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Abstract

Abstract

Research into the synthesis and biological properties of the cyclopentenone
prostaglandins has become the focus of many research groups over the past few years.
The ability for cyclopentenone prostaglandins, for example prostaglandin A;, to
reduce virus yields and inflammation, both in vitro and in vivo, and to act as anti-

cancer agents in vifro has made them important biological targets.
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prostaglandin A,

In view of this, a great deal of work is currently being undertaken towards the
preparation of cyclopentenone prostaglandin analogues, in the hope of harnessing the

innate biological activity of this system.

Part of the ongoing research into the cyclopentenone prostaglandins is the work
currently being undertaken at The University of Liverpool, and this Ph.D. thesis is

part of the contribution made by the Roberts’ group.

This thesis begins with an introductory section, Chapter 1, outlining the background
and biological properties of the natural prostaglandins, along with examples of their
chemical syntheses and some of the work carried out on other, related

cyclopentenone-based natural products. Chapter 2 goes on to elaborate upon the

ii



Abstract

biological results obtained during the course of this Ph.D., the synthesis of various
prostaglandin analogues and the discussion of these results. The latter part of Chapter
2 describes the synthesis and ultimately the revision of stereochemistry of a natural

product isolated from ascomycete strain A23-98.

It has been shown that a-iodo-cyclopentenone 160, generated in 7 steps from D-
ribose, can undergo a palladium-catalysed Stille reaction, followed by deprotection of

the masked diol, to reveal the natural product syn-163.

steps i) (PhCN),PdCl,, Cul, AsPh
D-ribose ——— P g Que I z 2 > HOw»

(Z)-tributylpropenylstannane

Following the synthesis it was subsequently discovered that the geometry of the side-
chain is cis, as shown in syn-163, and not frans as proposed by NMR studies and

correlation to similar natural products.

Finally, Chapter 3 describes the experimental details associated with the compounds
prepared throughout this thesis, followed by a reference section giving relevant

citations in the chemical literature.

il
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1 Introduction

1.1 Historical background of medicinal chemistry

Medicinal chemistry is the science that deals with the discovery or design of new
therapeutic chemicals and their development into useful medicines. In its crudest
sense medicinal chemistry has been practiced for several thousand years, whereby
man has searched for cures of illnesses by chewing herbs, berries, roots and barks.'
Therefore, in centuries gone by medicinal chemistry comprised of herbal elixirs and
potions based upon the folklore known at the time. Although a few of these herbal
remedies had an effect on various illnesses and diseases (for example the root
Dichroa febrifuga, which was prescribed for fevers and contains alkaloids which are
used in the treatment of malaria today) the eradication of the effects of the disease

was extremely slow.

In recent years, particularly over the last century, medicinal
chemistry has undergone a revolutionary change. Rapid advances in the biological
sciences has resulted in a much better understanding of how the body functions at the

cellular and molecular levels.>

If the approach to drug design had continued at the rate it did thousands of years ago,
few diseases would be treatable today.” Natural products do, however, make up a
small percentage of drugs on the current market, but more importantly, their
molecular scaffold is exploited and chemically modified in order to improve their
pharmacological properties. With the advances made in chemical synthesis and
biochemical techniques since the 1940s a more rational approach to drug discovery
has been developed basing the emphasis on the element of molecular structural

design.?
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As a consequence of this greater understanding, harnessing the innate biological
activity of our planet’s flora and fauna has been the goal of medicinal chemists for
some time. Despite this, improving upon the natural level of activity exhibited by the
active ingredients found in certain species has become a major challenge. The
amount of research that has been directed towards this area is huge and medicinal
chemists have now made it possible to exploit the core structure of a naturally
occurring compound by way of manipulation of its periphery. This advance
ultimately leads to drug candidates for the clinic with a better biological profile than

the natural products themselves.

1.1.1 The Salbutamol story

One such example of this relatively new approach to medicinal chemistry, whereby
"Nature’s agonists” are used as the starting point to a clinically useful drug, is the use
of the body’s natural bronchodilator adrenaline as the lead compound that led to

Salbutamol, the anti-asthmatic drug.?

H H
H

N
~ HO j<

HO HO

ZT

HO

adrenaline Salbutamol

It is easy to see the relationship between adrenaline and Salbutamol, the only
differences being the alkyl group on nitrogen and the extension of the phenolic
alcohol to a methyl alcohol. In spite of the close similarities, an enormous number of
compounds had to be prepared and tested before Salbutamol was finally discovered.?

Such subtle changes away from the structure of adrenaline are, however, essential
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since they diminish the effects on the heart, a property exhibited by adrenaline,
resulting in a drug that acts exclusively on the receptors in the lungs. Thus,
Salbutamol acts as an agonist on the fB,-receptor sub-type of the lungs, whereas
adrenaline also behaves as a f)-agonist on the heart, a difference caused by the
changes in the chemical structure of the two compounds.’ It was also essential to
extend one of the phenol groups to a hydroxy-methyl group to prevent the drug being

rendered inactive by the action of catechol-O-methyl! transferase.

The use of natural products as lead compounds exemplifies the enormous potential of
using rational drug design by synthetic chemists to prepare remedies for various

disease states.

One such class of natural product that has received a great deal of attention for the
possibility of encapsulating their biological activity is the eicosanoid class, a C, fatty
acid derived set of natural compounds which appear in both marine and terrestrial life

and possess potent biological properties.*

Arguably the most famous group of natural products from the eicosanoid class are the
prostaglandins. The diverse and potent biological actions of the prostaglandins, on
almost all organs in the body, has stimulated a great deal of research on these
fascinating molecules since their discovery; the area continues to interest chemists

and biologists today.
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1.2 Historical background of the prostaglandins

The prostaglandins were first discovered in 1933-34 when Goldblatt™® and von Euler’
independently demonstrated the presence of vasodepressor and smooth muscle
stimulating material in human seminal plasma extracts and in the vesicular glands of
sheep. von Euler’s research also showed that the biological activity of this material
was due to its lipid solubility and acidic properties, and, mistakenly assuming it to be

solely produced in the prostate gland, named the material prostaglandin ®!

Much later, a continuation of this study led, in 1957, to Bergstrdm and Sjovall'> 1
isolating two biologically active compounds also from the vesicular glands of sheep.
They named these compounds prostaglandin E; (PGE,, since it was soluble in Ether)
and prostaglandin F,, (PGF,,, since it was soluble in Fosfate (Swedish spelling)

buffer).

Their research found that PGE; was a very potent vasodepressor and smooth muscle
stimulant whereas PGF,,, interestingly, only possessed smooth muscle stimulating
activity. Later, additional compounds were isolated from the same tissue and were
named PGE; and PGE;."® Further investigation showed that the prostaglandins were
more widely distributed in animal tissues than first thought and, in fact,
prostaglandins were found to be widely dispersed throughout both various tissue types

and animal species.

The prostaglandins, belonging to the eicosanoid (eico, Greek for 20) class of
compounds, contain twenty carbon atoms and a terminal carboxylic acid residue and

their core structure is based on the prostanoic acid skeleton.
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prostanoic acid

The prostaglandins, although discovered in the 1930’s, had their structures elucidated
only in the 1960°s.'® Since then there has been considerable interest from chemists
attempting to synthesise the natural prostaglandins, especially the PGEs and PGFs, as

well as unnatural prostaglandin analogues (prostanoids).'”?!

Not only was this
undertaken to gain insight into their biological activities but at the time such a highly
functionalised chiral molecule posed a significant synthetic challenge to organic

chemists. As such, over a period of about a decade a tremendous amount of research

was undertaken on the synthesis and biological activity of these primary

prostaglandins.
0 HQ
\\\WCOOH } .o“\wcoo}l
\ Y \ Y
HO o HO OH
PGE, PGF,,

The initial surge of prostaglandin based research in the sixties and seventies saw the
prostaglandins become a ‘hot’ topic once again and the focus of attention for many
chemists, biochemists and pharmachologists. Their molecular identity and role as
regulators of numerous physiological and pathological processes suggested it should
be possible to use them to treat a range of conditions and diseases. Thus, by utilising

the core prostanoic acid skeleton as a molecular scaffold, the preparation of various



Introduction

analogues ensued with the aim of improving upon the biological properties of the

natural compounds.

1.3 Chemical synthesis of the prostaglandins

The prostaglandins have a wide ranging and very important role in the well being of
mammals and since their discovery have been the focus of a vast amount of research
in an attempt to try and understand their biology more thoroughly. Unfortunately, the
miniscule amounts available from nature make this task very difficult. A solution to
this problem came about with the elucidation of their chemical structure and thus

subsequent chemical synthesis.

The vast amount of research directed at the synthesis of the prostaglandins was finally
rewarded with the outstanding achievement of E. J. Corey?>?¢ for his "pioneering"
bicyclic lactone approach to PGE; and PGF,, and R. Noyori®"® for his elegant

3-component coupling approach to prostaglandins of the E-series.

1.3.1 Corey’s asymmetric synthesis of the prostaglandins

Back in the 1960’s it was E. J. Corey who completed the first total asymmetric
synthesis of the prostaglandins.?? In doing so he developed the so called "Corey
lactone" approach, which provided a general synthetic route into both PGE, and
PGF,, prostaglandins, in an enantiopure form from a common starting material,

Scheme 1.3.1.

The synthesis begins with a Diels-Alder reaction between S5-methoxymethyl-

cyclopenta-1,3-diene and 2-chloroacrylonitrile to provide the racemic, bicyclic
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compound 1. Treatment of 1 with potassium hydroxide then resulted in the racemic

bicyclic ketone 2.

Entry into the five-membered ring system of the prostaglandins was successfully
achieved via a regioselective Baeyer-Villiger oxidation of ketone 2 with m-CPBA.
Base induced saponification, followed by resolution with (+)-amphetamine provided

the enantiomerically pure hydroxy acid.

CH,0CH; CH,OCH; CH,0CH;
i)
cl
CN

o]
1 2
iif), iv), v)
0
9‘{ 9
S vi), vii), viii) X\Q
-—
RO AO X RO  CH,0CH,
10R=0Ac,R*=H gd 7 X=CH,OH 4 X=I, R=H
11 Ri=R2=H 8 X=CHO § X=L R=Ac
12 RI=R2=THP 9 X=CH=CHCOC,H,, 6 X=H, R=Ac
xiii)
OH
0 HQ
o (CCOH i
PGE,; 16
¢ ) o n-CH,
RO $
\ RO &R
13 R!=R2=THP R 14 R=THP
15 R=H, PGF,,

Scheme 1.3.1: Corey’s asymmetric synthesis of the prostaglandins - Reagents: i) KOH, ii) m-CPBA,
NaHCO,;, iii) aq. NaOH, KI, I,, iv) Ac,0, pyr., V) Bu;SnH, AIBN, vi) BBr;, vii) CrOs, pyr., viii)
dimethyl 2-oxoheptyl-phosphonate, ix) Zn(BH,),, X) separation of diastereomers using prep. TLC, xi)
K,CO,;, MeOH, xii) DHP, H', xiii) DIBAL, xiv) PhsP=CH(CH;);CO;’, xv) AcOH, H,0, xvi) H,Cr,0,,
xvii) AcOH, H,0.
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Subsequent iodolactonisation, by treatment of the hydroxy acid with potassium
triiodide, resulted in the iodo-lactone 4. Esterification of the secondary hydroxyl
group in 4 was undertaken before deiodination with tributyl tin hydride and
2,2’-azobisisobutyronitrile (AIBN) finally revealed 6, the now famous Corey-lactone.
Demethylation followed by oxidation of the resulting alcohol with Collins’ reagent
(CrOs-pyridine) yielded the p-acetoxy aldehyde 8. A Horner-Wadsworth-Emmons
reaction on the crude aldehyde installed the lower side-chain to furnish (E)-enone 9.
Subsequent zinc borohydride reduction of 9 afforded the allylic alcohol as a mixture
of epimers (1:1) at C-15. Isolation of the desired isomer from the mixture followed
by deacetylation gave the diol 11, which was converted to the bis-tetrahydropyranyl
derivative 12. Reduction of this compound with diisobutylaluminium hydride yielded
the lactol 13 which underwent a Wittig reaction to install the upper side-chain of
PGF,,, as its bis-tetrahydropyranyl derivative 14. Hydrolysis of this compound, under
acidic conditions, afforded PGF,,, 15, whereas oxidation of 14 and subsequent

removal of the tetrahydropyran protecting groups afforded PGE,, 16.

It is advantageous that 15-epi-10, the undesired epimer, could be converted to the
desired compound through simple functional group interconversions. Thus, oxidation
of the alcohol with manganese dioxide or dichlorodicyano-p-benzoquinone provided
the precursor 9 which, when followed by a second reduction step, would give a
mixture of alcohols again, ready to carry forward in a similar manner. This process

could be repeated as many times as necessary.

Due to its importance as an industrial process and because of the interest by academic

scientists, this synthesis has undergone a lot of modifications and improvements. For
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example, the stereoselective reduction of 9 to provide the desired epimer 10 was
accomplished using the chiral reducing agent (S)-BINAL-H.** Improvements by
Corey himself have also led to several asymmetric Diels-Alder reactions to provide

31 There have also been

the bicyclic lactone in a highly enantioenriched form.
attempts to make the bicyclic lactone via palladium chemistry (Larock?) and radical

cyclisations (Stork>?).

In addition to this classical prostaglandin synthesis developed by Corey an elegant

3-component coupling approach was developed by Noyori,2”? Scheme 1.3.2.3.

1.3.2 Noyori’s synthesis of PGE,;

Whilst other syntheses of the prostaglandins cleverly solved the main problems
associated with their synthesis, i.e. the creation of four or five asymmetric centres, the
stereospecific formation of carbon-carbon double bonds, as well as overcoming the
inherent instability of the A-hydroxy ketone functionality, Noyori’s highly convergent
3-component coupling approach is much more desirable since it dramatically reduces

the number of linear synthetic steps.

Noyori’s synthesis hinges on the successful addition of the w- and a-side-chains via a
double vicinal carbon-carbon bond forming reaction. Therefore, addition of the lower
w-side-chain by way of an organocopper species with consecutive enolate trapping
using an electrophilic equivalent of the upper a-side-chain would provide the Cy

backbone in one-pot; such as the reaction seen in Scheme 1.3.2.1.

10
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0 MO le) H
RZ
RILi, Cul R2CHO
—_— —_—
Buy,P Rl RI
Scheme 1.3.2.1

At the time of Noyori’s development of this protocol the existing procedures for the
consecutive addition of two side-chains into 4-oxygenated- 2-cyclopentenones were
totally unsansfactory The main problem was the efficient trapping of the
organometallic-generated enolate with the electrophilic equivalent of the a-side-chain,
without loss of the oxygen functionality at C-4, due to the fast equilibration of the

enolate, Scheme 1.3.2.2.

0 (0]
"R o "R +n
—_— —_—
) slow
§ H R
RO RO
fast
0}
-RO"”
fast

Scheme 1.3.2.2

Simple conjugate additions are usually carried out with an excess of the organocopper
reagent to ensure respectable yields. However, since only one group is transferred

when cuprates of the type R,CuLi (Gilman reagents) are used, the protocol is wasteful

11



Introduction

and expensive when complex R-groups are used. An excess of the organometallic
w-side-chain also disturbs the reaction between the generated enolate and the
electrophilic a-side-chain. Since excess nucleophiles would be present, this results in
complex mixtures. Thus, Noyori concluded that if only one equivalent of the
organocopper species was present then the enolate generated would be the only
nucleophile present to react with the electrophilic a-side-chain. In view of this,
Noyori reinvestigated the existing procedure and found that, using equimolar amounts
of copper(I) iodide and the organolithium compound along with 2-3 equivalents of

tri-n-butylphosphine, good yields of the conjugated adduct were obtained.

Consequently, having secured an efficient approach to the prostaglandin skeleton,
Noyori applied this methodology to the synthesis of PGE; in a most elegant manner,

Scheme 1.3.2.3.

Q
é i) iif)
) i)
THPO
17 18
o CO,Me Q \/\/\/COZMC
7 iv) -
————T—
Y F Y S
THPO OTHP THPO OTHP
19 20
v
——— PGE,

vi)

Scheme 1.3.2.3: Noyori’s synthesis of PGE, - Reagents: i) RwLi, Cul, BuP, ii) RaCHO, iii) MsCl,
DMAP, iv) Zn, AcOH, v) H", vi) PLE.

12
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In the event, addition of the lower side-chain of PGE,, as an organocuprate, to the
a,f-unsaturated ketone of 17 resulted in the corresponding Li-enolate. Trapping of
the transiently formed enolate with the electrophilic equivalent of the upper side-chain
resulted in 18 as a diastercomeric mixture in 83% yield. Dehydration utilising
methanesulfonyl chloride and 4-dimethylaminopyridine provided 19 in 92% yield,
resulting in the simplification of the number of diastereomers. Reduction of the
newly formed double bond, with zinc dust in acetic acid, resulted in the trans-ketone
20 in 84% yield. Removal of the tetrahydropyranyl groups, followed by porcine liver

esterase (PLE) catalysed saponification, completed Noyori’s synthesis of PGE;.

Unfortunately, despite this new flurry of research and the elegant syntheses developed
by Corey and Noyori, the prostaglandin-based therapies that followed were not
considered to be practical due to their multiple side effects on the body. Such side
effects were a decrease in blood pressure as well as inflammatory and immune
responses. Despite this, some prostaglandins have been used clinically, for example

PGF,, (Dinoprost) for the induction of labour and Misoprostol as an anti-ulcer

remedy.
HO 0
3 “\_/\/\ ‘\\\\/\/\/COZMC
N—= COH 3 ol
iy / g /
HO ou HO

PGF,,, (Dinoprost) Misoprostol
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1.4 Biosynthesis of the natural prostaglandins
The prostaglandins are continuously being produced in mammals within most

nucleated cells; the general pathway is illustrated in Scheme 1.4.1.

The biosynthesis begins with intracellular release of arachidonic acid, from
membrane-bound phospholipids, utilising phospholipase A;. Arachidonic acid is
converted to the pivotal prostaglandin precursor PGH, utilising the enzyme PGH
synthase. This enzyme catalyses the cyclooxygenase oxidation of arachidonic acid to
form the endoperoxide cyclopentane ring of PGG, followed by peroxidase reduction,

of the peroxide bond at C-15 in PGGg,, to form the prostaglandin precursor PGH,.

Membrane-bound phospholipids

l phospholipase A,
20,

Ly ~“\\=/\/\ povm— — CO H . ' .
? COM 1_‘__/_ *" arachidonic acid
On S _ .

PGG, é‘oH cyclooxygenase
2e
fperoxidase
HO

Scheme 1.4.1: Biosynthesis of the prostaglandins
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Inhibition of the cyclooxygenase catalysed oxidation step is very important in the fight
against pain and inflammation. The enzyme cyclooxygenase (COX) is the target for

aspirin, the pain relief remedy.

OAc
©;(OH

(o)

aspirin

As seen, Scheme 1.4.1, the prostaglandins are synthesised via the prostaglandin
precursor PGH,, which is generated from the oxidation of arachidonic acid by the two
isoforms of the enzyme cyclooxygenase, COX-1 and COX-2. Traditional non-
steroidal anti-inflammatory drugs (NSAIDs), such as aspirin, inhibit COX-1 and
COX-2 by docking at their active site. This prevents oxidation of arachidonic acid to
PGG, and subsequently prevents the downstream synthesis of the pro-inflammatory
prostaglandin PGE;. Thus, aspirin is used to relieve headache, decrease fever and

reduce inflammation.>*

Returning to the biosynthesis of the prostaglandins sees all the natural products
prepared directly from PGH, via their specific prostaglandin synthase enzymes, for
example, PGE; synthase, PGD; synthase etc. The cyclopentenone prostaglandins
PGA,, PGA, and PGJ, are formed by dehydration of the cyclopentane ring of PGE;,

PGE,; and PGD, respectively, yielding the a,f-unsaturated cyclic ketone.

15
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L.5 The punaglandins, clavulones and chlorovulones

Despite all the interest directed at the synthesis of the prostaglandins, especially the
PGEs and PGFs, it is unfortunate that, in general, their chemical instability and
biological side effects prevented the vast majority of them, or their analogues, from

advancing to the clinic.

Harnessing the great potential of the prostaglandins, however, had not been totally

eéxhausted since the isolation and structural elucidation of three new series of natural

36-39 40-42

products, the punaglandins,”® the clavulones®®*® and the chlorovulones generated

a marked elevation of interest into cyclopentenone based natural products.

chlorovulones

1.5.1 Zwanenburg'’s synthesis of clavulone II

Isolated in 1982 from the Stolonifer Clavularia viridis Quoy and Gaimard, clavulone
I has been the target for a number of research groups. In particular, Zwanenburg has
described an enantioselective synthesis of clavulone II and analogues starting from

the key intermediate 3-hydroxycyclopentenone (-)-22, Scheme 1.5.1.4
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clavulone II

Scheme 1.5.1: Zwanenburg's synthesis of clavulone II - Reagents: i) H,0,, ag. NaOH, 30 min then
BrZnCH,CC(CH,),CH;, 12 h, ii) LiAlH,, THF, 3 d, iii) FVT, 3 x 10" mbar, 550 °C then PCC, CH,Cl,,
4 h followed by H,, Lindlar cat., toluene.

The synthesis of 22 can in turn be derived from enantiopure endo-

tricyclo[5.2.1.0]decadienone (+)-21.* Completion of the synthesis of clavulone II

then proceeds via acetylation and aldol condensation with the desired side-chain.

1.5.2 Ciufolini’s synthesis of (+)-chlorovulone II
While the punaglandins and clavulones have attracted much interest from synthetic

3539 it is the halogen-containing chlorovulones

organic chemists and biologists alike,
that might prove therapeutically most useful, showing pronounced anti-tumour
activity. (#)-Chlorovulone II, one of the most active members of this class of
compound, has been synthesised in nine steps from simple precursors by Ciufolini.*
The synthesis begins with the aldol addition of the enolate of ethyl acetate to
cyclopent-4-ene-1,3-dione giving the key intermediate 23 in 86% yield. Introduction

of the chlorine atom into compound 23 proceeded uneventfully, and the resultant

chloroenone 24 was transformed into chlorovulone II, as shown in Scheme 1.5.2.

17
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chlorovulone 11

Scheme 1.8.2: Ciufolini’s synthesis of (+)-chlorovulone II - Reagents: i) Ethyl acetate, LDA, THF, -78
°C, ii) Cl, gas, Et;N then DHP, CSA, CH,Cl,, iii) NaBH,, CeCl;.7H,0, MeOH, 0 °C then DIBAL,
THF, -78 °C, iv) PhyPCHy(CH,)CH;Br, BuLi, THF, DMPU, -40 °C then PDC, DMF, v) LDA, THF
then MeO,C(CH,);CH=CHCHO followed by TsOH, MeOH.

The marked level of activity of these cross-conjugated compounds, compared to the
cyclopentanone prostaglandins, has contributed to the renewal of interest into
cyclopentenone based natural products and in particular the cyclopentenone
prostaglandins. As such, the synthesis of these biologically interesting molecules has

been of great interest in recent years.

At about the same time as the discovery of the clavulones, a serendipitous discovery
by Professor Santoro, at the University of Rome, revealed that one group of
prostaglandins, the cyclopentenone species, appear to confer protection on cells, a
response that the cyclopentane prostaglandins of the E- and F-series do not
accommodate.***® It was this discovery that led to a more recent interest in the
cyclopentenone prostaglandins and their analogues, thus, moving research away from
such prostaglandins as the PGEs and PGFs, and directing it towards prostaglandins of

the A- and J-series.
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This area has now become attractive to synthetic organic chemists and biologists
alike, since efficient pathways to cyclopentenone prostaglandins and analogues are
required to define further the therapeutic potential of these fascinating materials in a

host of disease areas.

1.5.3 Roberts’ versatile synthesis of the cyclopentenone prostaglandins

One such synthesis of the cyclopentenone prostaglandins is the short, versatile route
developed by Roberts, Scheme 1.5.3.3° Reaction of an appropriate alkyne Grignard
reagent with 7-chloronorbornadiene furnishes the bicyclic alkyne 25. Deprotection of
the silicon group, followed by selective reduction of the alkyne and reprotection then
provides (E)-alkene 26, which, following a two-step oxidation-hydrolysis sequence
affords hydroxyaldehyde 27. Hydroxyaldehyde 27 can then be transformed in three
simple steps to PGJ,. It is worthy of note that hydroxyaldehyde 27 is also an
intermediate in the Roberts synthesis of PGE; and PGF,,, and thus the synthesis is an
extremely versatile route to a whole host of natural prostaglandins and prostaglandin

analogues.*
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CH(OR)CH,,
E 3 steps H,,

25 R=SiMe,-Bu

ScHo
i) 3 steps
—_— > CH, ————» PGl
o1 OR
27

Scheme 1.5.3: Roberts’ versatile synthesis of the cyclopentenone prostaglandins - Reagents: i)
CH;COsH, CH;CO,H, CH;CO;Na, CH,Cl,, then HCI, CH,Cl,, 61%.

1.6 Biological activity of cyclopentenohe prostaglandins

1.6.1 Background

The cyclopentenone prostaglandins of the A- and J-type display anti-inflammatory
and anti-viral behaviour in contrast to the other non-cyclopentenone prostaglandins
which do not. The reason for this biological distinction is due to the difference in the
process by which the prostaglandins elicit a response from cells. Cyclopentenone
prostaglandins elicit their response by interacting with signalling molecules and
transcription factors*® whereas the other prostaglandins elicit a response by binding to

trans-membrane glyco-protein coupled receptors.*

Recently, Santoro reported potent anti-viral activities for prostaglandins-A;, -A; and
-1,.54° The wide-ranging anti-viral activity of the natural cyclopentenone
prostaglandins was attributed to two factors. Firstly, prostaglandins of the A- and J-
series induce the synthesis of cytoprotective heat-shock proteins via activation of the
heat shock transcription factor (HSF) type 1. Secondly, the same compounds down-
regulate the transcription factor Nuclear Factor-kappa B (NF-xB), known to be
involved in the transcription of viral DNA. It was believed that the protection of cells

by such cyclopentenone prostaglandins could be conferred by just one small part of
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the molecule, viz. the cyclopentenone ring. The other prostaglandins that do not
contain such a functional group do not, therefore, possess the same portfolio of
biological activities, nor do the simple molecules cyclopentene 28 or cyclopentanone
29, while cyclopentenone itself, 30, does exhibit analogous activity, albeit to a small

extent.’!

0O O ©

The mechanism of the cyclopentenone anti-viral activity is distinct from that of any
other known anti-viral agent, owing its unique activity to the a,f-unsaturated carbonyl

group in the ring.

1.6.2 Mode of action of the cyclopentenone prostaglandins
The mechanism for anti-viral behaviour involves the prostaglandins inhibiting viral
replication by turning on an intracellular defence response. This involves the control

of NF-xB activators and the induction of cytoprotective heat shock proteins (HSP).

1.6.2.1 NF-xB inhibition

NF-xB is a crucial regulator of an immediate pathogen response and is also an
activator of the immune system. It normally exists as part of an inactive complex
bound to a protein of the IxB family and is activated in response to pathogenic
stimuli, for example viruses or bacteria. Stimulation triggers a rapid process which
liberates NF-xB and translocates it to the cell nucleus. There it binds to DNA and

rapidly induces a variety of signaling proteins, Figure 1.6.2.1.
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Figure 1.6.2.1: NF-xB inhibition: NF-xB normally exists as an inactive heterodimer of p50 and p65
subunits bound to the inhibitory protein IxBa. Activation by stimuli such as viruses and bacteria
triggers the phosphorylation and subsequent degradation of IxBa resulting in the translocation of
NF-kB into the nucleus where it binds to DNA at xB-sites. Cyclopentenone prostaglandins act by
inhibiting IxBa phosphorylation and subsequent degradation.

NF-xB is involved in many pathological events, including inflammation and the
proliferation of viruses, including HIV. Consequently, it is an attractive target for

novel anti-inflammatory, anti-viral and cytoprotective therapies.*’

The cyclopentenone prostaglandins have been shown to inhibit NF-xB activation by
preventing the degradation of the IxBa protein, thereby inhibiting the liberation of
NF-xkB. Therefore, cyclopentenone prostaglandins and analogues could provide a

lead into a new class of drug molecule.

Interestingly, in human cells, inhibition of NF-xB by cyclopentenone prostaglandins

is closely associated with the induction of the heat shock response.
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1.6.2.2 The heat shock response

The heat shock response is a universal protective mechanism that cells utilise to
conserve cellular function and homeostasis. This complex defence mechanism
involves the rapid induction of a specific set of genes encoding cytoprotective
proteins (heat shock proteins, HSPs). Upon exposure to heat shock or other stimuli
the heat shock transcription factor (HSF) is converted from its non-DNA binding form

to its DNA binding form by the action of an unknown kinase.

hsp70

Figure 1.6.2.2: The heat shock response: The synthesis of cytoprotective heat shogk .proteins (HSP) are
induced by cyclopentenone prostaglandins via the activation of heat shock transcription factor§ (HSFs.).
Heat shock transcription factors convert from a monomeric non-DNA binding form to an oligomeric
form that translocates into the nucleus and binds to specific promoter elements (HSE) located upstream
of heat shock genes.

These factors then translocate to the nucleus where they regulate the transcription of
heat shock proteins (in particular HSP70). Once in the cell, these proteins express
their cytoprotective activity by protecting the cell against the external stimulus,

thereby restoring the cell to its previous equilibrium.49 Figure 1.6.2.2.
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Thus, cyclopentenone prostaglandins potentially constitute a new class of anti-viral
and anti-inflammatory agents and as a result have invoked a new surge of research

into these compounds in the hope of optimising this innate biological activity.

1.6.3 Mechanism of action of the cyclopentenone prostaglandins

The biochemical mechanism of anti-viral activity stems from the fact that the enone
moiety in such cyclopentenone prostaglandins of the A- and J-series contains an
electrophilic carbon centre. This functionality, therefore, makes these compounds
susceptible to Michael-type (1,4-conjugate addition) reactions with suitable cellular

nucleophiles.

The mechanism of action of this unique defence system is linked directly to the amino
acid cysteine at position 179 in the activation loop of IKK.** This was confirmed
through site-directed mutagenesis by replacing the cysteine at position 179 with an
alanine unit. Thus, experiments comparing this mutagenic IKKp alongside the wild-
type IKKf, measuring their sensitivity towards 15-deoxy-