SYNTHESIS AND BIOLOGICAL
ACTIVITY OF ALOIN DERIVATIVES

ADUSHAN PILLAY



SYNTHESIS AND BIOLOGICAL ACTIVITY OF
ALOIN DERIVATIVES

By

ADUSHAN PILLAY

B.Sc.Hons (University of KwaZulu-Natal)

Submitted in fulfillment of the requirements of ttiegree of
Master of Science
In the

School of Chemistry

University of KwaZulu-Natal

Pietermaritzburg

December 2008



Declaration

| hereby certify that this research is a resulingfown investigation and has not already been
accepted in substance for any degree and is nog sebmitted in candidature for any other

degree.

Signed........oovii i
Adushan Pillay

We, the undersigned, hereby certify that the alstament is true and correct.

Signed........oovii i
Professor F. R. van Heerden

Supervisor

Signed........oo i
Doctor E. Elliott
Co-Supervisor

Signed........oovii i
Doctor C. P. Parkinson
Co-Supervisor

School of Chemistry
University of KwaZulu-Natal

Pietermaritzburg

December 2008



ACKNOWLEDGEMENTS

| like to thank my supervisor, Professor Fanie kmerden for her guidance, patience, support
and never-ending encouragement throughout thissgroand my co-supervisors, Dr Edith
Elliot and Dr Christopher Parkinson, for their ihvable contributions. | would also like to

express thanks to Professor Siegfried Drewes fefulidiscussions.

Recognition is also due to the following, withouham this work would have never been

completed:

e My colleagues of both the Warren Organic Chemidimporatory and the
Biochemistry laboratory (lab 43) for the insightfdiscussions and for creating a
pleasant ambience

e Mr C. Grimmer for running NMR spectra and for hiehdship

e Doctor F. Khan for running LC-MS spectra

* Doctor C. Southway for assistance with the HPLC

* Professor O. Q. Munro for assistance with IR anchfe input

* MrR. Somaru, Mr F. Shaik, and Mr S. Ball for tetah assistance

* Mr C. Mortlock and Mr P. Forder for glassblowing

| am indebted to my family for all the love and pop they have offered.

| also acknowledge the financial support from tleF\and the CSIR.



TABLE OF CONTENTS

Page
Abstract [
List of Figures iii
List of Tables v
List of Abbreviations %

CHAPTER ONE: AN INTRODUCTION TO ALOE CHEMISTRY
1.1 Introduction
1.2 The genusloelL.
1.2.1 Aloe marlothiiandAloe ferox
1.3 Chemical constituents Afoe species
1.3.1 Anthrones: aloin
1.3.2 Biological activity of aloin
1.3.3 Anthraquinones: aloe-emodin
1.3.4 Biological activity of aloemodin
1.3.5 Chromones: aloesin and aloeresin A

1.3.6 Biological activity of aloesin anaaitesin A

© ©O© 00 00 N O O A W N B

1.4 Project aims

=
o

1.5 References

CHAPTER TWO: ISOLATION OF ALOE COMPOUNDS AND

SYNTHESIS OF ALOIN DERIVATIVES

2.1 Introduction 12

2.2 Anthraquinones 13
2.2.1 Natural anthraquinones 13
2.2.2 Synthetic anthraquinones 16
2.2.3 Semiygthetic anthraquinones 18

2.3 Isolation ofA. marlothiileaf exudate compounds 19



2.4

2.5
2.6

2.3.1 Isolation of aloin and homonataloin

2.3.2 Column chromatographyAfmarlothiileaf exudate

2.3.3 Structural confirmation of aloin A

2.3.4 Structural elucidation of homonataloi

2.3.5 Selective calcium precipitation afial

Synthethis of aloin derivatives

24.1
2.4.2
24.3
244
2.4.5
2.4.6
2.4.7
248
249
2.4.10
2411
2.4.12
2.4.13
2.4.14
2.4.15
2.4.16
2.4.17
2.4.18
2.4.19
2.4.20

Oxidation of aloin to al@wnodin

Structural elucidation of aloe-emodin
Oxidation of homonataloin to nataéseedin
Structural elucidation of nataloe-emo
Oxidation of aloemodin to rheinal
Structural eligation of rheinal

Oxidation of rheinal to rhein

Structural elucidation of rhein

Nickel oxide hydroxide oxidation dd@emodin

Oxidation of aloe-emodin with TEMR@OCI/NaCIQ
Ruthenium tetroxide oxidation ofea¢onodin
Bromination of aloe-emodin to 11+hoxhrys@hanol
Bromination of aloe-emodin using @amBr,/Cu/Fe
Bromination of aloe-emodin to 11fhoxhrysophanol using CBPPh
Structural elucidation of 11-bromgsiophanol
Substitution reaction of hilemochrysophanol
Amination reaction of 11-bromochngisanol

Structural elucidation of 11-(pyrrolidipyl)chrysophanol
Structural elucidation of 1-(pipémid.-yl)chrysophanol
Structural elucidation of 11-(morjhd.-yl)chrysophanol

Conclusion

Experimental

2.6.1 Column chromatographyAfmarlothiileaf exudate

2.62 Isolation of aloin via formation of calcium sal

2.6.3 FeGloxidation of aloin

19
19
20
21
22
23
24
28
28
29
29
30
31
32
32
33
34
35
35
36
36
37
37
39
39
40
40
40
41
43
44



2.64 Synthesis of Co(ll) oxidation catalyst

2.6.5 Co(ll) catalysed oxidation of alomaloe-emodin

2.66 Synthesis of Cu(ll) oxidation catalyst

2.6.7 Cu(ll) catalysed oxidation of aloin

2.6.8 Co (Il) catalysed oxidation of homtahain to nataloeemodin

2.6.9 Synthesis of IBX

2.6.10 IBX oxidation of aloemodin to rheinal

2.6.11 Oxidation of aloemodin with nickel oxide hydroxide

2.6.12 Oxidation of aloe-emodin with TEMRaOCI/NaCIlQ

2.6.13 Ru@of aloeemodin

2.6.140xidation of rheinal to rhein with sodium chlorite

2.6.15 Attempted bromination of aleetodin

2.6.16 Bromination of aloe-emodin toldrbmochrysophanol

2.6.17 Substitution reaction of 11-bromgsiephanol to 11-(pyrrolidin-1-yl)
chrysophanol

2.6.18 Substitution reaction of 11-bromochrysophanol te(diperidin-1-yl)
chrysophanol

2.6.19 Substitution reaction of 11-bromgsimphanol to 11-(morpholin-1-yl)
chrysophanol

2.7 References

CHAPTER THREE: ALOIN AND DERIVATIVES AS POTENTIAL
MMP INHIBITORS

3.1 Introduction
3.2 Matrix Metalloproteinases
3.2.1 Introduction
3.2.2 Structural diversity of MMPs
3.2.3 Control of the MMPs
3.2.3.1 Synthesis and secretion of MMPs
3.3.3.2 Activation of the proenms
3.3.3.3 Inhibition of active enzymes

45
46
46
47
47
48
49
49
50
50
50
51
52
53

54

55

55

58
59
59
59
63
63
63
64



3.2.4

The gelatinases: MMP-2 and MMP-9

3.2.5 Prospects for the therapeutic inhibitiondfiPs

3.2.6

Design of MMP inhibitors
3.2.6.1 Tetracyclines as inhitstof MMPs

3.3 Results and Discussion

3.3.1
3.3.2

3.3.3

Western blot of MMP-2 and MMP-9

Zymography

3.3.2.1 Doxycycline zymograms

3.3.2 Aloin zymograms

3.3.3 Homonataloin zymograms

3.3.2.4 Aloemodin zymograms

3.3.2.5 Natalanodin zymograms

3.3.2.6 Rheinal zymograms

3.3.Z Rhein zymograms

3.3.2.8 11-(Pyrrolidiny}chrysophanol zymograms
3.3.2.9 11-(Piperidinyl)chrysophanol zymograms
3.3.2.10 11-(Morpholinyl}chrysophanol zymograms

Inérences and discussion of zymograms

3.4 Conclusion

3.5 Experimental

3.5.1

3.5.2

General

3.5.1.1 Sodium dodecyl sulfatéyporylamide gel elecbphoresis
3.5.1.2 Zymography

3.5.1.3 Western blot procedure

Materials and Methods

3.5.2.1 SDS-PAGE gel reagents

3.5.2.2 SDS-PAGE gel/zymogramcprure

3.5.2.3 Western blot reagents

3.5.2.4 Western blot procedure

3.6 References

64
66
67
67
68
68
69
71
71
72
72
73
74
75
75
76
77
78
81
82
82
83
83
83
84
84
86
88
89
90



CHAPTER FOUR: ANTIPLASMODIAL ACTIVITY OF ALOIN
AND DERIVATIVES

4.1 Introduction
4.2. Malaria and antimalarials
4.2.1 Introduction
4.2.2 Established antimalarial drugs
2.4.2.1 Chloroquine and meflogui
2.4.2.2 Artemisinin
4.2.3 Antibiotics
4.3 Results and discussion
4.3.1 ‘Drug-likeness’ of aloin and derivess
4.3.2 Mechanism of action of aloin and datives
4.4 Conclusion
4.5 Experimental

4.6 References

CHAPTER FIVE: CONCLUSIONS AND FUTURE WORK
5.1 Conclusions
5.2 Future Work

APPENDIX
NMR spectra

92
93
93
94
94
95
97
98
101
102
104
104
105

106
107

109



ABSTRACT

This project is focused on the synthesis and bioc&activity of aloin and derivatives. Aloin

is aC-glucoside anthrone that is found Adoe marlothij a common Southern African plant
used in traditional medicine. Aloin was isolatednfi A. marlothii, employing a selective
chelation isolation procedure. This compound isviem to have numerous biologically active
properties, and can be used as a laxative, arbaaterial agent, an anti-oxidant, and as a
cytotoxic drug against breast and ovarian tumolirlicees. More relevant to this research
investigation, was the reported anti-inflammataoctidty of aloin. Specifically, the inhibitory
activity of aloin on matrix metalloproteinases, alihiwhen excessively secreted, can lead to
the development of osteoarthritis and cancer nmegtisst Aloin has also been reported to have
antiplasmodial activity, which was also investighte

Aloin was synthetically transformed into severalidaives, which could be potentially useful
medicinal compounds. The choice of derivativesbédomade was based upon (i) known
biologically active compounds (e.g. aloe-emoding gin) interesting biologically active
functional groups (e.g. amines). These aloin dériga include aloe-emodin, rheinal, rhein
and three amine derivatives. Homonataloin, amadoialogue, which was also isolated from
A. marlothii was synthetically transformed into nataloe-emodiFhese two compounds serve
as aloin structural analogues for the biologicadtitgy. Aloin and derivatives were
characterised using NMR, HR-MS, UV and IR, whichowkd for their unambiguous

structural elucidation.

Aloin and derivatives were all tested for (i) pdsiinhibition towards MMP-2 and MMP-9,
which are the two most common MMPs in the blood] ér antiplasmodial activity against
chloroquine sensitiv®lasmodium falciparunparasites. Doxycycline, a clinical tetracycline
drug, was used as a reference compound for th@dwall assays, since it shares many
common structural features with aloin and derivedivl1-(Piperidin-1-yl)chrysophanol and
11-(morpholin-1-yl)chrysophanol proved to be thesmpotent selective MMP-2 inhibitors.
11-(Piperidin-1-yl)chrysophanol was also found #the most potent againBt falciparum

parasite, along with 11-(pyrrolidin-1-yl)chrysoplwan



Aloin has been shown to be a cheap, easily obtkriaad compound that could facilitate the
production of a range of powerful medicinal drugs.
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CHAPTER ONE

AN INTRODUCTION TO ALOE CHEMISTRY

1.1 Introduction

The total synthesis of medicinally useful compouisda highly daunting and challenging
task. This requires both high skills levels andaficial capital outlay. The goal of
obtaining a medicinally valuable compound by parsignthesis, starting from a readily
available starting material is an extremely attv@cbne. Such a compound may be aloin
(2.2, which is a naturally occurrinG-glucoside anthrone that has been reported to have
many potentially useful biological properttesThe most interesting biological activity of
aloin (1.1) is the reported non-competitive inhibitory actiagainst the extracellular
matrix-degrading enzyme, metalloproteinade-8letalloproteinase-8 belongs to a family
of enzymes called matrix metalloproteinases (MMPR)ese enzymes are finely regulated
at three stages, but sometimes, this control &edtor lost. The result is excessive tissue
breakdown at an unbalanced replacement build-e&p kedding to medical conditions such
as osteoarthritis, tumour growth and metastasid, priodontal diseade Thein vitro
antiplasmodial activity of aloin 1(1) against the chloroquine-resistamlasmodium
falciparum strain has also been reported, with ag I@lue of 107.20 + 4.14g mi* *
Aloin (1.1) is found in moderate amounts in the leaf exuddtéwo common, robust,
easily-cultivatabledloe plants,i.e. Aloe marlothiiA.Berger subspmarlothiiandAloe ferox
Mill. Thus, aloin (.1) is a natural product with commercial potentiattban be obtained
from a cheap, easily obtainable, renewable resoufidee investigation of the biological
properties of aloin1.1) and synthetic derivatives could prove to be inable from a
medicinal perspective.



1.2 The genuAloelL.

The genusAloe comprises approximately 600 species, most of whiotur naturally in

Sub-Saharan Africa, except for the moist lowlance$o regions and the western part of
West Africa. Some species are found in the AraBianinsula and in Madagascar. A few
Aloe species, formerly in the genusmatophyllumare known from some of the smaller

Indian Ocean islands

Aloe plants are perennial, leaf-succulent xerophyté®rophytes are plants adapted to
survive in areas of low or erratic precipitationdahese adaptations may include structural
and physiological features. One kind of xerophgiiaptation is succulence, which is the
development of water storage tissue, consistirigrge thin-walled cells in which water is
held in mucilage. The enlargement of leaves ansta Aloe plants is a modification to
accommodate the water storage tissue. The leigfecig thick and is covered by a layer of
wax, which has distinct patterns of ridges and/@ronpapillae and sunken stomata. Many
Aloe species have groups of cells associated with #seular bundles, called aloin or
aloitic cells that store and possibly secrete atuméof compounds with medicinal value,
with the composition varying in different specie$he breakage of leaves exposes this

exudate, normally yellow in colour, strong smelliwgd bitter in tasfe

The bitter leaf exudates of sorAdoe species are of commercial importance. These serve
as renewable sources of the laxative aloe drugs @udate has also been employed as a
bittering agent in alcoholic beveragesloe gel is the clear jelly-like substance obtained
from the leaf pulp. The mechanical extrusion af thucilaginous gel from the fibrous
fraction of the pulp gives a 70% yield with a watentent of 99%. This gel is used in the

cosmetic industry in shampoos, shaving and skie ceams and in the treatment of skin



disorders, especially, as topical medication fertieatment of burns. Medicinally, the gel
and dried leaf exudates @floe species have been used by ancient civilizationthef
Egyptians, Greeks and Mediterranean pebple

1.2.1Aloe marlothii and Aloe ferox

A. marlothii (Fig. 1.1) is a large single-stemmed plant occarrin South Africa,
Botswana, Mozambique and ZimbabweA. marlothii was previously commercially
harvested for the production of the drug ‘aloest this was ceased due to the erratic
chemical variance of anthrones, i.e. aldinll and homonataloinl(2) in the plant. This
species is now only utilized in traditional mediinThis includes the treatment of round-
worm infections, using the powdered dry leavesnuaffs for stomach troubles, and for
weaning breastfed children by rubbing green ledb pwer the breasts The leaves of.
marlothii are used by communal stock owners in the Northt\Wesvince of South Africa
to treat and prevent gallsicknes&n@plasma marginalénfection in cattle), to treat
parasitic helminthiasis, diarrhoea, constipationayal ailments, retained placenta,

dystocia, to remove maggots from wounds and toaedick burdens

(A)mp:/len.wikipedia.orglwikillmage:Aloe_marIothiiOO .ipg (B)hnp:/lcommons.wikimedia.0rg/wiki/lmage:AIoe_ferox.J PG

Figure 1.1.(A) A. marlothiiand(B) A. feroxplants during flowering season.
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A. ferox(Figure 1.1) is the majohloe species that is commercially used in South Africa.
It is a plant similar toA. marlothii both physiologically and in its chemistry.
CommerciallyA. feroxis preferred oveA. marlothii due to minimal chemical variance in
terms of its phenolids A. feroxis found predominantly in the lower western hdlBouth
Africa and is known as the ‘Capgdo€. A. marlothiion the other hand, is found in the
upper eastern half of South Africa, and prefersammpuntainous terrain, and is therefore
called ‘mountainAlo€. There are regions where these plants coexst, leybridization

between the two is a very common occurréhce

1.3 Chemical Constituents oAloe Species

A variety of secondary metabolites are producetha leaves and roots @floe plants.
Many different classes of compounds are represeriiete including alkaloids,
anthraquinones, anthrones, bianthraquinoids, chmesyocoumarins and pyrones. The
most important constituents 8foebitters are the anthrones, aloin A3) and B (.4), and
the chromones aloesi.f) and aloeresin Al(6)*. These compounds are all found in the
leave exudate of both. marlothii andA. ferox




1(5) (1.6)

1.3.1 Anthrones: Aloin (1.1)

Of all the classes of compounds occurringhloe species, anthrones are considered to be
the most important. Within this class itself, timest abundant is aloirl (1), which was
first isolated fromA. arborescensn the 1800'S". Aloin consists of a mixture of aloin A
(1.3 and aloin B {.4), two diastereomeri€-glucosides that differ in the configuration at
C-10 of the aloe-emodin anthrone mofetyA biosynthetic study carried out by Gran and
Franz in 1980 has shown that aloin B4 is the true natural product, which is produced
by the plant and is enzymatically converted toraii(1.3'% That study also established
that aloin B (.4) is formed by attachment dD-glucose to aloe-emodin anthrone, a
compound detected so far in flowers but not inldaes ofAloe plants. In aloin BX.3),

the glucose moiety attached to C-10 hasotHoeientation (i.e., 1B, 1'S) and conversely, in
aloin A (1.2), thep-orientation (i.e., 18, 15).

The carbon-carbon bond between the sugar and theoar (i.e. the bond from C-10 on
anthrone) is quite resistant to acid and alkalioed@tions. The cleavage of this bond is
achieved by oxidation, rather than hydrolysis, anty under drastic conditions of acid in
combination with an oxidant. This bond is alsoistesit top-glycosidase of plants and
most plant bacteria, however, the intestinal mioraf of humans and animals have been
shown to cleave thi€-glucosyl bond, although considerable variatiomesponse among

animal species occufs

The percentage of aloirl.(l) in the leaf exudate varies from species to sgedi®m
season to season, and depends on plant or leafTdugealoin {.1) content of leaf exudate

from differentAloe species was analysed by numerous methods andowad fo be 10-



25% on a dry weight basis of the leaf exutfated recent chemotaxonomic survey of 380
species ofAloe showed that aloin is found in 36 (10%) of the sg&& The occurrence of
aloin is not confined only t&\loe species as it has also been found in the extrdcts o

Rhamnus purshiaria

Homonataloin 1.2) is another anthrone which has a similar structarénat of aloin 1.1).
Homonataloin 1.2), which also occurs as diastereomers, was fouratear in 47 (12%)
of 380Aloe species tested, includig marlothit. The distribution of homonataloif.Q)
is more restricted compared to that of aldirt. The chemical occurrence of aloih 1)
and homonataloin1(2) has been found to be mutually exclusiveAioe species, with
A. mutabilisbeing a notable exceptibn Thus, within a specifidloe plant, that is known
to produce the anthrones, either aldinl) or homonataloin1.2) may occur, but not both
simultaneously. This chemical variance between drataloin {.2) and aloin {.1) in

A. marlothiiwas the major factor in stopping the commerciavésting of the plant.
1.3.2 Biological Activity of Aloin (1.1)

The most well-documented yet mechanistically unkmaaetivity of aloin (.1) is its
purgative/laxative action in animals. Aloih.{) has been shown to be metabolized to the
reactive aloe-emodinl(7) by the colonic flora Eubacterium speciesh the gut. It has
been demonstrated that aloe-emodiry)(exerts its action on the colonic mucosa, but its
mechanism of action is still uncertain. It is pdated that aloe-emodirl.(/) acts by
disturbing the equilibrium between the absorptibwater from the intestinal lumen via an
active sodium transport and the secretion of waitr the lumen by a prostaglandin-
dependent mechanism. Aloe-emodin/) also stimulates the release of platelet-actigatin
factor (PAF) in human ileal and colonic mucosa, ahcould also contribute to this

purgative effect.

HO o HO
O‘O OH
o}

L)



Other reported biological activities of aloib.{) include: the induction of programmed cell
death (apoptosis) in Jurkat céflscytotoxicity against certain breast and ovarianaer
cell lines’, the increase in the rate of alcohol oxidationrare® and the inhibition of

histamine release from mast c&lls

Aloin (1.1) has been reported to possess a dose-dependdritoinheffect on MMPs.
Aloin (1.1) has shown good inhibitory activity on bot@lostridium histolyticum
collagenase (ChC) and MMP-8 via a predominantly -cempetitive inhibitory
mechanism. The inhibitory activity of aloid.) on MMP-8 was comparable to that of
the modified tetracycline doxycyclind.g), which is the enzyme’s most powerful known
inhibitor”,

OH o OHL o O HO o HO

|11\ 127 | NH, | 8\ 9 | 1
= = OH

OH
H/,,," H OH
CHs3 O|-|1|3C/ \CH3 o a
" oH
OH (:)H
108 10

The carbonyl oxygen at C-12 and the OH group atl@+i the doxycylinel(8) structure
appear essential for activity. Comparing the stnes of doxycyclinel(.8) to the structure
of aloin (1.1), the carbonyl group at C-9, between the hydroayl€-8 and C-1 on the
anthrone, is consistent with that pharmacophordiler@and it seems reasonable to
postulate that the aloirl (1) inhibition of the MMPs is due to an interactiamsar to that
between doxycyclinel(8) and MMPS.

1.3.3 Anthraquinones: Aloe-emodin (1.7)

Aloe-emodin 1.7) is found in both the leaves and roots of mahye and Sennaspecies.
This anthraquinone usually occurs in combinatiothwis glycosides or in a reduced
(anthrone) form. The amount of aloe-emodir¥) in plants is very low, as it is thought to

arise through the oxidative decomposition of itgcgkides, rather than through direct



biosynthesis. Despite being such a minor constitwé the plants, many studies have

proven that aloe-emodir.(7) is the active metabolite of both aloith {) and sennosid&$
1.3.4 Biological Activity of Aloe-emodin(1.7)

The list of the biological properties of aloe-emodlL.7) increases regularly as more

studies are carried out on this highly active maliec

The mechanism of the anti-inflammatory and immunaiduy effects of aloe-emodiri (7)
and other anthraquinones are proposed to involvkirmy oxidatio®’. Many reactive
oxygen species and free radical-mediated reactiares involved in inflammatory
responses. Since anthraquinones such as aloe+eifiodi act as both anti-oxidants and
radical scavengers, they can combat many of thesggponses. Aloe-emodid.7) reduces
the inflammation of lymphocytes and Kupfer cellste liver. Pre-treatment of the liver
with aloe-emodin 1.7) reduces the damage caused by toxic species suicatar@on

tetrachloridé®.

Aloe-emodin (.7) also displays anti-bacterial activity, dose-defmnily inhibiting the
growth of Helicobacter pylorj which is a possible causative agent of gastritced’.
Aloe-emodin (.7) possesses contradictory activities on cell growth was found to
stimulate the growth of primary rat hepatocytes,acohversely, was found to have
apoptosis-inducing effect in human lung squamous ea@cinoma and to selectively

inhibit neuroectodermal tumour growithvivo®.

Despite all of these medically-promising biologiaadtivities, anthraquinones also have
harmful effects. These include genotoxic, mutageamnd tumour-promoting effects. Thus
caution should be exercised with regard to theragtiinones, and further studies need to

be carried out to more accurately define the aiiviof each componéfit
1.3.5 Chromones: Aloesin (1.5) and Aloeresin A (1.6
Aloesin (.5), which can be regarded as the parent compouridecfloe chromones was

first described in 1970 by Haynes and coworKersSimilarly to aloin {.1), aloesin {.5)
has aC-glucoside sugar. It should be noted that thearaddarbon bond connecting the



sugar to the aglycone is also difficult to breakhis chromone is widespread throughout
the genus, occurring in around 40% of species exadffi

Aloeresin A (.6) is another common chromone found in maige species and differs
from aloesin 1.5 by ap-coumaroyl group, which is connected to the C-Zipon. This
ester bond is considerably more labile than@hglucoside bond, and can be hydrolysed
under acidic conditions to afford aloesing?.

1.3.6 Biological Activity of Aloesin (1.5) and Aloeesin (1.6)

Both aloesin 1.5) and aloeresin Al(6) show skin-whitening activity. These compounds
display inhibitory activity against the enzyme ftsirtase. Tyrosinase is a copper-
containing monooxygenase enzyme which catalysesdhgersion of tyrosine to dopa,

dopaquinone and subsequent autopolymerisation kanin€. Pigmentation in skin results
from the synthesis and distribution of mel&hin

1.4 Project Aims

The aims of this investigation were:

1. To develop a procedure to isolate aloin frAmmarlothiileaf exudate.

2. To synthesise several aloin derivatives, basedotengially interesting biologically
active functional groups.

3. To test the potential inhibitory properties of al@nd its synthetic derivatives on
MMP-2 and MMP-9.

4. To screen aloin and its synthetic derivatives forvitro antiplasmodial activity

against a chloroquine-sensitive strairPoffalciparum
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CHAPTER TWO

ISOLATION OF ALOE COMPOUNDS AND SYNTHESIS OF
ALOIN DERIVATIVES

2.1 Introduction

Aloin (2.1) has been shown to be a highly biologically actteenpound. Its numerous
biological effects, as mentioned in Chapter 1, hasxen attributed to both its electron-rich
ring system and its chelating ability. AloiB.{) has been reported to inhibit MMPs via a
non-competitive chelation mechanismThis property of aloinZ 1) was investigated in
this research project. One of the aims of thiggatowas to synthesise a variety of aloin
derivatives and to test and compare their potertddP-2 and MMP-9 inhibitory
properties. By analyzing the structure of aldl) the benzylic hydroxy group at C-11
presents itself as a region of possible functicadion for derivative formation. Aloin
(2.1 will serve as a useful starting compound with gnpossibilities for the synthesis of
derivatives. Aloin 2.1) occurs in manyloe specie§ yet it is an expensive compound to
purchase. The most effective and cost-efficiermimea of obtaining aloin(1) is to isolate

it from a plant that contains aloir2.Q) in reasonable amounts, .i.A. marlothii A.
marlothii also contains two other major compounds in it§ éeadate; aloeresin A2(2)
and aloesind.3)®. Besides these chromones, an aloin analogueldadismonataloind.4)

is also known to occtir The occurrence of aloi2.(1) and homonataloin2(4) is mutually
exclusive inA. marlothiiplants. Thus an individu@l. marlothii plant may contain either
aloin 2.1) or homonataloinZ.4), but not both simultaneously. Homonataldm) should
serve as a highly useful compound, having a metigpayp at C-8 compared to a hydroxy

in aloin 2.1). This chemical variance could have an intergstifiect on its activity.
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CHj

2(2 R =p-coumaroyl 24
(23 R=H

2.2 Anthraquinones

Anthraquinones are widely studied compounds hawviramy remarkable properties and
uses. Many anthraquinones occur naturally, whtkers are either synthetic or semi-
synthetic. Examples of different classes of agbmones, along with their biological
activities will be discussed briefly in this chaptt illustrate the importance and

significance of these compounds.

2.2.1 Natural Anthraguinones

Dynemicin A @.5) is a structurally interesting compound that hexseived considerable
interest over the last 15 years due to its poteatiicancer applications This molecule is

a member of the enediyne family of antibiotics wheause cell death through irreversible
oxidative strand scissions of DNA. Dynemicin A5) has not been used as a drug due to

its lack of specificity towards tumour cells, deeghe high levels of cytotoxity it displays.
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Chlorocyclinone CZ.6) is a novel anthraquinone compound which has mdated from
the mycelium ofStreptomyces sptrain DSM 17045 This compound has been shown to
antagonize rosiglitazone-induced peroxisome pnalite-activated receptor gamma
(PPARy) activation with 1Gys < 0.4 uM in vitro. PPARy antagonists provide a
therapeutic option to patients in need of effecéimédiabetic therapies.

O CH; OH O OH

(2.6)

A pentacyclic anthraquinone compoun®.7f has been isolated fromJuglans
mandshuricA This compound efficiently induced apoptosis iaLld cells (a cancer cell
line) through a mitochondria dependent pathway actiVation of the caspase cascade.

This may prove to be a potential chemotherapeaticiiclate for the treatment of cancer.

A recent phytochemical study of the fruits\éiEmia laurentiiresulted in the isolation of
three structurally related anthraquinones; laugemthones AZ.8), B (2.9) and C 2.10°.
The combined extracts of these compounds displapgieblasmodial activity against the
W2 strain ofP. falciparum
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(2.8) (2.9 R=H
(2.10 R = OAC

Altersolanol A @.11), a tetrahydroanthraquinone, showed good cytotaxtwvity in vitro
towards L5178Y mouse lymphoma lifesThis compound also exhibited antimicrobial
activity against gram-positive pathogens, S&aphylococcus epidermidiStaphylococcus
aureusandEnterococcus faecalislt has been discovered that altersolanoRA1) acts as
an electron acceptor in the bacterial membranetlansl inhibits bacterial growth. This
bioactive metabolite was isolated from the endoighyingusAmpelomyces spvhich was
isolated from the Egyptian plabtrospermum picroides

Brasilquinolone C Z.12, a benz[a]anthraquinone antibiotic, was isolatédm
fermentations ofNocardia brasiliensi¥. This compound exhibited antimycobacterial
activity towardsMycobacterium smegmatisith an MIC value of 12.5ug mi*. Mild

cytotoxicity towards murine leukaemia cell line 1TPand P388 was also observed.
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The anthracyclinone celasramycin B.X3 was isolated from an unidentified species of
StreptomycéS.  Celasramycin B 2,13 displayed an MIC of 3.lug ml* towards

Mycobacterium vaccae

Mumbaistatin 2.14) has been found to be the most potent naturabiitohniof glucose 6-
phosphate transporter 1 (G6PT1), a key enzymeeamdpulation of glucose homeostasis,
making it an important therapeutic target in typdiabetes'. Mumbaistatin was isolated

from cultures ofStreptomyces spSM 11641.

(2.14)

Natural anthraquinones are valuable medicinal camg@s. These are biosynthesized via
the polyketide synthase pathway. Many of thesepmamds play a crucial role in the fight

against infectious diseases.
2.2.2 Synthetic Anthraquinones
The anthraquinone2(15 has exhibitedin vitro cytotoxicity against several different

cancer lines through apoptosis. Apoptosis hasrbheca focus of interest in oncology

because a disregulation of the apoptosis procesproanpt malignancy of tumoufs
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O  CH,
O ‘ O CH
O/\/\N/ 3
N
O

CHj3

(2.15)

Mitoxanthrone dihydrochlorid€2.16 is an important compound used clinically as an
anticancer agent. It is used for treating leukerphomas, and advanced breast and
ovarian cancer in combination with other treatrfiénThe reaction mechanism of the anti-
tumour activity of anthraquinones is probably nmattidal in nature, and studies have

suggested that its intercalative interaction witk/Omay play a role.

NH _OH
OH o HN~ N~

OH O HN\/\NH/\OH

(2.16)

The anthracycline antibiotics daunomyci®.17) and doxorubicin 2.18 are clinically
effective anti-tumour agerits They display good potency and are used commiarlye

treatment of a wide range of cancers. Howevey, #ne expensive and quite toxic.

OH OH

(2.17) (2.18)
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Synthetic anthraquinones, that are used medicinatly usually less structurally complex
than the naturally occurring ones. Many synthatithraquinones are created from a lead

compound, which is commonly a natural product.

2.2.3 Semi-Synthetic Anthraquinones

Emodin @.19 and chrysophanoR(20 are naturally occurring anthraquinones that have
been used as starting materials for synthesis.seflbempounds were isolated from crude
rhubarb extract. Their structural aromatic feagurglicate that these compounds and their
derivatives (especially positively charged ones)y nmercalate into the double helix of
DNA?'. Libraries of their derivatives were prepared §dructure-activity relationship
studies of anticancer activity against mouse leudm210 and human leukemia HL-60
cells. In general, it was also reported that agfbinones bearing an amino function
interact with DNA. There was no straightforwardrretation apparent between the
derivative affinity for DNA and their cytotoxic ef€ts. This study concluded that the
cytotoxicity produced by these derivatives is tidependent and is not a direct result of

initial inhibition of DNA replication.

OH (|) OH OH (e} OH
o, Qc,
(@] (0]

(2.19) (2)20

The use of semi-synthetic anthraquinones as patemgdicinal drugs is becoming more
common. It is often quicker and cheaper to syithly modify an existing anthraquinone
framework tlan thede novaosynthesis of the product.
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2.3 Isolation of A. marlothii Leaf Exudate Compounds

2.3.1 Isolation ofAloin (2.1) and Homonataloin (2.4)

It is well documented that the levels of alotlj within Aloe species varies from species
to species, seasonally, and relative to the enmimmal conditions of the specifiéloe
planf. Thus it is rather difficult to obtain a source/ marlothii leaf exudate that has
consistently high aloin2(1) content. Furthermore, without TLC pre-analysistie A.
marlothii plants’ chemical constituents, it is impossibled&termine whether the plant
contains either aloin2(1) or homonataloind.4). The A. marlothii sample which was
obtained in Ladysmith, was a collection of diffearghants and as expected contained both
aloin 2.1 and homonataloin2(4). This was a beneficial complication as it pr@ddus
with a source of both aloir2(1) and homonataloin2(4), which have sufficiently different

R values on TLC to allow for separation by columnochatography.

2.3.2 Column Chromatography ofA. marlothii Leaf Exudate

The Aloe leaf exudate was freeze-dried and then fracti@ehbBtecolumn chromatography
employing a solvent system containing ethyl acetatethanol and water in a 77:13:10
ratio'®. This tried and tested eluent system gives optseparation of leaf components.
Thus, this chromatography technique was utilizedhenacquired\. marlothiileaf exudate
sample, resulting in good separation of the samgieponents. The order of elution of the
compounds was: homonataloin.4) (R = 0.75), aloeresin A2(2) (R = 0.65), aloin 2.1)

(Rf = 0.58) and then aloesi.8) (Rf = 0.38). However, one major problem with this
system was that water was present in each fractidre only procedure to remove water
other than freeze-drying is by the addition of &ésla. Toluene forms a stable azeotrope
with water, thus allowing for easier removal. Higimperatures (boiling point of toluene
is 110°C) are required for the solvent removal, whichsitlke degradation of the isolated
products. Thus it was necessary that a more Imlstilvent system be developed. This
was achieved by replacement of the water with argplolar solvent, acetonitrile, which
has a boiling point of 82C. It was discovered that a 75:10:2 ratio of ethgktate
(EtOAc), methanol (MeOH) and acetonitrile (§EN) afforded a degree of separation
highly comparable to that of the mixture containmager.
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2.3.3 Structural Confirmation of Aloin A (2.21)

The'H NMR spectrum (Plate 1a) had peaks charactex$tan aromatic compound with
an attached sugar. The aromatic region has fietops, i.e., H-78 6.68,d, J = 8.6 Hz),
H-2 (5 6.78,d, J = 1.5 Hz), H-5§4 6.94,d, J = 1.5 Hz), H-4 § 7.04,d, J = 8.6 Hz), H-
6(on 7.47 (AHt, J = 7.9), which are expected for aloia1). The splitting pattern of the
proton attached to C-1G4 4.69,d, J = 2.4 Hz) confirmed &-glucosidic linkage. The
signals for the sugar protons H-54(2.84,m), H-4’ (64 2.85,t, J = 9.2 Hz), H-2’ {4 2.96,
t, J = 9.2 Hz), H-3' §4 3.28,t, J = 9.2 Hz), H-6’b §4 3.33,m), H-1" (84 3.33,t,J = 9.2
Hz) and H-6’a §u 3.44,m) are well resolved and allow for unambiguous assignt. The
methylene proton H-115¢ 4.56,d) shift corresponds to that of a benzylic primaigohol.
The phenolic hydroxy protons 8-OHy(11.35, brs, D,O exchangeable) and 1-ORy(

11.68,br s, D,O exchangeable) of aloi2.(l) can also be clearly seen.

The *C NMR spectrum (Plate 1b) displayed a total of 2tbon atoms. Two CH
carbons, eleven CH carbons and nine non-protoretbns were identified. In tHéC
NMR spectrum, six signal${ 63.3, 71.8, 72.0, 80.0, 81.6, 86.6) were charatieof a
C-glucose moiety, five aromatic signalsc(114.4, 116.8, 119.1, 120.0, 137.0,), four
signals §c 117.7, 118.7, 143.2, 146.6) and a signal depicirtgnzylic methylene group
(6c 64.5). Two signals characteristic of phenolicbcars §c 162.9, 163.4) and one of a

ketone §c 195.5) are also observed.

The DEPT 135 spectrum (Plate 1c) corresponded @0 spectrum, confirming the
identity of the two CH groups as well as that of the nine CH carbons.e H$QC
experiment (Plate 1e) allowed for the correlatibalbprotonated carbon atoms with well-
resolved protons. An HMBC experiment (Plate 1®wbld connections of C-8a with H-7
and H-5, of C-1a with 2-H and 4-H, and of C-3 with-H,.

It was interesting to note that only aloin 2%1) was isolated from the leaf exudate, and
not a mixture of both the aloin £21) and aloin B 2.22) diastereomers as expected. The
acquired NMR data corresponds with fieand®*C NMR assignments of aloin 221
found in the literatur.
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(2.21) (2.22)

2.3.4 Structural Elucidation of Homonataloin (2.4)

The 'H NMR spectrum (Plate 4a) of homonataloin4 displays a mixture of two
compounds, i.e. homonataloin .23 and homonataloin B2(24) in a 4:1 ratio. The
aromatic region depicts four protons for each distmer. For homonataloin 2.23
these are singlets for protons H-2, H4 6.62 and 6.76) and doublets for protons H-5 and
H-6 04 7.08 and 7.13). Similarly for homonataloin B44) H-2 and H-4 §4 6.65 and
6.84) are singlets and H-5 and Hd (7.12 and 7.09) are doublets. The sugar protons
resonate in a regiorsy 2.6-4.5) similar to those of the sugar in fite NMR spectrum
aloin A (Plate 1a), both being-glucosides. The 11-methyl grougy(2.29) and methoxy
group 64 3.74) clearly differentiate thtH NMR spectrum of homonataloir2.23 from
that of aloin A .21 (Plate 1a). The shift of the 1-hydroxy prot@q (2.1) is similar to
that of aloin A 2.21) (Plate 1a)whilst the hydroxy at H-78( 9.55) is not observed in the

spectrum.

2.23 2(249

The °C NMR spectrum (Plate 4b) displayed a total of &bons for each homonataloin

diastereomer, one more than that of aloin A (Plale One Chicarbon, one Ckicarbon,
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ten CH carbons and nine non-protonated carbons vdenatified. In the*C NMR
spectrum, six signalsé¢ 60.0-85.0) were characteristic of Grglucose moiety, four
aromatic signalsd¢ 115.6, 119.2, 121.9, 123.8) four quaternary s 118.0, 127.4,
136.2, 140.8) and a signal depicting a benzylichylegroup 6c 21.9). Three signals
characteristic of phenolic carborg: (145.2, 147.5, 160.4) and one of a ketaie1©90.1)
were also observed.

The DEPT 135 spectrum (Plate 1c) correspondeded®® NMR spectrum, confirming
the identity of the single CHand CH groups as well as that of the ten CH carbons. The
methoxy group is also observed. A HSQC experim@iate 4e) allowed for the

correlation of all protonated carbon atoms withlwes$olved protons.

The *C NMR shifts of the sugar carbon atoms C-3', C-88 &-1’ were observed &t
78.4, 80.4 andc 84.2 respectively. The assignments of tHé€eNMR signals were not in
accordance with the assignments reported J. M. &oen af®, which were deemed
incorrect.

2.3.5 Selective Calcium Precipitation of Aloin (21

Column chromatography is an effective yet a lond geuious technique for the isolation
of aloin @.1). It was mentioned in an article by Hay and Hayhehat aloin 2.1) could be
precipitated from the leaf exudate by the additbrexcess calcium salt and ammonium
hydroxide. It was proposed that alothl) formed a calcium salt which precipitated out of
solution. This aloin-calcium salt could then bkefied and re-protonated in acid. This
method of aloin Z.1) precipitation seemed interesting and was thusstigated. Thé\.
marlothii leaf exudate was dissolved in hot water, followsdthe addition of excess
calcium chloride and ammonia. Ammonia is a wealseb@pk, = 4.7) and thus
deprotonates the aloin phenolic groups {pKL0.0) in a reversible manner. However, the
reverse reaction is slightly more favourable withnaonium (pk, = 9.4) donating a proton
to the deprotonated phenol (s) (oK 4.0). The deprotonated phenol at either C-1/C-8
combined with the neighbouring ketone functionabty position C-9, provide an ideal
ligand for metal chelation (Scheme 2.1). Thusnet®ugh the equilibrium between the
ammonia and aloin phenols favours the formatioramimonia (and not the ammonium

salt), the small percentage of the phenols whieldaprotonated react with the fre¢?Oa
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solution and form the aloin calcium salt. Thisaluble aloin calcium salt precipitates out

of solution, thus shifting the reaction equilibridowards the formation of the salt.

Calcium chloride
_ >

Ammonium hydroxide

(2.2)

Scheme 2.%°

Aloin (2.1) can be regenerated by the addition of strong &cithis salt, which displaces
the chelated calcium ion and re-protonates the glleehydroxy. This aqueous solution
can then be washed with ethyl acetate, which shextdct the aloin4.1) which can be
isolated upon removal of the solvent. It shoukbdle noted that aloir2.Q) is roughly 2.3
times more soluble in water than in ethyl acetal@e(to the polar sugar moiety), thus
multiple extractions are required for removal of @doin @.1). The aloin 2.1) obtained

from this procedure is of relatively high purity 90%).

2.4 Synthesis of Aloin Derivatives

The first aim of this project was to develop areefive procedure for the isolation of aloin
(2.1 from theA. marlothii leaf exudate. Since a method yielding large arteoahaloin
(2. was found, the next step was to transform thérane into the desired synthetic
anthraquinone derivatives. The choice of deriwsito be made was based upon (i)
known biologically active compounds (e.g. aloe-emaddand (ii) interesting biologically
active functional groups (e.g. amines). The plansgnthetic pathway is shown below
(Scheme 2.2).
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| NaCI02 NaH,PO,
o ee
/ o © °
O‘O rhelnal (2.29) thein (2.31)

PPh,, CBr,
OH éH aloe-emodin (2.25) \ HO 5 HO HO o OH
aloin (2.1) O‘O
| —— G0
o o}

11-bromochrysophanol (2.33) R,NH = pyrrolidine, piperidine & morpholine

OCH3 o

nataloe-emodin (2.28)

OH OH

homonataloin (2.4)

Scheme 2.2
2.4.1 Oxidation of Aloin (2.1) to Aloe-emodin (2.25

The oxidation of aloin4.1) to aloe-emodind.25 is a naturally occurring event. If aloin
(2.1 is present in an oxidative medium, it is possibiat theC-glucoside sugar is cleaved
and the C-10 position to which it was attached x&iged to a ketone. This is the
postulated origin of aloe-emodir2.25 in Aloe plants, as an aloin2(1) breakdown
product®. Thus it should be possible to obtain aloe-em¢2ig5 by simply leaving aloin
(2.1 in an oxidative medium. This is however an uat#e, time-consuming and

inefficient method to obtain aloe-emodihiZ5 (Scheme 2.3).

.29
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-CeH100s5
LT w
O
(2.25)
Scheme 2.3

There are a number of published methods to oxidiai 2.1) to aloe-emodingd.25), the
| most prominent being the Fe@hediated process (Scheme 2.4). This reactionvis lo
yielding (yields < 60% reported) and very ineffitieas it requires a 5:1 ratio of Fg@b
aloin 2.1)*°. In our hands, this reaction afforded yields of4@nd was found to be
| extremely messythus other oxidation methods for the oxidationatfin (2.1) to aloe-

emodin @.25 were to be tested.

FeCl3 (5 x mass of aloin)

) O‘O OH
H,0,125 C,6h

60% yield

(2)25

Scheme 2.4
In this investigation, a novel procedure to efidiy oxidize aloin 2.1) to aloe-emodin

(2.29 was found. A Co(ll) catalys®(26 was found to do the necessary conversion in

good yields, higher than those obtained in the Fpfdicess (Scheme 2.5).
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0,
5 mol% H/—\H

0
o o OH o OH
— LI
> OH
o)

15-20 equiv 30% H ,0,, CH,CN, 80 °C, 8 h

70% yield

(2.25)
Scheme 2.5

The Co(ll) catalystZ.26) was synthesized according to the published proegd The
catalyst requires a source of oxygen@lin this case). A proposed mechanism of this
oxidation is shown in Scheme 2.6. The Co(ll) aatiaf2.26), in agueous solution, forms a
mononuclear superoxo speciég.( Dioxygen then binds to the cobalt atom, andGbél)
atom is oxidized to Co(lll)B)*2. The substrate, aloir2(l), loses hydrogen at H-10
resulting in the formation of an aloin radic&@l)( The cobalt-bound dioxygen radical and
aloin radical C) then each donate an electron to form a bond legtweem. Homolysis of
the oxygen-oxygen bond and t@eglucosidic linkage generates aloe-emodi2H and a
glucose radicall) that can be quenched by the cobalt species.fdrheation of a ketone
at C-10 of the anthraquinone is the driving force this last step. The extended
conjugation allows for increased electron deloedion, thus promoting the stability of the

anthraquinone?.25).
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L = ligand (2.1)

o OH O OH .
OH 7" YoH
o OH OH
(2.25 D)

Scheme 2.6

The Cu(ll) derivativeZ2.27)*, which was reported to have the same oxidizinitgplais the

Co(Il) complex R.26), was also synthesized and tested on ait) (Scheme 2.7).

5mol% H/ \ H

‘e
AR
(o) [¢]

(2.27)
OH

> No product

15-20 equiv 30% H ,0,, CH5CN, 80 C, 30 min

Scheme 2.7

After 30 min, no aloin Z.1) or aloe-emodin 4.25 could be detected in the reaction

mixture by TLC.

27



2.4.2 Structural Elucidation of Aloe-emodin (2.25)

The 'H NMR spectrum (Plate 5a) of aloe-emodh2§ had peaks characteristic of an
aromatic compound with 10 protons. Similarly te farent compound aloin (Plate 1a),
five proton signals were observed in the aromatigan of the'H NMR spectrum, i.e., H-
2 (6n 7.29,8), H-7 ©n 7.37,d, J = 8.2 Hz), H-4 & 7.69,5), H-5 @y 7.70,d, J = 7.4 Hz),
H-6 ©On 7.78,t, J = 7.9). The chemical shift of the methylene pnstcy 4.64,s)
corresponds to that of a benzylic primary alcoh®he phenolic hydroxy groups OH-8/

OH-1 oy 11.80, brs, D,O exchangeable) can also be clearly observed deldnfi

The **C NMR spectrum (Plate 5b) displayed a total of &fbons. One Cicarbon, five
CH carbons and nine non-protonated carbons wereifigel. In the™>C NMR spectrum,
five aromatic signalsog 117.1, 119.3, 120.7, 124.4, 137.2), four quatgricarbon peaks
(6c 114.4, 115.8, 133.1, 133.3) and a signal depictingenzylic methylene groupd
62.1). Two signals characteristic of phenolic cad$c 161.3, 161.6) and two of ketones
(6c 190.9, 191.6) were also observed. All these carNMR shifts, besides the new
carbonyl carbon signab¢ 190.9), correlate with those of aloin (Plate 1he difference
between the NMR spectra of the two compounds isatteence of the sugar moiety in

aloe-emodinZ.29.

The DEPT 135 spectrum (Plate 5c) confirmed thegmes of a single CHgroup as well
as that of the five aromatic CH carbons. An HSQ@eeiment (Plate 5e) showed
correlations for all the carbon atoms with attachemtons. The HMBC experiment (Plate
5f) showed correlations of C-8a with H-7 and H-bCela with 2-H and 4-H, and of C-3
with 11-H,.

2.4.3 Oxidation of Homonataloin (2.4) to Nataloe-eodin (2.28)

Homonataloin 2.4) was oxidized to nataloe-emodi.28 (Scheme 2.8) using the same
process used for the oxidation of alotl) to aloe-emoding.25 (Scheme 2.5). Nataloe-
emodin @.28 would provide a useful aloe-emodia 25 structural analogue for testing of

biological activity.
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N N
HO e, H,CO o HO

SN 3

o ° HO

(2.27)
CH3 >
15-20 equiv 30% H ,0,, CH4CN, 80 °C, 8 h CHs
o)
70% yield
OH
OH OH
(2.4) (2.28)
Scheme 2.8

2.4.4 Structural Elucidation of Nataloe-emodin (2.8)

The'H NMR spectrum (Plate 6a) of nataloe-emodr28 had peaks characteristic of an
aromatic compound with 12 protons. Similarly te tharent compound homonataloin
(Plate 4a), four proton signals were observed i @homatic region of théH NMR
spectrum, i.e., H-28(; 7.15,s, J = 1.3 Hz), H-6 §4 7.32,d, J = 8.2 Hz), H-4 §, 7.47,d, J

= 1.3 Hz), H-5 x4 7.90,d, J = 8.3 Hz). Signals for the 11-methyl growp @.42) and the
methoxy groupdy 3.84) are also observed. The hydroxy groups 1(&@HL2.71) and 7-
OH (0 10.84) correlate with those of the shifts of hortaifoin.

The™C NMR spectrum (Plate 6b) displayed a total of afon signals. One Gttarbon,
one OCH carbon, four CH carbons and ten non-protonateoocer were identified. In the
¥C NMR spectrum, there were four aromatic signé¢s1(19.8, 122.3, 123.9, 125.6) four
signals corresponding to quaternary carbon ataigsl?22.4, 126.2, 126.5, 132.9) and a
signal indicating a benzylic methyl groupc(21.9). Three signals characteristic of
phenolic carbonsd¢ 148.4, 148.6, 163.8) and two of carbonyl carbais188.6, 191.4)
are also observed. An HSQC experiment (Plate Beyved for the correlation of all

protonated carbon atoms with their attached protons

2.4.5 Oxidation of Aloe-emodin (2.25) to Rheinal (29)
Aloe-emodin 2.25 was oxidized to rheinal2(29 using the highly efficient oxidizing

agento-idoxybenzoic acid (IBX)Z.30 (Scheme 2.9), which was synthesised based on the

procedure provided in the literatdfe This safe, easily accessible reagent is highly
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selective in the oxidation of alcohols to theirresponding aldehydes and ketones. This is
virtually a quantitative reaction which is achievetdoom temperature in THF. IB2.G0

is insoluble in most solvents, with THF being areption. DMSO is often added to the
reaction mixture in tiny amounts to improve theusidlity of the IBX (2.30 and hence

improve the rate and yield of the reacfion

©)
I
O
Y

| THF, RT, 12 h
(0] 95% yield
229

Scheme 2.9

The oxidation of aloe-emodi2 25 to rheinal .29 is proposed to occur by the

mechanism shown in scheme 280

Ar Ar
H——H
AN
HO O HO\ o) 'o\+/o
N4 A HO—I/\ [
\O o -H,0 0
Ar-CH,OH + R Q - {
o) 0 o
(2.30) A $
HO
\
I\O
+ AR-CHO
(@]
Scheme 2.10

2.4.6 Structural Elucidation of Rheinal (2.29)

The 'H NMR spectrum (Plate 8a) of rheina&2.29 correlates with that of the parent

molecule aloe-emodin (Plate 5a). The proton spetwf rheinal 2.29 differs from that
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of aloe-emodinZ.25 by the absence of the H-11 methylene protonstlamappearance of
a strong aldehyde peak of H-13},(10.12,s) downfield.

Similarly to the'H NMR spectrum, th&*C NMR spectrum (Plate 8b) of rhein@l29 also
correlates with the“C NMR spectrum of aloe-emodin (Plate 5b), except dofew
differences. The C-11 GhHpeak of aloe-emodir2(25 is absent, and the aldehyde peak of
rheinal .29 C-11 ¢c 192.8) is observed. The HSQC spectrum (Plateo8djeinal
clearly depicts the correlation of the aldehydei@maand the carbon to which it is attached.

2.4.7 Oxidation of Rheinal (2.29) to Rhein (2.31)

Rheinal .29 was converted to rheir2.31) in a high yield by using sodium chlorite in a
hydrogen phosphate buffer as the oxidation reagé€theme 2.11). Similarly to the IBX
oxidation, this was done at room temperature. Buodthlorite is a selective reagent for
the oxidation of aldehydes to carboxylic acids, &ad been utilized extensively in the
carbohydrate field. However, there is a limitatinrthis reaction, i.e. the formation of the
toxic chlorine dioxide gas. This noxious gas mayse unwanted side reactions to occur.

This problem can be alleviated by the addition ohkrine scavenger such as resoréihol

HO OH O OH
NaClO,, NaH,PO,

e} OH
O‘O H t-BuOH, RT, 3 hr O‘O OH

95% vyield

229 231
Scheme 2.11

It was initially planned to obtain rheir2.31) directly from aloe-emodin2(25. This
transformation would mean that rheth31) could be produced by a single step as opposed
to two steps. Heavy metal species such as chragigt and potassium permanganate
would very readily perform the necessary oxidatioRwever, it is extremely difficult to
remove all traces of these metals completely, whicduld be unacceptable for the

biological testing of the synthesized products.vesal other benzylic oxidations were
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tried, all of which proved either ineffective orstdted in a low yield, as described in
Sections 2.4.9t0 2.4.11.

2.4.8 Structural Elucidation of Rhein (2.31)

The'H NMR spectrum (Plate 9a) of rheif.81) differs from that of rheinal(29, by the
absence of the aldehyde peak of H-11. ¥fieNMR spectrum (Plate 9b) of rheif.81)
closely resembles that of rheindlZ9), except for the upfield shift of C-184181.4).

2.4.9 Nickel Oxide Hydroxide Oxidation of Aloe-emouh (2.25)

When nickel(ll) chloride/nickel(ll) acetate is exqual to commercial bleachE% aqueous
NaOCI), an insoluble nickel species is formed, ndmékel oxide hydroxide. This
compound is a heterogeneous catalyst, used atrad.% that is particularly useful in the
oxidation of organic compounds. Many differentdations are possible: the oxidation of
primary alcohols to carboxylic acids; secondaryohfids to ketones and aldehydes to
carboxylic acid®. This promising, cost-efficient catalyst was totbsted on the oxidation
of aloe-emodinZ.25 to rhein .31 (Scheme 2.12).

OH O HO _ OH O OH
NiCl,.6H,0, NaOClI (3.5%)

O‘O OH pcMm,0°c,19h O‘O OH
(@] o) 0

(2.25) (2.31)
Scheme 2.12

Analysis of the reaction mixture showed no traceitfier starting material or the desired
product. The fate of this reaction was most probaihe decomposition of the
anthraquinone molecule. The identical reaction svaxessfully tested on a model system,
i.e., the oxidation of benzyl alcohol to benzoigdawhich resulted in excellent yields
(>95%). This oxidation method was repeated sevenas on aloe-emodir2(25), varying

the experimental conditions. This method was ucessful and thus was abandoned.
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2.4.10 Oxidation of Aloe-emodin (2.25) with TEMP0OZ.32)/NaOCI/NaClO,

An interesting procedure to oxidize alcohols toirtterresponding carboxylic acids is
utilizing the combination of NaOCI, NaCjGnd TEMPO (2,2,6,6-tetramethylpiperidine-
1-oxyl) (2.32. TEMPO @.32 is a radical at room temperature. The proposechanism
for this oxidation is shown in Scheme 2.13.

1/2 NaOClI RCH,0H
CH3 —_— H3C + CH3+ —_— H3C CH3
N N N
C | C C | 3 H3C | CHj
0.

H3C
H

3 Ha Ha | y CH

o o

" ®
")

NaClo, ¢ RCHO

RCOOH + NaOCl
(2.32)
Scheme 2.13

TEMPO @.32 is catalytically converted to thid-oxoammonium cation&) by NaOCI.
This N-oxoammonium cationA), being the active form of TEMPO2.82, rapidly
oxidizes the primary alcohol to its corresponditgehyde, itself being converted to the
hydroxylamine B). The aldehyde is then oxidized to its carboxyicid derivative,
generating a NaOCI molecule in the process whichiitites the initial oxidatioft. All

three of these reagents are readily availablenattust, which is an added benefit.

This oxidation method was tried on aloe-emod22f (Scheme 2.14), which proved
unsuccessful. Even after sufficiently increasedattion times and ratios of reagents, all
that was present was the starting material. It wasstulated the TEMPO
(2.32/NaOCI/NaClQ combination was too mild to oxidize the benzylicadol next to an

electron-rich anthraquinone system.
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OH O HO
TEMPO, NaOCI, NaOOCI

O‘O >  No Reaction
OH NaH,PO,, 35 °C, 14 h
(@]

2(29

Scheme 2.14
2.4.11 Ruthenium Tetroxide Oxidation of Aloe-emodir(2.25)

Ruthenium tetroxide (Ruf)is a powerful oxidation reagent used in orgamiatisesis. It
is a strong oxidant for many functional groups @dapable of cleaving double bonds.
RuQ, is prepared by oxidation of either ruthenium(tRloride or ruthenium dioxide with
aqueous periodate or hypochlorite and then exuaicti® carbon tetrachloride. Despite
being an excellent oxidizing agent, there are mdmwbacks to this reagent: It is
expensive, corrosive, requires G@s a co-solvent and is difficult to separate fribra
reaction producfd. The oxidation of Ru@Q on aloe-emodin 225 was carried out
according to the standard published proto@cheme 2.15).

OH O OH HO

O OH
O‘O RuCl;.3H,0, NalO,,
o) 3 I

CH,CN, CCl,, H,0, RT, 5 h

2.29 2(3)
Scheme 2.15

After 5 h of reaction time, the reaction was workgdand the products were isolated by
chromatography. The compounds isolated were rhén29 (10%), aloe-emodin2(25
(80%) and rhein4.31) (5%). It was concluded that this reagent wasetfitient enough

for the oxidation of aloe-emodi2.25 to rhein 2.31).
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2.4.12 Bromination of Aloe-emodin (2.25) to 11-Broothrysophanol (2.33)

The conversion of aloe-emodi@.25 to 11-bromochrysophanoR83 was a necessary
transformation to allow for a subsequent aminatieaction, as bromine is a far better
leaving group than oxygen. This reaction has beeblished using HBr as the
brominating mediurif. This is a high yielding process (89%) but mildeethods were

tested in order to eliminate the use of the stracid HBr.

HO 0 HO
O‘O Br
(0]
@33

2.4.13 Bromination of Aloe-emodin (2.25) Using CuBEBr,/Cu/Fe

This interesting brominating technique centres adoa Cu/Fe redox system. Copper is
the sacrificial anode, and iron is the cathodeis Téaction does not require the supply of
electricity and occurs in a purely chemical modée addition of 1,10-phenanthroline was
reported to increase the efficiency of the reaéfionThe bromination of aloe-emodin
(2.25 was tested using this system (Scheme 2.16), Ibibhat was found was starting

material. It was unclear why this reaction failed.

OH O HO .
CBr, CuBr, 1,10-Phenanthroline, Cu, Fe

> No Reaction
OH CH3CN, RT, 4 h
(0]

(2.25)

Scheme 2.16
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2.4.14 Bromination of Aloe-emodin (2.25) to 11-Broocthrysophanol (2.33) Using
CBr4/PPhs

The second brominating system that was tested aaeahodin 2.25 was a combination
of CBrs and PPhin THF (Scheme 2.17).

OH o OH OH o HO
CBr,, PPhy
O‘O O THF, RT, 8 h O‘O Br
0 0
(2.25) (2.33)
Scheme 2.17

Initially a ratio of CBw/PPh (1:1)to aloe-emodinZ.25 in toluene was tested and resulted
in low yields (<50%). Thereafter an increasedorati CBr/PPh (4:4) to aloe-emodin
(2.25 in THF was tested and resulted in greatly impdoyeelds (>90%). This method

was based on a benzylic bromination reported iriti¥aturé”.
2.4.15 Structural Elucidation of 11-Bromochrysophawl (2.33)

The'H NMR spectrum (Plate 10a) of 11-bromochrysoph&2@3 correlates closely with
that of the parent molecule aloe-emodi@.2§. The proton spectrum of 11-
bromochrysophanoR(33 differs from that of aloe-emodir2 25 in the downfield shift of
the benzylic proton signal fromdy 4.64, in aloe-emodin2(25, to 6y 4.81, in 11-
bromochrysophanoR(33. This shift of the methylene proton signal refiethe chemical

transformation of the hydroxy group to a bromide.

The **C NMR spectrum (Plate 10b) of 11-bromochrysophd8@3 is similar to that of
aloe-emodin Z.25. The carbon signal & 25.1 is due to C-11 attached to a bromine
atom. The signal aic 62.0 corresponds to that of a benzylic Gittached to a hydroxy
group (C-11), exactly like that of aloe-emodihd5. The solvent that was used for the
NMR spectroscopy was deuterated DMSO, which haseteanounts of water. DMSO,

being an extremely hygroscopic compound, absorlisrviilom the atmosphere once it is
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exposed to it. It was postulated that the 11-brmgsophanolZ.33 was transformed
back to aloe-emodin2(25 whilst undergoing thé’C NMR experiment by reacting with
the water present in the deuterated DMSO. Thenalesef signals for aloe-emodi.R5
in the proton spectrum confirmed this.

2.4.16 Substitution Reaction of 11-Bromochrysophand2.33)

The conversion of 11-bromochrysophar@B@ to amine derivatives has been reported in
the literature. Fifteen aloe-emodin amine derixegihave been synthesized by Koyaha
al. in an attempt to produce novel potential antiearagentS. More recently, Cuetal.
completed a similar study on these aloe emodin enderivative®. The published
protocol for producing these amines involves stgril-bromochrysophana.33 in dry
DMF in the presence of an excess of the desiredheuimi excess for three days. Low
yields (<60%) were reported for this slow reactiomhree amine derivatives of aloe-
emodin  @.25, i.e. 11-(pyrrolidin-1-yl)chrysophanol (2.34), 11-(piperidin-1-
yhchrysophano(2.35 and 11-(morpholin-1-yl)chrysophan(®.36) were required for this
research project. Of these three aloe-emddli25 derivatives, only the 11-(morpholin-1-
yhchrysophanol2.36) is novel. It was postulated that the aminatieaction would occur
at a much faster rate if the amine was deprotonatédstrong base such as BuLi was

required to facilitate this process.

HO o HO HO o HO HO 0o HO
O P
N N N\)
O O (0]
(2.34) (235 (2.36)
2.4.17 Amination Reaction of 11-Bromochrysophanol2(33)
BuLi (2.37) was carefully added to freshly distilled morpheliR.38 in dry THF. The

deprotonated morpholin@.89 was added to 11-bromochrysopharB@ and stirred for
12 h at RT. 11-(Morpholin-1-yl)chrysophan@.36 was formed (Scheme 2.18).
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Scheme 2.18

The work up of the reaction (Scheme 2.19) stafftsvith the addition of hydrochloric acid
to reprotonate the two phenolic groups at positiork and C-8. These phenolic protons
(pKa = 10.0) were removed by the excess deprotonateédeaamions. The reaction
mixture was then neutralised with NaHEOThis was done to neutralise the ammonium
cation formed. The reaction mixture was chromaiphed to afford the 11-(morpholin-1-

yl)chrysophanol2.36 product in high yields (>90%).

gLO o 1O HO o HO
HCl
OO T = U
o) o)
lNaHCO3
HO (e} HO
O
o
2.8
Scheme 2.19

The synthesis of 11-(morpholin-1-yl)chrysophandR.36), the 11-(piperidin-1-
yhchrysophanol Z.35 and 11-(pyrrolidin-1-yl)chrysophanol2.34) derivatives was

effected similarily.
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2.4.18 Structural Elucidation of 11-(Pyrrolidin-1-yl)chrysophanol (2.34)

The proton spectrum of 11-(pyrrolidin-1-yl)chrysaepiol (2.34) differs from that of aloe-
emodin R.25. Firstly, there is a considerable upfield shoft the signal for the 11-
methylene protons fromy 4.64, in aloe-emodin2(25, to 6y 3.75, in 11-(pyrrolidin-1-
yhchrysophanol(2.34). This change in chemical shift reflects the sitnson of the
bromine atom by a nitrogen atome. the pyrrolidine group. The pyrrolidine-nitrogen
atom, which has three covalent bonds, is lessreleegative then the bromine atom and
thus the methylene protons experience an upfieltl sithe pyrrolidine CH atoms H-2’
(O6n 1.74,m) and H-1' ¢y 2.42,m) are also present in the spectrum, integratingigbt

protons in total.

The®*C NMR (Plate 11b) of 11-(pyrrolidin-1-yl)chrysopt@rn(2.34) is similar to that of
aloe-emodinZ.25. The carbon signal at 59.1is that of C-11 attached to the nitrogen-
atom of the pyrrolidine. The shifts of the pyrdilie carbon atoms are also observed, C-2’
(6c 25.7) and C-1'qc 54.0). The HMBC spectrum (Plate 11f) shows cotioes of C-11

with H-1’andvice versa

2.4.19 Structural Elucidation of 1-(Piperidin-1-yl)chrysophanol (2.35)

The'H NMR spectrum (Plate 12a) of 1-(piperidin-1-yl)ghophanol 2.35 resembles that
of 11-(pyrrolidin-1-yl)chrysophana(2.35), being a structurally similar compound. There
are the amine,e. piperidine in this case, protons H-3\(1.43,m), H-2’ (64 1.58,m) and
H-1' (6u 2.41,m) present. There is also an upfield shift of th& Hmethylene protons to
dn 3.55.

The®C NMR spectrum (Plate 12b) of 11-(piperidin-1-yRg$ophanol 2.35 is similar to
that of aloe-emodin2(295. The carbon shift at 63.1 is that of C-11 ateatho the
nitrogen-atom of the piperidine. The signals fbe piperidine carbon atoms are also
observed, C-3'qc 25.9), C-2' fy 25.9) and C-1'q4 54.7). The HMBC spectrum (Plate

12f) shows connections of C-11 with H-1'avide versa
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2.4.20 Structural Elucidation of 11-(Morpholin-1-yl)chrysophanol (2.36)

The'H NMR spectrum (Plate 13a) of 11-(morpholin-1-yhgsophanol(2.36) correlates
with that of aloe-emodin2(25. There is an upfield shift of the H-11 methylgmetons
from &y 4.64, in aloe-emodin2(35), to 6y 3.60, in 11-(morpholin-1-yl)chrysophanol
(2.36. The morpholine proton atoms H-By(2.40,m) and H-2' ¢y 3.61,m), are also
observed.

The *C NMR spectrum (Plate 13b) of 11-(morpholin-1-yfy$ophanol(2.36) is highly

similar to that of aloe-emodi2 25. The carbon shift &ic 62.0 is that of C-11 attached to
the nitrogen-atom of the morpholine. The shiftesh® morpholine carbon atoms are also
observed, C-1'§: 53.6) and C-2' &, 66.7). The HMBC spectrum (Plate 13f) shows

connections of C-11 with H-1'andce versa

2.5 Conclusion

A method to isolate aloir2(2) from theA. marlothii leaf exudate was developed using a
selective calcium precipitation. Aloir2.() was successfully transformed into several
derivatives, which were all purified using columr@matography. The structures of these

derivatives were verified using NMR spectroscopy.

2.6 Experimental

All the required chemicals or reagents were obthinem FLUKA, SIGMA-ALDRICH or
MERCK and were used without further purificatiomll reactions requiring anhydrous

solvents were performed under a nitrogen atmosphere

Nuclear magnetic resonance spectroscopy (NMR) @& igolated compounds was
performed on either a Bruker 400 MHz or 500 MHzcspmhotometer. All NMR spectra
were recorded at 2%C and the chemical shifts were recorded in ppmreefeed to the
tetramethylsilane as zero. Coupling constantscateulated as observed in the NMR
spectra. Deuterated methanol (Me@hl-or DMSOds were used as solvents for polar
compounds and deuterated chloroform (C@las used for non-polar compounds. Mass

spectra were obtained with a Waters-LCT-Premiersaspectrometer.
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Thin-layer chromatography (TLC) of the compoundssvperformed with glass backed
silica plates (Merck 0.20 mm). The TLC-plates wei@ved under UV lightX 254 and
366 nm) and subjected to iodine or anisaldehydaysfgagent (6 g anisaldehyde in 250 ml
ethanol containing 2.5 ml concentrated sulfuridpaciOnce the plates were sprayed they

were heated in an oven to allow for the colour ttgwaent.

Normal and flash chromatography were performed wgilica gel 60 (Merck 0.040-
0.063 m) and on columns with diameters of 2 cmmdar 6 cm. The extracts or mixed
fractions were absorbed onto silica and were tla@kgd onto columns. Both isocratic and

gradient eluent systems were employed.

2.6.1 Column Chromatography ofA. marlothii Leaf Exudate

Homonataloin (2.4) Aloin (2.1)

H.CO HO
3 Q CyoH404 Cy1H2,0q

FW 432.4 g/mol FW 418.4 g/mol

OH OH C19H2204 CpgHpg011

FW 540.5 g/mol

Ho FW 394.4 g/mol HO

HO

A. marlothii leaf exudate was sourced from Ladysmith and wasimdd as follows:
Leaves were harvested with sickles and carefuigkstd in a circle with the cut surfaces
facing inwards. A plastic sheet was placed in riddle to collect the leaf exudates.

Freeze-driedA. marlothii leaf exudate (5.0 g) was chromatographed on sgetaeluting
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with an EtOAc-MeOH-CHCN [75:10:2 (v/v)] running phase. Column fractiongre
monitored by silica gel TLC (solvent, EtOAc-MeOH-gEN, 75:10:2 v/v), and four major
compounds were observed. The fractions contaieiagh compound were collected,
combined and the solvent was removed using a rogagporator followed by high
vacuum. The four compounds were then subject&M® analysis. The structure of the
compounds (based on the column elution order) whreidated to be homonataloi®.4)
(400 mg, R= 0.75, 8%), aloeresin A2(2) (1600 mg, R= 0.65, 32%), aloin2.1) (1100
mg, R = 0.58, 22%) and aloesif.@) (1800 mg, R= 0.38, 36%) respectively.

Homonataloin (2.4) Yellow amorphous solid comprising an unresolvedtune of
homonataloin A and homonataloin B; UV (MeOM)ax (l0g €): 213 (8.62), 295 (4.79),
352 (1.51) nm; IR (KBrvmax. 3385, 2923, 1702, 1633, 1607, 1483, 1433, 13590,127
1216, 1169 ci.

NMR analysis revealed signals for both isomers.

Homonataloin A. *H NMR (DMSO-ds, 400 MHz):8y 2.29 (3H,s, H-11), 2.75-2.81 (2H,
m, H-2’, H-4), 3.11-3.16 (3Hm, H-1’, H-6'b, H-5), 3.31 (1Hd, H-6'a), 3.74 (3Hs, H-
12), 4.38 (2Hs, H-10), 6.62 (1Hs, H-2), 6.76 (1Hs, H-4), 7.08 (1Hs, H-5), 7.13 (1Hs,
H-6), 9.55 (1H, bis, D,O exchangeable, OH-7), 12.10 (1H,9D,0 exchangeable, OH-
1)(A)C NMR (DMSO-d, 400 MHz):5¢ 21.9 (C-11), 49.1 (C-10), 61.4 (C-12), 62.1 (C-
6’), 70.8 (C-2’), 70.9 (C-4), 78.4 (C-3’), 80.4 {&), 84.2 (C-1"), 115.6 (C-2), 118.0 (C-
8a), 119.2 (C-4), 121.9 (C-5), 123.8 (C-6), 12T49%), 136.2 (C-4a), 140.8 (C-5a), 145.2
(C-7), 147.5 (C-8), 150.1 (C-3), 160.4 (C-1), 19(C19).

Homonataloin B. '"H NMR (DMSO-dg, 400 MHz):8y 2.29 (3H,s, H-11), 2.75-2.81 (2H,
m, H-2’, H-4"), 3.11-3.16 (3Hm, H-1', H-6’b, H-5’), 3.31 (1Hd, H-6’a), 3.74 (3Hs, H-
12), 4.38 (2Hs, H-10), 6.64 (1Hs, H-2), 6.82 (1Hs, H-4), 7.06 (1Hs, H-5), 7.13 (1Hs,
H-6), 9.51 (1H, bis, D,O exchangeable, OH-7), 12.10 (1H,9D,0 exchangeable, OH-
1)(B)**C NMR (DMSO-d, 400 MHz):5¢ 21.9 (C-11), 49.1 (C-10), 61.4 (C-12), 62.1 (C-
6’), 70.8 (C-2’), 70.4 (C-4), 78.1 (C-3’), 80.1 {&), 84.2 (C-1"), 115.9 (C-2), 117.7 (C-
8a), 120.7 (C-5), 120.9 (C-4), 123.8 (C-6), 12{C#9a), 132.0 (C-4a),140.8 (C-5a),
145.22 (C-7), 147.8 (C-8), 150.1 (C-3), 160.4 (C-1%0.1 (C-9). HR-TOF-MSm/z
431.1333 [M-H] (calculated for @H30g, 431.1342).
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Aloeresin A (2.2) Yellow amorphous solid*H NMR (400 MHz, MeOHd,): &y 2.34
(3H, s, H-11), 2.63 (3Hs, H-12), 3.44-3.57 (2Hm, H-4',H-5"), 3.65-3.75 (3Hm, H-3',
H-2', H-6'b), 3.80-3.95 (3HM, H-6'a, H-9), 4.53 (1Hd, H-1), 5.14 (1H,d, H-2'), 6.06
(1H, d, J = 16.0 Hz, H-2"), 6.20 (1Hs, H-3), 6.58 (2H{, J = 8.5 Hz, H-6", H-8"), 7.32
(2H, d, J= 8.0 Hz, H-5", H-9"), 7.40 (1Hd, J = 16.0 Hz, H-3");**C NMR (MeOH4,,
400 MHz): 5¢c 23.2 (C-12), 26.4 (C-11), 48.0 (C-9), 61.9 (C-&}.1 (C-4), 72.2 (C-1),
73.8 (C-2), 77.8 (C-3"), 82.7 (C-5'), 108.7 (C-8)12.1 (C-3), 113.4 (C-2"), 114.9 (4a),
115.4 (C-6", C-8”), 115.8 (C-6), 127.1 (C-4"),3l.1 (C-5", C-9”), 159.8 (C-8a), 161.1
(C-2, C-7), 168.1 (C-1"), 182.0 (C-4), 204.7 (C)1BIR-TOF-MS:m/z539.1551 [M-H]
(calculated for ggH27011, 539.1553).

Aloin (2.1): Yellow amorphous solid; UV (MeOH)yvax (l0g €): 261 (5.79), 269 (5.86),
297 (5.93), 359 (6.02) nm; IR (KBp)ax. 3328, 1634, 1601, 1490, 1428, 1335, 1287, 1164
cmi’; '"H NMR (MeOH-d,, 400 MHz):8y 2.84 (1H,m, H-5), 2.85 (1H,t, J = 9.2 Hz, H-
4", 2.96 (1Ht,J = 9.2 Hz, H-2"), 3.28 (1H, J = 9.2 Hz, H-3’), 3.33 (1Hm, H-6'b), 3.35
(1H,t,J=9.2 Hz, H-1"), 3.44 (1Hm, H-6’a), 4.56 (1Hd, Jap= 14.6 Hz, H-11), 4.69 (2H,
d, J = 2.4 Hz, H-10), 6.68 (1H], J = 8.6 Hz, H-7), 6.78 (1H], J = 1.5 Hz, H-2), 6.94 (1H,
d, J=1.5 Hz, H-5), 7.04 (1H], J = 8.6 Hz, H-4), 7.47 (1H, J = 7.9, H-6), 11.35 (1H, br
s, D,O exchangeable, OH-8), 11.68 (1B s, D,O exchangeable, OH—1)1,30 NMR
(MeOH-d4, 400 MHz):5¢ 45.9 (C-10), 63.3 (C-6’), 64.5 (C-11), 71.8 (C;ZR.0 (C-4),
80.0 (C-3), 81.6 (C-5), 86.6 (C-1'), 114.4 (C-2)16.8 (C-7), 117.7 (C-9a), 118.7 (C-8a),
119.1 (C-4), 120.0 (C-5), 137.0 (C-6), 143.2 (C;4a6.6 (C-5a), 151.5 (C-3), 162.9 (C-
1), 163.4 (C-8), 195.5 (C-9); HR-TOF-MBV/z417.1185 [M-H] (calculated for gH210,
417.1186)

Aloesin (2.3) White powder;H NMR (MeOH-d,, 400 MHz):8y 2.29 (3H,s, H-11), 2.70
(3H, s, H-12), 3.45-3.56 (3HM, H-3', H-4’, H-5"), 3.75 (1H,m, H-6'b), 3.83-3.90 (2Hm,
H-6'a, H-9), 4.02 (1Hm, H-2"), 4.98 (1H,d, H-1") 6.14 (1H,s, H-3), 6.70 (1Hs H-6);
3C NMR (MeOH4,, 400 MHz):8¢ 23.2 (C-12), 29.9 (C-11), 49.0 (C-9), 62.9 (C-69,4
(C-4), 71.6 (C-2)), 74.2 (C-1"), 79.9 (C-3), 82(&-5"), 111.3 (C-4a), 113.4 (C-6, C-3),
116.2 (C-8), 116.8 (C-6), 143.3 (C-5), 158.4 (C;8#)1.7 (C-7), 162.6 (C-2), 182.0 (C-1),
204.6 (C-10). HR-TOF-MSn/z395.1328 [M-H] (calculated for gH230s, 395.1342).
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2.62 Isolation of Aloin (2.1) via formation of Caltum salt

A. marlothii leaf exudate (50.0 g) was dissolved in hot wa@@0(ml), in a large beaker,
and stirred thoroughly to form a dark yellow syrupyture. Anhydrous Cagl(50.0 g,
0.450 mmol) and NEI(25%) (~15 ml) were then added to the solution.e Tixture was
stirred vigorously for 10 min and allowed to settl®Vithin a few minutes the mixture
thickened and an orange-yellow precipitate formdthe precipitate was vacuum filtered
using a large Buchner funnel and flask, and thexgwacake that remained was washed
with water until it became a bright yellow coloufhe supernatant was discarded and the
yellow precipitate was transferred into a largekieea The precipitate was slowly treated
with HCI (5 M, 100 ml). The mixture was stirredwslly and water (200 ml) was added.
The orange-red solution was transferred into aelagparatory funnel and this agqueous
layer was washed several times with ethyl acetelex(300 ml). The organic layers were
combined, dried over anhydrous Mg&ahd filtered with a Bichner funnel and flask. The
solvent was then removed using a rotary evapotatgield a lemon-yellow powder (10.0
g). A portion of this product (0.2 g) was subjecte a silica chromatography column
using an EtOAc-MeOH-CECN [75:10:2 (v/v)] solvent system to afford cledoima (2.1)
(0.188 g, 0.45 mmol, 94%).

2.6.3 FeC} Oxidation of Aloin (2.1)

Aloe-emodin (2.25)

OH ?3 OH
C15H1005
FW 270.2 g/mol
OH
(@]

Aloin (2.1) (100 mg, 0.24 mmol ) and anhydrous FGD0 mg, 3.1 mmol) were dissolved
in hot water (10 ml) in a round bottom flask equdpwith a magnetic stirrer bar and
reflux condenser. The dark solution was then xeftfor 6 h at 126C. The mixture was

cooled to RT and cold water (10 ml) was added. d@a&k orange mixture was then
washed with dichloromethane (3 x 20 ml). The orgdayers were combined, dried over

anhydrous MgSQ) filtered with a Bchner funnel and flask and the solvent was then
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removed using a rotary evaporator to afford aloedim@2.25 as an orange-brown sweet
smelling solid (32.4 mg, 0.12 mmol, 50%).

Aloe-emodin (2.25) Orange solid; UV (MeOH)wax (log €) : 255 (2.74), 276 (2.55), 286
(2.55), 429 (2.45) nm; IR (KBW)max. 2924, 1674, 1627, 1454, 1388, 1284, 1213, 1170 cm
L 4 NMR (400 MHz, DMSOdg): 84 4.64 (2H,s, H-11), 5.59 (1H, brs, DO
exchangeable, OH-11), 7.29 (1$iH-2), 7.37 (1Hd, J = 8.2 Hz, H-7), 7.69 (1K, H-4),
7.70 (1H,d, J = 7.4 Hz, H-5), 7.78 (1H, J = 7.9 Hz, H-6), 11.80 (2H, & D,O
exchangeable, OH-1, OH-8}°C NMR (400 MHz, DMSOds): &¢ 62.1 (C-11), 114.4 (C-
9a), 115.8 (C-8a), 117.1 (C-4), 119.3 (C-5), 14C72), 124.4 (C-7), 133.1 (C-4a), 133.3
(C-5a), 137.2 (C-6), 153.7 (C-3), 161.3 (C-1), B5(C-8), 190.9 (C-10), 191.6 (C-9). HR-
TOF-MS:m/z269.0437 [M-H] (calculated for GHgOs, 269.0450).

2.6.4 Synthesis of Co(ll) Oxidation Catalyst (2.26)

Co(ll) Catalyst (2.26)

\ C16H15N,0,Co
/CO\ FW 329.3 g/mol
o) 0]

Salicylaldehyde (1.22 g, 10 mmol) and ethylene di@n{300 mg, 5 mmol) were reacted
together in MeOH (50 ml) and stirred rapidly incaind bottom flask, which resulted in the
rapid formation of a lemon yellow precipitate (sd22'-
ethylenebis(nitrilomethylidene)diphenol]-H2, 1.80 &7%) NaBH (400 mg, 10 mmol)
was slowly added to the mixture, and stirred fdr & RT. The solvent was then removed
using a rotary evaporator to yield a colourless gew(salen-kH 1.40 g, 62%), which was
washed with distilled water (20 ml) and air drieR (KBr) vmax 3288, 2909, 2868, 2827,
1608, 1565, 1398, 1260, 999 ¢nmtH NMR (400 MHz, CDGJ): 84 2.85 (4H,s, H-2), 3.9
(4H, dd, H-1), 6.7-7.2 (8HmM, benzene). SalenzH150 mg, 0.55 mmol) and Co(ll) acetate
(200 mg, 1.10 mmol) were dissolved in MeOH (10 amiyl stirred for 2.5 h under;ldt 50
°C. The removal of the solvent on a rotary evaporatfforded a powder which
chromatographed on a silica chromatography colusingua mixture of EtOAc-MeOH
(15:5) to afford the Co(ll) catalysR @6 as a green powder (110 mg, 0.33 mmol, 61%):
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UV (CHzCN): Amax 262 (2.86), 384 (2.08) nm. HR-TOF-M$1/z 330.0700 [M+H]
(calculated for gH180,N,Co, 329.0700).

2.6.5 Co(ll) Catalysed (2.26) Oxidation of Aloin (21) to Aloe-emodin (2.25)

Aloin (2.1) (200 mg, 0.487 mmol), Co(ll) cataly2.26 (25 mg, 0.076 mmol) and 30%
H20, (3 ml, 26 mmol) were dissolved in GEN (5 ml) in a round bottom flask equipped
with magnetic stirrer and reflux condenser. Thetore was refluxed for 8 h at 8¢ and
then allowed to cool to RT. The solution was tegtracted with diethyl ether (3 x 80 ml),
dried over anhydrous MgS(iltered and the solvent was removed via a roésgporator.
The orange material was then subjected to columontiitography, using diethyl ether as
the eluent. The first fast running orange band ealected, and the solvent was removed
to afford aloe-emodin2(25 as a dull orange solid (92 mg, 0.34 mmol, 70%).

2.6.6 Synthesis of Cu(ll) Oxidation Catalyst (2.27)

Cu(ll) Catalyst (2.27)

1
H H 2
N

N
E;( \C/ C16H18N20,Cu
u
FW 333.9 g/mol
O/ \O

Salicylaldehyde (1.22 g, 10 mmol) and ethylene di@1{300 mg, 5 mmol) were stirred
together in MeOH (50 ml), which resulted in the idaformation of a lemon yellow
precipitate (salen-H2, 1.80 g, 67%). NaBE00 mg, 10 mmol) was slowly added to the
mixture, and stirred for 2 h at RT. The solvenswlaen removed using a rotary evaporator
to yield a colourless powder (salen;H.40 g, 62%), which was washed with distilled
water (20 ml) and air dried. IR (KBpnax 3288, 2909, 2868, 2827, 1608, 1565, 1398,
1260 cni; *H NMR (400 MHz, CDCJ): 8 2.85 (4H,s, H-2), 3.9 (4Hdd, H-1), 6.7-7.2
(8H, m, benzene). SalensH150 mg, 0.55 mmol) and Cu(ll) acetate (200 mgnrhol)
were dissolved in MeOH (10 ml) and stirred for B.&inder N at 50°C. The removal of
the solvent on a rotary evaporator afforded a powdsch was chromatographed on a
silica chromatography column using a EtOAc-MeOH:%)%eluent to afford the Cu(ll)
catalyst 2.27) as a green powder (160 mg, 0.48 mmol, 87%): UM3@N) Anax (I0g €) :
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385 (2.39), 585 (1.88) nm. HR-TOF-MSn/z 334.0757 [M+H] (calculated for
Ci16H180:N,Cu, 334.0743).

2.6.7 Cu(ll) Catalysed (2.27) Oxidation of Aloin (21)

Aloin (2.1) (200 mg, 0.487 mmol), Cu(ll) cataly2.27) (25 mg, 0.075 mmol) and 30%
H20, (3 ml, 26 mmol) were dissolved in GEN (5 ml) in a round bottom flask equipped
with magnetic stirrer and reflux condenser. Thetore was refluxed for 8 h at 8¢ and
then allowed to cool to RT. TLC analysis of theaaton showed no trace of starting
material [aloin 2.1)] or of the expected product [aloe-emo@i25)], only the presence of

the Cu(ll) catalyst and its breakdown products.

2.6.8 Co (Il) Catalysed (2.26) Oxidation of Homonatoin (2.4) to Nataloe-emodin
(2.28)

Nataloe-emodin (2.28)

H5CO O HO
C16H1205
HO
O‘O FW 284.26 g/mol
CHg
o)

Homonataloin 2.4) (1000 mg, 2.31 mmol), Co(ll) cataly&.27) (100 mg, 0.30 mmol) and
30% HO; (15 ml, 130 mmol) were dissolved in gEN (50 ml) in a round bottom flask
equipped with magnetic stirrer and reflux condenskne mixture was refluxed for 8 h at
80 °C and then allowed to cool to RT. The solution wen extracted with diethyl ether
(3 x 80 ml), dried over anhydrous MgaJiltered and the solvent was removed via a
rotary evaporator. The orange material was thaonchtographed on a silica column,
using diethyl ether as the eluent. The first fasining orange band was collected, and the
solvent was removed to afford nataloe-emo@ir2® as a dull orange solid (460 mg, 1.06
mmol, 70%).

Nataloe-emodin (2.28) Orange solid; UV (MeOH)Avax (log €): 274 (3.68), 295 (2.32),
329 (5.67), 401 (1.22) nm; IR (KB®max 2924, 2854, 1637, 1606, 1566, 1481, 1427,

1362, 1295, 1205, 1157 ém'H NMR (DMSO-ds, 400 MHz):8y 2.42 (3H,s, H-11), 3.84
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(3H,'s, H-12), 7.15 (1Hd, J = 1.3 Hz, H-2), 7.32 (1HJ, J = 8.2 Hz, H-6), 7.47 (1H}, J =
1.3 Hz, H-4), 7.90 (1Hd, J = 8.3 Hz, H-5), 10.84 (1H, bs D;O exchangeable, OH-7)
12.71 (1H, brs, D,O exchangeable, OH-JC NMR (DMSO4s, 400 MHz):3¢ 21.9 (C-
11), 60.9 (C-12), 115.3 (C-3), 119.8 (C-4), 1236), 122.4 (C-4a), 123.9 (C-2), 125.6
(C-5), 126.2 (C-8a), 126.5 (C-9a), 132.9 (C-4a)8.44(C-8), 148.6 (C-7), 158.4 (C-5a),
163.8 (C-1), 188.6 (C-10), 191.4 (C-9). HR-TOF-Mfz 283.0602 [M-H] (calculated
for C;eH110s, 283.0606).

2.6.9 Synthesis of IBX (2.30)

0-lodoxybenzoic acid (2.31)

H({ O  C/H50,l

1 Y

2 la '\/ FW 280.0 g/mol
o
3 4a \5

2 4\

o

KBrOs (4.00 g, 24 mmol) was dissolved in$0, (2 M, 38 ml) in a two-necked round
bottom flask equipped with a magnetic stirrer beflux condenser and thermometer. The
clear solution was heated to 8D ando-iodobenzoic acid (4.00 g, 16 mmol) was added
over 40 min in small (0.5 g) portions. The mixtimecame a bright orange colour as Br
gas was evolved and a white precipitate emergefier Ahe addition was complete, the
temperature was maintained at%€5for 3 h. The solution was then cooled in antath
and the solid material was collected by vacuumatiibn with a Bchner funnel and flask.
The white precipitate was washed with colgOH500 ml), cold EtOH (500 ml) followed
by cold water (500 ml). The IBX2(30 was air dried and weighed (2.00 g, 7.14 mmol,
44%).

IBX (2.30): White powderH NMR (400 MHz, DMSOs): &y 7.83 (1Ht, J = 8.3 Hz, H-
3), 7.98 (1H}, J = 8.3 Hz, H-2), 8.02 (1HJ, J = 12.8 Hz, H-4), 8.14 (1HJ, J = 12.8 Hz,
H-1); 3C NMR (400 MHz, DMSOsd): 3¢ 125.5 (C-1), 130.6 (C-4), 131.6 (C-4a), 133.5
(C-3), 134.9 (C-2), 147.0 (C-1a), 168.0 (C-5); HRFFMS: m/z 278.9154 [M-H]
(calculated for @H406l, 278.9154).
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2.6.10 IBX (2.30) Oxidation of Aloe-emodin (2.31)ptRheinal (2.29)

Rheinal (2.29)

C15HgOs5
FW 268.2 g/mol

Aloe-emodin 2.25 (100 mg, 0.37 mmol) was dissolved in dry THF (§.mIBX (2.30
(155 mg, 0.55 mmol) and DMSO (2 ml) were addedherhixture which was stirred for 8
h at RT. The solution was transferred to a sepeydtnnel, where KD (20 ml) was
added and the resulting orange mixture was wash#uddiethyl ether (4 x 50 ml). The
organic layers were combined, dried over anhydigSO, and filtered with a Buchner
funnel and flask. The solvent was then removedgusi rotary evaporator to yield an
orange-yellow solid which was purified by silicalwmn chromatography using diethyl
ether as the eluent. RheindlZ9 was obtained in excellent yields (94.2 mg, 0.3%0h
959%)

Rheinal (2.29) Orange amorphous solid; UV (MeOH)wvax (log €) : 253 (2.69), 274
(2.37), 285 (2.36), 429 (2.43) nm; Rax (neat) : 2922, 2640, 1670, 1622, 1602, 1427,
1400, 1287, 1264, 1157, 1108 ¢ntH NMR (500 MHz, DMSOd): 8 7.42 (1H,d, J =
8.3 Hz, H-7), 7.76 (1Hd, J = 7.5 Hz, H-5), 7.82 (1Hs, H-2), 7.84 (1H}, J = 8.1 Hz, H-
6), 8.13 (1Hd, J = 1.2 Hz, H-4), 10.12 (1H, s, H-11) 11.83 (2H,shD,0O exchangeable,
OH-1, OH-8);**C NMR (500 MHz, DMSOdg): 8¢ 116.8 (C-8a), 118.5 (C-4), 119.9 (C-5),
120.1 (C-9a), 124.8 (C-2), 125.2 (C-7), 133.8 (¢5-484.8 (C-5a), 138.1 (C-6), 141.9 (C-
3), 161.4 (C-1), 162.0 (C-8), 191.9 (C-10), 19289, 192.8 (C-11); HR-TOF-MSn/z
267.0289 [M-H] (calculated for @&H;Os, 267.0293).

2.6.11 Oxidation of Aloe-emodin (2.25) with NickeDxide Hydroxide
Aloe-emodin 2.25 (150 mg, 0.56 mmol), NiGlbH,O (12.5 mg, 0.053 mmol), 4@ (0.1

ml) and DCM (0.2 ml) were added together and coalesh ice bath. Cold NaOCI (3.5%,

10 ml) was added anthstantaneously, a black slurry formed. The nrixtwas stirred for
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8 h (5 ml NaOCI was added after 3 h) @&and for 11 h at RT. The reaction mixture
was acidified using HCI (5 M) and extracted wittOBic (3 x 20 ml). The organic layers
were combined, dried over anhydrous Mg3@d filtered with a Buchner funnel and flask.
The solvent was then removed using a rotary evamoraNo trace of starting material

[aloe-emodin 2.29)] or of desired product [rheir2(31)] were found.
2.6.12 Oxidation of Aloe-emodin (2.25) with TEMPOZ.32)/NaOCI/NaCIG,

Aloe-emodin 2.25 (50 mg, 0.185 mmol), TEMPO2(32 (2.2 mg, 0.011 mmol) and
NaH,PO, buffer (0.75 ml, pH = 6.7) were added togethea iround bottom flask and the
solution was heated to 3&. Next, NaOCl (46 mg, 0.4 mmol in 0.2 m}®) and NaOCI
(3.5%, 1 ml) were added to the stirred reactiorr @/B. The deep-purple reaction mixture
was then stirred for 12 h at 86. The solution was then acidified with HCI (3 MJLC

analysis showed only starting material.
2.6.13 RuQ Oxidation of Aloe-emodin (2.25)

Aloe-emodin 2.25 (50 mg, 0.19 mmol), Nal9(214 mg, 1 mmol, 5 mol%), GEN (0.8
ml), CCl, (0.8 ml) and HO (1.2 ml) were added together in a round bott@skflequipped
with magnetic stirrer. The mixture was stirred fomin at RT and Ru@BH,O (13.1 mg,
0.050 mmol, 0.25 mol%) was added. The reaction stiaed vigorously for 5 h at RT.
The reaction material was chromatographed on sitied eluting with a diethyl
ether/petroleum ether (15:10 v/v) running phaséneel compounds were isolated, aloe-
emodin @.25 (43 mg, 0.16 mmol, 84%), rhein&.29 (5 mg, 0.019 mmol, 10%) and
rhein 2.31) (3 mg, 0.0095 mmol, 5%).

2.6.14 Oxidation of Rheinal (2.29) to Rhein (2.31)ith Sodium Chlorite

Rhein (2.31)

OH C15HgOg

O OH
FW 284.2 g/mol
OH

@) o
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Rheinal .29 (150 mg, 0.56 mmol) was dissolved'BuOH (10 ml) in a round bottom
flask equipped with a magnetic stirrer bar. A $olu of NaCIQ (640 mg, 12.28 mmol)
and NaHPO,.H,0O (640 mg, 16.32 mmol) in distilled,B® (6 ml) was added over 5 min.
The reaction mixture was stirred vigorously for ZthRT. The solution was dried over
anhydrous MgS@ filtered and the mixture was absorbed on drycsilvia a rotary
evaporator. The silica-adsorbed material was chtographed on silica gel, initially
eluting with several bed volumes of diethyl ettfetlowed by MeOH to elute a bright
yellow band. The solvent was removed using a yoeaaporator and rheir2 31) was
obtained as a bright yellow solid (151 mg, 0.53 Mra6%).

Rhein (2.31) Pale yellow powder; UV (MeOHMvax (l0g €) : 257 (2.56), 285 (2.17), 432
(2.32) nm; IRvmax (KBr) :. 3435, 2892, 1699, 1675, 1630, 1470, 1398, 12697,12167
cm; *H NMR (500 MHz, DMSO#g): 8y 7.41 (1H,dd, J = 8.4J = 1.1 Hz, H-7), 7.75 (1H,
dd, J=7.5,J = 1.1 Hz, H-5), 7.78 (16, J = 1.7 Hz, H-2), 7.84 (1H, J = 8.3 Hz, H-6),
8.15 (1H,d, J = 1.6 Hz, H-4), 11.90 (2H, k& D,O exchangeable, OH-1, OH-8fC NMR
(500 MHz, DMSOdg): dc 116.81 (C-8a), 118.80 (C-4), 119.50 (C-1a), 119@6b),
120.02 (C-9a), 124.14 (C-2), 124.62 (C-7), 137.626), 161.11 (C-1), 161.44 (C-8),
165.46 (C-11), 161.43 (C-1), 191.87 (C-10), 192(C59); HR-TOF-MS:m/z 283.0249
[M-H] " (calculated for @H7Os, 283.0243).

2.6.15 Attempted Bromination of Aloe-emodin (2.25)

A round bottom flask, equipped with magnetic stirneas charged with CuBr (1.3 mg,
0.009 mmol), 1,10-phenantholine monohydrate (3.6 @n@l8 mmol), Cu powder (35 mg,
0.55 mmol), Fe powder (51 mg, 0.91 mmol) and £B(242 mg, 0.73 mmol). Aloe-
emodin 8.23 (50 mg, 0.185 mmol) in dry GJ&N (5 ml) was added to the reaction flask
and the resulting solution was stirred vigorously4 h under an atmosphere of. NTLC

analysis of the reaction showed only starting niater
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2.6.16 Bromination of Aloe-emodin (2.25) to 11-Broothrysophanol (2.33)

11-Bromochrysophanol (2.33)

OH (0] OH
C15HQO4BT
FW 333.1 g/mol
Br
O

Aloe-emodin 2.25 (200 mg, 0.7 mmol) and PPKL.00 g, 3.8 mmol) were dissolved in
dry THF (10 ml) in a round bottom flask equippedhaa magnetic stirrer bar. CB1.4 g,

4.2 mmol) was added and the mixture was stirredL®h under an atmosphere of at
RT. The bright orange solution was dried on anbydrMgSQ, filtered and absorbed to
dry silica via a rotary evaporator. The silica@ib&d material was chromatographed on
silica gel, eluting with a diethyl ether-petrolewether [15:10 (v/v)] running phase. The
solvent was removed using a rotary evaporator hadlesired product was obtained as a
bright yellow solid (210 mg, 0.63 mmol, 90%)

11-Bromochrysophanol (2.33) Bright orange crystals; UV (MeOH)wax (l0g €) @ 257
(2.27), 287 (1.99), 312 (1.73) nm; WRax (neat) :2921, 1983, 1728, 1669, 1623, 1603,
1567, 1476, 1377, 1202, 1125 ¢mH NMR (500 MHz, DMSO¢): & 4.81 (2H,s, H-11)
7.40 (1H,dd, J = 8.32,0 = 1.2 Hz, H-7), 7.47 (1HJ, J = 1.6 Hz, H-2), 7.73 (1HJd, J =
7.5, 1.1 Hz, H-5), 7.79 (1H), J = 1.7 Hz, H-6), 7.81 (1H, J = 8.3 Hz, H-6), 11.91 (2H,
br s, D,O exchangeable, OH-1, OH-BC NMR (500 MHz, DMSQsdg): 8¢ 25.1 (C-11),
114.5 (C-9a), 115.9 (C-8a), 117.1 (C-5), 119.4 jC120.7 (C-7), 124.4 (C-2), 133.2 (C-
4a), 133.4 (C-5a), 137.4 (C-6), 153.7 (C-3), 1C4B), 161.6 (C-1) 181.6 (C-10), 191.7
(C-9). HR-TOF-MSm/z330.9613 [M-H] (calculated for GHgO4Br’®, 330.9606).
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2.6.17 Substitution Reaction of 11-Bromochrysophaho(2.33) to 11-(Pyrrolidin-1-
yl)chrysophanol (2.34)

11-(Pyrrolidin-1-yl)chrysophanol (2.34)

HO
C19H1704N

e} HO
O FW 323.34 g/mol
N

o

BuLi (2.37) (1.2 ml, 12.0 mmol) was added to freshly distiliggtrolidine (1.0 ml, 12.0
mmol) in dry THF (5 ml) under Nat 0°C. After being stirred vigorously for 30 min at
RT, 11-bromochrysophano2.33 (140 mg, 0.42 mmol) in dry THF (15 ml) was added.
The deep purple mixture was stirred for 12 h atlRTore being acidified with conc. HCI.
This was followed by the addition of NaHg@ntil the solution was neutralized. The
solvent was removed via a rotary evaporator and remilting solid material was
chromatographed on a silica column eluting withyethcetate. 11-(Pyrrolidin-1-

yl)chrysophanolZ.34) was collected as a brown residue (110 mg, 0.34In80%).

11-(Pyrrolidin-1-yl)chrysophanol (2.34) Orange solid; UV (MeOH)Auax (log €) : 269
(3.10), 272 (2.74), 322 (4.20), 429 (2.68) nm; KB() vmax. 3417, 2936, 2924, 1672,
1628, 1570, 1353, 1352, 1215, 1159 %1+ NMR (DMSO-ds, 400 MHz):8y 1.74 (4H,
m, H-2'), 2.54 (4Hm, H-1), 3.75 (2H,d, H-11), 7.31 (1Hd, J = 1.1 Hz, H-2), 7.36 (1H,
dd, J = 8.2 Hz,J = 1.1 Hz, H-7), 7.69 (1H], J = 1.1 Hz, H-4), 7.72 (1HJd, J = 7.9 Hz,J

= 1.2 Hz, H-5), 7.78 (1Ht, J = 8.3 Hz, H-6) 11.80 (2H, s, D,O exchangeable, OH-1,
OH-8)C NMR (DMSO4ds, 400 MHz): & 25.66 (C-2'), 54.01 (C-1'), 59.21 (C-11),
115.23 (C-9a), 116.38 (C-8a), 119.80 (C-4), 1198&), 123.77 (C-2), 124.88 (C-7),
133.68 (C-4a), 133.80 (C-5a), 137.82 (C-6), 15q0=8B), 161.82 (C-1), 162.04 (C-8),
181.93 (C-10), 194.04 (C-9). HR-TOF-MSn/z 322.1089 [M-H] (calculated for
CioH1604N, 322.1079).

53



2.6.18 Substitution Reaction of 11-Bromochrysophaho(2.33) to 11-(Piperidin-1-
yl)chrysophanol (2.35)

11-(Piperidin-1-yl)chrysophanol (2.35) CogH1904N

FW 337.37 g/mol
HO

(0] HO
(0]

BuLi (2.37) (1.15 ml, 11.6 mmol) was added to freshly disdlipiperidine (1.0 ml, 11.6
mmol) in dry THF (5 ml) under Nat 0°C. After being stirred vigorously for 30 min at
RT, 11-bromochrysophano2.33 (140 mg, 0.42 mmol) in dry THF (15 ml) was added.
The deep purple mixture was stirred for 12 h atifefore being acidified with conc. HCI.
This was followed by the addition of NaHg@ntil the solution was neutralized. The
solvent was removed via a rotary evaporator and rewilting solid material was
chromatographed on a silica column eluting withedhyl acetate mobile phase. 11-
(piperidin-1-yl)chrysophanol2(35 was collected as a brown precipitate (108 mg2 0.3
mmol, 75%).

11-(Piperidin-1-yl)chrysophanol (2.35) brown solid; UV (MeOH) Avax (log €) : 268
(1.38), 285 (0.97), 346 (0.16), 429 (0.74) nm; KB() vmax.2929, 1672, 1632, 1570,
1469, 1452, 1425, 1370, 1279, 1162"ciH NMR (CDCk, 400 MHz):8y; 1.43 (2H,m, H-
3’), 1.58 (4H,m, H-2'), 2.41 (4Hm, H-1"), 3.55 (2H,s, H-11), 7.28 (1Hdd, J = 8.0 Hz,J

= 1.1 Hz, H-7), 7.34 (1Hd, J = 1.1 Hz, H-2), 7.63 (1H, J = 8.3 Hz, H-6), 7.80 (1Hj, J

= 1.1 Hz, H-4), 7.82 (1Hdd, J = 8.1 Hz,J = 1.1 Hz, H-5) 12.05 (2H, bs, DO
exchangeable, OH-1, OH-8JC NMR (CDCE, 400 MHz):5¢ 24.2 (C-3') 25.9 (C-2"), 54.7
(C-1), 63.1 (C-11), 100.1 (C-7), 114.9 (C-9a), ¥LBC-8a), 119.5 (C-5), 120.7 (C-4),
124.1 (C-2), 133.4 (C-4a), 133.8 (C-5a), 137.0 jC1@9.6 (C-3), 162.5 (C-1), 162.8 (C-
8), 181.9 (C-10), 192.6 (C-9). HR-TOF-M$n/z 336.1223 [M-H] (calculated for
Cz0H1804N, 336.1238).
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2.6.19 Substitution Reaction of 11-Bromochrysophano(2.33) to 11-(Morpholin-1-
yl)chrysophanol (2.36)

11-(Morpholin-1-yl)chrysophanol (2.36)

C19H1705N
HO FW 339.34 g/mol

0] HO
Y
v
@)

BuLi (2.37 (1.1 ml, 11.5 mmol) was added to freshly distill@orpholine 2.38 (1.0 ml,
11.5 mmol) in dry THF (5 ml) under,Nit 0°C. After being stirred vigorously for 30 min
at RT, 11-bromochrysophand.83 (140 mg, 0.42 mmol) in dry THF (15 ml) was added.
The deep purple mixture was stirred for 12 h atlRfore being acidified with conc. HCI.
This was followed by the addition of NaHg@ntil the solution was neutralized. The
solvent was removed via a rotary evaporator and régilting solid material was
chromatographed on a silica column eluting withtidie ether.  11-(Morpholin-1-
yl)chrysophanolZ.36 was collected as a dull orange solid (128 mg3 @a8nol, 90%).

11-(Morpholin-1-yl)chrysophanol (2.36) Orange solid; UV (MeOH)\yvax (log €) : 270
(2.23), 272 (1.96), 338 (0.24), 429 (1.52) nm; KBK) vmax. 2844, 2855, 1672, 1619,
1576, 1467, 1347, 1291, 1206, 1111 5iH NMR (DMSO<ds, 400 MHz):8y 2.40 (4H,
m, H-1"), 3.60 (2H,d, H-11), 3.61 (4Hm, H-2), 7.32 (1H,d, J = 1.1 Hz, H-2), 7.37 (1H,
d, J=8.2 Hz, H-7), 7.69 (1Hd, J = 1.1 Hz, H-4), 7.70 (1Hd, J = 7.9 Hz, H-5), 7.78 (1H,
t,J= 8.3 Hz, H-6) 11.80 (2H, Iz D,O exchangeable, OH-1, OH—%&‘ NMR (DMSOds,
400 MHz):5¢ 53.6 (C-1), 62.0 (C-11), 66.7 (C-2'), 115.3 (C}9416.4 (C-8a), 119.8 (C-
4), 120.1 (C-5), 124.1 (C-2), 124.9 (C-7), 133.74@, 133.8 (C-5a), 137.8 (C-6), 149.6
(C-3), 161.8 (C-1), 161.9 (C-8), 181.9 (C-10), »4C-9). HR-TOF-MSm/z 338.1033
[M-H] " (calculated for gH;160sN, 338.1028).
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CHAPTER THREE

ALOIN AND DERIVATIVES AS POTENTIAL MMP
INHIBITORS

3.1 Introduction

Connective tissues, such as cartilage, are cragiahaintain the healthy structure and
efficient functioning of the body. Matrix metallageinases (MMPs) are calcium-
dependent zinc-containing endopeptidases that asponsible for the controlled
degradation of many components of the extracellmatrix (ECM), including cartilage
tissué. Release of these enzymes is usually finely mgdl However, sometimes, this
control is altered or lost, resulting in excessivgsue breakdown at an unbalanced
replacement build-up rate, leading to medical comas such as osteoarthritis, tumour
growth and metastasis, and periodontal disease/el@@ng proteinase inhibitors that are
therapeutically active is a challenging problemetracylines, such as doxycycling.J)
and minocycline3.2), are examples of a class of MMP inhibitors thratwased clinically to

treat some of these diseases

The most interesting biological property of aloi®.3j, as far as this investigation is
concerned, is its reported ability to inhibit gréouyte MMP-8. Aloin 8.3), which is a
naturally occurringC-glucoside anthrone, also has many structural featsimilar to that
of doxycycline 8.1), suggesting similar activity with regard to MMRhibitior?. Thus,
aloin 3.3), and its synthetic derivatives (see Chapter 2eveereened for their ability to
inhibit MMP-2 and MMP-9, the two most prominent MBIFth mammalian blood. Their
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inhibitory activity, if any at all, will be compatieto that of known MMP inhibitors such as

doxycycline 8.1) and ethylenediamine tetraacetic acid (EDTA).

3.2 Matrix Metalloproteinases

3.2.1 Introduction

Matrix metalloproteinases are a family of potenzyenes that can degrade different
components of the ECM. Thus, they are involvechiimerous biological processes.
These include: embryonic development, blastocygilantation, organ morphogenesis,
nerve growth, ovulation, cervical dilatation, pastpm uterine involution, endometrial

cycling, hair follicle cycling, bone remodelling, ownd healing, angiogenesis and
apoptosid The pathological roles include roles in artsritancer, cardiovascular disease,
nephritis, neurological disease, breakdown of bbddiod barrier, periodontal disease, skin
ulceration, gastric ulcer, corneal ulceration, fifidrosis, emphysema and fibrotic lung

diseas@

3.2.2 Structural Diversity of MMPs

The complete set of MMPs produced by human cells been defined due to the
sequencing of the complete human genbnigwenty-four distinct genes have been found
to encode members of the MMP family. These enzyaresclassified based on their
structural design, rather than their substrateiBp#ies (Fig. 3.1). Structurally, MMPs are

organized around a conserved catalytic domain, lwltontains a propeptide that is

necessary to maintain enzyme latency. There s alsignal peptide which directs their
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secretion from the cell, and in most MMPs, a C-ieah hemopexin domain which

contributes to substrate specificity and to intecas with endogenous inhibitors.

o0
-

Collagenases Getatinase A (MWP-2)
Coltaganasa-1 (MMP-1] Gefatinase B (MMP-3)
Colagenass-2 (MMPA) _..ﬂ__,u

Cofiaganase-3 (MMP-13) o ’ T |
m-activatable -1

Secrated
Stromelysns Stomedysin-3 (MMP-11) v
Stromelyain-1 (MME-3) @ MMP-21 (X-MMP} %
Stromalysin-2 (MMP-10) :].:u Epiysin (MAP-28]

Membrane-bound
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Ma1||l5«s|n-2 [ MNP -2 j TR-I

Figure 3.1. Structural classification of human MMPs based @irtlomain organizatidn

Since these enzymes consist of similar domains. i), they contain many common
properties: (i) they are secreted as inactive zyeneg(ii) their activation can be achieved
proteolytically or by treatment with mercurial cooymds; (iii) they contain a zinc catalytic
centre; (iv) the active enzymes function at neytidland require calcium for activity; and

(v) the active enzymes are inhibited by tissuebitbis of metalloproteinases (TIMPS)

There are four main groups of the MMP family; tigtstromelysins; (ii) the collagenases;
(i) the gelatinases and (iv) the membrane typeREAMMT-MMPSs). Each member of the
MMP family has been allocated a MMP number and dtiferent numbers, molecular

weights (M), substrate specificities and common names aeallia Table 3.1.
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TABLE 3.1 The MMP Family-Names, Numbers, Molecular Weight®4k and Known

Matrix Substrates

The Collagenases| Known Ag M, Substrates
Collagen type I, II, lll, VI, X, gelatin,
Interstitial MMP-1 S aggrecan, proteoglycan link protein,
Collagenases tenascin, entactiny-proteinase
inhibitor (PI) andazmacroglobulin
Collagen type I, II, 1ll, V, VII, VIII, X,
Neutrophil MMP-8 7558 | gelatin, aggrecany-Pl, as-antiplasmin
Collagenase
and fibronectin
Collagen type I, II, llI, IV, VII, X,
Collagenase-3 MMP-13] 60/48 | gelatin, plasminogen activator inhibitor
2, aggrecan and tenascin
Collagenase-4 MMP-18 5542 Collagen type | and gelatin
The Gelatinases
Collagens type I, IV, V, VII, X, XI,
XIV, gelatin type 1, II, 1ll, fibronectin,
Gelatinase-A MMP-2 72/66 elastin, vitronectin, aggrecan, link
protein,a;-Pl and activates MMP-9 and
MMP-13
Collagens type lll, IV, V, gelatin type |,
Gelatinase-B MMP-9 92/86 V, aggrecan, elastin, fibronectin, link
protein and;-Pl.
The Stromelysins
Proteoglycan, link protein, fibronectin
laminin, elastin, gelatins type I, Ill, IV,
Stromelysin-1 MMP-3 57/45 V, collagens Ill, IV, V, 1X,0:-Pl, 02-M
and activates MMP-1, -7, -8, -9, and -
13
Gelatins type I, 1ll, IV, V, collagens
types lll, IV, V, fibronectin, aggrecan,
Stromelysin-2 MMP-10| 57/54

\"4
1

elastin, fibronectin and activates MMH
1 and MMP-8
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o1-Pl and N-terminal domain cleaves

Stromelysin-3 MMP-11 5144 _
casein
The Membrane-Bound MMPs
Collagens type I, II, I, IV, gelatin,
elastin, aggrecan, proteoglycan,
MT MMP-1 MMP-14 66/56 | ,gg _ p_ i _
fibronectin, vitronectin and activates
MMP-2 and MMP-13
Collagens type I, I, gelatin,
MT MMP-2 MMP-15 72/60 fibronectin, tenascin, laminin,
proteoglycan, and activates MMP-2
Activates MMP-2 and possibly other
MT MMP-3 MMP-16 64/52
MMPs
MT MMP-4 MMP-17 57/63 Gelatin
Gelatin, fibronectin, proteoglycan and
MT MMP-5 MMP-24 63/45 _
activates MMP-2
MT MMP-6 MMP-25 637 Activates MMP-2, MMP-9 and,-P!I
Other Enzymes
Collagens type IV, X, gelatins type I,
I, IV, V, proteoglycan, fibronectin,
Matrilysin MMP-7 28/19 aggrecan, link protein, tenascin,
laminin, elastin, entactin,-PI and
activates MMP-1, -2 and -9.
Collagen type IV, elastin, gelatin,1-
Metalloelastase MMP-12| 54/45,22 . o _ .
P1, fibronectin, vitronectin and laminin
- MMP-19 54/45 Aggrecan
Enamelysin MMP-20| 54/22 Not known
XMMP MMP-21 70/53 Gelatin
CMMP MMP-22 52/43 Gelatin
- MMP-23 ?2/? Not known
Endometase MMP-26 28/? Gelatin and;-Pl

"Molecular weight (M) of the latent (in bold) and active forms.
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3.2.3 Control of the Matrix MMPs

Due to the potent proteolytic nature of MMPs, tlaeg carefully controlled. Control of
activity is regulated at a number of points: (i}fs synthetic level of cytokines and growth
factors; (i) at the secretion level by secretioh ppo-MMPs; (iii) via regulation of
activation by proenzymes and (iv) the inhibition thie active enzymes via inhibitors
(Fig. 3.2).

Cell Matrix Interaction

—> Actiating Enzymes
Cytokines [ ]
2 |5 2 )
1 —»| ————» Pro-Collagenases—— > Active Collagenases— Collagen Destruction
/ 3
Growth Factors
TIMPs
1. The Stimulation of proMMP Synthesis and Secretio  n 2. Activation of proMMPs 3. Inhibition of Active MMPs

Figure 3.2. Levels of MMP control using collagenase as an exemp
3.2.3.1 Synthesis and Secretion of MMPs

MMPs are secreted by a variety of connective tisse pro-inflammatory cells including
fibroblasts, osteoblasts, endothelial cells, macages, neutrophils and lyphocytesThe
pro-inflammatory cytokines interleukin-1 (IL-1) artdmour necrosis factat- (TNF-o)
stimulate numerous cell types, including chondresytto secrete both collagenase and
stromelysid. Recent studies have shown that direct contaetdmn T-lymphocytes and
monocytes is a major pathway to up-regulate MMPsymthesis and factors produced by

T-cells can also increase collagenase synthesieigal fibroblasts
3.2.3.2 Activation of the Proenzymes
All MMPs are secreted in a proenzyme (zymogen) fori propeptide, containing a

conserved sequence PRCGVPD, is lost during aativatA cysteine residue is attached to

the catalytic zinc ion, and disruption of this iratetion initiates activatioh Completein
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vivo activation is achieved by removal of the propeptigroteolytically, either
autocatalytically or by other proteinases. Thévactnzyme can now bind to its substrate,
and the zinc ion at the active site can hydrolyssceptible bonds in the protein
substrate¥.

3.2.3.3 Inhibition of Active Enzymes

Active MMPs are inhibited by TIMPs, which are foundnnective tissté TIMP-1 is a
28-kDa glycoprotein held by 6 disulfide bonds tonfictwo main domains. The protein is
highly stable to both low pH and temperature. Techanism of inhibition by TIMP-1 is
unknown. The inhibitor binds tightly to the actifegms of MMPs in a 1:1 ratfd. TIMPs
play an important role in controlling connectivestie breakdown by blocking the action of

the activated MMPs and also preventing activatibthe proenzymés.

3.2.4 The Gelatinases: MMP-2 and MMP-9

These two MMPs are the most abundant enzymes dathiy, occurring prominently in
mammalian blood. MMP-2 (Fig. 3.3) and MMP-9 (FRj4) play a crucial role in the
breakdown of the extracellular matrix during celgration and tissue remodellify The
gelatinases are also indicated in a growing nunadfechronic chromic cardiovascular
pathologies including heart failure, atheroscles@sid abdominal aneurysms. MMP-2 has
also recently been implicated in many acute caalioular processes such as: platelet
aggregation, regulation of vascular tone and mdituwlzof the inflammatory resporiSe

MMP-9 is most closely involved with metastasis aficer cell¥,
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Figure 3.3. Structure of MMP-2".
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Figure 3.4. Structure of MMP-&.
3.2.5 Prospects for the Therapeutic Inhibition of MMPs

MMPs have been heralded as promising targets focezatherapy, and consequently a
large number of natural and synthetic MMP inhilsttiave been identified as cytostatic
and anti-angiogenic agents. Many of these comp®lraye begun to undergo clinical
trials’. Creating proteinase inhibitors that are thertipally active is a daunting task.

Besides having the required potency, the compowatisito be bioavailable, preferably

after oral dosing. After administration, the dnmgist enter the circulation and reach the
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desired concentration in the tissues. The compoounst be specific for the target enzyme

family and must not be antigenic. Any toxic sidieets should also be eliminat€d
3.2.6 Design of MMP Inhibitors

The direction that has been employed in the desigmhibitors is to select a zinc chelating
ligand and attach it to a peptide that mimics tiheavage site in the MMPs target
substrate’s Therefore, metalloproteinase inhibitors can aseldl on: (i) substrate cleavage
site$®; (i) sites cleaved in proteinase inhibitSrs(iii) inhibitory sequences such as the
propeptide zinc-binding regiéhand (iv) sequences cleaved during activation ef MivIP

by anothef’. It has been suggested that the principle of MMfibition should initially be
tested with broad-spectrum inhibitors to deterntiveepotential of these compounds.

3.2.6.1 Tetracyclines as Inhibitors of MMP

The antibiotic tetracycline3(4) and related compounds, such as doxycyclhé) (and
minocycline 8.2), exhibit inhibitory activity against collagenasgthough the mechanism
of inhibition is unknown. These tetracyclines h&#lP inhibitory activity that is distinct
from their antimicrobial property. These compouads already in clinical use, and may
give valuable information on MMP inhibitibn Doxycycline 8.1) is the most potent
inhibitor of MMPs in this class of compounds, araktbeen shown to interact with ta
and zrt* structural ion¥.
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3.3 Results and Discussion

3.3.1 Western Blot of MMP-2 and MMP-9

A western blot was used to confirm the identityMi¥1P-2 and MMP-9 in the horse serum,
using primary antibodies (rabbit anti-MMP-2 and oil@n anti-MMP-9) that bind

specifically to MMP-2 and MMP-9. Specific enzynmekled secondary antibodies (anti-
rabbit IgG alkaline phosphatase conjugate for MMR#I anti-chicken 1gG alkaline
phosphatase conjugate for MMP-9) and an appropsabstrate (BCIP and NBT) were

used.

phosphorylase B (97 kDa)

A bovine serum albumin (68 kDa)
¢ MMP-2 (66 kDA)

ovalbumin (45 kDa)

carbonic anhydrase (30 kDa)

SR

Al 2) CY

Figure 3.5. Western blots of controlA) of MMP-2 in horse serum, showing a negative
result for MMP-2 in the absence of a MMP-2 pre-inmawantibody, horse serum sample
(B) displaying a positive result for the presencéMdfiP-2 in the presence of an MMP-2

pre-immune antibody and bldE) is a lane containing Mnarkers.

The Western blot for MMP-2B) which was treated with MMP-2 pre-immune shows
specificity of the primary antibody for MMP-2, a6 &Da [determined by a Mmarker
(C)], confirming the presence of MMP-2 in horse sel(fig. 3.5). Omission of the MMP-

2 pre-immune antibody during preparation showetamads 4).
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pr R phosphorylase B (97 kDa)
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carbonic anhydrase (30 kDa)
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Figure 3.6. Western blots of controlA) of MMP-9 in horse serum, showing a negative
result for MMP-9 in the absence of a MMP-9 pre-ilmawantibody, horse serum sample
(B) displaying a positive result for the presencéMdfiP-9 in the presence of an MMP-9
pre-immune antibody and bldE) is a lane containing Mnarkers.

The Western blot for MMP-9B) which was treated with MMP-2 pre-immune shows
specificity of the primary antibody for MMP-9, att kDa [determined by a Mmarker
(©)], confirming the presence of MMP-9 in horse sel(lig. 3.6). Omission of the MMP-

2 pre-immune antibody during preparation showetanads 4).

3.3.2 Zymography

Aloin (3.3) and synthetic derivatives were screened for thpgssible gelatinolytic
inhibitory characteristics, using zymography (sext®n 3.5.1.2), against horse serum
MMP-2 and MMP-9. The compounds were applied at eotrations ranging from 10 mM
to 0.05 mM. EDTA, a strong zinc chelator, was uaean indication of complete enzyme
inhibition. The inhibitory activity of aloin3.3) and derivatives was compared to that of
doxycycline 8.1), used clinically as a MMP inhibitor. Proteolyactivity was indicated by
the presence of clear bands on a dark backgrouddthan intensity of the band being
proportional to the MMP-2 and MMP-9 activity.
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phosphorylase B (97 kDa)
MMP-9 (94 kDA)

MMP-2 (66 kDA) bovine serum albumin (68 kDa)

ovalbumin (45 kDa)

carbonic anhydrase (30 kDa)

Figure 3.7. Positive control A) zymogram in gelatinase buffer showing native\atstiof
MMP-9 and MMP-2 in horse blood, negative conti®) gymogram in gelatinase buffer
containing EDTA, displaying complete inhibition 8fMMP-9 and MMP-2 and gelQ) is a

lane containing Mmarkers.

The identity of both MMP-9 and MMP-2 were confirmbg their M, judged using M
markers (Fig. 3.7) and a western blot (Seetion 3.3.1L The positive controlX) served
as a reference for the subsequent zymograms coggiotential MMP-2 and MMP-9
inhibitors derived from aloin. The negative coht(8) contains EDTA, which binds
strongly to the catalytic zinc ion and other ionghe MMPs structure. This results in the
inhibition of MMP activity, indicating what wouldebobserved in the absence of MMP
activity and confirms the identity of the enzymesing metalloproteinases. Cathepsins,
enzymes also capable of gelatinase activity, ase atcasionally found in mammalian
serunt®. Since no activity was observed in the presefi@DTA, it can be concluded that

the gelatinase activity was due to metallo-prote&saand not cathepsins.
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3.3.2.1 Doxycycline (3.1) Zymograms

10 05.25 1.0 05 0.25 0.1 0.05

MMP-9
MMP-2

Figure 3.8. Zymograms displaying the effect of various doxye®li3.1) concentrations,
i.e. from 10 mM to 0.05 mM incorporated into theagimase buffer.

Doxycycline @.1) inhibits both MMP-2 and MMP-9 at concentratiorfsl® mM and 5
mM. Activity is restored when concentrations arepped to 2.5 mM to 0.05 mM (Fig.

3.8).

3.3.2.2 Aloin (3.3) Zymograms

—
MMP-9
III :

5.@5 1.0 05 025 0.1 0.05

Figure 3.9. Zymograms displaying the effect of various alo3( concentrations, i.e.

from 10 mM to 0.05 mM incorporated into the gelatia buffer.

Aloin (3.3) inhibits both MMP-2 and MMP-9 at a concentratiminl0 mM. MMP-2 and

MMP-9 activity is partially restored at aloi3.8) concentrations of 5.0 mM to 1.0 mM
(Fig. 3.9). Complete MMP-2 and MMP-9 activity isstored at aloin3(3) concentrations

of 0.5 mM to 0.05 mM.
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3.3.2.3 Homonataloin (3.5) Zymograms

(3.9)
= T T
L H S
I I I MMP-Z
5.0.52 1.0 0.25 0.1 0.05

Figure 3.10. Zymograms displaying the effect of various homolmttia (3.5

concentrations, i.e. from 10 mM to 0.05 mM incogded into the gelatinase buffer.
Homonataloin 3.5 displays slight inhibitory activity of both MMP-2nd MMP-9 at
concentrations of 10 mM to 5.0 mM (Fig. 3.10). Gdete MMP-2 and MMP-9 activity

was restored from homonatalo® %) concentrations of 2.5 mM to 0.05 mM.

3.3.2.4 Aloe-emodin (3.6) Zymograms
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MMP-9
IIIIIIIIMNIPZ
Figure 3.11. Zymograms displaying the effect of various aloe-dmo (3.6)

05 025 0.1 0.05

concentrations, i.e.,from 10 mM to 0.05 mM incoglded into the gelatinase buffer. Aloe-
emodin B.6), which was virtually insoluble in the gelatinaseiffer, displayed no
inhibitory effects on neither MMP-2 nor MMP-9 abatemodin 8.6) concentrations at10
mM to 0.05 mM (Fig. 3.11).

3.3.2.5 Nataloe-emodin (3.7) Zymograms

H,CO 0 HO

; O‘O
CH

(0]
(3.7)

5.0 52. 1.0 05 : 0.

3

MMP-2

MMP-9

Figure 3.12. Zymograms displaying the effect of various natadosedin 38.7)
concentrations, i.e. from 10 mM to 0.05 mM incogted into the gelatinase buffer.

73



Nataloe-emodin3.7) shows high inhibition of MMP-2 and moderate iritidn of MMP-9
at 10 MM and 5.0 mM inhibitor concentrations (F&y12). The activity of both MMP-2
and MMP-9 is slightly reduced at a nataloe-emodincentration of 2.5 mM. Complete
MMP-2 and MMP-9 activity is restored from natalaeeaain @.7) concentrations of 1.0
mM to 0.05 mM.

3.3.2.6 Rheinal (3.8) Zymograms

(3.8)

MMP-2
MMP-9

10 50.52 10 05 025 0.1 0.05

Figure 3.13. Zymograms displaying the effect of various rheif®8) concentrations, i.e.

from 10 mM to 0.05 mM incorporated into the gelasa buffer.
Rheinal 8.8) shows high inhibition of MMP-2 and moderate irtidn of MMP-9 at 10

MM and 5.0 mM inhibitor concentrations (Fig. 3.13The activity of both MMP-2 and
MMP-9 is restored at rheinad.@) concentrations of 2.5 mM to 0.05 mM.
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3.3.2.7 Rhein (3.9) Zymograms

OH O OH
o}

(3.9)
MMP-9
MMP-2

50 52 1.0 05 025 0.1

Figure 3.14. Zymograms displaying the effect of various rhe3n9( concentrations, i.e.

from 10 mM to 0.05 mM incorporated into the gelata buffer.

Rhein @.9) displayed no inhibitory effects on neither MMP-@riMMP-9 at rhein 3.9)
concentrations at 10 mM to 0.05 mM (Fig. 3.14).

3.3.2.8 11-(Pyrrolidin-1-yl)chrysophanol (3.10) Zyrmagrams

HO o HO
o

(3.10)
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MMP-9
MMP-2

25 0.1 0.05

10 5.025 1.0 05

0.2
Figure 3.15. Zymograms displaying the effect of various 11-(plidin-1-
yl)chrysophanol .10 concentrations, i.e. from 10 mM to 0.05 mM incoided into the
gelatinase buffer.
11-(Pyrrolidin-1-yl)chrysophanoB(10) displayed no inhibitory effects on neither MMP-2
nor MMP-9 at 11-(pyrrolidin-1-yl)chrysophand.(0)concentrations from 10 mM to 0.05
mM (Fig. 3.15).
3.3.2.9 11-(Piperidin-1-yl)chrysophanol (3.11) Zyngrams

HO O HO
IO
0

G.11)

10 05.25 1.0 0.5 0.25 0.1 0.05

MMP-9

MMP-2

Figure 3.16. Zymograms displaying the effect of various 11-(pigh@-1-yl)chrysophanol
(3.11) concentrations, i.e. from 10 mM to 0.05 mM incorded into the gelatinase buffer.
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11-(Piperidin-1-yl)chrysophanol3(11) at concentrations of 10 mM to 1.0 mM showed
remarkably high selective inhibition of MMP-2. Thetivity of MMP-2 was restored from
11-(piperidin-1-yl)chrysophanoB(11) concentrations of 0.5 mM to 0.05 mM (Fig. 3.16).
MMP-9 activity was unaffected at all concentratiasfs11-(piperidin-1-yl)chrysophanol

(3.11).

3.3.2.10 11-(Morpholin-1-yl)chrysophanol (3.12) Zymgrams

10

Figure 3.17. Zymograms displaying the effect of various 11-(nain-1-

HO

0 HO
Y
P
0]

(3.12)

5.@5 10 05 025 0.1 0.05

MMP-9

MMP-2

yhchrysophanol .12 concentrations, i.e. from 10 mM to 0.05 mM incorted into the

gelatinase buffer.

11-(Morpholin-1-yl)chrysophanoB(11), at concentrations of 10 mM to 5.0 mM displayed
high inhibition of MMP-2. Strangely, at 11-(morpiml-yl)chrysophanol 3.11)
concentrations of 2.5 mM to 0.5 mM, MMP-2 actiwtsas fully restored, only to diminish
again at 11-(morpholin-1-yl)chrysophan8l11) concentrations of 0.25 mM to 0.05 mM.
This effect is possibly attributed to experimergabr. MMP-9 activity was unaffected at

all concentrations of 11-( morpholin-1-yl)chrysopb&(3.173).
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3.3.2 Inferences and Discussion of Zymograms

A study by Barrentes and Guirfeeeported that aloin3(3) displayed good inhibitory
properties againgClostridium histolyticumcollagenase (ChC) and granulocyte MMP-8.
The inhibitory action of aloin was compared to tlbatdoxycycline 8.1), a structurally
similar anthraquinone that is a well known broadgea MMP-inhibitor. The anthrones
aloin 3.3) and homonataloin3(5 and their synthetic derivatives, which were githe
isolated or synthesized, have never been testettiéarpossible inhibitory activity against
MMP-2 and MMP-9. These two enzymes play esserggiilatory roles in the body, but
are also involved in a growing number of patholagicondition$®* Most MMP-2 and
MMP-9 inhibitors target the zinc ion in the enzymestalytic sitd. The action of
doxycycline 8.1) and aloin 8.3) has been reported to proceed via a non-competitiv
mechanisry implying that these compounds indirectly afféw zinc catalytic site. Thus,
studying the mode of action of this class of comptsucould be very useful in designing
new MMP-inhibitors.

Aloin (3.3 and doxycycline inhibited both MMP-2 and MMP-9caincentrations of 5 mM
and 10 mM. Aloin 8.3) continued to moderately inhibit these enzymesoaicentrations
of 2.5 mM and 1.0 mM. At these concentrations dokycycline 8.1) enzyme activity
was completely returned, implying that aloi®3) displays higher MMP-2 and MMP-9
inhibitory properties than doxycyclin8.Q). A similar result has been reported for MMP-

82, which further reinforces the inhibitory activisiéound in this investigation.

OH OH HO HQ

0 on© o o]

| 1Y 12 | NH,
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The ketone at C-12 and the OH group at C-11 ordtixgcyline @.1) structure have been
reported to be essential for actiity Comparing the structures of doxycyclidelf to the
structure of aloin3.3), the carbonyl group at C-9, between the hydroayl€-8 and C-1
on the anthrone, is consistent with that pharmasapprofile and it seems reasonable to
postulate that the aloir8(3) inhibition of the MMPs is due to an interactiamsar to that
between doxycycline3(1) and MMPs.

Aloin (3.3 has a moderately high affinity for binding to @aim ions, as this is
experimentally shown in the aloin-calcium salt fation (see Chapter 2, Section 2.3.5).
This was used as a method of selectively precipgaan aloin-calcium salt from the.
marlothii leaf exudate that contains many other chemicabtitoent$”. MMPs require
C&* as enzymatic cofactors that are necessary for #mivity’. MMPs also contain
calcium ions within their quaternary protein sturet which are vital for maintaining the
structural integrity of these enzynies Thus based on the affinity aloi8.9) has for
calcium ions, it can be proposed that al@rBY interacts/chelates with either (i) the’Ca
cofactors in solution or (ii) the calcium ions imporated into the MMP-structure. These
aloin-calcium interactions could lead to either hiished MMP activity, due to lack of
Cd* cofactors, or result in a change in the structwahformation of the enzyme,

rendering the catalytic zinc site inactive.

Homonataloin 8.5 displays slight inhibition against MMP-2 and MMP-at high
concentrations, i.e. at 10 mM and 5 mM. Compatirgstructures of homonataloi8. )

to aloin @.3), it can be seen that homonataldng has a methoxy-group at C-8 compared
to the hydroxyl-group in aloin3(3). This methyl-group attached to the oxygen atoi8-a

8 sterically restricts interactions of the C-8 oagigwith other groups. Since it has been
proposed that the interaction of this C-8 oxygesmaplays a role in MMP-inhibition, it
seems logical to assume that this methoxy-grougiswihe MMP-inhibitory properties of

homonataloind.5 compared to that of aloi3 (3).
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The biggest problem with using aloi.8) or homonataloin3.5 as MMP-inhibitors is
that they are unstable in solution since they arsceptible to oxidation of their sugar
moietie$®>. Thus creating aloin/homonataloin derivativeshwitt the sugar moieties

should greatly increase their stability in solution

Aloe-emodin 8.6) was poorly soluble in the gelatinase buffer dolutand consequently
showed no inhibition of MMP-2 or MMP-9 at any cont@tion. Nataloe-emodir8(7),
which has better solubility in the gelatinase huffaan aloe-emodin 3(6), showed
complete inhibition of MMP-2 and MMP-9 at concemtitvas of 10 mM, and moderate
inhibition of these enzymes at concentrations ohM and 2.5 mM. Similarly to aloe-
emodin 8.6), rheinal 8.8), was poorly soluble in the gelatinase buffer 8olu but
displayed good inhibition of both MMP-2 and MMP-Bcancentrations of 10 mM and 5
mM. In contrast, rhein3(9) had excellent solubility in the gelatinase buffetution yet

failed to inhibit the MMPs at any concentration.

Rhein @.9) is the active metabolite of diacere® 13, which is a drug that has been used
in clinical studies to treat to the symptoms okosirthritis. Rhein3.9) has been reported
by Tamuraet al to down-regulate the production of pro-MMPs -1,-8and -13 and up-
regulate the production of TIMPs in cultured rakdniticular chondrocyté8 The exact
mechanism of the therapeutic action of rhein omassthritis is unknown, but it has not
been reported to be an MMP-inhibitor, specificafyMMP-2 or MMP-9, which was also
established in this study.
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11-(Pyrrolidin-1-yl)chrysophanol3(10 did not show any MMP-2 or MMP-9 inhibition,
whilst 11-(piperidin-1-yl)chrysophanoB(11) and 11-(morpholin-1-yl)chrysophand.(2
did. 11-(Piperidin-1-yl)chrysophanoB.(t1) and 11-(morpholin-1-yl)chrysophand.(2
have 6-membered nitrogen-containing rings and ytrgfidin-1-yl)chrysophanol 3.10
has a 5-membered nitrogen-containing ring. Thestitbe assumed that this difference in
ring size plays a role in the inhibition of MMP-BdAMMP-9. This difference in ring size
is most probably influential in a peripheral ligainteraction of the nitrogen-atom in the 6-

membered ring and a region in the protein structure

11-(Piperidin-1-yl)chrysophanol 3(11) showed selective inhibition of MMP-2 at
concentrations of 10 mM to 1.0 mM. Similarly, Ihgrpholin-1-yl)chrysophanol3(12

selectively inhibited MMP-2 at concentrations of @M and 5 mM. These results are
highly promising as selective MMP-2 inhibition is attractive proposition, since MMP-2

is one of the major enzymes involved in cancer siasi®.
3.4 Conclusion

The inhibitory activity of aloin 3.3) and derivatives were successfully tested against
MMP-2 and MMP-9 using zymography. Aloi8.8), nataloe-emodin3(7) and rheinal
(3.8 displayed mild inhibition against MMP-2 and MMP-3Homonataloin 3.5), aloe-
emodin B8.6), rhein .9 and 11-(pyrrodin-1-yl)chrysophanoB.(0Q also showed either
poor or no inhibition against MMP-2 and MMP-9. Riperidin-1-yl)chrysophanol3(11)

and 11-(morpholin-1-yl)chrysophand.(2 displayed selective inhibition against MMP-2.
Zymography is a qualitative biochemical technigtleys a quantitative study is also

necessary to determine the stoichiometric efficafdyre inhibitors.
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3.5 Experimental

All the chemicals used in this biochemical compdneh this research project were

purchased from Sigma Aldrich.
3.5.1 General
3.5.1.1 Sodium Dodecyl Sulfate (SDS) Polyacrylamideel Electrophoresis (PAGE)

Polyacrylamide gel electrophoresis enables pradeparation by differential migration to
either the cathode or anode through a chemicadlst matrix. This matrix is comprised of
acrylamide and\,N-methylene bisacrylamide aononomers that undergo a free radical
mediated polymerization to create a meshwork okgdhat sterically constrict protein
movement. Ammonium persulfate is the polymerizatioadical-initiator, and

tetramethyethylenediamine (TEMED) (a donor and pimreof free radicals) is the catalyst
facilitating the process. The molecular weight,)(Mange of protein separation is
determined by the total acrylamide concentratiamryfamide and bisacrylamide) and the

acrylamide : bisacrylamide rafio

When SDS is absent, the direction and extent diepranigration depends mainly on the
individual mass-to-charge ratios and complicates ddterminations. SDS partially
denatures non-sulfide-linked oligomeric structuaed the secondary structure of proteins,
adding a nett-negative charge on the proteins duhd strongly anionic group on the
detergent. The micelle formed by the SDS may etlser be unilamellar (due to
hydrophobic interactions) or bilamellar (due toctlestatic interactions). The addition of
a reducing agent (e.@-mercaptoethanol), combined with heating, allows ithtra- and
inter-disulfide bridges to be broken, and the peptde chains to be linearised by
thermally overcoming folding kinetics. The resudfi peptide chain can bind to SDS,
allowing protein migration in an electric field solely rely on the basis of Massuming a
constant SDS binding ratio). This occurs as &l pinoteins now carry a nett negative

charge and, therefore, migrate to the anbde
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3.5.1.2 Zymography

Zymography is a SDS-PAGE gel that enables the tleteof enzyme activity, after the
proteins have been electrophoréded In zymography, the resolving gel contains
incorporated proteinase substrate (e.g. gelatinlagen, fibrin, casein). Substrate
concentration is crucial for optimal band formatimesolution and detection. Non-
reducing and non-heating conditions are used tairretnzyme activity. The gel was
washed with Triton X-100, after electrophoresistgmoves SDS bound to the protein and
renature the enzyme. The SDS become easily detaahethis dilution, having a
significantly higher critical micelle concentratig@MC) than Triton X-100 (CM&ps =
8.27 mMM; CMGx.100 = 0.24 mM’). The gel was subsequently incubated at optimal
temperature in the appropriate buffer, which corgdahe necessary enzyme cofactors and
at the optimum enzyme pH. Enzyme activity was cteté by staining the gels with either
a Coomassie Blue or Amido black solution. Activitgpears as clear, translucent bands

against a stained undigested background.

Zymography, using fresh horse blood, was utilizethis study for the detection of MMP-
2 and MMP-9. Whole blood was allowed to clot befdarwas centrifuged, and the serum
was separated from the lower red blood cell layidgre MMP substrate chosen was gelatin,
a substrate cleaved by a broad range of proteirfem®sother classes (e.g. cathepsins) in
addition to MMP-2 and MMP-9. MMP specificity wassured by the use of additional

gelatinase buffer containing EDTA

Activity of these gelatinases, and not the cathrepsif present) will be inhibited by the
EDTA, owing to the chelation of the metal in theadgtic active site.

3.5.1.3 Western Blotting

Western blotting is a biochemical technique thatvptes information about antibody
specificities, the target antigen, Mactivation status (i.e. enzyme pro-form vs. activ

species), oligomeric arrangement or post-transiatimodifications.

The thickness of the SDS-PAGE gel and % transnué&dfoT) affects the protein transfer

time, as well the efficiency of the transfer onte nitrocellulose membrane. Generally a
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thinner gel (0.1-0.5 mm) promotes better proteansfer, but may limit the amount of
protein that can be loaded. When a SDS-PAGE gelahhigh %T, protein transfer is
greatly hindered. Also, if the %T of the SDS-PA@# is too low, band resolution and

separation is reduced.

Blocking steps prevent non-specific protein assamawith the nitrocellulose membrane.

3.5.2 Materials and Methods

3.5.2.1 SDS-PAGE Gel Reagents

Acrylamide/bisacrylamide monomer stock solution (3@ T, 2.67 C). Acrylamide
monomer (58.4 g) andtll,N-methylene bisacrylamide (1.60 g) were dissolvedl.ifi,O
(200 ml). The solution was then filtered throug&iman No. 1 filter paper and stored at

RT in an amber bottle.

Running gel buffer (1.5 M Tris-HCI, pH 8.8). Tris (36.3 g) was dissolved in ¢®I (180
ml), titrated to pH 8.8 with HCI [30% (v/v)], andade up to 200 ml. The solution was

stored in a plastic bottle at’€.

Stacking gel buffer (500 mM Tris-HCI, pH 6.8) Tris (12.0 g) was dissolved in ¢®
(180 ml), titrated to pH 6.8 with HCI (30% v/v),dimade up to 200 ml. The solution was

stored in a plastic bottle at’€.

SDS stock solution [10% (w/v)] SDS (10 g) was dissolved in d®1(100 ml) and stored
at RT.

Electrode buffer [25 mM Tris-HCI, 192 mM glycine, Q1% (m/v) SDS, pH 8.3] Tris
(0.75 g), glycine (3.6 g), and SDS stock (2.5 méysvdissolved in d.#D (247.5 ml).

Ammonium persulfate initiator solution [10 % (w/v)]. Ammonium persulate (0.05 Q)

were dissolved in d.#0 (0.5 ml) and stored at°€ for up to a week.
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Non-reducing sample loading buffer [62.5 mM Tris, 0% (v/v) glycerol, 2% (w/v)
SDS, 0.025% (w/v) bromophenol blue, pH 6.6] Stacking gel buffer ( 1 ml), dJ@ (3.4
ml), glycerol (1.6 ml), SDS [1.6 ml of a 10% (w/s®lution] and bromophenol, blue [0.4

ml of a 0.5% (w/v) solution in d ] were stirred together.

Renaturation solution [2.5 % (v/v) Triton X-100]. Triton X-100 (6.25 ml) was
dissolved in d.kHO (250 ml) and stored at’C.

Stock gelatin solution [1% (w/v)] Porcine skin gelatin (300 bloom) (0.1 g) wadextito
d.H,O (10 ml). The solution was heated whilst stirnmgorously to dissolve the gelatin.

Gelatinase Zymography buffer [50 mM Tris-HCI, 200 nM NacCl, 5 mM CacCl,, 0.02%
(v/v) Brij 35, pH 7.5 at 37°C]. Tris (0.1 g), NaCl (1.17 g), Ca22H,0 (0.109 g) and Brij
35 [67 ul of a 30% (v/v)] solution were dissolvedd.HO (90 ml) and heated to 3T.
The pH was titrated to 7.5 with HCI [30% (v/v)] atiek volume was made up to 100 ml.

Amido Stain Stock Solution [1% (w/v)] Amido black (1.0 g) was dissolved in d®
(100 ml) by stirring for 1 h at RT. The solutiorasvthen filtered through Whatman no. 1
filter paper and stored at RT.

Staining Solution [0.1% (w/v) amido black, 30% (v/y methanol, 10% (v/v) acetic
acid]. Stain stock solution (50 ml), methanol (150 rabetic acid (50 ml) and d:B (300

ml) were mixed together at RT.

Destaining Solution [30% (v/v) methanol, 10% (v/v)acetic acid] Methanol (150 ml),
acetic acid (50 ml) and d-B (300 ml) were mixed together at RT.

M, markers. Standards for Mdetermination were: phosporylase b (94 kDa), b®vin
serum albumin (68 kDa), ovalbumin (45 kDa), carlboanhydrase (30 kDa), soybean
trypsin inhibitor (20.1 kDa) and lysozyme (14 kDa)The lysophilised markers were

reconstituted in non-reducing treatment buffer (0 and aliquots were stored at@.
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3.5.2.2 SDS-PAGE gel/Zymogram Procedure

The SDS-PAGE electrophoresis unit (Ho&f&tighty Small) was assembled according to
the manufacturers’ instructions. The glass platésstic combs, plastic spacers and glass
backings were cleaned with detergent and then agétone. These components were then

assembled in a gel caster.

Acrylamide monomer, gel buffer, d.8, stock gelatin solution, SDS, ammonium
persulfate and TEMED as indicated for the runnieg(@able 3.2), were mixed together
thoroughly. This running gel mixture was then éaig loaded onto the gel caster
apparatus (overlaid with dJ& to exclude oxygen), to a depth of 2.5 cm from tthye of
the glass plate, and allowed to polymerise. After running gel had sef{5 min), the
d.H,O was poured out and the desired stacking gelisalutas made up as described in
Table 3.2. The stacking gel mixture was then legiesn top of the polymerised running
gel. Plastic 10 well combs were placed into trecldhg gel and polymerisation was
allowed to occur{20 min). The combs were removed and the gels assembled into
the electrophoresis apparatus. The serum is mutkdsample loading buffer (1:6 dilution
ratio of serum : loading buffer) and the mixturetien agitated for 10 min at RT.
Electrode buffer was made up, added, and the saniplaul) were carefully loaded onto
the gels. During electrophoresis, the gels weotetbusing a circulatory water bath°@)

and protein samples were separated at 36 mA (uslihwioltage).

Table 3.2. Reagent composition and proportions for two Triggle gels containing
0.1% (w/v) gelatin

Running gel (%) Stacking gel (%)
Reagent
12.5% 7.5% 5% 4% 3%
Monomer (ml)
6.25 3.75 25 0.94 0.71
Running gel
buffer (ml) 3.75 3.75 3.75 - -
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Stacking gel
buffer (ml) - - - 1.75 1.75
10% SDS (ul)
150 150 150 70 70
d.H,O (ml)
3.275 5775 7.025 4.3 4.53
Ammonium
Persulfate (ul) 75 75 75 50 50
TEMED (pl)
7.5 7.5 7.5 15 15
1% (w/v)
Gelatin/Collagen 1.475 1.475 1.475 - -
(ml)

Once electrophoresis was complete, the gels waefutly removed and were soaked in
renaturation solution (2 x 30 min, RT) and shakerao orbital shaker. The gels were then
rinsed in d.HO (30 min).

For gelatinase assays, the controls: (+) no inhibiid.HO); (-) known inhibitors
(doxycyline, EDTA); and potential inhibitors (aloiand derivatives) were freshly
solubilised in the gelatinase Tris-HCI incubatiarifer used for developing the zymogram.
The gel was cut into slices corresponding to thedavhich were put in different tanks and
incubated at 37C for 36 h in the incubation buffer

The slabs were then stained (15-30 min) in amidakobtaining solution, and destained in
the same solution without the amido black dye.eAttestaining, a light translucent band
over a blue background was detected for gelatirdéevity. The gels were then

photographed and analysed.
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3.5.2.3 Western Blot Reagents

Gershoni blotting buffer [ 25 mM Tris-HCI, 192 mM glycine, 20% (v/v) methanol,
0.01% (w/v) SDS, pH 8.3] Tris (6.05 g), glycine (28.8 g) and SDS [2 mlaof0% (w/v)
solution] were dissolved in dJ@ (1.6 I). Methanol (400 ml) was added to the sofy
which was stored at -2T.

Ponceau S protein stain solution [0.1% (w/v) in 1%v/v) acetic acid] Ponceau S (0.1
g) and acetic acid (1 ml) were added to a 100 rhdmaetric flask and made up to volume
with d.HO.

Tris-buffered saline (TBS: 20 mM Tris-HCI, 200 mM NaCl, pH 7.4). Tris (2.42 g) and
NaCl (11.69 g) were dissolved in ¢® (950 ml). The pH was adjusted to 7.4 with HCI

and the volume was made up to 1 | with gDH

Blocking solution [5% (w/v) non-fat milk powder in TBS]. Non-fat milk powder (5 g)
was dissolved in TBS (100 ml).

Alkaline phosphatase detection buffer (50 mM Tris-KCI, 5 mM MgCl,, pH 9.5) Tris
(0.61 g) and MgGI2H,0 (0.10 g) were dissolved in d:@ (90 ml). The pH was adjusted

to 9.5 with HCI and the volume was made up with,@H

Alkaline phosphatase substrate solution [0.015% (w)j BCIP, 0.03% (w/v) NBT in
detection buffer]. BCIP (1.5 mg in 1 ml DMF) and NBT (3 mg) weressblved in

detection buffer (10 ml) just before use.

MMP-2 primary (pre-immune) antibody [L43 Cat P1 (20 pg/ml)]. L43 Cat P1 [14u

of a 17.32 mg/ml stock solution] was dissolved BST(12 ml) just before use.

MMP-2 primary (immune) antibody (20 pg/ml). Rabbit anti-MMP-2 primary antibody
[12 pl of a 19.76 mg/ml stock solution] was dissolvedBS (12 ml) just before use.

MMP-9 primary (pre-immune) antibody [L43 Cat P1 (20 pg/ml)]. L43 Cat P1 [34u

of a 7.00 mg/ml stock solution] was dissolved inST@2 ml) just before use.
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MMP-9 primary (immune) antibody (20 pg/ml). Chicken anti-MMP-9 primary
antibody [16ul of a 15.04 mg/ml stock solution] was dissolvedl'®S (12 ml) just before

use.

MMP-2 secondary antibody [anti-rabbit IgG alkaline phosphatase conjugate]. MMP-
2 secondary antibody [l of a mg/ml stock solution] was dissolved in TBISQ ml) just

before use.

MMP-9 secondary antibody [anti-chicken IgG alkaline phosphatase conjugate].
MMP-9 secondary antibody [dl of a mg/ml stock solution] was dissolved in TEX (ml)

just before use.

3.5.2.4 Western Blot Procedure

Following SDS-PAGE (Section 3.4.2.2), the gel wamoved from the electrophoresis
unit, and submerged (30 min) in ice-cold transfeiffdr together with Hybond"©
nitrocellulose hybridization transfer membrane §0un) and Whatman filter paper. The
transfer cassette (HoefeTE Series Transphor Electrophoresis Unit) wasmabgs and
orientated in the electrophoresis chamber to enthatethe membrane was closest to the
anode. The chamber was filled with ice-cold trangfuffer and stirred with a magnetic
stirrer continuously. Protein transfer was perfednat a constant current of 90 mA for 18
h. The gel and transfer membrane were then clrefrhoved from the cassette, and the
outline of the gel was marked onto the membrandwe fitrocellulose membrane was
rinsed with d.HO and then stained with Ponceau S to visualizévthmarkers, the sample
protein profiles and to assess the efficiency efttlansfer. The positions of the lanes and
the markers were marked by pricking the membrarnelgavith a needle point. The

Ponceau S was decolourised with TBS and the meralwas air-dried before probing.

The membrane was incubated (1 h, 10 ml/lane) wititking solution to prevent non-
specific adsorption of antibodies. The membrans than washed in TBS (3 x 5 min, 10
ml/wash) and incubated with the appropriate primamtibody (2 h, 10 ml/lane).
Following washing in TBS (3 x 5 min, 10 ml/washt)etmembrane was incubated with the
appropriate enzyme conjugated secondary antibodiy {D ml/lane). The membrane was

washed as previously, immersed in the appropriabstsate solution (10 ml/lane) and
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developed (5-10 min) until distinct bands were obseé against a lightly coloured
background. The membrane was rinsed with,@,Hlried and stored in the dark until

photographed.
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CHAPTER FOUR

ANTIPLASMODIAL ACTIVITY OF ALOIN AND
DERIVATIVES

4.1 Introduction

Malaria affects 300-500 million people annually &m8-2.5 million people die from the
diseaské The rapid spread of malaria together with theegyance of resistance against
conventional anti-malarial drugs has put enormogssure on public health systems to
introduce new treatments. Chloroquidelf and artemisinin derivatives are currently the
two most widely used classes of antimalarials. edisinin @.2), a natural product, has

proven to be an invaluable lead compound in theyetion of potent antimalaridls

CHs

CHj
CH, (
N CH
HN)\/\/ ~_ '3

X

=
Cl N

A1) 4.2)

The in vitro antiplasmodial activity of aloin4(3) against the chloroquine-resistant
Plasmodium falciparum strain has been reported, with an sdCvalue of
107.20 + 4.14ig mI* . Homonataloin 4.4), an aloin analogue, displays more potent
antiplasmodial activity then aloimM@), with an 1Go value of 13.46 + 1.3Gig mi* 3
Similarly to artemisinin 4.2), aloin @.3) and homonataloin4(4) are naturally occurring
compounds which display considerable antiplasmaatisivity. Thus the investigation of
the antiplasmodial activity of derivatives of al¢$h3) and homonataloird(4) could prove

to be extremely valuable and useful from a medigieaspective.
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4.2 Malaria and Antimalarials

4.2.1 Introduction

Malaria is a parasitic disease that is caused byPtasmodiumprotozoa (single-celled
parasites), which is mainly transmitted by the fEmanophelesmosquitd. Malaria is
prevalent throughout Africa, Asia and Latin AmeTicaThere are four species of the
human malarial parasite. falciparum(most deadly)P. vivax P. malariaeandP. oval@.
When a victim is bitten by an infected mosquitog tparasites cause an initial
asymptomatic infection of the liver cells. Aftar encubation period of approximately one
week, the parasites enter the blood stream. Thasipes infect, develop and multiply
within host erythrocytes. A small proportion oefie parasites develop into the so-called
gametocytes (sexual stages), which are able tatiafenew mosquito host when they are
taken up with a meal of blood. The clinical sympsoof malaria are caused exclusively

by the parasite erythrocytic stages.

Considering this complex life-cycle of the plasnmadiarasite, there are many stages that
need to be considered as targets for therapy. ,Tius now common to take a
combination of anti-malarial drugs for treatmenttmnbat the different blood stages of the
parasite life-cycle. The efficacy of commercialiamalarial drugs such as chloroquine
(4.1, when used as monotherapies, are quickly decrgadihere is a growing demand for
active compounds with a novel mode of action tdaepthe current ineffective drugs. For
thousands of years, plants have been the bastpbisticated traditional medicine systems
and more recently, natural products have provideaxellent source of medicinal lead

compounds. Quininet(5), which is an alkaloid isolated fro@inchonabark, is the most
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important lead compound against malaria. Quin#é&) (was used as a template in the
creation of chloroquine4(l) and mefloquine4.6). Artemisinin @.2), which is isolated
from the Chinese planfArtemisia annual., has been successfully used against

chloroquine-resistant malarial parasites

4.2.2 Established Anti-malarial Drugs

4.2.2.1 Chloroquine (4.1) and Mefloquine (4.6)

Chloroquine 4.1), a 4-aminoquinonline, was first synthesized i134,%ut was only used
in 1946 because it was initially considered todmtoxic¢. Since then, it has turned out to
be the most important and effective antimalariahpound and consequently become the
drug of choice in many programmes aimed at theajlebadication of malaria. A major
factor promoting the use of chloroquing.i) was the low cost required to produce the
drug. Today, chloroquine-resistant strainsPoffalciparumare common in all endemic

areas worldwide

Mefloquine @.6) is considered the standard therapeutic altemafor chloroquine-
resistant malaria. The use of this drug is limitee: to the high costs and appearance of

neuropsychiatric side effeéts

The mode of action of these 4-aminoquinolines isegally accepted to involve the
interference with the detoxification of free hemwhich is generated during the
degradation of haemoglobin. Haemoglobin is ingkbtethe parasite and transported into
a central food vauole (Fig. 4.1), where it is digésinto small peptides. These peptides

are required for the parasite for growth and mlidtgtion. The resulting heme moiety that
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is released during haemoglobin degradation is piadgntoxic to the parasite through an

oxidative mechanism, and is therefore convertddgoluble crystals called hemozain

Erythrocyte Membrane
Choline uptake

Food Vacuole

Heme polymerisation
Haemoglobin degradation

Mitochondrion

Electron transport

Isoprenoid synthesis
Fatty acid synthesis

Cytoplasm

Folate metabolism
Protein farneysylation

Glycolysis

Figure 4.1. Schematic representation of an erythrocyte infectaith P. falciparum

indicating the subcellular localization of diffetairug targets
4.2.2.2 Artemisinin (4.2)

Artemisinin @.2) is a sequiterpene trioxane lactone that was fsetated in 1971.
Artemisinin @.2) and its derivatives, dihydroartemisinifh.7), artemether4.8), arteether
(4.9 and artesunate4(10, represent a new class of antimalarial drugs toaitain an
endoperoxide group. Artemisinid.@) on its own has limited therapeutic value, duégo
low solubility, low bioavailability, short life andheurotoxicity. Thus semi-synthetic
derivatives with better pharmacokinetic propertiase been prepared. These drugs are all

metabolized to dihydroartemisinia.{), which is the main bioactive compound
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(4.9) (4.10)

The artemisinins act faster than any other maldnads, with an approximate parasite and
fever clearance time of 32 h. This is substantigilicker than the 2-3 days required for
the conventional antimalarial drugs to alleviate symptoms. Moreover, the artemisinins
act against the sexual parasitic stages, whichesgmonsible for the infection of the female
Anophelesmosquito and consequently for the transmissiothefdisease. These drugs
have a short plasma half-life and treatment is s&ay for 5-7 days to fully eliminate the

parasitel

The mechanism of action of the artemisinins evigedepends on the peroxide bond
cleavage after contact with Fe(ll) heme insideftied vacuole (Fig. 4.2). This results in
the generation of free radicals that can alkylat heme molecule. By this action, the

detoxification of free heme may be inhibited
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Figure 4.2. Hypothetical mechanism for the radical alkylatiohheme by artemisinin
4.2

4.2.3 Antibiotics

Many antibiotics that are known to be antibacteagents also display antimalarial
activity. Their mode of action depends on the thaet the malarial parasites contain an
unusual plastid-like organelle called an apicopléste Figure 4.1). The apicoplast fulfils
different metabolic processes, such as the symthekifatty acids, isoprenoids and
potentially heme. Enzymes involved in metaboliadiions within the apicoplast are
encoded by the nuclear genome and are transportbd apicoplast by a specific terminal-
amino sequence. Doxycycliné.1]) is the most commonly used antibiotic in anti-nniala
therapy. It is used either on its own as a pragttid, or in combination with quinine
(4.5/artensuate 4.10 for treatment in cases of chloroquine-resistardragites.
Tetracyclines such as doxycyclinrg X1) inhibit protein synthesis inside the apicoplasd a

possibly in the mitochondria.

OH o OH .o O
(L™
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CHs OFI|-|3C/N\CH3
4.1
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Due to the structural similarities between doxywgland aloin4.3) (and derivatives), it is
possible that they have comparable biological diEs/(see Chapter 3). Thus the potential

antiplasmodial activity of aloird(3) and derivatives was tested.

4.3 Results and Discussion

Aloin (4.3 and derivatives were screened for their possibtgplasmodial activities, using
chloroquine 4.1) as a reference. The methodology used for tisigntg is in section 4.4.

The IGp values of aloin4.3) and derivatives are displayed in table 4.1 below.

Table 4.1.In vitro antiplasmodial activity again®. falciparum(chloroquine-sensitive)

D10 strain of aloin (4.3) and derivatives, alonghwdrug-likeness’ data.*

Compound ICs0 ICs0 H-bond | H-bond Lipinski
(ng/ml) (nuM) LogP Donors | Acceptors Rules
Obeyed
66.22 158 1.86 +0.71 7 9 No
13.18 30 2.25 +0.85 6 9 No
80.35 297 3.38+0.77 3 5 Yes
HO
OO o, | insoluble - 4,18 +1.12 2 5 Yes
[e]
(4.13
OH o OH
40 insoluble - 4.33 +1.34 2 5 Yes
© H
(4.149

98



OH

[¢] OH
OO .
(o]

42.86

155 4.58 + 1.35

Yes

(4.19

SeeNs

(416

3.72

11 4.54 +0.78

Yes

HO o HO

OO0

@19

2.65

7 5.10+0.78

Yes

HO

sesVe

‘418

46.67

30 3.52 + 0.88

Yes

(4.1

0.01782

™

0.56 4.69 £ 0.31

Yes

* Definitions of ‘drug-likeness’ descriptors arevghn in Section 4.3.1.

Homonataloin 4.4) is approximately 5 times more active than aleiB) There are 3
structural differences (Table 4.2) between the Guglucosides which possibly contribute

to this difference in antiplasmodial activity.

Table 4.2Structural differences between aloth3) and homonataloird(4).

Carbon Aloin (4.3) Homonataloin (4.4)
11 CHOH CHs
8 OH OCH
7 H OH
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(4.3) (4.4)
A study carried out by Winteet al on hydroxy-anthraquinones established the effesit
the position of the hydroxyl group has on antipladial activity’. A series of hydroxy and
polyhydroxy-anthraquinones based on the potentplastnodial compound rufigallol
(4.19 (ICso= 10.5 ng/ml) were assayed. The results of thisctire-activity study were
used as a guideline to help explain the differemeestiplasmodial activity between aloin
(4.3) and homonataloind(4).

o) OH
HO OH
HO O‘O OH
OH O
(4.19

Octahydroxy-9,10-anthraquinond.20 (ICso = 800 ng/ml) has hydroxyl groups at C-8/4
and C-1/8, along with 9- and 10-carbonyl groupsclviorm a chelating moiety, similar to
that found in aloin 4.3). Rufigallol @.19 lacks the hydroxyl groups at C-8/4, but
maintains the C-2,3,6,7 hydroxyl groups. Thesertwy groups, along with the C-1/5-
hydroxy and C-9/10-ketone moieties resemble thectiral make-up of the anthrone part
of homonataloin 4.4). Rufigallol @.19 is 22 times more active against plasmodial
parasites then octahydroxy-9,10-anthraquinghQ. The only difference between the
two is that rufigallol 4.19 lacks the hydroxyl groups at C-8/4. Homonatal@i®) has a
methoxy-group at C-8, which ‘blocks’ the activity the hydroxyl-group, which is found
in aloin @.3). Rufigallol @.19, octahydroxy-9,10-anthraquinor#.20 and homonataloin
(4.4 contain hydroxyl groups at C-7/3 which possiblkays a role in antiplasmodial
activity. The absence of this C-7 hydroxyl grodpng with the C-8 hydroxyl group in
aloin (4.3) compared to homonataloid.g), have thus been proposed to be the constituents

that are responsible for the differences in thefipdasmodial activity.

OH (@] OH
) O‘O .
HO OH
OH (@] OH

(4.20
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Aloe-emodin 4.12) displayed low antiplasmodial activity comparedaloin @.3). This
was probably influenced by the poor solubility désfed by aloe-emodifd(12) in aqueous
media. Rheinal4.13 and nataloe-emodir# (14 were insoluble in the plasmodial buffer
medium and therefore could not be tested. Rheitb( also showed poor antiplasmodial
activity, despite having high solubility.

The antiplasmodial activity of the amine derivativaf aloe-emodin proved to be among
the highest of the derivatives. The order of dasmodial activity was: 11-(piperidin-1-
yhchrysophanol 4.17) > 11-(pyrrolidin-1-yl)chrysophanol 4(16 > 11-(morpholin-1-
yl)chrysophanol4.18. This trend was also observed by Stoekal? who synthesized a
series of short chain chloroquine derivatives, agi.21), (4.22 and @.23, in which the
diethylamino side chains were replaced by funcligmaups that were more resistant to
dealkylation. This investigation was carried ootiticrease the half-life of chloroquine
(4.1), which is extensively metabolized by dealkylatininthe side chairds It was found
that the addition of piperidy¥(21) and pyrrolidyl é.22 rings to the 4-amino side chain
resulted in enhanced activity against chloroquisstant. falciparum Interestingly, the
addition of a morphinyl 4.23 ring resulted in a a considerably lower antipladal
activity than the piperidyl and pyrrolidyl derivegis, suggesting that the lipophilicity of the
cyclic amine influences the activity of the drug.

) J
HN/\/O HN/\/N HN/\/N\)
X

X X
Cl N/ Cl N/ Cl N/
4.21) 4.02) 4023

4.3.1 ‘Drug-Likeness’ of Aloin (4.3) and Derivative

As part of this investigation, aloid.Q) and derivatives were investigated, based on their
structural features, to determine if they couldveeas potential medicinal drugs. The
parameters of Lipinski’s ‘rule of 5’ were used aseterence for this study. C. A. Lipinski

and co-workers at Pfizer studied the data of dargldates and discovered that there were
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some reasonably clear cut-offs for oral absorpénd general cell permeabiltfy They
consequently constructed the ‘rule of five’ whicknaes as a tool to define the ‘drug-
likeness’ of a potential drug candidate based am fiarameters. The "rule-of-5" states

that poor absorption or permeation is more likehew.

1. The LogP is larger than 5.

2. There are more then 5 hydrogen-bond donors (exguless the sum of the OH’s
and NH’s).

3. There are more than 10 hydrogen-bond acceptorsgesgd as the sum of nitrogen
and oxygen atoms).

4. The molecular weight is over 500.

Most of the aloin derivatives satisfy all thesdemia, increasing the possibility of their use

as medicinal drug targets.

The logP value of a compound is the logarithm ef partition coefficient between n-

octanol and water [log{gano/Cwatep]. This is a well-established measure of the
compound's hydrophilicity. Low hydrophilicities @rtherefore high logP values (> 5.0)
cause poor absorption or permeation. The distabudf calculated logP values of more

than 3000 drugs on the market underlines this fact.

Optimizing compounds for high activity on a biologi target is generally accompanied by
increased molecular weights. However, compountts mgher molecular weights are less
likely to be absorbed and therefore to ever reaehsite of action. Thus, trying to keep

molecular weights as low as possible is crucial.

4.3.2 Mechanism of Action of Aloin (4.3) and Deriviives

The antiplasmodial action of aloim.B) and derivatives were compared to those of
doxycycline @.11) and rufigallol .19, which have many structural features in common

with aloin @.3) and its derivatives.

In Chapter 3, aloin4(3) and its derivatives were tested for their MMP+&l aMMP-9

inhibitory properties, using doxycyclingt.(1) as a reference. Besides being a MMP-
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inhibitor, doxycycline 4.11) is a powerful antimalarial drug. Doxycycliné.{1) has been
reported to have an igvalue of 4800 nM (W2 Strain), in comparison to cotpuine 4.1
which has an I¢ value of 100 nM. A mechanism of action of doxylaye was recently
proposed by Dahlet af’. Doxycycline 4.11) causes the apicoplast to become
dysfunctional in progeny parasites. Late-stageagtes were those most susceptible to
doxycycline @.11). This effect of doxycycline4(11) is evident in mature parasites from

the second generation, which did not rupture teast viable merozoites.

The amine derivatives of aloe-emodin, i.e. 11-(pgie-1-yl)chrysophanol 4.17),
11-(pyrrolidin-1-yl)chrysophanol 4(16) and 11-(morpholin-1-yl)chrysophanol4.(18
resemble the pharmacophore profile of doxycyclidd ) very closely, and thus could
share its mechanism of action. Comparing the stras of doxycycline4.11) and 11-
(piperidin-1-yl)chrysophanol4(17), it can be seen that they both share many common
structural features. Firstly, they both contaia §ame chelating moiedy, i.e. the C-11/13
hydroxy-C-12 ketone combination in doxycyclie (1) and C-1/8 hydroxyl-C-9 ketone
combination in 11-(piperidin-1-yl)chrysophandl.17). This chelating feature is common
to all the aloin derivatives. Secondly, doxycyelihas a tertiary amine nitrogen atom 3-
carbon atoms away from the C-13 hydroxyl groBp (This structural feature is also found

in 11-(piperidin-1-yl)chrysophanof(17).

| ]
A A
OH ¢ OH 0 )‘\ OH O Ho
|11\ 127113 NH, I 8 9 | N
I _ = P
DH B
s | 8
CH; |OH N
3 Thoc” oM Y
419 47

The antimalarial action of rufigallol4(19 is postulated to involve an iron chelation
mechanism, similar to that of desferroxamine (desfé4.24°. The antimalarial effect of
desferroxamine4(24) has been shown to involve chelation of iron, Wwhrequired for
cellular metabolism and DNA synthesis of the paeasiDesferroxamine has also been

shown to extract ferric iron from the hemozoin (seetion 4.2.2.1).
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40“3

(4.29)
4.4 Conclusion

Aloin (4.3) and its derivatives displayed fairly good activigainst the chloroquine-
sensitive strain ofP. falciparum The two amine derivatives, i.e. 11-(pyrrodin-1-
yl)chrysophanol 4.16 and 11-piperidin-1-yl)chrysophanol4.07) showed the best
antiplasmodial activities. It was noteworthy toatiger that homonataloirt (4) was fives
times more active against the Plasmodium parasites aloin 4.3). Thus it can be
concluded that aloird(3) and possibly homonataloid.@) can serve as lead compounds in

the designing of novel antiplasmodial drugs.
4.5 Experimental

Aloin (4.3 and its derivatives were sent to the DivisiorPbarmacology at the University
of Cape Town for the screeningiafvitro plasmodial activity. The methodology that was
used at this institute was as follows:

The test compounds were tested in duplicate oroooasion against chloroquine-sensitive
(CQS) strain ofP. falciparum(D10). Continuousn vitro cultures of asexual erythrocyte
stages of. falciparumwere maintained using a modified method of Trager densels.
Quantitative assessment of antiplasmodial activityitro was determined via the parasite
lactate dehydrogenase assay using a modified meigsmtibed by Maklét.

The samples were prepared as 2 mg/ml stock sotutiori0% DMSO or 10% methanol
and were sonicated to enhance solubility. Sample® tested as a suspension if not
completely dissolved. Stock solutions were stoa¢d20°C. Further dilutions were

prepared on the day of the experiment. Chloroq®n® was used as the reference drug
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in all experiments. A full dose-response was perntd for all compounds to determine
the concentration inhibiting 50% of parasite gro@s, value). Test samples were tested
at a starting concentration of 108/ml, which was then serially diluted 2-fold in cplate
medium to give 10 concentrations; with the lowestaentration being 0.gg/ml. The
same dilution technique was used for all sampl€&hloroquine 4.1) was tested at a
starting concentration of 100 ng/ml. The highestaentration of solvent to which the
parasites were exposed had no measurable effébegrarasite viability (data not shown).
The 1G¢-values were obtained using a non-linear dose-respourve fitting analysis via

Graph Pad Prism v.4.0 software.
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CHAPTER FIVE

CONCLUSIONS AND FUTURE WORK

5.1 Conclusion

Aloe marlothiiis known to be a rich source of phenolic compourdpecially aloin
(5.D). Aloin (5.1) was isolated from th&. marlothiileaf exudate by both conventional
(column chromatography) and novel (calcium-salcmigation) methods. Aloing 1),
being unstable in solution, was chemically transied into a more stable derivative, i.e.
aloe-emodin %.2) which lacks the sugar moiety. Aloe-emodif.2y was then
transformed into several derivatives with poteftialseful biological activities. Aloin
(5.1 and derivatives were tested for (i) their potagindis MMP-2 and MMP-9 inhibitors
and for (ii) their potential antiplasmodial actiwigainst a strain of chloroquine-sensitive
Plasmodium falciparunparasites. Doxycyline5(3), a clinical drug that is structurally
similar to aloin and derivatives, was used as a&regfce compound in both of the
biological assays. 11-(Piperidin-1-yl)chrysophan(.4) and 11-(morpholin-1-
yl)chrysophanol 8.5 proved to be the most potent selective MMP-2 bitbrs. 11-
(Piperidin-1-yl)chrysophanol5(4) was also found to be the most potent agakst
falciparum parasite, along with 11-(pyrrolidin-1-yl)chrysoptwh (5.6). Aloin (5.1) has
been thus shown to be a cheap, easily obtainadoféngt material that can be transformed

chemically into biologically active derivatives.

o HO O] OH
OH OH
N
o CH3 O|'||_13 % \CH3
5.9) 5.3
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5.2 Future Work

The results obtained from both of the biochemisslagts provide useful information for
the development of more potent drugs. With redgarthe MMP-inhibitory studies, 6-
membered rings, with varied substitueris7f, may prove to be highly active against
MMP-2. The incorporation of even larger rings orrendighly substituted rings should
also be examined. Molecular modelling would alscalggowerful tool in understanding
the mechanism of the compouhdshibitory action, thus aiding the process of dasig

new inhibitors once sufficient species with activitas been prepared.

HO o] HO
o]
R = substituted 6-membered nitrogen-containing ring

50)

Based on the results obtained from the antiplasahatiudies, it was established that the
aloin (6.1) analogue, homonataloirb.g), contained a structural motif that was more
potent towards th®. falciparumparasites then aloirb(l). Thus, homonataloin5(8),
which can be isolated from speci#ic marlothii plants, would serve as a far more useful
starting compound in the preparation of antiplasiadodirugs. The synthesis of

compounds shown in Fig. 5.1 may result in consiolgraigher antiplasmodial activities.
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Figure 5.1.Potential antiplasmodial compounds derived froomboataloin $.8).

o OH
Ho | o HO
H CHz HO |
’L\/\)\ K\N
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[ C

Compound %.9) contains a quinoline moeity, based on chloroguimeich is known to

have antiplasmodial activity.

The toxicity of aloin and derivatives would alsoedeto be investigated, to clearly

distinguish between the toxicity of the drugs ameirtbiological properties.
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Plate 1a:'H NMR Spectrum of aloin A (2.1) in MeOH-d,
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Plate 1b:**C NMR Spectrum of aloin A (2.1) in MeOH-d,
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Plate 1c: DEPT 135 NMR Spectrum of aloin A (2.1) itMeOH-d,
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Plate 1d: COSY NMR Spectrum of aloin (2.1) in MeOHd,
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Plate 1e: HSQC NMR Spectrum of aloin (2.1) in MeOH,
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Plate 1f: HMBC NMR Spectrum of aloin (2.1) in MeOH-d,
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Plate 2a:'H NMR Spectrum of aloeresin A (2.2) in MeOHd,
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Plate 2b:**C NMR Spectrum of aloeresin A (2.2) in MeOHd,
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Plate 2c: DEPT 135 NMR Spectrum of aloeresin A (2)2n MeOH-d,
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Plate 2d: COSY NMR Spectrum of aloeresin A (2.2) ifMeOH-d,
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Plate 2e: HSQC NMR Spectrum of aloeresin A (2.2) iMeOH-d,
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Plate 2f: HMBC NMR Spectrum of aloeresin A (2.2) inMeOH-d,
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Plate 3a:'H NMR Spectrum of aloesin (2.3) in MeOHd,
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Plate 3b:**C NMR Spectrum of aloesin (2.3) in MeOHd,
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Plate 3c: DEPT NMR Spectrum of aloesin (2.3) in Me@-d,
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Plate 3d: COSY Spectrum of aloesin (2.3) in MeOHdl,
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Plate 3e: HSQC NMR Spectrum of aloesin (2.3) in MeB-d,
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Plate 3f: HMBC Spectrum of aloesin (2.3) in MeOHd,
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Plate 4a:'H NMR Spectrum of homonataloin (2.4) in DMSOds
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Plate 4b:*C NMR Spectrum of homonataloin (2.4) in DMSO#
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Plate 4c: DEPT 135 NMR Spectrum of homonataloin (2) in DMSO-dg 1
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Plate 4d: COSY NMR Spectrum of homonataloin (2.4)n DMSO-dg
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Plate 4e: HSQC NMR Spectrum of homonataloin (2.4niDMSO-dg
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Plate 4f: HMBC NMR Spectrum of homonataloin (2.4) h DMSO-dg
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Plate 5a:'H NMR Spectrum of aloe-emodin (2.25) in DMSQds
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Plate 5b:**C NMR Spectrum of aloe-emodin (2.25) in DMSQds
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Plate 5¢: DEPT 90 NMR Spectrum of aloe-emodin (2.251 DMSO-ds
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Plate 5d: COSY NMR Spectrum of aloe-emodin (2.25n0iDMSO-dg
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Plate 5e: HSQC NMR Spectrum of aloe-emodin (2.25) IDMSO-dg
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Plate 5f: HMBC NMR Spectrum of aloe-emodin (2.25)n DMSO-dg
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Plate 6a:'H NMR Spectrum of nataloe-emodin (2.28) in DMSQds
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Plate 6b:**C NMR Spectrum of nataloe-emodin (2.28) in DMSQ;
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Plate 6C: DEPT 135 (i) and DEPT 90 (ii) NMR Spectraf nataloe-emodin (2.28) in DMSQds
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Plate 6d: COSY NMR Spectrum of nataloe-emodin (2.28n DMSO-ds
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Plate 6e: HSQC NMR Spectrum of nataloe-emodin (2.3281 DMSO-ds
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Plate 6f: HMBC NMR Spectrum of nataloe-emodin (2.28in DMSO-ds
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Plate 7a:'H NMR Spectrum of rheinal (2.29) in DMSO4d;
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Plate 7b:**C NMR Spectrum of rheinal (2.29) in DMSO#s
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Plate 7c: COSY NMR Spectrum of rheinal (2.29) in DNbO-dg
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Plate 7d: HSQC NMR Spectrum of rheinal (2.29) in DN6O-ds
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Plate 7e: HMBC NMR Spectrum of rheinal (2.29) in DM5O-ds
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Plate 8a:'H NMR Spectrum of IBX (2.30) in DMSO-0s
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Plate 8b:**C NMR Spectrum of IBX (2.30) in DMSO-ds
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Plate 8c: COSY Spectrum of IBX (2.30) in DMSQdg




Plate 8d: HSQC Spectrum of IBX (2.30) in DMSOdg
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Plate 8e: HMBC Spectrum of IBX (2.30) in DMSOeds
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OH-1/8

Plate 9a:'H NMR Spectrum of rhein (2.31) in DMSO4ds
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Plate 9b:*C NMR Spectrum of rhein (2.31) in DMSO#
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Plate 9c: COSY NMR Spectrum of rhein (2.31) in DMS@dg
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Plate 9d: HSQC NMR Spectrum of rhein (2.31) in DMSQGds
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Plate 9e: HMBC NMR Spectrum of rhein (2.31) in DMSQGds
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Plate 10a:'H NMR Spectrum of 11-bromo-chrysophanol (2.33) in MSO-ds
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Plate 10b: **C NMR Spectrum of 11-bromo-chrysophanol (2.33) in P1SO-ds
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Plate 10c: COSY NMR Spectrum of 11-bromo-chrysophasi (2.33) in DMSO+4g

M 2 ppm

JM A U
T T
al N

, - 10

F11

F12

T T T T T T T T T T T T T T - 13
13 12 11 10 9 8 7 6 5 4 3 2 1 0 ppm




Plate 10d: HSQC NMR Spectrum of 11-bromo-chrysophaol (2.33) in DMSO+s
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Plate 11a:'"H NMR Spectrum of 11-(pyrrolidin-1-yl)chrysophanol (2.34) in DMSO-ds
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Plate 11b:*C NMR Spectrum of 11-(pyrrolidin-1-yl)chrysophanol (2.34) in DMSO-dg
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Plate 11c: DEPT 90 (i) and Dept 135 (ii) NMR Speaim of 11-(pyrrolidin-1-yl)chrysophanol (2.34) in DMSO-ds
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Plate 11d: COSY NMR Spectrum of 11-(pyrrolidin-1-y)chrysophanol (2.34) in DMSOeg
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Plate 11e: HSQC NMR Spectrum of 11-(pyrrolidin-1-y)chrysophanol (2.34) in DMSOel
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Plate 11f: HMBC NMR Spectrum of 11-(pyrrolidin-1-yl)chrysophanol (2.34) in DMSO€g
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Plate 12a:'H NMR Spectrum of 11-(piperidin-1-yl)chrysophanol @.35) in CDC}
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Plate 12b:*C NMR Spectrum of 11-(piperidin-1-yl)chrysophanol @.35) in CDCk
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Plate 12c: DEPT 90 (i) and DEPT 135 (ii) NMR Spectmm of 11-(piperidin-1-yl)chrysophanol (2.35) in CDQ;
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Plate 12d: COSY NMR Spectrum of 11-(piperidin-1-ylxhrysophanol (2.35) in CDC}
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Plate 12e: HSQC NMR Spectrum of 11-(piperidin-1-ykhrysophanol (2.35) in CDC}
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Plate 12f: HMBC NMR Spectrum of 11-(piperidin-1-yl)chrysophanol (2.35) in CDC}
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Plate 13a:'H NMR Spectrum of 11-(morpholin-1-yl)chrysophanol @.36) in DMSO-ds
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Plate 13b:*C NMR Spectrum of 11-(morpholin-1-yl)chrysophanol £.36) in DMSO-ds
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Plate 13c: DEPT 135 NMR Spectrum of 11-(morpholin-yl)chrysophanol (2.36) in DMSOés
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Plate 13d: COSY NMR Spectrum of 11-(morpholin-1-ylghrysophanol (2.36) in DMSO€g
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Plate 13e: HSQC NMR Spectrum of 11-(morpholin-1-yfQhrysophanol (2.36) in DMSOsds
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Plate 13f: HMBC NMR Spectrum of 11-(morpholin-1-yl)chrysophanol (2.36) in DMSOsdg
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