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1.0SYNTHESIS

According to the World Health Organization (WHOR@Ncer is a leading cause of death
worldwide and has accounted for 7.6 million dedft8%6 of all deaths) in 2008. The number
of effective drugs available has been reduced lynchresistant malignant tumors. Similarly,
bacterial infections are one of the world’s mostgsing public health problem. The major
challenge in anti-bacterial treatment is due to deeelopment of bacteria strains that are
resistant to antibiotics. Each year more than 1liamipeople die from major infections such
as MDR tuberculosis. In 2013, 9 million people f#livith TB and 1.5 million died from the
disease (WHO). Therefore there is a need for ntivetapeutic alternatives such as the
discovery of new anti-cancer and anti-bacterialnégeBenzofurans have attracted much
attention due to their broad spectrum of pharmagoéd activities such as anti-cancer and
anti-bacterial activities and one classical examigleusnic acid. Most of the published
synthesis of the benzofuran moiety involved themfation of annellated furan ring by
intramolecular cyclisation of benzene, and thesequiures involved a multi-step, rigorous
reaction conditions and expensive catalyst. Thigaech investigated the novel synthesis of
benzofurans through the application of biocatalysisere the reactions involved the use of
the oxidative enzyme laccase to generate carbdyenasonds, carbon-oxygen and carbon-
nitrogen bonds between aromatic compounds. Thetrsidss used were-diols from
catecholsl, p-quinone2 from naphthoquinones and naphthohydroquin®nehich, when
activated by the enzyme action, could be reactdtl Wj3-diketonest, 5 or coumarins
(Figure 1). The aim of synthesising different céasef compounds was to vary the functional

groups and to increase the number of rings, so pedsibly increase the biological activities.
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Figure 1: Substrates of laccasg, @,3) and co-reactant4 6,6)

We exploited the application of a commercial laegé8uberase® from Novozymes as the
catalyst in these transformations. This oxidoreaset was successfully utilised in the
synthesis of 5,6-dihydroxylated benbfffirans 7, synthesis ofC-C coupled substituted
dicarbonyls to catechol8, benzofuro [3,Z]chromen-6-one derivativeS, C-C coupled

naphthoquinon&0 and C-C bis-coupled naphthoquinone derivatieand12 (Figure 2).
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Figure 2: The classes of synthesised compounds synthesisbid istudy
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As an example, the synthesis of benzofurans talee® by then situ oxidation of catechol
13 facilitated by laccase to afford the ortho-quinddeThis allows for a Michael addition of
the 1,3-dicarbonyl5 with 14. This is then followed by an oxa-Michael additionigiallows

for cyclisation as shown in Scheme 1 below to dffine benzofuransa
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Scheme 1: Synthesis of the 5, 6-dihydroxylated berigfijrans

Depending on the nature of the starting materaksecond reduction can only take place for
un-substituted dicarbonyls at position 2. Interagi, the substituted diketones formed a
monocoupled producB. Such a mechanism has been reported when usidgidrel
synthetic methods in the classical cross couplieghanism using palladium (Pd), or Nickel
(Ni) or iron (Fe). However, the 1,4-naphthoquinoneexpectedly gave a C-C bis coupled
product10 and11 when reacted with 1,3-diketones in the presendacafse. This suggests
that the reaction has undergone two Michael additeactions without cyclisation. This

mechanism is also observed for the first time tghothe application of laccase.
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The method was broadly applicable but unsuccessfghrding fluorinated and acid
catechols, which did not react with neither 1,8adbonyls nor coumarins. Anthraquinones

were also not susceptible to this reaction.

A selection of the benzofurans were derivatizedhwaitwell-known anti-TB drugs; isoniazid
and thiosemicarbizide. The maotif is that drugs tmaidulate several targets have a potential
to improve balance of efficacy in addition to sgfehen compared to single target agents. A
total of 69 compounds were generated in this stoflyyhich 19 were known and 50 were

novel.

2.0BIOLOGICAL EVALUATION

Biological evaluation, both anti-cancer and antitbaal, of selected synthesised compounds
was performed. Anticancer screening was againsuraber of cancer cell-lines, which
included renal (TK10), melanoma (UACCG62), breasCfV) and cervical (HeLa) cancer cell
lines. The Gko, TGI and LGo data for many of these compounds were reportethiofirst
time. Anticancer screening showed that the cytusteffects of the 5,6-dihydroxylated
benzop]furans were most effective against the melanom@Q062) cancer cell line with
several compounds exhibiting potent growth inhityitactivities (Géo=0.77-9.76uM), of
which two compounds had better activity than thdl-w@own anticancer agent etoposide
(Glsp=0.89uM). One compound exhibited potent activity of 46319.73uM) against the
renal (TK10) cancer cell line and two exhibited guutactivity (Géo=8.79 and 9.3@M)
against the breast (MCF7) cancer cell line (Fig))reThe three numbers at the bottom in the
figure above represent the sgbf renal (TK10), melanoma (UACC62) and breast (MCF

cancer respectively. Comparison of the structueésive to the biological activity showed
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that the methoxy catechol was the most biologicaltyive derivative, and the biological

activity increased proportionally to the size of th3-diketone.
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Figure 2: Structures of most biological active compounds amcer cell-lines

Antibacterial evaluation involved screening seldcteompounds agairdicobacterium
smegmatis MC?155, Staphylococcus aureus 32710 MSSA), Bacillus subtilis 168
andEscherichia coli DH10B. Mycobacterium smegmatis MC?155 was used as a pre-
screening model organism prior to screening comgs@yainsMycobacterium tuberculosis
(M.tb). Only one compound, which belongs to the naphthames(compound?2, Figure 3),
showed potency againkt. smegmatis (6.25 pg/mL). This indicated that many benzofgran
are not active against Gram negative and Gramipediacteria, but have some application

towards acid fast bacteria such as Mycobacteria.
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Figure 3: Structure of the active 1,4-naphthoquinone derveati

Compound22 was then screened against three drug susceplle strains (two with
different mutations in the rpoB gene and one a dwsreptible strain called BE), and was

active against all three strains at 10 pg/mL.

This study has demonstrated the applicability aflative biocatalysis to access novel furan

compounds with activity towards cancer cell lined acid fast bacteria.
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Chapter 1 Bacteria and Cancer; An Overview

1.0 BACKGROUND

An overwhelming evidence has shown association dmtwcertain bacteria and cant&the
number of drugs available for treating malignanhdours and bacterial infections has been
reduced by the development of chemoresistant anibi@ic resistance. Polyhydroxylated
compounds have attracted much attention due to thread spectrum of pharmacological
activities such as anti-cancer and anti-bactegtiVities and one classical example is usnic acid
as previously mentioned. The structural motif offraat number of these compounds contain
fused aromatic rings, quinones and hydroxyl maosefldthnese moieties have the ability to undergo
redox cycling, this process is when compounds yatally cycle and generate ROS such as
hydrogen peroxide and superoxide which damageseatheROS also inhibit active efflux which
is responsible for moving antibiotics out of thel.c&he scope of this overview is broad
therefore a wide range of reports is presented.th®gis and mode of action of selected
antibiotics, search for new drug candidates, ¢adlecin cancer cells, cancer in Africa and cancer

treatment will be discussed.

According to the World Health Organization (WHO)ctexial infection is one of the world’s
most pressing public health probleffisBacteria are a diverse group of organism that are
classified as Gram negative, Gram positive and &stibacteria according to the crystal violet
staining technique used for preliminary identifioat based on cell wall compositiénGram
positive bacteria retain the dye stain and appedety Gram negative bacteria loose the stain
and appear red, while acid-fast bacteria do noh Eigure 1Y The acid fast bacteria have a
similar cell wall structure to the Gram negativectieaia, but in addition to the peptidoglycan it

also has mycolic acids.
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Almost every type of bacterium is becoming lespoesive to antibiotic treatment, resulting in

Division septum
Outer membrane

Pepr':ldoglycon Mesosome ili (Copsule)

ayer

{Capsule) / Cytoplasmic
Inclusian>';') . o LR

bﬂ-d)‘/

Peptidoglycan
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Porin
proteins

C)ﬁoplusmic.x'
membrane Periplasmic
space
(Flagellum)

%
(Flagellom) o Am POSITIVE GRAM NEGATIVE

Figure 1: Structure of a gram positive and gram negativedvaet

antibiotic resistancé. Antibiotic resistance is the ability of microorgam to survive the

exposure to one or more antibiotics. These antthresistant bacteria can quickly spread to
family members, schoolmates, and co-workers thigatening the community with a new strain
of infectious disease that is difficult to cure amdre expensive to tre&fTherefore there is a

need for new potent antibiotic agents that arerdéfole. Figure 2 depicts drug susceptible, non-

resistant bacteria as well as drug resistant bacter
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Exposure Infection occurs
to bacteria and the bacteria Drug treatment
oCcCCurs. spread. is used.
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Drug Resistant Bacteria

LT

™= - o

C o
The bacteria The bacteria continue
miesitiply. to spread. The person

remains sick.

Figure 2: Drug susceptible, non-resistant and drug resistacterid

Astonishingly, there has been a decline in the @@ds of new antibiotics in an era where drug
resistant and extreme drug resistant bacteria @sig a great threat to human he&lthiThis is
due to the common failure of new antibiotic drugndidates in the pipeline of pharmaceutical
companies. The molecular framework of the firselantibiotics contain fused aromatic rings,
guinones and hydroxyl moieties. This framework trees ability to undergo redox cycling, this
process is when compounds catalytically cycle amegate reactive oxygen species (ROS) such
as hydrogen peroxide and superoxide which damdugegdll. ROS also inhibit active efflux
which is responsible for moving antibiotics outloé¢ cell.

Historically antibiotics such as penicillin G tetracycline2, erythromycin3 and cephalosporin

C 4 gave rise to a large fraction of the approvedbamtics (Figure 3) and the process of semi-

synthesis continues to be the predominant avensedwessful new onés
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Figure 3: The first antibiotics to be discovered

Penicillins were the first antibiotics to be diseoad in1928, by Sir Alexander Fleming, a
professor of bacteriologyHe noticed zones of inhibition where a contamimatimould was
growing in a petri-dish culture of the Gram postivacteriunStaphylococcus aureus. He later
named the mouldPenicillium rubrum® The inhibition of bacterial growth was found to be
caused by a compound that was named penicillinpbagamily of compounds characterized by
a fused beta lactam, a carboxylic acid and one areramino acid side chains. 1930 Cecil
George Piane, a pathologist at the royal infirmar$heffield, discovered that penicillin can be
used in the treatment of a gonococcal eye infeciioninfants (a cause of ophthalmia
neonatorum$®*2In 1936 the Australian scientist Howard Florey and a tedmesearchers from
the University of Oxford proved the vivo bactericidal action of the dru&$John Bumstead and

Ovan Hess saved a dying patient’s life using p#iman 1942. Merck and company also used
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Chapter 1 Bacteria and Cancer; An Overview

penicillin to treat the burn victims from the CociGrove fire in Boston i1942, and was found
to be crucial in combatingaphylococcus bacteria which infect skin graft$. The narrow
spectrum of activity however led to derivitizatiaio antibiotics such as ampicillirp,

flucloxacillin 6, dicloxacillin 7 and methicillin8 as shown in Figure 4.

0
NH N/
H H N - S
N - S 1
o) - ° N
o : COOH
COOH
5 6
.0 /
N ©
cl H H
N Bs NG Bs
o) —0 o)
cl N N
(@) z O -
COOH COOH
7 8

Figure 4: Semisynthetic analogues of penicillfi

All the derivatives shown in the Figure 4 above\agy effective against both Gram positive and
Gram negative with the exception of methicillinistant Saphyl ococcus aureus (MRSA) strain
which has subsequently emerdédh 1945 tetracycline® were discovered by Benjamin Minge.
They are produced by ti&reptomyces genus of actinobactertéd Tetracyclines are characterized
by their exceptional chemotherapeutic efficacy agfaa wide range of both Gram positive and
Gram negative bactertd. The main indications for the use of tetracycliaes infections due to
Escherichia coli and Haemophilus influenza, infections of the bile duct, bacterial respirgtor
disorders including bronchitis prophylaxis, mixedections arising from the mouth, pharynx, or
intestinal tract, brucellosis, tularaemia, plaguad aother pasteurelloses, leptospirosis,

lymphogranuloma inguinale, cholera, and ricketisibsBecause of the development of strains
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Chapter 1 Bacteria and Cancer; An Overview

of microorganisms resistant to the tetracyclingmsé antibiotics have lost some of their
usefulness. They are no longer the drugs of fitsbice for treatment of staphylococcal,

streptococcal, or pneumococcal infections.

In 1952 a broad spectrum antibiotic called erythromy@iwas discovered by Mc Guire and co-
workers!® It was isolated from the actinomyceSaccharopolyspora erythrae. Erythromycin,
commonly administered as the ester prodrug erytiicom ethylsuccinate (EES). It is a
macrocyclic 14 membered lactone ring, with 10 aswtnim centres and 2 sugar moieties (L-
cladinose and D-desosamirt®)lt is on the WHO's list of essential medicine &® tmost
important medication needed in a basic health sy&tdt inhibits the growth oBtaphylococcus
aureus, Haemophilus influenzae. A second major group of beta-lactams is the degparins4
that were discovered i1956. These are broad type of antibiotics fra@ephalosporium
acremonium, a sewer fungu¥. They differ from penicillin by the presence of anétead of a 5
membered ring as well as the different substitwgmoups. They are used for treatment of
Salmonella typhi, the bacterium that causes typhoid fever. It isstreffective against Gram

positive bacteria; however its derivatives areaiie on Gram negative bacteria as well.

1.1 BIOSYNTHESIS, SYNTHESISAND MODE OF ACTION OF
SELECTED ANTIBIOTICS

Understanding the mode of action of anti-bactedalgs not only guides the design and
synthesis of novel antibiotics, it also helps tpiement measures to prevent the development of
resistancé’ In this section we will discuss the mode of actwinthe first four discovered

antibiotics.
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Chapter 1 Bacteria and Cancer; An Overview

1.1.1 PENICILLIN (1928)

Bio-Synthesis

Initially we will look at the biosynthesis of perloy G (benzyl penicillin) as an example. This
involves what 3 sequential biosynthetic steps. fiisestep involves the condensation of three
amino acids; Le-aminoadipic aci®, L-cysteinel0, and L-valinell to form a tripeptide named

5-(I-a-aminoadipyl)t-cysteinep-valine (ACV) 12 as shown in Scheme?}.22 23

SH
! P ER
OH + +
HOJ\g/\/\W 0" oH N "
NH, o] o)
amimo adipic acid L-cysteine D-valine
9 10 11

2

oy )
NH (0] i OH

OTNT T

(@]

ACV- Tripeptide
12

|

N S
o S
NH, 0 o N~/
/~OH
Isopenicillin

13

|

o 3
O//\OH
Penicillin G

Scheme 1: Bio-synthesis of penicillin G

Prior to tripeptide condensation, the amino acihline undergoes epimerization to become

valine?- 2> The enzyme responsible for this first step isecdd-(L-a-aminoadipyl)L-cysteineb-
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valine synthetase (ACVS), a nonribosomal peptidelstase (NRPS). The second step is the
oxidative conversion of linear ACV into the bicyclintermediate isopenicillin NL3 by
isopenicillin N synthase (IPNS), which is encodadthe genepcbC.?! 22isopenicillin N is a
very weak antibiotié! The final step is a transamination by isopeniciNnN-acyltransferase
(encoded by the gengenDE), in which thea-aminoadipyl side-chain of isopenicillin N is

removed and exchanged for a phenylacetyl side-abdmrm penicillin G14. 21

M ode of Action

B-lactam antibiotics act as bactericides, whereey tthisrupt the synthesis of the peptidoglycan
layer of the bacterial cell walf8. This is achieved by binding of ti§elactam ring to the enzyme
called DD-transpeptidase, an enzyme responsible cédalysing the peptidoglycan cross-
linkages. This then causes an imbalance betwednwad#l production and degradation, which

eventually leads to cell death through osmolysis.

1.1.2 TETRACYCLINES (1945)
Synthesis

Tetracycline has four linearly annulated six-merederings with five asymmetric centres at C4,

C4a, C5a, C6 and C12 as shown in Figure 5 béflow.

Figure5: Structure of tetracycline

They can be prepared from cultures of several spafireptomyces.?’ The first synthesis to be

reported was by Woodward and a group from PfiZeh number of alternative synthetic
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approaches were later developed by Shemyakin, &tmtkmore recently Meyef&2° However,
we have elected to discuss the improved synthetibway developed by Stork as shown in
Scheme 2 below’ The most formidable challenge posed by tetracgddimucture is the densely
functionalized fused ring structure. The first sieghe synthesis of the enantiomerically-pure
esterl7 as shown in Scheme 2. This is prepared throughefetation of benzoic acidé and
1,2-dihydrodiol with Alcaligenes eutrophus B9. Thssfollowed by epoxidation, rearrangement

and silylation. Acylation of the epoxide will8 resulted in keton#&9.

\N/
Y
| I \<O OCH + | O\N
OSBT: 3 Y
CO,H 5y O
2 TBSO L Bn
16 17 18 19
~. N,
N PPh,, DEAD :
1. LIOTf o] NBSH, PhCH; O\N
N = J /
2.TFA  HO“' N7 ¢ N
T80 °5  OBn B0 ©°'H  OBn
20 21
\N/
2 1. LDA, TMEDA
1. HC', MeOH O\ -78 OC — OOC
2. IBX, DMSQ N + >
- . ; % OPh 2. HF, MeCN
3.TBSOTH. 2.6-lutidine : 3. H,. Pd
o:o OBn o O e
z Boc
OTBSO
22 23

Scheme 2: Stork’s synthetic pathway of tetracyclifgs
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The ketone undergoes a C-C bond formation afteecteé desilylation with TFA in the
presence of LIOTf. Construction of AB ring systerasnaccomplished through the treatment of a
ketone with lithium triflate at 60 °C and subsequEBS deprotection to give tricyckO. Double
bond migration and reduction were carried out wiihenylphosphine, diethyl azodicarboxylate
and o-nitrobenzylsulfonylhydrazine in 74% yieldyigg allylsilyl ether21. This is then followed
by deprotection of TBS group with IBX and proteatiof tertiary alcohol with TBSOTTf to afford
a,p-unsaturated enone 22. The final step is the MiChekmann reaction a22 with 23 to form

15.29

Mode of action

Tetracyclines act as bacteriostatics for both Gpasitive and Gram negative bacteria, with the
exceptions such d@seudomonas aeruginosa. The B and C diketone system of the C11 and C12
is the active centre, C4 and C5a are crucial ferahtimicrobial activity (Figure 5f:3! This
pharmacophore is composed of the linear fusedctgtla, naturally occurringo) stereochemical
configuration at the 4a, 12a (A-B ring junction)das (dimethyl amino group) positions and the

presence of the keto-enol system at positions 2antl 12a in the proximity of the D ring.

Figure 6: Molecular frame-work of a tetracyclines
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Tetracyclines are strong chelating agents and thatiibacterial activity is influenced by the
chelation of metal ion¥ The chelation site is comprised of thaliketone system (11 and 12
positions), the enol (1 and 2 positions) and thilbaeamide (position 2) groups of the A system.
They bind to the 30S ribosome of the bacteria &aedeby preventing attachment of amino acyl

tRNA to the RNA ribosome comple®3?

1.1.3 CEPHAL OSPORINS (1956)

Synthesis

First generation cephalosporins are active predantiy against Gram positive bacteria and
successive generations are also active against Gregative bacteria. For this class of
compound we will discuss the biosynthesis of capdpadrin C as an example. The first step in
the biosynthesis is the deacetoxyacephalosporimofyhthesis. This comprises the reaction of
the aminoadipate?24, L-cysteine 25 and L-valine 26 in the presence of N-(5-amino-L-
carboxypentanoyl)-L-cysteinyl-D-valine synthaseisTénzyme contains 4-phosphopantatethiene

which may be involved in the reactiéh.
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+ H + H . H
HaN, = = SH 0o0C
¥ N—(CHpz coo- + H3N7J * ﬁ—%
-00C -00C N NH,
24 25 26

j EC6.3.2.26

H
= 1

"00C L
27§ =

COO
l EC 1.14.11.26

H
N 1
H3N77_ (HC);—C-NH g

“00C [
8 4 7 CH,0H

COOr
l EC 2.3.1.175

H
+ O Il
HaNsS— (HC)s=C-NH s

‘00C N
o) = CHzoAC

29 Coo

Scheme 3: Bio-synthesis of cephalosporirC

The resulting product is the deacetoxycephelasgog@6 is oxidised to deacetylcephalosporin C

27 by deacetylcephalosporin C hydroxylase. Deacegbtylasporin C acetyltransferase catalyses

the final step in the biosynthesis of cephalospGrize.

M ode of action

Cephalosporins act like penicillin in the inhibiti@f formation of peptidoglycan cross-links in

the bacterial cell wall, but are less susceptilbleddactamased? Biological activity is also
achieved by binding thé-lactam ring of the cephalosporin to the enzymeedalDD-
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transpeptidase, which is responsible for catalysiiegformation of cross-links. This mechanism

irreversibly inhibits cross-linkage of the peptitisan by mimicking the DD site.

1.1.4ERYTHROMYCIN (1952)

Synthesis

The 10 stereogenic centres and a number of sulistsunake erythromycin challenging to
synthesize. However, Robert Woodward was the fpistson to successfully synthesize the
antibiotic, using hydrolysis and stereospecificodilchtion (Scheme 4% The key steps in the
reaction sequence are such that comp@hand31 are coupled together to form compolgi
(scheme 4). Compoun®2 undergoes hydrolysis to form aldehyd8, followed by proline-
catalysed stereoselective intramolecular aldoltreado form enoné4. This is then followed by
induced elimination of the mesylate to form compbusb. After this comes a Grieco
dehydration to give compour8¥. Through a series of reduction and oxidations ppaumnd 37
was reacted with compourdb to form a dithiadecali®8. The final step involves hydration to

give the desired erythromycin prodydt
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Scheme 4: The Woodward synthesis of Erythromy@in

M ode of action
The erythromycins act as bacteriostatfc¥hey bind to 50S subunit of the bacterial 70S rRNA

complex. This then inhibits protein synthesis, acpsses critical for cell life and replication. It
interferes with aminoacyl translocation preventihg transfer of the tRNA bound at the A site
of the rRNA complexX® Without this translocation, the A site remainsugged thus the addition

of tRNA and thereby inhibits transfer of its attadhamino acid to polypeptide. The cell then

stops the production of functional proteins, whidfimately results in cell death.
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1.2 A SEARCH FOR NEW DRUG CANDIDATES

The government and non-governmental organizatiolebally, have started to invest in

antibiotic drug research and development. Forphigect we attempted the search for new drug
entities that could be used for the treatment bétaulosis. This is an infectious disease caused
by an acid fast bacterium calledMycobacterim tuberculosis. We selected this disease as a

target as South Africa has the third highest nunob&@B infections globally?

The first-line anti-TB drugs that can be used fargdsusceptible TB strain are; isoniagiH)
42, pyrazinamide (PYR}3, ethambutol(ETH) 44, stremptomycin(STR) 45 and rifampicin
(RIF) 46 (Figure 7)*’

N CH,OH
o) = 2 H
" . 1 A A
AN N~ 2 2 N b
o]

I
No CH,OH

I

Isoniazid 42 Pyrazinamide 43 Ethambutol 44

NH  HNg_NH
2
N4 T, Y
HN

T

Streptomycin 45 Rifampicin 46

Figure7: First-line TBdrugs®’

Soon after the first anti-tuberculosis agents weteduced to humans the emergence of drug-
resistant isolates dfl.tb was already observé&“*°Since the early 1990s, there has been a great

concern within public health institutions over tlmergence of multiple drug resistant
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tuberculosis (MDR-TB). This is caused bytb strains resistant to at least two first-line ari-
drugs, isoniazid (INH}2 and rifampicin (RIF}46. MDR-TB develops during treatment of drug
sensitive TB when the course of antibiotics regingeimterrupted and the levels of drug in the
body are insufficient to completely eliminate thacteria®' In vitro studies showed that
spontaneous mutations Mh.tb can be associated with drug resistance, whiletete(antibiotic)
pressure can lead to enhanced accumulation of thesgresistant mutanté* The efficient
selection of drug resistance in the presence aiglesantibiotic led investigators to recommend
combination therapy, using more than one antibiticeduce the emergence of drug resistance
during treatment?“® TB control has indeed been effective where comhinatreatment is

properly managety.

In this study we adopted the use of kigcobacterium smegmatis as the model for compounds to
be further evaluated for anti-TB activity. This wasmarily because it takes 3 months to grow
M. tuberculosis, whereas it takes only about 4 days to ghdwsmegatis. These two types of
bacterial species belong to the same family ana ma&ny physiological similarities. Thd.
smegmatis model involves pre-screening a library of compaumdjainstM. smegmatis and
selecting the reduced number of compounds that egropositive to screen againd.

tuberculosis (M.th).
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1.2.1 ANOTHER CLASS OF COMPOUNDS
1.2.1.1 FLUOROQUINOLONES

The fluoroquinolones are a promising class of driaysthe treatment of TB® When they are
used for treatment they are well distributed thtamg the body, which explains their efficacy
against intracellular mycobacteria. Fluoroquinokbnare registered as second-line anti-TB
drugs*®-°! Two examples are moxifloxaci4” and gatifloxacin48 and these are candidates for
shortening TB treatment (Figure 8) as they haveibéed the lowest minimum inhibitory
concentrations (MICSY>® They have also exhibited the greatest bactericatdlvity as
expressed in the rate of fall in Colony Forming tdr{iCFU)>>*%%1CFU is the estimate of the
number of viable bacterial cells in the sample. Tdsser the CFU the more active is the drug as

this means that the bacteria’s ability to multipig binary fission has been hindered.

o) o)
F CO,H F CO,H

Z/
pa
L
T
|>_
2\
z
L
o

OH OH
47 48

Moxifloxacin Gatifloxacin

Figure 8: Fluoroquinolone derivatives

Bifunctional fluoroquinolone—hydroxyquinolines wem@so evaluated for antimycobacterial
activity.52 The compounds that exhibited the best activity thee 7-piperidinyl-1-(2-fluoro-4-
nitrophenyl)quinolone49 and 7-piperidinyl -(3,5-dimethylpiperazinyl)quirnole 50 derivatives,

which exhibited 97% and 98% bacterial inhibitioespectively (Figure 9).
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7

Figure 9: Fluoroquinolone derivatives

Among the synthesized compourtids(Figure 10) was found to be the most active compaon
vitro with a MIC of 0.0383 uM and was more potent thhae first-line anti-tubercular drug

isoniazid (MIC = 0.1822 uMj®

cr L
&

51 52
F CO,H

N

% L
(o

Figure 10: Diclofenac51 and fluoroquinolone derivatives

This compound was suited for further modificatiorobtain a more efficacious and potent anti-

tuberculosis drug. Various diclofenac acid hydraoand amides have also been synthesized
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and evaluated fom vitro andin vivo anti-mycobacterial activities againsttb.®® Preliminary
results indicated that most of the compounds detretesl betterin vitro antimycobacterial
activity (MIC = 0.0383-7.53 uM) than diclofenat (MIC = 21.10 uM) and ciprofloxacib2

(MIC = 9.41 pM).

Mechanism of Action of Fluoroquinolones

Moxifloxacin 47 is a broad-spectrum antibacterial ageith activity against both Gram-positive
and Gram-negative bacteflt inhibits bacterial DNA gyrase, an enzyme thaessential for

the maintenance of DNA supercoils, that are reqguioe chromosomal replicatio3.

1.2.1.2 RIFAMYCIN DERIVATIVES

Rifampin is considered to be the cornerstone in dhaent treatment of TE. Rifamycin
derivatives, such as rifapentirs8, rifabutin 54 and rifalazil 55 in Figure 12, have been
synthesized from rifampicin to improve antimycoles@l activity and prolong their half-life.
Rifapentine was approved by the FDA in 1998 fortteatment of TB. Rifapentine appears to be
safe and well-tolerated at once-weekly dosing andurrently being evaluated in Phase Il

efficacy trials for treatment of latent tubercukfi
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Rifalazil (KRM1648) 55 K/NJ\ Rifampicin 46

Figure 11: Structures oRifamycin derivatives.

Rifalazil (RLZ) 55 is a new semisynthetic rifamycin derivative witbboag pharmacokinetic half-
life. It is highly active against a range of baw@estrains includingvi.tb, Mycobacterium avium,
Chlamydia trachomatis, Chlamydia pneumoniae, and Helicobacter pylori.®® RLZ is more active

than RIF or rifabutirb3 againstM. tuberculosisin mice bothin vitro andin vivo.®’

1.21.3 OXAZOLIDINONES

Oxazolidinones were discovered at DuPont in the0$%hd later developed by Pharmacia &

Upjohn. They are a new class of compounds thatetige against a variety of Gram-positive
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bacteria, includingV. tb. Linezolid 56 is the first oxazolidinone to be developed andraygd

by the FDA to treat single- or multiple-resistanta@-positive bacterial infections (Figure £2).

o™
N o
F@NJ\O 0
N

Figure 12: Structure olLinezolid.

1.21.4NITROIMIDAZOPYRAN

A patrticularly promising candidate for TB treatmeéstnitroimidazopyran (PA82457, derived

from 5-nitroimidazoles (Figure 135.

O,N
N
L3
Ko‘i<i>—ocF3

57

Figure 13: Nitroimidazopyran, PA824.

PA824 is highly active, with BIIC as low as 0.015-0.250 pg/ml agaikstb and MDR-TB.
PA824 is a prodrug that requires activation by etdréal F420-dependent glucose-6-phosphate
dehydrogenase and nitroreductase to activate coamp®that then inhibit bacterial mycolic acid

and protein synthesis.
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1.2.1.5NEW ANTIMICROBIALS

In most parts of Southern Africa, plants are used rhedicinal purposes, including as
antibacterial agents. The structure of biologicaistive compounds in plants varies; some
compounds belong to classes of compounds suclkasidk, terpenoids, coumarins/chromones,
peptides and phenols. Naphthoquinones are amongothpounds being investigated and they
exhibit a range of pharmacological properties sastantibacterial® antiviral,? trypanocidal’
anticancer? antimalariaf® and antifungdf activity. A detailed study of a series of syntbetnd
plant-derived naphthoquinone derivatives of the ethyljuglone58 (Figure 14) scaffold on

antibacterial activity againsfl.tb was reported by Mahapatra and co-workérs.

(0]

OH O
58

Figure 14: 7-Methyljuglone.

The aim of their study was to examine the synthesiibacterial activity and cytotoxicity of a
series of naphthoquinon&s The naphthoquinone, 7-methyljuglo®8, has previously been
isolated and identified as an active componentaoft rextracts ofEuclea natalensis which

displays anti-tubercular activity. Mehapatra andwarkers showed that 7-methyljuglone

exhibited the most potent and most selective amettcular activity of all the compounds tested.

It is well known that HIV increases a person’s syibility to TB infection due to the decline of

CD4+ lymphocytes in number and function, resultimga weakened immune system incapable

23|Page



Chapter 1 Bacteria and Cancer; An Overview

of preventing the growth and local spreadvbfb.”® A challenge arises in the interaction of HIV
and TB drugs in HIV and TB patients. For exampigmpin has been recommended not to be
used concurrently with almost all the anti-HIV rems$ide reverse transcriptase inhibitors
NNRTIs and protease inhibitors due to drug-drugrimttionS Therefore, there is an urgent
need for new compounds that can target TB but domexfere with drugs that are used to treat
HIV. Recent research for example that done by Xs tione an evaluation of anti-HIV active
pyranocoumarin for their activity againsttb.8’ Focused libraries were synthesiZ®#67 and
evaluated for their anti-TB activity in primary sening assays (Figure 15). The structural
framework of library is similar to one of our libfas called benzo[3,2]chromen-6-one and they

are discussed in Chapter 4.
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12 OH

(+)-Calanolide A (-)-Calanolide A
59 60
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X
O o O
W OH
Soulattrolide (-)-7,8-Dihydrocalanolide B 7,8-Dihydrosoulattrolide
62 63 64

(+)-12-Oxocalanolide A (+/-)-7,8-Dihydro-12-oxocalanolide A (+/-)-Calanolide D
65 66 67

Figure 15: Pyranocoumarins evaluated for anti-TB activity

Although this library was biologically active nomere potent and the compounds shown to be
active were further assessed to determine their ¥il0es. The amino derivative83( 69 and

70) exhibited MIC values of 16 pg/mL each (Figure.16)
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Figure 16: The amino pyranocoumarin derivativé®70 most active against T#.

1.2.1.6 PHENOXYACETIC ACID DERIVATIVES

A series of novel phenoxyacetic acid derivativegehalso been synthesized and thaiwitro
activity was evaluated againM.tb H37Rv and an INH-resistaril.tb strain®® Among the
synthesized compounds, compoufidwas found to be the most active againstihiéd H37Rv
and INH-resistant strains exhibiting a minimum bitory concentration (MIC) of 0.06 pg/ml

(Figure 17).

Figure 17: Phenoxyacetic acid derivative
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1.2.1.7 DIARYLQUINOLINES
Koen et al has reported on the anti-mycobacterial propentiesliarylquinolines(DARQs)82

Chemical optimization of a lead compound led teres of DARQs with potenh vitro activity
against several mycobacteria, includivigb. Molecules of the DARQ series have a MIC below
0.5 pg/ml againsM.tb H37Rv. Antimycobacterial activity was confirmed vivo for three of
these compounds and the most active compound otldes, R2079102 (MICg = 0.06

png/mL), is a pure enantiomer with two chiral cestfeigure 18).

R207910 72

Figure 18: Diarylquinoline derivative.

Compound R2079102, has several propertidspthin vitro andin vivo, that may improve the
treatment ofTB. In addition, it also appears to act on a newgdh providing an anti-
mycobacteriabpectrum different from those of current drugs.clisical potential is currently

being tested on patients.

1.3SUMMARY OF ANTIBIOTICS
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In summary, the first-line antibiotics act either lzacteriostatics or as bacteriocides. Penicillins
and cephalosporins act as bacteriocides. Theyatrefbdactams and their activity depends on
disrupting the synthesis of the peptidoglycan layfethe bacterial cell walls by binding tifie
lactam ring to the enzyme called DD-transpeptidaseenzyme responsible for catalysing the
formation of the peptidoglycan cross-linkages. Tthisn causes an imbalance between cell wall
production and degradation, which lead rapidly delath. On the other hand tetracyclines and
erythromycin are both bacteriostatics. Erythromywiimds to the 50S subunit of the bacterial 70S
rRNA complex; this then inhibits protein synthesigich is critical for cell life and replication.
Tetracyclines bind to the 30S ribosome of the bactand thereby preventing attachment of
amino acyl tRNA to the RNA ribosome complex. Duentatations and other factors, the search
for new drug entities is an ongoing process. Astroead in section 1.1 first-line antibiotics
contain fused aromatic rings, quinones and hydraoxyleties. This framework has the ability to
undergo redox cycling, (ROS) such as hydrogen peeoand superoxide which damages the

cell.

1.4 CANCER

While it seems likely that the rise of antibiotiesistance may lead to an increase of infection
related deaths, cancer is currently the leadingeai death worldwide and accounted for 7.6
million deaths (13% of all deaths) in 2083\mong the most deadly cancers are lung, stomach,
liver, colon and breast cancer. It is projected tharldwide annual deaths from cancer will
continue to rise to an estimated 13.1 million by8@% There are a number of prevention
strategies that can be adopted in order to redueeitk of cancer reaching the advance stage.

These include early detection and curative treatmen
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Cancer is a disease that occurs as a result afuppression of apoptosis (programmed cell-
death) which leads to increased cell-proliferatiBroteins that sense cellular damage or growth
signals normally arrest the cell-cycle so thatdaenage can be repaired or, if that is impossible,
apoptosis is induced. Malfunction of this systemdito cancer by allowing cells to proliferate
when they should either be repaired or die. Moshdmu carcinogenesis was shown to have
abnormalities in some component of the retinoblastgrotein (pRb) pathway.Mutations of
the retinoblastoma gene result in a loss of fumatig of the retinoblastoma protein, which leads
to a wide range of human cancers, including osteoszas, small-cell lung cancer, lung cancer

and breast cancer.

The cell-cycle is controlled by proteins called laye and their catalytic partnets.The
miscoding mutations of a cyclin results in a logaffinity for its catalytic protein. This can take
place due to epigenetic inactivation by methylationa variety of tumours. Other types of
cancers can be due to chromosal rearrangementost lnmman cancer cells, the cyclins that
have been observed to mutate are cyclin-dependeasék complex CDK4/6 cyclins. For
example, it has been observed that a miscodingtiontaf CDK4/6 resulted in a loss of cyclin-
dependent kinase inhibitor p16 binding. There hagen attempts to exploit this by treating
cancer patients with inhibitors that block CDK ait$i. Indirubicin, flavopiridol and UCN-01
were the first CDK inhibitors tested in clinicaials in which benefits have been noted in some

patients*
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Figure 19: Structures of indirubicin, flavopiridol and UCN:0

1.5THE CELL-CYCLE IN CANCER CELLS

To ensure a proper progression through the celecycells have developed a series of
checkpoints that prevent them from entering intoeav phase until they have successfully
completed the previous one. As mentioned, thi®omrolled by cyclins and their corresponding

catalytic enzymes. Critical regulators and chedkisoof the cell-cycle progression are shown in

Figure 20.
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Figure 20: Critical regulators of a cell-cycie

Growth factor signals stimulate the synthesis otype cyclins, which then form active
complexes with CDK4 and CDKG6 in the early ghase. The primary substrate of CDK4/6 is the
retinoblastoma protein (pRb), which in its activgobphosphorylated form inhibits cell-cycle
progression by binding and repressing the actiatythe transcription factor, EZ®. The
transcription of several genes (including E-typeliog) takes place in the1@o-S transition by
hyperphosphorylating the pRb, which causes it gagsBociate from E2F. The activation of the
cyclin E/CDK2 complex drives progression from thé 8 S phase. The appropriate completion
of deoxyribonucleic acid (DNA) synthesis in its Bage requires the activity of A-type cyclins
together with CDK2. The cyclin B/CDK1 complex regtds entry to mitosis, whereas
proteolytic degradation of B-type cyclins regulatee exit from mitosis. Other CDK/ cyclin
complexes are regulated as follows: (i) inhibitorgactivating phosphorylation; (ii) inhibition by
specific CDK inhibitors (CDKIs) such as pl16, p21/WKB p27/KIP1 or (iii) by targeted
degradation, mediated for example by the SCF (Skgullin — F-box protein) ubiquitin ligase.
It has been observed that, in tumour or cances,céie cyclin dependent kinase inhibitory

proteins are either absent or medidted.

1.6 APOPTOSIS

Apoptosis is an active, energy-dependent, genbtipabgrammed process that occurs widely
during mammalian development. It offers a practwaly of getting rid of old, damaged or
dangerous cells. Apoptosis is mediated by two mp@ihways known as the mitochondrial and
the death-receptor pathways. The various intenastii@etween the two pathways are summarized
in Figure 1$*83The two pathways are intimately connected, and siams the death receptor-

mediated apoptotic stimulus is amplified by the adlitondrial loop. It begins when a death-
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ligand (such as tumour necrosis factor (TNF), kganld (FasL) or tumour necrosis factor-
related apoptosis-inducing ligand (TRAIL or ApoZ2lipteracts with its corresponding receptor
(TNF receptor, Fas receptor or KILLER/DR4 and DReSpectively) leading to the activation of
a caspase cascade pathway which includes caspask dspase 3 as shown in Figure 21. This

results in the cleavage of proteins that are esgeatcell viability &

Death ligands
{FasL, TNF, TRAIL)

Cell membrane

Death receptors
(FasR, TMFR, DR4, DRS)

i

— — Caspase 8

1

=
Apoptosis

Figure 21: The mitochondrial and death-receptor pathway opagmis®

The death receptor pathway is an extrinsic one ithéiiggered by extracellular cues such as
growth factor withdrawal, matrix detachment andokyte-mediated killing. The mitochondrial
cascade is an intrinsic pathway and might be trigiyeby intracellular cues such as DNA

damage or osmotic stress and it involves caspasesBiown in Figure 21 above.

The first genetic component of the human cell-dgeithway to be identified was thgcell
CLL/lymphoma 2 (Bcl2) gene.This pathway is mediated by Bcl-2 family proteindiich consist

of 20 members that have been recognised and deddrithuman&? The relative ratios of anti-
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and pro-apoptotic Bcl-2 family proteins dictate thiémate sensitivity or resistance of cells to
various apoptotic stimuli, including growth factdepletion, hypoxia, radiation and anticancer
drugs. In response to apoptotic signals, pro-apigptBcl-2 family proteins such as Bax

translocate and alter the permeability of the nitowrial membrane which leads to cytochrome
C release and activation of the caspase cascadieapoptotic Bcl-2 family members such as

Bcl-2 and Bcl-xL counter these effeéfs.

1.7 CANCER IN AFRICA

Cancer is an emerging public health problem in &&friAbout 715,000 new cancer cases and
542,000 cancer deaths occurred in 2008 on thereamit? Despite its growing burden, cancer
still receives low public health funding in Afrieand this might be due to lack of infrastructure
and other pressing public health probléfisack of infrastructure (such as poor availabilify o
diagnostic and screening services), low awarenéssady signs, and limited availability of
treatment are major challenges faced by the camtighen focusing on the African continent
one has to take into account that the continentahdiserse population, culture, economic status
and other sociodemographic characteristics, whifbciathe occurrence of cancer and its
outcomes. For example, the Northern Africa regisndominated by Arabs, while the sub-
Saharan region is dominated by an indigenous bpegulation with South Africa having as
much as a 9% white populatiBhThese socio-demographics contribute to the variatiof

cancer in each region.

The dominant type of cancers in the continent amwical, liver, Kaposi sarcoma and urinary
bladder, and all are a result of an infectious affefihe well-known infectious agents are

viruses, bacteria and parasites. From the litezaturas been reported that of the new diagnosed
33|Page



Chapter 1 Bacteria and Cancer; An Overview

cancers in females, 21% is due to cervical cafiCEhis is the leading cause of death (21,600) in
women in Eastern Africa 2008, accounting for ab®b® of the total new cancer cases and
death$’ Countries like Malawi, Mozambique and Zambia hdlve highest toll of cervical
cancer on a world scale. This is due to the higdvgdence of human papillomavirus (HPV)
infection and lack of screenif§A different picture emerges when looking at Sotih&frica.
Breast cancer was the most diagnosed cancer antkdabeng cause of cancer death among
women (9000 cases and 4500 deaths) in Southerea&frit was found that breast cancer
incidents were six times higher in whites than lacks®’ The same trend is also observed in
Northern Africa, where breast cancer is dominantmgnfemale$® In the middle and Western
Africa both breast and cervical cancers occurreth wimilar frequency. In sub-Saharan Africa

cervical cancer still remains the leading causeaoer deaths among wonfén.

In males the dominant type of cancer was foundetdiver cancer, and this has accounted for
11% of all case® Liver cancer was the leading cause of deaths ammagin Middle and West
Africa.®8 When analyzing demographic data, Kaposi's sarcams found to be the leading
cause of cancer deaths among men in Eastern Amposi’'s sarcoma is a cancer commonly
associated with infections of human herpes vires8 HIVE In sub-Saharan and Northern
Africa chronic infections with hepatitis B virus BY) and hepatitis C virus (HCV) are the
leading cause of deaths among rffeH. Contamination of staple foods, such as maize and
ground nuts, with aflatoxin Ba known cancer-causing agent produced by mouldsglur
inadequate storage of crops is the contributingofdé In Northern Africa it was lung cancer
that was more dominant among males and the leatinge of deatH$. However, the lung
cancer incidents were only half as high as thesramé&outhern Africa and this is due to smoking

which accounts for 65% of the cases in South AfrEegyptian men were found to have the
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highest incidents of bladder cané&rAbout 40% of the disease is caused by a parasite,
Schistosoma hematobium. The infection occurs when people come into contaith early
development stage of the parasite which is reledsednail larvae. Prostate cancer was
commonly diagnosed among men in Southern AfficBhe survival rate after diagnosis is much
poorer on the continent, which might be due to fdet that most cases are diagnosed at the
advanced stage. Incident and mortality rates agetwo frequently used measures of cancer
occurrence. They are usually expressed in 100,@@plp per year and the mortality rate in

Africa is high in both male and female when comgaeNorth America.

1.8 CANCER TREATMENTS

The most feasible and cost effective approach twceracontrol in Africa is prevention of

exposure to cancer-causing agents or risk fadiaockjding infections, tobacco use and obesity.
The most commonly diagnosed cancers in Africa wlaoh caused by infection are cervical,
liver and bladder cancers. They are potentiallyw@néable by vaccination, improved hygiene,
sanitation and/or treatment. For example, the hupapillomavirus (HPV) is a cancer causing
infectious agent that can be prevented by vacadnatiThe vaccines are administered to

adolescent girls.

Tobacco use accounts for 20% of cancer deaths wadd and 6% are from Africa. Tobacco
use shortens life expectancy by 10-20 y&aiithe WHO established the Framework Convention
on Tobacco Control (FCTC), this was due to the gliahtion of the tobacco epidemic. This
includes raising the price of tobacco products,nban smoking in public places, restricting
tobacco advertising and promotion, counter advagiand providing treatment and counselling

for tobacco dependence. Obesity has also beeniatesbwith increased risks of several cancers,
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including breast, colorectal, stomach, liver, kigrae&d uterine corpu3he prevalence of obesity
and physical inactivity is increasing in some Adfinc countries thereby increasing obesity
especially in urban areas. According to the Gldbathool-Based Student Health Survey, more
than 40% of 13-15 year-old teens in urban aredseolya and Zimbabwe spent three or more
hours per day watching television and doing otheilestary activitie§® Methods that are
commonly used in the treatment of cancers are ctierapy, radiation therapy, targeted
therapy, transplantation therapy, biological thegapand photodynamic therapies. These are

further discussed below.

1.81 CHEMOTHERAPY

Chemotherapy is the treatment of cancer cells witigs. The latter kills the cancer cells or
makes them to be less active. The medicines am@ inseombination and together are called
chemotherapy regimes. It can be given before er afirgery in order to shrink the cancer cells.
If given before surgery it is called neoadjuvaneiotherapy. An example of the medicine used
for this type of cancer is Abraxane which is albmrbound paclitaxel and called the Taxane
chemotherapy. Taxane chemotherapy (paclitaxel/T&axal and decotexel/taxotere®3) is one

of the common chemotherapy drugs used for breasecdFigure 23).

Ph NH O
B OH oH O&I\NH o
Ph Y (ORY z
OH _ Ph™ "~ O
HO Ar, 3 OH
OBz = B 3
Taxol, 77 AEOA—0 0ol \—0
axol Taxoter, 78 \(

Figure 23: Structure of Taxane and Taxotere
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It is given intravenously and it interferes withet ability of cancer cells to dividd.hese
chemotherapy drugs are sometimes used in combmsatwith other drugs, for example
Fluorouracil (5-FU) for breast cancémother example of a well-known anticancer drugris

etoposide also known as VP16 (Figure 24).

Figure 24: Etoposide

Etoposide is used for Kaposi’'s sarcoma, Ewing'sc@ail, lung cancer, testicular cancer,
lymphoma as well as in bone marrow and blood stamsplanf*The mechanism is such that it
forms a ternary complex with DNA and topoisomerfisenzyme, thereby breaking the DNA
strand and promoting apoptodfshis is the drug we have selected as a positivéraoior our
cancer screening as will be outlined in chapteAA/inca alkaloid used in chemotherapy is
Vinblastine (Figure 25). It is used for breast aandead cancer, neck cancer and testicular

cancer®
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Figure 25: Vinblastine
It is a microtubule-disruptive drug and at low centration it suppresses microtubule
dynamics® At high concentration it reduce microtubule polymmass. It also enhances
microtubule detachment from spindle poles, theriglolcing apoptosis. A quinolone alkaloid
which is composed of planar pentacyclic ring sttt Camptothecin8l also possesses

anticancer activity (Figure 268t inhibits the DNA enzyme called topoisomerasad shereby

inducing apoptosi&

Figure 26: Camptothecin

1.8.2 RADIATION THERAPY

Radiation therapy is the use of high-energy raainto kill cancer cells by damaging their DNA.
The challenge with this type of treatment is thtatan also damage normal cells, therefore
treatment must be carefully planned to minimizee saffects. This involves the use of either a

radiation machine or a radioactive material placedr tumour cells or injected into the blood
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stream, in theory using this method cancer cell®sghDNA is damaged will die and be

eliminated naturally by the body.

183 TARGETED THERAPIES

Targeted therapy is the newer type of chemothettagtyuse drugs or other substances that block
the growth and spread of cancer by interfering \sjtlcific targets that are involved in tumour
growth and progression (and is described in motailda other parts of this Chaptef) They
mainly focus on proteins that are involved in c@linalling pathways and thereby help stop

cancer progression. This induces cancer cell deatigh the process called apoptosis.

1.84 TRANSPLANTATION

This involves organ or tissue transplants and midated by hematopoietic stem cell transplants
(HSCTSs). These include bone marrow and periphdoaldtransplants and the organs are mainly
the liver and the lung. The biggest challenge iis tigpe of cancer treatment is preventing
rejection by the host. One of the methods useddugnt this is severe immunosuppression at a

great risk of a variety of infectiorf§.

1.85ANGIOGENESISINHIBITORS

Angiogenesis is the formation of new blood vessé&lsnour cells need new blood vessels in
order to grow and spread. This process involvesntiggation, growth and differentiation of
endothelial cells which line the inside wall of btbvessels. Inhibitors prevent the formation of
new blood vessels in cancer cells, thereby stoppirgjowing the growth or spread of tumours.
For example, Avastitis (bevazumab) the angiogenesis inhibitor is a monat antibody which

binds to the vascular endothelial growth factor GH. The latter is then unable to activate the
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VEGF receptor. Monoclonal antibodies are laborafmgduced antibodies that bind to specific

antigens expressed by cancer céfls.

1.8.6 BIOLOGICAL THERAPIES

Biological therapy uses living organisms, substarerived from living organisms or synthetic
versions of such substances to treat cancer. Soewtvaccines and bacteria are used to
stimulate the body’s immune system to act agaiastcer cells. This therapy can be used to

either treat cancer itself or for side effects thfew cancer treatmeHt!

1.8.7PHOTODYNAMIC THERAPY

Photodynamic therapy (PDT) combines a photosessi{drug) with a specific type of light in
order to kill cancer cells. The photosensitizeagtivated by light at a specific wavelength and
produces oxygen that kills cancer cells. For exampbrfimer sodium and photofrin are used in

PDT treatment as photosensitiz&.

1.9 SUMMARY OF CANCER THERAPY

In summary, ancer is a leading cause of death worldwide anduated for 7.6 million deaths
(13% of all deaths) in 2008.his disease occurs as a result of the suppres$iprogrammed
cell-death, which results in increased cell-prodteon. Normally proteins that sense cellular
damage or growth signals arrest the cell-cyclehst the damage can be repaired or, if that is
impossible, apoptosis is induced. Malfunction o$ thystem leads to cancer by allowing cells to
proliferate when they should either be repaireddie. Most cancer deaths are due to late

detection of the disease, due to a variety of m@ms@€Common human cancers include
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osteosarcomas, small-cell lung cancer, melanomeecda skin cancer) and breast cancer. Other
types of cancers can be due to chromosomal reamagr. As mentioned above the cost
effective approach to cancer control is preventionexposure. Cervical, liver and bladder
cancers are the most diagnosed types of canceB®uth Africa. They can be prevented by
vaccination or improved hygiene, and can be tredtkxthods that are mostly adopted in cancer
treatment are; chemotherapy, radiation therapygetad therapy, transplantation therapy,

biological therapies and photodynamic therapies.

In this work we screened our synthesised compoagdsst four cancer cell line namely; lung
cancer, renal, breast cancer, melanoma cancer. gkgioned beforghe structural motif of a
great number of biological compounds contain fusedlaromatic rings, quinones and hydroxyl
moieties. These moieties have the ability to undergdox cycling, this process is when
compounds catalytically cycle and generate ROS sscihydrogen peroxide and superoxide
which damages the cell. ROS also inhibit activdugffwhich is responsible for moving

antibiotics out of the cell.

This study is divided into three sequential pafise first part is the application of enzymes in
synthetic chemistry (biocatalysis) to generate aadynatic and substituted aromatic compounds.
This is followed by derivitazation of selected caupds with isoniazid and thiosemicarbizide.
The last section encompasses biological evaluatibthe synthesised compounds as anti-
bacterial and anti-cancer agents. Biocatalysisthadbjectives of the project will be discussed

in depth in Chapter 2.
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LACCASESASCATALYSTSFORA
SUSTAINABLE ROUTE TOWARDS
BENZOFURANS
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20THE AIM OF THE PROJECT

This study was divided into three distinct parteeTirst part is the application of enzymes in
synthetic chemistry (biocatalysis) to generate aadynatic and substituted aromatic compounds.
The reason is to employ green methods in the sgisttté organic compounds as discussed in
section 2.3. The methodology adopted was C-H aaivavhich is efficient in terms of atom
and step economy. The latter involves the intradaadf a C-H heteroatom bond without the use
of a functional group such as triflate, halide, @in palladium catalyst. This is followed by
derivatazation of selected compounds with isoniaaidl thiosemicarbizide. This will be
discussed in details in chapter 6 of this disseraflhe last section encompasses the biological

evaluation of the synthesised compounds as antebalcand anti-cancer agents.

The first objective identified was to investigateetuse of the enzyme, laccase, in synthetic
organic chemistry in order to develop novel as wslgreen synthesis methods for synthesis. As
explained above green chemistry is environmentaigndly or sustainable chemistry. The
specific commercial laccase, Subefadeom Novozymes was selected for this investigatio

our investigation we used phenols and quinones @snpal substrates for the laccase.
Quinonoids have been noted in the literature t@e@ss both anticancer and antibacterial activity
due to their ability to undergo redox cycling whiasults in the generation of reactive oxygen

species (ROS), Scheme 1.

R R
0 OH Oxidation 0 O
Ri—\ Ri—\
OH O
R, R2
1 2

Scheme 1. Oxidation of a phenolic structure to a quinonoid.
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Laccase has the ability to oxidise phenalsitu to o-quinones. The quinones then react with 1,3-
dicarbonyls via Michael addition. This will be dissed in detail in Chapter 3. On the other hand
when a quinone reacts with a 1,3-dicarbonyl iteduced, resulting in a hydroxyl group. The
hydroxyl group can be oxidised back to the quinon¢he presence of laccase. This will be

discussed in more details in Chapter 5. The tadgeteducts for this work are depicted in Figure

2 below.
R R OH
R OH
o OH Q % OH
Ri AN OH Ry O N
OH
R, o O Ry o~ o
3 4 5
0 0 o)
O )R O‘ VAR R
o R oH 0 R @]
6 7 8
O O o o
QI ™ 98 (I,
/R
I NH R {
/I (@) O 2
X R
9 10 11

Figure 2: Targeted compounds.

The second part of the project was to select a mamibbenzofurans for structural modification
with isoniazid, a well-known anti-TB drug, and te@micarbizide as shown in Figure 3. The idea

was to increase the potency of the benzofuran aferas against bacteria and cancer cell-lines
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by introducing a dual effect. This is observed wheirug is biologically active against two

targets due to its structural design and is disaligs details in Chapter 5.

R
HO o R
/ R1 HO 0]
HO /R
N/ R, HO
Hi\l O N/ R
)=s
7\ HN
<n NH,
12 13

Figure 3: Structures of benzofuran derivatives

Antibacterial resistance and cancer are major puigalth problems. The third objective of our
study was to evaluate the synthesized compoundidithr anticancer and antibacterial activity.
Several of the compounds were also screened agamastge of both Gram positive and Gram
negative bacteria namely:Staphylococcus aureus (Gram-positive),Escherichia coli (Gram-
negative) Bacillus substilis (Gram-positive). The minimal inhibitory concentost (MIC) values
were then determined. In particular we were tangeffB due to the fact that two African
countries, South Africa and Nigeria, are in the tiop countries with the highest toll of TB in
the world. These were tested sequentially agaMgtobacterium smegmatis and M.
tuberculosis. Compounds were also screened for anticanceritgctigainst 3 cancer cell-lines;

that is renal (TK10), melanoma (UACCG62) and br¢sisIF7).
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2.1 BIOCATALYSIS

Biocatalysis is the use of biological catalysts,chsuas enzymes, to perform chemical
transformations. For this project the enzyme thas wxplored and utilized was laccase, as will

be outlined later in this thesis.
211 LACCASES

Laccases (benzenediol: oxygen oxidoreductase, E€C312) are oxidoreductases that are part of
the family of multinuclear copper-containing oxida¥?>They are also known as a blue
copper oxidoreductase, because most purified lascashibit a characteristic blue color due to
their electronic absorption around 600 HhThey catalyze the monoelectronic oxidation of
substrates using molecular oxygen and release waatéine only by-product in a four electron
transfer proces$*'?°The first plant laccase activity was discovered 883 by Yoshida in the
sap of a Japanese tre@hus vernicifer.1?® Plant laccases are believed to participate in the
formation of polymer lignins via a radical-basedcimanism‘?’ They can also be found Rhus
succedanea, Acer pseudoplatanus, Pinus taeda, Populus euramericana, Liriodendron tulipifera,
Nicotiana tobacum, Lolium perenne and Zea mays.'?’ The discovery of fungal laccases by
Bertrand then followed in 1896° This type of laccase can be foundTirametes versicola, T
hirsute, T ochracea, T. viloosa, T. gallica, Cerrena maxima, Coriolopsis polyzona, Lentinus
tigrinus and Pleurotus eryngii. Laccase has also been found in various basidietoys and
ascomycetous fungf>3° There are also laccase-like proteins in bacterén sisAzospirillum
lipoferum, Bacillus sphaericus, Bacillus sp. (mnxG), Bacillus substilis (cotA), Escherichia coli
(yacK), Marinomonas mediterranea (ppoA), Streptomyces antibioticus and Streptomyces griseus

(epoA). 13
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212THEACTIVE SITE

More than a hundred laccases have been isolatedramdcterised to date. Three laccases have
been structurally characterized and they @reinereus and T. versicolar from Melanocarpus
albomyces.®2 Most fungal laccases are monomeric glycoproteiith &n average molecular
mass of 50-130 kDa. The carbohydrate moiety carteit 10-45% of the protein mass and is
comprised of galactose, mannose &hdcetylglucosamine, This enhances the stabilityhef
enzyme as well as protecting it against proteolgsid inactivation by free radicals. The active
site of laccase contains 4 copper atoms which @fellws: one type 1 (T1) copper and a three

nuclear cluster (T2/T3) consisting of 1 type 2 (&R two type 3 (T3}32

Met His

Typel

Figure 4: The active site of laccase encoded by the getfefrom Bacillus substilis.
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2.1.3LACCASE SUBSTRATESAND APPLICATION

Laccase has a number of characteristics and apphsa These range from ligninolytic activity
of laccase in lignocellulose degradation to apfilicea in synthesid®®* They have
biotechnological, chemical and industrial applicat, as well as applications in Green
Chemistry. Their biotechnological applications ud# delignification of lignocelluloses and
desulfurization and solubilization of cddf. In textile industries it is used for textile dye
decolorization and remediation of coloured wastetevga®® Their use in enzyme-based
biosensors allows for monitoring pollutants, anéytisan also be used in the transformation and
inactivation of toxic environmental pollutants. lcase activity has been modified by the use of
laccase-mediated systefi8. Normally phenolic type laccase substrates also itetude

aromatic amines (Figure 2) and the reaction pradaiet dimers and oligomef¥.
NH, 0 OH
i NH, WOH HO OH
/N\
HO™ ~OH
14 15 16
OH NH,
HO\?/OH HO\QOH i
HO™ YO NH;
17

Figure5: Structures of laccase substrates.

18 19

Scheme Xhow examples, applications and the examples inchudThe biotransformation of ferulic
acid 20 to vanillic acid21 and vanillin22,*% B. use in the oxidation of tetrahydro-2-naphthol torfo

a dimeric product as shown in ScherBebelow and C. use in the coupling reaction of
dihydrocaffeic acid and 4-amino benzoic acid.
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= COOH CHO
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OH OH OH
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COOH \©\
. /©/COOH NH
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OH
HO

OH
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23 24

Scheme 2: Coupling reaction of dihydrocaffeic acid and 4-ambenzoic acid.

Laccases are similar to other phenol-oxidizing emzy, but differ in that their substrates can
extend to non-phenolic subunits of lignin by thelusion of a mediator such as 2,2’-azinobis-(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS29 (figure 3)13%% Other mediators include
hydroxybenzotriazole (HOBT)30, 2,2,6,6-tetramethyl-piperidin-1-yl)oxyl (TEMPO)L,

hydroxyanthanilic acid (HAAB2.

HO,S s ( NH,
>=N_ N SOzH HO COOH
N N=<
) S
30

29
N,
N
N N
OH o
31 32

Figure 3: Laccase mediators
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Below are the examples of oxidation of indigo tatiis and oxidation of benzyl alcohol to
aldehydes, using laccase using laccase mediatstratds (Scheme 33 The mechanism of the
mediator substrate oxidation is suggested to oe@uelectron transfer (ET), radical hydrogen

atom transfer (HAT)/ ionic oxidation depending be structure.

0 0
N
— 2 (0]
N N
H o H
33 34
(@]
N OH X H
R . Rra
= =
35 36

Scheme 3: oxidation of indigo to isatin and oxidation of lzghalcohol to aldehydes using Laccase
Mediator substrates

2.1.3MECHANISM OF ACTION OF LACASSE

Laccase only attacks the phenolic subunits of tigl@ading to @ oxidation to give compound
38, Cu-Cp cleavage, and aryl-alkyl cleavage to give compd@®ds shown in Scheme 4

below13°
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Lignin Lignin
I
HCOH HCOH (0]
0, 2H,0
v Ca- Cpclevage
1, OCH3 Laccase OCHSaryI-aI kyl clevage OCHs
37 Cq Oxidation 39
X p-Quinone
38
Phenoxy
Oxidation Radical coupling
Il_ignin
C=0
Polymerisation and quinone
OCH;,4 formation
OH
40

Scheme 4: Mode of action of laccase

As previously mentioned the active site of laccegetains 4 copper atoms and these are: one
type 1 (T1) copper and a three nuclear clusteriR¢éonsisting of 1 type 2 (T2) and two type 3
(T3).2**The mechanism of laccase has been attributed ¢e tajor steps (i) Type 1 copper is
reduced by accepting electrons from the reduciragtsate. (ii) Electrons are transferred from
Type 1 copper to the trinuclear T2/T3 coppers flecular oxygen is activated and reduced to

water.

The electron transfer from substrate to Type 1 eopp controlled by a redox potential
difference. The Type 1 copper site has a shalloekg@iowhereas Type 2 and Type 3 appear to
exclude all other oxidising agents except oxygdectton transfer from the substrate to the Type

1 copper site is the rate-determining step.
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22SYNTHETIC ASPECTS

Most of the published synthesis on Benzofurans liresothe formation of annelated ring by
intramolecular cyclisation of benzene riftg.These procedures involved multi-steps, rigorous
reaction conditions and expensive catalygtsAt the beginning of this research the efficient
synthesis for benzofurans was reported by Nemaiolnd coworkers. It involved the

electrochemical oxidation of catechols in the pneseof 1,3-dicarbonyls (Scheme'&)?

R 0
@im 4@ 4, -4H* OH
+ - N\
OH o OH
41 42

43-45

o

43,R=H, 83%
44, R = CHg, 87%
45, R=0OMe, 93%

Yield obtained after consumption of about 3000C electricity

Scheme 5: Electrochemical synthesis of Benzofurans

This electrochemical study was achieved throughattdition of a 1mM solution of catechol in
agueous solution containing 0.15M sodium acetatea asupporting electrolyte in cyclic
voltammetry. The oxidation of a catechol occurshie presence of 1,3-dicarbonyl to a quinone
as shown in Scheme 6 below. The Michael accepitas attached at C-5 position yielding to a

selective formation of benzofuran.
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Scheme 6: Synthetic sequence for the electrochemical method

Another efficient method was reported by Wanzhc &arbawar. This involved the oxidative
coupling of catechol with 4-hydroxy-coumarins ire thresence of ferricyanidé'® The chemical
aspects were also investigated and with few pasibwtcomes. One procedure was reported by

L-x Pei and coworkers, in their approach they ysgitline as a catalyst (Scheme!'?).

O
Ry Rs3
HO
A\
R, _ ~ HO O 51
HO O O NalO4/pyridine Rz
+ )J\/U\ 3py
HO Rs  EtOH-H,0 0
R, Rs
R2 — HO
49 50 N
HO o 52
Rq

Scheme 7: Chemical synthesis of Benzofurans
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This was achieved in ethanol, however if the ispnee of water in ethanol it led to no reaction.
Another disadvantage is that over reaction ledoton&tion of polymers. The use of pyridine
which is carcinogenic is also a disadvantage. Tioeatalytical synthesis however remained
scarce. The first biocatalytic study at accomphghithe preparation of polyhydroxylated
benzofurans was reported in 2007 by Witayakranavdorkers (Scheme 15)° They used 20
mol% of sodium dodecyl sulfate (SDS) as their sttdat as well as scandium triflate (Sc(QJT)

as a catalyst in order to enhance Michael add{f@ntneme 8).

0 OH
O 0 Laccase, Lewis acid N
Phosphate buffer, pH 7.0 OH
rt
54 O 55
)J\)J\ (TfO)3SC
\ | | OH
accase
/O
(Tf0)3/SC\ e OH
o) \ (Tf0)3ScC 53
/
o 57
K/ O
o
O O
HO HO . Aromatization A\
- o
o o o OH 55
58

Scheme 8: Biocatalytic synthesis of Benzofurans
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Our methodology differs from all the published $gdes in that, it fulfils a number of green
chemistry principles. It achieves selective, efiiti transformation, at room temperature, in
agueous environment and without the use of an iaddit catalyst. Details of this methodology
will be discussed in the chapters that follow. Visoanoted that there were no published reports
on biocatalytic synthesis for substituted 1,3-chkets with catechols. To the best of our
knowledge this is the first report to discuss thecatalytic synthesis of Benzofuro[3,2-
clchromen-6-one skeleton from fluorinated cateclaold acid catechols with 1,3-dicarbonyls. It
is also our first report to discuss the biocatalygynthesis of naphthoquinones containing a
substituent at position 2 (menadione) with a raafjstructurally diverse 1,3-dicarbonyls and
coumarins. For the first time we were able to bialggically synthesise derivatives of juglone

and 1,4-naphthoquinones from 1,3-dicarbonyls.

2.3 BACKGROUND AND ORIGINS OF GREEN CHEMISTRY

Green chemistry refers to the design and formulatibprocesses that minimize environmental
pollution and thereby reduce hazards and risks umam beings. Its main objective is to
eliminate the hazardous impact of chemicals ovelneanical products’ life-cycle. The need for
environmentally sustainable chemistry first becapparent to the public with a publication by
Rachel Carsot® Her publication titled ‘Silent Spring’ (19¢&elped spread public awareness of
the hazards of environmental pollution and pestgitb the environment. In 1969 President
Richard Nixon established the citizen advisory catre® on environmental quality* He

subsequently appointed a White House Committee eferchine whether an environmental
agency should be established. The Environmentak&ion Agency (EPA) was established in

1972 and the Office of Pollution Prevention and Toxigss established in the 1980 he EPA
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implemented the Green Chemistry Programme in ¥99®%hich was followed by the
establishment of the Presidential Green Chemistrgll€nge award in 1995 by President Bill
Clinton. The Green Chemistry Institute was launcimet997 with the main objective to advance
the broader chemistry enterprise and its practtisrior the benefit of the Earth and its people.
Paul Anastas and John Warner published “The 12ciptes of Green Chemistry” in 1998
which codified how chemical process could be magemer. The California Green Chemistry
initiative was established in 2000 and serves teeldg policy options for green chemistry. In

2001 Paul Anastas was appointed as head of Resmaiddevelopment at the EPX.

2.4 The Twelve Principles of Green Chemistry

These principles were published by Anastas and &aim 1998 in a book titled: “Green
Chemistry: Theory and Practic¥® They serve as the basis of creating and implemgnti
chemicals and processes.

Principle 1. Prevention

It is better to prevent waste than to treat orrchga waste after it has been created.

Principle 2: Atom economy

Synthetic methods should be designed to maximigerntorporation of all material used in the
process into the final product.

Principle 3: Less hazardous chemical synthesis

Synthetic methods should be designed to use anerafensubstances that possess little or no
toxicity to humans and the environment.

Principle 4: Designing safer chemicals

Chemical products should be designed to affect ttiesired function while minimizing their

toxicity.
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Principle 5: Safer solvents and auxiliaries

The use of auxiliary substances (e.g. solventsaradipn agents etc.) should be made
unnecessary wherever possible and innocuous wiegh us

Principle 6: Design for energy efficiency

Energy requirements of chemical processes shoultidre recognized for their environmental
and economic impacts and should be minimized. Bsfme, synthetic methods should be
conducted at ambient temperature and pressure.

Principle 7: Use of renewable feedstocks

A raw material or feedstock should be renewableerathan depleting wherever technically and
economically practicable.

Principle 8: Reduce derivatization

Unnecessary derivatization (use of blocking groum®tection/deprotection, and temporary
modification of physical/chemical processes) shobk minimized or avoided if possible
because such steps require additional reagentgearetate waste.

Principle 9: Catalysts

Catalytic reagents (as selective as possible)ugrer®r to stoichiometric reagents.

Principle 10: Design for degradation

Chemicals should be designed so that at the etiteoffunction they break down into innocuous
products and do not persist in the environment.

Principle 11: Real-time analysis for Pollution and Prevention

Analytical methodologies need to be further devetbfo allow for real-time process monitoring
and control to limit the formation of hazardous stalnces.

Principle 12: Inherently safer chemistry for accident prevemtio
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Substances and a form of a substances used in adeprocesses should be selected to

minimize the potential of chemical accidents inahgdreleases, explosions and fires.

2.5 Theimportance of Green Chemistry

Green chemistry focuses on meeting the needs gbressent generation without compromising
the needs of future generations. It also looks ethods for the prevention of primary pollution,
not on remediation. It reduces waste, materialzatus, risks, energy and cost. One of the good
examples where a Green method is utilised is incthamercial synthesis of acetophenone

(Scheme 9§%7

Traditional synthetic method

0
OH 2Cr0; +  3H,S0, — > + Cry(SOy); + 6H,0

59 60

Phenethyl alcohol Acetophenone
42% efficient

Green method

OH + 50, catalyst O ¢+ MO

61 62

Phenethyl alcohol Acetophenone
87%efficient

Scheme 9: The commercial synthesis of acetophenone.

The traditional synthetic method makes use of tokiemicals that are in the EPA Toxic Release
Inventory (TRI). This route generates a byproddutbmium (111) sulfate that is a TRI chemical
known to be a human carcinogen and its atom effftgies only 42% whereas the green method

provides a more user friendly method with only wai® a byproduct at 87% atom efficiency.
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2.6 GREEN CHEMISTRY IN PHARMACEUTICAL INDUSTRIES
2.6.1 Background

The practice of Green Chemistry has become a widadprotocol in some industry sectors. In

2005 the Green Chemical Institute (GCI) and glgielrmaceutical corporations established the
GCI Pharmaceutical Roundtatfé:1® This was done to encourage innovation while cataty
the integration of green chemistry and green emging in the pharmaceutical industry for
sustainable business. Sustainability in green céigyncan be defined as a step towards processes
that are cleaner and/or that make better use ddfiogal resources. Members of the Roundtable
include the American Chemical Society (ACS), Thee&r Chemical Institute (GCI), Amgen,
AstraZeneca, Boehringer-Ingelheim, Bristol MyersuiBf), Codexis, Dr Reddy’s, DSM
Pharmaceutical products, Eli Lilly and company, &drch (a member of the Roche group),
GlaxoSmithKline, Johnson & Johnson, Merck & Co Imovartis, Pfizer Inc., Roche and
Sanofil® In 2011 the medicinal chemistry subgroup of thendiable was establishé. The
main reason for this group is to encourage thagraéion of green chemistry and engineering

principles into discovery research.

2.6.2 Drug Discovery

There are a number of considerations when desigdimg molecules and these include
molecular property calculations, structure-basedgddiscovery (SBDD), in silico models,
quantitative structure-activity relationship (QSARXc!®® The challenge with medicinal
chemistry is that the chemistry selected when trepound is first synthesized can have a large
influence on the chemistry of an ongoing projectl @ chemist might be under pressure to
rapidly achieve a target for development of a pseceHowever, the principles of green

chemistry can always be implemented after synthefide design. There are a number of
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synthetic strategies that pharmaceutical compamées adopted or would like to adopt when

applying green principles and are discussed below.

2.6.2.1 C-H Activation

This methodology is efficient in terms of both atamd step economy. It has become prominent
in the past decade and is currently considereceton of the very topical areas of research. It
involves the introduction of a C-C or a C-heteroatoond without requiring a functional group
such as a halide, triflate, boron, tin and othetataéion processes. For example, Prof Jin-Quan
Yu, in collaboration with Pfizer, demonstrated Cithictionalization for late stage derivitization
of the anti-inflammatory drug, Celecoxib, which hasulfonamide moiety (Scheme 1&).A
wide range of new analogues were accessed in ke gnagsformation that involves olefination,
carboxylation, carbonylation, iodination, arylatiamd methylation (Scheme 10). Prior to the
development of this methodology it would have reegiimany steps, solvents, energy and

generation of waste streams.
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Scheme 10: Yu's exemplification of C-H functionalization direszl by a sulfonamide moiety.

Another example where these mild and novel methads applied is in the late stage
derivitization of drug-like heterocycles. Zinc sokte reagents were adopted for fluoroalkylation
and alkylation of unactivated C-H bonds on arytehearyl and aliphatic substrates by the Baran
group!!® This one-pot sequential functionalization of a ptem molecule, dihydroquinine,
undergoes regioselectivieifluoromethylation followed by isopropylation to regioselectively

afford the doubly derivatized product in a 30% ¢i¢bcheme 11).
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0t
Et
Et Zn O/S\R
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OH
OH
1. R=CF3, TBHP, TFA MeO
MeO CH,Cl,/ H,0O AN
AN -

Z

= 2. R=iPr, TBHP FsC N

Ha N Hy, one pot 30%

70 71

Scheme 11: Baran’s sequential functionalization of dihydrogqomm

This methodology is atom efficient, reduces timd anergy, uses only Zn as a catalyst and the
reaction is performed in the environmentally frignsolvent water. Although C-H activation is
not applicable in all circumstances, chemists ameraged to consider this and other synthetic

improvements when designing routes to targets.

2.6.2.2 Aqueous Chemistry

Palladium-mediated reactions have been well knoamn the past two decades within the
chemistry community. This was more evident by thera of the 2010 Nobel Prize to Heck,
Suzuki and Negishi who pioneered the palladium-atedi processes that now bear their

namet!!

Advances have been made in the past years in @aodedopt green methods in
palladium catalyzed reactioh¥. For exampleLipshutz and co-workers developed a micellar
catalysis using environmentally benign designefastants as shown in Scheme 12. The concept

of the micellar catalysis relies on the ability dolubilize organic based reactants in aqueous

media by the addition of a surfactant.
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Me O
Me Me Me O\H/\/\/\/\/u\<o/\>/o\H
Me o Meo Linker 13
. . o Me
Vitamin E derivative 72

Scheme 12: A representative of a Lipshutz surfactant.

The substrate becomes trapped within a nano-mivetlen the water and the chemistry takes
place within this compartmentalization. This appioaas been utilised in a number of reactions
including a designed surfactant linking a vitamind&rivative through a linker (succinic or
sebacic acid) to a polyethylene glycol chain ofyiray lengths. Other success stories include
transition metal mediated cross-couplings (fromdeaprecursors and through C-H activation),
olefin metathesis, 1,4-conjugate addition of hydrahd Mitsunobu type reactions. With regards
to Negishi reactions (Scheme 13, A), addition ¢fat@ethylethylenediamine (TMEDA) and as
an additional catalyst which is critical due to tb@nversion of organozinc reagents to pure
agueous reagents. In the absence of TMEDA andianditcatalyst, there is an incompatibility
of conventional organozinc reagents to purely agsemnditions which is not in favor of the

reaction.
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Scheme 13: Surfactant methodology in common Palladium-mediatagplings.

These methods often lead to reactions that haverkgjo and geometric selectivity, can occur at
room temperature, reduces energy, have high eaffigieoccur under remarkably mild conditions

and avoid organic solvents.

2.6.2.3 Telescoping

Telescoping refers to multiple synthetic steps trat performed in one pbt* Historically this
application was more focussed on multicomponentti@as as opposed to sequential orthogonal
reactions. This application reduces time, energlvest, as well as product extraction and work
up time. This has been succesfully adopted foriegjobn of methyliminodiacetic acid (MIDA)
boronates toward the preparation of drug-like aragrotected borates were developed by

Burke!'> A one-pot sequential reduction-amination Suzukyddira cross coupling (SMCC),
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heterocycle formation SMCC and Buchwald-Hartwig-SMQvere also achieved (scheme

14)_116-118
F F
Cl R
_— R
x Nf Ra N Nf !
82 83

Scheme 14: A one-pot sequential reduction-amination Suzuki-lisa cross coupling (SMCC)

2.6.2.4 Flow Chemistry

The new and developing area of flow chemistry, Whio/olves continuous reactions rather than
batch reactions, is favorable in the pharmaceuirchlstries since it can result in higher yields,
increased safety, less solvent usage, reuse of stiported catalysts, less waste generation and
the possibility of automatioht® Flow chemistry is now found at all stages of drigrdvery and
development processes? It is used for safety, as only limited quantitie§ unstable
intermediates were present at any one time in,efcample, the azide synthesf8.Azide
synthesis is toxic and can cause an explosion aubket presence of hydrazoic acid produced
from sodium azide, Flow chemistry shortens the tilnmeof the synthesis and prevents potential
reactive intermediates produckd.Also it is safer for reactions where extreme pressand
temperature are required. From the literature & haen noted that 40-50% of all reactions
recently hypothesized in pharmaceutical industaes suitable for continuous flow chemistry,
and that it requires 10% less solvent usag@&n example where reactions takes place above the
boiling point is in the use of a channel flow reador the synthesis of an azide which mitigates
the toxicity and explosion risks associated witldrdogoic acid produced from sodium azide
(Scheme 15a). Another example is the Claisen negeraent reaction that takes place at 230°C

as shown in (Scheme 15(b)).
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Scheme 15: Reactions enabled by operation in thermal tube fleactors.

A challenge arises when the product precipitatethénchannel reactor. In order to address this
challenge, co-solvents are introduced in flow clsgrmiin order to promote solid formation post

reaction. This is not feasible for all reactionst for most reactions it does prevent clogging. For
heterogeneous mixtures, continuous stirred tanktoes (CSTRs) have been a solution. The
Schotten Bauman acylation and crystallization asltips method in three disposable continuous

stirred tanks. This type of reaction solves thdlehges that chemists face when scaling up.

The chapters that will follow will discuss the lase-based synthesis of the desired compounds
in more detail, including Benzbffurans, Benzo[3,2-cJchromen-6-ones, quinone dékiea, as

well as an imine/Schiff base family.
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Chapter 3 Benzo[b]furans

3.0 INTRODUCTION

Benzofurans are attractive to chemists because pusgess a broad range of biological
activities. Anti-allergic and anti-inflammatory agties have been exhibited by 5-benzofuranol
1, while benzofuran fused benzocarbazoRgFigure 1) exhibit antitumor and antibiotic
activities*® 141 Benzofurans, of which machicend®lis an example, are used in the treatment
of asthma, rheumatism and ulcé&f$Amiodarone hydrochloridd, an ideal antiarrhythmic drug,
contains a 2,3-substituted benzofuran motétyt has also been noted that benzofurans that
possess an hydrazide group exhibit a broad specttimpharmacological and biological
properties, such as analgesic, anticancer andrdlatmmatory properties that may be due to a
the azomethine linkagé? It has been observed that compo@ie Schiff-base bearing several

methoxy group$ias pronounced antimicrobial activiti€s.

Figure 1: Biologically active benzofuran derivatives
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Benzofurans7 and 8 possess anticancer activity, while bdt@ and 11 exhibit antibacterial
activity as shown in Figure 2. Usnic a@iédnd9 are particularly interesting as they exhibit eithe
anticancer activity or antibacterial activity dederg on the isomer synthesized. This metabolite
showed activity against the wild-type p53 breastcea cell line MCF7 (I6/Glso = 18.9 uM),
and the lung cancer cell line H1299 {¥G150 = 22.3 uM). This was one of the motivatioos f
screening our synthesised benzofuran derivativebdth anticancer and antibacterial activity as

discussed in Chapter 8.

OH HO
. “ RePataY
o o R O |
O o
R=H,F 0 O

6 7 8

R, Rs R, Rs
@) R4 O R4
(+) Usnic acid OH R = alkyl, Ph, X R = alkyl, CN, Cl
9 10 11

Figure 2: Benzofurans exhibiting anticancer and antibactecvity.

The strategies for the construction of benzofurgages from the ring closing metathesis
reaction. In 1978 Takia reported that a reagenpaed from Zn, TiCl4 and CiBr> can
olefinate carbonyl in a manner that is similarhe Tebbe-like reagents as shown in Scheme 1

below.
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O CH,Br,, TiCl, 12 mol%, 1 Mo
©)\ o Zn, TMEDA o 20°C. 7h
Cat. PbCl, n-pentane
20°C, 5h
THF, 79%
12 13 14

Scheme 10Olefination of a carbonyl to a benzofuran

Another example is the coupling of conjugated dimesywith Fisher carbene complexes, anion-
accelerated palladium-mediated intramolecular ezgtion. In the synthesis of benzofurans
Fischer carbene complexes are coupled with aldeslevhich results in furan derivativeds

as shown in Scheme 2. This ring system can undergls-Alder reactions to give compound

18.
OMe OMe
R~
R#
Cr(CO)s COOMe

4 )J\ _ | COOMe

OMe o - ,
H MeOOC “COOMe

0O
15 16 17 18

Scheme 2Diels-Alder reaction in the synthesis of a benzaifur

This reaction sequence serves as a cornerstongrdparation of pharmaceutically important
structures, for example estrogen like structdit&$>°Biologically important furopyridines can be
prepared by this approach in high yields. The tetamechanism is such that it involves
cyclisation of vinyl bromide by heating bromide WI€SCQOs in dimethyacetamide (DMA) in
the presence of catalytic amounts of Herrmann’mg@atyclic catalyst (HC) as shown in Scheme

3.
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OH
Oy 2 @ﬂ ©ﬂ @
o base/DMA/heat HO

19

Scheme 3Palladium-catalyzed intramolecular coupling of drglides with phenols

The main side product of this reaction, which was gbserved in the aryl coupling process, is
resorcinol.The exact mechanism for this side chain eliminat®onot clear. Another example
from literature is utilization of o-hydroxyphenyl ketones or o-(1-hydroxy-2,2-
dimethylpropyl)phenoR3 with 1-benzotriazol-1-ylalkyl chlorid@5 . These reactions undergo a

two or three steps mechanism as shown in Scheme 4.

Rq
OH O O \
OH OH
©)L H t-BuLi )R\l PDC LDA/THF
- +
THE Bt~ Cl  DMF  TiclyLi/DMe
23 24 25 26

Scheme 4Synthesis of benzofuran derivatives fror(iLl-hydroxy-2,2-dimethylpropyl)phen@3and 1-
benzotriazol-1-ylalkyl chlorid@5

The mechanism is similar to the one described ime8e 3 with the exception of oxidizing an

alcohol to a ketone using Sir Ewart Jones readegtglium chlorochromate in DMF).
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The goal of our research was to develop green rdstbb synthesis of the 5,6-dihydroxylated

benzop]furans27 using laccase biocatalysis (Scheme 5).

0 OH Oxidation

OH

27 28

Scheme 50xidation of a phenol to a 1,2-quinonoid

Since quinonoid compounds display potent biologicaperties such as antibacterial, anticancer,
antifungal and antimalarial activity? we anticipated that the 5,6-dihydroxylated beb}fafans

27 could have similar pharmacological activities hess the ortho phenolic substituents
(hydroxyl groups) could be oxidized to the corrasging o-quinone28 within the cell. This
study, which we published in 201%, was the first on the synthesis of a variety of 5,6-
dihydroxylated benzop]furans 27 and catechol derivatives using the commercial dsec
Suberas® as well as the first report on the anticancevigtof the synthesised compounds (see
the Appendix). The published manuscript is includedhe dissertation, and is appended after

the references.
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3.1 RESULTS AND DISCUSSION
3.1.1 SYNTHESIS
Our interest was in both cyclised and un-cyclisgidiketones. We explored a number of

different methods as shown in Scheme 6 below.

The method used for the synthesis entailed reaaiivgy equivalent of the catechol with one
equivalent of the 1,3-dicarbonyl at room tempemtusing the laccase Suberase® in a vessel

open to air at pH 7.15 (Scheme 6). A pH of 7.15 alassen because it would make the reaction

medium sufficiently basic to deprotonate the alphaton from the 1,3-dicarbonyls and thus

facilitate the Michael addition reaction

with time situi-generatea-quinone. This is then

followed by oxidation, which is then followed bydigation.

R1 R;
@:OH Oxidation <:EO
OH Laccase 0
29 30
N
atmospheric O, H20
R
OH O e o iR
O o) OH (@)
Ry NOR, * —
2 * o Michael addition R; OH Enolization R~ OH
Ry SO Ry N0
31 30 32 33
Ri
0] OH
R>
Cyclisation OH
R3 o
34-47

Scheme 6Synthesis of the 5,
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The catechols29a—¢ and the 1,3-dicarbonyl81a—¢ used in this study are depicted in Figure

@c@&
M@nﬁig@

Figure 3. The catechol29a— and 1,3-dicarbonyl81a- used in this study

The first approach, Method A, entailed reacting tlatechol29a-ewith the 1,3-
dicarbonyls3la—e at room temperature (rt) at pH 7.15 forl24The second approach, Method B,
entailed conducting the reaction under the samalitons but for a longer time (4% to
determine whether a longer reaction time would owprthe yield of the product. In the third
approach, for Method C, DMF was added to the reaatixture as a co-solvent to improve the
solubility of the organic substrates. The numbeea@tivalents of the 1,3-dicarbonyl was also
increased so that a ratio of 1,3-dicarbonyl to datéwas 4:1. These reactions were conducted

for 42h. We were able to successfully synthesise compmBdrd 7 shown in Figure 4.
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0 OH o OH 0 OH 0 OH
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OH OH OH OH
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OH OH OH OH
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Figure 4: Structures of the 5, 6-dihydroxylated bergfijrans34-47synthesised at rt.

For fluorinated catechol9d the desired product was not formed. We were afsble to form
benzofuran derivatives with the acid catecB®& Interestingly, we observed in thel NMR
spectrum the effect of chirality in the neighbogrimydrogens for compounds with a stereogenic
centre as shown Figure 5 below. The reason for #hithat Ha and Hb are in different
environments or diastereotopic due to the presehttee stereogenic centre.

Ha O OH
Hb N\

/4

Chiral centre
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Figure 5: Structure of 7,8-Dihydroxy-3-methyl-3,4-dihydroditm[b,dfuran-1(2H)-one
The H nuclear magnetic resonancid (NMR) for compound39, for example, shows two

doublet of doublets at 2.30 (1H, d#.6, 12.8Hz, CH;)) and 3.01 (1H, dd 4.6, 12.8Hz, CH,)

The results of the investigations with Methods ACtare depicted in Table 1.

Table 1.Synthesised benzo[b]furaBg-47, 49, 5@yield in parentheses) at rt in phosphate bufferth.15

Entry Catechol Dicarbonyl Reaction Method Prodet Yields of other Yield of
time (h) (%Yield enzymaic other syntheses

1 29a 3la 24 A 34(48) 6053 4754

2 29a 3la 44 B 34(49)

3 29b 3la 24 A 35(50) 76°5 62153

4 29a 31b 24 A 36(65) 876 2257

5 29b 31b 24 A 37(62) 7058

6 29b 31b 44 B 37(67)

7 29c 31b 24 A 38(70) 8956

8 29a 3lc 24 A 39(59) 8556 39158

9 29a 31c 42 C 39(30)

10 29b 3lc 24 A 40(78) 7156

11 29b 3lc 42 C 40(71)

12 29c 3lc 24 A 41(37) 97

13 29a 31d 24 A 42(58) 91156 90159 9(160 82161 66162

14 29a 31d 42 C 42(40)

15 29b 31d 24 A 43(98) 9256 8716t

16 29b 31d 42 c 43(59)

17 29c 31d 24 A 44(73) 9556 93618062

18 29c 31d 44 B 44(77)

19 29a 3le 24 A 45(76) 9656 44158

20 29a 3le 42 C 45(50)

21 29b 3le 24 A 46(80) 9156

22 29c 3le 24 A 47(43) 976

23 29c 3le 42 c 47(15)

24 29b 48 24 A 49(80)

25 29c 48 24 A 50(55)

Method A Suberase® (8.0 mL), catechol (2.0 mmol), 1,3-dicay(2.0 mmol, 1 eq), phosphate buffer (20.0 mILOOM, pH
7.15), stirring time at rt = 24 h.

Method B —Suberase® (8.0 mL), catechol (2.0 mmol), 1,3-dicagh (2.0 mmol, 1 eq), phosphate buffer (20 mL,00M, pH
7.15), stirring time at rt =44 h

Method C -Suberase® (4.5 mL), catechol (0.60 mmol), 1,3-dicayl (2.4 mmol, 4 eq), phosphate buffer (4.0 miL,00M, pH
7.15) and DMF (2.0 mL), stirring time at rt = 42 h.

From these results it can be seen that 5,6-dihythaited benzdj]furans can be accessed using

all three synthesis methods. For Method A the hghgeld that was obtained is 98%
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for 43 (Entry 15, Table 1) and the lowest is 37% 4ar(Entry 12, Table 1). For Method B the
highest yield was 77% fe¥4 (Entry 18, Table 1) and the lowest 49% 3dr(Entry 2, Table 1).

In the case of Method C, the highest yield was Ta#«0 (Entry 11, Table 1) and the lowest
15% ford7 (Entry 23, Table 1). When comparing the yield odquct using Method A to that
obtained using Method B, it can be seen that the® not a significant increase in yield even
though the reaction time has almost doubled (Estriand 2, 5 and 6, 17 and 18, Table 1). It was
therefore concluded that there was a limit to tbhangity of product that can be formed in the
reaction. The presence of DMF (Method C) may hagactivated the laccase, Suberase®,
resulting in a lower yield of the product. As expkd by Mduller et. al the higher volume of
organic solvent increases the solubility of a swbstbut significantly decreases the overall
reaction rate by deactivating the enzytfielhe optimum conditions for synthesising these 5,6-

dihydroxylated benzdjfurans using Suberase® were thus that used undéndd A.

The biocatalytic synthesis of 5,6-dihydroxylatechbgb]furans has been reported previously,
with the first enzymatic synthesis of compowtibeing reported in 2007 by Witayakra
al.® using Trametes villosdaccase in phosphate buffer (pH 7.0) with a Leadil, scandium
tris(trifluoromethanesulfonate), and sodium launyfate at 20°C and afforded it in 76% yiéfd

as shown in Table 1. In 2009, Witayakrainal. also reported on a laccase—lipase co-catalytic
system for the synthesis of compouBdsand35 using phosphate buffer (pH 7.0) with lipdsg.
Although lipase is used to catalyse the hydrolg$issters and bromohydrin esters it was used in
their study as a co-catalyst, wherein the Michaliteon step was enhanced by lipase addition
providing improved yields. Compouri@¥4 was obtained in 60% yield usi@andida rugosa

lipase and laccase from. villosa at 23°C. Compoun®5 was obtained in 62% vyield using
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Candida antarctica CALB) lipase and laccase from villosaat 23°CL> We have synthesised
compounds34 and 35 without the use of scandium tris(trifluorometharesate) or lipase and
achieved a 49% vyield of compourdd (Entry 2, Table 1) and a 50% yield of compolswl
(Entry 3, Table 1) Hajdokt al'>* was the first to report on the synthesis of compe@6—47
using laccase initiated oxidative domino reactio@se method entailed using a commercial
laccase fromTrametes versicolom an acetate buffer (pH 4.38) at room temperaiunde the
other method used laccase fréwaricus bisporusn phosphate buffer (pH 5.96) also at rt. The
latter method was found to be better since it géreeproduct in higher yield and purity with
yields ranging from 71 to 97%. The yields of compds34—35using our methods are 37-98%,
however all the purity yields are above 90%. Theweercial fungal laccase, Suberageom
Myceliophthora thermophilawas overall less effective than the laccase fAorhisporuswhich
was used by Hajdok et &' Compounds39 and45 (entry 8 and 19 respectively, Table 1) have
also been synthesised by employing tyrosinase acwh$e fronA. bisporusand were obtained
in 39 and 44% vyields, respectiveff.Our method was higher yielding since compoG8dvas
obtained in 59% vyield and compoud8l in 76% yield (Entries 8 and 19, respectively, Eab).
There have also been literature reports on the idaénsyntheses of 5,6-dihydroxylated
benzol[b]furans. The first report of compou#iwas a chemical synthesis which afforddin
47% yield using pyridine and sodium metaiodate timarol at 20°G>* Our methods afforded
similar yields for compoun@®4 (48 and 49%, Entries 1 and 2, respectively, TableDiithaler
and Scherrer reported on the chemical syntheswipound36 which was obtained in 22%
yield using sodium acetate in watéf We were able to obtain compoud@in 65% vyield (Entry

4, Table 1). Electrochemical syntheses have alsn breported for the synthesis of 5,6-

dihydroxylated benzo[b]furans. The first report be synthesis 042 was by Grujic’et al'®® In
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1976 and afforded it in 90% yield. Later Tabakoei al'®®also reported on the electrochemical
synthesis ofi2in 90% vyield in watet®® Another electrochemical synthesis4®using sodium
acetate in water by Nematolladi al®* afforded it in 82% yield. The electrochemical $yatis

of 42by Davarani et a®?only afforded a 66% yield. We could only obtain58% vyield
for 42 (Entry 13, Table 1). Nematollalt al'®! also reported on the electrochemical synthesis
of 43 and44 (entry 15 and 17) which were obtained in 87 anéo98elds, respectively, also
using sodium acetate in water as a reaction medilime electrochemical synthesis
of 43and44in a sodium acetate solution by Davaraniall®?afforded these compounds in
slightly lower yields, 81 and 80%, respectively.ngmund43 was obtained in 98% yield (Entry
15, Table 1) which is higher than the vyields ol#dinby electrochemical synthesis, while
compound44 was obtained in 77% yield (Entry 18, Table 1) vithwzas lower than that obtained

by electrochemical syntheses.

Two reactions, using derivatives with the 1,3-dikegt containing an extra methyl substituent,
gives insights into the oxidative catalytic meclsamiof laccase on benzofurans. In this approach,
as expected we formed an intermediate that coulctymize due to the presence of methyl at
position 2 as shown in Scheme 2 below. This thgmpaeus the reaction mechanism in the
synthesis of benzofurans.
i O O i
OH
HO:@ .\ Suberase O
HO Phosphate buffer, OH
pH 7.15, rt, 24h
o}

29Db, 29c 48 49-50

49=R = Me, 80%
50=R = OMe, 55%
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Scheme 7

The proposed mechanism involving @quinone intermediate &9b and29cis shown in
Scheme 5 below. The mechanism is such that theheates oxidised to aomrtho-quinone. The
guinonoid undergoes a Michael addition reactiohwitsubstituted 1,3-diketone. However since
it is substituted the second enolization cannote tatace and instead a subsequent re-

aromatization takes place as shown in Scheme 8vbelo

SO
|

R R OH O e o
§
HO Oxidation © )\(Lk
O o
HO o PN
Jo)
290, 29¢ H~
-Ht
R
R
49, R = Me HO o o
50; R = OMe HO ~ o
HO
9] H

O

Scheme 8A proposed mechanism for C-C bond formation foraagechol derivative®9b and29c.

These reactions were conducted using Method A whiab used for the synthesis of the 5,6-
dihydroxylated benzdjfurans34—47 In this case, the aim was to synthesize one cachdoon

bond using the 1,3-dicarbord8 without subsequent cyclisation. This reaction iscaicial
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significance as cross coupling of an enolates datake place with unactivated *spybridized

electrophiles without a transition-metal cataly&tifeme 6).

O O
N \I ﬁ%’
/I
TR
NS

Scheme 9Showing unactivated sp2-hybridized electrophilesraacting with enolates.

These types of reactions can only take place thraing enolate arylation reaction and it

proceeds via the classical cross-coupling mechanmmch includes; oxidative addition,

transmetalation and reductive elimination as show®cheme 7 below.

O (@]
OH O . Pd(0)/Pd(II)L
+ i1
NN N | py
base :—R
S
Ar O
R, R LnPd(0)
reduc'uv OX|dat|ve addition
elimination
Ar(Ln)Pd ArPd(Ln)x

RZFEL_//\

transmetalation

Scheme 10:Showing activated gghybridized electrophiles reacting with enolates.
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We have successfully demonstrated that the enzyrher&se® can be utilised in cross coupling
of enolates to unactivated “spybridized electrophiles without the use of a sitian-metal

catalyst.

3.2 CONCLUSION

The fungal laccase froM. thermophila which is commercially available as an inexpensive
preparation known as Suberase®, can be used inatiadytic synthesis of benzofurans under
mild and environmentally friendly reaction condii® A pH of 7.15 was chosen because it
would make the reaction medium sufficiently basicléprotonate the alpha-proton from the 1,3-
dicarbonyls and thus facilitate the Michael additiceaction with thén situ-generated-
guinone. This is then followed by oxidation whichtihen followed by cyclisation to give us our
desired 5,6-dihydroxylated benbifuran. Evidence for this catalytic mechanism coifnes the
use of 1,3-diketone blocked at carbon 2, whereas wvident that under these conditions we
were unable to cyclise the intermediate to a bemaofand rather achieved a C-C monocoupled
product. The yields achieved in the present studyia some cases, similar to or better than that
obtained by other enzymatic, chemical, or electeoical synthesis. This method has eliminated
the use of the Lewis acid, scandium tris (trifluneihanesulfonate), and lipase which was used
in previous laccase methods.A proposed mechanigaivies ano-quinone intermediate and the
mechanism is such that the catechol is oxidise@ fguinonoid. The quinonoid undergos a
Michael addition reaction with a substituted 1,Belone. However since it is substituted the
second reduction cannot take place. This openeduéstion as to what other reactants could be
included to yield a wider range of products. Wecsssfully demonstrated that the enzyme
Suberase® can be utilised in cross coupling of agel to unactivated sp2-hybridized

electrophiles without the use of a transition-metahlyst.
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BENZOFUROI3,2-C|ICHROMEN -6-ONE
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4.0 INTRODUCTION

As discussed in Chapter 3 natural products witlerazbfuran skeleton are well known for their
broad range of biological activitié®>Coumestari, which contains a benzofuro [3¢chromen-
6-one skeleton, belongs to an important class fraboxygenated aromatic produciEglre 1),

the flavonoid category of phytoestrogéfThese compounds exhibit antibacterial, anticancer
antifungal, antihepatotoxic, and phytoalexin ati&®31%* In China compounds with
benzofuro[3,2¢]chromen-6-one skeleton are used in the treatmiesetic shock® They are
found in a variety of plants including split pegsnto beans, lima beans, alfalfa and clover

sprouts.

Figure 1: The structure of a coumestan.

HCV, a major human pathogen that causes non-A aneBnhepatitis, is also associated with the
development of chronic disease such as steatoses,dirrhosis and hepatocellular carcinoma.
HCV infection is estimated to be four to five timesore prevalent than the Human

Immunodeficiency Virus-1 (HIV-13% Although there is currently no vaccine for HCV, div
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coumestan analogues, Wedel lact@n&QB16 3, LQB344, LQB935 and LQB966 have been

reported to inhibit HCVNSB which is required for viral RNA replication in HC(Figure 3).

CH30 0__0
D@
OH O @ OH

2

OH
HO @ O O HO @ O O HO o) O
_ (=
H,CO & o _
OH OH O OCHjz
OH O OH O o)
4 OH S OH 6 o)

Figure 2: Five coumestan analogues that inhibit HC¥BIS

In the literature it has been reported that benodd,2-clchromen-6-ones can be synthesized by
electrochemical oxidation, tyrosinase-catalyzeddation, as well as chemical oxidation using

ferricyanide. In light of the biological activitgxhibited by the coumestans and the structural
similarity (ortho phenolic substituents) to tfe6-dihydroxylated benzblfurans7 (Chapter 3) we

were interested in developing a green, efficierd-pat synthesis using laccase as the catalyst.

o) OH

OH

Figure 3: Showing a structure of a coumestan and bdshaofans
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4.1 RESULTS AND DISCUSSION

4.1.1 SYNTHESIS

The catechol€8a—e and the coumarin8a—d used in this study are depicted in Figure 5. The
method used for the synthesis entailed reactingempavalent of the catech@a—e with one
equivalent of the coumari®a—d shown in Scheme 1 using Suberase® in a vesseltopain at

pH 7.15. A pH of 7.15 was chosen because it woldarihe reaction medium sufficiently basic
to allow for deprotonation of the acidic hydrogehtbe coumarin and thus facilitated the

Michael addition reaction with the situ-generatea-quinone.
o Os_OH c
OH OH OH OH OH

8a 8b 8c 8d 8e

OH OH OH OH
setheeBeeliage!
0" o o 0 o o o o

9b 9c ad

9a
Figure 4: The catechol8a—e and coumarin8a—dused in this study.

R; o
R O OH

S 0
R
R
i :OH i:io 9a-d ! O N
R; o~ o
OH O
8a-e

10-29

Scheme 1Synthesis of the 5,6-dihydroxylated berdajrans10-29.
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From the twenty compounds that were successfulithegized (Figure 6), five are known
(compound10, 11, 12, 15 and 16 and 15 are novel (compounti8, 14, 17-29 Bhaleracet al
have reported a synthesis fi in 94% yield using a mushroom tyrosinase enzyme &iearh
temperature in phosphate buffer (pH 6%).Leutbecheret al. reported the synthesis of
compoundl15 in 94% yield with Trametes versicolor laccase in acetate buffer (pH 4.37) at
20°C1%7 They also reported the synthesisléfin 96% yield after 49 h usinghgaricus bisporus
laccase in acetate buffer (pH 6.0) at 28°(Bhaleracet al also demonstrated the synthesid 8f

in 96% yield after 1 h using mushroom tyrosinaateambient temperature in phosphate buffer
(pH 6.8)1%® Compoundl3 could also be synthesized in 99 % by uslhgersicolor laccase in
acetate buffer (pH 4.37) at 20°C 'f5.The synthesis ofl6 could be accomplished by using
sodium acetate and potassium hexacyanoferrati(llfyater for 1 hr to afford a 96% vyiel®
Compoundl5 could be synthesized via heterocyclic chemistrhwsodium acetate; potassium

hexacyanoferrate(lll) in water 1 h through Michadtlition reaction; 96%°
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/ OH
OH OH Q oOH E  OH o OH
9% 96 98 9% e
o” o o o 0" o o Yo 0" o
10 11 12 13 14
O/ OH
H OH OH R OH o oH
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9% L 96 )
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/ OH
OH OH Q oH R OH o OH
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Figure 5: Structures of the biocatalytically synthesized lodnm|[3,2€]chromen-6-one40-29

In the first approach, Method A was used, whichaéged reacting the catechd@s—e with the
heterocyclic 1,3-dicarbonyBa-dat room temperature (rt) at pH 7.15 for R4 All the
compounds could be synthesized at rt except foratheé derivativesl4, 19, 24 and 29. As a
consequence, it was decided to increase the reaetoperature. The second approach, Method
B, thus entailed reactirgd with catechol®a-d at 40°C for 24hr. The results of the reactions are
shown in Table 1.

For compounds with a fluorinated catechol, we olesgsplitting of the peaks in tHéC NMR
spectra, indicating carbon-fluorine coupling. Th#itBng is obviously only observed in the

spectra of compounds prepared from the fluorinatdastrate, 3-fluorocatechol. The percentage
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purity for all the synthesized compounds was mbeant90%. The yields of the compounds are

indicated in Table 1.

Table 1.Synthesised benzofuro[3@ehromen-6-one 0-29(yield in parentheses) at rt in phosphate buffert-h

7.15.
Entry Catechol Dicarbonyl Reaction Metbd Product Yields of Yields of
time(h) (%Yield enzymatic  other syntheses
1 8a 9a 24 A 10(86) oB6 85167 95368 96169
2 8b 9a 44 A 11(76) 9966
3 8c 9a 24 A 12(74) 6456 g8
4 8d 9a 24 A 13(72)
5 8a 9b 24 A 14(78)
6 8b 9b 44 A 15(79) 966, 94167
7 8c 9b 24 A 16(78) 9657
8 8d 9b 24 A 17(72)
9 8a 9c 42 A 18(78)
10 8b 9c 24 A 19(74)
11 8c 9c 42 A 20(74)
12 8d 9c 24 A 21(70)
13 8a 9d 24 A 22(73)
14 8b 9d 42 A 23(78)
15 8c 9d 24 A 24(78)
16 8d 9d 42 A 25(70)
17 8e 9a 24 B 26(78)
18 8e 9b 44 B 27(76)
19 8e 9c 24 B 28(74)
20 8e 9d 42 B 29(76)

Method A - Suberas&(8.0 mL), catechol (2.0 mmol), coumarin (2.0 mniokq), phosphate buffer (20.0 mL, 0.10 M, pH 7,.15)
stirring time at rt = 24 h.

Method B - Suberas® (4.0 mL), catechol (1.0 mmol), coumarin (1.0 mniogq), phosphate buffer (8.00 mL, 0.10 M, pH 7,.15)
stirring time at 40°C = 24 h.

Proposed mechanism of formation for the coumestans

It is assumed that the first step of these dom@aetions is the laccase-catalysed oxidation of a
catechol with @ to give o-benzoquinone as shown in Scheme 4. dtrenzoquinon&0 then
undergoes a 1,4- addition with the coum&ae under basic conditions to affo84, which is a

transitory intermediate.
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R R
@iOH oxidation i:\io
OH -2e” -2H* o
8a-e 30
OH R
0 N R1 X O
Row 1,4-addition R
+ 7 OH
R “x Yo o R
1 OH
OH
9a-e 30 31

-2e” -2H oxidation

1,4-addition R, X o
R
(@)
Ry =
OH
(@]
10-29 32

Scheme 4A proposed mechanism for the synthesis of benz{8i#a]chromen-6-one derivativeld-29

After a second laccase-catalyzed oxidation, a fimaamolecular oxa-1,4-addition, involving the
formation of a tricycle, takes place. This reactisrhighly regioselective since the initial 1,4-
addition exclusively occurs at the more electraphdarbon atom of the correspondirg
benzoquinone. Interestingly, for benzofuro[8]2hromen-6-one, both the aci@d and the
fluorinated8e catechols reacted to affoR8 and24. This was not observed for the 1,3-diketones

discussed in Chapter 3 where the fluorinated amiaatechols did not react.

4. 1. 2 SPECTROSCOPIC EVIDENCE THAT SUPPORTS CYCLIZATION
In order to confirm that a furan ring has been fednthrough the second oxa-1,4-Michael

addition we selected compout8 as an example for careful scrutiny by NMR. If tleaction
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had undergone a C-C coupling addition we would #aguect to see 1,2,4-trisubstituted benzene
ring 33 as shown in Figure 7 below. However if the furtbgclisation, had occurred then we

will expect to obtain a product displaying two awtio protons in théH NMR spectral5.

OH OH
OH OH 0 @ OH
A\ C
(L DO
33 17

Figure 6: Two possible structures

Both compounds would have the same number of psotod carbons. Howev&3 has an
additional OH group making a total of 3 OH protdhat are expected in tHél NMR spectra.
We observed from the 1H NMR spectra that we ha@H2protons that are at 9.61ppm (2H, s, 2
x OH). This can only be possible if we have formé&dot 33. In addition, if we had synthesized
compound33we would expect to see 3 aromatic signals in‘#heNMR from C ring in the
aromatic region, whereas if compoutblhas been synthesized, we expect 2 aromatic signals
the 1H NMR spectra from ring D and these signatsikhbe singlets, which we can indeed see
at 7.21 ppm (1H, s, ArH) and 7.28 (1H, s, ArH). fidgfere 'TH NMR confirms that we have
synthesizedl5. We then proceeded to examine i@ NMR and mass spectroscopy data for
further analysis. Sixteen signals matched that®in structure;:3C NMR (100 MHz, DMSO-
ds): 0 = 20.4, 98.9, 104.9, 105.3, 112.0, 113.9, 11628.4, 132.1, 134.3, 144.7, 146.5, 149.4,
150.5, 157.6, 157.7. Mass spectroscopy also coeéirthat it wasl5 (M+H* Found: 283.0512,
C16H110s requires M+H, 283.0606). Althougl33 would have the same mass spectrometry data

the NMR data would have differed from that 1. We can then conclude that the reaction
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undergoes a 1,4-Michael addition followed by a secoxa-Michael addition. For compounds

with a fluorinated catechol, we observed splittrighe peaks in th&C NMR spectra.

4.2 CONCLUSION

Twenty benzofuro [3,2sJchromen-6-onecompounds could be synthesized by exposure of
catechols and coumarins to laccase under basiatmorgdat rt. Unlike in the synthesis of 5,6-
dihydroxybenzdp]furans in Chapter 3 we could access all the aerivdtives of benzofuro[3,2-
c]Jchromen-6-oneslé, 19, 24and29) when the temperature was raised to 40°C. For oonms
with the fluorinated catechdlOewe observed a confirmatory splitting of the peakghe *C
NMR spectra which is also observed in the spedtthefluorinated substrate, 3-fluorocatechol.
Five compounds are known (compoud@, 11, 12 15 and 1§ while fifteen are novel

(compoundl3, 14, 17-2%
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Chapter 5 Naphthoquinone derivatives

5.0 INTRODUCTION

A 1,4-naphthoquinone is a two planar benzene ripstesn, fused together with two
carbonyls in one ring that are inpara-position to each other (Figure 1). These compounds
can undergo electrophilic aromatic substitutioe ldlenzene, although, they are more reactive
than benzene, and also have the ability to undérde or 1,4 addition reactions that are

enabled by the carbonyl functionalities.

Iy

R, O
1

Figure 1: Structure of a 1,4-naphthoquinone.

Herein, we report on the synthesis of 1,4-naphthme derivatives, by using biocatalytic
procedures as one of the key steps. A numbereo§ynthesised derivatives were screened
for both anti-cancer and anti-bacterial activitiaed the biological screening results will be
discussed in Chapter 7. The two classes of comotinad were investigated were substituted
1,4-naphthoquinone-5 (a two ring system) and anthraquina®€a three ring system) as

shown in Figure 2 below.
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0 0 o}
o} OH O o}
2 3 4
o O OH
‘#O‘ )
o O OH
5 6

Figure 2: Structures of 1,4-naphthoquinon@s5) and1,4-dihydroxyanthracene-9,10-dior&).(

In summary we wanted to determine whether 1,4-megghtinones substituted at the 2-
position with either an electron-donating or arceten-withdrawing group could be used in
biocatalytic reactions to synthesise 1,4-naphthuene derivatives. The idea was to increase
conjugation and ring size when compared to thosthe®b,6-dihydroxylated benzafurans
and benzofuro[3,2-C] chromen-6-ones discussed iap@hns 3 and 4, respectively. By
increasing the number of fused rings the lipophylialso increases, which could result in an

enhancement of absorption through biological memdsa

5.1 BACKGROUND

The search for novel drugs that are effective agdinth cancer and bacteria is a continuing
process’t The molecular framework of a great number of pleoticals and biological
compounds contain a quinone moiétIt has been noted from literature that the quinone
moiety possesses both anticancer and antibactaiizdty.!” This is due to their ability to
undergo redox cycling which results in the generatif reactive oxygen species (ROS) as
shown in Scheme ¥! Redox cycling is a process in which compoundslyitally cycle

and generate ROS such as hydrogen peroxide andosigeewhich then damages the cell.
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ROS also inhibits the drug efflux mechanism in dmegistant bacteria, which allows

intracellular accumulation of potent drug molecuiés

o)
o)
o)
R

NADPH + H* R, Rs
>< >< |
R 1

NADP*
O » HO,
Superoxide Hydrogen
% Rs anion radical peroxide

Q

Scheme 1Redox cycling of NADH or NADPH and a quinone to guee ROS®

The anticancer activity of quinones is also belitteebe due to alkylation when quinones are
activated inside the cells. This alkylation prac@s/olves covalent attachment to proteins,
DNA or other targets, which leads to the inhibitiofi cell growth. For example, the
furanonaphthoquinon@ is an example of a biologically active 1,4-naploiioone!’™ It has
been shown to possess antibacterial activity againg resistant bacteri€hlamydia is a
genus of bacteria, including the spedidrachomatis, C. pneumonia and C. psittaci that are
obligate intracellular parasites that are resistargxisting drugst’! (C. pneumonia and C.
psittaci have recently been reclassified under tlyenus Chlamydophila). The
furanonaphthoquinon@ derivative depicted in Figure 3 has been screegathst 14 strains
of methicillin resistantSaphylococcus aureus (MRSA) and 12 strains of methicillin

susceptibletaphyl ococcus aureus (MSSA) as a contrdi’! Koyama found that the MIC of
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against MRSA was 5.36 pg/ml and the MIC against MSEL.98 pg/ml. This shows that

compound? exhibits stronger antibacterial activity against 81

o
o]
Y

OH O

7

Figure 3: A furananophthoquinone derivative exhibiting aityhnagainst MRSA.

When compound wasscreened against Fluconazole-resisendida albicans (FRCA) it

exhibited the same degree of antibacterial actagtyn MSSAand MRSA.

Other naphthoquinones, for example the compoundssprin 8 and Methyljuglone9
(Figure 4),isolated from the South African medicinal pldfrtatalensis, were found to be
effective againsMtb. They inhibit several antibiotic resistant as vaslantibiotic susceptible

strains ofMtb.

o) R O
R =H, R; = CHs Ry
, o 0 R:OH,R]_:CHQ,
9

Figure 4: Compounds isolated from the pldiratalensis.

Crassiflorone, a new 1,4-naphthoquinone, from tieensbark of theDiospyros crassiflora
tree, has been shown to exhibit antimicrobial dgti/* The Grassiflorone derivativd$ and

11 (Figure 5) were studied using a microdilution gsagainst six microbial culturég>176
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OH O
1] b
O OH OH
o)
10 11

Figure 5: Crassiflorone derivatives

The cultures were the bacterigscherichia coli (LMP0101U), Shigella dysenteriae
(LMP0208U), Salmonella typhi (LMP0209U), and®aphylococcus aureus (LMP0206U), and
the yeastsCandida krusei (LMP0311U) and Candida albicans (LMP0204U). The
antimicrobial activity was evaluated on the bagis/¢C. Compoundll showed the greatest
activity againstS dysenteriae (MIC 4.88 pg/ml) andS typhi (MIC 4.88 pg/ml), whilst

compoundlO showed weaker activity (MIC 78.12 pg/ml and 19458ml, respectively).

Other important examples of quinones that are knfowmnhibition of special proteins such

as bacterial topoisomerase I, DNA gyrase (antdyaad), mammalian topoisomerase | and Il
(antitumor), HIV integrase and HIV protease (amél)i are the important anticancer drugs
doxorubicin12 and mitoxanthroné3 (Figure 6)}’"-17°These anthracyclines are well known
for their anticancer activity’* The mechanism of action is believed to involveoispmerase

Il inhibition. Naphthoquinone analogues such akatin 14, naphthazarid5, plumbaginl6,

andp-lapachonel 7 are believed talso inhibit similar enzyme's?
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H
OH 0 HN" N0y

OH O HN__~ ~~_OH

13 H
Doxorubicin NH, Mitoxanthrone
OH O OH OH O OH O
14 15
Shikonin Naphthazarin PIumbagln beta-lapachone

Figure 6: Naphthoquinone derivatives exhibiting anticanceivig.

5.2 RESULTS AND DISCUSSION

5.2.1 SYNTHESIS OF MENADIONE ANALOGUES FROM 1,3-DIKETONES

In this section we proceeded by reacting naphthmmnés containing a substituent at position
2 and reacted these substrates with 1,3-diketdvesadionel8 was initially selected as the
monosubstituted 1,4-napthoquinone to react witlarage of structurally diverse diketones

19a-h(Figure 7).
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Figure 7: Menadionel8 and the 1,3-diketond®a-h

The synthesis of C-C coupled menadione derivativas achieved by reacting laccase
(Suberase) with one equivalent of the 1,3-diket¢h® mmol) and one equivalent of
menadione in a mixture of DMF (1.0 mL) and phoseHauffer (0.10 M, pH 7.15) in a test
tube. The reaction mixture was stirred in an opessel (providing oxygen) at 40°C. DMF
was added to the reaction mixture to improve tHakslity of the organic substrates in the
reaction medium. The mixture was vigorously struender air until the substrates were
consumed as judged by TLC. The product was exttastith ethyl acetate, purified by
column chromatography and, if not pure, recrysatlon. Characterization of the

compounds was achieved By NMR, 13C NMR and mass spectrometry.
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phosphate buffer

O
(@] (@]
)J\/U\ Suberase O‘ R,
O‘ TR Re 7 oH
(@)

19a-h pH 7.15, 24hr
o) R ~O
18 70-92%
20-27

Scheme 2Biocatalytic synthesis of menadione derivatives
The results of the investigation are depicted ibl&dd below.

Table 1. Synthesised C-C coupled menadione analog0e&7(yield in parentheses) from diketones
at 40C in phosphate buffer at pH 7.15.

Entry Naphthoquinone Diketone Reaction time (h) Product (%Yield)
1 18 19a 24 20(76)
2 18 19b 24 21(82)
3 18 19c 24 22 88)
4 18 19d 24 2389
5 18 19 24 24(84)
6 18 19f 24 25(92)
7 18 199 24 26(70)
8 18 19f 24 27(83)

Method - Suberas® (4.0 mL), diketone (1.0 mmol), naphthoquinone/ntaphydroquinone (1.0 mmol, 1 eq), phosphate buffer
(8.0 mL, 0.10 M, pH 7.15), stirring time at 40°Q4 hrs

From these results it can be seen that the memadinalogues can be accessed using the
above method. The synthesis afforded yields of yetsdranging from 70-92%. The highest
yield that was obtained is 92% @6 (Entry 6, Table 1) and the lowest is 70% 26r(Entry

7, Table 1). The structures of the produis27are depicted in Figure 8 below.
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Figure 8: Structures of the menadione analogR@<7synthesisedrom 1,3-diketones.

5.2.2 MECHANISM OF FORMATION OF THE MENADIONE ANALO GUES FROM

1,3-DIKETONES

Analysis of quinoneg0-27using*H NMR, *3C NMR and mass spectroscopy showed that the

attack of the nucleophilic 1,3-dicarborB2a-htakes place at C-3 of the monosubstituted 1,4-

naphthoquinone. C-3 is the most electrophilic carboitable for the 1,4-addition. Addition

cannot take place at the C-2 position due to thkerienergy transition state and the presence

of the methyl group as shown in Scheme 3 below.
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0 -
(OH o} OH o
Suberase
R )\/U\R 1,4-addition OH
N 2ah > O‘ o
a- - +
o R, 2g, 2.H g,
21 (0] oxidation o
23 20-27

Scheme 3Proposed mechanism for the formation of the memadémalogues from 1,3-diketones.

Several studies of monosubstituted quinones witlclemphiles have been previously
reportedt’® One of them examined the influence of the firdissituent on the course of the
reaction. For example the reaction of methylquinag anilines 2:1 to give 2,5 and 2,6-
disubstituted products in a 2:1 ratf§.It has also been reported that the reaction betwee
electrochemically generated formgbenzoquinone and 3-hydroxy-1H-phenalen-1-one starts
with the formation of a 2,5-disubsituted bis-addwttich then undergoes cyclization to the
corresponding benzofuran derivativéie synthesised compounds were easily accessitdeyve

observed almost complete conversion of the startiatgrials as determined by TLC monitoring and
analyses of the reaction mixtures. We then decidedvestigate whether the coumarins would react

in a similar manner to the 1,3-diketones with méorael

5.2.3 SYNTHESIS OF MENADIONE ANALOGUES FROM COUMARI NS

Menadione21 successfully reacted with the coumarBa-d to give the expected mono-

substituted menadione analogues.
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O

R1 AN Suberase o
y -
R o "0

21 22a-d 33-36
33 Rl = R2 =H
34 R, =Me, R, = H
35 Rl = R2 = Me
36 R1=C|, R2= H

Scheme 4. $nthesis of menadione analogues from coumarin.

The synthesis of the C-C coupled menadione anatogas accomplished by following the

same method as that used for the reaction witkitetones to produce compouri2iz-36

The results of the reaction of menadid@iewith each of the coumarins is shown in Table 2

below.

Table 2.C-C coupled menadione analogd8s-36(yield in parentheses) synthesized from coumarins
at 40C in phosphate buffer at pH 7.15..

Entry Naphthoquinone Coumarin Reaction time (h) Product (%Yield)
1 21 32a 24 33(86)
2 21 32b 24 34(80)
3 21 32c 24 35 @85)
4 21 32d 24 3@

Method - Suberas® (4.0 mL), diketone (1.0 mmol), naphthoquinone/rtaphydroquinone (1.0 mmol, 1 eq), phosphate buffer
(8.0 mL, 0.10 M, pH 7.15), stirring time at 40°C4 h.

From these results it is evident that the synthef$igsded products in high yields, ranging
from 80-88%. The highest yield was obtained361(88% (Entry 4, Table 2) and the lowest

for 34 (80% (Entry 2, Table 2). The structures of thetlsgrised products are shown in

Figure 9 below.
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33(86%) 34(80%) 35(85%) 36(88%)

Figure 9: The structures of theenadione analogu&8-36synthesisedrom coumarins.

The synthesis of menadione analogues from coumavass achieved by oxidation &7

which is formed after coumariB2a-d reacts with menadion21 as shown in Scheme 5

below.
(@]
OH
'/\ R
Z ! 1,4-addition
o) o~ o R,
21 32a-d
- +
Suberase -2, -2H
oxidation

Scheme 5Proposed mechanism for the synthesis of menadimalegues from coumarins.

The final step is oxidation resulting in the forioat of the 2-monosubstituteg-
naphthoquinone. In this transformation ring cydima does not occur as it did for the

formation of the benzofurans and chromenes in @na@ and 4 respectively.
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Similar to the diketones discussed in Section 52 ould access the coumarin derivatives
easily with no side products. This prompted usit@stigate the reaction of the unsubstituted
1,4-naphthoquinones with 1,3-diketones to determihether the initial 1,4-addition reaction
would be followed, after oxidation, with a secondadVichael reaction, resulting in

furanonaphthoquinone formation.

5.3 FORMATION OF 2,3-DIALKYLATED NAPHTHOQUINONES,
THROUGH CONSECUTIVE C-C COUPLING REACTIONS.

In this study we expected the formation of a furehthoquinon&8 (Figure 10) from the
reaction of a 1,4-naphthoquinone with a diketonerr @terest in furan formation was
inspired by the biological results of compouhdhown in Figure 3However, we observed
that consecutive C-C bis-coupling reactions occlrresulting in the 2,3-dialkylated
naphthoquionones ring structud® instead of the anticipated ring cyclisation whicbuld
have afforded8 ( Figure 10). The formation &9 was initially not obvious from the NMR

spectra, but was confirmed through mass spectrgmetr

0
0
(I )=
o) R2
38

Figure 10: The targeted compour88 and the actual naphthoquinone deriva89ebtained.
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5.3.1 SYNTHESIS OF 1,4-NAPHTHOQUINONE AND JUGLONE ANALOGUES
FROM 1,3-DIKETONES

The reactants and substrates for this investigatierdepicted in Figure 11 below.

ScR s
I3} @mm@r@ﬂ*

Figure 11.1,4-Naphthohydroquinor® juglone3 and the 1,3-dicarbony&la—f used in this study

The synthesis of C-C bis-coupled 1,4-naphthquindeevatives was achieved by reacting
one equivalent of the 1,4-naphthohydroquin@ne&ith one equivalent of the 1,3 dicarbonyl

compoundd 9a-f

The reaction for the synthesis of C-C bis-couplextipcts from the reaction of 1,3-diketones

with 1,4-naphthoquinones is depicted in Schemel@be

OH (@]
Suberase O O
) =] + oA,
pH 7.15
OH (@]
2 19a-f \
o. R
i O o i Rs
Suberase
O‘ o O
O‘ + R)J\/U\R e —
2 3 pH 7.15 R2
R (@]
OH O 1 O 5P g,
3 19a-f 40-44
R; = H, OH
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Scheme 6Synthesis of C-C bis-coupled 1,4-naphthquinonevdévies

Table 3 shows the results that were obtained whdrnaphthohydroquinorizand juglone3
were each reacted with a 1,3-diketone in a 1:b.rati

Table 3. The synthesised C-C coupled 1,4-naphthoquinongateres40-44(yield in parentheses)

Entry NQ/NHQ Dicarbonyl Reaction time (h) Product(%Yield)
1 2 19i 24 40(50)
2 3 19i 24 41(52)
3 2 19¢ 24 42(55)
4 3 19d 24 43(50)
5 3 19e 24 44(53)

Method - Suberas® (4.0 mL), diketone (1.0 mmol), naphthoquinone/rtaphydroquinone (1.0 mmol, 1 eq), phosphate buffer

(8.0 mL, 0.10 M, pH 7.15), stirring time at 40°Q4 h; NQ = naphthoquinones; NHQ = naphthohydroquéno

The products were obtained in moderate yields @)5as can be seen from the results in

Table 3. After discovering that the expected fuseas not formed it was decided to increase

the quantity of the diketone to improve the yieldh® bis-coupled product. Instead of a 1:1

diketone:naphthoquinone ratio, a a 2:1 ratio wasluft was then observed that the yields

increased as shown in Table 4 below.

Table 4. Synthesised C-C coupled naphthoquinone derivatigisg a 2:1 stoichiometric ratio of

diketone to naphthoquinone.

Entry Naphthoquinone Dicarbonyl Reaction time (h) Product (%Yield)
1 2 20e 24 42 (60)
2 3 20d 24 43 (65)
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3 3 20e 24 44(73)

Method - Suberas® (4.0 mL), diketone (2.0 mmol), naphthoquinone/rtaphydroquinone (1.0 mmol), phosphate
buffer (8.00 mL, 0.10 M, pH 7.15), stirring time at 40 24 h; ratio of diketone:naphthoquinone is 2:1.

It is evident from the results in Table 4 that aoréase in the amount of the 1,3-diketone
resulted in a higher yield of product. The struetuof the products are shown in Figure 12

below.

42 43 44

Figure 12: Structures of the C-C bis-coupled 1,4-naphthoquesdf-44synthesized at 40°C.

This outcome was a surprise because in the literahost of the reactions between a 1,3-
dicarbonyl and @-quinone affords the benzofuran as the proéficf?However, Hadjolet

al reported a similar result to ours for benzoquinAdhey reacted a 1,3-diketone with a

hydroquinone in a 1:1 ratio and the product formad also a bis-adduct. They also observed
that even when the stoichiometry is changed tdla&tio the resulting product is still a bis-

adduct, but the yield was better. In another exanfpdm literature a reaction of e
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benzohydroquinone with a 1,3-diketone resulted imixture of both mono- and bis-
adduct!®! An imidazole reacted with a benzoquinone (1:1ojated to the formation of
mono-substituted, 2,3-disubstituted and 2,5-diswlest products. Another interesting
example is the domino processes betwebrnzoquinone that is electrochemically generated
from a hydroquinone and 2 equivalents of a cyc/&-dicarbonyl (3-hydroxy-1H-phenalen-
1-one). Under specific reaction conditions a bidtadformed. This adduct could not be

isolated and underwent cyclisation to a benzofdexnivativels?

In this project, these compounds were the mostaigihg class of compounds to purify as
they seemed to be unstable during purificationibiyasgel chromatography. In some cases
despite observing one spot on TLC, after columrifipation the product was still impure as

could be seen bYH NMR spectroscopy.

We hypothesised that the acidic nature of sifieh (silicon dioxide) used in silica gel

chromatography allowed for decomposition.

SiO, + Base — SiO anion

Figure 14: Reaction of silicon dioxide under basic conditions

Mass spectrometry results indicated that the reacatmechanism was that of a C-C bis-

coupling. In Figure 15 are two possible naphthogo@derivatives.

38

Figure 15: Structures of two possible naphthoquinone deriestiv
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From the'H NMR spectra it could not be determined wheth&rran ring had formed based
on the splitting pattern of peaks. However, whearmgdmation was taken into consideration it

was evident that a C-C bis-coupling had occurred.

5.4. SYNTHESIS OF 1,4-NAPHTHOQUINONE AND JUGLONE ANALOGUES
FROM COUMARINS

We were then interested to determine whether tmeeseeaction would occur with a

coumarin32a-d when it reacted with a naphthoquinomee substrates and reactants used are

shown in Figure 16 below.

SCSS

OH OH

mmmm

2a

Figure 16: The 1,4-naphthohydroquinoejuglone3 and coumarin82a-d

As previously mentioned the benzopyrone skel@®@er-dis a natural product like benzofuran
and has shown to possess both anticancer and @stibhactivitiest>® We followed the same
method as discussed in Section 5.4.1 with an ioterdtf forming either compoundts or 46

(Scheme 7).
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OH (0]
Suberase
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Scheme 7Synthesis of coumarin derivatives

The attempted synthesis was such thé&tnaphthohydroquinor2 (1.0 mmol) and juglon8 (1.0
mmol) was added to laccase (Suberase) with one eqgotwafiehe coumarin (1.0 mmol) in a
mixture of DMF (1.0 mL) and phosphate buffer (OMPpH 7.15) in a test tube. The reaction
mixture was stirred in an open vessel (providingg®n) at 40°C. Further attempts were at

room temperature with DMF, and then without DMF.

The reactions (Figure 16) were conducted initi@tyroom temperature and then at 40°C.
These reactions were unsuccessful since neith@val mompound nor the desired product
was formed. From TLC it appeared that a numberesf spots had formed but after column
chromatography no characterisable product couldsbiated. A possible reason for the
unsuccessful reaction is that the coumarin may hase been sufficiently soluble in the

reaction mixture when compared to the 1,3-diketone.
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5.5 LACCASE-MEDIATED SYNTHESIS OF 2-HYDROXY-1,4-
NAPHTHOQUINONE ANALOGUES UTILIZING 1,3-DIKETONES AS MICHAEL DONOR

SUBSTRATES

In Section 5.2.1 we explained how we achieved {fmhesis of menadione analogues. We
were interested in a substrate having an electithdvawing group at C-2 of the quinone

and lawsone (2-hydroxy-1,4-naphthoquinone) waslitaldle substrate. The reaction of
lawsone46 with diketone21a-fwas investigated (Scheme 9). In the presence afdae46

it was anticipated that a 1,4-addition would befttst step which would then be followed by

oxidation to affordd8 as shown in Scheme 9 below.

LO
oH OH O OH ub o
uberase
+ AN 1,4-addition OH, OH
R e —><— Oy
21af
0 R 2e’, -2H* = R,
46 (o) o
HO™ "R, oxidation o) o0” R,
47 48

Scheme 9Proposed mechanism for the formation of C-C bigatedi 1,4-naphthoquinones.

The reaction was unsuccessful at both room temyreraind 40°C. The co-solvent, DMF,
was used at both temperatures for the reactiompkheas also adjusted from 7.15 to 4i60
order to increase the acidity in the reaction mixtbut still we were unable to obtain the

desired product using Suberase.

117 |Page



Chapter 5 Naphthoquinone derivatives

5.6 SYNTHESIS OF ANTHRACENEDIONE ANALOGUES FROM 1,3-DIKETONES

Our interest in synthesising anthracenedione aoa®was inspired by drugs such as
doxorubicin and mitoxantrone. We were interestedhirestigating the reaction of the 1,4-
dihydroxyanthracene-9,10-diod® with each of the 1,3-diketon@da-f. A possible product

of the reaction is shown in Scheme 10 below.

O OH
|
Suberase (QH O
98® SN
2", -2H* 1 2
(0] OH oxidation
49
2e’, -2H"
Suberase oxidation

O Ry
OH O
o} Rl

Suberase
2e’, 2H*
Rl 0 oxidation

Rl o)
Scheme 10Proposed mechanism for the formation of possib(e lis-coupled -
dihydroxyanthracene-9,10-diorealogues from1,3-diketones.

Initially we used Method C, this involves the aduit of DMF to the reaction mixture as a co-
solvent to improve the solubility of the organidbstrates. The number of equivalents of the 1,3-
dicarbonyl was also increased so that a ratio &fdicarbonyl to catechol was 4:1. These reactions

were conducted for 42 To react 1,4-dihydroxyanthracene-9,10-dio#@ with the 1,3-
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diketones2la-f. After 24 h it was observed that only starting enatls were present in the
reaction vessel. Extending the reaction time tdy&hd subsequently elevating the reaction
temperature to 40°C failed to generate any proditis reaction was also investigated at 40

°C at pH 4.5 while all the other conditions werptkihe same.

After much experimentation we could not get the-dilfydroxyanthracene-9,10-diod® to

react with a diketone (Scheme 11).

(@] OH
O O Suberase
Iy« A o<
R1 R
: ' -2e, -2H"
O OH oxidation
49

Scheme 11Synthesis of 1,4-dihydroxyanthracene-9,10-diamda@gues from 1,3-diketones.

It might be due to the fact that the 1,4-dihydaxghracene-9,10-dior is not sufficiently
soluble in the reaction mixture or it could be fange for the active site of the laccase,

Suberase, to oxidise to the corresponding quinone.

5.7 CONCLUSION
All the synthesised compounds in this chapter akelh 7 menadione derivativ@2-29from
1,3-diketones, 4 menadione derivativ&é-35 from coumarins and 5 C-C bis-coupled 1,4-

naphthoquinones derivativd®-44from 1,3-diketones.

Our interest in naphthoquinones was inspired bytligequinone moiety which posseses a

range of biological activities including both amthcer and antibacterial activiti&3.

The reaction of menadione with the 1,3-diketone$ esumarins at 40°C at pH 7.15 using

DMF as a co-solvent affords C-C coupled naphthaopuenderivatives substituted at position
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3. The reaction of 1,4-naphthohydroquinone andojug (well-known compounds with
antibacterial activity) with 1,3-diketones producethexpected C-C bis-coupled 1,4-
naphthoquinone derivatives. These compounds sheeetk instability and degraded on a
silica-gel column. The degradation was attributedtiie acidic nature of silica (silicon
dioxide) which can catalyse the degradation. Laweg® and 1,4-dihydroxyanthracene-9,10-

dione49did not react with the 1,3-diketones.

O O OH

48 I IO
O O OH
46 49

Figure 19 Substrates for which no reaction was observel &itberase.
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Chapter 6 Schiff-Base Derivatives

6.0 INTRODUCTION

In light of the previous chapters, we were intexdsh synthesising derivatives of the first-
line anti-TB drug, isoniazid, as well as thiosemicarbazi@alerivatives (Figure 1) from the

previously synthesised 5,6-dihydroxylated beblifafans (Chapter 3). The goal of these
derivatizations was to develop drugs directed dtipte targets and to improve the biological
activity against both cancer and bacteria. Theildaftéhe synthetic approach is in the section

that follows.

i X
HoN L
AN N/NHZ 2 N NH2
| H H
N~
1 2

Figure 1: Structures of isoniazitl and thiosemicarbazidz

The emerging area of multi-target drug discovergrie of increasing interest to members of
the drug discovery communit§* The potential advantages of drugs that modulateraév
targets are that there could be an improved balahadficacy in addition to safety when
compared to single target agettsA number of drugs have been successfully syntbdsis
that possess dual inhibitory activity, which is eb®d when a drug is biologically active
against two targets due to its structural desigmm.@xample, Donepez8, Galanthaminet,
and Rivastigminé (Figure 2)are drugs that can be used to treat Alzheimersadis which

is an age-dependent progressive brain diseaseslinaty destroys memory and thinking
skills and eventually the ability to carry out thienplest task$2?183 The main cause is not

known yet but the disease is associated with aedserin hippocampal acetylcholine (Ach)
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in the cholinergic system. Acetylcholinesterase W& is responsible for the hydrolysis of
acetylcholine in the synaptic cléft! The three drug8-5 (Figure 1) are AChE inhibitors and

are therefore helpful in increasing the level oétgitcholine in the damaged cholinergic
neurons. This, however, increases the butyrylckstgrase (BuChE) activity that causes

hydrolysis of acetylcholine in a new wi.

o]
O N\/©
/ 3
D il
-0 onepezi
OH
o 1 |
N
I
N
4 p 5
Galanthamine Rivastigmine

Figure 2: Three well known AChE inhibitors.

As a result the design and synthesis of dual AChEHE inhibitors were consideré#:¢”
Since benzyl pyridinium derivative6 have previously been reported to be excellent
acetylcholinesterase inhibitors, while coumarin etpi7 has been previously reported to

possess anticholinesterase activity they were dir{kégure 3) in order to investigate the dual

effect188.189
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O
R#\
2|/ ¥ OH
7 N\ B
0, T
— \/Rg
6 7

Figure 3: Structural framework of potent anticholinester@sad antiacetylcholinesterage

inhibitors.

An assay for inhibitory activity was then performesing Donepezi8 as a positive control.
The derivatives were able to inhibit both acetylotesterase and butyryl cholinesterase.

Compound showed superior ability (0.11 nm) when comparethécontrol3 (14 nm).

(@]
R'\ X = l\
g
N AR
“Z >0 N0 Zo>
R=Br
8 Ar = Me

Figure 4: Structure of a potent derivative.

Another example of multi-target drugs is that cfthmine receptors. Histamine is an organic
compound that is involved in a local immune respoasd also regulates physiological
activities. The histamine receptors belong to classf the superfamily of the G-protein-
coupled receptors (GPCRSY. These receptors are involved in the inflammat@sponse
and the response to foreign pathogens, they adupeo by basophils and mast cellsRH
mediates numerous pathophysiological responsesstantine such as vasodilation via nitric
oxide release, increase in capillary permeabitityd contraction of smooth muscles in the gut
and broncht® The first HR blockers were described as ‘antihistamines’ ntioa@ 70 years

ago and are now widely used in the treatment adrgitt conditions®® HoR is mostly
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associated with simulation of gastric acid and igé® The development of 4R in the 1970s
revolutionised the treatment of gastric and duobeaneers!®®> The development of a

combined HR and HR antagonis® was also accomplished (Figure 5).

Mepyramine

H various
@\ EHE’ H N— [ H2-partial]
N/\/ \(CH2)£_7 \« structure

N-cN
spacer \
H;CO 9 Cyanoguanine

Figure 5: The structure of a spacer-linked combined H1/H2pear antagoni<.

The result is a combination of Mepyramine 1ffH antagonist) through a spacer to
cyanogaunine (ER antagonist) and results in dual actiitflt is used as an as anaesthetic in
operations to prevent hypertensive reactions togslrdt can also be used in cancer

chemotherapy and for the treatment of skin dise&$2%

6.1 ISONIAZID DERIVATIVES

Schiff-base compounds possess a number of biologiti#vities. For examplel0O is an
intestinal antiseptic whild1 and12 (Figure 6) exhibit antibacterial activity againgitib S.

aureusATCC 29213 andW. tb H37Rv1%

125 | Page



Chapter 6 Schiff-Base Derivatives

10
(@]
O OzNﬂ\/N
J O Z2 \ 0
N-N= | ! H N
E O N02 H/ N
11 12 5

Figure 6: Schiff-base compounds exhibiting biological activit

Isoniazid 8, also known as isonicotinylhydrazine, is a fiisel prodrug for TB treatment.
This prodrug activates the KaTG enzyme to formliiid-nicotinamide adenine dinucleotide
(NAD) adducts as previously discussed in Chaptérhke emergence of multi-drug and new
TB cases led to renewed research interest in néwf Bntreatments as well as the idea of
derivatization of the clinically available dru$$.Isoniazid derivatives are considered an
important class of compounds for the developmentes¥ drugs, and a number of isoniazid
derivatives have been successfully synthesisedudgiwrothe Schiff-base reaction of an
isoniazid with Carl-Mannich base¥%2°1 The latter arg8-amino-ketones that are formed in
the reaction of an amine, formaldehyde/aldehydeamdnolizable carbonyl compound. All
the compounds were then evaluated for antimicrobdalvity againstBacillus substilis,
Staphylococcus aureus, Pseudomonas aeruginosagiduia coli, Candida albicans and
Candida gabratz®? Amoxicillin, an antibiotic, was used as the pastcontrol in the study.
Compoundsl3-18 (Figure 7)exhibited better growth inhibitory activity agairsil strains

when compared to amoxicillin as shown in Table lbwe

126 |Page



Chapter 6

Schiff-Base Derivatives

C,H50 N
O
7 \ i H
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15
C,Hs0 N  NH
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Figure 7: Thebiologically active Schiff-base derivativé8-1

)

C,Hs0 N  NCH,

8202

Table 1: Zone of inhibition (mm) of the Schiff-base deriwe$13-18

Compound Concentration of B. substilis S. aureus E.coli P. aeruginosaalBicans C. gabrata

the compound(pg/ml)

13 100 26 31
14 100 23 25
15 100 22 26
16 100 27 32
17 100 27 34
18 100 26 33

Amoxicillin 50 25 30

22
20
20
22
23
22

21

32 21 22
25 16 16
27 18 19
31 21 21
33 24 23
32 22 20
30 - -
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The biological activity exhibited by the isoniaz&thiff-base derivative43-18 led us to
pursue the synthesis of isoniazid derivatives of the Sj8/droxylated benzdjjfurans

discussed in Chapter 3.

6.2RESULTS AND DISCUSSION

6.2.1 SYNTHESIS

The compounds that were used in this study, isahi&zand the 5,6-dihydroxylated
benzop]furans 19-27 (the synthesis of which was described in Chapjear8 depicted in
Figure 8.

H
e} o) OH
Y N OH
N~
8 019
-
0 o oH
0 OH
N\ OH
OH OH
(@] 22 O/

OH
o OH o] OH S
) .
O OOH O o
o) 0]
Figure 8. Isoniazid5 and theb,6-dihydroxylatedenzop]furans19-27used in this study.

The synthesis of the isoniazid derivatives was ootetl by reacting one equivalent of
isoniazid8 with one equivalent of each of the 5,6-dihydroxgthbenzdp]furan (16-23 and
stirring in methanol under reflux in the presentglacial acetic acid for 24 hours as shown

in Scheme 1 (Method C).
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R
HO e}
R /R
i HO O MeOH, 50°C, 24-42h " R
_NH eOH, , 24- 7
| X N 2 + Rl N é
N J o+ HO HN
Rz
8 28-30 19-27 7 \

Scheme 1:Synthesis of isoniazid derivatives of 5,6-dihydrated benzdj]furans.

Acetic acid was added in order to make the hydrgxgup of the hemiamine intermediate a
good leaving group. This intermediate is depictedhie mechanism of the reaction below.
The second reason was to make the alpha carbom imobe electrophilic and susceptible to
the lone pair of the nitrogen group. The reactioaswmonitored by TLC and the
disappearance of the 5,6-dihydroxylated bebjfofan was followed. The reaction afforded
an imine that migrated further up the TLC platecamparison to the starting material. The
resulting product was purified by flash chromat@dna In some cases the product required
further purification by either washing with EtOAc recrystallizing from a mixture of MeOH
and EtOAc. The yields of the reactions are showrmable 1, and the structures of the

productsl9-27are shown in Figure 9.
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Table 1.The isoniazid derivative$¥9-27synthesised in methanol at 50°C.

Entry benzolb]furan Reaction time [h] Product (%Yied)
1 28 24 19(65)
2 29 24 20(63)
3 30 44 21(70)
4 31 24 22(76)
5 32 24 23(72)
6 33 42 24(70)
7 34 24 25(70)
8 35 42 26(74)
9 36 24 27(74)

Method C -soniazid (1.0 mmol, 1 eq), 5,6-dihydroxylated befifuran (1.0 mmol), methanol (10.0 mL), stirring 8nat
50°C = 24-44 h.
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Figure 9: The structures of the isoniazid derivatiu&s27,
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6.2.2 MECHANISM OF FORMATION OF SCHIFF-BASE PRODUCT S

The Schiff-base product was obtained from the cosagon reaction between a carbonyl
group and and the hydrazine amino group via annrgdiate hemiaminal, generating water

as a by-product as shown in Scheme 2.
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- -
0 " 9)
OH
0 OH O . N
\ \ H \ !
OH OH HN"
!
o)
OH
S +
O/ _ O/ —
o] OH o OH
\ \
HO % OH - OH
NN = H-07 s
N- P4 N-N o
NN H & \”—@N
0 o)

— Hemi amine intermediate —

Scheme 2:Mechanism for synthesis of isoniazid derivatives,6-dihydroxylated benzb]furans.

The isoniazid derivatives were successfully syrigeesusing the Schiff-base reaction in 63-
76% vyield. The highest yield that was obtained W&%o for22 (Entry 4, Table 1) and the

lowest was 63% fo20 (Entry 2, Table 1).

6.3 THIOSEMICARBAZIDE DERIVATIVES

Thiosemicarbazid® is a versatile intermediate which is mostly usedgdreparing various

heterocyclic derivatives such 8% 38, and39 among others (Figure 18206

S N N/N N/N\
D I >
HZNJ\H,NH2 [s> I\S> I\H
2 37 38 39
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Figure 10: Thiosemicarbizid® and heterocyclic derivative8-30prepared from it.

Thiazole, which contains both sulfur and nitrogena component of the vitamin, thiamine
Bi1. Thiosemicarbazide2 has displayed a wide range of biological actigitisuch as
anticancer, antiHIV, antitubercular, antiviral, i&nnor, antiprotozoal, anticonvulsant,
antidepressant, antimalarial, antifungal, pesticalad antibacterial activity, antimicrobial,
analgesic, sodium channel blockers and antiallegents°’-2°1t has also found application
in drug development for the treatment of centratvoes system disorderd® Methyl
hydrazine carbodithioat81 and hydrazine-carbothionamide analo@® which are both
thiosemicarbazide derivatives, possess antibatsariavity against Gram positive and Gram
negative bacteria (Figure 11). CompouB® has activity that is as potent as that of the
standard, that was used. Therefore we thought il W& useful to incorporate

thiosemicarbazide into the 5,6-dihydroxyberfafran.

S

H H
N N.
> e N)J\NHC6H5CI
N H
N S S
H Cl
31 32

Figure 11: Thehydrazine derivatives th&tl and32 exhibited antibacterial activity.
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6.4 RESULTS AND DISCUSSION

6.4.1. Synthesis
The thiosemicarbazid2and the 5,6-dihydroxylated benb{ilrans 19, 20, 22, 25-27 33

and34 (the synthesis of which was described in Chapteis&d in this study are depicted in

Figure 12 below.

) 0 33
° 19
~
o~ o OH 0
0 OH S 0 OH
OH \
) OH OH
o}
0o © 2
20 34 o
o) OH o OH
o) OH \ \ O
\ O o ) on
O . OH 0 o
o}
25 26 27

Figure 12: The thiosemicarbazid2and the 5,6-dihydroxylated benb@ilirans19, 20, 22, 25-27, 33

and34 used in this study.

The synthesis of the thiosemicarbazide derivatesgsiled reacting one equivalent of each
of the 5,6-dihydroxylated bengfurans 19, 20, 22, 25-27 33 and34 with one equivalent of
the thiosemicarbazide at 50°C in methanol for 24 hours (Method C) asashim Scheme 2.
This was achieved in the presence of a catalytiowmnof glacial acetic acid. The products

were purified by flash chromatography.
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R
R HO o
HO VaR
S 0 HO
R. MeOH, 50°C, 24h
)J\ /NHZ + / 1 74 R2
HN H HO glacial acetic acid N
R, (cat) =g
0] Hl\!
NH,
6 19,20,22,25-27,33, 34 35-42

Scheme 2Generakynthesis of the thiosemicarbazide derivati¥esi2

The synthesis of the thiosemicarbazide derivatwes accomplished by employing the
Schiff-base reaction and afforded the productsGr86% yield. The highest yield that was
obtained was 80% f@8 (Entry 4, Table 4) and the lowest was 66% 36r(Entry 1,

Table 4). The presence of a signal for a primarynan{NH,) at about 4.50 ppm and a
secondary amine (NH) at 8.60 ppm in th& NMR spectrum, provided evidence for the

structure of the compounds (Figure 12).

Table 4: The thiosemicarbazide derivativ@s-42synthesised at 8 in methanol for 48 h.

Entry benzdj]furans Reaction time (h) Product (%Yield)
1 33 24 3%66)
2 19 24 3668)
3 20 24 3176)
4 34 48 3880)
5 22 48 3978)
6 25 48 4Q73)
7 26 48 4172)
8 27 48 42(70)

Method C -thiosemicarbazide (1.0 mmol, 1 eq), 5,6-dihydrotgdabenzdf]furan (1.0 mmol), methanol (10.0 mL), stirring
time at 50°C = 24 -48 h.
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Figure 12: The structures of the synthesized thiosemicarleatédivative85-42

6.5 CONCLUSION

This part of the project was inspired by the idéanalti-target drug discovery. The focus is
on potential drug candidates that can modulateraktergets which could improve efficacy
and safety when compared to single target agentsg@al was to react benzofurans with the
well-known first-line anti-TB drug, isoniazid, aseWas thiosemicarbazide through a Schiff-
base reaction. The purpose of this derivatisati@s wo improve the biological activity
against cancer and bacteria. All the synthesisedpoands 9 isoniazid derivatived9-27
and 8 thiosemicarbazide derivativ@s-42) are novel with potential increased potency when
compared with our 5,6-dihydroxybenbifurans. The results of the biological screening of

the compounds are discussed in Chapter 7.
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7.0 BIOLOGICAL EVALUATION

The synthesized compounds, as described in Chapters, were screened for their ability to inhibél growth of renal (TK10),
melanoma (UACCG62), breast (MCF7) and cervical (Hetancer cell lines. The cell lines were obtainexnf the National Cancer
Institute (NCI) in a collaborative research prograetween the South African Council for Scientifrcdandustrial Research (CSIR)
and the NCI.

The synthesized compounds were initisityeened against four different bacterial strai@sM. smegmatis MC2155, methicillin-
sensitiveStaphylococcus aureus (MSSA) 32710,Bacillus substilis 168 ancE. coli DH10B and then again®dl. tb. The minimum
inhibitory concentrations (MIC) was recordéd. smegmatis was used as a model for further screening agking. All the strains
were from the International Centre for Public HeglICPH), New Jersey, USA. This work was performogdr a three month period
during my PhD through a Fogarty Fellowship from feum Institute that was awarded to mys@&ldzama Qwebani-Ogunleye. The

anticancer screening was done at the CSIR.

7.1 EVALUATION OF THE ANTICANCER ACTIVITY

We will first discuss the anticancer activity oketcreened compounds. Screening was conductedstgamal (TK10), melanoma

(UACCG62), breast (MCF7) and cervical (HeLa) canoeli lines using the Sulforhodamine B (SRB) assagdtermine the growth
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inhibitory effects of the compounds. These cekdirhave been used routinely at the U.S. Nationaté&anstitute for screening for
new anticancer agents and were derived from turth@tshave different sensitivities to chemotherajgedtugs. Etoposide, a well-
known anticancer agent, was used as a positiveatolitis known to be an inhibitor of topoisomegaparticularly topoisomerase I,
and aids in DNA unwinding which causes the DNA tiato break. The results of a five dose screeniege reported in three
parameters: 50% cell growth inhibition g total cell growth inhibition (TGI) and the letheoncentration that kills 50% of cells

(LCs0). The5,6-dihydroxylated benzb] furans were théirst compounds to be screened and are shown urd below.
o OH o) OH
OH
suliss CE Al
OH
llc
O/
0 OH o OH
\
OH \ OH
OH 9 OH
o OH o
OH O O . )‘:té[w
[¢]

19 20 21

Figure 2: 5,6-Dihydroxylated benzb] furans screened for anticancer activity.
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The screening results are shown in Table 1 arsdevident that several compounds exhibited potgostatic effects.

Table 1: Invitro anticancer screening of the compounds against (€K4l0), melanoma (UACC62), breast (MCF7) and amal{HeLa) cancer
cells expressed as 4gITGI and LG values (uM).

Entry Compound Renal (TK10) Melanoma (UACC62) Breast (MCF7) Cervical (HeLa)

Gho TGl LCso Gho TGl LCso Glso TGl LCso Glso TGl LCso
1 1lla 68.02 >100 >100 45.00 >100 >100 52.41 >100 >100 @ a @
2 11b 38.14 75.72 >100 15.18 46.22 77.26 27.34 64.31 >100 @ @ @
3 1lic 51.63 96.98 >100 23.64 50.26 76.87 27.55 60.68 93.81 @ @ @
4 12 41.05 69.94 98.82 32.74 60.84 88.94 35.10 66.12  1497. 60.70 >100 >100
5 13 65.00 >100 >100 37.73 68.65 99.57 35.53 64.19 92.859.09 >100 >100
6 14 24.25 54.74 85.23 23.63 51.06 78.49 25.97 61.87 97.78 44,55 >100 >100
7 15 52.47 >100 >100 6.04 33.15 >100 15.85 54.74 93.63 54.46 >100 >100
8 16 16.56 55.32 94.09 6.50 33.85 74.35 25.55 68.82 >100 25.93 >100 >100
9 17 26.54 51.65 76.75 0.78 18.32 60.32 8.79 48.79 95.11 26.68 69.67 >100
10 18 18.69  46.14 73.59 6.79 28.93 66.27 28.44 60.90 93.35 34.37 62.15 89.93
11 19 18.60  48.25 77.90 9.76 >100 >100 17.96 60.79 >100 47.28 >100 >100
12 20 9.73 47.15 85.35 0.77 23.60 64.58 9.30 46.93 86.93 22.32 73.19 >100
13 21 86.99 >100 >100 51.29 >100 >100 68.03 >100 >100 a @ @
14 Etoposide 7.19 49.74 >100 0.89 52.71 >100 0.56 >100 >100 3.56  40.18 87.54

Inactive, I: Gho or TGI > 100 uM; weak activity, w: > 30 uM §glor TGI < 100 uM; moderate activity, m: < 30 uMs@ir TGl > 10 uM; potent activity, p:

Glso or TGl < 10 uM 2 Not screened.
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The Gkovalues of the catecholda—cand selected ben#wfurans were compared to that of
etoposide, a well-known anticancer drug. Screeagmjnst the TK10 cell line showed that only
compound20 had potent activity (Gb=9.73uM, Entry 12), which was not as good as that of
etoposide (Gb=7.19uM, Entry 14). Most of the compounds exhibited poigrowth inhibitory
activity against the UACCG62 cell line. The poteatiaty exhibited by ¥ (Glso=0.78uM, Entry

9) and20(Glso=0.77uM, Entry 12) was slightly better activity than thaf etoposide
(Glso=0.89uM, Entry 14). Moreover, the same two compoundqQlso=38.79uM, Entry 9)
and20 (Glso=9.30uM, Entry 12), also exhibited potent growth inhdbit activity against the
MCF7 cell line but this was not as good as thattoposide (Gb=0.56uM, Entry 14).

Most compounds exhibited weak TGI activity ahdee were inactive against the TK10 cell
line. The activities of8& 19 and20 (Entries 10-12, respectively) were slightly better
(TGI=46.14-48.2%M) than that of etoposide (TGK9.74uM, Entry 14). The compounds
also exhibited moderate to weak activity againse tACC62 cell line with most
compounds, 4, 15, 16, 17, 18 and20, exhibiting better activity (TG 18.32-51.0uM) than
that of etoposide (TG#52.71uM, Entry 14). The best activity was observed for
17 (TGI=18.32uM, Entry 9) which was almost threefold better thiaat of etoposide. The test
compounds exhibited weak activity against the MCEIT line, but the cytostatic effects of these

compounds were better than that of etoposide whiachinactive (TGP 100uM, Entry 14).

The LGso values of the compounds were also compared toothetoposide to get an idea of the
cytotoxic effects of these compounds against tierént cell lines. Screening against the TK10
cell line showed that most of the compounds wereentethal than etoposide (k€ 100uM)

with 18 (LCso=73.59uM, Entry 10) being the most lethal.
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Again, most of the compounds were more lethahthtoposide (L& >100uM) against the
UACCG62 cell line and 7 (LCs0=60.32uM, Entry 9) was the most lethal. Apart fro® hone
of the test compounds were lethal for HeLa cefldjdating a degree of selectivity between cell
lines.

The compounds also exhibited more lethal cytotetfects against the MCF7 cell line than
that ofetoposide (LG >100uM, Entry 14) and0 (LCs0=86.93uM, Entry 12) was the most
lethal.

Apart from T, none of the test compounds were lethal againkaHells indicating a degree
of selectivity between cell lines. The catechdls— and the catechol derivatizd (Entry 13)
did not exhibit any significant anticancer activityrom the results it can be seen that the
Glso concentrations of bengjfuran 12 (Entry 4) are almost half of those 2if (Entry 13)
against the renal (TK10), melanoma (UACCG62) and$str@VICF7) cancer cell lines. It may thus

be concluded that the presence of the furan rigueces anticancer activity.

The benzd]furans were most effective against the melanomaGO62) cell line. Only one
benzop]furan, 20, exhibited growth inhibitory activity against alree cancer cell lines which
may be attributed to the presence of the methogymon the benzene ring. When the methoxy
group was replaced with a methyl group, asdndgrowth activity against the renal (TK10) and
breast (MCF7) cell lines was diminished. The beblfofan 17 exhibited activity against
melanomgUACCG62) and breast (MCF7) cell lines. The replacetod the methoxy-group with
that of a methyl, as inGl also resulted in diminished activity and in tb&se against the breast

(MCF7) cancer cell line. When comparing the streetaf 19 to that of ¥ it appears that the
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replacement of the methyl group with that of a phespecifically affords growth inhibitory
activity against the renal (TK10) cancer cell line.

It was concluded that the phenyl and methoxytgsoare essential for activity against all three
cancer cell lines. We observed that the bdrjhafans having the methoxy catechol were more
biologically active and the activity increased wdize as well as with hydrophobicity as shown
in Figure 3. The benzblfurans having a methoxy catechol and a phenyl grebhowed

enhanced activity when compared to the ones witti@iphenyl group.

o OH o OH o OH o OH
Q Q Q .99
OH OH OH Q OH
o o o o
15 17 18 20
ANTICANCER ACTIVITY
INCREASES

Figure 3: Evaluation of the anticancer activity of berafijiran derivatives.

The benzofuro[3,2]chromen-6-one derivatives were the second classoofpounds screened

for anticancer activity and are shown in Figureetbly.
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Figure 4: Benzofuro[3,2e]chromen-6-one derivatives screened for anticaacevity.
The screening results of the catect#fa-d coumarins23a-dand benzofuro[3,2}chromen-6-
ones24-41were again compared to that obtained for etoposide
It was evident that screening against the TKalD lme showed that only compourgD had

potent activity against both melanoma {§35.32uM, Entry 14, Table 2) and breast cancer
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(Glso=7.96uM, Entry 14, Table 2). Most of the compounds eibid moderate to weak

activity. All the results are tabulated in Tableéow.
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Table 2.1n vitro anticancer screening of the compounds against f€Ka0), melanoma (UACC62) and breast
(MCF7) cancer cells expressed agsGIGIl and LGp values (LM).

Renal (TK10) Melanoma (UACC62) Brea@ICF7)

Entry Cpd Glso TGI LGo Gko TGI LGo Gho TGI LGo
1 22a 68.02 >100 >100 45.00 >100 >100 52.41 010 >100
2 22b 38.14 75.75 >100 15.18 46.22 77.26 27.34 64.31 >100
3 22¢ 51.63 96.98 >100 23.64 50.26 76.87 27.55 60.68 93.81
4 22d 84.68 >100 >100 35.24 78.43 >100 57.55 >100 >100
5 22e a a a a a a a a a
5 23a >100 >100 >100 83.60 >100 >100 95.34 >100 >100
6 23b >100 >100 >100 84.66 >100 >100 84.40 >100 >100
7 23c >100 >100 >100 80.48 >100 >100 82.26 >100 >100
8 23d N/A >100 >100 88.72 >100 >100 83.31 >100 >100
9 24 28.73 88.41 >100 33.26 61.88 90.56 39.40 77.31 >100
10 25 >100 >100 >100 55.57 >100 >100 54.92 >100 >100
11 26 >100 >100 >100 67.63 >100 >100 87.31 >100 >100
12 27 >100 >100 >100 67.57 >100 >100 53.06 >100 >100
13 30 51.96 >100 >100 11.16 50.94 90.71 54.70 >100 >100
14 29 48.81 >100 >100 5.35 9.82 89.94 7.96 78.16 >100
15 31 88.59 >100 >100 49.90 >100 >100 65.76 >100 >100
16 32 >100 >100 >100 >100 >100 >100 69.67 >100 >100
17 34 53.26 >100 >100 38.28 8.01 >100 45.97 86.3 >100
18 35 >100 >100 >100 67.63 >100 >100 87.31 >100 >100
19 36 26.81 66.41 >100 18.12 46.70 75.28 29.51 95.42 >100
20 37 >100 >100 >100 91.84 >100 >100 77.73 >100 >100
21 39 53.38 >100 >100 36.29 68.57 >100 47.54 789. >100
22 40 58.14 >100 >100 39.66 73.59 >100 63.14 001 >100
23 41 >100 >100 >100 83.70 >100 >100 70.34 >100 >100
24 Etoposide 7.19 49.74 >100 0.89 52.71 >100 0.56 >100 >100

Inactive, Gko or TGI > 100 mM; weak activity, > 30 mM &lor TGl < 100 mM; moderate activity: < 30 mM4dgbr TGI > 10 mM; potent activity, Gd or
TGI < 10 mM.? Not screened.
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Compound®24 (Glso=28.73uM, Entry 9, Table 2) and6 (Glso=26.81uM, Entry 19, Table 2)
showed moderate activity against the renal (TKHdcer cell line.

Methyl-catechol22b (Glso = 15.18uM, Entry 2, Table 2) and methoxy-catecl2@c (Glso =
23.64uM, Entry 3, Table 2) exhibited moderate activigaest the melanom@ACC62) cancer
cell line. Compound80 (Glso=11.16uM, Entry 13, Table 2) and6 (Glso=18.12uM, Entry
19, Table 2) also showed moderate activity agaimstmelanoma cancéUACC62) cell line.
Compound29 was the only compound that exhibited potent agtif@lso = 5.35 uM, Entry 14,
Table 2) against melanonfdACC62)cancer cell line. This compound also exhibited pbtetal
growth inhibition (TGl = 9.82 uM, Entry 14, Tabl¢ 2

Moderate activity was observed for methyl cate@lh (Glso = 27.34 uM, Entry 2, Table 2),
methoxy catecha2c (Glso = 27.55 uM, Entry 3, Table 2) and compoB&{Glso = 29.51 uM,
Entry 19, Table 2pgainst the breast (MCF7) cancer cell line whilenpound30 (Glso = 7.96
UM, Entry 14, Table 2) was the only compound toilexipotent activity.

Compound30 is the only compound that has exhibited potenti#igtagainst both melanoma

(UACC®62) and breast (MCF7) cancer cell lines.

The last class of compounds screened were the hmagphihone derivatives as shown in Figure 5

below.
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Figure 5: Naphthoquinone derivatives screened for anticaacivity.

The screening results of the naphthoquinone dévasare in Table 3 below.

Table 3.In vitro anticancer screening of the compoundsragiaenal (TK10), melanoma (UACC62), breast
(MCF7) and cervical (HeLa) cancer cells express@k, TGl and LGo values (LM).

Entry Compound renal (TK10) melanoma (UACCG62) breast (MCF7)

6l TGl LG Glso TGI LGso Glso TGI LGso
1 45 49.57 >100 >100 32.96 63.16 93.36 4402 980 >100
2 46 >100 >100 >100 27.31 56.00 84.69 52.88 >100 >100
3 47 3.75 6.70 9.66 1.43 4.73 8.04 4.09 8.2898.71
4 48 >100 >100 >100 28.02 55.85 83.69 50.25 >100 >100
5 49 32.52 55.35 78.18 6.28 27.31 64.71 31.94 64.00 96.07
6 Etoposide 7.19 49.74 >100 0.89 52.71 >100 0.56 >100 >100

Inactive, Gko or TGl > 100 mM; weak activity, > 30 mM &lor TGl < 100 mM; moderate activity: < 30 mM 4ol
or TGl > 10 mM; potent activity, Gd or TGl < 10 mM.

Compound7 showed excellent activity against all three camedrlines.
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7.2EVALUATION OF THE ANTIBACTERIAL ACTIVITY

As previously mentioned in Section 7.1, it has besported in the literature that benzofurans
exhibit antibacterial activity®® The benzdfjfurans synthesized in the present study were
therefore screened against four different bactstiains i.eM. smegmatis MC?155, methicillin-
sensitiveStaphyl ococcus aureus (MSSA) 32710 Bacillus substilis 168 ancE. coli DH10B. The
minimum inhibitory concentrations (MIC) were receddM. smegmatis was used as a model for
further screening againdil.tb. If good growth inhibitory activity was obtainedyanst M.
smegmatis then screening would be conducted agaiuistb. Although this model is not
completely precise we had to adopt it due to theetconstraints abl.tb is a slow growing
bacterium. Kanamycin and Rifampicin, which are vkelbwn antibiotics, were used as positive
controls. The results are shown in Table 4 belodv@mpound structures are shown in Figure 6.

Table 4. MIC values (pg/mL) of the 5,6-dihydroxylated berig@jrans screened against four bacterial
strains.

Entry Compound M. smegmatis S. aureus B. subtilis E. coli
1 1lla 100 >100 >20 >100
2 11b 100 >100 >20 50
3 1llc 25 >100 >20 >100
4 12 >100 100 >100 >100
5 13 >100 >100 >100 >100
6 14 >100 >100 >100 100
7 15 >100 >100 >100 100
8 16 >100 >100 >100 >100
9 17 >100 >100 >100 >100
10 18 >100 >100 >100 >100
11 19 >100 >100 >100 >100
12 20 >100 >100 >100 >100
13 21 >100 >100 >100 100
14 Kanamycin 1.56
15 Rifampicin _ <0.78 <0.78 <0.78
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Figure 6: Benzop]furan derivatives screened for antibacterial aigtiv

From the results shown in Table 4 it is evident the benzdj]furans were not active against
the four bacterial strains since no growth inhdmtiwas observed. Since none of the compounds
exhibited potent activity againdfl. smegmatis they were notscreened againdil.tb. We then
proceeded to evaluate the antibacterial activityp@fzofuro[3,2sjchromen-6-ones against the

same bacterial strain§he structures are shown in Figure 7 below.
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Figure 7: Benzofuro[3,2e]chromen-6-one derivatives screened for antibaadtedtivity.
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Table 5. In vitro antibacterial screening results of the catecloalsmarins anddnzofuro[3,2-
clchromen-6-one derivativeagainstVl. smegmatis, S. aureus, B. subtilisandE. coli expressed as
MIC values (pg/mL).

Entry Compound M. smegmatis S. aureus B. subtilis E. cali
(MC?2155) (32710) (168) (DHRYO

1 22a 100 >100 >20 >100
2 22b 100 >100 >20 50
3 22c 25 >100 >20 >100
4 22d 50 >100 >20 >100
5 23a 50 >100 >20 >100
6 23b 25 >100 >20 >100
7 23c 50 >100 >20 >100
8 23d 100 >100 >20 >100
9 24 >100 >100 <20 >100
10 25 >100 >100 >20 >100
11 26 >100 >100 >20 >100
12 27 >100 >100 >20 >100
13 28 >100 >100 >20 >100
14 29 >100 >100 >20 >100
15 30 >100 >100 >20 >100
16 31 >100 >100 >20 >100
17 32 >100 >100 >20 >100
18 33 >100 >100 >20 >100
19 34 >100 >100 >20 >100
20 35 >100 >100 >20 >100
21 36 >100 >100 >20 >100
22 37 >100 6.25 >20 >100
23 38 >100 >100 >20 >100
24 39 >100 >100 >20 >100
25 Kanamycin 1.56 - - -
26 Rifampicin - <0.78 <0.78 <0.78

Compound37 (MIC = 6.25 pg/mL, Entry 37, Table 5) showed soaacévity againstS. aureus.
However, since none of the derivatives were poagainstM. smegmatis it was decided not to

screen benzofuro[3,8lchromen-6-one derivatives againsitb.
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We then proceeded to screen the naphthoquinoneatlees (Figure 8) against all four bacterial

strains (Table 6). Compour8 exhibited potent antibacterial activity (MIC = 6.2g/mL, Entry

4, Table 6) againsM. smegmatis and we decided to proceed and screen it agaimee th

susceptibléM.tb strains.

48 49

Figure 8: Naphthoquinone derivatives screened for antibadtadtivity.

Table 6. MIC values (ig/mL ) of compounds screened against four bacteriaihstr

Entry Compound Mycobacterium smegmatis Staphylococcus aureus Bacillus subtilis Escherichia coli

1 45 >100 >100 >20 >100

2 46 >100 >100 >20 >100
3 47 >100 >100 >20 >100
4 48 6.25 >100 >20 >100
5 49 >100 >100 >20 >100
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Compound48 was left inM. smegmatis for a number of days in order to determine if &sw
acting as a bactericidal or bacteriostatic agentti@ tenth day the bacterium started to slowly

grow and this confirmed that this compound washgcéis a bacteriostatic agent.

7.2.2 SCREENING OF COMPOUND 48 AGAINST THREE SUSCEHIBLE
M.tb STRAINS

Compound48was screened against thideb strains. Strain 4 is a MDR unique 001 strain with
D516Y mutation in rpoB gene. Strain 5 is a MDR Llttag with S531L mutation in rpoB gene.
Strain 10 is the drug susceptible strain called BBure 9 shows two plates; the first one (Plate
A) is the control which has thréd. tb strains. The second one (Plate B) has tMetb strains

with compound48 at different concentrations.

Figure 9: Plate A, the control andi@.tb strains. Plate B, Bl.tb strains with compound8 at different
concentrations.

The growth of the bacteria took three weeks at 3ifP(ZH11 media. As depicted above

compound48 was active against resistant and susceptibleceliM.tb strains at 10, 50 and 100
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mM as shown in Figure 9. This is evident as thetdyac were unable to grow at those

concentrations.

7.2.3 ISONIAZID AND THIOSEMICARBAZIDE DERIVATIVES

In this section we will discuss the derivatized pomnds that were screened for both anticancer
and antibacterial activity. Because of time constsawe were unable to screen all the

compounds. The compounds that were screened anmshd-igure 10 below.

~
o) OH o OH o
\ o OH
OH N\
OH
\N N\ H OH
i N-N__NH; \ H
HN e} \ﬂ/ N-N NH,
S bl
_ S
N/
N
50 51 52

Figure 10: Benzop]furan isoniazid derivativé0 and thiosemicarbazide derivativé4,and52, screened
for antibacterial and anticancer activity.

7.2.3.1 Evaluation of the anticancer activity

The results of the cancer screening are shown lreTabelow.
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Table 7: Invitro anticancer screening of compourids 50, 51, 52, 53
and54 against renal (TK10), melanoma (UACC62) and br@d&F7)
cancer cell lines expressed asdsTGl and LGo values (UM).

Entry Cpd Renal (TK10) Melanoma (UAC®2) Breast (MCF7)
Glso TGl LCso Glso TGl LCso Glso TGI LCso

1 17 26.54 5165 76.75 0.78 18.32 60.32 879 48.79 95.11
2 50 37.25 84.01 >100 17.12 60.11 >100 56.87 >100 >100
3 51 4556 82.44 >100 4.38 8.32 >100 33.22 78.55 >100
4 52 30.72 6121 9169 065 432 9485 927 6161 >100
5 53 19.41 47.00 74.59 29.980.48 89.39 4455 80.91 >100
6 54 26.69 56.49 83.29 40.407.13 >100 52.63 98.60 >100
7 Etoposide 7.19 49.74 >100 0.89 5271 >100 0.56 >100 >100

Cpd = compound; Inactive, I: &lor TGl > 100 uM; weak activity, w: > 30uM &l
or TGl < 100pM; moderate activity, m: < 30uMsgdr TGI > 10uM; potent activity,
p: Glsp or TGI < 10uM.

The results were compared to its precurs8r 54 and 17 (Figure 11) as well as to that of
etoposide.

~

o OoH o OH o

\ o OH
OH N\
OH
OH
o o
o
53 54 17

Figure 11: Structures of the precursors, bertffrans53, 54 and17.

Both compound$2 (Glso, = 0.65 pM)and 17 (Glso = 0.78 uM) exhibited potent activity against
both melanoma and breast cancer cell lines. Theumer17 was less potent than that of the
derivative52 against the melanoma cancer cell line. Howevewnasg observed that the 45bf
the precursofd7 (Glso = 8.79 uM) was better than that of the deriva®2(Glso = 9.27 uM)
against the breast cancer cell line. These findimgy that the synthesized benbjiiran 17 is
more biologically active and that derivitisatiorddiot improve the biological activity against the

breast cancer cell line.
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Benzop]furans53 and benzdjjfurans54 exhibited moderate to weak activity as shown ibl&a
7 above.The Gkovalues were compared to that of anticancer drtaposide. Compoun80
exhibited moderate to weak activity against the¢hrancer cell lines.

It was observed th&tl exhibited potent activity against the melanoma loe¢ (Glsp = 4.38
KM) but it was not as good as that of etoposideo(&0.89 uM, Entry 5, Table 7). The activity
of 52 (Glso, = 0.65 uM) against the melanoma cell line wasebeéhan that of etoposide sk
0.89 uM, Entry 5, Table 7). The activity of etojes(Gko = 0.56 uM, Entry 5, Table 7) was
better tharb2 (Glso = 9.27 uM) against the breast cancer cell linee dliference betweehl
and 52 is the methoxy group which enhanced the activitycampound52 against all three

cancer cell lines.

7.2.3.2 Evaluation of the antibacterial activity

7.2.3.2.1 Isoniazid derivatives
o~ o~
OH e) OH
o OH o OH © \
\ \ OH
\ OH
OH OH N
{ AN N
\ N HN._O N0
HN._O HN._O
5 .
= N
N
N\
N
56

- 5 5
< | N

N
55 57

58
Figure 12 Structures of the selected isoniazid derivats@eened againg¥l. smegmatis.
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The selected isoniazid derivatives that were sm@eavere inactive against the four bacterial
strains since no growth inhibition was observeac8inone of the compounds exhibited potent

activity againstM. smegmatis thederivatives were nacreened againd.tb.

7.2.3.2.2 Thiosemicarbazide derivatives

OH
\O 0 OH o OH
OH S \ o
N\ OH
HEYS hY N
a s HN\(S
NH
2 ﬁz NH,
51 59 60

Figure 13 Structures of the selected thiosemicarbazidesaves screened agaidt smegmatis.

The selected thiosemicarbizide derivatives were Bke isoniazid derivatives inactive against
the four bacterial strains since no growth inhdrmtiwas observed. Since none of the compounds

exhibited potent activity against. smegmatis thederivatives were nacreened agains.tb.

7.3 CONCLUSION

It was possible to establish a structure-activiglationship for the 5,6-dihydroxylated
benzop]furans that were screened against four cancérlineks. It was observed that the
phenyl and methoxy-groups in the 5,6-dihydroxylabeshzop]furans are essential for activity
against renal, melanoma breast and cervical careletines. Compoundst5, 17, 18 and 20

were the most biologically active of the berig@jrans (Figure 11).
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Figure 12: Structures of the biologically active benkjbirans.
The methoxy catechol derivatives were more biolaljicactive and the activity increases as the
size of the 1,3-diketone increases as shown imur€idll above. The 5,6-dihydroxylated
benzop]furans having both a methoxy catechol and a phgnylip showed enhanced activity
when compared to the ones without the phenyl group.

The benzo[3,2-c]lchromen-6-ones did not exhibisimilar activity to that of the 5,6-
dihydroxylated benzd]furans. Only benzofuro[3,2lchromen-6-one 29 exhibited potent
activity against the melanoma cancer cell lines¢&15.35 pM). Interestingly, compour2® also
has a methoxy group (Figure 13). Only compo@7¥dexhibited antibacterial activity, it has
potent activity agains$ aureus (MIC = 6.25 pg/mL).

OH OH

0= )-on o~ )-on
X cl X
29 37
o O o "0
Figure 13: Benzofuro[3,2e]chromen-6-on@9 exhibiting potent anticancer activity aBd exhibiting
potent antibacterial activity.

Compoundbl exhibited potent activity (Gd = 4.38 pM) against the melanoma cell line (Figure
14). Compoundb2 exhibits potent activity against two cell-lines, lar@ma (Gdo = 0.65 uM)
and breast cancer (§5E 9.27 uM), and its activity was better than thia¢tmposide (Gb = 0.89

M) against the melanoma cell-line.
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Figure 14: Thiosemicarbazide derivatives exhibiting potentcamtcer activity.

The methoxy group enhanced the activity of compobd The isoniazid derivatives were
inactive against the three cancer cell lines simgegrowth inhibition was observed, and the
thiosemicarbizide derivatives did not show any digant increase in anticancer activity when

compared to their precursors, the 5,6-dihydroxdabenzob]furans. For the antibacterial

evaluation compound8 (Figure 15) is the only compound that exhibiteghdicant biological

activity (MIC = 6.25 pg/mL) again®il. smegmatis (MC2155).

Figure 15: The juglone derivative exhibiting anti-TB activity

Compound8is active against both susceptible and resistancal M.tb strains.
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8.0 CONCLUSION

8.1BIOCATALYTIC SYNTHESIS

A new and broadly applicable synthetic sequenceisheoncise and cost effective has been
successfully developed for the synthesis of beijiofans 1, methyl substituted 1,3-
diketones catechol derivative®, benzofuro[3,2-c]lchromen-6-one8, naphthoquinone

menadione analogudsand C-C Bis coupled naphthoquinoes (Figure 1).

R, Ri  OH
R1 OH
0 OH (@] O O OH
R2 RZ AN
N\ on OH O
(@] (@]

R R
3 o) (6] 3
1 2 3
(@] (@] (@]
98 oSN X
Rl R2 R2
(@] (@] OH O
4 5 6

Figure 1. Structures synthesized compounds

The biocatalytic synthesis that entailed reactinatechol or naphthohydroquinone with an
equivalent of the 1,3-dicarbonyl, was based onube of an enzyme, a laccase, which is
marketed asSuberase®The methodology utilised was environmentally frignaith high
atom economy in that it was performed in an aquesmigent at room temperature with
atmospheric oxygen as a co-reactant, and generaser as the only by-product. No
mediator compounds were required for these reagtidhis broadly applicable biocatalytic
method permitted the synthesis of a total of sgvenmpounds in this study, of which fifty

one were novel.
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We were able to synthesise fluorinated and acid/al@res of benzofuro[3,2-c]Jchromen-6-
one 3,which has not been reported in literature previoud/e also demonstrated that the
enzyme Suberase® can be utilised in cross coupfiegolates to unactivated sp2-hybridized

electrophiles without the use of a transition-metghlyst (compound).

8.2SYNTHESISOF ISONIAZID AND THIOSEMICARBIZIDE
DERIVATIVES

Our interest was in synthesising derivatives offitst-line anti-TB drug, isoniazid, as well as
thiosemicarbazide derivatives from the previously synthesised 5,6/dibxylated

benzop]furans 1, with the aim to improve the biological activitgainst both cancer and
bacteria. Schiff base methodology was utilisedit@ gnine novel isoniazid derivatives and

eight novel thiosemicarbizide derivatives.

8.3BIOLOGICAL EVALUATION

Anti-cancer activity: The synthesised compoundseneraluated as anti-cancer compounds
against cancer cell panels comprised of renal (JTKad@lanoma (UACC62), breast (MCF7)
and cervical (HeLa) cancer lines. A number of teazm[b]furansl, (compounds, 8, 9 and

10, Figure 2)had a comparable potency to that of the anticadceg etoposide on the
melanoma cell line (etoposide @+ 0.89 uM), compound (Glso = 6.04 uM),8 (Glso =

0.78 uM),9 (Glso= 6.79 pM) andO (Glso= 0.77)).
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Figure 2; Structures of the benZgfurans with anti-cancer activity.

The methoxy catechol derivatives of the benzo[llfisr were more biologically active on
melanoma cancer cell line and the activity incrdaas the size of the 1,3-diketone as
increased. This observed increase in activity e§¢hanalogues was attributed to an increased
lipophilic character. The benzo[3,2-c]lchromen-6©8eadid not generally exhibit a similar
anti-cancer activity to that of the 5,6-dihydroxple[bJfurans, and. only benzofuro[3,2-
clchromen-6-onell exhibited potent activity against the melanoma-loedl (Glso = 5.35

uM) (Figure 3).

OH o OH 0
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SN \ H OH
N—-N.__NH, \ H
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Figure 3: A benzofuro[3,2e]chromen-6-ond.1 and two thiosemicarbazide derivativi 13
exhibiting potent anticancer activity

A thiosemicarbizide analogu#2 exhibited potent activity (Gé = 4.38 uM) against the
melanoma cell line, whild3 exhibited potent activity against both melanomas{Gl 0.65

uM) and breast cancer (§sk 9.27 uM), the former being similar in potencyeimposide
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(Glso = 0.89 pM) against the same melanoma cell-liHewever, the thiosemicarbizide
derivatives did not show superior anticancer aigtivihen compared to their chemical precursors, the

5,6-dihydroxyl benzo[b]furandt is evident among the thiosemicarbizide derivadivthat the

methoxy group enhanced the activity of compolad

Antibacterial activity: A selected number of compds were evaluated for antibacterial
properties against a range of bacteria which ireduthe Gram positive bacterigacillus
subtilis and Saphylococcus aureus, the Gram negativ&scherichia coli, and the acid fast
bacteriaMycobacterium smegmatis, and Mycobacterium tuberculosis. Compoundl4 (Figure

4) exhibited antibacterial activity, agair&taureus (MIC = 6.25 pg/mL). Only compountb
exhibited significant biological activity MIC = 6.25 pg/mL) againstM. smegmatis
(MC2155), but was active against both drug susbkptand drug resistant clinicall.tb

strains.

Figure 4: A benzofuro[3,2e]chromen-6-ond4 thatexhibited potent antibacterial activity and a
juglone derivativel5 that exhibited anti-TB activity .
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8.3 CLOSING COMMENTS

In conclusion, this research has thoroughly explotiee application of a laccase, one
that iscommercially available and accessible to chemisis,the synthesis of a broad
range of benzofurans and structurally related camgs. These compounds were
demonstrated to have biological activities, Sipegdly relating to anti-cancer and anti-
microbial properties, with potencies that are corapke with existing prescription

medicines. The biocatalytic synthetic techniquedusere permitted the synthesis of many
novel compounds, opening the way to access syothgiaces that have not been

previously accessed by non-biocatalytic methods.

The future work should include further studies o&nbo[bJfurans 7-11) and
thiosemicarbizide 12-13) for their application in anticancer therapy. TleBCcOmpasses
further synthesis o¥-11, 12,13 and evaluation of their anticancer activity in iidd to
structural modification of hits in order to detenmiwhether the anticancer activity can be
optimised. The results also warrant further deidadion of the promising compoundg
and15 in orderto enhance their antibacterial properties. Theuarite of other laccases
on the synthetic profile and reaction yield shobkl explored, including those laccases

with higher redox potentials or with differing aisite configurations.
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9.1 EXPERIMENTAL

9.1 SUMMARY OF THE EXPERIMENTAL

9.1.1 General
Proton nuclear magnetic resonanéel NMR) spectra were recorded on a Varian Mercury

400MHz spectrometer. Carbon-13 nuclear magnetic resmné&’C NMR) spectra were recorded
on the same instrument at MA®&z. Chemical shifts are reported in parts perionl{ppm) relative

to the solvent peaks and coupling constants amngiv Hertz (Hz). A Waters UPLC coupled in
tandem to a Waters photodiode array (PDA) deteatod a SYNAPT G1 HDMS mass
spectrometer was used to generate accurate massTtatPDA detector was used for all purity
determinations (Maxplot 200-5@n). All chemicals for UPLC-MS work were of ultraqg LC-

MS grade and purchased from Fluka (Steinheim, Geyjnahile ultra-pure solvents were
purchased from Honeywell (Burdick & Jackson, MuskegUSA). Ultra-pure water was
generated using a Millipore Elix 5 RO system andliptire Advantage Milli-Q system (Millipore
SAS, Molsheim, France). Reactions were monitoredhuy layer chromatography (TLC) on
aluminium-backed Merck silica gel 60 F254 plategavdy column chromatography was
performed using Merck Silica Gel 60 (70-286sh). Melting points were determined using a
Glassco melting point apparatus and are uncorreétidther chemicals were reagent grade
materials. The 1,3-dicarbonyls were purchased f&gma—Aldrich, South Africa. Suberase®
(10757.8PCU/mL) is a fungal laccase frolh. thermophilaproduced by submerged fermentation
of a genetically modifiedspergillus oryzagtrain. The enzymatic preparation is supplied as a
brown liquid which is completely miscible with wat&uberase® was obtained from Novozymes

in South Africa.
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9.12 METHODS FOR THE SYNTHESIS OF THE 5,6-DIHYDROXYLATED
BENZO[B]JFURANS

METHOD A

The laccase (Suberase®, Q) was added to a mixture of the catechol (@rfol), 1,3-
dicarbonyl (2.0nmol) and phosphate buffer (20r@, 0.10M, pH 7.15) in a 250-mL round-
bottom flask stirred under air at rt. More lacc8€®mL) was added after 2, 18 and 20The
mixture was vigorously stirred under air until thabstrates were consumed as judged by TLC.
After stirring the reaction mixture was acidifiedtiv32% HCI to pH 4.0. The mixture was
extracted with EtOAc and washed with water (2010. The organic phases were then combined
and the solvent evaporated. The residue, a powdkss, purified by washing with EtOAc or

recrystallizing from a combination of MeOH and EtQA

METHOD B

Same as Method B except that more laccasen{R)Ovas added after 4, 24 and28

METHOD C

The laccase (Suberase®, fink) was added to a mixture of the catechol (@B0ol), 1,3-
dicarbonyl (2.4Gmmol), phosphate buffer (4rGL, 0.10M, pH 7.15) and DMF (2.61L) in a test
tube stirred under air at rt. More laccase (@l5 was added afterf2and then again aftet¥ The
mixture was vigorously stirred under air until gubstrates had been consumed as judged by TLC.
After stirring the reaction mixture was transfertedh separating funnel and the mixture extracted
with EtOAc and washed with water (20rl). The organic phases were combined, the solvent

evaporated and the residue (a powder) purifieddshfchromatography.
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Synthesis of 7,8-Dihydroxy-6-methyl-3,4-dihydrodibenzo[b,d]furan-1(2H)-one 4

e} OH
\
OH
(@]

Method A

Stirring time 24h.should really say how much you started with.fibioathe experimental. The
product was recrystallized from 5% MeOH in EtOA¢tusion at 35°C to afford a brown powder
(288mg, 62%) (Found: M—H 231.0683. @H1104 requires M—H, 231.0657). UPLC 99.7%.
Rf 0.48 (EtOAc/hexane, 1:1). mp 250%EL NMR (400MHz, DMSO-de): 6 2.14 (2H, m, Ch),
2.26 (3H, s, CH), 2.45 (2H, U 6.1Hz, CHb), 2.98 (2H, 11 6.1Hz, CHy), 7.11 (s, 1H, ArH):C
NMR (100MHz, DMSO-de): 0 9.0, 22.2, 23.3, 37.9, 102.4, 107.9, 113.5, 11542.2, 143.4,

147.6, 169.6, 194.6.

Method B

Stirring time 44h. The product was washed with EtOAc to afford ewsr powder (311.€ng,

67%).
Synthesisof 3-(3,4-Dihydroxy-5-methylphenyl)-3-methylpentane-2,4-dione 16
OH
o]
OH
o
Method A
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Stirring time 24h. The product was washed with EtOAc to afford &daown powder (1.60,
80%) (Found: M-H, 235.0926. @H1404 requires M—H, 235.0970. UPLC 98.0%f (R48
(EtOAc/hexane, 1:1). mp 82—85°¢ NMR (400MHz, DMSO-ds): 6 1.60 (3H, s, Ch), 2.03
(6H, s, CH), 2.08 (3H, s, Ch), 6.43 (1H, dJ 2.0Hz, ArH), 6.46 (1H, d 2.4Hz, ArH), 8.36 (1H,
br s, OH), 9.29 (1H, br s, OH¥C NMR (100MHz, DMSO-ds):  16.2, 19.0, 27.2, 30.7, 68.8,

112.4, 120.1, 124.7, 127.7, 143.0, 144.8, 207.8.

9.1.3METHODSFOR THE SYNTHESI S OF Benzofuro[3,2-c]chromen-6-one

METHOD A

The laccase (Suberase®, 2.0 mL) was added to aireigf the catechol (2.0 mmol), coumarin
(2.0 mmol) and phosphate buffer (20.0 mL, 0.10 M, H15) in a 250 mL round bottom flask
stirred under air at rt. More laccase (2.0 mL) wdded after 2, 18 and 20 h. The mixture was
vigorously stirred under air until the substratesrevconsumed as judged by TLC. The mixture
was extracted with EtOAc and washed two times widter (20.0 mL). The organic phases were
then combined and the solvent evaporated. Theuesalpowder, was purified by washing with
EtOAc, flash chromatography or recrystallizatioonfr a combination of MeOH and EtOAc.

Products were characterized %/ NMR, 13C NMR, and MS.

METHOD B

The laccase (Suberase®, 1.0 mL) was added to aireif the catechol (1.0 mmol), coumarin
(2.0 mmol) and phosphate buffer (8.0 mL, 0.10 M,p1b) in a 250 mL round bottom flask stirred
under air at 40°C. More laccase (1.0 mL) was adaféel 2, 18 and 20 h. The mixture was
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vigorously stirred under air until the substratesr@vconsumed as judged by TLC. The solvent
mixture was left for a day to allow the producptecipitate to the bottom and filtered. The resjdue
a powder, was purified by washing with EtOAc. Prasuwvere characterized B NMR, 1°C

NMR, and MS.

Synthesis of 8,9-Dihydroxy-6H-benzofur o[ 3,2-c]chromen-6-one 17

Method A. Stirring time = 24 h. Purification by a wash wittFc and the flash chromatography
(silica: EtOAc/hexane, 1:5, 1:4, 1:3, 1:2 and EtQAx afford alight-brown solid (0.4600 g,
86.0%). (M-H Found: 267.0216. £2H70s requires M-H, 267.0293). UPLC 99.8 %. (R.54
(EtOAc/Hex, 1:2). mp 30€. 'H NMR (400 MHz, DMSOsdg): § = 7.24 (1H, s, ArH). 7.31 (1H,
s, ArH), 7.48 (1H, t) 8.0 Hz, ArH), 7.58 (1H, d] 8.0 Hz, ArH), 7.66 (1H, ddd}, 1.6, 8.0, 15.6
Hz, ArH), 8.00 (1H, dd; 1.6, 8.0 Hz, ArH:3C NMR (100 MHz, DMSQsds): 6 = 98.9, 104.9,

105.5, 112.4, 113.8, 117.0, 121.1, 124.8, 131.2,71446.6, 149.4, 152.3, 157.4, 157.7.

Synthesis of 10-Fluoro0-8,9-dihydroxy-2,3-dimethyl-6H-benzofur o[ 3,2-c]chr omen-6-one 30
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R OH

o
o 0

Method A. Stirring time = 24 h. Purification by washing wEtOAc to afford a brown soli@.500
g, 76.0%). (M+H Found: 314.0588. £H110sF requires M+H, 314.0591). UPLC 93%. (R.58
(EtOAc/hexane, 1:1). mp = 17€; *H NMR (400 MHz, DMSOd): § = 2.26 (3H, s, Ch), 2.30
(3H, s, CH), 5.46 (1H, s, ArH), 7.15 (1H, s, ArH), 7.56 (184 ArH); *C NMR (100 MHz, DMSO-
ds): 6 = 18.7,19.6, 62.5, 63.4,68.8, 71.4,72.3, 73.8,89.3.6, 116.7, 123.0, 132.1, 142.1, 152.0,

162.3, 166.2.

Synthesis of 2-chlor 0-8,9-dihydr oxy-6-oxo-6H-benzofur o 3,2-c]chromene-10-
carboxylic acid 34

OH
O OH

o "0

Method B. Stirring time = 24 h. Purification by a wash witt(FAc to afford a yellow soli@0.527
g, 76.0%). (M+H Found: 346.9887 6HsO-Cl requires M+H, 346.9959). UPLC 98.1%.R.31
(EtOAc/Hex, 2:1). mp 15Z; 'H NMR (600 MHz, DMSOds): = 7.13 (1H, s, H-Ar), 7.52 (1H,
d,J 8.8 Hz, H-Ar), 7.60 (1H, dd] 2.4, 8.8 Hz, H-Ar), 7.96 (1H, dJ 2.4 Hz, H-Ar),23C NMR
(100 MHz, DMSOs€g): 6 = 98.1, 107.6, 109.0, 111.9, 113.7, 118.3, 120.8,112130.1, 147.5,

147.9, 150.5, 154.6, 155.6, 168.4. 15
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9.1.4 SYNTHESISOF 1,4-NAPHTHOQUINONE DERIVATIVES

METHOD

The laccase (Suberasel, 1.0 mL) was added to amaixt the catechol (1.0 mmol), coumarin (1.0
mmol) and phosphate buffer (8.0 mL, 0.10 M, pH Y.ib5a test tube stirred under air at 40°C.
More laccase (1.0 mL) was added after 2, 18 anll. Zlve mixture was vigorously stirred under
air until the substrates were consumed as judgenLky The mixture was extracted with EtOAc
and washed two times with water (20.0 mL). The orgg@hases were then combined and the
solvent evaporated. The residue, a powder, wadigniby flash chromatography. Products were

characterized byH NMR, 13C NMR, and MS.

Synthesis of 2-(2-hydr oxy-4,4-dimethyl-6-oxocyclohex-1-enyl)-3-methylnaphthalene-1,4-
dione 41

@)

O‘ OH

=
I
Stirring time = 24 h. Purification by a wash withdAc and recrystallization to afford a brown
solid (0.296g 88% yield), (M-HFound: 309.1012, £2H130. requires M-H, 309.0916). UPLC
99.6%. R 0.52. (EtOAc/Hex, 1:2). mp 230%E NMR (400 MHz, DMSOsg): § = 1.09 (3H, s,
CHz), 1.16 (3H, s, CH), 1.90 (3H, s, CH),2.36 (4H, s, 2 x C}), 7.85 (2H, ddJ 3.4, 5.4 Hz, ArH),
7.96 (1H, dd,) 3.4, 5.4 Hz, ArH), 8.04 (1H, dd,3.4, 5.4 Hz, ArH), 10.8 (1H, s, OHFC NMR
(100 MHz, DMSO¢k): 6 = 13.9, 27.7, 28.0, 31.9, 108.9, 125.8, 125.8,4,3132.0, 133.7, 133.9,

141.6, 145.4, 182.5, 184.6.
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Synthesis of 2-(6-chlor 0-4-hydr oxy-2-oxo-2H-chr omen-3-yl)-3-methylnaphthalene-1,4-
dione 46

Stirring time = 24 h. Purification by a wash withCAc and recrystallization to afford a brown
solid (M-H" Found: 365.0299, £gH10CIOs requires M-H, 365.0300). UPLC 90.1%.1R0.40
(EtOAc/Hex, 1:2). mp 260-261°84 NMR (400 MHz, DMSOeg): 6 = 2.12 (3H, s, Ch), 3.90
(1H, br s, OH), 6.98 (1H, s, ArH), 7.55 (1H, dd7.50, 15.6 Hz, ArH), 7.64 (1H, m, ArH), 7.86
(2H, dd,J 3.60, 4.80 Hz, ArH), 7.97 (1H, §,4.50 Hz, ArH), 8.02 (1H, t) 4.50 Hz, ArH).13C
NMR (100 MHz, DMSOeék): 6 = 14.2, 95.9, 116.6, 116.7, 122.8, 122.9, 124.8,4,225.8, 130.2,

131.8, 133.0, 133.1, 133.3, 143.2, 146.2, 154.0,81471.5, 183.1, 189.2.

Synthesis of 5-hydroxy-2,3-bis(4,4-dimethyl-2,6-dioxocyclohexyl)naphthalene-1,4-dione 50

Stirring time = 48h. The product was washed wit®Ac to afford light brown solid (0.292g 48%
yield), (MV-H* Found: 449.1595 £H2s07 requires MH, 449.1600). UPLC 91.2%. R 0.51
(EtoAc) Mp = 170°C. 'H NMR (400 MHz, DMSOds) 0.99 (3H, s, Ch), 1.07 (3H, s, Ch), 2.13
(2H, s, 2 X CH), 2.15 (2H, s, GH 2.26 (2H,s,CH), 7.33 (1H, ddJ 1.0, 8.7 Hz, H-Ar), 7.50 (1H,
dd,J 1.20, 7.60 Hz, H-Ar), 7.75 (1H, 4,8.0 Hz, H-Ar), 12.0 (1H, s, OH}3C NMR (100MHz,

174|Page



DMSO-ds): 6 28.8, 29.3, 31.8, 31.6, 109.9, 125.8, 128.6,3,2%82.3, 134.6, 135.3, 139.8, 146.6,

183.6

9.1.5SYNTHESISOF ISONIAZID DERIVATIVES

METHOD

The synthesis of the isoniazid derivatives was ootet by reacting one equivalent of isoniazid
with one equivalent of the 5,6-dihydroxylated bdtkoiran and stir in methanol at 60°C for 24-
44 hours. The reaction was followed by TLC, theapearance of the 5,6-dihydroxylated
benzop]furan was monitored. The resulting product wasifiaat by flash chromatography. In
some cases the product required further purificatiy either washing with EtOAc or

recrystallizing from a mixture of MeOH and EtOAc.

Synthesis of isoniazid derivative 56

o) OH
\
OH
Y
HN—C
=
-
N

Stirring time = 24 h. Purification by a wash withdAc and recrystallization to afford a brown
solid (MeOH/EtOAc 1:2). mp 240°C. (M+HFound: 365.1511, £H20N304 requires M+H,
365.1566) IR=0.35 (2:1 EtoAc: MeOH}H NMR (400MHz, DMSO-de): 6 1.14 (3H, d,) 6.4Hz,
CHg), 2.26 (3H, s, CH), 2.29 (1H, dd) 4.7, 12.Hz, CH), 2.43 (2H, dd 3.4, 12.8Hz, CHb),

2.68 (1H, m, CH), 3.03 (1H, dii4.7, 12.4Hz, CH), 7.11 (1H, s, ArH), 7.72 (2H, d#i1.6, 4.4
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Hz, ArH), 8.40 (1H, br s, OH), 8.70 (2H, #6.0Hz, ArH),9.31 (1H, br s, OH), 10.01 (1H, br s,
NH); 13C NMR (100MHz, DMSO-+): ¢ 2.0, 23.1, 37.3, 60.3, 99.8, 114.8, 115.5, 12033.3,

136.1, 140.2, 144.9, 150.1, 163.8, 169.8, 194.4.

9.1.6 SYNTHESISOF THIOSEMICARBIZIDE DERIVATIVES

Method A

The benzofuran(1.0 mmol) was added to a solution of ttteosemicarbazide(1.0 mmol) in

methanol (10 ml). The resulting mixture was stiregd!0°C for 48 h. The reaction mixture was
extracted with EtOAc and washed with water (2010. The product was left to precipitate when
the reaction vessel was left standing at room teatpee. The residue, a powder, was purified by

washing with EtOAc or recrystallizing from a mixéuof MeOH and EtOAc.

Method B

This method is the same as Method A except thatebalting mixture was refluxed for 48 h in
the presence of a catalytic amount of glacial acatid. After completion of the reaction, the
reaction mixture was first extracted with EtOAc dhdn the organic phases were combined, the

solvent evaporated and the residue (a powder)ipdtify flash chromatography.

Synthesis of thiosemicar bizide derivative 65

0] OH
\
OH
\ H
N/N\”/ NH,
S
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Stirring time = 24 h. Purification by a wash withCAc and recrystallization to afford a light
brown solid (MeOH/EtOAc 1:2). (M+H Found: 306.0904, {GH1sN3OsS requires M-H,
306.0912). mp 240°C.:R 0.30 (2:1 EtoAc: MeOH).!H NMR (400MHz, DMSO-de): 6 1.12
(3H, d,J6.40 Hz, CH), 2.31 (1H, dd) 4.6, 12.8Hz, CH), 2.44 (2H, dd] 3.6, 12.8Hz, Ch), 2.70
(1H, m, CH), 3.03 (1H, dd 4.6, 12.8Hz, CH), 4.49 (1H, s, NH), 6.97 (1H, s, ArH), 7.@H, s,
ArH) and 8.60 (2H, br s, OH), 9.05 (2H, s, NH3C NMR (100MHz, DMSO-ds): ¢ 20.6, 30.2,

30.6, 30.9, 45.6, 98.4, 105.3, 114.3, 115.2, 141318,3, 148.1, 169.2, 193.8.

9.1.7/ANTICANCER EVALUATION

The growth inhibitory effects of the compounds weested in a 3-cell line panel consisting of
TK10 (renal), UACC62 (melanoma) and MCF7 (breaat)aer cells using the Sulforhodamine B
(SRB) assay. The SRB assay was developed by Skelthoolleagues to measure drug-induced
cytotoxicity and cell proliferation. Its principles based on the ability of the protein dye,
sulforhodamine B (Acid Red 52), to bind electrastdly in a pH-dependent manner to protein
basic amino acid residues of trichloroacetic aocied cells. Under mild acidic conditions it binds
to the fixed cellular protein, while under mild B@aesonditions it can be extracted from cells and
solubilised for measurement. The SRB assay is padd at CSIR in accordance with the protocol

of the Drug Evaluation Branch, NCI, and the assag/lbeen adopted for this screen.

MATERIALSAND METHOD

The human cell lines TK10, UACC62 and MCF7 wereaote#td from the NCI in a collaborative

research program between the CSIR and the NCI.lice were routinely maintained as a
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monolayer cell culture at 37°C, 5% 05% air and 100% relative humidity in RPMI contag
5% fetal bovine serum, rBM L-glutamine and 5Qg/mL gentamicin. For the screening
experiment the cells (3—19 passages) were inocllatea 96-well microtitre plate at plating
densities of 7-1000cells/well and were incubated for B4After 24h one plate was fixed with
TCA to represent a measurement of the cell pomudtir each cell line at the time of drug addition
(TO). The other plates with cells were treated wiith experimental drugs which were previously
dissolved in DMSO and diluted in medium to prodtige concentrations (0.01-1QM). Cells
without drug addition served as control. The blaoktains complete medium without cells.
Etoposide was used as a reference standard. Ttes plare incubated for 4B8after addition of
the compounds. Viable cells were fixed to the buottf each well with cold 50% trichloroacetic
acid, washed, dried and dyed by SRB. Unbound dy® removed and protein-bound dye was
extracted with 1@nM Tris base for optical density determination atavelength of 54@m using

a multiwell spectrophotometer. Optical density nueesents were used to calculate the net
percentage cell growth. The optical density oftdst well after a 48 period of exposure to test
drug isTi, the optical density at time zeroTis and the control optical density@ Percentage

cell growth is calculated as:

[(Ti—To) x 100 for concentrations at which Ti= Ty

(C-To)]

[(Ti—Ta) x 100 for concentrations at which Ti<Ta
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The results of a five dose screening were rep@$etGl (total growth inhibition). The TGl is the
concentration of test drug where 00T — To)/(C — To) =0. The TGl signifies a cytostatic effect.
The biological activities were separated into foategories: inactive (gdor TGI>100uM),
weak activity (3QuUM < Glsg or TGI<100uM), moderate activity (1AM < Glsg or TGI<30uM)
and potent activity (G or TGI<10uM). For each tested compound, three response p&eesn
Glso (50% growth inhibition and signifies the growthibitory power of the test agent), TGI
(which is the drug concentration resulting in tajabwth inhibition and signifies the cytostatic
effect of the test agent) and ¢4{50% lethal concentration and signifies the cytat@ftfect of the

test agent), were calculated for each cell line.

9.1.8 ANTIBACTERIAL SCREENING

Mycobacterium smegmatis - (M C2? 155)

The MICs of the compounds against the four differeacteria were determined in 96 well
microtiter plate. A 10.00 mg/mL stock solution afch compound was prepared by dissolving it
in 1 mL of DMSO. The stock solution was kept inefrigerator at +4C. Kanamycin was used
as a positive control. The negative control wasl with 7H9 media and bacterial dilutions. The
second negative control was wells with only the iméd order to check for contamination. A 1:2
serial dilution of the tested compound was prepafée initial concentration was 100 pg/ml of
the stock solution in well 1 and a final concentmatof 0.78 pg/mL in the well. A bacterial
suspension was prepared by scraping a small anofurésh bacteria from a plate onto a wet
cotton stick. 7H9 media was used to wet the caitoal. The bacterium was dispensed by rubbing

the wet cotton wool with the bacterium againstwiads of a tube with 2.5 mL of 7H9 media. The
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tube was vortexed and the OD measured at 600 nensf@indard for OD is 0.3 = 5 x*%OFU/mL,
Serial dilutions of the bacterial suspension weeglenup to the required concentrations(for our
experiment: €= 1x1F/well = 2 x1G¢ CFU/mL and G= 1x1G/well = 2 x1® CFU/mL). A volume
of 100 uL of the required concentrations of thetéaa was dispensed into each well to have a
total volume of 200 pL per well. The concentratiofishe bacteria in the wells were determined
using a microtitre plate reader. The 96 well platese then placed in a plastic bag which was

incubated at 37°C. The concentrations of the biactezre read daily for 4-5 days.

7H9 Medium Preparation (7H9 + 0.2% glycerol + 0.05% Tween 80 + ADC)

Middlebrook 7H9 broth base (4.7 g) was added ta_dl@sk to which water (900 mL) was added.

Tween 80 (0.5 g) was added to a 100 mL beakerhtohwbroth (10 mL) was added. The mixture

was dissolved using moderate heat while mixinge d¢ntents from the 100 mL beaker were then
transferred back into the 2 L flask. To ensure #fishe contents were transferred to the 2 L flask
the beaker was rinsed several times with brothc&ty (2 mL) was then added to the 2 L flask.
This was then mixed and 180 mL dispensed into e&fiie 500 mL screw cap bottles. The latter

was then autoclaved for 10 min at 22, allowed to cool and then stored at®Z=8 ADC (20 mL)

was added to each 180 mL broth before use.

Staphylococcus aureus - 32710 (MSSA)

Same procedure but instead of 7H9 media, LB media was used. LB was bought from the

chemical store in UMDNJ.
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Escherichia coli - DH10B strain

Same procedure but instead of 7H9, LB media was used. LB was bought from the chemical

store in UMDNJ., Rifampicin was used Instead of &amycin.

Bacillus subtilis - strain no 168

A 96 wells Microtitre plates was used to determimeMICs for bacteria. A 10.00 mg/mL solution
of each compound was prepared by dissolving thedpow a required volume of DMSO. For
example 10.12 mg of the compound should be disdoiwel.012 mL of DMSO. Keep stock
solution in the refrigerator at +4 °C. Rifampicias used as a positive control. The negative
control was wells with. B media and bacteria dilutions. The second negative cbistigells with
only the media in order to check for contaminatidhe solutions were diluted to 20 pug/ml. The
bacteria suspension was prepared by scraping amallnt of fresh bacteria from a plate with a
wet cotton stick. LB media was used to make théoootvet. The bacteria were dispensed by
rubbing the wet cotton wool with bacteria agaims tvalls of a tube with 2.5 mL of LB media.
The tube was vortexed and then measured the ODGanh®. Standard for OD is 0.3 = 5 x810
CFU/mL. Make serial dilutions of the bacterial seispion to the required concentration. (for our
experiment €= 1x1Fwell = 2 x1G CFU/mL and G= 1x1G/well = 2 x1¢ CFU/mL). We
ispensed(a word?) 100 uL of the required conceatraiof the bacteria into each well to have a
total volume of 200 pL per well. The negative cohtvas wells with media and bacteria dilutions.
The positive control should was with media and kayan. We read the concentration of the
bacteria in a microtitre plate reader. We put th&®2ll plates in a plastic bag and incubate at 37°C

We ead the concentration of the bacteria every day.
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Mycobacterium smegmatis - (M C?2 155)

A 96 well microtiter plates was used to determime MICs for bacteria. A 10.00 mg/mL solution
of each compound was prepared by dissolving thedpow a required volume of DMSO. For
example 10.12 mg of the compound should be disdaivel.012 mL of DMSO. Keep stock
solution in the refrigerator at €. Kanamycin was used as a positive control. Tégative
control was wells wittYH9 media and bacteria dilutions. The second negative conias wells
with only the media in order to check for contantima A 1:2 serial dilution of the tested
compound was prepared. Initial concentration of £@0ml in well 1 and final concentration of
0.78 pg/ml. The bacteria suspension was preparedraping small amount of fresh bacteria from
a plate with a wet cotton stick. 7H9 media was usephake the cotton wet. The bacteria were
dispensed by rubbing the wet cotton wool with béatagainst the walls of a tube with 2.5 mL of
7H9 media. The tube was vortexed and then the ADn&® measured . Standard for OD was 0.3
=5 x 1¢ CFU/mL. Where necessary serial dilutions of thetéxaal suspension where made to
the required concentration For readings (for opeeiment G= 1x1G¢/well = 2 x1¢ CFU/mL and
C2= 1x1G/well = 2 x16 CFU/mL). Dispensed volumes (100 pL) of the required cotreéions

of the bacteria into each well had a total volunie2@0 pL per well. The negative control
comprised of wells with media and bacteria diluiohhe positive control comprised of wells with
media and kanamycin. The concentration of thedviactvas determined using a microtiter plate

reader at time zero and then daily. The 96 wetleglavere incubated at 37°C in a plastic bag.
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9.2 FULL EXPERIMENTAL

9.2 General
Proton nuclear magnetic resonanéel NMR) spectra were recorded on a Varian Mercury

400MHz spectrometer. Carbon-13 nuclear magnetic resmné&’C NMR) spectra were recorded
on the same instrument at MA®z. Chemical shifts are reported in parts perionl{ppm) relative

to the solvent peaks and coupling constants aengivHertz (Hz).

A Waters UPLC coupled in tandem to a Waters photidelarray (PDA) detector and a SYNAPT
G1 HDMS mass spectrometer was used to generateadecuass data. The PDA detector was
used for all purity determinations (Maxplot 200—-%00). All chemicals for UPLC-MS work were
of ultra-pure LC-MS grade and purchased from Fl(&&inheim, Germany) while ultra-pure
solvents were purchased from Honeywell (Burdicka&klkon, Muskegon, USA). Ultra-pure water
was generated using a Millipore Elix 5 RO systerd afillipore Advantage Milli-Q system
(Millipore SAS, Molsheim, France). Reactions werenmored by thin layer chromatography
(TLC) on aluminium-backed Merck silica gel 60 F23tes. Gravity column chromatography
was performed using Merck Silica Gel 60 (70-28sh).Melting points were determined using a
Glassco melting point apparatus and are uncorreétidther chemicals were reagent grade
materials. The 1,3-dicarbonyls were purchased f&gma—Aldrich, South Africa. Suberase®
(10757.8PCU/mL) is a fungal laccase frolh. thermophilaproduced by submerged fermentation
of a genetically modifiedspergillus oryzastrain. The enzymatic preparation is supplied as a
brown liquid which is completely miscible with wat&uberase® was obtained from Novozymes

in South Africa.
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Methodsfor the synthesis of the 5,6-dihydroxylated benzo[b]furans

Method A

The laccase (Suberase®, Q) was added to a mixture of the catechol (@rfol), 1,3-
dicarbonyl (2.0nmol) and phosphate buffer (20r@, 0.10M, pH 7.15) in a 250-mL round-
bottom flask stirred under air at rt. More lacc8€®mL) was added after 2, 18 and 20The
mixture was vigorously stirred under air until thabstrates were consumed as judged by TLC.
After stirring the reaction mixture was acidifiedtiv32% HCI to pH 4.0. The mixture was
extracted with EtOAc and washed with water (2010. The organic phases were then combined
and the solvent evaporated. The residue, a powdkss, purified by washing with EtOAc or

recrystallizing from a combination of MeOH and EtQA

Method B

Same as Method B except that more laccasen{R)Ovas added after 4, 24 and 28

Method C

The laccase (Suberase®, fink) was added to a mixture of the catechol (@B0ol), 1,3-
dicarbonyl (2.4Gmmol), phosphate buffer (4rAL, 0.10M, pH 7.15) and DMF (2.61L) in a test
tube stirred under air at rt. More laccase (@l5 was added afterf2and then again aftet¥ The
mixture was vigorously stirred under air until gubstrates had been consumed as judged by TLC.
After stirring the reaction mixture was transferted separating funnel and the mixture extracted
with EtOAc and washed with water (20rl). The organic phases were combined, the solvent

evaporated and the residue (a powder) purifieddshfchromatography.

1-(5,6-Dihydr oxy-2-methyl-1-benzofur an-3-yl)ethanone 1124 122
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OH

Method A

Stirring time 24h. The product was recrystallized from 5% MeOH t@Ac solution at 35°C to
afford a dark-brown powder (198g, 48%) (Found: M—H 205.0518. @HsO4 requires M—H,
205.0501). UPLC 95.5%. f®.40 (EtOAc/hexane, 1:1). mp 200-203%8.NMR (400MHz,
DMSO-ds): 6 2.51 (3H, s, Ch), 2.68 (3H, s, Ch), 6.91 (1H, s, ArH), 7.33 (1H, s, ArH), 8.94 (1H,
br s, OH), 9.06 (2H, br s, OHYC NMR (100MHz, DMSO-0s): § 15.3, 30.8, 97.8, 106.4, 117.2,
117.2, 143.6, 144.2, 147.0, 160.7, 193.9.

Method B

Stirring time 44h. The product was washed with EtOAc to affordacklpowder (202.thg, 49%).

1-(5,6-Dihydr oxy-2,7-dimethyl-1-benzofur an-3-yl)ethanone 2121123

0 OH

OH

Method A

Stirring time 24h. The product was washed with EtOAc to afford dlveown powder (22éng,

50%) (Found: M—H, 219.0615. @H1104 requires M—H, 219.0657). UPLC 97.3%f (R46
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(EtOAc/hexane, 1:1). mp 234°8H NMR (400MHz, DMSO-ds): 6 2.19 (3H, s, CH), 2.45 (3H,
s, CHy), 2.64 (3H, s, Ch), 7.17 (1H, s, ArH), 8.38 (1H, br s, OH), 9.25 (I#i s, OH);}*C NMR

(100MHz, DMSO-k): 0 8.9, 15.4, 30.7, 103.2, 107.1, 116.2, 117.4, 14148.1, 146.5, 160.5,

193.9.
7,8-Dihydroxy-3,4-dihydrodibenzo[b,d]fur an-1(2H)-one 3124 1%
e} OH
\
OH
0
Method A

Stirring time 24h. The product was recrystallized from 5% MeOH t@Ac solution at 35°C to
afford a brown powder (28#g, 65%) (Found: M—H 217.0458. ©HqOa requires M—H,
217.0501). UPLC 96.2%.fR.48 (EtOAc/hexane, 1:134 NMR (400MHz, DMSO-dq): 6 2.21
(2H, m, CH), 2.47 (2H, 1) 6.4Hz, CHp) 2.96 (2H, tJ 6.4Hz, CH), 7.00 (1H, s, ArH), 7.22 (1H,
s, ArH), 9.18 (2H, br s, OH}3C NMR (100MHz, DMSO-d): 6 22.2, 23.2, 37.3, 98.4, 105.4,

114.4, 115.6, 143.7, 144.4, 147.9, 169.7, 194 .4.

7,8-Dihydroxy-6-methyl-3,4-dihydr odibenzo[b,d]furan-1(2H)-one 41?4

0 OH
\
OH
(@]

Method A
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Stirring time 24h. The product was recrystallized from 5% MeOH t@Ac solution at 35°C to
afford a brown powder (288g, 62%) (Found: M—H 231.0683. @H1104 requires M-H,
231.0657). UPLC 99.7%.fR.48 (EtOAc/hexane, 1:1). mp 2509EL NMR (400MHz, DMSO-
de): § 2.14 (2H, m, Ch), 2.26 (3H, s, Ch), 2.45 (2H, tJ 6.1Hz, CHp), 2.98 (2H, t1 6.1Hz, CHb),
7.11 (s, 1H, ArH)3C NMR (100MHz, DMSO-0s): 6 9.0, 22.2, 23.3, 37.9, 102.4, 107.9, 113.5,

115.9, 142.2, 143.4, 147.6, 169.6, 194.6.

Method B

Stirring time 44h. The product was washed with EtOAc to afford ewsr powder (311.€ng,

67%).
7,8-Dihydr oxy-6-methoxy-3,4-dihydr odibenzo[b,d]fur an-1(2H)-one 512+ 126
O/
o) OH
\
OH

o)

Method A

Stirring time 24h. The product was recrystallized from 5% MeOH t@Ac solution at 35°C to
afford a brown powder (348g, 70%) (Found: M—H 247.0557. @H110s requires M-H,
247.0606). UPLC 97.0%.fR.38 (EtOAc/hexane, 2:1). mp 2329EL NMR (400MHz, DMSO-
de): 5 2.14 (2H, m, CH), 2.46 (2H, tJ 6.4Hz, CHb), 3.00 (2H, tJ 6.4Hz, CHp), 3.94 (3H, s,
CHa), 7.00 (1H, s, ArH), 8.71 (1H, br s, OH), 9.24 (11 s, OH):}3C NMR (100MHz, DMSO-

de): 022.1, 23.2, 37.4, 60.4, 99.9, 114.8, 115.6, 13188,2, 140.3, 145.0, 169.9, 194.5.
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7,8-Dihydroxy-3-methyl-3,4-dihydrodibenzo[b,d]furan-1(2H)-one 6124 127-129.131
o) OH
N\

OH

o)

Method A

Stirring time 24h. The product was washed with EtOAc to afford@sr powder (274ng, 59%)
(Found: M-H, 231.0610. @H1104requires M-H, 231.0657). UPLC 95.3%.f (R38
(EtOAc/hexane, 1:1). mp 263°éH NMR (400MHz, DMSO-ds): 6 1.11 (3H, d,) 6.0Hz, CHy),
2.30 (1H, dd,J 4.6, 12.8Hz, CH), 2.43 (2H, ddJ 3.6, 12.8Hz, CHb), 2.68 (1H, m, CH), 3.01 (1H,
dd,J 4.6, 12.8Hz, CH), 6.98 (1H, s, ArH), 7.21 (1H, s, ArH) and® (2H, br s, OH)*C NMR
(100MHz, DMSO-dg): 0 20.7, 30.3, 40.0, 45.6, 98.5, 105.3, 114.3, 11643.7, 144.4, 148.2,

169.4 and 194.0.

Method C

Stirring time 42h. The product was purified by flash chromatogragsilica: EtOAc/hexane,

0.5:9.5, 1:9, 2.5:7.5, 1:1) to afford a brown pow8l mg, 30%).

7,8-Dihydroxy-3,6-dimethyl-3,4-dihydr odibenzo[b,d]fur an-1(2H)-one 7124 129, 131

o) OH
\
OH
O

Method A
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Stirring time 24h. The product was washed with EtOAc to affordgatibrown powder (38mhg,
78%) (Found: M—F|, 245.0817. @H1304 requires M—H, 245.0814). UPLC 96.0%f R74
(EtOAc/hexane, 1:1). mp 165-168%EL NMR (400MHz, DMSO-de): 6 1.11 (3H, dJ 6.0Hz,
CHg), 2.25 (3H, s, ChH), 2.29 (1H, ddJ 4.7, 12.4Hz, ChHp), 2.43 (2H, ddJ3.4, 12.8Hz, CH),
2.68 (1H, m, CH), 3.03 (1H, dd,4.7, 12.4Hz, CH), 7.11 (1H, s, ArH), 8.47 (1H, br s, OH)38.
(1H, br s, OH)3C NMR (100MHz, DMSO-dg): & 9.0, 20.7, 30.3, 31.0, 45.6, 102.3, 107.9, 113.4,

115.5, 142.1, 143.3, 147.8, 169.2, 194.1.

Method C

Stirring time 42h. The product was purified by flash chromatograg$ilica: EtOAc/hexane,

0.5:9.5, 1:9, 1:1; EtOAC) to afford a light-browovpder (209.0ng, 71%).

7,8-Dihydr oxy-6-methoxy-3-methyl-3,4-dihydr odibenzo[b,d]furan-1(2H)-one 8124126

O/

OH

o)

OH

Method A

Stirring time 24h. The product was washed with EtOAc to affordgatibrown powder (19g,
37%) (Found: M—f, 261.0843. @H1304 requires M—H, 261.0763). UPLC 99.6%f (R50
(EtOAc/hexane, 1:1). mp 179-182%E1 NMR (400MHz, DMSO-ds): 6 1.12 (3H, dJ 6.4Hz,
CHs), 2.32 (1H, ddJ 4.0, 12.4Hz, CH) 2.44 (2H, dd] 3.4, 13.Hz, CHy), 2.72 (1H, m, CH), 3.06
(1H, dd,J 5.0, 12.4Hz, CH), 3.94 (3H, s, C#), 6.97 (1H, s, ArH)}3C NMR (100MHz, DMSO-

ds): 0 20.7, 30.3, 31.0, 45.7, 60.4, 99.8, 114.8, 11833,4, 136.3, 140.6, 145.1, 169.6, 194.1.
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7,8-Dihydroxy-3,3-dimethyl-3,4-dihydr odibenzo[b,d]fur an-1(2H)-one 912
o) OH
N\

OH

o)

Method A

Stirring time 24h. The product was washed with EtOAc to afford lboyepowder (286ng, 58%).
(Found: M-H, 245.0867. @H1404requires M-H, 245.0814). UPLC 99.8%.f (R64
(EtOAc/hexane, 1:1). mp 278-280°C [lit. 280°&). NMR (400MHz, DMSO-ds): 6 1.09 (6H, s,
2x ChH), 2.38 (2H, s, Ch), 2.88 (2H, s, Ch), 6.98 (1H, s, ArH), 7.20 (1H, s, ArH), 9.15 (2bt,

s, OH);13C NMR (100MHz, DMSO-ds): § 28.0 (2x CH), 34.9, 36.7, 51.5, 98.5, 105.3, 114.2,
114.4, 143.7, 144.3, 148.3, 168.6, 193.7.

Method C

Stirring time 42h. The product was purified by flash chromatogragsilica: EtOAc/hexane,

0.5:9.5, 1:9, 2.5:7.5, 1:1) to afford a yellow pe@x@118mg, 40%).

7,8-Dihydroxy-3,3,6-trimethyl-3,4-dihydr odibenzo[b,d]fur an-1(2H)-one 10'*

o) OH
\
OH
O

Method A

Stirring time 24h. The product was recrystallized from a 5% MeORi®Ac solution at 35°C to

afford a light-brown powder (51fag, 98%). (Found: M—H259.0931. @H1504 requires M-H,
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259.0970). UPLC 96.6%. fR.45 (EtOAc/hexane, 1:2). mp 255°C [lit. 260-26R%€l NMR
(400MHz, DMSO-ds): § 1.09 (6H, s, 2 x Ch}, 2.26 (3H, s, Ch) 2.37 (2H, s, Ch), 2.90 (2H, s,
CHa), 7.10 (1H, s, ArH), 8.41 (1H, br s, OH), 9.32 (I s, OH):2*C NMR (100MHz, DMSO-

ds): 0 9.0, 28.0, 34.9, 36.8, 51.5, 102.4, 107.9, 111313,7, 142.0, 143.3, 168.5, 193.8.

Method C

Stirring time 42h. The product was purified by flash chromatografsiilica: EtOAc/hexane, 5:95,

1:9, 1:1) to afford a light-brown powder (184, 59%).

7,8-Dihydroxy-3,3,6-trimethyl-3,4-dihydr odibenzo[b,d]fur an-1(2H)-one 111

O/
0 OH
\
OH
0]

Method A

Stirring time 24h. The product was recrystallized from 5% MeOH t@Ac solution at 35°C to
afford a brown powder (408g, 73%). (Found: M—-H 275.0922. @H1s0s requires M—H,
275.0919). UPLC 94.5%.fR.44 (EtOAc/hexane, 1:1). mp 288—291°C [lit. 289+X].'H NMR
(400MHz, MeOH-d4): 5 1.16 (6H, s, 2 x Ch), 2.43 (2H, s, Ch) 2.90 (2H, s, CH), 4.06 (3H, s,
CHg), 7.01 (1H, s, ArH)*C NMR (100MHz, DMSO-dg): 6 28.1, 35.0, 36.8, 51.2, 60.4, 99.8,

114.5, 114.7, 113.4, 136.2, 140.8, 145.1, 168.9,919

Method B

Stirring time 44h. The product was washed with EtOAc to afforda@aabr powder (42%Bng, 77%).
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» 7,8-Dihydroxy-3-phenyl-3,4-dihydrodibenzo[b,d]furan-1(2H)-one 12
0 OH
Y () on
o)

Stirring time 24. The product was washed with EtOAc to afford ateviolid (449ng, 76%).

Method A

(Found: M—-H, 293.0821. &H1304requires M-H, 293.0814). UPLC 99.8%.f GR50
(EtOAc/hexane, 1:1). mp 240-243%EL NMR (400MHz, DMSO-ds): 6 2.58 (1H, dd) 3.2,
16.0Hz, CH), 2.93 (1H, dd] 12.4, 16.(Hz, CH), 3.24 (2H, m, H-11), 3.66 (1H, m, CH), 7.01
(1H, s, ArH), 7.26 (1H, s, ArH), 7.35 (2H,X7.2, 7.6Hz, ArH), 7.42 (2H, dJ 7.6Hz, ArH), 9.09
(1H, s, CH), 9.13 (1H, s, CH}*C NMR (100MHz, DMSO-ds): 6 30.7, 44.6, 62.5, 63.4, 68.8,

71.5,72.3,73.8,98.5, 105.4, 114.2, 115.5, 12K28,6, 143.1, 143.9, 144.5, 148.3, 169.0, 193.1.

Method C

Stirring time 42h. The product was purified by flash chromatografsiilica: EtOAc/hexane, 5:95,

1:9, 1:1; EtOAc) to afford a white solid (188, 50%).

7,8-Dihydr oxy-6-methyl-3-phenyl-3,4-dihydr odibenzo[b,d]fur an-1(2H)-one 131
o) OH
>
O OH
0

Method A

Stirring time 24h. The product was recrystallized from 5% MeOH t@Ac solution at 35°C to
afford a light-brown powder (279g, 80%) (Found: M—H 307.0977.1120. {sH1504 requires
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M—H*, 307.0970). UPLC 99.0%. fR.45 (EtOAc/hexane, 1:1). mp 250-253%8. NMR
(400MHz, DMSO-s): 6 2.28 (3H, s, CH), 2.59 (1H, ddJ 4.0, 16.4Hz, CH), 2.91 (1H, dd] 12.2,
16.2Hz, CH), 3.28 (1H, m, C}), 3.66 (1H, m, H-11 CH), 7.16 (1H, s, ArH), 7.26+( tJ 7.0Hz,
ArH), 7.35 (2H, tJ 7.6Hz, ArH), 7.42 (2H, d)) 8.0Hz, ArH), 8.45 (1H, br s, OH), 9.36 (1H, br
s, OH);*C NMR (100MHz, DMSO-ts): 6 9.1, 30.7, 44.7, 102.4, 108.0, 113.4, 115.8, 126.9

127.0, 127.1, 128.6, 142.3, 143.2, 143.4, 148.8,81d.93.2.

7,8-Dihydr oxy-6-methoxy-3-phenyl-3,4-dihydrodibenzo[b,d]furan-1(2H)-one 14

O/

o) OH
.y
[NA o
O
Method A

Stirring time 24h. The product was washed with EtOAc to afford d grey powder (279ng,
43%). (Found: M-H, 323.0922. @H150s requires M—H, 323.0919). UPLC 96.8%f (R38
(EtOAc/hexane, 1:2). mp 165-168°€L NMR (400MHz, DMSO-s): 6 2.57 (1H, dd 4.0,
16.0Hz, CH), 2.93 (1H, dd] 12.0Hz, 12.4Hz, CH), 3.26 (2H, m, C}}, 3.67 (1H, m, CH), 3.95
(3H, s, CH), 7.03 (1H, s, ArH), 7.26 (1H, §,7.2Hz, ArH), 7.35 (2H, t) 7.2, 8.0Hz, ArH), 7.42
(2H, d,J 8.0Hz, ArH), 8.76 (1H, br s, OH) and 9.33 (1H, br $J)0*C NMR (100MHz, DMSO-
ds): 0 30.6, 44.6, 60.4, 99.8, 114.6, 115.5, 126.8, 12128.5, 133.4, 136.2, 140.6, 143.0, 145.0,
169.0, 193.0.

Method C

Stirring time 42h. The product was purified by flash chromatografsiilica: EtOAc/hexane, 5:95,

1:9, 1:1; EtOAC) to afford a black powder (5&@, 15%).
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3-(3,4-Dihydr oxy-5-methylphenyl)-3-methylpentane-2,4-dione 15

OH

OH

Method A

Stirring time 24h. The product was washed with EtOAc to afford ekdmown powder (1.6,
80%) (Found: M-H, 235.0926. @H1404requires M—H, 235.0970. UPLC 98.0%f (R48
(EtOAc/hexane, 1:1). mp 82—-85°8 NMR (400MHz, DMSO-ds): 6 1.60 (3H, s, Ch), 2.03
(6H, s, CH), 2.08 (3H, s, Ch), 6.43 (1H, d,J 2.0Hz, ArH), 6.46 (1H, d,J 2.4Hz, ArH), 8.36
(1H, br s, OH), 9.29 (1H, br s, OHFC NMR (100MHz, DMSO-ds): 6 16.2, 19.0, 27.2, 30.7,

68.8, 112.4, 120.1, 124.7, 127.7, 143.0, 144.8,807

3-(3,4-Dihydr oxy-5-methoxyphenyl)-3-methylpentane-2,4-dione 16

O/

OH

OH

Method A

Stirring time 24h. The product was washed with EtOAc to afford ekdaown powder (1.1,
55%) (Found: M—H, 251.0933. @H140s requires M—H, 251.0919.fR0.48 (EtOAc/hexane, 1:1).
mp 108—110°C*H NMR (400MHz, DMSO-de): § 1.62 (3H, s, Ch), 2.05 (6H, s, Ch), 3.74 (3H,
s, OMe), 6.27 (1H, s, ArH), 6.28 (1H, s, ArH), 8@H, br s, OH), 9.03 (1H, br s, OHFC NMR

(100MHz, DMSOg): 6 19.1, 27.3, 56.0, 69.0, 103.1, 108.7, 127.7, 13318.8, 148.5, 207.7
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METHOD A

The laccase (Suberase®, 2.0 mL) was added to aireigf the catechol (2.0 mmol), coumarin
(2.0 mmol) and phosphate buffer (20.0 mL, 0.10 M, H15) in a 250 mL round bottom flask
stirred under air at rt. More laccase (2.0 mL) \added after 2, 18 and 20 h. The mixture was
vigorously stirred under air until the substratesravconsumed as judged by TLC. The mixture
was extracted with EtOAc and washed two times wiiter (20.0 mL). The organic phases were
then combined and the solvent evaporated. Theuesalpowder, was purified by washing with
EtOAc, flash chromatography or recrystallizatioonfr a combination of MeOH and EtOAc.

Products were characterized %/ NMR, 13C NMR, and MS.

 8,9-Dihydroxy-6H-benzofur o[ 3,2-c]chromen-6-one 17554+18

Method A. Stirring time = 24 h. Purification by a wash wittFAc and the flash chromatography
(silica: EtOAc/hexane, 1:5, 1:4, 1:3, 1:2 and EtQAx afford alight-brown solid (0.4600 g,
86.0%). (M-H Found: 267.0216. {sH;Os requires M-H, 267.0293). UPLC 99.8 %. (R.54

(EtOAC/Hex, 1:2). mp 30C. *H NMR (400 MHz, DMSO#&): 6 = 7.24 (1H, s, ArH). 7.31 (1H,
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s, ArH), 7.48 (1H, tJ 8.0 Hz, ArH), 7.58 (1H, d] 8.0 Hz, ArH), 7.66 (1H, ddd, 1.6, 8.0, 15.6
Hz, ArH), 8.00 (1H, ddJ, 1.6, 8.0 Hz, ArH23C NMR (100 MHz, DMSOde): 6 = 98.9, 104.9,

105.5, 112.4, 113.8, 117.0, 121.1, 124.8, 131.2,71446.6, 149.4, 152.3, 157.4, 157.7.

« 8,9-Dihydroxy-10-methyl-6H-benzofur o[ 3,2-c]chr omen-6-one 18%56:157

Method A. Stirring time = 24 h. Purification by washing witOAc and recrystallization from a
mixture of methanol and hexane at 42°C to affogitey crystalline producf0.429 g, 76.0%).
M+H" Found: 283.0638, {gH110s requires M+H, 283.0606). UPLC 98.8%. R0.38
(EtOAc/hexane, 1:2). mp 2%98. 'H NMR (400 MHz, DMSO¢): 6 = 2.41 (3H, s, Ch), 7.21
(1H, s, ArH), 7.46 (1H, t) 7.6 Hz, ArH), 7.58 (1H, d] 7.6 Hz, ArH), 7.66 (1H, t) 8.0 Hz,
ArH), 8.05 (1H, ddJ 1.6, 8.0 Hz, ArH)3C NMR (100 MHz, DMSQds): 6 = 9.51, 102.3, 106.2,

108.9, 113.0, 117.5, 121.7, 125.4, 131.7, 144.8,51452.8, 158.1.

e 8,9-Dihydroxy-10-methoxy-6H-benzofur o[ 3,2-c]chromen-6-one 19
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Method A. Stirring time = 24 h. Purification by washing wiBtOAc and recrystallization from a
mixture of methanol and hexane at 42°C to affoldylat-brown crystalline product0.441 g,
74.0%). (M+H Found: 299.0519, {eH1106 requires M+H, 299.0556). UPLC 95.1%. 1R.38
(EtOAc/hexane, 1:2). mp 233. 'H NMR (400 MHz, DMSOdg): 6 = 4.10 (3H, s, OMe), 7.08
(1H, s, ArH), 7.49 (1H, tJ 7.80 Hz, ArH), 7.58 (1H, d] 8.40 Hz, ArH), 7.69 (1H, {J 8.4 Hz,
ArH), 8.07 (1H, ddJ 1.4, 7.8 Hz, ArH), 9.10 (1H, s, ArH), 9.61 (1H,ArH).**C NMR (100
MHz, DMSO+): 6 = 60.6, 99.3, 105.5, 112.3, 114.2, 117.0, 12123,9, 131.4, 133.6, 138.1,
141.7, 145.8, 152.4, 157.4, 157.9.

e 10-Fluoro-8,9-dihydroxy-6H-benzofur o[ 3,2-c]chr omen-6-one 20

Method A. Stirring time = 24 h. Purification by a wash withc to afford dight brownsolid
(0.412 g, 72.0%). (M+HFound: 287.0299, eHsOsF requires M+H, 287.0356). UPLC 94.0%.
R = 0.41 (EtOAc/hexane, 1:1). mp P&2H NMR (400 MHz, DMSOdg): 6 = 5.58 (1H, s, ArH),
7.34 (1H, m, ArH), 7.64 (1H, ddd,1.6, 7.6, 9.6 Hz, ArH), 7.83 (1H, ddL.6, 7.6 Hz, ArH)*C
NMR (100 MHz, DMSOdg): § = *C NMR (100 MHz, DMSOds): 6 =59.6, 62.5, 68.3, 71.4, 72.3,

73.7,85.1,115.4, 121.2, 124.0, 124.2, 129.6,3,9464.6, 174.4.
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* 8,9-dihydroxy-6-oxo0-6H-benzofur o[ 3,2-c]chromene-10-car boxylic acid 21

Method B. Stirring time = 24 h. The product precipitated, itered and washed by EtOAc to
afford alight-brown solid (0.486 g, 78.0%). (M+HFound: 313.0306, 6HsO7 requires M+H,
313.0348). UPLC 96.9%. R.38 (EtOAc/Hex, 2:1). mp 170.H NMR (400 MHz, DMSOd):
§=7.13 (1H, s, ArH), 7.41 (1H, 8 7.20 Hz, ArH), 7.50 (1H, d] 8.4 Hz, ArH), 7.60 (1H, t
8.40 Hz, ArH), 7.96 (1H, d] 7.20 Hz, ArH)}3C NMR (100 MHz, DMSOds): 98.4, 106.6, 111.7,

112.3, 116.4, 121.0, 124.3, 130.9, 147.3, 147.8,11955.2, 127.2, 168.4.

* 8,9-Dihydroxy-2-methyl-6H-benzofur o[ 3,2-c]chr omen-6-one 22

OH

o
o6
0" "o
Method A. Stirring time = 24 h. Purification by washing wiEtOAc to afford a browrsolid
(0.440 g, 78.0%). (M+HFound: 283.0512, feH110s requires M+H, 283.0606). UPLC 88.4%.

Rt 0.47 (EtOAc/hexane, 1:1). mp 283 'H NMR (400 MHz, DMSO¢k): § = 2.41 (3H, s, Ch),

7.21 (1H, s, ArH). 7.28 (1H, s, ArH), 7.42 (2H,Jd1..2 Hz, ArH), 7.73 (1H, s, ArH), 9.61 (2H, s,
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2 x OH);*C NMR (100 MHz, DMSOQdg): § = 20.4, 98.9, 104.9, 105.3,112.0, 113.9, 1168,4,

132.1, 134.3, 144.7, 146.5, 149.4, 150.5, 157.8,715

« 8,9-Dihydroxy-2,10-dimethyl-6H-benzofur o[ 3,2-c]chr omen-6-one 231>

A

O O

Method A. Stirring time = 24 h. Purification by washing wilEtOAc to afford a browrsolid
(0.468 g, 79.0%). (M+HFound: 297.0708, GH130s requires M+H, 297.0763). UPLC 80.1%.
Rr 0.38 (EtOAc/hexane, 1:2). mp 28 *H NMR (400 MHz, DMSO¢k): 6 = 2.41 (3H, s, Ch),
2.46 (3H, s, CH) 7.20 (1H, s, ArH), 7.47 (1H, d,1.2 Hz, ArH), 7.85 (1H, d] 0.8 Hz, ArH);:3C
NMR (100 MHz, DMSOsdg): ¢ 8.9, 20.3, 101.9, 105.6, 108.5, 112.1, 113.0,8,1820.6, 132.1,

134.3, 144.1, 149.0, 150.5, 157.6.

« 8,9-Dihydroxy-10-methoxy-2-methyl-6H-benzofur o[ 3,2-c]chr omen-6-one 24>

0O
L
O O
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Method A. Stirring time = 24 h. Purification by washing witOAc to afford a gregolid(0.488
g, 78.0%). (M+H Found: 313.0609, {H130e requires M+H, 313.0712). UPLC 99.2%. +R.30
(EtOAc/hexane, 1:1). mp 280; *H NMR (400 MHz, DMSO¢): 6 = 2.45 (3H, s, Ch), 4.09 (3H,
s, OMe), 7.07 (1H, s, ArH). 7.47 (1H, s, ArH), 7.8H, s, ArH), 9.09 (1H, s, OH), 9.59 (1H, s,
OH); 13C NMR (100 MHz, DMSOds): 6 = 20.2, 20.3, 60.5, 60.7, 99.3, 105.4, 112.0,3,1416.8,

120.7, 120.9, 133.6, 134.4, 138.0, 141.7, 145.8,6.357.5, 158.0.

* 10-Fluoro-8,9-dihydroxy-2-methyl-6H-benzofur o[ 3,2-c]chr omen-6-one 25

R OH

o
o 0

Method A. Stirring time = 24 h. Purification by washing witOAc to afford a light-browsolid
(0.431 g, 72.0%). (M-H Found:, GeHsOsF requires M-H, 299). UPLC 89 %. {R0.38
(MeOH/EtOAc, 1:10). mp 14Z; *H NMR (400 MHz, DMSO#g): 6 = 2.30 (3H, s, Ch), 5.56
(1H, s, ArH). 7.25 (1H, dJ 8.4 Hz, ArH), 7.44 (1H, dd] 1.8, 8.4 Hz, ArH ), 7.61 (1H, d,1.2
Hz, ArH); *C NMR (100 MHz, DMSOdg): 6 = 20.8, 91.4, 115.9, 116.7, 123.2, 133.6, 133.9,

152.1, 162.4, 166.1.
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8,9-dihydr oxy-2-methyl-6-oxo-6H-benzofur o[ 3,2-c]chr omene-10-car boxylic acid 26

Method B. Stirring time = 24 h. Purification by a wash with(Ac to afford a light yellowsolid
(0.493 g, 76.0%). (M-HFound: 325.0254 HsO7 requires M-H, 325.0348). UPLC 95.0%. R
0.41 ( EtOAc:Hex, 2:1). mp = 18C; *H NMR (400 MHz, DMSO€e): 6 = 2.37 (3H, s, Ch),
7.08 (1H, s, H-Ar), 7.45 (2H, m, H-Ar), 7.76 (1H,1-Ar); 23C NMR (100 MHz, DMSOde): 6 =
20.3, 97.6, 107.0, 112.1, 116.0, 120.5, 131.5,33B47.1, 147.4, 150.2, 153.0, 155.1, 156.9,

168.0.

8,9-Dihydroxy-2,3-dimethyl-6H-benzofur o 3,2-c]chr omen-6-one 27

OH

O O OH
O X

o~ o
Method A. Stirring time = 24 h. Purification by washing wiEtOAc to afford a brown solid
(0.461 g, 78.0%). (M+HFound: 297.0768 £H1:0s requires M+H, 297.0763). UPLC 99%. (R
0.56 (EtOAc/hexane, 1:2). mp 272; H NMR (400 MHz, DMSOdk): 6 = 2.32 (3H, s, CH),
2.33 (3H, s, CH), 7.19 (1H, s, ArH), 7.27 (1H, s, ArH), 7.34 (18§ ,ArH), 7.71(1H, s, ArH), 9.49

(2H, s, 2 x OH)13C NMR (100 MHz, DMSOdg): § = 18.7, 19.7, 98.8, 104.5, 104.8, 109.8, 113.9,

117.3, 120.8, 133.5, 141.1, 144.5, 146.2, 150.8,6,3.58.1.
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8,9-Dihydroxy-2,3,10-trimethyl-6H-benzofur o[ 3,2-c]chr omen-6-one 28

OH

o
o6

0" "o
Method A. Stirring time = 24 h. Purification by washing wiEtOAc to afford a brown solid
(0.459 g, 74.0%). (M+HFound: 311.0939 £gH150s requires M+H, 311.0919). UPLC 92%. R
0.52 (EtOAc/hexane, 1:2). mp 280 *H NMR (400 MHz, DMSO¢): 6 = 2.35 (6H, s, 2 x C#),
2.40 (3H, s, CH), 7.18 (1H, s, ArH). 7.38 (1H, s, ArH), 7.79 (18,ArH); 13C NMR (100 MHz,
DMSO-dg): 6 = 8.9, 18.6, 19.7, 101.8, 104.8, 108.5, 109.9, 11B17,4, 120.8, 133.5, 141.0,

143.9, 144.0, 148.7, 150.8, 157.7, 158.0.

8,9-Dihydr oxy-10-methoxy-2,3-dimethyl-6H-benzofur o[ 3,2-c]chr omen-6-one 29

0
O X
o~ "o
Method A. Stirring time = 24 h. Purification by wash with E&@©to afford a brown soli@0.500
g, 76.0%). (M-H Found: 325.0667. f8H130s requires M-H, 325.0712). UPLC 99.0%. {R.38
(EtOAc/hexane, 1:2). mp = 27€; *H NMR (400 MHz, DMSOsk): 6 = 2.37 (6H, s, Ch), 4.08
(3H, s, OMe), 7.06 (1H, s, ArH). 7.41 (1H, s, ArH85 (1H, s, ArH)3C NMR (100 MHz,
DMSO-ds): 13C NMR (100 MHz, DMSOdg): 6 = 62.5, 63.0, 63.4, 68.8, 71.4, 72.3, 73.7, 93.0,

127.3,128.4, 128.7, 128.8, 132.6, 185.0.
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10-Fluor 0-8,9-dihydr oxy-2,3-dimethyl-6H-benzofur o[ 3,2-c]chromen-6-one 30

KR OH

o
o 0

Method A. Stirring time = 24 h. Purification by washing wiEtOAc to afford a brown solid
(0.500 g, 76.0%). (M+HFound: 314.0588. fH110sF requires M+H, 314.0591). UPLC 93%.
R 0.58 (EtOAc/hexane, 1:1). mp = 19@; '*H NMR (400 MHz, DMSOd): 6 = 2.26 (3H, s,
CHs), 2.30 (3H, s, Ch), 5.46 (1H, s, ArH), 7.15 (1H, s, ArH), 7.56 (18,ArH); 3C NMR (100
MHz, DMSO-dg): 6 = 18.7, 19.6, 62.5, 63.4, 68.8, 71.4, 72.3, 73.79,8913.6, 116.7, 123.0,

132.1, 142.1, 152.0, 162.3, 166.2.

e 8,9-dihydroxy-2,3-dimethyl-6-oxo-6H-benzofur o 3,2-c]chromene-10-car boxylic acid

Method B. Stirring time = 24 h. Purification by a wash wHtOAc to afford a lighgrey solid
(0.483 g, 74.0%). (M+HFound: 341.0594. £gH1.07 requires M+H, 341.0661). UPLC 82%.R

0.45 ( EtOAc:Hex). Mp = 146C; H NMR (400 MHz, DMSO#): 6 = 2.27 (3H, s, Ch), 2.30
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(3H, s, CH), 5.43 (1H, s, H-Ar), 7.13 (1H, s, H-Ar), 7.56 (1} H-Ar); 33C NMR (100 MHz,

DMSO-ds): 6 = 18.7,19.7,90.1, 90.2, 113.3, 116.8, 122.9,0,2A32.4, 142.4, 152.0 162.3, 165.8.

2-Chlor 0-8,9-dihydr oxy-6H-benzofur o[ 3,2-c]chromen-6-one 32

OH

o O OH
Cl O X

o~ ~o
Method A. Stirring time = 24 h. Purification by washing witOAc to afford a dark brown solid
(0.442 g, 73.0%). (M+HFound: 303.0002. £HsOsCl requires M+H, 303.0060). UPLC 88%.
Rf 0.32 (EtOAc/hexane, 1:2). mp = 2Z3H NMR (600 MHz, DMSOde): 6 = 7.22 (H, s, ArH),
7.29 (1H, s, ArH), 7.61 (1H, 9.0 Hz, ArH), 7.68 (1H, dJ 8.4 Hz, ArH), 8.02 (1H, s, ArH),

8.02 (2H, s, 2 x OH)**C NMR (600 MHz, DMSOdg): 5 = 98.8, 98.9, 104.8, 106.3, 113.6, 113.8,

120.2, 120.3, 128.9, 144.9, 147.0, 149.6, 149.6,8.3.56.4, 157.0.

2-Chlor0-8,9-dihydr oxy-10-methyl-6H-benzofur o[ 3,2-c]chr omen-6-one 33

OH

o
RS

0~ ~o
Method A. Stirring time = 24 h. Purification by washing wiEtOAc to afford a brown solid

(0.494 g, 78.0%). (M+HFound: 315.0018. £HsOsCl requires M+H, 315.0060). UPLC 99%.

Rt 0.46 (EtOAc/hexane, 1:2). mp = 200*H NMR (400 MHz, DMSOdg): 6 = 2.41 (3H, s, CH)
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7.20 (1H, s, ArH), 7.61 (1H, d, 8.80 Hz, ArH), 7.68 (1H, dd,2.20, 8.80 Hz, ArH), 8.08 (1H,
dd,s, ArH), 9.00 (1H, s, OH), 9.83 (1H, s, O NMR (100 MHz, DMSOde): 6 = 62.5, 63.1,

63.4, 68.8, 71.4, 72.3, 73.9, 90.2, 109.6, 11819,3 122.7, 127.5, 131.7, 152.4, 162.2, 167.0.

e 2-Chloro-8,9-dihydroxy-10-methoxy-6H-benzofur o[ 3,2-c]chr omen-6-one 34
/

Q  oH

o O O OH
X
(L,
Method A. Stirring time = 24 h. Purification by washing witOAc to afford a darbrown solid
(0.494 g, 78.0%). (M-HFound: 330.9915. HsOsCl requires M-H, 331.0009). UPLC 98.6%.
Rr 0.36 (EtOAC:Hex, 1:2). mp = 193-196; H NMR (600 MHz, DMSOde): J = 4.11 (3H, s,
OMe) 7.01 (1H, s, ArH), 7.62 (1H, d, 9.00 Hz, ArH), 7.69 (1H, d 9.0 Hz, ArH), 8.13 (1H, d,

J, 1.80 Hz, ArH)**C NMR (600 MHz, DMSOds): 5 = 60.6, 60.7, 99.1, 106.3, 113.7, 114.0,

120.5, 120.5, 128.9, 133.6, 138.4, 141.9, 146.0,93956.6, 157.1.

e 2-Chloro-10-fluor 0-8,9-dihydr oxy-6H-benzofur o[ 3,2-c]chromen-6-one 35
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o O

Method A. Stirring time = 24 h. Purification by a washing eviEtOAc to afford a light-brown
solid (0.448 g, 70.0%). (M-HFound: 313.0692 gHs04FCI requires M-H 313.0643). UPLC
90.6%. R0.36 (EtOAc/hexane, 1:1). mp = Pg2*H NMR (400 MHz, DMSOdg): § = 5.57 (1H,
s, ArH), 7.40 (1H, d;) 8.40 Hz, ArH), 7.66 (1H, ddl 2.4, 8.4 Hz, ArH), 7.77 (1H, d, 2.4 Hz,
ArH); 3C NMR (100 MHz, DMSOdg): 6 = 62.5, 63.4, 68.8, 71.4, 72.3, 73.7, 85.2, 11723,5,

125.2, 125.2, 125.7, 129.3, 153.0, 164.2, 173.0.

e 2-chloro-8,9-dihydr oxy-6-oxo0-6H-benzofur o[ 3,2-c|chr omene-10-car boxylic acid 36

Method B. Stirring time = 24 h. Purification by a wash witt(Ac to afford a yellow soli@0.527
g, 76.0%). (M+H Found: 346.9887 6HsO-Cl requires M+H, 346.9959). UPLC 98.1%.R0.31
(EtOAc/Hex, 2:1). mp 15Z; *H NMR (600 MHz, DMSO¢k): 6 = 7.13 (1H, s, H-Ar), 7.52 (1H,

d,J 8.80 Hz, H-Ar), 7.60 (1H, dd] 2.4, 8.80 Hz, H-Ar), 7.96 (1H, dJ 2.40 Hz, H-Ar),**C
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NMR (100 MHz, DMSOedg): 6 = 98.1, 107.6, 109.0, 111.9, 113.7, 118.3, 120.8,11,2130.1,

147.5, 147.9, 150.5, 154.6, 155.6, 168.4.

2-((E)-2-hydr oxy-4-oxopent-2-en-3-yl)-3-methylnaphthalene-1,4-dione 37

O
OH
=
O
O

Stirring time = 24 h. Purification by a wash withCEAc and recrystallization into afford a light
yellow solid (M-H* Found: 271.0872, {H1504 requires M-H, 271.0970). UPLC 97.8%. Rf=
0.59 (EtOAc/Hex, 1:2). mp 170°81 NMR (400 MHz, DMSO€g): § = 2.14 (3H, s, Ch), 2.22
(3H, s, CH), 2.44 (3H,s, CHs), 7.47 (2H,m, ArH) 7.64 (1H, ddJ 1.8, 7.8, ArH), 8.20 (1H, dd
1.8, 7.8, ArH), 9.06 (1H, s, OH)C NMR (100 MHz, DMSOds): 6 = 12.9, 14.0, 20.3, 42.4, 118.8,

121.0, 122.1, 124.9, 125.0, 125.1, 125.2, 125.3,81347.5, 169.5, 205.0.

2-methyl-3-(3-methyl-2,4-dioxopentan-3yl)naphthalene-1,4-dione 38

980

O
O

Stirring time = 24 h. Purification by a wash withCEAc and recrystallization into afford a light
brownsolid (M-H* Found: 283.2972, GH1s04requires M-H, 283.2970). UPLC 90.1%. %. Rf
= 0.55 (EtOAc/Hex, 1:2). mp 165°€= 2.10 (3H, s, Ck), 2.21 (3H, s, Ch), 2.91 (6H,s, 2 X
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CHs), 7.60 (1H, ddJ 1.7, 7.8, ArH), 8.30 (1H, dd 1.7, 7.8, ArH), 9.03 (1H, s, OH¥C NMR
(100 MHz, DMSO¢k): 6 = 13.9, 17.1, 25.7, 25.8, 43.0, 79.2, 130.4, 13082.0, 132.2, 135.1,

135.3, 142.1, 147.2, 183.2, 183.3, 201.8

2-(2-hydr oxy-6-oxocyclohex-1-enyl)-3-methylnaphthalene-1,4-dione 39

Stirring time = 24 h. Purification by a wash withCAc and recrystallization to afford a brown
solid. (M-H" Found: 281.2299, GH1304 requires M-H, 281.2289). UPLC 89.6%.R0.52.
(EtOAc/Hex, 1:2). mp 180°¢H NMR (400 MHz, DMSOds): 6 = 1.42 (2H, m, Ch), 1.90 (3H,
s, CH),1.94 (3H, t, J Cb), 2.92 (2H, t, CH), 7.72 (2H, dd,) 3.4, 5.4 Hz, ArH), 7.96 (1H, dd,
3.4, 5.4 Hz, ArH), 11.8 (1H, s, OHFC NMR (100 MHz, DMSOds): 6 = 13.5, 20.1, 31.3, 36.5,

107.1, 130.4, 130.6, 131.9, 134.9, 135.1, 140.0,41183.1, 184.7, 194.5

2-(2-hydr oxy-4-methyl-6-oxocyclohex-1-enyl)-3-methylnaphthalene-1,4-dione 40

Stirring time = 24 h. Purification by a wash withCAc and recrystallization to afford a brown
solid. (M-H" Found: 295.3188, fgH1504 requires M-H, 295.3180). UPLC 85.7%.¢R0.50.

(EtOAc/Hex, 1:2). mp 185°61.10 (3H, dJ 6.0Hz, Chs), 1.93 (3H, s, Ch), 2.10 (1H, ddJ 4.7,
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12.4Hz, CHp), 2.43 (1H, dd,) 3.4, 12.8Hz, CHp), 2.70 (1H, m, CH), 2.79 (1H, dd3.4, 12.8Hz,
CH2), 3.03 (1H, ddJ 4.7, 12.4Hz, CH2), 7.73 (2H, dd] 3.4, 5.4 Hz, ArH), 8.01 (1H, dd,3.4,
5.4 Hz, ArH), 12.1 (1H, s, OH¥3C NMR (100 MHz, DMSOds): § = 13.8, 20.9, 23.8, 41.3, 47.0,

106.9, 130.2, 130.5, 136.1, 136.9, 132.9, 133.2,21447.9, 177.6, 183.1, 184.7, 194.5.

2-(2-hydroxy-4,4-dimethyl-6-oxocyclohex-1-enyl)-3-methylnaphthalene-1,4-dione 41
0

O‘ OH

=

1

Stirring time = 24 h. Purification by a wash withdAc and recrystallization to afford a brown
solid. (M-H" Found: 309.1012, £H130; requires M-H, 309.0916). UPLC 99.6%.:R0.52.
(EtOAc/Hex, 1:2). mp 230°¢H NMR (400 MHz, DMSOes): 6 = 1.09 (3H, s, Ch), 1.16 (3H, s,
CHs), 1.90 (3H, s, CH),2.36 (4H, s, 2 x Ch), 7.85 (2H, dd,) 3.4, 5.4 Hz, ArH), 7.96 (1H, dd,
3.4, 5.4 Hz, ArH), 8.04 (1H, dd} 3.4, 5.4 Hz, ArH), 10.8 (1H, s, OHfC NMR (100 MHz,
DMSO-dg): 0 = 13.9, 27.7, 28.0, 31.9, 108.9, 125.8, 125.8,4,3132.0, 133.7, 133.9, 141.6,

145.4, 182.5, 184.6.

2-(2-hydr oxy-6-ox0-4-phenylcyclohex-1-enyl)-3-methylnaphthalene-1,4-dione 42

Stirring time = 24 h. Purification by a wash withdAc and recrystallisation to afford a yellow

solid (M-H* Found: 357.1061, £H1704 requires M-H, 357.1127). UPLC 99.4%. (R 0.34
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(EtOAc/Hex, 1:2). mp 239°¢H NMR (400 MHz, DMSO#ds): 5 = 1.90 (3H, s, C), 2.60 (2H,
dd, Chb), 2.80 (2H, dd, Cb), 3.45 (1H, m, CH), 7.23 (1H, t) 7.2 Hz, ArH), 7.33 (2H,d 7.2
Hz, ArH), 7.40 (2H, ddJ 7.8, 21.6 Hz, ArH), 7.83 (2H, dd] 3.3, 5.7 Hz, ArH), 7.95 (1H, d
5.4 Hz, ArH), 8.01 (1H, dd] 4.2, 9.0 Hz, ArH), 11.0 (1H, s, OHFC NMR (100 MHz, DMSO-
de): & = 13.9, 38.2, 38.3, 109.7, 125.7, 125.8, 126.6,7,2626.9, 127.0, 128.4, 128.5, 131.6,

131.9, 132.1, 133.6, 133.9, 143.4, 145.3, 182.3,718

2-(4-hydr oxy-2-ox0-2H-chr omen-3-yl)-3-methylnaphthalene-1,4-dione 43

Stirring time = 24 h. Purification by a wash withdAc and recrystallization to afford a brown
solid. UPLC 89.3%. R 0.42 (EtOAc/Hex, 1:2). mp 230°C (M+HFound: 333.0658, 48H1305
requires M+H, 333.0552). *H NMR (400 MHz, DMSOde): 6 = 1.97 (3H, s, Ch), 2.34 (3H, s,
CHa), 7.08 (1H,d,) 8.40 Hz, ArH), 7.27(1H, d] 8.40 Hz, ArH), 7.61 (1H, s, ArH), 7.81 (2H, dd,
J 3.20, 5.60 Hz, ArH), 7.95 (1H,dd,3.60, 5.60 Hz, ArH), 7.95 (1H, dd 3.6, 4.8 Hz, ArH), 8.02
(1H, dd,J 3.20, 5.60 Hz, ArH)s = 13.9, 18.3, 95.2, 114.4, 120.2, 127.0, 136.5,3,5859.5,

130.5, 130.9, 132.9, 133.0, 136.1, 136.4, 140.0,214.77.5, 183.1

2-(4-hydr oxy-6-methyl-2-oxo-2H-chr omen-3-yl)-3-methylnaphthalene-1,4-dione 44
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Stirring time = 24 h. Purification by a wash withkAc and recrystallisation to afford a brown
solid. UPLC 90.1%. R0.41 (EtOAc/Hex, 1:2). mp 23€, (M-H" Found: 345.1011, ££H130s
requires M-H, 345.1076).*H NMR (400 MHz, DMSOdg): § = 2.00 (3H, s, CH), 7.15 (2H,tJ
7.80 Hz, ArH), 7.44 (1H, § 7.20 Hz, ArH), 7.80 (2H, dd, J 3.6, 6.0 Hz, ArH)34 (1H,dJ 7.80
Hz, ArH), 7.95 (1H, dd, 3.6, 4.8 Hz, ArH), 8.01 (1H, dd, 3.6, 5.1 Hz, ArH)X3C NMR (100
MHz, DMSO-): ¢ = 14.2, 92.9, 115.6, 115.7, 121.8, 122.9, 124.8,4,2125.8, 130.2, 131.8,

133.0, 133.1, 133.3, 143.2, 146.2, 154.0, 161.8,51183.1, 185.2.

2-(4-hydroxy-6,7-dimethyl-2-oxo-2H-chromen-3-yl)-3-methylnaphthalene-1,4-dione 45

Stirring time = 24 h. Purification by a wash withGAc and recrystallisation to afford a brown
solid (M-H™ Found: 359.3620, £H1s0s requires M-H, 359.3619). UPLC 89.4%.:R 0.34

(EtOAC/Hex, 1:2). mp 239°€H NMR (400 MHz, DMSO¢e): *H NMR (400 MHz, DMSOg): 6
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=1.97 (3H, s, Ch), 2.34 (3H, s, Ck), 2.39 (3H, s, CH), 6.70 (1H,d, s, ArH), 6.95(1H, s, ArH),
7.73 (1H, s, ArH), 8.01 (1H, dd, J 3.6, 4.8 HzHA 3C NMR (100 MHz, DMSOdg): 6 = 14.4,
22.9, 93.9, 115.6, 115.7, 122.6, 122.9, 124.8,4,2625.8, 130.2, 131.8, 133.0, 133.1, 133.3,

143.2, 146.2, 154.0, 161.8, 171.5, 183.1, 185.3.

13C NMR (100 MHz, DMSOde): 6 = 13.9, 18.3, 95.2, 114.4, 120.2, 127.0, 136.5,3,5869.5,

130.5, 130.9, 132.9, 133.0, 136.1, 136.4, 140.0,24.77.5, 183.1

2-(6-chlor 0-4-hydr oxy-2-oxo-2H-chr omen-3-yl)-3-methylnaphthalene-1,4-dione 46

Stirring time = 24 h. Purification by a wash withCAc and recrystallization to afford a brown
solid (M-H" Found: 365.0299, £H10CIOs requires M-H, 365.0300). UPLC 90.1%.¢R0.40
(EtOAC/Hex, 1:2). mp 260-261°81 NMR (400 MHz, DMSO€e): 6 = 2.12 (3H, s, Ch), 3.90
(1H, br s, OH), 6.98 (1H, s, ArH), 7.55 (1H, dd7.50, 15.6 Hz, ArH), 7.64 (1H, m, ArH), 7.86
(2H, dd,J 3.60, 4.80 Hz, ArH), 7.97 (1H, 3,4.50 Hz, ArH), 8.02 (1H, tJ 4.50 Hz, ArH).13C
NMR (100 MHz, DMSOeék): 6 = 14.2, 95.9, 116.6, 116.7, 122.8, 122.9, 124.8,4,225.8, 130.2,

131.8, 133.0, 133.1, 133.3, 143.2, 146.2, 154.0,8471.5, 183.1, 189.2.

2-((2)-1,1,1-trifluor o-4-hydr oxy-2-oxopent-3-en-3-yl)-3-methylnaphthalene-1,4-dione 47
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Stirring time = 24 h. Purification by a wash withCAc and recrystallization to afford a brown
solid (EtOAc/Hex, 1:2). mp 220°C (M-HFound: 345.1083, £2H1704requires M-H, 345.1127).
'H NMR (400 MHz, DMSO¢g): 6 = 1.24 (3H, s, CH), 1.49 (3H, s, Ch), 3.93 (1H, br s, OH),

7.54 (1H, dd,) 1.80, 7.20 Hz, ArH), 7.56 (1H, dd,1.80, 7.20 Hz, ArH), 7.64 (2H, m, ArH).

2-((E)-4,4,4-trifluor o-1-(tetrahydr othiophen-3-yl)-1-hydr oxy-3-oxobut-1-en-2-yl)-3-
methylnaphthalene-1,4-dione 48

O
LK
§Z
S
© O
FEF

Stirring time = 24 h. Purification by a wash withCAc and recrystallization to afford a brown
solid (EtOAc/Hex, 1:2). mp 210-212°C (M-HFound: 345.1071, £H1704 requires M-H,

345.1127). *H NMR (400 MHz, DMSO#8): 6 = 1.49 (3H, s, Ck), 3.93 (1H, br s, OH), 7.55 (2H,

dd,J1.80, 7.20 Hz, ArH), 7.62 (2H, dd,1.80, 7.20 Hz, ArH).

2,3-bis(4,4-dimethyl-2,6-dioxocyclohexyl) naphthalene-1,4-dione 49
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Stirring time 24h. The product was washed with EtQ@é afford dark brown solid (0.293g, 55%
yield), (M+H" Found: 433.109 gH1504requires M+H, 433.126); R=0.58 (1:10 MeOH:EtoAc).
mp = 200°C. 'H NMR (400 MHz, DMSO#dg) 0.99 (3H, s, Ch), 1.08 (3H, s, Ch), 2.11 (2H, s, 2
x CH), 2.13 (2H, s, CH, 2.24 (2H, s, Ch), 7.85 (1H, ddJ 3.20, 5.60 Hz, H-Ar), 7.98 (1H, dd,
3.20, 5.60 Hz, H-Ar)1*C NMR (100MHz, DMSO-ds): 6 27.8, 28.3, 30.8, 31.6, 109.9, 125.8,

128.6, 129.3, 132.3, 133.6, 134.3, 138.8, 144.8,618

5-hydroxy-2,3-bis (4,4-dimethyl-2,6-dioxocyclohexyl) naphthalene-1,4-dione 50

Stirring time = 48h. The product was washed wit®Ac to afford light brown solid (0.292g 48%
yield), (MV-H* Found: 449.1595 £H2s07 requires MH, 449.1600). UPLC 91.2%. R 0.51
(EtoAc) Mp = 170°C. 'H NMR (400 MHz, DMSOds) 0.99 (3H, s, Ch), 1.07 (3H, s, Ch), 2.13
(2H, s, 2 X CH), 2.15 (2H, s, G} 2.26 (2H,s,CH), 7.33 (1H, ddJ 1.0, 8.7 Hz, H-Ar), 7.50 (1H,
dd,J 1.20, 7.60 Hz, H-Ar), 7.75 (1H, 4,8.0 Hz, H-Ar), 12.0 (1H, s, OH}3C NMR (100MHz,
DMSO-ds): 0 28.8, 29.3, 31.8, 31.6, 109.9, 125.8, 128.6,3,282.3, 134.6, 135.3, 139.8, 146.6,

183.6
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2,3-bis (5-acetyl-5,6-dihydr o-2-methyl-6-oxo0-4H-pyran-3-yl)-5-hydr oxynaphthalene-1,4-
dione 51

Stirring time = 24h. The product was purified bgsh chromatography loaded with.@tand
washed with hexane, (Silica: 1:10, 1:8, 1:4, 1.2(hexane, EO) to afford an orange solid
(0.084g, 30% yield), (VH* Found: 509.0500. 4H13010requires MH, 509.0509); R= 0.56 (1:20
MeOH: EtoAc). mp = 200C. 2.26 (6H, d, J 0.80 Hz, 2 x GH2.55 (6H, s, 2 x Ch), 6.30 (1H,
d, J 0.4 Hz, CH), 7.09 (1H, ¢} 10.8 Hz, CH), 7.37 (1H, dd,1.2, 8.8 Hz, H-Ar), 7.52 (1H, dd,

1.2, 7.20 Hz, H-Ar), 7.77 (1H, dd,7.6, 8.4 Hz, H-Ar), 11.8 (1H, s, OH).

2,3-bis(5-acetyl-5,6-dihydr o-2-methyl-6-oxo-4H-pyr an-3-yl)naphthalene-1,4-dione 52

Stirring time =24h. Purification by flash chromataghy loaded with E© and washed with
hexane, (Silica: 1:10, 1:8, 1:4, 1:2,.@thexane, ED, then 5:1 EO:Hex Preparative TLC

plate) to afford an orange solid; R0.25 0.607 (1:1 EtoAc:MeOH). mp = 220. 'H NMR (400
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MHz, DMSO-ds) 2.39 (6H, s, Ch), 2.43 (3H, s, Ch), 6.91 (1H, ddJ 1.60, 8.00 Hz, H-Ar),

7.32 (1H, ddJ 1.60, 8.00 Hz, H-Ar), 7.34 (1H,3,7.6 Hz, H-Ar), 13.7 (1H, s, OOH).

5-hydroxy-2,3-bis(4-methyl-2,6-dioxocyclohexyl)naphthalene-1,4-dione 53

Stirring time = 24 h. Purification by a wash withCAc and recrystallization to afford a brown
solid (MeOH/EtOAc 1:2). mp 220°C (M-H Found: 421.1071, £H2:0;7 requires M-H,
345.10270). R= 0.25 (1:1 EtoAc: MeOH}H NMR (400MHz, DMSO-<ds): 5 1.11 (3H,
d,J 6.4Hz, Chs), 2.03 (1H, ddJ) 5.8, 17.6Hz, CH), 2.33 (1H, m, CH), 2.67 (1H, dii2.0, 2.4Hz,
CHp), 2.71 (1H, dJ) 6.4Hz, CH), 2.80 (1H, dd 6.0Hz, CH), 7.16 (1H, dd,J 1.6, 8.4 Hz, ArH),

7.47 (1H, dd) 1.2, 7.2 Hz, ArH), 7.57 (1H,%7.8 Hz, ArH), 13.8 (1H, s, OH).

e |soniazid derivative 54

0] OH
\
OH
\
N
HN—
=
|
N

216|Page



Stirring time = 24 h. Purification by a wash withdAc and recrystallization to afford a brown
solid(MeOH/EtOAc 1:2). mp 240°C. (R 0.33 (2:1 EtoAc: MeOH)H NMR (400MHz, DMSO-

de): 0 2.20 (2H, s, CH), 2.73 (2H, d1 6.4Hz, CH) 2.87 (2H, s 6.4Hz, CH), 6.93 (1H, s, ArH),
7.49 (1H, s, ArH), 7.80 (2H, s, ArH), 8.76 (2H, &ld.60, 4.4(Hz, ArH),8.98 (2H, br s, OH), 11.00
(1H, br s, NH); )1*C NMR (100MHz, DMSO-g): § 36.2,59.3, 98.8, 113.8, 115.5, 120.9, 133.3,

136.1, 140.2, 144.9, 150.1, 162.8, 169.8, 194.2.

* |soniazid derivative 55

O/

0 OH

OH

Stirring time = 24 h. Purification by a wash withCAc and recrystallization to afford a light
brownsolid(MeOH/EtOAc 1:2). mp 240°C. (R 0.30 (2:1 EtoAc: MeOH)'H NMR (400MHz,
DMSO-de): 6 2.15 (2H, m, Ch), 2.46 (2H, 1 6.4Hz, CHy), 2.99 (2H, 1 6.4Hz, CH), 3.94 (3H,

s, CH), 7.00 (1H, s, ArH), 7.72 (2H, di1.60, 4.4(Hz, ArH), 8.62 (1H, br s, OH), 8.70 (2H,
dJ6.0Hz, ArH), 9.17 (1H, br s, OH) 10.10 (1H, br s, NHC NMR (100MHz, DMSO-
de): 6 22.0, 23.1, 37.3, 60.3, 99.8, 114.8, 115.5, 12083.3, 136.1, 140.2, 144.9, 150.1, 163.8,

169.8, 194 .4.

e |soniazid derivstive 56
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Stirring time = 24 h. Purification by a wash withCAc and recrystallization to afford a brown
solid (MeOH/EtOAc 1:2). mp 240°C. (M+HFound: 365.1511, £H20N304 requires M+H,
365.1566) R=0.35 (2:1 EtoAc: MeOHYH NMR (400MHz, DMSO-de): ¢ 1.14 (3H, d,J 6.4Hz,
CHs), 2.26 (3H, s, Ch), 2.29 (1H, ddJ 4.7, 12.4Hz, CHy), 2.43 (2H, dd 3.4, 12.8Hz, CHp),
2.68 (1H, m, CH), 3.03 (1H, di4.7, 12.4Hz, CH), 7.11 (1H, s, ArH), 7.72 (2H, dai1.6, 4.4
Hz, ArH), 8.40 (1H, br s, OH), 8.70 (2H, 6.0Hz, ArH),9.31 (1H, br s, OH), 10.01 (1H, br s,
NH); 3C NMR (100MHz, DMSO-dg): ¢ 2.0, 23.1, 37.3, 60.3, 99.8, 114.8, 115.5, 12033.3,

136.1, 140.2, 144.9, 150.1, 163.8, 169.8, 194.4.

e |soniazid derivative 57
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Stirring time = 24 h. Purification by a wash withCAc and recrystallization to afford a light
brownsolid(MeOH/EtOAc 1:2). mp 235°C. R 0.30 (2:1 EtoAc: MeOH)!H NMR (400MHz,
DMSO-de): 6 1.12 (3H, dJ 6.8Hz, CHs), 2.32 (1H, dd 12.0, 16.8Hz, CH) 2.44 (2H, dd 3.20,
16.8Hz, CH), 2.72 (1H, m, CH), 3.06 (1H, dib.0, 17.4Hz, CH), 3.95 (3H, s, OC#), 6.99 (1H,
s, ArH), 7.72 (2H, ddJj 1.80, 4.20Hz, ArH), 8.8.62 (1H, br s, OH), 8.70 (2H,J®1.60, 4.8z,
ArH),9.18 (1H, br s, OH), 10.10 (1H, br s, NH¥C NMR (100MHz, DMSO-ds): 6 20.6, 30.1,

30.9, 45.6, 60.3, 99.8, 114.7, 115.2, 120.9, 13388,1, 140.2, 140.5, 144.9, 150.2, 163.8, 169.4,

193.9.

e |soniazid derivative 58
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Stirring time = 24 h. Purification by a wash withAc and recrystallization to afford a light
brownsolid(MeOH/EtOAc 1:2). mp 240°C. (R 0.30 (2:1 EtoAc: MeOH}H NMR

(400MHz, DMSO-): 6 1.10 (6H, s, 2 x C}}, 2.38 (2H, s, Ch), 2.88 (2H, s, Ch), 6.98 (1H, s,
ArH), 7.21 (1H, s, ArH), 7.72 (2H, d#i2.0, 4.4Hz, ArH), 8.70 (2H, dd 1.20, 4.4Hz, ArH),

9.12 (2H, br s, OH), 10.1(1H, br s, NH). 13C?

e |soniazid derivative 59
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Stirring time = 24 h. Purification by a wash withCAc and recrystallization to afford a brown
solid (MeOH/EtOAc 1:2). mp 240°C. (M+HFound: 378.1493, £H20N304 requires M+H,
379.1551) R= 0.30 (2:1 EtoAc: MeOH)!H NMR (400MHz, DMSO<s): 6 1.09 (6H, s, 2x
CHs), 2.27 (3H, s, Ch) 2.61 (2H, s, Ch), 2.77 (2H, s, Ch), 7.38 (1H, s, ArH), 7.80 (2H,
d J 5.60Hz, ArH),8.27 (1H, br s, OH), 8.76 (2H, dii1.20, 4.4z, ArH), 9.26 (1H, br s, OH),

11.00 (1H, br s, NH);
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e |soniazid derivative 60
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Stirring time = 24 h. Purification by a wash withCAc and recrystallization to afford a light
brownsolid(MeOH/EtOAc 1:2). mp 240°C. R 0.30 (2:1 EtoAc: MeOH)}H NMR (400MHz,
DMSO-de): 6 2.58 (1H, dd,) 3.2, 16.(Hz, CH), 2.93 (1H, dd 12.4, 16.(Hz, CH), 3.24 (2H, m,
CHy), 3.66 (1H, m, CH), 7.01 (1H, s, ArH), 7.26 (1HAsH), 7.35 (2H, 11 7.2, 7.6Hz, ArH), 7.42
(2H, dJ 7.6Hz, ArH), 7.72 (2H, d1 6.0Hz, ArH), 7.72 (2H, d1 6.40Hz, ArH), 9.11 (1H, s, 2 x
OH), 10.10 (1H, br s, NH}*C NMR 30.5, 44.5, 96.4, 105.3, 114.2, 115.4, 1202%.9, 127.0,

140.2, 143.0, 143.7, 144.4, 148.2, 150.1, 163.8,8,d.92.9.

* |soniazid derivative 61
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Stirring time = 24 h. Purification by a wash withCAc and recrystallization to afford a light
brownsolid(MeOH/EtOAc 1:2). (M+H Found: 428.1546, £8H2:N304requires M+H, 428.1610)

mp 236°C. R= 0.31'H NMR (400MHz, DMSO-dg): 6 2.28 (3H, s, CH), 2.60 (1H, dd 4.0,
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16.4Hz, CH), 2.91 (1H, ddJ 12.2, 16.Hz, CH), 3.29 (1H, m, Ch), 3.68 (1H, m, H-11 CH), 7.16
(1H, s, ArH), 7.26 (1H, 8 7.0Hz, ArH), 7.35 (2H, tJ 7.6Hz, ArH), 7.39 (2H, d 7.6Hz, ArH),

7.42 (2H, d,) 8.0Hz, ArH), 7.86 (2H, d 6.0Hz, ArH), 8.68 (2H, dJ 6.40Hz, ArH).

e |soniazid derivative 62

Stirring time = 24 h. Purification by a wash withCAc and recrystallization to afford a brown
solid (MeOH/EtOAc 1:2). UPLC 99.5%. (M-HFound: 442.1313, £H20N30s requires M-H,
442.1403). mp 240°C. (R 0.30 (2:1 EtoAc: MeOH):H NMR (400MHz, DMSO-de): 6 2.68
(1H, dd,J 4.0, 16.(Hz, CH), 2.93 (1H, dd 12.0Hz, 12.4Hz, CH), 3.26 (2H, m, CH), 3.67 (1H,
m, CH), 3.95 (3H, s, C#), 7.03 (1H, s, ArH), 7.26 (1H,t7.2Hz, ArH), 7.35 (2H, 1 7.2, 8.0Hz,
ArH), 7.75 (2H, dJ 3.60 Hz, ArH), 8.56 (1H, br s, OH), 8.72 (2H,J6.00Hz, ArH), 9.10 (1H,
brs, OH) 11.00 (1H, br s, NHYC NMR 31.5, 44.5, 60.3, 96.5, 106.3, 114.2, 11524,.9, 126.9,

127.0, 140.2, 143.0, 143.7, 144.4, 148.2, 150.3,81d.66.8, 194.9.

| soniazid derivative 63
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Stirring time = 24 h. Purification by a wash withCAc and recrystallization to afford a brown
solid(MeOH/EtOAc 1:2). mp 240°C. (R 0.30 (2:1 EtoAc: MeOH}H NMR (400 MHz, DMSO-
de) 6 = 2.14 (2H, m, Ch), 2.46 (2H, t, J 6.60 Hz, G} 2.96 (2H, tJ 6.3 Hz, CH), 4.48 (1H, s,
NH), 6.97 (1H, s, Ar-H), 7.22 (1H, s, Ar-H), 9.08H, s, NH). 13C NMR (100MHz, DMSO-dg): 6

28.2,29.2,30.8, 97.4, 105.3, 113.3, 114.9, 141318,3, 148.1, 168.2, 191.9.

 Thiosemicarbizide derivative 64

O/
0) OH
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Stirring time = 24 h. Purification by a wash withCAc and recrystallization to afford a light
brown solid (MeOH/EtOAc 1:2). (M-H Found: 320.0668, {sH1404N3,S requires M-H,
320.0705). mp 240°C. (R 0.30 (2:1 EtoAc: MeOH).'H NMR (400MHz, DMSO-): 6 2.13
(2H, m, CH), 2.46 (2H, tJ 6.8Hz, CH), 3.01 (2H, U 6.4Hz, CH), 3.94 (3H, s, OC}J, 4.48
(1H, s, NH); 7.00 (1H, s, ArH), 7.16 (1H, br s, OH)51 (1H, br s, OH)8.60 (1H, s, NH)*C
NMR (100MHz, DMSOg): 6 29.2, 30.6, 30.8, 43.6, 97.4, 105.3, 114.3, 11543.6, 144.3,

148.1, 168.2, 192.8.

* Thiosemicarbizide derivative 65
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Stirring time = 24 h. Purification by a wash withCAc and recrystallization to afford a light
brown solid (MeOH/EtOAc 1:2). (M+H Found: 306.0904, {GH1eN3OsS requires M-H,
306.0912). mp 240°C.:R 0.30 (2:1 EtoAc: MeOH).!H NMR (400MHz, DMSO-de): 6 1.12
(3H, d,J 6.40 Hz, CH), 2.31 (1H, dd;) 4.6, 12.8Hz, CH), 2.44 (2H, dd] 3.6, 12.8Hz, CH), 2.70
(1H, m, CH), 3.03 (1H, dd 4.6, 12.8Hz, CH), 4.49 (1H, s, NH), 6.97 (1H, s, ArH), 7.@H, s,
ArH) and 8.60 (2H, br s, OH), 9.05 (2H, s, NH3C NMR (100MHz, DMSO-ds): ¢ 20.6, 30.2,

30.6, 30.9, 45.6, 98.4, 105.3, 114.3, 115.2, 141318,3, 148.1, 169.2, 193.8.

* Thiosemicarbizide derivative 66
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Stirring time = 24 h. Purification by a wash with(Ac and recrystallization to afford a white
solid(MeOH/EtOAc 1:2). (M-H Found: 334.0829, eH1604N3Srequires M-H, 334.0862). mp
240°C. R=0.30 (2:1 EtoAc: MeOH)!H NMR (400 MHz, DMSO-¢) § = 1.13 (3H, d, J 6.40
Hz, ChHb), 2.32 (1H, ddJ 11.6, 16.8 Hz, CH), 2.46 (2H, dd, J 3.80, 16.8 €ld;), 3.07 (1H, dd,

J 5.0, 17.4 Hz, CH), 3.29 (1H, s, NH), 3.95 (3HOSHs), 6.99 (1H, s, ArH), 8.61 (2H, s, N}
9.18 (1H, s, ArH)*C NMR (100MHz, DMSO<d): § 21.3, 31.2, 33.1, 35.9, 46.6, 62.2, 98.4,

105.3, 114.6, 115.4, 143.6, 145.3, 148.1, 170.3,819
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¢ Thiosemicarbizide derivative 67
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Stirring time = 24 h. Purification by a wash with(Ac and recrystallization to afford a white
solid (MeOH/EtOAc 1:2). mp 240°C. R 0.30 (2:1 EtoAc: MeOH)!H NMR (400MHz,
DMSO-ds): 6 1.13 (3H, dJ 6.4Hz, CHs), 2.32 (1H, dd) 12.4, 16.8Hz, CH) 2.45 (2H, dd 3.6,
16.8Hz, CHp), 2.73 (1H, ddJ 9.4, 17.(Hz, CH), 3.07 (1H, m, CH), 3.94 (3H, s, €)H4.48 (2H,

s, NH), 6.99 (1H, s, OH), 7.17 (1H, s, OH), 8.60 (1HNS{); 3C NMR (100MHz, DMSO-de):
19.0, 32.4, 32.6,36.3, 47.1, 56.5, 99.8, 102.0,.8,2026.0, 131.8, 137.8, 146.8, 147.0, 160.0,

181.4.

* Thiosemicarbizide derivative 68
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Stirring time = 24 h. Purification by a wash witHFAc and recrystallization to afford a dark
brownsolid(MeOH/EtOAc 1:2). mp 240°C. (R 0.30 (2:1 EtoAc: MeOH).*H NMR (400
MHz, DMSO-ds) § =1.04 (3H, s, Ch), 2.33 (2H, s, Ch), 2.83 (2H, s, Ch), 4.42 (2H, s, Nh),
6.92 (1H, s, H-Ar), 7.15 (1H, s, H-Ar), 8.54 (1H,NH), 9.00 (1H, s, NH)*C NMR (100MHz,
DMSO-dg): 3C NMR (100MHz, DMSO-de): 25.7, 26.1, 36.4, 39.7, 46.9, 99.5, 103.1, 108.6

119.9, 145.9, 146.7, 148.5, 148.8, 163.1, 181.4
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e Thiosermicarbizidederivative 69

Stirring time = 24 h. Purification by a wash withCAc and recrystallization to afford a brown
solid(MeOH/EtOAc 1:2). mp 240°C. R 0.30 (2:1 EtoAc: MeOH}H NMR (400MHz, DMSO-

de): 0 2.58 (1H, ddJ 4.0, 16.CHz, CH), 2.93 (1H, dd 12.2, 16.44z, CH), 3.24 (2H, m, H-11),
3.70 (1H, m, CH), 7.01 (1H, s, ArH), 7.26 (1H, sH), 7.35 (2H, 11 7.2, 7.6Hz, ArH), 7.42 (2H,
dJ 7.6Hz, ArH), 9.09 (1H, s, CH), 9.13 (1H, s, CHJC NMR (100MHz, DMSO-de): 34.4, 35.3,
45.6, 99.4, 102.0, 107.5, 119.8, 126.3, 126.4,742628.9, 129.3, 141.4, 145.9, 146.7, 147 .4,

148.0.

e Thiosemicaribizidederivative 70

Stirring time = 24 h. Purification by a wash wittCFAc and recrystallization to afford a brown
solid(MeOH/EtOAc 1:2). (M+H Found: 398.1158, £8H20N304Srequires M+H, 398.1175).
mp 240°C. R= 0.30 (2:1 EtoAc: MeOH)!H NMR (400MHz, DMSO-ds): 6 2.16 (1H,
tJ 13.2Hz, CH), 2.93 (1H, dd 12.0Hz, 12.4Hz, CH), 3.26 (2H, m, C, 3.67 (1H, m, CH),

3.95 (3H, s, Ch), 7.03 (1H, s, ArH), 7.26 (1H,X7.2Hz, ArH), 7.35 (2H, 11 7.2, 8.0Hz,
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ArH), 7.42 (2H, dJ 8.0Hz, ArH), 8.76 (1H, br s, OH) and 9.33 (1H, br $)O"C NMR

(100MHz, DMSOs): 34.2, 34.4, 43.6, 56.5, 102.0, 120.8, 126.0,3,2826.5, 126.7, 128.5,

128.6, 131.8, 137.7, 146.6, 148.6, 147.0, 160.6,118
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One-Pot Laccase-Catalysed Synthesis of 5,6-Dihydroxylated
Benzo[b]furans and Catechol Derivatives, and Their
Anticancer Activity

Kevin W. Wellington', Tozama Qwebani-Ogunleye', Natasha I. Kolesnikova', Dean Brady’,
and Charles B. de Koning?

" CSIR Biosciences, Pretoria, South Africa
2 Molecular Sciences Institute, School of Chemistry, University of the Witwatersrand, Wits, South Africa

A commercial laccase, Suberase®™ from Novozymes, was used to catalyse the synthesis of 5,6-
dihydroxylated benzo[b]furans and catechol derivatives. The yields were, in some cases, similar to
or better than that obtained by other enzymatic, chemical or electrochemical syntheses. The
synthesised derivatives were screened against renal (TK10), melanoma (UACC62), breast (MCF7)
and cervical (HeLa) cancer cell lines. GIso, TGI and LCsq are reported for the first time. Anticancer
screening showed that the cytostatic effects of the 5,6-dihydroxylated benzo[b]furans were most
effective against the melanoma (UACC62) cancer cell line with several compounds exhibiting
potent growth inhibitory activities (Glso = 0.77-9.76 uM), of which two compounds had better
activity than the anticancer agent etoposide (Glso = 0.89 pM). One compound exhibited potent
activity (Glsg = 9.73 uM) against the renal (TK10) cancer cell line and two exhibited potent
activity (GIsp = 8.79 and 9.30 pM) against the breast (MCF7) cancer cell line. These results
encourage further studies of the 5,6-dihydroxylated benzolb|furans for their potential application
in anticancer therapy.
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Introduction

Cancer is a leading cause of death worldwide and accounted
for 7.6 million deaths (13% of all deaths) in 2008 (http://
www.who.int/mediacentre/factsheets/fs297/en/). Amongst the
most deadly cancers are lung, stomach, liver, colon and breast
cancer. It is projected that worldwide deaths from cancer will
continue to rise to an estimated 13.1 million in 2030 (http://
www.who.int/mediacentre/factsheets/fs297/en)).

The primary treatment for many cancers is chemotherapy.
The development of multidrug resistance to chemotherapeu-
tic drugs is a main obstacle for the successful treatment
of malignant tumours. Overexpression of the ATP-binding
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cassette (ABC) transporters that actively pump drugs out of
tumour cells is one of the best known mechanisms of multi-
drug resistance [1, 2].

The number of effective drugs available for treating malig-
nant tumours has been reduced by the development of
chemoresistance and this has led to a search for therapeutic
alternatives through the discovery of new classes of anti-
cancer compounds.

The hydroxylated benzo|b|furan moiety has attracted much
attention due to its wide range of biological activities [3-7]. This
group of compounds act as antifungal agents, antioxidant
agents, 5-lipoxygenase inhibitors, cyclooxygenase-2 inhibitors,
Na* and K™-ATPase inhibitors and modulators of the estrogen
receptor [8-12]. Examples of benzofuran scaffolds that exhibit
anticancer activity are shown in Fig. 1.

Usnic acid 1, a common and abundant lichen metabolite,
showed activity against the wild-type p53 breast cancer cell
line MCF7, the breast cancer cell line MDA-MB-231 and the
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Figure 1. Benzofuran scaffolds.

lung cancer cell line H1299 [13]. Benzofuran derivatives 2 and
3 (Fig. 1) were identified as anticancer agents of which
derivatives displayed selective cytotoxicity against a tumouri-
genic cell line [14]. Laccases (EC 1.10.3.1) are enzymes that
are widely distributed in plants and fungi. They are
characterised by a multinuclear copper-containing active
site and have been classified as oxidoreductases. Laccases
catalyse the oxidation of a broad range of substrates
such as phenols, o0- and p-diphenols, aminophenols, methoxy-
phenols, aryl thiols, anilines, polyphenols, polyamines and
lignin-derivatives [15-17]. In the monoelectronic oxidation of
substrates molecular oxygen is used and water is produced
as the only by-product (http://[www.who.int/mediacentre/
factsheets/fs297/en/) [1, 2, 15-17]. Laccases have been success-
fully applied in organic synthesis which has culminated in
several reports in the field of green chemistry [18].

In our laboratories, we have been interested in the use of
enzymes for the development of green methods of synthesis,
and for accessing compounds that have pharmaceutical
value. We have previously reported on the synthesis of di-
aminobenzoquinones [19a] and aminonaphthoquinones
[19b] via C-N bond formation as well as 1,4-naphthoqui-
none-2,3-bis-sulfides [19¢| via C-S bond formation using com-
mercial laccases (Denilite II Base on an inert support, and
Novozyme 51003) from Novozymes [19]. In this article, we
report on the synthesis of 5,6-dihydroxylated benzolb|furan
derivatives using another commercial laccase (Suberase®
from Novozymes) and on the anticancer activity of the
synthesised compounds. We anticipated that the 5,6-di-
hydroxylated benzol|b|furans 4 possessing ortho phenolic sub-
stituents could be metabolised to the o-quinonoid structure 5
in cancer cells (Fig. 1). Since quinonoid compounds display
potent biological properties such as antibacterial, anticancer,
antifungal and antimalarial activity [20], we postulated that
the benzolbjfuran 5 could have similar biological activities.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Anticancer Activity of 5,6-Dihydroxylated Benzo[b]furans 267

5

This study is, to the best of our knowledge, the first on the
synthesis of a variety of 5,6-dihydroxylated benzo|b|furans 4
and catechol derivatives using the commercial laccase,
Suberase®, as well as the first report on the anticancer
activity of the synthesised compounds.

Results and discussion

Synthesis
The catechols (6a—c) and the 1,3-dicarbonyls (7a-f) used in
this study are depicted in Fig. 2.

The method used for the synthesis entailed reacting
one equivalent of the catechol with one equivalent of the
1,3-dicarbonyl at room temperature using Suberase®™ in a
vessel open to air at pH 7.15 (Scheme 1). A pH of 7.15
was chosen because it would make the reaction medium
sufficiently basic to deprotonate the alpha-proton from the
1,3-dicarbonyls and thus facilitate the Michael addition
reaction with the in situ-generated o-quinone.

The first approach, Method A, entailed reacting the cate-
chols 6a—c with the 1,3-dicarbonyls 7a-f at room temperature
(rt) at pH 7.15 for 24 h. The second approach, Method B,
entailed conducting the reaction under the same conditions
but for a longer time (44 h) to determine whether a longer
reaction time would improve the yield of the product. In the
third approach, Method C, a co-solvent, DMF, was added to
the reaction mixture to improve the solubility of the organic
substrates. The number of equivalents of the 1,3-dicarbonyl was
also increased so that a ratio of 1,3-dicarbonyl to catechol was
4:1. These reactions were conducted for 42 h. The results of the
investigations with Methods A to C are depicted in Table 1.

From these results it can be seen that 5,6-dihydroxylated
benzo[b|furans can be accessed using all three synthesis
methods. For Method A the highest yield that was obtained
is 98% for 17 (Entry 15, Table 1) and the lowest is 37% for 15
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Figure 2. The catechols 6a—c and 1,3-dicarbonyls 7a—f used in this study.

(Entry 12, Table 1). For Method B the highest yield was 77% for
18 (Entry 18, Table 1) and the lowest 49% for 8 (Entry 2,
Table 1). In the case of Method C, the highest yield was
71% for 14 (Entry 11, Table 1) and the lowest 15% for 21
(Entry 23, Table 1).

When comparing the yield of product using Method A to
that obtained using Method B, it can be seen that there is not
a significant increase in yield even though the reaction time
has almost doubled (Entries 1 and 2, 5 and 6, 17 and 18,
Table 1). It is therefore concluded that there is a limit to the
quantity of product that can be formed in the reaction.
The presence of DMF (Method C) may have deactivated the
laccase, Suberase®™, resulting in a lower yield of the product.
A higher volume of organic solvent increases the solubility of
a substrate but significantly decreases the overall reaction
rate by deactivating the enzyme [21].

The optimum conditions for synthesising these 5,6-dihy-
droxylated benzolp|furans 4 using Suberase® is thus that
used under Method A.

The enzymatic synthesis of 5,6-dihydroxylated benzo[b|fur-
ans has been reported previously. The first enzymatic syn-
thesis of compound 9 was reported in 2007 by Witayakran
et al. [22] using Trametes villosa laccase in phosphate buffer
(pH 7.0) with a Lewis acid, scandiumtris(trifluoromethane-
sulfonate), and sodium lauryl sulfate at 20°C and afforded it
in 76% yield. In 2009, Witayakran et al. also reported on a
laccase-lipase co-catalytic system for the synthesis of com-
pounds 8 and 9 using phosphate buffer (pH 7.0) with lipase
[23]. In this reaction, the Michael addition step was enhanced
by lipase addition providing improved yields. Compound 8

R o o R
R

oH RMR‘ 0. OH

Suberase (0] 7a—e R A\

- = —aC .M

phosphate OH

OH  buffer, rt, o R\

¢]

6a—c pH 7.15
8-21

Scheme 1. Synthesis of the 5,6-dihydroxylated benzo[b]furans
8-21.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

was obtained in 60% yield using Candida rugosa lipase and
laccase from T. villosa at 23°C. Compound 9 was obtained in
62% yield using Candida antarctica (CALB) lipase and laccase
from T. villosa at 23°C [23]. We have synthesised compounds 8
and 9 without the use of scandiumtris(trifluoromethane-
sulfonate) or lipase and achieved a 49% yield of compound
8 (Entry 2, Table 1) and a 50% yield of compound 9 (Entry 3,
Table 1).

Hajdok et al. [24] was the first to report on the synthesis of
compounds 10-21 using laccase initiated oxidative domino
reactions. One method entailed using a commercial laccase
from Trametes versicolor in an acetate buffer (pH 4.38) at room
temperature while the other method used laccase from
Agaricus bisporus in phosphate buffer (pH 5.96) also at rt.
The latter method was found to be better since it gave the
product in higher yield and purity with yields ranging from
71 to 97%. The yields of compounds 10-21 using our methods
are 37-98%. The commercial fungal laccase, Suberase® from
Myceliophthora thermophila, was overall less effective than the
laccase from A. bisporus which was used by Hajdok et al. [24].

Compounds 13 and 19 have also been synthesised by
employing tyrosinase and laccase from A. bisporus and were
obtained in 39 and 44% yields, respectively [25]. Our method
was higher yielding since compound 13 was obtained in 59%
yield and compound 19 in 76% yield (Entries 8 and 19,
respectively, Table 1; Fig. 3).

There have also been literature reports on the chemical
syntheses of 5,6-dihydroxylated benzo[b]furans. The first
report of compound 8 was a chemical synthesis which
afforded 8 in 47% yield using pyridine and sodium metaio-
date in ethanol at 20°C [26]. Our methods afforded similar
yields for compound 8 (48 and 49%, Entries 1 and 2, respect-
ively, Table 1). Duthaler and Scherrer [27]| reported on the
chemical synthesis of compound 10 which was obtained in
22% yield using sodium acetate in water. We were able to
obtain compound 10 in 65% yield (Entry 4, Table 1).

Electrochemical syntheses have also been reported for
the synthesis of 5,6-dihydroxylated benzob]furans. The first
report on the synthesis of 16 was by Gruji¢ et al. [28] in 1976
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Table 1. Synthesised benzo[blfurans 8-21 (yield in parentheses) at rt in phosphate buffer at pH 7.15.

Entry Catechol Dicarbonyl Reaction Method Product Yields of other Yields of

time (h) (%Yield) enzymatic other syntheses
syntheses

1 6a 7a 24 A 8 (48) 60 [23] 47 [26]

2 6a 7a 44 B 8 (49)

3 6b 7a 24 A 9 (50) 76 [22], 62 [23]

4 6a 7b 24 A 10 (65) 87 [24] 22 [27]

5 6b 7b 24 A 11 (62) 70 [24]

6 6b 7b 44 B 11 (67)

7 6¢c 7b 24 A 12 (70) 89 [24]

8 6a 7c 24 A 13 (59) 85 [24], 39 [25]

9 6a 7c 42 C 13 (30)

10 6b 7c 24 A 14 (78) 71 [24]

11 6b 7c 42 C 14 (71)

12 6¢c 7c 24 A 15 (37) 97 [24]

13 6a 7d 24 A 16 (58) 91 [24] 90 [28], 90 [29], 82 [30], 66 [31]

14 6a 7d 42 C 16 (40)

15 6b 7d 24 A 17 (98) 92 [24] 87[30], 81 [31]

16 6b 7d 42 C 17 (59)

17 6¢C 7d 24 A 18 (73) 95 [24] 93 [30], 80 [31]

18 6¢c 7d 44 B 18 (77)

19 6a 7e 24 A 19 (76) 96 [24], 44 [25]

20 6a 7e 42 C 19 (50)

21 6b 7e 24 A 20 (80) 91 [24]

22 6¢c 7e 24 A 21 (43) 97 [24]

23 6¢C 7e 42 C 21 (15)

Method A - Suberase™ (8.0 mlL), catechol (2.0 mmol), 1,3-dicarbonyl (2.0 mmol, 1 eq), phosphate buffer (20.0 mL, 0.10 M, pH 7.15),

stirring time at rt = 24 h.

Method B — Suberase® (8.0 mL), catechol (2.0 mmol), 1,3-dicarbonyl (2.0 mmol, 1 eq), phosphate buffer (20 mL, 0.10 M, pH 7.15),

stirring time at rt = 44 h.

Method C - Suberase™ (4.5 mlL), catechol (0.60 mmol), 1,3-dicarbonyl (2.4 mmol, 4 eq), phosphate buffer (4.0 mL, 0.10 M, pH 7.15) and

DMF (2.0 mlL), stirring time at rt = 42 h.

and afforded it in 90% yield. Later Tabakovic et al. [29] also
reported on the electrochemical synthesis of 16 in 90% yield
in water. Another electrochemical synthesis of 16 using
sodium acetate in water by Nematollahi et al. [30] afforded
it in 82% yield. The electrochemical synthesis of 16 by
Davarani et al. [31] only afforded a 66% yield. We could only
obtain a 58% yield for 16 (Entry 13, Table 1). Nematollahi et al.
[30] also reported on the electrochemical synthesis of 17 and
18 which were obtained in 87 and 93% yields, respectively,
also using sodium acetate in water as a reaction medium.
The electrochemical synthesis of 17 and 18 in a sodium
acetate solution by Davarani et al. [31] afforded these com-
pounds in slightly lower yields, 81 and 80%, respectively.
Compound 17 was obtained in 98% yield (Entry 15,
Table 1) which is higher than the yields obtained by electro-
chemical synthesis, while compound 18 was obtained in 77%
yield (Entry 18, Table 1) which was lower than that obtained
by electrochemical syntheses.

The synthesis of two novel catechol derivatives 22 and 23
was also investigated (Scheme 2).

These reactions were conducted using Method A which
was used for the synthesis of the 5,6-dihydroxylated benzo|b}-

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

furans 8-21. In this case, the aim was to achieve only C-C
bond formation using the 1,3-dicarbonyl 7f. The purpose was
to determine whether anticancer activity would still be
observed without the formation of the furan ring. The results
of the investigation are shown in Table 2.

Both reactions proceeded in mediocre yield to afford 22
and 23 (Entries 1 and 2, respectively). A proposed mechanism
involving an o-quinone intermediate of 22 and 23 is shown
in Fig. 4 below.

Anticancer evaluation

Screening was conducted against renal (TK10), melanoma
(UACC62), breast (MCF7) and cervical (HelLa) cancer cell lines
using the Sulforhodamine B (SRB) assay to determine the
growth inhibitory effects of the compounds [32]. These cell
lines have been used routinely at the U.S. National Cancer
Institute for screening for new anticancer agents and were
derived from tumours that have different sensitivities to
chemotherapeutic drugs [33]. Etoposide, an anticancer agent,
was used as a positive control. It is known to be an inhibitor of
topoisomerase, particularly topoisomerase II, and aids in
DNA unwinding which causes the DNA strands to break
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Figure 3. Structures of the 5,6-dihydroxylated benzo[b]furans 8—21 synthesised at rt.

[34]. Three parameters were determined during the screening
process: 50% cell growth inhibition (Glsy), total cell growth
inhibition (TGI) and the lethal concentration that kills 50% of
cells (LCsp). The results of this investigation are shown in

R
R

HO. ? 0 ? on

Suberase HsC //
+ HC CHy ——— oH

phosphate

HO CHs buffer, pH  HC— ™
7.15, rt, 24h o}

7f
6b R = Me 22 R =Me
6¢c R = OMe 23 R=0OMe

Scheme 2. Synthesis of C-C coupled products 22 and 23.

Table 2. Synthesised catechol derivatives 23 and 24 (yield in
parentheses) at rt in phosphate buffer at pH 7.15.

Entry Catechol Dicarbonyl Reaction Product
time (h) (Yield)

1 6b 7f 24 22 (80)

2 6¢c 7f 24 23 (55)

Method A - Suberase® (8.0 mL), catechol (2.0 mmol), 1,3-
dicarbonyl (2.0 mmol, 1 eq), phosphate buffer (20.0 mL,
0.10 M, pH 7.15), stirring time at rt = 24 h.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 3 from which it can be seen that several compounds
exhibited potent cytostatic effects.

The GIs, values of the catechols 6a-c, the catechol deriva-
tive 22 and selected benzolb|furans were compared to that of
etoposide. No selection criteria were used for the compounds
that were screened. Screening against the TK10 cell line

OH o R
R R A o
N
HO o HiC %CHQ 0
Suberase X CHy
e —— > HO o CHo
HO o H s
6b and 6¢ N
J _H+
R R
HO. o
o N 0
22R = Me -
23 R =OMe HO CH, HO CH
CHy ° no|eHTE
Z =
07" “CH, 07 “CH,

Figure 4. A proposed mechanism for C—C bond formation for the
catechol derivatives 22 and 23.
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showed that only 21 had potent activity (Glsq = 9.73 pM,
Entry 12) which was not as good as that of etoposide
(Glsg = 7.19 pM, Entry 14).

Most of the compounds exhibited potent growth inhibi-
tory activity against the UACC62 cell line. The potent
activity exhibited by 15 (GIso = 0.78 uM, Entry 9) and 21
(GIsp = 0.77 uM, Entry 12) was slightly better activity than
that of etoposide (GIso = 0.89 pM, Entry 14).

Moreover, the same two compounds, 15 (Glso = 8.79 puM,
Entry 9) and 21 (GIso = 9.30 pM, Entry 12), also exhibited potent
growth inhibitory activity against the MCF7 cell line but this was
not as good as that of etoposide (Glsp = 0.56 uM, Entry 14).

Most compounds exhibited weak TGI activity and three
were inactive against the TK10 cell line. The activities of 18,
20 and 21 (Entries 10-12, respectively) were slightly
better (TGI = 46.14-48.25 pM) than that of etoposide
(TGI = 49.74 pM, Entry 14).

The compounds also exhibited moderate to weak activity
against the UACC62 cell line with most compounds, 11, 12,
14, 15, 18 and 21, exhibiting better activity (TGI = 18.32-
51.06 uM) than that of etoposide (TGI = 52.71 pM, Entry 14).
The best activity was observed for 15 (TGI = 18.32 uM, Entry 9)
which was almost threefold better than that of etoposide.

The test compounds exhibited weak activity against the
MCEF7 cell line, but the cytostatic effects of these compounds
were better than that of etoposide which was inactive
(TGI > 100 M, Entry 14).

The LCsq values of the compounds were also compared to
that of etoposide to get an idea of the cytotoxic effects of
these compounds against the different cell lines. Screening
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against the TK10 cell line showed that most of the com-
pounds were more lethal than etoposide (LCsy > 100 nuM)
with 18 (LCso = 73.59 M, Entry 10) being the most lethal.

Again, most of the compounds were more lethal than etopo-
side (LCso > 100 pM) against the UACC62 cell line and 15
(LCso = 60.32 uM, Entry 9) was the most lethal. Apart from
18, none of the test compounds were lethal for Hela cells,
indicating a degree of selectivity between cell lines.

The compounds also exhibited more lethal cytotoxic
effects against the MCF7 cell line than that of etoposide
(LCsp > 100 uM, Entry 14) and 21 (LCso = 86.93 pM, Entry
12) was the most lethal. Apart from 18, none of the test
compounds were lethal for Hela cells indicating a degree
of selectivity between cell lines.

The catechols 6a-c and the catechol derivative 22 (Entry 13)
did not exhibit any significant anticancer activity. From the
results it can be seen that the GI5, concentrations of benzo|b|-
furan 9 (Entry 4) are almost half of those of 22 (Entry 13)
against the renal (TK10), melanoma (UACC62) and breast
(MCF7) cancer cell lines. It may thus be concluded that the
presence of the furan ring enhances anticancer activity. The
benzo[blfurans were most effective against the melanoma
(UACC62) cell line. Only one benzolb|furan, 21, exhibited
growth inhibitory activity against all three cancer cell lines
which may be attributed to the presence of the methoxy
group on the benzene ring. When the methoxy group was
replaced with a methyl group, as in 20, growth activity
against the renal (TK10) and breast (MCF7) cell lines was
diminished. The benzo[b]furan 15 exhibited activity against
melanoma (UACC62) and breast (MCF7) cell lines. The replace-

Table 3. In vitro anticancer screening of the compounds against renal (TK10), melanoma (UACC62), breast (MCF7) and HelLa cancer cells

expressed as Glsg, TGl and LCsq values (uM).

Entry Compound Renal (TK10) Melanoma (UACC62) Breast (MCF7) Cervical (HeLa)
GIs5 TGI LCso Gl5 TGI LCso GIs5 TGI LCso GIsp TGI LGy
1 6a 68.02 >100 >100 45.00 >100 >100 5241 >100 >100 = = =
2 6b 38.14 75.72 >100 15.18 46.22 77.26 2734 6431 >100 =2 = =
3 6C 51.63 96.98 >100 23.64 50.26 76.87  27.55 60.68 93.81 = = =
4 9 41.05 69.94 98.82 32.74 60.84 88.94 35.10 66.12 97.14 60.70 >100 >100
5 10 65.00 >100 >100 37.73 68.65 99.57 35.53 64.19 92.85 49.09 >100 >100
6 11 24.25 54.74 85.23 23.63 51.06 7849 2597 61.87 97.78 4455 >100 >100
7 12 52.47 >100 >100 33.15 >100 15.85 54.74 93.63 5646 >100 >100
8 14 16.56 55.32 94.09 33.85 7435 25.55 68.82 >100 2593 >100 >100
9 15 26.54 51.65 76.75 18.32 60.32 48.79 95.11 26.68 69.67 >100
10 18 18.69 46.14 73.59 28.93 66.27 28.44 60.90 9335 3437 6215 8993
11 20 18.60 48.25 77.90 >100 >100 17.96 60.79 >100 47.28 >100 >100
12 21 9.73 47.15 85.35 0.77 23.60 64.58 9.30 46.93 86.93 2232 73.19 >100
13 22 86.99 >100 >100 51.29 >100 >100 68.03 >100 >100 = = =
14 Etoposide 7.19 49.74 >100 0.89 52.71  >100 056 >100 >100 3.56 40.18 87.54

Inactive, i: GIsp or TGI > 100 uM; weak activity, w: > 30 pM GIso or TGI < 100 uM; moderate activity, m: < 30 uM Glso or
TGI > 10 pM; potent activity, p: Glso or TGI < 10 pM.

# Not screened.
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ment of the methoxy group with that of a methyl, as in 14,
also resulted in diminished activity and in this case against
the breast (MCF7) cancer cell line. When comparing the
structure of 21 to that of 15 it appears that the replacement
of the methyl group with that of a phenyl specifically affords
growth inhibitory activity against the renal (TK10) cancer cell
line. It was concluded that the phenyl and methoxy groups
are essential for activity against all three cancer cell lines.

Conclusions

The fungal laccase from M. thermophila, commercially avail-
able as an inexpensive preparation known as Suberase®,
can be used in the catalytic synthesis of 5,6-dihydroxylated
benzolbj/furan and catechol derivatives under mild and
environmentally friendly reaction conditions. The yields
are, in some cases, similar to or better than that obtained
by other enzymatic, chemical, or electrochemical synthesis.
This method has eliminated the use of the Lewis acid, scan-
diumtris(trifluoromethanesulfonate), and lipase which was
used in previous laccase methods.

The 5,6-dihydroxylated benzo[b|furans exhibit potent cyto-
static effects against the three cancer cell lines but are most
effective against UACC62 (melanoma) with two compounds
exhibiting better activity than etoposide based on the
Glso concentrations. The 5,6-dihydroxylated benzolb|furans
generally have better TGI activity than that of etoposide.

These results warrant further studies of the 5,6-dihydroxy-
lated benzoplfurans for their application in anticancer
therapy. These studies will entail further synthesis of 5,6-dihy-
droxylated benzolb|furans and evaluation of their anticancer
activity in addition to structural modification of hits to deter-
mine whether the anticancer activity can be optimised.

Experimental

General

Proton nuclear magnetic resonance (*H NMR) spectra were
recorded on a Varian Mercury 400 MHz spectrometer. Carbon-
13 nuclear magnetic resonance (**C NMR) spectra were recorded
on the same instruments at 100 MHz. Chemical shifts are
reported in parts per million (ppm) relative to the solvent peaks
and coupling constants are given in Hertz (Hz). A Waters UPLC
coupled in tandem to a Waters photodiode array (PDA) detector
and a SYNAPT G1 HDMS mass spectrometer was used to generate
accurate mass data. The PDA detector was used for all purity
determinations (Maxplot 200-500 nm). All chemicals for UPLC-MS
work were of ultra-pure LC-MS grade and purchased from Fluka
(Steinheim, Germany) while ultra-pure solvents were purchased
from Honeywell (Burdick & Jackson, Muskegon, USA). Ultra-pure
water was generated using a Millipore Elix 5 RO system and
Millipore Advantage Milli-Q system (Millipore SAS, Molsheim,
France). Reactions were monitored by thin layer chromatography
(TLC) on aluminium-backed Merck silica gel 60 F254 plates. Gravity

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Arch. Pharm. Chem. Life Sci. 2013, 346, 266277

column chromatography was performed using Merck Silica Gel 60
(70-230 mesh). Melting points were determined using a Glassco
melting point apparatus and are uncorrected.

All chemicals were reagent grade materials. The 1,3-dicarbonyls
were purchased from Sigma-Aldrich, South Africa. Suberase™
(10757.8 PCU/mL) is a fungal laccase from M. thermophila produced
by submerged fermentation of a genetically modified Aspergillus
oryzae strain. The enzymatic preparation is supplied as a brown
liquid which is completely miscible with water. Suberase®™ was
obtained from Novozymes in South Africa.

General methods for the synthesis of the
benzo[b]furan derivatives

Method A

The laccase (Suberase®™, 2.0 mL) was added to a mixture of the
catechol (2.0 mmol), 1,3-dicarbonyl (2.0 mmol) and phosphate
buffer (20.0 mL, 0.10 M, pH 7.15) in a 250-mL round-bottom flask
stirred under air at rt. More laccase (2.0 mL) was added after 2, 18
and 20 h. The mixture was vigorously stirred under air until
the substrates were consumed as judged by TLC. After stirring
the reaction mixture was acidified with 32% HCI to pH 4.0. The
mixture was extracted with EtOAc and washed with water
(20.0 mL). The organic phases were then combined and the solvent
evaporated. The residue, a powder, was purified by washing with
EtOAc or recrystallising from a combination of MeOH and EtOAc.

Method B
Same as Method B except that more laccase (2.0 mL) was added
after 4, 24 and 28 h.

Method C

The laccase (Suberase®™, 1.5 ml) was added to a mixture of
the catechol (0.60 mmol), 1,3-dicarbonyl (2.40 mmol), phosphate
buffer (4.0 mL, 0.10 M, pH 7.15) and DMF (2.0 mL) in a test tube
stirred under air at rt. More laccase (1.5 mL) was added after 2 h
and then again after 4 h. The mixture was vigorously stirred under
air until the substrates had been consumed as judged by TLC. After
stirring the reaction mixture was transferred to a separating funnel
and the mixture extracted with EtOAc and washed with water
(20.0 mlL). The organic phases were combined, the solvent evapor-
ated and the residue (a powder) purified by flash chromatography.

1-(5,6-Dihydroxy-2-methyl-1-benzofuran-3-yl)ethanone 8

fe) OH
HsC \
OH
H.C—\
AN o

Method A

Stirring time 24 h. The product was recrystallised from 5% MeOH
in EtOAc solution at 35°C to afford a dark-brown powder
(198 mg, 48%) (Found: M-H", 205.0518. C;;H,0, requires M-H,
205.0501). UPLC 95.5%. Ry 0.40 (EtOAc/hexane, 1:1). mp 200-
203°C. 'H NMR (400 MHz, DMSO-dg): § 2.51 (3H, s, CH3), 2.68
(3H, s, CH3), 6.91 (1H, s, ArH), 7.33 (1H, s, ArH), 8.94 (1H, br s,
OH), 9.06 (2H, br s, OH); '>*C NMR (100 MHz, DMSO-dg): § 15.3,
30.8, 97.8, 106.4, 117.2, 117.2, 143.6, 144.2, 147.0, 160.7, 193.9.
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Method B
Stirring time 44 h. The product was washed with EtOAc to afford
a black powder (202.0 mg, 49%).

1-(5,6-Dihydroxy-2, 7-dimethyl-1-benzofuran-3-yl)-
ethanone 9

CHj;
o OH
HsC \
OH
H,C—N\\
3TN o

Method A

Stirring time 24 h. The product was washed with EtOAc to afford a
red-brown powder (220 mg, 50%) (Found: M-H*, 219.0615. C;,H;,0,
requires M—H, 219.0657). UPLC 97.3%. Ry 0.46 (EtOAc/hexane, 1:1).
mp 234°C. 'H NMR (400 MHz, DMSO-d): § 2.19 (3H, s, CHj), 2.45
(3H, s, CHs), 2.64 (3H, s, CHj), 7.17 (1H., s, ArH), 8.38 (1H, br's, OH),
9.25 (1H, br s, OH); '*C NMR (100 MHz, DMSO-dg): 8 8.9,
154, 30.7, 103.2, 107.1, 116.2, 1174, 141.8, 143.1, 146.5,
160.5, 193.9.

7,8-Dihydroxy-3,4-dihydrodibenzo[b,d]furan-1(2H)-one 10

o OH
\

OH
No

Method A

Stirring time 24 h. The product was recrystallised from 5% MeOH
in EtOAc solution at 35°C to afford a brown powder (284 mg,
65%) (Found: M-H*, 217.0458. C;,H,0, requires M—-H, 217.0501).
UPLC 96.2%. Ry 0.48 (EtOAc/hexane, 1:1). 'H NMR (400 MHz,
DMSO-dg): 8 2.21 (2H, m, CH,), 2.47 (2H, t ] 6.4 Hz, CH,)
2.96 (2H, t J 6.4 Hz, CH;), 7.00 (1H, s, ArH), 7.22 (1H, s, ArH),
9.18 (2H, br s, OH); >C NMR (100 MHz, DMSO-dg): § 22.2,
23.2, 37.3, 98.4, 105.4, 114.4, 115.6, 143.7, 144.4, 147.9, 169.7,
194 .4.

7,8-Dihydroxy-6-methyl-3,4-dihydrodibenzo[b,d]furan-
1(2H)-one 11

CH,
fe) OH
\
OH
\
\O

Method A
Stirring time 24 h. The product was recrystallised from 5% MeOH
in EtOAc solution at 35°C to afford a brown powder (288 mg,

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Anticancer Activity of 5,6-Dihydroxylated Benzo[b]furans 273

62%) (Found: M-H*, 231.0683. C,3H;,0, requires M-H, 231.0657).
UPLC 99.7%. R; 0.48 (EtOAc/hexane, 1:1). mp 250°C. 'H NMR
(400 MHz, DMSO-de): § 2.14 (2H, m, CH,), 2.26 (3H, s, CHa),
2.45 (2H, t ] 6.1 Hz, CH,), 2.98 (2H, t ] 6.1 Hz, CH,), 7.11 (s, 1H,
ArH); *C NMR (100 MHz, DMSO-dg): § 9.0, 22.2, 23.3, 37.9, 102.4,
107.9, 113.5, 115.9, 142.2, 143.4, 147.6, 169.6, 194.6.

Method B
Stirring time 44 h. The product was washed with EtOAc to afford
a brown powder (311.0 mg, 67%).

7,8-Dihydroxy-6-methoxy-3,4-dihydrodibenzo[b,d]furan-
1(2H)-one 12

o Ot
o OH
\
OH
\\o

Method A

Stirring time 24 h. The product was recrystallised from 5% MeoH
in EtOAc solution at 35°C to afford a brown powder (348 mg,
70%) (Found: M-H", 247.0557. C,3H,,05 requires M-H, 247.0606).
UPLC 97.0%. Ry 0.38 (EtOAc/hexane, 2:1). mp 232°C. 'H NMR
(400 MHz, DMSO-de): § 2.14 (2H, m, CH,), 2.46 (2H, t J 6.4 Hz,
CHS,), 3.00 (2H, t] 6.4 Hz, CH,), 3.94 (3H, s, CH;), 7.00 (1H, s, ArH),
8.71 (1H, brs, OH), 9.24 (1H, br s, OH); "*C NMR (100 MHz, DMSO-
de): 8 221, 23.2,37.4,60.4,99.9,114.8, 115.6, 133.3, 136.2, 140.3,
145.0, 169.9, 194.5.

7,8-Dihydroxy-3-methyl-3,4-dihydrodibenzo[b, d]furan-
1(2H)-one 13

HsC OH

Method A

Stirring time 24 h. The product was washed with EtOAc to
afford a brown powder (274 mg, 59%) (Found: M-HT,
231.0610. C,3H;;0, requires M-H, 231.0657). UPLC 95.3%.
R; 0.38 (EtOAc/hexane, 1:1). mp 263°C. 'H NMR (400 MHz,
DMSO-de): § 1.11 (3H, d, J 6.0 Hz, CH3), 2.30 (1H, dd, J 4.6,
12.8 Hz, CH), 2.43 (2H, dd ] 3.6, 12.8 Hz, CH,), 2.68 (1H,
m, CH), 3.01 (1H, dd J 4.6, 12.8 Hz, CH), 6.98 (1H, s, ArH), 7.21
(1H, s, ArH) and 9.15 (2H, br s, OH); *>*C NMR (100 MHz, DMSO-dg):
6 20.7, 30.3, 40.0, 45.6, 98.5, 105.3, 114.3, 115.3, 143.7, 1444,
148.2, 169.4 and 194.0.

Method C

Stirring time 42 h. The product was purified by flash chroma-
tography (silica: EtOAc/hexane, 0.5:9.5, 1:9, 2.5:7.5, 1:1) to afford
a brown powder (84 mg, 30%).
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7,8-Dihydroxy-3,6-dimethyl-3,4-dihydrodibenzo[b,d]furan-
1(2H)-one 14

CHj

H,C OH

Method A

Stirring time 24 h. The product was washed with EtOAc to afford a
lightbrown powder (384 mg, 78%) (Found: M-H', 245.0817.
C14Hy304 requires M-H, 245.0814). UPLC 96.0%. Ry 0.74
(EtOAc/hexane, 1:1). mp 165-168°C. '"H NMR (400 MHz, DMSO-dg):
§ 111 (3H, d J 6.0 Hz, CHs), 2.25 (3H, s, CHs), 2.29 (1H, dd J 4.7,
12.4 Hz, CH,), 2.43 (2H, dd ] 3.4, 12.8 Hz, CHy), 2.68 (1H, m, CH), 3.03
(1H, dd ] 4.7, 12.4 Hz, CH), 7.11 (1H, s, ArH), 8.47 (1H, br s, OH), 9.38
(1H, br s, OH); "*C NMR (100 MHz, DMSO-de): § 9.0, 20.7, 30.3, 31.0,
45.6, 102.3, 107.9, 113.4, 115.5, 142.1, 143.3, 147.8, 169.2, 194.1.

Method C

Stirring time 42 h. The product was purified by flash chroma-
tography (silica: EtOAc/hexane, 0.5:9.5, 1:9, 1:1; EtOAc) to afford a
light-brown powder (209.0 mg, 71%).

7,8-Dihydroxy-6-methoxy-3-methyl-3,4-dihydrodibenzo-
[b,d]furan-1(2H)-one 15

O/CH3
\
HsC OH
\\o

Method A

Stirring time 24 h. The product was washed with EtOAc to afford a
lightbrown powder (194 mg, 37%) (Found: M-H™, 261.0843. C,,H,50,
requires M-H, 261.0763). UPLC 99.6%. Ry 0.50 (EtOAc/hexane, 1:1).
mp 179-182°C. 'H NMR (400 MHz, DMSO-g): § 1.12 (3H, d ] 6.4 Hz,
CHs), 2.32 (1H, dd J 4.0, 12.4 Hz, CH) 2.44 (2H, dd J 3.4, 13.2 Hz, CH,),
2.72 (1H, m, CH), 3.06 (1H, dd ] 5.0, 12.4 Hz, CH), 3.94 (3H, s, CH3), 6.97
(1H, s, ArH). ">*C NMR (100 MHz, DMSO-dg): § 20.7, 30.3, 31.0, 45.7, 60.4,
99.8, 114.8, 115.3, 1334, 136.3, 140.6, 145.1, 169.6, 194.1.

7,8-Dihydroxy-3,3-dimethyl-3,4-dihydrodibenzo[b,d]furan-
1(2H)-one 16

o OH
HsC \
HsC OH
\
\o

Method A
Stirring time 24 h. The product was washed with EtOAc
to afford a yellow powder (286 mg, 58%). (Found: M-HT,
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245.0867. Cy4H1404 requires M-H, 245.0814). UPLC 99.8%.
Rf 0.64 (EtOAc/hexane, 1:1). mp 278-280°C [lit. [28] 280°C].
'H NMR (400 MHz, DMSO-dg): & 1.09 (6H, s, 2x CHs),
2.38 (2H, s, CH,), 2.88 (2H, s, CH,), 6.98 (1H, s, ArH), 7.20
(1H, s, ArH), 9.15 (2H, br s, OH); '*C NMR (100 MHz, DMSO-dg):
8 28.0 (2x CHj), 34.9, 36.7, 51.5, 98.5, 105.3, 114.2, 114.4, 143.7,
144.3, 148.3, 168.6, 193.7.

Method C

Stirring time 42 h. The product was purified by flash chroma-
tography (silica: EtOAc/hexane, 0.5:9.5, 1:9, 2.5:7.5, 1:1) to afford
a yellow powder (118 mg, 40%).

7,8-Dihydroxy-3,3,6-trimethyl-3,4-dihydrodibenzo-
[b,d]furan-1(2H)-one 17

CHg
o OH
N\
HaC OH
HsC \\O

Method A

Stirring time 24 h. The product was recrystallised from a
5% MeOH in EtOAc solution at 35°C to afford a light-brown
powder (510 mg, 98%). (Found: M-H" 259.0931. C;5H;50,
requires M-H, 259.0970). UPLC 96.6%. Ry 0.45 (EtOAc/hexane,
1:2). mp 255°C [lit. [33] 260-262°C]. 'H NMR (400 MHz, DMSO-
de): 6 1.09 (6H, s, 2x CHs), 2.26 (3H, s, CH3) 2.37 (2H, s, CH,),
2.90 (2H, s, CH,), 7.10 (1H, s, ArH), 8.41 (1H, br s, OH), 9.32
(1H, br s, OH); "*C NMR (100 MHz, DMSO-dg): § 9.0, 28.0,
349, 36.8, 51.5, 102.4, 107.9, 113.3, 114.7, 142.0, 143.3,
168.5, 193.8.

Method C

Stirring time 42 h. The product was purified by flash chroma-
tography (silica: EtOAc/hexane, 5:95, 1:9, 1:1) to afford a light-
brown powder (184 mg, 59%).

7,8-Dihydroxy-3,3,6-trimethyl-3,4-dihydrodibenzo-
[b,d]furan-1(2H)-one 18

O/ CHs
o OH
\
HyC OH
H3C \\O

Method A

Stirring time 24 h. The product was recrystallised from 5% MeOH
in EtOAc solution at 35°C to afford a brown powder (403 mg,
73%). (Found: M-H*, 275.0922. C;5H;5s0s requires M-H,
275.0919). UPLC 94.5%. Ry 0.44 (EtOAc/hexane, 1:1). mp 288-
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291°C [lit. [31] 289-291°C]. '"H NMR (400 MHz, MeOH-d,): § 1.16
(6H, s, 2x CHj), 2.43 (2H, s, CH,) 2.90 (2H, s, CH,), 4.06 (3H, s, CHj),
7.01 (1H, s, ArH); "*C NMR (100 MHz, DMSO-de): § 28.1, 35.0, 36.8,
51.2, 60.4, 99.8, 114.5, 114.7, 113.4, 136.2, 140.8, 145.1, 168.9,
193.9.

Method B
Stirring time 44 h. The product was washed with EtOAc to afford
a brown powder (425 mg, 77%).

7,8-Dihydroxy-3-phenyl-3,4-dihydrodibenzo[b,d]furan-
1(2H)-one 19

o OH
\
Ph OH
\\o

Method A

Stirring time 24 h. The product was washed with EtOAc to
afford a white solid (449 mg, 76%). (Found: M-HY,
293.0821. CygH,30,4 requires M-H, 293.0814). UPLC 99.8%.
R; 0.50 (EtOAc/hexane, 1:1). mp 240-243°C. 'H NMR
(400 MHz, DMSO-dg): § 2.58 (1H, dd J 3.2, 16.0 Hz, CH), 2.93
(1H,dd ] 12.4,16.0 Hz, CH), 3.24 (2H, m, H-11), 3.66 (1H, m, CH),
7.01 (1H, s, ArH), 7.26 (1H, s, ArH), 7.35 (2H, t] 7.2, 7.6 Hz, ArH),
7.42 (2H, d J 7.6 Hz, ArH), 9.09 (1H, s, CH), 9.13 (1H, s, CH);
13C NMR (100 MHz, DMSO-d¢): § 30.7, 44.6, 62.5, 63.4, 68.8, 71.5,
72.3,73.8,98.5,105.4, 114.2, 115.5, 126.9, 128.6, 143.1, 143.9,
144.5, 148.3, 169.0, 193.1.

Method C

Stirring time 42 h. The product was purified by flash chroma-
tography (silica: EtOAc/hexane, 5:95, 1:9, 1:1; EtOAc) to afford a
white solid (132 mg, 50%).

7,8-Dihydroxy-6-methyl-3-phenyl-3,4-dihydrodibenzo-
[b,d]furan-1(2H)-one 20

CHs
o OH
\
Ph OH
N\
\o

Method A

Stirring time 24 h. The product was recrystallised from
5% MeOH in EtOAc solution at 35°C to afford a light-brown
powder (279 mg, 80%) (Found: M-H™, 307.0977.1120. C;oH;504
requires M-H", 307.0970). UPLC 99.0%. R;0.45 (EtOAc/hexane,
1:1). mp 250-253°C. *H NMR (400 MHz, DMSO-dg): § 2.28 (3H, s,
CH,), 2.59 (1H, dd ] 4.0, 16.4 Hz, CH), 2.91 (1H, dd ] 12.2,16.2 Hz,
CH), 3.28 (1H, m, CH,), 3.66 (1H, m, H-11 CH), 7.16 (1H, s, ArH),
7.26 (1H, t] 7.0 Hz, ArH), 7.35 (2H, t ] 7.6 Hz, ArH), 7.42 (2H, d ]
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8.0 Hz, ArH), 8.45 (1H, br s, OH), 9.36 (1H, br s, OH); 1*C NMR
(100 MHz, DMSO-de): § 9.1, 30.7, 44.7, 102.4, 108.0, 113.4, 115.8,
126.9, 127.0, 127.1, 128.6, 142.3, 143.2, 143.4, 148.0, 168.8,
193.2.

7,8-Dihydroxy-6-methoxy-3-phenyl-3,4-dihydrodibenzo-
[b,d]furan-1(2H)-one 21

CH3

-

o
0 OH

Ph OH

Method A

Stirring time 24 h. The product was washed with EtOAc to
afford a dull grey powder (279 mg, 43%). (Found: M-H™,
323.0922. C;9H;505 requires M-H, 323.0919). UPLC 96.8%.
R; 0.38 (EtOAc/hexane, 1:2). mp 165-168°C. 'H NMR
(400 MHz, DMSO-dg): § 2.57 (1H, dd J 4.0, 16.0 Hz, CH),
2.93 (1H, dd J 12.0 Hz, 12.4 Hz, CH), 3.26 (2H, m, CH,), 3.67
(1H, m, CH), 3.95 (3H, s, CHs), 7.03 (1H, s, ArH), 7.26 (1H, t |
7.2 Hz, ArH), 7.35 (2H, t] 7.2, 8.0 Hz, ArH), 7.42 (2H, d | 8.0 Hz,
ArH), 8.76 (1H, br s, OH) and 9.33 (1H, br s, OH); **C NMR
(100 MHz, DMSO-dg): § 30.6, 44.6, 60.4, 99.8, 114.6, 115.5,
126.8, 127.0, 128.5, 133.4, 136.2, 140.6, 143.0, 145.0, 169.0,
193.0.

Method C

Stirring time 42 h. The product was purified by flash chroma-
tography (silica: EtOAc/hexane, 5:95, 1:9, 1:1; EtOAc) to afford a
black powder (58.0 mg, 15%).

3-(3,4-Dihydroxy-5-methylphenyl)-3-methylpentane-2,4-
dione 22

Me
[e) OH
H3C //
OH
CH
HiC—\ 7 °
\O

Method A

Stirring time 24 h. The product was washed with EtOAc to
afford a dark-brown powder (1.60 g, 80%) (Found: M-HT,
235.0926. Cy3H,,0, requires M-H, 235.0970. UPLC 98.0%.
Ry 0.48 (EtOAc/hexane, 1:1). mp 82-85°C. "H NMR (400 MHz,
DMSO-dg): § 1.60 (3H, s, CH3), 2.03 (6H, s, CH3), 2.08 (3H, s, CHs),
6.43 (1H, d J 2.0 Hz, ArH), 6.46 (1H, d ] 2.4 Hz, ArH), 8.36
(1H, br s, OH), 9.29 (1H, br s, OH); *C NMR (100 MHz,
DMSO-dg): § 16.2, 19.0, 27.2, 30.7, 68.8, 112.4, 120.1, 124.7,
127.7, 143.0, 144.8, 207.8.
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3-(3,4-Dihydroxy-5-methoxyphenyl)-3-methylpentane-2,4-
dione 23

OMe
(@) OH
HaC 4
OH
Hee—4
o)

Method A

Stirring time 24 h. The product was washed with EtOAc to afford
a dark-brown powder (1.10 g, 55%) (Found: M-H*, 251.0933.
C13H1405 requires M-H, 251.0919. Ry 0.48 (EtOAc/hexane, 1:1).
mp 108-110°C. '"H NMR (400 MHz, DMSO-dg): § 1.62 (3H, s, CHj),
2.05 (6H, s, CH3), 3.74 (3H, s, OMe), 6.27 (1H, s, ArH), 6.28 (1H, s,
ArH), 8.44 (1H, br s, OH), 9.03 (1H, br s, OH); >*C NMR (100 MHz,
DMSO-dg): §19.1, 27.3, 56.0,69.0,103.1, 108.7,127.7,133.9, 145.8,
148.5, 207.7.

In vitro anticancer activity evaluation

Assay background

The growth inhibitory effects of the compounds were tested in a
3-cell line panel consisting of TK10 (renal), UACC62 (melanoma)
and MCF7 (breast) cancer cells using the Sulforhodamine B (SRB)
assay [32]. The SRB assay was developed by Skehan and colleagues
to measure drug-induced cytotoxicity and cell proliferation. Its
principle is based on the ability of the protein dye, sulforhod-
amine B (Acid Red 52), to bind electrostatically in a pH-dependent
manner to protein basic amino acid residues of trichloroacetic
acid-fixed cells. Under mild acidic conditions it binds to the fixed
cellular protein, while under mild basic conditions it can be
extracted from cells and solubilised for measurement. The SRB
assay is performed at CSIR in accordance with the protocol of the
Drug Evaluation Branch, NCI, and the assay has been adopted for
this screen.

Materials and method

The human cell lines TK10, UACC62 and MCF7 were obtained
from the NCI in a collaborative research program between the
CSIR and the NCI. cell lines were routinely maintained as a
monolayer cell culture at 37°C, 5% CO,, 95% air and 100%
relative humidity in RPMI containing 5% fetal bovine serum,
2 mM L-glutamine and 50 pg/mL gentamicin.

For the screening experiment the cells (3-19 passages) were
inoculated in a 96-well microtitre plate at plating densities of 7-
10 000 cells/well and were incubated for 24 h. After 24 h one
plate was fixed with TCA to represent a measurement of the cell
population for each cell line at the time of drug addition (T0). The
other plates with cells were treated with the experimental drugs
which were previously dissolved in DMSO and diluted in
medium to produce five concentrations (0.01-100 uM). Cells
without drug addition served as control. The blank contains
complete medium without cells. Etoposide was used as a refer-
ence standard.

The plates were incubated for 48 h after addition of the com-
pounds. Viable cells were fixed to the bottom of each well with
cold 50% trichloroacetic acid, washed, dried and dyed by SRB.
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Unbound dye was removed and protein-bound dye was extracted
with 10 mM Tris base for optical density determination at a
wavelength of 540 nm using a multiwell spectrophotometer.
Optical density measurements were used to calculate the net
percentage cell growth.

The optical density of the test well after a 48 h period of
exposure to test drug is Tj, the optical density at time zero is
Ty, and the control optical density is C. Percentage cell growth is
calculated as:

T; — T¢
M x 100 for concentrations at which 7; > T,
(C—-Ty)

T — T,
{(‘Tio)} x 100 for concentrations at which T; < Tj.
0

The results of a five dose screening were reported as TGI (total
growth inhibition). The TGI is the concentration of test drug
where 100 x (T — Ty)/(C — Tp) = 0. The TGI signifies a cytostatic
effect.

The biological activities were separated into four categories:
inactive (GIsg or TGI > 100 uM), weak activity (30 uM < Glsq or
TGI < 100 M), moderate activity (10 uM < Gl59 or
TGI < 30 M) and potent activity (Glso or TGI < 10 pM).

For each tested compound, three response parameters, Glsg
(50% growth inhibition and signifies the growth inhibitory
power of the test agent), TGI (which is the drug concentration
resulting in total growth inhibition and signifies the cytostatic
effect of the test agent) and LCs, (50% lethal concentration and
signifies the cytotoxic effect of the test agent), were calculated for
each cell line.

We thank Dr Paul Steenkamp for HRMS analysis, the CSIR (Thematic A
grant) for financial support and Novozymes SA (Pty) Ltd for a kind
donation of the enzyme.
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