) 19(2) 29(2) 28(2) 2(2) 10(2) 10(2)

C(27) 22(2) 29(2) 31(2) 4(2) 3(2) 17(2)

C(31) 14(2) 20(2) 14(2) 5(2) 4(2) 6(2)

C(32) 13(2) 18(2) 16(2) 5(2) 2(2) 8(2)

C(36) 16(2) 22(2) 13(2) 4(2) 5(2) 11(2)

0 (2 ) 20(2) 26(2) 32(2) 11(1) 10(1) 11(1)

0 (3 ) 17(1) 28(2) 16(2) 7(1) 4(1) 4(1)

0 (1 ) 26(2) 24(2) 29(2) -2(1) -3(1) 12(1)

N(4) 2(1) 11(1) 7(1) 9(1) -1(1) 0(1)

N(2) 16(2) 15(2) 15(2) 14(1) 16(1) 14(1)

N (l) 7(1) 35(2) 17(2) 23(2) 7(1) 8(1)

0 (4 ) 26(2) 31(2) 26(2) 15(1) 16(1) 17(1)

N(3) 13(2) 15(2) 20(2) -7(1) -13(1) 10(1)

C(40) 18(2) 22(2) 12(2) 3(2) 2(2) 9(2)

C(41) 19(2) 19(2) 18(2) 4(2) 4(2) 6(2)



Table 5. Hydrogen coordinates ( x 10"*) and isotropic displacement parameters (A-x 10 

for 78.

X y z U(eq)

H(l) 7023 5882 4697 24

H(2) 8809 4997 5089 24

H(3) 8095 2932 4422 22

H(6) 4494 4691 3686 24

H(8) 2426 2604 2676 20

H(10) 4000 -746 3990 23

H( l l ) 1577 -1506 4344 28

H(12) -234 -656 3957 30

H(13) 377 1019 3282 27

H(28) 5905 844 3361 21

H(29) 4126 246 1705 20

H(30) 4049 243& 1567 20

H(15) 4800 6862 4356 23

H(16) 7135 8488 4433 26

H(17) 7376 9291 3087 25

H(18) 5278 8556 1661 22

H(20) 2413 7069 750 19

H(21) 1958 5396 3369 21

H(24) -84 7487 750 25

H(25) -623 5680 3368 25

H(26) -2490 6382 2699 31

H(27) -2178 7343 1422 31

H(31) 1071 4883 455 19

H(32) 2684 4423 2029 19

H(4A) -704 2597 2408 8

H(4B) 967 3434 2934 8

H(2A) 4474 5814 -305 12

H(2B) 3289 6321 -148 12

H(1A) 6969 2544 869 21
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Table 6. Torsion angles [°] for 78.

C(6)-C(l)-C(2)-C(3) 1.2(6)

C(l)-C(2)-C(3)-C(4) -1.6(6)

C(2)-C(3)-C(4)-C(5) 0.9(6)

C(2)-C(3)-C(4)-C(28) 179.7(3)

C(3)-C(4)-C(5)-C(6) 0.3(5)

C(28)-C(4)-C(5)-C(6) -178.7(3)

C(3)-C(4)-C(5)-C(8) 179.2(3)

C(28)-C(4)-C(5)-C(8) 0.2(4)

C(4)-C(5)-C(6)-C(l) -0.7(6)

C(8)-C(5)-C(6)-C(l) -179.5(4)

C(2)-C(l)-C(6)-C(5) 0.0(6)

C(6)-C(5)-C(8)-C(7) -127.8(4)

C(4)-C(5)-C(8)-C(7) 53.3(4)

C(6)-C(5)-C(8)-C(30) 117.6(4)

C(4)-C(5)-C(8)-C(30) -61.3(4)

C(13)-C(7)-C(8)-C(5) 127.1(4)

C(9)-C(7)-C(8)-C(5) -53.0(4)

C(13)-C(7)-C(8)-C(30) -119.7(4)

C(9)-C(7)-C(8)-C(30) 60.2(4)

C(13)-C(7)-C(9)-C(10) 0.4(6)

C(8)-C(7)-C(9)-C(10) -179.5(3)

C(13)-C(7)-C(9)-C(28) 178.8(3)

C(8)-C(7)-C(9)-C(28) -1.1(5)

C(7)-C(9)-C(10)-C(ll) -1.2(6)

C(28)-C(9)-C(10)-C(ll) -179.4(4)

C(9)-C(1G)-C(11)-C(12) 1.7(6)

C(10)-C(ll)-C(12)-C(13) -1.4(6)

C(9)-C(7)-C(13)-C(12) -0.1(6)

C(8)-C(7)-C(13)-C(12) 179.8(4)

C(ll)-C(12)-C(13)-C(7) 0.6(6)

H(1B) 5305 2342 843

H(3A) 95 1072 444

H(3B) 1229 2164 1242
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C(10)-C(9)-C(28)-C(4) -126.9(4)

C(7)-C(9)-C(28)-C(4) 54.7(4)

C(10)-C(9)-C(28)-C(29) 119.4(4)

C(7)-C(9)-C(28)-C(29) -58.9(4)

C(3)-C(4)-C(28)-C(9) 126.9(4)

C(5)-C(4)-C(28)-C(9) -54.2(4)

C(3)-C(4)-C(28)-C(29) -118.7(4)

C(5)-C(4)-C(28)-C(29) 60.2(4)

C(9)-C(28)-C(29)-C(41) -175.0(3)

C(4)-C(28)-C(29)-C(41) 69.5(4)

C(9)-C(28)-C(29)-C(30) 58.3(4)

C(4)-C(28)-C(29)-C(30) -57.1(4)

C(41)-C(29)-C(30)-C(34) 111.7(4)

C(28)-C(29)-C(30)-C(34) -126.0(3)

C(41)-C(29)-C(30)-C(8) -123.8(3)

C(28)-C(29)-C(30)-C(8) -1.6(4)

C(5)-C(8)-C(30)-C(34) -174.0(3)

C(7)-C(8)-C(30)-C(34) 70.2(4)

C(5)-C(8)-C(30)-C(29) 59.6(4)

C(7)-C(8)-C(30)-C(29) -56.1(4)

C(29)-C(30)-C(34)-0(l) -6.1(6)

C(8)-C(30)-C(34)-0(l) -129.5(4)

C(29)-C(30)-C(34)-N(3) 175.7(3)

C(8)-C(30)-C(34)-N(3) 52.4(4)

C(19)-C(14)-C(15)-C(16) 0.2(6)

C(21)-C(14)-C(I5)-C(16) 179.7(3)

C(14)-C(15)-C(16)-C(17) -1.2(6)

C(15)-C(16)-C(17)-C(18) 1.3(6)

C(16)-C(17)-C(18)-C(19) -0.3(6)

C(17)-C(18)-C(19)-C(14) -0.7(6)

C(17)-C(18)-C(19)-C(20) -179.5(4)

C(15)-C(14)-C(19)-C(18) 0.8(6)

C(21)-C(14)-C(19)-C(18) -178.8(3)

C(15)-C(14)-C(19)-C(20) 179.7(3)

C(21)-C(I4)-C(19)-C(20) 0.2(4)

C(18)-C(19)-C(20)-C(23) -127.2(4)

C(I4)-C(19)-C(20)-C(23) 53.9(4)

C(18)-C(I9)-C(20)-C(31) 118.4(4)
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C(14)-C(19)-C(20)-C(31) -60.5(4)

C(15)-C(14)-C(21)-C(22) 126.5(4)

C(19)-C(14)-C(2I)-C(22) -53.9(4)

C(15)-C(14)-C(21)-C(32) -120.3(4)

C(19)-C(14)-C(21)-C(32) 59.3(4)

C(14)-C(21)-C(22)-C(25) -130.1(4)

C(32)-C(21)-C(22)-C(25) 115.7(4)

C(14)-C(21)-C(22)-C(23) 52.9(4)

C(32)-C(21)-C(22)-C(23) -61.3(4)

C(25)-C(22)-C(23)-C(24) 1.9(6)

C(21)-C(22)-C(23)-C(24) 179.2(3)

C(25)-C(22)-C(23)-C(20) -176.1(3)

C(21)-C(22)-C(23)-C(20) 1.2(5)

C(19)-C(20)-C(23)-C(24) 127.4(4)

C(31)-C(20)-C(23)-C(24) -118.9(4)

C(19)-C(20)-C(23)-C(22) -54.8(4)

C(31)-C(20)-C(23)-C(22) 58.9(4)

C(22)-C(23)-C(24)-C(27) -0.5(6)

C(20)-C(23)-C(24)-C(27) 177.2(4)

C(23)-C(22)-C(25)-C(26) -1.3(6)

C(21)-C(22)-C(25)-C(26) -178.1(4)

C(22)-C(25)-C(26)-C(27) -0.8(6)

C(23)-C(24)-C(27)-C(26) -1.5(6)

C(25)-C(26)-C(27)-C(24) 2.2(6)

C(19)-C(20)-C(31)-C(40) -65.2(4)

C(23)-C(20)-C(31)-C(40) 179.2(3)

C(19)-C(20)-C(31)-C(32) 59.6(4)

C(23)-C(20)-C(31)-C(32) -56.0(4)

C(40)-C(31)-C(32)-C(36) -117.9(3)

C(20)-C(31)-C(32)-C(36) 117.6(3)

C(40)-C(31)-C(32)-C(21) 122.0(3)

C(20)-C(31)-C(32)-C(21) -2.4(4)

C(22)-C(21)-C(32)-C(36) -63.7(4)

C(14)-C(21)-C(32)-C(36) -179.4(3)

C(22)-C(21)-C(32)-C(3I) 60.0(4)

C(14)-C(21)-C(32)-C(31) -55.7(4)

C(31)-C(32)-C(36)-0(3) -5.3(5)

C(21)-C(32)-C(36)-0(3) 115.8(4)
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C(31)-C(32)-C(36)-N(4) 177.1(3)

C(21)-C(32)-C(36)-N(4) -61.7(4)

C(32)-C(31)-C(40)-0(4) 14.1(5)

C(20)-C(31)-C(40)-0(4) 137.5(4)

C(32)-C(31)-C(40)-N(2) -168.4(3)

C(20)-C(31)-C(40)-N(2) -45.0(4)

C(30)-C(29)-C(41)-0(2) 161.1(3)

C(28)-C(29)-C(41)-0(2) 38.0(5)

C(30)-C(29)-C(41)-N(l) -19.0(5)

C(28)-C(29)-C(41)-N(l) -142.1(3)

Symmetry transformations used to generate equivalent atoms:
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