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Abstract

The maleidrides are a class of polyketide natural products which possess a broad range of herbicidal and
fungicidal properties. An introduction to their bioactivity and biosynthesis is described in chapter one,
before the isolation and structural determination of two members of this family, scytalidin and
deoxyscytalidin is described in chapter two. The relative stereochemistry of both natural products was
determined by X-ray crystallography, and the absolute stereochemistry proposed on the basis of

biosynthetic studies.

Scytalidin Deoxyscytalidin

In chapter three, the total synthesis of fulgenic diacids is described. The approach utilised a substitution-
elimination reaction of nitroalkanes with an allylic bromide, in which two alkenes are formed
concomitantly, including exclusive formation of an (E)-trisubstituted alkene moiety. This methodology is
exemplified with the first total syntheses of the tricladic acids A-C, fungal natural products with
interesting fungicidal and anti-cancer properties.

1) R NO,
‘ COzMe NEts, THF, H;0 HOzCL\/\/\/\ HO,C HOOC. - OH
B
MeO,C r 2) NaOH Hoc Hozcﬁ/\/\/\ Hoocﬁ/\/\/\/
(R)-Tricladic Acid A (S)-Tricladic Acid B Tricladic Acid C
6 steps 6 steps 4 steps
16% overall yield 22% overall yield 20% overall yield

This methodology underpinned the investigation of a biomimetic synthesis of deoxyscytalidin in chapter
four. The desired cyclisation could not be achieved, however as a result of this investigation the structure
of the natural product waquafranone B has been revised.
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Finally, a de novo approach to the synthesis of scytalidin is described in chapter five. A strategy utilising
two-carbon ring expansion of cyclic B-ketoesters was devised, with which the nine-membered carbocylic
ring of scytalidin would be formed. The synthesis of late-stage intermediates is described.
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CHAPTER 1: Introduction



1. Introduction

This thesis describes studies on the fungal secondary metabolites scytalidin and deoxyscytalidin,
members of the maleidride family of polyketide natural products. The maleidrides have attracted
considerable attention due to their potential application as selective agrichemicals. After an
introduction to the maleidrides in chapter one, this thesis describes the isolation and structural
elucidation of scytalidin and deoxyscytalidin in chapter two. In chapters three and four, the synthesis
of building blocks and their subsequent role in a biomimetic synthesis of deoxyscytalidin is described,
whilst chapter five reports a de novo approach to the total synthesis of scytalidin. Literature

pertinent to each section is introduced at the start of each chapter.

1.1 History of Agrichemicals and Agrichemical Resistance
Antimicrobial resistance has recently gained considerable attention due to the threat posed to global
public health by resistant species of bacteria, virus and fungi.?' A similar, perhaps less well reported

issue facing the world today is resistance to agrichemicals.

During the 20" century, the global population increased more than threefold, yet in the same time
the amount of land used to grow crops per person decreased from 0.75 ha person? to just
0.35 ha person.B! This has been possible due to technological advancement in agriculture. As the
global population continues to rise, and with a finite amount of arable land available, reliance on

herbicides and pesticides to improve crop yields will continue to grow.

The concept of using chemical means to prevent crop damage has developed from the use of "pest-
averting" sulfur 1 in pre-Roman times,” to the broad spectrum biocides of the 1950s such as DDT
(dichlorodiphenyltrichloroethane) 2, through to today's modern herbicides, pesticides and
fungicides such as Azoxystrobin 3, which target specific weaknesses in undesired organisms, whilst

displaying greatly reduced toxicity to the cultivated plant and humans.¥

af e NTSN
|
S\ /S\ S O)\/\O
\Sgs7
S O O CN Ox A OMe
cl Cl OMe

1 2 3
Figure 1. Sulfur 1, DDT 2, and azoxystrobin 3 have all been used as pesticides.

However, in much the same way that widespread antibiotic use has led to antibiotic resistant
bacteria, modern agrichemical usage has led to resistant weeds and pests. Early examples of
resistance to insecticides was reported in the early 1900s, and became more prominent in the 1950s
and 1960s as a variety of insects was reported to be resistant to a broad range of pesticides.!®

2



Agrichemical-resistant weed strains took slightly longer to develop, but as can be seen in Figure 2,
the number of weed strains reported to exhibit resistance to herbicides have risen dramatically over

the past thirty years.
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Figure 2. Unique instances of herbicidal resistance reported globally each year.!”

This is not limited to outdated or niche agrichemicals, resistance to compounds with global use and
importance has also been reported. Glyphosate is the world’s most commonly used agrichemical,
and is used predominantly for broad-spectrum weed control.®® First introduced in 1974, no cases of
glyphosate-resistant weed strains had been reported by 1994. Since then, the number of instances
of glyphosate-resistant weeds has increased significantly.”! In addition to these cases of resistance
to single agrichemicals, weed strains are increasingly exhibiting multiple resistances. Nearly one
hundred weed strains with resistance to two important classes of herbicide have been reported, and
resistance to as many as ten classes of herbicide has been observed in the same weed strain.l” To
maintain our current ability to cheaply produce a wide variety of crops in high yield and feed a
burgeoning world population, new herbicides with novel modes of action are a necessity.
Concerningly, the commercialisation of new target sites has been a rarity over the last twenty-five
years. Instead most new herbicides entering the market during that period were new molecules but
of established classes of herbicide, resulting in a reduction of the number of tools available to tackle

resistant weed strains.[*”!
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Figure 3. Reported resistance to glyphosate 1998-2014."!

1.2 Modern Agrichemical Development
The process of developing new herbicides in many ways mirrors modern drug discovery, with two
main approaches to the problem. If a potential weakness can be identified in a weed strain, such as
a key enzyme to inhibit, then screening against this can identify a lead fragment for further
elaboration into a herbicide. Alternatively, bioactive natural products can be identified, which allows
development without necessarily the need to understand the precise mode of action. Where drug
discovery and agrichemical research differ however, is how widely they make use of natural product
leads. Whilst nearly 80% of today’s pharmaceuticals were derived from natural products, in 2004
just 11% of agricultural pesticides (by global sales) were developed in a similar fashion. This points

to untapped potential in natural products to inspire new herbicides and pesticides.!*"!

The strobilurin class of fungicides is one example of the discovery of a natural product leading to
highly successful agrichemicals.** Strobilurin A, myxothiazol A and oudemansin A are naturally
occurring B-methoxyacrylates produced by a range of fungi, particularly Basidiomycete wood-rotting
strains. It was determined that their fungicidal activity originates from the binding of the strobilurins
to the Q, site of cytochrome b — therefore inhibiting mitochondrial respiration. Inhibition in this
manner was previously unreported, and importantly toxicity testing for strobilurin A indicated it was
significantly less toxic towards mice than fungi.'! Therefore, the strobilurins appeared to be a class

of compound offering novel, selective fungicidal activity.

4
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Figure 4. Naturally occurring strobilurins!*!

Researchers at Zeneca, Novartis and BASF separately identified strobilurin A and oudemansin A as
promising candidates for development into a commercial fungicide.*? Strobilurin A in particular was
not directly suitable for agricultural use, due to both volatility and photolability.[*®! Therefore,
structures which increased stability, potency, and lending themselves to facile synthesis were
desired. Structure-activity relationships were used to optimise the lead structures. Quickly, the B-
methoxyacrylate moiety, found in each of the natural products, was identified as the key
pharmacophore. Each group pursued a slightly different activity profile, and therefore arrived at
different final compounds. This has led to several commercial strobilurin fungicides, sales of which

in 1999 totalled $620m.[tY
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Figure 5. Commercially available strobilurin fungicides*%



1.3 The Maleidrides

Glauconic acid Glaucanic acid Byssochlamic acid
4 5 6
Figure 6. Structures of the earliest reported nonadrides.*”

One class of fungal metabolite that shows promising biological activity is that of the maleidrides,
which are characterised by a C;-Co carbocyclic ring, fused to one or more cyclic anhydride moieties.[*®!
The first natural products of this class were isolated in 1931 by Wijkman and coworkers from
Penicillium glaucum, and thus named glauconic acid 4 and glaucanic acid 5 (Figure 6).” The isolation
of byssochlamic acid 6 from Byssochlamys fulva by Raistrick et al.'® followed, with Barton and
Sutherland coining the term “nonadrides” for these natural products, due to their common Cq

carbocyclic ring.[**!

Heveadride Cornexistin Hydroxycornexistin
7 8 9

Rubratoxin B Phomoidride B

10 11
Figure 7. Structures of maleidride natural products with medically and agrichemically useful
bioactivity.!*®



Many other nonadrides have since been isolated from fungi, and have frequently shown interesting
biological activity, of both pharmaceutical and agrichemical importance. One such example is
heveadride 7.2% (Figure 7), and its dihydro- variant, which shows antifungal activity against a variety
of human pathogens, such as Aspergillus fumigatus.*>?Y! Aspergillosis is a leading cause of death in
immunocompromised patients, such as those with HIV or recipients of organ transplants. Azole
antifungal agents are the most common treatment, but resistant Aspergillus strains are on the
rise.??l Therefore, there is a clear need for new antifungal agents in order to treat these infections.
Other examples of medically-relevant nonadrides include the structurally complex rubratoxins A-C,
which have been investigated as potential anti-tumour agents,'?>?* and the phomoidrides A-D, which
inhibit the enzyme Ras farnesyltransferase and have been considered as lead compounds for the

development of anticancer agents.[?>?7]

In addition to the potential pharmaceutical applications of the phomoidrides and rubratoxins, the
maleidrides have generated significant interest due to their potential applications in agriculture. Like
the strobilurin family of natural products, several maleidrides show broad anti-fungal or herbicidal

activity and appear to achieve this without damaging valuable crop plants.

cornexistin 0.5kg/ha
+Gramin-S 0.1%

Control
25DAT

Figure 8. Growth comparison of maize plants treated with cornexistin 8 and untreated plants.!®!



Cornexistin 8 and hydroxycornexistin 9, isolated from Paecilomyces variotii SANK 21086 are two
maleidrides that have been investigated further because of this activity profile.?®! Both compounds
show potential as post-emergence herbicides, due to a broad spectrum of activity against both
broadleaf and grass weeds, yet corn strains appear to be tolerant of both compounds. An example
of this can be seen in Figure 8. Hydroxycornexistin 9, has been shown to be active at low
concentrations against Xanthium stumarium, Chenopodium album, Ipornoea hederaceae and
Polygonum convolvulus, all highly aggressive weed strains.[*! Additionally, cornexistin appears to
show low toxicity in mice, with an oral LDsg of more than 1 g/kg. This selectivity has generated
interest from the agrichemical companies Syngenta and BASF, with the latter patenting biosynthetic
methods to improve titres of cornexistin and hydroxycornexistin.”® Other maleidrides showing
interesting biological activity (Figure 9) include scytalidin 12,5 (the subject of Chapters Two, Three

and Five) and castaneolide 13, a phytotoxic compound linked to chestnut black rot disease.B"

Scytalidin Castaneolide Zopfiellin
12 13 14
Figure 9. Structures of agrichemically-relevant maleidride natural products.™”

Whilst the nonadrides have been known since the 1930s, their smaller ringed cousins the octadrides
(containing a Cg carbocyclic ring) were not isolated until 1996 when Nakajima and coworkers at
Nissan Chemical Industries isolated zopfiellin 14 from Zopfiella curvata.®” The octadride zopfiellin
14 also shows broad antimicrobial activity, and is especially effective against the plant pathogen
Botrytis cinerea.®® The isolation of the antifungal octadride viburspiran 15 (Figure 10) from
Cryptosporiopsis sp. followed in 2011.B%4 Following reinvestigation of the metabolite profile of
Byssochlamys fulva, the first heptadride natural products (agnestradrides A 16 and B 17) were
reported by Simpson et al. in 2015. They therefore proposed the name maleidride for the larger

family of natural products to encompass all these biosynthetically-related natural products.®!



Viburspiran Agnestradride A Agnestradride B
15 16 17
Figure 10. Structures of octadride and heptadride natural products.1634-36!

1.3.1 Maleidride Biosynthesis

Almost as soon as the first maleidrides had been isolated, work began on determining their
biosynthetic origins. Barton and Sutherland proposed that glaucanic acid 5 and byssochlamic acid 6
could be formed from an anionic dimerisation of two identical Cs fragments, shown in Scheme 1. A
“head-to-head” dimerisation would furnish glaucanic acid 5, with byssochlamic acid 6 the result of a
“head-to-tail” dimerisation involving a fulgenic anhydride isomer. The hydroxyl group in glauconic

acid 4 would be the result of a pre- or post-dimerisation oxidation.”!
o | ™ 0
| 7 "Head to Head" dimerisation O
g [° >0
\_/@
o] O7

O

o |9 > 0
J " W

"Head to Tail" dimerisation

Scheme 1. Barton and Sutherland's proposed dimerisation of Cs units to give nonadrides. 38!

Barton and Sutherland also considered the biosynthetic origins of the Cy units, shown in Scheme 2.
They postulated that hexanoic acid 18 could condense with oxaloacetic acid 19 to yield a substituted
citric acid 20. Dehydration, decarboxylation and anhydride formation would then yield anhydride 21,

the proposed dimerisation precursor.
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Scheme 2. Barton and Sutherland's hypothesised origin for the Co unit.?”!

Sutherland subsequently provided the first evidence in support of this hypothesis, investigating the
biosynthesis of glauconic acid in Penicillium purpurogenum.B® When fed with either [1-'*C] or
[2-1*C]-acetate, formation of radiolabelled glauconic acid 4 was observed. Similar feeding
experiments also gave the radiolabelled biosynthetic precursor 21. The radiolabelling pattern was
determined by degradation studies, using the same procedures used to first elucidate the structure

of glauconic acid 4, and other classical techniques!*®#?

16 15 o
14
| o
3
(@]
21 [1-C]-acetate fed 21 [2-!*C]-acetate fed 21

Figure 11. Atom numbering for precursor 21, and distribution of radioactivity in 21 from feeding
experiments with [1-**C]-acetate and [2-'*C]-acetate into P. purpurogenum.**

These labelling patterns, shown in Figure 11, are consistent with the hypothesis for assembly of
biosynthetic intermediate 21, shown in Scheme 2. Both feeding experiments support the idea that a
hexanoate fragment 18 (green), constructed from intact acetates, is combined with a separate
molecule (pink) for which acetate is not the primary building block. Studies into maleidride
biosynthesis can now be subdivided into three parts: i) The origin of the hexanoate fragment, ii)
Coupling of the hexanoate with the C; unit derived from oxaloacetic acid, iii) Proof of the proposed

dimerisation process.

10



i)

Hexanoate Fragment — Fatty Acid or Polyketide Origin?

Scheme 3. Decarboxylative Claisen condensation between a malonyl unit bound to an ACP and

KS-bound acyl unit results in a two-carbon extension of the growing molecule. These two carbons
are highlighted in bold.

The construction of the hexanoate moiety from intact acetates can be rationalised by either fatty
acid or polyketide biosynthesis. Both processes utilise an enzyme-catalysed decarboxylative Claisen
condensation between a malonyl unit and an acyl unit to extend a growing chain in C; units (Scheme
3).44%1 A series of reductive enzymes then act on the 1,3-dicarbonyl formed (Scheme 4). A
ketoreductase (KR) catalyses the reduction of the B-ketone to a B-hydroxy group (IV), then
dehydration by a dehydratase (DH) occurs, yielding an a-B-unsaturated thioester (V). This can then

be further reduced by an enoyl reductase (ER), giving the fully saturated alkyl chain (VI). Throughout

this process, the molecule remains bound to the acyl carrier protein (ACP)

O
HO J\/\ ‘ J‘k/\ NADPH

O O

i @
CoASMOH CoAS)J\

5 S @i
g ! ’:"‘-. ......... -

\'
“‘.“ 1
oy o 0
SRS CNCOIS §

‘ O) ‘ O O NH
\/‘ S NG

Scheme 4. Fatty acid biosynthesis (black) and additional steps possible in polyketide biosynthesis
(red).
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This saturated chain is then transferred from the ACP to KS (ll), and can then undergo successive
cycles of elongation and reduction until the required chain length is reached. Finally, the chain is

cleaved by a thioesterase (TE), releasing the free acid (VII).

In fatty acid biosynthesis, each enzyme is always active, resulting in fully saturated n-alkyl carboxylic
acids. A polyketide synthase however can bypass reductive steps so that a ketone, alcohol, alkene or
methylene remain in the growing chain. In addition, polyketide synthases make use of a wider array
of starter and extender units, enabling a great variety of substituents to be introduced with each

round of chain elongation.

In the case of maleidride biosynthesis, it can now be seen that should the Cs fragment arise from
fatty acid biosynthesis, an additional reductive tailoring enzyme would be necessary to install the
unsaturation seen in 21. However if a polyketide synthase were to produce this Cs fragment, the

unsaturation could be formed in this process.

Early evidence favouring a polyketide synthase origin also came from feeding studies in P.
purpurogenum. Very low levels of **C incorporation were reported when P. purpurogenum was fed
with [1-**C]-hexanoate. This would suggest that this is not a true precursor to glauconic acid, and can
only be incorporated after the hexanoate is metabolised to give labelled acetate. This was further
supported by studies with the tritiated substrate 22. The glauconic acid isolated from cultures fed
with 22 showed the expected radiolabelling pattern to support the proposed dimerisation, however

the low levels of radioactivity suggested it may not be a true substrate for the dimerisation.

3
H' o

P. purpurogenum

22 [4,13-3H,]-4

Scheme 5. Early evidence for a dimerisation comes from the feeding of a tritiated substrate by
Sutherland.B%

Definitive proof finally came when the genomic data became available. In 2015, Oikawa and
coworkers identified a biosynthetic gene cluster in ATCC 74256 responsible for phomoidride A
production (Figure 12).1! The gene cluster contained a highly-reducing iterative polyketide synthase
(hrPKS) containing the standard KS, AT, DH, C-methyl transferase (MT, considered inactive), ER, KR
and ACP domains.!*”! This was shown to be responsible for producing the fatty acyl chain, rather than
a fatty acid synthase. Similarly, the biosynthetic gene cluster responsible for byssochlamic acid 6

production in B. fulva also contained a polyketide synthase.!8!
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phiA BCD EFGH I J KL MNO

PKS ACDH ACS

Figure 12. Biosynthetic gene cluster identified in ATCC 74256 responsible for phomoidride A
biosynthesis.*®! The PKS, ACDH and ACS domains are highly conserved in maleidride biosynthesis.

ii) C; Unit Derived From Oxaloacetic Acid
Returning to the results from labelling studies in P. purpurogenum shown in Figure 11, the low level,
broadly equal degree of incorporation shown at C-6 and C-7 supports the theory that oxaloacetate
is the source of the three-carbon fragment. Through the citric acid cycle, there is constant conversion

within the fungal culture of acetate to oxaloacetate (Figure 13).

O
OH

) 9] Succmlc Acid
O)J\OH O)J\SCOA
AcCoA Citric Acid Cycle
HO
A
m ° —
(0]
NCH

‘\/HO

Citric Acid

Oxaloacetic Acid

Figure 13. The citric acid (Krebs) cycle converts labelled acetate into two labelled oxaloacetic acids.
(A simplified citric acid cycle is shown, highlighting key intermediates only)

When [**C]-labelled acetate is added to the fermentation broth, this will be converted to [**C]-
oxaloacetic acid. This process proceeds via Co-symmetric succinic acid, therefore the “C label can be
positioned on either the methylene carbon or the carbonyl carbon of oxaloacetic acid. These carbons
are the origins of C-6 and C-7 in 21. Therefore, it is completely consistent with the hypothesis that
equal levels of incorporation at C-6 and C-7 would be observed, and that the ability of the fungus to
contribute non-labelled intermediates (such as pyruvate and succinate) to the citric acid cycle would
result in lower overall incorporation. This was further supported by follow-up feeding experiments

with [2-1*C]glucose (a pyruvate source) and [2,3-2*C;]-succinate.
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[2,3-13C,)-23 [6,7,15,16-13C,4)-5

Scheme 6. Incorporation of *3C labelled succinate into glaucanic acid./*”!

Whilst radiolabelling had provided persuasive evidence that Barton and Sutherland’s first
biosynthetic hypothesis was broadly correct, further proof came from NMR studies from Holker.["!
Feeding [2,3-13C,]succinate 23 to P. purpurogenum resulted in incorporation of two intact [2,3-13C;]
units, as predicted by the proposed biosynthesis (Scheme 2). This further demonstrated that the C-6
and C-7 carbons of the dimerisation precursor 21 originate from oxaloacetate, and also confirm that
a dimerisation is taking place. Further support for this general hypothesis for maleidride biosynthesis
comes from the work of Tamm and coworkers with the rubratoxins, whereby further consistent

results were obtained from labelling experiments.™”

iiii) Support for the Dimerisation Hypothesis

Studies towards the biosynthesis of the phomoidrides gave further insight into the exact nature of
the dimerisation precursor. The labelled substrate 24 was fed to the phomoidride producing fungus
ATCC 74256 by Sulikowski and coworkers.®Y Interestingly, and in contrast to early results from
Sutherland in P. purpurogenum, the vinylmethyl substrate (24, Scheme 7) failed to produce any
labelled phomoidride B 11. Instead, when the SNAC (N-acetylcysteamine) derivative (25) was used,
labelled phomoidride B 11 was produced. The labelling pattern was consistent with a dimerisation,
but this experiment also strongly suggested that a carboxyl functionality was required for the
dimerisation step. The SNAC derivative was necessary as the parent carboxylic acid spontaneously
decarboxylates.'®°2 The timing of the decarboxylation necessary to produce the phomoidrides could

not however be determined in this labelling study.
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ATCC 74256

ATCC 74256

25 11

Scheme 7. Labelling studies in ATCC 74256 demonstrate dimerisation to form phomoidrides
requires a carboxylated substrate.?’!

More recently, Oikawa and coworkers reported the hrPKS responsible for phomidride production,
as well as identifying an alkylcitrate synthase (ACS) enzyme, and an alkylcitrate dehydratase (ACDH)
in ATCC 74256 (Figure 12).1%¢! Heterologous expression in Aspergillus oryzae of the hrPKS, ACS and
ACDH was then shown to result in production of the decarboxylated dimerisation precursor 21.
These genes were also found to be highly conserved in the byssochlamic acid 6 producer
Byssochlamys fulva, allowing a general biogenesis of the dimerisation precursor for maleidride
natural products to be proposed.* Shown in Scheme 8, a hrPKS catalyses the decarboxylative
Claisen condensation between an acetyl-CoA 26 starter unit and sufficient malonyl-CoA extender
units 27 to produce the appropriate enzyme-bound polyketide unit 28. This species then undergoes
condensation with oxaloacetic acid to yield 29 (there is some discrepancy as to whether a

thioesterase cleaves the polyketide from the ACP first or not), before the dehydratase generates 30.

(0] (0] (0] (0]
+ —>
R
)J\COA HOMCOA hrPKS Enzs” N7
26 27 28
o Q R
HO,C__~X_R ~
Hozc\)J\ —_—
CO,H o |
- HO-C COzH ACDH CO,H
ACS 2 OH 4
29 30

Scheme 8. Generalised biosynthesis of the nonadride dimerisation precursor

It has been shown that carboxylic acid 30 can undergo spontaneous decarboxylation, to yield the

exo-methylene intermediate 32 (Scheme 9) required for the dimerisation.*® However, it is not yet
15



clear if the ACDH acts on the open diacid or succinic anhydride form of 29, or whether
decarboxylation of 30 occurs pre-dimerisation (thus generating the necessary anion), or post-
dimerisation (with a thioester serving the purpose of reducing the pKa so deprotonation is more

easily achieved).

In 2016, the genes responsible for the dimerisation step were identified by our group, who then
showed that maleidride biosynthesis could be recreated in its entirety in a heterologous host,
Aspergillus oryzae.[*® Four genes in Byssochlamys fulva that play essential roles in dimerisation were
identified, putatively as ketosteroid isomerase-like proteins and phosphatidylethanolamine-binding

proteins. Further research is required to establish their individual roles in this process.

It is proposed that anhydride 30 is a common intermediate in the synthesis of all maleidride natural
products. As previously stated, this is either deprotonated to yield 31, or decarboxylates to 32
(Scheme 9).1%6%8] Either of these structures can be re-protonated to give the alkylfulgide moiety (33
or 34), the dimerisation partner required in the synthesis of maleidrides such as byssochlamic acid 6

or heveadride 7.

Q ~__R Q ~ R Q R
\ Decarboxylation \ Protonation 74
o > O ————> O
COH -CO,H © +H*
O O (@)
30 32 33

Deprotonation
of enzyme-bound 30

-H*
O ~__R O R
Protonation 74
o | CO,SR . O A _co,sR
+2H
©
(@) O
31 34

Scheme 9. Possible route from anhydride 30 to the two intermediates necessary for all four
dimerisation pathways. It is unclear as to which pathway predominates, and at which stage
enzymes are involved.

Generalised dimerisation pathways have now been proposed by both our group® and Oikawa!“®,
to account for the formation of maleidrides resembling glauconic acid 4, byssochlamic acid 6,
heveadride 7 and the heptadride natural products (Schemes 10 and 11). Each arise from the
combination of maleic anhydride 30 and the alkylfulgide 33 in different fashions. In pathway A, the

combination of two maleic anhydride 30 units in a “head-to-head” fashion gives glaucanic acid-type
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natural products. In pathway B, a similar “head-to-head” arrangement, but of a maleic anhydride 30

and alkylfulgide 33, gives rise to hevadride-type natural products.

O ~__R
o) CO,H
o

SN

R R
0

o | 1o © O};\é l; ©

o [> > 0 J — >0

HO7 H07

CO, CO,

Glaucanic acid-type Heveadride-type

Scheme 10. Dimerisation pathways leading to glaucanic acid 5 and heveadride 7.
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The same combination of monomers, arranged in a “head-to-tail” fashion (pathway C, Scheme 11)
gives byssochlamic acid 6-type maleidrides. Finally, the recently isolated agnestradrides (16 and 17),
also produced by Byssochlamys fulva, require a different proposal.l'®! Pathway D shows a “side-on”

dimerisation from which these heptadrides arise.

)7 30

R
0
47
N 12 0
° L Y, o
R co,H ©
Byssochlamic acid-type Heptadrides

Scheme 11. Proposed dimerisation pathways for maleidride sub-classes.[®!
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1.4 Aims
Further work on the biosynthesis of maleidrides is currently ongoing in the Willis and Cox groups, in
particular in relation to the maleidrides arising from a “head-to-tail” dimerisation, namely
byssochlamic acid 6, and the natural products isolated from Scytalidium album, scytalidin 12 and

deoxyscytalidin 35.5%

Scytalidin Deoxyscytalidin
12 35
Figure 14. Scytalidin 12 and deoxyscytalidin 35, key natural products investigated in this research
programme.

In order to explore the biosynthesis of the scytalidins, it was first necessary to establish culture
conditions in which S. album produces these natural products. At the start of the project, there was
no information available on the stereochemistry of scytalidin 12 and deoxyscytalidin 35. Therefore,
an early aim of this project was to isolate both natural products and determine their relative and
absolute stereochemistry through a combination of NMR spectroscopy and X-ray crystallography.

This work is detailed in Chapter Two.

) ~__R o] R HOOC R
7 3
o © HooC™ X R,
o) o R
Tricladic acid A 36, R,=OH, R1=Rs=H
Maleic Anhydride Monomer Alkylfulgide Monomer
Tricladic acid B 37, R3= OH, R;=R,=H
32 33

Tricladic acid C 38, R1=0H, R,=R3=H

Figure 15. Structures of the monomers required for the study of the dimerisation process, and
tricladic acids A-C 36-38.53!

Secondly, it was proposed to investigate the dimerisation process leading to deoxyscytalidin 35 in
vitro, to establish whether a biomimetic synthesis of deoxyscytalidin 35 can be achieved. To do so,
synthetic routes to the maleic anhydride 32 and alkylfulgide 33 were required. En route, this
methodology was to be applied to the synthesis of the tricladic acids A-C 36-38, fungicidal natural

products produced by Tricladium castaneicola.>® This work is detailed in Chapters Three and Four.
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Finally, the dimerisation approach investigated would not be appropriate for the synthesis of
scytalidin 12, owing to the additional tertiary alcohol. Currently, no total synthesis of this natural
product has been published, and so a further aim of this project was to establish a de novo synthesis

of scytalidin 12, using the ring expansion of B-ketoesters. This is described in Chapter Five.

o OH
NaH, DMAD CO.Me
CO,Me -
( PhMe COzMe
" R
R CO2Me
39 40

Scheme 12. Key ring expansion reaction in the proposed synthesis of scytalidin 12.
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CHAPTER 2: Scytalidin and
Deoxyscytalidin: Isolation and

Structure Elucidation
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2. Scytalidin and Deoxyscytalidin: Isolation and Structural Elucidation

2.1 Introduction
First isolated by Stillwell and coworkers in 1972, scytalidin 12 is a nonadride natural product
produced by Scytalidium album.B%*% Whilst there have been no previous studies on the biosynthesis
of scytalidin, based on the structural similarity to byssochlamic acid 6, it is not unreasonable to
assume a similar biosynthesis. Therefore, it was hypothesised (Scheme 13) that scytalidin 12 arises
from a “head-to-tail”, byssochlamic acid-like decarboxylative dimerisation of two C;, anhydride units
41, followed by an oxidation step.Y The isolation of the deoxy analogue of scytalidin 35 by Ayer and
coworkers provides some support in favour of this proposal.> Neither the relative nor absolute
stereochemistry of scytalidin 12 or deoxyscytalidin 35 have previously been determined, and no total

synthesis has been reported.*”!

C4Hg
Q|
Decarboxylative s
Dimerisation Oxidation -
o | Dimerisation >
CO,H
0]
41 35 12

Scheme 13. Proposed biosynthesis of scytalidin

Interest in scytalidin as a fungicide stems from the observation by Ricard and Bollen that Scytalidium
species demonstrate marked in vitro inhibition of Poria carbonica growth.® This result was
replicated using the isolated natural product by Stillwell, who also studied the effect of scytalidin 12
against 61 fungal strains, with activity found against 52 of these (Table 1).5% These fungal strains are
predominantly associated with decay and deterioration of coniferous trees and wood products. Of
particular interest is the activity displayed against C. ulmi, a causative agent of Dutch EIm Disease.”!
The reference compound nystatin is a broad spectrum fungicide, widely used in humans and present

on the World Health Organisation’s model list of essential medication.®

Of equal importance to the broad antifungal profile reported, was the observation by Strunz and
Stillwell that even at 1000 ppm concentrations, scytalidin 12 had no detectable inhibition of seed

germination in a variety of higher plants. This is a favourable trait in a prospective agrichemical, and
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mirrors the findings in studies on the cornexistins (8 and 9). This led to the suggestion that scytalidin

12 may be an appropriate seed-treatment agent, to prevent fungal infection prior to planting.

Width of inhibition zone / mm

Nystatin Scytalidin  Scytalidin
Test organism
100 pg/disc 100 pg/disc 50 pg/disc

Coniophora puteana 7 10 10
Fomes pini 5 11 10
Peniophora gigantea 20 16 15
Polyporus balsameus 17 15 12
Poria carbonica 9 14 11
Cephaloascus fragrans 12 21 18
Ceratocystis ulmi 8 9 9
Phytophthora infestans 9 11 10
Phytophthora lateralis 8 15 12
Chrysosporium sp. 3 12 9

Table 1. Antifungal activity screen of scytalidin 12, in comparison to nystatin.?%

It was also observed that the inhibition of C. ulmi by scytalidin 12 was strongly pH dependent, with
over a hundredfold increase in the required concentration to inhibit growth at pH 8.5 compared to
pH 3.5. This is in agreement with observations from Futagawa et al. that the octadride zopfiellin 14
shows considerably lower potency at higher pH, with this likely to be related to the ring opening of

the anhydride moieties to the tetracarboxylic acid form.**!

HO
(0] 0
+2 HO™ @) N H2
CO,NH,*
-2 HO" O
14 42 43

Scheme 14. Bis(anhydride) 14 and tetracarboxylate 42 forms of zopfiellin, as reported by
Futagawa.'®3 Monoammonium scytalidimate 43 (all four possible isomers are reported).>
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This pH effect, combined with low water solubility led Strunz and coworkers to investigate a
modification that improved solubility whilst retaining the fungitoxic activity of scytalidin. They
achieved this by the reaction of scytalidin with liquid ammonia, yielding crudely defined
“monoammonium scytalidamates”.” Unfortunately, the planned biological evaluation of 43 has not

been reported in the literature.

Prior to undertaking further investigation into both the biosynthesis and biological activity of
scytalidin 12 and deoxyscytalidin 35, the first goal was to determine the relative and absolute
stereochemistry of both natural products. Do the side chains have the cis-arrangement observed in
byssochlamic acid 6? Do the side chains in scytalidin and deoxyscytalidin have the same
stereochemistry? Knowledge of the stereochemistry of the natural products would be important in

the design of a route for a total synthesis.

2.2 Results and Discussion
As well as scytalidin and deoxyscytalidin, several other natural products from S. album have been
isolated and characterised. Findlay and coworkers isolated scytalone 44, which appears to be an
unrelated polyketide natural product, whilst Oberlies et al. reported eleven new compounds from a
strain of S. album.'®®%Y The structures include eight sorbicillinoids (of type 45 and 46), two phthalides

(47 and 48) and isosclerone 49.

R R
OH O \/\/\’(©/OMG \/\/\’(@OMG
HO f ? OH i =
O OH O OH

44 45 46
A: R= CHO A: R= CHO
B: R= COOH B: R= COOMe
C: R= CH,OH C: R= CH,OH
D: R= CHs D: R= CH3
OH
OMe ¢ OMe 2
/©:Z</O /Cli(\o @
MeO MeO
o O OH
47 48 49

Figure 16. Additional natural products isolated from S. album.

Ayers reported that scytalidin was not isolated when S. album was grown on solid media, and all

eleven natural products reported by Oberlies come from the growth of S. album on solid media.
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Therefore, when surveying conditions for optimal titres of scytalidin, it was clear that surveying only

liguid media would be prudent.
2.2.1 Optimisation of S. album Growth Conditions

The two strains of S. album used by Strunz and Stillwell in their initial isolation work were UAMH
3620 (ATCC 16675, FY strain) and UAMH 3611 (ATCC 22476, ex-type).3%*! These were both
purchased from the University of Alberta Microfungus collection and Herbarium (UAMH). The
samples supplied were heavily contaminated with bacteria, but treatment with broad-spectrum
antibacterial agents by Dr Zhongsu Song in our group enabled clean samples of the fungi to be

obtained.

Figure 17. S. album UAMH 3611 strain grown on MEA (/eft) and in MEB (right).

The UAMH 3611 and UAMH 3620 samples were first grown upon plates of Malt Extract Agar (MEA).
It was found that UAMH 3611 sporulated when grown on MEA, and so this gave three cell sources
for inoculation into liquid media. Initially, 4 cm? portions of the agar plate were transferred into Malt
Extract Broth (MEB) or Potato Dextrose Broth (PDB), and grown for 17 days. Then, the mycelia and
the broth were separated, to see whether the natural product accumulates in the mycelia, or
whether it is excreted by the fungus. The agueous media was directly extracted with ethyl acetate,
whilst the mycelia were blended in acetone, concentrated in vacuo and then a similar separation

performed with ethyl acetate and water.

Syngenta provided a 150 pg sample of scytalidin 12 for use as an HPLC standard which assisted

identification of the natural product within crude extracts.
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Figure 18. HPLC traces for UAMH3620 grown on PDB. Mycelial extract (top), agueous media extract
(middle), and scytalidin 12 standard provided by Syngenta (bottom). Scytalidin 12 peak highlighted.

Production of scytalidin was first observed in UAMH 3620 grown on PDB. As can be seen in Figure
18, the mycelial extract gives a much better signal:noise ratio for the peak at 15.8 min than the
aqueous media extracts. This peak was identified as scytalidin by comparison to the standard
provided, as well as by in-line mass spectrometry (both ESI+ and ESI-). We therefore used mycelial

extracts for all further experiments.

Next, the effect of baffled versus non-baffled flasks on the metabolite profile was studied. A baffled
flask helps oxygenate the culture medium, and in some cases can lead to improved growth, and
higher titres of highly oxygenated metabolites.®? In this case, limited differences were observed by
LCMS in the metabolite profile when UAMH 3620 was grown in baffled versus non-baffled flasks, as

seen in Figure 19.
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Figure 19. HPLC traces for the growth of UAMH 3620 on PDB in baffled (top) and non-baffled flasks
(bottom). Scytalidin 12 peak highlighted. Note: Retention time of scytalidin is 9.23 min, as a
different gradient to Figure 18 was applied.

It was observed that S. album appeared to grow slowly in liquid media when the mycelia established
on agar was first transferred. Therefore, a liquid pre-culture was used instead. The agar was blended
with media, this pre-culture then established over four days, then split across flasks of fresh media
to grow for one month. Under these conditions, S. album appeared to grow faster in MEB, giving a

greater mass of mycelia. This method was therefore used for all subsequent work.

Scytalidin could be obtained directly from the crude mycelial extract via trituration with diethyl
ether, three rounds of this process yielding 10 mg/L of scytalidin in high purity. The *H NMR data
(Table 2) previously reported give wide ranges for peaks.3% For example, all protons on the
carbocylic ring of scytalidin are reported as a multiplet from 2.5-3.2 ppm. These data were

insufficient for positive confirmation that our isolated material was indeed scytalidin.

Chemical Shift / ppm  Assignment

0.88 3H, t, J=6, CH3

0.97 3H, t,J=7, CH3
1.1-1.9 14H, m
2.5-3.2 6H, m
3.31-3.53 1H, OH

Table 2. 'H NMR data for scytalidin 12 in CDCls, as reported by Strunz and Stillwell.B%

To obtain a 'H NMR spectrum of authentic scytalidin, the sample provided by Syngenta was used.
With Dr Chris Williams, a *H NMR spectrum was obtained on an 80 pg aliquot of the scytalidin, using
the BrisSynBio Bruker 700 microcryo instrument. A 3C NMR spectrum could not be obtained owing
to the small quantity of sample available. As can be seen in Figure 20, the H spectrum was in good
agreement with that obtained from our own isolated scytalidin, and both match the chemical shifts
reported.%®3 13C NMR data also correlated well with the literature, as well as specific rotation. An

specific rotation value of -57.8 (c 0.47, EtOAc) was obtained for our isolated scytalidin, compared to
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a literature value of -66.6 (c 0.4745, EtOAc)].B% This indicated the same enantiomer of scytalidin had

been obtained.
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Figure 20. 700 MHz *H NMR spectrum of scytalidin 12 (top, sample provided by Syngenta)
compared against the 400 MHz *H NMR spectrum of the matching HPLC peak in our own sample
isolated from S. album UAMH 3620 (bottom).

The related maleidride deoxyscytalidin 35 was also produced by S. album,”® and this was purified
by Dr Claudio Greco through preparative HPLC, from the same extracts of S. album. As with scytalidin
12, the NMR data obtained are consistent with published data.l** A specific rotation value of -52.5
(c 0.13, CHCl3) was obtained for the isolated deoxyscytalidin 35 (lit. [a]p -82.2 (¢ 0.135, CHCl3)).5!
The H NMR for deoxyscytalidin 35 is very similar to the spectrum for (-)-byssochlamic acid (-)-6,
which differs only in the length of the alkyl substituents — and for which the relative and absolute
stereochemistry is known for both (-)-byssochlamic acid (=)-6 and (+)-byssochlamic acid (+)-6.06%%
This suggests that deoxyscytalidin 35 might have the same cis-arrangement of side chains, however
this needed confirmation. No further stereochemical information could be determined from the

NMR spectra, therefore X-ray crystallography was required.
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Figure 21. Structures of byssochlamic acid (-)-6 and deoxyscytalidin 35. 'H NMR spectrum of
deoxyscytalidin (top) and byssochlamic acid (bottom). Byssochlamic acid sample obtained by
Agnieszka Szwalbe in our group.
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2.2.2  X-Ray Crystallography

12
Scytalidin

35
Deoxyscytalidin
Figure 22. Crystal structures of scytalidin 12 and deoxyscytalidin 35, confirming their relative
stereochemistries.

Crystals of scytalidin 12 and deoxyscytalidin 35 were obtained by recrystallisation from diethyl ether,
from which the relative stereochemistry of both compounds was revealed by X-ray crystallography.
The crystals obtained were not of sufficient quality to determine absolute stereochemistry.
Scytalidin 12 and deoxyscytalidin 35 have the side chains on the same face of the ring, which adopts
a bowl-shaped structure. This is fully consistent with the reported crystal structure of (-)-

byssochlamic acid (-)-6 (Figure 23).1!
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Byssochlamic Acid

Figure 23. Structure and crystal structure of (-)-byssochlamic acid 6.1

2.2.3 Synthesis of Crystalline Derivatives

In order to investigate the absolute configurations of scytalidin 12 and deoxyscytalidin 35, a series
of derivatives was prepared, and crystallisation studies undertaken. This strategy has been
previously applied to maleidride natural products, as Barton and Sutherland synthesised the bis(p-
bromophenylhydrazyl)malemide derivative of byssochlamic acid 6 to aid the elucidation of the
absolute stereochemistry by X-ray crystallography.!®® This gave a crystalline sample, with the
incorporation of a heavy atom aiding X-ray crystallography.!®”¢® This approach was also used by Sim

to obtain absolute stereochemistry of (-)-byssochlamic acid.!®"!

CHCl,
68%

Br

Scheme 15. Sim’s synthesis of a crystalline derivative of (-)-byssochlamic acid in order to determine
absolute stereochemistry.[®*

The equivalent bis(p-bromophenylhydrazyl)malemides were synthesised from scytalidin 12 and
deoxyscytalidin 35 by treatment with 4-bromophenylhydrazine in CHCl;, yielding 51 and 52 in 13%
and 80% yield respectively (Scheme 16). Unfortunately, in both cases the product was a brown oil,

and crystallisation was not possible.
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Br.

BrONHNHZ

CHCl3
13%

12 51

Br

BrONHNHZ

CHClI3
80%

35 52

Scheme 16. Synthesis of bis(4-bromophenylhydrazide) derivatives of scytalidin 12 and
deoxyscytalidin 35.

Next, introduction of an asymmetric centre of known absolute stereochemistry was investigated.
Determination of absolute stereochemistry by X-ray crystallography requires high-quality crystals,
which could not be obtained for either natural product. A derivative with a known stereocentre
means absolute stereochemistry can be inferred without the need for such high-quality crystals. To
this end, scytalidin 12 was derivatised with (S)-4-bromo-a-methylbenzylamine, yielding 53 in 40%

yield (Scheme 17). Unfortunately, once again this derivative was not crystalline.
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12 53

Scheme 17. Synthesis of the maleimide 53 from scytalidin 12 in order to introduce a known
stereocentre.

It was hoped that a known stereocentre could be introduced by derivatisation of the tertiary alcohol
of scytalidin 12. Treatment of scytalidin 12 with Mosher’s acid and DCC/DMAP failed to form the
desired ester 53, instead a *H NMR spectrum of the crude reaction mixture suggested elimination of
the alcohol had occurred to give a mixture of alkenes. This was confirmed by deliberate elimination
of the alcohol with H,SO4/Et,0, which yielded a complex mixture of alkenes in 39% yield (Scheme
18). This mixture contained both the exocyclic alkene 55 and endocyclic alkene 56 in a 7:1 ratio, with
both possible isomers of each also present. The ratio of products formed was determined through
integration of the trisubstituted alkene proton, highlighted in red in Scheme 19. Two triplets at 5.89
and 5.83 ppm (J 7.5 Hz) were indicative of the exocyclic alkene 55, whilst singlets at 6.27 and 6.13
ppm result from the mixture of endocyclic alkene 56. The elimination reaction could not be avoided

when esterification of scytalidin 12 with Mosher’s acid chloride was carried out.

A) O

(S).CF
HO™ X 7 3

PR OMe
DCC, DMAP
DCM

B) O

(RLCF
Cl N 3

PR OMe

Pyridine
DCM

12 54

Scheme 18. The Mosher’s ester derivative 54 could not be synthesised from scytalidin 12, instead
elimination to a mixture of alkenes resulted.

33



If steric congestion was assisting the elimination reaction, it was hoped that a smaller chiral
carboxylic acid might give a more favourable result. Therefore, the esterification of scytalidin 12 with
(S)-2-bromopropanoic acid was investigated. Once again, Steglich esterification with DCC/DMAP

resulted in elimination, as did esterification via the acid chloride.

H,SO,
Et,O
39%
7:1 55:56
55 56
12 2:1 ratio 1:1.2 ratio
isomers regioisomers

Scheme 19. Elimination of scytalidin 12 to alkenes 55 and 56, protons highlighted in red were used
to determine the ratio of alkene products formed.

With only limited amounts of the natural products available, and no derivatives appearing more
promising for crystallisation than the natural products themselves, it was decided that growing
higher quality crystals of scytalidin 12 and deoxyscytalidin 35 was a better course of action.
Unfortunately, the higher quality crystals necessary to determine the absolute stereochemistry
could not be obtained, despite investigating a variety of crystallisation techniques (use of anti-
solvents, seeding, slow evaporation, solvent layering, vial-in-vial techniques).’®® Promising crystals
could be obtained from a DCM:Et,0 system at -18 °C — however these degraded rapidly when the
temperature was raised, making X-ray diffraction unfeasible. Therefore, the absolute

stereochemistry of scytalidin 12 and deoxyscytalidin 35 was investigated by other means.
2.2.4 Computational Investigations of Stereochemistry

Given the structural similarity of byssochlamic acid 6 and deoxyscytalidin 35 (differing only by an
additional ethylene unit in each side chain), it could be speculated that the structural change should
have limited effect on the specific rotation of the natural products, and therefore from the known
stereochemistry of byssochlamic acid, it would be possible to predict the absolute stereochemistry
of deoxyscytalidin by a simple comparison of specific rotation values. Such an approach has
previously been used to tentatively assign the absolute stereochemistry of homoheveadride 57 by

comparison to the specific rotation of hevadride 7.7%
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Heveadride Homoheveadride

7 57
[a]3? +351 (c. 1.19 in CH,Cl,)  [@]3? + 118 (c. 0.50 in CH,Cl,)

Scheme 20. Comparison of structures and specific rotation values for heveadride 7 and
homoheaveadride 57.

(-)-Byssochlamic acid 6 has a specific rotation of [@]3°= -104 (c. 0.1, CHCls), and has been assigned
(R)-propyl and (S)-ethyl by a combination of total synthesis, chemical degradation and X-ray
crystallography.!®*%! Simple comparison would mean the (-)-deoxyscytalidin 35 isolated ([a]%°= -53

(c. 0.13, CHCI3)) would have (R)-pentyl and (S)-butyl side chains.

(-)-Byssochlamic acid (-)-Deoxyscytalidin (proposed stereochemistry)
(-)-6 35
[]5°=-104 (c. 0.1, CHC5) [a]%%= -53 (c. 0.13, CHCl3)

Figure 24. Structure and specific rotation of (-)-byssochlamic acid (-)-6 and predicted
stereochemistry of (-)-deoxyscytalidin 35, based on a comparison of specific rotation values

Calculation of specific rotation by computational methods presented an alternate, though less
convincing method with which to determine the absolute stereochemistry of deoxyscytalidin 35 (and

therefore scytalidin 12).

To provide computational evidence to indicate absolute stereochemistry for deoxyscytalidin, it is
logical to first test the method on a related molecule with known stereochemistry, in order to
illustrate the validity of this method. (-)-Byssochlamic acid (-)-6 was selected, and the procedure

reported by Autschbach applied.
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Figure 25. (2S,7R)-Byssochlamic acid 6 major conformer, minimised using molecular mechanics
(MMFF94) in Avogadro.

Using the Avogadro molecular modelling software, a conformer search using the Merck Molecular
Force Field (MMFF94) was used to generate a library of conformers of (-)-byssochlamic acid (=)-6 in
a vacuum. Thirteen conformers were found, A-M, in Table 3. Using a Boltzmann distribution, the
percentage contribution of each conformer to the overall state of (-)-byssochlamic acid (-)-6 was
determined. As can be seen in Table 3, only six conformers contributed >1% to the overall state, and

so the remainder were discounted for further analysis.

The remaining six conformers were then further optimised in Gaussian 09. Density Functional Theory
(DFT), using the B3LYP/aug-cc-pVDZ basis set and a polarisable continuum model (PCM) for solvation
in chloroform. Conformers A and B remained the dominant conformers, and the relative
contribution of each conformer at this higher level of theory was broadly equivalent to those

obtained from simple molecular mechanics.

With the coordinates obtained for these conformers at this higher level of theory, the specific
rotation could then be calculated at a wavelength of 589 nm, the sodium D line used for practical
measurement of specific rotation.’? A Boltzmann average is then applied to these computed values,
to give an indicative specific rotation for the molecule in solution. Unfortunately, as can be seen in
Table 3, the computed value was [a]3°= +304. This differs significantly in both sign and magnitude
when compared to the literature value ([a]ZDS: -104). When the same methodology was applied to
(2S,7R)-deoxyscytalidin 35, a predicted specific rotation of [a]3°= +191, also in complete
disagreement with our prediction based on the direct comparison of experimentally determined
specific rotation values. This indicates that this is a poor method for the determination of absolute

stereochemistry in maleidrides.
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Conformer Energy Boltzmann Energy (DFT) Boltzmann [a]ff’
(MMFF) Percentage / kimol? Percentage /deg cm? g
/ kimol? /% 1%

A -217.43 32.15 -3017996.2 42.51 334.06

B -217.40 31.76 -3017995.7 34.84 270.48

C -215.83 16.87 -3017992.8 10.92 326.22

D -214.74 10.87 -3017992.5 9.64 255.91

E -212.74 4.84 -3017987.3 1.18 384.92

F -211.19 2.59 -3017986.6 0.91 317.5

G -205.32 0.24

H -204.41 0.17 Boltzmann averaged specific

I -204.18 0.15 rotation [a]3° +304

J -203.41 0.11

K -203.04 0.10

L -202.96 0.09

M -201.14 0.04

Table 3. Results of computational determination of the specific rotation of (-)-byssochlamic acid
(-)-6, using Molecular Mechanics (MMFF) and DFT (B3LYP-aug-cc-pVDZ) levels of theory

Whilst disappointing, the calculation of the specific rotation of highly flexible molecules is known to
be challenging. Paraconic acid 58, studied by Marchesan et al., is a good example of this challenge.l’?
In their study, six major conformers of paraconic acid were identified, and when the specific rotation
of each conformer was computed, values with both a positive and negative sign were obtained.
Applying a Boltzmann average to these values could give the correct sign of the specific rotation
when compared to experimental values, however small deviations in the relative energy of each

conformer could lead to the opposite sign for the averaged specific rotation.
r°
HO,C

58

Figure 26. Structure of paraconic acid/’?

Further studies on flexible molecules supports the idea that they can be particularly unreliable,
especially for the calculation of specific rotation at a single wavelength.>74 A better approach is to
calculate the specific rotation at different wavelengths (optical rotation dispersion), or instead to
compute the circular dichroism spectra of the molecule.” In this way, the accuracy of a single point

of calculation is less important, as the overall picture is more illuminating.l”® This approach has been
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successfully applied to viburspiran 15, another member of the maleidride family of natural
products.? Unfortunately, it was not possible to determine experimental solid state CD spectra

during this project, and so synthesis of crystalline derivatives was the preferred approach.

8 4 . ; ; ;
(a) (b)
g° ] )
50 2 ]
E, | &
2z &
2 S o |
£ 2 1 (12 ¥
B 2
2 ©
® 0 Tl i
" k:
§ .
Pl 3 I ACN solution 1 = ——mol. A
~ v 84 ——mol. B i
44 —Solid state (KCI) 1 B Rotational strengths (mol. A)
% : . i gllas i i ; ;
225 250 275 300 175 200 225 250 275 300
Alnm A/ nm
Viburspiran Experimental CD Spectra Computed CD Spectra

15

Figure 27. Absolute stereochemistry of viburspiran 15, as determined by the comparison of
computed solid state CD with that determined experimentally.?*

2.2.5 Inference of Absolute Stereochemistry by Biosynthetic Analysis

Figure 28. Absolute stereochemistry of (-)-(1R, 5R, 1’'R)-zopfiellin 14, determined by Dr Daniel
O’Flynn in our group.
A final method by which the absolute stereochemistry of the scytalidin natural products can be
inferred is through analysis of the biosynthetic pathways that give rise to these and related natural
products. Recent biosynthetic studies within the Willis Group by Catherine Spencer and Dr Trong
Tuan Dao have established a link between the biosynthesis of (-)-deoxyscytalidin 35 and zopfiellin
14 in Diffractella curvata, the natural producer of zopfiellin 14. The absolute stereochemistry of
zopfiellin 14 has previously been determined within the group by Dr Daniel O’Flynn through a

combination of Mosher’s ester analysis and X-ray crystallography.! The absolute stereochemistry of

1 Daniel O’Flynn, PhD Thesis, University of Bristol, 2018.
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(-)-(1R, 5R, 1’R)-zopfiellin is shown in figure 28. Due to confidentiality issues with Syngenta, the
proposed biosynthetic pathway cannot be shown. However, it strongly suggests that
(-)-deoxyscytalidin possesses (S)-butyl and (R)-pentyl side chains. This is consistent with the
stereochemistry expected by simple comparison of the specific rotation of (-)-byssochlamic acid (-)-

6 and (-)-deoxyscytalidin 35.

35 12

Scheme 21. Proposed final hydroxylation in scytalidin 12 biosynthesis.

In a similar fashion, it is then possible to infer the stereochemistry of (-)-scytalidin from (-)-
deoxyscytalidin. There is only one biosynthetic gene cluster in S. album containing the enzymes
required for maleidride biosynthesis. Therefore, it is highly likely that scytalidin is formed through
hydroxylation of deoxyscytalidin, and not through a separate pathway. Whilst the mechanism of this
hydroxylation is unknown, it is reasonable to assume that the stereochemistry of the (R)-pentyl
chain, being distal to the required oxidation, is highly unlikely to change. The relative
stereochemistry of the side-chains in both natural products is the same (through the X-ray
crystallography data obtained), so we can therefore propose the absolute stereochemistry shown in

Scheme 21 for (-)-deoxyscytalidin 35 and (-)-scytalidin 12.

2.3 Conclusions and Future Work
It has been shown that S. album strain UAMH 3620 reliably produces both scytalidin 12 and
deoxyscytalidin 35. The strain was established on MEA, then a liquid pre-culture prepared by
blending this agar with malt extract broth, for inoculation into multiple flasks for a 17 day growth
phase. Analysis by HPLC confirmed the natural products were localised in the mycelia of the fungi,

rather than the aqueous media.
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Figure 29. S. album liquid culture (left), crystal structure of scytalidin 12 (centre) and
deoxyscytalidin 35 (right)

Scytalidin 12 was isolated in a titre of 10 mg/L by trituration of the mycelial extract, and
deoxyscytalidin 35 was isolated by preparative HPLC in a similar titre. The natural products were then
crystallised from diethyl ether, and X-ray structures were obtained. This allowed the relative
stereochemistries to be determined. The absolute stereochemistry was then inferred by comparison
of specific rotation to that of similar analogues, and through insights into the biosynthesis of

zopfiellin 14 in D. curvata.
2.3.1 Future Work

As can be seen from the HPLC chromatograms obtained from the mycelial extracts (Figure 18), S.
album produces a wide variety of natural products, which may include previously undocumented
maleidrides. Heveadride 7 analogues with different degrees of oxidation have been previously
reported as minor metabolites from Wicklowia aquatica, shown in figure 30.” Further analysis of
S. album extracts may therefore lead to identification of similar metabolites. This is of interest
because the oxidation state appears to have a significant impact on the antifungal activity of the
maleidrides. Heveadride 7 and two analogues were found to be active against Fusarium
verticillioides, commonly found to infect maize, whilst three further analogues showed no

activity.[2177.78!

> - A)R; =HOH, R,=H OH
L B)R;=HH, Ry,=HH
C)R{=HOH,R,=HH
D)R1:O, R2:O
E)R;=0, R,=HOH
F)R{=0, Ry,=HH

58

Figure 30. Structures of heveadride analogues 58, all isolated from W. aquatica.””
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Whilst the absolute stereochemistry of scytalidin 12 and deoxyscytalidin 35 has been inferred by
indirect means, it would be ideal to have higher quality crystallographic evidence with which to
determine the absolute configuration unequivocally. This might be achieved through synthesis of

further derivatives, or an increasingly extensive survey of solvents for crystallography.

Alternatively, solid state vibrational circular dichroism (CD) could be used to determine absolute
stereochemistry. The crystallographic data already obtained provides input coordinates for
computation of the CD spectrum, which can be compared to an experimentally determined

spectrum. This has previously been applied to viburspiran 15.34

To date, no studies on the anti-fungal properties of deoxyscytalidin 35 have been reported.
Therefore it would be valuable to study the effect of the isolated deoxyscytalidin 35 and scytalidin
12 on similar fungi, in order to compare their potency. Both natural products are produced under
the same conditions, but it is expected that an oxidative enzyme is responsible for conversion of
deoxyscytalidin 35 to scytalidin 12. The anti-fungal screening may show that one natural product is
more active than the other, in which case identification (by genomic means) and manipulation of
this oxidative enzyme might prove interesting. Overexpression of the oxidative enzyme may allow
production of scytalidin 12 to be increased, whilst performing a gene knockout experiment to

remove the oxidative enzyme could bias production towards deoxyscytalidin 35.

41



CHAPTER 3: Total Synthesis of the
Tricladic Acids
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3. Total Synthesis of the Tricladic Acids

3.1 Introduction

0]

HO

HO
NOR

0]

Figure 31. (E)-2-Alkylidene-3-methylenesuccinic acids, herein termed alkylfulgenic acids

Dialkylidenesuccinic acids, otherwise known as fulgenic acids, have been reported as bioactive
natural products and proposed as intermediates in the biosynthesis of several fungal secondary
metabolites.’>7°%2 However a lack of synthetic routes to alkylfulgenic acids has made further
investigation difficult. There is only one previously reported synthesis of an alkylfulgenic acid, but
this gives poor control over the trisubstituted alkene geometry.’® In this chapter, an alternative
synthetic approach to these structures is reported, and exemplified with the first total syntheses of
the tricladic acids A-C 36-38. This chemistry then underpins investigation of a biomimetic synthesis

of the nonadrides, described in Chapter 4.
3.1.1 Alkylfulgenic Acids in Oryzine Biosynthesis

Alkyfulgenic acids are proposed intermediates in oryzine biosynthesis. The biosynthesis of oryzine B
and C, isolated from Aspergillus oryzae, has yet to be experimentally verified, but two proposals have
been made based upon a putative biosynthetic gene cluster identified by Cox et al.” Citrate 59 is
thought to arise through condensation of octenyl CoA with oxaloacetic acid 19 (Scheme 22). At this
point, two possibilities exist. Decarboxylation and dehydration by OryM could form the alkylfulgenic
acid 60, which could undergo hydroxylation (OryG) and lactonisation (OryH or OryL) would then lead
to oryzine B 61. An alternative pathway involving epoxidation, ring closure, dehydration and
decarboxylation is also possible, using these same enzymes. It is not possible to distinguish these
pathways without access to biosynthetic intermediates, of which the alkylfulgenic acid 60 would be

key. The lack of synthetic routes to these compounds therefore hinders further investigation.
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Scheme 22. Proposed biosynthetic pathways to oryzine B 61

3.1.2  Alkylfulgenic Acids in Maleidride Biosynthesis

In the context of our interest in maleidride biosynthesis, the alkylfulgenic acid structures become
especially intriguing. The dimerisation step in the biosynthesis of the nonadrides is thought to
proceed between a maleic anhydride structure, and an alkylfulgide — the anhydride form of
alkylfulgenic acids (Scheme 23).B4 If both compounds were synthesised, a base-catalysed
dimerisation could be investigated (for further details see Section 4.2.3), thus yielding nonadride

structures.

@) | O
P
\—/ "Head to Tail" dimerisation
o[- |5 0
©
4 ~__ 07

61 21 Byssochlamic Acid
6
Scheme 23. Barton and Sutherland's proposed dimerisation mechanism between an alkylfulgide

intermediate (61) and a maleic anhydride intermediate (21).58
3.1.3 The Tricladic Acids

Seven new natural products were isolated in 2015 from the fungus Tricladium castaneicola. These

consisted of four tricladolides, bearing a maleic anhydride core, and three tricladic acids which have
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a fulgenic acid moiety."® It is interesting that T. castaneicola appears to produce both components

necessary for the synthesis of maleidrides, but none were isolated.

O Q HOOC
Rs
o N _ «r N Hooc™ R,
o @) X R
Tricladic acid A 36, R,=OH, Ri1=R3=H
Tricladolide A, R = CO;H Tricladolide C, X = OH
Tricladic acid B37, R3=0OH, Ri=R,=H
Tricladolide B, R = CH,OH Tricladolide D, X=H

Tricladic acid C 38, R;=0H, R,=R3=H

Figure 32. Structures of the tricladolides and tricladic acids.?!

The tricladium natural products show potential as selective fungicides. Initial testing using samples
isolated from T. castaneicola showed the compounds had the ability to inhibit growth of
Phytophthora capsici, a common vegetable pathogen, but were inactive against bacteria and yeast.
In particular, tricladolide D showed activity on par with that of Metalaxyl, a commercial anti-
Phytophthora fungicide for which resistance is a growing concern.®>%! |n addition, all seven
compounds were tested against the B16 mouse melanotic melanoma cell line. Again all compounds
showed appreciable activity, with tricladolide D showing similar levels of activity to paclitaxel, a
commercial breast cancer drug. Interestingly, the dimethyl ester of tricladolide D 62 showed even

higher levels of activity.™

MeO |
MeO =

62

Figure 33. Structure of tricladolide D dimethyl ester.

Further investigations into the biological properties of this family of natural products have been
hindered by the low titres of the natural products, and the difficulty in culturing Tricladium
castaneicola. The strain requires 20 days of growth on agar before transferring to 1 L of liquid culture
for an additional 20 days. This 40 days of growth only yields 2 mg/L of tricladolide D, whilst the
tricladic acids required 72 L of culture media to isolate between 3 and 7 mg. Through total synthesis,
the stereochemistry of 36 and 37 can be confirmed. The stereochemistry of tricladic acid A 36 has
previously been assigned as near-racemic due to the small value for the specific rotation recorded,

whilst tricladic acid B 37 has been assigned as a 3:1 S:R ratio by Mosher’s ester analysis.>® This can
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be confirmed by synthesis, and the structure-activity relationship of these compounds with respect

to their anti-cancer and fungicidal properties then more fully investigated.

3.2 Results and Discussion
The interesting biological activity of the tricladic acids, and the relevance of alkylfulgenic acids to
maleidride biosynthesis therefore made them an interesting target for synthesis. In designing
synthetic routes to the tricladic acids, key considerations were to ensure the alkene geometry was
set correctly; that different side chains could be introduced late in the route; and that each dimethyl

ester derivative was synthesised en route, as each of them would be valuable for SAR studies.3!

3.2.1 Initial Retrosynthesis and Initial Routes Investigated

+
:NMGZ I

Methylenation

HOOC O
S Ho, CJ\/COZH

I;:/\/ R
\

Wittig Olefination PH3P ~_R

HOOC

Scheme 24. General retrosynthetic analysis of a tricladic acid

Retrosynthetic analysis (Scheme 24) suggested disconnection of both alkenes would allow synthesis
of the tricladic acid diene structure from oxaloacetate 63. One alkene could be introduced by Wittig

olefination, and the other via an Eschenmoser methylenation reaction.®”’

Diethyl oxaloacetate 63 was obtained by protonation of the commercially available sodium salt 64
in 99% yield, from which both the Wittig reaction and methylenation reaction could be explored
(Scheme 25). Attempts to a-methylenate oxaloacetate 63 were unsuccessful, with no product
detected when using formaldehyde, trioxane, formalin or Eschemoser’s salt as the C; source. Given
this reaction would form the highly activated enoate 65, which has been previously reported as

unstable,®® it is likely that this species was too reactive under the reaction conditions to be isolated.

46



n-BuLi
RCH,PPh,

o)
1O C)\/CozEt EbO ko CJ\/COzEt THF L
2 2 R=C3H  11% COZEt
7 EtO,C

R=C5H1 1s 5%

R
|

64 63 66
R
0 |
CO,Et
EtOzc)Kﬂ/ 250 oo > | CO,E
EtO,C
65 67

Scheme 25. Attempted synthesis of the tricladic acid diene structure 67 from diethyl oxaloacetate.

Performing the Wittig reaction first means there is no intermediate in which an alkene is activated
by two carbonyls, and so it was hoped this would circumvent this issue. The Wittig reaction of 63
was carried out with n-BulLi and the alkyl Wittig salt, but gave very poor yields of the alkene 66, in a
3.5:1 Z:E ratio. Surprisingly, the yields were significantly different between a butenyl (11%) and

hexenyl (5%) side chain, but in neither case were the stereoisomers separable.

1) NaOEt o) e
EOLP-H 2 ,— 2 \[ o
- 0,
Et0,C  CO,Et COR 63-73% CO,R

Scheme 26. Shen’s E-selective synthesis of 3-alkoxycarbonyl-B,y-unsaturated esters. %!

Disappointingly, the a-methylenation reaction of 66 still failed under all conditions investigated.[®
Shen has reported an alternative E-selective synthesis of the 3-alkoxycarbonyl-B,y-unsaturated ester
moiety (Scheme 26). However, as the a-methylenation step could not be achieved, this option was

not pursued further. Instead, an approach reported by Amri and coworkers was investigated

(Scheme 27).0°9
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Scheme 27. Amri's synthesis of (E)-1,3 dienes.!”

Firstly, dimethyl (a-bromomethyl)fumarate 68 was synthesised in two steps from citraconic
anhydride 70 (Scheme 28). Opening the anhydride with acidic methanol proceeded cleanly to yield
dimethyl ester 71 in 97% yield, then Wohl-Ziegler bromination gave bromide 68 in 71% yield. Whilst
it is common to replace carbon tetrachloride in radical bromination reactions with cyclohexane,?"
the yield in this case was very poor (19%). Solvent selection for these reactions is usually dictated by
a desire to keep a low concentration of reagents in the reaction to prevent side reactions, however
in this case acetonitrile, in which all reagents are completely soluble, was found to give a much higher

yield (71%). Alkene geometry was assigned by comparison to literature *H NMR data.?

o)
H2SO4 MeO,C NBS, AIBN CO,Me
o | MeOH | MeCN L Br
97% MeOZC 71% MeOZC
o)
70 71 68

Scheme 28. Synthesis of bromofumarate 68 from citraconic anhydride.

The observed alkene isomerisation is well known in the literature, and occurs due to addition-
elimination of the bromine radical to the alkene.® When this reaction is stopped prematurely,
dimethyl fumarate can be isolated, indicating this addition-elimination process is faster than the
allylic bromination. A mechanistic explanation for this is shown in Scheme 29. Fortunately, the alkene
geometry obtained matches that previously used by Amri and coworkers,®™® and this alkene

geometry is irrelevant to the final product desired.
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Scheme 29. Synthesis of bromide 68 from alkene 71, highlighting the alkene isomerisation. In
accordance with the reports of Goldfinger, a bromine radical rather than a succinimidyl radical
propagator is depicted.[®>?®! (Regeneration of the bromine radical not shown)

M M M
eOZC Br 902C Br 902C Br
iG] @ || @ ||

MeO,C CO,Me CO,Me
(E)-68 (2)-68 (2)-68
Literature Data Literature Data This work

6+ (400 MHz, CDCls) 64 (400 MHz, CDCl3) 64 (400 MHz, CDCls)

6.24 (1H,t,J1.0,HC=C)  6.83 (1H, s, HC=C) 6.77 (1H, s, CH)

4.13 (2H,d, J 1.0, CH,Br)  4.72 (2H, s, CH,Br) 4.67 (2H, s, CH,Br)
3.85(3H, s, CO:Me) 3.88(3H, s, CO.Me)  3.83(3H, s, OCH3)
3.77 (3 H, s, CO:Me). 3.83(3H, s, CO.Me)  3.78(3H, s, OCH3)

Table 4. Comparison of *H NMR shifts for (£)-68 and (2)-68 with that prepared in this project.”!
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The exclusive formation of the (E)-alkene in one pot reported for the nitronate Sy2’-alkylation-
elimination reaction (NSAE reaction) was then investigated. Replication of the reported reaction of
bromide 68 with nitroethane in aqueous NaOH led to very poor yields, ranging from 4-16% of the
desired product 72 (Scheme 30). Nevertheless, exclusive formation of the (E)-alkene was observed
as reported in the literature. The alkene geometry was confirmed by comparison of *H chemical shifts
to literature,>#! NOESY NMR experiments, and also through an EXSIDE experiment.®® EXSIDE NMR
shows heteronuclear H-C coupling constants over three bonds — a longer range than is achieved by
other experiments. In this case, a /icy) of 7.5 Hz between H-4 and the ester carbonyl was observed,

indicative of a cis relationship (see Scheme 30).

EtNO,
J/\Ci)zMe NaOH MeO,C 2 M NaOH HO,C
| MeO_ s f/
B EtOH
MeO,C " THFHO 0% HOL,C™
16% O H
68 72 73

Scheme 30. Replication of Amri's reaction conditions gave poor yields of 72. The cis-relationship
observed by an EXSIDE NMR experiment is highlighted.

Hydrolysis of the diester 72 with sodium hydroxide in aqueous ethanol gave diacid 73 in 70% vyield.
Whilst a viable route had been found to the tricladic acids, the poor yielding NSAE reaction limited

its use. Optimisation of the Amri conditions for the formation of diene 72 were therefore sought.

MeO,C  CO,Me

\—/ R’
)N\Oz - = )\[COZMe
ROR VecH
70-95% COMe
74 75

Scheme 31. Michael addition of nitroalkanes 74 to dimethyl maleate, reported by Ballini et al.!*”

To begin, different bases were investigated, including DABCO, DBU and NEts in THF. In each case no
reaction was observed. This was disappointing as Ballini et al. have previously reported a similar

reaction of nitroalkane 74 using DBU (Scheme 31).°%
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MeO,C

CO,Me EINO, MeO,C
J|/\/ 2 — = 2 f/
B MeO,C .
MeO,C r MG THFEH0  Meo,c” X

THFHzo N02

68 76 72

Scheme 32. Synthesis of diene 72 via intermediate nitroalkanol 76.

This base screen (DABCO, DBU, NEt;) was then repeated in a THF:water solvent mixture. With DBU
a complex mixture was produced, and DABCO gave predominantly the intermediate nitroalkane 76
as a mixture of diastereomers, as well as both (E) and (Z)-72 (Scheme 32). These intermediate
structures, from which HNO; has not been eliminated, have previously been reported under phase-
transfer conditions.!*%”! Triethylamine gave the desired product 72 in 24% yield. Water appears to be
essential to the reaction, the use of methanol as an alternative protic solvent led to formation of

significant quantities of (2)-72.

Entry Solvent Equiv. NEts Addition time bromide 68 NMR Yield of 72

/ min /%
1 THF:H,0 4 5 15
2 THF:H,0 4 20 56
3 THF:H,0 4 120 63
4 THF 4 120 0
5  THF:H,0 1 120 0
6  THF:H,0 2 120 21

Table 5. Optimisation of addition time and equivalents of base, performed by Emyr Tayler

The rate of addition of the bromide 68 to a preformed nitronate solution had a significant impact on
the yield of the diene 72. As can be seen in Table 5, a slower addition gave a marked improvement
in yield. With yields for the NSAE reaction now reliably 50-60%, synthesis of the nitroalkanes (77-79)

necessary for the synthesis of tricladic acid A-C (36-38) was next explored.
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O,N
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H

HOOC
0]
Tricladic acid A 36 77
HOOC
OH OH
r/\/\/'\/ — o N\/\/\/‘\/
X 2
HOOC
Tricladic acid B 37 78
HOOC
0 N\/\/\/\/\
K/\/\/\A — ? OH
HOOC OH
Tricladic acid C 38 79

Scheme 33. Retrosynthetic analysis of each tricladic acid, using the NSAE reaction.

3.2.2  First Generation Synthesis of Tricladic Acids A & B

Tricladic Acid A

For tricladic acid A, the required nitroalkane 77 was synthesised in 4 steps (Scheme 34). Addition of
methyllithium to cycloheptanone 80 gave tertiary alcohol 81 in 70% yield. This alcohol 81 was treated
with bromine and potassium carbonate to induce a retro-Barbier fragmentation,!**Y! giving the w-
bromoketone 82 in 87% yield. Displacement of the bromide with sodium nitrite in dimethylsulfoxide
(DMSO) gave the w-nitroketone 83 in only 38% vyield due to the bidentate nature of the nitrite
nucleophile. N-alkylation and O-alkylation are both possible, leading to either the desired nitroalkane
or a nitrite ester by-product.[*%>1%! Addition of phloroglucinol as a nitrite scavenger was used in an
attempt to facilitate separation of these products, however this did not improve the yield of 83.110+
1071 The w-nitroketone 83 thus obtained was then reduced with sodium borohydride to the

corresponding alcohol 77. Whilst trying to develop the route, a stereoselective reduction of the

ketone was not deemed necessary.
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0 MeLi OH  Br,, K,COs4

(0]
THF CHCl3 )J\/\/\/\B
70% 87% r
80 81 82
OH
HO OH
NaN02
DMF
38%
oH NaBH, o
NO, 97% NO,
77 83

Scheme 34. Preparation of nitroalcohol 77, required for the synthesis of tricladic acid A 36.

Interestingly, the NSAE reaction could be performed with either ketone 83 or alcohol 77, yielding the
desired dienes 84 and 85 in 54% and 53% yield respectively (Scheme 35). Hence an enantioselective

reduction of the ketone could be performed either before or after the nitro-aldol reaction.

MeO,C NEt3 o
2 | Br O MeO,C.__
CO,Me 2 54% MeO,C
68 83 84
MeO,C NEt; OH
2 | Br OH MeO,C._~
CO,Me 2 53% MeO,C
68 77 85

Scheme 35. NSAE reactions yield the desired dienes with either a ketone or alcohol moiety

Treatment of diester 85 with ethanolic sodium hydroxide afforded the racemic natural product 36 in
55% yield. The product partially degraded during purification by silica chromatography. NMR data
for the synthetic diacid 36 were in good agreement with those obtained from isolated tricladic acid

A, thus completing the first total synthesis of a tricladic acid natural product.
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MeO,C 2MNaOH HO,C

MeO,C~ X EtOH HO,C
OH 55% OH

85 36

Scheme 36. Deprotection of diester 85 to yield racemic tricladic acid A 36.
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Figure 34. Comparison of *H NMR spectra (500 MHz in 3:1 CDCl3:CDs0D) for synthetic tricladic acid
A (top) and the natural product isolated from T. castaneicola (bottom).*!
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An enantioselective reduction of nitroketone 83 was next explored (Scheme 37). The Corey-Bakshi-
Shibata (CBS) reduction was chosen for this purpose.l’?® Nitroketone 83 and the oxazaborolidine
catalyst were pre-mixed at 0 °C, then the BH3-THF complex added. The reaction was complete by TLC

within 15 minutes, and an 80% yield of nitroalcohol 86 obtained.

(R)-CBS cat. I-Ph Ph
o) BH3 THF OH
NO, THF NO, N\B/
80% \
83 86 (R)-CBS

oxazaborolidine

Scheme 37. CBS reduction of nitroketone 83
Mosher’s ester analysis was used to determine the enantiopurity of the product by *H NMR
analysis.['%"111 The esters required were synthesised via the DCC/DMAP coupling of nitroalcohol 86
with (R)- and (S)- a-methoxy-a-trifluoromethylphenylacetic acid (MTPA-OH) (Scheme 38).

o)
(RLCF, o)

HO™ 7 FC
PR OMe 3 %o
- 8

MeO Ph/é\/\/\/\
DCC, DMAP NO

DCM 1 7 2
OH 48%
/é\/\/\/\NOZ 87
86 O
(S).CF5 o)

HO™ o
MeO Ph 3 %o
DCC, DMAP 1 NG

DCM
66%

88

Scheme 38. Synthesis of (R)- and (S)- MTPA esters of nitroalcohol 86. Numbering shown is for
Mosher’s ester analysis in Table 6.

The 'H NMR spectra of the esters 87 and 88 were analysed by comparing the chemical shift of related
protons. It can be seen in Table 6 that the chemical shift for 1-Hs in (S)-MTPA 88 has an upfield shift
with respect to 1-Hs in (R)-MTPA 87, indicating an eclipsing, shielding interaction with the phenyl
substituent of the ester in (S)-MTPA 88, but not in (R)-MTPA 87. This would indicate that the methyl
substituent is Ry in the projections shown. Similarly, the 7-H, and 8-H, peaks show the opposite
relationship, experiencing a greater upfield, shielding interaction in (R)-MTPA 87 than (S)-MTPA 88.

This is consistent with these groups being part of the R; substituent. The magnitude of the shielding
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effect is likely decreased as both methylenes are further away from the ester substituent than the

methyl group.
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Figure 35. Overlay of 'H NMR spectra of Mosher’s ester derivatives (R)-MTPA 87 (red) and (S)-MTPA
88 (blue). Expansions are shown of the key signals used in the analysis.

H O o CF; H (0] o CF;
Iy (S) o R
wfoleen | Han, widpe Vo
' PR OMe MeO Ph ' Ph OMe Ph OMe
R4 L R4
(S)-Mosher's ester (R)-Mosher's ester
Eclipsing interaction between R, and Ph Eclipsing interaction between Ry and Ph
Results in upfield shift for R, protons. Results in upfield shift for R4 protons.

Assignment &5-88 6z-87  65-6r

1-CHs 1.26 1.335 -0.075
7-CH; 1.98 1.93 +0.05
8-CH; 4.36 4.34 +0.02

Table 6. Dominant spectroscopic conformers for Mosher's ester analysis, highlighting the relevant
eclipsing interactions. Table of *H NMR chemical shifts for assignable protons in each Mosher ester
87 and 88.
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The change in chemical shift (8s-6r) indicate Ry is the alkylchain bearing the 7-H, and 8-H,, whilst the
1-H; group behaves as expected for the R, substituent. Nitroalcohol 86 must therefore have an (S)-
configuration. This is consistent with the stereochemistry predicted by the mechanism for the CBS
reduction, shown in Scheme 39.[11271%4] | the chair transition state, the steric interaction between
the larger ketone substituent (R.) and the catalyst is minimised through a pseudo-equatorial
arrangement, thus dictating the face of the ketone to which the hydride is delivered. The (R)-
oxazaborolidine catalyst results in an (S)-alcohol forming, in agreement with the results obtained

from the Mosher’s analysis of nitroalcohol 86.

B NE:
o gh P Fh ph
HN ph HN ph P AN
BH4 THF R Rs Neo/oO ®l® 0o
®o ——s ®o = = SBHY R, — N-g~
\ H.B \ Rs R
3 L | S
H OH
RS Rg

Scheme 39. Generalised mechanism of the CBS-reduction.

The MTPA-esters 87 and 88 gave resolved peaks in the 'H NMR spectrum corresponding to the
methoxy group of the MTPA ester into two signals - the (R*,R*) and (R*,5*) diastereomers. For 87
and 88, a 1:0.19 integration ratio was apparent, corresponding to an e.e. of 68%. Given the
magnitude of the specific rotation value of tricladic acid A was small, this was a disappointing result.
A high e.e. is desirable to give the best possible confirmation that tricladic acid A is indeed produced
by T. castaneicola in a near-racemic mixture. Whilst alternative enantioselective reductions could

have been explored, instead an approach using a chiral starting material was favoured. (See section

3.2.3).
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Scheme 40. Methoxy peaks in the *H NMR spectra for (S)-MTPA 88 (top) and (R)-MTPA 87 (bottom).

Tricladic Acid B

The synthesis of tricladic acid B followed a very similar route to tricladic acid A. Addition of
ethylmagnesium bromide to cyclohexanone 89 gave tertiary alcohol 90. Initially, alcohol 90 was
isolated in only 34% yield. Imamoto et al. have noted that the propensity of cyclohexanone to enolise
in the presence of Grignard reagents leads to competing aldol reactions, but that addition of CeCls
increased the yield of the 1,2-addition product.*** They suggest the strong oxophilicity of cerium
(1) chloride activated the carbonyl by coordination, although could not rule out the basicity of the
Grignard reagent being attenuated by CeCls. Using EtMgBr/CeCls, an 85% yield of 1-ethylcyclohexan-

1-o0l 90 was obtained.

OH
0 CeCly
EtMgBr oH DBrzKeCOs o O
o=, Br HO OH )J\MNO
THF CHCl; Et)J\(\/) NaNO, Et 2
72% 5 5
85% o —
DMF
34%
89 90 91 92

Scheme 41. Synthesis of nitroketone 92

One drawback of this process was the time-consuming preparation of anhydrous CeCls from
commercially available heptahydrate. CeCls.7H,0 was first heated to 90 °C under vacuum to form
the monohydrate. If heated above 100 °C, hydrolysis to CeOCl predominates. The monohydrate was
then heated to 140 °C to yield anhydrous CeCls.''®! However, it has been subsequently suggested
that this material is rarely completely anhydrous, and an additional equivalent of the organometallic
reagent is necessary to compensate for this.'**”! This complex preparation, which must be repeated
for each use of CeCls due to its highly hygroscopic nature, made this reaction non-trivial and yields

of alcohol 90 were highly variable. The use of soluble LaCls-2LiCl has been reported by Knochel to be
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more reliable in the addition of Grignard reagents to carbonyls than CeCls.[**® The LaCls-2LiCl solution
in THF is commercially available, gives higher yields, and can be used catalytically.**! Therefore this

additive offers significant improvements if this reaction were to be used in the future.

Additive Additive Yield /%
'PrMgCl HO None 30
THE CeCl; (Imamoto)™**! 80
0°C LaCls-2LiCl (Knochel)® 97
89 93

Scheme 42. The effect of different additives on the 1,2-addition of Grignard reagents to enolisable
ketones. 8!

From alcohol 90, bromide 91 was synthesised via a retro-Barbier fragmentation, in a 72% yield
(Scheme 41). Displacement of the bromide with sodium nitrite gave nitroketone 92 in 34% yield. In
this case, the NSAE reaction between 92 and 68 was complicated by formation of two cyclic B-
nitroalcohols 94, reducing the yield of the desired diene 95 to 37% (Scheme 43). Reduction of
nitroketone 92 to alcohol 96 prior to the NSAE step removed this issue, producing diene 97 in 59%
yield. It is interesting that this 6-exo-trig cyclisation of 92 was observed, whilst the 7-exo-trig
cyclisation of 83 was not, despite both being favourable according to Baldwin’s rules.*?”! Hydrolysis
of diester 97 gave (*)-tricladic acid B 37 in 71% yield, and the 'H and *C NMR data were in good

agreement with those reported for the natural product (Figure 36).5°%

o) MeO,C NEt; MeO,C HQ Et
NO B ~ NO,
Et 2 THF:H,0 o)
5 MeO,C 379, MeO,C
92 68 95 94
NaBH,
EtOH
65%
OH MeO,C B NEt; RO,C._~ 97, R=Me 2 M NaOH
Et)\(v)NOZ | THF:H,O OH EtOH
5 MeO,C 59% RO,C 37, R=H %
96 68

Scheme 43. Nitro-aldol reactions and synthesis of (+)-tricladic acid B 37.
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Figure 36. Comparison of *H NMR spectra (500 MHz in 3:1 CDCl3:CDs0D) for synthetic tricladic acid B
(top) and the natural product isolated from T. castaneicola (bottom).1>*

This route however does not lend itself well to an enantioselective reduction to produce the required
chiral secondary alcohol. CBS reduction gives poor enantioselectivity when the substituents are an
ethyl group and a longer alkyl chain, due to the similar size of the substituents.[*?122] As the reported
specific rotation for tricladic acid A and B are small, it was felt routes employing chiral starting
materials would be preferable, making comparison to literature specific rotation data more

straightforward.
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3.2.3 Second Generation Syntheses of Tricladic Acids A & B

In redesigning the synthetic strategies, further improvements were sought. For example, conversion
of the bromoalkane to the required nitroalkane with sodium nitrite was low yielding, due to
formation of the alkyl nitrite through competitive O-alkylation rather than the desired N-alkylation.
Any synthesis relying on an Sy2 reaction to install the nitro- functionality would suffer this issue.
Alkene nitration appeared to offer one solution to this problem. Whilst traditionally this has been
achieved with harsh conditions such as HNOs/H,S0,,1*?%! or with highly toxic reagents such as
HgClo,/NaNO,,'24 several recent publications utilise TEMPO in combination with a nitrate/nitrite
source to achieve the desired transformation under milder conditions.?>1?”] Given the ease with
which nitroalkenes can be reduced to nitroalkanes with NaBH,,*?%12%! the synthesis shown in Scheme

44 was investigated.

Tricladic Acid A

1) Mg, THF 'BUONO
2) Cul, -30 °C TEMPO ON
R 2 R
MBr o M . M
3) LAR OAcC Dioxane OAc
“ 90 °C
-15°C 77%
4) AcCl, Py
98 Et,0 101 102
94%
NaBH,4
THF: H,O
70%
M602C NEt
- I\/IGOZC\E\Br OZNW
A
THF:H,O
MeO,C 65%)2 CO,Me OAc
OAc
104 68 103

Scheme 44. Synthesis of (R)-tricladic acid dimethyl ester 104 from (R)-propylene oxide.

The organocuprate was formed from alkenyl bromide 98 via the Grignard reagent, then used to open
the oxirane ring of (R)-propylene oxide. The organocuprate reagent was used, rather than the
Grignard reagent directly, to suppress formation of the bromohydrin.!*3%31 Exclusive opening of the
epoxide at the least hindered carbon was confirmed by comparison to literature, in particular the *H
NMR signal at 3.73 ppm showed both the correct chemical shift, and integration for the desired

product.[*3? 'H NMR analysis of the crude reaction mixture showed no sign of the CH,OH (literature

61



3.45 ppm) moiety formed as a result of ring-opening at the more hindered carbon, or of the

formation of a bromohydrin.133134

TEMPO is frequently employed in the oxidation of alcohols,!*3'38! including the use of
'BUONO/TEMPO.139 |t was therefore expected that protection of alcohol 99 would be necessary to
achieve the desired alkene nitration. A trial reaction using racemic alcohol 99 demonstrated that this

was indeed the case, as treatment of 99 with ‘BUONO/TEMPO gave nitroalcohol 100 in 11% yield

(Scheme 45).
‘BUONO
TEMPO
/\/\/Y OZN\/\/\/\(
OH 1,4 Dioxane OH
90 °C
11%
99 100

Scheme 45. Trial alkene nitration with an unprotected alcohol 99.

Therefore, the alcohol 99 was protected as the acetate (Scheme 44). The crude material from the
organocuprate addition was used directly, giving the acetate 101 in 94% yield over two steps. An
acetate was chosen as it could be removed alongside the other ester protecting groups at the end of
the synthesis. The alkene nitration proceeded smoothly using ‘BuONO/TEMPO to give nitroalkene
102 in 77% yield. The resultant nitroalkene 102 was reduced to the nitroalkane 103 with sodium

borohydride. This reaction was sluggish in dioxane-ethanol but was complete in one hour in THF-

methanol.
MeOZC 2 M NaOH HOzc
MeO,C X Et(?)H HO,C X
OAc 56% OH
104 (R)-36

Scheme 46. Deprotection of triester 104 to yield (R)-tricladic acid A (R)-36

The synthesis of tricladic acid A was completed using the NSAE reaction to give triester 104, which
was hydrolysed with NaOH/EtOH:H,0. NMR data for the (R)-tricladic acid A 36 correlated well with
both the racemic material previously synthesised, and the natural product. Comparison of the
specific rotation of (R)-tricladic acid A ([a]3? -5, ¢ 0.91, MeOH) with that reported for the isolated
tricladic acid A from T. castaneicola ([a]f)2 -0.4, ¢ 0.35, MeOH) is in accord with the proposal that the

fungus produces a near-racemic mixture of tricladic acid A.>*
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Tricladic Acid B

The synthesis of (S)-tricladic acid B was similarly achieved, starting with (S)-epoxybutane and 4-
bromobut-1-ene 105 (Scheme 47). With the exception of the initial starting materials, no other
changes to the route were necessary. Ring-opening of the chiral epoxide and acetylation of the
resulting alcohol were performed in one pot, having established that the protecting group was both

necessary and appropriate during the synthesis of (R)-tricladic acid A 36.

1) Mg, THF ‘BUONO
2) Cul, -30 °C OAc TEMPO OAc
NBF o W\)\/ 02N \/\/\)\/
S, S
3) Q{SL ) Dioxane )
90 °C
-15°C 69%
4) AcCl, Py
Et,O
105 91% 106 107
NaBH,
THF: H,O
70%
Meoch/\/w/\ NEt MGOZC\fsr OAc
OAc  THF:H,0 ON o~
MeO,C ¢ 719 coMe - (s)
109 68 108
2 M NaOH
EtOH
72%
HOQCK\/\/\(\S)/\
OH
HO,C
(5)-37

Scheme 47. Total synthesis of (S)-tricladic acid B (S)-37

The specific rotation of the (S)-tricladic acid 37 thus synthesised ([a]4? +4, ¢ 1.70, MeOH) was in
agreement with the proposal that the natural product consists of a 3:1 (S:R) ratio ([a]%? +2.0, c 0.34,

MeOH), as assigned by Ojika and coworkers on the basis of a Mosher ester analysis.!3!

3.2.4 Total Synthesis of Tricladic Acid C

Synthesis of tricladic acid C was readily achieved. Starting with monoacetylation of 1,8-octanediol

110 (Scheme 48), conversion of alcohol 111 to bromide 112 with PBrs in 49% yield, then displacement
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of the bromide with sodium nitrite gave nitroalkane 113 for the NSAE reaction. Global deprotection

of the resulting triester 114 by hydrolysis then yielded tricladic acid C 38, with NMR data in good

agreement with the literature.l

HO
\”H/OH

6

AcOH, H,S0,

PhMe
50%

110

MGOQCK\/\/\/\/OAC
MSOQC
114

2 M NaOH
EtOH
91%

HOOC:Ki\V/«\//\v/\\/OH
HooC

38

AcO
\’H/OH

6

111

NEt,

THF:H,0
30%

PBI'3

DCM
49%

MeO,C

MeO,C

68

AcO
W Br

6

112
OH
NaN02
DMF
0
HO OH 60%

Br AcO
+ N02

113

Scheme 48. Initial synthesis of tricladic acid C 38.

This route however had significant issues. Acetylation of diol 110 gave a mixture of diol, monoacetate

111 and diacetate which required separation. The bromination of 111 with PBr; gave a disappointing

49% vyield. Given the success of the previous route based on alkene nitration, a similar could have

been used, but would still require alcohol protection. Instead, it was decided to instead pursue the

route shown in Scheme 49.
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HO OH
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HO MeO,C 5 NEG MeO,C.__~ OH
NO, |
6 THF:H,0
MeO,C e MeO,C
116 68 117
2 M NaOH
EtOH
90%

HOOC Z OH
HOOCL\/\/\/\/
38
Scheme 49. Revised route to tricladic acid C 38

Monobromination of diol 110 was achieved in 92% vyield by refluxing with HBr(q in toluene, a
significant improvement on the acetylation-bromination procedure previously employed in Scheme
48 (92% vs. a comparable 25% vyield over two steps). Treatment of 115 with sodium nitrite yielded
w-nitroalcohol 116, with which the NSAE reaction was performed to give diester 117 in 24% vyield
over two steps. Whilst this route does not avoid the O vs N-alkylation issues previously experienced
when using the nitrite nucleophile, it gave the desired nitroalkane 116 in 40% yield over two steps,
compared to 15% yield over three steps previously. Synthesis of tricladic acid C was completed by

deprotection of diester 117, to yield the natural product 38.

3.3 Conclusions and Future Work
The tricladic acids are novel fulgenic acid natural products, with anti-fungal and anti-cancer
properties. Further investigations of the natural products have not been possible as low titres are

produced by T. castaneicola, and the culturing of the fungus is not straightforward.™*® Previously,

production of 3.6 mg of tricladic acid A and 7.5 mg of tricladic acid B required 34 days and 72 flasks
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of culture. The total syntheses reported herein have meant 115 mg of (R)-tricladic acid A and 124 mg

of (S)-tricladic acid B were produced in six synthetic steps, in 16% and 22% overall yield respectively.

HO,C
2 H020<\/\/\{\Sy\ HoOC._~ OH
A =
.0 4 1\/\/\/\/
HO,C H
OH 2 oocC
36 37 38
(R)-Tricladic Acid A (S)-Tricladic Acid B Tricladic Acid C

Scheme 50. Natural products synthesised and overall yields

As the tricladic acids can now be accessed in greater quantities, further testing of their biological
activity will be possible. As well as testing the compounds against additional fungal strains and cancer
cell lines, access to single enantiomers through total synthesis means the importance of
stereochemistry on bioactivity can also be assessed. The synthesis of racemic tricladic acids, as well
as a single enantiomers of tricladic acid A and B has been described herein. The opposite
enantiomers could be prepared from the starting epoxides with the opposite stereochemistry, or
alternatively a Mitsunobu reaction could be used to invert the stereochemistry of the alcohol.*4+142!
Unfortunately, the diacid functionality would likely interfere with the Mitsunobu reaction, so a
protection and deprotection step are still necessary (Scheme 51). However, the intermediate 119
could also be used to introduce a variety of functionality to the tricladic acid scaffold, for example

amines and halides.[143-145]

HOZCK\/\/\@/\ H,SO, MeOZCK\/\/\L‘?)/\
OH  weon . OH
HO,C MeOH MeO,C

(5)-37 118
| AcOH
' PPhs
. DIAD
v
HOZCK\/\/\(’%\ 2 M NaOH Meo2c<\/\/\(’%\
OH mom OA
HO,C EtOH MeO,C ¢
(R)-37 119

Scheme 51. Proposed Mitsunobu inversion of (S)-tricladic acid B to (R)-tricladic acid B

The synthetic route devised also means natural product analogues can be synthesised and tested.

Okija and coworkers reported that hydroxylation of the side chains appeared to strongly reduce the
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anti-Phytophthora activity of the tricladolides.3 Therefore, synthesis of analogues of the tricladic
acids with simple alkyl chains may be one way to improve activity, and will also allow direct
comparison of the maleic diene and fulgenic diene moieties, to assess which is more potent. Total
synthesis proceeds via the dimethyl ester, allowing the biological activity of these compounds to be
tested. As has been shown for tricladolide D, these structures reportedly show higher cytotoxicity

against B16 melanoma cells than Paclitaxel, an important chemotherapy drug.*4¢!

Further improvement of the synthetic route may also be p