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ABSTRACT

This project is focussed on the design, synthesis and pharmacological evaluation of 
novel drug-hybrids which combine anti-inflammatory and anti-tumour activities to tar
get the interface between inflammatory disease and cancer. Chemical aspects of this 
study successfully demonstrate effective protection and coupling methodologies in 
the synthesis of the novel hybrid scaffolds from simple substituted indanone and 
benzophenone monomers. In addition to the targeted hybrids, self-condensation 
products were generated during the study. Purification methods were successfully 
developed and novel scaffolds were characterised by X-ray crystallography. The hy
bridisation of indanone and benzophenone moieties yielded analogues with greater 
biological activity than the parent molecules and their evaluation in in vitro studies 
showed that the nature and position of substitution together with stereo-isomeric 
specificity results in significant increases in bioactivity. This confirmed our working 
hypothesis that hybridisation would result in improved bioactivity and also gave in
sight into structure activity relationships (SAP’s). These showed that methyl, chloro 
and methoxy para-substituted benzophenone hybrids are the most effective in the 
cancer cell lines tested. The derivatives with the trans configuration being significant
ly more potent. Derivatives containing this novel scaffold demonstrate antiproliferative 
effects in a range of cell lines including MCF7 and SKBR3 (Breast), DU145 (Prostate) 
and A549 (Lung). Members of the series induce apoptosis and influence cell cycle. In 
addition lead molecules disrupt mitochondrial membrane potential, play a role in oxi
dative stress, PARP and caspase activation and interfere with release of inflammatory 
cytokines.

The lead molecule (trans methyl hybrid) at 10 pM disturbs the replication and devel
opment of HER2+ SKBR3 cells causing a dose-dependent cell cycle arrest at S- 
phase and significant apoptosis induction after 72 hours with greater potency than 
Tamoxifen in vitro (30 pM ). By comparing the activity of the lead with mono substitut
ed benzylidene analogues it was possible to conclude that the second phenyl ring in 
the novel scaffold is essential and responsible for an increment of potency against 
HER2-I- breast cancer cells (SKBR3). Like tamoxifen, the lead also causes a dose- 
dependent decrease in mitochondrial membrane potential in the same cell line, 
which we propose is due to the disruption of the A^pm- Overall, mitochondrial disrup
tion and oxidative stress caused by the novel scaffold contributes to the cell cycle ar
rest and apoptosis observed in ER- HER2+ SKBR3 breast tumour cells. In addition 
this study has confirmed that the lead molecule stimulates cleavage of Caspase 3 
and PARP. The PARP cleavage observed results from DNA damage, and suggests 
that the lead molecule promotes DNA fragmentation in SKBR3 cancer cells.

The complex roles of inflammatory cytokines in cancer and inflammation are well es
tablished. The novel indanone hybrids differently influence the release of pro and anti
inflammatory cytokines in SKBR3 (breast) and A549 (lung) cell lines, with some re-
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suits in keeping with the effects of tamoxifen and the anti-inflammatory indane control, 
Sulindac. These results suggest potent anti-inflammatory effects that warrant further 
investigation.

In silica screening suggests that activity of the lead molecule is not related to tubulin 
binding. However a strong inhibition of tubulin polymerase is proposed for self- 
condensed scaffolds which demonstrate docking scores close to those observed for 
Lapatinib and Phenstatin. In silica docking scores against estrogen receptor a (ERa) 
show comparable results to Tamoxifen.

The present study gives an insight into the pharmacological activity of this new chem
ical scaffold. It points to potential structural optimisation of the series and encourages 
further focussed investigation of analogues of this scaffold toward their application in 
cancer chemoprevention or chemotherapy.
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INTRODUCTION



1. INTRODUCTION

Inflammation is a physiologic process that develops in response to tissue damage 

resulting from one or more of microbial pathogen infections, chemical irritation, and/or 

wounding (Philip et al., 2004). Neutrophils are the first cells to migrate to the inflam

matory sites at the very early stage of inflammation, under the regulation of molecules 

produced by rapidly responding tissue residing macrophages and mast cells. Cells 

including leukocytes like lymphocytes etc, are activated and attracted to the inflamed 

site as the inflammation progresses. This phenomenon is caused by signalling mole

cules including growth factors, cytokines, and chemokines (Coussens & Werb, 2002; 

Nathan, 2002). Characteristic features of chronic inflammation are sustained tissue 

damage, damage-induced cellular proliferation, and tissue repair (Cordon-Cardo & 

Prives, 1999).

Inflammatory disease is responsible for, or implicated in, a wide range of conditions 
including but not limited to. Rheumatoid Arthritis, Cardiovascular Disease, Multiple 

Sclerosis, Inflammatory Bowel Disease (IBD) and Psoriasis (Serhan et al., 2010). In
flammation also plays a significant role in the development of cancer (reviewed by 

Mantovani et al., 2008; Mantovani, 2009; Hanahan & Weinberg, 2011). Cancer, the 
uncontrolled growth and proliferation of cells, is a leading cause of death worldwide 

and accounted for 7.6 million deaths in 2008, which represents around 13 % of total 
deaths (WHO, 2013; Cancer, 2009). The association between inflammation and can

cer, as shown in Figure 1, has been demonstrated by epidemiologic and clinical stud

ies (Balkwill & Mantovani, 2001; Coussens & Werb, 2002; Schreiber and Rowley, 

1999). Studies have shown that the risk of colorectal cancer is 10-fold greater if linked 

with IBD such as ulcerative colitis (UC) and Crohn's disease (Schreiber and Rowley, 

1999; Seril et al., 2003). It has also been suggested that cancer risk, in the context of 

the respiratory system, is associated with the severity and duration of inflammatory 

diseases (Bonn & Driscoll 1996). Despite the variety of treatment options for cancers 

and inflammatory diseases, there is a very high level of unmet patient needs.



1o (Ak.3a O
0) Ex: 3♦i-*(00) C

O)(0o ‘c0)
X
X

c o
o X

’X §o O)cEo *3
Q. 3
w ■o
3 (AO (A
E <DO3 oH k.a4-« 0)c0) X
E (AQ. 0)O c
0)
> 0)0) *D

T3 Ck.O _o
o '(A
c (A
(0o

0)
D)c Ow

c a
o k.

*43 3
<0 O
E E
EJO

3
h“

.E (AC
_oo ’CA
_a)co c

E g>
0)
> 'E0)
o X
>c o

•“ c0) •“
X a4ii^ o
o a>

>
(/) 0)
E ■o
(0 JA
’E 0)<0 o
Xo ■o
0) a>
E .2'X
o ‘E
> Xra o
E X
E 5
3 3)
(/) C

*3
3

0) ■ok-
3 (A
O) (A0)iZ O

i£>Oo
CM

Eo
■D0)O3
T3O
a0)cc
(0
CO
Eoc

(0u
c(0cg>

15
E
o
(0cnok.O)o



1.1 Background

Over the past decades the concept of the privileged structure has emerged as a fruit

ful approach to the discovery of novel biologically active molecules. Privileged struc

tures are molecular scaffolds with versatile binding properties, such that a single 

scaffold is able to provide potent and selective ligands for a range of different biologi

cal targets through modification of functional groups (Horton et al., 2003; Costantino 

& Barlocco, 2006). Privileged structures have been successfully exploited across and 

within different target families and it has been an effective approach to the discovery 

and optimization of novel bioactive molecules. While there are no rigorous rules that 

classify a structure as “privileged”, they generally contain two or three ring systems 

connected by single bonds or by ring fusion. The molecular scaffolds that result from 

such arrangements tend to be relatively rigid frameworks that are able to present the 

appended functionality in a well-defined fashion that is desirable for molecular recog

nition of the target. It is the variable nature of these functional groups that confer se

lectivity on a privileged core (reviewed by DeSimone et al., 2004). Examples of such 
privileged structures or scaffolds include indole, quinolone, isoquinoline, benzofuran, 

chromone, steroid and many more as recently reviewed by (Welsch et al., 2010).

Many privileged structures have been identified simply by empirical observations; on 

the other hand, attempts have been made using computational methods to classify 
the known drugs in order to highlight the privileged nature of their molecular skele

tons: the results indicate that a large proportion of drug molecules (24 %) are based 

on a small number of molecular frameworks that could be classified as privileged 

(Bemis & Murcko, 1996). Among the strategies that can lead to the discovery of new 

drugs, the identification and use of privileged structures, molecular fragments that are 

able to interact with more than one target receptor (reviewed by Horton et al., 2003), 
have gained particular attention, in an attempt to find new drugs in a shorter time with 

respect to other strategies (reviewed by Costantino & Barlocco, 2006).

In the current study we focus on the synthesis and biological evaluation of a novel 

hybrid scaffold constituted of two nature derived ring systems: indane and benzo- 

phenone. Although these ring systems occur in naturally derived and synthetic mole

cules, they have not been described in the literature as privileged structures. Indane 

related scaffolds, which can be formed from indane itself (1), indene (2), indan-1-one
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(3), or indanols (4) (Figure 2), have been shown to play an important role in the field 

of medicinal chemistry. Several pharmacological activities have been attributed to 

these molecules such as anti-inflammatory, anticonvulsant, antimicrobial, antiviral, 

antidiabetic and anticancer (reviewed by Sabale et al., 2013). The biphenyl benzo- 

phenone structure (diarylmethanone) (5) and its modified forms have been found in 

4.3 % of all known drugs (Hajduk et al., 2000). Benzophenones are important com

pounds in organic synthesis and have been used as starting materials for the prepa

ration of various drugs (Bezwada 2008).

o

(1)lndane (2) Indene (3) Indanone (4) Indanol (5) Benzophenone

Figure 2: Molecular structure of the indanone and benzophenone cores.



1.2 Indanes

1.2.1 Naturally Occurring Indanes

The indane scaffold is of key importance in the natural world. It occurs in a range of 

natural products that have been isolated from organisms that occur at different evolu

tionary levels in the Plant Kingdom (Figure 3). They have been isolated from simple 
bacteria such as Streptomyces and Nostoc sp. In the Domain Eukarya they appear in 

the Basidiomycotina family of fungi, specifically in Heterobasidion species (formerly 

Fames). In more evolved species, such as the terrestrial ferns, they occur in the Pter- 

idium and Onychium genera (Pteridophyta) and some indane metabolites have been 

recently isolated from higher plants including the Annonaceae and the Dipterocar- 

paceae.

Natural structures range from simple indanes, indenes and indanones and demon

strate a range of bioactivities. Unfortunately many earlier literature reports concen

trate on structural elucidation and biosynthesis of metabolites and do not examine 
biological activity.

Figure 3: Evolutionary relationship of living organisms (Reproduced from Zivkovic, 2001).



1.2.1.1 Indane Metabolites Isolated From Bacteria And Fungi

When considering the indane scaffold, bacteria have thus far only yielded simple in- 

danone metabolites. Indanone (6) has been isolated from the cyanobacterium Nostoc 

(Jaki et al., 1999) demonstrates antibacterial activity. The antioxidant 

Xylariaindanone (7), on the other hand, has been isolated from the broth extract of 

Xylaria sp, a Garc/n/a-associated endophytic fungi (Rukachaisirikul et al., 2013). Tri- 

partin (8), a new dichlorinated indanone, was isolated from the culture broth of the 
Streptomyces sp. associated with a larva of the dung beetle Copris tripartitus (Kim et 

al., 2013).

Cl O OH

OH OH

OH OH

"—OH

The fungal metabolites fomajorin D (9) and S (10) have been isolated from one main 
phylum Basidiomycotina, family Pteridaceae. Heterbasidion annosum (formerly 

Pomes annosum) produces sesquiterpene isocoumarin sesquiterpene indanes 

(Donnelly et al., 1982). Unfortunately, these molecules were not screened for biologi

cal activity. In the late 1990’s the structurally related, weakly antimicrobial and cyto-



toxic indane radulactone (11) was isolated from the fungus Radulomyces confluens 

(Fabian et al.. 1998) and more recently from the basidiomycete Granulobasidium 

(Nord et al., 2014). The illudalane sesquiterpenes granuloinden A (12), B (13) and 

dihydrogranuloinden (14) were also isolated from this fungus. These metabolites con

tain variations of the indane skeleton with indenol (12), indenone (13) and indanone 

(14) core fragments, and show marked cytotoxic activity toward the in vitro MT4 cell 

line with the indenone skeleton of granuloinden B showing the greatest activity with 

CC50 of 0.15 pM and 6.7 pM against Huh7 cells (Nord et al., 2014). Nord and col

leagues have also isolated the indane pterosin M (15), previously only isolated as its 

glucoside, pteroside M and commonly associated with metabolites isolated from 

ferns. The protoilludane dihydroisocoumarin indanes 16 and 17 have also been iso
lated from in vitro cultures of the basidiomycete fungus Echinodontium tsugicola. 

These compounds were examined for antimicrobial activity and radicle stimulation 
using lettuce seedling bioassay. Indane 17 was found to stimulate radicle growth at 

100 pM (Suzuki et al., 2006).

1.2.1.2 Indane Metabolites Derived From Ferns

OH

A large group of naturally occurring indane derived molecules are produced by Ferns 

(Pteridophytes), which are evolutionarily more evolved than bacteria. These metabo

lites occur in Pteridium and Onychium species. In Pteridium species there are over 

23 different simple pterosins, with this same indane substitution pattern which recent

ly have been isolated from less evolved fungi (Nord et al., 2014). Onychium species 

including O. silicosum and O. japonicum are used as traditional medicines and their 

constituents are similar to the phenolic pterosins. In general the pterosins demon

strate a range of bioactivities that may support their role in traditional medicine, e.g.
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Pterosin B (18), which shows cytotoxicity toward the Human leukaemia HL-60 cell 

line (Chen et al.. 2008), while Onitin (19) and onitiniside (20) demonstrate smooth 

muscle relaxation properties. The corresponding herbal medicine is used in Nepal 
and Tibet to treat bronchial disease (Yang, 1986; Ho et al., 2007).

1.2.1.3 Indanes From Higher Plants

21

OH HO

22

OH

23

24

Indanes are found in several species of higher plants and include examples like Am- 
pelopsin D (21), component of Rattan tea {Ampelopsis grossedentata), which is a 

potent antioxidant and neuroprotective agent against H202-induced apoptosis in 

PCI2 cells (Kou et al., 2012). The indanone Pauciflorol F (22), one of the oligomers 
of resveratrol (3,5,4‘-trihydroxystilbene), has been isolated from the stem bark of Vat- 

ica pauciflora (Dipterocarpaceae) by Ito and colleagues (2004). Afzeliindanone (23), 
previously obtained from the roots of Uvaria afzelii (Annonaceae) was the first 1- 

indanone derivative isolated from plants (Okpekon et al., 2009). The indenol 24 was 

isolated from the plant Adlay coix lachryma-jobi L. var. ma-yuen Stapf and indenone 

25 from the fruits of Virola sebifera.



1.2.1.4 Marine Derived Indanes

27

Marine derived indene and indanone have been isolated from two different species of 

sponge. Trikentramine (26), was isolated from Trikentrion loeve, and dilemmaone A 

(27) from Ectyonanchora flabellate. These sponges were collected near Cape Town, 

South Africa (Coyanis et al., 2006).

1.2.2 Indanes In Clinical Use

The indane scaffold has been incorporated into an array of chemical structures that 
demonstrate significant broad therapeutic properties. Many indane based scaffolds 

are in clinical use. The variety of clinical uses leads one to believe that this simple 9 
carbon core acts as a privileged scaffold.

One of the first reports on biological activity of synthetic indanes was by Heinzelmann 

and co-workers (1949), who demonstrated the bronchodilatory activity of simple in- 

danols. Subsequently the nitro-indanone nivemedone (28) was reported to have anti- 

allergenic activity (Buckle et al., 1973).

The indane moiety is found embedded in the scaffold of the protease inhibitor Indina

vir (Crixivan) (29), in clinical use for the treatment of HIV-1 (Vacca et al., 1994; Lin, 

1999). Donepezil (30) is a potent acetylcholinesterase (AChE) inhibitor which has 

been prescribed for the treatment of Alzheimer’s disease (Jelic & Darreh-Shori, 

2010), while the propargalyl amine Rasigiline (31) (Azilect™, AGN 1135) is an irre

versible inhibitor of monoamine oxidase (IMAO), used in Parkinson’s disease 

(Oldfield et al., 2007).



^N02

OH

28 29 30 31

33

The indanone Sulindac (32) (Clinoril™, Merck) is a non-steroidal anti-inflammatory 
drug (NSAID), useful in the treatment of acute or chronic inflammatory conditions. 

The mechanism of action of Sulindac (32) has not been fully elucidated but it is 
thought to act on enzymes cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX- 

2), inhibiting prostaglandin synthesis. Sulindac (32) has recently demonstrated anti

tumour activities, which include the induction of apoptosis in various cancer cells and 

the inhibition of malignant transformation (Shift et al., 1995; Scheper et al., 2007). 

The 2-aminoindane indacterol (33) has recently been marketed as an inhaled bron- 

chodilator. It is a p2-adrenoreceptor agonist. It is specifically targeted at asthma and 

COPD and has a long lasting effect (Baur et al., 2010). The indanol PH46A (34) has 

recently completed phase 1 studies for safety and toxicity. This indane molecule is 
targeted at the treatment of inflammatory bowel disease (Frankish & Sheridan, 2012).
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1.2.3 Indanes In Development

There are many other indane derived molecules in development for a range of indica

tions.

1.2.3.1 Anticancer Activity

Several studies have been targeted at the design and synthesis of anticancer indane 

containing scaffolds. One lead molecule in this area has been the amino benzylidene 

Indanocine (35) (Leoni et al., 2000). This molecule is a potent tubulin inhibitor. Exten

sive mechanism of action studies have shown that Indanocine (35) also induces 

apoptosis (Hua et al., 2001).

Inhibition of aromatase, a cytochrome P450 enzyme, has become of much interest in 

the treatment of disseminated estrogen-dependent breast cancer over the last dec

ades. Bansal and colleagues (2010) have synthesised some imidazolyl-substituted 2- 
benzylidene indanone derivatives which demonstrated potent aromatase inhibitory 

activity for breast cancer therapy. These authors have observed for the vanilloid- 
based derivative 2-[4-(3-imidazol-1 -ylpropoxy)-3-methoxybenzylidene]-indan-1 -one 
(36) maximum inhibition of human placental aromatase, 54-fold more potent than 

aminoglutethimide. Indanone derivative 2-(4-pyridylmethylene)-1-indanone (37) and 
its corresponding saturated pyridyl-methyl analogue (38) have been previously re

ported to possess good selectivity and increased potency toward aromatase as com
pared to aminoglutethimide (Gupta et al., 2004).

Pati and co-workers (2007) have developed three series of analogues: 2-arylidene-1- 

indanones (39), 2-arylidene-1,3-indandiones (40), and chalcones (41). In general, the 

cytotoxic potencies of compounds from series 40 and 41 toward Molt 4/C8, CEM and 

LI 210 cells were greater than the analogues bearing the same aryl substituents in 

series 39. Molecular modelling has shown that the magnitude of torsion angle corre

lated with the cytotoxic potency. Pati and colleagues (2010) have tested these com

pounds against different cell lines L-60, HSC-2, HSC-4, HSC-3, HGF, HPC, and 

HPLF cells. A series of 2-benzylidene-1,3-indandiones 40 and analogous 1,3-diaryl- 

2-propenones 41 were evaluated against various neoplasms and normal cells. In 

general, greater cytotoxic potencies and selective toxicity to human malignant cells 

were observed with the compounds in series 41 rather than 40. In particular, com-

11



pound 42 emerged as a lead molecule having an average IC50 figure of 8.6 pM. The 

enone 42 induced internucleosomal DNA fragmentation and activated caspase-3 in 

HL-60 cells suggesting that one of the ways in which the cytotoxicity was mediated 

toward some of the cell lines used was by apoptosis. Neurotoxicity in mice was gen

erally lower in series 41 than 40.

OH o.

43 44

NH
"'f H As

45
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Cytotoxicity and utility of 1 -indanone in the synthesis of some new heterocycles have 

been described by Hegazi and collaborators (2010). New benzimidazole, 1,2,4- 

triazin-5(2H)-one, 4-thiazolidinone, 1,3-thiazole, hydrazone, imide and bis-hydrazone 
derivatives were prepared using 1-indanone as starting material. The newly synthe

sised compounds have been screened for their cytotoxic activities and compounds 

43, 44, 45 and 46 were found the most potentially cytotoxic against HEPG2, WI38, 

VERO and MCF7 cells.

Gallic acid-based indanone derivatives have been synthesised and screened as anti

cancer agents (Saxena et al., 2008). Several compounds have demonstrated potent 

anticancer activity against different human cancer cell lines. The most potent inda

none (47, IC5o= 2.2 pM) against MCF7 cells, a hormone-dependent breast cancer 

cell line, showed no toxicity to human erythrocytes even at higher concentrations 

(100 pg/mL, 258 pM). Following the use of phenolic gallic acid as a starting material 

for the development of new molecules, Singh et al. (2015) have synthesised and 

evaluated the anticancer activity and toxicity profiles of 2-benzylidene indanone mol
ecules. 3-(3’,4’,5’-Trimethoxyphenyl)-4,5,6-trimethoxy,2-(3”,4”-methylenedioxy- 

benzylidene)-indan-1-one (48) is an optimized anti-cancer lead. It exhibited potent 

cytotoxicity (IC5o= 0.010-14.76 pM) against various human carcinoma cells. In cell 
cycle analysis, benzylidene indanone 48 induced G2/M phase arrest in both MCF7 

and MDA-MB-231 breast cancer cells. It also induced apoptosis in prostate cells 

(DU145) which was evident by cleavage of Poly(ADP-ribose)polymerase (PARP). In 

Ehrlich ascites carcinoma, benzylidene indanone 48 showed 45.48 % inhibition of 

tumour growth at 20 mg/kg dose. Further, in subacute toxicity experiments in Swiss- 

albino mice, it has been found to be non-toxic up to 100 mg/kg dose for 28 days.

Proteasome inhibitors have effective anti-tumour activity and can induce apoptosis. 

Selective inhibition of the chymotrypsin-like activity of the 20S proteasome by 5- 

methoxy-1-indanone dipeptide benzamides with a novel indanone head group cou

pled to di- and tripeptides has been described by Lum et al. (1998). This new class of 

substrate-competitive, proteasome inhibitors, have demonstrated high selectivity for 

the chymotrypsin-like activity of the 20S proteasome and is represented by com

pound 49.

13



1.2.3.2 Anti-inflammatory Indanes

Besides the indane currently in clinical use Sulindac (32), other indane and indan- 

1,3-dione have shown anti-inflammatory properties. Patel and colleagues (2012) 
have synthesised a new series of isoxazole fused indanones (50). Good in vivo anti

inflammatory activity was observed using the carrageenan-induced rat paw oedema 

method when compared to that of the standard Indomethacin. Some compounds 

have shown moderate in vivo analgesic activity. In vitro antimicrobial activity was also 

observed against E. coli, Bacillus subtilis, Aspergillus niger and Penicilllum notatum.

(XX
o

53 54

59

Antimicrobial and antifungal screening of indanone acetic acid derivatives has been 
described by Patel and co-workers (2010). Indanone acetic acid is a non-heterocyclic 

fused ring of benzene with cyclopentananone moiety with an acetic acid side chain at
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position one. This specific moiety has been synthesised and condensed with various 

substituents like p-aminobenzoic acid (PABA), piperidine, morpholine, benzimidazole, 

piperazine, pyrazolone and hydrazine. The synthesised product 51 has shown the 

best antimicrobial activity against Gram positive and Gram negative bacteria.

Giles and co-workers (2012) have synthesised pyrimidine derivatives of indane-1,3- 

dione. Good anti-inflammatory properties were observed for chlorophenyl-substituted 

pyrimidine derivatives. Docking studies showed that the compound 52 displays a 

higher selectivity toward COX-2 than COX-1. The most active compound 52 showed 

also significant reduction in ulcerogenic activity and exhibited good analgesic and 

antimicrobial activity as a single component.

A series of studies have been carried out on the anti-inflammatory activity of simple 

monomeric indanes and a number of different dimeric indane scaffold by (Frankish et 

al., 2004; Sheridan et al., 2009a: Sheridan et al., 2009b; Barlow & Walsh, 2010; 

Byrne et al., 2011; Frankish & Sheridan 2012). Of the novel dimeric 1,2,3,4- 

tetrahydro-naphthalenylamine and indan-1-ylamine compounds synthesised and 
tested, the 2-aminotetralin derivative 53 has shown the best ability to both inhibit in 

vitro secretagogue-induced degranulation of rat peritoneal mast cells (RPMC) and to 
maintain activity in an in vivo passive cutaneous anaphylaxis (PCA) model (Barlow & 

Walsh, 2010). Expansion of the indane ring of the known dimeric indanes 54 
(Frankish et al., 2004), 55 (Sheridan et al., 2009a), is permissible without loss of mast 

cell stabilising activity in vitro 56 and 57 (Sheridan et al., 2009b). Furthermore, a 2-, 

rather than a 1-amino functionality appears important for activity in vivo within these 

structural types. On a later study, Byrne and co-workers (2011) have synthesised and 

evaluated the individual stereoisomers of 3-[methyl(1,2,3,4-tetrahydro-2- 

naphthalenyl)-amino]-1-indanone (58). The manner in which the stereoisomers pre

vented direct membrane activation was found to be highly dependent on the stereo

chemistry of the individual isomers. Stereoisomer 59 was the most potent mast cell 
stabilising agent in vivo, exhibiting superior activity than disodium cromoglycate.
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1.2.3.3 Diuretic Activity

The indanone core is present in Indacrinone (60) (MK-196) a potent uricosuric diuret

ic reported by Lant (1981).

1.2.3.4 Antiviral Indanes

F3C

■N N
n

II y

61 62 63

In addition to the indane HIV-1-protease inhibitor Indinavir (29), currently in clinical 

use, other indanes have been synthesised with potential antiviral effects. Molteni and 
co-workers (2000), have synthesized and tested a systematic series of derivatives of 

a catechol-containing inhibitor (61) with the goal of identifying catechol isosteres that 

support HIV-1 integrase inhibition. These authors developed a new class of HIV-1 

integrase inhibitors, the 3,3,3',3'-tetramethyl-1,T-spirobi(indan)-5,5',6,6'-tetrol family 

(62). Integrase (IN), reverse transcriptase (RT) and protease (PR) are the three en

zymes encoded by HIV. Inhibitors of RT and PR have been extremely useful for treat
ing HIV-infected people, particularly when used in combination. IN is a promising tar

get because integration is an essential step in retroviral replication cycle. Based on 

their findings, the authors have suggested that it would be possible to systematically 

replace catechol fragments in IN inhibitors with functional isosteres, potentially lead

ing to more potent and less toxic compounds. Following this line, Xue and colleagues 

(2010) have discovered a potent, selective, and orally bioavailable CCR5 antagonist
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with potent anti-HIV-1 activity (63) which has entered human clinical trials. CCR5 is a 

chemokine receptor, member of the super family of seven-transmembrane G-protein- 

coupled receptors (GPCRs). In addition, CCR5 is a major co-receptor for the entry of 

human immunodeficiency virus type-1 (HIV-1) into host cells. CCR5 antagonists have 

continued to be pursued not only for antiviral utility but also for potential application in 

a variety of autoimmune and inflammatory diseases (Ajuebor et al., 2006; Doodes et 

al., 2009; Mackay, 2014).

1.2.3.5 Acetylcholinesterase Inhibitors

65

Among the sixty-four new indanones and thiaindanones related to Donepezil (30), 11 

derivatives were found to inhibit the enzyme acetylcholinesterase (AChE) in the sub

micromolar range. The best compound (64) revealed its inhibitory activity with an IC50 

in the same range (0.06 pM) of the reference compound, Donepezil (30) (IC50 = 0.02 

pM) (Omran et al., 2005). Rizzo and co-workers (2010), also targeting Alzheimer’s 

disease, have developed a series of novel indanone hybrids structurally derived from 

Donepezil (30) and bearing a pharmacophoric fragment of AP2238 (65).
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1.2.3.6 Indane Scaffolds With CNS Activity

OH CN

66 67

Melanin-concentrating hormone (MCH) is a 19-amino acid peptide that is expressed 

primarily in the lateral hypothalamus, a brain region known to play a central role in 

appetite and energy homeostasis. Erickson and colleagues (2008) have described an 

optimization of a new series of potent, selective, orally bioavailable, brain-penetrant 
melanin-concentrating hormone-1 (MCH-1) receptor antagonists. The resulting com

pounds have shown potent, selective, and central nervous system (CNS) drug-like 
MCHR-1 antagonistic activity that causes reduction of food intake and body weight in 

rats. 6-fluoro substitution on benzimidazole, has shown further improved potency and 

microsomal stability (66). However, the compounds described exhibited IC50 values 
for the human cardiac potassium channel (hERG) ranging from 0.1 pM to 4 pM thus 
rendering them unsuitable for clinical development. More recently, a potent antago
nism to MCHR-1 has been attributed to c/s-1,4-diaminocyclohexane-derived indane 

analogues. Qian and colleagues (2013) have discovered a series of potent MCHR-1 

antagonists by replacing the piperidine spacer from an existing series with c/s-1,4- 
disubstituted cyclohexane. Modelling studies indicated c/s-isomer (67) of the 1- 

substituted-4-aminocyclohexane functions as a bioisoster of 4-substituted-piperidine.

18



1.2.3.7 Indane Scaffolds With Cardioprotective Properties
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Thyromimetics that specifically target thyroid hormone receptor /3 (TR/3) have shown 

to reduce plasma cholesterol levels and avoid atherosclerosis through the promotion 

of reverse cholesterol transport in an animal model. Novel indane derivatives have 

been discovered as agonists of TR/3 liver-selective for the treatment of dyslipidemia 

(Shiohara et al., 2012). These authors designed novel thyromimetics with high recep

tor (TRj8) and organ (liver) selectivity based on the structure of Eprotirome (a thyroid 

hormone analogue) and molecular modelling. They have found that the indane struc
ture was the key for high liver selectivity, and its representative (68) has shown po

tent and dual-selective thyromimetics, expected to avoid hypothyroidism.

Gross and collaborators (2007) have developed a collection of aryl sulfonamido in- 
danes and evaluated for Kv1.5 inhibitory activity. Kv1.5 inhibitors have the potential 

to be atrium-selective agents for treatment of atrial fibrillation. These authors have 

found an IC50 of 0.033 pM for compound (1R,2R)-69 against Kvl.5 and selectivity 

against other cardiac ion channels, including a human cardiac potassium channel 

(hERG).

1.2.3.8 Indane Scaffolds With Miscellaneous Bioactivities

Alphal-adrenoceptors (a1-ARs) are therapeutic targets of interest because of their 

distinct and critical roles in many physiologic processes, including smooth muscle 

contraction, myocardial inotropy and chronotropy, and hepatic glucose metabolism. 

Many pharmacologic investigations indicate that a1-ARs are key targets in mediating 

the human prostate smooth muscle contraction, hence providing a therapy for the 

treatment of benign prostatic hyperplasia. Li & Xia (2007) have designed, synthe-
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sised, biologically evaluated, and SAR studied novel 1-lndanone a1-adrenoceptor 

antagonists. These authors have observed three compounds (70, 71, and 72) with 

similar or improved a1-adrenoceptor antagonistic activities relative to the control 

prazosin.

N N-

72

73

Kern et al. (2009) have synthesised novel 5-aryl indanones, inden-1-one oximes, and 

inden-1-ols and evaluated them as progesterone receptor (PR) modulators using the 

T47D cell alkaline phosphatase assay. Both PR agonists and antagonists were 

achieved with appropriate 3- and 5-substitution from indanones and inden-1-ols while 

inden-1-one oximes provided only PR antagonists. Several compounds such as 73 

and 74 demonstrated in vitro PR agonist potency similar to that of steroidal proges

terone. In addition, a number of compounds showed potent PR antagonist activity 

indicating the indanones and derivatives are promising PR modulator templates.
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1.2.3.9 Indane Scaffolds With Multiple Biological Activities

NNHR

NNHR

75

78 80

lndane-1,3-dione has shown a wide range of biological activity covering anticoagu

lant, bactericidal, fungicidal, neurotrophic, etc. Jubie and colleagues (2010) have syn

thesised and evaluated biological activities of some hydrazones and carbazones of 
indane-1,3-dione (75). These authors have observed for a series of derivatives an 
anticoagulant activity comparable or superior to sodium citrate, a common anticoagu
lant used in laboratory routine. In addition, not only moderate antibacterial activity 

against Salmonella typhimurium, Escherichia coll and Staphylococcus aureus was 
observed, but also antifungal activities against Aspergillus niger and Candida albi

cans, comparable to the commercial fungicide Griseofulvin. Mitka and colleagues 

(2009) have similarly observed a high anticoagulant activity of an indane-1,3-dione 

derivative 76, which was very close to the drug anisindione. Substituted thiophenyl 

derivatives of indane-1,3-dione (77) with methyl, chloro and methoxy substituents 

have been investigated in vitro and in vivo. When compared to indane-1,3-dione (78), 
good anticoagulant and antifungal but no in vivo anticancer activity was observed. 

Maximum anti-inflammatory activity was observed at 120 minutes (Giles et al., 2007). 

Patel and co-workers (2012) have used indane-1,3-dione to synthesise a new series 

of isoxazole fused indanones (50) bearing methoxy, hydroxy, nitro and dimethyla- 

mino ligands. Good anti-inflammatory activity has been observed when compared to 

that of standard indomethacin, and some compounds have shown moderate analge

sic and antimicrobial activity.
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Frankish & Sheridan (2012) have been investigating the synthesis and pharmacolog

ical activity of nature identical and synthetically modified indanes and indanones for 

some time. They have established their ready synthesis and have demonstrated sig
nificant smooth muscle and mast cell stabilisation activity of a series of molecules 

incorporating the indane scaffold (80) (Sheridan et al., 1990), (81) (Farrell et al., 

1996), (82) (Sheridan et al., 1999), (54) (Frankish et al., 2004). More recently they 

have demonstrated that dimeric indane molecules display similar mast cell stabilisa

tion activity (55) (Sheridan et al., 2009a, 2009b) and have established that several 

compounds of interest show efficacy in several delayed-type hypersensitivity models 
in vivo. These compounds also show significant effects on the release of a range of 

pro-inflammatory cytokines from isolated cell culture systems (Sheridan et al., 2009a, 
2009b), together with structural selectivity in inhibiting Matrix metalloproteinase 9 

(MMP-9) up-regulation (O’Sullivan et al., 2015), considered a potential target in in
flammatory bowel disease (IBD). Their work has provided the identification of a series 

of molecules including a recently identified lead, PH46A (34), with potent anti
inflammatory and immune-modulating activity (Frankish & Sheridan, 2012) that have 

shown efficacy in a number of models of murine colitis and have profound effect on 

cytokines from inflamed colonic tissue (Sheridan et al., 2009a) and prevent histologi

cal damage to colon. Their work supports a key role for the indane pharmacophore in 
the control of a range of immune related disorders.

1.2.3.10 Indane Scaffolds With Miscellaneous Applications

83

Most of the studies in the literature describe biological activities of indane derivatives. 

However, other applications have been described for these molecules. Stan and co

workers (2013) have recommended 2-(2-hydroxy-5-nitrobenzylidene)-1,3-
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indanedione (83) as a valuable alternative to fluorescein isothiocyanate (FITC) for 

use as a fluorescent probe for lgG1 monoclonal mouse antibody anti-human heart 

fatty acid binding protein (anti-hFABP).
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1.3 Benzophenones

Natural benzophenones are a class of compounds consisting of more than 300 

members, which exhibit great structural diversity but share a common diphenyl ke

tone skeleton (reviewed by Wu et al., 2014). Many benzophenones have been re

ported from higher plants or fungi, most with polyisoprenylated benzophenone skele

tons (Balasubramanyam et al., 2004; Cuesta-Rubio et al., 2005; Anholeti et al., 

2015). In general benzophenones are found in a number of edible or medicinal spe

cies, mainly in the Clusiaceae family (Acuna et al., 2009). However about 50 com

pounds have been isolated from other families (such as Gentianaceae, Moraceae, 

Polygalaceae, Rosaceae and Thymelaeaceae), other compounds have been isolated 

from anamorphic fungi (Yoganathan et al., 2008), plant endophytic fungi (Li et al., 

2008), marine fungi (Cueto et al., 2001) and Cuban propolis (Cuesta-Rubio et al., 

2002). Many new polyisoprenylated benzophenones, including ones with unusual 

skeletons, continue to be isolated and variable substituents identified. These natural 

benzophenones exhibit a range of biological activities including antifungal, anti-HIV, 
antibacterial, antioxidant, antihormone, antiviral, antiproliferative and cytotoxic. In ad

dition, the strategy to synthesise benzophenones and benzophenone-derived mole
cules has attracted considerable attention.

1.3.1 Antioxidant Properties

OH O

84

Considering that oxidative stress is strongly implicated in the toxicity of chemothera

py, much effort has been focussed on the research of diverse antioxidants as protec

tive agents. Tzanova and colleagues (2009) have efficiently synthesised and evalu

ated the antioxidant potential of novel benzophenone analogues containing 1,3- 
thiazol moiety. Their antioxidant power has been evaluated in vitro and in three cell
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lines (the cancerous MCF7 and the non-cancerous hTERT-HME1 mammary cells, 

and the H9c2 cardiomyoblastic cells). One analogue 5-(2,5-dihydroxybenzoyl)-2(3H)- 

benzothiazolone (84), has displayed an important antioxidant activity, a low cytotoxi

city, and decreased ROS production generated by tert-butyl hydroperoxide (tBHP) in 

all three cell lines. Interestingly, 84 was able to protect the non-cancerous cells 

against tBHP-induced death.

1.3.2 Antiparasitic Activities

Less toxic drugs are needed to combat the human parasite Trypanosoma cruzi 

(Chagas’s disease). One novel target for antitrypanosomal drug design is the enzyme 

farnesyltransferase. Several farnesyltransferase inhibitors based on the benzophe- 
none scaffold have been assayed in vitro and in vivo with the parasite (Esteva et al., 

2005). The common structural feature of all inhibitors is an amino function which can 
be protonated. Best in vitro activity (LC50 values 1 and 10 nM, respectively) was rec

orded for the phenylalanine derivative 85 and for the N-propylpiperazinyl derivative 
86. These inhibitors showed no cytotoxicity to HeLa cells. When tested in vivo, the 

survival rates of infected animals receiving the inhibitors at 7 mg/kg body weight/day 

were 80 and 60 % at day 115 postinfection, respectively. Fucik and co-workers 
(2004) have demonstrated that structural variation of the 2-acylamino moiety of some 

benzophenone farnesyltransferase inhibitors led to the para- 

trifluoromethylphenylpropionyl derivative (87) with relatively low farnesyltransferase 

inhibition but considerable antimalarial activity and no cytotoxicity.

The larvicidal activity of an enriched fraction of the major lipophilic phenolic com

pounds from Hypericum carinatum has been investigated against larvae of Aedes 

aegypti, the main vector of dengue virus in Brazil (Da Silva et al., 2013). The larval 

mortality rate observed ranged from 37.33 to 72.0 % at concentrations of 66-200 

pg/mL. The effect demonstrated to be dose-dependent, with the lethal concentration 

50 % of 100 pg/mL. The results, according to these authors, could be attributed to 

the presence of cariphenone A (88) and cariphenone B (89) in concentrations of 1.24 

± 0.04 and 0.56 ± 0.01 %, respectively.
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87 88

89

0-alkyl and 0-prenyl derivatives have been synthesised from commercial hy- 

droxybenzophenones and evaluated for their leishmanicidal activity against pro- 

mastigote forms of Leishmania amazonensis, as well as their toxicity in murine mac

rophages (Maciel-Rezende et al., 2013). All derivatives exhibited better biological 

activity than their hydroxylated benzophenone precursors, and the new compound 

LFQM-123 (90) was 250-fold more active than its precursor 4,4’- 

dihydroxybenzophenone. Moreover, some of the results were comparable to the 

standard drug Amphotericin B, suggesting that the increase in lipophilicity could facili

tate protozoa membrane permeation. These authors have confirmed that benzophe

none derivatives exhibit leishmanicidal properties, with relatively low toxicity.
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1.3.3 Antiviral Activity

91

Ferris and co-workers (2005) have developed the compound GW678248 (91), a nov

el benzophenone non-nucleoside reverse transcriptase inhibitor (NNRTI). Preclinical 

assessment of 91 indicated that this compound potently inhibits reverse transcriptase 
of wild-type (WT) and mutant human immunodeficiency virus type 1 (HIV-1), with 

50 % inhibitory concentrations (ICso’s) between 0.8 and 6.8 nM. In HeLa CD4 MAGI 

cell culture virus replication assays, 91 has an IC50 of < 21 nM against HIV-1 isogenic 
strains with single or double mutations known to be associated with NNRTI re

sistance. An IC50 of 86 nM was obtained with a mutant virus having VI061, E138K, 
and P236L mutations that resulted from serial passage of wild type (WT) virus in the 

presence of 91. Cytotoxicity studies with 91 indicated that the 50 % cytotoxicity con
centration is greater than the level of compound solubility and provides a selectivity 

index of >2,500-fold for WT, Y181C, or K103N HIV-1. This compound exhibited ex

cellent preclinical antiviral properties and is being developed as a new generation of 
NNRTI for the treatment of HIV-1 in combination with other antiretroviral agents 

(Hazen et al., 2005).

1.3.4 Anti-inflammatory Properties Of Benzophenones

O OH

92
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A number of recent studies have attributed anti-inflammatory activity to a selection of 

natural and synthetic benzophenones (Khanum et al., 2004; Chen et al., 2009; 

Bandgar et al., 2010; Khanum et al., 2010; Santa-Ceci'lia et al., 2011; Ali et al., 2012; 

Couteau et al., 2012; Kwon et al., 2012). Bandgar and colleagues (2012) have re

ported a new series of benzophenone derivatives with comparatively less toxicity and 

qualifying pharmacokinetic profiles. They have been synthesised and evaluated for 

their anti-inflammatory activity against Tumour Necrosis Factor-alpha (TNFo) and 

Interleukin 6 (IL-6) by lipopolysaccharide (LPS)-induced cytokine production assay 

[phorbol myristate acetate (PMA)-stimulated human THP-1 cells in vitro]. The 

screened compounds have exhibited promising inhibitory activity against IL-6 in a 

range of 63-82 % at 10 pM concentration. Cytotoxicity was also determined by using 

CCK-8 cells at 10 pM. The synthesised benzophenone derivative 92 was not cytotox

ic in CCK-8 cells up to the concentration of 100 pM and has shown potent IL-6 inhibi

tory activity with IC50 of 0.19 pM. With few exceptions, all other compounds were 

found to be moderate inhibitors of TNFo.

1.3.5 Activities On Hormone Receptors And Hormone-Dependant Pathways

The metabolism and cytotoxicity of 2-hydroxy-4-methoxybenzophenone (93) in 

isolated rat hepatocytes and the xenoestrogenic activity of 93 and its metabolites in 
MCF7 human breast cancer cells and an estrogen receptor competitive binding as

say have been studied by Nakagawa & Suzuki (2002). According to these authors, 

the incubation of hepatocytes with 93 caused a concentration- and time-dependent 

decrease in cell viability, accompanied by loss of intracellular ATP and adenine 
nucleotide pools.

The determination of estrogenic activity (EC50) and acute toxicity (LC50) of benzophe
nones has been undertaken, and experimental and predicted estrogenic potency val

ues were compared by Schultz and colleagues (2000). On the basis of the series of 

rules, p-galactosidase activity was predicted correctly for 14 of the 18 benzophe

nones tested. As predicted, benzophenone, as well as derivatives with a methyl-, 

chloro-, or nitro-substituents, exhibited no p-galactosidase activity. As anticipated, 4- 

hydroxybenzophenone (94) exhibited weak p-galactosidase activity (EC50 value of 1
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fiM). The 3-hydroxybenzophenone (95) exhibited almost the same activity as the 4- 

hydroxy derivative (94), whereas the 2-hydroxy derivative (96) was non-active. It was 

observed while replacing the p-hydroxy group with an amino moiety decreased (3- 

galactosidase activity by a half order of magnitude, replacement of the p-hydroxy 

moiety with a methoxy group negated activity. The non-symmetrical trihydroxylated 

benzophenone exhibited activity near to the monohydroxy derivative. Near symmet

rical tri- and symmetrical tetrahydroxylated benzophenones were determined to have 

greater estrogenic activity (EC50 values of 0.1 pM) than non-symmetrical molecules. 

A comparison of estrogenicity (EC50) with acute toxicity (LC50) reveals less than 10- 
fold difference in activities for weaker estrogenic compounds.

Nakagawa and colleagues (2000) have studied the metabolism and cytotoxicity of 

benzophenone and estrogenic activity of its metabolites in freshly isolated rat 

hepatocytes and cultured MCF7 human breast cancer cells, respectively. The incuba

tion of hepatocytes with benzophenone (0.25 - 1.0 mM) have elicited a concentra

tion- and time-dependent cell death, accompanied by loss of intracellular ATP and 
depletion of adenine nucleotide pools. Benzophenone (5) at a 0.25 mM in the 

hepatocyte suspensions was converted to benzhydrol (97), p-hydroxybenzophenone 
(94) and its sulfate conjugate, without marked loss of cell viability. The amounts of 

benzhydrol (97) and sulfate conjugate increased with time. In contrast, addition of 
2,6-dichloro-4-nitrophenol (an inhibitor of sulfotransferase; 0.1 mM), non-toxic to 

hepatocytes during the incubation period, enhanced benzophenone-induced cytotox

icity, and this effect was accompanied by a decrease in the formation of sulfate con

jugate and increase in the amount of free p-hydroxybenzophenone (94). In another 

experiment, human estrogen-responsible breast cancer cells (MCF7) were cultured in 

estradiol free medium and then exposed to 10 nM - 500 mM of benzophenone (5) or 

its metabolites (94 and 97) for 6 days. Although at higher concentrations all the com

pounds were toxic, except for benzophenone (5) and benzhydrol (97), 10-100 mM p- 

hydroxybenzophenone (94) significantly increased cell proliferation. These results 

indicated that benzophenone is enzymatically converted to benzhydrol, p- 

hydroxybenzophenone and its sulphate conjugate in rat hepatocytes. Even if there is 

less free p-hydroxybenzophenone than benzhydrol and sulfate conjugate in hepato

cyte suspensions, the authors have suggested that p-hydroxybenzophenone (94) 

itself acts as a weak xenoestrogen on MCF7 cells.
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Estrogenic and anti-androgenic activities of benzophenone (5) and 16 of its deriva
tives, which are used as UV stabilizers, have been comparatively examined with 

hormone-responsive reporter assay in various cell lines (Suzuki et al., 2005). Hy- 

droxylated benzophenones exhibited estrogenic activity in MCF7 cancer cells, but 

their activities varied markedly. The highest activity was observed with 2,4,4’- 

trihydroxybenzophenone (98), followed by 2,3’,4,4’-tetrahydroxybenzophenone (99), 
4,4’-dihydroxybenzophenone (100), 2,2’,4,4’-tetrahydroxybenzophenone (101), 4- 

hydroxybenzophenone (94) and 2,4-dihydroxybenzophenone (102). Benzophenone 

(5) showed little activity in the assay. In contrast, benzophenone and some related 

compounds showed significant inhibitory effects on the androgenic activity of dihydro

testosterone in rat fibroblast cell line NIH3T3. The highest activity was observed with 

2,4,4’-triOH-BP (98), followed by 2,3’,4,4’-tetrahydroxybenzophenone (99), 2,2’,4,4’- 

tetrahydrox-ybenzophenone (101), 3-hydroxybenzophenone (95) and 2,2’- 

dihydroxybenzophenone (103). However, 2,3,4,4’-tetrahydroxybenzophenone (104) 
and 2,3,4-trihydroxybenzophenone (105) showed little activity. 2,4- 

Dihydroxybenzophenone (102), 2,4,4’-triOH-BP (98) and benzophenone (5) gave 
positive responses in uterotrophic assay using ovariectomized rats, and 2,4,4’-triOH- 

BP (98) was positive in the Hershberger assay using castrated rats. These results 

suggest that a 4-hydroxy group on the phenyl ring of benzophenone derivatives is 
essential for high hormonal activities, and the presence of other hydroxy groups 
markedly alters these activities.

2,4-Dihydroxybenzophenone (102) is a UV stabilizer primarily used to prevent poly

mer degradation and deterioration in quality due to UV irradiation. Recently, 102 has 

been reported by Park and colleagues (2013) to bioaccumulate in human bodies by 

absorption through the skin and has the potential to induce health problems including 

endocrine disruption. The authors have examined the xenoestrogenic effect of (102) 
on BG-1 human ovarian cancer cells expressing estrogen receptors (ERs) and rele
vant xenografted animal models in comparison with 17-estradiol (E2). In an in vitro 

cell viability assay, 102 (0.01-10 pM) has significantly increased BG-1 cell growth in 

the same way as E2 did. The mechanism underlying the BG-1 cell proliferation was 

proved to be related with the upregulation of cyclin D1, a cell cycle progressor, by E2 
or 102. Both 102 and E2 induced cell growth and upregulation of cyclin D1 were re

versed by co-treatment with ICI 182,780, an ER antagonist, suggesting that 102 may
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mediate the cancer cell proliferation via an ER-dependent pathway like E2. In xeno

graft mouse models transplanted with BG-1 cells, 102 and E2 treatment significantly

OH o

93

97

105

increased the tumour mass formation within 8 weeks. Taken together, these results 
have suggested that 2,4-dihydroxybenzophenone (102) is an endocrine disrupting 

chemical (EDC) that exerts xenoestrogenic effects by stimulating the proliferation of 

BG-1 ovarian cancer via ER signalling pathway associated with cell cycle similarly to 

E2.

It has been demonstrated that some benzophenones and their hydroxylated metabo

lites can function as weak estrogens in the environment. However, little is known 

about the structure-activity relationship of these molecules. Kerdivel and co-workers 

(2013) have examined the effects of exposure to ten different benzophenones on the 

proliferation of estrogen receptor positive (ER-i-) breast cancer cells and on the tran

scriptional activity of E2-target genes. Significant differences in the benzophenones
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efficiency to induce cell proliferation and endogenous E2-target gene expressions 

were observed. Using ERE-, Sp1-, AP1- and C3-reporter genes that contain different 

ER-binding sites in their promoter, these authors have also observed significant dif

ferences in the BPs efficiency in activation of the ER transactivation. Together, the 

analyses showed that the most active molecule is 4-hydroxybenzophenone (94). 
Docking analysis of the interaction of BPs in the ligand-binding pocket of ERa sug

gests that the minimum structural requirement for the estrogenic activity of benzo- 

phenones is a hydroxy (OH) group in the phenyl A-ring that allows interaction with 

Glu-353, Arg-394 or Phe-404, which enhances the stability between benzophenones 
and ERa. Molecular modelling also indicated a loss of interaction between the OH 

groups of the phenyl B-ring and His-524. In addition, the presence of some OH 

groups in the phenyl B-ring can create repulsion forces, which may constrain helix 12 

in an unfavourable position, explaining the differential estrogenic effects of benzo

phenones.

1.3.6 Antiproliferative And Cytotoxic Benzophenones

The antiproliferative and cytotoxic effects of 5 natural benzophenones (106 - 110) 
isolated from the aerial parts of Hypericum annulatum have been assessed (Biljali et 

al., 2013). The pharmacological screening was carried out after 96 h exposure in a 

panel of human tumour cell lines: HL-60 (acute promyelocyte leukemia), HL-60/Dox 

(selected in doxorubicin-containing medium; characterized by over-expression of 
MRP-1 and mdr phenotype), and K-562 (chronic myeloid leukemia). A pharmacody

namic study for genomic DMA fragmentation was conducted, which has shown that 
the effects of the polyphenols are mediated by induction of programmed cell death. 

The tested polyphenols exhibited dose-dependent cytotoxicity. When applied at sub- 

cytotoxic concentrations, the investigated benzophenones have been shown to in

crease the chemosensitivity of HL-60/Dox cells to the anthracyclines doxorubicin, 

eprirubicin, idarubicin and daunorubicin.

A MeOH extract of Garcinia xanthochymus fruits has been subjected to activity- 

guided fractionation, yielding two new benzophenones, guttiferone H (111) and gam- 

bogenone (112) (Baggett et al., 2005). Guttiferone H (111) contains a seven-
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membered ring attached to the bicyclo[3.3.1]nonane system at positions 7 and 8 and 

displayed cytotoxicity in the SW-480 colon cancer cell line (IC50 = 12 pM). Gam- 

bogenone (112) has a novel benzophenone bicyclo[3.3.2]decane system and dis

played cytotoxicity in the SW-480 colon cancer cell line (IC5o=188 pM). Both guttifer- 

one H (111) and gambogenone (112) induced apoptosis in SW-480 colon cancer 

cells and displayed antioxidant activity (IC5o= 64 and 38.7 pM, respectively).

Jamila and colleagues (2014) have investigated the bioactive chemical constituents 

of the bark of Garcinia hombroniana (seashore mangosteen), used in Malaysia to 

treat itching and as a protective medicine after child birth. Ethyl acetate and di- 
chloromethane extracts of G. hombroniana yielded three benzophenones (113, 114, 

115), identified as: 2,3’,4,5’-tetrahydroxy-6-methoxybenzophenone (113), 2,3’,4,4’- 

tetrahydroxy-6-methoxybenzophenone (114), 2,3’,4,6-tetrahydroxybenzophenone 

(115). In the in vitro cytotoxicity against MCF7, DBTRG, U20S and PC-3 cell lines, 

compound 113 displayed good cytotoxic effects against DBTRG cancer cell lines. 

Compound 113 was also found to possess significant antioxidant activity.

A new benzophenone sesquiterpene dobiniside A (116), together with two known 
compounds, 4,6-dihydroxy-2,3,4-trimethoxybenzophenone (117) and mangiferin 

(118), have been isolated from the root of Dobinea deiavayi by Cheng and 
colleagues (2013). Compounds 116-118 have been screened for antitumor activity in 

vitro, and compound 118 has been shown to possess antitumor activity with an IC50 

value of 74 pM for A549 non-small cell lung cancer cell line.

Bioassay-guided fractionation of the chloroform and ethanol extracts of Tovomita 

iongifoiia leaves using cytotoxic and antimicrobial assays resulted in the isolation of 

four new benzophenones, (£)-3-(2-hydroxy-7-methyl-3-methyleneoct-6-enyl)-2,4,6- 

trihydroxybenzophenone (119), (£)-3-(6-hydroxy-3,7-dimethylocta-2,7-dienyl)-2,4,6- 

trihydroxybenzophenone (120), 8-benzoyl-2-(4-methylpenten-3-yl)chromane-3,5,7- 

triol (121), and 5-benzoyl-1,1,4a-trimethyl-2,3,4,4a,9,9a-hexahydro-1 H-xanthene-6,8- 

diol (122), and two known benzophenones, 4-geranyloxy-2,6- 

dihydroxybenzophenone (123) and 3-geranyl-2,4,6-trihydroxybenzophenone (124) 

(Pecchio et al., 2006). Compounds 119 and 121-123 have demonstrated cytotoxic 

activities against breast (MCF7), central nervous system (SF-268), and lung (H-460) 

human cancer cell lines, while compounds 121-124 have shown antimicrobial activity
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against Klebsiella pneumoniae, Mycobacterium smegmatis, Pseudomonas aerugino

sa, Salmonella gallinarum, and S taphylococcus aureus .

OH
OH

108

109

Two benzophenone glucopyranosides have been isolated from the nut shell part of 
Mahkota dewa by Zhang and co-workers (2012). The structures have been identified 

as 2,4’,6-trihydroxy-4-methoxy-benzophenone-2-0-(3-D-glucoside (Mahkoside A, 

125) and 2,4’,6-trihydroxy-4-methoxy-6”-acetyl-benzophenone-2-0-(3-D-glucoside 

(Mahkoside B, 126), this one recognized as a novel compound. Furthermore, a series 

of benzophenone glucopyranoside derivatives have been synthesised and their bio

activities were characterized. Their results have demonstrated that compound 127 

has significant cytotoxicity against two esophageal cancer cell lines, stomach cancer 

cell line and prostate cancer cell line, with IC50 less than 10 pM.
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An investigation on the secondary metabolites from the roots of Mesua congestiflora 

has been carried out (Ee et al., 2012). A new benzophenone, congestiflorone (128) 

and one xanthone, a-mangostin (129) have therefore been obtained. The cytotoxic 

activities of this new metabolite against cancer cell lines such as Raji, SNU-1, LS- 

174T, HeLa, SK-MEL-28, NCI-H23, IMR-32, Hep-G2 and K562 have been evaluated. 

Congestiflorone (128) has shown a good cytotoxic activity against Raji Burkitt’s lym

phoma cell line.

OH o

HO
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Prostate cancer is the most frequently diagnosed malignancy and the second-leading 

cause of cancer death in men. In spite of the current therapeutic options for this can

cer entity, many patients die due to metastases in distant organs and acquired 

chemotherapy resistance. Thus, approaches to provide improvements in outcome 

and quality of life for such patients are urgently needed. Recently, the polyisoprenyl- 

ated benzophenone 7-epi-nemorosone (130), originally collected by honeybees from 

Clusia rosea and Clusia grandiflora, has been described to be a potent antitumoral 

agent. 7-epi-nemorosone (130) was isolated from Caribbean propolis and its cytotox
icity was assessed in human androgen-dependent prostate carcinoma LNCaP cells 

including an MDRI-i- sub-line (Di'az-Carballo et al., 2012). No cross-resistance has 

been detected. Cell cycle analysis has revealed a significant increase in the sub- 

G0/G1, G1, and depletion in the S phase populations and induction of apoptosis. A 

concomitant down-regulation of cyclins D1/D3 and CDK 4/6 has been detected. Ma-
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jor signal transduction elements such as p38 MARK and Akt/PKB as well as andro

gen receptor AR and PSA production have been found to be down-regulated after 

exposure to the drug. ERK1/2 protein levels and phosphorylation status have been 

down-regulated accompanied by inhibition of the activity of their immediate upstream 

kinases MEK1/2. Additionally, Akt/PKB enzymatic activity has been effectively inhib
ited at a similar concentration as for MEK1/2.

OH o OH O OH O O OH
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It is known that the emergence of drug-resistant cancer cells drastically reduces the 

efficacy of many anti-neoplasic agents and, consequently, increases the frequency of 

therapeutic failure. Benzophenones, on the other hand, are known to display many 

pharmacological properties including cytotoxic activities. Kuete and colleagues 

(2013), in a recent study, have investigated the cytotoxicity and the modes of action 

of four naturally occurring benzophenones 2,2’,5,6’-tetrahydroxybenzophenone 

(131), isogarcinol (132), isoxanthochymol (133) and guttiferone E (134) on a panel of 

eleven cancer cell lines including various sensitive and drug-resistant phenotypes.
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The four tested benzophenones inhibited the proliferation of all tested cancer cell 

lines including sensitive and drug-resistant phenotypes. Collateral sensitivity of can

cer cells to compounds 131-134 was generally better than to doxorubicin. Compound 

132 showed the best activity with IC50 values below or around 1 pM against HCT116 

colon carcinoma cells (0.86 pM) and leukemia CCRF-CEM (1.38 pM) cell lines. 

Compounds 132-134 strongly induced apoptosis in CCRF-CEM cells via caspases 

3/7, caspase 8 and caspase 9 activation and disruption of MMP.

Pardo-Andreu et al. (2011) have addressed a potential involvement of mitochondria 

in Guttiferone-A (GA, 135) toxicity (1 - 25 pM) toward cancer cells by employing both 

hepatic carcinoma (HepG2) cells and succinate-energized mitochondria, isolated 

from rat liver. Guttiferone-A (135) is a natural occurring polyisoprenylated benzophe- 
none with cytotoxic action in vitro and anti-tumour action in rodent models. In HepG2 

cells GA (135) has decreased viability, dissipated mitochondrial membrane potential, 
depleted ATP and increased ROS levels. In isolated rat-liver mitochondria GA (135) 

promoted membrane fluidity increase, cyclosporine /V EGTA-insensitive membrane 
permeabilization, uncoupling, Ca^'' efflux, ATP depletion, NAD(P)FI depletion/ oxida

tion and ROS levels increase. However, Terrazas et al. (2013) have observed some 
genotoxic effects for GA. The ester and ether derivatives of guttiferone A have shown 

potent anti-plasmodial, trypanocidal and anti-leishmanial activities (Fromentin et al., 

2013).

Synthetic approaches using the benzophenone skeleton have also been demonstrat

ed (Ranganatha et al., 2013; Stocker et al.. 2013). The synthesis, physicochemical 

characterization and preliminary pharmacological evaluation of the cytotoxic effects 

of two novel substances, 1-(4-benzoylphenyl)-3,3-dimethyltriazene (136) and 1-(2- 

benzoyl-phenyl)-3,3-dimethyltriazene (137) have been demonstrated by Manolov 

and colleagues (2006). The cytotoxicity was assessed using a panel of human tu

mour cell lines: the chronic lymphoid leukemia SKW-3, the acute promyelocyte leu

kemia HL-60 and its multi-drug-resistant subline HL-60/Dox. Both novel compounds 

showed strong cytotoxic activity, comparable to that of the referent alkylating agent 

melphalan. DNA-fragmentation analysis indicated that after 24 h treatment, the novel 

benzophenone-linked triazenes induced programmed cell death in HL-60 cells.
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A lead compound (KGP94, 138) from a privileged library of functionalized benzophe- 

none thiosemicarbazone derivatives have demonstrated a time-dependent, reversi

ble, and competitive inhibitory activity of the enzyme cathepsin L (Chavarria et al..
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2012). KGP94 (138) significantly decreased the activity of cathepsin L toward human 

type I collagen, and impeded both migration and invasion of MDA-MB-231 human 

breast cancer cells. Growth retardation was achieved in vivo against both recently 

implanted and established tumours using a C3H mouse mammary carcinoma model.

Compounds 139-143, structurally related to combretastatin A-4, have shown excel

lent cytotoxic activities against a panel of human cancer cell lines including multi

drug resistant cell lines (Hsieh et al., 2003). The X-ray three-dimensional structural 

analysis shows that proton donor in B ring may be required for cytotoxic activity, with 

intermolecular hydrogen bonding playing an important role.

The synthesis and study of the structure-activity relationships of a series of rigid ana

logues of combretastatin A-4 which contain the 1,4-diaryl-2-azetidinone (P-lactam) 
ring system in place of the usual ethylene bridge present in the natural com

bretastatin stilbene products have been described (Carr et al., 2010). The 1,4-diaryl- 
2-azetidinones are unsubstituted at C-3, or contain methyl substituent(s) at C-3. The 

most potent compounds 144 and 145 have displayed antiproliferative activity at na
nomolar concentrations when evaluated against the MCF7 and MDA-MB-231 human 

breast carcinoma cell lines. 144 has exerted antimitotic effects through an inhibition 
of tubulin polymerisation and subsequent G2/M arrest of the cell cycle in human 

MDA-MB-231 breast cancer cells, with similar activity to that of CA-4.

(4-Methoxyphenyl)(3,4,5-trimethoxyphenyl)methanone (PHT; 146) is a known potent 
cytotoxic compound belonging to the phenstatin family (Magalhaes et al., 2011). 

Magalhaes and colleagues (2013) have found that PHT (146) displayed potent cyto

toxicity in different tumour cell lines, showing IC50 values in the nanomolar range. Cell 

cycle arrest in G2/M phase along with the augmented metaphase cells has been ob

served. Cells treated with PHT (146) have also shown typical hallmarks of apoptosis 

such as cell shrinkage, chromatin condensation, phosphatidylserine exposure, an 

increase of the caspase 3/7 and 8 activation, loss of mitochondrial membrane poten
tial, and internucleosomal DMA fragmentation without affecting membrane integrity. 

Studies conducted with isolated tubulin and docking models have shown that PHT 

(146) binds to the colchicine site and interferes in the polymerisation of microtubules.
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In vitro and in vivo evaluations of a number of amino acid prodrugs of 147, a potent 

tubulin polymerisation inhibitor and cytotoxic against different cancer cell lines, has 
led to the discovery of 3 HCI (L-valine attached) which has been shown to be highly 

efficacious in mouse xenografts bearing human cancer. Prodrugs have proven to be 

very useful in enhancing aqueous solubility of sparingly water-soluble drugs, thereby 

increasing in vivo efficacy without a need of special excipients. Pharmacokinetic 

analysis in rats revealed that compound 147 was released immediately upon admin

istration of 3 HCI intravenously, with rapid clearance of 3 HCI indicating the effective 

cleavage of prodrug (Lee et al., 2010).
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1.3.7 Combretastatins And Phenstatin

A structure-activity relationship (SAR) study of combretastatin A-4 (148) led to the 

discovery of a potent cancer cell growth inhibitor designated phenstatin (149) (Pettit 

et al., 1998). Combretastatins, a class of stilbenoid phenols, have been isolated from 

the stem wood of the South African tree Combretum caffrum by Pettit and colleagues 

(1987, 1988). Of these, Combretastatin A-4 (CA-4) (148) is a simple compound that 

exhibits potent cytotoxicity against a wide variety of human cancer cells including 

multidrug resistant cancer cell lines, and is the most potent naturally occurring com

bretastatin known. Combrestatin A-4 disodium phosphate (CA-4P) (150)
(Zybrestat™, fosbretabulin disodium) is the prodrug of CA-4 (148) developed by 

OxiGene. Currently it is being evaluated in clinical trials as a treatment for solid tu
mours. In vivo, it is dephosphorylated to its active metabolite CA-4 (148) (Lu et al., 

2012). Combretastatin binds to the jS-subunit of tubulin at the colchicine site, thereby 

strongly inhibiting polymerisation of tubulin, causing cellular disorganization and tox

icity.

Pettit’s research group has subsequently developed Phenstatin (149), a novel ben- 
zophenone molecule which is a synthetic tubulin assembly inhibitor with a benzophe- 

none scaffold (Pettit et al., 1998). A hydroxy derivative of combretastatin A-4 called 
combretastatin A-1 (152) was also synthesised. While hydroxyphenstatin (153) was a 

potent inhibitor of tubulin polymerisation with activity comparable to that of com

bretastatin A-1, the phosphorylated derivative (154) was inactive (Pettit et al., 2000). 

Phenstatins are combretastatin analogues with a modification of the double bond, 

which is replaced by a carbonyl group. The phenstatins are bisarylketones that dis

play high potency as tubulin polymerisation inhibitors. This molecule contains func

tional groups on the two phenyl rings similar to CA-4 (148). Phenstatin (149) has 

shown similar cytotoxicity and antitubulin activity to CA-4 (148), however it is more 

stable in vivo compared with CA-4 (known to be unstable) due to the transformation 

from the active cis configuration to the more stable but inactive trans configuration 

(Pettit et al., 2000). Among the benzophenone derivatives that have been developed 

are isocombretastatin A (151) (Alvarez et al., 2009; Messaoudi et al., 2009), and 

aminobenzophenones (Ghinet et al., 2011).
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Isocombretastatins A are 1,1-diarylethene isomers of combretastatins A. Alvarez and 
co-workers (2009) have synthesised the isomers ot combretastatin A-4, deoxy- 
combretastatin A-4, 3-amino-deoxycombretastatin A-4, naphthylcombretastatin and 

the N-methyl- and N-ethyl-5-indolyl analogues of combretastatin A-4. Analogues with 

a 2,3,4-trimethoxyphenyl ring instead of the 3,4,5-trimethoxyphenyl ring have also 

been prepared. These authors have observed that isocombretastatin A strongly inhib

ited tubulin polymerisation and exhibited potent cytotoxicity, some of them with ICso’s 
in the nanomolar range. This new family of tubulin inhibitors has shown higher or 

comparable potency to phenstatin or combretastatin analogues. According to the au

thors these results suggest that one carbon bridge with a geminal diaryl substitution 

can successfully replace the two carbon bridge of combretastatins and that the car

bonyl group of phenstatins is not essential for high potency. New isocombretastatins 

have been synthesised and have shown significant activities against tubulin polymer

isation and cellular proliferation (Stocker et al., 2013). These authors have observed 

that monomethoxylated derivatives of phenstatin (155) and iso CA-4 (156) have ex-
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hibited similar activities to those of parent phenstatin (149) on K-562, HCT-116, 

DU145 and MCF7 cancer cell lines.

1.3.8 Tubulin Binding By Benzophenones

Tubulin is one of the most useful and strategic molecular targets for anticancer drugs. 

The dynamic process of microtubule assembly and disassembly can be blocked by 

various agents that bind to distinct sites in the 3-tubulin subunit. By interfering with 

microtubule function in vitro, these agents arrest cells in mitosis, eventually leading to 

cell death, by both apoptosis and necrosis. So far, three binding domains have been 

identified a) the colchicine site close to the a/3 interface, b) the area where the vinca 

alkaloids bind, and c) the taxane-binding pocket. Colchicine binding site remains the 

most explored site. The majority of the patents revolve around phenstatin- and com- 

bretastatin-based molecules where the key structural feature for tubulin inhibition is 

an appropriate arrangement of the two aromatic rings at an appropriate distance and 

optimal dihedral angle maximizing interactions with tubulin (reviewed by Nepali et al., 
2014). The screening of a range of botanical species and marine organisms has 
yielded promising new antitubulin agents with novel properties (reviewed by 

Dumontet & Jordan, 2010).

NPI-2358 (157), a potent antimicrotubule agent, was developed from a natural 
diketopiperazine, phenylahistin, and is currently in clinical trials as an anticancer 

drug. To understand the precise recognition mechanism of tubulin by this agent, 

Yamazaki and colleagues (2008) have focussed on its potent derivative, KPU-244 

(158), which has been modified with a photoreactive benzophenone structure, and 

biotin-tagged KPU-244 derivatives (159 and 160), which were designed and synthe

sised for tubulin photoaffinity labelling. Introduction of the biotin structure at the p- 

position of the benzophenone ring in 159 exhibited reduced, but significant biological 

activities with tubulin binding, tubulin depolymerisation and cytotoxicity in comparison 

to the parent KPU-244. The results suggested that photoaffinity probe 160 specifical

ly recognizes tubulin at the same binding site as anticancer drug candidate 157, and 

this leads to the disruption of microtubules. 160 serves well as a useful chemical
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probe for potent antimicrotubule diketopiperazines, much like phenylahistin, and it 

also competes for the colchicine-binding site.

o o

o o o

KPU-105 (161), a potent anti-microtubule was derived from the diketopiperazine-type 

vascular disrupting agent (VDA) plinabulin and displays colchicine-like tubulin depol

ymerisation activity. To develop derivatives with more potent anti-microtubule and 

cytotoxic activities, Yamazaki and colleagues (2012) have further modified the ben- 

zophenone moiety of 161. Accordingly, these authors obtained a 4- 
fluorobenzophenone derivative (162) that inhibited tumour cell growth in vitro with a
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subnanomolar IC50 value against HT-29 cells (IC5o= 0.5 nM). The effect of 162 on 

mitotic spindles was evaluated in HeLa cells and the treatment with 3 nM of 162 par

tially disrupted the interphase microtubule network. By contrast, treatment with the 

same concentration of CA-4 barely affected the microtubule network, indicating that 

162 exhibited more potent antimitotic effects than CA-4.

There is an urgent need for new safe and effective therapeutic approaches for cancer 

therapy and chemoprevention. In an attempt to contribute on to this area, this pro

ject focus is on the design, synthesis, pharmacological and molecular biological 

evaluation of novel dual inhibitory drug-hybrids that may combine anti-inflammatory 

and antitumor activity and may have effect at the interface between cancer chemo

prevention and cancer therapy. The molecules investigated contain an anti

inflammatory indane pharmacophore coupled with a (substituted) benzophenone 

moiety.
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2 AIMS AND OBJECTIVES

2.1 General Aims

To design, synthesise a novel hybrid indane/ benzophenone scaffold and evaluate its 

biological activities as anticancer and anti-inflammatory agents. The parameters in

vestigated include;

2.2 Specific Aims

> To evaluate anticancer activity:

Cytotoxicity against different types of cancer

■ Breast

■ Prostate

■ Lung

> To evaluate cellular and molecular mechanisms of cell death induction

> To evaluate anti-inflammatory activity

In vitro cytokines’ release

> To evaluate molecular docking

Tubulin receptor 

^ Estrogen receptor alpha
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3 RESULTS AND DISCUSSION 

3.1 CHEMISTRY

The approach taken in this work was to explore the synthesis of a novel hybrid scaf

fold that would incorporate a simple indane fragment coupled to a benzophenone 

component to yield a scaffold of the general structure (163) presented in Figure 4. 

This novel scaffold contains common features with the tubulin binding small molecule 

Indanocine (35) and with the estrogen receptor (ER) antagonist Tamoxifen (164).

Indanocine: Tubulin binding

O

Indanone derivatives; Anti-inflammatory Tamoxifen: Estrogen receptor antagonist

Figure 4: Schematic representation of the novel potential anti-inflammatory and anticancer 

indane/ benzophenone hybrid.

A series of hybrid molecules was generated with the simple indanone structure and 

bore simplified substitution on the benzophenone derived portion of the scaffold as 

shown in Scheme 1. The scaffold was designed with the aim of incorporating cytotox

icity into the new structures via tubulin binding properties as seen in molecules, Inda

nocine (35) and the benzophenone precursor Phenstatin (149). It was also anticipat

ed that the novel scaffold could introduce estrogen receptor antagonism properties 

derived from the structural similarity of the new scaffold to Tamoxifen (164) (Poirot et
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al., 2000; De Medina et al., 2004). In addition, there is, as previously discussed, ex

tensive evidence that indanone pharmacophores demonstrate significant anti

microtubule, anti-inflammatory and immunomodulatory effects. It was postulated that 

the novel scaffold could have broad based anticancer and anti-inflammatory proper

ties.

3.1.1 Synthetic Approach

The Aldol reaction, or a modification thereof was the obvious reaction choice for the 

synthesis of our target scaffold. The Aldol addition reaction involves the base or acid 

catalysed addition of the a-carbon of an enolisable ketone, e.g. indan-1-one to the 

carbonyl of another ketone e.g. benzophenone (Scheme 1). This reaction generates 

a jS-hydroxy carbonyl compound known as an aldol (Murata et al., 1980). If the sub
sequent dehydration of this alcohol occurs to yield an a,)S-unsaturated carbonyl com

pound the reaction is known as an Aldol condensation. The dehydration step is pos
sible under the Aldol reaction conditions or is carried out by heating in presence of an 

acid or sometimes during acidic work-up (Murata et al., 1980; Clayden et al., 2001). 
For the condensation of two identical ketones the reaction can be quite simple. How

ever, in the case of crossed Aldol reactions there is great potential for the generation 
of side products, including the products of self-condensation and polymerisation. The 

proposed synthesis of the new hybrid scaffold requires the condensation of two dif

ferent ketones (Scheme 1). Therefore, it was necessary to consider a more controlled 
type of reaction for the synthesis of our targeted hybrids.

o

Scheme 1: Proposed sequence for formation of indanone/ benzophenone hybrid molecules.

Many different ‘controlled cross aldol’ reactions have been developed, using a range 

of catalysts and protection group strategies (Murata et al., 2002; Matsuo & Murakami
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2013). These reactions usually occur between silyl enol ether and a ketone without 

an enolisable proton, and are catalysed by a Lewis acid such as Titanium tetrachlo

ride (TiCU) or Tin tetrachloride (SnCU).

In this study we have used these two different Lewis acid catalysts in our synthetic 

strategy: SnCU and TMSOTf. The two different acids gave slightly different results 

that will be discussed later in the context of specific examples. In both approaches, 

the key step was the directed aldol condensation of the parent ketones as exempli

fied in Scheme 1. It involves the directed aldol condensation of the silyl enolate of 

indan-1-one (165), which was formed by reaction of the parent 1-indanone (3) with 

the cyclic ketal of benzophenone (166) (Scheme 2). This resulted in some instances 

in the intermediate alcohol (167), which was dehydrated to the desired hybrid (163). 
In other incidences, the condensed product (163) was formed directly. The cyclic ket- 

als were prepared from a number of substituted benzophenones. The first catalyst we 

investigated for the cross coupling was the Lewis acid SnCU. The second uses 

TMSOTf-catalysis (Murata et al., 2002).

OH

Scheme 2: Proposed synthesis of alcohol 167 and hybrid compound 163.

3.1.2 Synthesis Of Cyclic Ketals

The use of cyclic ketals in the protection of benzophenones is well established 

(Lukacs et al., 2003, 2004, 2008; Doll & Erhan 2008). It has been shown that alt

hough methods in many instances are high yielding, the time required for reaction 

can be very long. This time frame can range in traditional methodology (reflux, reflux 

with hydrodistillation) between several hours to several days. In the case of our cho-
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sen benzophenones, some of which are sterically hindered and others which con

tained electron donating and electron withdrawing groups, some reactions were high 

yielding and some derivatives proved tedious, if not impossible to synthesise. A varie

ty of different approaches was used to optimise the time scale and the yield, including 

traditional reflux in solvent, solvent free reflux, and/ or stirring at room temperature. 

Unfortunately microwave equipment, which has been shown by numerous research

ers (Lukacs et al., 2008) to speed up and often facilitate ketal formation reactions that 

will not occur under more traditional reaction conditions, was not available to us.

3.1.2.1 Method 1: Ketal Formation Stirring At Room Temperature

The first method investigated involved stirring the benzophenone with ethylene gly

col, trimethyl orthoformate and p-toluenesulfonic acid (p-TsOH) at room temperature 

(Wuts & Greene 2007). This method was used for the synthesis of ketals (166 and 

168 -174) derived from their corresponding substituted and unsubstituted benzophe

nones. This group of derivatives showed a high yield of product formation ranging 

from 76.6 % for compound (171) to 99.1 % for (168). Unreacted starting materials 

were recovered. The chosen methodology was efficient but was time consuming. The 

reaction time ranged between 4 and 21 days (Table 1). A yield of 94.9 % was ob

tained for (166) from 2 g of starting material after 4 days. Yields increased with time 

and after 6 days yields of 169 increased to 94.3 % of 170 increased to 91.8 % and 

171 to 76.6 %. A 6 g reaction yielded 89.4 % of compound 173 in 7 days. In addition, 

compound 168, despite having shown the highest yield 99.1 %, took 21 days to be 

synthesised from 6 g of starting material. On the other hand, it took 10 days to 

achieve a yield of 83.6 % of compound 172 from a 5 g reaction. Despite the long du

ration of stirring required most compounds were recovered in high yield. Some sub

stituted benzophenones such as 174 were formed in a very low yield (4.0 %), and for 

some others no reaction occurred.
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Table 1: Yields and duration of ketal formation reactions: Method 1.

Compound Number Structure Yield (%) Duration

166
1—\

94.9 4 days

168
1—\o o

U 99.1 21 days

1—V

169 94.3 6 days

1—\
170 91.8 6 days

171
1—\

76.6 6 days

172 83.6 10 days

173 89.4 7 days

174 4.0 7 days

Another block of benzophenones was also investigated in an attempt to produce their 

respective ketal intermediates for the introduction onto the new hybrid scaffold (Table 

2). These reactions were monitored by TLC and GC/MS. Unfortunately, further study 

in order to optimize reaction conditions have to be done for these benzophenone 

molecules. Due to the very low yields of product observed (data not shown) addition

al investigation, including the use of a microwave reactor, might assist the synthesis 

of the designed ketals.
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Table 2; Additional group of benzophenone molecules used as starting material for ketal for

mation.

Compound Chemical structure

175

94

52

176

149

O OH

OH O OH

^OH

3.1.2.2 Method 2: Ketal Formation Heating With Azeotropic Distillation

A second method of ketal formation was investigated for some of the low yielding 

reactions and also for those that did not react using the conditions of method 1. The 

alternative methodology using a Dean-Stark apparatus was employed. The azeo

tropic distillation proved suitable for the synthesis of p-dichlorobenzophenone (174) 

yielding 80.2 % in 24 hours. This method was not applied to the ketals previously 

synthesised, however it may result in shorter reaction times. All of the synthesised
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cyclic ketals were isolated and purified using standard methodology and products 

were characterised by Mass Spectral and NMR analysis (Experimental Section and 

Appendix 1).

3.1.2.3 Ketals For Future Consideration

Considering the results obtained for the second block of benzophenones where the 

ketal formation was very low, further work on these molecules is necessary (Table 2). 

Due to the increased polarity and substitution pattern of these starting materials, 

bearing OH, amino and methoxy ligands, we believe that they did not readily convert 

to ketals. Following the synthesis of p-disubstituted chloro benzophenone ketal (174) 
we believe that a microwave reactor would be of great benefit for the formation of 
more complex ketals.

3.1.3 Condensation Reactions

3.1.3.1 Formation Of Silyl Methyl Ether Of lndan-1-One (165)

In the cross coupled Aldol reaction, the presence of an enolisable ketone is critical. In 

the current reaction sequence the indan-1-one (3) portion of the hybrid was activated 

using a trimethylsilyl group, which converts the enol into a nucleophile. The synthesis 

of the silyl enol ether (165) from 1-indanone (3) was done under dry conditions and 

Nitrogen atmosphere. The compound is moderately unstable and it was observed 

that when attempts were made to purify the product by column a lot of product de

graded back to the starting material. For this reason, as the reactions were clean, the 

chromatography step was omitted. By observation of the TLC a yield of 70-90 % 
could be estimated. The reaction was quenched by evaporation at 25 °C in vacuo 

and drying under vacuum for a further 30 minutes.
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3.1.3.2 Controlled Aldol Synthesis Of Target Hybrid Compounds

3.1.3.2.1 Synthesis Of Compounds (167), (180) And (181)

Two approaches were taken to the catalysis of cross coupling reactions between the 
silyl enol ether of indanone (165) and a range of benzophenone cyclic ketals in this 

study. In the first instance we employed Tin tetrachloride (SnCU), which is used 

extensively in organic syntheses as a Lewis acid for enhancing a variety of organic 

reactions such as Friedel-Crafts alkylation, and the Mukaiyama-Michael reaction 

(Norman & Coxon, 1993; Mundy et al., 2005) where SnCL has also been employed 

as an activating agent in the controlled coupling of ketones. Its success in this role 
can be reaction, substrate and stereochemistry dependent (Allemann et al., 2004; 

Frankish & Sheridan, 2012).

/
O-Si— \ SnCL

TMSOTf

166 168 173 165 167 180* 181 163 (182+183)* 184
R H H F R H H F R H H F
Ri H Cl F

Ri H Cl F Ri H Cl F

SnCl4 23.7 24.5 46.6 6.3 22.0Yield (%)
TMSOTf ... 35.3 69.0 6.3 ...

Scheme 3: General procedure for the synthesis of 2,3-dihydroinden-1-one derivatives. * isomer

ic mixture of cis (2) and trans (£) hybrids.

The second strong Lewis acid that was used as a catalyst was Trimethylsilyl 

trifluoromethanesulfonate (TMSOTf). This reagent has been used by Murata’s work 

employed in association with acyclic acetals and ortho esters and also by Frankish 

and Sheridan (2012) in their synthesis of the anti-inflammatory indane, PH46A (34). 
Despite the widespread use of Lewis acids in organic synthesis there are no reports 

in the literature of crossed aldol condensations using benzophenone components. 

There were significant differences observed in reactions catalysed by the two
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different Lewis acids (Scheme 3, Table 3). In SnCU catalysed reactions 
benzophenone ketal (166) and its p-chloro (168) and p-difluoro (173) derivatives 

were converted to the intermediate alcohols (167, 180 and 181) with reactions also 

yielding significant quantities of the desired condensed hybrids (163) and (182 + 

183). The exception was the p-difluoro derivative, which yielded only the alcohol 

intermediate (181) with both catalysts. A dehydration reaction produced the hybrid 
(184).

For TMSOTf the reaction of (166) with the silyl indan-1-one (165) went straight to the 

desired coupled product (163), giving a high yield of 69.0 %, much higher than the 
6.3 % obtained for the p-chlorobenzophenone (182 + 183).

Table 3: Comparison of the yields obtained for the products on the reactions catalysed by 

SnCU and TMSOTf by using benzophenone ketal (166), its p-chloro (168) and p-difluoro (173) 

derivatives.

Starting Material Catalyst Alcohol (%) Hybrid (%)

SnCU 23.7 6.3
166

TMSOTf - 69.0

SnCU 24.5 22.0
168

TMSOTf - 6.3

SnCU 46.6 .

173
TMSOTf 35.3 -

The alcohols and hybrid molecules were isolated and purified by column chromatog

raphy with little loss of material relative to crude material loaded to the columns. All of 

the molecules were characterised by spectroscopic means.

The first alcohol 2-((2-hydroxyethoxy)-diphenylmethyl)-2,3-dihydro-inden-1-one (167) 
was isolated as a white solid. High resolution mass spectral analysis gave a molecu

lar formula of C24H22O3. The and NMR (Figure 5 and Figure 6) analysis con

firmed the presence of 3 x CH2, 1 x CH and a quaternary C at the aliphatic region; 14

56



X CH, 4 X quaternary C and 1 x C=0 at the aromatic region confirmed the isolate to 

be (167).

1
T

i
i 1 1 ■ 1-il L ^

« MC 't; «« *1.' *9 *i •* K *; «« * w •; » s* |i •

Figure 5: NMR Spectrum (blue), Dept 90 (green) of 2-((2-hydroxyethoxy)diphenylmethyl)- 

2,3-dihydroinden-1-one (167).

Chemical Shift (ppm)

Figure 6: NMR spectrum of 2-((2-hydroxyethoxy)-diphenylmethyl)-2, 3-dihydroinden-1-one

(167) and expansion of region 3 - 4.3 ppm.

In the NMR spectrum the complex multiplets between 3 and 4.3 ppm represent 

the signals for the -CH2-CH- of the indane ring and the O-CH2-CH2-O of the ring
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opened ketal. All other alcohols were characterised physically and spectroscopically 
in like manner (see experimental and Appendix 1).

3.1.3.2.2 Synthesis Of Compounds (163), (182 + 183) And (184)

,OH

167 180* 181 163 (182 + 183)* 184
R H 
Ri H

H
Cl R

Ri

H
H

H
Cl

Scheme 4; General procedure for the dehydration of intermediates to obtain the respective 

final hybrid molecules derivatives. *isomeric mixture of cis (Z) and trans (£) hybrids.

Alcohols (167, 180, 181) were subsequently dehydrated to the hybrid products (163, 
182 - 184) by addition of triflic acid under reflux. This conversion step was a clean 

reaction, with yields of 92.8 % for the unsubstituted molecule (163), 96.8 % for the 
mono chloro isomers (182 + 183) and 87.4 % for the difluoro hybrid derivative (184).

3.1.3.2.2.1 Characterisation Of Compound (163)

The first example of the targeted scaffold was identified as 2,3-dihydro-2- 

(diphenylmethylene)inden-l-one (163). It was purified by column chromatography to 

afford a yellow solid. Compound 163 was characterised by NMR and MS. All other 

hybrid molecules were characterised in the same way (see experimental section and 

Appendix 1 and 2). The structure of 163 was also confirmed by single crystal X-ray 

analysis of a needle of 163 crystallised from ethyl acetate as shown in Figure 9 (see 

Appendix 2 - Acta Cryst. (2013). E69, o1306-o1307). The High Resolution Mass 

Spectrum gave a molecular formula of C22H16O. The and NMR analysis con-
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firmed the presence of one aliphatic CH2; 14 x CH, 6 x quaternary C and 1 x C=0 at 

the aromatic region (Figure 7 and Figure 8) confirmed the isolate to be hybrid 163.

Figure 7: NMR spectrum of 2,3-dihydro-2-(diphenylmethylene)inden-1-one (163).

Figure 8: (blue) and Dept 90 (green) NMR spectra of 2,3-dihydro-2-

(diphenylmethylene)inden-l-one (163).
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Figure 9: Crystallographic analyses of 2,3-dihydro-2-(diphenylmethylene)inden-1-one (163). 
(see Appendix 2 - Acta Cryst. (2013). E69, o1306-o1307).

3.1.3.2.2.2 Characterisation Of Compounds (182) And (183)

Among the substituted starting materials we used monosubstituted benzophenone 
ketals such as chloro (168), methyl (169) and methoxy (171) to couple with the silyl 
enol ether of indanone (165) in order to obtain the desired hybrid molecules. The final 

hybrid compound has a double bond linking the indanone and benzophenone moie

ties and due to this fact, it confers a certain rigidity to the molecule. Therefore, and 

considering the presence of the ketone in indan-1-one (3), each of the p- 

monosubstituted hybrids generated cis (Z) and trans (£) derivatives. Different meth

ods were optimised in order to allow the separation of the isomers. Nevertheless, 

crystallographic analysis was decisive in establishing the correct identification of the 

isomers’ structures.

The isomeric mixture (Z and £) of 2-((3-chlorophenyl) (phenyl) methylene)-2,3- 

dihydroinden-1-one (182 and 183) was isolated by column chromatography to afford 

a yellow solid. The column was run using Hexane:Ethyl acetate starting with 50:1. E 

(183) and Z (182) isomers were separated by column chromatography with a 

Hex:EtOAc:DCM (100:1:1 decreasing hexane by 10 up to 20:1:1) solvent system, 

monitored by TLC with a 8:1:1 Hex:EtOAc:DCM mobile phase.
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Figure 10: Crystallographic analyses of (Z)-2-((3-chlorophenyl)(phenyl)methylene)-2,3- 

dihydroinden-1-one (182).

Compounds (182) and (183) were characterised in the same way as previously de

scribed for hybrid (163). The structure of 182 was confirmed by single crystal X-ray 

analysis of 182 crystallised from Ethyl acetate as shown in Figure 10. The High 

Resolution Mass Spectrum gave a molecular formula of C22 H15CIO. The and 

NMR analysis confirmed the presence of one aliphatic CH2; 14 x CH, 7 x quaternary 

C and 1 X C=0 at the aromatic region (Experimental section and Appendix 1) con

firmed the isolate to be hybrid 182. Crystallographic analysis of the isolated isomer 

for the hybrid derivative p-chloro (182) (Figure 10) allowed the conclusion that the 

upper band on the TLC was the cis (Z) configuration. In this way (Z)-2-((3- 

chlorophenyl)(phenyl)methylene)-2,3-dihydroinden-1-one (182) was the first isomer 

eluted from the column.
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3.1.3.2.3 Synthesis Of Compounds (185 + 186) And (187)

/
O-Si—

169 170

R H CHj
Ri CHj CHj

165

Yield (%)

(185 + 186)* 187 
SnCl4 58.1 33.7
TMSOTf 45.8 59.7

Scheme 5: General procedure for the synthesis of (methylene)inden-l-one derivatives (185 + 

186, and 187). * isomeric mixture of Zand E.

In contrast with the previous series, the alcohol intermediate for p-methyl and p- 

dimethyl benzophenone derivatives (169) and (170) were not isolated using SnCU 

nor TMSOTf as catalyst (Scheme 5, Table 4). On the other hand, these reactions 

moved forward to give the final hybrid products (185 + 186) and (187). SnCU provid
ed a higher yield for the p-methyl isomeric mixture (185 + 186) (58.1 %) when com

pared to TMSOTf (45.8 %). The opposite was observed for the p-dimethyl derivative 

(187), which had only 33.7 % yield with SnCU, but approximately double (59.7 %) with 

TMSOTf.

62



Table 4: Comparison of the yields obtained for the products on the reactions catalysed by 

SnCU and TMSOTf by using p-methyl-benzophenone (169) and p-dimethyl (170) derivatives.

Starting Material Catalyst Alcohol (%) Hybrid (%)

SnCL . 58.1
169

TMSOTf - 45.8

SnCL . 33.7
170

TMSOTf - 59.7

3.1.3.2.2.2 Characterisation Of Compounds (186) And (185)

A different method was optimised in order to allow the separation of the methyl iso
mers. Nevertheless, crystallographic analysis was decisive to establish the correct 

identification of the isomers’ structures. The isomeric mixture (E and Z) of 2-((3- 

chlorophenyl)(phenyl)methylene)-2,3-dihydroinden-1-one (186 and 185) was isolated 
by column chromatography to afford a yellow solid. The column was run using Hex- 
ane:Ethyl acetate starting with 50:1. E (186) and Z (185) isomers were separated by 

column chromatography with a HexiEtOAciCHCla (100:1:1 decreasing hexane pro

portion by 10, up to 10:1:1) solvent system, monitored by TLC with a 8:1:1 
Hex:EtOAc: CHCI3 mobile phase.

Compounds (186) and (185) were characterised in the same way as previously de

scribed for hybrid (163). The structure of 186 was confirmed by single crystal X-ray 

analysis of crystals obtained from Ethyl acetate as shown in Figure 11. The High 

Resolution Mass Spectrum of the isomers matched their molecular formula C23H18O. 

The and NMR analysis confirmed the presence of one aliphatic CH3 (2.42 

ppm), one aliphatic CH2 (3.91); 13 x aromatic CH, 7 x quaternary C and 1 x C=0 at 

the aromatic region (see Experimental section and Appendix) confirmed the isolate to 

be hybrid 186. Crystallographic analysis of the isolated isomer for the hybrid deriva
tive p-methyl (186) (Figure 11) allowed the conclusion that the upper band on the 

TLC was the cis (Z) configuration (185). In this way (Z)-2, 3-dihydro-2-(phenyl(p- 

tolyl))inden-1-one (185) was the first isomer eluted from the column. Despite of using 

different mobile phase system than the chloro hybrid to separate the isomers, the
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order of elution was the same having Zconfiguration leaving the column first for both 

chloro (182) and methyl (185) hybrids. Another characteristic observed was an inver

sion on the NMR for Z (127.8 (CH), 2 x 127.89 (2 x CH)) and E (2 x 127.45 (2 x 

CH), 127.6 (CH)).

Figure 11; Crystallographic analyses of (£)-2,3-dihydro-2-(phenyl(p-tolyl)methylene)inden-1- 
one (186).

3.1.3.2.4 Synthesis Of Compounds (188 + 189) And (190)

The p-monomethoxy and p-dimethoxy ketals (171) and (172) reacted in the Lewis 

acid catalysed aldol reactions to yield derivatives (188 + 189) and (190), respectively. 

No alcohol intermediates were isolated for these substrates using either acid 

(Scheme 6, Table 5). TMSOTf showed a three-fold increase in yield (44.3 %) for the 

isomeric mixture (188 + 189) than that obtained with SnCl4(13.5 %). Despite the fact 

TMSOTf yielded almost twice as much for the p-dimethyl hybrid (190) (3.14 %) com

pared to SnCU (1.76 %), the overall yield was very low. The low yield of (190) shown 

by the reaction with SnCU might be attributed to the favoured formation of the mixture 

of (192) and (194) (68.6 %). TMSOTf, on the other hand, formed only 10.6 % of (192) 
and (194) (Table 5). Therefore, based on these results, TMOSTf showed a higher 
yield for product obtaining for both starting material p-monomethoxy and p-dimethoxy 

ketals (171) and (172).
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/

0-Si— 
\

171 172

R H OCH3 
R, OCH3 OCH3

165

(188 + 189)* 190
H OCH,

OCH, OCH,

191 192
H OCH3 

OCH3 OCH3

N.l.

193 194
H OCH3 

OCH3 OCH3

Scheme 6: General procedure for the synthesis of (methylene)inden-l-one derivatives (188 + 
189, and 190). * isomeric mixture of Zand E.

Table 5: Comparison of the yields obtained for the products on the reactions catalysed by 
SnCU and TMSOTf by using p-methoxy-benzophenone (171) and p-dimethoxy (172) derivatives.

Starting
Material Catalyst Alcohol (%) Hybrid (%) Unexpected 

Product (%)

SnCL 13.5 11.2
171

TMSOTf 44.3 49.4

SnCU 1.76 68.6
172

TMSOTf 3.14 10.6

In addition, the reaction mixture also yielded unexpected products corresponding to 

two other compounds (191) plus (193) from (171), and (192) plus (194) from (172), 
respectively. These products arose from the self-condensation of starting materials, 

and were formed in a 1:1 ratio. Compounds 193 and 194 were not identified (N.l.) 

due to the limited amount of material formed in the reactions using p-monomethoxy 

and p-dimethoxy benzophenones, respectively as starting material.
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3.1.3.2.4.1 Characterisation Of Compounds (188) And (189)

The isomeric mixture (E and 2) of 2-((4-methoxyphenyl)(phenyl)methylene)-2,3- 

dihydro-1 H-inden-1-one (188 and 189) was isolated by column chromatography to 

afford a yellow solid. The column, in the same way as the previous monosubstituted 

hybrids, was run using Hexane:Ethyl acetate starting with 50:1. E (189) and Z (188) 
isomers were separated by column chromatography with a Toluene:DCM solvent 

system (starting with 50:1).

Figure 12: Crystallographic analyses of (£)-2,3-dihydro-2-((4-methoxyphenyl)(phenyl) meth- 
ylene)-inden-1-one (189).

The structure of 189 was confirmed by X-ray analysis of crystals obtained from Ethyl 

acetate as shown in Figure 12. The High Resolution Mass Spectrum of the isomers 

matched their molecular formula C23H18O2. The and NMR analysis confirmed 
the presence of one aliphatic CH2 (3.87), one aliphatic CH3(3.95 ppm); 13 x aromatic 

CH, 7 X quaternary C and 1 x C=0 at the aromatic region (see Experimental section 

and Appendix 1) confirmed the isolate to be hybrid 189. Crystallographic analysis of 

the isolated isomer for the hybrid derivative p-methoxy (189) (Figure 12) allowed the 

conclusion that the upper band on the TLC was the trans (E) configuration (189). In 

this way, for the p-monomethoxy hybrid, the trans isomer (E)-2-((4-methoxyphenyl)-



(phenyl)-methylene)-2,3-dihydro-1 H-inden-1-one (189) was first eluted from the col

umn. Despite of using different mobile phase than the chloro and methyl hybrids to 

separate the isomers, an inversion in the elution pattern was observed for methoxy 

trans hybrid (189). While the order of elution for chloro (182) and methyl (185) hy

brids was the same, having cis (Z) configuration leaving the column first, for methoxy 

hybrid the trans (E) (189) eluted first.

3.1.3.2.4.2 Characterisation Of Self-Condensed Scaffold (191) And (192)

These isolates 191 and 192, were obtained both from TMSOTf and SnCU catalysed 
reactions, but the overall efficacy observed for TMSOTf was greater, giving almost a 

fivefold increase yield (49.4 %) than SnCU (11.2 %) (Table 5). Both compounds cor

responded to the lower bands by TLC (20:1 CHClaiEtOAc and 8:1:1 
Hex:EtOAc:DCM, respectively) and after separation by column chromatography 

(CHCI3), yielded a white solid powder.

The NMR spectrum of compound (191) showed 17 aromatic protons, and in the 
aliphatic region 1 x OCH3 (splitting in 2 peaks - 3.66 and 3.67 ppm) and two multi- 

plets representing 2 x CH2 (3.37 - 3.57 ppm). When analysing the NMR it was 
observed that the peaks at the aliphatic region did not overlap completely for the p- 

monomethoxy dimer (191). Chemical shifts found for 2 x CH2 were 31.06 ppm and 
31.16 ppm, 2 X CH (49.65 ppm and 49.72 ppm), and 2 x OCH3 (54.62 ppm and 54.68 

ppm). The quaternary Carbon in the aliphatic region splits in 2 peaks: 55.87 and 56.5 

ppm, showing a higher intensity for the peak at 56.5 ppm. However, Mass Spectros

copy did not provide an accurate molecular ion for 39 [MS calculated for C32H25O3 

(458.1882)] and 192 [MS calculated for C33H29O4 (488.1988)]. Instead, it gave a mo

lecular weight for 191 corresponding to the molecular formula C23H19O2 [(M+H)^ m/z 

= 357.1493] and for compound 192 corresponded to the molecular formula C24H21O3 

[(M+H)^ m/z= 357.1493]. In order to elucidate the molecular structure conformation, 

the crystals of 191 and 192 were analysed by single crystal X-ray, which led to the 

confirmation of the structures 191 (Figure 13) and 192 (Figure 14), respectively.
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Figure 13: Crystallographic analyses of 2,3-dihydro-2-((2,3-dihydro-1-oxo-1 W-inden-2-yl)(4- 
methoxyphenyl)(phenyl)methyl)inden-1 -one (191).

Figure 14: Crystallographic analyses of 2,3-dihydro-2-((2,3-dihydro-1-oxo-1H-inden-2-yl)bis(4- 
methoxyphenyl)methyl)inden-1 -one (192).

Compound 192 exhibited the same spectroscopic profile observed in the and 

NMR spectra of 191. Nevertheless, the loss of 1 aromatic proton and the presence of 

an additional OCH3 peak at 3.76 ppm showed to be the most significant difference. 

When analysing the NMR it was observed that the p-dimethoxy molecule (192) 

showed 2 x CH2 (overlapping at 31.55 ppm) and 2 x CH peaks as singlets (50.36 

ppm) and the 2 x OCH3 (55.09 and 55.13 ppm). The quaternary carbon in the aliphat

ic region for both compounds also appears splitting in 2 peaks at 55.87/ 56.5 ppm
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(191), and 55.61/ 56.22 ppm for (192). A single crystal X-ray of (192) established that 

it was similar in structure to 191 (Figure 14) and a second representative of this novel 

indane scaffold, derived from the condensation of two indanone molecules with a 

single benzophenone moiety.

3.1.3.2.5 Comparison Of NMR Spectra Of 163, 182-190

The comparison of NMR spectra of the hybrid series of compounds (163, 182- 
190) allowed the identification of a pattern of chemical shifts in the aliphatic region: 

CH2 (3.83 - 3.91 ppm), CH3 (2.41 - 2.42 ppm), and OCH3 (3.87 - 3.95 ppm). The ar

omatic protons showed chemical shifts ranging from 6.9 to 7.9 ppm. Through the 

analyses of 1D NMR it was possible to confirm the structures of the final compounds. 

The basic unsubstituted structure (163) showed 14 protons, the mono-substituted 13 

protons, and 12 protons in the disubstituted molecule. Chemical shifts observed in 
NMR spectra of the compounds (163, 182-190) were also consistent. It was ob

served that for CH2 it ranged between 33.62 - 34.17 ppm, CH3 (20.89 - 21.01 ppm), 
OCH3 (54.77 - 54.89 ppm), and C=0 (192.19 - 192.48 ppm).

3.1.3.2.6 Comparison Of Elution Pattern Of E And Z Hybrids

Crystallographic analysis of the isolated isomers for the hybrid derivatives p-chloro 

(182) (Figure 10) and p-methyl (186) (Figure 11) allowed the conclusion that the up

per band on the TLC was the Z isomer. Differently from (182) and (186), p-methoxy 

derivative (189) (Figure 12) demonstrated an inverse elution pattern in the same sol

vent system, once the upper band was identified as the E isomer.
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3.1.4 Synthesis Of Phenstatin (149)

In the current study, the work involved the synthesis of some small molecules, which 

are required to complete the synthesis of the designed hybrid compounds. In this 

way, the total synthesis of the potent anticancer agent Phenstatin (149) (Pettit et al., 

1998) was carried out using an optimised procedure developed by Ghinet et al. 

(2011).

The first successful attempt at the synthesis of Phenstatin (149) was carried out by 

Pettit and colleagues (1998). Initially Phenstatin silyl ether was obtained unexpected

ly by Jacobsen oxidation of Combretastatin A-4 silyl ether. Later the parent Phen

statin (149) was synthesised in quantity. In a subsequent synthesis by Pettit and co

workers the benzophenone hydroxyphenstatin (153) was synthesised by coupling of 

a protected bromobenzene and a benzaldehyde to give the benzhydrol with subse

quent oxidation to the ketone (Pettit et al., 2000). More recently, Phenstatin (149) has 

been synthesised using a PPA catalysed acylation approach outlined in Scheme 7 

(Wu et al., 2005). This, more recent synthesis involves 3 steps and gave an overall 
yield of 60 %.

HqCO
OH

195

O T B,

cr
196 197 149

Scheme 7: General procedure for synthesis of Phenstatin (149). A1: Chloroacetyl chloride, tSS^C, 

4 h; B1: 3,4,5-Trimethoxybenzoic acid, PPA, 85-90°C, 4 h; Cl: CH3C00Na.3H20,CH30H, 3h, reflux. A2: 
Chloroacetyl chloride, 135®C, 8h; B2: 3,4,5-Trimethoxybenzoic acid, Eaton’s Reagent, 60°C, 4 h; C2: 
CH3C00Na.3H20,CH30H, 2h, reflux.

The limiting step in this synthesis (Al, B1, Cl) is the acylation step (PPA, 85-90 °C, 4 

hours reflux conditions) where yields of 42 % were observed. This synthesis was 

subsequently improved by Ghinet and colleagues (A2, B2, C2) in which the acylation 

was carried out by replacing PPA with Eaton's reagent (7.7 % w/v phosphorus pent- 

oxide solution in methanesulfonic acid). Eaton’s reagent is used as an alternative to
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polyphosphoric acid in chemical synthesis promoting acylation reactions (Eaton et al., 

1973). This synthesis was improved significantly to reported yields of 80 %. The 

overall synthesis is outlined in Scheme 7 (A2).

Synthesis of Phenstatin (149) had not been carried out in the research group previ

ously so it was decided to follow Ghinet’s procedure to synthesise the compound. 

The reaction was carried out in three-step process:

3.1.4.1 Step 1: Synthesis Of 2-Methoxyphenyl Chloroacetate (196)

OH

^ O'

Cl

195 198

Scheme 8: Reaction scheme for the synthesis of 2-l\/lethoxyphenyl chloroacetate. A) Chloroace- 
tyl chloride, ISS'C, 8h.

The experimental protocol reported by Ghinet et al. (2011) was followed closely. Pro

tection of the phenolic group of guaiacol (195) afforded a relatively high yield of prod
uct in a short time frame. The reaction was carried out under a nitrogen gas atmos

phere and the round-bottomed flask was attached to a two-cylinder gas trap to collect 
the evolving hydrochloric acid gas. Water was added to the second cylinder in the 

system to collect the Hydrochloric acid gas from the reaction medium.

When Chloroacetyl chloride (198) was combined with guaiacol (195), the evolution of 

HCI occurred almost immediately. The reaction was completed after 8 hours and up

on standing on ice, crystallisation of product commenced. The crystallization and 

recrystallization (from EtOH) steps worked very well; therefore it was decided to con

tinue recrystallizing the mother liquor collected during Buchner filtration, rather than 

carry out column chromatography. The solid crystal material continued to crystallize 

out of solution when firstly heated under reduced pressure and then placed on ice.



We continued recrystallizing with hot ethanol until crystals no longer formed when 

exposed to temperature shock. This was our first deviation from the procedure out

lined by Ghinet et al., instead of recrystallizing once we did it repeated times. The 

reasoning behind this was that the crystallization process is less time consuming and 

did not require as much solvent as running a column.

The crystallization step afforded us a yield of 72 %. Further purification of the mother 

liquor via column chromatography would have given an extra amount of the product. 

The product formation was monitored by TLC (Figure 15). Our second change to the 

procedure was optimising the mobile phase for TLC analysis. Ghinet and co-workers 

have used Ethyl Acetate:Fleptane 6:4 mobile phase for identification of 2- 

methoxyphenyl chloroacetate. Flexane has a close polarity index to heptane so it was 
decided it would be a suitable substitute. However, Ethyl acetate:Hexane 6:4 did not 

give an adequate separation of the compounds and therefore an alternative mobile 

phase system was searched. Ethyl acetate:Toluene 1:1 enhanced the separation of 

the reaction medium and a 3:1 ratio worked even better. Nevertheless, the best sepa
ration and Rf value was given by Ethyl acetate:Toluene 6:1. Finally, this mobile phase 

was decided to be used for the identification of 2-methoxyphenyl-chloroacetate as 
shown in Figure 15.

Figure 15: Optimised TLC plate separation for reaction one. Guaiacol (3), 2-Methoxyphenyl 
chloroacetate (6) and a mixture of both (M) in 6:1 Ethyl Acetate:Toluene.

The crystals isolated from this reaction were characterised using a combination of 

NMR and Mass Spectroscopy. The MS gave an M"^ + Na of 223.014 which corre
sponded to the formula C9H9CIO3. The ^H and NMR spectra (Figure 16 and Fig-
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ure 17) were in keeping with the literature values reported for 2-methoxyphenyl chlo- 

roacetate (Wu et al., 2005; Ghinet et al., 2011).

Figure 16:^H NMR spectrum of the intermediate 2-Methoxyphenyl chloroacetate (196).

Figure 17: NMR spectrum of the intermediate 2-Methoxyphenyl chloroacetate (196).
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3.1.4.2 Step 2: Synthesis Of 2-Methoxy-5-(3,4,5-Trimethoxybenzoyl)-Phenyl- 
Chloroacetate (197)

'^^ci

OCH, HjCO'

196 199 197

Scheme 9: Reaction scheme for the synthesis of 2-Methoxy-5-(3,4,5-trimethoxybenzoyl)phenyl 

Chloroacetate (197). B2) Eaton’s Reagent, 60°C, 4 h.

Prior to the acylation of 2-Methoxyphenyl chloroacetate (196), Eaton’s reagent was 
prepared. In previous syntheses of 149, PPA was used to catalyse this acylation re

action. However, Ghinet et al. (2011) have shown that Eaton’s reagent is more effi

cient. PPA and methanesulfonic acid were combined and heated at 40°C under N2. 
The reaction was left stirring for one hour until the mixture was homogeneous. Then 

3,4,5-trimethoxybenzoic acid (199) and Guaiacol (195) were added to the Eaton’s 
reagent. It is important to note that the reactants should be added to the cooled 

Eaton’s reagent as we have observed (and it is not reported by Ghinet et al., 2011) 

that deprotection of 195 occurs if added to the heated reagent. The purification of the 
reaction proved difficult and TLC indicated that several side products had formed.

We were unable to easily separate the bands into different fractions by column chro
matography and it was quite time consuming. However, we isolated a band, which 

matched the Rf value of the reaction medium. The sample was analysed by MS and 

NMR. MS: Calculated for C19H19CIO7 (394.0819), found: (M + Na) 417.069 which cor
responded to the formula Ci9Hi9CI07Na. The ^H and NMR spectra (Figure 18 

and Figure 19) corresponded to the values from literature (Ghinet et al., 2011; Wu et 

al., 2005) and confirmed the structure of 197. Once confirmed 197 was obtained it 

was decided to progress to the next reaction step to produce 149.
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Figure 18: NMR spectrum of the intermediate 2-Methoxy-5-(3,4,5-trimethoxybenzoyl) phenyl

chloroacetate (197).

Figure 19: NMR spectrum of the intermediate 2-Methoxy-5-(3,4,5-trimethoxybenzoyl) phenyl

chloroacetate (197).
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3.1.4.3 Step 3: Synthesis Of 3-Hydroxy-4-methoxyphenyl-(3,4,5-trimethoxy- 
phenyl)-methanone (Phenstatin) (149)

OCH-,

197 149

Scheme 10; Reaction Scheme for the Synthesis of 3-Hydroxy-4-methoxyphenyl-(3,4,5- 
trimethoxyphenyl) methanone (Phenstatin) (149). C2) CH3C00Na.3H20,CH30H, 2h, reflux.

The final step of the reaction took 1 hour to go to completion yielding 97 % of 149. 
The only deviation from the procedure was the use of methanol instead of ethanol for 

the recrystallization step as it proved to be superior in the crystal formation. The 

structure of 149 was confirmed by MS and the NMR spectra of the isolated crystals.

3.1.4.4 Assignment Of The NMR Spectra In Phenstatin (149) 

3.1.4.4.1 ^ H NMR Spectrum

OH

A
ppm

H1&H3
H12

H16 H15A
7.30 ppm ppm H7&H9

Figure 20: NMR spectrum of Phenstatin (149) showing expansions of the aromatic region.
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The proton from the hydroxy group (-OH) at C13 is the most downfield at 9.51 ppm 

and appears as a broad singlet with integration of one proton (Figure 20). Focusing 

on the aromatic region there were 4 peaks between 7.29 - 6.98 ppm, integrating for 

a total of five protons. The two protons at FI1 and H3 positions are in equivalent 

chemical environments. As a result, a sharp singlet at 6.98 ppm, with integration of 

two protons, was identified as these belonging to aromatic protons FI1 and HI3. The 

multiplet signal between 7.29-7.26 ppm is believed to be the overlapping signals be
tween one singlet at 7.29 ppm and one doublet (J~9.40 Hz) at 7.27 ppm. The singlet 

was considered to be the aromatic proton HI2 and overlaps with the doublet at 7.27 
ppm for the proton at HI 6 position. HI 5 appears upfield at 7.06 ppm, as a doublet {J 

= 8.92 Hz).

.1 I

D

Figure 21: NOE NMR Spectrum of Phenstatin (149).

These assignments were confirmed by NOE (Figure 21 and Figure 22) and H-H CO

SY (Figure 23) NMR experiments. In the NOE NMR spectrum, it was clear that the 

hydroxy proton is coupled to HI2, and there was also a coupling between H3 and 

HI6 as expected. The hydroxy proton seems to be coupling more strongly to HI6 

than HI2. In the aliphatic region, the distinct singlets at 3.87, 3.82 and 3.77 ppm rep-
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resent the four CH3 groups (H7, H8, H9 and HI7) which integrates for a total of 12 

protons. The signals for residual solvents were also observed at 3.35 and 2.51 ppm 

in the NMR spectrum.

o

o

Figure 22: Expansion of NOE NMR Spectrum of Phenstatin (149).

JL

0

Jl

Figure 23: H-H COSY NMR spectrum of Phenstatin (149).

78



3.1.4.4.2 Assignment Of The C Spectrum

The CIO (the carbonyl carbon) appeared most downfield at 193.95 ppm in the 

NMR spectrum (Figure 24). There were ten signals in the aromatic region between 

152.94 - 107.42 ppm accounting for five tertiary carbons and six quaternary carbons. 

In addition, it was confirmed the presence of four methoxy carbons (C7, C8, C9 and 
Cl7) in the molecule by comparing ^^C, DEPT 135 and DEPT 90 NMR spectra 

(Figure 25), resonating between 56.13 - 60.62 ppm in the aliphatic region.

The C-H COSY NMR spectrum (Figure 26) showed clearly the singlet (HI and H3) at 

6.98 ppm coupling strongly to the intense peak at 107.42 ppm, which was therefore 

assigned for Cl and C3. Further evidence was its presence in the DEPT 135 NMR 

spectrum, confirming it is a tertiary carbon (Figure 25).

C4&C6

153

C14

ppm

C8
C7&C9 

,C17

GO 53 ppm

sea sssssss

Figure 24: NMR spectrum of Phenstatin (149).

C4 and C6 are in equivalent chemical environments so it was expected that they 

overlap on the spectrum. The fact that C4 and C6 are quaternary carbons justifies 

their absence from the DEPT 90 NMR spectrum (Figure 25); appearing at 152.94 

ppm. Additionally, the coupling between C4&C6 and H1&H3 was also be observed in 

HMBC NMR spectrum (Figure 28 to Figure 31). The strong coupling between
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C4&C6 and methoxy protons at 3.82 ppm in aliphatic region indicates that the over

lapping singlet presenting at 3.82 ppm was attributed to the protons at H7 and H9 

positions.

hsttdOlia 15 1 C:\BrukeiMOPSHN HelanI
Scale : 90.7593

-LU-
hSBdOlla 14 1 C;\Bruket\T0P3FlH HelenlZ

Scale : 6.S85
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Figure 25: (blue), Dept 90 (red) and Dept 135 (green) NMR spectra of Phenstatin (149).

The assignment of C5 was based on the following strategy: in the HMBC NMR spec
trum (Figure 28 to Figure 31), five coupling contours to H1&H3 are observed, which 

are considered to be between C1&C3, C4&C6, C5, C2 and CIO. Following the as

signments of C1&C3 at 107.42 ppm and C4&C6 at 152.94 ppm above, the third 

strong coupling contour to H1&H3 was thought to be C5 at 141.8 ppm. It was clear 

that C5 is also coupled to the three methoxy protons at H8 position at 3.77 ppm. 

Through the C-H COSY NMR spectrum (Figure 26 and Figure 27), C8 can then be 

found at 60.62 ppm. The fourth weak coupling contour to H1&H3 at 133.52 ppm was 

thought to be the carbon at C2 position. C2 could also be assigned using HMBC 

analysis on the basis that HI5 couples strongly to two peaks (Cl 1 and Cl3), it does 

not couple to C2 and therefore it was possible to assign it as the peak at 133.52 ppm.
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Figure 26: C-H COSY NMR spectrum of Phenstatin (149).
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Figure 27: Expansion of C-H COSY NMR spectrum of Phenstatin (149).

The assignment of C14 is based on the following strategy: following the successful 

assignments of H7&H9 and H8, the last three methoxy protons at H17 is identified at 

3.87 ppm in NMR spectrum (Figure 20). Subsequently, the coupling contour was
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identified between the protons at 3.87 ppm and the carbon at 152.31 ppm in the 

HMBC NMR spectrum (Figure 28 to Figure 31). Therefore, Cl4 was believed to be at 

152.31 ppm. HI 7 was then located at 56.13 ppm by using C-H COSY NMR spectrum 

(Figure 27).
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Figure 28: HMBC NMR spectrum of Phenstatin (149).
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Figure 29: Expansion of HMBC NMR spectrum of Phenstatin (149).
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Figure 30: Expansion of HMBC NMR spectrum of Phenstatin (149).
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Figure 31: Expansion of HMBC NMR spectrum of Phenstatin (149).

Using C-H COSY analysis, we could also assign C12 at 116.8 ppm, coupling strongly 

to HI2 at 7.29 ppm (Figure 26). Having assigned Cl2, Cl5 and Cl6 can then be de

termined as they were the only remaining tertiary carbons and were assigned using
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C-H COSY experiment (Figure 26). C15 was assigned at 111.63 ppm as it couples 

strongly to HI5 at 7.06 ppm. Cl6 was the only remaining tertiary carbon and was 

assigned at 123.41 ppm; this assignment was confirmed using C-H COSY.

3.1.5 Conclusion

In conclusion, this study has demonstrated that using the current protection and 

coupling methodologies, we can effectively synthesise the desired hybrid scaffolds. 

For most of the benzophenones investigated, ketal formation was achieved with 

good yield stirring at room temperature. Nevertheless, this was a time consuming 

approach and future work can examine accelerated reaction conditions and the pos

sible benefits of protecting the carbonyl group with acyclic ketals.

The Lewis acid catalysts tin tetrachloride (SnCU) and trimethylsilyl trifluoro- 
methanesulfonate (TMSOTf) used for the coupling reaction did not show a con

sistent pattern, with variations in end products and yields, specific for the benzophe- 
none substrates. The coupling of the Indanone and benzophenone molecules, gave 
a broad range of yield (1.76 - 69.0 %) depending on the substituents present in the 

benzophenone moiety. Purification methods were developed accordingly and NMR, 
MS and X-ray crystallography were used for the characterisation of these novel in- 

dane scaffolds. Besides the designed hybrids, self-condensed products have also 

been generated when synthesising methoxy derivatives.

We developed further alternatives to the procedure for the synthesis of Phenstatin 

(149) described by Ghinet and co-workers (2011). In addition, an easier purification 

method for the reaction step 2 has been developed which greatly reduced the purifi

cation time. However, the investigation of ketal formation from multisubstituted ben

zophenones showed that an optimisation of the procedure is still required. Azeotropic 

distillation and/ or a microwave reactor (Lukacs et al., 2008) may be used as a useful 

alternative for this purpose.
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3.2 PHARMACOLOGY 

3.2.1 Cancer Overview

Cancer is a leading cause of morbidity and mortality worldwide, with approximately 

14 million new cases and 8.2 million deaths in 2012. The number of new cases is 

expected to rise by about 70 % over the next 2 decades (WHO, fs297 - 2015). In Ire

land, one in three people will develop cancer during their lifetime. An average of 

30,000 new cases of cancer are diagnosed each year. The number is expected to 

rise to over 40,000 per year by 2020. The number of cancer diagnosis was 29,775 

people in 2009, 15,364 men and 14,441 women. The five most common cancers in 

Ireland are Non-melanoma skin cancer (the most common and treatable form of skin 

cancer), prostate, breast, bowel and lung cancer. Cancer is the second most com

mon cause of death in Ireland, accounting for 8,585 deaths in 2009 (Cancer.ie, 

2015).

By investigating the factors that govern the transformation of normal human cells into 

malignant cancers, research over the past decades has revealed a small number of 
molecular, biochemical, and cellular acquired capabilities - shared by most and per
haps all types of human cancer. According to Hanahan & Weinberg (review, 2000) 

such simplification derives directly from the teachings of cell biology that virtually all 
mammalian cells carry a similar molecular machinery regulating their proliferation, 

differentiation, and death. These authors have suggested that six essential altera

tions in cell physiology are shared by most and perhaps all types of human tumours 

that collectively dictate malignant growth: sustaining proliferative signalling, evading 

growth-suppressors, resisting programmed cell death (apoptosis), limitless replicative 

immortality, inducing angiogenesis, and tissue invasion and metastasis (Figure 32). 

More recently, the authors have added deregulating cellular energetics and avoiding 

immune destruction as emerging hallmarks, and genome instability and mutation and 

tumour-promoting inflammation as enabling characteristics to be functionally im

portant for the development of cancer (Hanahan & Weinberg, 2011).
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3.2.1.1 Link Between Cancer And Inflammation

The concept that inflammation is a critical component of tumour progression has re

cently been expanded. Many cancers arise from sites of infection, chronic irritation 

and inflammation (Coussens & Werb, 2002; Philip et al., 2004). Inflammation can 

contribute to multiple hallmark capabilities by supplying bioactive molecules to the 

tumour microenvironment as shown in Figure 1 and Figure 32. These biomolecules 

include growth factors that sustain proliferative signalling, survival factors that limit 

cell death, proangiogenic factors, extracellular matrix-modifying enzymes that facili

tate angiogenesis, invasion, and metastasis, and inductive signals that lead to activa

tion of EMT (Epithelial-mesenchymal transition) and other hallmark-facilitating pro

grams (Hanahan & Weinberg, 2011).

Sustaining proliferative 
signaling

Resisting 
cell death

Inducing
angiogenesis

Evading growth 
suppressors

Activating invasion 
and metastasis

Enabling replicative 
immortality

Figure 32: The hallmarks of cancer - the next generation (Reproduced from Hanahan & 

Weinberg 2011).

Balkwill & Mantovani (2001) have reviewed that the inflammatory cells and cytokines 

found in tumours are more likely to contribute to tumour growth, progression, and 

immunosuppression than they are to mount an effective host anti-tumour response. 

The authors have provided a rationale for the use of cytokine and chemokine block-
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ade, and further investigation of non-steroidal anti-inflammatory drugs, in the chemo- 

prevention and treatment of malignant diseases.

Kim and colleagues have highlighted the importance of the extracellular matrix in 

cancer-related inflammation (Kim et al., 2009; Lu et al., 2012). The matrix acts as a 

depot of cytokines and growth factors, in particular vascular endothelial growth factor 

(VEGF), which is mobilized by enzymes originated from inflammatory white blood 

cells and which promotes blood-vessel formation during tumour progression 

(Hanahan & Folkman, 1996; Flanahan & Weinberg, 2000; Coussens & Werb, 2002; 

Mantovani, 2009).

Patients with ulcerative colitis and Crohn’s disease are considered at increased risk 

for developing colorectal cancer. Considering no known genetic basis has been 

identified to explain colorectal cancer predisposition in these inflammatory bowel 

diseases, it is assumed that chronic inflammation is what causes cancer. Itzkowitz & 

Yio (2004) infer that reactive oxygen species (ROS) and reactive nitrogen species 
(RNS) produced by inflammatory cells can interact with key genes involved in 
carcinogenic pathways such as p53, DNA mismatch repair genes, and even DNA 

base excision-repair genes. Other factors such as NF-kB and cyclooxygenases 
(COX) may also contribute to the role of inflammation in colon carcinogenesis.

It has been known that in some types of cancer, inflammatory conditions are present 

before a malignant change occurs. Conversely, in other types of cancer, an oncogen

ic change induces an inflammatory microenvironment that promotes the development 

of tumours. Regardless of its origin, the molecular pathways of this cancer-related 

inflammation are now being unravelled, resulting in the identification of new target 

molecules that could lead to improved diagnosis and treatment (Balkwill & Mantovani, 

2001; Mantovani et al., 2008).

Numerous experimental, epidemiologic, and clinical studies suggest that non

steroidal anti-inflammatory drugs (NSAIDs), particularly the highly selective cyclooxy

genase (COX)-2 inhibitors, are promising as anticancer agents (Thun et al., 2002). 

However, other studies, as reviewed by Piazza and colleagues, have suggested that 
the mechanism for their anticancer properties does not require COX inhibition, but
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that COX-independent mechanisms can be targeted to develop safer and more effi
cacious drugs for cancer chemoprevention (Piazza et al., 2010).

In recent studies, the NSAID Sulindac (32) has shown an inhibitory effect on tumour 

growth in gastric, prostate, lung, and colorectal cancers in nude mice, with a concom

itant decrease in cell growth and an increase in apoptosis (Shift et al., 1995; 

O’Connor et al., 2004; Scheper et al., 2006; Scheper et al., 2007; Shi 2009; Du et al., 

2014).

3.2.1.2 Link Between Cancer And Obesity

The prevalence of being overweight and obesity has been rapidly increasing world

wide. Although obesity has long been recognized as an important cause of diabetes 

and cardiovascular diseases, the relationship between obesity and different types of 
cancer has received more attention along the past decades (Calle & Kaaks, 2004). 

Obesity is influenced by a number of possible factors including diet, weight change 
and body fat distribution together with physical activity. Obesity is responsible for ap

proximately 20 % of all malignancies (De Pergola & Silvestris, 2013).

Epidemiological studies have associated obesity with a range of cancer types includ

ing esophageal, thyroid, colon, renal, liver, melanoma, multiple myeloma, non- 

Hodgkin’s lymphoma, colorectal, gallbladder, leukemia, and prostate in men; and 

postmenopausal breast and endometrium in women (Wolin et al., 2010; De Pergola 

& Silvestris, 2013).

Although the mechanisms by which obesity induces or promotes tumorigenesis vary 

by cancer site, these include insulin resistance and resultant chronic hyperinsulinae- 

mia, increased bioavailability of steroid hormones and localized inflammation (Calle & 

Kaaks, 2004; Wolin et al., 2010; Basen-Engquist & Chang, 2011). Various novel 

candidate mechanisms have also been proposed such as: chronic inflammation, oxi

dative stress, crosstalk between tumour cells and surrounding adipocytes, migrating 

adipose stromal cells, obesity-induced hypoxia, genetic susceptibility, and the func

tional defeat of immune function (Basen-Engquist & Chang, 2011; De Pergola & 

Silvestris, 2013).
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3.2.2 Control Compounds

Certain antimitotic drugs have antitumour activities that apparently result from inter

actions with non-tubulin components involved in cell growth and/or apoptotic cell 

death (Leoni et al., 2000). In order to further understand the Structure Activity Rela

tionship (SAR) of our hybrid molecules, Indanocine (35) and Tamoxifen (164) were 

used as controls for the in vitro activities evaluated on the four cell lines used in this 

project (SKBR3, MCF7, A549 and DU145).

3.2.2.1 Indanocine (35)

Indanocine is a synthetic indanone that has shown potential antiproliferative activity 

against a wide range of cancer cell lines (IC50 in the nanomolar range), including 
drug-resistant cancer cell lines, and also inhibits the migration of metastatic cancer 

cells (Turnbridge et al., 2013). It has been shown to block tubulin polymerisation but, 
unlike other antimitotic agents, induces apoptotic cell death in stationary-phase (S- 

Phase) multidrug-resistant cancer cells at concentrations that do not impair the viabil

ity of normal non-proliferating cells (Leoni et al., 2000).

Indanocine binds to the colchicine site of tubulin in a reversible manner although it 

bears no structural similarity with colchicine. The binding is unique with a simultane

ous participation of both hydrophobic and hydrogen bonding forces (Das et al., 

2009). Anti-tubulins have been one of the most successful approaches in cancer 

chemotherapeutics (Stanton et al., 2011) and many drug candidates are under vari

ous phases of clinical trials (Negi et al., 2015). There are several naturally occurring 

tubulin polymerisation inhibitors (colchicine, podophyllotoxin, combretastatins, etc) 

exerting antitubulin effect through the 3,4,5-trimethoxyphenyl unit (Srivastava et al., 

2005). Among depolymerizing agents are vincristine, vinorelbine and estramustine 

phosphate. Both the polymerisation of tubulins to microtubules and reverse process 

of depolymerisation are tightly controlled during mitosis, disruption of the process 

leads to cell cycle arrest and ultimately cell death (Wang et al., 1999).

Hua and colleagues (2001) have demonstrated that Indanocine selectively induces 

apoptosis in malignant B cells from patients with chronic lymphocytic leukaemia at
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doses that do not affect normal B cells. The authors have observed that treatment 

with Indanocine caused tubulin depolymerisation in human T-lymphoblastoid CEM 

cells but not in Indanocine-resistant CEM-178. Leoni and colleagues (2000), howev

er, using glutamate-induced assembly of purified tubulin assay have observed that 

indanocine inhibited tubulin assembly in a manner comparable to Combretastatin A- 

4.

Tubulin dynamics are a promising target for new chemotherapeutic agents. The col

chicine binding site is one of the most important pockets for potential tubulin polymer

isation destabilizers (Lu et al., 2012). Also, due to the sensitivity of stationary multi- 

drug-resistant cancer cells to indanocine the use of indanocine and related inda- 

nones as lead compounds has been considered for the development of chemothera

peutic strategies for drug-resistant malignancies.

3.2.2.2 Tamoxifen (164)

Tamoxifen (TAM) is an estrogen receptor (ER) ligand drug commonly used in hormo
nal therapy for breast cancer that has both cytostatic and cytotoxic properties 

(MacGregor & Jordan, 1998; Blackwell et al., 2000; Razandi et al., 2013). Use of 
Tamoxifen is especially indicated for postmenopausal women who have Estrogen 

Receptor-positive breast cancer. It has been also used as a chemopreventive agent 

for women who have a high risk of developing breast cancer (Marshall, 1998).

Tamoxifen has been shown to induce oxidative stress and apoptosis in ER-negative 

cancer cells, inhibiting angiogenesis in ER-negative animal models (Gelmann, 1996; 

Ferlini et al., 1999; Blackwell et al., 2000; Salami & Karami-Tehrani, 2003). It has 
been shown to interact strongly with the respiratory chain in rat liver mitochondria. 

The drug acts as both an uncoupling agent and a powerful inhibitor of electron 

transport and brings about a collapse of the membrane potential (Tuquet et al., 

2000). Razandi and colleagues (2013) have observed that Tamoxifen (164) engaged 
mitochondrial estrogen receptor beta (ER(3) as an antagonist in MCF7 BK cells, in

creasing reactive oxygen species (ROS) concentrations from mitochondria which was 

associated with cytotoxicity.
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Kallio and colleagues (2005) have verified that Tamoxifen (164) induced death of 

MCF7 (ER+) and MDA-MB-231 (ER-) cells in a time-dependent manner in less than 

60 min. Along with cell death the release of mitochondrial cytochrome c, a decrease 
of mitochondrial membrane potential and an increase in production of ROS were ob

served. Therefore, it is believed that disruption of mitochondrial function has a prima

ry role in the acute death response of these cell lines.

3.2.3 Cancer Cell Lines Investigated in This Study

Four cancer cell lines were used to investigate the biological activities for the hybrid 

compounds synthesised in the current study. The selected cells were two breast can

cer cell lines named MCF7 and SKBR3, a non-small cell lung cancer (NSCLC) A549 

and a prostate cancer cell (DU145). Apart from being of different anatomical sources 
these cell lines also show particular molecular classification as per Table 6.

Table 6: Molecular classification of the four cell lines investigated in this study.

Immunoprofile SKBR3 MCF7 A549 DU145

ERa _ a,n _j_ d,n +/. e.f +/.b,P

ERp » a.n +/-" + _j_ b.c

PR _ a _l_ l,m +/.b.P

HER2 + 3.9 +/.ao +/- 9 + '•*

ER- Estrogen receptor, PR - Progesterone receptor, HER2 - human epidermal growth factor receptor- 
2. ® (Holliday & Speirs, 2011), (Lau et al., 2000), ^ (Pravettoni et al., 2007), (Powell et al., 2001), ^ 
(Dougherty et al., 2006), ^ (Niikawa et al., 2008), ^ (Bunn et al., 2001), (Nakamura et al., 2005), ' 

(Wang et al., 2001), ^ (Malmberg et al., 2011), ' (Xie et al., 2013), (Ishibashi et al., 2005), (Al- 

Bader et al., 2011), ° (Arman et al., 2014), (Latil et al., 2001).
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3.2.3.1 Breast Cancer Cell Lines

Breast cancer (BC) is the most common cancer in women both in the developed and 

less developed countries (Jemal et al., 2011). It is estimated that worldwide over 

521,000 women died in 2012 due to breast cancer (WHO - fs297, 2015). Although 

breast cancer is thought to be a disease of the developed world, almost 50 % of 

breast cancer cases and 58 % of deaths occur in less developed countries. Incidence 

rates of breast cancer vary greatly worldwide from 19.3 per 100,000 women in East

ern Africa to 89.7 per 100,000 women in Western Europe. In most of the developing 

regions the incidence rates are below 40 per 100,000. The lowest incidence rates are 

found in most African countries but the breast cancer incidence rates are also in

creasing (Coleman et al., 2008). The low survival rates in less developed countries 

can be explained mainly by the lack of early detection programmes, resulting in a 

high proportion of women presenting with late-stage disease, as well as by the lack of 

adequate diagnosis and treatment facilities (Farmer et al., 2010).

Breast cancer can be grouped into those expressing estrogen receptors (ER) - the 

luminal subtype (a or P), and those not expressing ER - the non-luminal subtype. The 
non-luminal subtypes can be further sub-classified into two groups, those expressing 
human epithelial growth factor receptor 2 (HER2) and those neither expressing ER 

nor HER2. This latter group is also called the basal subtype, often interchangeably 

used to designate triple negative BC (Peppercorn et al., 2008).

3.2.3.1.1 SKBR3

One of the most common molecular alterations associated with the malignant pheno

type of breast cancer is overexpression of HER2, which is present in SKBR3 cell line. 

HER2/neu (ErbB2) is a transmembrane tyrosine kinase and acts as a co-receptor for 

the other epidermal growth factor receptor (EGFR) family members. It is well known 

that high expression of HER2/neu is associated with a poor prognosis in breast can

cer (Jeong et al., 2008). HER2 overexpression can transform normal mammary epi

dermal cells and is amplified in 25-30 % of breast cancers. It has also been associ

ated with an aggressive form of the disease characterized by significantly shortened 

survival time. Aberrant up-regulation of HER2 is found in many cancer types and
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promotes cell survival, tumour growth, metastasis, and angiogenesis (Lee et al., 

2013).

The ErbB (HER) family of oncogenes is also frequently overexpressed in lung can

cer. The ErbB family encodes for growth factor tyrosine kinase receptors that are felt 

to play a role in the autocrine growth of human lung cancers. The family consists of 

four receptors: ErbBI (HER1), ErbB2 (HER2/neu), ErbB3 (HER3), and ErbB4 

(HER4). Previous studies suggest that overexpression of HER2/neu imparts a poor 

prognosis in NSCLC as it does in breast cancer and that overexpression occurs in 

about ~20 % of cases (Bunn et al., 2001).

A primary function of HER2 is suppressing apoptosis to enhance cell survival giving 

rise to uncontrolled proliferation and tumour growth. Overexpression of HER2 has 

been shown to disrupt both the intrinsic and extrinsic apoptotic pathways through dif

ferent mechanisms. Arman and colleagues (2015) have concluded that HER2 pro

motes cell survival by inhibiting apoptosis for example by downregulating Caspase 3 

and Caspase 8. HER2 association with the progression of human breast and ovarian 

cancers has been well established, and several lines of evidence have indicated that 

HER2 also plays an important role in the progression of prostate cancer (Wang et al., 

2001).

3.2.3.1.2 MCF7

The MCF7 cells, derived from a pleural effusion taken from a patient with metastatic 

breast cancer, are appropriate to evaluate the effects of estrogens and anti

estrogens since they contain a high level of ER. Moreover, the growth of these cells 

is blocked by anti-estrogens and the cells are protected or rescued by estrogens from 

the effect of anti-estrogens (Levenson & Jordan, 1997). The ability of Tamoxifen 

(164) (TAM) and of some of its metabolites or derivatives to prevent the MCF7 cell 

growth was found to be correlated with their affinity for ER as determined by direct 

interaction or by binding competition with [^HJestradiol on the uterine and MCF7 cyto

sol ER (Coezy et al., 1982).
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There are two sources of estrogen in estrogen-dependent diseases. One is secretion 

by the ovaries and the other one is in situ biosynthesis catalyzed by enzymes such 

as aromatase. This enzyme catalyses the conversion of testosterone to estradiol. 

Aromatase is located in estrogen-producing cells in the adrenal glands, ovaries, pla

centa, testicles, adipose tissue, and brain. A strategy to block estrogen signalling in

volves systemic inhibition of estrogen biosynthesis through the use of aromatase in

hibitors (Bulun et al., 2005). However, these compounds have limitations, the most 

important is the long-term impact of estrogen deprivation (osteoporosis and possibly 

loss of cognitive function in younger women) (Simpson & Dowsett, 2002).

Another strategy to treat estrogen-dependent cancers is to block the activity of the 

estrogen receptor using specific ligands. Endocrine therapy uses selective estrogen 

receptor modulators (SERMs) which are a diverse group of non-steroidal compounds 

that function as agonists or antagonists for estrogen receptors (ERs). SERMs, such 
as Tamoxifen (164), have been used for endocrine treatment and breast cancer pre

vention (Nasu et al., 2008), but also the prevention of osteoporosis, and the mainte
nance of beneficial serum lipid profiles in postmenopausal women (Martinkovich et 

al., 2014). Although Tamoxifen is widely used and highly effective, a considerable 
percentage of the patients fail to respond to treatment or acquire resistance in time 

(Peng et al., 2009). Tamoxifen acts as both an estrogen antagonist in breast tissue 

and an estrogen agonist in the female lower genital tract. Tamoxifen has caused also 

severe side effects including thromboembolic events and, in some cases, endometri
al cancer (Nasu et al., 2008; Martinkovich et al., 2014).

More recently data have demonstrated that Tamoxifen is able to facilitate apoptosis 

in cancer cells not expressing ER. Ferlini and collaborators (1999) have shown that 

TAM is able to induce oxidative stress, thereby causing thiol depletion and activation 

of the transcriptional factor NF-kB in two ER-negative human cancer cell lines, name

ly T-leukemic Jurkat and ovarian A2780 cancer cells. At 10 pM a consistent occur

rence of apoptosis was detected but the induction of apoptosis by TAM has not been 

linked to down-regulation or functional inactivation by phosphorylation of the anti- 

apoptotic Bcl-2 protein.
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3.2.3.2 Prostate Cancer Cell Line - DU145

Prostate cancer (PC) is the most diagnosed cancer in men and the second most 

common cause of cancer-related deaths in the western world (Jemal et al., 2011). 

Prostate cancer develops as a consequence of abnormal androgenic stimulation. 

Most of the PC cell lines, like DU145, are androgen-independent (Minamiguchi et al., 

2003).

While prostate carcinomas are initially responsive to surgery and hormonal therapies, 

when localized they often become more aggressive and unresponsive to standard 

treatments, leading to invasion and metastasis to other sites in the body and subse

quent death (Roomi et al., 2011). Since current treatment modalities are limited in 

both the treatment of prostate cancer and prevention of metastasis, there is an urgent 

need for new safe and effective therapeutic approaches (Ni et al., 2014).

DU 145 has been used as an in vitro model for the advanced hormone-refractory 

prostate cancer (HRPC), which has a low therapeutic response to conventional 

chemotherapy. Docetaxel (DOC) appeared to be the most potent cytotoxic agent 
used nowadays for the treatment of HRPC, yet the reported toxicity is still high 
(Tsakalozou et al., 2012). Current treatment regimens for prostate cancer include 

anti-androgens, radiotherapy, surgery and chemotherapy (Heidenreich et al., 2008; 
Sundararajan & Vogelzang, 2014).

3.2.3.3 Non-Small Cell Lung Cancer, NSCLC - A549

Lung cancer is the leading cancer in males, comprising 17 % of the total new cancer 

cases and 23 % of the total cancer deaths. The mortality burden for lung cancer 

among females in developing countries is as high as the burden for cervical cancer, 

with each accounting for 11 % of the total female cancer deaths (Jemal et al., 2011).

Lung cancer is divided into small and non-small cell lung cancer (NSCLC). Approxi

mately 75-85 % of all lung cancers are classified as NSCLC, an aggressive tumour 

type with a 5 year survival rate of only 16 %. Lung cancer mortality has steadily in

creased because it is highly metastatic and because of the side effects which fre-
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quently accompany by surgery and radiotherapy (Mou et al., 2011). NSCLC is ex

tremely resistant to chemotherapeutic agents and such therapy only modestly in

creases the survival rate. Although the symptoms and the quality of life in patients 

with advanced NSCLC are improved, new chemotherapeutic agents are needed for 

the treatment of NSCLC (Tong et al., 2006).
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3.2.4 In vitro Cytotoxicity Screening

In vitro cytotoxicity assays can be used for the general screening of chemicals and to 

predict toxicity in human systems. It has been previously reported that different cyto

toxicity assays can give different results depending on the test agent used and the 

assay employed (Fotakis & Timbrell, 2006). The methods for determining cytotoxicity 

include the effects of toxicants on cell growth, metabolic functioning, or viability. The

se tests have value because they can provide a general indication of the sensitivity of 

cells to toxicants, making them appropriate for screening purposes. Cytotoxicity is 

generally used as an inclusive term for changes that can become irreversible and 

that can ultimately affect cell viability (Ehrich & Sharova, 2001).

Although not specific indicators of the mechanisms associated with toxicant-induced 

effects, positive results with cytotoxicity tests indicate that physiologic or morphologic 

changes have occurred in exposed cells. These tests, therefore, may suggest other 
endpoints to be investigated to provide more specific mechanistic information about 

the interactions of toxicants and cells (Ehrich & Sharova, 2001). It is thought that in
hibition of mitochondrial respiration induces active oxygen related cell death. ROS 

can be generated within mitochondria and can also damage mitochondrial compo
nents (Koizumi et al., 1996). Therefore a cytotoxicity assay based on mitochondrial 
respiratory activity would give early signs of toxicity following exposure to a mito

chondrial toxicant.

Fotakis & Timbrell (2006) have compared three in vitro cytotoxicity assays [Neutral 

red (NR), lactate dehydrogenase (LDH) and tetrazolium dye reduction (MTT)] and 

determined their ability to detect early cytotoxic events. Different sensitivities were 

observed for each assay with the neutral red and the MTT assay (functional assay) 

being the most sensitive in detecting cytotoxic events compared to the LDFI leakage 

(membrane integrity assay).

Martin & Clynes, on the other hand, have compared 5 microplate colorimetric assays 

[tetrazolium dye reduction. Neutral Red, Crystal Violet, sulforhodamine B (SRB) and 

Acid Phosphatase] for the assessment of in vitro cytotoxicity. These authors have 

found that Acid Phosphatase method proved to be superior when compared with the 

other 4 colorimetric assays in terms of sensitivity, time consumption, cost, accuracy
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and the ease to perform (Martin & Clynes, 1991; Martin & Clynes, 1993). The action 

of this enzyme in many tissues is to cleave the waste product pyrophosphate ARIS

ING FROM and effectively convert it to a useable phosphate.

3.2.4.1 The Acid Phosphatase Assay

p-nitrophenyl phosphate + Acid Phosphatase Nitrophenol + HPO4

1. Phosphatase Catalyzed Reaction (pH S.5)

OH

H2O

pNPP

+ Pi

p-nitrophenol

(colorless, absorbs in UV)

2. Color Reaction (add NaOH, pH>8)

OH-

p-nitrophenol p-nitrophenolate

(yellow, Emax = 405 nm)

Figure 33: Scheme of the principle of cell viability assessment by the measurement of Acid 

Phosphatase through the conversion of p-nitrophenyl to p-nitrophenol at alkaline pH.

Based on Martin & Clynes findings we decided to use the Acid Phosphatase assay 

for the evaluation of cytotoxicity caused by the compounds under investigation 

against MCF7, SKBR3, A549 and DU145 cancer cell lines. The acid phosphatase 

assay is based on quantification of the cytosolic acid phosphatase enzyme activity. In 
viable cells the enzyme hydrolyses p-nitrophenyl phosphate and produces p- 

nitrophenol, whose absorbance at 405 nm is directly proportional to the cell number



(Yang et al., 1996). Nitrophenol is colourless but when the pH of the solution is alka

line (by addition of NaOH), it appears yellow (Figure 33).

3.2.4.1.1 Cytotoxicity Of Starting Materials

Benzophenone

Figure 34: Novel indanone hybrid scaffold composed by fragment A (lndan-1-one) fragment 
connected to a fragment B (Benzophenone) by a double bond bridge.

The novel hybrid molecules targeted in this study are a combination of two types of 

fragment. Section A of the desired hybrid is formed from the lndan-1-one fragment 
and Section B is formed from the Benzophenone fragment (Figure 34).

The cytotoxicity of the chemical ‘fragments’ that were combined to form the novel 
hybrid scaffolds was measured using the in vitro Acid Phosphatase method (Martin & 

Clynes, 1993). These results were obtained in order to establish whether the activity 
of the hybrid target molecules was significantly different than their constituent parts 

(Table 7). All fragments were screened against the different types of cancer cell lines 
(SKBR3, MCF7, A549 and DU145) at a range of concentrations (0.004 pM to > 100 

pM) (Table 7 and Table 8).
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Table 7: IC50 of the starting material (SM) molecules and control Phenstatin (149) against can
cer cell lines SKBR3, MCF7, A549 and DU145 (n=3).

Compound Chemical structure
Cytotoxicity (IC50 pM)

SKBR3 MCF7 A549 DU 145

3 a5 > 100 > 100 > 100 42.1

200 a>° 60.5 > 100 58.2 67.5

201 005 ~ 100 > 100 81.8 41.7

5 (/O > 100 > 100 > 100 37.6

202
0

> 100 > 100 > 100 37.1

0
203 fTvSPi > 100 > 100 > 100 46.3

0
204 > 100 > 100 79.9 31.4

0

205 > 100 >100 50.4 33.6

0
206 > 100 > 100 67.1 36.8

0
207 > 100 > 100 82.6 34.4

0
208 > 100 > 100 > 100 39.6

0

149 0.51 0.035 0.017 0.004
0^

The IC50 values represent the drug concentrations producing 50 % decrease in cell 

viability after 5 days of incubation. Through the analysis of the cell viability results the 

cytotoxic potency of the fragments selected for hybridisation was established. Statis-
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tical analysis was done comparing the ICso’s of the final product and their respective 

starting materials (Figure 38 to Figure 41, Figure 43 and Figure 44). It was observed 

that certain substituents significantly enhance the activity selectively in some cell 

lines. The most significant enhancements of the cytotoxic activity were verified 

against breast (SKBR3) and lung cancer (A549) cell lines.

3.2.4.1.1.1 Cytotoxicity Of Benzophenone Fragments (Section B Of Hybrid)

The greatest cytotoxic activities shown by the starting materials were against the 

prostate cancer cells (DU145) with IC50 ranging between 31.4 - 67.5 pM (Table 7). In 

this cell line 4-methyl-benzophenone (204) (IC50 31.4 pM) showed highest potency 

followed by 4,4’-dimethyl-benzophenone (205) (33.6 pM). In marked contrast, the 

cytotoxicity exhibited by 3, 5 and 201-208 on HER2+ breast cancer cell line (SKBR3) 

and ER+ breast cancer cells (MCF7) was over 100 pM for all the compounds. All of 
these simple benzophenones showed not be active against SKBR3 (ER-) and MCF7 

(ER+) cells.

In addition, we explored the cytotoxicity induced by other benzophenone fragments 

(Table 8). Michler’s ketone (179), a p-dimethyl-amino-benzophenone, exhibited an 
exciting cytotoxicity profile against SKBR3 (5.29 pM), MCF7 (1.72 pM), DU145 

(0.729 pM) and A549 (0.544 pM) cancer cell lines. 4,4'-bis-diethylamino- 

benzophenone (178), showed in order of potency to be less cytotoxic to SKBR3 (3.83 

pM), followed by MCF7 (3.26 pM), A549 (3.20 pM) and its highest potency was 

against DU145 (0.324 pM) cells.

Phenstatin (149) was the most substituted synthetic benzophenone included in this 

screening Table 7. This compound showed a great cytotoxicity in the nanomolar 

range (IC50 0.006 pM - DU145; 0.51 pM - A549) even for the two breast cancer cell 
lines (0.035 pM - MCF7 and 0.51 pM - SKBR3). These results clearly demonstrate a 

greater cytotoxicity for Phenstatin when compared to the mono- or disubstituted ben

zophenone fragments against the four cell lines tested.

Our results for Phenstatin (149) cytotoxicity are in agreement with the literature. 

While Barbosa et al. (2009) have found an IC50 of 0.034 pM, Pettit and colleagues
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(2000) 0.044 |iM, we observed an IC50 of 0.035 |iM for Phenstatin (149) in MCF7 

cells. Kamal and co-worker (2015), on the other hand, have reported an IC50 of 0.8 

pM. In prostate cells DU145, our results (0.004 pM) fully corroborate with Pettit et al. 

(2000) who have found an IC50 of 0.003 pM.

Table 8: IC50 of additional benzophenones against cancer cell lines SKBR3, MCF7, A549 and 

DU145 (n=3).

Compound
Cytotoxicity (IC50 pM)

unemicai siruciure
SKBR3 MCF7 A549 DU145

175
0

*Ok/B. > 100 > 100 -100 46.5

94
0

0^Cl^ OH

> 100 > 100 98.6 52.2

52
0 OH

-100 > 100 73.6 48.0

176
OH 0 OH

95.3 > 100 79.1 45.7

93
0 OH

-100 > 100 76.8 33.1

177
0 '^0

97.0 > 100 85.2 65.7

178
0

k

3.83 3.26 3.20 0.324

179
1

0

1

5.29 1.72 0.544 0.729

Cytotoxicity evaluation of these benzophenones (Table 7 and Table 8) can be a 

guide for future work once all these fragments are potential starting materials could in 

the future be incorporated into our novel indanone hybrid molecules. In this way, not 

only Phenstatin (149) but also 4,4'-bis-diethylamino-benzophenone (178) and Mich-
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ler’s ketone (179) showed potent cytotoxicity and could be incorporated, along with 

indanone, in the new indane hybrid scaffold.

3.2.4.1.1.2 Cytotoxicity Of Indanone Fragments (Section A Of Hybrid)

Among the indanones with cytotoxicity evaluated against the 4 cell lines are 1- 

indanone (3), 2-indanone (200) and dimethoxy-1-indanone (201). The results ob

tained (Table 7) showed that incorporation of two methoxy groups (OCHS) at C-5 and 

C-6 of the aromatic ring of inda-1-one did not change the cytotoxicity toward DU 145 

cells (IC50 41.7 pM) when compared to 1-indanone (3) (IC50 42.1 pM). However, the 

disubstituted indan-1-one (201) demonstrated increased cytotoxicity (IC50 81.8 pM) 

when compared to 1-indanone (3) (IC50 > 100 pM) in A549 cells.

benzophenone

Figure 35: Comparison between lndan-2-one hybrid structure. Tamoxifen (164) and Indanocine 
(35).

lndan-2-one (200) was included in this study for comparison, although the fragment 

was not chosen for elaboration into a hybrid, as the resulting hybrid molecule would 

differ significantly from Tamoxifen (164) and Indanocine (35) in terms of structure 

(Figure 35). It is interesting to note indan-2-one demonstrated greater cytotoxicity 

than indan-1-one (3) and its cytotoxicity was the most consistent starting material 

across the four cells lines investigated, showing an IC50 of 60.5 pM against SKBR3 

cells; 58.2 pM against lung cancer cells A549, 67.5 pM for DU145 and > 100 pM for 

MCF7 cells (Table 7).
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3.2.4.1.1.3 Cytotoxicity Of Model Benzylidene Compounds And Internal Con
trols

3.2.4.1.1.3.1 Monosubstituted Benzylidenes

Cis aromatic ring

Figure 36: Benzylidene structure (black) differing from our hybrid scaffold only by the addi
tional aromatic ring (red) cis to the indan-1-one carbonyl group. Chloro (209), Methyl (210) and 
Methoxy benzylidenes (211) bearing the same substituents as the trans p-monosubstituted 

hybrids.

The parent benzylidene, benzylidene-2,3-dihydro-1 H-inden-1-one, differs from the 
target hybrid scaffold by addition of an aromatic ring cis to the indan-1-one carbonyl 

group as shown in Figure 36. A series of commercially available benzylidene com

pounds (35, 209, 210 and 211) was also screened for cytotoxic activity in the select

ed cell lines. These molecules were selected as they bear structural similarity to the 

novel hybrid molecules envisioned in this study (Table 9).

The aromatic rings are substituted in the para position and lie in a trans configuration 

to the indanone. Of the Benzylidenes studied 4’-chloro-benzylidene (209) exhibited 

an IC50 of 11.61 pM and was the most cytotoxic member of this family against 

SKBR3 cells, while 4-methyl-benzylidene (210) (IC50 20.8 pM) and 4-methoxy- 

benzylidene (211) (IC50 16.6 pM) had greater potency against DU145 cells (Table 9).
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Table 9: ICso of monosubstituted and polysubstituted Benzylidenes against cancer cell lines 

SKBR3, MCF7, A549 and DU145.

Compound Chemical structure
Cytotoxicity (IC50 pM)

SKBR3 MCF7 A549 DU145

Chloro-benzylidene
(209) 11.61 52.0 28.31 23.96

Methyl-benzylidene
(210) 38.3 88.0 60.2 20.8

Methoxy-benzylidene
(211)

42.0 60.6 49.2 16.6

Indanocine (35) 1.07 0.79 0.098 0.004

3.2.4.1.1.3.2 Polysubstituted Benzylidenes - Indanocine (35)

A commercial sample of Indanocine (35), a polysubstituted benzylidene, was includ
ed in the cytotoxicity screen and it demonstrated over 100-fold potency increase in 

SKBR3 (IC50 1.07 pM) and MCF7 (IC50 0.79 pM) breast cancer cells, >1,000-fold in 

A549 NSLCC (IC50 0.098 pM) and >10,000-fold potency increase against DU145 

(IC50 0.004 pM), when compared to indan-1-one (3) (Table 9). This molecule is highly 

substituted relative to the fragments under consideration in this project.

All the results obtained for Indanocine in this study are being reported for the first 

time. A short number of publications related to cytotoxicity of indanocine are available 

and most of the published papers approach its antimicrotubule activity, exploring its 

potential on multidrug-resistant cells. In an extensive literature search no data was 

found about effects of Indanocine on the cell lines used in this study (SKBR3, MCF7, 

A549 and DU145). This fact limits a direct comparison between our results and litera

ture but, on the other hand, emphasises the importance of these findings. Therefore, 

a broader interpretation is necessary and we evaluate our findings considering the 

type of cancer cell types we used and bioactive molecules structurally related to In

danocine.
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Indanocine has been shown to inhibit the proliferation of the triple negative breast 

cancer cells (MDA-MB-231) in a concentration-dependent manner with a half- 

maximal inhibitory concentration (IC50) of 0.009 pM (Kapoor & Panda, 2012). This 

result indicates around 100-fold higher cytotoxicity than that observed on MCF7 and 

SKBR3 breast cancer cells. Indanocine has also shown progressive concentration- 

dependent inhibition of tubulin polymerisation with an IC50 of 2.85 pM (Das et al., 

2009).

Saxena and colleagues (2008), on the other hand, have synthesised an anticancer 

molecule (47) structurally related to indanocine (35) (Figure 37). 47 has shown a sig

nificant cytotoxicity (IC50 = 2.2 pM) against estrogen dependent breast cancer cells 

(MCF7), and no-cytotoxic activity was observed in human erythrocytes. Chanda and 

colleagues (2012) have reported that 47 inhibits tubulin polymerase enzyme. It also 

affects cell cycle, and induces apoptosis. This molecule has significantly suppressed 

VEGF-R1, VEGF-R2 and HIF-a in human breast cancer MCF-7 cells, thus exhibiting 

antiangiogenic activity.

47 35

Figure 37: Multi-substituted benzylidene optimized from gallic acid (Saxena et al., 2008) and 

Indanocine (35).

3.2.4.1.1.4 Cytotoxicity Of Tamoxifen (164) In The Selected Cell Lines

Although the efficacy of Tamoxifen (164) has been attributed to induction of tumour 

cell growth arrest and apoptosis by inhibition of ER signalling, recent evidence indi

cates that Tamoxifen possesses also ER-independent antitumour activities (Weng et 

al., 2008). The selected cell lines in this study display different signalling and gene 

signature profiles due to expression of the estrogen receptor positive ER-a (MCF7),
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ER-negative ErbB2 (SKBR3), ER-(3 (A549, DU145) (Lau et al., 2000; Powell et al., 

2001; Niikawa et al., 2008; Park et al., 2012) (Table 6).

Tamoxifen (164) showed a consistent trend of cytotoxicity at the lower micromolar 

range of concentration across the 4 cancer cell lines tested (SKBR3, MCF7, A549 

and DU145) (Table 10). Tamoxifen exhibited an IC50 of 11.0 nM against MCF7 cells 

under a period of 5 day’s treatment. The compound also showed an IC50 of 11.1 pM 

on A549 and 8.07 pM on DU 145 cancer cells. However, lowest cytotoxicity was found 

on ER-negative HER2-I- breast cancer cells (SKBR3) where the IC50 observed was 

25.2 pM. Despite the ability of Tamoxifen to induce cell death both in Estrogen Re

ceptor positive (ER-I-) and negative (ER-) cancer cells, ER- SKBR3 cells were less 

sensitive.

The IC50 we found for Tamoxifen (11.0 pM) on MCF7 cells is in agreement with 

Petinari and colleagues (2004) who have found an IC50 of 12.59 pM and Singh et al. 

(2015) (IC50 8.54 pM). Singh and collaborators (2015) have also determined Tamoxi

fen (164) IC50 in A549 (IC50 10.07 pM), DU145 (IC50 12.24 pM) cancer cells. These 

results are closely related to the IC50 we found for A549 (11.1 pM) and DU145 (8.07 

pM) cells.

Liu and co-workers (2014) have tested the in vitro efficacy of Tamoxifen on five ER- 

negative breast cancer cell lines (HCC-1937, MDA-MB-231, MDA-MB-468, MDA-MB- 

453 and SKBR3). The authors have observed that Tamoxifen induced significant 

apoptosis in MDA-MB-231, MDA-MB-468, MDA-MB-453 and SKBR3 cells, but not in 

HCC-1937 cells. According to the authors Tamoxifen-induced apoptosis in ER- 

negative breast cancer cells was associated with inhibition of protein phosphatase 2A 

(CIP2A) and phospho-Akt (p-Akt) in a dose-dependent manner.

Tamoxifen has also been shown to reverse multidrug resistance, synergize with cis- 

platin cytotoxicity, and inhibit growth in ER-negative lung cancer cells. Caltagirone 

and colleagues have tested non-small-cell lung carcinoma cell lines and primary tu

mour cells for the presence of ERs and type II EBSs (estrogen binding site) and have 

evaluated the effects of Tamoxifen on the growth of these cells. The binding results 

have shown the presence of a large number of type II EBSs, whereas ERs are ab

sent or present at low concentrations. Therefore, the authors have suggested that
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Tamoxifen (164) could regulate lung cancer cell growth through a binding interaction 

with type II EBSs (Caltagirone et al., 1997). The IC50 reported (0.64 pM) is, however, 

17-fold lower than the result we found (11.1 pM) on A549 cell line.

3.2.4.1.1.5 Cytotoxicity Of Hybrid Molecules With A Novel Indane Scaffold 

3.2.4.1.1.5.1 Unsubstituted Parent (163)

The main objective of this study is to understand if the incorporation of an additional 

aromatic ring in the benzylidene type scaffold - directing it more toward a tamoxifen 

scaffold - can enhance bioactivity. The first fragments coupled to generate the novel 

indane scaffold were 1-lndanone (3) and Benzophenone (5), yielding hybrid 163 as 

shown in Figure 38. This unsubstituted molecule (163) was the prototype of the new 

and targeted scaffold. It served as a primary guide for the synthetic route optimisation 

and for the bioactivity evaluation. As predicted, compound 163 showed a significant 
cytotoxicity toward the four cancer cell lines investigated (SKBR3, MCF7, A549 and 

DU 145) when compared to its starting materials indan-1-one (3) and benzophenone 

(5).

X
X

JZI
1-IND BP 163

Figure 38: Comparison between the cytotoxicity (IC50) of the product (163) and its respective 

starting materials 1-indanone (3) and Benzophenone (5) in four cell lines. One way anova followed 

by Bonferroni’s post hoc test represented as mean+SEM (n=3). SKBR3: * p<0.05 (163 vs 1-indanone); MCF7: ** p<0.01 

(163 vs 1-indanone), ** p<0.01 (BP vs 1-indanone); A549; ** p<0.01 (163 vs 1-indanone), ** p<0.01 (163 vs BP); DU145: 

*** p<0.001 (163 vs 1-indanone), ** p<0.01 (163 vs BP).
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The parent hybrid (163) demonstrated a significant increase (p<0.01) in cytotoxicity 

against lung cancer cell line (A549) when compared to its both starting materials (1- 

indanone and Benzophenone); a statistically significant increase in potency against 

breast cancer cells, SKBR3 (p<0.05) and MCF7 (p<0.01). In DU145 cells the unsub

stituted parent hybrid (163) was statistically different than 1-indanone (3) (p<0.001) 

and benzophenone (5) (p<0.01) (Figure 38).

These data confirmed our initial hypothesis that by coupling two distinct moieties [1- 

indanone (3) and Benzophenone (5)] through a double bond bridge, to obtain a Ta

moxifen-like hybrid scaffold, we could get a more potent molecule than its parent 
starting materials. Based on this finding it was possible to follow this research line 

and further develop other derivatives structurally related to the unsubstituted hybrid 

molecule 163.

3.2.4.1.1.5.2 Cytotoxicity Of Para-Monosubstituted Hybrid Molecules

p-chloro, p-methyl, and p-methoxy substituted benzophenones were selected for the 
synthesis of mono-substituted hybrid molecules. Two hybrid molecules were gener
ated containing a para-substituent for each of the mono-substituted benzophenone 

starting materials. Therefore, this scaffold had cis (Z) and trans (E) configuration 

(Table 10).

By comparing the ICso’s of the hybrid product of condensation to their respective in- 

dan-1-one and benzophenone starting materials, a general increment on the cytotox

icity was achieved with substitution (Figure 38 to Figure 41, and Figure 43 to Figure 

44). The only exception observed was Z Methyl 185 which did not show a statistically 

significant lower cytotoxic activity on DU145 cells (35.6 pM) when compared with the 

IC50 of its starting materials lndan-1-one (42.1 pM) and 4-Methyl-Benzophenone 

(31.4 pM).

The only information about 2,3-dihydro-1 H-inden-1-one derivatives obtained from 
literature is related to their synthesis and X-ray crystallographic characterization (Ali 

et al., 2011; Asiri et al., 2012; Yang et al., 2012). Therefore, in this study it is the first
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time that cytotoxicity for the novel hybrid indane scaffold is reported but also the re

lated mono- and polysubstituted benzylidenes.

Table 10: IC50 of unsubstituted parent hybrid (163), p-monosubstituted chloro, methyl and 

methoxy hybrids and control Tamoxifen (164) against SKBR3, MCF7, A549 and DU145 cancer 
cell lines.

Compound Structure IC50 (pM)
SKBR3 MCF7 A549 DU145

163 58.6 -100.0 36.1 21.75

182 32.7 38.8 24.9 22.5

185 27.3 37.2 22.83 29.9

188

\

22.01 34.59 15.0 27.83

183 10.0 11.1 17.0 17.3

186 1.04 35.7 14.9 23.0

189 13.96 10.1 9.01 7.76

164 25.2 11.0 11.1 8.07
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3.2.4.1.1.5.2.1 Para-Methoxy Monosubstituted Scaffold

The p-methoxy hybrids had cis (188) and trans (189) configuration and showed a 

significant increase in cytotoxicity when compared with their parent fragments against 

all the tested cell lines (Table 10, Figure 39).

The trans configuration 189 (IC50 7.76 pM) was significantly more cytotoxic (p<0.01) 

toward the prostate cancer DU145 cell line than its cis isomer 188 (IC50 27.83 pM). 

No statistically significant difference was verified between the cytotoxicity of the trans 

methoxy 189 and its cis isomer 188 on SKBR3 (13.96 pM and 22.01 pM, respective

ly), MCF7 (10.1 pM and 34.59 pM) and A549 (9.01 pM and 15 pM) cell lines. Howev
er, trans methoxy hybrid 189 showed significantly increased cytotoxicity when com

pared to 1-indanone (3) over the four cell lines. By comparing to 4-Methoxy- 

Benzophenone (206), trans methoxy hybrid 189 showed significantly increased cyto

toxicity on SKBR3, A549 and DU145 cells. Breast cancer SKBR3 cells, even showing 
an ICsoOf 13.96 pM, were the least sensitive to hybrid 189.

X

JZI JZL
3 206 169 206 189 206 189

Figure 39: Comparison between the cytotoxicity (IC50) of the hybrids (189), (188) and their re

spective starting materials 1-indanone (3) and 4-methoxybenzophenone (4-OCH3-BP, 206) in 

four cell lines. One way ANOVA followed by BonferronI’s post hoc test represented as mean+SEM (n=3). SKBR3: ** 

p<0.01 (189 vs 4-OCH3-BP), *** p<0.001 (189 vs 1-indanone), * p<0.05 (188 vs 4-OCH3-BP), ** p<0.01 (188 vs 1- 

indanone); MCF7: *** p<0.001 (4-OCH3-BP vs 1-indanone), *** p<0.001 (189 vs 1-indanone), *** p<0.001 (188 vs 1- 

indanone); A549: *** p<0.001 (4-OCH3-BP vs 1-indanone), *** p<0.001 (189 vs 1-indanone), p<0.001 (189 vs 4-OCH3- 

BP), *** p<0.001 (188 vs 1-indanone); DU145: *** p<0.001 (189 vs 1-indanone), p<0.001 (189 vs 4-OCH3-BP), ** p<0.01

(188 vs 1-indanone), *' p<0.01 (188 vs 4-OCH3-BP), p<0.01 (189 vs 188).
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The p-methoxy hybrid was the most cytotoxic scaffold across the four cell lines test

ed. Despite the fact that compound 189 exhibited low selectivity, its IC50 around 10 

pM in these four cancer cell lines encourages further investigation into its mechanism 

of action.

3.2.4.I.1.5.2.2 Para-Chloro Monosubstituted Scaffold

The trans configuration for chloro derivative of the hybrid molecule (183) showed a 

remarkably higher potency (IC50 10 pM) in SKBR3 cells than its cis isomer (182) 
(32.7 pM) (Figure 40). The isomers demonstrated a statistically significant increase in 

the cytotoxic activity (p<0.001) compared to both of the parent molecules 1-indanone 

(3) and 4-Chloro-Ben2ophenone (202) in SKBR3 cells. Both isomers on A549 cells 
showed to be statistically significant compared to 1-indanone (p<0.001) and 4-chloro- 

benzophenone (p<0.01), but were slightly different on DU145 cells [183 vs 1- 
indanone (p<0.01), 183 vs 4-CI-BP (p<0.05); 182 vs 1-indanone (p<0.05)] (Figure 

40). Interestingly, closer potency was demonstrated for cis and trans chloro isomers 
against A549 [(182) - 24.9 pM; (183) - 17 pM] and DU145 [(182) - 22.5 pM; (183) - 

17.3 pM] (Table 10).
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Figure 40: Comparison between the cytotoxicity (IC50) of the hybrids (183), (182) and their re

spective starting materials 1-indanone (3) and 4-chloro-benzophenone (4-CI-BP, 202) in four 

cell lines. One way ANOVA followed by Bonferroni’s post hoc test represented as mean+SEM (n=3). SKBR3: *** 

p<0.001 (183 vs 1-indanone), *** p<0.001 (183 vs 4-CI-BP), *** p<0.001 (182 vs 1-indanone), *** p<0.001 (182 vs 4-CI-BP); 

MCF7: ** p<0.01 (4-CI-BP vs 1-indanone), “* p<0.001 (183 vs 1-indanone), *** p<0.001 (182 vs 1-indanone); A549; ** 

p<0.001 (183 vs 4-CI-BP), *** p<0.001 (183 vs 1-indanone), " p<0.001 (182 vs 4-CI-BP), *** p<0.(X)1 (182 vs 1-indanone); 

DU145: ** p<0.01 (183 vs 1-indanone),* p<0.05 (183 vs 4-CI-BP), * p<0.05 (182 vs 1-indanone).
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By comparing chloro cis and trans isomers it was clearly possible to identify that trans 

configuration had a higher cytotoxicity across the cancer cell lines tested in this 

study. Despite the significant difference between the ICso’s found for Chloro isomers 

and their respective starting materials, there was no statistical difference between the 

cytotoxicity presented by both cis and trans configuration (182 and 183) on the four 

cell lines.

3.2.4.I.1.5.2.3 Para-Methyl Monosubstituted Scaffold

Exactly the same pattern observed for p-chloro hybrid molecules was seen for p- 

methyl derivatives (185) and (186). Both hybrids had increased cytotoxic potency 

when compared to the parent SM (Figure 41). However, cis p-methyl hybrid (185) 
exhibited an IC50 of 27.3 pM while its trans isomer (186) demonstrated a more than 

twenty-fold higher cytotoxic potency (1.04 pM) on SKBR3 HER2+ breast cancer cell 
line. In addition, the trans p-methyl hybrid molecule (186) showed to be the most cy

totoxic among all the hybrid molecules synthesised, with pronounced selectivity 
against SKBR3 cells, clearly seen in Figure 41.

I
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Figure 41: Comparison between the cytotoxicity (IC50) of the hybrids (186), (185), and its re

spective starting materials 1-indanone (3) and 4-methyl-benzophenone (4-CH3-BP, 204) in four 

cell lines. One way ANOVA followed by Bonferroni’s post hoc test represented as mean+SEM 

(n=3). SKBR3: ** p<0.01 (186 vs 1-indanone), ** p<0.01 (186 vs 4-CH3-BP), * p<0.05 (185 vs 1-indanone), * p<0.05 (185 

vs 4-CH3-BP); MCF7: *** p<0.001 (4-CH3-BP vs 1-indanone), *** p<0.001 (186 vs 1-indanone), *** p<0.001 (185 vs 1- 
indanone); A549: *** p<0.001 (4-CH3-BP vs 1-indanone), "* p<0.001 (186 vs 4-CH3-BP), *** p<0.001 (186 vs 1-indanone), * 

p<0.05 (186 vs 185).
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The cytotoxicity verified on SKBR3 cells for compound 186 was statistically signifi

cant (p<0.01) when compared to its both starting materials (SMs) 1-indanone (3) and 

4-methyl-benzophenone (4-CH3-BP, 204) (Figure 41). However, no statistical signifi
cance was found by comparing trans (186) with its cis isomer (185). In addition, the 

same pattern was observed for hybrid 186 on A549 cells (p<0.001) in relation to its 

both SMs. On the other hand, on MCF7 cells, cis (185) trans (186) isomers were sta

tistically significantly more cytotoxic (p<0.001) in comparison to 1-indanone (3). As 

mentioned previously, the analyses of the results led us to confirm clearly the selec

tivity of the trans configuration of the hybrid molecules (183 and 186) against HER2- 

positive breast cancer cell line SKBR3.

3.2.4.1.1.6 Comparison Of Cytotoxicity Of Novel P-Monosubstituted Hybrids 

With Benzylidenes

The cytotoxicity of the novel monosubstituted scaffolds was compared with that of the 

commercially available Chloro- (209) (Table 11), Methoxy- (210) (Table 12) and Me- 
thyl-benzylidene (211) (Table 11 to Table 13). In this comparison the effects of an 

additional aromatic ring on the benzylidene scaffold is evident as shown previously in 
Figure 36. For compound (183) the addition of the second aromatic ring increases 

potency against MCF7 (5-foid), A549 (1.7-fold), and DU145 cells (1.4-fold) when 

compared to its respective Chloro-benzylidene. There was no difference in cytotoxici

ty of Chloro-benzylidene (11.61 pM) versus trans p-chloro hybrid 183 (10.0 pM) to

ward the SKBR3 cell line (Table 11).

The p-monosubstituted trans methoxy hybrid (189, 13.46 pM) exhibited a 3-fold high

er cytotoxicity than Methoxy-benzylidene (42.0 pM) on SKBR3 cells (Table 12). On 

DU 145 2.1-fold higher cytotoxicity that increases to 5-fold on A549 and 6-fold on 

MCF7 cell lines. When analysing the results obtained in MCF7 cells Methoxy (189, 
10.1 pM) had 6-fold increased potency than Methoxy-benzylidene (60.6 pM), and 5- 

fold higher (9.01 pM) was observed against A549 lung cancer cells (49.2 pM).
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Table 11: Comparison of cytotoxicity of novel p-monosubstituted trans Chloro hybrid with 

Chloro-benzylidene on SKBR3, MCF7, A549 and DU145 cancer cell lines.

Trans p-Chloro IC50 (pM)

Cell Line
Hybrid 183

0

183
Cl

Benzylidene 209
0

Cl
209

A549 17.0 28.31
MCF7 11.1 52.0
DU145 17.3 23.96
SKBR3 10.0 11.61

The results obtained on MCF7 cells showed a 2.5-fold increased cytotoxic potency 

for Methyl hybrid (186, 35.7 pM) compared to Methyl-benzylidene (88.0 pM), and 4- 

fold higher (14.9 pM) on A549 lung cancer cells (60.2 pM). This difference became 

even more significant on HER2+ cells (SKBR3) where the cytotoxicity of the lead Me
thyl hybrid (186, 1.04 pM) was 36.8-fold higher than Methyl-benzylidene (38.3 pM) 
(Table 13).

Table 12: Comparison of cytotoxicity of novel p-monosubstituted trans Methoxy hybrid with 

Methoxy-benzylidene on SKBR3, MCF7, A549 and DU145 cancer cell lines.

Trans para-Methoxy IC50 (pM)

Cell Line
Hybrid 189 Benzylidene 211

O

[I >=\

cx:h3

A549 9.01 49.2
MCF7 10.1 60.6
DU145 7.76 16.6
SKBR3 13.96 42.0
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Based on these results and analysing SAP aspects, we confirmed the hypothesis 

that by adding two different fragments the final cytotoxicity against cancer cell lines 

was much increased. In addition, we verified that the second Benzyl ring, which is 

missing in benzylidene compounds, was fundamental to enhance the in vitro cytotox

icity of our novel indanone hybrid scaffold over the cell lines investigated. The second 

benzyl ring is therefore understood to be directly responsible for increasing the in 

vitro cytotoxicity of this novel indane scaffold, especially on SKBR3 (HER2-I-) by the 

trans Methyl lead molecule (186), MCF7 (ER-i-) by (189) and (183), and A549 

(NSCLC) by hybrid (189).

Table 13: Comparison of cytotoxicity of novel p-monosubstituted trans Methyl hybrid with Me- 
thyl-benzylidene on SKBR3, MCF7, A549 and DU145 cancer cell lines.

Trans para-Methyl IC50 (pM)

Cell Line

Hybrid 186

186
CHa

Benzylidene 210
0

210

A549 14.9 60.2
MCF7 35.7 88.0
DU145 23.0 20.8
SKBR3 1.04 38.3

3.2.4.1.1.7 Comparison Of Cytotoxicity Of Novel p-Monosubstituted Hybrids 

With Indanocine

Figure 42: Chemical structure of the polysubstituted benzylidene Indanocine (35) showing its 

nuclei (A) and (B).
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Indanocine (35), as previously discussed (section 3.2.2.1) is a polysubstituted benzyl- 

idene, bearing a dimethoxylated amino indanone nucleus (A) and dimethyl phenol 

substituents on the styrene ring (B). It is chemically known as (2£)-7-amino-2-[(4- 

hydroxy-3,5-dimethylphenyl)-methylindene]-5,6-dimethoxy-3H-inden-1-one (Figure 

42).

In a direct comparison with p-monosubstituted trans Methyl hybrid (186) Indanocine 

exhibited an increased cytotoxicity 45-fold higher on MCF7 cells that went up to 152- 

fold on A549 cells and reached 5,750-fold on DU145 cells. More interestingly, it pre

sented nearly the same IC50 (1.07 pM) on SKBR3 cells as the lead Methyl (186, 1.04 

pM) (Table 14).

This is the first time Indanocine cytotoxicity was assessed on SKBR3 cells. Consider

ing the results obtained and comparing the substitution pattern of this antimicrotubule 

agent, it is promising to further develop our novel indanone hybrid scaffold by incor

porating Indanocine’s substituents.

Table 14: Comparison of cytotoxicity of novel p-monosubstituted trans Methyl hybrid with In
danocine on SKBR3, MCF7, A549 and DU145 cancer cell lines.

IC5o(mM)

Cell Line
Hybrid 186

186
CH3

Indanocine 35
NHj 0

/=\
4 B^CHa

35 HaC OH

A549 14.9 0.098
MCF7 35.7 0.79
DU145 23.0 0.004
SKBR3 1.04 1.07
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3.2.4.1.1.8 Comparison Of Cytotoxicity Of Novel p-Monosubstituted Trans 
Hybrids With Tamoxifen (164)

Tamoxifen (164) has been used in the treatment of breast cancer for decades. The 

observed clinical efficacy of TAM has been attributed to both growth arrest and induc

tion of apoptosis within the breast cancer cells. It has been previously shown to act in 

a cytostatic fashion at nanomolar concentrations, causing breast cancer cells to ar

rest in G0/G1, whereas micromolar concentrations induce cellular apoptosis. The 

dual effect of TAM on cells suggests it targets the checkpoint between cell cycle pro

gression and apoptosis (Fattman et al., 1998).

Table 15: Comparison of cytotoxicity observed for p-monosubstituted trans Methyl, Methoxy 

and Chloro hybrids against SKBR3, MCF7, A549 and DU145 cancer cell lines.

ICsodJM)

186 189 183 Tamoxifen (164)
Ceil Line

Cl 'CH,

A549 14.9 9.01 17.0 11.1
MCF7 35.7 10.1 11.1 11.0
DU145 23.0 7.76 17.3 8.07
SKBR3 1.04 13.96 10.0 25.2

Tamoxifen (164) treatment alone has also shown to have anti-angiogenic effects in 

animal models of cancer that appear to be, at least in part, independent of Tamoxi

fen's estrogen receptor antagonist properties. Inhibition of tumour angiogenesis is a 
therapeutic strategy that can inhibit tumour growth and reduce metastasis (Blackwell 

et al., 2000).

When comparing the cytotoxicity of our lead molecule (186) with Tamoxifen (164) 

across the cell lines under investigation, it was observed an opposite trend for the p- 

monosubstituted trans methyl hybrid (186). Tamoxifen (25.2 pM) exhibited the lowest 

potency against HER2+/neu breast cancer cells (SKBR3), while the hybrid 186 was
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surprisingly selective (IC50 1.04 pM) against this cancer cell line (Table 15). Hybrid 

189, like Tamoxifen, demonstrated consistent cytotoxicity over the four cell lines, 

however in SKBR3 cells 189 showed an IC50 nearly half of the ER antagonist (164).

3.2.4.1.1.9 Conclusion For Cytotoxicity Evaluation Of p-Monosubstituted Hy
brid Molecules

The analysis of the ligands allowed the observation that trans p-methyl (186) and 

trans p-chloro (183) hybrids demonstrated the highest cytotoxicity against SKBR3 

cells (IC50 1.04 pM and 10.0 pM, respectively) (Table 15 and Table 16). Despite trans 
methoxy isomer (189) (13.96 pM) being less potent than trans methyl (186) (1.04 pM) 

on SKBR3 cell line (Table 16), it was the most cytotoxic hybrid against breast MCF7 

(10.1 pM), lung A549 (9.01 pM) and prostate DU145 (7.76 pM) cancer cell lines 

(Table 10).

Table 16: Comparison of cytotoxicity observed for p-monosubstituted trans chloro, methoxy 
and methyl hybrids against SKBR3, MCF7, A549 and DU145 cancer cell lines.

Cytotoxicity of p-monosubstituted Hybrid

Chloro Methoxy Methyl

182 (Z) 183 (E) 188 (Z) 189 (E) 185 (Z) 186 (E)

DU145 SKBR3 A549 DU145 A549 SKBR3

A549 MCF7 SKBR3 A549 SKBR3 A549

SKBR3 A549 DU145 MCF7 DU145 DU145

MCF7 DU145 MCF7 SKBR3 MCF7 MCF7

In general, it was possible to verify a trend where trans configuration for monosubsti- 

tuted hybrid molecules showed consistent higher potency than their cis isomer (Table 

10). Trans Methoxy hybrid (189) had a consistent increased cytotoxicity when com

pared to its cis isomer 188 against the four cell lines analysed: SKBR3 (2-fold), MCF7
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(3-fold), A549 (1.5-fold) and DU145 (4-fold). Trans Chloro hybrid (183) had also an 

increased cytotoxicity when compared to its cis isomer 182 against the cell lines test

ed: SKBR3 (3.3-fold), MCF7 (3.5-fold), A549 (1.4-fold) and DU145 (1.3-fold). Trans 

Methyl hybrid (186) exhibited the highest difference in terms of cytotoxicity when 

compared to its cis isomer 182 verified on SKBR3 cells (26.2-fold: IC50 1.04 pM). The 

increment in cytotoxicity was also observed on MCF7 (3.7-fold), A549 (2.5-fold) and 

DU145 (4.6-fold) cancer cell lines.

Therefore, considering the selectivity of p-monosubstituted indane hybrid Methyl 

(186) against SKBR3 cells and the overall performance of trans and Methoxy (189) 

against the four cancer cell lines investigated, 186 and 189 were elected to be further 

investigated.

3.2.4.1.1.10 Cytotoxicity Of Para-Disubstituted Hybrid Molecules

A series of three disubstituted hybrids was synthesised and investigated in this study. 
These hybrids are symmetrical with p-substituents originated from the condensation 

of symmetrically substituted benzophenone cyclic ketals (Figure 43). The molecules 
evaluated include para-substituted dimethyl (187), dimethoxy (190) and difluoro (184) 
hybrids. These hybrid molecules synthesised allowed us to compare the monosubsti- 

tuted as opposed to the unsubstituted and disubstituted compounds.

In the SKBR3 cell line two of the novel disubstituted hybrids containing para-methyl 

(187) and para-methoxy (190) substituents showed higher potency (IC50 = 9.72 pM 

and 16.9 pM, respectively) than the corresponding cis p-methyl (185) (27.3 pM) and 

cis p-methoxy (188) (22.01 pM) scaffolds (Table 17). No increase in the cytotoxicity 

was observed for the di-p-substituted dimethyl (187), dimethoxy (190) or difluoro 

(184) hybrids on the prostate cancer cell line (DU 145) when compared to the parent 

starting materials (SMs) 1-indanone (3) and respective benzophenones (Figure 43).
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Figure 43: A) Comparison between the IC50 of the product (187) and its respective starting ma

terials 1-indanone (3) and 4,4’-dimethyl-benzophenone (4,4’-DiCH3-BP, 205). One way anova fol

lowed by Bonferroni’s post hoc test represented as mean+SEM (n=3). SKBR3: ** p<0.01 (4,4’-DiCH3-BP vs 1-indanone), 
* p<0.05 (187 vs 4,4’-DiCH3-BP), *** p<0.001 (187 vs 1-indanone); IVICF7: *** p<0.001 (4,4’-DiCH3-BP vs 1-indanone), *** 

p<0.001 (187 vs 1-indanone); A549: *** p<0.001 (4,4’-DiCH3-BP vs 1-indanone), *** p<0.001 (187 vs 1-indanone). B) 

Comparison between the IC50 of the product (190) and its respective starting materials 1- 

indanone (3) and 4,4’-dimethoxy-benzophenone (4,4’-DiOCH3-BP, 207). skbr3; * p<0.05 (4,4’-DiOCH3- 

BP vs 1-indanone), * p<0.05 (190 vs 4,4’-dimethoxy-benzophenone), *** p<0.001 (190 vs 1-indanone),; MCF7: ** p<0.01 

(4,4’-DiOCH3-BP vs 1-indanone), ** p<0.01 (190 vs 1-indanone); A549: * p<0.05 (4,4’-DiOCH3-BP vs 1-indanone), ** 

p<o.oi (190 vs 1-indanone). C) Comparison between the IC50 of the product (184) and its respective 

starting materials 1-indanone (3) and 4,4’-difluoro-benzophenone (4,4’-DiF-BP, 208). skbr3: '* 
p<0.01 (184 vs 4,4’-DiF-BP), ** p<0.01 (184 vs 1-indanone); MCF?: * p<0.05 (184 vs 1-indanone), * p<0.05 (184 vs 4,4’- 

DiF-BP); A549: *** p<0.001 (184 vs 4.4’-DiF-BP),*** p<0.001 (184 vs 1-indanone).

In addition, by comparing dimethyl (187), dimethoxy (190) and difluoro (184) hybrids 

to the unsubstituted compound (163) similar activity for these molecules was seen in 

A549 lung cancer cells (Table 17). Interestingly, the unsubstituted hybrid 163 (16.0 

pM) showed higher potency than the disubstituted derivatives on DU 145 cells. Dime

thyl hybrid (37) was the most cytotoxic p-disubstituted derivative against SKBR3 
(9.72 pM) and MCF7 (32.8 pM) cells (Table 17). However, when analysing p- 

disubstituted along with p-monosubstituted Methoxy and Methyl hybrids other obser-
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vations were possible. It was clearly verified that Dimethyl hybrid (187) was less cyto

toxic than cis (53) and trans (186) Methyl against A549 and DU145 cell lines (Table 

17 and Table 10). Unsubstituted and the disubstituted hybrids exhibited close results 

on A549 cells: 163 (36.1 pM), 187 (35.6 pM), 190 (28.5 pM) and 184 (30.5 pM) 

(Table 17).

Table 17: IC50 of the di-p-substituted hybrid molecules (35, 37 and 41), unsubstituted hybrid 
(163) and benzophenone fragments against breast (SKBR3, MCF7), lung (A549) and prostate 

(DU145) cancer cell lines.

Compound Structure
IC50 (pM)

SKBR3 MCF7 A549 DU145

163 58.6 -100.0 36.1 16.0

187

CH)

tH,

9.72 32.8 35.6 62.4

190

OCH,

16.9 -100.0 28.5 28.1

184

F

F

50.4 46.9 30.5 47.8

178
J kH,C^ OH,

3.83 3.26 3.20 0.324

179
0

CHj CH3

5.29 1.72 0.544 0.729

149
0

^'''=^0CH3

OCHj

0.51 0.035 0.017 0.004

The most significant difference was observed on SKBR3 cells where the presence of 

a Methyl at para cis position (185) in relation to the carbonyl (IC50 27.3 pM) was re

sponsible for decreasing the cytotoxicity of the molecule compared to the dimethyl
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hybrid 187 (9.72 |iM) (Table 18). Surprisingly, the absence of the Methyl at cis posi

tion was responsible for increasing the cytotoxic potency of the trans configuration 

(186) (1.04 pM). Based on these results, Methyl substituent at trans para position 

(186) showed a selective cytotoxicity on HER2+ breast cancer cells (SKBR3).

Table 18: 

(45), (37) 

cell lines.

Cell viability graphs and ICso of the mono and di-substituted p-methyl hybrids (53), 

and controls against breast (SKBR3, MCF7), lung (A549) and prostate (DU145) cancer

185 ICso (nM) Tamoxifen ICso (pM)

-m- SKBR3 25 2
-- MCF7 11 0

A549 11 1
DU145 807

10* 10 ‘ 10* 

Conceniration (M)
10' 10 • 10 

Dose(M)

186 ICso (nM) Indanocine ICso (mM)

187 ICso (nM) Phenstatin Cso (pM)

By analysing the cytotoxicity caused by the SMs on the four cell lines used in this 

study (SKBR3, MCF7, A549 and DU 145) and the increase in potency caused by 
coupling indanone and benzophenone derivatives together, we believed that would 

be worth investigating further coupled hybrids. In this way, b/s-diethylamino-
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benzophenone (178), Michler’s Ketone (179) and Phenstatin (149) have shown great 

potential for further studies. A few attempts were made to develop these hybrids but 

difficulties in coupling precluded them from progressing in this study. Another promis

ing structure would be the novel indane scaffold bearing the same pattern of substitu

tion as Indanocine.

3.2.4.1.1.11 Cytotoxicity Of Self-Condensed Scaffolds

In addition to the predicted and targeted hybrid molecules synthesised in this study a 

series of self-condensation products also formed during the crossed aldol condensa

tion of indanones and benzophenone cyclic ketals. These condensation products 

formed novel scaffolds consisting of 2 molecules of 1-indanone (3) connected to a 4- 

methoxy-benzophenone (206) or 4,4’-dimethoxy-benzophenone (207) generating 

final products (191) and (192), respectively (Figure 44).

Ai

X.

1200-

900-

600-

200-

ISO-

jn.
206 191 206 191 206 191

B

207 192 207 192 207 192

Figure 44: A) Comparison between the IC50 of the product (191) and its respective starting ma
terials 1-indanone (3) and 4-methoxy-benzophenone (4-OCH3-BP, 206). Oneway anovafollowed by 

Bonferroni’s post hoc test represented as mean■^SEM (n=3). SKBR3: ** p<0.01 (191 vs 1-indanone), * p<0.05 (191 vs 4- 

OCH3-BP); MCF7: ** p<0.01 (4-OCH3-BP vs 1-indanone), *** p<0.001 (191 vs 1-indanone); A549: *** p<0.001 (4-OCH3-BP 

vs 1-indanone), *** p<0.001 (191 vs 1-indanone), ** p<0.01 (191 vs 4-0CH3-BP); DU145: *** p<0.001 (191 vs 1-indanone), 

p<o.ooi (191 vs 4-OCH3-BP). B) Comparison between the IC50 of the product (192) and its respec
tive starting materials 1-indanone (3) and 4, 4’-dimethoxy-benzophenone (4, 4’-DiOCH3-BP, 
207). SKBR3: ** p<0.01 (192 vs 1-indanone), * p<0.05 (4,4’-Di0CH3-BP vs 1-indanone); MCF7: ** p<0.01 (4,4’-DiOCH3- 

BP vs 1-indanone), * p<0.05 (192 vs 1-indanone); A549: ** p<0.01 (4,4’-Di0CH3-BP vs 1-indanone), *** p<0.001 (192 vs 1- 
indanone); DU145: ** p<0.01 (192 vs 1-indanone),' p<0.05 (192 vs 4,4’-DiOCH3-BP).
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The mono-methoxy self-condensed product (191) showed a statistically significant 

increase in cytotoxicity in wYro toward SKBR3, A549 and DU145 cell lines when com

pared to its both its 1-indanone (3) and 4-methoxy-benzophenone starting materials 
(Figure 44). On the other hand, on MCF7 cells the increase in the cytotoxicity of the 

self-condensed product (191) was statistically significant only in relation to the indan- 

1-one starting material.

Table 19: IC50 of the self-condensed hybrid molecules (191, 192), unsubstituted (163), trans 
mono- (189) and dimethoxy (190) hybrids, and Tamoxifen (164) against breast (SKBR3, MCF7), 
lung (A549) and prostate (DU145) cancer cell lines.

Compound Structure
IC50 (pM)

SKBR3 MCF7 A549 DU145

190

OCH,

16.9 -100.0 28.5 28.1

Tamoxifen 25.2 11.0 11.1 8.07
'o-X-N

The condensed product arising from the coupling of 4,4’-dimethoxy-benzophenone 

(192) exhibited a statistically significant increase in cytotoxicity on SKBR3, MCF7 and 

A549 cell lines when compared to the indan-1-one starting material. In DU145 cells
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the increase of the cytotoxicity observed for product (191) was statistically significant 
in relation to both of its starting materials (Figure 44).

The hybrid scaffolds 191 and 192 showed a considerable difference in the cytotoxici

ty in the breast cancer cell lines SKBR3 and MCF7. While the dimethoxy hybrid 192 

had an IC50 >100 pM in both cell lines, the methoxy derivative 191 had an IC50 of 

16.41 pM (SKBR3) and 21.65 pM (MCF7) (Table 19). In the non-small lung cancer 

A549 cell line and the DU 145 prostate cell lines the ICso’s observed for 192 were 

much closer with an IC50 of 13.74 pM and 9.98 pM, respectively; while for the di

methoxy 191 these were 27.7 pM and 13.0 pM, respectively.

Compounds 191 and 192 with the novel condensed scaffold with a central sp3 hy

bridised carbon have a less rigid structure than the targeted hybrid with the central 

sp2 C=C bond. By analysing Table 19 it is possible to affirm that the mono-methoxy 

self-condensed derivative 191 showed a consistent cytotoxicity and close comparison 

with the results observed for Tamoxifen (164) across the four cell lines tested. In ad

dition, the cytotoxicity observed for the self-condensed hybrid 191 is closely compa
rable to that exhibited by the p-monosubstituted trans Methoxy hybrid 189, and much 

higher than the unsubstituted hybrid compound 163.

3.2.4.2 Conclusion

The analysis of cytotoxicity results shows that the starting chemical fragments used 

to form the novel hybrid indane structure range in activity. The incorporation of sub

stituents on the benzophenone derived ring influences activity significantly. Our find

ings for substituted benzophenones are in agreement with Hsieh et al. (2003), who 

have shown that a Methoxy substituent at B ring of benzophenone was in general 

better than a Chloro substituent for increased cytotoxicity despite its position on the 
ring. The authors have also demonstrated that a Methoxy substituent at para position 

is better for increased cytotoxicity than at meta position. In addition, compounds with 

Amino (ortho) and Methoxy (meta and para) substituents have shown more potent 

cytotoxicity than Phenstatin and slightly less potent than Combretastatin A-4 (CA-4) 

against a panel of human cancer cell lines including multi-drug resistant cell lines.
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When we consider the cytotoxicity of Phenstatin, it becomes clear that selected sub

stitution on the benzophenone fragment increases cytotoxicity (Hsieh et al., 2003; 

Lee et al., 2010; Biljali et al., 2013; Jamila et al., 2014), and that this in turn may af

fect the activity of the hybridised scaffolds generated by coupling the two fragments. 

Unfortunately, the Phenstatin (149) moiety could not be successfully coupled to the 

indanone starting material in this study. However, it is obvious that further investiga

tion into polysubstituted hybrids is warranted.

Indanocine (35), on the other hand, showed a wider range of ICso’s across the cell 

lines tested (Table 18). It showed to be particularly potent against A549 (0.098 pM) 

and DU 145 (0.004 pM) cells, but much less cytotoxic against the breast cancer cell 

lines SKBR3 (1.07 pM) and MCF7 (0.79 pM). Its substituents can be concluded to be 

responsible for greatly enhancing its potency when compared to Chloro (209) Methyl 

(210), and Methoxy-benzylidene (211). However, when compared the cytotoxicity of 
Methyl-benzylidene (210) and Indanocine (35) to what was found for our lead p- 

monosubstituted Methyl hybrid molecule (186), it is possible to assume that the se
cond phenyl ring is essential and responsible for this increment of potency against 
HER2-f- (neu/ErbB2) breast cancer cells (SKBR3).

The p-methoxy hybrid 189, and the internal control Tamoxifen (164) showed similar 

patterns of cytotoxicity with a consistent trend at the lower micromolar range of activi
ty across the 4 cell lines tested (Table 19). However, the hybrid molecule 189 

showed an overall potency greater than Tamoxifen (164) in all the cell lines, more 

evident on SKBR3 cells where the IC50 (13.96 pM) of compound 189 was nearly half 

of that observed for Tamoxifen (25.2 pM).

Finally, three hybrid compounds showed ICso’s lower than 10 pM in the breast cancer 

cell line SKBR3. In order of potency they are Dimethyl (187) - 9.72 pM, p- 
monosubstituted trans Chloro (183) - 10 pM, and trans Methyl (186) exhibiting the 

lowest IC50 1.04 pM (Table 10 and Table 17). While Indanocine (35) was less cyto

toxic against the SKBR3 cells and Tamoxifen (164) behaved consistently against the 

four cell lines tested, the lead p-monosubstituted trans Methyl molecule (186) and p- 

disubstituted hybrid Methyl (187) showed higher selectivity toward SKBR3 cells 

(Table 18).
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As a result of the cytotoxicity evaluation of the synthetic hybrids, p-monosubstituted 

trans Methyl hybrid molecule (186) was identified as the most potent and was select

ed for further study in cell cycle experiment, to determine its effect on cell replication 

in SKBR3 cancer cell line. In addition the trans Methyl hybrid (186), its cis isomer 

(185), dimethyl hybrid (187) and the parent unsubstituted (163) were selected to be 

further studied along with the controls Tamoxifen, Indanocine, Chloro-, Methyl- and 

Methoxy-benzylidene.
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3.2.5 Flow Cytometry

Originally developed in the 1950s, flow cytometry (FC) is a popular analytical cell- 

biology technique that utilizes light to count and profile cells in a heterogeneous fluid 

mixture (Bakke, 2001). Flow cytometry measures multiple characteristics of individual 

particles flowing in single file in a stream of fluid. Light scattering at different angles 

can distinguish differences in size, granularity and internal complexity, whereas light 

emitted from fluorescent dyes or monoclonal antibodies can identify a wide array of 

cell surface and cytoplasmic antigens (Brown & Wittwer, 2000; Bakke, 2001).

Fluorescent dyes may bind or intercalate with different cellular components such as 
DNA or RNA. Additionally, antibodies conjugated to fluorescent dyes can bind specif

ic proteins on cell membranes or inside cells. When labelled cells are passed by a 
light source, the fluorescent molecules are excited to a higher energy state. Upon 

returning to their resting states, the fluorochromes emit light energy at higher wave
lengths. The use of multiple fluorochromes, each with similar excitation wavelengths 

and different emission wavelengths (or “colours"), allows several cell properties to be 
measured simultaneously (Brown & Wittwer, 2000).

Flow cytometry has become an important component in the diagnosis and monitoring 
of patients with a diverse array of diseases (Henel & Schmitz, 2007). Over decades, 

flow cytometry has evolved from a promising new technology to an indispensable tool 
in diagnosis in the clinical laboratory for a variety of analyses, including diagnostic 

immunophenotyping of lymphomas, leukemias, and congenital immunodeficiencies; 
monitoring CD4-i- T-lymphocyte counts in HIV patients; DNA content analysis for 

prognosis of malignancies; screening of hematologic disorders such as paroxysmal 

nocturnal hemoglobinuria and idiopathic thrombocytopenic purpura; evaluation of 

peripheral stem cell products for transplantation; monitoring monoclonal antibody 

therapy; and determination of the extent of maternal/fetal bleeding by detection of 

hemoglobin F (Jennings & Foon, 1997; Bakke, 2001; Henel & Schmitz, 2007).
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3.2.5.1 Cell Cycle

G2

Figure 45: Cell cycle checkpoints (Reproduced from Bdbiosciences.com, 2015).

Cells transverse the cell cycle in several well-controlled phases. Proliferating cells 

cycle through three major compartments named as G0/G1, S-phase and G2/M 
(Pozarowski & Darzynkiewicz, 2004). In the G1 phase, where mRNA and proteins 

are synthesised in preparation for DNA synthesis; the S phase where DNA synthesis 
occurs. After S phase, cells enter the G2 phase, where mRNA is synthesised in 

preparation for the fourth phase, mitosis (M phase). Repair might occur along with 
preparation for mitosis in M phase. In the M phase, the cells can then either enter G1 

or GO, a quiescent phase. The fraction of cells with a DNA content below G0/G1 

phase, often called the “Sub-G0/G1” fraction, consists of debris and fragmented cells 

(Figure 45 and Figure 46). The biochemical pathways that restrain cell cycle transi

tion and/or induce cell death after stress are known as cell cycle checkpoints 

(DiPaola 2002; Cappella & Moll, 2011).

Superficially, the connection between the cell cycle and cancer is obvious: cell cycle 
machinery controls cell proliferation, and cancer is a disease of inappropriate cell pro

liferation. Fundamentally, all cancers permit the existence of too many cells (Collins 

et al., 1997). The ability to modulate the life or death of a cell is recognized for its 

immense therapeutic potential. Therefore, research continues to focus on the eluci

dation and analysis of the cell cycle machinery and signalling pathways that control 

cell cycle arrest and apoptosis (Elmore 2007). Although toxicants may initiate cell
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damage or stress, the cellular proteins that are involved in control of the cell cycle 

and apoptosis are the final arbiters of cell fate (Pucci et al., 2003). Cells can arrest at 

cell cycle checkpoints temporarily to allow for; (i) cellular damage to be repaired; (ii) 

the dissipation of an endogenous cellular stress signal; or (iii) availability of essential 

growth factors, hormones, or nutrients. Checkpoint signalling may also result in acti

vation of pathways leading to programmed cell death if cellular damage cannot be 

properly repaired (Pietenpol & Stewart, 2002).

3.2.5.1.1 Cell Cycle Analysis By Flow cytometry

The measurement of cellular DNA content and the analysis of the cell cycle can be 

performed by flow cytometry using fluorescent dyes, such as propidium iodide (PI), 

that intercalate into the DNA helical structure (Nunez, 2001). The fluorescent signal is 

directly proportional to the amount of DNA in the nucleus and can identify gross gains 
or losses in DNA (Brown & Wittwer, 2000).

Initially, a fluorescent dye that binds stoichiometrically to the DNA was added to a 
suspension of permeabilised single cells or nuclei. The principle is that the stained 
material has incorporated an amount of dye proportional to the amount of DNA. The 

stained material was then measured in the flow cytometer and the emitted fluores
cent signal yields an electronic pulse with a height (amplitude) proportional to the to

tal fluorescence emission from the cell. Such fluorescence data are considered a 

measurement of the cellular DNA content (Nunez, 2001).

Propidium Iodide is the most commonly used DNA dye for cell cycle analysis. PI is an 

indicator of cellular DNA content and of cytotoxicity for toxicants that affect DNA syn

thesis and, therefore, cause cell arrest mostly in the G0/G1 phase of the cell cycle. 

Some of these cells may undergo apoptosis later, whereas others may have de
creased rates of cell growth and proliferation (Ehrich & Sharova, 2001). Because PI 

also stains double-stranded RNA, the latter was removed by the addition of RNase A 

to the staining solution. Distribution of cells was obsen/ed in three major phases of 

the cycle (G1, S and G2/M) as exemplified in Figure 46, but it was also possible to 

detect apoptotic cells with fractional DNA content at Sub-GO/GI phase.
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In this study, SKBR3 cells were chosen taking in consideration their sensitivity to our 

lead hybrid molecule 186 as observed on the cytotoxicity assays and discussed pre

viously. Cells were treated for 24, 72 and 120 hours, stained with Propidium Iodide 

and cell cycle arrest evaluated by means of Flow Cytometry. Flow cytometry histo

grams of PI stained breast cancer cells (SKBR3) treated for 24 h and 120 h with 10 
pM of respective compounds can be seen in Table 21. Based on these results an 

intermediate time-point (72 h) was chosen for full analysis (Table 22).
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Figure 46; (A) The cell cycle phases, (B) diploid DNA histogram measured by flow cytometry 

(Reproduced from Tabll and Ismail, 2011).

3.2.5.1.2 Internal Controls

Tamoxifen (164), Quercetin (212), Indanocine (35), Camptothecin (213), methyl- 

(210) and methoxy-benzylidene (211) were used in different combinations at 24, 72 

and 120 h as internal controls and the cell cycle was evaluated along with the hybrid 

molecules 163, 185-187 and 189 (Table 20 to Table 22) on SKBR3 cell line.
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Table 20: DNA Flow Cytometry histograms of Pl-stained SKBR3 cells treated with 10 |iM of enti

tled controls (red line) for 24 h and 120 h and compared to the untreated cells (grey back
ground).
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3.2.5.1.2.1 Mono- And Polysubstituted Benzylidenes

Not much data was available in literature about indanocine, methyl- and methoxy- 

benzylidene bioactivities, and none related to cell cycle arrest on SKBR3 cells. Leoni 

and colleagues (2000) have tested indanocine in stationary-phase cell lines and have 

observed that up to 81 % of stationary MCF7/ADR cells (1 week in confluent culture)
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were in the G1 phase of the cell cycle. The cytotoxic effect of indanocine in non

cycling MCF7/ADR cells has been confirmed by the detection of an apoptotic sub- 

G0/G1 population by flow cytometry and by the activation of caspase-3. Parental 

(wild type) MCF7 cells were similarly growth arrested but did not show apoptotic fea
tures.

In this study, the treatment with 10 pM of Indanocine (35), Methyl- (210) and meth- 

oxy-benzylidene (211) for 24 hours did not affect cell cycle in ER-negative FIER2-I- 

breast cancer cell line (SKBR3) (Table 21). Flowever, when cells were exposed to 

treatments for 120 h an increase in apoptosis was observed. While Methyl- 

benzylidene induced apoptosis in 35.2 % of the cells, Methoxy-benzylidene in 37.65 

% and Indanocine was responsible for an increase of 38.2 % on SKBR3 cancer cells. 

Based on these findings it was understood that the cell cycle response did not 

change at 120 hours independently of the substitution pattern of the benzylidene 
molecules used on SKBR3 cells.

3.2.5.1.2.2 Cell Cycle Effects Of Tamoxifen (164)

An important additional feature of TAM is its effectiveness in the treatment of estro
gen-independent neoplasia, such as ER- breast cancer and ovarian cancer (Ercoli et 

al., 1998). Using the ER- human ovarian carcinoma cell line A2780, the authors ob
served that Tamoxifen (164) at low concentrations (0.1 to 1 pM) did not appreciably 

perturb the cell-cycle distribution of adherent cells, whereas 10 pM TAM caused a 

significant (p<0.01) blockade in G1 at all times (24, 48, 72 and 96 h). TAM also pro

duced a noticeable DNA cleavage into 300 and 50 kbp fragments in both floating and 

adherent cells, but only at 10 pM and longer incubation times (72 and 96 hours).

In our study. Tamoxifen showed a cell cycle arrest of ER- breast cancer cells 

(SKBR3) at G0/G1 and S-phase at 24 h. However, differently from Ercoli and col

leagues findings (1998), TAM did not affect cell cycle of SKBR3 at 10 pM at 72 h. 

Nevertheless, at this time point we found a significant Sub-GO arrest of cells (60.34 

%, p<0.001) treated with 30 pM of Tamoxifen. This result is consistent with the cyto

toxicity we observed for Tamoxifen on this cell line at 120 h, where 25.2 pM caused 

cell death in 50 % of the treated cells. However, based on the results observed at
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120 h we postulate that Tamoxifen did not induce programmed cell death in part of 

the cell population and the most resistant ones would keep proliferating, therefore 

decreasing proportionally the number of apoptotic cells at Sub-GO-phase.

3.2.5.1.2.3 Cell Cycle Effects Of Quercetin (212)

Quercetin (3,3’,4’,5,7-pentahydroxy-flavone) is a secondary plant metabolite which 

can be found in onions, apples, grapes, green tea, etc. Multiple studies reported the 

chemopreventive and chemotherapeutic effect of quercetin based on two essential 

activities, namely anti-oxidant and pro-oxidant properties. The anti-oxidant properties 

were associated to anti-inflammatory activity, neuroprotective effects and cardiovas

cular protective effects. However, the pro-oxidant properties were connected to the 
ability to inhibit the proliferation of the tumour cells (Mocanu et al., 2013).

Quercetin has been shown to inhibit the proliferation of a wide range of cancers such 
as prostate, cervical, lung, breast, and colon. Recent studies have revealed that 

quercetin inhibits cell proliferation by causing apoptosis and/or cell cycle arrest (Yang 
et al., 2006; Lee et al., 2006). It has been shown that quercetin treatment causes cell 

cycle arrests such as G2/M arrest or G1 arrest in different cell types (Beniston & 
Campo, 2003). Jeong and colleagues (2008) have also observed that quercetin de

creased the level of HER2/neu protein in time- and dose-dependent manners and 
inhibited the downstream survival PI3K-Akt signalling pathway in HER2/neu- 

overexpressing breast cancer SKBR3 cells.

According to Mocanu and co-workers (2013), quercetin has shown anti-proliferative 

activities in two tumour cell lines (SKBR3 and A-431). It has displayed cytostatic ef

fects by inducing cell cycle arrest in a dose-dependent and cell line-dependent man

ner. Quercetin has also exhibited pro-apoptotic activity associated with higher doses 
(50 - 75 pM) and long term incubation. In our study, likewise, quercetin (212) did not 

induce cell cycle arrest at 10 pM at 24 hours (Table 22 and Table 21). However, 

when the exposure to 10 pM of Quercetin increased to 120 h, it induced apoptosis in 

nearly half of the cells (49.61 %). This effect has been also seen by Jeong et al. 

(2009) who attributed toxicity to the longer incubation time. The same pattern was
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observed when the concentration of Quercetin increased to 30 |iM in SKBR3 cells 

treated for 72 h, which induced 20.3 % growth arrest at Sub-GO (Table 22).

3.2.5.1.2.4 Cell Cycle Effects Of Camptothecin (213)

Camptothecin (Figure 47) was introduced as a positive control at 72 h once indano- 

cine was not available in the market. Camptothecin (CRT) class of compounds has 

been demonstrated to be effective against a broad spectrum of tumours. Cell treat

ment with Camptothecin (213) has shown to induce DNA damage (Liu et al., 2000) 

via mitochondria-induced pathway (Li & Darzynkiewicz, 2000). Camptothecin at a 

dose that represents half of the IC50 on SKBR3 cells (0.01 pM) caused cycle arrest at 

G2/M (p<0.01). An increase on the dose to two-fold its IC50 (0.04 pM) showed a sta

tistically significant increment in both S and G2/M phase (p<0.001) (Table 22 and 

Figure 48). These results are in agreement with Darzynkiewicz et al. (1996). Accord

ing to these authors, the most characteristic feature of Camptothecin is its selective 
toxicity to DNA replicating cells. It has been said unclear, whether the delayed apop

tosis seen at low Camptothecin concentrations (3-60 nM), is selective to S phase 
cells, or whether the cells can complete DNA replication but die subsequently, follow

ing division. There is some evidence that such cells die in G1 phase of the ceil cycle, 

which would suggest that the cells are able to divide but they die in the subsequent 
cycle (reproductive or mitotic cell death).

Figure 47: Molecular structure of Camptothecin (213).

3.2.5.1.3 Cell Cycle Effects Of Hybrid Compounds

The hybrid molecules synthesised in this study were analysed at one single dose (10 

pM) at two time points (24 h and 120 h) it was observed that among the hybrids, the

136



unsubstituted molecule (163) demonstrated 2-fold higher apoptosis (Sub-GO) per
centage at 24 h (6.39 %) by comparison with Tamoxifen (164) (3.58 %), Indanocine 

(35) (2.37 %) and Quercetin (212) (2.77 %) (Table 21). G2/M was strongly decreased 

at 120 h (9.78 %) compared with 24 h (27.29 %), when cells at Sub-GO phase 

reached 48.67 % of the cells analysed.

Table 21: DNA Flow Cytometry histograms of Pl-stained SKBR3 cells treated with 10 |jM of hy

brid compounds 163, 186 and 189 (red line) for 24 h and 120 h and compared to the untreated 

cells (grey background).

Compound 24 h 120 h

163

FL2-A «8eS8640PI-A FL2-A FL>A

189

186
00-91
i.79% 0M»
'------ * I J3*

FL2-A 488 SM40 Pt-A

After 24 hours treatment with a concentration of 10 pM, the hybrid 189, Indanocine, 

Methyl- and methoxy-benzylidene did not affect cell cycle in HER2+ breast cancer 
cell line (SKBR3) (Table 21). Tamoxifen (164) showed a slight increase of 10 % in 

G0-G1 in relation to Negative control and Quercetin exhibited a slight change on 
G2/M phase. Qur lead unsubstituted hybrid 163 demonstrated an initial alteration on 

cell cycle when compared with untreated cells. Interestingly, at 120 h Quercetin was 

responsible for 49.61 % of apoptosis, Indanocine (38.2 %), while Tamoxifen caused 

27.71 % on SKBR3 cancer cells.
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The lead p-monosubstituted methyl hybrid (186) at 10 pM (nearly 10-fold higher than 

its IC50 in SKBR3 cells) induced apoptosis in 26.89 % of the cells in 24 h. More sur

prisingly, this number went up to 90.56 % at 120 h (Table 21). This finding shows that 
besides being cytotoxic in vitro against the HER2-i-/Neu breast cancer cell line 

(SKBR3), the lead molecule 186 disturbs the replication and development of this type 

of cancer cells through a programmed cell death induction mechanism.

Table 22: Cell cycle analysis of 10,000 events using SKBR3 breast cancer cells treated for 72 h. 
Results are expressed as Mean ± (SEM) of 3 independent experiments. Two-way ANOVA and 

Bonferroni posttest were used. *{p<0.05), **(p<0.01), ***(p<0.001).

Compound
Cone. Cell cycle distribution % (SEM)

(pM) Apoptosis G0-G1 S G2-M

Untreated 0 5.79 (1.11) 61.99 (2.81) 9.06 (1.01) 18.46 (1.16)

163
10 5.42 (0.79) 57.34* (4.46) 13.45 (2.0) 18.34 (0.83)

30 7.26 (0.84) 53.37*** (3.37) 13.62* (1.20) 19.36 (0.6)

185
10 5.30 (0.48) 58.11 (2.01) 13.05 (0.46) 18.0 (0.94)

30 7.53 (1.57) 53.36*** (2.49) 14.44* (1.69) 18.28 (0.48)

186
10 12.13** (0.24) 46.96*** (6.16) 18.5*** (4.78) 15.63 (0.67)

30 20.36*** (2.6) 31.18*** (0.56) 25.83*** (1.4) 13.36* (0.64)

187
10 5.86 (0.54) 57.68 (2.97) 13.36 (0.85) 17.46 (0.78)

30 8.2 (0.25) 45.80*** (2.17) 20.26*** (0.6) 17.20 (0.16)

164
10 6.46 (0.78) 62.49 (3.26) 9.51 (1.52) 17.03 (0.21)

30 60.34*** (4.08) 27.5*** (3.39) 5.96 (0.29) 3.93*** (0.84)

213
0.01 6.89 (1.56) 54.66*** (2.77) 9.37 (0.97) 24.54** (1.23)

0.04 11.94** (1.41) 34.25*** (4.09) 17.95*** (2.5) 28.98*** (1.2)

212
10 6.71 (0.71) 61.33 (0.01) 10.38 (0.59) 17.09 (0.73)

30 20.3*** (0.42) 41.46*** (1.47) 14.77** (0.5) 17.84 (0.73)
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Further studies were carried out and showed that the p-monosubstituted methyl hy

brid (186) and the dimethyl derivative (187) arrested SKBR3 cells at 72 h in S-phase 

(p<0.001) in a dose-dependent manner (Table 22 and Figure 48). Compounds 163 

(p<0.05) and 185 (p<0.05) followed the same pattern at 30 pM. It is known that DNA 
does not duplicate throughout the cycle but only during several hours in S-phase. 

Although S-phase is independent of growth factors, a massive DNA damage or dep

rivation of nucleotides forces a cell to be arrested in S-phase, and such arrest is usu

ally accompanied by cell death (Blagosklonny & Pardee, 2002). Therefore, consider

ing the results obtained (Figure 48) we speculate DNA damage might be involved in 

the induction of SKBR3 cell death caused by these hybrid molecules.
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Figure 48: Flow cytometry analysis determined the percentage of SKBR3 breast cancer cells in 

each cell cycle phase with respect to concentration of the treatments after 72 hours exposure. 

The data represents the mean values after performing the experiment in triplicate with error 

bars indicating + SEM. Two-way ANOVA and Bonferroni posttest were used. *(p<0.05),

**{p<0.01), ***(p<0.001).

Compounds 163, 185-187, Tamoxifen (164) and Camptothecin (213) demonstrated a 

dose dependent statistically significant decrease of cells in the G0/G1 phase (Figure 

48). The hybrids and Camptothecin, on the other hand, also caused a significant in-
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crease of cells arrested at S phase. Tamoxifen showed an opposite pattern despite 

the fact it was not statistically significant.

Arciuch and colleagues (2012) have outlined that the “metabolic cycle” during cellu

lar proliferation alternates between a first oxidative phase, characterized by the bio

synthesis of many cellular components (G1 phase) and is supported by the energy 

derived from mitochondrial activity, followed by a reductive phase where the replica

tion of DNA and the biosynthesis of mitochondria (S and G2/M phases) is supported 

by non-respiratory modes of energy generation. Mitochondria are known as the cells’ 

powerhouse, but also their suicidal weapon store (Fulda et al., 2010). Accumulating 

evidence now have suggested that mitochondrial bioenergetics, biosynthesis and 

signalling are required for tumorigenesis (Weinberg & Chandel 2015). Thus, emerg

ing studies have begun to demonstrate that mitochondrial metabolism is potentially a 

fruitful arena for cancer therapy (Martmez-Diez et al., 2006; Frezza & Gottlieb, 2009; 
Fulda et al., 2010; Weinberg & Chandel, 2015). Our novel indanone hybrids have 

significantly decreased G0/G1 and increased the number of cells arrested in S- 

phase. Therefore, the results obtained for our hybrid molecules on cell cycle of 

SKBR3 cells led us to further investigate their role on the mitochondrial membrane 
potential (Ay;m) and effects on ROS production and accumulation.

3.2.5.1.4 Conclusion

New alternatives are urgent to treat (EGFR)/FIER2+ breast cancer cells. Diermeier- 

Daucher and colleagues (2011) have used Trastuzumab, Pertuzumab, and Lapatinib 

(alone, in different combinations and concentrations) to treat BT474 and SKBR3 
breast cancer cell lines. The authors have observed that no therapeutic antibody 

treatment caused a profound inhibition of SKBR3 cell cycle progress.

Our results suggest that the novel indane scaffold may be an effective alternative of 

abrogating the effect of HER2+/Neu in tumorigenesis. The hybrid molecules tested 

showed a significant accumulation of SKBR3 cells at S-phase of the cell cycle after 

72 h. This finding shows that besides of being cytotoxic in vitro against the HER2+ 

breast cancer cell line (SKBR3) the lead molecule 186 disturbs the replication and 

development of this type of cancer causing a dose-dependent cell cycle arrest at S-
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phase. Due to this fact and based on the literature we postulate that DNA damage 

might be involved on the induction of SKBR3 cell death caused by the hybrid mole

cules. Gel electrophoresis has been previously used by Vermes and colleagues 

(1995) to measure DNA fragmentation and would be a useful technique for future 

studies.

Our hybrid scaffold, represented by different molecules in Figure 48, has dose- 

dependently affected G0/G1 phase of SKBR3 cell cycle in the same way as the con

trols Tamoxifen (164) and Camptothecin (213) have done. Tamoxifen has dose- 

dependently decreased the number of cells in G2/M, which was discretely observed 

only for the higher dose (30 pM) of the lead molecule 186, with a lower intensity. All 

the other molecules of this hybrid scaffold analysed did not change the cell cycle ar
rest at G2/M phase. Camptothecin, on the other hand, showed an opposite pattern 

once it dose-dependently arrested cells at G2/M phase.

Considering the sub-GO DNA peak observed for our lead hybrid molecule 186 along 

with the decrease of cell viability verified through the Acid Phosphatase assay dis
cussed previously, further investigation was carried out to confirm apoptosis induc
tion. To explore the mechanisms involved on the induction of cell death a flow cytom
etry apoptosis assay was therefore used. Annexin V and Propidium Iodide were se

lected as fluorescent dyes.
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3.2.5.2 Apoptosis

Although several types of programmed cell death (PCD) have been characterized, 

apoptosis is considered the predominant mode of PCD that occurs under physiologi

cal conditions (Elmore, 2007). However, other authors defend that it is not correct to 

assume that ‘programmed cell death’ (PCD) and ‘apoptosis’ are synonyms because 

cell death, as it occurs during physiological development, can manifest non-apoptotic 
features (Kroemer et al., 2009).

Apoptosis is characterized by specific morphological and biochemical changes of 

dying cells, including cell shrinkage, nuclear condensation and fragmentation, dy

namic membrane blebbing and loss of adhesion to neighbours or to extracellular ma

trix as shown in Figure 49 (Vermes et al., 2000; Nishida et al., 2008). Biochemical 

changes include chromosomal DNA cleavage into internucleosomal fragments, 

phosphatidylserine externalization and a number of intracellular substrate cleavages 

by specific proteolysis (reviewed by Elmore, 2007 and Ouyang et al., 2012). Nuclear 
collapse is the main indicator that the cell has undergone apoptosis (Vermes et al., 

1995; van Genderen et al., 2006). In contrast, necrotic cells show cytoplasmic swell
ing and vacuolisation, nuclear swelling, rupture of both nuclear and plasma mem

branes and appear as faintly stained cells with nuclear ghosts (Vermes et al., 1995; 
Kroemer et al., 2009).

Apoptotic Cell Shrinkage 

K*

Nuclear Condensation 

K

Phagocytosis Apoptotic Bodies DNA Fragmentation

Figure 49: Overview on cellular alterations under apoptotic stimulus (Remillard & Yuan, 2004).
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The relevance of apoptosis in oncology appears evident when considering that onco

genic transformation can be determined by a defect in apoptosis. Moreover, one of 

the aims of anti-tumour chemotherapy is to obtain tumour regression by stimulating 

apoptosis in cancer cells as specifically as possible (Ferlini et al., 1999). Apoptosis 

targets that are currently being explored for cancer drug discovery include the tumour 
necrosis factor (TNF)-related apoptosis-inducing ligand (Fas and TRAIL) receptors, 

the Bcl-2 family of anti-apoptotic proteins, Apaf-1, cytochrome c, NF-kB, p53, mi- 

croRNAs, inhibitor of apoptosis (lAP) proteins and MDM2 (Fesik, 2005; Ouyang et 

al., 2012).

The ability to modulate the life or death of a cell has been recognised for its immense 

therapeutic potential. Therefore, research continues to focus on the elucidation and 

analysis of the cell cycle machinery and signalling pathways that control cell cycle 

arrest and apoptosis (Mandlekar & Kong, 2001; Pucci et al., 2003; Elmore, 2007; 
Ouyang et al., 2012). Although there are a wide variety of stimuli and conditions, both 

physiological and pathological, that can trigger apoptosis, not all cells will necessarily 
die in response to the same stimulus. Irradiation or drugs used for cancer chemo

therapy result in DNA damage in some cells, which can lead to apoptotic death 
through a p53-dependent pathway (reviewed by Elmore, 2007). p53 regulates a cell’s 

fate by inducing either cell death or cell cycle arrest. It has been said that half of all 
human cancers is characterized by a mutated p53 (reviewed by Pucci et al., 2003). 

Kroemer and colleagues (2007) added that p53 mediates part of the response of 
mammalian cells to DNA damage, either by stimulating DNA repair or, beyond a cer

tain threshold of DNA damage, by initiating apoptosis.

p53-dependent apoptosis induced by DNA damage

p53 is a transcription factor for a set of pro-apoptotic proteins from the Bcl-2 family 

(Bax, Bid, Noxa and Puma) that promote mitochondrial permeabilization, and thereby 

the release of cytochrome c (Tiwari, 2012). Mitochondrial outer membrane permea- 

bilisation (MOMP) leads to the release of cytochrome c from mitochondria, which ac

tivates caspases to cleave numerous cellular substrates, causing apoptosis (Kroemer 

et al., 2007; Fulda et al., 2010). Respiratory chain complexes l-IV generate the pro

ton gradient over the mitochondrial inner membrane that drives ATP generation by 

ATP synthase (complex V). Executioner caspases (caspase 3 and 7) enter the mito-
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chondrial intermembrane space (IMS) following MOMP, disrupting complex I and 

complex II activity. In the case of complex I, this occurs partly through cleavage of an 

essential complex I subunit, NADH-ubiquinone oxidoreductase 75 kDa subunit 

(NDUFS1). Collectively, these caspase-dependent effects lead to a loss of trans

membrane potential and ATP synthesis (which effectively starves the cells), 

and an increase in reactive oxygen species (ROS) production. These effects of mito

chondrial dysfunction contribute to the exposure of phosphatidylserine on the outer 

leaflet of the plasma membrane and its permeabilisation, which occurs during apop

tosis (Tait & Green 2010).

Some cells express Fas or TNF receptors that can lead to apoptosis via ligand bind

ing and protein cross-linking. Other cells have a default death pathway that must be 

blocked by a survival factor such as a hormone or growth factor. There is also the 

issue of distinguishing apoptosis from necrosis, two processes that can occur inde
pendently, sequentially, as well as simultaneously. In some cases it’s the type of 

stimuli and/or the degree of stimuli that determines if cells die by apoptosis or necro
sis (Vercammen et al., 1997). At low doses, a variety of injurious stimuli such as heat, 

radiation, hypoxia and cytotoxic anticancer drugs can induce apoptosis but these 
same stimuli can result in necrosis at higher doses. Finally, apoptosis is a coordinat

ed and often energy-dependent process that involves the activation of a group of cys

teine proteases called “caspases” and a complex cascade of events that link the initi

ating stimuli to the final demise of the cell (Elmore 2007).

- p53-independent apoptosis induction

In a recent study, Fattman and co-workers (1998) have investigated molecular events 
during tamoxifen-induced apoptosis in human breast carcinoma using two different 

human breast cancer cell lines: MCF7 (which expresses wild-type p53 gene and ER) 

and MDA-MB-231 (which contains neither functional p53 gene nor ERs). The authors 

have shown that Tamoxifen (164) rapidly induced apoptosis, but more importantly, 

the kinetics of apoptosis induction indicated that both cell lines are equally sensitive 

to Tamoxifen (164). These results indicate that a common pathway is involved in ta

moxifen-mediated killing, which is independent of p53 and estrogen receptors. There

fore, they have suggested that one of the common events in tamoxifen-induced 

apoptosis is activation of caspases and cleavage of PARP in both cell lines.
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3.2.5.2.1 Measurement Of Apoptosis By Flow Cytometry

Krysko and colleagues (2008) have described for the analysis of cell morphology the 

use of time-lapse microscopy, flow fluoro-cytometry and transmission electron 

microscopy as means for distinguishing between apoptotic and necrotic cell death. 

By flow cytometry the different morphologies of apoptotic cells can be detected by 

analyzing their light-scattering properties. The forward scatter is commonly used to 

approximate cell size, which permits distinction of apoptotic blebs from apoptotic 

cells. The amount of side scatter of laser light generally correlates with the degree of 

granularity of a cell (Vermes et al., 2000; Krysko et al., 2008).

Figure 50: Representative of morphological aspects of SKBR3 cells after 24 hours treatment 

stained by Annexin V (Ann V) and Propidium iodide (PI) seen by fluorescence microscopy. An- 
nexin V (green) is a recombinant phosphatidylserine-binding protein that interacts strongly and 

specifically with phosphatidylserine. Propidium iodide (red) is membrane-impermeant in live 

cells and binds stoichiometrically to DNA of cells undergoing apoptosis. Living cells are Ann 

V-/ PI-, cells in the early phases of cell death are Ann V+/ PI-, and late phase are Ann V +/ PI+.

Studies of cellular apoptosis have been significantly impacted since the introduction 

of flow cytometry-based methods. Propidium iodide (PI) has been widely used in 

conjunction with Annexin V once it allows to determine if cells are viable, apoptotic, or 

necrotic through differences in plasma membrane integrity and permeability as 

shown in Figure 50 (Vermes et al., 1995; van Genderen et al., 2006). The ability of PI 

to enter a cell is dependent upon the permeability of the membrane; PI does not stain 

live or early apoptotic cells due to the presence of an intact plasma membrane. In
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late apoptotic and necrotic cells, the integrity of the plasma and nuclear membranes 

decreases, allowing PI to pass through the membranes, intercalate into nucleic acids, 

and display red fluorescence (Rieger et al., 2011). Annexin V detects 

phosphatidylserine (PS) transposition on the outer plasma membrane, which occurs 

at a rather early stage of apoptosis during the so-called execution phase (Span et al., 
2002).

Following the cytotoxic results obtained for the hybrid indane molecules in SKBR3 

cells, we decided to progress the studies toward the molecular mechanisms of cell 

death induction. For this purpose, SKBR3 cells were exposed to different treatments 
using p-monosubstituted methyl cis (185) and trans (186) hybrids along with Tamoxi

fen (164) and indanocine, for 24, 72 and 120 hours. Apoptosis was evaluated by a 
flow cytometer BD Accuri C6, using Annexin V and PI as fluorescent probes. Annexin 

V binding was assessed using bivariate flow cytometry and cell staining was 

evaluated with fluorescein isothiocyanate (FITC)-labelled Annexin V (green 

fluorescence), simultaneously with dye exclusion of propidium iodide (PI) (red 
fluorescence) as demonstrated in Figure 50. Based on the literature we consider liv

ing cells as annexin V-negative and Pl-negative (lower left quadrant), cells in the ear
ly phases of apoptosis as annexin V-positive and Pl-negative (lower right quadrant), 

late phase as annexin V-positive and Pl-positive (upper right) and necrotic as annex

in V-negative and Pl-positive as per Figure 51 (Span et al., 2002; Rieger et al., 2011; 

Fahrmann & Hardman, 2013).

Figure 51: Cell viability analysis by Flow cytometry using a BD Accuri C6 Flow Cytometer. ‘Ear
ly’ Apoptosis was defined as cells positive for Annexin-V-FITC only. ‘Late’ Apoptosis was de
fined as cells positive for Annexin V-FITC and Propidium Iodide (PI). ‘Necrotic’ was defined as 

cells positive for PI only. Total % cell death was defined as the sum population of cells in early 

apoptosis and late apoptosis (Reproduced from Fahrmann & Hardman 2013).
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3.2.5.2.1.1 Evaluation Of Apoptotic Activity Of Controls

Indanocine (35) and Tamoxifen (164) were used as internal controls for the evalua

tion of apoptotic activity on ER- HER2-h SKBR3 cancer cells.

3.2.5.2.1.1.1 Apoptotic Effects Of Indanocine (35)

As mentioned previously, a limited number of articles are available in the literature 

related to Indanocine. Among these, in most of them its antimicrotubule activity is 

emphasized. Leoni and colleagues (2000) have verified that Indanocine induces 
apoptotic cell death in a broad range of human tumour cell lines, including several 

types of multidrug-resistant cells. These authors have observed that Indanocine in

duces apoptosis through mitochondria dysfunction, cytochrome c release and caspa- 

se activation. By using a human T-lymphoblastoid CEM cell line Hua and colleagues 

(2001) were able to generate an Indanocine-resistant variant of the cell line called 

CEM-178 (100-fold more resistant than the wild-type). Cytochrome c is known to be 
involved in apoptosis initiation. The authors have observed that CEM wild-type cells 

released a significant amount of cytochrome c into the cytosol compared to CEM- 
178. Indanocine have also shown to depolymerize tubulin in vitro in CEM cells but not 

in CEM-178 cells.

In our study, indanocine showed to induce apoptosis on SKBR3 cells time- and dose- 

dependently (Table 23). Despite the lack of results in the literature the results ob

served for indanocine at 1 pM and 5 pM were shown being in agreement with the 

cytotoxicity observed at 120 h (IC50 1.07 pM).

3.2.5.2.1.1.2 Apoptotic Effects Of Tamoxifen (164)

One possible way to induce apoptosis in cancer cells is by blocking signal transduc

tion of growth factors and hormone receptors (Lee et al., 2013). Some tumour cells, 

such as in the prostate and breast cancers, express receptors for endogenous hor

mones, and these findings have led to the development and clinical use in cancer 

therapy of molecules endowed with anti-hormone properties. The anti-estrogen ta

moxifen (TAM) was the first drug clinically developed in this class of compounds and
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has been widely and successfully utilized in the treatment of breast cancer. For this 

disease, large clinical trials have indicated that a favourable response to adjuvant 

therapy with this drug is present also in estrogen receptor (ER)-poor tumours thereby 

suggesting that at least a part of the antineoplastic action may not be related to the 

anti-hormone properties of TAM (MacGregor & Jordan, 1998; Ferlini et al., 1999; 

Mandlekar & Kong, 2001). In fact, several in vitro properties of TAM have also shown 

pro-apoptotic role in ER-negative cells (Ferlini et al., 1999).

According to Perry et al. (1995) TAM-induced cytotoxicity and DNA damage appear 

to be explained in part by the induction of apoptosis. The authors have also suggest

ed that TAM is able to induce apoptosis via an ER- independent pathway. Ferlini and 

colleagues (1999), working with two ER-negative human cancer cell lines, namely T- 

leukemic Jurkat and ovarian A2780 cancer cells, have verified a consistent occur

rence of apoptosis in Jurkat cells even at 10 pM, and have demonstrated that TAM is 

able to generate oxidative stress. A concomitant increase of DNA fragmentation is 

said to be suggestive of the occurrence of late apoptosis.

However, in this study. Tamoxifen (164) did not significantly induce apoptosis in 
SKBR3 cells at 10 pM in 24, 72 or 120 hours (Table 23). On the other hand, at 30 pM 

Tamoxifen induced apoptosis in a significant proportion of the cells at 24 h and 120 

h. In addition, triplicates obtained at 72 hours showed a statistically significant apop
tosis induction by tamoxifen at 30 pM in HER2+/neu (SKBR3) breast cancer cells at 

72 h (Figure 52).
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Table 23: Flow Cytometry results of Annexin V and Pl-stained SKBR3 cells treated with con

trols for 24, 72 and 120 hours and compared to untreated cells. Dot-plot analysis of cells un

dergoing apoptosis. Debris and residuals of necrotic cells were recognized (and gated-off by 

eliminating the corresponding region) by the lower diameter forward scatter (FSC) and reduced 

DNA fluorescence.
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3.2.5.2.1.2 Evaluation Of Apoptotic Activity Of Lead Scaffold

Following up on the results obtained at the cell cycle investigation we decided to 

evaluate the apoptosis induction caused by the p-monosubstituted Methyl hybrid 

molecules. Trans methyl hybrid (186) showed the highest cytotoxic potency on 

SKBR3 (IC50 1.04 pM) among all the hybrids tested after 120 h. It also demonstrated 
a significant cell cycle disruption on this cell line observed at 24, 72 and 120 hours. In 

order to evaluate SAR along with trans methyl hybrid (186) its cis isomer (185, IC50 

27.3 pM) was also tested for apoptosis induction (Table 24).

Initially, the assays were done at different incubation times to evaluate what was the 

best time frame for the analysis of the replicates as per Table 25. Based on the re

sults observed 72 hours incubation time point was selected for the assessment of the 
triplicates. For our lead p-monosubstituted methyl hybrid 186 a time-dependent in

crease in apoptosis at 1 pM was observed (Table 25). When concentration was in
creased to 10 pM the cell death induction did not change with longer incubation 

times. This effect might be related to the fact that this concentration represents nearly 
10-fold the IC50 of compound 186 in this cell line.

Indanocine (35) was shown to induce apoptosis in a time dependent manner at a 
concentration of 1 pM in SKBR3 cells. Similarly to what was observed for the lead 

hybrid 186, the number of cells undergoing apoptosis increased over 24 h, 72 h, and 

120 hours. Leoni and colleagues (2000) have observed in 29 of 49 cell lines, includ

ing a doxorubicin-resistant breast cancer line, an IC50 for indanocine lower than the 

lowest concentration tested (10 nM). Indanocine has shown a potent antiproliferative 

activity by blocking tubulin polymerisation (Leoni et al., 2000) or depolymerisation 

(Hua et al.. 2001). The discrepancy between the micromolar concentration of drug 

required for in vitro inhibition of tubulin polymerisation and the nanomolar concentra

tion of drug that blocks cell proliferation has been observed with other antitubulin 

agents. The discrepancy is suggested by the authors to indicate that indanocine in

teracts with other non-tubulin cellular components to produce a cytotoxic response.

Tamoxifen (164), despite inducing apoptosis in ER- breast cancer cells (SKBR3) at 

10 pM did not affect a significant proportion of the cells in the time points tested 

(Table 23). Its lowest cell viability was observed at 72 hours with 82.1 % of the cells
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alive, very close to the negative control (86.6 %). Therefore, further studies were 
done to evaluate induction of apoptosis by TAM and hybrid 186 at 72 hours in tripli

cate at 10 pM and 30 pM (Figure 52).

Analysis of the results of hybrid 186 at 10 and 30 pM allowed us to identify a statisti

cally significant apoptosis induction compared to untreated SKBR3 cells (Figure 52). 

At these two concentrations the increase in number of apoptotic cells (p<0.001) and 

decrease in live cells (p<0.001) confirmed that the cell viability observed in the cyto

toxicity assay at 120 hours occurred by induction of apoptosis. Tamoxifen (164) was 

shown to significantly induce apoptosis at 30 pM after 72 h.

According to Salami & Karami-Tehrani (2003) Tamoxifen has been shown to induce 

apoptosis in both ER+ (MCF7) and ER- (MDA-MB468) breast cancer cell lines by 

different mechanisms. Unlike the MCF7 (ER+, PR-f-/-, HER2-) cells, which responded 

to the low concentration (1 pM), the treated MDA-MB468 cells (ER-, PR-, HER-) have 

mainly been affected at a higher dose (20 pM, 36 h) at which a significant increase 
was also observed in the caspase-3 activity (p<0.05).

125n

□ Untreated
□ 186 10UM 
O 186 30UM
■ Tamoxifen 10 uM 
■i Tamoxifen 30 uM

Early apoptosis Late apoptosis Live cells Necrotic

Figure 52: Induction of programmed cell death in HER2+/neu breast cancer cells (SKBR3) 

through apoptosis for 72 hours under treatment with lead hybrid 186 and Tamoxifen (164) 

compared to untreated cells. Results are expressed as Mean + SEM of 3 independent experi

ments. Two-way ANOVA and Bonferroni posttest were used. *(p<0.05), **(p<0.01), ***(p<0.001).

It has been also shown in breast cancer and other cell lines that Tamoxifen can in

duce apoptosis by both ER-mediated and ER-independent mechanisms (Gelmann,
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1996). This author has previously suggested that Tamoxifen could be combined with 

other agents that may induce apoptosis via different pathways to augment treatment 

of breast cancer, regardless of ER status. However, the author suggests the dose of 

tamoxifen for treatment of ER-negative tumours would have to be increased substan

tially compared to the dose administrated to patients with ER-positive breast cancer.

Table 24: Apoptosis analysis of 3,000 events using SKBR3 breast cancer cells treated for 72 h. 
Results are expressed as Mean ± (SEM) of 3 independent experiments. Two-way ANOVA and 

Bonferroni posttest were used. *(p<0.05), **(p<0.01), ***(p<0.001).

Compound
Cone.

(pM)

Early apoptosis

(%)

Late apoptosis

(%)

Live cells

(%)

Necrotic

(%)

Untreated 0 7.53 (0.75) 3.48 (0.57) 87.13(1.57) 1.65 (0.06)

185
10 8.22 (2.23) 7.77 (5.45) 82.1 (7.56) 1.95 (0.76)

30 10.8 (3.5) 9.73 (0.42) 77 (11.82) 2.46 (0.87)

1 20.3 (11.87) 10.7 (5.97) 67.3 (17.74) 1.68 (1.12)

186 10 30.93* (12.95) 49.5*** (11.25) 9.99*** (3.21) 9.68 (4.92)

30 32.5** (9.49) 50.5*** (8.77) 8.75*** (3.05) 8.28 (3.23)

Tamoxifen 10 11.84 (4.01) 9.35 (6.21) 80.27 (4.35) 2.04 (0.82)

164 30 40.03*** (29.08) 14.0 (1.65) 39.6*** (26.6) 3.54 (0.75)

In this study we observed that the results obtained on SKBR3 cells (Table 24, Table 

25 and Figure 52) are in good agreement with those reported by other investigators 

who showed a consistent occurrence of apoptosis at higher doses of Tamoxifen 

(164) in other estrogen receptor negative but non-breast cancer cell lines (Hashimoto 

et al., 1997; Ercoli et al., 1998; Ferlini et al., 1999).
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Table 25: Flow Cytometry results of Annexin V and Pl-stained SKBR3 cells treated with our 

hybrid molecules for 24, 72 and 120 hours. Dot-plot analysis of cells undergoing apoptosis. 

Debris and residuals of necrotic cells were recognized (and gated-off by eliminating the corre

sponding region) by the lower diameter (FSC) and reduced DNA fluorescence.
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Ferlini et al. (1999) have observed an increase of DNA fragmentation caused by Ta

moxifen and suggested to be involved on the occurrence of late apoptosis. Ercoli and 

colleagues (1998) have observed that DNA cleavage into 300 and 50 kbp units was 
the earliest apoptotic change induced by tamoxifen on A2780 ER- human ovarian 

cancer cells. Therefore considering the amount of late apoptotic cells observed after 

72 h treatment with our lead hybrid 186, we speculate that DNA fragmentation might 

be involved in the apoptotic process and should be a matter of further investigation.

Keene and colleagues (2014) have observed a mitochondrial membrane disruption 

induced by Tamoxifen on MCF7 and MDA-MB231 (ER-, PR-, HER2-) human breast 

cancer cell lines and have associated it to early, mid-, and late apoptosis caused to 

these cells. TAM induced cell death via apoptosis in both ER-positive and ER- nega

tive cells, however, apoptosis induction was more pronounced in ER-positive MCF-7 

compared to ER-negative MDA-MB-231 breast cancer cells.

It is known that reactive oxygen species (ROS) and mitochondria play an important 

role in apoptosis induction under both physiologic and pathologic conditions. Interest
ingly, mitochondria are both source and target of ROS (Simon et al., 2000; Mandlekar 

& Kong, 2001). Satoh and colleagues (1997) have examined the effects of oxidative 
stress in PCI 2 cells by exposure to hydrogen peroxide (hydroxy radical producer), 

13-L-hydroperoxylinoleic acid (lipid hydroperoxide), and xanthine + xanthine oxidase 

(superoxide anion producer), and have verified that these oxidative stresses induced 

ROS production, loss of Aipm, and apoptosis. Considering the present results addi

tional investigation was driven in this way attempting to fully elucidate the cellular and 

molecular mechanisms involved on the cell death induction caused by our hybrid 

molecules on SKBR3 cancer cells.

3.2.5.2.2 Conclusion

Apoptosis induction was observed in ER- HER2+/neu human breast cancer cell line 

(SKBR3) caused by Indanocine (35), Tamoxifen (164) and the novel p- 

monosubstituted methyl hybrid indane molecule 186. Experiments run in triplicate, 

after 72 hours incubation, showed statistically significant results for Tamoxifen (164) 
and hybrid 186. However, while the hybrid molecule (186) significantly reduced live
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SKBR3 cells both at 10 [iM and 30 [iM (p<0.001), Tamoxifen showed a similar result 

only at 30 pM. By comparing methyl isomers (185 and 186) it was evident that the 

trans configuration selectively induces apoptosis on SKBR3 cells. Further studies on 

additional HER+/neu cancer cell lines and the development of the other designed 

derivatives might help on the understanding and characterization of this novel indane 

scaffold derivatives.

In conclusion, the current experiments showed that hybrid 186 exerted its antitumour 

effect by the activation of the apoptotic machinery in Estrogen receptor negative 

breast cancer cells (SKBR3). Additional investigation on the cellular and molecular 

mechanisms of cell death caused by this novel hybrid molecules were done initially 

by evaluating disturbances on mitochondrial membrane potential {A^Jm) and intracel

lular ROS accumulation.

155



3.2.5.3 Mitochondria And Apoptosis

Mitochondria have been defined as the bioenergetic and metabolic centres of eukar

yotic cells. Mitochondria are responsible for 90 % of the energy that cells need to 

function. In mitochondria energy is mostly produced by sequential oxidoreductive re

actions where electrons are transferred from NADH to oxygen and protons are ex

truded, and energy stored as an inner membrane potential, finally dissipated and ac

cumulated as ATP by ATP synthase (Arciuch et al., 2012; March! et al., 2012).

Mitochondria are involved in various cellular processes, from regulation of metabolic 

flux to regulation of cell death (apoptosis) (reviewed by Frezza & Gottlieb, 2009). The 

complex role of mitochondria in mammalian cell apoptosis have come into focus 

when biochemical studies identified several mitochondrial proteins that are able to 

activate cellular apoptotic programs directly. These proteins are released from the 

mitochondrial intermembrane space to the cytosol and/or the nucleus in response to 
a variety of apoptotic stimuli promoting apoptosis either by activating caspases and 

nucleases or by neutralizing cytosolic inhibitors of this process (reviewed by Wang, 
2001).

To date, research indicates that there are two main apoptotic pathways: the ‘extrinsic’ 

or death receptor pathway and the ‘intrinsic’ or mitochondrial pathway as shown in 

Figure 53 (Elmore, 2007). In the extrinsic pathway, the ligand-induced activation of 
death receptors induces the assembly of the death-inducing signalling complex 

(DISC) on the cytoplasmic side of the plasma membrane. This promotes the activa

tion of caspase 8 (and possibly of caspase 10), which in turn is able to cleave effector 

caspase 3, -6, and -7. Caspase 8 can also proteolytically activate Bid, which pro
motes mitochondrial outer membrane permeabilization (MOMP) and represents the 

main link between the extrinsic and intrinsic apoptotic pathways.

In the intrinsic pathway, as reviewed by Ricci and Zong (2006), the intrinsic apoptotic 

pathway activation starts with oligomerization of the pro-apoptotic Bcl-2 proteins, Bax 

and Bak, in the mitochondrial outer membrane. This leads to mitochondrial mem

brane permeabilization and consequent release of apoptogenic cytochrome c and 

AIF. Several other intracellular signals, including DNA damage and endoplasmic re

ticulum stress, converge on mitochondria to induce mitochondrial membrane perme-
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abilization, which causes the release of proapoptotic factors from the intermembrane 

space (IMS) (Kroemer et al., 2007). Apoptosis has been referred to as caspase- 

dependent process (Mishra & Kumar, 2005). This is explained by the convergence of 

both pathways into caspase cascade activation (Figure 53).

Death
Receptors

(activated by ligands)

Dependency
Receptors

(in the absence of ligands)

L DISC

Caspase-8
(Caspase-10)
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Figure 53: Extrinsic versus intrinsic caspase activation cascades. Left: extrinsic pathway. 

Right: intrinsic pathway. DISC - death-inducing signaling complex; ERt - endoplasmic reticu

lum; APAF-1 - apoptosis protease-activating factor 1 (reproduced from (Reproduced from 

Kroemer et al., 2007).

During apoptosis, mitochondria suffer specific damage that result in loss of their func

tion. One of the central steps of mitochondrial apoptosis is translocation of cyto

chrome c from the intermembrane compartment of mitochondria to the cytosol 

(Goldstein et al., 2000). Release of cytochrome c can potentially halt the electron 

transfer, leading to failure in maintaining the mitochondrial membrane potential (Ai^^) 

and ATP synthesis (reviewed by Mishra & Kumar, 2005). The release of cytochrome 

c always precedes exposure of phosphatidylserine and the loss of plasma-membrane 

integrity, characteristics of apoptotic cells (Goldstein et al., 2000). Therefore the as

sessment of mitochondrial membrane potential has been considered as an ad-
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vantageous method of measuring an early event preceding apoptosis (Susin et al., 

1998).

In summary, mitochondrial dysfunction is characterized by an increase in mitochon

drial membrane permeability and loss of mitochondrial membrane potential 

(Kallio et al., 2005).

3.2.5.3.1 Mitochondrial Membrane Potential {Aifim)

The analysis of mitochondrial membrane potential has been of great value for 

decades in investigations of the control of energy metabolism and energy require

ments of specific biological functions at the cellular level (Johnson et al., 1981). In 

healthy cells, the inner membrane is impermeable to ions, which allows the electrons 

transport chain (ETC) to actively build up the proton gradient. The mitochondrial 

membrane potential (A<f-m) results from the difference in electrical potential generated 

by the electrochemical gradient across the inner membrane (reviewed by Marchi et 

al., 2012).

In recent years, fluorescent dyes for measuring the mitochondrial membrane poten

tial (Aif/m) have become commonly used tools for monitoring changes in this important 

physiologic mitochondrial parameter as it relates to cells’ capacity to generate ATP 

by oxidative phosphorylation. As such, the Aipm is a key indicator of cell health or inju

ry. These dyes are typically lipophilic cationic compounds that equilibrate across 

membranes in a Nernstian fashion, thus accumulating into the mitochondrial mem

brane matrix space in inverse proportion to Aipm- More polarized mitochondria (i.e., 

hyperpolarized, where the interior is more negative) will accumulate more cationic 

dye, and depolarized mitochondria accumulate less dye (Perry et al., 2011).

The existing literature suggests that depending on the cell system under investigation 

and the apoptotic stimuli used, dissipation of Aqjm may or may not be an early event in 

the apoptotic pathway. Discrepancies in this area of apoptosis research may be at

tributed to the fluorochromes used to detect Aipm- Differential degrees of sensitivity of 

these fluorochromes exist, and there are also important factors that contribute to their 

ability to accurately discriminate changes in Aipm.
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Figure 54: Fluorescence microscopy of SKBR3 cells after 24 hours under treatment with the 

lead hybrid (186) showing different fluorescence intensities. Rhodamine-123 (red) is a com

monly used indicator of mitochondrial membrane potential via flow cytometry and it is current

ly the preferred dye for fluorescence microscopy.

Among the different fluorescent dyes available, rhodamine 123 (R123) is the one 
most frequently used for the assessment of Aipm in mammalian cells (Ludovico et al., 

2001). Rhodamine 123 is a lipophilic cationic dye indicator of mitochondrial mem
brane potential commonly used via flow cytometry and has been the preferred dye for 

fluorescence microscopy as shown in Figure 54 (Johnson et al., 1980; Zamzami et 

al., 1995; Ly et al., 2003).

Rhodamine 123 stains mitochondria directly (without passage through endocytic ves
icles and lysosomes) and provides low-background high-resolution fluorescence of 

mitochondria without apparent cytotoxic effects (Johnson et al., 1980). R123 has 
been used in numerous investigations to estimate Aqjm, stain mitochondria, and moni

tor movement of mitochondria in cells (Scaduto & Grotyohann, 1999). The mainte
nance of mitochondrial transmembrane potential (A^Jm) is crucial for many mitochon

drial functions, including ATP synthesis, ion homeostasis and protein import into the 

mitochondrial matrix.
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3.2.5.3.1.1 Evaluation Of Mitochondrial Membrane Potential {A^m) By Flow
Cytometry

SKBR3 breast cancer cells were exposed to treatments (internal controls and hybrid 

compounds) for 24 hours. This incubation period represents the time course for ex

amination of chronic effects of the molecules in A^Jrr^ (Perry et al., 2011). Cells were 

stained with Rhodamine 123 and analysed by flow cytometry.

3.2.5.3.1.1.1 Internal Controls

Tamoxifen and quercetin were used as internal controls for the evaluation of Atpm on 

ER- HER2+/Neu SKBR3 cancer cells.

3.2.5.3.1.1.1.1 Mitochondrial Membrane Potential Effects Of Tamoxifen (164)

Tamoxifen has been shown to inhibit proliferation and induce apoptosis of breast 

cancer cells by different mechanisms in estrogen receptor positive and negative cell 
lines (Mandlekar & Kong, 2001; Salami & Karami-Tehrani, 2003; Keene et al., 2014). 

TAM is a partial agonist of ER-a, it is a pure antagonist of ER-p. The ER-a mediated 
anti-estrogenic mechanism of TAM in breast cancer could lead to either a cytostatic 

(cell growth arrest) or a cytotoxic (cell death leading to tumour shrinkage and regres
sion in vivo) end points (Mandlekar & Kong, 2001). A limited number of studies were 

found in literature regarding tamoxifen’s bioactivity against SKBR3 cells. However, 
we still observed an agreement between the results we obtained for Tamoxifen (164) 
in SKBR3 cells with results reported in literature for a number of ER+ or ER- negative 

cancer cells.

Recent studies have implicated the role of caspases and mitogen-activated protein 

kinases (MARK), including c-Jun N-terminal kinase (JNK) and p38 in TAM-induced 

apoptotic signalling. Oxidative stress, mitochondrial permeability transition (MPT), 

ceramide generation as well as changes in cell membrane fluidity may also play im

portant roles in TAM-induced apoptosis (Mandlekar & Kong, 2001).

Other authors have observed that in serum-free medium 5 - 7 pM TAM has induced 

death of MCF7 and MDA-MB-231 cells in a time-dependent manner in less than 60
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min. According to the authors, this was associated with release of mitochondrial cyto
chrome c, a decrease of A^Jm and an increase in production of ROS (Kallio et al., 

2005). Mitochondrial depolarization has also been observed along with cytochrome c 

release during apoptosis in PC6 cells (Heiskanen et al., 1999).

Cytotoxic effects of Tamoxifen have been documented in several investigations 

(Majumdar et al., 2001; Tavassoli et al., 2002; Simard et al., 2002; Basu et al., 2003; 

Gauduchon et al., 2003; Brandt et al., 2004; Tseng et al., 2004; Dietze et al., 2004). 

Tamoxifen’s anticancer action do not solely depend on the interference with estrogen 

receptor sites (Hashimoto et al., 1997; Ercoli et al., 1998; Ferlini et al., 1999; 

Blackwell et al., 2000; Tuquet et al., 2000; Mandlekar & Kong, 2001; Nazarewicz et 

al., 2007; Weng et al., 2008; Keene et al., 2014). Despite these uncertainties, the 

cytostatic and cytotoxic effects of Tamoxifen on various cancer cells are clear and 

support Tamoxifen’s role as a chemotherapeutic agent on certain cancer types.

Mandlekar & Kong (2001) have reviewed that the signalling proteins in the non-ER- 

mediated pathways include protein kinase C (PKC), TGF-[3, camodulin, c-myc, 
ceramide, and MAP kinases. In reviewing these signalling intermediates, the authors 
have focused mainly on: 1) how TAM activates/inhibits the particular signaling path

way; and 2) what are the potential downstream effectors of this pathway leading to 

apoptosis.

Tamoxifen, depending on the concentrations and exposure duration, has been found 

to be cytostatic or cytotoxic, and caused morphological changes and DNA degrada
tion in two non-breast cancer cell lines human cervical carcinoma cells (HeLa) and/or 

murine erythroleukemic cells (BB-88) inducing cell death through an apoptotic path

way (Majumdar et al., 2001). Tamoxifen treatment has demonstrated an inhibitory 

effect on HeLa cell multiplication at lower concentrations and toxicity at higher con

centrations and longer treatment durations. Cytological observations have showed 

nuclear condensation, cell shrinkage, multinucleation, and apoptotic bodies.

Tamoxifen has been shown to cause apoptosis in various cancer cells including hu

man cervical carcinoma (HeLa), murine erythroleukemic cells, AIDS-related Kaposi 

Sarcoma cells, head and neck cancer cells, pituitary tumour cells, human hepatoblas

toma (hepG2) cells, human glioblastoma cells, rat glioma cells, and in multiple mye-
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loma cell lines (Basu et al., 2003). TAM has increased caspase-3 activity in glioblas

toma (Zartman et al., 2004), activation of c-Jun N-terminal kinase-1 (JNK1)/caspase- 

3 in glioma cells (Tseng et al., 2004). As caspases are believed to be the terminal 

executors of apoptosis (reviewed by Cohen, 1997) and their activation being mediat

ed through cell surface death receptors or through mitochondria as shown in Figure 

53 (Mandlekar & Kong, 2001), we investigated caspases involvement in SKBR3 cell 

death induction by the novel indanone hybrid molecules.

Induction of the mitochondrial permeability transition (MPT) has been characterized 

by an abrupt swelling and depolarization of membrane potential accompanied by the 

efflux of mitochondrial calcium, GSH, and NAD(P)H (Custodio et al., 1998). This ap

parent mitochondrial swelling has been attributed to the direct membrane active de- 

tergent-like properties of TAM.

Tamoxifen (164) was shown to disrupt mitochondrial membrane potential on SKBR3 

cells treated for 24 hours. Based on our results it is possible to affirm that tamoxifen 

dose-dependently inhibited mitochondrial membrane potential in ER- HER2/neu 
breast cancer SKBR3 cells (Figure 56).

3.2.5.3.1.1.1.2 Mitochondrial Membrane Potential Effects Of Quercetin (212)

Quercetin shows a structural similarity that resembles the benzylidene molecules 

(Figure 55). Due to the ability of polyphenols to modulate the activity of multiple tar

gets involved in carcinogenesis through direct interaction or modulation of gene ex

pression, they have been studied to be employed as inhibitors of the growth of can

cer cells. However, the main drawback to using polyphenols as anticancer agents is 

their poor bioavailability in the human body (reviewed by Fantini et al., 2015).

Jeong and colleagues (2008) have observed that quercetin decreased the level of 

HER2/neu protein in time- and dose-dependent manners and inhibited the down

stream survival PI3K-Akt signalling pathway in HER2/neu overexpressing breast 

cancer SKBR3 cells. The authors have also observed that quercetin induced 

polyubiquitination of HER2/neu and believe that by using quercetin, new therapeutic 

strategies can be developed to treat HER2/neu overexpressing cancers.
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Figure 55: Comparison between the molecular structure of quercetin and the benzylidene core.

Growing evidence suggests that cancer cells are under increased oxidative stress 

compared to normal cells associated with oncogene-induced transformation, in

creased metabolic activity, mitochondrial malfunction, and increased generation of 

ROS (reviewed by Ozben, 2007). The pharmacological activities of quercetin that 
modulate antioxidation/oxidation/kinase-signalling pathways might be differentially 

elicited in neurons compared with malignant cells, ultimately promoting cell survival 
or death in a cell type- and metabolism-specific manner. Whereas the broad antioxi

dation and anti-inflammatory activities of quercetin are important for neuronal surviv
al, the oxidative, kinase- and cell cycle-inhibitory, apoptosis-inducing effects of quer

cetin are essential for its anticancer effects (reviewed by Dajas, 2012). Previous stud
ies have shown that quercetin exert its cytotoxicity via induction of apoptosis in vari
ous cancer cell lines (Kothan et al., 2004; Lee et al., 2006; Yang et al., 2006; Kim et 

al., 2013; Li et al., 2013; Mocanu et al., 2013).

3.2.5.3.1.2 Mitochondrial Membrane Potential Of Hybrid Compounds

SKBR3 breast cancer cells were exposed to treatments for 24 hours for examination 

of chronic effects of the molecules in A^Jm (Perry et al., 2011). The unsubstituted par

ent hybrid (163), p-monosubstituted (185 and 186) and p-disubstituted (37) methyl 

hybrid molecules were tested along with Tamoxifen (164) and quercetin for the as

sessment of the mitochondrial membrane potential in SKBR3 cells. By the ex

posure of SKBR3 cells to the treatments we observed that compounds 185, 186 and 

Tamoxifen (164) at 30 pM induced a statistically significant loss of mitochondrial 

membrane potential (p<0.001) (Figure 56). Decrease in Aqj^ has been observed for 

tamoxifen in ER+ and ER- cell lines (Cardoso et al., 2001; Dietze et al., 2001; Dietze
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et al., 2004; Kallio et al., 2005; Nazarewicz et al., 2007). Some authors, by observing 

the rapid release of cytochrome c, have suggested that TAM treatment triggers a rap

id mitochondrial death pathway (Dietze et al., 2004; Kallio et al., 2005; Nazarewicz et 
al., 2007; Razandi et al., 2013), increases intramitochondrial ionized Ca^"" concentra

tion and stimulates mitochondrial NO synthase (mtNOS) (Nazarewicz et al., 2007), 

through a plasma membrane-activated AKT-signaling pathway (Dietze et al., 2004).

The ER-independent action mechanisms of TAM and its side effects have not been 

yet fully clarified. It is known that mitochondria are essential in supporting the energy- 

dependent regulation of cell functions. Therefore, changes in mitochondria result in 

bioenergetic deficits leading to the loss of vital functions to cell survival. Considering 

HER-2 is overexpressed in 20-25% of invasive breast cancers and is associated with 
an aggressive tumour phenotype and reduced survival rates (Nahta & Esteva, 2003) 

we excitingly believe this novel class of indanes has a great potential for further de
velopment.

The results obtained showed that our lead molecule 186 and its cis isomer 185 like 
Tamoxifen (164), dose-dependently decreased mitochondrial membrane potential 

of SKBR3 cells after 24 h. Based on the findings from literature we conclude 

this loss of AiiJm contributes to apoptosis induction caused by the hybrids molecules 

as well as tamoxifen.

Kallio and colleagues (2005) have suggested that disruption of mitochondrial function 

has a primary role in the acute death response of the cells. There are reports demon

strating that mitochondria are also central in the TAM-induced increased rate of 

apoptosis after long-term treatment (Tuquet et al., 2000). Additional studies shall be 

done using a short-term exposure of the cells to the treatments in order to identify the 

critical period when compounds start to affect the In this way, the time frame 

ranging from 10 minutes to 24 hours would contribute significantly on the understand

ing of the mechanism these hybrids affect cellular normal metabolism.

Zamzami et al. (1995) have suggested that a sequence of programmed cell death 

(PCD)-associated events in which a reduction in Aipm constitutes an obligate irre

versible step precede other alterations of cellular lymphocyte’s physiology. Kinetic 

data are compatible with the hypothesis that cells lose their A^Jm first, and later un-
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dergo endonucleolysis, lipid peroxidation, and cytolysis. According to these authors, 
loss in Avm occurs in cells irreversibly undergoing apoptotic cell death. Tracking back 

the cytotoxicity observed on SKBR3 cells at 120 hours treatment, and knowing that 

cell death was driven through apoptosis measured at 72 hours, it is possible to affirm 

based on our results that mitochondrial membrane potential (A^Jm) is involved in 

apoptosis induction verified after 24 hours treatment. Kallio et al. (2005) have shown 

that 7 pM Tamoxifen was able to induce death of MCF7 cells in less than 60 min. 

Heiskanen and colleagues (1999) have observed that mitochondrial membrane po

tential monitored by tetramethyirhodamine methyl ester decreased abruptly in indi

vidual cells from 2 to 7 h after treatment with staurosporine. This suggests that dis

ruption of mitochondrial function has a primary role in the acute death response of 

the cells. Therefore, additional studies shall consider shorter periods of incubation of 

SKBR3 cells with our hybrid molecules.
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Figure 56: Effect of hybrid molecules and controls Tamoxifen (164) and Quercetin (212) on mi

tochondrial membrane potential (A,^^) <n SKBR3 cells treated for 24 hours by using Rhodamine- 

123 as fluorescence probe. Results are expressed as Mean + SEM of 3 independent experi

ments. One-way ANOVA and Bonferroni posttest were used. *(p<0.05), **(p<0.01), ***(p<0.001).

Mitochondrial dysfunction has been shown to participate in the induction of apoptosis 

and has even been suggested to be central to the apoptotic pathway. However, there
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are emerging data suggesting that, depending on the model of apoptosis, the loss of 

Aipm may not be an early requirement for apoptosis, but on the contrary may be a 

consequence of the apoptotic signalling pathway (Ly et al., 2003). This reinforces the 

potential to further explore the early process of programmed cell death induction by 

the hybrid molecules on ER- HER2+/neu breast cancer cell line SKBR3.

To further substantiate interpretations of mitochondrial behaviour, it is useful to 

measure additional parameters relevant to mitochondrial function, bioenergetics, me

tabolism, and/or respiration, to ensure that these additional observations are con

sistent with the changes in In this way, it has been repeatedly demonstrated, on 

different experimental models, that a strong positive correlation exists between reac

tive oxygen species (ROS) production and mitochondrial membrane potential {Aipm) 
(Suski et al.. 2012).

Weinberg & Chandel (2015) have suggested that targeting mitochondrial ATP pro

duction will emerge as a viable therapeutic strategy against cancer. The authors have 
inferred that poorly perfused tumours have limited glucose availability but just enough 
oxygen to generate mitochondria ATP. Consequently, a drug blocking mitochondrial 

ATP production would induce cell death in poorly perfused tumours.

Despite being an anti-estrogen agent. Tamoxifen (164) induced apoptosis, cell cycle 

arrest and mitochondrial membrane potential (A^/^) in ER- SKBR3 breast cancer 

cells. The results observed showed tamoxifen was consistently bioactive against this 

HER2/neu overexpressing breast cancer (IC50 25.2 pM). Our lead molecule 186 (IC50 

1.04 pM), when compared to tamoxifen, showed a superior magnitude of bioactivity 

against this specific cell line. Therefore, this novel designed indane hybrid scaffold 

has a great potential for further development and investigation. Another approach in 

future studies could include 3D cell culture because it has been said to simulate more 

precisely the in vivo environment of the cancer tissue. It has been believed that 3D 

cultures will have a strong impact on drug screening and will also decrease the use of 

laboratory animals in the context of toxicity assays (Pampaloni et al., 2007; Haycock, 

2011; Thoma et al., 2014).

The multiple effects of TAM on mitochondrial bioenergetic functions, causing 

changes in the respiration, phosphorylation efficiency, and membrane structure, may
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explain the cell death induced by this drug in different cell types, its anticancer activity 

in ER-negative cells, and its side effects (Cardoso et al., 2001).

Cytosolic cytochrome c forms a complex with procaspase-9 and Apaf-1 called apop- 

tosome, which leads to ATP-dependent cleavage and activation of procaspase-9, the 

initiator caspase in mitochondrial apoptosis. Activation of procaspase-9 results in ac
tivation of downstream executioner caspases, such as caspase-3 (reviewed by Kallio 

et al., 2005). By knowing that activation of the caspase cascade results in proteolytic 

cleavage of several substrates such as PARP-1 and ultimately death of the cell, we 

decided to further investigate how our lead hybrid molecule 186 affected these medi

ators. In addition, determination of reactive oxygen species (ROS) was evaluated on 

SKBR3 cells as discussed later.

In our study, quercetin at 10 pM and 30 pM did not affect mitochondrial membrane 

potential (Zl^m) of ER- HER2/neu breast cancer cells (SKBR3) after 24 hours treat

ment (Figure 56).

3.2.5.3.1.3 Conclusion

The association of HER2/neu overexpression in cancer cells with chemoresistance 

and metastasis provides a plausible interpretation for the poor clinical outcome of 
patients with HER2/neu overexpressing cancers. It has been suggested that the en

hanced tyrosine kinase activity of HER2/neu might play a critical role in the initiation, 

progression, and outcome of human tumours. So HER2/neu has become an im

portant therapeutic target in breast cancer (Nahta & Esteva, 2003).

Our investigation demonstrates that the novel hybrid indane scaffold has strong anti

proliferation, potent cell cycle arrest, induction of apoptosis and disruption of mito

chondrial membrane potential. Thus, this study indicates that the novel indanone hy

brid scaffold shows a range of bioactivities and has a great potential in cancer thera

py. The results obtained showed that our lead molecule 186 and its cis isomer (185) 

like Tamoxifen (164) dose-dependently decreased mitochondrial membrane potential 

{Aqjm) of SKBR3 cells after 24 h. Taken together, the loss of caused by the hy

brid molecules as well as Tamoxifen contributes to apoptosis induction.
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Metabolically active cancer cells require a high level of ATP supply to maintain un

controlled cell growth and proliferation. Our novel designed indane hybrid molecules 

act by disrupting the normal function of the mitochondrial membrane potential of 
SKBR3 cancer cells. Therefore, this hybrid scaffold may cause ATP depletion in 

SKBR3 cells and has a great potential to be further investigated. The metabolic dis

ruption of normal cells can also be an effective alternative for future investigation 

once the selectivity of this scaffold toward cancer cells would be a great potential to 

explore.



3.2.5.4 Reactive Oxygen Species (ROS)

Reactive Oxygen Species (ROS) is a term used to describe a number of reactive 

molecules and free radicals derived from molecular oxygen (Held, 2012), considered 

a normal side product of the respiration process (reviewed by Marchi et al., 2012). 

ROS normally exist in all aerobic cells in balance with biochemical antioxidants. 'Oxi

dative stress’ occurs when this critical balance is disrupted because of excess of 

ROS, antioxidants depletion, or both (reviewed by Waris & Ahsan 2006). Various or

ganelles within the cell can generate ROS. These include mitochondria, the endo

plasmic reticulum (ERt) and peroxisomes (as part of their role in metabolizing long- 

chain fatty acids (LCFAs)). In addition, various enzymes, including oxidases and oxy

genases, generate ROS as part of their enzymatic reaction cycles (Figure 57) 

(reviewed by Holmstrom & Finkel, 2014).
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Figure 57: Intracellular source of reactive oxygen species (Reproduced from Holmstrom & 

Finkel 2014).

Reactive oxygen species (ROS) are highly reactive molecules, mainly generated in

side mitochondria (Figure 58) (Marchi et al., 2012). ROS, produced as by-products 

during the mitochondrial electron transport of aerobic respiration or by oxidoreduc-
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tase enzymes and metal catalyzed oxidation, have the potential to cause a number of 

deleterious events (Held, 2012). Interestingly, mitochondria are both source and tar

get of ROS. Cytochrome c release from mitochondria, that triggers caspase activa

tion, appears to be largely mediated by direct or indirect ROS action (reviewed by 

Simon et al., 2000). It has been postulated that ROS may play a dual role in apopto

sis, either as activators of permeability transition or a consequence of this transition, 

depending on the death stimulus (Green & Reed, 1998).
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Figure 58: Overview of mitochondrial ROS (mROS) production (Reproduced from Murphy, 
2009).

Chronic increase in the rate of ROS production is responsible for the accumulation of 

ROS-associated damages in DNA, proteins, and lipids, and may result in progressive 

cell dysfunctions, energy metabolism, morphology and apoptosis (Benhar et al., 

2002; Liou & Storz, 2012; Suski et al., 2012). From a mechanistic point of view, ROS 

levels are intricately connected to cancer metabolism. Cancer cells often have high 

rates of aerobic glycolysis (reviewed by Holmstrom & Finkel, 2014) and are frequent-
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ly under persistent oxidative stress in vitro and in vivo (reviewed by Brown & Bicknell, 

2001). In breast cancer, adjuvant therapies generate large amounts of ROS that 

cause oxidative damage and induce apoptosis (Razandi et al., 2013). SKBR3 cells 

undergoing apoptosis have demonstrated mitochondrial changes associated with 

ROS production (Mancini et al., 1998). However, the precise role of ROS in disease 

remains mostly unknown (reviewed by Holmstrom & Finkel, 2014).

ROS levels are increased in cells exposed to various stress agents, including anti

cancer drugs, and they promote apoptosis by stimulating pro-apoptotic signalling 

molecules, such as ASK1 (apoptosis signal-regulating kinase 1), JNK and p38. ROS 

also play a pivotal role in p53-induced apoptosis. In addition, ROS can act directly on 

the apoptotic machinery, by accelerating mitochondrial depolarization and dysfunc

tion during the effector phase of apoptosis (reviewed by Benhar et al., 2002). Cells 

normally respond to various external stimuli and toxicants by developing oxidative 
burst (Manda et al., 2009).
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Figure 59: Targeting cancer cells by modifying ROS levels (Reproduced from Sullivan & 

Chandel 2010).
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Dichlorodihydrofluorescein diacetate (DCFH-DA or H2DCFDA) is a cell-permeable 

ester that accumulates within the cell after it has been hydrolysed. Oxidation of this 

molecule converts it from a colourless compound to a highly fluorescent molecule 

(Flolmstrom & Finkel, 2014). DCFH-DA has been widely used to evaluate “cellular 

oxidative stress” (Aranda et al., 2013; Curtin et al., 2002; Wang & Roper, 2014). Oxi

dative stress occurs in cancer cells when the generation of ROS overwhelms the 

cell's natural antioxidant defences (reviewed by Curtin et al., 2002). Normal cells 

have decreased amounts of both ROS and antioxidants relative to cancer cells. Since 

cancer cells have more ROS and antioxidants, they may be more susceptible to 

changes in ROS levels. Inhibition of antioxidants or increasing ROS generation will 

result in excess ROS in cancer cells and cause cancer-specific oxidative cell death 

as shown in Figure 59 (reviewed by Sullivan & Chandel, 2010).

Figure 60: Formation of fluorescent compound DCF by ROS (Reproduced from Held, 2012).

DCFH-DA crosses cell membranes and is hydrolysed by intracellular non-specific 

esterases to non-fluorescent DCFH. In the presence of ROS, DCFH (or H2DCF) is 

oxidized to highly fluorescent 2’,7’-dichlorofluorescein (DCF), which is readily detect-
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ed by flow cytometry (Figure 60). The DCFH fluorescence intensity is proportional to 

the amount of intracellularly formed ROS (Lebel et al., 1992; Karlsson et al., 2010).

Oxidation of DCFH-DA requires the presence of either cytochrome c or of both redox- 

active transition metals and H2O2. Redox-active metals exist mainly within lyso- 

somes, while cytochrome c resides bound to the outer side of the inner mitochondrial 

membrane (Karlsson et al., 2010). Satoh and colleagues (1997) have measured the 

time dependency of oxidative stress-induced ROS production in PCI2 cells at vari

ous times and immediately analysed by flow cytometry. All the oxidative stressors 

examined, including H2O2, resulted in increased ROS production in a time-dependent 

manner. The fluorescence reached maximum level at 20 to 60 min and remained at 

the elevated level for up to 120 min. In our study, 4 mM of H2O2 (as inducer of ROS 

production) was added to each sample after 24 h treatment and incubated at 37 °C 

for 30 min to evaluate disruption on ROS metabolism caused by the treatments used.

ROS in cancer have shown to be involved in cell cycle progression and proliferation, 

cell survival and apoptosis, energy metabolism, cell morphology, cell-cell adhesion, 
cell motility, angiogenesis and maintenance of tumour sternness (reviewed by Liou & 

Storz, 2012). Breast carcinomas usually support their own growth by stimulating 
blood vessel development (angiogenesis). Breast tumours are also oxidatively 

stressed by non-hypoxic mechanisms, such as glucose deprivation, metabolic altera
tions and macrophage infiltration (Brown & Bicknell, 2001).

Many chemotherapeutic strategies are designed to elevate cellular ROS levels with 

the goal to induce irreparable damage subsequently resulting in tumour cell apopto

sis (Liou & Storz, 2012). Excitingly, among them one compound that modulates ROS 

levels and is currently tested for its potential use in tumour therapy is the indane de

rivative Sulindac, an FDA-approved, non-steroidal anti-inflammatory drug (NSAID) 

inhibitor of cyclooxygenases (COX) 1 and 2. Sulindac enhances intracellular ROS 

levels, loss of mitochondrial membrane potential, and renders colon and lung cancer 

cells more sensitive to H202-induced apoptosis (Marchetti et al., 2009). Because 

Sulindac (32) and our novel hybrid scaffold share the bioactivities such as loss of 

Aipm, disrupt ROS accumulation and inducing apoptosis in cancer cells, we hypothe

sise that our hybrid molecules could also affect inflammatory mediators.
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As reviewed by Wang & Yi (2008), ROS production is a mechanism shared by all 

non-surgical therapeutic approaches for cancers, including chemotherapy, radiother

apy and photodynamic therapy. Sabharwal & Schumacker (2014) have said that as 

mitochondria carry out important functions in normal cells, disabling their function 

would not be a feasible therapy for cancer. However, the authors have pondered as 

ROS signalling contributes to proliferation and survival in many cancers, the targeted 

disruption of mitochondria-to-cell redox communication represents a promising ave

nue for future therapy.

3.2.5.4.1 Evaluation Of ROS By Flow Cytometry

In order to observe ROS accumulation SKBR3 breast cancer cells were exposed for 

24 hours to different treatments (internal controls and hybrid compounds). Cells were 
then stained with 2’,7’-dichlorohydrofluorescein diacetate (DCFH-DA) and analysed 

by flow cytometry.

3.2.5.4.1.1 Internal Controls

Following the experimental design used for determination of mitochondrial membrane 
potential, tamoxifen and quercetin were used as internal controls for the evaluation of 

reactive oxygen species on ER- HER2+/neu SKBR3 cancer cells.

3.2.5.4.1.1.1 Effects Of Tamoxifen (164) On ROS

Ferlini et al. (1999) have demonstrated that TAM generates ROS production and thiol 
depletion in a dose-dependent manner in two human cancer cells: the T-leukemic 

Jurkat and the ovarian cancer A2780 cells. The balance between ROS and cellular 

thiol levels plays a pivotal role in regulating cell cycle progression and apoptosis. The 

estrogen antagonist tamoxifen, increasingly used alongside other breast cancer ther

apies, has also been shown to induce oxidative stress within carcinoma cells in vitro.

Tamoxifen has been shown to induce apoptosis in both ER-positive (MCF7) and ER- 

negative (MDA-MB-231, A2780, Jurkat) cells (Ferlini et al., 1999; Keene et al., 2014).
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However, it has been shown to be more effective in inducing apoptosis in ER-a posi

tive breast cancer cells compared to ER-a negative cells (Salami & Karami-Tehrani, 

2003; McFadden & Majumdar, 2012). Tamoxifen has also induced a decrease in mi

tochondrial membrane permeability in MCF7 BK cells that has been correlated to 

stimulating the intrinsic mitochondrial apoptosis pathway (Razandi et al., 2013). The 

authors have first found a significant increase in ROS generation in MCF7 BK cells 

relative to controls and proved tamoxifen regulated ROS via engaging ER receptor. 

This is agreement with our results because tamoxifen did not change ROS levels of 

ER- SKBR3 cells after 24 h treatment.

However, Tamoxifen apoptosis’ induction via decrease of A^Jm in breast cancer cells 

has been reported by other authors, along with the release of cytochrome c and in

crease in production of ROS (Sutherland et al., 1983; Ferlini et al., 1999; Dietze et 

al., 2001; Kallio et al., 2005; Razandi et al., 2013). Herrera and colleagues (2001) 
have added to this the activation of caspase 3, which as said by Thornberry & 

Lazebnik (1998), is a family of proteases that are the central component of apoptosis.

3.2.5.4.1.1.2 Effects Of Quercetin (212) On ROS

Several molecules present in the diet, including flavonoids, can inhibit the growth of 

cancer cells with an ability to act as “chemopreventers”. The antioxidant activity of 

chemopreventers has recently received great interest, essentially because oxidative 

stress participates in the initiation and progression of different pathological condi
tions, including cancer (reviewed by Gibellini et al., 2011). Among flavonoids, querce

tin is considered an excellent free-radical scavenging antioxidant and also exerts a 

direct, pro-apoptotic effect in tumour cells. Excessive ROS levels render cancer cells 

highly susceptible to quercetin. Quercetin depletes intracellular glutathione and in

creases intracellular ROS to a level that can cause cell death (Gibellini et al., 2010).

Numerous in vitro studies have shown consistent anticancer effects of quercetin in a 

variety of cancer cell lines and tumours, including U138MG (glioma), U2.US/ MTX300 

(osteosarcoma), HeLa (cervical cancer), CWR22Rv1 (prostate cancer), MDA-MB-453 

(breast cancer), HT-29 (colorectal xenografts), myeloid leukemia and oral cavity can

cer (reviewed by Dajas, 2012).
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Quercetin has induced apoptosis in both tumour cell lines SKBR3 and A-431 for con

centrations starting with 50 and 75 pM. Various mechanisms could explain the ability 

of quercetin to induce apoptosis. It has been reported that apoptotic effect of querce

tin in colon and breast tumour cells was related to the ability to generate ROS which 

in turn could lead to DNA damage and consequently to cell death (Mocanu et al., 

2013). The authors have suggested a biphasic effect of quercetin in SKBR3 and A- 

431 tumour cell lines, depending on the concentration that was applied. The activity 

of the flavonoid on cell viability has been evident at higher concentrations and long

term incubation, while lower concentrations increased the cell proliferation.

The association of HER2/neu overexpression in cancer cells with chemoresistance 

and metastasis provides a plausible interpretation for the poor clinical outcome of 

patients with HER2/neu-overexpressing cancers; it has been suggests that the en

hanced tyrosine kinase activity of HER2/neu might play a critical role in the initiation, 

progression, and outcome of human tumours. So HER2/neu has become an im

portant therapeutic target in breast cancer (Nahta & Esteva, 2003). Quercetin has 
decreased the level of HER2/neu protein in time- and dose-dependent manners and 

also inhibited the downstream survival PI3K-Akt signalling pathway in HER2/neu- 
overexpressing breast cancer SKBR3 cells. The authors also observed that quercetin 

induced polyubiquitination of HER2/neu (Jeong et al., 2008).

3.2.5.4.1.2 ROS Determination In SKBR3 Cells Treated With Hybrid Com
pounds

In order to study the influence of the novel indanone hybrid scaffold over mito

chondrial activity in an oxidative stress in vitro model, H2Q2 was used as oxidizing 

agent. Direct insults of H2Q2 have been described for oxidative stress studies 

(Murphy 2009) and diseases: AIDS, Huntington’s and neurodegenerative, including 

Parkinson’s, Alzheimer’s and amyotrophic lateral sclerosis (Curtin et al., 2002). In 

order to consider the cytotoxicity caused by the compounds and H2Q2, the cell viabil

ity was determined by the Acid phosphatase method. Quercetin was used as a con

trol. As an antioxidant compound, quercetin is an important RQS scavenger with 

neuroprotective effects (Dong et al., 2014). Its potent RQS scavenging activity is
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attributed to its inherent number of hydroxy substitutions, which correlates with its 

electron-donating ability (Dajas 2012). After 24 hours treatment, the cells were incu

bated with 4 mM of H2O2 and a significant decrease on the DCF signal was observed 

for some of the samples, proportional to the decrease on ROS levels (Figure 61).
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Figure 61: Reactive oxygen species (ROS) accumulation in SKBR3 cells after 24 hours under 
treatment with hybrids and controls Tamoxifen (164) and Quercetin (212) by using DCFH-DA as 
fluorescence probe and H2O2 as ROS production inducer. One way ANOVA followed by Bonfer- 
roni’s post hoc test represented as mean + SEM (n=3). *(p<0.05), **(p<0.01), ***(p<0.001).

Our hybrid 186 significantly suppressed intracellular ROS accumulation on SKBR3 

cells in a dose-dependent manner after 24 hours under treatment and exogenous 

stimulation by FI2O2. It is evident that the lead p-monosubstituted trans methyl hybrid 

186 dose-dependently decreases ROS accumulation in SKBR3 after 24 h treatment 

and H2O2 stimulation (p<0.001) at 10 pm and 30 pm. The same pattern of dose- 
dependent inhibition was observed for the unsubstituted 163 and p-disubstituted me

thyl (187) hybrid and for Quercetin at 30 pm.

Interestingly, Methyl cis hybrid isomer (185) as well as Tamoxifen (164) did not affect 

ROS accumulation in either concentration tested (10 pM and 30 pM) after 24 hours 

treatment. Tamoxifen has previously been demonstrated to induce oxidative stress in 

ER- human cancer cell lines, namely T-leukemic Jurkat and ovarian A2780 cancer
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cells (Ferlini et al.,1999). In our study, however, Tamoxifen did not cause any disrup

tion on the ROS accumulation by SKBR3 cells after 24 hours treatment.

It has been reported that high levels of oxidative stress are toxic, but low levels may 

elicit cellular proliferation indicating the cell response to ROS may be dose- 

dependent. Excessive production of ROS may damage several cellular components 

including DNA, protein, and lipid membranes. Oxidation of antioxidant enzymes re

duces the ability of cells to eliminate oxidative stress (reviewed by Ozben, 2007). In 

this study, a close relationship was observed in SKBR3 cancer cells at 24 hours be

tween the ROS levels (Figure 61), disruption of mitochondrial membrane potential 

(Figure 56) and apoptosis (Table 10 and Table 18). One could interpret that 163, 186 

and 187 are free radical scavengers once we observed a decrease on ROS levels 

compared to untreated cells. However, we postulate that once our indane hybrid 

compounds have apoptotic effects in SKBR3 cells they can either cause a decrease 
on ROS accumulation by disrupting their production through mitochondrial dysfunc

tion or act by stimulating free radical scavenger enzymes. It is a fact that the novel 
hybrids caused a reduction on ROS levels and a decrease on mitochondrial metabo

lism, and this is involved in cell death induction. To further substantiate this fact, the 
lead compound 186 showed to be the most potent cytotoxic hybrid and demonstrated 

the lowest ROS accumulation. Additional investigation should be done at shorter in

cubation periods in order to fully characterize the mechanisms involved on HER2/neu 

SKBR3 cell death induction, to decipher if this novel scaffold either interferes with 
ROS production or the scavenger enzymes.

Nahta & Esteva (2003) have previously said that HER2 has become an important 

therapeutic target in breast cancer for several reasons: (a) HER2 levels correlate 

strongly with the pathogenesis and prognosis of breast cancer; (b) The level of HER2 

in human cancer cells with gene amplification is much higher than that in normal 

adult tissues, potentially reducing the toxicity of HER2-targeting drugs; (c) HER2 is 
present in a very high proportion of tumour cells, and tumours with high expression 

often show uniform, intense immunohistochemical staining, suggesting that anti- 

HER2 therapy would target most cancer cells in a given patient; (d) HER-2 overex

pression is found in both the primary tumour and metastatic sites, indicating that anti-
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HER2 therapy may be effective in all disease sites. These arguments encourage a 

more detailed investigation if this group of molecules and their derived compounds.

3.2.5.4.1.3 Conclusion

A mechanistic sequence of events has been suggested by Pardo-Andreu and 

colleagues (2011) for the benzophenone Guttiferone-A (GA): 1) GA interacted with 

mitochondrial membrane promoting its permeabilization; 2) mitochondrial membrane 

potential dissipation; 3) ROS accumulation inside mitochondria and cells; 5) addition

al mitochondrial membrane permeabilization due to ROS; and 6) ATP depletion. By 

knowing that mitochondria are the major site of ROS production we postulate that the 

decreased levels of ROS observed for our hybrids (and specially the lead molecule 

186) in SKBR3 cells are due to the disruption of the mitochondrial membrane poten

tial. In agreement with Marchi and colleagues (2012) we hypothesise that early expo
sure to high amounts of ROS would have caused damage to the cells and the mito

chondrial metabolism. It is therefore suggested that additional investigation is carried 
out in order to identify in what extent the novel indane scaffold interferes with ROS 

production and/or the scavenger enzymes.

These findings of disruption on cellular metabolism are, at least in part, responsible 

for the cytotoxicity and apoptosis induction observed. Taken together, the novel in- 
danone hybrid scaffold possesses strong antitumour activity via ROS-dependent 

apoptosis pathway, and has an excellent potential to be further developed for cancer 

chemoprevention. We speculate that this novel scaffold could either increase ROS or 

decrease the scavenger enzymes in shorter treatment periods, which will be a topic 

of future investigation. Overall, the novel indanone hybrid scaffold exerted its action 

by inducing cell cycle arrest and apoptosis in ER- HER2/neu SKBR3 breast tumour 

cells through mitochondrial disruption and oxidative stress.
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3.2.5.5 Western Blotting

Western blotting along with enzyme-linked immunosorbent assay (ELISA) are said to 

be the two most useful and sensitive methods to measure the ng/mL to pg/mL or

dered materials in solution, such as serum, urine and tissue/cultured cell supernatant, 

and they have been especially widely used in protein detection. Western blotting and 

ELISA have wide application in scientific researches, industry and medical practice 

(Yang & Ma, 2009).

The western blot is commonly used to identify, quantify, and determine the size of 

specific proteins (Jensen, 2012). The western blotting technique uses gel electropho

resis to separate denatured proteins by mass. To these proteins, monoclonal or pol

yclonal antibodies attach specifically and the proteins are then detected by colorimet

ric, radioactive, and fluorescent or chemiluminescent methods.

Elmore (2007) has reviewed methodologies and assays for detecting apoptosis 
where some of the most commonly employed assays are mentioned and briefly de

scribed. The author has classified apoptosis assays, based on methodology, into six 
major groups: (1) cytomorphological alterations, (2) DNA fragmentation, (3) detection 

of caspases, cleaved substrates, regulators and inhibitors, (4) membrane alterations, 
(5) detection of apoptosis in whole mounts, (6) mitochondrial assays. In addition, 

Elmore has indicated a subset of the available assays in each group and briefly dis

cussed.

Based on the bioactivity of our hybrid molecules in ER- HER2/neu SKBR3 breast 

cancer cells that affected normal mitochondrial metabolism, affected ROS accumula

tion, caused morphological alterations, DNA fragmentation and led the cells to un

dergo apoptosis, we decided to investigate the effects of our lead molecule 45 on 

caspases and PARP-1.

3.2.5.5.1 Caspases In Cell Death

The Bcl-2 family members are critical regulators of the mitochondrial step in apopto

sis. APAF-1 (apoptotic protease-activating factor-1) is a regulator of the post-
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mitochondrial, cytochrome c dependent step. Finally, a large family of cysteine prote

ases, termed Caspases, fulfils critical roles in mammalian apoptosis or proteolytic 

activation of cytokine (reviewed by Degterev et al., 2003). The stereotypic changes 
observed in cells undergoing apoptosis are manifestations of an intrinsic suicide ma

chinery that has been conserved through evolution. The core component of this ma

chinery is the proteolytic system involving a family of proteases known as caspases 

(reviewed by Chang & Yang, 2000).

Caspases involved in apoptosis have been sub-classified by their mechanism of ac

tion and are either initiator caspases (caspase 8 and 9) or executioner caspases 

(caspase 3, 6, and 7). Caspases are initially produced as inactive monomeric pro- 

caspases that require dimerization and often cleavage for activation. Initiator caspa

ses activate executioner caspases that subsequently coordinate their activities to 

demolish key structural proteins and activate other enzymes (reviewed by Mcliwain et 

al., 2013).

The binding of nucleotide to the Apaf-1/cytochrome c complex triggers its oligomeri
zation to form the apoptosome, a multimeric APAF-1 and cytochrome c complex. The 

caspase-recruitment domains (CARD) of APAF-1 become exposed in the apopto
some, which subsequently recruit multiple procaspase 9 molecules to the complex 

and facilitate their autoactivation. Only the caspase 9 bound to the apoptosome is 
able to efficiently cleave and activate downstream executioner caspases such as 

caspase-3 (reviewed by Wang, 2001).

Considered as an initiator caspase in the apoptosis process, caspase 9 is activated 

by dimerization and has been linked to the mitochondrial death pathway. Its dimeriza

tion induced when the caspase-9 binds to the adapter protein apoptotic protease

activating factor-1 (APAF1) (reviewed by Mcliwain et al., 2013), forming an “apopto

some” (reviewed by Elmore, 2007). However, it has been shown also that caspase 9 

can be activated in a cytochrome c-independent manner early during TNF-induced 

apoptosis in murine cells (McDonnell et al., 2003).

Cysteinyl aspartic acid-protease 3 (Caspase 3) is considered to be the most im

portant of the executioner caspases and is activated by any of the initiator caspases 

(caspase 8, caspase 9, or caspase 10). Pathways to caspase 3 activation have been
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identified that are either dependent on or independent of mitochondrial cytochrome c 

release and caspase 9 function (reviewed by Porter & Janicke, 1999). Caspase 3 

specifically activates the endonuclease caspase-activated DNAse (CAD). In prolifer

ating cells CAD is complexed with its inhibitor (ICAD). In apoptotic cells, activated 

caspase 3 cleaves ICAD to release CAD. CAD then degrades chromosomal DNA 

within the nuclei and causes chromatin condensation. Caspase 3 also induces cyto- 

skeletal reorganization and disintegration of the cell into apoptotic bodies (reviewed 

by Elmore, 2007). Caspase 3 has appeared to converge on common events includ

ing cell shrinkage, blebbing, chromatin condensation and DNA fragmentation in all 

cell lines so far examined (reviewed by Porter & Janicke, 1999).

Caspase 3 has been found to be generally more promiscuous than caspase 7 and 

appears to be the major executioner caspase during the demolition phase of apopto

sis (Walsh et al., 2008). The authors have observed that caspase 3 was active to

ward a much broader array of substrates than caspase 7. These data argue that 

caspase 3 and caspase 7 are functionally distinct proteases and that caspase 3 is 
the principal apoptosis-associated effector caspase.

Based on the analyses of their cellular function, the caspase targets have been sub
divided into six major categories: (1) proteins directly involved in the regulation of 

apoptosis, (2) proteins mediating/regulating apoptotic signal transduction, (3) struc

tural and essential-function proteins, (4) proteins required for cellular repair, (5) pro

teins regulating the cell cycle and (6) proteins involved in human pathologies 

(reviewed by Degterev et al., 2003). Therefore, according to this criteria, caspases 

have been considered to be directly involved with apoptosis regulation while PARP 

has been classified as a cellular repair factor.

3.2.5.5.2 Poly (ADP-Ribose) Polymerase 1 (PARP-1)

Poly(ADP-ribose) polymerase-1 plays a primary role in the process of poly(ADP- 

ribosyl)ation. 7 members of this family have been characterized and there may be as 

many as 18. PARP-1 is an abundant nuclear enzyme and accounts for at least 85 % 

of the cellular PARP activity (reviewed by Ba & Garg, 2011). PARP-1 has been 

known to be implicated in several crucial cellular processes: DNA replication, tran-
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scription, DNA repair, apoptosis, and genome stability (reviewed by Bouchard et al., 

2003). Recent findings have suggested that the enzyme PARP-1 recognizes and is 

activated by DNA breaks participating in DNA damage signalling in cell death 
(reviewed by Shall & De Murcia, 2000) (Figure 62).

Figure 62: Potential routes of nuclear-mitochondrial cross talk in PARP-1 dependent cell death 

pathways. (1) Extensive PARP-1 activation leads to depletion of NAD^ from the cytosol and 

accumulation of poly(ADP-ribose) in the nucleus. NAD^ depletion can block glycolysis and 

thereby block the delivery of glucose-derived substrates to the mitochondria. (2) Poly(ADP- 

ribose) formed in the nucleus might be transported out of the nucleus and act directly on mito

chondrial membranes. (3) Pro-apoptosis protein Bcl-2 associated X protein (Bax) is activated 

and translocates to mitochondrial membranes. The actions of both poly(ADP-ribose) and Bax 

on mitochondrial membrane lead to cell death through a process involving mitochondrial de

polarization (Aivm), membrane permeability transition (MPT), and mitochondrial release of AIF 

and cytochrome c (cyt c). (4) Blocking the receptor-interacting protein (RIP) 1-TNF receptor 

(TRAF)-associated factor 2-c-Jun NH2-terminal kinase (JNK) signal transduction pathway can 

also inhibit PARP-1-induced mitochondrial events and resultant cell death. It remains to be 

established whether these three pathways are interrelated or are independent of each other 

(Reproduced from Ba & Garg, 2011).
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Figure 63: PARP at the crossroad of survival and inflammation. In response to inflammatory stress, 
the transcription factor complex (NF)-kB-PARP-I induces the transcription of pro-inflammatory 

genes [i.e. the inducible nitric oxide synthase (iNOS) gene] in macrophages. The subsequent pro
duction of nitric oxide (NO) and ROS (step 1) triggers DNA-strand breaks (step 2) that activate 

PARP-1 and PARP-2 (step 3). Poly(ADP-ribose) (PAR) has a short half-life and is rapidly degraded by 

PAR glycohydrolase (PARG). This reaction produces an as yet unidentified molecular signal, which 

is possibly free PAR, that is transmitted from the nucleus to the mitochondria (step 4) where it in
duces a reduction of the mitochondrial membrane potential (A^/m) and the release of apoptosis- 
inducing factor (AIF) and possibly endonuclease G (EndoG) (step 5). AIF translocates into the nu
cleus where it induces the degradation of DNA into high-molecular-weight fragments (step 6). This 

overactivates PARP-1 and PARP-2 in a second wave of strong PAR synthesis (step 7) that leads to 

NAD+ and ATP depletion (step 8) and, finally, cell death (step 9). PARP inhibitors suppress the nu
clear translocation of AIF and the subsequent induction of cell death, and mitochondrial permeabili- 
zation is inhibited by the overexpression of Bcl2. In proliferating cells that face a limited amount of 
DNA damage, PARP inhibition impairs DNA repair and promotes cell death via apoptosis, mainly 

through p53 activation. p53 modifies the expression of anti-apoptotic (Bcl2) and pro-apoptotic (Bak) 
factors that regulate the release of cytochrome c (cyt c), which subsequently associates with Apafi 
(not shown) and procaspase-9. This triggers the caspase-activation cascade, the activation of inhib
itor of caspase-activated DNAse (iCAD)-CAD, which promotes DNA fragmentation, and the cleavage 

of PARP-1 to avoid futile DNA repair. IkB - inhibitor of NF-kB; IL - interleukin; Pol II - RNA polymer
ase II; TNF - tumour-necrosis factor (Reproduced from Schreiber et al., 2006).

184



How overactivation of PARP-1 leads to cell death has been under investigation over 

the past decades. In the well-known caspase-dependent apoptosis, PARP-1 is 

cleaved into two fragments of 24 kDa and 89 kDa (p24 and p89) by execution caspa- 

ses 3 and 7. The motive for PARP-1 cleavage is not yet defined, but it seems to be a 

key event in the execution phase of apoptosis (Boulares et al., 1999; Bouchard et al., 

2003). The analysis of the presence and fate of the p89 proteolytic fragment revealed 

that PARP-1 proteolysis by caspases is concomitant with poly(ADP-ribose) synthesis 

and that p89 migrates from the nucleus into the cytoplasm in late apoptotic cells with 

advanced nuclear fragmentation (Soldani et al., 2001). Some studies indicate a direct 

action of PARP-1 on mitochondrial function. Ba & Garg (2011) have reviewed that an 

excessive activation of PARP-1 induces mitochondria-associated cell death in injured 

tissues, as shown in Figure 62, and constitutes a mechanism for exacerbating in

flammation as per Figure 63.

DAMAGED DNA

PARP-1

Figure 64: Model for DNA damage signalling by PARP-1. PARP-1 binds on DNA strand breaks 

and is activated. It then modifies factors to induce a cell cycle arrest and allow DNA repair. In 

case of massive DNA damage, PARP-1 can deplete the NAD+ pool and induce necrosis or send 

an apoptotic signal (Reproduced from Bouchard et al., 2003).

A common hypothesis of PARP-1-mediated cell injury involves the observation that 

overactivation of PARP-1 and (ADP-ribosyl)ation leads to massive utilization of NAD^ 

and a rapid loss of cellular NAD"^ and ATP and, consequently, interferes with most, if
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not all, energy-dependent cellular processes. This observation has led to the ‘suicide 

hypothesis’, in which rapid catabolism of NAD"" by PARP-1 activation affect cellular 

energy metabolism and, ultimately, lead to cell death (reviewed by Bouchard et al., 

2003).

Bouchard and colleagues (2003) have reviewed that PARP-1 is of clinical relevance 

in cancer therapy, irradiation, and chemotherapy, all of which may cause DNA dam

age and overactivate PARP-1, resulting in inflammation caused by necrosis as 

shown in Figure 64 (Bouchard et al., 2003). Apoptosis, in contrast to necrosis, is not 

harmful to the host and does not induce any inflammatory reaction (Haanen & 

Vermes 1995).

3.2.5.5.3 Western Blotting Of Cell Death Signalling Mediators In SKBR3 Can
cer Cells

During this study, the lead p-monosubstituted methyl hybrid 186 was used to evalu

ate cellular cytokine release after 72 hours treatment. SKBR3 breast cancer cells 
were used for this purpose. SKBR3 cells overexpress HER2/neu as shown in Table 
6, which is a member of the human epidermal growth factor receptor (EGFR) family, 

and it is also known as receptor tyrosine-receptor kinase ErbB2.

The lead molecule 186 demonstrated an increase in PARP cleavage in a dose- 

dependent manner in SKBR3 cells (Figure 65). It was clearly identified that the un

cleaved PARP in the untreated band was quite big, and at the same time the cleaved 

fragment showed a very low intensity. When SKBR3 cells were treated for 72 hours 

with hybrid 186 at 10 pM the bands showed approximately the same intensity, and at 

30 pM the cleaved fragment of PARP was bigger than the uncleaved.

An early transient burst of poly(ADP-ribosyl)ation of nuclear proteins was recently 

shown to be required for apoptosis to proceed in various cell lines followed by cleav

age of poly(ADP-ribose) polymerase (PARP), catalyzed by caspase-3 (Boulares et 

al., 1999). In our study, we observed that PARP cleavage correlated with a simulta

neous decrease in Caspase 3 after treatment with 30 pM of the lead 186 (Figure 63 

and Figure 65). Because we only analysed the uncleaved Caspase 3, the active form
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(cleaved casp-3), which is smaller, was not determined. However, based on the liter

ature, we postulate that the observed decrease of the uncleaved Caspase 3 hap

pened along with the increased of its active cleaved form. Therefore, we hypothesise 

that Caspase 3 showed a similar profile to that observed for PARP and should be a 

matter of future investigation.

A polyclonal antibody against the p89 peptide has been used to detect in situ PARP- 

1 proteolysis and to correlate this event to DNA degradation caused by Camptothecin 

and TNFo (Li & Darzynkiewicz, 2000). In this way, despite of not having evaluated 

DNA degradation but based on literature and considering the observed extent of 

PARP cleavage, we conclude that the lead hybrid 186 caused DNA fragmentation in 

SKBR3 cancer cells. It has to be considered that cells were incubated under treat

ment for 72 hours and the doses of hybrid 186 (10 and 30 pM) were 10- and 30-fold 

higher than its IC50 in this cell line. This concentrations may account for undesired 

effects such as inflammation and necrosis ( Schreiber et al., 2006; Ba & Garg, 2011).
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Figure 65: Western blot analysis of Caspases and PARP obtained after 72 h treatment of 

SKBR3 cancer cells with the lead compound (186) at 10 and 30 pM along with the negative con

trol. Both full length and cleaved forms of PARP (p89) are shown. For caspases only the low 

molecular weight active forms of Caspase 7 (pi 8) and caspase 9 (p37) are shown.

Li & Darzynkiewicz (2000) have observed a rapid PARP cleavage 90 min after treat

ment with camptothecin (0.15 pM) and 30 min after TNFo (0.3 nM) + cycloheximide 

(5 pM). The authors have emphasised that PARP p89 immunofluorescence was
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much weaker in late apoptotic cells that had fragmented nuclei. Therefore, future 

work should consider shorter incubation period of SKBR3 cells from 72 hours to as 

short as 30 min, what might help on the elucidation of the molecular mechanisms 

involved on the apoptosis caused by the novel indanone hybrid scaffold.

Once an image is achieved from the blot, it can be analysed by densitometry to 

measure the relative amount of a specific protein by comparing it with a control. This 

quantification is useful to compare samples (e.g. a treatment or time effect). It is 

important, however, to attempt to achieve an exposure of the image where the bands 

are sharp (not fuzzy or indistinct edges) (Jensen, 2012). Considering the fact the 

bands obtained in our study were not as sharp as they ideally should be, 

densitometry results were obtained just as a guide for their interpretation.
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Figure 66: Quantitative densitometry of the protein expressions of selected caspases and 

PARP in SKBR3 cells treated with the lead hybrid molecule (186) at 10 and 30 pM for 72 hours.

Cohen (1997) has reviewed that it is likely that many substrates described as being 

cleaved by caspase-3 will also be found to be cleaved by caspase-7. Despite the 

lead hybrid 186 to have shown a dose-dependent reduction of caspase 7, the 

cleaved casp-7 (active) fragment did not show an increase in the same proportion 

(Figure 66). Le and colleagues (2001) have observed, after treatment of SKBR3 cells
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with Heregulin/31 for 72 h, a down-regulation of Bcl2 protein, activation of casp-9 and 

casp-7, and degradation of PARP. All these similarities drive us to believe that, as 

suggested previously, a closer exploration of these evidences has to be further ad

dressed in order to fully elucidate the molecular mechanisms the novel hybrid indane 

scaffold induces apoptosis in SKBR3 breast cancer cells.

While the role of caspases in regulating apoptosis is unequivocal (Cohen, 1997; 

Thornberry & Lazebnik, 1998; Porter & Janicke, 1999; Degterev et al., 2003; Chang 

& Yang, 2000; Tseng et al., 2004; Erener et al., 2012; Brentnall et al., 2013), reports 

documenting functions of caspases in non-apoptotic cellular processes have been 

accumulating (reviewed by Erener et al., 2012). In addition, AIF has shown to induce 

caspase-independent cell death (Figure 62 to Figure 64). Following AIF translocation, 

classic apoptotic features, such as phosphatidylserine exposure, partial chromatin 

condensation and nuclear condensation, occur in the absence of caspase activation 
(Hong et al., 2004). Therefore, the evaluation of the effects of the novel hybrid indane 

scaffold on AIF should also be considered, along with p53 and cytochrome c in 
HER2/neu SKBR3 breast cancer cells.

The HER2/neu oncogene encodes a transmembrane tyrosine kinase receptor with 
extensive homology to the epidermal growth factor receptor (Ross & Fletcher 1998). 

The ErbB family of receptor tyrosine kinase is involved in the regulation of cell prolif

eration, differentiation and apoptosis. Previous studies indicate that cells expressing 

elevated levels of the EGFR and ErbB2 undergo programmed cell death in response 
to EGF or other EGFR ligands. Despite the detailed mechanisms of EGF-induced 

apoptosis have not been clear, Tikhomirov & Carpenter (2005) have demonstrated in 

cells undergoing EGF-dependent apoptosis that Bax activation and translocation to 

the mitochondria induces a loss of mitochondrial membrane potential (Ai^m) and cell 

death. Taken this into consideration, we understand that our lead molecule 186 could 

excitingly be causing apoptosis through a selective mechanism targeting HER2/neu 

receptors in SKBR3 cells. However, these authors have observed that addition of 

EGF does not result in a significant release of cytochrome c from the mitochondria 
and conclude EGF-induced apoptosis is mainly caspase independent. In this case, 

once we have observed caspase activation, but also loss of Ai^m, we hypothesise
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both mechanisms could be involved and molecular modelling with EGFR and ErbB2 

receptors should be considered.

Ross & Fletcher (1998) have, in a recent past, reviewed and briefly presented prelim

inary data concerning the use of antibody-based therapies directed against the 

HER2/neu protein and their potential as a new modality for breast cancer treatment. 
In this way, the use of Flerceptin® (trastuzumab), an anti-HER2/neu antibody therapy, 

has a significant potential as a new method of breast cancer treatment whether given 

alone or in combination with other conventional treatment modalities (Ross & 

Fletcher, 1998; Hudis, 2007). Nevertheless, more recently, despite of trastuzumab to 

have deeply transformed the outcome in patients, resistance to trastuzumab is still a 

major concern. Lapatinib ditosylate, an orally available alternative, has shown inter

esting activity in trastuzumab-resistant advanced tumours either as a single agent or 

in combination (Awada et al., 2011). Considering that in normal cells, few HER2 mol

ecules exist at the cell surface (Rubin & Yarden, 2001), added to the fact that it is 

present in 10 % to 34 % of breast cancers (Ross & Fletcher, 1998) and the current 
limited therapies against this specific target, our results excitingly accredits the novel 

hybrid indane scaffold for further development.

Arman and co-workers (2014) have concluded that HER2 promotes tumour survival 

by inhibiting apoptosis i.e. by downregulating Casp-3 and Casp-8. These authors 

have found the receptor upregulated in breast cancer cell lines (including MCF7), 

NSCLC (A549), prostate cancer cell line (DU145), among others. Bunn and 

colleagues (2001) have added that the frequency and degree of HER2/neu cell sur

face expression in lung cancer specimens ranged from 13 % to 54 % and averaged 

31 %. Once we have observed apoptotic activity caused by our hybrids against all 

these cells lines, the hypothesis that these molecules interfere with HER2 receptor is 

therefore reinforced.

3.2.5.5.4 Conclusion

We verified that the lead hybrid compound 186 stimulates Caspase 3 and PARP 

cleavage. We therefore, despite not having evaluated DNA degradation but consider

ing the extent of PARP cleavage, conclude that the lead hybrid 186 caused DNA
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fragmentation in SKBR3 cancer cells. Despite affecting Caspases 7 and 9, the role of 

the lead hybrid 186 in these intracellular proteases was not very clear. Shorter incu

bation periods and the evaluation of additional cytokines (Bax, AIF, p53, cytochrome 

c) might contribute to fully understand the cell death induction mechanism of this 

novel indanone hybrid scaffold. The use in vitro of other HER2-overexpressing cell 

lines such as MDA-MB-453 and BT-474 and in vivo xenograft model with SKBR3 

cells should also be considered.

Once the compounds have activated Initiator and Effector caspases, another route to 

be further addressed would involve their effect on the overexpressed receptors 

(HER2/neu) present in SKBR3 cells. Molecular modelling with EGFR and ErbB2 re

ceptors is an additional important tool to be explored by simulating the interaction of 

the compounds with the specific active site.
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3.2.5.6 Inflammatory Cytokine Evaluation By Multiplex Analysis

Multiplex technology facilitates the simultaneous evaluation of multiple immune me

diators with advantages of higher throughput, smaller sample volume, and lower cost 

(DuPont et al., 2005; Leng et al., 2008; Chowdhury et al., 2009; Dabitao et al., 2011). 

At a site of inflammation, sets of cytokines interact with immune cells, and their com

bined effect is considered often more important than the function of one isolated 

component (Jager et al., 2003). The anti-inflammatory cytokines are a series of im- 

munoregulatory molecules that control the proinflammatory cytokine response. Cyto

kines act in concert with specific cytokine inhibitors and soluble cytokine receptors to 

regulate the human immune response. Major anti-inflammatory cytokines include in

terleukin (IL)-1 receptor antagonist, IL-4, IL-6, IL-10, IL-11, and IL-13. Specific cyto

kine receptors for IL-1, tumour necrosis factor-a, and IL-18 also function as proin

flammatory cytokine inhibitors (Opal & DePalo, 2000). However, inflammatory cyto

kines may play a dual role in inflammation related conditions (Wong et al., 2003; 
Shachar & Karin, 2013).

Table 26: Cytokines evaluated by Multiplex technology and their classification according to the 
role in inflammation.

Pro-inflammatory Pro- & Anti-inflammatory Anti-inflammatory

GROa ® ^ IL-6 IL-10

IL-1P®'" IL-2 ®

TNFa MMP-2

MCP-1 ''9 MMP-9 P'’

MlP-3a

® (Rajasekaran et al., 1996), (Breland et al., 2008), (Solomon et al., 2001), (Gogos et al., 2000), 
® (Scheller et al., 2011),' (Wood et al., 2014), ® (Hohensinner et al., 2006), (Morrison et al., 2014), '
(Kwon et al., 2002), ' (Gadient & Otten, 1997), (Lin et al., 2013), ' (Opal & DePalo, 2000), "" 
(Yasukawa et al., 2003), " (Tilg et al., 1994), ° (Mohammed et al., 2003), (Nagase et al., 2006), 
(Moore et al., 2011).
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3.2.5.6.1 Inflammation And Cancer

The response of the body to a cancer is not a unique mechanism but has many par

allels with inflammation and wound healing. Balkwill & Mantovani (2001) have re

viewed the links between cancer and inflammation and have discussed the implica

tions of these links for cancer prevention and treatment. These authors have sug

gested that the inflammatory cells and cytokines found in tumours are more likely to 

contribute to tumour growth, progression, and immunosuppression than they are to 

mount an effective host anti-tumour response. Moreover deletion or inhibition of in

flammatory cytokines has shown to inhibit the development of experimental cancer.

Recent data have expanded the concept that inflammation is a critical component of 

tumour progression. Many cancers arise from sites of infection, chronic irritation and 

inflammation. It is now becoming clear that the tumour microenvironment, which is 

largely orchestrated by inflammatory cells, is an indispensable participant in the neo

plastic process, fostering proliferation, survival and migration (reviewed by Coussens 

& Werb, 2002). It has been demonstrated that patients with ulcerative colitis and 
Crohn’s disease, for example, are at increased risk for developing colorectal cancer. 
Unlike normal colonic mucosa, however, inflamed colonic mucosa demonstrates ab
normalities in molecular pathways even before any histological evidence of dysplasia 

or cancer (Itzkowitz & Yio 2004). Esophageal adenocarcinoma is another exemplar 
model of an inflammation-associated cancer (O’Sullivan et al., 2014). Oxidative 

stress has been suggested to play a role through ROS and NOS produced by in

flammatory cells (Reuter et al., 2010).

Conversely, in other types of cancer, an oncogenic change induces an inflammatory 

microenvironment that promotes the development of tumours. Regardless of its 

origin, ‘smouldering’ inflammation in the tumour microenvironment has many tumour- 

promoting effects. It aids in the proliferation and survival of malignant cells, promotes 

angiogenesis and metastasis, subverts adaptive immune responses, and alters re

sponses to hormones and chemotherapeutic agents (reviewed by Mantovani et al., 

2008). The molecular pathways of this cancer-related inflammation are now being 

unravelled, resulting in the identification of new target molecules that could lead to 

improved diagnosis, prevention and treatment (Mantovani et al., 2008; Crusz & 

Balkwill, 2015).
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3.2.5.6.2 Determination Of Inflammatory Cytokines In SKBR3 And A549 Can
cer Cells

After treatment of SKBR3 breast cancer cells we observed that the lead hybrid 186 at 

30 i^M decreased the proinflammatory GROa at 24 h (p<0.01) and 72 h (p<0.001) 

(Table 27). Tamoxifen (164) and Sulindac (32) at the same dose decreased GROa at 

24 h (p<0.001) but less significantly at 72 h (p<0.01). The hybrid 186 demonstrated a 

less intense decrease of TNFa, a proinflammatory cytokine, at 24 h (p<0.05). The 

same pattern was seen for Tamoxifen decreasing TNFa at 24 h (p<0.001) and 72 h 

(p<0.05). Nevertheless, while Tamoxifen and Sulindac decreased iL-6 at 24 hours 

(p<0.001) the lead 186 increased it (p<0.01). When analysing the results at 72 hours. 

Tamoxifen (164) (p<0.05) and Sulindac (32) did not affect IL-6 release, while 163 and 

186 significantly increased IL-6 release (p<0.001). In SKBR3 cells, the NSAID Su

lindac (32) decreased significantly the release of the proinflammatory cytokines 
(GROa, MCP-1, MMP-9) and increased the anti-inflammatory IL-10 (p<0.001).

The results obtained with A549 cells, on the other hand, show that the lead 186 only 
affected the release of IL-6 which, along with Tamoxifen (164), increased at 24 h 

(p<0.001) and 72 h (p<0.001) when compared to the untreated cells (Table 28). Ta
moxifen, however, caused also a significant increase of IL-6 (p<0.001) in relation to 

the hybrid 186. In A549 cell line tamoxifen significantly increased proinflammatory 
cytokines IL-ip, GROa, MCP-1, MIP-3a, TNFa, MMP-2, MMP-9 besides of IL-6. Su

lindac (32) did not alter the cytokines measured in A549 cells.

Therefore, by taking these results together, despite having evaluated the involvement 

of these cytokines in breast cancer SKBR3 cells and NSCLC A549 cells, the overall 

picture is still unclear. The difficulty is that the cytokines are often protective in the 

short term, but pathological chronically. IL-6 was the most affected cytokine by 186 

and Tamoxifen. Fontes and colleagues (2015) define IL-6 as a pleiotropic cytokine 

that is made in response to perturbations in homeostasis. IL-6 becomes elevated in 

the acute response to host injury and can activate immune cells, direct immune cell 

trafficking, signal protective responses in local tissue, initiate the acute phase re

sponse or initiate wound healing. In the short term this proinflammatory response is 

protective and limits host damage. However, chronically elevated IL-6 levels have 

shown to lead to chronic inflammation and fibrotic disorders.
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Table 27: Determination of inflammatory cytokines of SKBR3 breast cancer cells treated for 24 

and 72 hours with the hybrids 163, 186 and control compounds Tamoxifen (164) and Sulindac 

(32) by Multiplex technology.

24 hours 72 hours
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Results are expressed as Mean -t- SEM of 3 Independent experiments. One-way ANOVA and Bonferroni posttest were 

used. *(p<0.05), **(p<0.01), ***(p<0.001).

Tamoxifen (164) has been showed to interfere with lL-6, but how this relates to the 

results we obtained in A549 cells is still unclear. According to Wang and co-workers 

(2015) about 40-60 % of ovarian cancer (OVCA) cases express ERa, but only a 

small proportion of patients respond clinically to treatment with estrogen receptor 

(ER) antagonist Tamoxifen (TAM). The mechanism of TAM resistance in the course 

of ovarian cancer progression remains unclear. However, these authors have sug

gested that IL-6 secreted by ovarian cancer cells may promote the resistance of the
se cells to TAM.
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Table 28: Determination of inflammatory cytokines of A549 lung cancer cells treated for 24 and 

72 hours with the hybrids 163,186 and control compounds Tamoxifen (164) and Sulindac (32) 

by Multiplex technology.
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Results are expressed as Mean + SEM of 3 independent experiments. One-way ANOVA and Bonferroni posttest were 

used. *(p<0.05), **(p<0.01), ***(p<0.001).

3.2.5.6.3 Conclusion

In this study, our lead hybrid molecule 186 at 30 |iM significantly decreased the re

lease of the proinflammatory GROo at 24 h and 72 h, and TNFo at 24 h in SKBR3 

breast cancer cells. Tamoxifen (164) and Sulindac (32) reduced GROa at 24 h. Ta

moxifen reduced TNFo at 24 h and 72 h. Nevertheless, while Tamoxifen and Su

lindac at 24 hours decreased IL-6, the lead molecule 186 increased its release. In 

addition. Tamoxifen and Sulindac did not affect IL-6 release at 72 hours, while 163 

and 186 significantly increased IL-6 release. On the other hand, when analysing the 

results obtained with A549 lung cancer cells, the lead 186 only affected the release 

of IL-6 which, along with Tamoxifen, increased at 24 h and 72 h when compared to
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the untreated cells. Tamoxifen, however, caused also a significant increase of IL-6 in 

relation to the hybrid 186. Tamoxifen (164) significantly increased the release of the 

proinflammatory cytokines IL-ip, GROa, MCP-1, MIP-3a, TNFo, MMP-2 and MMP-9, 

besides of IL-6. Sulindac did not alter the cytokines measured in A549 cells.

In summary, it is undeniable the complex roles of inflammatory cytokines in cancer. 

Based on our findings, it is clear that the novel indanone hybrid compounds and Ta

moxifen, interfere with the release of inflammatory cytokines in both SKBR3 (breast) 

and A549 (lung) cancer cell lines. In vivo evaluation using xenograft models may con

tribute on the understanding of the role of this novel indane scaffold derivatives as 

potential candidates to be used as anticancer agents.
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3.2.5.7 In Silico Molecular Docking Studies

Computational approaches that ‘dock’ small molecules into the structures of macro- 

molecular targets and ‘score’ their potential complementarity to binding sites have 
been widely used in hit identification and lead optimization (reviewed by Kitchen et 

al., 2004). This approach has been used for a wide range of biological targets 

(Krishna et al., 2013; Mutlu, 2014; Muhammad & Fatima, 2015; Powers & Setzer, 

2015) including tubulin and estrogen receptors (Rizzo et al., 2014; Abolhasani et al., 

2015). In this study molecular docking and quantitative structure-activity relationship 

(QSAR) results of the molecules against the available crystal structure of Tubulin re

ceptor and Estrogen Receptor alpha (ERo) were evaluated, in order to identify their 

binding sites on these proteins. The following studies were carried out in partnership 

with Dr. Abdulilah Ece.

3.2.5.7.1 Tubulin Binding Evaluation By Molecular Docking

For the docking against Tubulin receptor the crystal structure of the tubulin- 

colchicine complex was chosen as the target for docking analysis (PDB ID 1SA0). 
Although protein structures having higher resolution are preferred, this approach was 

found to be slightly better when compared to 1SA1. It is important to note that prior to 
all calculations, the protein structure was prepared (adding missing side chains, min

imization, optimizations, etc). 3D binding modes and also 2D representation of their 

binding interactions are present for some selected ligands.

As a first step 2 papers were taken for reference and comparison (Prakasham et al., 

2012; Madadi et al., 2015). The key finding in Prakasham and colleagues (2012) 

work was the ligands 3-(3',4',5'-Trimethoxyphenyl)-4,5,6-trimethoxy,2-(3",4"- 

methylenedioxybenzylidene)-indan-1-one (48) and Podophyllotoxin (217). 48 has 

been shown to be more potent and according to their docking results, it has a better 

docking score compared to Podophyllotoxin. When considering Madadi and co

workers (2015), their docking results reflect experimental findings: 218 > 219 > 220.
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Several calculations were done to find the best method and settings which gives the 

docking score that reflects these experimental findings. After calculations, the set

tings and methods were optimized and at the end, the docking score obtained from 
the calculations agreed well with the experimental results: 48 > 217 and 218 > 219 > 

220 as shown in Table 29. This method and settings were then used to run calcula
tions of our synthesised hybrid molecules and also a few novel designed hybrids that 
represent future synthetic targets for this research group as shown in Figure 67.

Table 29: Docking score obtained from the calculations based on Prakasham et al. (2012) and 

Madadi et al. (2015).

Ligand Docking Score (kcal/mol)

Reference ® Reference Current Study

48 -27.811 - -5.303

Podophyllotoxin
(217) -22.075 - -4.853

218 - -4231.2 -6.918

219 - -4225.4 -6.254

220 - -4218.2 -5.928

(Prakasham et al., 2012), (Madadi et al., 2015).
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Figure 67: Novel designed indanone hybrids (221-233) for docking simulation and Lapatinib 

(232).

A quantitative structure-activity relationship (QSAR) study on tubulin polymerization 

inhibitors was done and the docking scores found are in order: Lapatinib (232) >191 

> Phenstatin.... > Indanocine... and subsequently. All results are summarized in Ta-
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ble 29 and Table 30. In Table 30 some ligands are repeated. This is due to the fact 

they are different configurations of the same ligand.

Table 30: Quantitative structure-activity relationship study on tubulin polymerization inhibitors 

by molecular modelling.

Ligand Docking Score (kcal/mol)

232 (Lapatinib) -9.594
191 -8.196
149 (Phenstatin) -8.014
192 -7.342
226 -7.241
189 -7.037
186 -6.779
228 -6.633
189 -6.611
187 -6.59
232 (Lapatinib) -6.51
183 -6.472
191 -6.458
190 -6.364
184 -6.35
224 -6.244
188 -6.085
182 -6.083
35 (Indanocine) -6.077
231 -6.026
179 (Michler's ketone) -5.989
163 -5.963
185 -5.939
222 -5.938
230 -5.935
225 -5.79
209 (Cl-benzylidene) -5.743
229 -5.586
222 -5.495
209 (CH3-benzylidene) -5.478
178 -5.47
164 (Tamoxifen) -5.294
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It is important to note that docking scores differ from method/software to meth

od/software. By using our software the absolute docking score values are within the 

range (0-10), while the scores are ~ 20s in Prakasham et al. (2012) and ~4000s in 

Madadi et al. (2015). When comparing the docking scores, we can have some hints 

of which ligand are expected to have higher activities or to distinguish actives from 

inactives as shown in Table 30.

Charged (negative) 
Charged (poative) 
Glycine 
Hydrophobic 
Metal

Polar
Unspecfied residue 
Water
Hydration site 
Hydration site (displaced)

Distance
H-bond (backbone) 
H-bond (sidechain) 
Metal coordinatbn 
Pi-Pi stacking

Salt bridge 
SoVent exposure

Figure 68: Symbols and their meaning in the 2D representation binding interaction with tubulin 
receptor.

•im Si 241

Figure 69: Representation of 191 binding interaction with tubulin receptor. (A) 3D, (B) 2D.
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Theoretically, Lapatinib (232) seems to be the most potent amongst all structures. It 

seems to be buried deep in the binding pocket. We have also calculated several 

properties related to ADME/Tox (data not shown). Although Lapatinib violates 2 of 

Lipinski's rule of five, it is well known that not all drugs on the market fit the rule of 

five. Therefore, working on optimising a lead compound based on the bind

ing interactions might also be possible.

B

At IK

At IDI

B: 378 •; 238 J

ASM . 
ft 249

Figure 70; (A) 3D representation of Indanocine binding interaction with tubulin receptor. (B) 2D 

representation of Indanocine (35) binding interaction with tubulin receptor. (C) Expansion of B.
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Figure 71: (A) 3D representation of Lapatinib (232) binding interaction with tubulin receptor. (B) 

2D representation of Lapatinib binding interaction with tubulin receptor. (C) Expansion of B.
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Figure 72: (A) 3D representation of Phenstatin (149) binding interaction with tubulin receptor. 

(B) 2D representation of Phenstatin binding interaction with tubulin receptor. (C) Expansion of 

B.

Based on these data we can hypothesise that of the hybrid molecules under investi

gation compounds 191,192 and 226 are most likely to have tubulin binding effects.
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3.2.5.7.2 Estrogen Receptor Alpha (ERa) Binding Evaluation By Molecular 
Docking

Estrogen receptors have been reported to be present in all the cell lines tested in this 

study (as shown in Table 6 and section 3.2.3), except SKBR3 cells, which overex

press receptor tyrosine-protein kinase ErbB2, frequently called HER2/neu. Consider

ing the cytotoxicity demonstrated by the hybrid indanone compounds against MCF7 

(breast), A549 (lung) and DU145 (prostate cancer cells), we hypothesised these mol

ecules could interfere with ER. When analysing the hormonal types of breast cancer, 

those that are ER positive account for the majority. Among the estrogen related re

ceptors, estrogen related receptor a (ERa) is known to have a potential role in breast 

cancer and is one of the therapeutic target. Era is not exclusively present in mamma

ry glands but has been also found in lung and prostate tissues (Table 6). Hence, pre

diction of novel ligands interact with estrogen related receptor alpha is therapeutically 

important.

In this study we simulated the molecular docking of our hybrid molecules and controls 

in Estrogen Receptor alpha (Era) as shown in Table 31. We also docked the native 

ligand 2QSE (the ligand that is complexed with the crystal structure 4-OH-PhlP - 2- 
amino-1-methyl-6-(4-hydroxyphenyl)imidazo[4,5-b]pyridine) and the docking score is 

shown in bold (Table 31). 3D binding modes for some selected ligands and 2D repre
sentation of their binding interactions are shown (Figure 73 to Figure 78). Grey colour 

represents receptor surface for the active site, green one is the ligand's surface. The 

ligand is in the green pocket. 2D binding interaction of Tamoxifen (164) with the es

trogen receptor alpha is shown in Figure 78. Tamoxifen interacting residues (GLU 

353 and ARG 394) can be seen expanded in Figure 78B and C. For instance Ta

moxifen-like designed indane hybrid’ (233) 3D and 2D binding mode is simulated as 
shown in Figure 77. According to the docking score compound trans p-monomethoxy 

hybrid 189 is expected to be most potent one (Table 31).

Although the docking score (sum of all interactions with the active site) of 189 is high, 

it does not make the same hydrogen interactions as in the native ligand (GLU 353 

and ARG 394). H bonds lead to higher stability and potency. If those interactions are 

really crucial and we focus on that two amino acids, ‘optimised hybrid derivative’ 

(233) does make both hydrogen bonds.
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These are theoretical results and if the results will be found consistent with the exper

iments, then a lead compound may be optimized and if possible synthesised and 

tested.

Table 31: Quantitative structure-activity relationship study on Estrogen Receptor a inhibitors 

by molecular docking.

Ligand Docking Score (kcal/mol)

189 -10.561
186 -10.381
163 -10.288
231 -10.287
187 -10.236
183 -9.942
188 -9.637
182 -9.591
185 -9.299
209 (Cl-benzylidine) -8.913
230 -8.677
149 (Phenstatin) -8.652
2QSE-Native-Ligand -8.363
211 (OCH3-benzylidene) -7.927
164 (Tamoxifen) -7.574
210 (CH3-benzylidene) -7.435
164 (Tamoxifen) -7.371
230 -6.915
201 (DiOCH3-lndanone) -6.368
200 (2-lndanone) -5.877
3 (1-lndanone) -5.81
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Figure 73: (A) 3D representation of 2QSE native ligand binding interaction with Estrogen re
ceptor alpha. (B) 2D representation of 2QSE native ligand binding interaction with ERa. (C) 
Expansion of B.
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Figure 74: Representation of 189 binding interaction with tubulin receptor. (A) 3D, (B) 2D.

B

Figure 75: Representation of hybrid 186 binding interaction with ERa. (A) 3D, (B) 2D.
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Figure 76: (A) 3D representation of Phenstatin (149) binding interaction with Estrogen receptor 
alpha. (B) 2D representation of Phenstatin binding interaction with ERa. (C) Expansion of B.
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Figure 77: (A) 3D representation of ‘Tamoxifen-like designed indane hybrid’ (230) binding inter

action with Estrogen receptor alpha. (B) 2D representation of ‘Tamoxifen-like designed indane 

hybrid’ binding interaction with ERa. (C) Expansion of B.
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Figure 78: (A) 3D representation of Tamoxifen (164) binding interaction with Estrogen receptor 

alpha. (B) 2D representation of Tamoxifen binding interaction with ERa. (C) Expansion of B.
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We hypothesised that, by replacing -OCHS group with an -OH and also putting a 

simple hydrophobic group (-CH3) in indanone ring, could improve the interaction ac

tivity in 189 against ERa. We therefore designed this derivative (Figure 79) of 189 

and run docking (data not shown). The docking score has improved and also the new 

compound now makes hydrogen bonding with GLU 353 and ARG 394.

Figure 79: Optimised hybrid derivative (233) for future development targeting ERa.

3.2.5.7.3 Summary Of Molecular Docking Studies

In summary, in addition to the synthesised indanone hybrid molecules 11 additional 
analogues (Figure 67) were designed and docking simulation was done along with 

controls. It was found that some analogues achieved promising cytotoxicity against 
some human cancer cell lines. The analogues of this series showed strong inhibition 

of tubulin polymerase being the self-condensed monomethoxy (191) and dimethoxy 

hybrids (192) the most potent molecules, close to that observed for Lapatinib and 
Phenstatin. Of the series of indanone compounds synthesised and designed, 189, 

186 and 163 showed the best docking scores against ERa. This shows a relationship 
with their cytotoxicity demonstrated against ER-i- cancer cells where the p- 

monomethoxy hybrid (189) showed comparable cytotoxicity to Tamoxifen (164) 

against MCF7, A549 and DU145 cancer cell lines as shown in Table 10.

Based on these data we have designed a new derivative (Figure 79) of 189, com

pound 233, and run docking. We hypothesised that, by replacing -OCH3 group with 

an -OH and also putting a simple hydrophobic group (-CH3) in indanone ring of 189 

generating the hybrid 233, could improve the interaction activity against ERa. The 

docking score has improved once the new compound makes hydrogen bonding with 

GLU 353 and ARG 394. In conclusion, the hybridisation of indanone and benzophe-
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none moieties yielded better analogues than the parent molecules. In addition, it was 

demonstrated that the second benzyl ring is essential when compared to benzylidene 

indanones. The present study gives an insight to future optimization of the series.
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CONCLUSION



4 OVERALL CONCLUSION

In conclusion, this study demonstrates that using the current protection and coupling 

methodologies, we can effectively synthesise the desired hybrid scaffolds. For most 

of the benzophenones investigated, ketal formation was achieved with good yield 

stirring at room temperature. Nevertheless, this was a time consuming approach and 

future work can examine accelerated reaction conditions and the possible differ

ences in protecting the carbonyl group with acyclic ketals.

The Lewis acid catalysts Tin tetrachloride (SnCU) and Trimethylsilyl trifluoro- 
methanesulfonate (TMSOTf) did not show a consistent pattern for the coupling reac

tion, with variations in end products and yields. The coupling of the Indanone and 

benzophenone molecules, gave a broad range of yield (1.76 - 69.0 %) depending on 

the substituents present in the benzophenone moiety. Purification methods were 

successfully developed and NMR, MS and X-ray crystallography used for the charac
terisation of these novel indane scaffolds. Besides the designed hybrids, self- 

condensed products were also generated when synthesising methoxy derivatives.

We reproduced and further developed the procedure for the synthesis of Phenstatin 
described by Ghinet and co-workers (2011). However, the investigation of ketal for

mation of multisubstituted benzophenones showed that an optimisation of the proce

dure is still required. Azeotropic distillation and/ or a microwave reactor may be a 

useful alternative for this purpose.

The analysis of cytotoxicity results shows that the starting chemical fragments used 

to form the novel hybrid indane structure range in activity. The incorporation of sub

stituents on the benzophenone derived ring influences activity significantly. Substitut

ed benzophenones showed that a Methoxy benzophenone was in general better than 

a Chloro for increased cytotoxicity. Nevertheless, the polysubstituted Phenstatin, 

Michler’s ketone and bis-diethylamino benzophenone showed to be promising moie

ties to be incorporated into future hybrids. Besides generating a novel hybrid indane 
scaffold that demonstrated cytotoxic activity in vitro in a range of human cell lines, 

including MCF7 and SKBR3 (Breast), DU145 (Prostate) and A549 (Lung), we proved 

our working hypothesis that hybridisation would result in improved bioactivity. The 

results demonstrated the validity of this hypothesis, showing that the nature and posi-
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tion of substitution together with stereo-isomeric specificity results in significant in

creases in bioactivity. Hybridised molecules showed a statistically significant differ

ence in cytotoxicity profiles relative to their parent components. It was also estab

lished that certain substituents, significantly enhance activity in a number of cell 
lines. Structure activity relationships showed that p-methyl, p-chloro and p-methoxy 

substituents on the benzophenone moiety of the hybrid scaffold are the most effec

tive in the cancer cell lines tested. These derivatives with the trans configuration are 

significantly more potent.

When considering Phenstatin’s cytotoxicity, it is clear that selected substitution on the 

benzophenone fragment increases cytotoxicity (Hsieh et al., 2003; Lee et al., 2010; 

Biljali et al., 2013; Jamila et al., 2014). This in turn may affect the activity of the hy

bridised scaffolds generated by coupling the two fragments. Unfortunately, the Phen- 

statin (149) moiety could not be successfully coupled to the indanone starting materi

al in this study. Further investigation into polysubstituted hybrids is warranted.

Indanocine (35), on the other hand, showed a wider range of ICso’s across the cell 
lines tested (Table 18). It showed to be particularly potent against A549 (0.098 pM) 
and DU 145 (0.004 pM) cells, but comparatively much less cytotoxic against the 

breast cancer cell lines ER- SKBR3 (1.07 pM) and ER-i- MCF7 (0.79 pM). Its substit
uents can be concluded to be responsible for greatly enhancing its potency when 
compared to p-chloro (209) p-methyl (210), and p-methoxy-benzylidene (211). How

ever, when comparing the cytotoxicity of methyl-benzylidene (210) and Indanocine 
(35) to what was found for our lead p-monosubstituted Methyl hybrid molecule (186), 

it is possible to assume that the second phenyl ring is essential and responsible for 

this increment of potency against HER2+ (Neu/ErbB2) breast cancer cells (SKBR3). 

This fact reinforces the potential in further investigating polysubstituted hybrids.

The p-methoxy hybrid 189 and the control Tamoxifen (164) showed similar patterns 

of cytotoxicity with a consistent trend at the lower micromolar range of activity across 

the 4 cell lines tested. The hybrid molecule 189 showed an overall potency greater 

than Tamoxifen in all the cell lines, more evident on SKBR3 cells where the IC50 of 
compound 189 (13.96 pM) was nearly half of that observed for Tamoxifen (25.2 pM).
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In addition, three hybrid compounds showed ICso’s lower than 10 pM in SKBR3 

breast cancer cell line. In order of potency they are Dimethyl (187) - 9.72 pM, trans 

p-monosubstituted Chloro (183) - 10 pM, and trans Methyl (186) exhibiting the low

est IC50 1.04 pM (Table 10 and Table 17). While lndanocine(35) was less cytotoxic 

against the SKBR3 cells and Tamoxifen (164) behaved consistently against the four 
cell lines tested, the lead p-monosubstituted trans Methyl molecule (186) and p- 

disubstituted hybrid Methyl (187) showed higher selectivity toward SKBR3 cells.

When analysing the cell cycle, the hybrid molecules tested showed a significant ac

cumulation of SKBR3 cells at S-phase after 72 h treatment. This finding shows that 

besides being cytotoxic in vitro against the HER2+ breast cancer cell line (SKBR3) 

the lead molecule 186 disturbs the replication and development of this type of cancer 
causing a dose-dependent cell cycle arrest at S-phase. Our hybrid scaffold dose- 

dependently affected G0/G1 phase of SKBR3 cell cycle in the same way as the con
trols Tamoxifen (164) and Camptothecin (213) have done. Tamoxifen dose- 

dependently decreased the number of cells in G2/M, which was also observed only 
for the higher dose of the lead 186.

Tamoxifen (164) and the novel p-monosubstituted methyl hybrid 186 caused signifi

cant apoptosis induction in human SKBR3 breast cancer cell line after 72 hours incu

bation. The hybrid 186 significantly reduced live cells both at 10 pM and 30 pM 
(p<0.001), while tamoxifen did only at 30 pM. When comparing p-methyl isomers 

(185 and 186) it was evident that the trans configuration selectively induced apopto

sis in SKBR3 cells.

The lead molecule 186 and its cis isomer (185) like tamoxifen dose-dependently de

creased mitochondrial membrane potential (Aipm) of SKBR3 cells after 24 hours. Aipm 

was found an important contributor to cell fate (Ly et al., 2003; Kroemer et al., 2007). 

In a more mechanistic way, we postulate that our compounds may causing finally 

ATP depletion.

By knowing that mitochondria are the major site of ROS production we postulate that 

the decreased levels of ROS observed with our hybrids (and specially the lead mole

cule 186) in SKBR3 cells challenged with H2O2 are due to the disruption of the A^Jm. 

In agreement with Marchi and colleagues (2012) we also hypothesise that an early
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exposure to high amounts of ROS would have caused a damage to the cells and the 

mitochondrial metabolism. Additional investigation should be done to clarify how the 

novel indane scaffold interferes with ROS production and/ or the scavenger enzymes. 

Overall, mitochondrial disruption and oxidative stress caused by the novel indanone 

hybrid scaffold contributes to the cell cycle arrest and apoptosis observed in ER- 

HER2/neu SKBR3 breast tumour cells.

It was also demonstrated that the lead hybrid 186 stimulates Caspase 3 and PARP 

cleavage. Consequently, despite not having evaluated DNA degradation but consid

ering the extent of PARP cleavage observed, and knowing it is activated by DNA 

damage, we hypothesise that the lead hybrid 186 causes DNA fragmentation in 

SKBR3 cancer cells. Despite affecting Caspases 7 and 9, the role of the lead 186 in 

these intracellular proteases should be evaluated considering their cleaved fractions.

The hybrid molecule 186 at 30 pM, along with Tamoxifen (164), significantly de
creased the proinflammatory cytokines GROa and TNFa. Sulindac caused a reduc

tion in GROa release. Nevertheless, while Tamoxifen and Sulindac decreased IL-6, 
the lead molecule 186 increased its release. The results obtained with A549 lung 
cancer cells, on the other hand, show that the lead 186 only affected the release of 
IL-6 which, along with tamoxifen, increased when compared to the untreated cells. 

Tamoxifen, however, caused a significant increase of IL-6 in relation to the hybrid 

186. In this cell line. Tamoxifen (164) significantly increased the release of the proin

flammatory cytokines IL-ip, GROa, MCP-1, MIP-3a, MMP-2, Mi\/IP-9 and TNFa, be
sides of IL-6. Sulindac did not alter the cytokines measured in A549 cells. Based on 

our findings, it is clear that the novel indanone hybrid compounds and tamoxifen in

terfere with the release of inflammatory cytokines in both SKBR3 (breast) and A549 

(lung) cell lines. The complex roles of inflammatory cytokines in cancer and inflam
mation are well established. Evaluation of the scaffold we have designed in in vivo 

xenograft models may be worthwhile and could further evaluate the lead molecules 

as potential therapeutic agents.

The synthesised indanone hybrid molecules and 11 additional designed analogues 
(Figure 67) along with controls were used in docking simulation against tubulin recep

tor and Estrogen receptor alpha (Era). Strong inhibition of tubulin polymerase was 

observed with the self-condensed monomethoxy (191) and dimethoxy hybrids (192)
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being the most potent molecules, with docking scores close to those observed for 

Lapatinib (232) and Phenstatin (149). 189 and 186 showed the best docking scores 

against ERa. This shows a relationship with their cytotoxicity demonstrated against 

ER+ cancer cells where the p-monomethoxy hybrid (189) showed comparable cyto

toxicity to Tamoxifen (164) against MCF7, A549 and DU145 cancer cell lines (Table 

10).

In conclusion, the hybridisation of indanone and benzophenone moieties yielded bet

ter analogues than the parent molecules. In addition, it was demonstrated that the 

second benzyl ring is essential when compared to benzylidene indanones. Our inves

tigation demonstrates that the novel hybrid indane scaffold has strong antiprolifera

tion, potent cell cycle arrest, induction of apoptosis, disruption of mitochondrial mem

brane potential, plays a role in oxidative stress, PARP and caspase activation and 

interferes on inflammatory cytokines. The present study gives an insight to future op

timization of the series and encourages further investigation for the application in 

cancer chemoprevention / chemotherapy.
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MATERIALS AND METHODS



5 MATERIALS AND METHODS

5.1 CHEMISTRY

5.1.1 General Experimental Procedures

Starting materials were commercially available. Thin layer chromatography (TLC) 

was performed on commercially pre-coated plates (Merck silica gel 60 F254) with a 

fluorescent indicator. Flash column chromatography was carried out on Merck Kie- 

selgel 60 [230 - 400 mesh] through the same solvents used for TLC (E. Merck, Art 

9385, Darmstadt). Visualization was by examination under visible light UV (254 nm) 

and UV (365 nm) or by spraying with anisaldehyde/conc. sulphuric acid reagent fol

lowed by heating for 5-10 min at 110 °C. Column chromatography was performed on 

silica gel (40-63 pm, 230-400 mesh; Sigma-Aldrich). High Resolution Mass Spec

trometry (HRMS): All high resolution mass spectral data was obtained using a Ther

mo LTQ-Oribtrap Discovery mass spectrometer. Data analysis was performed using 

Xcalibre software. NMR spectra were acquired at 27 °C on a Bruker DPX 400 spec

trometer. ^H-NMR spectra were recorded at 400.13 MHz and ^^C-NMR spectra were 

recorded at 75.47 MHz. Chemical shifts (6) are given in parts per million (ppm) and 

were referenced to solvent signals. Coupling constants are reported in Hertz. COSY, 

HSQC and HBMC were performed using Bruker microprograms, including MestRec 

Magnetic resonance companion version 4.4.1.0. High resolution mass spectra were 

determined on a Micromass LCT instrument operating in ES'' mode. Crystallographic 

analyses of compounds were determined by ‘X-ray Crystallography Facility’ with 

Bruker SMART APEX (2001) or Rigaku Saturn-724 (2007), School of Chemistry, 

Trinity College Dublin, Ireland.

5.1.2 General Procedure For Synthesis Of Cyclic Ketals 

5.1.2.1 Method 1: Preparation Of 166, 168-173

To a solution of appropriate benzophenone (Imol equiv) in ethylene glycol (10 mL) 

was added trimethyl orthoformate (3.6 mol equiv) and p-toluenesulfonic acid mono

hydrate (p-TsOH, 0.2 mol equiv). The reaction was stirred at room temperature and
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monitored by TLC until completion, when it was quenched by addition of water (100 

mL) and the product extracted with diethyl ether (3 x 25 mL). The combined organic 

extracts were dried over anhydrous sodium sulfate (Na2S04), filtered and concentrat

ed in vacuo, and the residue purified by flash column chromatography on silica gel 

230-400 mesh (eluent: Hex:EtOAc 20:1 to 2:1). All homogenous fractions were col

lected and the solvent removed in vacuo to afford the dioxolane products.

5.1.2.1.1 Synthesis Of 2,2-diphenyl-1,3-dioxolane (166)

Method 1: To a stirred solution of benzophenone (2 g, 10.977 mmol) in ethylene gly

col (15 mL) was added trimethyl orthoformate (4.32 mL, 39.517 mmol) and p-TsOH 

(0.418 g, 2.195 mmol). The reaction proceeded for 4 days and was worked up and 

purified as outlined in general methodology (5.1.2.1) to afford 2.36 g (94.9 %) of 

(166) as an off-white solid, Rf = 0.58 (8:1 Hex:EtOAc). NMR (CDCI3, 400 MHz) 6 

(ppm) - 4.1 (s, 4H, 2 x Chb), 7.33-7.48 (m, 6H, 6 x Ar-H), 7.6 (d, J=8.2 Hz, 4H, 4 x 

Ar-H). NMR (CDCI3,100 MHz) 6 (ppm) - 64.5 (2 x CH2), 109 (quat. C), 125.7 (4 x 

CH), 127.68 (2 X CH), 127.78 (4 x CH), 141.7 (2 x quat. C). MS: calculated for 

C15H14O2 (226.9994), found: (M+H)^ m/z at 227.1071 which corresponded to the for

mula C15H15O2: and (M+Na)^ m/z at 249.0906, corresponding to the formula
Ci5Hi402Na.

5.1.2.1.2 Synthesis Of 2-(4-chlorophenyl)-2-phenyl-1,3-dioxolane (168)

Method 1: To a stirred solution of (4-chlorophenyl)(phenyl)methanone (6 g, 27.693 

mmol) in ethylene glycol (35 mL, 627.62 mmol) was added trimethyl orthoformate 

(10.9 mL, 99.695 mmol) and p-TsOH (1.054 g, 5.539 mmol). The mixture was stirred 

at room temperature for 21 days and was worked up and purified as outlined in gen

eral methodology (5.1.2.1) to afford 6 g (99.1 %) of the white solid (168): Rf = 0.55 

(8:1 Hex:EtOAc). ^H NMR (CDCI3, 400 MHz) 6 (ppm) - 4.1 (s, 4H, 2 x CH2), 7.28- 

7.43 (m, 5H, 5 x Ar-H), 7.47-7.59 (m, 4H, 4 x Ar-H). NMR (CDCI3, 100 MHz) 6 

(ppm): - 64.54 (2 x CH2), 108.55 (quat. C), 125.6 (2 x CH), 127.27 (2 x CH), 127.8 (3 

X CH), 127.9 (2 X CH), 133.56 (quat. C), 140.37 (quat. C), 141.25 (quat. C). MS: cal-
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culated for C15H13CIO2 (260.0604), found: (M+H)"^ m/z at 261.0670, corresponding to 

the molecular formula C15H14CIO2.

5.1.2.1.3 Synthesis Of 2-phenyl-2-(p-tolyl)-1,3-dioxolane (169)

Method 1: To a stirred solution of phenyl(p-tolyl)methanone (2 g, 10.191 mmol) in 

ethylene glycol (15 ml, 268.98 mmol) was added trimethyl orthoformate (4.01 mL, 
36.688 mmol) and p-TsOH (0.388 g, 2.04 mmol). The mixture was stirred at room 

temperature for 6 days and was worked up and purified as outlined in general meth

odology (5.1.2.1) to afford 2.31 g (94.3 %) of the white solid (169): Rf = 0.56 (8:1 

Hex:EtOAc). NMR (CDCl3,400 MHz) 6 (ppm) - 2.41 (s, 3H, CH3), 4.12 (s, 4H, 2 x 

CH2), 7.22 (d, J=8 Hz, 2H, 2 x Ar-H), 7.33-7.45 (m, 3H, 3 x Ar-H), 7.51 (d, J=8 Hz, 

2H, 2 X Ar-H), 7.59-7.67 (m, 2H, 2 x Ar-H). NMR (CDCI3, 100 MHz) 6 (ppm) -

20.77 (CH3), 64.46 (2 x CH2), 109.07 (quat. C), 125.75 (4 x CH), 127.61 (CH), 
127.74 (2 X CH), 128.45 (2 x CH), 137.4 (quat. C), 138.8 (quat. C), 141.9 (quat. C). 

MS: calculated for C16H16O2 (240.115); found: (M-rH)^ m/z at 241.1245 which corre

sponded to the molecular formula C16H17O2, and (M+Na)^ m/z at 263.1067, corre
sponding to the molecular formula Ci6Hi602Na.

5.1.2.1.4 Synthesis Of 2,2-di-p-tolyl-1,3-dioxolane (170)

Method 1: To a stirred solution of dip-tolylmethanone (2 g, 9.512 mmol) in ethylene 
glycol (15 ml) was added trimethyl orthoformate (3.85 mL, 34.243 mmol) and p- 

TsOH (0.362 g, 1.902 mmol). The mixture was stirred at room temperature for 6 days 

and was worked up and purified as outlined in general methodology (5.1.2.1) to af
ford 2.22 g (91.8 %) of (170) as a white solid: Rf = 0.51 (8:1 Hex:EtOAc). ^H NMR 

(CDCI3, 400 MHz ) 6 (ppm) - 2.4 (s, 6H, 2 x CH3), 4.12 (s, 4H, 2 x CH2), 7.21 (d, 
J=8.1 Hz, 4H, 4 X CH), 7.48 (d, J=8 Hz, 4H, 4 x CH). ^^C NMR (CDCI3, 100 MHz) 5 

(ppm) - 20.76 (2 x CH3), 64.41 (2 x CH2), 109.13 (quat. C), 125.73 (5 x CH), 128.4 

(4 X CH), 137.3 (2 x quat. C), 138.95 (2 x quat. C). MS: calculated for C17H18O2 

(254.1307); found: (M-i-H)'' m/z at 255.139 which corresponded to the molecular for

mula C17H19O2.

5.1.2.1.5 Synthesis Of 2-(4-methoxyphenyl)-2-phenyl-1,3-dioxolane (171)
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Method 1: To a stirred solution of (4-methoxyphenyl)(phenyl)methanone (2 g, 9.423 

mmol) in ethylene glycol (15 mL, 268.98 mmol) was added trimethyl orthoformate 

(3.71 ml, 33.923 mmol) and p-TsOH (0.358 g, 1.885 mmol). The mixture was stirred 

at room temperature for 6 days and the reaction worked up and purified as outlined in 

general methodology (5.1.2.1) to afford 0.925 g (76.6 %) of a white solid (171). Two 

spots were observed by TLC (8:1 HexiEtOAc): Rf = 0.26 (4-methoxybenzophenone - 

recovered) and Rf = 0.31 (171). NMR (CDCI3, 400 MHz ) 6 (ppm) - 3.82 (s, 3H, 

OCH3), 4.1 (m, 4H, 2 X CH2), 6.9 (d, J=9 Hz, 2 x Ar-H), 7.36 (m, 3 x Ar-H), 7.47 (d, 

J=8.5 Hz, 2 X Ar-H), 7.56 (m, 2 x Ar-H). NMR (CDCI3,100 MHz) 6 (ppm) - 54.82 

(1 X OCH3), 64.41 (2 X CH2), 108.97 (quat. C), 113.01 (2 x CH), 125.79 (2 x CH), 

127.18 (2 xCH), 127.58(1 xCH), 127.7 (2xCH), 133.85 (quat. C), 147.78 (quat. C), 

158.97 (quat. C). MS: calculated for C16H16O3 (256.1099); found: (M-f-H)^ m/z at 

257.1171 corresponding to the molecular formula C16H17O3.

5.1.2.1.6 Synthesis Of 2, 2-bis(4-methoxyphenyl)-1,3-dioxolane (172)

Method 1: To a stirred solution of bis(4-methoxyphenyl)methanone (5 g, 20.638 

mmol) in ethylene glycol (30 mL, 538 mmol) was added trimethyl orthoformate (8.13 

mL, 74.297 mmol) and p-TsOH (0.785 g, 4.128 mmol). The mixture was stirred at 

room temperature for 10 days and was worked up and purified as outlined in general 

methodology (5.1.2.1) to afford 4.938 g (83.6 %) of a white solid (172). Two spots 

were observed by TLC (10:1 Hex:EtOAc): Rf = 0.21 (bis(4-

methoxyphenyl)methanone - recovered) and Rf = 0.32 (172). ^H NMR (CDCI3, 400 

MHz) 6 (ppm) - 3.82 (s, 6H, 2 x OCH3), 4.08 (s, 4H, 2 x CH2), 6.89 (d, J=8.5 Hz, 4H, 

4 X Ar-H), 7.45 (d, J=8.5 Hz, 4H, 4 x Ar-H). NMR (CDCI3, 100 MHz) 5 (ppm) - 

54.82 (2 X CH3), 64.33 (2 x CH2), 108.98 (quat. C), 112.97 (4 x CH), 127.25 (4 x CH), 

133.95 (2 X quat. C), 158.94 (2 x quat. C). MS: calculated for C17H18O4 (386.3224); 

found: (M-t-Na)"^ m/z at 409.1097 which corresponded to the molecular formula
Ci7Hi804Na.

5.1.2.1.7 Synthesis Of 2,2-bis(4-fluorophenyl)-1,3-dioxolane (173)
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Method 1: To a stirred solution of bis(4-difluorophenyl)methanone (6 g, 27.498 mmol) 

in ethylene glycol (30 ml) was added trimethyl orthoformate (10.83 mL, 98.993 

mmol) and p-TsOH (1.046 g, 5.5 mmol). The mixture was stirred at room temperature 

for 7 days and was worked up and purified as outlined in general methodology 

(5.1.2.1) to afford 4.917 g (89.4 %) of a white solid (173). Two spots were observed 

by TLC (8:1 Hex.EtOAc): Rf = 0.36 (173) and Rf=0.46 (bis(4-

difluorophenyl)methanone - recovered). NMR (CDCI3, 400 MHz ) 6 (ppm) - 4.09 

(s, 4H, 2 X CH2), 7.05 (t, J=8.5 Hz x 2, 4H, 4 x Ar-H), 7.5 (dd, J=8.8, 5.3 Hz, 4H, 4 x 

Ar-H). NMR (CDCI3,100 MHz) 6 (ppm) - 64.5 (2 x CH2), 108.31 (quat. C), 114.5 
(2 X CH), 114.72 (2 x CH), 127.63 (2 x CH), 127.72 (2 x CH), 137.36 (quat. C), 

137.39 (quat. C), 160.94 (quat. C), 163.39 (quat. C). MS: calculated for C15H12F2O2 

(262.0805): found: (M+H)”" m/z at 263.0872 corresponding to the molecular formula 
C15H13F2O2.

5.1.2.2 Method 2: Preparation Of 174

To a stirred solution of appropriate benzophenone (1 mol equiv) in toluene (10 mL), 
was added ethylene glycol (6.5 mol equiv) and p-TsOH (0.15 mol equiv). The mixture 
was stirred for 24 h under reflux using a Dean-Stark trap. The reaction was quenched 

by the addition of water (100 mL) and the product extracted with diethyl ether (3 x 25 

mL). The combined organic extracts were dried over Na2S04, filtered, and concen
trated in vacuo. The residue was purified by flash column chromatography on silica 

gel 230-400mesh (CHCI3). All homogeneous fractions were collected and the solvent 
removed in vacuo to afford the dioxolane product.

5.1.2.2.1 Synthesis Of 2,2-bis(4-chlorophenyl)-1,3-dioxolane (174)

Method 2: To a stirred solution of bis(4-chlorophenyl)methanone (1g, 3.982 mmol) in 

toluene (10 mL, 93.879 mmol), was added ethylene glycol (10 mL, 25.822 mmol) and 
p-TsOH (0.151 g, 0.796 mmol). The mixture was stirred for 24 h under reflux and was 

worked up and purified as outlined in general methodology (5.15.1.25.1.2.2) to afford 

0.942 g (80.2 %) of an off-white solid (174). Two spots were observed by TLC 

(CHCI3): Rf=0.61 (bis(4-chlorophenyl)methanone -recovered) and Rf = 0.75 (174).
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^H NMR (CDCI3,400 MHz) 5 (ppm) - 4.08 (s, 4H, 2 x CH2), 7.34 (d, J=8.5 Hz, 4H, 4 x 

Ar-H), 7.47 (d, J=8.5 Hz, 4H, 4 x Ar-H). NMR (CDCI3,100 MHz) 6 (ppm) -64.59 

(2 X CH2), 108.14 (quat. C), 127.16 (4 x CH), 128.01 (4 x CH), 133.78 (2 x quat. C), 

139.91 (2 X quat.C). MS: calculated for C15H12CI2O2 (294.0214); found: (M+H)”" m/z at 

295.0308 which corresponded to the molecular formula C15H13CI2O2.

5.1.3 General Procedure For Synthesis Of ((1H-lnden-3-YI)Oxy)Trimethylsilane 

(165)

/
O-Si—

165

To a stirred solution of 1-lndanone (3) (1 mol equiv) in anhydrous DCM (10 mL) at 0 
°C was added triethylamine (TEA) (1.1 mol equiv) and trimethylsilyl trifluoromethaen- 
sulfonate (TMSOTf, 1 mol equiv). The mixture was allowed to stir at 0 °C for 2 hours 
under anhydrous conditions and an atmosphere of nitrogen. The progress of the re
action was monitored by TLC (5:1 Hex:EtOAc). The solvent was removed in vacuo 

and the residue to afford the silyl enol ether (165) as a pale yellow oil. The oil can be 

chromatographed or if the reaction is clean the column can be skipped and the prod
uct used for the next reaction without purification due to its sensitivity for degradation. 

Two spots were observed by TLC: Rf = 0.28 (1-lndanone - recovered) and Rf = 0.74 
(165). However, the NMR and MS characterization was not possible to obtain due to 

the sensitivity of the product.

5.1.4 General Procedure For The Condensation Of 1-lndanone (3) And Benzo- 
phenone Substituted Moieties

5.1.4.a Method 1: Coupling Reaction By Tin Tetrachloride (SnCU)

To a solution of silyl enol ether (165) (1 to 2.1 mol equiv) and anhydrous DCM (10 

mL) in a three necked flask in vacuo, was added the cyclic ketal (166,168-173) (Imol 

equiv) and trimethylsilyl trifluoromethanesulfonate (1 to 1.2 mol equiv) at -78 °C un-
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der anhydrous conditions and an atmosphere of nitrogen. The mixture was stirred for 

1.5-3 hours and the reaction was quenched by addition of iced water. The product 

was extracted with DCM (3 x 25 mL) and the organic fractions were concentrated in 

vacuo. The crude was purified by flash column chromatography on silica gel 230- 

400mesh (Hex:EtOAc starting with 50:1). All homogeneous fractions were collected 

and the solvent removed in vacuo to afford the aldol products.

5.1.4.b Method 2: Coupling Reaction By TMSOTf

To a solution of silyl enol ether (165) (1 to 2.1 mol equiv) and anhydrous DCM (10 

mL) in an three necked flask in vacuo, was added the cyclic ketal (166, 168-173) 
(Imol equiv) and tin(IV) tetrachloride (Imol equiv) at -78 °C under anhydrous condi
tions and an atmosphere of nitrogen. The mixture was stirred for 1.5-3 hours and 

the reaction was quenched by addition of iced water. The product was extracted with 
DCM (3 X 25 mL) and the organic fractions were concentrated in vacuo. The crude 
was purified by flash column chromatography on silica gel 230-400mesh (Hex:EtOAc 

starting with 50:1). All homogeneous fractions were collected and the solvent re
moved in vacuo to afford the aldol products.

5.1.4.1 Reaction Of ((1H-inden-3-yl)oxy)trimethylsilane (165) And 2,2-diphenyl- 
1,3-dioxolane (166)

5.1.4.1.a Method 1 (SnCU)

O—Si— I—(
\ O, ,0

165 166 163

To a solution of (1/-/-inden-3-yloxy)trimethylsilane (165) (0.7 g, 5.297 mmol) and an

hydrous DCM (10 mL) in a three necked flask in vacuo, was added the cyclic ketal 

2,2-diphenyl-1,3-dioxolane (166) (0.6 g, 2.652 mmol) and tin(IV) tetrachloride (0.31
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mL, 2.652 mmol) at -78 °C under anhydrous conditions and an atmosphere of nitro

gen. The mixture was stirred for 3 hours and the reaction was worked up as in gen

eral methodology. The crude reaction material was purified by flash column chroma

tography on silica gel 230-400mesh (Hex:EtOAc starting with 25:1) to afford 225 mg 

(23.7 %) of 2-((2-hydroxyethoxy)diphenylmethyl)-2,3-dihydroinden-1-one (167), along 

with the desired product 2,3-dihydro-2-(diphenylmethylene)-inden-1-one (163) as a 

yellow solid (60 mg, 6.3 %). Four spots were observed by TLC (8:1 Hex:EtOAc): Rf = 

0.04 (167), Rf = 0.22 (1-lndanone - recovered), Rf = 0.30 (2-(diphenylmethylene)-2,3- 

dihydro-1H-inden-1-one), and Rf = 0.56 (2-((2-hydroxyethoxy)diphenylmethyl)-2,3- 

dihydro-1 H-inden-1-one - recovered).

5.1.4.1 .a.1 2-((2-hydroxyethoxy)diphenylmethyl)-2,3-dihydro-inden-1 -one 

(167)

Off-white solid. NMR (CDCI3, 400 MHz) 6 (ppm) - 3.09-3.29 (m, 2H, CH2), 3.41- 

3.62 (m, 2H, CH2), 3.68 (d, J=11.5 Hz, 1H, 1H of the CH2), 3.93 (t, J=9.5 Hz x 2, 1H, 

1 X CH), 4.05 (d, J=7.5 Hz, 1H, 1H of the CH2), 7.01-7.13 (m, 3H, 3 x Ar-H), 7.13- 

7.24 (m, 2H, 2 x Ar-H), 7.26-7.47 (m, 8H, 8 x Ar-H), 7.5 (d, J=7.5 Hz, 1H, 1 x Ar-H).

NMR (CDCI3, 100 MHz) 6 (ppm) - 33.46 (CH2), 49.13 (CH), 61.77 (CH2), 65.17 

(CH2), 85.18 (quat. C), 122.99 (CH), 125.21 (CH), 126.61 (CH), 126.66 (2 x CH), 

126.9 (CH), 127.51 (CH), 127.58 (2 x CH), 127.86 (2 x CH), 128.58 (2 x CH), 134.07 

(CH), 137.25 (quat. C), 141.08 (2 x quat. C), 152.17 (quat. C), 192.4 (C=0). MS: cal

culated for C24H22O3 (358.1569); found: (M+Na)"^ m/z at 381.1478 corresponding to 

the molecular formula C24H2203Na.

5.1.4.1.a.2 2,3-dihydro-2-(diphenylmethylene)inden-1-one (163)

Yellow solid. ^H NMR (CDCI3, 400 MHz) 6 (ppm) - 3.89 (s, 2H, CH2), 7.29-7.48 (2 x 

m, 12H, 12 X Ar-H), 7.59 (t, J=7.6 Hzx2, 1H, 1 x Ar-H), 7.83 (d, J=7.5 Hz, 1H, 1 x Ar- 

H). ^=^C NMR (CDCI3,100 MHz) 6 (ppm) - 33.69 (CH2), 123.85 (CH), 125.4 (CH), 127 

(CH), 127.5 (2 X CH), 127.7 (CH), 127.9 (CH), 127.95 (2 x CH), 128.7 (2 x CH), 128.9 

(2 X CH), 132.5 (quat. C), 133.8 (CH), 139.4 (2 x quat. C), 141.6 (quat. C), 148.4 

(quat. C), 150.6 (quat. C), 192.4 (C=0). MS: calculated for C22H16O (296.1201);
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found (M+Na)"" m/z at 319.1112 which corresponded to the molecular formula 

C22H1 eONs-

5.1.4.1.a.2.1 X-ray Crystal Structure Analysis Of 163 (see Appendix 2 - Acta 

Cryst. (2013). E69, o1306-o1307)

5.1.4.1 .b Method 2 (TMSOTf)

TMSOTf

163

To a solution of (1/-/-inden-3-yloxy) trimethylsilane (165) (0.7 g, 5.297 mmol) and an

hydrous DCM (10 mL), was added the cyclic ketal 2,2-diphenyl-1,3-dioxolane (166) 
(1 g, 4.419 mmol) and trimethylsilyl trifluoromethanesulfonate (TMSOTf) (0.94 mL, 

5.303 mmol) at -78 °C under anhydrous conditions and an atmosphere of nitrogen. 
The mixture was stirred for 2 hours and the reaction was worked up as in general 
methodology to afford 904 mg (69 %) of 2,3-dihydro-2-(diphenylmethylene)inden-1- 

one (163).
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5.1.4.2 Reaction Of ((1H-inden-3-yl)oxy)trimethylsilane (165) And 2-(4- 
chlorophenyl)-2-phenyl-1,3-dioxolane (168) To Yield 2-((4- 
chlorophenyl)(2-hydroxyethoxy)-(phenyl)methyl)-2,3-dihydro-1H-inden- 
1-one (180) And (E and 2)-2-((4-chlorophenyl)-(phenyl)methylene)-2,3- 
dihydro-1H-inden-1-one (183 and 182)

Cl

O-Si^

165 168

Cl

182

183

5.1.4.2.a Method 1 (SnCU)

To a solution of (1 H-inden-3-yloxy)trimethylsilane (165) (2 g, 15.13 mmol) and anhy
drous DCM (20 mL) in a three necked flask in vacuo, was added the cyclic ketal 

(168) (1.84 g, 7.058 mmol) and tin(IV) tetrachloride (7.058 mmol, 0.82 mL) at -78 °C 

under anhydrous conditions and an atmosphere of nitrogen. The mixture was stirred 

for 3 hours and the reaction was worked up as in general methodology. The crude 

was purified by flash column chromatography (Hex:EtOAc starting with 50;1) and all 

homogeneous fractions were collected to afford 0.68 g (24.5 %) of 2-((2- 

hydroxyethoxy)(4-chlorophenyl) (phenyl)methyl)-2,3-dihydroinden-1-one (180) and 

0.51 g (22 %) of the isomeric mixture of 2-((3-chlorophenyl)(phenyl)methylene)-2,3- 
dihydroinden-1-one (182 + 183). Five spots were observed by TLC (5:1 Hex:EtOAc): 

Rf = 0.09 (180), Rf = 0.39 (1-lndanone - recovered), Rf = 0.48 (183), Rf = 0.54 (182), 
Rf 0.72 (168 - recovered). Besides the desired product (180) it was also formed and 
isolated the isomeric mixture (182 -i- 183). The isomers Z (182) and E (183) were 

separated by column chromatography with a Hex:EtOAc:DCM (100:1:1 decreasing 

hexane by 10 up to 20:1:1) solvent system, monitored by TLC with a 8:1:1 

Hex:EtOAc:DCM mobile phase.
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5.1.4.2.a.1 2-((2-hydroxyethoxy)(4-chlorophenyl)(phenyl)methyl)-2,3- 
dihydroinden-1-one (180)

Off-white solid. NMR (CDCl3,400 MHz) 6 (ppm) - 3.07-3.26 (m, 2H, 2 x H), 3.37- 

3.56 (m, 2H, 2 x H), 3.69 (br s, 1H, 1 x H), 3.85-3.96 (m, 1H, 1 x H), 4.01-4.07 (m, 

1H, 1 X H), 7.03-7.45 (m, 12H, 12 x Ar-H), 7.51 (d, J=7.5 Hz, 1H, 1 x Ar-H). NMR 

(CDCI3,100 MHz) 6 (ppm) - 30.04 (CH2), 47.36 (CH), 61.7 (CH2), 65.05 (CH2), 84.58 
(quat. C), 123.1 (CH), 125.27 (CH), 126.75 (CH), 126.81 (CH), 126.89 (CH), 127.17 

(CH), 127.68 (2 X CH), 127.9 (CH), 128.44 (CH), 129.33 (CH), 129.86 (CH), 133.28 

(quat. C), 134.23 (CH), 134.35 (CH), 137.09 (quat. C), 139.84 (quat. C), 140.81 

(quat. C), 151.98 (quat. C), 205.23 (C=0). MS: calculated for C25H24O3 (392.1179); 
found: (M-f-Na)'^ m/z at 415.1063 corresponding to the molecular formula C25H2403Na.

5.1.4.2. a.2 (2)-2-((3-chlorophenyl)(phenyl)methylene)-2,3-dihydroinden-1 -one
(182)

Yellow solid. ^H NMR (CDCI3, 400 MHz) 6 (ppm) - 3.88 (s, 2H, CH2), 7.21-7.48 (m, 

11H, 11 X Ar-H), 7.6 (t, J=7.5 Hz x 2, 1H, 1 x Ar-H), 7.81 (d, J=7.5 Hz, 1H, 1 x Ar-H). 
^^C NMR (CDCI3, 100 MHz) 6 (ppm) - 33.66 (CH2), 123.88 (CH), 125.36 (CH), 

127.06 (CH), 127.74 (2 x CH), 128.05 (2 x CH), 128.12 (CH), 128.67 (2 x CH), 130.4 

(2 X CH), 132.89 (quat. C), 133.72 (quat. C), 133.95 (CH), 137.7 (quat. C), 139.17 

(quat. C), 141.5 (quat. C), 148.39 (quat. C), 149.12 (quat. C), 192.36 (C=0). MS: cal
culated for C22H15CIO (330.0811); found: (M+Na)^ m/z at 353.0715 corresponding to 

the molecular formula C22Hi5CIONa.

5.1.4.2. a.2.1 X-ray Crystal Structure Analysis Of 182

Crystal data

CsshigoCi^Q^

K =132116 

? ?

f(000) = 688 

?

Ox = 1.323 Mg m“^
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Hall symbol: ? 

a = 9.4349 (19) A 

6= 17.746 (3) A 

c= 10.257 (2) A 

a = 90°

6 = 104.71 (3)°

Y = 90°

l/= 1661.1 (5) A^ 

Z= 1

Melting point: ? K 

Mo Ka radiation, X = 0.71073 A 

Cell parameters from ? reflections 

0 = 2°

p = 023 mm“' 

r= 293 K 

?

X X mm

Data collection

?
diffractometer /?int = 0.036

Radiation source: fine-focus sealed tube 0max = 31.4°. 0min = 2.5°

Graphite monochromator 

?

18258 measured reflections 

4907 independent reflections 

4723 reflections with I >2aif)

/? = -13-»13

/r=-18-»25 

/=-12-»14 

Standard reflections: ?

Refinement

Refinement on P 

Least-squares matrix: full

R[F^ > 2g{F^)] = 0.066

typP) = 0.255 

5= 1.91

4907 reflections 

217 parameters 

0 restraints 

? constraints

Prima'y atom site location: structure-invariant direct 
methcds

Hydrogen site location: inferred from neighbouring 
sites

H atoms treated by a mixture of independent and
constrained refinement

u/=1/[o^(AA)W0.lP)d
where P= Cf} ^ 2P0/3

(A/0)max = 0.396 

Apmax = 0.43 e A

Apmin = -0.65 e A“^

Extinction correction: none 

Extinction coefficient: ?

Absolute structure: ?

Absolute structure parameter: ?
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Secondary atom site location: difference Fourier map Rogers parameter: ?

Refinement of against ALL reflections. The weighted R-factor wR and goodness of fit S are based 
on F^, conventional R-factors R are based on F, with F set to zero for negative F^. The threshold ex
pression of F^ > 2sigma(F^) is used only for calculating R-factors(gt) etc. and is not relevant to the 
choice of reflections for refinement. R-factors based on F^ are statistically about twice as large as 
those based on F, and R- factors based on ALL data will be even larger.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement
parameters (A^)

X z R,so*/4a

CM 1,39871 (6) 0.50381 (3) 0,27855 (6) 0.0340 (2)

01 0.83580 (16) 0.37392 (8) 0.37462 (17) 0.0294 (4)

Cl 1.2212 (2) 0.38691 (11) 0.1806 (2) 0.0253 (4)

HI 1.2395 0,3983 0.0979 0.030*

C2 1,2791 (2) 0.43085 (10) 0.2939 (2) 0.0252 (4)

C3 1.2510(2) 0.41706 (11) 0.4166 (2) 0.0256 (4)

H3 1,2912 0.4475 0.4905 0.031*

C4 1.1610 (2) 0,35666 (11) 0.4281 (2) 0.0232 (4)

H4 1.1395 0.3472 0.5102 0.028*

C5 1.10246 (19) 0,30994 (10) 0,31763 (19) 0.0207 (4)

C6 1.1347 (2) 0.32524 (11) 0.1950 (2) 0.0245 (4)

H6 1,0980 0,2938 0.1215 0.029*

C7 1.0202 (2) 0.23988 (10) 0.33268 (19) 0.0215 (4)

C8 1.0101 (2) 0.10774 (11) 0.2368 (2) 0.0263 (4)

H8 0.9087 0.1113 0.2067 0.032*

C9 1.0903 (2) 0.16918 (10) 0.30404 (19) 0.0219 (4)

CIO 1.2436 (2) 0.16279 (10) 0,3439 (2) 0,0237 (4)

HIO 1.2995 0.2035 0.3852 0,028*

C11 1.3130 (2) 0,09652 (11) 0.3226 (2) 0.0260 (4)

H11 1,4144 0.0928 0.3517 0.031*

C12 1.2317 (2) 0.03575 (11) 0.2580 (2) 0.0272 (4)

H12 1,2783 -0.0086 0.2440 0,033*

Cl 3 1.0796 (2) 0.04183 (11) 0,2144 (2) 0.0279 (4)

HI 3 1.0245 0.0016 0.1703 0.033*

Cl 4 0.7124 (2) 0.28248 (11) 0.4809 (2) 0.0248 (4)
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C15 0,81808(19) 0.30879 (11) 0,4050 (2) 0.0237 (4)

Cl 6 0,8969 (2) 0.23985 (10) 0.37614 (19) 0.0219 (4)

C17 0,8218 (2) 0.17139 (10) 0.4169 (2) 0.0239 (4)

H17A 0,7674 0.1439 0.3383 0.029^

H17B 0,8925 0.1377 0.4733 0.029^

C18 0,7200 (2) 0.20450 (11) 0,4942 (2) 0.0238 (4)

C19 0,6377 (2) 0,16768 (13) 0.5685 (2) 0.0301 (5)

H19 0,6424 0,1156 0.5789 0.036*

C20 0,5469 (2) 0.21106 (15) 0.6277 (2) 0.0355 (5)

H20 0,4927 0.1875 0.6801 0,043*

C21 0,5363 (2) 0.28895 (15) 0.6094 (3) 0.0365 (5)

H21 0,4729 0,3164 0.6473 0.044*

C22 0,6195 (2) 0.32601 (13) 0.5352 (2) 0,0313 (5)

H22 0,6131 0.3779 0.5224 0.038*

Atomic disolacement parameters iA!l
77" yVi

Cll 0,0334 (3) 0,0271 (3) 0.0442 (4) -0.00846(17) 0.0146 (3) -0.00150(1

01 0,0288 (7) 0,0216 (6) 0.0369 (9) 0.0011 (5) 0.0067 (6) 0.0022 (6)

Cl 0,0304 (9) 0,0248 (8) 0.0218 (9) -0.0015(7) 0,0089 (7) 0.0011 (7)

C2 0,0238 (8) 0.0194 (8) 0,0330 (11) 0,0002 (6) 0.0082 (7) -0.0007 (7)

C3 0,0250 (9) 0.0253 (8) 0,0252 (10) -0.0009 (6) 0.0041 (7) -0.0037 (7)

C4 0,0230 (8) 0.0266 (8) 0.0193 (9) -0.0006 (6) 0,0044 (6) -0.0021 (7)

C5 0,0190 (7) 0.0204 (7) 0.0223 (9) 0.0006 (6) 0,0042 (6) 0.0010 (6)

C6 0,0285 (9) 0.0230 (8) 0.0216 (9) -0.0008 (6) 0.0057 (7) -0.0015 (7)

C7 0,0228 (8) 0.0224 (8) 0.0173 (8) -0.0010(6) 0.0015 (6) -0.0006 (6)

C8 0,0225 (8) 0.0243 (8) 0.0308 (10) -0.0015 (6) 0,0042 (7) -0.0049 (7)

C9 0,0206 (8) 0.0221 (8) 0.0218 (9) -0.0001 (6) 0.0032 (6) 0.0006 (6)

CIO 0,0216 (8) 0.0233 (8) 0.0254 (9) 0.0001 (6) 0.0042 (7) -0.0014(7)

C11 0,0228 (8) 0.0273 (9) 0.0273 (10) 0.0038 (7) 0,0050 (7) 0.0002 (7;

C12 0,0278 (9) 0,0234 (8) 0.0308 (10) 0,0015 (7) 0.0080 (8) -0.0003 (7)

Cl 3 0,0277 (9) 0.0244 (9) 0,0329 (11) -0.0028 (7) 0.0102 (8) -0.0058 (7)

C14 0,0210(8) 0,0281 (9) 0.0235 (9) -0.0001 (6) 0.0024 (7) -0.0022 (7)

C15 0,0206 (8) 0.0240 (8) 0.0245 (9) 0.0006 (6) 0.0018 (7) 0.0000 (7;
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Cl 6 0.0222 (8) 0,0206 (8) 0,0206 (9) -0.0008 (6) 0.0015 (6)

Cl 7 0.0224 (8) 0,0218 (8) 0,0277 (10) -0.0007 (6) 0.0067 (7)

C18 0.0187 (8) 0.0295 (9) 0.0207 (9) -0.0005 (6) 0,0006 (6)

C19 0,0246 (9) 0,0379 (11) 0.0255 (10) -0.0066 (7) 0,0021 (8)

C20 0.0247 (9) 0.0550 (14) 0.0272 (11) -0.0085 (9) 0.0071 (8)

C21 0.0227 (9) 0,0544 (14) 0.0327 (12) 0.0010 (8) 0.0072 (8)

C22 0.0257 (9) 0.0391 (11) 0.0282 (11) 0,0012 (8) 0,0053 (8)

Geometric parameters (A, °)
CI1—C2 1.7505 (19) Cl 1—Cl 2 1,390 (3)

01—Cl 5 1.219(2) C11—H11 0.9300

Cl—C6 1.395 (3) Cl 2—Cl 3 1.395 (3)

Cl—C2 1,391 (3) Cl 2—HI 2 0.9300

Cl—HI 0.9300 Cl 3—HI 3 0.9300

C2—C3 1.372 (3) C14—C22 1.386 (3)

C3—C4 1.391 (3) Cl 4—Cl 8 1,390 (3)

C3—H3 0.9300 Cl 4—Cl 5 1.488 (3)

C4—C5 1.400 (3) Cl 5—Cl 6 1.500 (3)

C4—H4 0.9300 Cl 6—Cl 7 1.518(2)

C5—C6 1.394 (3) Cl 7—Cl 8 1.511 (3)

C5—C7 1.494 (2) C17—H17A 0.9700

C6—H6 0.9300 Cl 7—HUB 0.9700

C7—C16 1.347 (3) Cl 8—Cl 9 1.383 (3)

C7—C9 1.482 (2) C19—C20 1.399 (3)

C8—C13 1,388 (3) Cl 9—HI 9 0.9300

C8—C9 1,405 (2) C20—C21 1,395 (4)

C8—H8 0.9300 C20—H20 0.9300

C9—CIO 1.404 (3) C21—C22 1.390 (3)

CIO—Cl 1 1,390 (3) C21—H21 0.9300

CIO—H10 0.9300 C22—H22 0.9300

C6—Cl—C2 117.93(18) C13—C12—H12 120.3
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0,0008 (7)

-0.0003 (7) 

0,0016 (8) 

-0.0013 (10) 

-0.0102(10) 

-0.0081 (8)



C6—Cl—HI 121.0 C8—Cl 3—Cl 2 120.20 (18)

C2—Cl—HI 121.0 C8—Cl 3—HI 3 119.9

C3—C2—Cl 122.63 (18) C12—C13—H13 119.9

C3—C2—CI1 119.58 (15) C22—C14—C18 122.5 (2)

Cl—C2—cn 117.73 (16) C22—C14—C15 127.67 (19)

C2—C3—C4 118.68 (18) C18—C14—C15 109.82 (17)

C2—C3—H3 120.7 01—Cl 5—Cl 4 125.79 (18)

C4—C3—H3 120.7 01—Cl 5—Cl 6 128.01 (19)

C3—C4—C5 120.77 (18) C14—C15—C16 106.20 (16)

C3—C4—H4 119.6 C7—Cl 6—Cl 5 125.31 (16)

C5—C4—H4 119.6 C7—Cl 6—Cl 7 126.44 (16)

C6—C5—C4 118.92 (17) C15—C16—C17 108.02 (16)

C6—C5—C7 119.57 (16) C18—C17—C16 103.68 (15)

C4—C5—C7 121.19 (18) C18—C17—H17A 111.0

Cl—C6—C5 121.01 (18) C16—C17—H17A 111.0

Cl—C6—H6 119.5 C18—C17—H17B 111.0

C5—C6—H6 119.5 C16—C17—HUB 111.0

C16—C7—C9 122.13 (16) H17A—C17—HUB 109.0

C16—C7—C5 123.33 (16) C19—C18—C14 120.14 (19)

C9—C7—C5 114.43 (16) C19—C18—CU 128.79 (18)

Cl 3—C8—C9 121.13 (18) C14—C18—CU 111.05 (17)

C13—C8—H8 119.4 C18—C19—C20 118.1 (2)

C9—C8—H8 119.4 C18—C19—H19 121.0

C8—C9—CIO 117.86(17) C20—C19—H19 121.0

C8—C9—C7 122.82 (17) C19—C20—C21 121.2 (2)

CIO—C9—C7 119.31 (16) C19—C20—H20 119.4

C11—CIO—C9 120.91 (17) C21—C20—H20 119.4

C11—CIO—H10 119.5 C22—C21—C20 120.7 (2)

C9—CIO—H10 119.5 C22—C21—H21 119.6

CIO—Cl 1—Cl 2 120.46 (18) C20—C21—H21 119.6

CIO—Cl 1—H11 119.8 C21—C22—C14 117.3 (2)

C12—C11—H11 119.8 C21—C22—H22 121.3

C11—C12—C13 119.39 (18) C14—C22—H22 121.4
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C11—C12—H12 120.3

All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using the 
full covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s 
in distances, angles and torsion angles; correlations between e.s.d.'s in cell parameters are only used 
when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell e.s.d.'s is 
used for estimating e.s.d.'s involving l.s. planes.

5.1.4.2. a.3 (£)-2-((3-chlorophenyl)(phenyl)methylene)-2,3-dihydroinden-1-one
(183)

Yellow solid. NMR (CDCl3,400 MHz) 5 (ppm) - 3.88 (s, 2H, Chb), 7.23-7.49 (2 x 
m, 11H, 11 X Ar-H), 7.6 (t, J=7.5 Hz, 1H, Ar-H), 7.81 (d, J=7.5 Hz, 1H, Ar-H). 

NMR (CDCI3, 100 MHz) 6 (ppm) - 33.64 (CH2), 123.9 (CH), 125.36 (CH), 127.07 
(CH), 127.58 (2 X CH), 127.91 (CH), 128.22 (2 x CH), 128.86 (2 x CH), 130.11 (2 x 

CH), 132.79 (quat. C), 133.9 (CH), 133.96 (quat. C), 138.92 (quat. C), 139.21 (quat. 

C), 139.94 (quat. C), 148.20 (quat. C), 149.15 (quat. C), 192.19 (C=0). MS: calculat
ed for C22H15CIO (330.0811): found: (M-t-H)"" m/zat 331.0870 which corresponded to 
the molecular formula C22H16CIO, and (M+Na)"^ m/z at 353.0728 corresponding to the 

molecular formula C22Hi5CIONa.

5.1.4.2. b Method 2 (TMSOTf)

165

TMSOTf

168

Cl

To a solution of (1/-/-inden-3-yloxy)trimethylsilane (165) (0.7 g, 5.297 mmol) and an

hydrous DCM (10 mL) in a three necked flask in vacuo, was added the cyclic ketal 

(168) (1 g, 3 .836 mmol) and TMSOTf (4.6 mmol, 0.82 mL) at -78 °C under anhydrous 

conditions and an atmosphere of nitrogen. The mixture was stirred for 2 hours and 

the reaction was worked up as in general methodology. The crude was purified by
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flash column chromatography (Hex:EtOAc starting with 50:1) and all homogeneous 
fractions were collected to afford 63 mg (24.5 %) of the isomeric mixture of (E and 2)- 

2-((3-chlorophenyl)(phenyl)methylene)-2,3-dihydroinden-1-one (182 + 183). The iso

mers cis (2) (182) and trans (E) (183) were separated and characterised as in Meth

od 1.

5.1.4.3 Reaction of ((1H-inden-3-yl)oxy)trimethylsilane (165) and 2-phenyl-2- 
(p-tolyl)-1,3-dioxolane (169) to yield ((E and Z)-2-(phenyl(p- 
tolyl)methylene)-2,3-dihydro-1 H-inden-1 -one

165

Si^ 1—\
0 0 o 0

-
+

169 185 186

5.1.4.3.a Method 1 (SnCU)

To a solution of silyl enol ether (165) (1 g, 4.9 mmol) and anhydrous DCM (10 mL) in 
a three necked flask in vacuo, was added the cyclic ketal (169) (0.8 g, 3.329 mmol) 

and tin(IV) tetrachloride (0.39 ml, 3.329 mmol) at -78 °C under anhydrous conditions 

and an atmosphere of nitrogen. The mixture was stirred for 2.5 hours and the reac

tion was worked up as in general methodology. The crude was purified by flash col

umn chromatography (Hex:EtOAc starting with 50:1) and all homogeneous fractions 

were collected to afford 0.6 g (58.1 %) of the isomeric mixture of 2,3-dihydro-2- 
(phenyl(p-tolyl)methylene)inden-1-one. Three spots were observed by TLC (5:1 

Hex:EtOAc): Rf = 0.40 (1-lndanone - recovered), Rf = 0.53 (185 + 186), Rf = 0.70 
(169 - recovered). The isomers 2 (185) and E (186) were separated by column chro

matography with a 4:1:1 Hex: EtOAc:CHCl3 (100:1:1 up to 20:1:1) solvent system 

and monitored by a 8:1:1 Hex:EtOAc:CHCl3 solvent system.
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5.1.4.3. a.1 (Z)-2,3-dihydro-2-(phenyl(p-tolyl))inden-1-one (185)

Yellow solid. NMR (CDCI3, 400MHz) 5 (ppm): 2.41 (s, 3H, CH3), 3.88 (s, 2H, Chb),

7.18- 7.48 (m, 11H, 11 x Ar-H), 7.60 (t, J=7.3 Hzx2, 1H, 1 x Ar-H), 7.82 (d, J=7.5Hz, 

1H, 1 X Ar-H). NMR (CDCI3, 100MHz) 6 (ppm): 21.01 (CH3), 33.78 (CH2), 123.83 

(CH), 125.3 (CH), 126.9 (CH), 127.8 (CH), 2 x 127.89 (2 x CH), 2 x 128.18 (2 x CH), 

2 X 128.69 (2 X CH), 2 x 128.97 (2 x CH), 132.13 (quat. C), 133.64 (CH), 136.34 

(quat. C), 137.73 (quat. C), 139.49 (quat. C), 141.87 (quat. C), 148.37 (quat. C), 

150.91 (quat. C), 192.38 (C=0). MS: calculated for C23H18O (310.1358); found: 

(M-i-Na)^ m/zat 333.1261 corresponding to the molecular formula C23Hi80Na.

5.1.4.3. a.2 (£)-2,3-dihydro-2-(phenyl(p-tolyl)methylene)-inden-1 -one (186)

Yellow solid. ^H NMR (CDCI3, 400MHz) 6 (ppm): 2.42 (s, 3H, CH3), 3.91 (s, 2H, C]i),

7.19- 7.48 (3 X m, 11H, 11 X Ar-H), 7.58 (t, J=7.76 Hz x 2, 1H, 1 x Ar-H), 7.81 (d, 
J=7.5 Hz, 1H, 1 X Ar-H). ^^C NMR (CDCI3, 100MHz) 6 (ppm): 20.89 (CH3), 33.78 

(CH2), 123.82 (CH), 125.3 (CH), 126.9 (CH), 2 x 127.45 (2 x CH), 127.6 (CH), 2 x 
128.60 (2 X CH), 2 x 128.8 (2 x CH), 2 x 128.87 (2 x CH), 132.07 (quat. C), 133.63 

(CH), 138.01 (quat. C), 138.68 (quat. C), 139.41 (quat. C), 139.65 (quat. C), 148.45 
(quat. C), 150.66 (quat. C), 192.41 (C=0). MS: calculated for C23H18O (310.1358); 
found: (M+Na)"^ m/z at 333.1254 which corresponded to the molecular formula 

C23Hi80Na.

5.1.4.3. a.2.1 X-ray Crystal Structure Analysis Of 186

Crystal data

C^TsliieQiz F(000) = 1968

Mr =3124.49 ?

?, ? D, = ^.233 Mg

Hall symbol: ? Melting point: ? K

3=3?.910f7) A Mo Ka radiation, X, = 0.71073 A
/)= 10.880 (2) A Cell parameters from ? reflections

c= 15.441 (3) A 0 = 2°
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a = 90°

B= 114,91 (3)° 

Y = 90°

1^=5014.5(171 

Z= 1

p = MZ mm”'' 

7”= 293 K 

?

X X mm

Data collection

7
/?int = 0.018diffractometer

Radiation source: fine-focus sealed tube 0max = 25.0°. 0min = 1.4'

Graphite monochromator

2

16713 measured reflections

/? =-39-^38

^=-12-^12

7462 independent reflections 

7299 reflections with /> 2o(/)

/=-18-H8

Standard reflections: ?

Refinement

Refinement on 

Least-squares matrix: full 

/?lf^>2afF0l =0.040

Hydrogen site location: inferred from neighbouring 
sites

H atoms treated by a mixture of independent and
constrained refinement

i4/= MlaHFn^] + + 2.3476P1
where P= (fG + 2F.0/3

i4//?fF0 = 0.175 

5= 1.08

(A/a)max = am

7462 reflections

Apmax = 038 e A"^ 

Apmin = -0.35 e A”-^

652 parameters 

2 restraints

Extinction correction: none 

Extinction coefficient: ?

? constraints
Absolute structure: Flack H D (1983), Acta Crvst. 
A39. 876-881

Primary atom site location: structure-invariant direct 
methods

Absolute structure parameter: -0.4 (15)

Secondary atom site location: difference Fourier map

Refinement of against ALL reflections. The weighted F?-factor wR and goodness of fit S are based
on F , conventional F?-factors R are based on F, with F set to zero for negative F . The threshold ex
pression of F > 2sigma(F ) is used only for calculating F?-factors(gt) etc. and is not relevant to the
choice of reflections for refinement. F?-factors based on F are statistically about twice as large as
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those based on F, and R- factors based on ALL data will be even larger.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement
parameters (A^)

X y z ^,so*/4q

01 0,86482 (8) 0.8983 (2) 0.65201 (15) 0.0304 (5)

C47 0.85625 (11) 0.9819 (3) 0,9245 (2) 0.0328 (7)

H47 0.8542 1.0581 0.9497 0.039*

C48 0,85909 (11) 0.9747 (3) 0.8376 (2) 0,0301 (7)

H48 0,8582 1.0452 0.8028 0,036*

C49 0.86332 (11) 0.8589 (3) 0.8039 (2) 0.0253 (6)

C50 0.86847 (10) 0.8274 (3) 0.7153 (2) 0.0239 (6)

C51 0.87797 (10) 0.6926 (3) 0.7208 (2) 0.0239 (6)

C52 0.86828 (11) 0.6385 (3) 0.8012 (2) 0.0251 (6)

H52A 0,8408 0.5911 0.7763 0.030*

H52B 0.8927 0.5867 0.8427 0.030*

C53 0,86385 (10) 0.7523 (3) 0.8532 (2) 0.0247 (6)

C54 0.86035 (12) 0.7593 (3) 0.9404 (2) 0.0306 (7)

H54 0,8607 0.6887 0.9746 0.037*

C55 0.85643 (11) 0.8743 (3) 0.9741 (2) 0.0308 (7)

H55 0,8538 0.8803 1.0317 0,037*

C56 0.96798 (13) 0.8330 (3) 0,5877 (3) 0.0382 (8)

H56 0,9924 0.8857 0,6145 0,046*

C57 0.94901 (12) 0,7803 (3) 0.6445 (3) 0.0320 (7)

H57 0.9606 0,7991 0,7092 0.038*

C58 0.95034 (14) 0.8062 (3) 0,4916 (3) 0,0395 (8)

H58 0,9629 0.8411 0.4535 0.047*

C59 0.91445 (14) 0.7286 (4) 0,4516 (3) 0.0433 (9)

H59 0.9023 0.7126 0.3864 0.052*

C60 0.91272 (11) 0,6996 (3) 0.6047 (2) 0.0268 (6)

C61 0.89598 (12) 0.6734 (3) 0,5085 (2) 0.0316 (7)

H61 0.8722 0.6187 0.4814 0.038*

C62 0.94321 (11) 0,4528 (3) 0.6689 (3) 0.0341 (7)

H62 0,9617 0,5064 0.6551 0,041*
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C63 0.95447 (13) 0.3318 (3) 0.6829 (3) 0,0408 (8)

H63 0,9810 0,3057 0.6811 0,049*

C64 0.92725 (13) 0.2458 (3) 0.7001 (2) 0.0357 (8)

C65 0.94121 (15) 0.1134 (3) 0.7190 (3) 0.0492 (10)

H65A 0,9417 0.0776 0.6626 0,074*

H65B 0.9203 0.0696 0,7358 0.074*

H65C 0.9705 0.1085 0.7705 0,074*

C66 0.88669 (13) 0,2911 (3) 0.6986 (2) 0.0326 (7)

H66 0.8669 0.2358 0.7063 0.039*

C67 0.87529 (11) 0,4122 (3) 0.6862 (2) 0.0279 (7)

H67 0.8481 0.4375 0.6854 0,034*

C68 0.90424 (11) 0.4998 (3) 0.6746 (2) 0.0261 (6)

C69 0.89590(10) 0.6332 (3) 0.6678 (2) 0.0242 (6)

02 0.77589 (7) 0,58693 (19) 0.62873 (14) 0,0260 (4)

C24 0,69982 (13) 1.3719 (3) 0.5486 (3) 0,0370 (8)

H24A 0,6975 1,4075 0,6032 0.056*

H24B 0,6715 1.3789 0.4940 0,056*

H24C 0.7224 1.4145 0,5363 0.056*

C25 0.71224 (11) 1.2400 (3) 0.5675 (2) 0.0282 (7)

C26 0.75486 (11) 1.1950 (3) 0.5847 (2) 0.0273 (6)

H26 0.7769 1.2497 0,5861 0,033*

C27 0.76500 (10) 1.0710(3) 0.5997 (2) 0.0249 (6)

H27 0.7935 1,0438 0.6100 0.030*

C28 0.73324 (11) 0.9863 (3) 0.5997 (2) 0.0251 (6)

C29 0.74208 (10) 0,8527 (3) 0.6116 (2) 0.0224 (6)

C30 0.69102 (11) 1.0310(3) 0.5859 (2) 0.0311 (7)

H30 0.6695 0.9771 0.5880 0.037*

C31 0.68121 (11) 1.1541 (3) 0.5695 (2) 0.0325 (7)

H31 0.6527 1.1810 0.5593 0.039*

C32 0.69619 (11) 0.6908 (3) 0.6462 (2) 0.0281 (6)

H32 0.6898 0,6553 0.5870 0,034*

C33 0.72478 (10) 0.7907 (3) 0.6762 (2) 0,0245 (6)

C34 0.71546 (15) 0,7936 (4) 0.8234 (3) 0.0439 (9)
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H34 0.7222 0,8282 0.8830 0.053*

C35 0.73460 (13) 0.8409 (3) 0.7653 (2) 0,0368 (8)

H35 0.7542 0.9071 0.7866 0,044*

C36 0.67689 (11) 0.6429 (3) 0.7041 (3) 0.0324 (7)

H36 0.6577 0.5758 0.6832 0.039*

C37 0.68609 (14) 0.6942 (3) 0,7916(3) 0.0409 (9)

H37 0.6728 0.6629 0.8295 0.049*

C38 0.76780 (11) 0.8478 (3) 0,4768 (2) 0.0252 (6)

H38A 0.7426 0,8981 0.4363 0.030*

H38B 0.7948 0.8974 0,5003 0.030*

C39 0.75983 (10) 0.7924 (3) 0.5590 (2) 0,0241 (6)

C40 0.77512 (10) 0.6293 (3) 0.4748 (2) 0,0239 (6)

C41 0.77096 (10) 0.6584 (3) 0,5639 (2) 0.0241 (6)

C42 0.77960 (10) 0,5134 (3) 0.4399 (2) 0,0271 (6)

H42 0.7818 0,4423 0.4750 0.033*

C43 0.78055 (11) 0.5088 (3) 0.3518 (2) 0.0282 (7)

H43 0.7828 0.4330 0.3264 0.034*

C44 0,77819 (11) 0.6148 (3) 0,3002 (2) 0,0317 (7)

H44 0.7792 0.6089 0.2411 0,038*

C45 0.77432 (11) 0.7301 (3) 0.3353 (2) 0.0298 (7)

H45 0.7729 0.8010 0.3005 0.036*

C46 0.77267 (11) 0,7.363 (3) 0.4237 (2) 0.0239 (6)

03 0,58367 (9) 0.5947 (2) 0.11620 (16) 0.0350 (5)

Cl 0.57666 (11) 0.6589 (3) 0.0468 (2) 0.0264 (6)

C2 0.57463 (10) 0,6161 (3) -0.0467 (2) 0.0262 (6)

C3 0.58182 (12) 0.4990 (3) -0.0726 (2) 0,0310 (7)

H3 0.5876 0.4330 -0.0309 0.037*

C4 0.58005 (12) 0.4840 (3) -0.1639(2) 0.0349 (7)

H4 0.5839 0.4061 -0.1842 0.042*

C5 0.57272 (12) 0.5832 (3) -0.2242 (2) 0,0345 (7)

H5 0.5727 0.5713 -0.2839 0.041*

C6 0,56553 (11) 0.6991 (3) -0.1983 (2) 0.0296 (7)

H6 0.5606 0.7652 -0.2397 0.036*
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Cl 0,56571 (11) 0.7157 (3) -0.1081 (2) 0.0260 (6)

C8 0.55620 (12) 0.8296 (3) -0.0669 (2) 0,0292 (7)

H8A 0,5250 0.8535 -0.1006 0.035*

H8B 0.5751 0.8968 -0.0692 0.035*

C9 0.56710 (10) 0.7933 (3) 0.0362 (2) 0.0257 (6)

CIO 0.56879 (10) 0.8746 (3) 0,1039 (2) 0.0248 (6)

C11 0.58733 (11) 0.8480 (3) 0,2082 (2) 0.0267 (6)

C12 0.62982 (11) 0.7993 (3) 0.2574 (3) 0,0350 (7)

H12 0.6468 0.7772 0.2245 0,042*

CIS 0.64732 (14) 0,7834 (4) 0,3565 (3) 0.0457 (9)

H13 0.6761 0.7524 0.3894 0.055*

C14 0,62199 (15) 0.8135 (3) 0,4055 (3) 0.0432 (9)

H14 0.6339 0.8038 0.4714 0.052*

Cl 5 0.57901 (15) 0.8580 (3) 0.3568 (3) 0.0380 (8)

H15 0,5614 0.8747 0.3893 0.046*

C16 0,56225 (13) 0.8778 (3) 0.2593 (2) 0.0321 (7)

H16 0.5338 0.9114 0.2272 0,039*

Cl 7 0.55098 (10) 1.0016 (3) 0.0747 (2) 0.0243 (6)

Cl 8 0.57815 (11) 1.1045 (3) 0.1078 (2) 0.0256 (6)

H18 0.6081 1.0947 0.1499 0,031*

C19 0.56119 (11) 1.2227 (3) 0.0787 (2) 0.0275 (6)

H19 0.5801 1.2903 0.1001 0.033*

C20 0.51622 (12) 1,2401 (3) 0.0179 (2) 0,0310 (7)

C21 0.48935 (12) 1.1378 (3) -0.0127 (3) 0.0394 (8)

H21 0.4591 1.1479 -0.0520 0.047*

C22 0,50625 (11) 1.0189 (3) 0,0135 (3) 0.0330 (7)

H22 0.4875 0.9513 -0.0101 0.040*

C23 0.49647 (14) 1.3658 (3) -0.0114(3) 0.0447 (9)

H23A 0.4699 1.3730 -0.0005 0.067*

H23B 0,4890 1.3781 -0.0779 0.067*

H23C 0,5179 1,4266 0.0256 0.067*

Atomic displacement parameters (A^)
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77” 7/2 7/2 7yl3

01 0,0292 (12) 0.0343 (11) 0.0308 (11) 0.0041 (9) 0.0157 (10) 0.0100 (9)

C47 0.0331 (19) 0.0338 (16) 0.0369 (18) -0.0014(13) 0.0201 (16) -0.0066 (14)

C48 0,0283 (17) 0.0307 (16) 0.0334 (16) 0.0024 (12) 0,0151 (14) 0.0019 (13)

C49 0.0234 (16) 0.0265 (15) 0.0284 (16) -0.0033 (11) 0.0133 (13) -0.0033 (12)

C50 0.0183 (14) 0.0289 (15) 0.0250 (14) -0.0037 (11) 0.0097 (12) -0.0033 (12)

C51 0.0197 (15) 0.0280 (15) 0.0224 (14) -0.0046(11) 0.0073 (12) -0.0037 (12)

C52 0.0279 (17) 0.0229 (14) 0.0259 (14) -0.0021 (11) 0.0125 (13) 0.0000 (12)

C53 0,0185 (15) 0.0308 (16) 0.0243 (15) -0.0038 (12) 0.0087 (13) -0.0022(12)

C54 0.0322 (18) 0.0338 (16) 0.0265 (16) -0.0039(13) 0,0129 (14) -0.0005 (12)

C55 0.0311 (18) 0.0355 (17) 0.0267 (16) 0.0003 (13) 0.0131 (15) 0.0002 (13)

C56 0,037 (2) 0.0304 (17) 0.056 (2) 0,0004 (14) 0.0289 (18) 0.0065 (15)

C57 0.0313 (18) 0.0360 (17) 0,0353 (17) -0.0007(14) 0.0206 (15) 0.0007 (14)

C58 0,047 (2) 0.0348 (17) 0.052 (2) 0.0118 (16) 0.0359 (19) 0.0170(16)

C59 0.049 (2) 0,054 (2) 0,0347 (19) 0.0191 (18) 0.0245 (19) 0,0055 (16)

C60 0.0264 (16) 0.0268 (15) 0.0315 (16) 0,0017 (12) 0.0163 (14) -0.0005 (12)

C61 0,0313 (18) 0.0337 (16) 0.0307 (16) 0.0051 (13) 0.0139 (15) -0.0001 (13)

C62 0.0278 (17) 0.0302 (17) 0.0458 (19) 0.0006 (13) 0.0170 (15) 0.0014 (14)

C63 0.0309 (19) 0.0357 (18) 0.057 (2) 0,0025 (14) 0.0199 (18) -0.0016(16)

C64 0.039 (2) 0.0333 (17) 0.0287 (17) 0.0057 (14) 0,0083 (16) 0.0016 (14)

C65 0.044 (2) 0.0347 (19) 0.062 (3) -0.0019(17) 0.016(2) -0.0010(18)

C66 0.042 (2) 0.0288 (16) 0.0266 (16) -0.0054(14) 0.0139 (15) 0.0018 (12)

C67 0.0290 (17) 0.0337 (17) 0.0227 (14) 0.0004 (13) 0.0124 (13) 0,0006 (12)

C68 0.0237 (15) 0.0277 (15) 0.0245 (15) -0.0007(12) 0.0078 (13) -0.0002(12)

C69 0.0183 (15) 0.0291 (15) 0.0231 (14) -0.0027(11) 0.0067 (12) -0.0013(11)

02 0.0256 (11) 0.0278 (10) 0.0261 (10) 0,0018 (9) 0.0125 (9) 0.0024 (9)

024 0.037 (2) 0.0303 (17) 0.047 (2) 0,0031 (14) 0.0200 (17) -0.0036 (14)

025 0.0320 (17) 0.0294 (16) 0.0245 (15) -0.0001 (13) 0,0130 (14) -0.0018(12)

026 0.0281 (17) 0,0300 (16) 0.0260 (15) -0.0050(12) 0.0137 (13) -0.0060(12)

027 0.0242 (15) 0,0266 (15) 0.0247 (14) -0.0005 (12) 0.0111 (12) -0.0015(11)

028 0,0268 (16) 0,0298 (15) 0.0215 (14) -0.0007 (12) 0.0130 (13) -0.0053 (12)

029 0,0200 (15) 0,0252 (14) 0.0217 (14) -0.0053 (11) 0,0084 (12) -0.0030 (11)

030 0.0304 (17) 0.0293 (15) 0.0406 (17) -0.0034 (13) 0.0218 (15) -0.0060(13)
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C31 0.0251 (17) 0.0345 (17) 0.0423 (18) 0.0005 (13) 0.0185 (15) -0.0058 (14)

C32 0,0251 (16) 0.0292 (15) 0.0315 (16) 0.0017 (12) 0.0132 (13) 0.0026 (13)

C33 0.0262 (16) 0.0285 (15) 0.0231 (14) 0.0051 (12) 0,0145 (13) 0.0049 (12)

C34 0,051 (2) 0.062 (2) 0.0250 (16) 0.0006 (18) 0.0217 (17) 0.0048 (16)

C35 0.042 (2) 0.0420 (19) 0.0301 (17) -0.0038 (15) 0.0181 (16) 0.0017 (14)

C36 0.0258 (17) 0.0316 (16) 0,0426 (18) 0.0055 (12) 0.0171 (15) 0.0140 (14)

C37 0.046 (2) 0.046 (2) 0.042 (2) 0.0114 (17) 0.0295 (18) 0,0226 (16)

C38 0,0301 (16) 0.0235 (14) 0.0255 (14) -0.0006(12) 0.0151 (13) 0.0008 (12)

C39 0.0242 (15) 0.0303 (15) 0,0198 (14) -0.0027(12) 0.0114 (13) 0.0007 (12)

C40 0.0193 (15) 0.0284 (15) 0.0239 (14) 0,0000 (11) 0.0091 (12) -0.0008 (12)

C41 0.0171 (15) 0.0302 (15) 0.0250 (15) -0.0011 (12) 0.0088 (12) 0.0013 (13)

C42 0.0242 (16) 0,0244 (14) 0.0353 (17) 0,0010 (12) 0.0150 (14) -0.0005 (12)

C43 0.0272 (16) 0.0272 (15) 0.0324 (16) -0.0022(12) 0.0146 (14) -0.0102(12)

C44 0,0316 (18) 0,0421 (18) 0.0243 (15) -0.0024(14) 0.0146 (14) -0.0065 (13)

C45 0.0307 (17) 0.0366 (17) 0.0269 (16) 0.0025 (13) 0.0168 (14) 0,0029 (13)

C46 0.0240 (15) 0,0249 (14) 0,0236 (14) -0.0023 (11) 0.0109 (12) -0.0053 (12)

03 0.0481 (15) 0,0305 (11) 0.0294 (12) 0,0031 (10) 0.0194 (11) 0,0072 (10)

Cl 0.0297 (17) 0.0260 (14) 0.0270 (15) 0.0001 (12) 0.0152 (13) 0.0005 (12)

C2 0,0282 (16) 0.0262 (15) 0,0266 (15) -0.0004(12) 0.0138 (13) 0.0021 (12)

C3 0.0373 (19) 0,0265 (15) 0.0317 (15) -0.0016(13) 0.0170 (15) 0,0011 (13)

C4 0.043 (2) 0,0298 (16) 0.0358 (17) 0.0044 (14) 0.0203 (16) -0.0066(14)

C5 0.0399 (19) 0.0381 (17) 0.0301 (15) -0.0014(14) 0.0193 (15) -0.0059(14)

C6 0.0353 (18) 0.0316 (16) 0.0248 (15) 0.0028 (13) 0.0155 (14) 0.0026 (12)

Cl 0.0274 (16) 0,0267 (14) 0.0264 (14) 0.0015 (13) 0.0136 (12) 0.0000 (13)

C8 0,0402 (19) 0.0239 (15) 0.0263 (15) 0.0043 (13) 0.0168 (14) 0,0039 (12)

C9 0.0265 (15) 0.0294 (15) 0.0261 (15) 0.0033 (12) 0.0157 (13) 0.0028 (12)

CIO 0.0204 (15) 0.0284 (15) 0.0267 (15) 0,0007 (11) 0,0111 (13) 0,0026 (12)

C11 0.0294 (16) 0.0226 (13) 0.0271 (16) -0.0026(12) 0.0109 (13) -0.0004(12)

Cl 2 0.0219 (16) 0.0459 (19) 0.0339 (17) -0.0008 (14) 0,0086 (14) 0.0038 (15)

Cl 3 0.034 (2) 0.051 (2) 0.0377 (19) -0.0065 (16) 0.0012 (16) 0.0095 (17)

Cl 4 0,061 (3) 0.0323 (18) 0.0281 (17) -0.0112(17) 0,0112 (18) -0,0015 (14)

Cl 5 0.064 (3) 0.0255 (15) 0.0321 (17) 0.0015 (15) 0.0282 (18) -0.0012(13)

Cl 6 0.044 (2) 0,0277 (15) 0.0289 (16) 0.0064 (14) 0.0191 (15) 0.0047 (13)
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C17 0.0264 (15) 0.0256 (15) 0.0254 (14) -0.0026(11) 0.0153 (13) -0.0055 (11)

Cl 8 0.0253 (15) 0.0314 (15) 0.0222 (14) 0.0001 (12) 0.0122 (12) -0.0026 (12)

Cl 9 0.0324 (17) 0.0259 (15) 0.0288 (15) -0.0041 (12) 0.0175 (14) -0.0032 (12)

C20 0.0319 (18) 0.0307 (16) 0.0341 (17) -0.0018(13) 0.0176 (15) -0.0054 (13)

C21 0.0219 (16) 0.0298 (17) 0.056 (2) 0.0037 (13) 0.0065 (16) -0.0042 (16)

C22 0.0255 (16) 0.0256 (15) 0.0448 (19) 0.0002 (12) 0.0118 (14) -0.0030 (14)

C23 0.040 (2) 0.0349 (19) 0.056 (2) 0.0017 (15) 0.0175 (19) 0.0029 (16)

Geometric parameters (A, °)
01—C50 1.210 (4) C34—C37 1,395 (6)

C47—C48 1.386 (4) C34—H34 0.9300

C47—C55 1.398 (5) C35—H35 0.9300

C47—H47 0.9300 C36—C37 1.373 (5)

C48—C49 1.392 (4) C36—H36 0,9300

C48—H48 0,9300 C37—H37 0.9300

C49—C53 1.383 (4) C38—C46 1.510(4)

C49—C50 1.488 (4) C38—C39 1.524 (4)

C50—C51 1.495 (4) C38—H38A 0.9700

C51—C69 1.357 (4) C38—H38B 0.9700

C51—C52 1.524 (4) C39—C41 1.497 (4)

C52—C53 1.516(4) C40—C46 1.390 (4)

C52—H52A 0,9700 C40—C42 1.403 (4)

C52—H52B 0.9700 C40—C41 1.474 (4)

C53—C54 1,401 (4) C42—C43 1.374 (4)

C54—C55 1.382 (5) C42—H42 0.9300

C54—H54 0,9300 C43—C44 1.385 (5)

C55—H55 0,9300 C43—H43 0.9300

C56—C58 1.378 (6) C44—C45 1.393 (5)

C56—C57 1.395 (5) C44—H44 0.9300

C56—H56 0.9300 C45—C46 1.390 (4)

C57—C60 1,399 (5) C45—H45 0.9300

C57—H57 0.9300 03—Cl 1.217 (4)
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C58—C59 1.369 (6) Cl—C9 1.490 (4)

C58—H58 0,9300 Cl—C2 1.492 (4)

C59—C61 1.397 (5) C2—C3 1.385 (4)

C59—H59 0.9300 C2—C7 1.388 (4)

C60—C61 1.378 (5) C3—C4 1.395 (4)

C60—C69 1.494 (4) C3—H3 0.9300

C61—H61 0.9300 C4—C5 1.380 (5)

C62—C63 1.360 (5) C4—H4 0.9300

C62—C68 1.417 (4) C5—C6 1,374 (5)

C62—H62 0.9300 C5—H5 0.9300

C63—C64 1.396 (5) C6—C7 1.402 (4)

C63—H63 0.9300 C6—H6 0.9300

C64—C66 1.414 (5) C7—C8 1.486 (4)

C64—C65 1,503 (5) C8—C9 1,529 (4)

C65—H65A 0,9600 C8—H8A 0.9700

C65—H65B 0.9600 C8—H8B 0.9700

C65—H65C 0,9600 C9—CIO 1.352 (4)

C66—C67 1.361 (5) CIO—Cl 1 1.490 (4)

C66—H66 0.9300 CIO—Cl 7 1,494 (4)

C67—C68 1.411 (4) Cl 1—Cl 2 1.385 (5)

C67—H67 0.9300 Cl 1—Cl 6 1.400 (4)

C68—C69 1.473 (4) Cl 2—Cl 3 1.400 (5)

02—C41 1.223 (4) Cl 2—HI 2 0.9300

C24—C25 1.487 (5) Cl 3—Cl 4 1.381 (6)

C24—H24A 0,9600 Cl 3—HI 3 0,9300

C24—H24B 0.9600 Cl 4—Cl 5 1,380 (6)

C24—H24C 0,9600 Cl 4—HI 4 0.9300

C25—C31 1.394 (5) Cl 5—Cl 6 1.384 (5)

C25—C26 1,401 (5) Cl 5—HI 5 0,9300

C26—C27 1.386 (5) Cl 6—HI 6 0,9300

C26—H26 0.9300 Cl 7—C22 1.387 (5)

C27—C28 1.393 (4) C17—C18 1,389 (4)

C27—H27 0.9300 Cl 8—Cl 9 1.399 (4)
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C28—C30 1.401 (4) 018—HI 8 0.9300

C28—C29 1.479 (4) 019—020 1.392 (5)

C29—C39 1.353 (4) 019—HI 9 0.9300

C29—C33 1.501 (4) 020—021 1,376 (5)

C30—C31 1.376 (5) 020—023 1.499 (5)

C30—H30 0.9300 021—022 1,399 (5)

C31—H31 0.9300 021—H21 0.9300

C32—C33 1.383 (5) 022—H22 0.9300

C32—C36 1.398 (4) 023—H23A 0.9600

C32—H32 0.9300 023—H23B 0.9600

C33—C35 1.385 (5) 023—H230 0.9600

C34—C35 1,394 (5)

C48—C47—C55 119.8 (3) 034—035—H35 119.5

C48—C47—H47 120.1 037—036—032 120,4 (3)

C55—C47—H47 120,1 037—036—H36 119.8

C47—C48—C49 118,1 (3) 032—036—H36 119.8

C47—C48—H48 120.9 036—037—034 119,6 (3)

C49—C48—H48 120,9 036—037—H37 120.2

C53—C49—C48 122.2 (3) 034—037—H37 120.2

C53—C49—C50 109.4 (3) 046—038—039 103.3 (2)

C48—C49—C50 128.3 (3) 046—038—H38A 111.1

01—C50—C49 125.8 (3) 039—038—H38A 111.1

01—C50—C51 128.2 (3) 046—038—H38B 111.1

049—C50—C51 106.0 (2) 039—038—H38B 111.1

069—051—050 124.5 (3) H38A—038—H38B 109.1

069—051—052 126.9 (3) 029—039—041 126.8 (3)

050—051—052 108.4 (2) 029—039—038 125.3 (3)

053—052—051 102.5 (2) 041—039—038 107.7 (2)

053—052—H52A 111,3 046—040—042 121.6 (3)

051—052—H52A 111.3 046—040—041 110.1 (3)

053—052—H52B 111.3 042—040—041 128.2 (3)

051—052—H52B 111.3 02—041—040 126.5 (3)

H52A—052—H52B 109.2 02—041—039 127.4 (3)
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C49—C53—C54 119.7 (3) C40—C41—C39 106.2 (2)

C49—C53—C52 112.1 (3) C43—C42—C40 117.6 (3)

C54—C53—C52 128.2 (3) C43—C42—H42 121.2

C55—C54—C53 118.0 (3) C40—C42—H42 121.2

C55—C54—H54 121.0 C42—C43—C44 121.3 (3)

C53—C54—H54 121.0 C42—C43—H43 119.3

C54—C55—C47 122.1 (3) C44—C43—H43 119.3

C54—C55—H55 119.0 C43—C44—C45 121.2 (3)

C47—C55—H55 119.0 C43—C44—H44 119.4

C58—C56—C57 119.5 (4) C45—C44—H44 119.4

C58—C56—H56 120.2 C46—C45—C44 118.3 (3)

C57—C56—H56 120.2 C46—C45—H45 120.9

C56—C57—C60 120.5 (3) C44—C45—H45 120.9

C56—C57—H57 119.8 C45—C46—C40 120.0 (3)

C60—C57—H57 119.8 C45—C46—C38 129.0 (3)

C59—C58—C56 120.6 (3) C40—C46—C38 111.0(3)

C59—C58—H58 119.7 03—Cl—C9 127.8 (3)

C56—C58—H58 119.7 03—Cl—C2 125.9 (3)

C58—C59—C61 120.1 (3) C9—Cl—C2 106.2 (2)

C58—C59—H59 119.9 C3—C2—C7 122.2 (3)

C61—C59—H59 119.9 C3—C2—Cl 128.6 (3)

C61—C60—C57 118.8 (3) C7—C2—Cl 109.1 (3)

C61—C60—C69 120.9 (3) C2—C3—C4 117.4 (3)

C57—C60—C69 119.9 (3) C2—C3—H3 121.3

C60—C61—C59 120.5 (3) C4—C3—H3 121.3

C60—C61—H61 119.8 C5—C4—C3 120.8(3)

C59—C61—H61 119.8 C5—C4—H4 119.6

C63—C62—C68 122.1 (3) C3—C4—H4 119.6

C63—C62—H62 118.9 C6—C5—C4 121.6(3)

C68—C62—H62 118.9 C6—C5—H5 119.2

C62—C63—C64 121.7 (3) C4—C5—H5 119.2

C62—C63—H63 119.1 C5—C6—C7 118.6 (3)

C64—C63—H63 119.1 C5—C6—H6 120.7
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C63—C64—C66 116.1 (3) C7—C6—H6 120.7

C63—C64—C65 120.8 (3) C2—C7—C6 119.3 (3)

C66—C64—C65 123.1 (3) C2—C7—C8 112,4 (3)

C64—C65—H65A 109.5 C6—C7—C8 128.3 (3)

C64—C65—H65B 109.5 C7—C8—C9 103.4 (2)

H65A—C65—H65B 109,5 C7—C8—H8A 111.1

C64—C65—H65C 109.5 C9—C8—H8A 111.1

H65A—C65—H65C 109.5 C7—C8—H8B 111.1

H65B—C65—H65C 109.5 C9—C8—H8B 111.1

C67—C66—C64 122.8 (3) H8A—C8—H8B 109.0

C67—C66—H66 118,6 CIO—C9—Cl 128.2 (3)

C64—C66—H66 118,6 CIO—C9—C8 123.5 (3)

C66—C67—C68 120.7 (3) Cl—C9—C8 108.3 (2)

C66—C67—H67 119.7 C9—CIO—C11 124.9 (3)

C68—C67—H67 119.7 C9—CIO—Cl 7 119.2 (3)

C67—C68—C62 116.2 (3) C11—CIO—C17 115.8(2)

C67—C68—C69 124,0 (3) C12—C11—C16 118.6 (3)

C62—C68—C69 119.8 (3) C12—C11—CIO 121,8(3)

C51—C69—C68 122.8(3) C16—C11—CIO 119,6 (3)

C51—C69—C60 122.6 (3) C11—C12—C13 120,2 (3)

C68—C69—C60 114.4 (3) C11—C12—H12 119.9

C25—C24—H24A 109.5 C13—C12—H12 119.9

C25—C24—H24B 109.5 C14—C13—C12 120,3 (4)

H24A—C24—H24B 109.5 C14—C13—H13 119,9

C25—C24—H24C 109,5 C12—C13—H13 119.9

H24A—C24—H24C 109.5 C15—C14—C13 120,1 (3)

H24B—C24—H24C 109.5 C15—C14—H14 120.0

C31—C25—C26 116.5 (3) C13—C14—H14 120.0

C31—C25—C24 120.5 (3) C14—C15—C16 119.6 (3)

C26—C25—C24 123.0 (3) C14—C15—H15 120.2

C27—C26—C25 121.5 (3) C16—C15—H15 120.2

C27—C26—H26 119.2 C15—C16—C11 121,2 (3)

C25—C26—H26 119.2 C15—C16—H16 119.4
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C26—C27—C28 121.1 (3) Oil—016—HI 6 119.4

C26—C27—H27 119.5 022—017—018 118.4 (3)

C28—C27—H27 119.5 022—017—010 120.0(3)

C27—C28—C30 117.8(3) 018—017—010 121.6 (3)

C27—C28—C29 122.8 (3) 017—018—019 121.0 (3)

C30—C28—C29 119.4 (3) 017—018—HI 8 119.5

C39—C29—C28 120.9 (3) 019—018—HI 8 119.5

C39—C29—C33 124.2 (3) 020—019—018 120.6 (3)

C28—C29—C33 114.5 (2) 020—019—HI 9 119.7

C31—C30—C28 120.4 (3) 018—019—HI 9 119.7

C31—C30—H30 119.8 021—020—019 117.9 (3)

C28—C30—H30 119.8 021—020—023 120.0(3)

C30—C31—C25 122.7 (3) 019—020—023 122.0(3)

C30—C31—H31 118.7 020—021—022 122.0 (3)

C25—C31—H31 118.7 020—021—H21 119.0

C33—C32—C36 120.5 (3) 022—021—H21 119.0

C33—C32—H32 119.8 017—022—021 120.1 (3)

C36—C32—H32 119.8 017—022—H22 120.0

C32—C33—C35 118.9 (3) 021—022—H22 120.0

C32—C33—C29 121.7 (3) 020—023—H23A 109.5

C35—C33—C29 119.2 (3) 020—023—H23B 109.5

C35—C34—C37 119.6 (3) H23A—023—H23B 109.5

C35—C34—H34 120.2 020—023—H230 109.5

C37—C34—H34 120.2 H23A—023—H230 109.5

C33—C35—C34

C33—C35—H35

120.9 (4)

119.5

H23B—023—H230 109.5

C55—C47—C48—C49 -1.8(5) 033—029—039—041 -8.4 (5)

C47—C48—C49—C53 1.3(5) 028—029—039—038 -7.0 (5)

C47—C48—C49—C50 -177.8(3) 033—029—039—038 165.3 (3)

C53—C49—C50—01 172.0 (3) 046—038—039—029 -161.6 (3

C48—C49—C50—01 -8.8 (5) 046—038—039—041 13.0 (3)

053—049—C50—051 -6.9 (3) 046—040—041—02 -172.7 (3

C48—049—050—051 172.3 (3) 042—040—041—02
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01—C50—C51—C69 18.8(5)

C49—C50—C51—C69 -162.3 (3) 

01—C50—C51—C52 -166.5 (3)

049—C50—C51—052 12.4 (3) 

069—051—052—053 161.8 (3) 

050—051—052—053 -12.8(3) 

048—049—053—054 -0.5 (5) 

050—049—053—054 178.8(3) 

048—049—053—052 179.4 (3) 

050—049—053—052 -1.4 (4) 

051—052—053—049 8.8(3) 

051—052—053—054 -171.4(3) 

049—053—054—055 0.0(5) 

052—053—054—055 -179.8 (3) 

053—054—055—047 -0.5 (5) 

048—047—055—054 1.4(5) 

058—056—057—060 0.9(5) 

057—056—058—059 0.0(5) 

056—058—059—061 -1.5(5) 

056—057—060—061 -0.3 (5) 

056—057—060—069 173.3(3) 

057—060—061—059 -1.2(5) 

069—060—061—059 -174.7(3) 

058—059—061—060 2.1 (5) 

068—062—063—064 2.6 (6) 

062—063—064—066 2.2(5) 

062—063—064—065 -177.7(4) 

063—064—066—067 -3.3 (5) 

065—064—066—067 176.6(3) 

064—066—067—068 -0.3 (5) 

066—067—068—062 4,9(4) 

066—067—068—069 -175.4(3) 

063—062—068—067 -6.1 (5)

046—040—041—039 6.9(3) 

042—040—041—039 -171.2(3) 

029—039—041—02 -18.3 (5)

038—039—041—02 167.1 (3)

029—039—041—040 162.0(3) 

038—039—041—040 -12.5(3) 

046—040—042—043 -1.4(5) 

041—040—042—043 176.6 (3) 

040—042—043—044 1.4(5) 

042—043—044—045 -0.7 (5) 

043—044—045—046 -0.3 (5) 

C44—045—046—040 0.3 (5) 

044—045—046—038 -178.9(3) 

042—040—046—045 0.5(5) 

041—040—046—045 -177.8(3) 

042—040—046—038 179.8 (3) 

C41—040—046—038 1.5(4) 

039—038—046—045 170.2(3) 

039—038—046—040 -9.1 (3) 

03—01—02—03 -2.8 (6)

09—01—02—03 178.9(3)

03—01—02—07 179.7 (3)

09—01—02—07 1.3(3)

07—02—03—04 0.4 (5)

01—02—03—04 -176.9(3)

02—03—04—05 1.9 (5)

03—04—05—06 -2.1 (5)

04—05—06—07 0,0 (5)

03—02—07—06 -2.4 (5)

01—02—07—06 175.3(3)

03—02—07—08 176.2 (3)

01—02—07—08 -6.1 (4)

05—06—07—02 2.2 (5)
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C63—C62—C68—C69 174.2 (3) 

C50—C51—C69—C68 -179.2(3) 

C52—C51—C69—C68 7,0 (5) 

C50—C51—C69—C60 6.6 (5) 

C52—C51—C69—C60 -167.1 (3) 

C67—C68—C69—C51 38.4 (5) 

C62—C68—C69—C51 -142.0(3) 

C67—C68—C69—C60 -147.0 (3) 

C62—C68—C69—C60 32.6 (4) 

C61—C60—C69—C51 -123.0(3) 

C57—C60—C69—C51 63.6 (4) 

C61—C60—C69—C68 62.5 (4) 

C57—C60—C69—C68 -111.0 (3) 

C31—C25—C26—C27 2.1 (4) 

C24—C25—C26—C27 -178.3 (3) 

C25—C26—C27—C28 -1.0 (4) 

C26—C27—C28—C30 -1.3(4) 

C26—C27—C28—C29 177.5 (3) 

C27—C28—C29—C39 -49.2 (4) 

C30—C28—C29—C39 129.6 (3) 

C27—C28—C29—C33 137.8 (3) 

C30—C28—C29—C33 -43.4 (4) 

C27—C28—C30—C31 2.4 (5) 

C29—C28—C30—C31 -176.4(3) 

C28—C30—C31—C25 -1.3(5) 

C26—C25—C31—C30 -0.9(5) 

C24—C25—C31—C30 179.5 (3) 

C36—C32—C33—C35 1.2(5) 

C36—C32—C33—C29 -173.3 (3) 

C39—C29—C33—C32 -47.9 (5) 

C28—C29—C33—C32 124,8 (3) 

C39—C29—C33—C35 137.6 (3) 

C28—C29—C33—C35 -49.6 (4)

C5—C6—C7—C8 

C2—C7—C8—C9 

C6—C7—C8—C9 

03—Cl—C9—CIO 

C2—Cl—C9—CIO 

03—Cl—C9—C8 

C2—Cl—C9—C8 

C7—C8—C9—CIO 

C7—C8—C9—Cl 

Cl—C9—CIO—C11 

C8—C9—CIO—C11 

Cl—C9—CIO—Cl 7 

C8—C9—CIO—C17 

C9—CIO—C11—C12 

C17—CIO—C11—C12 

C9—CIO—C11—C16 

C17—CIO—C11—C16 

C16—C11—C12—C13 

CIO—Cl 1—Cl 2—Cl 3 

C11—Cl 2—Cl 3—Cl 4 

C12—Cl 3—Cl 4—Cl 5 

C13—Cl 4—Cl 5—Cl 6 

C14—C15—C16—C11 

C12—C11—C16—C15 

CIO—Cl 1—Cl 6—Cl 5 

C9—CIO—C17—C22 

C11—CIO—C17—C22 

C9—CIO—Cl 7—Cl 8 

C11—CIO—Cl 7—Cl 8 

C22—Cl 7—Cl 8—Cl 9 

CIO—Cl 7—Cl 8—Cl 9 

C17—C18—C19—C20 

C18—C19—C20—C21
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-176.1 (3)

8.1 (4) 

-173.5(3)

7.6 (6) 

-174.1 (3) 

-174.6 (3)

3.7 (3) 

171.0 (3) 

-6.9 (3)

9.4 (5) 

-168.0 (3) 

-170.5 (3)

12.1 (4)

52.5 (4) 

-127.6 (3) 

-130.4 (3)

49.5 (4) 

-1.5 (5)

175.6 (3)

1.4 (6)

0.8 (5)

-3.0 (5) 

3.0 (5)

-0.7 (5) 

-177.9 (3)

60.9 (4) 

-119.1 (3) 

-119.5 (3)

60.6 (4) 

-1.3 (4) 

179.0 (2)

1.9 (4)

-0.3 (5)



C32—C33—C35—C34 -1.2 (5) 

C29—C33—C35—C34 173.4 (3) 

C37—C34—C35—C33 0.1 (6) 

C33—C32—C36—C37 -0.1 (5) 

C32—C36—C37—C34 -1.0 (5) 

C35—C34—C37—C36 1.0(6) 

C28—C29—C39—C41 179.3(3)

Cl8—Cl9—C20—C23 177.3 (3) 

C19—C2(>—C21—C22 -1.7(5) 

C23—C20—C21—C22 -179.4(3) 

Cl 8—Cl 7—C22—C21 -0.7 (5)

Cl 0—Cl 7—C22—C21 179.0 (3) 

C20—C21—C22—C17 2.2(6)

All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using the full 
covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in 
distances, angles and torsion angles; correlations between e.s.d.'s in cell parameters are only used 
when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell e.s.d.'s is 
used for estimating e.s.d.'s involving l.s. planes.

5.1.4.3.b Method 2 (TMSOTf)

To a solution of silyl enol ether (165) (1 g, 4.9 mmol) and anhydrous DCM (10 mL) in 
a three necked flask in vacuo, was added the cyclic ketal (169) (1 g, 4.162 mmol) and 

TMSOTf (0.88 mL, 4.99 mmol) at -78 °C under anhydrous conditions and an atmos
phere of nitrogen. The mixture was stirred for 2 hours and the reaction was worked 

up as in general methodology. The crude was purified by flash column chromatog
raphy (Hex:EtOAc starting with 50:1) and all homogeneous fractions were collected 

to afford 0.227 g (45.8 %) of the isomeric mixture of 2,3-dihydro-2-(phenyl(p- 
tolyl)methylene)inden-1-one (36). Thin layer chromatography and column chromatog

raphy for the separation of the isomers Z (185) and E (186) proceeded as in Method 

1.
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5.1.4.4 Reaction Of ((1H-inden-3-yl)oxy)trimethylsilane and 2,2-di-p-tolyl-1,3- 

dioxolane To Yield 2-(di-p-tolylmethylene)-2,3-dihydro-1H-inden-1-one 

(187)

165 170

5.1.4.4.a Method 1 (SnCU)

To a solution of silyl enol ether (165) (1 g, 4.9 mmol) and anhydrous DCM (10 mL) in 

a three necked flask in vacuo, was added the cyclic ketal (170) (1 g, 3.932 mmol) and 

tin(IV) tetrachloride (0.46 mL, 3.932 mmol) at -78 °C under anhydrous conditions and 

an atmosphere of nitrogen. The mixture was stirred for 2 hours and the reaction was 

worked up as in general methodology. The crude was purified by flash column chro

matography (Hex:EtOAc starting with 50:1) to afford 0.425 g (33.7 %) of 2,3-dihydro- 

2-(dip-tolylmethylene)inden-1-one (37). Three spots were observed by TLC (8:1 

Hex:EtOAc): Rf = 0.20 (1-lndanone - recovered), Rf = 0.28 (product 187) and Rf = 

0.43 (ketal 25 - recovered).

5.1.4.4.a.1 2,3-dihydro-2-(di-p-tolylmethylene)inden-1-one (187)

Yellow solid. NMR (CDCI3, 400MHz) 6 (ppm): 2.41 (s, 6H, 2 x CH3), 3.88 (s, 2H, 

CH2), 7.16 - 7.24 (m, 8H, 8 x Ar-H), 7.38-7.46 (m, 2H, 2 x Ar-H), 7.58 (t, J=7.1 Hz x 

2, 1H,1 X Ar-H), 7.81 (d, J=7A Hz, 1H, 1 x Ar-H). NMR (CDCI3, 100MHz) 6 

(ppm): 20.89 (CH3), 21.01 (CH3), 33.88 (CH2), 123.79 (CH), 125.26 (CH), 126.85 

(CH), 128.16 (2 xCH), 128.55 (2 x CH), 128.85 (2 x CH), 128.99 (2 x CH), 131.79 

(quat. C), 133.54 (CH), 136.6 (quat. C), 137.61 (quat. C), 137.92 (quat. C), 138.94 

(quat. C), 139.55 (quat. C), 148.41 (quat. C), 150.99 (quat. C), 192.42 (C=0). MS: 

calculated for C24H20O (324.1514); found: (M-t-Na)"^ m/z at 347.1433 corresponding to 

the molecular formula C24H2oONa.
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5.1.4.4.b Method 2 (TMSOTf)

To a solution of silyl enol ether (165) (0.3 g, 1.47 mmol) and anhydrous DCM (5 mL) 

in a three necked flask in vacuo, was added the cyclic ketal (170) (0.15 g, 0.59 mmol) 

and TMSOTf (0.069 mL, 0.32 mmol) at -78 °C under anhydrous conditions and an 

atmosphere of nitrogen. The mixture was stirred for 2.5 hours and the reaction was 

worked up as in general methodology. The crude was purified by flash column chro

matography (Hex:EtOAc starting with 50:1) to afford 0.114 g (59.7 %) of 2,3-dihydro- 

2-(dip-tolylmethylene)inden-1-one (187). Three spots were observed by TLC (8:1 

Hex:EtOAc): Rf = 0.20 (1-lndanone - recovered), Rf = 0.28 (187) and Rf = 0.43 (ketal 

170 - recovered).

5.1.4.5 Reaction Of ((1H-inden-3-yl)oxy)trimethylsilane (165) With 2-(4- 
methoxyphenyl)-2-phenyl-1,3-dioxolane (171) To Yield (E and Z)-2-((4- 
methoxyphenyl)-(phenyl)methylene)-2,3-dihydro-1 H-inden-1 -one (189 

and 188) And 2,2'-((4-methoxyphenyl)-(phenyl)methylene)bis(2,3- 
dihydro-1 H-inden-1-one) (191)

O-Si

165 171

SnCL
OCH.

TMSOTf
OCH3

191

Not Identified

193

5.1.4.5.a Method 1 (SnCU)

To a solution of silyl enol ether (165) (1 g, 4.9 mmol) and anhydrous DCM (10 mL) in 
a three necked flask in vacuo, was added the cyclic ketal (171) (0.61 g, 2.38 mmol) 

and tin(IV) tetrachloride (0.28 mL, 2.38 mmol) at -78 °C under anhydrous conditions 

and an atmosphere of nitrogen. The mixture was stirred for 2 hours and the reaction 

was worked up as in general methodology. The crude was purified by flash column
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chromatography (Hex:EtOAc starting with 50:1) and all homogeneous fractions were 

collected to afford 125 mg (13.5 %) of the isomeric mixture of 2,3-dihydro-2-((4- 

methoxyphenyl) (phenyl)methylene)inden-1-one and 104 mg (11.2 %) of (191) and 

trace quantities of a fourth product which was not identified. Four spots were ob

served by TLC (5:1 Hex:EtOAc): Rf = 0.17 (191 + 193), Rf = 0.32 (1-lndanone - re

covered), Rf = 0.38 (188 -I- 189), Rf = 0.48 ((4-methoxyphenyl)(phenyl)-methanone - 

recovered). The cis isomer (Z)-2-((4-methoxyphenyl)(phenyl) methylene)-2,3-dihydro- 

1 H-inden-1-one (188) and trans isomer (£)-2-((4-methoxyphenyl)(phenyl)methylene)- 

2,3-dihydro-1H-inden-1-one (189) were separated by column chromatography with a 

50:1 Toluene:DCM solvent system. Seen as one band by TLC (5:1 Hex:EtOAc), the 

two compounds (191 + 193) showed a good separation using a 20:1 CHCl3:EtOAc 

solvent system. They were therefore separated by column chromatography with a 

CHCl3:EtOAc (starting with 500:1) solvent system.

5.1.4.5.a.1 (£)-2,3-dihydro-2-((4-methoxyphenyl)(phenyl)-methylene)inden-1 - 

one (189)

Yellow solid. NMR (CDCI3, 400MHz) 6 (ppm): 3.87 (s, 2H, CH2), 3.95 (s, 3H, 

OCH3), 6.95 (d, J=8.5 Hz, 2H, 2 x Ar-H), 7.24 - 7.32 (m, 4H, 4 x Ar-H), 7.36 - 7.44 

(m, 4H, 4 X Ar-H), 7.47 (d, J=8 Hz, 1H, 1 x Ar-H), 7.59 (t, J=7.5 Hz x 2, 1H, 1 x Ar-H), 

7.81 (d, J=7.5 Hz, 1H, 1 X Ar-H). NMR (CDCI3, 100MHz) 6 (ppm): 33.94 (CH2), 

54.89 (OCH3), 113.23 (2 x CH), 123.79 (CH), 125.29 (CH), 126.91 (CH), 127.5 (2 x 

CH), 127.58 (2 X CH), 128.95 (2 x CH), 130.67 (2 x CH), 131.62 (quat. C), 133.56 

(CH), 133.77 (quat. C), 139.43 (quat. C), 139.91 (quat. C), 148.45 (quat. C), 150.26 

(quat. C), 159.31 (quat. C), 192.48 (C=0). MS: calculated for C23H18O2 (326.1307); 

found: (M-t-H)"^ m/z at 327.1408 corresponding to the molecular formula C23H19O2, 

and (M-i-Na)^ m/z at 349.1229 which corresponded to the molecular formula 

C23Hi802Na.

5.1.4.5.a.1.1 X-ray Crystal Structure Analysis Of 189

Crystal data

Ci84J:ii44026 F(000) = 1376
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2610.99

2.2
Hall symbol: ? 

a= IMZLQIA

6 = 9,0236 f18) A 

c= 21324l5iA 

a = 90°

p = 90°

7 = 90°

l/= 3446.6 (12) A^ 

Z= 1

Dy^ = 1.258 Mg m“^

Melting point: ? K 

Mo Ka radiation, X = 0.71073 A 

Cell parameters from ? reflections 

0 = ?°

p = 0,08 mm“''

T= 293 K 

?

X X mm

Data collection

?
diffractometer /tint = 0.043

Radiation source: fine-focus sealed tube 0max = 25.0°, 0min = 1.8°

Graphite monochromator 

?

14069 measured reflections 

3012 independent reflections 

2777 reflections with / > 2a(/)

/7 = -19->^8

^=-10-»i0

/=-27-»14

Standard reflections: ?

Refinement

Refinement on

Least-sguares matrix: full

/4/^S 2o(F01 =0.087

wRiF^) = 0.360 

5= 1.58 

3012 reflections 

228 parameters 

0 restraints

Hydrogen site location: inferred from neighbouring 
sites

H atoms treated by a mixture of independent and
constrained refinement

^=1/ia^(Fn0 +(0.2/49
where P= iF,^ + 2A9/3

(A/a) max = 0002 

Apmax = e A"^

Apmin = -0-71 e 

Extinction correction: none 

Extinction coefficient: ?
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? constraints Absolute structure: ?

Primary atom site location: structure-invariant direct
Absolute structure parameter: ?

methods

Secondary atom site location: difference Fourier map Rogers parameter: ? 

-2Refinement of F against ALL reflections. The weighted R-factor wR and goodness of fit S are based 
on F^, conventional R-factors R are based on F, with F set to zero for negative F^. The threshold ex
pression of F^ > 2sigma(F^) is used only for calculating R-factors(gt) etc. and is not relevant to the 
choice of reflections for refinement. R-factors based on F^ are statistically about twice as large as 
those based on F, and R- factors based on ALL data will be even larger.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement
parameters (A^)

A" y z UiSO*/UgQ

01 0.16338 (19) 0.5539 (3) 0.19581 (11) 0.0336 (8)

02 -0.04768(16) -0.2322 (3) 0.04243 (10) 0.0313 (8)

C91 -0.1845 (2) -0.0898 (5) 0.20495 (16) 0.0357 (10)

H91 -0.2312 -0.1125 0.2258 0.043*

092 -0.1771 (2) 0.0469 (4) 0.17818 (16) 0,0319 (10)

H92 -0.2190 0.1162 0.1809 0,038*

093 -0.1219(3) -0.1923 (5) 0,20036 (17) 0.0378 (11)

H93 -0.1268 -0.2835 0.2186 0.045*

094 -0.0521 (2) -0.1611 (4) 0.16900 (15) 0.0291 (9)

H94 -0.0107 ”0.2312 0.1660 0.035*

095 -0.0443 (2) -0.0232 (4) 0,14191 (13) 0,0230 (9)

096 -0.1068 (2) 0.0795 (4) 0.14735 (14) 0,0273 (9)

H96 -0.1016 0.1719 0,1301 0.033*

097 0.0790 (3) -0.3850 (4) -0.03539(14) 0.0286 (9)

H97 0.0296 -0.4350 -0.0386 0.034*

098 0.1472 (3) -0.4320 (4) -0.06581 (16) 0.0336 (10)

H98 0.1437 -0.5135 -0.0901 0.040*

099 0.2219 (3) -0.3552 (4) -0.05962 (16) 0,0335 (10)

H99 0.2677 -0.3886 -0.0793 0.040*

0100 0.2284 (2) -0.2304 (4) -0.02461 (17) 0.0307 (9)

H100 0.2778 -0.1803 -0.0209 0.037*

0101 0.1594 (2) -0.1828 (4) 0.00457 (15) 0.0266 (9)
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Cl 02 0.0862 (2) -0.2608 (4) 0,00019 (14) 0.0242 (9)

Cl 03 0.0236 (2) -0.1937(4) 0.03837 (13) 0,0236 (9)

Cl 04 0.0645 (2) -0.0642 (4) 0.06757 (14) 0,0237 (9)

Cl 05 0.1492 (2) -0.0484 (4) 0.04215 (17) 0.0296 (10)

HlOA 0.1534 0.0419 0,0198 0,036*

H10B 0.1903 -0.0466 0,0721 0.036*

Cl 06 0.0323 (2) 0.0180 (4) 0.11090 (13) 0.0214 (8)

C107 0.0724 (2) 0,1560 (4) 0.13130(14) 0.0228 (8)

C108 0.1008 (2) 0.2651 (4) 0.09408 (14) 0.0233 (9)

H108 0.0992 0.2474 0.0548 0,028*

Cl 09 0.1312 (2) 0.3979 (4) 0.11337 (15) 0.0235 (9)

H109 0.1493 0.4689 0.0874 0,028*

Clio 0,1348 (2) 0,4261 (4) 0,17246 (16) 0.0249 (9)

cm 0.1085 (2) 0.3183 (4) 0.21059(15) 0.0312 (10)

Hill 0.1119 0.3358 0.2498 0.037*

C112 0.0775 (2) 0,1857 (4) 0,19111 (14) 0,0256 (9)

H112 0,0598 0.1149 0.2173 0.031*

C113 0.1898 (3) 0.6702 (4) 0.15842 (18) 0.0367 (10)

H11A 0.2371 0,6383 0.1375 0,055*

HUB 0,2031 0.7563 0.1807 0.055*

H11C 0.1468 0.6940 0.1320 0.055*

Atomic displacement parameters (A^ i

77”

01 0.0503 (19) 0.0260 (15) 0,0246 (14) -0.0092(12) -0.0014(11) -0.0064(10)

02 0.0356 (17) 0.0338 (16) 0.0246 (14) -0.0091 (12) 0.0010(11) -0.0032(11)

C91 0.028 (2) 0.055 (3) 0.0245 (19) -0.011 (2) 0.0030(15) -0.0048(17)

C92 0.032 (2) 0.037 (2) 0.0267 (19) 0.0011 (17) 0.0017 (16) -0.0051 (15)

C93 0,039 (2) 0.042 (2) 0.032 (2) -0.013 (2) 0.0085 (17) 0,0033 (17)

C94 0.033 (2) 0.030 (2) 0.0246 (18) 0.0000 (17) 0,0067 (15) 0.0018 (14)

C95 0,0283 (19) 0.0255 (19) 0,0152 (16) -0.0058 (15) -0.0017 (13) -0.0014 (13)

C96 0,037 (2) 0.0265 (19) 0.0184 (17) -0.0034(16) -0.0028 (15) 0.0004 (13)

C97 0.042 (2) 0.0198 (18) 0.0236 (18) 0.0018 (16) -0.0039(15) 0.0041 (13)

262



C98 0.050 (3) 0.023 (2) 0.028 (2) 0.0078 (17) -0.0029(17) -0.0055 (14)

C99 0.047 (3) 0.031 (2) 0.0227 (19) 0.0107 (18) 0.0045 (16) 0.0027 (15)

C100 0.034 (2) 0.0268 (19) 0.031 (2) 0.0039 (16) 0.0055 (16) 0.0021 (15)

Cl 01 0.037 (2) 0.0212 (18) 0.0211 (17) -0.0020(16) 0.0025 (15) 0.0038 (14)

C102 0.034 (2) 0.0225 (19) 0.0161 (15) -0.0002 (15) 0.0003 (14) 0.0005 (13)

C103 0.031 (2) 0.026 (2) 0.0134 (15) -0.0040(16) 0.0024 (13) 0.0014 (12)

Cl 04 0.0263 (19) 0.0231 (19) 0.0219 (18) -0.0053 (15) -0.0005 (14) 0.0007 (13)

Cl 05 0.032 (2) 0.028 (2) 0.029 (2) -0.0052(16) 0.0066 (15) -0.0097 (15)

Cl 06 0.0241 (18) 0.0234 (18) 0.0167 (16) -0.0010(14) -0.0027 (13) 0.0013 (13)

C107 0.0251 (18) 0.0263 (19) 0.0171 (16) -0.0027 (14) 0.0024 (13) -0.0055 (13)

Cl 08 0.0249 (18) 0.0281(19) 0.0169(16) 0.0019(15) 0.0012 (13) -0.0008 (13)

Cl 09 0.0254 (18) 0.0209 (17) 0.0243 (18) 0.0000 (15) 0.0039 (14) 0.0017 (14)

Clio 0.0247 (19) 0.0225 (18) 0.0275 (19) -0.0027 (14) -0.0024(14) -0.0021(14)

cm 0.041 (2) 0.033 (2) 0.0194 (17) -0.0084(18) 0.0011 (16) -0.0032 (15)

Cl 12 0.029 (2) 0.030 (2) 0.0180 (17) -0.0030(16) 0.0062 (14) -0.0003 (13)

Cl 13 0.040 (2) 0.029 (2) 0.042 (2) -0.0080(18) 0.0097 (18) -0.0125(17)

Geometric parameters (A, °)

01—Clio 1.359 (4) Cl 00—HI 00 0.9300

01—Cl 13 1.431(5) C101—C102 1.394 (5)

02—Cl 03 1.221(5) C101—C105 1.506 (5)

C91—C93 1.384 (6) Cl 02—Cl 03 1.487 (5)

C91—C92 1.388 (6) Cl 03—Cl 04 1.510(5)

C91—H91 0.9300 Cl 04—Cl 06 1.360 (5)

C92—C96 1.389 (5) Cl 04—Cl 05 1.515 (5)

C92—H92 0.9300 C105—H10A 0.9700

C93—C94 1.386 (5) Cl 05—HI OB 0.9700

C93—H93 0.9300 Cl 06—Cl 07 1.485 (5)

C94—C95 1.401(5) Cl 07—Cl 08 1.393 (5)

C94—H94 0.9300 Cl 07—Cl 12 1.423 (4)

C95—C96 1.386 (5) Cl 08—Cl 09 1.374 (5)

C95—C106 1.496 (5) Cl 08—HI 08 0.9300

C96—H96 0.9300 Cl 09—Clio 1.403 (5)

C97—C98 1.390 (6) Cl 09—HI 09 0.9300
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C97—C102 1.399 (5) Clio—cm 1.386 (5)

C97—H97 0.9300 cm—Cl 12 1.378 (5)

C98—C99 1.413 (6) cm—Hill 0.9300

C98—H98 0.9300 Cl 12—H112 0.9300

C99—C100 1.396 (6) C113—H11A 0.9600

C99—H99 0.9300 Cl 13—HUB 0.9600

Cl 00—Cl 01 1.388 (5) Cl 13—HI 1C 0.9600

CnO—01—C113 118.8 (3) 02—Cl 03—Cl 04 127.6 (3)

C93—C91—C92 119.6 (4) C102—C103—C104 106.2 (3)

C93—C91—H91 120.2 C106—C104—C103 125.8 (3)

C92—C91—H91 120.2 C106—C104—C105 126.5 (3)

C91—C92—C96 119.6(4) C103—C104—C105 107.6 (3)

C91—C92—H92 120.2 C101—C105—C104 104.7 (3)

C96—C92—H92 120.2 C101—C105—H10A 110.8

C91—C93—C94 121.0 (4) C104—C105—H10A 110.8

C91—C93—H93 119.5 C101—C105—H10B 110.8

C94—C93—H93 119.5 C104—C105—H10B 110.8

C93—C94—C95 119.6 (4) H10A—C105—H10B 108.9

C93—C94—H94 120.2 C104—C106—C107 121.6 (3)

C95—C94—H94 120.2 C104—C106—C95 123.3 (3)

C96—C95—C94 119.0 (3) C107—C106—C95 115.1 (3)

C96—C95—C106 119.8 (3) C108—C107—C112 117.3 (3)

C94—C95—C106 121.0 (3) C108—C107—C106 122.7 (3)

C95—C96—C92 121.2 (3) C112—C107—C106 119.9 (3)

C95—C96—H96 119.4 C109—C108—C107 122.3 (3)

C92—C96—H96 119.4 C109—C108—H108 118.9

C98—C97—C102 118.7 (4) C107—C108—H108 118.9

C98—C97—H97 120.7 C108—C109—Clio 119.7 (3)

C102—C97—H97 120.7 C108—C109—H109 120.2

C97—C98—C99 119.6 (3) Clio—Cl 09—HI 09 120.2

C97—C98—H98 120.2 01—Clio—cm 116.4 (3)

C99—C98—H98 120.2 01—Clio—Cl 09 124.2 (3)

C100—C99—C98 121.5 (4) cm—Clio—Cl 09 119.4 (3)
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C100—C99—H99 119.3 C112—cm—Clio 120.8 (3)

C98—C99—H99 119.3 C112—cm—Hill 119.6

C101—ClOO—C99 118.3 (4) Clio—cm—Hill 119.6

C101—C100—H100 120.9 cm—Cl 12—Cl 07 120,6(3)

C99—C100—H100 120.9 cm—C112—H112 119.7

C100—C101—C102 120.6 (3) C107—C112—H112 119,7

C100—C101—C105 128.7 (3) 01—C113—H11A 109.5

C102—C101—C105 110.8 (3) 01—Cl 13—HUB 109.5

C101—C102—C97 121.4 (3) H11A—C113—HUB 109.5

C101—C102—C103 110.0 (3) 01—Cl 13—HI 1C 109.5

C97—C102—C103 128.6 (3) H11A—C113—H11C 109.5

02—Cl 03—Cl 02 126.1 (3) HUB—C113—H11C 109.5

C93—C91—C92—C96 -0.3 (6) C102—C101 —C105—C104 8.0(4)

C92—C91—C93—C94 -0.5 (6) Cl 06—Cl 04—Cl 05—Cl 01 169.3 (3)

C91—C93—C94—C95 0.6 (6) Cl 03—Cl 04—Cl 05—Cl 01 -7.7 (4)
C93—C94—C95—C96 0.3 (5) Cl 03—Cl 04—Cl 06—Cl 07 -171.3 (3)
C93—C94—C95—C106 176.0 (3) Cl 05—Cl 04—Cl 06—Cl 07 12,3 (5)

C94—C95—C96—C92 -1.2 (5) Cl 03—Cl 04—Cl 06—C95 9.5 (5)

C106—C95—C96—C92 -177.0 (3) C105—C104—C106—C95 -166.9 (3)
C91—C92—C96—C95 1.2(5) C96—C95—C106—C104 -127.9(4)
C102—C97—C98—C99 0.8 (5) C94—C95—C106—C104 56.4 (5)

C97—C98—C99—C100 -1.6 (6) C96—C95—C106—C107 52,8(4)

C98—C99—C100—C101 0.3 (6) C94—C95—C106—C107 -122.9(4)
C99—Cl 00—Cl 01 —Cl 02 1.9 (5) Cl 04—Cl 06—Cl 07—Cl 08 46.8(5)

C99—Cl 00—Cl 01—Cl 05 -176.5 (4) C95—Cl 06—Cl 07—Cl 08 -134.0 (3)
ClOO—C101—C102—C97 -2.8 (5) Cl 04—Cl 06—Cl 07—Cl 12 -137.8 (3)
Cl 05—Cl 01 —Cl 02—C97 175.9 (3) C95—Cl 06—Cl 07—Cl 12 41.4 (4)

Cl 00—Cl 01 —Cl 02—Cl 03 176.1 (3) C112—Cl 07—Cl 08—Cl 09 -1.4 (5)
Cl 05—Cl 01—Cl 02—Cl 03 -5.2 (4) Cl 06—Cl 07—Cl 08—Cl 09 174.1 (3)

C98—C97—C102—C101 1.4(5) Cl 07—Cl 08—Cl 09—Cl 10 0.6 (5)

C98—C97—C102—C103 -177.3 (3) C113—01—Clio—cm -178.7(3)
C101—C102—C103—02 176.6 (3) C113—01—Clio—C109 1.7(5)

C97—Cl 02—Cl 03—02 -4.6 (6) C108—C109—Clio—01 -179.7 (3)
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Cl 01 —Cl 02—Cl 03—Cl 04 0.1 (4) C108—C109—Clio—cm 0.8 (5)

C97—Cl 02—Cl 03—Cl 04 178.9 (3) 01—Clio—cm—C112 179.1 (3)

02—Cl 03—Cl 04—Cl 06 11.5 (6) Cl 09—Cl 10—cm—Cl 12 -1.3 (6)

Cl 02—Cl 03—Cl 04—Cl 06 -172.0 (3) Clio—cm—C112—C107 0.5 (6)

02—Cl 03—Cl 04—Cl 05 -171.5 (3) Cl 08—Cl 07—Cl 12—cm 0.8 (5)

Cl 02—Cl 03—Cl 04—Cl 05 4.9 (4) Cl 06—Cl 07—Cl 12—cm -174.8(3)

Cl 00—Cl 01—Cl 05—Cl 04 -173.4 (4)

All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using the full 
covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in 
distances, angles and torsion angles; correlations between e.s.d.'s in cell parameters are only used 
when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell e.s.d.'s is 
used for estimating e.s.d.'s involving l.s. planes.

5.1.4.5.a.2 (Z)-2,3-dihydro-2-((4-methoxyphenyl)(phenyl)-methylene)lnden-1 - 
one (188)

Yellow solid. NMR (CDCI3, 400MHz) 6 (ppm): 3.83 (s, 2H, CH2), 3.87 (s, 3H, 
OCH3), 6.92 (d, J=8.6 Hz, 2H, 2 x Ar-H), 7.26 - 7.34 (m, 4H, 4 x Ar-H), 7.38 - 7.46 
(m, 5H, 5 X Ar-H), 7.58 (t, J=7 Hz x 2, 1H, 1 x Ar-H), 7.84 (d, J=7.5 Hz, 1H, 1 x Ar-H).

NMR (CDCI3, 100MHz) 6 (ppm): 33.98 (CH2), 54.79 (OCH3), 112.72 (2 x CH), 

123.81 (CH), 125.29 (CH), 126.9 (CH), 127.81 (CH), 127.9 (2 x CH), 128.82 (2 x CH), 

130.98 (2 X CH), 131.26 (quat. C), 131.59 (quat. C), 133.61 (CH), 139.65 (quat. C), 
142.17 (quat. C), 148.33 (quat. C), 150.93 (quat. C), 159.42 (quat. C), 192.35 (C=0). 

MS: calculated for C23H18O2 (326.1307); found: (M+Na)"" m/z at 349.1212 corre

sponding to the molecular formula C23Hi802Na.

5.1.4.5.a.3 Compound (193) Unidentified

Off-white solid. ^H NMR (CDCI3, 400MHz) 6 (ppm): 3.10 (d, J=15 Hz, 2H, CH2), 3.75 

(s, 3H, OCH3), 6.78 (d, J=8.5 Hz, 2H, 2 x Ar-H), 6.94 - 7.08 (m, 2H, 2 x Ar-H), 7.15 - 
7.46 (m, 8H, 8 x Ar-H), 7.55 (d, J=7.03 Hz, 2H, 2 x Ar-H). ^^C NMR (CDCI3, 100MHz) 

5 (ppm): 53.03 (CH2), 54.67 (CH3), 55.75 (quat. C), 112.43 (2 x CH), 122.92 (CH), 

125.92 (CH), 126.38 (CH), 126.45 (2 x CH), 128.95 (2 x CH), 130.95 (2 x CH), 

133.75 (CH), 137.37 (quat. C), 157.51 (quat. C).
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5.1.4.5.a.4 2,3-dihydro-2-((2,3-dihydro-1 -oxo-1 W-inden-2-yl)(4-

methoxyphenyl)(phenyl)-methyl)inden-1 -one (191)

White solid. NMR (CDCI3, 400MHz) 6 (ppm): 3.07 (br. s., 2H, CH2), 3.37 - 3.57 
(m, 2H, CH2), 3.59 - 3.84 (m, 3H, OCH3) splitting in 2 peaks, 6.57 - 6.66 (m, 2H, 2 x 

Ar-H), 7.02 (d, J=7 Hz, 1H, 1 x Ar-H), 7.07 - 7.26 (m, 8H, 8 x Ar-H), 7.29 - 7.49 (m, 

5H, 5 X Ar-H), 7.56 (d, J=7.5 Hz, 1H, 1 x Ar-H). NMR (CDCI3, 100MHz) 6 (ppm): 

31.06 (CH2), 31.16 (CH2), 49.65 (CH), 49.72 (CH), 54.62 (OCH3), 54.68 (OCH3), 

55.87/ 56.50 (quat. C), 111.75 (CH), 112.14 (2 x CH), 122.83 (CH), 122.89 (CH), 

125.03 (CH), 125.09 (CH), 126.10 (CH), 126.20 (CH), 126.27 (CH), 126.46 (CH), 

126.81 (2 X CH), 127.16 (CH), 129.21 (2 x CH), 129.72 (CH), 130.16 (CH), 130.44 (2 

X CH), 131.69 (quat. C), 133.63 (CH), 133.69 (CH), 137.33 (quat. C), 137.36 (quat. 

C), 139.75 (quat. C), 152.72 (quat. C), 157.37 (quat. C), 157.47 (quat. C), 207.64 

(C=0), 207.71 (C=0). MS: calculated for C32H25O3 (458.1882); found: (M+H)"^ m/z at 

357.1493 corresponding to the molecular formula C23H19O2.

5.1.4.5.a.4.1 X-ray Crystal Structure Analysis Of 191

Crystal data

C27H24CIO? F{000) = 657

/W.= 415,91 7
?, ? Dx = 1,489 Mq

Hall symbol: ? Melting point: ? K

a = 8.2433 1161 A Mo Ka radiation, 1 = 0.71073 A

/?= 13.296 131 A Cell parameters from ? reflections

c= 13,881 131 A 0 = ?°

a = 98.95 131° p = 0.23 mm’’'

B= 105.57 131° 7= 293 K

7 = 102.82 131° ?

l/= 1391,0 151 A^ X X mm

7=3

Data collection
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?
/?,nt = amidiffractometer

Radiation source; fine-focus sealed tube 0max = 25.0°, 0min = 2.5°

Graphite monochromator 

?

12500 measured reflections 

4540 independent reflections 

4258 reflections with /> 2a(/)

/:=-15-»13

/=-16~»16

Standard reflections: ?

Refinement

Refinement on 

Least-squares matrix: full

/?fF^>2ofF0l = 0.059

wR(f^) = 0.210 

5= 1.01

4540 reflections 

344 parameters 

0 restraints 

? constraints

Primary atom site location: structure-invariant direct 
methods

Secondary atom site location: difference Fourier map

Hydrogen site location: inferred from neighbouring 
sites

H atoms treated bv a mixture of independent and
constrained refinement

w= 1/[a^ffl1 -^ fO.1466/4^ -^ 0.5047P1
where P= ffl + 2F2)/3

(A/o)max = 0.051 

Apmax = 0J6 e

Apmin = -0.40 e 

Etxtinction correction: none 

Extinction coefficient: ?

Absolute structure: ?

Absolute structure parameter: ?

Rogers parameter: ?

Refinement of F against ALL reflections. The weighted F?-factor wR and goodness of fit S are based 
on F^, conventional f?-factors Ft are based on F, with F set to zero for negative F^. The threshold ex
pression of F^ > 2sigma(F^) is used only for calculating F?-factors(gt) etc. and is not relevant to the 
choice of reflections for refinement. Ff-factors based on F^ are statistically about twice as large as 
those based on F, and R- factors based on ALL data will be even larger.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement
parameters (A^)

CM 0.38751 (13)

y
0.32002 (8) 0.01685 (8) 0.0933 (4)
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CI2 0.5179 (2) 0.13511 (9) 0.01068 (11) 0,1392 (6)

C33 0.5095 (5) 0.2480 (3) 0.0859 (3) 0.0792 (9)

H33A 0.6280 0.2928 0.1206 0.095*

H33B 0.4587 0,2286 0,1382 0.095*

Cl 0.1174 (3) 0.33742 (17) 0.32416 (16) 0.0404 (5)

C25 0.3015 (3) 0,42336 (18) 0.37139 (16) 0.0443 (5)

H25 0.3766 0.3977 0.4239 0.053*

01 -0.2664 (2) 0.23112 (16) 0,31019 (14) 0.0639 (5)

C21 0.1388 (3) 0.23172 (17) 0.27336 (16) 0.0414 (5)

C8 0.0403 (3) 0.31855 (19) 0.41353 (16) 0.0463 (5)

H8 0,0242 0.3860 0.4434 0.056*

C6 0.0021 (3) 0.38498 (17) 0.24620 (16) 0.0421 (5)

C19 0,0060 (4) 0.05459 (19) 0.16115 (19) 0.0546 (6)

H19 -0.0934 0.0039 0.1162 0.066*

022 0.2992 (3) 0.20660 (19) 0.29413 (19) 0,0494 (6)

H22 0.3993 0.2568 0.3391 0.059*

026 0.2901 (3) 0.5316 (2) 0.42149 (18) 0.0522 (6)

020 -0.0057 (3) 0.15281 (18) 0.20547 (17) 0,0467 (5)

H20 -0.1145 0.1665 0.1891 0.056*

02 0.2501 (3) 0.55183 (16) 0.49910 (14) 0.0700 (6)

01 -0.0016(3) 0,36684 (18) 0.14412 (17) 0.0479 (5)

HI 0.0532 0.3185 0.1206 0.057*

032 0.3930 (3) 0.55840 (18) 0,28396 (18) 0.0468 (5)

09 -0.1385 (3) 0.2353 (2) 0,38046 (18) 0.0486 (6)

010 0,1572 (3) 0,2837 (2) 0.50182 (18) 0.0574 (6)

H10A 0,2472 0,2588 0,4808 0.069*

H10B 0.2130 0.3420 0.5618 0.069*

024 0,3966 (3) 0,44693 (18) 0.29179 (18) 0,0473 (5)

H24A 0.5162 0.4425 0.3152 0.057*

H24B 0.3357 0.3975 0,2259 0.057*

023 0.3133 (3) 0.1100 (2) 0.2501 (2) 0.0552 (6)

H23 0.4225 0,0968 0,2648 0.066*

02 -0.0862 (4) 0.4201 (2) 0.0765 (2) 0.0607 (7)
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H2 -0.0898 0.4057 0.0081 0.073*

C27 0.3389 (3) 0.60711 (19) 0.35975 (19) 0.0549 (6)

C12 -0.1304 (3) 0.1652 (2) 0,45293 (18) 0,0517 (6)

03 0.1953 (3) -0.06136(16) 0.1473 (2) 0,0820 (7)

C5 -0.0829 (3) 0.4569 (2) 0.2778 (2) 0.0535 (6)

H5 -0.0856 0.4687 0,3451 0.064*

CIS 0.1678 (4) 0.03259 (19) 0,1845 (2) 0,0552 (6)

C11 0.0345 (4) 0.1959 (2) 0.52457 (19) 0.0558 (6)

C4 -0.1637(4) 0.5113 (2) 0,2109 (3) 0.0682 (8)

H4 -0.2180 0.5602 0.2339 0,082*

C3 -0.1637 (4) 0.4931 (2) 0.1099 (2) 0,0710(8)

H3 -0.2163 0.5303 0,0652 0.085*

C31 0.4376 (3) 0.6137 (2) 0.2133 (2) 0.0591 (6)

H31 0.4742 0.5818 0.1616 0.071*

C13 -0.2638 (4) 0.0810(2) 0,4552 (2) 0.0659 (7)

H13 -0.3735 0.0606 0.4055 0,079*

Cl 6 0.0678 (5) 0.1430 (3) 0,6038 (2) 0,0735 (8)

H16 0.1769 0.1633 0.6540 0,088*

C30 0.4269 (5) 0.7163 (3) 0,2211 (3) 0.0791 (9)

H30 0.4564 0.7538 0,1741 0.095*

Cl 5 -0.0646 (5) 0.0598 (3) 0.6061 (3) 0.0826 (10)

H15 -0.0428 0.0236 0.6583 0,099*

C28 0.3270 (4) 0,7112 (2) 0,3684 (3) 0.0768 (9)

H28 0.2897 0.7430 0.4199 0.092*

C14 -0.2278 (5) 0,0290 (3) 0.5334 (3) 0.0784 (9)

H14 -0.3143 -0.0272 0,5371 0,094*

C29 0.3723 (5) 0.7650 (3) 0.2985 (3) 0.0860 (10)

H29 0.3665 0,8345 0.3027 0,103*

Cl 7 0.0468 (6) -0.1475 (3) 0.0916 (3) 0.0924 (11)

H17A -0.0290 -0.1603 0.1328 0.139*

H17B 0.0838 -0.2096 0.0745 0.139*

H17C -0.0152 -0.1309 0.0297 0,139*
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Atomic displacement parameters (A^)

77” 7/2 7/2 77^2 7^13 7/'

cn 0.0896 (7) 0.1049 (7) 0.0933 (6) 0.0457 (5) 0.0204 (5) 0.0334 (5)

CI2 0.1774 (14) 0.0862 (7) 0.1363 (11) 0,0640 (8) 0,0081 (9) 0.0085 (7)

C33 0.087 (2) 0.082 (2) 0.0713 (19) 0.0218 (17) 0.0225 (16) 0.0307 (16)

C7 0.0307 (11) 0.0525 (12) 0.0390 (10) 0,0098 (9) 0.0107 (8) 0.0163 (9)

C25 0.0321 (12) 0.0564 (13) 0.0432 (11) 0.0078 (9) 0.0110 (9) 0.0155 (9)

01 0.0368 (10) 0.0892 (13) 0.0648 (11) 0.0083 (8) 0.0121 (8) 0.0345 (10)

C21 0.0372 (12) 0.0512 (12) 0.0409 (10) 0.0125 (9) 0.0138 (9) 0.0219 (9)

C8 0.0376 (13) 0.0613 (13) 0.0411 (11) 0.0087 (10) 0.0139 (9) 0,0194 (10)

C6 0.0334 (12) 0.0482 (11) 0.0450 (11) 0.0086 (8) 0.0110(9) 0,0176 (9)

C19 0.0574 (16) 0.0511 (13) 0.0495 (13) 0,0063 (11) 0.0120 (11) 0.0156 (10)

C22 0.0406 (14) 0.0541 (13) 0.0566 (13) 0.0125 (10) 0.0138 (10) 0.0253 (10)

C26 0.0399 (13) 0.0629 (14) 0.0459 (12) 0.0030 (10) 0.0144 (10) 0,0043 (10)

C20 0.0368 (13) 0.0542 (13) 0.0497 (12) 0.0124 (9) 0,0100 (9) 0.0200 (10)

02 0.0691 (13) 0.0790 (13) 0.0524 (10) 0.0039 (10) 0.0260 (9) -0.0001 (9)

01 0.0467 (14) 0.0526 (12) 0.0480 (12) 0.0140 (10) 0,0150 (10) 0.0213 (10)

032 0.0334 (12) 0.0507 (12) 0.0538 (12) 0.0074 (9) 0.0122 (9) 0.0132 (10)

09 0.0401 (13) 0.0623 (14) 0.0488 (12) 0.0118 (10) 0.0195 (10) 0.0214 (10)

010 0.0463 (15) 0.0820 (17) 0.0424 (12) 0.0131 (12) 0.0101 (10) 0.0237 (12)

024 0.0399 (13) 0.0518 (12) 0.0529 (12) 0.0095 (9) 0.0202 (10) 0.0144 (10)

023 0.0439 (14) 0.0608 (14) 0.0747 (16) 0,0221 (11) 0,0242 (12) 0,0337 (12)

02 0.0647 (17) 0.0690 (16) 0.0531 (14) 0.0175 (13) 0.0164 (12) 0.0321 (12)

027 0.0510(15) 0.0498 (13) 0.0583 (14) 0,0056 (10) 0.0178 (11) 0.0075 (11)

012 0.0507 (15) 0.0608 (14) 0.0528 (13) 0.0160 (11) 0.0252 (11) 0.0227 (11)

03 0.0907 (16) 0.0561 (11) 0,1047 (17) 0.0282 (11) 0.0347 (13) 0,0159 (11)

05 0.0447 (14) 0.0621 (14) 0.0579 (14) 0.0191 (11) 0.0184 (11) 0.0156 (11)

018 0.0652 (17) 0.0498 (13) 0,0633 (15) 0.0205 (11) 0.0294 (12) 0.0261 (11)

Oil 0.0609 (16) 0.0715 (16) 0,0469 (12) 0,0237 (12) 0,0252 (11) 0,0248 (11)

04 0.0588 (18) 0.0674 (17) 0.087 (2) 0.0321 (13) 0.0204 (15) 0.0272 (15)

03 0.073 (2) 0.0696 (17) 0,0792 (19) 0.0307 (14) 0,0148 (15) 0.0431 (15)
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C31 0.0512 (16) 0.0680 (16) 0.0659 (15) 0.0170(12) 0.0248 (12) 0.0257 (13)

C13 0,0655 (18) 0.0670 (16) 0.0764 (18) 0,0162 (13) 0,0345 (14) 0.0302 (14)

C16 0.080 (2) 0.104 (2) 0,0538 (15) 0.0348 (17) 0.0280 (14) 0,0413 (15)

C30 0.084 (2) 0.0718 (19) 0.095 (2) 0.0216 (16) 0.0354 (18) 0.0440 (17)

C15 0.108 (3) 0,094 (2) 0,081 (2) 0,045 (2) 0.053 (2) 0.0565 (19)

C28 0.077 (2) 0.0564 (16) 0.098 (2) 0.0165 (14) 0.0369 (18) 0.0067 (15)

Cl 4 0.092 (2) 0,0751 (19) 0.091 (2) 0.0244 (17) 0.049 (2) 0,0463 (17)

C29 0.091 (2) 0.0575 (17) 0.126 (3) 0.0250 (16) 0.051 (2) 0,0312 (18)

C17 0.118 (3) 0.0593 (18) 0.087 (2) 0.0260 (18) 0.018 (2) 0.0024 (16)

Geometric parameters (A, °)

CM—C33 1.745 (3) C32—C27 1,376 (4)

CI2—C33 1.716 (4) C32—C31 1.391 (4)

C7—C21 1.540 (3) C32—C24 1.509 (3)

C7—C6 1.550 (3) C9—C12 1.473 (3)

C7—C8 1.567 (3) CIO—Cl 1 1,499 (4)

C7—C25 1,581 (3) C23—C18 1,379 (4)

C25—C26 1.532 (3) C2—C3 1.363 (4)

C25—C24 1.549 (3) C27—C28 1.398 (4)

01—C9 1.212 (3) Cl 2—Cl 1 1.381 (4)

C21—C20 1.394 (3) Cl 2—Cl 3 1.396 (4)

C21—C22 1,402 (3) 03—Cl 8 1.366 (3)

C8—C9 1.537 (3) 03—Cl 7 1.415 (4)

C8—CIO 1,544 (3) C5—C4 1,386 (4)

C6—C5 1.389 (3) Cl 1—Cl 6 1.393 (4)

C6—Cl 1,391 (3) C4—C3 1.385 (4)

C19—C20 1.390 (3) C31—C30 1.376 (4)

Cl 9—Cl 8 1.392 (4) Cl 3—Cl 4 1.376 (4)

C22—C23 1.377 (4) Cl 6—Cl 5 1,382 (5)

C26—02 1.217 (3) C30—C29 1.396 (5)

C26—C27 1.476 (4) Cl 5—Cl 4 1.377 (5)

Cl—C2 1,394 (3) C28—C29 1.373 (5)

CI2—C33—CI1 113.4 (2) 01—C9—C8 126.1 (2)
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C21—C7—C6 112,42 (17) Cl 2—C9—C8 107.9 (2)

C21—C7—C8 108.30 (17) Cn—CIO—C8 104.9 (2)

C6—C7—C8 111,56 (18) C32—C24—C25 104.37 (19)

C21—C7—C25 110.38 (17) C22—C23—C18 120.9 (2)

C6—C7—C25 105.75 (17) C3—C2—Cl 120.5 (3)

C8—C7—C25 108,35 (17) C32—C27—C28 122.1 (3)

C26—C25—C24 104.53 (18) C32—C27—C26 109,7 (2)

C26—C25—C7 113.36 (18) C28—C27—C26 128.2 (3)

C24—C25—C7 113.98 (18) C11—C12—C13 122,3 (2)

C20—C21—C22 115,8 (2) C11—C12—C9 109.6(2)

C20—C21—C7 120.8 (2) Cl 3—Cl 2—C9 128.1 (3)

C22—C21—C7 123.4 (2) C18—03—C17 117,9(3)

C9—C8—CIO 104.73 (19) C6—C5—C4 121.2 (2)

C9—C8—C7 114.93 (18) 03—C18—C23 116.2 (2)

CIO—C8—C7 115,40 (19) 03—Cl 8—Cl 9 124,9 (2)

C5—C6—Cl 117.7 (2) C23—C18—C19 118,8 (2)

C5—C6—C7 121.4 (2) C12—C11—C16 119,0(3)

Cl—C6—C7 120.4 (2) C12—C11—CIO 112.1 (2)

C20—C19—C18 119.5 (2) C16—C11—CIO 129.0(3)

C23—C22—C21 122.1 (2) C3—C4—C5 120.1 (3)

02—C26—C27 126.2 (2) C2—C3—C4 119.6(2)

02—C26—C25 126.0(2) C30—C31—C32 119.1 (3)

C27—C26—C25 107.77 (19) C14—C13—C12 117.9(3)

C19—C20—C21 122.8 (2) C15—C16—C11 118.6(3)

C6—C1—C2 120.9 (2) C31—C30—C29 120,9 (3)

C27—C32—C31 119.5 (2) C14—C15—C16 121.8(3)

C27—C32—C24 111.9 (2) C29—C28—C27 117,8(3)

C31—C32—C24 128.7 (2) C13—C14—C15 120,4 (3)

01—C9—C12 125.9 (2) C28—C29—C30 120.7 (3)

All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using the 
full covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s 
in distances, angles and torsion angles; correlations between e.s.d.'s in cell parameters are only used 
when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell e.s.d.'s is 
used for estimating e.s.d.'s involving l.s. planes.
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5.1.4.5.b Method 2 (TMSOTf)

To a solution of silyl enol ether (165) (1 g, 4.9 mmol) and anhydrous DCM (10 mL) in 

a three necked flask in vacuo, was added the cyclic ketal (171) (1 g, 3.902 mmol) and 

TMSOTf (0.83 mL, 4.68 mmol) at -78 °C under anhydrous conditions and an atmos

phere of nitrogen. The mixture was stirred for 2 hours and the reaction was worked 

up as in general methodology. The crude was purified by flash column chromatog

raphy (Hex:EtOAc starting with 50:1) and all homogeneous fractions were collected 

to afford 671 mg (44.3 %) of the isomeric mixture of 2,3-dihydro-2-((4- 

methoxyphenyl)(phenyl)methylene)inden-1-one (188 + 189) and 749 mg (49.4 %) of 

(191 + 193) products. Four spots were observed by TLC (5:1 Hex:EtOAc): Rf = 0.17 

(191 + 193), Rf = 0.33 (188 + 189), Rf = 0.37 (1-indanone - recovered), Rf = 0.48 ((4- 
methoxyphenyl)-(phenyl)methanone - recovered). The Z (188) and E (189) isomers 

of the product (38) were separated by column chromatography with a TohDCM 50:1 

solvent system. Compounds (191 + 193) were separated as in method 1.

5.1.4.6 Reaction Of ((1H-inden-3-yl)oxy)trimethylsilane (165) With 2,2-bis(4- 
methoxyphenyl)-1,3-dioxolane (172) To Yield 2-(bis(4- 
methoxyphenyl)methylene)-2,3-dihydro-1H-inden-1-one (190) And 

2,2'-(bis(4-methoxyphenyl)methylene)bis(2,3-dihydro-1H-inden-1-one) 
(192)

O-Si\ o, ,o SnCU

165

H3CO'' ^^0CH3 TMSOTf

172 190

^0CH3

192

Nl

194

5.1.4.6.a Method 1 (SnCU)

To a solution of silyl enol ether (165) (0.54 g, 2.643 mmol) and anhydrous DCM (10 

mL) in a three necked flask in vacuo, was added the cyclic ketal (172) (0.82 g, 2.864
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mmol) and tin(IV) tetrachloride (0.34 mL, 2.864 mmol) at -78 °C under anhydrous 

conditions and an atmosphere of nitrogen. The mixture was stirred for 2 hours and 

the reaction was worked up as in general methodology. Three spots were observed 

by TLC with a 8:1:1 Hex:EtOAc:DCM solvent system: Rf = 0.27 (192 + 194), Rf = 

0.34 (190), Rf = 0.44 (1-lndanone + bis(4-methoxyphenyl)methanone - recovered). 

The crude was purified by flash column chromatography (Hex:EtOAc starting with 

25:1) and all homogeneous fractions were collected to afford 18 mg (1.8 %) of the 

hybrid compound (190) and 700 mg (68.6 %) of (192 + 194) products.

5.1.4.6.a.1 2-(bis(4-methoxyphenyl)methylene)-2,3-dihydroinden-1 -one (190)

Yellow solid. NMR (CDCI3, 400MHz) 6 (ppm): 3.87 (s, 6H, 2 x OCH3) splitting in 2 

peaks, 3.89 (s, 2H. CH2), 6.93 (t, J=8.7 Hz x 2, 4H, 4 x Ar-H), 7.20 - 7.31 (m, 4H, 4 x 

Ar-H), 7.36-7.47 (m, 2H, 2 x Ar-H), 7.57 (t, J=7.6 Hz x 2, 1H,1 x Ar-H), 7.82 (d, J=7 

Hz, 1H, Ar-H). NMR (CDCI3, 100MHz) 6 (ppm): 34.17 (CH2), 54.77 (OCH3), 54.88 

(OCH3), 112.73 (2 X CH), 113.16 (2 x CH), 123.76 (CH), 125.21 (CH), 126.83 (CH), 

130.76 (2 X CH), 130.98 (2 x CH), 131.79 (quat. C), 133.42 (CH), 134.34 (quat. C), 

139.72 (quat. C), 148.36 (quat. C), 150.67 (quat. C), 159.25 (quat. C), 159.33 (quat. 

C), 192.44 (C=0). MS: calculated for C24H20O3 (356.1412); found: (M+H)"^ m/z at 

357.1516 which corresponded to the molecular formula C24H21O3.

5.1.4.6.a.2 2,3-dihydro-2-((2,3-dihydro-1 -oxo-1 H-inden-2-yl)bis(4-

methoxyphenyl)-methyl)-inden-1 -one (192)

Off-white solid. ^H NMR (CDCI3, 400MHz) 6 (ppm): 2.98 - 3.5 (m, 4H, 2 x CH2), 3.65 

- 3.78 (m, 6H, 2 x OCH3), 6.56 - 6.66 (m, 3H, 3 x Ar-H), 6.77 (d, J=8.8 Hz, 1H, 1 x 

Ar-H), 7.12 - 7.59 (m, 12H,12 x Ar-H). ^=^C NMR (CDCI3, 100MHz) 5 (ppm): 31.55 (2 x 

CH2), 50.36 (CH), 55.09 (OCH3), 55.13 (OCH3), 55.61/ 56.22 (quat. C), 112.21 (CH), 

112.57 (2 X CH), 112.85 (2 x CH), 123.35 (CH), 123.38 (CH), 123.53 (CH), 126.69 

(CH), 126.91 (CH), 130.51 (CH), 130.85 (2 x CH), 131.33 (CH), 132.38 (quat. C), 

134.09 (CH), 134.2 (CH), 137.85 (2 x quat. C), 153.18 (quat. C), 157.8 (quat. C), 

157.89 (quat. C), 157.93 (2 x quat. C), 208.16 (2 x C=0). MS: calculated for C33H29O4 

(488.1988); found: (M+H)"^ m/z at 357.1493 which corresponded to the molecular 

formula C24H21O3.
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5.1.4.6.a.2.1 X-ray Crystal Structure Analysis Of 192

Crystal data

Ci32Hii2Qi6 A(000) = 1032

A7.= 1954.22 ?

?, ? Dx = 1.299 Mq m“^

Hall symbol: ? Melting point: ? K

25= 8.8674 f18) A Mo /faradiation, A. = 0.71073 A

h= 17.087 cm A Cell parameters from ? reflections

f:= 17.853 (5) A e = ?°

a = 90° p = 0^ mm"''

B= 112.59 (,3)° T= 293 K

7 = 90° ?

l/= 2497.5 (10) A^ X X mm

2'=1

Data collection

diffractometer /?ini = 0.035

Radiation source: fine-focus sealed tube 0max = 25.0°. 0min = 2.6

Graphite monochromator

7

18735 measured reflections 

4268 independent reflections 

4101 reflections with I >2a{/]

/7 = -10-^0

k=z20-*m
/=-20-»21

Standard reflections: ?

Refinement 

Refinement on 

Least-squares matrix: fuN

fAF^ > 2c5{F^)] = 0.058

= 0.140 

5= 1.22

Hydrogen site location: inferred from neighbouring 
sites

H atoms treated by a mixture of independent and
constrained refinement

ty= M\QHFrf) + f0.041574‘^ ->■ 2.6972PI
where P= iF.^ ^ 2/70/3

(A/o)max = 0.002

Apmax = 0^ e
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4268 reflections

336 parameters 

0 restraints

Apmin = -0.24 e 

Extinction correction: none 

Extinction coefficient: ?

? constraints Absolute structure: ?

Primarv atom site location: structure-invariant direct ....................... , ^----------------------------------- Absolute structure parameter: ?

Secondary atom site location: difference Fourier map Rogers parameter: ? 

-2Refinement of F against ALL reflections. The weighted Ff-factor wR and goodness of fit S are based 
on F^, conventional F?-factors R are based on F, with F set to zero for negative F^. The threshold ex
pression of F^ > 2sigma(F^) is used only for calculating Ff-factors(gt) etc. and is not relevant to the

-2choice of reflections for refinement. R-factors based on F are statistically about twice as large as 
those based on F, and R- factors based on ALL data will be even larger.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement
parameters (A^)

X y Z UiSO*l f7eg

01 0.3085 (2) 0.55460 (11) -0.00082 (11) 0.0296 (4)

02 0.7959 (2) 0.86939 (10) 0.48862 (11) 0.0325 (5)

03 0.8093 (2) 0.51136 (10) 0.52205 (10) 0.0234 (4)

04 0.9953 (2) 0.60039 (10) 0.30502 (11) 0.0274 (4)

01 0.3380 (3) 0.66858 (14) 0.47218 (16) 0.0229 (5)

HI 0.2355 0.6802 0.4332 0.027*

02 0.3889 (3) 0.70046 (15) 0.54904 (17) 0.0270 (6)

H2 0.3190 0.7339 0.5614 0.032*

03 0.5423 (3) 0.68392 (15) 0.60870 (17) 0.0276 (6)

H3 0.5737 0.7066 0.6598 0.033*

04 0.6472 (3) 0.63369 (14) 0.59163 (15) 0.0234 (5)

H4 0.7497 0.6220 0.6307 0.028*

05 0.5955 (3) 0.60113 (14) 0.51435 (15) 0.0200 (5)

06 0.4444 (3) 0.61831 (13) 0.45441 (15) 0.0191 (5)

07 0.4187 (3) 0.57548 (14) 0.37699 (15) 0.0199 (5)

H7A 0.3898 0.6117 0.3318 0.024*

H7B 0.3322 0.5370 0.3655 0.024*

08 0.5835 (3) 0.53510 (14) 0.39132 (14) 0.0182 (5)

H8 0.5640 0.4791 0.3796 0.022*

09 0.6820 (3) 0.54545 (13) 0.48224 (15) 0.0194 (5)
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CIO 0.7318 (3) 0,65239 (13) 0,37307 (14) 0.0180 (5)

C11 0.6208 (3) 0.71415 (14) 0,34405 (15) 0.0193 (5)

HU 0.5278 0,7070 0.2972 0.023*

C12 0.6459 (3) 0.78539 (14) 0,38319 (15) 0.0224 (5)

H12 0.5696 0.8253 0.3631 0.027*

C13 0.7852 (3) 0.79763 (14) 0,45258 (15) 0,0224 (5)

Cl 4 0.9019 (3) 0.73942 (15) 0.47942 (15) 0,0232 (5)

H14 0.9984 0.7482 0.5240 0,028*

C15 0.8744 (3) 0.66774 (14) 0,43958 (15) 0.0213 (5)

H15 0,9538 0.6290 0.4580 0,026*

C16 0.6812 (3) 0.56870 (13) 0,34051 (14) 0.0175 (5)

Cl 7 0,8322 (3) 0.51432 (13) 0.35584 (15) 0,0184 (5)

H17 0,9017 0.5181 0.4136 0.022*

C18 0.9379 (3) 0.53621 (14) 0.30833 (15) 0.0197 (5)

C19 0.7910 (3) 0,42692 (14) 0.33683 (16) 0.0229 (5)

H19A 0.8217 0.3968 0.3865 0,027*

H19B 0.6751 0,4200 0,3058 0.027*

C20 0.9659 (3) 0.46456 (14) 0.26938 (15) 0.0206 (5)

C21 0.8885 (3) 0.40144 (15) 0.28826 (15) 0.0233 (5)

C22 1.0576 (3) 0.45602 (16) 0.22146 (15) 0.0261 (6)

H22 1.1074 0,4989 0.2085 0.031*

C23 1.0723 (3) 0.38178 (17) 0.19377 (16) 0.0317 (6)

H23 1.1320 0.3745 0.1614 0,038*

C24 0.9980 (3) 0.31779 (17) 0.21430 (17) 0.0334 (6)

H24 1.0111 0.2681 0.1964 0.040*

C25 0,9053 (3) 0,32701 (15) 0.26073 (17) 0.0295 (6)

H25 0,8548 0.2841 0.2734 0.035*

C26 0.5766 (3) 0.56787 (13) 0,24910 (14) 0.0168 (5)

C27 0.6202 (3) 0.61355 (14) 0.19522 (15) 0.0200 (5)

H27 0.7092 0.6471 0.2162 0.024*

C28 0.5362 (3) 0.61053 (14) 0.11236 (15) 0.0215 (5)

H28 0.5700 0,6408 0.0784 0.026*

C29 0,4011 (3) 0.56207 (14) 0.07979 (15) 0,0216(5)
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C30 0.3543 (3) 0.51659 (14) 0.13188 (15) 0.0233 (6)

H30 0,2636 0.4841 0.1107 0.028*

C31 0,4409 (3) 0,51919 (14) 0.21453 (15) 0.0212 (5)

H31 0.4083 0.4878 0.2481 0.025*

C32 0.9373 (4) 0.8858 (2) 0.5591 (2) 0.0564 (10)

H32A 0,9434 0.8498 0.6014 0.085*

H32B 0.9310 0.9383 0.5768 0.085*

H32C 1.0329 0.8805 0.5466 0.085*

C33 0,3643 (3) 0.59437 (16) -0.05612 (16) 0.0290 (6)

H33A 0.3545 0.6499 -0.0509 0.044*

H33B 0.2993 0,5786 -0.1106 0.044*

H33C 0.4766 0.5812 -0.0438 0.044*

Atomic disolacement parameters (A^)

77" 7/' ^3 jn 7/'

01 0,0289 (10) 0.0385 (11) 0.0179 (10) -0.0073 (8) 0.0053 (8) 0.0001 (8)

02 0.0353 (10) 0.0227 (10) 0.0325 (11) -0.0005 (8) 0.0053 (9) -0.0072 (8)

03 0.0193 (9) 0.0288 (9) 0.0213 (10) 0.0044 (7) 0,0070 (7) 0.0071 (7)

04 0.0229 (9) 0.0269 (10) 0.0354 (11) -0.0001 (7) 0.0146 (8) 0.0037 (8)

Cl 0.0192 (12) 0.0219 (12) 0.0292 (15) 0.0023 (10) 0.0112 (11) 0.0025 (10)

02 0.0288 (14) 0.0222 (13) 0.0362 (16) 0.0016 (10) 0.0194 (12) -0.0010(11)

C3 0.0339 (14) 0.0227 (13) 0.0303 (15) -0.0040(11) 0.0167 (12) -0.0043 (11)

04 0.0253 (13) 0.0227 (12) 0.0235 (14) -0.0031 (10) 0.0109 (11) -0.0007(10)

05 0.0194 (12) 0.0194 (12) 0.0230 (14) -0.0021 (9) 0.0102 (10) 0.0024 (10)

06 0.0194 (11) 0.0179 (12) 0.0239 (14) -0.0022 (9) 0.0125 (10) 0.0036 (9)

07 0.0145 (11) 0.0244 (12) 0.0209 (13) -0.0004 (9) 0.0070 (10) 0.0005 (10)

08 0,0155 (11) 0.0193 (12) 0.0207 (13) 0.0002 (9) 0.0079 (10) 0.0017 (9)

09 0,0177 (12) 0.0172 (11) 0.0259 (14) -0.0014(9) 0.0112 (10) 0.0025 (10)

010 0.0174 (11) 0.0201 (12) 0,0202 (13) 0,0002 (9) 0.0113 (10) 0.0027 (9)

Oil 0.0173 (11) 0.0228 (12) 0.0186 (13) -0.0011 (9) 0.0079 (10) 0.0003 (9)

012 0.0224 (12) 0.0219 (12) 0,0225 (14) 0,0032 (10) 0.0082 (11) 0.0012 (10)

013 0,0280 (13) 0,0197 (12) 0.0216 (14) -0.0043 (10) 0.0117 (11) -0.0038 (10)

014 0.0197 (12) 0.0264 (13) 0.0210(14) -0.0054 (10) 0.0051 (10) -0.0007(10)
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Cl 5 0.0180 (11) 0.0226 (12) 0,0233 (14) 0.0011 (10) 0.0081 (10) 0.0037 (10)

Cl 6 0.0144 (11) 0,0208 (12) 0.0172 (13) 0.0009 (9) 0.0058 (9) 0.0002 (9)

Cl 7 0.0172 (11) 0.0185 (12) 0,0203 (13) 0.0021 (9) 0.0081 (10) 0,0021 (9)

Cl 8 0.0146 (11) 0.0218 (12) 0.0221 (14) 0.0017 (9) 0.0066(10) 0.0033 (10)

C19 0.0221 (12) 0.0207 (12) 0.0271 (14) 0.0023 (10) 0.0108 (11) 0.0050 (10)

C20 0.0148 (11) 0.0272 (13) 0.0177 (13) 0.0033 (9) 0.0038 (10) 0,0024 (10)

C21 0.0172 (12) 0,0262 (13) 0.0234 (14) 0.0034 (10) 0,0043 (10) -0.0011 (10)

C22 0.0182 (12) 0.0376 (15) 0.0221 (14) 0.0036 (11) 0.0072 (11) 0.0011 (11)

C23 0.0277 (14) 0.0464 (17) 0.0225 (15) 0.0074 (12) 0.0111 (12) -0.0057 (12)

C24 0.0315 (14) 0.0347 (15) 0.0296 (16) 0.0086 (12) 0.0069 (12) -0.0075 (12)

C25 0.0254 (13) 0.0249 (13) 0.0352 (16) 0,0019 (11) 0.0084 (12) -0.0043 (11)

C26 0.0162 (11) 0.0169 (11) 0.0179 (13) 0.0031 (9) 0.0071 (10) 0,0010 (9)

C27 0.0203 (11) 0.0193 (12) 0.0214 (14) -0.0007 (9) 0,0090(10) 0,0001 (10)

C28 0.0235 (12) 0.0227 (12) 0.0208 (14) 0,0021 (10) 0,0113 (11) 0.0042 (10)

C29 0.0222 (12) 0.0242 (13) 0.0172 (14) 0.0041 (10) 0,0060 (10) -0.0010(10)

C30 0.0192 (12) 0.0245 (13) 0.0249 (15) -0.0019(10) 0.0071 (11) -0.0024(10)

C31 0,0210 (12) 0,0213 (12) 0.0242 (14) -0.0007(10) 0,0118 (11) 0,0010 (10)

C32 0.050 (2) 0,0397 (18) 0.053 (2) 0.0005 (16) -0.0097(17) -0.0222 (16)

C33 0,0353 (15) 0,0319 (15) 0,0196 (14) 0.0008 (12) 0.0102 (12) 0.0019 (11)

Geometric parameters (A, °)

01—C29 1.361 (3) C16—C26 1.537 (3)

01—C33 1.434 (3) Cl 6—Cl 7 1.565 (3)

02—Cl 3 1.371 (3) Cl 7—Cl 8 1.533 (3)

02—C32 1.422 (4) Cl 7—Cl 9 1,544 (3)

03—C9 1,226 (3) Cl 7—HI 7 0.9800

04—Cl 8 1.220 (3) C18—C20 1.475 (3)

Cl—C2 1.381 (4) C19—C21 1.505 (3)

Cl—C6 1,399 (3) C19—H19A 0.9700

Cl—HI 0.9300 C19—H19B 0.9700

C2—C3 1.397 (4) C20—C21 1.387 (3)

C2—H2 0,9300 C20—C22 1,396 (3)

C3—C4 1.384 (4) C21—C25 1.392 (4)
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C3—H3 0.9300 C22—C23 1.386 (4)

C4—C5 1.392 (4) C22—H22 0.9300

C4—H4 0.9300 C23—C24 1.397 (4)

C5—C6 1.388 (3) C23—H23 0.9300

C5—C9 1.470 (3) C24—C25 1.383 (4)

C6—C7 1.502 (3) C24—H24 0.9300

C7—C8 1.546 (3) C25—H25 0.9300

C7—H7A 0.9700 C26—C31 1.396 (3)

C7—H7B 0.9700 C26—C27 1.403 (3)

C8—C9 1.529 (4) C27—C28 1.378 (4)

C8—C16 1.583 (3) C27—H27 0.9300

C8—H8 0.9800 C28—C29 1.387 (3)

CIO—Cl 5 1.387 (3) C28—H28 0.9300

CIO—Cl 1 1.399 (3) C29—C30 1.392 (4)

CIO—Cl 6 1.544 (3) C30—C31 1.378 (4)

Cl 1—Cl 2 1.378 (3) C30—H30 0.9300

Cn—H11 0.9300 C31—H31 0.9300

Cl 2—Cl 3 1.389 (4) C32—H32A 0.9600

Cl 2—HI 2 0.9300 C32—H32B 0.9600

Cl 3—Cl 4 1.381 (4) C32—H32C 0.9600

Cl 4—Cl 5 1.390 (3) C33—H33A 0.9600

C14—H14 0.9300 C33—H33B 0.9600

Cl 5—HI 5 0.9300 C33—H33C 0.9600

C29—01—C33 117.1 (2) C19—C17—C16 114.96 (19)

C13—02—C32 118.1 (2) C18—C17—H17 107.2

C2—Cl—C6 118.4 (2) C19—C17—H17 107.2

C2—Cl—HI 120.8 C16—C17—H17 107.2

C6—Cl—HI 120.8 04—C18—C20 125.1 (2)

Cl—C2—C3 121.9 (2) 04—Cl 8—Cl 7 127.0 (2)

Cl—C2—H2 119.0 C20—C18—C17 107.91 (19)

C3—C2—H2 119.0 C21—C19—C17 105.49 (19)

C4—C3—C2 119.9 (2) C21—C19—H19A 110.6

C4—C3—H3 120.1 C17—C19—H19A 110.6
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C2—C3—H3 120.1 C21—C19—H19B 110,6

C3—C4—C5 118,2 (2) C17—C19—H19B 110.6

C3—C4—H4 120.9 H19A—C19—H19B 108.8

C5—C4—H4 120.9 C21—C20—C22 121.8 (2)

C6—C5—C4 122.2 (2) C21—C20—C18 110,0(2)

C6—C5—C9 109.3 (2) C22—C20—C18 128.2 (2)

C4—C5—C9 128.5 (2) C20—C21—C25 119.7 (2)

C5—C6—Cl 119,4 (2) C20—C21—C19 111.2 (2)

C5—C6—C7 111.5 (2) C25—C21—C19 129,1 (2)

Cl—C6—C7 129,1 (2) C23—C22—C20 118,1 (3)

C6—C7—C8 105.40 (19) C23—C22—H22 120.9

C6—C7—H7A 110.7 C20—C22—H22 120.9

C8—C7—H7A 110.7 C22—C23—C24 120.3 (2)

C6—C7—H7B 110.7 C22—C23—H23 119.9

C8—C7—H7B 110.7 C24—C23—H23 119.9

H7A—C7—H7B 108.8 C25—C24—C23 121.2 (3)

C9—C8—C7 104.00 (19) C25—C24—H24 119.4

C9—C8—C16 110.57 (18) C23—C24—H24 119.4

C7—C8—C16 115.72 (19) C24—C25—C21 119,0(3)

C9—C8—H8 108,8 C24—C25—H25 120.5

C7—C8—H8 108.8 C21—C25—H25 120.5

C16—C8—H8 108,8 C31—C26—C27 116.5 (2)

03—C9—C5 125.7 (2) C31—C26—C16 122.8(2)

03—C9—C8 125.7 (2) C27—C26—C16 120,7 (2)

C5—C9—C8 108.56 (19) C28—C27—C26 122.5 (2)

C15—CIO—C11 117.0 (2) C28—C27—H27 118.7

Cl 5—CIO—C16 122,3 (2) C26—C27—H27 118.7

C11—CIO—C16 119,9 (2) C27—C28—C29 119.7 (2)

C12—C11—C10 121.6 (2) C27—C28—H28 120.1

C12—C11—H11 119.2 C29—C28—H28 120.1

C10—C11—Hll 119.2 01—C29—C28 124.9 (2)

C11—C12—C13 120,0 (2) 01—C29—C30 116,2 (2)

C11—C12—H12 120.0 C28—C29—C30 119.0 (2)
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C13—C12—H12 120.0 C31—C30—C29 120.7 (2)

02—Cl 3—Cl 4 125,0(2) C31—C30—H30 119.6

02—Cl 3—Cl 2 115.5 (2) C29—C30—H30 119.6

C14—C13—C12 119.5 (2) C30—C31—C26 121.6(2)

C13—C14—C15 119.8 (2) C30—C31—H31 119.2

C13—C14—H14 120.1 C26—C31—H31 119.2

C15—C14—H14 120.1 02—C32—H32A 109,5

CIO—Cl 5—Cl 4 121,8 (2) 02—C32—H32B 109.5

CIO—Cl 5—HI 5 119.1 H32A—C32—H32B 109.5

C14—C15—H15 119.1 02—C32—H32C 109,5

C26—C16—CIO 112.21 (19) H32A—C32—H32C 109.5

C26—C16—C17 107.89 (19) H32B—C32—H32C 109,5

CIO—Cl 6—Cl 7 112.28 (18) 01—C33—H33A 109.5

C26—C16—C8 111.41 (18) 01—C33—H33B 109.5

CIO—Cl 6—C8 105.30 (18) H33A—C33—H33B 109.5

Cl 7—Cl 6—C8 107.70 (18) 01—C33—H33C 109.5

C18—C17—C19 104,93 (19) H33A—C33—H33C 109.5

C18—C17—C16 114.97 (19) H33B—C33—H33C 109.5

C6—Cl—C2—C3 0.0 (4) C26—Cl 6—Cl 7—Cl 8 57,2 (3)

Cl—C2—C3—C4 -0.6 (4) CIO—Cl 6—Cl 7—Cl 8 -66.9 (3)
C2—C3—C4—C5 0.1 (4) C8—Cl 6—Cl 7—Cl 8 177.60 (19)

C3—C4—C5—C6 0,9 (4) C26—Cl 6—Cl 7—Cl 9 -64.8 (2)
C3—C4—C5—C9 -178.5 (2) CIO—Cl 6—Cl 7—Cl 9 171,0 (2)

C4—C5—C6—Cl -1.5(4) C8—Cl 6—Cl 7—Cl 9 55.6 (3)

C9—C5—C6—Cl 178.0 (2) C19—C17—C18—04 178,7 (2)

C4—C5—C6—C7 -179.9 (2) C16—C17—C18—04 51.4 (3)

C9—C5—C6—C7 -0.4 (3) C19—C17—C18—C20 -3.9 (2)
C2—Cl—C6—C5 1.0 (3) C16—C17—C18—C20 -131.2 (2)
C2—Cl—C6—C7 179.1 (2) C18—C17—C19—C21 6.1 (2)

C5—C6—C7—C8 -6.6 (3) C16—C17—C19—C21 133,4 (2)

Cl—C6—C7—C8 175.2 (2) 04—C18—C20—C21 177.4 (2)

C6—C7—C8—C9 10.4 (2) C17—C18—C20—C21 -0,1 (3)

C6—C7—C8—C16 -111.1 (2) 04—C18—C20—C22 -1.2(4)

283



C6—C5—C9—03 -170.8(2) 017—018—020—022 -178.7(2)

C4—C5—C9—03 8.7 (4) 022—020—021—025 1.6(4)

C6—05—09—08 7.4 (3) 018—020—021—025 -177.1 (2)

04—05—09—08 -173.1 (2) 022—020—021—019 -177.0 (2)

07—08—09—03 167.2 (2) 018—020—021—019 4.2 (3)

016—08—09—03 -67.9 (3) 017—019—021—020 -6.6 (3)

07—08—09—05 -11.0 (2) 017—019—021—025 174.9 (3)

016—08—09—05 113.9 (2) 021—020—022—023 -1.1(4)

015—010—011—012 -4.6 (3) 018—020—022—023 177.4 (2)

016—010—011—012 165.4 (2) 020—022—023—024 -0.5 (4)

010—011—012—013 0.9 (4) 022—023—024—025 1.6 (4)

032—02—013—014 0,0 (4) 023—024—025—021 -1.0 (4)

032—02—013—012 -178.9 (3) 020—021—025—024 -0.6 (4)

011—012—013—02 -177.7 (2) 019—021—025—024 177.8(2)

011—012—013—014 3.3(4) 010—016—026—031 -139.3 (2)

02—013—014—015 177.5 (2) 017—016—026—031 96.5 (2)

012—013—014—015 -3.7 (4) 08—016—026—031 -21.5(3)

011—010—015—014 4.3 (3) CIO—016—026—027 44.7 (3)

016—010—015—014 -165.5(2) 017—016—026—027 -79.5 (3)

013—014—015—010 -0.2 (4) 08—016—026—027 162.5 (2)

015—010—016—026 -151.7(2) 031—026—027—028 -0.8 (3)

011—010—016—026 38.8 (3) 016—026—027—028 175.5 (2)

015—010—016—017 -30.0 (3) 026—027—028—029 1.3(4)

011—010—016—017 160.5 (2) 033—01—029—028 6.0 (3)

015—010—016—08 86.9 (2) 033—01—029—030 -173.5 (2)

011—010—016—08 -82.6 (2) 027—028—029—01 179.7 (2)

09—08—016—026 -173.23 (18) 027—028—029—030 -0.8 (4)

07—08—016—026 -55.4 (3) 01—029—030—031 179.3 (2)

09—08—016—010 -51.3 (2) 028—029—030—031 -0.3 (4)

07—08—016—010 66.5 (2) 029—030—031—026 0.8 (4)

09—08—016—017 68.6 (2) 027—026—031—030 -0.3 (3)

07—08—016—017 -173.48 (19) 016—026—031—030 -176.5(2)

All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using the full 
covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in
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distances, angles and torsion angles; correlations between e.s.d.'s in cell parameters are only used 
when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell e.s.d.'s is 
used for estimating e.s.d.'s involving l.s. planes.

5.1.4.6.b Method 2 (TMSOTf)

To a solution of silyl enol ether (165) (1 g, 4.9 mmol) and anhydrous DCM (10 mL) in 

a three necked flask in vacuo, was added the cyclic ketal (172) (1 g, 3.492 mmol) and 

TMSOTf (0.74 mL, 4.19 mmol) at -78 °C under anhydrous conditions and an atmos

phere of nitrogen. The mixture was stirred for 2 hours and the reaction was worked 

up as in general methodology. Three spots were observed by TLC with a 8:1:1 
Hex:EtOAc:DCM solvent system: Rf = 0.27 (192 + 194), Rf = 0.34 (190), Rf = 0.44 

(1-lndanone + bis(4-methoxyphenyl)-methanone - recovered). The crude was purified 
by flash column chromatography (Hex:EtOAc starting with 25:1) and all homogene

ous fractions were collected to afford 39 mg (3.14 %) of 2-(bis(4-methoxyphenyl) 
methylene)-2,3-dihydroinden-1-one (190) and 132 mg (10.6 %) of (192 + 194) prod

ucts.

5.1.4.7 Reaction Of ((1H-inden-3-yl)oxy)trimethylsilane And 2,2-bis(4- 
fluorophenyl)-1,3-dioxolane (181) To Yield 2-(bis(4-fluorophenyl)(2- 
hydroxyethoxy)methyl)-2,3-dihydro-1 H-inden-1 -one (181)

O-Si\
n o. ,o

165 173

5.1.4.7.a Method 1 (SnCU)

To a solution of silyl enol ether (165) (1 g, 4.89 mmol) and anhydrous DCM (10 mL) 

in a three necked flask in vacuo, was added the cyclic ketal (173) (0.8 g, 3.05 mmol) 

and tin(IV) tetrachloride (0.79 mL, 3.05 mmol) at -78 °C under anhydrous conditions
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and an atmosphere of nitrogen. The mixture was stirred for 1.5 hours and the reac

tion was worked up as in general methodology. The crude was purified by flash col

umn chromatography (Hex:EtOAc starting with 50:1) and all homogeneous fractions 

were collected to afford 224 mg (46.6 %) of 2-((2-hydroxyethoxy)bis(4- 

fluorophenyl)methyl)-2,3-dihydroinden-1-one (181) product as an off-white solid. 

NMR (CDCl3,400 MHz) 6 (ppm) - 3.08-3.20 (m, 2H, 2 x CH2), 3.40-3.51 (m, 2H, 2 x 

CH2), 3.65-3.73 (dt, J=11.2, 3.1 Hz x 2, 1H, 1 x CH), 3.84-4.04 (2 x m, 2H, CH2), 6.8 

(t, J=8.5 Hz X 2, 2H, 2 x Ar-H), 7.03 (t, J=8.5 Hz x 2, 2H, 2 x Ar-H), 7.17-7.24 (m, 2H, 

2 X Ar-H), 7.25-7.38 (2 x m, 4H, 4 x Ar-H), 7.42 (t, J=7.3 Hz x 2, 1H, Ar-H), 7.5 (d, 

J=8 Hz, 1H, Ar-H). NMR (CDCI3, 100 MHz) 6 (ppm) - 30.12 (CH2), 49.22 (CH), 

61.64 (CH2), 64.99 (CH2), 84.22 (quat. C), 113.53 (CH), 113.74 (CH), 114.39 (CH), 

114.6 (CH), 123.08 (CH), 125.26 (CH), 126.88 (CH), 129.69 (CH), 129.77 (CH), 

130.14 (CH), 130.22 (CH), 134.4 (CH), 137.01 (quat. C), 151.95 (quat. C), 160.26 

(quat. C), 160.47 (quat. C), 162.72 (quat. C), 162.95 (quat. C), 205.45 (C=0). MS: 

calculated for C24H20F2O3 (394.1381); found: (M-rNa)"^ m/z at 417.1303 correspond
ing to the molecular formula C24H2oF203Na.

5.1.4.7.b Method 2 (TMSOTf)

To a solution of silyl enol ether (165) (1 g, 4.89 mmol) and anhydrous DCM (10 mL) 
in a three necked flask in vacuo, was added the cyclic ketal (173) (1 g, 3.813 mmol) 

and TMSOTf (0.45 ml, 2.49 mmol) at -78 °C under anhydrous conditions and an at

mosphere of nitrogen. The mixture was stirred for 2 hours and the reaction was 

worked up as in general methodology. The crude was purified by flash column chro

matography (Hex:EtOAc starting with 50:1) and all homogeneous fractions were col

lected to afford 101 mg (35.3 %) of 2-((2-hydroxyethoxy)bis(4-fluorophenyl)methyl)- 

2,3-dihydroinden-1-one (181) product.
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5.1.4.8 General Procedure For Synthesis Of Compounds (163,182 -184)

163 (182 + 183)* 184

To a solution of appropriate 2,3-dihydro-inden-1-one product (1 mol equiv) in MeOH/ 

DCM (3:1, v/v; 8 mL) was added trifluoromethanesulfonic acid (triflic acid) (1 mol 

equiv). The mixture was stirred under reflux (65 °C in bath of silica oil) for 1 - 3 hours, 

after which time the reaction was quenched by addition of 2M NaOH aqueous solu

tion (20 mL), and the product extracted with DCM (3 x 25 mL). The combined organic 

extracts were concentrated in vacuo, and the residue purified by flash column chro

matography on silica gel 230-400 mesh (Hex:EtOAc starting with 20:1). All homoge

neous fractions were collected and the solvent removed in vacuo to afford the de

signed methylene-indene-1-one derivative.

5.1.4.8.1 Synthesis Of 2-(diphenylmethylene)-2, 3-dihydro-1H-inden-1-one 

(163) From 2-((2-hydroxyethoxy)diphenylmethyl)-2,3-dihydro-1H- 

inden-1-one (167)

To a solution of 2-((2-hydroxyethoxy)diphenylmethyl)-2, 3-dihydroinden-1-one (167) 

(184 mg, 0.513 mmol) in MeOH/ DCM (3:1, v/v; 8 mL) was added triflic acid (45 pL, 

0.513 mmol). The mixture was stirred under reflux (65 °C in bath of silica oil) for 3 

hours, after which time and the reaction was worked up as in general methodology. 

The combined organic extracts were concentrated in vacuo, and the residue purified 

by flash column chromatography (Hex:EtOAc starting with 20:1). All homogeneous 

fractions were collected to afford 141 mg (92.8 %) of 2,3-dihydro-2- 

(diphenylmethylene)-inden-l-one (163) as a yellow solid. Rf = 0.42 (5:1 Hex:EtOAc).

NMR (CDCl3,400 MHz) 6 (ppm) - 3.89 (s, 2H, CH2), 7.29-7.48 (2 x m, 12H, 12 x 

Ar-H), 7.59 (t, J=7.6 Hz x 2, 1H, 1 x Ar-H), 7.83 (d, J=7.5 Hz, 1H, 1 x Ar-H). ^^C NMR
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(CDCIs, 100 MHz) 6 (ppm) - 33.69 (CH2), 123.85 (CH), 125.4 (CH), 127 (CH), 127.5 
(2 X CH), 127.7 (CH), 127.9 (CH), 127.95 (2 x CH), 128.7 (2 x CH), 128.9 (2 x CH),

132.5 (quat. C), 133.8 (CH), 139.4 (2 x quat. C), 141.6 (quat. C), 148.4 (quat. C),

150.6 (quat. C), 192.4 (C=0). MS: calculated for C22H16O (296.1201); found: (M+Na)'" 

m/z at 319.1112 which corresponded to the molecular formula C22Hi60Na.

5.1.4.8.2 Synthesis Of (Z)-2-((4-chlorophenyl)(phenyl)-methylene)-2,3-dihydro- 
1H-inden-1-one (182) And (£)-2-((4-chlorophenyl)(phenyl)methylene)- 
2,3-dihydro-1 H-inden-1 -one (183)

Cl

182 183

To a solution of aldol product 2-((2-hydroxyethoxy)(4-chlorophenyl)(phenyl)-methyl)- 
2,3-dihydroinden-1-one (180) (0.6 g, 1.527 mmol) in MeOH/ DCM (3:1, v/v; 8 mL) 

was added triflic acid (130 pL, 1.527 mmol). The mixture was stirred under reflux (65 

°C in bath of silica oil) for 2 hours, after which time the reaction was worked up as in 

general methodology. The combined organic extracts were concentrated in vacuo, 

and the residue purified by flash column chromatography (Hex:EtOAc:DCM starting 

with 100:1:1). All homogeneous fractions were collected to afford a 1:1 mixture of the 

desired isomers (182) and (183) as a yellow solid. Two spots were observed by TLC 

(5:1 Hex:EtOAc): Rf = 0.48 (183), Rf = 0.54 (182). The NMRs for these compounds 

can be seen in the section 3.1.3.2.
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5.1.4.8.3 Synthesis Of 2-(bis(4-fluorophenyl)methylene)-2,3-dihydro-1H-lnden- 
1-one (184) From 2-(bis(4-fluorophenyl)-(2-hydroxyethoxy)methyl)- 

2,3-dihydro-1H-inden-1-one (181)

To a solution of aldol product 2-((2-hydroxyethoxy)bis(4-fluorophenyl)methyl)-2,3- 

dihydroinden-1-one (181) (364 mg, 0.923 mmol) in MeOH/ DCM (3:1, v/v; 8 ml) was 

added triflic acid (80 pL, 0.923 mmol). The mixture was stirred under reflux (65 °C in 

bath of silica oil) for 1 hour, after which time the reaction was worked up as in general 

methodology. The combined organic extracts were concentrated in vacuo, and the 

residue purified by flash column chromatography (Hex:EtOAc starting with 15:1). All 

homogeneous fractions were collected to afford 260 mg (84.7 %) of 2-(bis(4- 

fluorophenyl)methylene)-2,3-dihydroinden-1-one (184) as a yellow solid. One spot 

was observed by TLC (5:1 Hex:EtOAc): Rf = 0.69 (184). NMR (CDCI3, 400MHz) 6 

(ppm): 3.86 (s, 2H, Chb), 7.04-7.17 (m, 4H, 4 x Ar-H), 7.23-7.33 (m, 4H, 4 x Ar-H), 

7.38 - 7.48 (m, 2H, 2 x Ar-H), 7.57-7.64 (m, 2H, 2 x Ar-H), 7.81 (d, J=7.5 Hz, 1 H,1 x 

Ar-H). NMR (CDCI3. 100MHz) 6 (ppm): 33.75 (CH2), 114.47 (CH), 114.69 (CH), 

115 (CH), 115.22 (CH), 123.89 (CH), 125.35 (CH), 127.11 (CH), 130.67 (CH), 130.75 

(CH), 130.91 (CH), 130.99 (quat. C), 132.75 (quat. C), 133.96 (CH), 139.18 (quat. C),; 

148.22 (quat. C), 148.30 (quat. C), 160.92 (quat. C), 161.09 (quat. C), 163.40 (quat. 

C), 163.56 (quat. C), 192.26 (C=0). MS: calculated for C22H14F2O (332.1013); found:' 

(M-t-H)"" m/z at 333.1089 which corresponded to the molecular formula C22H15F2O.

5.1.5 Synthesis Of Phenstatin (149)

0CH1
H,CO

H3CO y y 0CH3
OCH3 OH

149

Scheme 11: General reaction scheme for the synthesis of Phenstatin (149).
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5.1.5.1 Synthesis Of 2-methoxyphenyl Chloroacetate (196)

OCH,Cl X O

Cl

195 198 196

Scheme 12: Reaction scheme for the synthesis of 2-methoxyphenyl chloroacetate. A) Chloroa- 

cetyl chloride, ISS^C, 8h.

Guaiacol (195) (8.8mL, 80.56mmol, 1 mol equiv) and Chloroacetyl Chloride (198) 
(9.62mL, 120.825mmol, 1.5 mol equiv) were placed in a three necked round bot

tomed flask and heated at 140°C for 12 hours (under reflux) in an atmosphere of Ni

trogen gas. A two-cylinder gas trap was set up to collect Hydrochloric Acid Gas re
leased by the reaction; water was added to the second trap. The reaction was cooled 

to room temperature and treated with a saturated solution of Sodium Bicarbonate 

(NaHCOa). The product was then extracted using DCM (3 x 25 ml), dried over anhy
drous Na2S04, filtered and concentrated to a brown oil under reduced pressure. Hot 

ethanol (72°C) was then added to the product and the flask left to stand at room tem
perature. The round-bottomed flask was then placed on ice and transferred to the 

rotary evaporator until crystals began to form. Residual solvent evaporated to leave 

brown powdery crystals. The crystals were re-dissolved in cold ethanol and purified 

by filtration using a Buchner filter and vacuum. The mother liquor was transferred to a 

round-bottomed flask and the volume reduced using the rotary evaporator. The flask 

was then placed again on ice and the solid material crystallized out of solution. This 

process continued until crystals no longer formed after temperature shock (yield via 

recrystallization 71.77%). The remaining mother liquor and all washings were collect

ed and therefore further purification by column chromatography gave additional 

quantities of product. One spot was observed by TLC with a 6:1 TohEtOAc solvent 
system: Rf = 0.63 (196) (Figure 15); brown powdery crystals. ^H NMR (CDCI3, 

400MHz) 6 (ppm): 3.86 (s, 3H, OCH3), 4.38 (s, 2H, OCOCH2CI), 7.01 (m, 1H, Ar-H), 

7.09 (d, J=7.5 Hz, 1H, Ar-H), 7.27 (t, J=8.2 Hz, Ar-H). m/z (200.0240) - (M-hNa)^ 

223.014, molecular formula C9H9CI03Na.
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5.1.5.2 Synthesis Of 2-methoxy-5-(3,4,5-trimethoxybenzoyl)-phenyl- 
chloroacetate (197) (Scheme 13)

5.1.5.2.1 Preparation Of Eaton’s Reagent

Eaton’s reagent was prepared by mixing phosphorus pentoxide (P2O5) (3.6g) and 

methane sulfonic acid CH3SO3H (24.35mL) (weight ratio P205:CH3S03H 1:10). This 

mixture was heated at 40°C under a nitrogen atmosphere until complete homogeneity 

(2 hours).

5.1.5.2.1.1 Addition Of 3,4,5-trimethoxybenzoic (199) Acid And 2-
methoxyphenyl Chloroacetate (196) In Eaton’s Reagent

OCH,
H,CO,

H3CO'

199

Scheme 13: Reaction scheme for the synthesis of 2-methoxy-5-(3,4,5-

trimethoxybenzoyl)phenyl-chloroacetate (197). B2) Eaton’s Reagent, 60°C, 4 h.

3,4,5-trimethoxybenzoic acid (199) (7.934g, 37.388mmol, 1.5 mol equiv) and 2- 
methoxyphenyl chloroacetate (196) (5g, 24.925 mmol, 1 mol equiv) were added to 

Eaton’s reagent. The mixture was heated at GO^C under an atmosphere of nitrogen 
for 4 hours. The reaction was monitored by TLC using a 6:1 TohEtOAc mobile phase. 

The reaction was cooled to room temperature, diluted with DCM and neutralized by 
slowly adding the mixture to a separatory funnel containing a saturated solution of 

NaHCOs. Dichloromethane was used to transfer washings to the funnel. The aque

ous solution was extracted with DCM and the combined organic layers dried over 

Na2S04. Solvent was removed via rotary evaporation to produce a dark brown oil. 

The oil was purified via column chromatography on silica gel (Hex:EtOAc starting 

with 10:1) to afford 2-methoxy-5-(3,4,5-trimethoxybenzoyl)phenyl-chloroacetate (197) 
(72 % yield). TLC (EtOAc:Hex 2:1) Rf = 0.67; off-white solid. NMR (CDCI3, 400 

MHz) 6 (ppm) 3.91 (d, J=20.2 Hz, 12H, 4 x OCH3), 4.39 (s, 2H, OCOH2CI), 7.05 (t, 

J=11 Hz, 3H, 3 X Ar-H), 7.29 (s, 1H, Ar-H), 7.64 (s, 1H, Ar-H), 7.8 (d, J=8.48 Hz, 1H,
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Ar-H). MS: Calculated for C19H19CIO7 (394.0819), found: (M+Na)"" m/z at 417.069 

which corresponded to the formula Ci9Hi9CI07Na.

5.1.5.2.1.2 Synthesis of 3-hydroxy-4-methoxyphenyl-(3,4,5-trimethoxyphenyl)- 
methanone (Phenstatin) (149)

2-methoxyphenyl chloroacetate (197) (0.15g, 0.38 mmol) and sodium acetate trihy

drate (CH3C00Na-3H20) (0.233g, 1.71 mmol) were combined in a round-bottomed 

flask and dissolved in methanol (CH3OH). The mixture was refluxed for 1 hour; TLC 

spotting at intervals of 30 minutes was used to determine the end point. The mixture 

changed from a cloudy green colour at the start of the reaction to a clear opaque col

our at the end. The mixture was left to stand and cool to room temperature before the 

methanol was evaporated under reduced pressure. Distilled water was then added to 

the round-bottomed flask, a precipitate formed which was filtered and extracted from 
any remaining sodium acetate trihydrate using dichloromethane. The solvent was 

evaporated under reduced pressure and the solid recrystallized using ethanol to ob
tain Phenstatin as a white solid powder. TLC (EtOAc:Hex 2:1) Rf = 0.67. NMR 

(CDCI3, 400 MHz) 6 (ppm) 3.91 (d, J=20.2 Hz, 12H, 4 x OCH3), 4.39 (s, 2H, 

OCOH2CI), 7.05 (t, J=11 Hz, 3H, Ar-H), 7.29 (s, 1H, Ar-H), 7.64 (s, 1H, Ar-H), 7.8 (d, 

J=8.48 Hz, 1H, Ar-H). MS: Calculated for C17H18O6 (318.1103), found: (M+Na)"^ m/z 

at 341.0992 which corresponded to the formula Ci7Hi806Na.
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5.2 PHARMACOLOGY

5.2.1 General Experimental Procedures

5.2.1.1 Cell Culture

All cell lines were maintained in a humid chamber at 37 °C and 5 % CO2 atmos

phere. SKBR3 (ATCC HTB-30™; human breast adenocarcinoma cells), MCF7 

(ATCC HTB-22™; breast adenocarcinoma cells) and DU 145 (ATCC HTB-81™; 

prostate carcinoma cells) were cultured in RPMI-1640 medium (Sigma-Aldrich) con

taining 10% fetal bovine serum (FBS) and 1 % L-Glutamine (Sigma-Aldrich, cat. No. 

R0883). A549 (CCL-185™; lung carcinoma cells) was grown in Dulbecco's Modified 

Eagle's Medium F-12 Ham (Sigma-Aldrich, cat. No. D8437) supplemented with 5 % 

FBS and HEK-293 (ATCC CRL-1573™; embryonic kidney cells) was grown in Mini

mum Essential Medium Eagle (Sigma-Aldrich, cat. No. M4655) supplemented with 

10 % FBS.

5.2.1.2 PCR Mycoplasma Detection

Mycoplasma detection was initially done using a conventional PCR test kit I/C 
(Promokine® #PK-CA91-1024). The primer set amplifies a DNA sequence within the 

highly conserved 16S rRNA operon coding region in the Mycoplasma genome. The 

detection spectrum includes Acholeplasma laidlawii, M. agalactiae, M. argininil, M. 

arthritidis, M. bovis, M. cloacale, M. falconis, M. faucium, M. fermentans, M. hominis, 

M. hyorhinis, M. hyosynoviae, M. opalescens, M. orale, M. primatum, M. pulmonis, M. 

salivarium, M. spermatophilum, and M. timone. Eukaryotic DNA is not amplified. A 

successful PCR reaction is indicated by a distinct 479 bp band derived from the in

ternal control DNA on the agarose gel. One hundred pL of supernatant from cell cul

ture flask (90 % confluent) was transferred to a microcentrifuge tube and heated at 

95 °C for 10 minutes. Briefly centrifuged (5 seconds) the sample supernatant was 

added to the PCR mixture. The rest of the procedure was done following manufac
turer’s manual (PCR Mycoplasma, Promokine®).
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5.2.2 Cytotoxicity Assays

Cell cytotoxicity assays for chemical compounds were performed on DU 145, A549, 

SKBR3, MCF7 and HEK-293 cell lines using the acid phosphatase (p-nitrophenyl 

phosphate) assay to determine their IC50. In brief, DU 145 and A549 cells were seed
ed in triplicate at equal densities (0.5 x 10^ cells/ well), SKBR3 and MCF7 at 1 x 10'^ 

cells/ well and HEK-293 seeded at 2.5 x lO'^ cells/well, in 96 well culture plates. 

Twenty four hours later, the cells were treated with a range of drug concentrations 

totalling a final volume of 200 pl_/ well. After 120 h, cell viability was assessed by 

evaluating the cytosolic acid phosphatase as previously described (Marlin & Clynes, 

1993).

5.2.2.1 Cell Viability - Acid Phosphatase Assay

After 5 days of incubation of cells with the drugs, the medium was removed and each 
well was washed with 100 pL of phosphate buffered saline (PBS). Then, 100 pL of 

freshly prepared phosphatase substrate (10 mM p-nitrophenyl phosphate, Sigma- 
Aldrich) in 0.1 M sodium acetate (Sigma-Aldrich), 0.1 % Triton X-100 (BDH), pH 5.5, 

was added to each well. The plates were wrapped in tin foil and incubated in the dark 

at 37 °C 5 % CO2 for 1 hour. The reaction was stopped by the addition of 50 pL/ well 
of NaOH 1 M to cause an electrophilic shift in the p-nitrophenol chromofore and thus 

develop the yellow colour, which was measured in a dual beam plate reader at 405 

nm with a reference wavelength of 620 nm (Martin & Clynes 1993).

5.2.2.2 Cell Viability (Apoptosis) Analysis By Flow Cytometry

Changes in cell morphology characteristic of apoptosis were examined by means of 

flow cytometry. Cell viability was determined with SKBR3 breast cancer cells using 

Propidium Iodide (PI - BD Pharmingen, Cat. No. 556463) and Annexin V-APC (BD 

Pharmingen, Cat. No. 550474). SKBR3 cells were analysed by means of flow cytom

etry using BD Accuri C6 flow cytometer. The excitation wavelength was 488 nm and 

emission at 585 nm with bandwidth of 40 nm (for PI at y-axis) and 530 nm with
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bandwidth of 30 nm (for Ann V at x-axis). A minimum of 3,000 cells per sample were 
analysed. Briefly, 6 x fO'^ cells/well were seeded in twenty four-well plates to resume 

exponential growth (37 °C, humidified atmosphere and 5% CO2). Twenty four hours 

later, appropriate dilutions of the different treatments in a range of concentration, to

talling 0.6 mL/well, were added to the medium and incubated for 24 h, 72 h and 120 

hours. Triplicates were obtained at 72 h. After treatment, the supernatant medium 

was collected along with the harvested cells, washed twice with 1 ml of cold PBS 

(lx) and centrifuged. After discarding the supernatant, the cells were re-suspended 

with 100 pL of lx BB. Five pL of Annexin V (50 pg/mL) and 5 pL of PI (50 pg/mL) 

were added to the sample, which was gently mixed and then incubated for 15 min at 

RT in dark. Three hundred pL of IX binding buffer (BB) was added to each tube, 
placed on ice and analysed by flow cytometry (within 1 hour) using Accuri C6 (BD 

Biosciences). Recipe for 10X BB: 0.1 M HEPES, pH 7.4; 1.4 M NaCI; 25 mM CaCla. 

Store between 2-8°C. Dilute to IX in water prior to use (Vermes et al.., 1995; BD 

Biosciences Protocols).

5.2.3 Flow Cytometry 

5.2.3.1 Cell Cycle Analysis

Cell cycle was determined with SKBR3 breast cancer cells using Propidium Iodide 
(PI - BD Pharmingen, Cat. No. 550474). DNA content was analysed by means of flow 

cytometry using BD Accuri C6 flow cytometer. The excitation wavelength was 488 nm 

and emission at 585 nm with bandwidth of 40 nm. A minimum of 3,000 cells per 
sample were analysed. Briefly, 6x10“^ cells/well were seeded in twenty four-well 

plate, and serum starved (1 % FBS) for 24 hours in incubator (37 °C, humidified at

mosphere and 5% CO2) to synchronize the cell cycle. Cells were exposed to different 

treatments (totalling 0.6 mL/well) in a range of concentration and incubated for 24 h, 

72 h and 120 hours. Triplicates were obtained at 72 h. Then, the cells were harvest

ed and washed with 1 mL of cold PBS. Cells were fixed using 1 mL of cold Ethanol 

70% added dropwise to ensure fixation of cells and minimize clumping, being then 

left at least 30 minutes on ice. This step is crucial because most of fluorescent DNA
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dyes are not membrane permeable. Cells were washed twice with PBS and centri
fuged at higher centrifugal speed to pellet compared to unfixed cells (400 g for 5 

min). To ensure that only DNA is stained (PI stains all nucleic acids), cell pellet was 

treated with 50 pL of Ribonuclease A (100 pg/mL in PBS) to get rid of RNA, that 

would distort the results. Therefore, 300 pL of PI solution (50 pg/mL in PBS) was 

added directly to cells in RNAse A solution, mixed well and incubated in dark for 15 

min at 25 °C. The cell cycle distribution of 10,000 cells was recorded and the per

centage of cells at G0/G1, S, and G2/M phases was analysed using FlowJo software. 

Debris and doublets were excluded from the analysis, which considered only single 

cells (BD Biosciences, Cell cycle Protocol).

5.2.3.2 Changes Of Mitochondrial Membrane Potential

The uptake of the cationic fluorescent dye Rhodamine 123 has been used for the 
evaluation of mitochondrial membrane potential (Johnson et al., 1980). SKBR3 cells 

were analysed by means of flow cytometry using BD Accuri C6 flow cytometer. The 
excitation wavelength was 488 nm and emission at 530 nm with bandwidth of 30 nm. 

A minimum of 3,000 cells per sample were analysed. SKBR3 cells were seeded at 6 
X 10'* cells/well into 24-well plates. After 24 h incubation, cells were treated with serial 

dilutions of the compounds for 6, 24, 72 and 120 hours. Triplicates were obtained at 

72 h. After discarding the supernatant and trypsinized the cells, untreated controls 

and treated cells were washed twice with cold PBS and centrifuged (900 rpm for 5 

minutes). Cell pellets were then resuspended in 0.4 mL of PBS containing 1.0 pM 

Rhodamine 123 and incubated 30 minutes at 37 °C under 5 % of CO2. Debris and 

doublets were excluded from the analysis, which considered only single live cells 

(Cao et al., 2007).

5.2.3.3 Measurement Of Intracellular Reactive Oxygen Species (ROS)

Cellular ROS levels were quantified as described previously (Degli Esposti & 

McLennan 1998). SKBR3 cells were analysed by means of flow cytometry using BD 

Accuri C6 flow cytometer. The excitation wavelength was 488 nm and emission at 

530 nm with bandwidth of 30 nm. A minimum of 3,000 cells per sample were ana-
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lysed. Accumulation of intracellular ROS was detected with 2’,7’-dichlorofluorescein 

diacetate (DCFH-DA), which crosses cell membranes and is hydrolysed by intracellu

lar non-specific esterases to non-fluorescent DCFH. In the presence of ROS, DCFFI 

is oxidized to highly fluorescent 2’,7’-dichlorofluorescein (DCF), which is readily de

tected by flow cytometry.. The DCFH fluorescence intensity is proportional to the 

amount of intracellularly formed ROS (Lebel et al., 1992). The reported wavelengths 

for the measurement of DCF fluorescence are 498 nm for excitation and 522 nm for 

emission (Held, 2012). DCFH and the compounds used to treat the cells were solubil

ized in dimethyl sulfoxide (DMSO, 10 mM) and stored at -20 °C. Final DMSO concen

tration of the treatments did not exceed 1%. DCFH solution was prepared fresh be

fore each experiment. SKBR3 cells were seeded into twenty four-well plates at a 

density of 6 x 10"^ cells/well, allowed for 24 hours to resume exponential growth, and 

then incubated with different concentrations of the test compounds at 37 °C 5% CO2, 

in humidified atmosphere for 6 h, 24 h, 72 h and 120 h, totalling a final volume of 0.6 

mL/well. Triplicates were obtained after 24 hours under treatment. After discarding 

the supernatant, cells were trypsinized and washed twice with ice-cold PBS supple

mented with glucose (50 mM), and incubated with 5 pL of propidium iodide (50 

pg/mL) and 400 pL of 10 pM DCFH-DA at 37 °C 5% CO2 for 30 minutes. To further 

investigate the effects of ROS scavenger on induced apoptosis in SKBR3 cells, a 

second experiment was done following the same procedure above, adding 4 mM of 

H2O2 (as inducer of ROS production) to each sample and incubating at 37 °C for 30 

min (Wang & Joseph, 1999). After incubation, cells were kept on ice in the dark for 

immediate results acquisition with a flow cytometer. Propidium Iodide was used once 

it allows a precise identification of dead cells. Therefore, the final analysis only con

siders the Reactive Oxygen Species accumulated in single live cells.

5.2.4 Western Blot Assay

SKBR3 cells were grown in a 25 cm^ culture flask at a density of 10® cells/flask for 24 

h to resume exponential growth and then left under treatment for 72 h, using aseptic 

technique. After exposure to the treatments, the supernatant medium was removed 

and transferred into polypropylene microcentrifuge tubes. All the samples were cen-
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trifuged at 12,000 rpm for 10 minutes at 4 °C in a refrigerated microcentrifuge to re

move any cells or cellular debris from the supernatant. This supernatant was then 

transferred into new microcentrifuge tubes and kept frozen under -20 °C. On the oth

er hand, the adhered cells were trypsinized for 5-10 minutes, washed with PBS and 

collected in separate polypropylene microcentrifuge tubes. After centrifugation the 
supernatant (trypsin -i- PBS) was discarded and the cell pellet (used for protein de

termination and analysis of intracellular mediators) was kept frozen at -20 °C. Cell 

pellets and supernatant were frozen separately. Frozen samples were allowed to 

thaw on ice and centrifuged once more just prior to running the western blot assays.

In order to evaluate intracellular mediators, western blotting was performed using cell 

pellet lysates (Moore 2009). Proteinases and phosphatases inhibitors were added to 
the lysis buffer and all the samples were kept on ice. The lysates were obtained using 

25 pL of cell-lysis buffer for 30 minutes on ice. Samples were then centrifuged for 10 
min at 12,000 rpm at 4°C and the supernatant used, firstly for protein determination.

Protein concentration was determined via colorimetric Bio-Rad Protein assay (cat. 
500-0006) based on the method of Bradford. Briefly, 10 pL of sample (diluted 1:10 

with PBS) was added to 200 pL of reagent, mixed and left at room temperature for 10 
minutes, then read a 595 nm. A standard curve with 8 dilutions of BSA (Bovine Se

rum Albumin) from 0 to 800 pg/mL was run alongside.

30 pg of protein sample were denatured in SDS-PAGE sample buffer, loaded on to 

TruPAGE 10 % TEA-Tricine gel (Sigma, catalog No. PCG2005) and separated for 

1.5 h under 100 Volts (V) using a PowerPac™ Basic power supply and a vertical 

chamber (Bio-Rad). After protein separation the gels were electroblotted for 1 h at 20 
V using a Trans-Blot® SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad) on to 0.2 

pm polyvinylidene difluoride (PVDF) membrane. The PVDF membrane was activated 

with Methanol for 1 minute and then left soaking in transfer buffer. After transferred 

the membranes were blocked with 3 % BSA (Bovine Serum Albumin) in PBS for 1 

hour at room temperature. Membranes were probed for the proteins of interest using 

specific primary antibodies overnight at 4°C. The primary antibodies used were (3 ac- 

tin (internal control), Caspase-3, cleaved caspase-3, Caspase-7, cleaved caspase-7, 

Caspase-9, cleaved caspase-9, and poly ADPribose polymerase (PARP), and 

cleaved PARP. p actin was used at a dilution of 1:2,700 and all the others at 1:1,000
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in blocking solution. After washing three times with washing solution (PBS + Tween- 

20 0.05 %), the membranes were exposed for 1 hour at room temperature to appro

priate horseradish peroxidase-conjugated secondary antibodies (Cell Signaling, cata

log No. 9915), and signal was detected by enhanced chemiluminescence (Chemidoc 

XRS, Bio-Rad). Densitometric assessment of protein levels was documented using 

Imaged analysis software (National Institutes of Health).

5.2.5 Confocal Microscopy

Cells were examined under a Leica TCS SP8 laser scanning fluorescence confocal 

microscope. Changes in cell morphology characteristic of apoptosis and mitochondri

al membrane potential were examined by confocal microscopy.

5.2.5.1 Mitochondrial Membrane Potential

SKBR3 cells were seeded at 3 x 10"^ cells/well into 8-well slides (Ibidi, cat. No 

80826). Twenty four hours later, cells were treated with the compounds and left incu
bating for another 24 hours. After discarding the supernatant, negative controls and 

treated cells were washed with cold PBS then incubated with 150 pL of medium con

taining 1.0 pM Rhodamine 123 (excitation 500 nm; emission 540 nm) and 5 pL of 

Propidium Iodide (50 pg/mL) (excitation 530 nm; emission 615 nm) for 30 minutes at 

37 °C under 5 % of CO2 (Cao et al., 2007). Following the staining period the superna

tant was discarded and replaced with 150 pL of cold PBS to increase the image reso

lution by decreasing the background fluorescence. Samples were kept on ice until 

imaging analysis.
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5.2.5.2 Cell Viability (Apoptosis) Analysis By Confocal Microscopy

Cell viability was determined with SKBR3 breast cancer cells using Propidium Iodide 
and Annexin V-FITC (BD Biosciences, cat. No. 556419). Briefly, 3x10"* cells/well 

were seeded in eight-well slide to resume exponential growth (37 °C, humidified at

mosphere and 5% CO2). Twenty four hours later, appropriate dilutions of the different 

treatments in a range of concentration, totalling 0.3 mLVwell, were added to the medi

um and incubated for 24 hours. After treatment, the supernatant was discarded and 

cells were washed twice with cold Binding Buffer lx and incubated with 150 pL of BB 

containing Annexin V (final concentration 2 pg/mL) and PI (final concentration 2 

pg/mL). Samples were then incubated for 15 min at RT in dark, supernatant solution 

was discarded and replaced with 150 pL cold PBS, and slide kept on ice till imaging 

analysis (Plasier et al., 1999).

5.2.6 Multiplex Analysis: Inflammatory Cytokines Evaluation

A549 and SKBR3 cells were seeded in 6 well plates and left under treatment for 24 h 
and 72 h. The cell densities were adjusted in order to have around 80 % confluence 
at the end of each time point assay. A549 cells left under treatment for 24 h were 

seeded at a density of 240.000 cells/ well and 72 h at 120.000 cells/ well. SKBR3 

cells, on the other hand, due to their slower growing rate, were seeded at a density of 
480.000 cells/ well for the 24 hours’ time point and 240.000 cells/ well when left for 72 

h under treatment.

After exposure to treatments, the supernatant medium was removed from each well 

and transferred into polypropylene microcentrifuge tubes. Samples were centrifuged 

at 12,000 rpm for 10 minutes at 4 °C in a refrigerated microcentrifuge to remove any 

cells or cellular debris from the supernatant. These samples were used for cytokine 

measurement and the results were normalized to the protein content found in the cell 

pellet. After transferring the supernatant into a new microcentrifuge tube (-20 °C), 

the cell pellet was kept and added to the adhered cells (trypsinized for 5 minutes), 

and washed twice with cold PBS. After centrifugation the supernatant was carefully 

discarded and the pellet (used for protein measurement) was also kept in the freezer
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at -20 °C. Frozen samples were allowed to thaw on ice and centrifuged once more 

just prior to running the assays.

MSD® Cytokine Assays in a 96-well Multi-array or Multispot® plate was used for the 

inflammatory cytokines measurement. The assays employ a sandwich immunoassay 

format where capture antibodies are coated in a single spot, or in a patterned array, 

on the bottom of the wells of a Multi-array plate. A 10-spot (IL-ip, IL-2, IL-6, IL-10, 

GROa, MCP-1, MIP-3a, MMP-2, MMP-9 and TNFa) plate format was used. In this 

assay the cytokine in the sample binds to the capture antibody immobilized on the 

working electrode surface. Recruitment of the labelled detection antibody by bound 

cytokine completes the sandwich. Following the addition of a reading buffer that pro

vides the appropriate chemical environment for electrochemiluminescence, the plate 

was loaded into an instrument for analysis. The intensity of emitted light provides a 

quantitative measure of the cytokine present in the sample.

5.2.7 In Silico Molecular Docking Studies

Docking calculations were performed by Prof. Dr. Abdulilah Ece (Hacettepe Universi
ty, Department of Chemistry, Beytepe - Ankara) using the software Schrodinger Re

lease 2015-2. Protein data bank structure of tubulin-colchicine (stathmin-like domain 

complex) was downloaded from RCSB Protein Data Bank (1SA0). Protein data bank 

structure of Estrogen receptor alpha ligand binding domain complexed with the native 
ligand 4-OH-PhlP (2-amino-1-methyl-6-(4-hydroxyphenyl)imidazo[4,5-b]pyridine) was 

downloaded from RCSB Protein Data Bank (2QSE). Those raw protein structures 

were prepared first using Prime module. Hydrogens were added, missing loops were 

filled, structure was optimized and minimized. Discovery Studio Visualizer 4.0 (Accel- 

rys, Inc., San Diego, CA) was used to analyse docking results and generate binding 

interactions between the ligand and the receptor. All ligands were also prepared us

ing Epik module. For each ligand, possible states were generated at target pH (de

fault: 7.0 ± 2.0), possible tautomers and low energy ring conformations were gener

ated.
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5.2.8 Statistical Analysis

GraphPad Prism 5.01 was used for statistical analysis and graph generation. P val

ues were obtained using One and Two-way ANOVA, and p<0.05 was considered to 

be statistically significant. Results are displayed as Mean (n=3) + Standard Error of 

the Mean (SEM) unless otherwise stated.
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