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Abstract

Natural products have been used for the treatment of various maladies for thousands of years.
Naturally occurring analogues of homoisoflavonoids have shown a range of interesting activities,
including anti-inflammatory and anti-cancer activities. Homoisoflavonoids have been primarily
isolated from the Hyacinthaceae (Asparagaceae). NSAIDs are a class of drugs widely used. However,
due to the numerous side effects due to the poor selectivity (inhibition of both COX-I and COX-II) of
the NSAIDs on the cyclooxygenase enzyme (COX), a need for selective COX-Il inhibitors has arisen. A
series of the sulphur analogues of homoisoflavonoids, 3-benzylidene thiochroman-4-ones, were
synthesised and screened for: cytotoxicity via the neutral red assay, selective cytotoxicity towards
HREC cells as a measure of potential antiangiogenic activity via the alamarBlue assay, and selective
COX activity via the COX screening kit (CAYMAN CHEMICAL). These compounds were evaluated
against the cancerous cell line, HeLa (human cervical carcinoma), and non-cancerous cell lines; HREC
(human retinal endothelial cells), and ARPE-19 (human retinal pigment epithelial cells). The compound
found to be the most cytotoxic against Hela cells produced an ICso of 6.08 uM. The compound found
to be the most active with respect to antiproliferation against HREC cells exhibited a Glso of 3.07 uM.
All compounds demonstrated selectivity with all Glso values against ARPE-19 >100 uM. The compound

found to be the most active against COX-Il produced 22.7 % inhibition at 4.35 nM.

Keywords: Homoisoflavonoid, Synthesis, Anti-proliferative activity, Cytotoxic activity, HelLa, HREC,

ARPE-19, COX-Il inhibition.
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1. Introduction

1.1 Homoisoflavonoids

Homoisoflavonoids are a 16 carbon natural product (Figure 1) comprised of a chroman-4-one
motif and a benzyl group forming a tricyclic system consisting of two aromatic rings (A and B rings)
connected via a heterocyclic C-ring. Homoisoflavonoids are structurally similar to isoflavonoids (Figure
2) and flavonoids (Figure 3) all containing a tricyclic system. However, homoisoflavonoids bear an
additional carbon adjoining the heterocyclic C-ring to the aryl B-ring when compared to the
isoflavonoid. When compared to the flavonoid there is the added migration of the benzylic group to
the alpha position of the ketone group. Isoflavonoids and flavonoids bear the additional unsaturation
of the chroman-4-one motif ). Homoisoflavonoids are biosynthetically formed via the chalcone

intermediate (Figure 4).

Figure 1. Structure of a homoisoflavonoid, with two aryl rings (A and B)
and a heterocyclic (C ring) in the centre.

Figure 3. Structure of a flavonoid, with
two aryl rings (A and B) and a heterocyclic

Figure 2. Structure of an isoflavonoid, with (Cring) in the centre.

two aryl rings (A and B) and a heterocyclic (C
ring) in the centre.

Figure 4. Structure of a chalcone with two
aryl rings (A and B) and a prop-2-ene-1-one
bridge connecting the rings.
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The term homoisoflavonoid was first used as a moniker by P. Bohler and C. Tamm in 1967, to identify
a new class of natural products @, which were isolated from the bulbs of Eucomis bicolor Bak
(Asparagaceae). Homoisoflavonoids are a class (approximately 240) @) of naturally occurring
compounds that can be primarily extracted and isolated from 6 families: Asparagaceae, Fabaceae,
Polygonaceae, Portulacaceae, Orchidaceae and Gentianaceae . The homoisoflavonoids can be

isolated from many parts of the plant, such as the roots, heartwood, bulbs, leaves and seeds.

An attempt at producing a classification system for homoisoflavonoid-type structures by Du Toit et al,
postulated that there are four basic structural types of homoisoflavonoid: 3-benzyl-4-chromanones
(Type 1), 3-benzylidene-4-chromanones (Type 1) , 3-benzyl-3-hydroxy-4-chromanones (Type Ill) and

scillascillins (Type IV) ! (Figures 5-8).

Figure 5. Type | (3-benzyl-4-chromanone)

Figure 6. Type Il (3-benzylidene-4- Figure 7. Type Ill (3-benzyl-3-hydroxy-4-
chromanone) chromanone)

Figure 8. Type IV (Scillascillin)
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1.2 Biosynthesis

The moniker homoisoflavonoid is a misnomer as the compounds that fall under this heading
are biogenetically unrelated to isoflavonoids ® . The biosynthesis of the homoisoflavonoid is believed
to originate from a chalcone intermediate. Dewick has studied the biosynthesis of homoisoflavonoids
and postulates that the carbon-2-stems originate from the s-methyl of the methionine, with the rest

of the skeletal structure originating from cinnamic acid and three acetate units (7).

1.2.1 Biosynthesis of homoisoflavonoids

Dewick further proposed a mechanism for the biosynthetic route from the chalcone intermediate via
radioactive labelling and feeding. The labelling patterns produced from the phenylalanine precursors
in the eucomin (Figure 9) skeleton are in fact very similar to that of those demonstrated in the
biosynthesis of the flavonoid compounds however a key difference being an extra carbon from

methionine in the generation of the heterocyclic ring @

OH 0

Figure 9. Eucomin structure

The proposed mechanism initialises with the oxidation of the methoxy group which leads to the flow
of electrons originating at the hydroxyl group into the phenolic ring and leading to the attack of the
methoxy group via the olefinic moiety present, this intramolecular cyclisation gives the three rings
present in the skeleton of the homoisoflavonoid. Loss of a proton or addition of a hydride generates
the 3-benzylidene chroman-4-one or the 3-benzylchroman-4-one respectively. Addition of water to
the olefinic moiety in the 3-benzylidenechroman-4-one leads to the formation of another derivative
known as the 3-benzyl-3-hydroxy chroman-4-one. This derivative can also be generated via oxidation

of the 3-benzylchroman-4-one, these derivatives being of the sappanin like structure (Scheme 1).
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o]

OH
+H,0
/ P
-H,0
"o o oH HO 0 OH

Scheme 1. The mechanistic pathways for the biosynthesis of the chromanone derivatives 8
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1.3 Methods of Synthesis

In 1968 Parkas et al synthesised the 3-benzylidene chroman-4-one utilising a chromanone
precursor and condensing this with benzaldehyde in acetic anhydride to give rise to the 3-benzylidene

chroman-4-one @,

A retrosynthetic analysis of the 3-benzylidene chroman-4-one, results in aryl aldehydes, phenols and

carboxylic acid synthons (Scheme 2).

OH

+
b\
Of/? X

X=Cl, Br

OH X

Scheme 2. Retrosynthetic analysis of 3-benzylidene chroman-4-one

A possible synthetic route to acquiring 3-benzylidene chroman-4-one is via, Friedel Crafts alkylation
of phenol with 3-chloro/3-bromo propanoic acid at the ortho position. Followed by an intramolecular
cyclisation reaction resulting in an Sn2 like displacement of the halogen and forming the chromanone
ring. The final step is an acid/base catalysed condensation with a substituted benzaldehyde, via
exploiting the labile reactivity of the carbonyl moiety and giving rise to the 3-benzylidene chroman-4-
one structure. However, there are numerous routes to the production of the chromanone motif, these

routes are dependent on the substituents present and also allow for further functionalisation.
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1.3.1 Synthesis of the chroman-4-one intermediate

Multiple routes for the production of the chromanone and the sulphur analogues

(thiochromanone) have been used.

The reaction between a phenol and 3-chloro/3-bromo propanoic acid under basic conditions giving
rise to the phenoxy propanoic acid which itself undergoes an acid catalysed (polyphosphoric acid)
intramolecular cyclisation producing the chroman-4-one skeleton is commonly used (1% 1) (Scheme 3

& Scheme 4).

O o]
O Naw PPA
—_— I
3-chloro OH
propanoic | ‘ | ‘
acid U o

Scheme 3. Reaction between phenol and 3-chloro propanoic acid catalysed via base to give

phenoxy intermediate which is cyclised using PPA to give rise to the chroman-4-one

ENGS Y \@

R

0.~
X=Cl, Br \_‘:‘ |
0
g‘/© o 0
5 Ho
0 )
Scheme 4. Mechanistic scheme for the synthesis of the chroman-4-one skeleton.
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NaOH S

O = UL

Scheme 5. Synthesis of thiochromanone from thiophenol and 3-chloro propanoic acid under basic conditions

&
]

0O

A similar scheme can be utilised when synthesising the sulphur analogue of the chroman-4-one known
as a thiochromanone. Rather than starting with phenol as a precursor, thiophenol is utilised. The
thiophenol undergoes an Sn2 like reaction with 3-chloro/3-bromo propanoic acid under basic
conditions producing a thiophenoxypropanoic acid intermediate. This intermediate undergoes an acid
catalysed intramolecular cyclisation reaction, thus giving rise to the thiochromanone ¥ (Schemes 5

& 6).

SH s ‘CN OH
— O/ w% OH
NaOH °
J
"

) 9 .
[ —_—
OH
G‘D HO ‘CD
W |

8]

Scheme 6. Mechanistic scheme for the synthesis of thiochromanone from thiophenol and 3-chloro propanoic
acid

21



The reaction between resorcinol and 3-chloro/3-bromo propanoic acid under acidic conditions
produces an alkyl chloride benzophenone intermediate. This intermediate undergoes a base catalysed

intramolecular cyclisation reaction promoted via NaOH to give rise to the chroman-4-one 1214

(Schemes 7 & 8).

H

HO OH oo O OH cl 0
—_— —_——
cl NaOH
\\/\500‘4
o 0

Scheme 7. Reaction between resorcinol and 3-chloro propanoic acid under acidic conditions to give
intermediate, which is cyclised under basic conditions to give the chroman-4-one

HO (\OH . HO 0L_H
+ W
cl
0
H') ﬂ}‘?
\_s
HO ;'_H

HO 0
“SH
PR
—_—
Cl Cl
H 0 (8]
NaOH HO 0 HO 0
I —_—
\Clj
Q H
)

Scheme 8. Reaction between phenol and 3-chloro propanoic acid under acidic conditions to acylate the
resorcinol. The next step is the base catalysed intramolecular cyclisation reaction to give the chroman-4-one
skeleton
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The formation of phenoxynitrile via coupling of pyrogallol with acrylonitrile under basic conditions,
followed by subsequent acid catalysed intramolecular cyclisation produces the chroman-4-one

skeleton ) (Scheme 9).

OH
OH

N OH
HO OH /f/ HO O\/\ h )
\}N —_—
—_—— =
NaOMe H*

Scheme 9. Formation of chromanone from phenoxynitrile intermediate

Initially, a proton is abstracted utilising sodium methoxide as the base, forming the phenolate moiety.
The nucleophilic oxygen attacks the conjugated alkene, causing rearrangement of the double bond,
and forming the phenoxy propionitrile intermediate. The phenoxy propionitrile undergoes an acid
mediated reduction of the nitrile group to the subsequent imine, followed by hydrolysis to a carboxylic
acid with production of the ammonium salt as a side product. The carboxylic acid is then subjected to
acidic conditions catalysing the intramolecular cyclisation, and upon elimination of water the

chroman-4-one skeleton is formed (Scheme 10).
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Scheme 10. Mechanistic sequence for the synthesis of the chroman-4-one ring from pyrogallol and
acrylonitrile

An analogous scheme can be used in order to synthesise a thiochroman-4-one, such as the scheme
utilised by Demirayak et al *¢. In which the phenol is substituted for a thiophenol, and the base used
for the abstraction of the proton from the thiol, is Triton-B (trimethylbenzylammonium hydroxide).
Once the adduct has formed, the nitrile moiety is hydrolysed to give the corresponding carboxylic
acid. This intermediate undergoes an intramolecular cyclisation reaction catalysed by PPA to form the

thiochromanone (Scheme 11).

SH N = S s PPA s
— Triton-B X NC HOOC
o]

Scheme 11. Overall Scheme for the synthesis of the thio derivative of the chroman-4-one known as a
thiochroman-4-one.
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The synthesis of a chromanone via 2-hydroxy acetophenone and N, N- dimethylformamide dimethyl

acetal

o
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Scheme 12. Overall scheme for the synthesis of the chroman-4-one

The lone pair of the nitrogen allows the formation of an imine with elimination of a methoxide anion.
The methoxide anion abstracts an a-carbon from the acetophenone forming the enolate which
undergoes an addition reaction with the imine with subsequent reformation of the amine. Once again,
the lone pair on the nitrogen eliminates the methoxide anion by reforming the imine, which allows
the nucleophilic oxygen to attack the electrophilic carbon of the imine via an intramolecular cyclisation
reaction. The free methoxide anion abstracts the proton from the positively charged oxygen. Acid
workup allows for the elimination of the dimethylamine moiety along with the formation of the
unsaturated chromanone, which has the olefinic bond reduced via hydrogenation using palladium to

form the chroman-4-one skeleton 7~ (Schemes 12 & 13).
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Scheme 13. The mechanistic scheme for the synthesis of the chromanone.
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1.3.2 Synthesis of 3-benzylidene chroman-4-one from chroman-4-one

The 3-benzylidene chroman-4-one can be synthesised from either an acid or base catalysed

condensation at the 3 position of the chroman-4-one.

o OHC o]

Scheme 14. Condensation between chromanone and benzaldehyde

Acid catalysed condensation involves the protonation of the carbonyl group of the chroman-4-one,
this induces the formation of an enol. Furthermore, the aldehyde is protonated, thus activating the
carbonyl via increasing its electrophilicity therefore increasing the likelihood of nucleophilic attack 2%

(Schemes 14 & 15).
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Scheme 15. Mechanistic scheme for the acid catalysed synthesis of the 3-benzylidene chroman-4-one
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Base catalysed condensation involves the abstraction of the acidic a- hydrogen, forming the enolate
and subsequent nucleophilic addition to the aldehyde, conjoining the two and including the formation
of a B-hydroxy ketone. This B-hydroxyl group is eliminated following the abstraction of the a-

hydrogen forming the olefinic moiety of the 3-benzylidene chroman-4-one Y (Schemes 16 & 17).

OHC 0
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Scheme 16. Base catalysed condensation reaction between chromanone and benzaldehyde
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Scheme 17. Mechanistic scheme for the base catalysed condensation of chromanone and benzaldehyde

Sulphur analogues have been researched substantially less than their oxygen cousins. As such for this
project, the s-alkylation of thiophenol via the use of 3-chloro/3-bromo propanoic acid under basic
conditions, followed by the acid catalysed intramolecular cyclisation was the route chosen due to the
cost and availability of reagents as well as due to the facileness/simplicity of the experimental
procedures. An acid/base catalysed condensation between the chromanone and substituted

benzaldehydes was chosen due to the availability and cost of reagents.
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1.4 Bioactivity of homoisoflavonoids

Homoisoflavonoids show a wide spectrum of biological activities and as such demonstrate
potential to act as various therapeutic agents. A number of these biological activities are outlined in

this section.

1.4.1 Anti-inflammatory

Proinflammatory cytokines and nitric oxide (NO) are mediators involved in the pathogenesis
of injury to tissues. Macrophages are a type of secretory cells that release these mediators. Activated
macrophages are a type of macrophage that are able to express inducible nitric oxide synthase (iNOS).
iNOS produces NO via the catalysis of oxidative deamination of L-arginine and causes excess
production of NO. Excess NO is believed to cause detrimental damage arising from septic shock and

inflammatory diseases (22,

A number of homoisoflavonoids isolated from Ophiopogon Japonicus by Li et al have been
investigated in order to determine their anti-inflammatory profile. Due to the implications of NO on
inflammatory response, Li et al focussed on the production of NO induced by lipopolysaccharide in
the murine microglial cell line BV-2 and the inhibitory action of the homoisoflavonoids. Two
homoisoflavonoids isolated demonstrated their inhibitory activity due to reduced ICso values in
comparison to the standard quercetin. Compounds 1 and 2 (Figure 10) exhibited ICso values of 7.8 uM
and 5.1 uM respectively, thus demonstrating their superior activity when compared to quercetin,
which had an ICso value of 13.9 uM. Therefore, the potential for homoisoflavonoids isolated from
Ophiopogon Japonicus to act as NO inhibitors and accordingly anti-inflammatory agents has been

demonstrated by Li et al ®.

(1):R'=H

(2): R*=0OH

Figure 10. NO inhibitors isolated from Ophiopogon
japonicus
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Damodar et al also investigated homoisoflavonoids as potential inhibitors of NO production. Multiple
homoisoflavonoids synthesised demonstrated their potential after being tested for a concentration
dependent inhibitory effect on NO production by RAW264.7 cells. Four homoisoflavonoids (Figure 11)
displayed their superior activity in comparison to the standard L-NMMA (N-Methylarginine).
Homoisoflavonoids 3, 4, 5, and 6 gave ICso values of 1.75 uM, 1.26 uM, 2.09 uM, and 2.91 uM
respectively, the standard inhibitor used as a positive control was L-NMMA, which gave an ICso value
of 16.11 uM. Therefore, from these results, it is clear that the synthetic homoisoflavonoids (3, 4, 5,

and 6) demonstrate superior inhibitory activity against nitric oxide production 8,

(3):R=R'=H
(4):R=H, R = OCHs

(5):R=H,R" =0H

(6): R=R’ = OCHs

Figure 11. Homoisoflavonoids with NO inhibitory effects.

1.4.2 Anti-Proliferative

Homoisoflavonoids have demonstrated anti-proliferative abilities against the growth of
cancer cells. Over 30 homoisoflavonoids were synthesised by Demirayak et a/ and 14 were
subsequently tested by the National Cancer Institute (NCI). The 14 compounds sent to NCI were
screened against 60 tumour cell lines derived from nine cancer diseases at a single micro molar dose
(10> M). The results produced are in the form of percent cell growth promotion, and eight of the
compounds demonstrated a mean growth percentage lower than 80% against the tumour cells and
as such, passed the initial screening and progressed to the subsequent testing. The secondary testing
screened the effective compounds at concentrations of 0.01, 0.1, 1, 10, and 100 uM. Compounds 9
and 10 (Figure 12) exhibited the greatest anti-proliferative activity with reduction of the growth
percentages by 0.10% and 11.63 %. Six of the eight compounds contained a thiochromanone skeleton,

which suggests the importance of the thioether moiety of the heterocyclic C-ring (9.

29



(7):X=0,R=R =H
(8):X =0, R=Me, R = OMe

(9):X=S,R=H, R = OMe

0
. I o
/
(10):X=S,R=H, R =Cl
X o

(11): X=S, R = Me, R’ = OMe
(12): X=S,R=Me, R = Cl

(13): X=S,R=Cl, R’ = OMe

Figure 12. Anti-proliferative homoisoflavonoids (14):X=S,R=Cl, R =Cl

Five homoisoflavonoids (Figure 13) isolated from Urginea depressa by Dai et al have also
demonstrated anti-proliferative ability. The five homoisoflavonoids were tested against three cancer
cell lines with interesting results. Against the A2780 ovarian cancer cell line, all five homoisoflavonoids
(15 - 19) demonstrated their anti-proliferative ability with 1Cso values of 0.3 uM, 2.0 uM, 3.4 uM, 1.35
UM, and 0.35 puM, respectively. When the homoisoflavonoids were tested against the A2058
melanoma and the H522-T1 human non-small cell lung cancer cell lines, compound 15 was five times
more potent to A2058 and to H522-T1 cell lines than against A2780. Compound 18 was roughly equally
as active against all three cell lines. Compounds 16 and 19 were significantly weaker against the A2058

and H522-T1 lines than the A2780 cell line 24,

MeO

(15): Rt = OH, R = Me

(18): Rt = OH
(16) R'= OH, R2=H (19): Rt =H
(17): Rt =H, R? = Me

Figure 13. Anti-proliferative homoisoflavonoids isolated from Urginea depressa
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1.4.3 Anti-Angiogenesis

The formation of new blood vessels from pre-existing ones is a complex physiological process
that is mediated by angiogenesis. Angiogenesis typically occurs during development and wound repair

processes 23,

Unfortunately, under specific pathological conditions angiogenesis also occurs. New blood vessels
abnormally formed in the eye is an example of a pathological event in the occurrence of ocular
diseases including: proliferative diabetic retinopathy (PDR), wet age related macular degeneration
(wet AMD) and retinopathy of prematurity (ROP) 7). These diseases are a common cause of blindness.
Surgical and LASER treatments are a standard treatment however, accumulation of damage to the
retinal tissue and partial vision loss is a major drawback. There are a number of anti-angiogenic drugs
that are currently used for therapy of these ocular diseases. However, as the target of these drugs is
the vascular endothelial growth factor (VEGF), there are a number of side effects that may occur due
to VEGF role in maintaining normal blood vessel endothelial cells. Furthermore, circa 35% of AMD

patients are resistant to these drugs (%),

Basavarajappa et al synthesised a regioisomer of a known anti-angiogenic homoisoflavanone
Cremastranone 20 (Figure 14) 7). Whereby one of the hydroxy moieties of the A-ring has been
repositioned to where the methoxy group was and the methoxy group repositioned to where the
hydroxy group was previously, as shown in (Figure 14). This regioisomer (compound 21) was tested
for its ability to inhibit the HUVEC - (human umbilical vein endothelial cells) with promising results.
The Glso - 50% growth inhibitory concentration value was that of 18 uM thus, demonstrating potential
anti-proliferative ability. This compound was then subjected to an anti-proliferative assay on HREC -
human retinal endothelial cells, which is a more disease relevant cell line. Compound 21 gave a Glso

value of 43 puM, also suggesting its potential to act as an anti-proliferative agent 2,

OH

CH HO H OH

OMe MeO 0 OMe
Compound Compound

20 21

Figure 14. Cremastranone (20) and its regioisomer (21)
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Basavarajappa et al ') continued investigating the anti-proliferative effects of homoisoflavonoids
(specifically in relation to retinal neovascularisation) by observing the effect of A- and B- ring
modifications and therefore the structure activity relationship (SAR). Using cremastranone as a lead
structure, A- ring modifications were made first. However, the majority demonstrated weak inhibitory
activity against cell proliferation and demonstrated poor selectivity for human microvascular retinal

endothelial cells when compared against HUVECs and Human ocular tumour cell lines 92.1 and Y79.

Compound 22 functionalised with 3 methoxy groups situated on the A ring (Figure 15) had strong
activity against HREC, although not as strong as cremastranone. However, due to the good selectivity
for HRECs over HUVECs and the other cell lines, compound 22 was chosen as a starting point where
modifications were made to the B-ring next.

OMe 0

MeO H OH
MeO 0 OMe

Figure 15. Compound 22 containing 3 methoxy groups situated on the A ring.

Numerous modifications were made to the B ring, however many did not exhibit strong enough
activity against HREC or a strong enough selectivity. Compound 23 with B- ring containing an amine
group ortho to a methoxy group (Figure 16) demonstrated its strong anti-proliferative activity with
Glso values of 1.1 uM -against HREC and 0.51 uM against HUVEC, however, also demonstrating its lack
of selectivity.

OMe o]

MeO ‘ MNH

MeO 0] OMe

Figure 16. Compound 23 containing the trimethoxy
A ring and the adjacent amine and methoxy groups
situated on the B ring.
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When acyl groups such as benzoyl, cinnamoyl and dihydrocinnamoyl were introduced to the B ring,
this increased efficacy handsomely with Glso values of 0.17-0.65 uM for the HRECs. Additionally,
compounds: 24, 25 and 26 (Figure 17) demonstrated good selectivity for HREC inhibition against

HUVECs, Y79 and 92.1 cell lines.
Ov‘@ U\/WO “W/©
L' o ]
OMe Ole OMe

Figure 17. Homoisoflavonoids containing acyl groups situated into the B ring. The A ring of the compound is the same as
compounds 22 and 23

Due to the C3’ position ostensibly being of importance for the strong selectivity require, further
modifications were made, specifically the coupling with N-protected amino acids. This gave rise to
compound 27 (Figure 18) which demonstrated excellent anti-proliferative activity exhibiting a Glso
value of 55 nM against HRECs. Additionally, compound 27 demonstrated high selectivity with HREC
proliferation inhibition 14x higher than HUVECs and 218x higher than Y79 and over 1000x higher than

for 92.1 lines 7).

Figure 18. Compound 27 with high selectivity and strong anti-
proliferative abilities.
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1.5 Cyclooxygenase (COX)

Cyclooxygenases (COXs), also known as prostaglandin endoperoxidase H synthases (PGHSs)-
are endoplasmic reticulum resident proteins, that are anchored to a single face on the endoplasmic
reticulum membrane bilayer ?7). COX is a key enzyme, responsible for catalysing the rate limiting step

of the conversion of free arachidonic acid to prostaglandin H; 2%,

Cyclooxygenase has two distinguishable isozymes: COX-l and COX-Il. COX-I being the more abundant
isozyme found in the kidneys, whilst COX-Il is found minimally expressed in the kidneys %, COX-I is
constitutively expressed throughout all tissues and is responsible for the cyto-protection of numerous
tissues, such as the gastric surface epithelium and vasodilation in the kidney. It is also responsible for
platelet production of thromboxane 8. Whereas COX-Il is typically induced and can be promoted by
inflammatory mediators, including: cytokines, growth factors, and mitogens. Its level in normal tissue
is very low 8. COX-Ilis found to be largely upregulated within many human cancers including, breast,

prostate, colorectal and gastric cancers 39,

Non-steroidal anti-inflammatory drugs (NSAIDs) are competitive active site inhibitors of
cyclooxygenase and target both isoforms of the enzyme. Despite both COX-I and COX-II existing as
homodimers, only one unit is used at a time for the binding of a substrate. Whereby the substrate (i.e.
NSAIDs) can bind to and consequently inactivate the COX site of only one of the units of the COX

dimer, thus prohibiting the formation of prostanoids, whilst the other unit plays an allosteric-like role

(31)
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COOH H — COOH

OH

PGH,

Scheme 18. Biosynthesis of PGH; from arachidonic acid -

Arachidonic acid is converted via a cyclooxygenase (COX) catalysed reaction into prostaglandin H..
COX incorporates two molecules of oxygen into arachidonic acid. A free radical intermediate is
subsequently formed via a free radical oxidation reaction which occurs due to the methylene motif
being located between two olefinic bonds. This intermediate undergoes a concerted cyclisation
reaction in which the second molecule of oxygen is incorporated, and an acyclic peroxide group is
formed. Lastly via a peroxidase catalysed reaction the peroxide group is cleaved yielding PGH:

(Scheme 18). From PGH2 other prostaglandins can be formed.
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1.5.1 Risks associated with selective and non-selective COX inhibitors

Ibuprofen, one of the worlds most commonly used over the counter (OTC) drugs is a non-
selective COX inhibitor, known to demonstrate anti-inflammatory activity and is used by all classes of
people including pregnant women 2. Around the time of conception and gestation, women who use
both selective and non-selective COX inhibitors increase the risk of miscarriage by 80% 3 due to the

interference of the COX cycle.

In order to investigate the effect of ibuprofen on foetal development, a zebrafish model was
employed. When the zebrafish embryos were exposed to 1 pug/L and 5 pg/L of ibuprofen, there was a
significant increase in mortality and significant decrease in the swimming activity when compared to
both the control and the carrier control. Furthermore, once hatched these exposed groups failed to
respond to light stimuli and tactile stimuli. When the zebrafish embryos were exposed to an increased
concentration of ibuprofen to 50 pg/L the mortalilty rate increased by 50%, additionally an increase
in the morphological defects affected the organisation of the tail bud, optic vesicle and brain. Not only
was hatching delayed but almost 50% of the larvae exhibited cardiac oedema. Lastly when comparing
the embryos exposed to 50ug/L to the lower concentrations and the controls there was a significant

reduction of body mass, body length and heart rate found in the higher concentration ¢,

NSAIDs have been used to treat various health problems including rheumatoid arthritis and lupus.
However, the therapeutic use of NSAIDs are limited due to the side effects associated with non-
selective inhibition of COX. As COX-I regulates normal physiological processes, including maintenance
of the gastric mucosal integrity and platelet aggregation, the side effects associated with the non-
selective inhibition negate their clinical use, effects including: gastric irritation, ulceration and

bleeding may develop causing potential life-threatening conditions 4.

In 1999, there were three selective COX-Il inhibitors known as coxibs, As the compounds were
presumed to only target the COX-Il isozyme, this would reduce the gastro-intestinal side effects
significantly. Gastro-intestinal side effects were reduced, however new complications arose due to

the coxibs ®%). In a study conducted with 8076 patients all with rheumatoid arthritis, the side effects
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of a selective COX inhibitor - rofecoxib and a non-selective NSAID - naproxen were compared. Firstly,
both drugs had similar efficacy against rheumatoid arthritis. Secondly, the number of gastrointestinal
events were lower (2.1%) in patients treated with rofecoxib compared to naproxen (4.5%). Finally, the
incidence of myocardial infarction was lower in the patients treated with naproxen (0.1%) when

compared to patients treated with rofecoxib (0.4%) 9.

A second study was conducted to further evaluate the effect of rofecoxib, this time on the incidence
of colon cancer. However, adverse thrombotic events were associated with rofecoxib, including
cardiac events. In the study, the group treated with rofecoxib had 3.6% of patients experience
thrombotic adverse events compared to the placebo group of 2.0%. Of the 3.6%, 2.4% experienced
adverse cardiac events and of the 2.0%, 0.9% experienced adverse cardiac events. As such, a
recommendation from an external safety monitoring board to terminate the study two months ahead

of the completion date due to the risks associated with rofecoxib ¢7).

The role of COX-ll in the production of prostaglandins, makes it an important target of anti-
inflammatory activity. Furthermore, due to the various risks highlighted with selective and non-

selective COX inhibitors, there is scope to produce selective COX-Il inhibitors with reduced side effects.

1.5.2 Upregulation and Overexpression of COX-II

Multiple studies have investigated the occurrence of the upregulation and overexpression of
COX-Il in order to understand its potential role(s) in cancer. In quiescent rat intestinal epithelial (RIE)
cells, COX-llis undetectable. However, within 6 hours of treatment with growth factors, it is transiently
induced up to ten-fold, allowing the study of overexpression to be performed. In the rat intestinal
epithelial cells that over express COX-ll there is a greater occurrence of the attachment to the extra
cellular matrix than cells that do not express COX-Il. Furthermore, these cells were found to express
reduced levels of the TGFB2 receptor and E-cadherin, both implicated in formation of tumours. High
levels of the protein BCL2 (an anti-apoptotic regulator) were also found within these cells. The
occurrence of all of these factors may promote the tumorigenic potential of the intestinal epithelial

cells ©38).
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Increased production of PGE2 is associated with COX-Il overexpression as PGE: is a major product of
COX-Il. PGE; is implicated in cell proliferation, cell death and tumour invasion #%. A study conducted
by Zimmermann et al investigated the functional relevance of PGs produced from COX-Il in two
oesophageal cancer cell lines: OSC-1 and -2. OSC-2 cells were found to express COX-Il but not COX-I.
In contrast, OSC-1 cells were found to express COX-I but only expressed very weak levels of COX-Il. In
the OSC-2 cells, levels of PGE2 were found to be 600 time higher than in the OSC-1 cells. OSC-2 cells
that were treated with selective COX-Il inhibitors flosulide (Figure 19) and NS-398 (Figure 20), reduced
PGE: production, and cell proliferation, and induced apoptosis. In the OSC-1 cells that were treated
with the same inhibitors, no effect was seen. These results suggest that the prostaglandins produced
by COX-Il demonstrate a consequential role in the mediation of proliferation and apoptosis of the
oesophageal cancer cells and that inhibition of COX-Il may provide a therapeutic use in the treatment

of oesophageal cancer “9,
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Figure 19. Structure of Figure 20. Structure of NS-398
flosulide

COX-Il expression was detected in 143 of 145 oesophageal adenocarcinoma specimens and was
mainly located in the neoplastic cells found in a study conducted by Buskens et al. The study found
that patients with tumours with a high COX-Il expression experienced a more aggressive course of
their disease due to the fact that there was an increased likelihood of these patients developing
distant metastases and this led to higher mortality rates. The Kaplan-Meier curves produced from this

study depicting patient survival, demonstrated a significant difference in the survival of the patients
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between patients with a high level of COX-Il expression when compared to those with a low level of

COX-ll expression 1),

A total of 104 gastric carcinonoma tissues were resected from patients with locally advanced gastric
cancer, of which all showed positive staining with an anti-COX-Il antibody. In the majority of the cases,
a moderate to high immunoreactive score was recorded. Comparatively, normal gastric mucosa was
found not to stain for COX-Il. Diffuse staining in the cytoplasm of the tumour cells was shown by the
immunoreactivity of COX-ll protein and the expression of COX-ll occured in fibroblasts and
inflammatory mononuclear cells of the desmoplatic stroma as well as in the smooth muscle cells. A
further strong immunoreactive reaction to COX-Il was found in epithelial cells that showed intestinal
metaplasia and adenoma. A western blot analysis was performed, and the up-regulation of COX-II
found in carcinoma tissues compared with normal mucosa was confirmed; the normal mucosa had

undetectable levels of COX-Il expression 42,

Adenomatous polyposis coli (APC) is a multifunctional tumour suppressing gene (uncontrolled growth
of cells that may produce cancerous tumours, are prevented by tumour suppressing genes). Kishimoto
et al investigated the effects of a selective COX-Il inhibitor NS-398 on the expression of the APC gene.
Azoxymethane (AOM) - a colon specific carcinogen and NS-398 were administered to a number of
rats. The study showed that the rats that were treated with both AOM and NS-398 demonstrated a
significant reduction in the amount of pre-neoplastic lesions of colon cancer, in comparison to the rats
that were treated with AOM alone. The levels of APC protein where determined by
immunohistochemical staining and the in the NS-398 treated specimens there was a clear increase in
the APC protein expression. Furthermore, the APC mRNA expression for the specimens administered
with NS-398 was significantly increased compared to the AOM treated specimen. Myc is a family of
regulator genes and proto oncogenes and c-myc is constitutively expressed in cancer. The RNA levels
of c-myc were also determined in the treated specimen, where the specimen administered with AOM
only were found to have a significantly higher expression of c-myc mRNA than in the group without
treatment. Furthermore, the group treated with NS-398 had a significantly lower level of c-myc mRNA

expression when compared to the group treated with AOM only 43,
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A relationship between the size of tumours in colorectal carcinoma patients and the level of COX-II
expression was found by Fujita et al, as well as a relationship between those with deeper invasions
i.e. more invasive, and levels of COX-Il expression. Firstly, in all the carcinoma tissues, both COX-1 and
-Il mRNAs were detected. However, in the normal colorectal mucosa of the patients there was a low
level of COX-Il still detected. In contrast, significantly higher levels of COX-Il were found in the
colorectal carcinoma than in the normal colorectal mucosa. Additionally, the ratio of COX-11:COX-l was
significantly higher in the larger tumours with respect to the diameter . Finally, the COX-1:COX-l were
found to be higher in carcinomas with deeper invasions. Thus, suggesting that tumours with a high

level of COX-Il expression grow larger; in a more invasive manner 4,

Cancer cells require oxygen and nutrients to facilitate growth. Angiogenesis is the formation of new
blood vessels and as such, typically plays a role in the development of tumours. However, an
angiogenesis-independent mechanism can occur, in which tumours receive oxygen and nutrients
without the use of traditional blood vessels. Epithelial tumour cells manifest vascular channel like
systems, allowing obtention of nutrients, without involvement of endothelial cells. This is known as

vasculogenic mimicry.

Basu et al determined that invasive human breast cancer cells can develop these vascular channels
when the breast cancer cells over express COX-Il. Conversely, low levels of expressed COX-Il found in
non-invasive cell lines, did not develop the vascular channels. Furthermore, with high expression of
COX-Il'in high grade invasive ductal carcinomas, the vascular channels were established. Whereas, in
low grade breast tumours the tubular network was not identified. As such, the vascular channel
regulation by COX-Il was investigated. Cells that express high levels of COX-Il and that were able to
form the tubular networks were required and for these reasons, MDA-MB-231 cells were chosen. The
cells were treated with celecoxib - a selective COX-Il inhibitor and after treatment, the number of
vascular channels formed were significantly reduced when compared to the cells treated only with
the vehicle. This further suggests the role of COX-ll in the formation of the vascular channels. PGE: is
a major product of COX-Il. Thus, to determine whether PGE; production had an effect on the
formation of the vascular channels, cells were treated with both celecoxib and exogenous PGE.. It was

found that after treatment of cells with PGE2 the formation of the vascular channels was completely
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restored, suggesting that the formation of vascular channels was dependent on PGE: as mediated by

COX-11143),

CCR7 (C-C chemokine receptor type 7) is a protein involved in the facilitation of the migration of
leukocytes and dendritic cells in the direction of the lymphatic endothelial cells. Pan et al investigated
the relationship between CCR7 and COX-Il by comparing metastatic MDA-MB-231 and non-metastatic
MCF-7 breast cancer cell lines and their COX-Il and CCR7 expression. In the metastatic MDA-MB-231
cells that overexpress COX-ll, CCR7 was also highly expressed. Whereas in the non-metastatic MCF-7
cells low levels of COX-Il and CCR7 were expressed. PGE2 was administered to the MCF-7 cells and
after treatment, levels of CCR7 mRNA and protein expression were both increased. shRNA was used
to knockdown COX-Il expression in the MDA-MB-231 cells which have high levels of COX-Il expression.
Down-regulation of CCR7 expression resulted due to the lack of COX-Il expressed. As a result of the
relationship between expression of CCR7 and COX-Il, Pan et al investigated whether the expression
affected the migratory capability of the breast cancer cells towards lymphatic endothelial cells. In the
MCF-7 cells - which express low levels of COX-Il and CCR7, migratory capability was poor. However,
after ectopic expression of COX-ll, the migratory capability was significantly increased. These results
suggest that breast cancer cell migration can be increased due to the up-regulation of CCR7 as

mediated by COX-II 46,

Homoisoflavonoids have shown potential as cytotoxic and antiangiogenic compounds. They have
shown selectivity in the inhibition of HREC vs cancerous and non-cancerous ocular cell lines. In
addition they have shown potential as COX-Il inhibitors. The overexpression of COX-Il in many cancers
as well the importance of identifying novel COX-Il inhibitors to treat inflammatory conditions makes
this an important drug target. Little work has focused on the sulphur analogues and as such

investigating these compounds is of importance.
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1.6 Aim and Objectives

Natural products have been a source of medicinal products for thousands of years.
Homoisoflavonoids are a natural product that have been investigated rigorously for their biological
activities. Synthetic sulphur analogues of homoisoflavonoids have been researched substantially less
and as such, the aim of this project is to determine the various biological activities associated with
multiple synthetic sulphur analogues of homoisoflavonoids and to determine some of the key SARs

(structural activity relationships).

The objectives are:

To synthesise novel sulphur analogues of the homoisoflavonoids containing various

functional groups (halogens, nitro and methoxy groups).

e To determine the cytotoxicity of these novel compounds against Hela cells via the neutral
red assay.

e To determine the selective inhibition of HRECs as an indication of antiangiogenic activity of

these novel compounds via the alamarBlue assay.

e To determine the selective COX-ll inhibitory activity of these novel compounds.
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2.0 Experimental
2.1 Synthetic chemistry

2.1.1 Instrumentation

The NMR spectra were recorded on the Bruker Avance lll 400 two channel FT-NMR
spectrometer (AV400). Spectra were analysed using Topspin 3.6.1.
Low resolution mass spectra of compounds were obtained using Agilent technologies network mass

selective detector 5987.

High resolution mass spectra were obtained from the national mass spectrometer facility, Swansea
using the Xevo G2-XS QTof Quadrupole Time-of-Flight Mass  Spectrometer.
Infrared spectra were recorded on Thermo Scientific Nicolet is5 with ATR attachment FTIR
spectrometer.

Melting points were recorded using the SANYO Gallenkamp melting point apparatus.

X-ray crystallography: a single crystal of compound 36 was grown from toluene at room temperature.
The single crystal data measurements were made using a twin-source SuperNova diffractometer with
a micro-focus Cu X-ray beam (50 kV, 0.8 mA), an Atlas (135 mm CCD) detector, the temperature of the
sample was controlled using an Oxford Instruments Cryojet5. The data obtained was processed using

the CrysAlisPro software package (version 1.171.38.43) and Rigaku Oxford Diffraction.

All chemicals were purchased from Sigma-Aldrich (Poole, Dorset) and used without further
purification.

2.1.2 General procedure for the synthesis of substituted phenylsulfanyl propanoic

acids
Substituted thiophenol (0.01 mol) and B-chloropropanoic acid (1.30 g, 0.012 mol) were

dissolved in a NaOH solution (50 mL, 0.24mol). The system was refluxed for 3 hours under stirred
conditions. The reaction was monitored by TLC (1:1 hexane:EtOAc). Once complete, the reaction was
cooled to room temperature and the solution was adjusted by dilute HCI (0.1 M) to pH =1 causing a
white solid to precipitate. The solids formed were isolated via vacuum filtration and dried in vacuo to

yield the desired product.
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2.1.3 General procedure for the synthesis of substituted thiochromanones

Polyphosphoric acid (20 g, 0.20 mol) was added to a flask containing substituted
phenylsulfanyl propanoic acids (4.62 mmol). The reaction mixture was heated at 60 °C for 3 hours
under mechanical stirring. The reaction was then quenched with ice and left to stir for further 10
minutes. The mixture was extracted with ethyl acetate (4 x 30 mL). The combined organic layers were
washed once with distilled water, followed by a NaOH solution (5%) wash and repeatedly washed with
distilled water until a pH = 7 was acquired. The organic layers were washed with brine then dried over

MgSOa. The reaction mixture was concentrated under reduced pressure yielding a light orange solid.

2.1.4 General procedure for the synthesis of the thio-homoisoflavonoids

To a solution of the substituted thiochromanone (2.4 mmol) and substituted benzaldehyde (2.2 mmol)
in glacial acetic acid (2mL), concentrated H2SO4 (0.6mL) was added. The reaction was stirred at room
temperature for 24 hours. Progress was monitored by TLC (1:1 EtOAc:hexane). Once complete,

methanol was added, and solids precipitated. The solids were filtered and dried yielding a fine powder.

2.2 Biological Methods
2.2.1 General

Dulbecco’s modified eagle medium (DMEM), penicillin-streptomycin solution, foetal bovine serum
(FBS), trypsin, trypan blue solution, neutral red, doxorubicin, and DMSO were obtained from Sigma
Aldrich. T75 mL flasks, 96 well plates, and stripettes were purchased from Fischer Scientific. The plate

reader used to read the 96 well plates was the BioTek EPOCH 2 microplate reader.

2.2.2 Cell culturing

The Hela cells were cultured in DMEM supplemented with 1% pen-strep and 10% FBS. The
cells were grown in an incubator with 95% humidified air mixed with 5% CO2 at 37 °C. When the cells
had grown to between 80 - 90% confluency, they were sub-cultured. In a laminar flow hood, the media

was removed from the cell containing flask to which trypsin (5 mL) was added. The flask was then
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incubated for 5 minutes to allow trypsinisation to take place. The cells were viewed under a
microscope to determine the level of detachment. The cell suspension was removed and placed into
a centrifuge tube, allowing centrifugation to take place. The supernatant was removed from the cell-
containing centrifuge tube, to which fresh media (2 mL) was added - resuspending the cells. Cell
suspension (1 mL) was then added to a T75 flask containing 20 mL of fresh media. The T75 flask was

incubated until reaching 80 - 90% confluency.

2.2.3 Neutral red assay 4"
DMSO was used to dissolve all homoisoflavonoids to produce stock solutions with

concentrations of 10 mM. Serial dilutions of the stock solutions were subsequently prepared (100 pM,
30 uM, 10 puM, and 1 pM). Ten thousand cells were seeded per well, with treatments being
administered after 24 hours of incubation. After 24 hours of treatment, the media was removed, and
the neutral red assay was performed. Addition of neutral red solution (40 pg/mL) (100 uL) per well
was followed by an incubation period of 2 hours. After this incubation period, the plates were washed
with PBS (100 pL per well), followed by addition of a de-stain solution (50% ethanol, 49% dH20, and
1% glacial acetic acid). The plates were shaken rapidly for 20 minutes allowing dissolution of the
neutral red uptake from the cells. The plates were then read by the plate reader at 540 nm at 25 °C.
2.2.4 Cyclooxygenase inhibition assay

The inhibition of cyclooxygenase was determined via the COX (ovine/human) Inhibitor
Screening Assay Kit ltem Ne 560131 (Cayman Chemical company, Ann Arbor, MlI, USA). COX inhibition
was assayed using the Cayman COX (ovine/human) Inhibitor Screening Assay Kit guidelines via the
direct measurement of PGF2q by the reduction of COX derived PGH2 by SnClz. To a series of supplied
reaction buffer solutions (0.1 M Tris-HCI, pH = 8, containing 5 mM EDTA and 2 mM phenol) with heme,
either COX-I or COX-Il enzyme and two concentrations (4.35 nM and 2.18 nM) of inhibitor samples
(homoisoflavonoids synthesised in this study) were added. The solutions were subsequently
incubated at 37 °C for 5 minutes. After 5 minutes, the substrate arachidonic acid was added. After a
further 2 minutes, saturated stannous chloride solution was added in order to stop the reaction. The
COX inhibition assay is based upon the competition between PGs and a PG tracer (PG-

acetylcholinesterase conjugate) for a limited amount of PG antiserum. Due to the concentration of

45



the PG tracer being constant whilst the concentration of the PG varies, the amount of PG tracer able
to bind to the PG antiserum is inversely proportional to the concentration of PG in the well. The plates
were washed to remove any unbound reagents in the wells. Subsequent addition of Ellman’s reagent,
containing the substrate to acetylcholine esterase allowed for a distinctive yellow colour to appear.
This yellow colour is generated due to the enzymatic reaction product. To determine the intensity of
the yellow colour, an ELISA plate reader (BioTek EPOCH 2 microplate reader) was utilised at
wavelength of 405 nm. As the colour is proportional to the amount of PG tracer bound to the well,
which is inversely proportional to the amount of PGs present in the well, this allows for the
determination of percent inhibition via the use of multiple control incubations.
2.2.5 AlamarBlue assay

The antiproliferative activities of the synthesised homoisoflavonoids were monitored by the
alamarBlue fluorescence assay described in previous literature ©3 and performed by Dr Kamakshi
Sishtla at the Glick eye institute, University of Indiana.
2.2.6 Statistical analyses

Statistical testing was performed using GraphPad PRISM version 8. Firstly, all the data from
the cytotoxicity testing, anti-proliferative testing and COX inhibitory testing were subjected to
normality testing via the Shapiro-Wilks test to determine whether the results are normally distributed.
If P values were found to be > 0.05 the results were found to be normally distributed. Once normal
distribution was established, the data from the cytotoxicity and anti-proliferative testing was then
subjected to the one way ANOVA to determine the significance of the data when compared to the
negative control. The one way ANOVA was performed comparing the means to the negative control
with subsequent Dunnett’s multiple comparison post-hoc test (P values <0.05 are considered
significant). For the COX inhibitory testing a two sample t-test was used to compare the % inhibition
of the two concentrations of each compound respectively i.e. for compound 34, the percent inhibition
for COX-I at concentration 4.35 nM compared against the percent inhibition for COX-Il at concentration

2.18 nM.
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3.0 Results

The synthesised compounds in this project, including the homoisoflavonoids and the intermediates were subjected to NMR analysis, the characterisation can be

found within tables 1-5 (further experimental data including IR, GCMS, HRESMS and NMR can be found in the Appendices). The biological evaluation pertaining to the anti-

proliferative, cytotoxic and COX inhibition can be found in herein (tables 5-8) (further experimental data including ICsoand Glso curves can be found in the Appendices).

3.1 NMR

Table 1. NMR assignments for compounds 28, 29, and 30

28 29 30
6 4 & 4
a 5 COCH Br COOH MeO_ 7 COOH
5
8 g 2 8 2 8™~g 2
Position & & (JinHz)| HMBC cosy & & (JinHz)| HMBC cosy & & (inHz)| HMmBC cosy
3.07,t, 3.07,t 2.96,1
' 28.9, CH ' , '
2 294,¢H, [ 70 3,4,8 253 2| i72) 3,4,8 253 |308,CHo [ " 3,4,8 253
2.59,t 2.60,t 2.53,t
. ' 2 2 |339cCH i~ 2, 2 3, ' 2, 2
3 340,CH [ 77 ,4 3> 2| (7.20) 4 3> 343,CHy | 70 8 3>
4 177.3,C 177.2,C 177.7, CH,
7.24,d 7.20,d 7.32,d
. ' 132.2,CH L 5->6 |134.5,CH L 6,7 556
5 1318,CH [ "o 556 (8.6) > (8.7) ”
7.20,d 7.40,d 6.78,d
, » 131.8, CH Y 6->5 |114.7,cH ' | s,7,8 655
6 1293,CH [ “gg) 655 (8.6) -> (8.7) >
7 132.9,C 120.8,C 159.5, CH
8 133.0,C 134.1,C 124.8,C
OCH; 55.4,CH; | 3.73,s 7
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Table 2. NMR assignments for compounds 31, 32, and 33

32

Br

0

‘\Gji/& q
i

] j
.I,\S s 2

Position & & (JinHz)| HMBC cosy & & (JinHz)| HMBC cosy & & (JinHz)| HMBC cosy
2 269,CH, | 3.17,m | 3,4,8a 2->3 |344,CH, | 3.26,m | 3,4, 4a 2->3 |407,CH,| 3.12,m 4,43 253
3 39.3,CH, | 2.90, m 2,4 3>2 |39.1,CH,| 299, m 2,4 3>2 |276,CH2| 2.88,m 4 352
4 192.9,C 192.9,C 194.2,C
43 131.9,C 141.18,C 131.6,C
5 128.8, CH 8.00,d, 4,4a,8a 5->7 |131.5,CH 8.24,4, 7 5>7 |111.6,CH 7:53,4, 4,6,8 5>7
’ (2.5) re ’ (2.1) ’ (3.0) P
6 131.2,C 119.0,C 157.5,C
7 133.4, CH 7.26, dd, 5,6,8a | 7->5,8 |136.1,CH 750, dd, 5,8 7->5,8 |122.1,CH 6.92, dd, 6, 8a 75,8
’ (2.5, 8.6) P ’ ’ (2.1,7.7) ’ ’ ’ (3.0, 8.8) ’ ’
8 129.1, CH 7.15,4, 4a 8->7 |1294,CH 7.18,d, 7 8->7 |129.6,CH 7.09, 4, 6 8>7
’ (8.6) ’ (7.7) ’ (8.8)
8a 140.4,C 132.0,C 133.6,C
OCH; 55.5,CH; | 3.74,s 6




Table 3. NMR assignments for compounds 34, 35, and 36

34 35 36
I °| |°|
Br 5 4a 2 5 7 5 9 .
~B_~ A AN C_ g ~_ % H_ - A MeO ] P -
~o xr 4 > o . \L,? A //f. ~. =~ e \E//';/“\//f‘ 2/\\. _ ¥
J || ¢ j 1{ | ﬂ' ‘r |
. ) L : N 1 1
l? l\g//a/;\b/ ’ 7 e T a2 X e T a2 A
8 8
Position & & (JinHz)| HMBC cosy NOESY & & (JinHz)| HMBC Cosy NOESY & & (JinHz)| HMBC Ccosy NOESY
2 29.1,CH 3.99,d, 3,9,4,8 259 2 29.1,CH 3:97,4, 3,4,4 29 2’ 29.4,CH 3.96,d, 9,4 2->9 2’
-1, Chy (1.0) ,9,4,08 1, Chy (1.3) ;4,44 4,0h (1.0) ’
3 132.5,C 132.6,C 132.4,C
4 184.5,C 184.6,C 185.6,C
4a 133.5,C 132.2,C 133.7,C
5 133.3,CH 8.23,d, 7,4,6,8 557 130.0, CH 8.08,d, 4,4a,6 5>7 112.8, CH 762,d, 4,4a,6,7| 5->7
3, (2.2) ,4,6,8a 0, (2.3) ,4a, .8, (3.0) ,4a, 6,
6 119.7,C 133.6 158.1,C
7 136.0, CH 744, dd, 58 7558 133.1, CH 7.29, dd, 7->5,8 122.2,CH 6.95, dd, 58 7558 8
s (2.2,82) 8 ’ - (2.3,8.2) ' “ (3.0, 8.8) ’ ’
8 129.5, CH 7:12,d, 6,4a,4 8->7 129.4,CH 7.19,4, 6 8->7 129.1, CH 714, d, 5,6,7,8 8->7 7
.5, (8.2) Aa, 4, (8.2) 1, (8.8) ,6,7,
8a 139.9,C 139.3 133.1,C
7.62, brs, 7.62, brs, 760, brs,
9 137.2,CH 3241 | 9522 2’ 137.2,CH 2,3,4,4a| 9>72 2 136.3,CH| (w¥= 2,2',4 92
(wy, =2.70) (W =3.2)
2.70)
1’ 133.6,C 123.2,C
2’ 131.0, CH 719, d, 439 2'>39 29,3 |131.0,CH 7.19,4, 4' 2'>3 | 22>2,9|131.3,CH 719, d, 9,3 2'>3 32
-0, (8.4) 3 ) )9, .0, (7.9) ) 3, (8.2) ) )
3’ 132.2,CH 751, d, 4,12 3'>2 2 132.1,CH 751, 4, 4' 3'>2 3'>2" |132.0,CH 749, d, 1,2 3'> 2
o (8.4) " " (7.9) Y (8.2) ’
4 123.5,C 1323,C 133.9,C
OCH, 55.9,CH; | 3.79,s 6

49



Table 4. NMR assignments for compounds 37, 38 and 40 (* denotes interchangeable carbons).

Br

37

=

0
s
6 ia
0 2 47
3
7 \\'\'/ Ba \5’/ 2
8

38

40

Position 5 |siuinHz| HwmBC cosY 5 |siuinHg| HMmBC cosy 5 |siuinnn| HmBC cosy
2 89, cH, | %% | 348 259 | 208 ch, | 3% PAABL 5, 293, cH, | 3% 422,829 2509
.9, CH, (1.2) 4 .8, CH, (1.1) 1 .3, CH, (1.1) ,4a, 8a,
3 136.4, C 1332,C 1324, C
4 184.6, C 184.4, C 185.7,C
4a 133.6, C 1332, C 121.8,C
5 1330,c1 | 839 | 26 8a s57 |orcn| % lasa,68| 557 | 11260 ]| 782 |#4267 557
O (2.1) » O - T © (2.9) 8, 8a
6 119.6, C 132.1,C 158.4, C
7.44, dd 7.29, dd, 6.96, dd,
7 132.0, CH 8a 75,8 | 133.1, cH 5,6, 8 7558 | 1220, cH 5,6,8, 8a 5,8
(2.1, 8.6) (2,4, 8.5) (2.9,8.7)
8 12055, cH| 79 857 | 1202 | 7P 6 857 1295¢c | 7% | 678 87
3 (8.6) 2 (8.5) S (8.7) 7
8a 139.8, C 139.8,C 8a 133.0,C
9 1368, cH | /8% brs 4 952 | 1367,cn | 7EZE 952 1352,cH | 7615 2 952
S (wy =2.70) i (2.5) i ob
v 136.8, C 137.2,C
, 7.45,d, D L .
2 g | T 3 26 |*1300,cH| 745 m 26 | *1318 cH| 7.45m 6
3 122.9,C 122.9,C 134.4,C
& 130.1,cH | 7.25,m 3 45 |*1320,cH] 724 m a5 |*1302, cH| 7.24,m 5
5 135.8,CH | 7.25,m *132.4,CH | 7.24,m 5546 |*127.9,cH| 724 m 4,6
& 127.9,CH | 7.45,m 3 6>5 |*127.9,cH| 7.45m 655 |*1321,cH| 7.45m 5
OCH, 55.6,CHs | 3.79,s 58,7
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Table 5. NMR assignments for compounds 39, 41, 42, and 43

39 a1 3
) [s]
b5 2 4 H /9\ Z Br 6 /5\“/‘\\ 9 /Z\\ Br_ g 2 4 ‘ MeO
A = . 4 / 3
\E/ ‘ M i \‘:5 U 3]///ﬁ/ = 4
=~ I ~ 4
T ga s 2 X ! \\E Ba s 2 N 7 \B Ba ™
8
Position & |8 inHy| HmBC cosy NOESY |&(JinHz)|8:UinHz| HmBC cosy NOESY 5% |s«UinHg| HwmBC cosy NOESY & |sUinHz| Hmec cosy NOESY
3.99, d, , - 410, d, i i i , 3.94, d,
2 29.1, CH, (1.0) 9,4, 8a, 1 2->9 2,3 29.1, CH, (1.0) 4,8a,9,1 259 2 28.5, CH, 4.27,s 4,8a,1 29 3 29.3, CH, (11) 9,4,8a 259
3 133.1,C 130.9, C 141.4, C 1323
4 184.3, C 184.6, C 184.5, C 185.3, C
4a 1335, C 1335, C 1335, C 132.8,C
8.23,d, 832, d, 8.13,d, 7.62,d,
5 133.0, CH 4,684 557 133.2, CH 7,8 557 8 132.1, CH 3 557 112.8, CH 4,7,8 557 OCH
g (2.2) 2,42 > (2.3) 2 > (2.4) K (3.0) 2 > 3
6 119.6, C 119.6, C 118.7,C 158.2,C
7.44, dd, 7.43, dd, 7.73, dd, 6.98, dd,
7 136.0, CH 5,8 7558 8 135.8, CH 4a,8 7558 58 136.5, CH 7558 8 122.3,CH 68 7558 OCH
(2.2,8.5) i 9 (2.3,8.5) 2,82 9 (2.4,8.4) _> (3.0, 8.8) 2 > 3
7.13,d, 7.22,4, 7.44,d, 7.16, d,
8 129.5, CH 5,4 87 7 129.4, CH 4a,6 837 7 130.5, CH 4a,6 87 7 129.4, CH 42,67 | 857
(8.5) i (8.5) i (8.4) i (8.8) 2
8a 139.9, C 139.9, C 1355, C 136.1, C
7.65, brs, 297 brs 7.72, brs, 7.67, brs,
9 137.2,cH | wi2= | 234 952 1374,cH | 7P N a1 | 92 135.3,CH | (wi/2= 3,3 92 1346,cH | (wi2= | 2,34 | 952
(w1/2 =3.0)
2.5) 1.8) 3.2)
v 1325, C 1318, C 140.8, C 1417, C
7.35,d 7.41, dd 832, d 8.23,d
b2 129.2, CH N TR P TNEY 2 131.4, CH Sl g ra| 25y 2 123.9, CH ' 3,3 253 3 124.0, CH Sl oyra | 2o 3
(8.4) (5.3,8.5) (8.7) (8.6)
3 1309,cH | 7F 9 4 352 pY 162, CH 7 e | 32 1Buc | 789 2,4 3> 22 | o3| "B 24 3> 22
= (8.4) ’ d (21.8) (8.5) o - (8.7) ' ' > (8.6) ’ ’
4.
¥ 135.2,C 164.2, G d, 147.7,C 147.7,C
(244.9)
OCH; 55.7,CH; | 3.79,s 6 5,7
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3.2 Biological Results

Table 6. Anti-proliferative Glso values for synthesised compounds against cell lines HREC and ARPE-19 (Mean * SD).
Compounds tested at 0.1 nM, 1 nM, 10 nM, 100 nM, 1 uM, 10 pM, and 100 uM concentrations. The results are from 3
independent experiments.

Compound HREC Glsp (uM) ARPE-19 Glso (UM)
34 17.8+12.4 > 100
35 11.2+3.12 > 100
36 4.06 +0.53 >100
37 10.0£2.70 >100
38 4.11+0.52 >100
39 15.7£2.22 >100
40 3.07+0.38 > 100
41 3.65+0.17 >100
42 > 100 >100
43 33.7+19.4 >100

Table 7. Cytotoxicity’s of homoisoflavonoids against cell line - HeLa. ICso values given in uM (Mean + SD). Compounds tested
at 1 uM, 10 uM, 30 uM, and 100 uM and results show the average of 3 independent experiments

Compound Hela ICso (LM)
34 22.03+1.5
35 22.69+0.54
36 17.33 £ 0.66
37 18.93+£1.90
38 19.73 £0.76
39 30.32+2.56
40 12.65 £ 0.89
41 6.08 £2.03
42 >100
43 59.46 +22.7
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Table 8. COX inhibition of each compound tested at two concentrations of 4.35 nM and 2.18 nM as determined by the

Cayman Chemicals COX inhibition kit

COX-l Inhibition (%)

COX-Il Inhibition (%)

Compound 4.35nM 2.18 nM 4.35nM 2.18 nM
34 26.2+3.96 9.42+221 5.60+1.15 0
35 34.3+3.68 3.48+2.63 3.89+151 0
36 28.7£4.95 7.83+4.90 13.5+2.55 0
37 31.3+2.86 5.65+2.26 22.7+1.78 6.61+1.54
38 27.5+4.27 14.8 £ 4.86 0 0
40 24.3+2.35 9.67+1.12 0 0

3.2.1 Statistical analysis
For the Hela cell cytotoxicity testing, all compounds at all concentrations (excluding the 1

and 10 uM concentration for compound 42) the P value was found to be <0.05, thus determined as

significantly different. For the anti-proliferative activity of the homoisoflavonoids against HREC cells,

significance was found for all compounds at concentrations of 10 and 100 uM (excluding compound

42 were significance was found only at a concentration of 100 uM) due to P values <0.001. For the

COX inhibitory testing compounds 34, 35, 37, and 40 exhibited statistically significant differences

between the two concentrations for COX-l with P values < 0.05. Compounds 34, 36, 37, and 40

exhibited statistically significant differences between the two concentrations for COX-II with P values

<0.05.
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4.0 Discussion

4.1 Chemistry
This chapter highlights the synthetic details of the different steps involved in the synthesis of

the sulphur analogues of homoisoflavonoids, each section begins with a brief review of literature
pertaining to each step. Finally, the results for each synthetic step are discussed. The retrosynthetic

scheme is displayed below (Scheme 19).

o] 0
| | i
Condensation
— +
S R’ S
R R R

Intramolecular
Cyclisation

AIkyIatlon
COOH
+ /_/ }&/COOH
SH Cl

Scheme 19. Retrosynthetic analysis of a thio-containing homoisoflavonoid of the sappanin-like structure.

Following the retrosynthetic scheme as shown above in (Scheme 19) it was decided that the

substituted thiophenol would be an appropriate starting point due to availability and price.

4.1.1 Formation of the phenylsulfanyl propanoic acid
The initial step would be the formation of the phenylsulfanyl propanoic acid via the alkylation

of thiophenol V) (Schemes 20 & 21).

(a)
—_—
COOH
SH s N

Scheme 20. (a) CICH,CH,COOH/NaOH/H,0/Reflux 3 hrs.
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F OH
S5—— S~ S

HOOC
Scheme 21. Base catalysed alkylation reaction between thiophenol and 3-chloropropanoic acid

The alkylation of thiophenol takes place under basic conditions with 3-chloro propanoic acid whilst
refluxing for 3 hours. Song et al *Y) achieved a yield of 92-97%. Therefore, following the literature
precedent, 4-chloro-thiophenol was refluxed with 3-chloropropanoic acid under basic conditions.
After 3 hours the reaction was quenched, producing a white solid — compound 28, with a yield of 65%.
The solids formed, were subjected to NMR spectral analysis, which confirmed the alkylation of the
thiophenol via the appearance of two triplets located at 61 3.07 ppm and o+ 2.59 ppm (representative
of H-2 and H-3 respectively) in the *H-NMR spectrum (A.1.1.1). The use of HSQC coupled these protons
to their respective carbons located at 6c29.1 ppm and 6c 34.0 ppm respectively (A.1.1.4) and the use
of DEPTQ (A.1.1.2) confirmed that these protons were indeed CHz. These resonances were seen to be
coupled in the COSY spectrum (A.1.1.3).

cl 6 COOH

Figure 21. Numbered structure of compound 28

As the reaction proceeded cleanly, the next attempts utilised other substituted thiophenols, namely
4-bromothiophenol and 4-methoxythiophenol. White solids were formed as previously and yields of
91.9% and 97.4% were produced for compounds 29 and 30. NMR spectral analysis was conducted to
ascertain the structural identity of the products and as with the previous product the two triplets (H-
2,61 3.07 ppm and H-3, &1 2.60 ppm for compound 29 (A.2.1.1) , and H-3, &4 2.53 ppm and H-2, &x
2.96 ppm for compound 30 (A.3.1.2)) which are representative of the two CH2 groups, were located
and coupled to their respective carbons in the HSQC spectrum (A.2.1.4) (H-2,0n 3.07 ppm coupled to
C-2, 6¢28.9 ppm and H-3, 1 2.60 ppm coupled to C-3, 8:33.9 ppm) (H-2, 81 2.96 ppm coupled the C-
2, 8:30.8 ppm and H-3, 81 2.53 ppm coupled to C-3, &c34.3 ppm for compound 30) (A.3.1.4). In each

case H-2 was coupled to H-3 in the COSY spectrum (A.2.1.3 & A.3.1.3).
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4.1.2 Formation of the thiochromanone
The next step is the formation of the thiochromanone via an intramolecular cyclisation

reaction. Following the previous literature by Song et al, this reaction can be mediated via sulphuric

acid MV (Scheme 22).

(a)

COOH

S’//\\'\/ s

Scheme 22. (a) H,SO4 16 hr mediated intramolecular cyclisation reaction.10

The reaction was quenched after 16 hours and a large amount of white precipitate was expected.
However, no solids were produced and analysis via TLC indicated that no products were formed. The
reaction was attempted again, however instead of using compound 28, compound 29 was utilised.
Furthermore, the reaction time was increased from 16 hours to 24 hours to allow the reagents more
time to react. Again, no precipitate formed. Thus, in an attempt to ascertain whether the electron-
withdrawing groups were a reason for the reaction to fail, compound 30 was used. The reaction time

was kept at 24 hours. After 24 hours the reaction was worked up and still no product formed.

After the sulphuric acid route seemed to fail for all substrates used, an alternative route was required.
Upon searching the literature, a polyphosphoric acid mediated intramolecular cyclisation was found

48} (Schemes 23 & 24).

o}
PPA
COOH
S/\/ 5
Scheme 23. Polyphosphoric acid mediated intramolecular
cyclisation.
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Scheme 24. Polyphosphoric acid mediated intramolecular cyclisation reaction producing a thiochromanone

Thus, this acid mediated cyclisation was then utilised, initially using compound 30 and after 1 hour,
the reaction was quenched and worked up. However, after the removal of solvent under pressure,
the reaction yielded 1 % of product. Compound 33 (Figure 22) was confirmed via NMR spectral
analysis (A.6.1), the formation of the heterocyclic ring was established due to the observance of a pair
of multiplets (located at 6+ 2.88 ppm and &+ 3.12 ppm representative of H-3 and H-2 respectively) and
the loss of the triplets (previously found at 6x 2.53 ppm and dx 2.96 ppm) confirmed that the
intramolecular cyclisation had been successful. Due to the strained structure, the protons in the
heterocyclic ring are found to not be in the same chemical environment and as such, rather than
producing the pair of triplets as previously, this produces a multiplet splitting pattern. Furthermore,
the intramolecular cyclisation reaction concludes with the loss of a proton from the aromatic ring;
which changes the substitution pattern from a symmetrical para splitting to a 1,3,6-trisubstituted
arrangement. Thus, resulting in a doublet located at &+ 7.09 ppm (H-8, coupled to H-7), a double
doublet located at 61 6.92 ppm (H-7, coupled to H-8 and H-5) and a doublet located at 6+ 7.53 ppm (H-
5, coupled to H-7). GCMS was utilised in order to confirm the presence of impurities, by-product or
starting materials. The chromatogram (A.6.3) of compound 33 provided a single peak that is
representative of the product - the methoxy-substituted thiochromanone. The mass spectrum of this

compound provided a m/z ratio of 194 for the M+ ion, which supports the previous data.

Figure 22. Numbered structure of compound 33.
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In an attempt to increase the yield, the reaction was performed again. This time tripling the reaction
time to 3 hours produced a yield of 38.7%, effectively tripling the yield. As such, the next attempt
utilised compound 29 and the reaction time was increased to 10 hours. Upon NMR spectral analysis,
the lack of the characteristic triplets in the aliphatic region suggested that the intramolecular
cyclisation had occurred, however, the lack of a multiplet in the aliphatic region further suggested
that the unsaturated thiochromanone may have formed. The rest of the 'H-NMR (Figure 24) is
indicative of the occurrence of the intramolecular cyclisation, due to the splitting pattern, lacking the
symmetrical appearance of the substituted phenyl sulfanyl propanoic acid instead showing a 1,3,6-
trisubstituted splitting pattern. The A - ring, consists of a doublet at 64 8.62 ppm (H-5 coupled to H-7),
a double doublet at 64 7.65 ppm (H-7 coupled to H-5 and to H-8), and a doublet at &n 7.43 ppm (H-8
coupled to H-5). The appearance of an extra pair of doublets located at 1 6.97 ppm and 61 7.78 ppm
(H-3 and H-2 respectively), alongside the lack of aliphatic signals, further suggests the formation of
the unsaturated thiochromanone. The DEPTQ experiment (Figure 25) suggests that carbons C-2 and
C-3 are only bonded to 1 proton each (H-2 and H-3 respectively) due to the orientation of the peaks

associated, also corroborating with the suggestion of the unsaturated thiochromanone (Figure 23).

Figure 23. Numbered structure of unsaturated thiochromanone 32U

The increased reaction time compared to the literature precedent from 3 hours to 10 hours could

account for this observation.
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Figure 24 *H-NMR spectrum of 32U
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Figure 25. 13C-NMR spectrum of 32U

As such, the next attempt which utilised compound bromo-29, had its reaction time reduced from 10
hours to 3 hours, which was used previously. After 3 hours, the reaction was quenched and a 49.7%
crude yield of compound 32 obtained. The product was subjected to *H-NMR spectral analysis (A.5.1)
and due to the observance of a pair of multiplets (located at 6x 2.99 ppm and dn 3.26 ppm
representative of H-3 and H-2 respectively and the change in aromatic splitting pattern (from a
symmetrical para splitting) to a 1,3,6-trisubstituted pattern thus, resulting in a doublet (H-8, coupled
to H-7), a double doublet (H-7, coupled to H-8 and H-5) and a doublet (H-5, coupled to H-7). GCMS
analysis of compound 3B gave two peaks in the chromatogram (A.5.3). One of the peaks is
representative of compound 32 which shows the isotopic effect of bromine via two peaks of similar
height with m/z ratios of 242 and 244 in the mass spec. The other peak in the chromatogram is
representative of a small amount of the unsaturated bromo-substituted thiochromanone as the M+
peak produced in the mass spec has an m/z value of 242 factoring the loss of the two protons. Isotopic
effects can also be seen in this mass spec via the two peaks of similar height with m/z values of 240
and 242. The formation of the unsaturated form of compound 32 was unexpected, due to the time
differences of the reaction and the amount of product formed, it seems that there is a time dependent
competing reaction in which over increased durations of time the 32U predominates. However this

observation was found only when using the bromo substituted thiophenol.
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Figure 26. Compound 32

The same procedure was then utilised for compound 28 and a yield of 50.3% was obtained. The
product was confirmed via NMR spectral analysis (A.4.1), with the same observations found:
observance of a pair of multiplets (61 2.90 ppm and 6+ 3.17 ppm, representative of H-3 and H-2), the
loss of the triplets (previously located at 64 2.59 ppm and 84 3.07 ppm), and the change in aromatic
splitting pattern (from the symmetrical para splitting to the 1,3,6-trisubstituted splitting pattern).
Thus, resulting in a doublet (H-8, coupled to H-7), a double doublet (H-7, coupled to H-8 and H-5) and
a doublet (H-5, coupled to H-7). GCMS analysis of compound 3A gave a chromatogram (A.4.3) (with a
very large peak and also with a very small peak. The M* for the large peak came out at m/z 198 which
is what is expected from the target compound. The small peak is representative of the starting

material that had not been consumed.

Figure 27. Compound 31

4.1.3 Formation of the homoisoflavonoid
The final step for the formation of the homoisoflavonoid derivative was the condensation of

the thiochromanone with a substituted benzaldehyde. From previous literature piperidine has been
used as a base to mediate a condensation reaction between a chromanone and a benzaldehyde 9

(Scheme 25).

Piperidine >
+ _—
o) o]

Scheme 25. Piperidine mediated condensation of chromanone with benzaldehyde
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Due to the similarity of the chromanone and the thiochromanone, it was believed that this reaction
should proceed as it would for a chromanone. Thus, the chloro-substituted thiochromanone was used
alongside 4-bromobenzaldehyde, the reaction was left for 48 hours as stipulated by the literature .
However, upon analysis of TLC, there seemed to be no product forming. Thus, after the 48 hours, the

reaction was worked up and no product had formed.

Upon returning to the literature, an alternative acid catalysed scheme was found. The procedure

reported the use of a mix of sulphuric acid and glacial acetic acid “®' (Schemes 26 & 27).

O o
0| Glacial
acetic acid /
+
S H,S04 s
Scheme 26. Acid catalysed condensation reaction between thiochromanone and
benzaldehyde

S S
: I H
a e

Scheme 27. Acid catalysed condensation reaction between thiochromanone and subsitituted benzaldehyde
producing the homoisoflavonoid derivative

The first of the thiochromanones utilised was compound 32, and the benzaldehyde used was the 4-
bromobenzaldehyde. After 24 hours, a precipitate was expected to form, it did not. However, the
procedure instructs to perform a recrystallisation using methanol, therefore, an aliquot of the acidic
solution was taken, to which methanol was added. Upon the addition of methanol, fine yellow solids
started to appear. NMR spectral analysis (A.7.1) confirmed that the condensation reaction had
succeeded and the desired product (Figure 28) had formed, firstly due to the observation of a broad
singlet at dx 7.62 ppm which is representative of H-9. Furthermore, the multiplets that were observed

in the previous product (located at 84 2.90 ppm and 81 3.17 ppm) cease to be visible as the protons
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which were located at the a-position had been removed and the carbon at the a-position is now
connected to the aromatic B ring via an olefinic bond. As such, the protons located adjacent to the
sulphur, 2H-2 now give rise to a doublet (located at 64 3.99 ppm) with a coupling constant of 1.0 Hz
due to long range coupling with H-9. The use of NOESY (A.7.1.6) confirmed the Z conformation of the
olefinic bond conjoining the heterocyclic C-ring to the aromatic B-ring. Correlations could be seen
between 2H-2 and H-2’, rather than between 2H-2 and H-9, as would be expected for the E
conformation. Furthermore, the previous coupling pattern caused by the protons located on the A-
ring, namely H-5, H-7, and H-8 was still seen, with a doublet (H-5, 84 8.23 ppm coupled to H-7, dn7.44
ppm), a double doublet (H-7, 81 7.44 ppm, coupled to H-5, 6+ 8.23 ppm and to H-8, 61 7.12 ppm), and
a doublet (H-8, 61 7.12 ppm, coupled to H-7 81 7.44 ppm). The coupling pattern of the B-ring, agreed
with the structure of the product with a pair of doublets representative of H-2’ and H-3’ located at &u
7.19 ppm and 81 7.51 ppm respectively, consistent with the symmetrical para splitting. The 3C-NMR
spectra (A.7.1.2) agreed with the structure, firstly with the quaternary carbonyl peak C-4 located at ¢
184.5 ppm, characteristic of the ketone environment and the C-2 (CH2 group) located at 8c 29.1 ppm.
Secondly, the number of carbon environments observed matches with the predicted number of
carbon environments of compound 34 as shown in (A.7.1.2). That is: 7 quaternary carbons, 6 CH

environments, and 1 CHz environment.

The chromatogram produced from GCMS analysis of compound 34 gave rise to one large peak
(A.7.2.1). The sole peak gave an M* of m/z 410, which coincides with the predicted mass of the target
compound. The compound was also subjected to high resolution mass spectrometry (A.7.3) and found

an m/z of 408.8895 with the calculated m/z of 408.8897, thus agreeing with all other data.

Figure 28. Numbered structure for the sulphur analogue compound 34
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The next thiochromanone utilised was compound 31 and the reaction was repeated as above using
the 4-bromobenzaldehyde and the product precipitated. The formation of this homoisoflavonoid
derivative (Figure 29) was confirmed via NMR spectral analysis (A.8.1) with similar observations as
with the previous homoisoflavonoid. H-NMR spectral analysis afforded a broad singlet located at &
7.62 ppm, representative of H-9, which is an important observation with regards to the formation of
the product as it is a new chemical environment. Furthermore, the disappearance of the pair of
multiplets (previously located at 61 2.90 ppm and 61 3.17 ppm), indicates the reaction took place at
the predicted location. With the appearance of the doublet represented by the 2H-2 located 6x 3.97
ppm as the previous protons adjacent (H-3) have been removed. The splitting pattern of the A-ring
(as with compound 34) remains unchanged with a doublet (H-5 coupled to H-7), a double doublet (H-
7 coupled to H-5 and H-8) and a doublet (H-8 coupled to H-7). The splitting pattern of the B-ring is
analogous to compound 34, represented by the pair of doublets of H-2’ and H-3’ representative of the
para splitting pattern. The 3C-NMR spectra (A.8.1.2) also support the structural analysis, with the
quaternary carbonyl peak located at 6. 184.6 ppm. As well as the correct number of C, CH, and CH»
environments, respectively (7, 6, and 1). The use of NOESY (A.8.1.6) confirmed the Z conformation of
the homoisoflavonoid, with correlations seen between the proton located at the H-2 position with the
proton located at the 2’ position. Furthermore, as single crystal XRD (data located at A.8.5) was
performed on this compound, this resulted in a definitive structure of this compound and further
corroborated the Z conformation desired, GCMS analysis (A.8.2) afforded a single peak in the
chromatogram. The single peak gave rise to an M* of m/z 366, which matches the predicted mass of
the target compound. Notable fragments being the loss of the bromide ion giving a peak at 285,
another notable loss is that of the chloride ion at 250. Another notable peak is the loss of the chloro-
substituted thiochromanone leaving the brominated benzylic group and giving rise to a peak at m/z
170. The compound was also subjected to high res mass spec (A.8.3) and found an m/z of 364.9399
with the calculated m/z of 364.9043, thus agreeing with all other data.

0
|

al 5. 4a

Figure 29. Numbered structure Compound 35

63



Compound 33 was the next thiochromanone to be used with the 4-bromobenzaldehyde and again the
formation of the homoisoflavonoid compound 36 (Figure 30) was confirmed via NMR spectral analysis
(A.9.1). The same previous observations were made i.e. appearance of the broad singlet located at dn
7.60 ppm, characteristic of H-9 of the olefinic bond present. Disappearance of the pair of multiplets
(previously located at o1 2.88 ppm and 61 3.12 ppm). The appearance of the doublet represented by
2H-2 found adjacent to the sulphur located at &1 3.96. The A-ring splitting pattern is consistent with
the previous two homoisoflavonoids (compounds 34 and 35) with a doublet (H-5 coupled to H-7), a
double doublet (H-7 coupled to H-5 and H-8), and a doublet (H-8 coupled to H-7). The B-ring splitting
pattern is also consistent with the previous two homoisoflavonoids (Compounds 34 and 35) with a
pair of doublets, H-2’ and H-3’ located at 81 7.19 ppm and 31 7.49 ppm respectively. The 3C-NMR
spectra (A.9.1.2) also coincided with the previous two homoisoflavonoids, namely the number of
carbon environments (7C, 6CH and 1 CHz). With the carbonyl peak located at 6. 185.6 and the C-2 (CH2
group) located at 8: 29.4. The use of NOESY (A.9.1.6) allowed for the Z conformation to be determined
due to the correlations seen between the proton located at H-2 and the proton located at the 2’
position. The GCMS analysis (A.9.2) of compound 36 gave rise to a single peak in the chromatogram.
The M+ peak was m/z 362, which matches the predicted mass of the target compound. Furthermore,
another notable peak being the loss of the bromide ion giving an m/z of 281. The compound was
further subjected to high res mass spec (A.9.3) and found an m/z of 360.9896 with the calculated m/z

of 360.9898, thus agreeing with previous data.

Figure 30. Numbered structure of compound 36
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All three thiochromanones were then reacted respectively with a regioisomer of the 4-

bromobenzaldehyde, namely the 3-bromobenzaldehyde (Scheme 28).
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Scheme 28. Acid catalysed condensation of thiochromanone and 3-bromobenzaldehyde

The reaction was successful for these three reactions, and the products — compounds 37, 38, and 40
(Figure 31) were confirmed via NMR spectral analysis (A. 10.1 for compound 37, A.11.1 for compound
38, and A.13.1 for compound 40). *H-NMR analysis gave rise to significant peaks, namely the broad
singlets located at 61 7.62 ppm, 7.62 ppm, 7.61 ppm, demonstrating the H-9 proton of compounds 37,
38, and 40 respectively. Another important change from the intermediate reactant was the
disappearance of the pair of multiplets found in the aromatic regions of each compound, previously
located at 61 2.90 ppm and 3.17 ppm, 61 2.90 ppm and 3.17 ppm, 64 2.88 ppm and 3.12 ppm, for the
substituted thiochromanones used as the intermediates. These multiplets were replaced with a
doublet in each case indicative of H-2 and located at &1 3.99 ppm, 4 3.99 ppm, &1 3.97 ppm for
compounds 37, 38, and 40 respectively. The A-ring splitting pattern consisted of a doublet (H-5
coupled to H-7), a double doublet (H-7 coupled to H-5 and H-8), and a doublet (H-8 coupled to H-7).
Due to overlapping signals from protons in the B-ring, it is difficult to assign specific signals to their
corresponding protons, as such the multiplets produced are indicative of multiple environments. The
integration also demonstrates the fact that the multiplets consist of multiple overlapping proton
environments. From the HSQC, the multiplets can be afforded to multiple carbon signals further
corroborating the overlapping signals and their respective carbons.
The 3C-NMR data concurred with the rest of the spectral data. However, due to the overlapping
signals from the proton spectra, there was difficulty in assigning some carbon environments as such
they are marked as interchangeable as the carbon peaks could be respective of multiple positions
around the B-ring. Other notable carbon environments include the C of the carbonyl (C-4) were
located at: 6. 184.6 ppm, dc 184.4 ppm, and dc 184.7 ppm for compounds 37, 38, and 40 respectively.

With the CHz group of H-2 being found at: 6. 28.9 ppm, . 29.8 ppm, and & 29.3 ppm for compounds
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37, 38, and 40 respectively. GCMS analysis of each of these three compounds gave rise to single peaks
in each of their chromatograms. Furthermore, the M* for each of these peaks came out at m/z 410,
366 and 362 for compounds 37 (A.10.2), 38 (A.11.2), and 40 (A.13.2) respectively. Each of these
masses matches the predicted mass for the target compounds. All three compounds were subjected
to HRESMS which found m/z values of 408.8896, 364.9400, and 360.9897 for compounds 37 (A.10.3),
38 (A.11.3), and 40 (A.13.3) respectively, with calculated m/z values of 408.8897, 364.9403, and
360.9898 respectively. The HRESMS supports the previous data regarding the characterisation of

these compounds.

Figure 31. Numbered structure for homoisoflavonoids 37, 38,
and 40
(37)R=R’ =Br
(38) R=CIl,R"=Br
(40) R = OMe, R’ = Br

The next benzaldehyde to be employed was the protocatechuic aldehyde, which rather than being an
electron-withdrawing substituent (as is the case with the bromo-group); is instead an electron

donating substituent and also more closely resembles the natural product like homoisoflavonoids.

o} [¢]

OH NR R, = OH

S OH S OH
Scheme 29. Acid catalysed condensation of thiochromanone and protocatechuic aldehyde. NR = No reaction
The reaction (Scheme 29) was pertormed as the previous reactions were. However, no product was
formed for any of the three thiochromanones. A potential reason could be the effect of the electronic
differences between the electron withdrawing groups used previously and the electron donating
hydroxyl groups used here. As the electron donating groups may reduce the electrophilicity of the
carbonyl group of the benzaldehyde and as such, reduce the likelihood of a successful reaction. A
potential development could be the use of a Lewis acid catalyst which may aid in activating the

carbonyl for nucleophilic attack. An alternative attempt at improving the reaction could be via the use

of the base mediated condensation reaction in which piperidine is used, this reaction proceeds via the
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enamine intermediate rather than the enol intermediate and as such this may improve the success of

the nucleophilic attack on the carbonyl.

Thus, a weaker electron donating group was utilised in the form of a differing benzaldehyde, namely

the 2,4,6-trimethoxybenzaldehyde.

OMe OMe

0 o 0
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/
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g MeO OMe B MeO OMe

Scheme 30. Acid catalysed condensation between thiochromanone and 2,4,6-trimethoxybenzaldehyde. NR = No
reaction

The reactions (Scheme 30) were performed for all of the three thiochromanones and as with the
protocatechuic aldehyde, no products were formed. The acidic reaction conditions used again did not
seem to be compatible with the electron-donating groups located on the benzaldehyde, thus
alternative routes to assist the condensation reaction are required. As mentioned previously, the use

of a Lewis acid catalyst or the route of the enolate intermediate via base catalysis may be preferable.

As such, the next benzaldehyde applied was the 4-nitrobenzaldehyde. Only the methoxy-
thiochromanone and the bromo-thiochromanone were attempted due to a lack of materials. The
reactions (Scheme 31) were performed as previously and both homoisoflavonoids were produced in

the form of yellow solids.
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Scheme 31. Acid catalysed condensation between thiochromanone and 4-nitrobenzaldehyde

(42) R =Br
(43)R = OMe

The nitro group is a particularly strong electron-withdrawing group and within twenty minutes of
reaction time the product had already precipitated without the need for the addition of methanol.
This corroborates with the suggestion that the reaction conditions favour electron-withdrawing
substituents. The two homoisoflavonoids — compounds 42 and 43 (Figure 32) were confirmed due to
NMR spectral analysis (A.15.1 for compound 42 & A.16.1 for compound 43). As previously the

significant indicators being the appearance of the singlet representative of H-9 found on the olefinic
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bond with chemical shifts of 6x 7.72 ppm and 61 7.67 ppm for compounds 42 and 43 respectively. The

disappearance of the pair of multiplets due to the removal of the alpha protons (previously located at

SH 2.90 ppm, 3.17 ppm and du 2.88 ppm, 3.12 ppm for compounds 42 and 43 respectively). The
appearance of a doublet representative of H-2 adjacent to the sulphur (located at ox 4.27 ppm and
3.94 ppm for compounds 42 and 43 respectively. The A-ring splitting pattern was consistent with
compounds 34, 35, and 36, with a doublet (H-5 coupled to H-7) a double doublet (H-7 coupled to H-5
and H-8) and a doublet (H-8 coupled to H-7). The B-ring splitting pattern also coincides with
compounds 34, 35, and 36 with the symmetrical para splitting caused by protons H-2’ and H-3’ located
at 61 8.32 ppm and 64 7.81 ppm for compound 42 and 6+ 8.23 ppm and 6+ 7.48 ppm for compound 43.
Both 42 (A.15.3) and 43 (A.16.3) were subjected to HRESMS, which found m/z values of 375.9640 and

328.0644 respectively, with calculated m/z values of 375.9643 and 328.0644.

Figure 32. Numbered structure of nitro-containing homoisoflavonoids.
(42)R = Br
(43) R = OMe

The last two attempts both utilised the compound 32, along with 4-fluorobenzaldehyde and 4-
chlorobenzaldehyde. The reactions were repeated as previously. Compound 39 (Figure 33), when
subjected to NMR analysis (A.12.1), gave similar results to the other para-substituted benzaldehydes
(34, 35, 36, 42, and 43), with the broad singlet representative of H-9 located on the olefinic bond
found at 61 7.65 ppm. Furthermore, the disappearance of the two multiplets (previously located at o
2.90 ppm and &4 3.17 ppm). The appearance of the doublet at 1 3.99 ppm; representative of H-2
adjacent to the sulphur. The A-ring splitting pattern is also consistent with compounds 34, 35, and 36,
with the observation of a doublet (H-5 coupled to H-7), a double doublet (H-7 coupled to H-5 and H-
8), and a doublet (H-8 coupled to H-7). The B-ring splitting corroborated with the splitting pattern of
34, 35, and 36, with a pair of doublets (H-2" and H-3’ located at o&u 7.35 ppm and 7.25 ppm
respectively). The 33C-NMR further coincided with the spectral characterisation, hamely due to the

number of corresponding peaks. Such as, the carbonyl of C-4 located at 8. 184.3 ppm and the CH»
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group of H-2 located at 8.29.1 ppm. GCMS analysis (A.12.2) of compound 39 gave rise to one peak in
the chromatogram. The M* ion was found at m/z 366, which matches the predicted mass of the target
compound. Compound 39 was subjected to HRESMS (A.12.3) which found an m/z value of 364.9398
with a calculated m/z value of 364.9403 thus, supporting other data with respect to the formation of

compound 39.

Figure 33. Compound 39 with numbered structure

Compound 41 (Figure 34) also gave similar spectroscopic (A.14.1) results to the previous para-
substituted homoisoflavonoids (compounds 34, 35, 36, 39, 42, and 43), with the broad singlet of H-9
(located at &1 7.77 ppm), the disappearance of the multiplets (previously located at &1 2.90 ppm and

3.17 ppm) and appearance of the doublet representative of H-2 located at 6+ 4.10.

The A-ring produced analogous results to the previous para-substituted homoisoflavonoids
(compounds 34, 35, 36, 39, 42, and 43), with a doublet (H-5 coupled to H-7), a double doublet (H-7
coupled to H-5 and H-8), and a doublet (H-8 couple to H-5). However, one key difference observed in
the B-ring was due to the fluorine atom possessing a nuclear spin of %, it acts in a similar fashion to a
proton - which also possesses a nuclear spin of . As such, this causes the splitting pattern of the
aromatic B ring to differ from the previous homoisoflavonoids and produces a triplet located at ou
7.16 ppm representative of H-3’, as well as a double doublet located at 61 7.41 ppm representative of
H-2’. The 3C-NMR further aided in the elucidation of the structural identity of 41 with the C-4 carbonyl
peak located 3. 184.6 ppm and the CHz group of C-2 located at 8¢ 29.1 ppm. Due to the presence of
the fluorinated B-ring, there is also coupling between the C-4’ and the fluorine observed in the 3C-
NMR spectra (located A.14.1.2) and located at 6c 164.2 ppm (J = 244.9 Hz) and further coupling

between the C-3’ and the fluorine located at 6.116.2 ppm (J = 21.8 Hz).

GCMS analysis (A.14.2) of compound 41 gave rise to a single peak in the gas chromatogram suggestive
of a single compound. The M* ion produced was m/z 350 which matches the predicted mass of the

target compound. Compound 41 was also subjected to HRESMS (A.14.3) in which an m/z value of
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348.9695 and a calculated value of 348.9698, thus supporting previous data on the formation of the

product.

Figure 34. Numbered structure of compound 41

4.2 Biological discussion

4.2.1 Anti-proliferative activity of HRECs and ARPE-19 cells via alamarBlue assay
The anti-proliferative testing was performed at the Glick Eye Institute, University of Indiana

by Timothy Corson’s research group. Initially all compounds were tested against the human retinal
endothelial cell line (HREC) to determine the anti-angiogenic activities via the anti-proliferative effects
of the synthesised compounds. Retinal vasculature functions are controlled by Mdiller cells, microglia,
endothelial cells and the balance of positive and negative factors of regulation. When this balance is
altered this can produce various angiogenesis associated eye diseases, including diabetic retinopathy,
and age-related macular degeneration ©%. Environmental signals received from the angiogenic

endothelial cells allow for the proliferation, migration, and the avoidance of apoptosis Y.

All compounds were tested at concentrations of 0.1 nM, 1nM, 0.01 uM, 0.1 puM, 1 uM, 100 puM.
Compounds 35 and 38 are regioisomers of one another. Both contain the chloride moiety located at
the C6 position of the A ring, whilst differing with the location of the bromide motif on the B ring. In
compound 35 the bromide is located at the 4’ position and in compound 38 the bromide is located at
the 3’ position. This singular change (from the 4’ to the 3’) reduces the Glso by almost three-fold (from
11.2 puM to 4.22 uM) (Glso curve for compound 35 found at A.8.5.2.2, Glso curve for compound 38
found at A.11.5.2.2). Thus, initial observation suggests the 3’ position potentially being significant with

respect to the anti-proliferative activity on the HREC cell line.
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Compound 34 is analogous to compound 35 with the exception of 34 bearing a bromide group
situated on the A-ring rather than the chloride group found in 35. Compound 37 is analogous with 38,
again with the exception of 37 bearing a bromide group on the A-ring rather than the chloride group.
As such, 34 and 37 are regioisomers of one another. The slight structural difference between 34 and
37 bears a more significant difference between the Glso values for both compounds. With 34 bearing
a Glso value of 17.8 uM (Glso curve located at A.7.5.2.2), whilst 37 bore a Giso value of 10.3 uM (Glso
curve located at A.10.5.2.2). The potentiation of the activity of compound 37 compared with 34
further suggests the significance of the 3’ position with regards to anti-proliferative activity.
Furthermore, the modification of the A-ring to bear the chloride substituent was found to increase
the activity when compared to when the A-ring bears the bromide substituent demonstrated by the

Glso values of the above compounds.

Compound 36 and 40 bear the same A-ring (methoxy located at the C-6 position) and bear a
regioisomeric relationship with regards to the bromide substituent located on the B-ring, namely the
4’ position and the 3’ position. In compound 36 where the bromide moiety resides at the 4’ position,
this resulted in a Glso value of 4.06 uM (Glso curve located at A.9.5.2.2) compared to a Glso value of
3.07 uM of compound 40 (Glso curve located at A.13.5.2.2), where the bromide resides at the 3’
position. As with the above compounds, the positional change of the substituents from the 4’ position

to the 3’ position resulted in a more active effect demonstrated by the reduction of the Glso value.

The compounds which bear a methoxy moiety located on the A-ring at the C6 position were found to
be more active than the compounds bearing the halogenated substituents on the A-ring, thus

suggesting the relationship of OMe > Cl > Br with respect to the anti-proliferative activity.

Compounds 42 and 43 bore nitrated B-rings located at the 4’ position. The difference between these
two compounds being that 42 contains a bromide group at the C-6 position and 43 contains a methoxy
group located at the C6 position. The change in substituent here had a noteworthy change in the
activity of the compound. 42 bore a Glso value > 100 uM (Glso curve located at A.15.5.2.2), whilst 43

bore a Glso value of 33.70 uM (Glsocurve located at A.16.5.2.2). This suggests a potential improvement
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that the methoxy group located at the C-6 position provides. Furthermore, the nitro containing B-ring
compounds 42 and 43 resulted in the least active anti-proliferative effect of all the homoisoflavonoids

described in this study.

Compounds 39 and 41 differ only in that, at the 4’ position 39 contains a chloride group, whereas in
41 there is a fluoride group located at this position. This change in halogen causes a pronounced
difference in activity, with 41 bearing a Glso value of 3.65 uM (Glso curve located at A.14.5.2.2) and 39
bearing a Glso value of 15.70 uM (Glso located at A.12.5.2.2). In order to ascertain whether the increase
in activity is caused by the change in halogen, further fluorinated analogues are required, preferably
one containing the methoxy group situated at the C6 position and the fluoride group situated at the

3’ position.

In order to ascertain the whether the synthesised compounds acted specifically against HREC cells,
the homoisoflavonoids were also tested against normal cell types, the compounds were also tested
against the human retinal pigment epithelial cell line (ARPE-19), a non-target ocular cell type. These
cells have multiple functions, they are responsible for the development and maintenance of adjacent
photoreceptors, as well as being involved in the transportation of nutrients, and formation of the

(52 This cell line was tested to determine the selectivity of the synthesised

blood-retinal barrier
compounds as activity against the HREC cell type is highly desirable, with activity against normal cell
types being undesirable. All compounds were tested at concentrations of of 0.1 nM, 1nM, 0.01 uM,
0.1 uM, 1 uM, 100 pM. All the compounds tested afforded a lack of anti-proliferative activity against
this cell line at concentrations up to 100 uM (all compounds Glso > 100 uM with Glso curves for
compounds 34, 35, 36, 37, 38, 39, 40, 41, 42 and 43 located at A.7.5.2.4, A.8.5.2.4, A.9.5.2.4,
A.10.5.2.4, A.11.5.2.4, A.12.5.2.4, A.13.5.2.4, A.14.5.2.4, A.15.5.2.4, A.16.5.2.4 respectively). This

lack of activity against ARPE-19 demonstrated the selectivity of the sulphur analogues of

homoisoflavonoids with respect to their anti-proliferative activity.
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Figure 35. Glsgvalues for synthesised homoisoflavonoids for cell lines HREC and ARPE-19
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Previous studies investigating the anti-angiogenic activity of natural and synthetic oxygenated
homoisoflavonoid analogues provide comparable activity against the HREC cell line 3. The
homoisoflavonoid analogues investigated by Schwikkard et al, gave a range of Glso activities between
2.3 x 10 uM and >100 uM. The most active homoisoflavonoid analogue (the chromane depicted in
Figure 36) bore a Glso of 2.3 x 10 uM, demonstrating very strong anti-proliferative activity against
the HREC cell type. However, this compound also demonstrated strong anti-proliferative activity
against the non-target ocular cell type ARPE-19, with a Glso value of 3.4 x 10 uM. Due to the activity

afforded with this compound, it lacks the highly desirable selectivity aspect.

MeQ 0 OMe

MeO I . OH

OMe

Figure 36. Chromane analogue of homoisoflavonoid

However, the chromanone analogue of this compound (Figure 37) bore a Glso value of 0.035 uM
against the HREC cell type, with a Glso value of >100 nM against ARPE-19, thus demonstrative strong

anti-proliferative activity and a high selectivity against the HREC.

Figure 37. Chromanone analogue of chromane homoisoflavonoid
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Other homoisoflavonoid analogues and their Glso values for both HREC and ARPE-19 are depicted in
Figure 38. From the activities against HREC it seems to be that, increasing the number of methoxy
groups in the A-ring from two to three also increases the anti-proliferative activity. Thus, from the
results of investigation into the sulphur analogues of the homoisoflavonoids where it appears that the
methoxy containing A-ring provided improved activity against HREC, cells it is possible that increasing
the number of methoxy substituents on the A-ring could also potentiate their activity against the HREC

cell type.
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Figure 38. Oxygen analogues of homoisoflavonoids and their respective Glso values for HREC and ARPE-19
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The compounds with their A-ring bearing multiple methoxy groups (compounds 49, 50, 51, 52, 53,
and 54) demonstrated strong activity. When a hydroxyl group is substituted for the methoxy group
located at the 5 position (in compounds 53 and 54), the activity is increased slightly. However many
of the multiply methoxy-substituted homoisoflavonoids lacked specificity for the HREC cells. However,
when comparing two homoisoflavonoids containing identical A and B-rings (compounds 51 and 52)
(Figure 38), there is a vast change in the selectivity, which can only be attributable to the singular
change in the compound structure i.e. the reduction of the olefinic moiety that connects the B-ring to
the C-ring. This change in structure produces a profound effect, via the change in activity for the ARPE-

19 cells, from a Glso value of 4.8 uM to >100 pM.

Furthermore, when comparing the two homoisoflavonoids with identical B-rings, the difference in
activity can be observed due to the positioning of the A-ring substituents, producing a significant
increase in selectivity via a reduction in activity against the ARPE-19 cells with a Glso value changing

from 48 uM to >100 uM.
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4.2.2 Cytotoxicity to Hela cells via a neutral red assay
The cytotoxicity of the synthesised compounds was measured via the neutral red assay

against cervical cancer cell line - Hela, a non-ocular cancerous cell type. All compounds were tested

at concentrations of 100 uM, 30 uM, 10 uM, and 1 uM.

Compounds 35 and 38 are regioisomers of one another, both bearing the chloride moiety located at
the C-6 position of the A-ring. The B-ring of these two compounds differ with the located of the
bromide motif. In 35, the bromide atom is located at the 4’ position, and in 38 the bromide atom is
located at the 3’ position. The change in position from 4’ to 3’ resulted in a reduction of 1Cso from
22.69 (ICso curve located at A.8.5.1.2) to 19.73 uM (ICso curve located at A.11.5.1.2). As with the anti-
proliferative activities, the change in position from 4’ to 3’, produces an increase in activity, thus

suggesting the 3’ position is important for activity, both cytotoxic and anti-proliferative.

Compound 34 is analogous with compound 35 with the difference being that in 34 there is a bromide
located on the A-ring rather than the chloride group found in 35. Similarly, 37 is analogous to 38, with
the difference being that there is a bromide group located on the A-ring rather than the chloride group
found previously. The change of location of the bromide group from 4’ to 3’ produced similar results
to the change of location of the bromide species previously shown. The repositioning from 4’ to 3’
reduced the ICso from 22.03 uM (ICso curve located at A.7.5.1.2) to 18.93 uM (ICso curve located at
A.10.5.1.2), further suggesting the importance of the 3’ position with respect to activity. As seen with
the anti-proliferative activity, the change of halogen from bromide to chloride also potentiated the

activity.

Compounds 36 and 40 both bear the methoxy substituted A-ring at the C-6 position and bear a
regioisomeric relationship regarding the bromide substituent located on the B-ring i.e. the 4’ position
and the 3’ position. The change of position of the bromide group from the 4’ position to the 3’ position
reduced the ICso from 17.33 uM (ICso curve located at A.9.5.1.2) to 12.65 uM (ICso curve located at
A.13.5.1.2). As with the previous two pairs of compounds, the change in position from the 4’ to the 3’

potentiates the cytotoxic abilities of the compounds.
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Compounds 42 and 43, contain a nitrated B-ring, the nitro group is located at the 4’ position in each
case. The difference between the two compounds being the A-ring substituent (position C-6), a
methoxy group in the case of compound 43 and a bromide group in the case of compound 42. The
change in A-ring substituent resulted in a prominent difference with regards to cytotoxic effects. In
the bromide bearing A-ring of the homoisoflavonoid 42 the ICso value was >100 uM (ICso located at
A.15.5.1.2). In the methoxy bearing A-ring of compound 43, the ICso value was 59.46 uM (ICso located
at A.16.5.1.2). This change from bromide to methoxy almost produces a two-fold increase with

regards to cytotoxic effect.

Compounds 39 and 41 differ only in the B-ring substituent. In compound 39 the B-ring bears a bromide
group located at the 4’ position, and in compound 41 the substituent at the same position is the
fluoride group. The change of halogen species (from bromide to fluoride) resulted in an evident
increase of activity with 39 affording an ICso of 30.32 uM (ICso curve located at A.12.5.1.2) and 41
affording an 1Cso of 6.08 UM (ICso located at A.14.5.1.2). In order to ascertain the effect of the
modification of halogenated species, further fluorinated compounds are required to be synthesised

and tested.

From the cytotoxicity studies conducted here, there seems to be a similar relationship between A-ring
substituents and the biological activities. In methoxy bearing A-ring compounds there was a
noticeable increase in activity when compared to the chlorine and bromine bearing A-ring
compounds. Thus, a potential relationship with regards to cytotoxic abilities is suggested of OMe > Cl
> Br. Furthermore, due to the increase in activity observed from the change in position of the B-ring
substituent, there also appears a relationship with regards to the position of the B-ring substituent

and the cytotoxic ability, namely the 3’ > 4.
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Figure 39. Synthesised sulphur analogues of homoisoflavonoids and their respective ICso values against Hela cells.
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A similar study conducted by Simon et al ¥, various oxygenated analogues of homoisoflavonoids
were synthesised and tested for their cytotoxic abilities against Hela cells. This resulted in comparable
ICso values to the ICso values produced in this study. 15 homoisoflavonoids were synthesised with ICso
values ranging between 20.45 pM to >100 pM.
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Figure 40. Oxygenated homoisoflavonoids and their respective ICso values against Hela cells (ICso values in uM)

The study above looked primarily at modifying the B-ring. Compound 57 bears similarities to the
compound 41 with identical B-rings. These two compounds differ in that in the A-ring of 41 also
contains a bromide motif, compound 41 also contains an olefinic bond conjoining the B-ring to the
heterocyclic C-ring, and the heterocyclic C-ring bears a sulphur atom rather than an oxygen atom. In
compound 57, the ICso value was reported as >200 uM. Whereas 41 bears an ICso of 6.6 pM.

Compound 55 from the study above reported an ICso value of 61.9 uM. Compound 39 bears similarities

80



to compound 55; both bearing the same B-ring whilst differing with the olefinic bond found in 39 and
the A-ring bromide substituent found in 39, as well as the presence of a sulphur atom in the
heterocyclic C-ring. These modifications lead to an increase in cytotoxic activity from the reported

IC50 value of 61.9uM to 29.8 uM.

4.2.3 COX inhibitory activity

Initially, all synthesised homoisoflavonoids were tested for their inhibitory activity against the COX
enzyme. The six most promising candidates from the preliminary testing were then subsequently
repeated for an N = 2. All compounds tested demonstrated stronger inhibitory activity against COX-I,
rather than COX-1l. Compounds 38 and 40 displayed the greatest selectivity for COX-I, with percent
inhibitions of 27.5% and 24.3% respectively at a concentration of 4.35 nM. These two compounds
exhibited zero activity against COX-Il at the two concentrations tested. Compound 37 demonstrated
the greatest COX-ll inhibitory activity at the two concentrations tested. At 4.35 nM the percent
inhibition was 22.7% and at the lower concentration of 2.18 nM, the percent inhibition produced was
6.61%. However, this compound lacked selectivity due to also inhibiting COX-l. At the two
concentrations tested, 4.35 nM and 2.18 nM, COX-l was inhibited by compound 37 by 31.3% and
5.65% respectively. At a concentration of 4.35 nM the next three homoisoflavonoids tested: 34, 35,
and 36 gave percent inhibitions of 26.2%, 34.3 %, and 28.7% respectively against COX-l. These
compounds also exhibited weak COX-Il inhibitory activity with percent inhibitions of 9.41%, 3.48%,

and 7.84% respectively.

Compounds 37, 38, and 40 show differences in their structures of the substitution found in the A-ring.
In compound 37 the A-ring contains the bromide moiety, in compound 38, the A-ring contains the
chloride moiety and in compound 40, the A-ring contains the methoxy moiety. The change of
substituent of the A-ring produces a strong difference in the percent inhibition of COX-Il, with
compounds 38 and 40 displaying zero activity at the two concentrations tested. Compound 37
(containing the bromide motif located on the A-ring) demonstrated COX-Il inhibition suggesting the

importance of the A-ring substituent with regards to inhibitory activity. Compounds 34 and 37 are
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regioisomers of one another, differing with the location of the B-ring substituent from the 4’ position
(in compound 34) to the 3’ position (in compound 37). This change in position of the substituent shows
no clear improvement or deterioration with regards to COX-I inhibitory activity. However, the change
in position of substituent (to the 3’ position) produces an increased COX-ll inhibitory effect, suggesting
an importance of this position for COX-Il inhibitory activity. Likewise, compounds 35 and 38 are also
regioisomers of one another, with the difference being the location of the bromide substituent on the
B-ring. In compound 35 the bromide substituent is located at the 4’ position and in compound 38 the
bromide substituent is located at the 3’ position. This change in position produces no clear
improvement or deterioration with regards to COX-I inhibitory activity. However, the change of
location of the substituent (to the 3’) position produces a stronger COX-Il inhibitory effect, thus
contradicting the statement found with the change of position and its effect mentioned above in the
case of compounds 34 and 37. This suggests, that there is more involved than just the position of the
substituents. As such, further studies are required to determine the ICso of each homoisoflavonoid
produced, which provides a better comparison of the compounds rather than the inhibitory activity
found at a single concentration. This would be produced via repeating the previous testing but rather
than testing at two concentrations, a minimum of four concentrations should be tested. This will allow

for a dose-response curve to be produced and ICso values to be calculated.

A previous study % conducted investigating the COX inhibitory activity of homoisoflavonoids
(containing the oxygen heterocyclic C-ring analogue) have shown the compounds to be moderately
active at 10 uM. Compound 70 (Figure 41) demonstrated the strongest activity with regards to COX-
Il inhibitory activity with 100% inhibition. Furthermore, this compound also demonstrated strong
selectivity with COX-I being inhibited by only 26.2%. Other homoisoflavonoids (Figure 41) investigated
in this study, produced stronger COX-l inhibition than COX-Il inhibition. Compounds 71 and 72
exhibited 100% inhibitory activity against COX-Il and displayed 43% and 46% inhibition of COX-I
respectively, at a concentration of 10 pM. Compound 73 is structurally similar to compound 72, with
the key difference being the substituent modification of the B-ring. In compound 72 the B-ring

contains the catecholic moiety, and in compound 73 the hydroxy group located at the 3’ position has
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been substituted for a hydrogen atom. This B-ring modification produces a strong change in the
activity of the compound. Specifically, the alteration causes a decrease in inhibitory activity against
COX-Il, with a percent inhibition of 26.8%. Furthermore, the compound lacks any activity against COX-
| therefore increasing selectivity. As seen with these examples, small structural modifications produce

large variations in the activity of the compound as well as the selectivity of the compound.

HO 0] OH HO o] OH
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Compound 72 Compound 73

Figure 41. Homoisoflavonoids with COX inhibitory activity

A similar study ©® which the COX-Il inhibitory activity of homoisoflavonoids (oxygen analogues)
isolated from three Rhodocodon species was investigated, produced active species. Two
homoisoflavonoids (Figure 42) were tested for their COX-Il inhibitory activity at a concentration of
12.5 puM. Compounds 74 and 75 from the study exhibited COX-Il percent inhibition of 20% and 11%
respectively. These compounds provide comparable activity to the compounds 36 and 37 analysed in
this project, 13.5% and 22.7% respectively. Compounds 36 and 37 provide slightly greater activity
compared to the two homoisoflavonoids investigated by Schwikkard et al ©®, with a major difference
being the concentrations tested. Compounds 36 and 37 were tested at a concentration of 4.35 nM,

nevertheless providing COX-Il inhibitory activity akin to the study above, at a lower concentration.
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Figure 42. Homoisoflavonoids isolated from three Rhodocodon species with COX
inhibitory activity
From the results of the COX inhibitory assay, it is clear that the compounds synthesised in this project
produce COX inhibitory effects, however they lack the specificity desired. Thus, in order to determine
what structural changes of the sulphur homoisoflavonoids may produce an increase in activity and
selectivity, further investigation is required. This investigation may proceed via further analysis of
other sulphur containing homoisoflavonoids to determine whether a specific position or moiety may
aid in producing the desired effect of inhibition the preferred enzyme selectively, as well as

potentiating the inhibitory ability.
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5.0 Conclusion

A total of ten sulphur analogues of homoisoflavonoids were synthesised and characterised.
All ten were tested for their anti-proliferative effects against two cells lines of HREC and ARPE-19.
Against the HREC cells, nine of the ten homoisoflavonoids demonstrated moderate anti-proliferative
abilities (P <0.001 relative to negative control) with compound 40 demonstrating the strongest anti-
proliferative effect with a Glso of 3.07 uM. Against the ARPE-19 cells all the homoisoflavonoids
exhibited Glso values >100 puM thus demonstrating the strong selectivity of the sulphur analogues of
homoisoflavonoids for the HREC over the ARPE-19 cells. All ten compounds were tested for their
cytotoxic effects against the Hela cell line. Nine of the ten homoisoflavonoids demonstrated weak to
moderate cytotoxic effects (P< 0.001 relative to negative control) with compound 41 demonstrating
the strongest cytotoxic effects, with an 1Cso of 6.08 uM. Five of the ten homoisoflavonoids were tested
for their selective COX activity (N = 2), with compound 37 demonstrating the strongest COX-II
inhibitory effect with 22.7 percent inhibition at a concentration of 4.35 nM. Compound 35
demonstrated the strongest COX-l inhibitory effect with 34.3 percent inhibition at a concentration of
4.35 nM. All five homoisoflavonoids screened for their COX inhibitory activity lacked the preferential

selectivity of COX-Il inhibition due to COX-Il inhibition occurring simultaneously.

The results of this project highlight the potential of the sulphur analogues of homoisoflavonoids to act
as anti-angiogenic agents due to their moderate anti-proliferative effects as well as the strong
selectivity demonstrated. Furthermore, the project highlights the potential of the sulphur analogues
to act as anti-cancer agents due to the weak to moderate cytotoxic effects against human cervical
carcinoma cells. However to be sure of such potential, their cytotoxicity against non-cancer cell lines
needs to be determined (although their lack of an anti-proliferative effect against the ARPE cell line
suggests they may be selectively cytotoxic to cancer cells. Finally, this project demonstrate the COX
inhibitory activity of the sulphur analogues of the homoisoflavonoids, however, a lack of selectivity of
COX-Il inhibition was observed and as such reduces the therapeutic use of these compounds to act as

anti-inflammatory agents.

Further investigation is required in order to optimise and improve the biological effects of the sulphur

analogues of the homoisoflavonoids.
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6.0 Future works

There are numerous ways to further investigate the sulphur analogues of homoisoflavonoids.
Firstly, via the production of multiple analogues of the compounds previously made, including
regioisomers of compounds that have previously shown to be active with respect to the biological
activities studied in this project, as well as incorporating similar motifs that have shown to be active
in previous studies. Secondly, via further investigation into the biological activities (cytotoxic and anti-
proliferative effects) exhibited by the sulphur analogues of the homoisoflavonoids, specifically the cell
lines/types on which the homoisoflavonoids are to be tested on, this may include HUVECs (human
umbilical vein endothelial cells) which would allow contrast between the HREC and HUVEc cells to
determine the specificity of the homoisoflavonoids against different endothelial cells. Furthermore
due to the possible anti-angiogenic effects of the homoisoflavonoids on ocular cells and their
implication in eye related diseases including wet AMD 7 it is logical to test these compounds against
eye cell lines such as 92-1 and Y-79. 92-1 is a human uveal melanoma cell type and Y-79 is a line of
human retinoblastoma cells. Both of these cell types are cancerous forms and due to the cytotoxic
effects of the homoisoflavonoids against Hela cells (cervical cancer cells) and due to the anti-
proliferative effects against the HREC cells it is possible for the homoisoflavonoids to show cytotoxic
and anti-proliferative effects against the two eye cancer cell lines. Additional investigation into
antiangiogenic activity may be explored by use of in vivo matrigel plug angiogenesis assay, which may

allow for the inhibition of neovacularisation to be determined.

Further exploration into inhibition of cyclooxygenase would also be beneficial to the continued
investigation of the homoisoflavonoids. This may proceed via testing all the homoisoflavonoids made
for their COX inhibition activity, as well as testing at a minimum of 4 concentrations to allow for dose-
response curves to be formed and ICso values to be calculated. This would allow the comparison of
the homoisoflavonoids to other known COX inhibitors to understand their relative activity. Also
investigating the homoisoflavonoids effect on COX within cell lines known to express COX-I and COX-

Il via western blotting would provide further insight into their therapeutic potential.
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Further structural modifications and analogues will allow additional information with regards to
structural activity relationships of the homoisoflavonoids and their biological activities. There are
various ways to incorporate structural modifications and analogues of the previously synthesised
homoisoflavonoids, one being via the use of alternative starting materials namely; alternative
thiophenols. There are many different thiophenols available, meaning that this would allow a vast
collection of analogues to be produced via these means. Previous studies investigating the anti-
proliferative abilities of the oxygen analogue of homoisoflavonoids have shown that multiple methoxy
groups in the A-ring increases the activity with respect to anti-proliferation ©3). The results of this
project also suggest that homoisoflavonoids with A-rings containing a methoxy group are more active
when compared to the halogenated analogues (chloride/bromide). Thus, one major structural
modification would be in the incorporation of a 3,4-dimethoxythiophenol or a 2,5-
dimethoxythiophenol as a starting material. This would produce homoisoflavonoids (Scheme 32) with

multiple methoxy groups in the A-ring and could potentiate the anti-proliferative effects.
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Scheme 32. Synthetic scheme for the production of homoisoflavonoids containing multiple methoxy groups situated on the A-ring. Where
R = 3,4-dimethoxy/2,5-dimethoxy.

Another way to incorporate structural modifications would be via the condensation step with
benzaldehyde. This step allows for functionality due to the functional groups situated on the aromatic
ring of the benzaldehyde analogues. From the data reported in this project, incorporation of the
fluoro-containing B-ring is advantageous over its halogenated sisters and as such, producing
regioisomers of the fluorinated B-ring would produce analogues that may have increased activity and
in turn provide more information about the structural activity relationship with regards to the anti-
proliferative effects. This may allow a deeper understanding into the importance of specific regions
of the homoisoflavonoids and how this affects their anti-proliferative effects. Regioisomers of the 4-
fluoro benzaldehyde i.e. the 3-fluorobenzaldehyde or the 2-fluorobenzaldehyde will aid in

ascertaining positional importance. Another possibility would be via the use of 4-(trifluoromethyl)-
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benzaldehyde which is an analogue of benzaldehyde containing 3-fluoro groups connected to a single
carbon attached to the aromatic ring. The trifluoromethyl motif is found in various medicinal
compounds ©7), most notably found in celecoxib - a non-steroidal anti-inflammatory drug known to
be a COX inhibitor. This motif also provides increased lipophilicity and due to its highly electronegative

behaviour it has a much more dramatic effect on the electronic characteristics of the aromatic ring.

Another, structural modification would be via the reduction of functional groups of the
homoisoflavonoid. Specifically the olefinic moiety connecting the B-ring to the C-ring. This can be done
chemoselectivley, i.e. reducing one of the substituents preferentially over the other, or both motifs
can be reduced. Reducing the olefinic moiety would give rise to compounds of the 3-benzyl-4-
thiochromanone like homoisoflavonoids. The oxygen analogues of this type of homoisoflavonoid have
also demonstrated anti-proliferative abilities 3, thus in order to ascertain whether this would have a
significant effect on the sulphur analogues various compounds containing the reduced olefin are
required. There are various ways to chemoselectively reduce the olefinic moiety, one being via the

use of an iron catalyst ®® (Scheme 33). This reduction allows for a moderate yield of 51%.

0 0
| Fe?, CsCOy
/\\//ﬁ"\
Ph Fh Fh Ph

z Ph

N
C o
Fe2 = \ Ph

«-Fe
ocw" ‘ TPPh,

co

Scheme 33. Iron catalysed chemoselective reduction of olefinic moiety in the presence of a carbonyl group

An alternative method ® of the chemoselective reduction of the olefin of an a, B-unsaturated
carbonyl would be via the use of RuCl2(PPhs)s as a catalyst (Scheme 34). The use of this catalyst allows

for a very high percentage conversion, and in the case of this study, a 91% conversion was observed.
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(HCHO},, RuCh{PPhy)

K,CO,
o 0

Scheme 34. Ruthenium catalysed chemoselective reduction of olefinic moiety in the presence of a carbonyl
group
Itis also possible to reduce both the carbonyl and the olefin of the a,B-unsaturated system, to produce
a thiochromane motif. The oxygen analogues of the chromane have demonstrated strong anti-
proliferative abilities as seen in the study conducted by Schwikkard et a/ ©3. Thus, in order to
determine whether this analogous reduction of the homoisoflavonoid would provide an improvement
with regards to anti-proliferative effects, the total reduction would be desired. This reduction has
been performed on the oxygen analogues previously 3 (Scheme 35), using Pd/C and due to the

analogous structure of the sulphur analogous one may surmise that this method can be used here.

o PdiC

Ha
0] 0

Scheme 35. Palladium catalysed reduction of @, B-unsaturated system

As all the compounds synthesised in this project contain electron withdrawing substituents located
on the B-ring, one way to introduce an electron donating group would be via the reduction of the nitro
containing homoisoflavonoids. This would convert the nitro group to an amine group thus producing
the electron donating substituent of the B-ring, whilst also allowing further modifications to be made.
One way of chemoselectively reducing the aromatic nitro group could potentially be done via the use
of iron with HCI whilst refluxing in ethanol ©° (Scheme 36). Thus, could be suitable for the reduction

of the aromatic nitro containing homoisoflavonoids.
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Scheme 36. Chemo selective reduction of aromatic nitro group in the presence of &, 8 unsaturated system

Once reduced to the amine, this would allow the further modifications to be made subsequently.
Potential modifications could be via the formation of amides or imines. An inspiration for the
formation of the sulphonamide motif is due to the highly active and selective COX-Il inhibitor known
as NS-398 (Figure 43) 1), As NS-398 is extremely active and selective, it is plausible to investigate

whether the sulphonamide motif could potentiate the homoisoflavonoids synthesised in this project.

NO,

Figure 43. Selective COX-Il inhibitor NS-398 containing the sulphonamide moiety
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A.0 Appendix

A.1 Compound 28
3-[(4-chlorophenyl)sulfanyl]propanoic acid (28)

6 4
cl_ 7 , -CooH

8™~g 2
White solid, 1.41 g, 65.1 %, 93.7 - 93.9 °C, IR vmax (cm™): 2561 (O-H, carboxylic acid), 1696 (C=0), 1477
(Aromatic C=C), 1092 (C-0), 813 (C-Cl), 659 (C-S),"H-NMR (400 MHz, CDCls): = 7.24 (2H, d, J = 8.9 Hz,
2 x H-5), 7.20 (2H, d, ) = 8.9 Hz, 2 x H-6), 3.07 (2H, t, ) = 7.2 Hz, H-2), 2.59 (2H, t, ) = 7.2 Hz, H-3); 13C-
NMR (100 MHz, CDClz): 6 =177.3 (C-4), 133.0 (C-8), 132.9 (C-7), 131.8 (C-5), 129.3 (C-6), 34.0 (C-3),

29.1(C-2), Rf =0.68 (1:1 EtOAc:hexane)
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A.2 Compound 29

3-[(4-bromophenyl)sulfanyl]propanoic acid (29)

Br_ 7 5 COOH

White solid, 2.41 g, 91.9 %, 120.3 - 121.0 °C, IR Vmax (cm™): 2561 (O-H), 1697 (C=0), 1474 (Aromatic
C=C), 1006 (C-0), 809 (C-Br), 657 (C-S), H-NMR (400 MHz, CDC3): = 7.40 (2H, d, J = 8.6 Hz, 2 x H-6),
7.20 (2H, d, J = 8.6 Hz, 2 x H-5), 3.07 (2H, t, ] = 7.2 Hz, H-2), 2.60 (2H, t, J = 7.2 Hz, H-3); *C-NMR (100
MHz, CDCl3): § = 177.2 (C-4), 134.1 (C-8) 132.2 (C-5), 131.8 (C-6), 120.8 (C-7), 33.9 (C-3), 28.9 (C-2), Rf

=0.70 (1:1 EtOAc:hexane).
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A.3 Compound 30

3-[(4-methoxyphenyl)sulfanyl]propanoic acid (30)

6
MeO_ 7 5 COOH

White solid, 2.08 g, 97.4 %, 85.2 - 85.7 °C, IR Vmax (cm!): 2958 (Ar-H), 2591 (O-H), 1694 (C=0), 1492
(CHs bend), 1469 (Aromatic C=C), 1027 (C-O), 664 (C-S),*H-NMR (400 MHz, CDCls): § = 7.32 (2H, d, J =
8.7 Hz, 2 x H-6), 6.78 (2H, d, ) = 8.7, 2 x H-5), 3.73 (3H, s, OCH3), 2.96 (2H, t, J = 7.0 H, H-2), 2.53 (2H, t,
J=7.0, H-3); BC-NMR (100 MHz, CDCl3): = 177.7 (C-4), 159.5 (C-7), 134.5 (C-5), 124.8 (C-8), 114.7 (C-

6), 55.4 (OCHs), 34.3 (C-3), 30.8 (C-2), Rf = 0.73 (1:1 EtOAc:hexane).
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A.4 Compound 31

6-chloro-2,3-dihydro-4H-1-benzothiopyran-4-one (31)

Light orange solid, 0.46 g, 50.3 %, 78.8 - 79.3 °C, IR Vmax (cm™): 3047 (Ar-H), 2939 (Aliphatic C-H), 1666
(C=0), 1472 (Aromatic C=C), 815 (C-Cl), 655 (C-S),*H-NMR (400 MHz, CDCls): 6 = 8.00 (1H, d, J = 2.5 Hz,
H-5), 7.26 (1H, dd, J = 2.5 Hz, 8.6 Hz, H-7), 7.15 (1H, d, J = 8.6 Hz, H-8), 3.17 (2H, m, H-2), 2.90 (2H, m,
H-3); 3C-NMR (100 MHz, CDCls): & = 192.9 (C-4), 140.5 (C-8a), 133.4 (C-7), 131.9 (C-4a), 131.2 (C-6),

129.1 (C-8), 128.8 (C-5), 39.3 (C3), 26.9 (C-2), Rf = 0.49 (1:1 EtOAc:hexane).
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A.4.3 GCMS
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A.5 Compound 32

Light orange solid, 0.47 g, 49.7 %, 120.3 - 121.0 °C, IR vmax (cm™): 2930 (Ar-H), 1667 (C=0), 1447

(Aromatic C=C), 809 (C-Br), 657 (C-S), *H-NMR (400 MHz, CDCl3): § = 8.24 (1H, d, J = 2.1 Hz, H-5), 7.50

(1H, dd, J = 2.1 Hz, 7.7 Hz, H-7), 7.18(1H, d, J = 8.5 Hz, H-8), 3.26 (2H, m, H-2), 2.99 (2H, m, H-3); 13C-

NMR (100 MHz, CDCls): & = 192.9 (C-4), 141.2 (C-4a), 136.1 (C-7), 132.0 (C-8a), 131.5 (C-5), 129.4 (C-

8), 119.0 (C-6), 39.1 (C-3), 34.4 (C-2), Rf = 0.46 (1:1 EtOAc:hexane).

A.5.1 NMR

A.5.1.1 1H-NMR

LX) LX) 78 70

[ren
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A.5.1.2 13C-NMR
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A.5.2 IR Data
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A.5.3 GCMS
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A.6 Compound 33

6-methoxy-2,3-dihydro-4H-1-benzothiopyran-4-one (33)

Light orange solid, 0.35 g, 38.6 %, 85.2 - 85.7 °C, IR vVmax (cm™): 3022 (Ar-H), 1598 (C=0), 1473 (Aromatic
C=C), 1359 (CHs bend), 1046 (C-0), 637 (C-S), 'H-NMR (400 MHz, CDCl3): § = 7.53 (1H, d, J = 3.0 Hz, H-
5), 7.09 (1H, d, J = 8.8 Hz, H-8), 6.92 (1H, dd, J = 3.0 Hz, 8.8 Hz, H-7), 3.74 (3H, s, OCH3), 3.12 (2H, m,
H-2), 2.88 (2H, m, H-3); 1*C-NMR (100 MHz, CDCl3): & = 194.2 (C-4), 157.5 (C-6), 133.6 (C-8), 131.6 (C-
4a), 129.6 (C-8), 122.1 (C-7), 111.6 (C-5), 55.5 (OCHs), 40.7 (C-3), 27.6 (C-2), Rf = 0.43 (1:1

EtOAc:hexane).

A.6.1 NMR
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A.6.1.2 13C-NMR
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A.7 Compound 34

(32)-6-bromo-3-[(4-bromophenyl)methylidene]-2,3-dihydro-4H-1-benzothiopyran-4-one (34)

Light yellow solid, 244 mg, 28.3 %, 186.2 - 186.7 °C, IR vmax (cm™): 1647 (C=0), 1568 (Aliphatic C=C),
1485 (Aromatic C=C), 812 (C-Br), 664 (C-S), 'H-NMR (400 MHz, CDCls): & = 8.23 (1H, d, J = 2.2 Hz, H-5),
7.62 (1H, brs, w12 = 2.65 Hz, H-9), 7.51 (2H, d, J = 8.4 Hz, H-3’), 7.44 (1H, dd, J = 2.2 Hz, 8.2 Hz, H-7),
7.19(2H, d, 8.4 Hz, H-2’), 7.12 (1H, d, ] = 8.2 Hz, H-8), 3.99 (2H, d, J - 1.0 Hz, H-2); 3C-NMR (100 MHz,
CDCl3): 6 = 184.5 (C-4), 133.9 (C-8a), 137.2 (C-9), 136.0 (C-7), 133.6 (C-1’), 133.5 (C-4a), 133.3 (C-5),
132.5 (C-3), 132.2 (C-3’), 131.0 (C-2’), 129.5 (C-8), 123.5 (C-4’), 119.7 (C-6), 29.1 (C-2), Rf = 0.75 (1:1

EtOAc:hexane). HRESMS (ASAP) m/z 408.8895 [M]* (calcd for [C16H110SBr2], 408.8897).
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A.7.1.2 13C-NMR
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A.7.2 GCMS

A.7.2.1 CHROMATOGRAM

File tE:\DATA\JDH 28.0

operator  :

Acquired 1 B May 2019 18:52 using AcgMethod HIGHTEMPAUTO.M
Instrument : GC M5 1
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A.7.2.2 MASS SPEC
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A.7.3 HIGH RES MASS SPEC

JDH29 MW=4087 National Mass Spectrometry Facility, Swansea Sianne Schwikkard
ASAP (SOLID) Xevo G2-S 16-Aug-2019
C16H100SBr2
KINSCH-L4UJC-WG-A 199 (1.861) AM (Cen 4, 80.00, Ar,10000.0,0.00,0.00); Cm (187:216) 1: TOF MS ASAP+
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ASAP (SOLID) Xevo G2-S 16-Aug-2019
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A.7.4 IR DATA
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A.7.5 BIOLOGICAL DATA
A.7.5.1 CYTOTOXICITY (HelLa)

A.7.5.1.1 CYTOTOXICITY PER CONCENTRATION

120
* ok ok

100

% Cell Viability
B [e2} (o]
o o o

N
o

% %k %k
%k %k
s
10 30

Control 1 100

Concentration of compound 34 (uM)

Figure A.7.5.1.1. Viability of Hela cells exposed to different concentrations of compound 34 after 24 h
incubation period. Cytotoxicity was determined via neutral red assay. The data is expressed as the percentage of
inhibition compared with negative control in which the cell viability was assumed 100 % (means + SD, N =3). All
concentrations tested showed significant cytotoxic effect compared to negative control (one way ANOVA with
Dunnett’s posthoc test, ***P <0.001)
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A.7.5.1.2 1Cso

compound effect on HeLa viability
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A.7.5.2 ANTI-PROLIFERATIVE DATA

A.7.5.2.1 ANTI-PROLIFERATION PER CONCENTRATION (HREC)
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Figure A.7.5.2.1. Cell proliferation of HREC cells exposed to different concentrations of compound 34 after 24
hr incubation period. Cell proliferation was determined via the alamarBlue assay. The data is expressed as the
percent proliferation compared with negative control in which the cell proliferation was assumed 100%
(means * SD, N =3). Concentrations of 10 uM and 100 uM showed significant anti-proliferative effects
compared to negative control (one way ANOVA with Dunnett’s posthoc test, ***P <0.001)

132



A.7.5.2.2 Glso (HREC)

compound effect on HREC proliferation
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A.7.5.2.3 ANTI-PROLIFERATION PER CONCENTRATION (ARPE-19)
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Figure A.7.5.2.3. Cell proliferation of ARPE-19 cells exposed to different concentrations of compound 34 after 24
hr incubation period. Cell proliferation was determined via the alamarBlue assay. The data is expressed as the
percent proliferation compared with negative control in which the cell proliferation was assumed 100% (means
+SD, N =3). Concentration 100 pM showed significant anti-proliferative effects compared to negative control
(one way ANOVA with Dunnett’s posthoc test, **P <0.01).
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A.7.5.2.4 Glso (ARPE-19)
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A.8 Compound 35

(32)-3-[(4-bromophenyl)methylidene]-6-chloro-2,3-dihydro-4H-1-benzothiopyran-4-one (35)

‘O

Light yellow solid, 742 mg, 92.3 %, 171.2 - 171.8°C, IR vmax (cm™): 3375 (Ar-H), 1659 (C=0), 1595
(Aliphatic C=C), 1487 (Aromatic C=C), 814 (C-Cl), 803 (C-Br), 665 (C-S). *H-NMR (400 MHz, CDCls): & =
8.08 (1H, d, J = 2.3 Hz, H-5), 7.62 (1H, brs, w12 = 3.2 Hz, H-9), 7.51 (1H, d, ) = 7.9 Hz, H-3'), 7.29 (1H,
dd, ) =2.3, 8.2 Hz, H-7), 7.19 (1H, d, J = 7.9 Hz, H-2’), 7.19 (1H, d, ) = 8.2 Hz, H-8), 3.97 (2H, d, J = 1.3
Hz, H-2); 3C-NMR (100 MHz, CDCl3): = 184.6 (C-4), 139.3 (C-8a), 137.2 (C-9), 133.6 (C-6), 133.1 (C-7),
132.6 (C-3), 132.3 (C-4"), 132.2 (C-4a), 132.1 (C-3’), 131.0 (C-2’), 130.0 (C-5), 129.4 (C-8), 29.1 (C-2), Rf

=0.78 (1:1 EtOAc:hexane). HRESMS (ASAP) m/z 364.9399 [M]* (calcd [C1sH110SCIBr], 364.9043).

A.8.1 NMR

A.8.1.1 'H-NMR
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A.8.1.2 3C-NMR
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A.8.1.6 NOESY
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A.8.2.2 MASS SPEC

1E:\DATA\JDH 30.D
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Instrument : G
Sample Name: JDH 30
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A.8.3 HIGH RES MASS SPEC

160 180 200 220 KD 260 720 300 U0 340 350 3B 430 4B 4ED 4ED 4BD ED EAD EAD £ED

JDH30 MW=3647 National Mass Spectrometry Facility, Swansea Sianne Schwikkard
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JDH30 MW=364? National Mass Spectrometry Facility, Swansea Sianne
ASAP (SOLID) Xevo G2-S 16-Aug-2019
C16H100SCIBr
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A.8.5 XRD data

Bond precisiom:
Cell:

Temperature: 217 K

Volume
Space group
Hall group
Moiety formula
Sum formula
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A.8.5 BIOLOGICAL DATA
A.8.5.1 CYTOTOXICITY (Hela)

A.8.5.1.1 CYTOTOXICITY PER CONCENTRATION

120

100
* ok

% Cell viability
B [e2) (o]
o o o

N
o

* %
* ok k
' %k
——
10 30

Control 1 100

Concentration of compound 35 (uM)

Figure A.8.5.1.1. Viability of Hela cells exposed to different concentrations of compound 35 after
24 h incubation period. Cytotoxicity was determined via neutral red assay. The data is expressed
as the percentage of inhibition compared with negative control in which the cell viability was
assumed 100 % (means % SD, N =3). All concentrations tested showed significant cytotoxic effect
compared to negative control (one way ANOVA with Dunnett’s posthoc test, ***P<0.001)

A.8.5.1.2 1Cso

compound effect on HeLa viability
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A.8.5.2 ANTI-PROLIFERATIVE DATA

A.8.5.2.1 ANTI-PROLIFERATION PER CONCENTRATION (HREC)
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Figure A.8.5.2.1. Cell proliferation of HREC cells exposed to different concentrations of compound 35 after
24 hr incubation period. Cell proliferation was determined via the alamarBlue assay. The data is expressed
as the percent proliferation compared with negative control in which the cell proliferation was assumed
100% (means = SD, N =3). Concentrations of 10 uM and 100 uM showed significant anti-proliferative effects
compared to negative control (one way ANOVA with Dunnett’s posthoc test, ***P <0.001).
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A.8.5.2.3 ANTI-PROLIFERATION PER CONCENTRATION (ARPE-19)
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Figure A.8.5.2.3. Cell proliferation of ARPE-19 cells exposed to different concentrations of compound 35 after
24 hr incubation period. Cell proliferation was determined via the alamarBlue assay. The data is expressed as
the percent proliferation compared with negative control in which the cell proliferation was assumed 100%
(means * SD, N =3). No Concentrations showed significant anti-proliferative effects compared to negative
control (one way ANOVA with Dunnett’s posthoc test).
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A.8.5.2.4 Glso (ARPE-19)
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A.9 Compound 36

(32)-3-[(4-bromophenyl)methylidene]-6-methoxy-2,3-dihydro-4H-1-benzothiopyran-4-one (36)

Light yellow solid, 260 mg, 44.4 %, 146.5 - 147.1 °C, IR vmax (cm™): 2934 (Ar-H), 1650 (C=0), 1583
(Aliphatic C=C), 1471 (Aromatic C=C), 1026 (C-O), 824 (C-Br), 654 (C-S), *H-NMR (400 MHz, CDCl3): § =
7.62 (1H, d, J = 3.0 Hz, H-5), 7.60 (1H, brs, wi2= 2.70 Hz, H-9), 7.49 (2H, d, J = 8.2 Hz, H-3’), 7.19 (2H,
d, ) =8.2 Hz, H-2’), 7.14 (1H, d, ) = 8.8 Hz, H-8), 6.95 (1H, dd, J = 3.0 Hz, 8.8 Hz, H-7), 3.96 (2H, d, ] = 1.0
Hz, H-2), 3.79 (3H, s, OCHs); 13C-NMR (100 MHz, CDCls): & = 185.6 (C-4), 158.1 (C-6), 136.3 (C-9), 133.9
(C-4’),133.7 (C-4a), 133.1 (C-8a), 132.4 (C-3),132.0 (C-3’), 131.3 (C-8a), 129.1 (C-8), 123.2 (C-1’), 122.2
(C-7), 112.8 (C-5), 55.9 (OCHs), 29.4 (C-2), Rf =0.75 (1:1 EtOAc:hexane). HRESMS (ASAP) m/z 360.9896

[MT* (calcd [C17H1402SBr], 360.9898).

A.9.1 NMR
A.9.1.1 'H-NMR
|
if.‘ ' I J by 1
i | MU ’_I_L.l__» |

146

T
[ppm]

fren]

1a

12

10



A.9.1.2 3C-NMR

T T T T T T T . T T T . T . T T T . .
200 150 100 50 [ [ppm]

A.9.1.3 COSY

— . ’
[ L]
— « % o™ v
= [ ® s »
[ T T T T T T T T T T T T T T T T
8 [ 4 2 F2 [ppm]

147

rel]

F1 [ppm]



A.9.1.4 HSQC

F1 [ppm]

T
20

T
120 100

T
140

A.9.1.5 HMBC

F2z [ppm]

T
a0

60

O

I‘I‘
[

‘,.
F1 [ppm]

T T
150 100

T
200

148

F2 [ppm]



A.9.1.6 NOESY

A.9.2 GCMS

A.9.2.1 CHROMATOGRAM
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A.9.2.2 MASS SPEC
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A.9.3 HIGH RES MASS SPEC

JDH31 MW=3607 National Mass Spectrometry Facility, Swansea Sianne Schwikkard
ASAP (SOLID) Xevo G2-S 16-Aug-2019
C17H13025Br
KINSCH-L4NTH-WG-A 297 (2.758) AM (Cen,4, 80.00, Ar,10000.0,0.00,0.00); Cm (297:332) 1: TOF MS ASAP+
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JDH31 MW=3607 National Mass Spectromeiry Facility, Swansea Sianne Schwikkard
ASAP (SOLID) Xevo G2-8 16-Aug-2019
C17H13028Br
KINSCH-L4NTH-WG-A (0.037) Is (1.00,0.01) C17H13028BrH 1: TOF MS ASAP+
362.9878 4.14e12
1007 360.9898
Theoretical Isoicpe Pattern (M+H)
3
361.9930 363.9909
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365.9887 366.9902
0 T T T |1 t T T T m/z
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KINSCH-L4NTH-WG-A 297 (2.758) AM (Cen 4, 80.00, Ar,10000.0,0.00,0.00); Cm (297:332) 1: TOF MS ASAP+
100+ 362.9875 1.25e7
360.9896
Observed Data
LI
2613911 3639908
3589742 3595616 361.0409 363.0388 354-f'355 65,9853
0= | ) r ) y T 1 miz
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A.9.5 BIOLOGICAL DATA

A.9.5.1 CYTOTOXICITY (Hela)
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Figure A.9.5.1.1. Viability of Hela cells exposed to different concentrations of compound 36 after 24 h
incubation period. Cytotoxicity was determined via neutral red assay. The data is expressed as the percentage of
inhibition compared with negative control in which the cell viability was assumed 100 % (means % SD, N =3). All
concentrations tested showed significant cytotoxic effect compared to negative control (one way ANOVA with
Dunnet’s posthoc test, *P <0.05, ***P<0.001)
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A.9.5.1.2 I1Cso
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A.9.5.2 ANTI-PROLIFERATIVE DATA
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Figure A.9.5.2.1. Cell proliferation of HREC cells exposed to different concentrations of compound 36 after 24
hr incubation period. Cell proliferation was determined via the alamarBlue assay. The data is expressed as the
percent proliferation compared with negative control in which the cell proliferation was assumed 100%
(means % SD, N =3). Concentrations of 10 uM and 100 uM showed significant anti-proliferative effects
compared to negative control (one way ANOVA with Dunnett’s posthoc test, ***P <0.001).
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A.9.5.2.2 Glso (HREC)

compound effect on HREC proliferation
150-

—
o
=]
+
>
>
L g

% proliferation
(normalized to DMSO)
a
<

-10 -8 -6 -4 -2
log conc [M]

A.9.5.2.3 ANTI-PROLIFERATION PER CONCENTRATION (ARPE-19)

140
120
100
c
.©
w 80
&
©
= 60
X * %
40
20 I
0
Control 1x10-4 1x10-3 0.01 0.1 1 10 100

Concentrations of compound 36 (UM)

Figure A.9.5.2.3. Cell proliferation of ARPE-19 cells exposed to different concentrations of compound 36 after
24 hr incubation period. Cell proliferation was determined via the alamarBlue assay. The data is expressed as
the percent proliferation compared with negative control in which the cell proliferation was assumed 100%
(means £ SD, N =3). Concentration 100 uM showed significant anti-proliferative effects compared to negative
control (one way ANOVA with Dunnett’s posthoc test, ***P <0.001).
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A.9.5.2.4 GI50 (ARPE-19)
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A.10 Compound 37

(32)-6-bromo-3-[(3-bromophenyl)methylidene]-2,3-dihydro-4H-1-benzothiopyran-4-one (37)

Light yellow solid, 61 mg, 10.3 %, 192.5 - 193.0 °C, IR vmax (cm™): 2907 (Ar-H), 1662 (C=0), 1600
(Aliphatic C=C), 1571 (Aromatic C=C), 805 (C-Br), 646 (C-S). *H-NMR (400 MHz, CDCls): 6 = 8.23 (1H, d,
J =2.1 Hz, H-5), 7.62 (1H, brs, w12 = 2.7 Hz, H-9), 7.45 (1H, d, J = 1.8 Hz, H-2’), 7.45 (1H, m, H-6'), 7.44
(1H, dd,J = 2.1, 8.6 Hz, H-7), 7.25 (1H, m, *H-4’), 7.25 (1H, m, *H-5’), 7.13 (1H, d, ) = 8.6 Hz, H-8), 3.99
(2H, d, J = 1.2 Hz, H-2); 13C-NMR (100 MHz, CDCl3): = 184.6 (C-4), 139.8 (C-8a), 136.8 (C-9), 136.4 (C-
3), 135.8 (C-5’), 133.6 (C-4a), 133.0 (C-5), 132.2 (C-2’), 132.0 (C-7), 130.1 (C-4’), 129.55 (C-8), 127.9 (C-
6), 122.9 (C-3’), 119.6 (C-6), 28.9 (C-2), Rf =0.74 (1:1 EtOAc:hexane). HRESMS (ASAP) m/z 408.8896

[MT* (calcd [C16H110SBr], 408.8897). * denotes interchangeable protons
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A.10.2 GCMS

A.10.2.1 CHROMATOGRAM
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A.10.2.2 MASS SPEC

File :E:\DATA\JDH 35.D
Operator H

Acquired : B May 201% 20:05 using AcgMethod HIGHTEMPAUTO.M
Instrument : GC M5 1
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A.10.3 HIGH RES MASS SPEC

JDH35 MW=4087 National Mass Spectrometry Facility, Swansea Sianne Schwikkard
ASAP (SOLID) Xevo G2-8 16-Aug-2019
C16H100SBr2
KINSCH-L4UNJ-WG-A 187 (1.746) AM (Cen,d, 80.00, Ar,10000.0,0.00,0.00); Cm (186:205) 1: TOF MS ASAP+
410.8876 4.17e6
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JDH35 MW=4087 National Mass Spectrometry Facility, Swansea Sianne Schwikkard
ASAP (SOLID) Xevo G2-S 16-Aug-2019
C16H100SBr2
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A.10.4 IR DATA
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A.10.5 BIOLOGICAL DATA
A.10.5.1 CYTOTOXICITY (Hela)
A.10.5.1.1 CYTOTOXICITY PER CONCENTRATION
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Figure A.10.5.1.1. Viability of Hela cells exposed to different concentrations of compound 37 after
24 h incubation period. Cytotoxicity was determined via neutral red assay. The data is expressed
as the percentage of inhibition compared with negative control in which the cell viability was
assumed 100 % (means £ SD, N =3). All concentrations tested showed significant cytotoxic effect
compared to negative control (one way ANOVA with Dunnett’s posthoc test, **P <0.01, ***p
<0.001)
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A.10.5.1.2 ICso
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Figure A.10.5.2.1 Cell proliferation of HREC cells exposed to different concentrations of compound 37 after 24 hr
incubation period. Cell proliferation was determined via the alamarBlue assay. The data is expressed as the percent
proliferation compared with negative control in which the cell proliferation was assumed 100% (means = SD, N =3).

Concentrations of 10 uM and 100 uM showed significant anti-proliferative effects compared to negative control

(one way ANOVA with Dunnett’s posthoc test, ***P <0.001).
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A.10.5.2.2 Glso (HREC)

compound effect on HREC proliferation
150-

-—
o
=]
.
L |
<«

% proliferation
(normalized to DMSO)
(3]
<

-10 -8 -6 -4 -2
log conc [M]
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Figure A.10.5.2.3. Cell proliferation of ARPE-19 cells exposed to different concentrations of
compound 37 after 24 hr incubation period. Cell proliferation was determined via the alamarBlue
assay. The data is expressed as the percent proliferation compared with negative control in which

the cell proliferation was assumed 100% (means * SD, N =3). No Concentrations showed
significant anti-proliferative effects compared to negative control (one way ANOVA with Dunnett’s
posthoc test).
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A.10.5.2.4 Glso (ARPE-19)
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A.11 Compound 38

(32)-3-[(3-bromophenyl)methylidene]-6-chloro-2,3-dihydro-4H-1-benzothiopyran-4-one (38)

Light yellow solid, 217 mg, 36.6 %, 169.5 - 169.9 °C, IR vmax (cm™): 2908 (Ar-H), 1662 (C=0), 1599
(Aliphatic C=C), 1577 (Aromatic C=C), 814 (C-Cl), 782 (C-Br), 646 (C-S). *H-NMR (400 MHz, CDCl3): § =
8.07 (1H, d, J = 2.4 Hz, H-5), 7.62 (1H, brs wi/2 = 2.5 Hz, H-9), 7.45 (1H, m, H-2"), 7.45 (1H, m, H-6'), 7.29
(1H, dd, J = 2.4, 8.5 Hz, H-7), 7.24 (1H, m, H-4’), 7.24 (1H, m, H-5’), 7.19 (1H, d, J = 8.5 Hz, H-8), 3.99
(2H, d, J = 1.1 Hz, H-2); *C-NMR (100 MHz, CDCl3): & = 184.4 (C-4), 139.8 (C-8a), 136.8 (C-1'), 136.7
(C-9),133.2(C-4a),133.2(C-3),133.1(C-7), *132.4 (C-5’), 132.1 (C-6), *132.0 (C-4’), 130.1 (C-5), *130.0
(C-2'), 129.2 (C-8), *127.9 (C-6'), 122.9 (C-3’), 29.8 (C-2), Rf = 0.74 (1:1 EtOAc:hexane). HRESMS (ASAP)

m/z 364.9400 [M]" (calcd [C16H110SCIBr], 364.9403). * Denotes interchangeable carbons.
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A.11.2 GCMS

A.11.2.1 CHROMATOGRAM

20128 using AcgMethod HIGHTEMPAUTO.M
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A.11.2.2 MASS SPEC

File tE:\DATA\JDE 37.D

Operator H

Acguired T B May 2018 20:29 using AcgMethod HIGHTEMPAUTO.M
Instrument : GC M5 1

Sample Name: JDH 37
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A.11.3 HIGH RES MASS SPEC

JDH37 MW=3647 National Mass Spectrometry Facility, Swansea Sianne Schwikkard
ASAP (SOLID) Xevo G2-S 16-Aug-2019
C16H100SCIBr
KINSCH-L4RCY-WG-A 181 (1.695) AM (Cen,4, 80.00, Ar,10000.0,0.00,0.00); Cm (180:203) 1: TOF MS ASAP+
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JDH37 MW=364? National Mass Spectrometry Facility, Swansea Sianne Schwikkard
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A.11.4 IR DATA
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Figure A.11.5.1.1. Viability of HeLa cells exposed to different concentrations of compound 38 after 24 h incubation period.
Cytotoxicity was determined via neutral red assay. The data is expressed as the percentage of inhibition compared with
negative control in which the cell viability was assumed 100 % (means + SD, N =3). All concentrations tested showed
significant cytotoxic effect compared to negative control (one way ANOVA with Dunnett’s posthoc test, ***P <0.001)
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A.11.5.2 ANTI-PROLIFERATIVE DATA

A.11.5.2.1 ANTI-PROLIFERATION PER CONCENTRATION (HREC)
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Figure A.11.5.2.1. Cell proliferation of HREC cells exposed to different concentrations of
compound 38 after 24 hr incubation period. Cell proliferation was determined via the alamarBlue
assay. The data is expressed as the percent proliferation compared with negative control in which

the cell proliferation was assumed 100% (means * SD, N =3). Concentrations of 10 uM and 100
UM showed significant anti-proliferative effects compared to negative control (one way ANOVA
with Dunnett’s posthoc test, ***P <0.001).
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A.11.5.2.2 Glso (HREC)

compound effect on HREC proliferation
150-

o
L]

$
100+

% proliferation
(normalized to DMSO)
(3]
<

-10 -8 -6 -4 -2
log conc [M]

A.11.5.2.3 ANTI-PROLIFERATION PER CONCENTRATION (ARPE-19)
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Figure A.7.5.2.3. Cell proliferation of ARPE-19 cells exposed to different concentrations of
compound 38 after 24 hr incubation period. Cell proliferation was determined via the alamarBlue
assay. The data is expressed as the percent proliferation compared with negative control in which

the cell proliferation was assumed 100% (means * SD, N =3). Concentration 100 uM showed
significant anti-proliferative effects compared to negative control (one way ANOVA with Dunnett’s
posthoc test, ***P <0.001).
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A.11.5.2.4 Glso (ARPE-19)
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A.12 Compound 39

(32)-6-bromo-3-[(4-chlorophenyl)methylidene]-2,3-dihydro-4H-1-benzothiopyran-4-one (39)

Light yellow solid, 692 mg, 13.1 %, 157.8 - 158.0 °C, IR vmax (cm™): 2909 (Ar-H), 1662 (C=0), 1648
(Aliphatic C=C), 1600 (Aromatic C=C), 815 (C-Cl), 772 (C-Br), 646 (C-S), 'H-NMR (400 MHz, CDCl3): § =
8.23 (1H, d, ) = 2.2 Hz, H-5), 7.65 (1H, brs, W12 = 2.5 Hz, H-9), 7.44 (1H, dd, ) = 2.2 Hz, 8.5 Hz, H-7), 7.35
(2H, s, J = 8.4 Hz, H-2’), 7.25 (2H, d, J = 8.4 Hz, H-3'), 7.13 (1H, d, J = 8.5 Hz, H-8), 3.99 (2H,d, J = 1.1 Hz,
H-2); 3C-NMR (100 MHz, CDCl3): & = 184.3 (C-4), 139.9 (C-8a), 137.2 (C-9), 136.0 (C-7), 135.2 (C-4’),
133.5 (C-4a), 133.1 (C-3), 133.0 (C-5), 132.5 (C-1"), 130.9 (C-3’), 129.5 (C-8), 129.2 (C-2’), 119.6 (C-6),
29.1 (C-2), Rf = 0.80 (1:1 EtOAc:hexane). HRESMS (ASAP) m/z 364.9398 [M]* (calcd [C1s6H110SCIBr],

364.9403).
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A.12.2.2 MASS SPEC

Sample Nane:

Misc Info

vial Number:

ZE:\DATA\JDH 4Z.D

8 May 2019 20:53
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A.12.3 HIGH RES MASS SPEC

JDH42 MW=3647 National Mass Spectrometry Facility, Swansea Sianne Schwikkard
ASAP (SOLID) Xevo G2-S 16-Aug-2019
C16H100SCIBr
KINSCH-L4VFA-WG-A 181 (1.695) AM (Cen 4, 80.00, Ar,10000.0,0.00,0.00); Cm (168:183) 1: TOF MS ASAP+
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JDH42 MW=3647 National Mass Spectrometry Facility. Swansea Sianne Schwikkard
ASAP (SOLID) Xevo G2-S 16-Aug-2019
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A.12.5 BIOLOGICAL DATA
A.12.5.1 CYTOTOXICITY (Hela)

A.12.5.1.1 CYTOTOXICITY PER CONCENTRATION
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Concentrations of compound 39 (uUM)

Figure A.12.5.1.1. Viability of Hela cells exposed to different concentrations of compound 39 after 24 h
incubation period. Cytotoxicity was determined via neutral red assay. The data is expressed as the
percentage of inhibition compared with negative control in which the cell viability was assumed 100 %
(means £ SD, N =3). All concentrations tested showed significant cytotoxic effect compared to negative
control (one way ANOVA with Dunnett’s posthoc test, ***P <0.001)
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A.12.5.2 ANTI-PROLIFERATIVE DATA

A.12.5.2.1 ANTI-PROLIFERATION PER CONCENTRATION (HREC)
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Figure A.12.5.2.1. Cell proliferation of HREC cells exposed to different concentrations of
compound 39 after 24 hr incubation period. Cell proliferation was determined via the alamarBlue
assay. The data is expressed as the percent proliferation compared with negative control in which

the cell proliferation was assumed 100% (means * SD, N =3). Concentrations of 10 uM and 100
UM showed significant anti-proliferative effects compared to negative control (one way ANOVA
with Dunnett’s posthoc test, ***P <0.001).
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A.12.5.2.3 ANTI-PROLIFERATION PER CONCENTRATION (ARPE-19)
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Figure A.12.5.2.3. Cell proliferation of ARPE-19 cells exposed to different concentrations of
compound 39 after 24 hr incubation period. Cell proliferation was determined via the alamarBlue
assay. The data is expressed as the percent proliferation compared with negative control in which

the cell proliferation was assumed 100% (means £ SD, N =3). Concentrations 10 pM and 100 pM
showed significant anti-proliferative effects compared to negative control (one way ANOVA with
Dunnett’s posthoc test,*P<0.05, ***P <0.001).
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A.12.5.2.4 Glso (ARPE-19)
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A.13 Compound 40

(32)-3-[(3-bromophenyl)methylidene]-6-methoxy-2,3-dihydro-4H-1-benzothiopyran-4-one (40)

Yellow solid, 104 mg, 17.8 %, 106.5 - 107.0 °C, IR vmax (cm™): 2910 (Ar-H), 1660 (C=0), 1592 (Aliphatic
C=C), 1558 (Aromatic C=C), 1031 (C-0), 775 (C-Br), 662 (C-S). *H-NMR (400 MHz, CDCl3): § = 7.62 (1H,
d, ) =2.90 Hz, H-5), 7.61 (1H, s, H-9), 7.45 (1H, m, H-2"), 7.45 (1H, m, H-6'), 7.24 (1H, m, H-4"), 7.24
(1H, m, H-5"), 7.15 (1H, d, J = 8.70 Hz, H-8), 6.96 (1H, dd, J = 2.9, 8.7 Hz, H-7), 3.97 (2H, d, J = 1.1 Hz,
H-2), 3.79 (s, OCHs). 1*C-NMR (100 MHz, CDCls): & = 185.7 (C-4), 158.4 (C-6), 137.2 (C-1’), 135.2 (C-9),
134.4 (C-3’), 133.0 (C-8a), 132.4 (C-3), 132.1 (C-6’), 131.8 (C-2’), 130.2 (C-4’), 129.5 (C-8), 127.9 (C-
5’), 55.6 (OCHs), 29.3 (C-2). Rf = 0.75 (1:1 EtOAc:hexane). HRESMS (ASAP) m/z 360.9897 [M]* (calcd
[C17H1402SBr], 360.9898).
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A.13.2 GCMS

A.13.2.1 CHROMATOGRAM
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A.13.2.2 MASS SPEC

E:\DATA\JDH 44.D
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A.13.3 HIGH RES MASS SPEC

JDH44 MW=3607 National Mass Spectrometry Facility, Swansea Sianne Schwikkard
ASAP (SOLID) Xevo G2-8 16-Aug-2018
C17H130258Br
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JDH44 MW=3607 National Mass Spectrometry Facility, Swansea Sianne Schwikkard
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A.13.4 IR DATA
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662.14

% Transmittance

‘Wavenumbers (cm-1)

A.13.5 BIOLOGICAL DATA
A.13.5.1 CYTOTOXICITY (Hela)

A.13.5.1.1 CYTOTOXICITY PER CONCENTRATION
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Figure A.13.5.1.1. Viability of Hela cells exposed to different concentrations of compound 40 after
24 h incubation period. Cytotoxicity was determined via neutral red assay. The data is expressed
as the percentage of inhibition compared with negative control in which the cell viability was
assumed 100 % (means £ SD, N =3). All concentrations tested showed significant cytotoxic effect
compared to negative control (one way ANOVA with Dunnett’s posthoc test, ***P <0.001)
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A.13.5.1.2 ICso
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A.13.5.2 ANTI-PROLIFERATIVE DATA

A.13.5.2.1 ANTI-PROLIFERATION PER CONCENTRATION (HREC)
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Figure A.13.5.2.1. Cell proliferation of HREC cells exposed to different concentrations of compound 40 after 24
hr incubation period. Cell proliferation was determined via the alamarBlue assay. The data is expressed as the
percent proliferation compared with negative control in which the cell proliferation was assumed 100% (means
+SD, N =3). Concentrations of 10 uM and 100 uM showed significant anti-proliferative effects compared to
negative control (one way ANOVA with Dunnett’s posthoc test, *P <0.001).
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A.13.5.2.2 Glso (HREC)
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Figure A.13.5.2.3. Cell proliferation of ARPE-19 cells exposed to different concentrations of
compound 40 after 24 hr incubation period. Cell proliferation was determined via the alamarBlue
assay. The data is expressed as the percent proliferation compared with negative control in which

the cell proliferation was assumed 100% (means * SD, N =3). Concentration 100 uM showed
significant anti-proliferative effects compared to negative control (one way ANOVA with Dunnett’s

posthoc test, ***P <0.001).
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A.13.5.2.4 Glso (ARPE-19)
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A.14Compound 41

(32)-6-bromo-3-[(4-fluorophenyl)methylidene]-2,3-dihydro-4H-1-benzothiopyran-4-one (41)

Light grey solid, 162 mg, 28.2 %, 136.8 - 137.4 °C, IR vmax (cm™): 3055 (Ar-H), 1662 (C=0), 1598
(Aliphatic C=C), 1583 (Aromatic C=C), 904 (C-F), 784 (C-Br), 684 (C-S), H-NMR (400 MHz, CDCl3): & =
8.32 (1H, d, J = 2.3 Hz, H-5), 7.77 (1H, brs w2 =, H-9), 7.43 (1H, dd, J = 2.3 Hz, 8.5 Hz, H-7), 7.41 (2H,
dd, J =5.3 Hz, 9.0 Hz, H-2’), 7.22 (1H, d, 8.5 Hz, H-8), 7.14 (2H, t, J = 8.5 Hz, H-3’), 4.10 (2H, d, J = 1.1
Hz, H-2); 3C-NMR (100 MHz, CDCl3): & = 184.6 (C-4), 164.2 (d, J = 244.9 Hz, C-4’), 119.6 (C-6), 137.4 (C-
9), 135.8 (C-7), 131.8 (C-1’), 133.2 (C-5), 133.5 (C-4a), 131.4 (C-2’), 130.9 (C-3), 129.4 (C-8), 139.9(C-
8a), 116.2 (d, J = 21.8 Hz, C-3'), 29.1 (C-2), Rf = 0.80 (1:1 EtOAc:hexane). HRESMS (ASAP) m/z 348.9695

[M]* (calcd [C16H110SBrF], 348.9698).
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A.14.1.6 NOESY
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A.14.2.2 MASS SPEC
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A.14.3 HIGH RES MASS SPEC

JDH49 MW=3487 National Mass Spectrometry Facility, Swansea Sianne Schwikkard
ASAP (SOLID) Xevo G2-S 16-Aug-2019
C16H100SFBr
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A.14.5 BIOLOGICAL DATA
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Figure A.14.5.1.11. Viability of Hela cells exposed to different concentrations of compound 41
after 24 h incubation period. Cytotoxicity was determined via neutral red assay. The data is
expressed as the percentage of inhibition compared with negative control in which the cell

viability was assumed 100 % (means % SD, N =3). All concentrations tested showed significant

cytotoxic effect compared to negative control (one way ANOVA with Dunnett’s posthoc test, ***P
<0.001)
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A.14.1.2 ANTI-PROLIFERATIVE DATA

A.14.5.2.1 ANTI-PROLIFERATION PER CONCENTRATION (HREC)
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Figure A.14.5.2.1. Cell proliferation of HREC cells exposed to different concentrations of
compound 41 after 24 hr incubation period. Cell proliferation was determined via the alamarBlue
assay. The data is expressed as the percent proliferation compared with negative control in which

the cell proliferation was assumed 100% (means * SD, N =3). Concentrations of 10 uM and 100
UM showed significant anti-proliferative effects compared to negative control (one way ANOVA
with Dunnett’s posthoc test, ***P <0.001).
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A.14.5.2.2 Glso (HREC)
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Figure A.14.5.2.3. Cell proliferation of ARPE-19 cells exposed to different concentrations of
compound 41 after 24 hr incubation period. Cell proliferation was determined via the alamarBlue
assay. The data is expressed as the percent proliferation compared with negative control in which

the cell proliferation was assumed 100% (means + SD, N =3). Concentration 100 uM showed
significant anti-proliferative effects compared to negative control (one way ANOVA with Dunnett’s

posthoc test, ***P <0.001).
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A.14.5.2.4 Glso (ARPE-19)
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A.15 Compound 42

(32)-6-bromo-3-[(4-nitrophenyl)methylidene]-2,3-dihydro-4H-1-benzothiopyran-4-one (42)

Yellow solid, 221 mg, 35.5 %, 229.3 - 229.9 °C, IR vmax (cm™): 3080 (Ar-H), 1663 (C=0), 1614 (Aliphatic

C=C), 1594 (Aromatic C=C), 1511, 1340 (NO2), 1289 (C-N), 777 (C-Br), 635 (C-S) 'H-NMR (400 MHz,

DMSO-d6): § = 8.32 (2H, d, J = 8.7 Hz, H-2’), 8.13 (1H, d, J = 2.4 Hz, H-5), 7.81 (1H, d, J = 8.7 Hz, H-3"),

7.73 (1H, dd, ) = 2.4, 8.4 Hz, H-7), 7.72 (1H, brs, wi/2 = 1.8 Hz, H-9), 7.44 (1H, d, ) = 8.4 Hz, H-8), 4.27

(2H, s, H-2), 3C-NMR (100 MHz, DMSO-d6): & = 184.5 (C-4), 147.7 (C-4'), 141.4 (C-3'), 140.8 (C-1),

136.5 (C-7), 135.5 (C-8a), 135.3 (C-9), 133.5 (C-4a), 132.1 (C-5), 131.1 (C-3’), 130.5 (C-8) , 123.9 (C-2’),

118.7 (C-6), 28.5 (C-2) Rf = 0.78 (1:1 EtOAc:hexane). HRESMS (ASAP) m/z 375.9640 [M]* (calcd

[C16H11NOsSBr], 375.9643).
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A.15.1.4 HSQC
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A.15.1.6 NOESY
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JDH50 MW=3757 National Mass Spectrometry Facility, Swansea Sianne Schwikkard
ASAP (SOLID) Xevo G2-8 16-Aug-2019
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A.15.5 BIOLOGICAL DATA
A.15.5.1 CYTOTOXICITY (Hela)

A.15.5.1.1 CYTOTOXICITY PER CONCENTRATION
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Figure A.15.5.1.1. Viability of Hela cells exposed to different concentrations of compound 42 after
24 h incubation period. Cytotoxicity was determined via neutral red assay. The data is expressed
as the percentage of inhibition compared with negative control in which the cell viability was
assumed 100 % (means = SD, N =3). Concentrations of 30 uM and 100 uM showed significant
cytotoxic effect compared to negative control (one way ANOVA with Dunnett’s posthoc test,
**p<0.01, ***P <0.001).

A.15.5.1.2 ICso
compound effect on HelLa viability
100-
80
60
40-

20

0 T T T T 1
-6.5 -6.0 5.5 -5.0 4.5 4.0 -3.5

log conc [M]

% cytotoxicity (normalised to DMSO)

210



A.15.5.2 ANTI-PROLIFERATIVE DATA

A.15.5.2.1 ANTI-PROLIFERATION PER CONCENTRATION (HREC)
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Figure A.15.5.2.1. Cell proliferation of HREC cells exposed to different concentrations of
compound 42 after 24 hr incubation period. Cell proliferation was determined via the alamarBlue
assay. The data is expressed as the percent proliferation compared with negative control in which

the cell proliferation was assumed 100% (means + SD, N =3). Concentration of 100 pM showed
significant anti-proliferative effects compared to negative control (one way ANOVA with Dunnett’s
posthoc test, ***P <0.001).
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A.15.5.2.3 ANTI-PROLIFERATION PER CONCENTRATION (ARPE-19)
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Figure A.15.5.2.3. Cell proliferation of ARPE-19 cells exposed to different concentrations of
compound 42 after 24 hr incubation period. Cell proliferation was determined via the alamarBlue
assay. The data is expressed as the percent proliferation compared with negative control in which

the cell proliferation was assumed 100% (means * SD, N =3). Concentration 100 uM showed
significant anti-proliferative effects compared to negative control (one way ANOVA with Dunnett’s

posthoc test, ***P <0.001).
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A.16 Compound 43

(32)-6-methoxy-3-[(4-nitrophenyl)methylidene]-2,3-dihydro-4H-1-benzothiopyran-4-one (43)

MeO

Yellow solid, 682 mg, 94.7 %, 176.3 - 176.7 °C, IR vmax (cm™): 3012 (Ar-H), 1663 (C=0), 1589 (Aliphatic
C=C), 1512 (Aromatic C=C), 1475, 1341 (NO3), 1105 (C-O), 654 (C-S),"H-NMR (400 MHz, CDCl3): § = 8.23
(2H, d, J = 8.8 Hz, H-2’), 7.67 (1H, brs, wi/2 = 3.2 Hz, H-9), 7.62 (1H, d, J = 3.0 Hz, H-5), 7.48 (2H, s, J =
8.6 Hz, H-3'), 7.16 (1H, d, 8.8 Hz, H-8), 6.98 (1H, dd, J = 3.0 Hz, 8.8 Hz, H-7), 3.94 (2H, d, J = 1.1 Hz, H-
2),3.79 (3H, s, OCH3); 3C-NMR (100 MHz, CDCl3): & = 185.3 (C-4), 132.8 (C-4a), 147.7 (C-4’), 141.7 (C-
1'), 136.3 (C-3), 134.6 (C-9), 136.1 (C-8a), 158.2 (C-6), 130.3 (C-3'), 129.4 (C-8), 124.0 (C-2’), 122.3 (C-
7), 112.8 (C-5), 55.7 (OCHs), 29.3 (C-2), Rf = 0.73 (1:1 EtOAc:hexane). HRESMS (ASAP) m/z 328.0644

[M]* (caled [C17H14aNO4S], 328.0644).
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A.16.1.4 HSQC
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A.16.1.6 NOESY
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JDH51 MW=3277 National Mass Spectrometry Facility, Swansea Sianne Schwikkard
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A.16.5 BIOLOGICAL DATA
A.16.5.1 CYTOTOXICITY (Hela)

A.16.5.1.1 CYTOTOXICITY PER CONCENTRATION
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Figure A.16.5.1.1. Viability of Hela cells exposed to different concentrations of compound 43 after
24 h incubation period. Cytotoxicity was determined via neutral red assay. The data is expressed
as the percentage of inhibition compared with negative control in which the cell viability was
assumed 100 % (means % SD, N =3). All concentrations tested showed significant cytotoxic effect
compared to negative control (one way ANOVA with Dunnett’s posthoc test, **P <0.01,
#¥*Pp<0.001).
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A.16.5.2 ANTI-PROLIFERATIVE DATA

A.16.5.2.1 ANTI-PROLIFERATION PER CONCENTRATION (HREC)
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Figure A.16.5.2.1. Cell proliferation of HREC cells exposed to different concentrations of
compound 43 after 24 hr incubation period. Cell proliferation was determined via the alamarBlue
assay. The data is expressed as the percent proliferation compared with negative control in which

the cell proliferation was assumed 100% (means £ SD, N =3). Concentrations of 10 uM and 100
UM showed significant anti-proliferative effects compared to negative control (one way ANOVA
with Dunnett’s posthoc test, ***P <0.001).
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A.16.5.2.3 ANTI-PROLIFERATION PER CONCENTRATION (ARPE-19)
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Figure A.16.5.2.3. Cell proliferation of ARPE-19 cells exposed to different concentrations of
compound 43 after 24 hr incubation period. Cell proliferation was determined via the alamarBlue
assay. The data is expressed as the percent proliferation compared with negative control in which

the cell proliferation was assumed 100% (means * SD, N =3). No Concentrations showed
significant anti-proliferative effects compared to negative control (one way ANOVA with Dunnett’s
posthoc test).
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