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Abstract

The first chapter is a general introduction to the thesis. 

It briefly covers the history and background to secondary 

metabolites and their biosynthetic pathways. The polyketide 

and isoprenoid pathways are discussed in some detail as they 

are relevant to the subsequent chapters. The use of stable 

isotopes, in conjunction with n.m.r. spectroscopic analysis, 

in biosynthetic studies is reviewed. Indirect n.m.r. analyses 

are compared and contrasted with direct methods.

Chapter 2 covers the results from stable isotope studies 

on monocerin, a fungal polyketide produced by Drechslera 

ravenelii. The incorporation of [1-1 3C]-, [1 ,2 — 1 3C2] — ,

[1- 1 3C ,2H 3]-, [ 1- 1 3C , 1 80 2 ]-acetates and 1 80 2 into monocerin

was assessed by indirect and direct n.m.r. methods. The 

results allowed proposals for the biosynthetic pathway to 

monocerin to be put forward, and are supported by isolation 

of co metabolites and some chemical evidence. The 13C and 1H 

n.m.r. spectra of monocerin are assigned and the relative 

configuration of monocerin is determined from n.O.e. irradiation 

studies.

The third chapter is concerned with the biosynthesis of 

four meroterpenoid metabolites, austin, andilesin A, andibenin 

B and territonin, and in particular the orsellinate-derived 

portion of the molecules. [1 'tC]- And [13C ,- 1 80]-labelled

3,5-dimethyl orsellinates were synthesised and incorporated 

into the four metabolites. Aspergillus terreus, the culture 

producing territonin, was grown in an 1 8 0 2-enriched atmosphere. 

The labelled metabolites from the stable isotope studies were
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analysed indirectly by 13C n.m.r. spectroscopy. Informa

tion obtained on the origin of the oxygen atoms in the 

metabolites complements the results of other workers. The 

complex structural modifications to the orsellinate-derived 

portion of these metabolites are discussed in the light of 

these experimental conclusions.
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Introduction

1. Secondary Metabolism

Throughout history plant extracts have been used for a 

variety of purposes. Some had beneficial therapeutic 

properties, while others contained poisons and were used for 

hunting and warfare. Chemical research has demonstrated 

that these effects are attributable to the properties of 

specific compounds in the extracts. The compounds are 'secon-
iaary metabolites' of the organism producing them. Secondary 

metabolites may be exclusive to one organism or common to a 

small number of closely-related organisms. They are distinct 

from the 'primary metabolites' which are essential and common 

to all living organisms, such as the sugars and amino acids. 

Although people have exploited the properties of secondary 

metabolites, there is still speculation as to why the producing- 

organisms require them. They may be reserve foodstuffs which 

are mobilised in time of need. Alternatively it may be the 

processes of secondary metabolism that are important, acting 

to remove undesirable intermediates of primary metabolism. 

Another explanation is that secondary metabolites act as 

chemical messengers for interactions between organisms. In 

this way secondary metabolites can increase the competitive

ness of the organism producing them. They may act as a 

defence system; for example, calotropin (1 ), a member of a - 

group of metabolites called the cardenolides, is produced by 

some plant species and is toxic to herbivores. Certain 

insect metabolites, the sex pheromones, are flight arrestants 

and female attractants, which help propogation of the species
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by increasing the likelihood of mating. Monocerin (2), 

a fungal metabolite (see Chapter 2), has insecticidal and 

antifungal properties, and therefore could repel predators 

(insects) and protect the available food supply by repelling 

other fungal species. If secondary metabolites do mediate 

ecological interactions, a lot of research is still required 

to identify the role of other metabolites in these inter

actions .

There is great diversity of structural types in the 

secondary metabolites, and therefore their synthesis and 

structure elucidation has always been a challenge to the 

chemist. More recently research into their biosynthesis has 

revealed details of the precursors and biochemical transforma

tions involved in their metabolism. Secondary metabolites 

can be categorised as products of one or more metabolic path

ways (Figure 1). Polyketides, fatty acids and prostaglandins 

are products of the secondary metabolism of acetate. The fatty 

acids and prostaglandins are not true secondary metabolites, 

for although they are not common to all species they are 

essential compounds to those species which do produce them.

The largest group of metabolites are the isoprenoids, which 

are derived from [3R]-mevalonate, itself derived from acetate. 

Shikimic acid and various amino acids are the starting 

materials for two other major metabolic pathways. Aromatic 

compounds, of the form ArC^, ̂ ^ 2 an<̂  ArC^ , are the products 
of the shikimate pathway, and secondary metabolism of amino 

acids produces the alkaloids and peptide derivatives. Some 

metabolites are derived from more than one metabolic pathway, 

such as the meroterpenoids (see Chapter 3).
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A lot of present day knowledge of secondary metabolism 

has been gleaned from experiments with fungi, as they are 

among the easiest organisms to study. Fungi^ are micro

organisms, belonging to the plant kingdom. There are five 

main categories of true fungi, one of which is Deuteromycotina1 

or 'fungi imperfect!'. Some industrially important fungi, 

such as Penioill'ium species, belong to this category, so 

'fungi imperfecti' have been studied extensively. They have 

the appearance of moulds, and are characterised by having no 

phases of sexual reproduction but instead producing asexual 

spores, called conidiophores, and like most fungi, they are 

filamentous. The filaments, called hyphae, branch and fuse 

together to form the mycelium. Parts of the mycelium can 

become specialised for uptake of nutrients necessary for growth 

or for production of spores. However, what makes the fungi 

particularly easy to study is that the whole mycelial surface 

can absorb nutrients (Figure 2). Fungi are capable of growing 

efficiently on synthetic media, and isolation of metabolites 

is usually relatively easy, as often they are expelled into 

the media. The study of biosynthesis in plants suffers from 

the difficulty of isolating metabolites from plant material 

and an effective method for administration of labelled pre

cursors. Labelled precursors can easily be administered to 

fungi, by addition to the synthetic media. Under artificial 

conditions fungi are grown either in shake or static culture. 

Shake culture encourages aeration and mixing of the mycelium 

with nutrients, with the advantage that growth of the fungus 

is homogeneous. In static cultures (Figure _2) the fungus 

is at various stages in its life cycle, as the mycelium is
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exposed to different conditions. The mycelium, close to 

the nutrients, finds itself starved of air, while the mycelium 

on the upper surface lacks access to nutrients but oxygen is 

abundant. It is important to find the optimum conditions 

for maintaining fungal growth and production of secondary 

metabolites. Shake or static cultures will be more appropriate 

to different species, and likewise other factors such as light 

and temperature must be optimised.

A typical growth curve for fungal culture is shown in 
4Figure 3. After an initial lag phase (a), a period of

exponential growth (b) occurs, as cells are replicating. When

nutrients become exhausted, growth slows down (c) and terminates

(d), and finally the fungus begins to die (e). Secondary 

metabolism does not occur to any great extent during the 

replicatory phase, which is encouraged while nutrients and 

environmental conditions are favourable. If this situation 

changes the fungus must react to ensure its survival. This

can be achieved by spore production and dispersal, or by an

alteration in metabolism to produce secondary metabolites which 

may help the fungus resist the adverse conditions.

Many fungal metabolites are derived from the polyketide 

and/or isoprenoid pathways. These two pathways will now be 

discussed as they are relevant to chapters (2) and (3).

The polyketide pathway
1Polyketides are formed from linear chains of polymerised 

acetyl units, which are still in a highly-oxidised form. If 

the chain is reduced extensively fatty acids and prostaglandins
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are produced. Collie5 first proposed this mode of 

biosynthesis in 1907. His theory was based on in vitro 

experiments, in which he demonstrated the cyclisation of 

poly-3-keto-methylene chains to phenolic compounds, e.g. (3) 

(Scheme 1). In 1953 Birch5 resurrected Collie's 'acetate 

hypothesis'. He examined the biosynthesis of various poly- 

ketide metabolites employing radiolabelling techniques.

For example incorporation of sodium [1 -1 4C] acetate into 6 - 

methyl salicylic acid (4), followed by degradation of the 

metabolite, suggested it was biosynthesised from four acetate
• 4- 7units.

The poly-3-keto-methylene chains are, in fact, formed 

by polymerisation of malonate units plus a starter unit, which 

is usually acetate. Malonate is the product of the carboxy

lation of acetate, a reaction involving the cofactor biotin 

which carries the 'CC^ 1 group (Scheme 2). The acetate and 

malonate precursors are activated by thioester formation with 

coenzyme A(CoA). A multi-enzyme complex binds the acetyl 

and malonyl groups for the stepwise formation of the chain.

The initial step in chain formation is a Claisen condensation 

between the starter acetate and a malonate unit, with concomitant 

decarboxylation of malonate, to form a chain. The chain 

can be extended by further Claisen-type condensations with 

malonate units (Scheme 3). Many common polyketides are 

derived from chains varying between C  ̂ and C^g, and a few are 

formed from a combination of two chains.

The poly-3-keto-methylene chains are very reactive so 

they must be stabilised and protected in some way on the 

enzyme surface. The nature of this stabilisation is still
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unknown, but some theories have been put forward. Hydrogen- 

bonding or metal-chelation between the enzyme and polyketide
g

may be involved. Semi-enolisation of the chain would provide

an ideal conformation for this form of stabilisation (Figure

4). If this was correct, a maximum of one hydrogen, derived

from the acetate precursor, would be retained at the methylene

positions of the chain. However biosynthetic labelling studies

with deuterium have shown that some metabolites, e.g. brefeldin 
9A (5) , retain two deuteriums at methylene positions. Another

form of stabilisation is the hydration of keto-groups which
1 0would deactivate the methylene groups.

There is a variety of oxidation and reduction patterns

in the polyketides, which tends to suggest that any one theory

is unsatisfactory. Recently it has been suggested that

processes analogous to fatty acid biosynthesis may stabilise 
1 1the chain. • Both the fatty acids and the polyketides arise 

from polymerisation of acetyl units. The important difference 

in fatty acid biosynthesis is that the growing chain is fully 

reduced before condensation with another malonyl unit to 

produce saturated chains (6 ). The reduction of the keto 

group is a stepwise process in which it is first reduced to a 

hydroxy group followed by dehydration and finally reduction to 

a methylene group. The poly-g-keto-methylene chains (7) 

formed by following pathway (a), may in fact be reduced to 

varying degrees in an analogous fashion, by involving pathways

(b), (c) and (d), and hence stabilised (Scheme 4).

The primary biochemical transformation on the pathway 

to polyketide metabolites is the cyclisation of the chains 

often to polyhydroxylated aromatic ring systems. Cyclisation
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may be affected by an intramolecular aldol-type or Claisen-

type condensation. The fungal metabolite, orsellinic acid

(8 ), is biosynthesised via an aldol-type condensation (Scheme

5), whereas the biosynthesis of another tetraketide,

phloroacetophenone (9), can be explained by a Claisen-type

condensation (Scheme 6 ). Longer poly-3-keto-methylene chains

may also cyclise to bicvclic or polycyclic ring systems.

Two empirical observations can be made concerning the cyclisa- 
1 2tion process:

(i) the cyclisation almost never occurs to give a shorter 

uncyclised residue from the methyl end of the chain than the 

carboxyl end, and

(ii) acetate oxygen is always retained at the position 

derived from the 3-carbonyl group when the methylene a to the 

terminal carboxyl group takes part in the cyclisation. An 

explanation for this is that the 3-carbonyl group is necessary 

to stabilise the anion at the a-methylene.

There are many diverse structures among the metabolites of 

the polyketide pathway. The skeletal type will depend on the 

number of acetate units in the chain, the starter unit and 

the mechanism of cyclisation. A few skeletal types are 

common such as the anthraquinones (e.g. helminthosporin (1 0 )), 

arising from an octaketide chain, and the isocoumarins (e.g. 

mellein (11)), from a pentaketide chain. Only a limited number 

of skeletal types are produced by any one species. The limiting 

factor is likely to be the number of enzymes available to fix 

the conformation of the polyketide chain for cyclisation.

However, the diversity in structures is due to secondary 

modifications of the chain. These secondary processes are
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mediated by relatively non-specific enzymes, leading to a
1 3'metabolic grid'. A diagrammatic representation of a

simple metabolic grid is shown in Figure 5. The enzymes xx', 

x'x", ab and be catalyse different transformations. Each 

enzyme is capable of transforming a variety of substrates, 

for example xx' can convert A,B and C to A', B' and C' 

respectively. Therefore there are six different routes from 

A to C'! but due to the likely difference in reaction rates 

some routes may be more important than others.

Some common secondary transformations are oxidation,

reduction, methylation, prenylation, ring cleavage and phenolic
1 4coupling (Figure 6 ). They can occur pre- or post-aromati-

sation, or even as the chain is being extended. Information 

on the timing of these transformations has been gleaned from 

incorporation studies of labelled precursors, isolation of 

parent compounds, and studies on mutant organisms. If the 

mutation blocks an enzyme required for the biosynthesis of the 

metabolite, intermediates up to this point will be isolated, but 

not the metabolite itself. From the results of such experi

ments, certain generalisations can be made.

(i) C-oxidation occurs post-aromatisation and is mediated 

by mono- or di-oxygenase enzymes. Mono-oxygenases catalyse 

reactions such as epoxidations and hydroxylations, and di

oxygenases catalyse ring-cleavage reactions.

(ii) Reduction tends to occur at a pre-aromatisation 

stage and may proceed in a manner analogous to fatty acid 

biosynthesis, but with reduction stopping at any step.

(iii) Common alkylation reactions are methylation and 

prenylation. C-methylation often occurs before aromatisation
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or as the chain is being extended. The electrophilic methyl

group is donated by S-adenosyl methionine. The mechanism

for C-prenylation is also electrophilic, but it apparently

occurs post-aromatisation. O-methylation is a process

occurring late in biosynthesis.

(iv) There are some polyketide metabolites which are

derived from two poly-3-keto-methylene chains. One way in

which they can be linked together is by phenolic coupling.

Intramolecular phenolic coupling is suggested to account for
1 5the biosynthesis of griseofulvin (12) (Scheme 7).

It now seems that some of the secondary transformations 

cannot be seen as distinct from the chain assembly processes 

as was originally believed.

The isoprenoid pathway

There is an abundance of secondary metabolites in nature,
1which are products of the isoprenoid pathway. Their general

availability meant that a lot of empirical work was carried

out on them. Pyrolysis of some metabolites yielded

2-methylbuta-1 ,3-d'iene. This result led to the formulation
1 6of the 1isoprene rule', which stated that the isoprene unit

was the basic building block for these metabolites. The true

biological precursor was later identified as mevalonate (13),

when it was discovered that mevalonic acid could support the
1 7growth of an acetate-requiring mutant strain of bacteria.

In radiolabelling experiments the 3-(R)-enantiomer of

mevalonic acid was shown to be incorporated into isoprenoid
18 19metabolites, such as cholesterol ' , with loss of carbon

dioxiae.- Mevalonic acid, itself, is derived from acetate
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(Scheme 8 ). Claisen condensation between two acetyl-SCoA 

units leads to acetoacetyl-SCoA (14), which can undergo an 

aldol condensation with a third acetate unit to form 3- 

hydroxy-3-methyl-glutary1-SCoA (15). Reduction of the 

thioester to an alcohol proceeds via a hemithioacetal to 

mevalonic acid (13). Mevalonic acid is then phosphorylated, 

decarboxylated and dehydrated to isopentenyl-pyrophosphate 

(16), the activated building block. The resulting labelling 

pattern in mevalonic acid from C-1 and C-2 labelled acetate 

incorporation studies is also shown in Scheme 8 . Isopentenyl- 

pyrophosphate (IPP) is readily isomerised to dimethyl-alJyl- 

pyrophosphate (DMAPP) (17). This is a reversible reaction 

but with the equilibrium tending towards DMAPP in many 

organisms. Due to the stereospecificity of reactions and 

the holding conformation on the enzyme surface the two methyl 

groups in DMAPPdo not become equivalent. IPP and DMAPP are 

the biosynthetic equivalents of the 1isoprene unit1. It is 

the linking between IPP and DMAPP molecules, which is the key 

step in the biosynthesis of isoprenoid metabolites. Alkyla- 

tion of IPP by DMAPP in a head-to-tail fashion, with loss of 

a pyrophosphate group produces a C^q compound, geranyl 

pyrophosphate (18) (Scheme 9). Geranyl pyrophosphate and 

its isomer, neryl pyrophosphate (19) are the precursors to the 

monoterpenes, the metabolites. The mechanism of this

reaction could be either S^1 or 3^2. If the process is SN2 

the reaction is likely to proceed via two anti-processes 

involving a nucleophilic species (X) possibly enzyme bound. 

However there is a lot of evidence for an SN 1 mechanism 

involving carbonium intermediates. Neryl pyrophosphate,
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with ois stereochemistry, can be considered to be formed

from isomerisation of geranyl pyrophosphate or directly from
20IPP and DMAPP by a different mode of coupling . There is 

a diverse range of structural types in the monoterpenes.

The acyclic compounds, such as citral (20), are derived from 

geranyl pyrophosphate or neryl pyrophosphate, but the cyclic 

compounds arise from neryl pyrophosphate only. For example 

the biosyntheses of a-pinene (21), terpin-4-ol (22), and 

fenchone (23) from neryl pyrophosphate are outlined in Scheme

10. Formation of mono- and bicyclic metabolites from neryl 

pyrophosphate can be rationalised by mechanisms analogous to 

in vitro Wagner-Meerwein and hydride shift rearrangements.

In vivo, the incipient carbonium ions are probably stabilised 

by pyrophosphate or S-enzyme linkages. The range of compounds 

is increased by common modifications to the rearranged carbon 

skeletons such as hydroxylation and oxidation. The iridoids, 

e.g. logan in  (24) , are a group of monoterpenes, arising from 

complex structural rearrangements and are highly oxidised to 

the extent it is difficult to recognise the original neryl 

pyrophosphate skeleton (Scheme 11).

The C ^ s e r i e s  of metabolites is derived from farnesyl 

pyrophosphate, resulting from the coupling of geranyl 

pyrophosphate and IPP. There are a great number of 

metabolites, the sesquiterpenes. Only a few of them are 

acyclic and are formed from the 2E,6E-isomer of farnesyl 

pyrophosphate (25). The majority of the sesquiterpenes are 

mono-, bi- or polycyclic compounds derived from either 2E,

6E- (25) or 2Z,6E- (26) isomers of farnesyl pyrophosphate. 

Isomerisation may occur after the chain has formed, in an
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analogous manner to geranyl pyrophosphate-neryl pyrophos

phate isomérisation or due to different modes of coupling
20between geranyl pyrophosphate and IPP . Structural varia

tions in these metabolites are diverse - there are simple 

hydrocarbons, such as humulene (27), and highly oxidised and 

modified compounds such as trichothecin (28). There are 

also metabolites which are only partially derived from 

farnesyl pyrophosphate, such as the meroterpenoids (see 

Chapter 3).

The higher series of isoprenoid metabolites are the 

diterpenes (C2 q), sesterpenes ^25^' ^riterpenes (C3 o^' an<̂  
tetraterpenes (C^). The longer chains are constructed from 

further addition of IPP units, except in the tri- and tetra

terpenes different coupling mechanisms are operating. There 

are few isoprenoid metabolites derived from a single C,- unit 

but there are many compounds, hemiterpenes, arising from 

alkylation of other metabolites by DMAPP.



2. The Use of Stable Isotopes in Biosynthetic Experiments

There are several techniques available for studying the 

biosynthesis of secondary metabolites, each with their own 

advantages and disadvantages. Some methods interfere strongly 

with the natural system, such as specifically inhibiting 

enzymes with chemical inhibitors or by mutation. Biosynthetic 

information can be obtained by isolation of intermediates on a 

pathway up to the point of inhibition. Due to the non

specificity of enzymes in secondary metabolism the results may 

be confusing, as several reactions may be blocked by inhibition 

of one enzyme, so the block may appear to be occurring earlier 

in the biosynthetic pathway. Or the intermediates may be 

substrates for other enzymes and new modified metabolites 

isolated.

The biosynthetic chemist employs the use of isotopically 

labelled precursors, which are administered to the organism 

in vivo, and after metabolism the desired metabolite isolated 

and studied. This method causes little perturbation of the 

system. However sometimes it is impractical to use labelled 

compounds in whole cells, for they may be unable to reach the 

site of metabolism. This can be a particular problem with 

advanced precursors, which may not be able to cross the cell 

membrane. Most of the information on secondary metabolism 

has been gleaned from whole cell studies but cell-free studies 

are important to complement this work.

Radiolabels were the first isotopes used in biosynthetic 

experiments on whole cells. A great advantage of using llfC 

and 3K labelled compounds was that small quantities were easily

1 3
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detected by radiochemical counting. Incorporation of

radio labelled precursors into metabolites could be assessed,

but not the specificity of labelling. It was essential to

determine the specificity of labelling to check the labelled

compound had not been incorporated after metabolism to a true

precursor. This was done by tedious degradations of the

metabolites. Despite this laborious task radiolabelling

experiments made valuable contributions to biosynthetic

knowledge. For example Birch confirmed the 'acetate hypothesis'
2 1after degradation of some 1 1*C-labelled polyketides.

Stable isotopes have now largely superseded radiolabels 

in biosynthetic studies in microorganisms. They have the 

advantage of being detectable by the non-invasive methods of 

mass spectrometry and n.m.r. spectroscopy. However, despite 

the increasing sophistication of mass spectrometry and n.m.r. 

the detection of stable isotopes is less sensitive than for 

radiolabels. Stable isotopes are often more expensive than 

radiolabels and therefore radiolabelling studies are carried 

our prior to using stable isotopes to check for efficient 

incorporation. Determining the fate of isotopically labelled 

precursors by mass spectrometry can be difficult. It is 

often necessary to make specifically labelled compounds for 

comparison, and even to resort to chemical degradations.

N.m.r. spectroscopy is a better method of detection as 

specificity of labelling can be ascertained directly from 

spectral data.

To exhibit the n.m.r. phenomenon the isotopes must have 

a nuclear spin (I) greater than zero. Most elements have 

isotopes which, in theory, are detectable by n.m.r. techniques,



but in practice, the n.m.r. spectra of only a few isotopes 

were obtained until the advent of Fourier transform (F.T.) 

spectroscopy made many isotopes more accessible. However 

low natural abundance, low sensitivity and extensive line 

broadening has meant some isotopes are still inaccessible by 

n.m.r. spectroscopy. The common isotopes employed in bio

synthetic studies are 1 3C, 2H, 1 5N, 170 and 1 80. All these 

isotopes, except 1 8 0 , have nuclear spins greater than zero 

and therefore are detectable directly by n.m.r. The 180 

isotope (1 =0 ) can be detected only by indirect methods.

Direct n.m.r. methods

The 13C isotope is the one most commonly used in bio

synthetic studies. It has a nuclear spin, I=i, a wide range
22of chemical shifts and a natural abundance of 1.1% . Prior

to any labelling studies the natural abundance 13C n.m.r. 

spectrum of the metabolite must be assigned. Availability 

of chemical shift data and standard techniques of proton 

decoupling are often sufficient for assignment of spectra, but 

if necessary recourse to pulse sequence and nuclear Overhauser 

effect techniques can be made. Due to the relatively high 

natural abundance of the 13C isotope, its spectra are readily 

accessible. However in labelling experiments this means that 

dilutions of the labelled precursor into the metabolite must 

be less than 100-fold. This is so that the enriched signals, 

due to carbons arising from labelled precursors, can be dis

tinguished unambiguously from any natural abundance signals, 

due to carbons from other sources.

Singly and doubly labelled precursors have been used

1 5
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extensively in the study of biosynthesis . The head-to-

tail linkage of acetate units, in the polyketides, and

mevalonic acid, in the isoprenoids, was ascertained by

incorporation of singly-labelled precursors. The labelling

pattern resulting from incorporation of [1—1 3C]— and [2— 1 3C]—
24acetate into asparvenone (29), a hexaketide metabolite, is

shown in Scheme 12. Doubly-labelled precursors are of greater

experimental value. The intact incorporation of [1 ,2 -l3C2 l

acetate units into metabolites can be identified from 1 3C-13C

coupling data. Any loss or gain of carbon atoms due to

biochemical transformations will be readily noticed by lack

of coupling between carbons. Lack of coupling could be

attributed to intra-acetate bond cleavage on the biosynthetic

pathway. Loss of coupling is observed in the cvclopentenol 
25metabolite (30) due to decarboxylation and ring contraction

(Scheme 13). Addition of carbon from other sources will be

obvious because the signals will not show any enrichment.

The fate of precursor hydrogens can be studied by following
2 6deuterium or tritium labels, directly by n.m.r. spectroscopy 

3H n.m.r. is very sensitive but the isotope's negligible 

natural abundance and its radioactive properties restricts its 

use. An increase in the sensitivity of n.m.r. detection 

would make 3H n.m.r. a more viable technique. Deuterium 

labelling has been more successfully employed in biosynthesis. 

Deuterium, with its low natural abundance (0.016%), allows 

signal enrichments to be detected despite quite high dilution 

of the label. Assignments of 2H n.m.r. signals can be made 

by direct comparison with 1H n.m.r. data. 2H n.m.r. has been 

successfully applied in determining retention of deuterium in

23
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2 7polyketides, derived from [2-2H3 ]acetate, such as griseofulvin

(12). Due to dilution of the label by exchange during bio

synthesis, integration of the signals to assess the number of 

deuteriums retained at any one position must be done cautiously. 

If diastereotopic positions'are resolvable 2H n.m.r. is a 

useful technique to assess any stereospecificity of reduction 

processes. Deuterium has a nuclear spin 1=1, and quadrupole 

relaxation mechanisms cause broadening of the signals. Line 

broadening means the spectra may be crowded and signals poorly 

resolved. The disadvantages of 2H n.m.r. are overcome by 

indirect n.m.r. methods (see below).

1SN and 170 n.m.r. spectroscopy have been used less 

frequently in biosynthetic studies. 15N n.m.r. is not relevant 

to research into the polyketide and isoprenoid pathways, but 

170 n.m.r. is potentially useful. However the 170 isotope 

has a spin value of 1=5/2 and therefore suffers from additional 

relaxation processes which broaden the n.m.r. signals. Also 

expense of labelled precursors and lack of data for spectral

assignments limit the use of this isotope. Incorporation of
2 8

1 70-labelled acetate into citrinin (31) has been carried 

out. Analysis by 170 n.m.r. revealed that three oxygens of 

the metabolite were labelled, but lack of data meant only a 

tentative assignment for these signals was possible. Assessing 

the retention of 1 8 0 isotopes by indirect analysis of the 

13C n.m.r. spectrum overcomes these problems (see below).

Indirect n.m.r. methods

The isotope effect on n.m.r. signals was predicted in
2 91952 , but it was several years before the effects were
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observed. Deuterium isotope effects on 19F n.m.r. and 1H

n.m.r. were first reported in the late 1950s"^'^\ and since

then there have been many more examples cited. The 2H- and

1 80-isotope effects on 13C n.m.r. signals are particularly

relevant to polyketide and isoprenoid biosynthetic studies.
3 2In 1967 the first 2H effect on 13C spectra was reported

An isotope shift of -0.28 p.p.m. was observed for the carbonyl

signal of [2-1 3C ,2H S]acetone. In this case the isotopes were

placed 8 to the reporter nucleus. In biosynthetic studies

precursors with 2H placed either a or 8 to the 13C isotope

have been used. If the 1 3C-2H or 1 3C-C-2H bonds remain intact

throughout the biosynthesis of the metabolite, the 13C resonance

will show a shifted signal. In general a shifted signal is

upfield from the unshifted signal, and the shifts are additive., 26The a- H-shifts have a magnitude between 0.3 and 0.6 p.p.m., 

and are much larger than 8-shifts. However the a-shifts are 

complicated by 1 3C-2H coupling, which also reduces the intensity 

of the shifted signals. A 13C nucleus coupled to one 

deuterium is split into three equivalent signals. If two or 

three deuteriums are attached to the 13C nucleus, the multipli

city increases and the signals are shifted further upfield.

A - 1 3C 2H2- group appears as a quintet (1:2:3:2:1) centred 

0 .6- 1 . 2  p.p.m. upfield from the unshifted signal, and a 

—13 C2H 3 group appears as a septet (1 : 3 : 6 : 7 : 6 : 3 : 1) and is 

shifted 0.9-1 . 8 p.p.m. (Figure 7). Due to endogenous dilution 

of deuteriums, a methyl group may be partially deuterated and 

the resulting signals would be complex due to overlap of

signals from -CH3 ,-CH2 2H, -CH2H 2 and -C2H 3 labelled species, 
de

Deuterium /(coupling will .simplify the spectrum for interpretation,
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but this facility is not widely available on n.m.r.

instruments. Several biosynthetic studies have employed

the a--2H-isotope shift for checking incorporation of

[2-1 3C,2-2H 3]acetate into polyketides such as terrein (32)
3 3from Aspergillus terreus . Up to three deuteriums were 

retained at the position confirming that this methyl group 

was derived from the starter acetate unit. Deuterium was 

also retained at the Cg and Cg position. Due to overlap of 

these two 13C signals, deuterium n.m.r. was necessary to 

check that retention of deuterium occurred at both sites 

(Scheme 14).

The intensities of a-isotopically shifted signals are

also reduced because of poor relaxation processes and the

loss of nuclear Overhauser effect (n.O.e.). These problems

are avoided when the 2H label is placed B to the 13C reporter 
34nucleus . An upfield shifted signal is observed, which is

not complicated by coupling, as 1 3C-2H coupling is negligible

over two bonds. The shift is much smaller (0.04-0.1 p.p.m.)

and therefore is difficult to resolve except with high field

spectrometers. The magnitude of the shifts is related to

the structure of the molecule, and may even exhibit some
35angular dependence . Also the shifts are additive. Due 

to endogenous dilution of deuterium there will be a 13C 

unshifted signal and shifted signals for varying degrees of 

deuterium substitution up to the maximum. Therefore the 

number of deuteriums retained at any one position can be 

determined by the number of shifted signals observed (Figure 

8) .
The B-2H-isotope shift method was first applied in
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biosynthesis to study the metabolite, 6-methylsalicylic 
34 'acid ( 4 ) . The connectivity pattern arising is shown

in Scheme 15. Sharp shifted signals were observed at C-2,

C— and a broad shifted signal at C-6. C-7 is likely to

be bonded to up to three deuteriums, but the shifts corres

ponding to —CH2 2H , -CH2H 2 and -C2H 3 were not resolved. The 

(3-2H--isotope method is beginning to have widespread applica

tions in biosynthetic experiments. Not only does it convey 

information on precursor derived hydrogens but it can be used 

as an alternative to [1,2-1 3C2]acetate studies to check for 

intact acetate incorporation. It should be noted that the

3-isotope method does have its limitations and the a-isotope 

method and 2H n.m.r. may be necessary to complement it. At 

the present time, 2H n.m.r. is the best method for discrimina

ting between diastereotopic positions. The [1- 1 3C]-labelled 

carbon of [1 - 1 3C ,2H 3]acetate may be lost during biosynthesis 

so any retention of 2H from this acetate molecule would not be 

registered on the 13C n.m.r. spectrum.

The observation of a- 1 80-isotope shifts of 13C n.m.r.

signals does not suffer from any coupling problems, because

the 180 isotope has a spin, 1=0. The a-180 shift was first
3 6reported in 1979 by Van Etten and Risley , and quickly incor

porated into the repertoire of labelling methods in biosynthesis. 

Sodium [1- 1 3C ,1 80 2]acetate is a valuable precursor for assessing 

which oxygen atoms in polvketides are acetate derived. The 

origin of oxygen atoms resulting from oxidation processes or 

hydrolysis, can be determined by carrying out fermentations 

of the microorganisms in the presence of ls0 2 gas or [1 8 0 ] — 

labelled water.
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The size of a single a-180 shift varies in magnitude

from ca.0 . 0 1 to 0.06 p.p.m., and is usually an upfield shift.

From experimental studies on specifically (13C ,180)-labelled
3 7 3 8compounds several empirical observations can be made '

There seems to be no simple correlation between the size of 

the isotope effect and the carbon-oxygen bond length. However 

within a given functional group or among closely-related 

functional groups, there is an approximate correlation between 

C—0 bond length and isotope effect. The isotope shifts for 

those functional groups which form single bonds to oxygen 

decrease with shorter bond lengths. In general, singly-bonded 

oxygens exhibit smaller effects (ca.0.01 to 0.035 p.p.m.) than 

doubly-bonded oxygens (ca.0.025 to 0.06 p.p.m.). The structure 

of the whole molecule can affect the size of shifts. For 

example it has been found that conjugation with a tt system, 

such as a phenyl ring, lowers the isotope effect. From these 

studies the factors that influence the size of shifts can be 

summarised as follows:

(i) the structure of the oxygen-containing group,

(ii) the hybridization of the oxygen-bearing carbon, and

(iii) the structure of the molecule, bonded to the oxygen- 

bearing carbon atom.

The relative sizes of shifts in carbonyl compounds follow 

the trend:

ketones > aldehydes > esters > amides 

and for alcohols:

tertiary > secondary > primary > phenols.

As in the case of 2H shifts there is a direct additivity of
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shift magnitudes if the 13C reporter nucleus is multiply 

substituted by 1 8 0 .

Averufin (3-3) , isolated from Aspergillus parisiticus,

was the first secondary metabolite to be studied with [1 8 0 ]-
39labelled compounds . After incorporation of sodium

[1 - 1 3C ,1 8 0 2]acetate into averufin, shifted signals were

observed corresponding to all oxygen atoms except the C-10

carbonyl. The shifts were observed relative to the unshifted

13C signal, present due to natural abundance 13C of the

unlabelled metabolite and endogenous dilution of the 1 8 0 label

in labelled averufin. From a fermentation of Aspergillus

parisitiaus in an [1 8O 2]-enriched atmosphere, the oxygen at

C-10 was shown to be derived from the atmosphere. The

positions of the three oxygens retained during the biosynthesis
2 8of citrinin (31) were resolved by a [1 3C ,1 8O 2]acetate 

-incorporation study. Three shifted signals were observed on 

the 13C n.m.r. spectrum of citrinin and could be assigned to 

C-3, C - 6 and C-8 .

Most of the labelling studies referred to above have 

involved incorporation of labelled sodium acetates into poly- 

ketides. There is a limit to the biochemical information 

available from acetate studies, and eventually recourse to 

advanced precursors, specifically labelled is necessary to 

probe deeper into biosynthetic mechanisms. Tailor-made 

syntheses are necessary to make appropriately labelled pre

cursors for use with indirect n.m.r. analyses, as traditional 

syntheses may not be suitable. The high cost of stable 

isotopes means yields must be optimised and there should be 

little or no dilution of the labels during the synthetic 

procedures.
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Introduction

The fungal metabolite, monocerin (1), was first reported

in the literature in 1970 by Aldridge and Turner, when it was

isolated from Relminthosporium monooeras. Culture filtrates

from fermentations of this fungus have been shown to protect

wheat against powdery mildew, and monocerin has been identified

as the active principle. The structure of monocerin was

elucidated by chemical methods and from spectral data. Three

structurally similar metabolites were also isolated from

Helminthosporium monocevas. They were monocerolide (2),

monocerone (3), and hydroxymonocerin (4). In 1979 Grove and

Pople identified monocerin in two fungal cultures classified
2as Fusarium larvarum , along with a group of related metabolites, 

the fusarentin ethers (5-7) and 4-d-demethylmonocerin (8 ). 

Fusarium larvarum is a pathogenic fungus of insects and 

monocerin is one of the secondary metabolites responsible 

for the' insecticidal activity of the culture broths. In 

1982, while studying the biosynthesis of ravenelin (9), a 

fungal metabolite of Drechslera ravenelii, Bardshiri^, 

isolated a co-metabolite, which was identified as monocerin 

from n.m.r., infra-red, and mass spectral data. Monocerin
4has also been isolated from Readeriella mirabilis .



Absolute stereochemistry of monocerin

Although the structure of monocerin had been elucidated,

the absolute stereochemistry of the three chiral centres in

the molecule had not been rigorously assigned. Turner and 
1Aldridge suggested that, due to the size of the coupling

constant (3Hz) between H - 8 and H-9, the tetrahydrofuran ring

of monocerin was ais-fused to the benzopyrone ring system.
2Grove and Pople speculated on the absolute stereochemistry 

of monocerin. Circular dichroism (C.D.) measurements of the 

fusarentin ethers showed that the configuration at C-9 was 

(S). On hydrogenolysis of monocerin, fusarentin 4,5-dimethyl 

ether (6 ) was isolated. So, assuming retention of configura

tion on hydrogenolysis, C-9 of monocerin was assigned the 

(R)-configuration. C - 8 was also assigned the (R)-configura

tion as a cis-linkage at the fusion of the rings was accepted. 

An (S)-configuration for C — 11 was suggested in accord with 

coupling constant data in the tetrahydrofuran ring, but this 

could not be considered conclusive evidence. It is possible 

that Grove and Pople isolated a different diastereoisomer of

monocerin, from Turner and Aldridge. Their value for the
2 0specific rotation of monocerin was [ ot ] D = +28° (in methanol)

compared with [ ot ] D = +53° (c = 0.85, in methanol) , obtained

by Turner and Aldridge. Monocerin, isolated from Drechslera
2 0ravenelii had a specific rotation [ot] ̂  = +55° (c = 0.85 in

methanol), which is in good agreement with the value of Turner 

and Aldridge.

The relative configuration of C-8 , C-9, and C-11 was 

decided by a series of n.Q*e. irradiation experiments5.
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Figure 2: Coupling constant data from 1H n.m.r. spectrum
of monocerin

TABLE 1: 1H n.m.r. spectral assignments for monocerin (1)

5 (ppm) Multiplicity Assignment

0 . 8 t 14-methyl
1 . 3 m 13-methylene
1 .5 1 2 -methylene
1 .7 m '
2 . 1 ddd H-10a or 6

2.5 ddd H-10a or 8

3.8 s O-methyl
3 . 9 s O-methyl
4 . 1 m H-1 1
4.5 d H - 8

5.0 ddd H-9
6 . 6 s H- 6

1 1 . 2 s hydroxyl





First of all the 1H n.m.r. spectrum of monocerin had to be

assigned. The 360.13MHz 1H n.m.r. spectrum (Figure 1) was

determined and most signals assigned with regard to chemical 
5shift data , signal multiplicity and selective decoupling 

experiments. The assignments are shown in Table 1.

Multiplets for the diastereotopic hydrogens of the C-10 and 

C-12 methylene groups could be resolved but not assigned, with 

the available data. The absolute assignments of the two 

methoxy groups was not possible either. However the affects 

of selective proton irradiations on 13C resonances allowed 

assignment of the XH resonances for the two methoxy groups 

and from the n.O.e. irradiation experiments the two diastereo

topic protons at C-10 were assigned (see later).

The coupling constant data is shown in Figure 2. The 

multiplicities of some of the signals were too complex to 

obtain coupling constant data, even with the aid of selective 

decoupling.

A series of specific proton-frequency irradiations were 

carried out and the spectra analysed for any n.O.e. effects 

on the unirradiated proton signals. Figure 3 shows the 

series of difference n.O.e. spectra obtained. Irradiating 

the signal at 2.5 p.p.m., corresponding to one of the C-10 

diastereotopic hydrogens, caused enhancement of signals at 

H-8 , H-9 and H-11, whereas irradiation at the other diastereo

topic position produced no significant n.0 -e. on these three 

protons. Positive effects were observed for H-9 and H-11 on 

irradiation at the frequency corresponding to H-8 . Irradia

tion of H-11 enhanced the signals for H - 8 and the signal at

2.5 p.p.m., and irradiation at H-9 enhanced the signals for
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H - 8 and the same diastereotopic hydrogen. From these

results the protons H-8 , H-9, H-11 and the diastereotopic

hydrogen resonating at 2.5 p.p.m. must be in close spatial

proximity, and therefore on the same face of the molecule.

Assuming that the configuration at C-9 is (R) from the C.D.,
2evidence put forward by Grove and Pople, the absolute 

stereochemistry of monocerin is 8 (R), 9 (R) and 11(S). The 

n.O.e. difference' studies also allowed the assignment of the 

signals at 2.1 and 2.5 p.p.m. to protons 106 and 10a respec

tively. The absolute configuration of monocerin (1) is 

shown in Figure 4.

Biosynthesis of monocerin

No biosynthetic studies had been reported for monocerin, 

but analysis of its structure did suggest a polyketide origin. 

Monocerin is a particularly interesting polyketide metabolite 

to study because of its unusual fused furobenzopyrone ring 

system and its highly reduced side chain. It is known that 

fatty acid biosynthesis proceeds with full reduction of the 

6-keto function prior to chain extension^. The propyl moiety 

in monocerin suggested that a similar mechanism was occurring 

during monocerin biosynthesis.

A priori certain proposals can be put forward for bio

synthetic mechanisms to monocerin. The first steps in the 

biosynthesis can be predicted with some certainty (Scheme 1). 

The metabolite is likely to be formed from six malonyl units 

and one starter acetate to form a chain which undergoes an

aldol^type condensation between C-2 and C-7 of the chain.



(E)

(1

(10)

Scheme 2 (continued)



( 1)

(1 )

(1)

Scheme 2
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On dehydration and enolisation the aromatic ring of

monocerin is formed. It was uncertain when and how the fused

5-lactone-tetrahydrofuran ring occurs and when oxidation occurs 

at the C-4 position. Various mechanisms were suggested and 

are shown in Scheme 2. The formation of the 6-lactone can 

occur in one of two ways. In mechanisms (C), (D) and (E),

lactonisation occurs by esterification between the enzyme- 

bound thioester at C-1 and an hydroxyl group at C-9. In 

mechanisms (A) and (B) the free acid at C-1 attacks C-9 to 

form the lactone. This type of mechanism requires prior 

oxidation at C-9 e.g. formation of an epoxide (mechanism A) 

or a double bond (mechanism B). The formation of the tetra- 

hydrofuran ring is more difficult to rationalise. The forma

tion of the ring in mechanisms (B) (route b), (C) and (D) is

effected by nucleophilic attack on C-8 , (oxidised in some way)

by an hydroxyl 'at C-11. Alternatively nucleophilic attack 

on C-11 by an hydroxyl at C-8 , as in mechanisms (A) and (B) 

(route a). In mechanism (E) a quinone methide (10) inter

mediate is suggested. This mechanism requires oxidation at 

C-4 and at C-9 prior to formation of the tetrahydrofuran 

ring. Depending on the biosynthetic mechanism the two rings 

may form separately or by a stepwise process.

The proposed mechanisms all require different oxidation 

patterns on the heptaketide chain for their operation.

Therefore labelling experiments with 2H and 180 isotopes 

could potentially distinguish which mechanisms are viable.

First it is essential to establish that monocerin is indeed 

of polyketide origin. This was done by checking for incor

poration of singly and doubly [A3C]-labelled acetates into the 

metabolite.
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Assignment of 13C n.m.r. spectrum of monocerin

Before these proposed incorporation studies could be 

undertaken it was necessary to assign the 13C n.m.r. spectrum 

of monocerin. Fully decoupled (Figure 5), proton coupled
7and DEPT (Distortionless Enhancement by Polarization Transfer) 

(Figure 6 ) 13C n.m.r. spectra were determined for monocerin.

The pulse sequence used to produce a DEPT spectrum separates 

the primary, secondary and tertiary carbons. The facility to 

produce DEPT spectra replaces the need for single frequency 

off-resonance decoupled spectra (s.f.o .r .d .) , in which only 

one bond carbon-hydrogen couplings are retained. From chemical 

shift data and the multiplicities of the signals, some of the 

13C resonances could be assigned with reasonable assurance.

To confirm these assignments and to rigorously assign 

the three methine positions C-8 , C-9 and C—11, and the two 

methylene positions, C-10 and C-12, selective proton irradia

tions were carried out, on the fully 1H coupled spectrum.

On the basis of chemical shift data alone the resonance at

167.6 p.p.m. can be attributed to C-1. The resonance at

104.4 p.p.m. has a multiplicity corresponding to a doublet of

doublets with 1J^TT = 162Hz and 3J = 4Hz. Only one aromaticCH CH
carbon is bonded directly to a hydrogen and therefore this 

signal can be assigned to C-6 . Coupling between C - 6 and 

H- 8 accounts for the 4Hz coupling, as on irradiation at the 

H - 8 resonance the doublet of doublets collapsed to a doublet.

The signal at 156.0 p.p.m. is a doublet with a small coupling 

constant of 5Hz. On 2H 20 shake this signal collapsed to a 

singlet and therefore can be assigned to C-3. In the presence
« +  I O l . 9  p .p .m

of 2H20 the doublet of triplets/,collapsed to a doublet of
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doublets. On irradiation at the aromatic proton the 

multiplicity was further simplified to a doublet (J._ =5Hz) ,Cii
and similarly on irradiation at H - 8 the signal became a

doublet (J_ =8Hz). This resonance must be due to C-2, whichLrl
is showing three-bond coupling to the aromatic proton, H- 8  

and the hydroxyl proton (Jnn=5Hz). From the multiplicitiesL-hL
of the signals at 137.2 p.p.m. and 158.5 p.p.m., these reson

ances must be due to the carbons attached to the two methoxy 

groups. Irradiation of the aromatic proton resonance simpli

fied the multiplet at 137.2 p.p.m. to a quartet with a coupling 

of 3Hz. When the methoxy proton resonance at 3.85 p.p.m. 

was irradiated the signal was simplified to a doublet with

J,., =6Hz. Irradiation at the proton resonance (3.91 p.p.m.) of Ln
the other methoxy group, simplified the signal at 158.5 p.p.m.

to a doublet (J^ =3Hz). On irradiation of the aromatic protonLri
the signal became a quartet (J = 4Hz).. On the basis of chemical 

shift data the resonances 137.2 and 158.5 p.p.m. can be 

assigned to C-4 and C-5 respectively. From the difference 

in sizes of coupling between the resonances at 158.5 and 137.2 

p.p.m. and the aromatic proton, 3 and 6Hz respectively, the 

larger must be due to a three-bond coupling therefore 137.2 

p.p.m. must correspond to C-4. The resonance, 131.1 p.p.m., 

can be assigned to C-7, by elimination. In addition irradia

tion at H - 8 collapsed the signal to be singlet, therefore the 

coupling of 6Hz, is attributed to a two-bond coupling to H-8 . 

The resonance at 74.2 p.p.m. is a doublet of quartets 

(1Jr-,rr =147Hz, and = 4Hz) . This signal must be due toLn L*ri
one of the methine carbons. On irradiation at the aromatic



Figure 7 : Diagrammatic representation of C-10 resonance

Figure 8 ; Diagrammatic representation of C-10 resonance 
on irradiation of H-10a resonance

Figure 9: Diagrammatic representation of C-10 resonance
on irradiation of H-10B resonance

Figure 10: Diagrammatic representation of coupling
between C-10 and H-10a and H-10B
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proton, H-9 and H-103 in turn the quartets collapse to 

triplets = 4Hz) . Therefore this resonance can beUrl
assigned to C-8 . The signal at 81.1 p.p.m. is a doublet 

of doublets of doublets (1 J^1L7 = 159Hz, = 6 , and 4Hz) .C i i  L-n.
Irradiation at one of the H-12 protons had no effect on the

signal, but irradiation at H - 8 collapsed the signal to a

doublet = 6Hz). Irradiation at H-10B had little effectC_n
on the signal. This resonance is most likely to be due to 

C-9. The other methine resonance, at 78.4 p.p.m. (ljCH = 

147Hz), can therefore be assigned to C-11. This resonance 

is a doublet (1JotT = 147Hz) which is further split intoU ri
multiplets. Irradiation at H-8 , H-10 and H-12 resonances 

had little effect on the complexity of the multiplets.

The two methylene signals due to C-10 and C-12 need to be 

distinguished. Irradiation at H-13 had no effect on the 

signal at 38.9 p.p.m. but sharpened the multiplets at 37.8 

p.p.m. Irradiation at H-10a and H-10B also simplified the 

multiplets at this resonance. Therefore the signal at

37.8 p.p.m. is most likely to be C-12. The other methylene 

resonance can be positively assigned to C-10. The multiplicity 

of the signal at 38.9 p.p.m. is a doublet of doublets due to 

one bond carbon-hydrogen couplings, ca.133Hz, which is

further split into triplets, JOTJ = 4Hz, due to two- and three-L n
bond couplings. The overall pattern for this resonance is 

shown in Figure 7. The two inner triplets are overlapping 

so they appear as a quartet. If a high decoupling power was 

used to irradiate either the 1 0a or 106 proton the doublet of 

doublets, due to one-bond couplings, would be simplified to a 

doublet. In these irradiation experiments only a low
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TABLE 2: 13C n.m.r. spectral assignments for monocerin (1)

Carbon 5ppm Multiplicity 1 J_,TT/Hz & 3
Chi L n  ChL

1 167.6 S

2 101.9 Sm 8,5,5

3 156.0 Sd 5

4 137.2 Sm 6,3

5 158.5 Sm 4 ,3

6 104.4 Dd 162 4

7 131.1 Sd 6

8 74.2 Dq 147 4

9 81.1 Ddd 159 6,4

10 38.9 DDt 133 4

11 78.4 Dbr 147

12 37.8 Tm 126

13 18.9 Tm 125

14 13.7 Q 125

15. .60.4 Q 145

16^ ^56.0 Q 145



decoupling power was used. On selective irradiation of 

the 1 0 a or 103 protons the one bond coupling was altered 

only slightly. On irradiation of the a proton the multi

plicity of the signal appeared as a triplet of triplets as 

the C-10 to a proton coupling was reduced to the extent thé 

two inner triplets completely overlapped, see Figure 8 .

On irradiation of the 3 proton the C-10 coupling to it was 

reduced, and the two inner triplets now overlap to appear as 

five lines (Figure 9). On the basis of these results the 

coupling constant for C-10 to the a proton must be larger 

than the coupling constant for C-10 to the 3 proton (Figure 

1 0 ) .

These selective proton irradiation experiments led to a 

rigorous assignment of the 13C n.m.r. spectrum of monocerin 

(Table 2) . Also the proton resonances at 3.85 and 3.91 p.p.m 

can now be assigned to the C-4 and C-5 methoxy groups 

respectively.

Incorporation of labelled acetates into monocerin

To establish the optimum time for feeding labelled 

acetates, a growth production study of monocerin from 

Dveahslera vavenel-i-i was carried out. Static cultures of 

Dreohslera ravenelii were grown in 500 ml Erlenmeyer flasks 

on 100 ml of a defined medium. Flasks were removed 4, 5,

7, 9, 11, 13 and 15 days after inoculation and checked for 

monocerin production. Yields of monocerin isolated from 

the liquors and mycelium were plotted against time (Figure 11] 

From the graph it is clear that monocerin production began



TABLE 3: Specific activities and dilutions per labelled site

for monocerin after incorporation of [1 - 1 ^C]acetate

Time
fed/days

Monocerin/ 
mg (mg 1 ^)

Specific Activity/ 
dpm mol

Dilution per 
labelled site

control

4

5

6
pulse fed

30

30.5

30

30

31

(7 5 )

(152.5!

(150)

(150)

(155)

2.39 x 10

4.19 x 10

1.44 x 10

1.89 x 10

26.6

15.2

44.2 

33 . 7



around day 5, and maximised around day 12 in the liquors, 

though production in the mycelium continued to increase 

steadily. On the basis of these results, administration 

of labelled precursors around days 4-6 could be expected to 

produce the best incorporation into monocerin. To check 

this, experiments with radiolabelled acetate were performed. 

Samples of sodium [ 1 - 1 **0] acetate were administered on days 

4, 5 and 6 . Running concurrently was an experiment in which 

the same amount of sodium [1 - 1 4C]acetate was pulse fed over 

the three-day period. The cultures were grown for 10 days, 

by 'which time a sufficient quantity of monocerin was produced. 

The specific activity of the monocerin isolated from the 

experiments was assessed by liquid scintillation counting.

The results (Table 3) established that feeding of acetate 

precursors on day 5 would produce optimum incorporation into 

the metabolite. Assuming that monocerin was derived from a 

heptaketide chain the specific activity suggested a dilution 

of 15.2 per labelled site. This meant that 13C enrichments 

of about 6 % could be expected if 90% enriched [1 3C]-labelled 

acetates were fed to the cultures under the same conditions. 

From comparison with control flasks, the addition of 

exogenous acetate appeared to stimulate production of mono

cerin. The yield of monocerin increased approximately two-
- 1  -1fold, from 75 mg 1 to 150 mg 1 . Acetate may encourage

enzyme activity appropriate to monocerin biosynthesis.

However, addition of acetate has been reported to have adverse 

effects on the culture growth and production of fungal 

metabolites^.



TABLE 5: 2H n.m.r. spectral assignments for monocerin (1)

6 (ppm) Assignment Integral Ratio

6 . 6  * 2H - 6 0.8

5.0 2H-9

4.5 * 2H - 8 1.0

4.1 2H-11

3.9 O-methyl

3 . 8 O-methyl

2.6 * 2H-10 a 0.9

2.1 * 2H-10 B - 1 . 0

1 . 6
2H-1 2

1 . 5 *  0.7

1 . 4
2H-1 3

1 . 3

0.9 * 14-methyl 3 . 0

* Positions labelled by H from [1- 1 3C ,2H 3]acetate 

incorporation into monocerin.

(a) Integral ratio of peaks from 2H n.m.r. spectrum of 

monocerin, labelled by [1 - 1 3C ,2H 3]acetate.



...—1-----------,----------- ,--------- I----------- T  * i
7 6 5 4 3 2 p p m 1

Figure 15: 2H n.m.r. spectrum of monocerin (1) labelled by
[1 - 13 C ,2H 3]acetate

D-14

7 6 5 4 3 2  ppm ^

Figure 16: 2H n.m.r. spectrum of generally [2H]-labelled
monocerin (1 ).



TABLE 4: Results of [1 - 1 3 C]- and [1 ,2- 1 3 C2]-acetate
incorporations into monocerin

Carbon <$c (ppm) [ 1 - 1 3 C] ljCC/Hz

1 167.6 • 70.8
2 101.9 70.4
3 156.0 • 80.4
4 137.2 80.5
5 158.5 • 65.6
6 104.4 65.5
7 131.1 • 49.1
8 74.2 49 . 3
9 81.1 • 38 . 0

1 0 38 . 9 37.2
1 1 78 .4 • 39.2
1 2 37.8 38 . 8

1 3 18.9 • 34 . 7
1 4 13.7 34 . 8

151 / 60.4
1 6 ' 56.0

OH 0

Figure 14: Labelling pattern in monocerin (1) after incorpor
ation of [1 - 1 3C]- and [ 1 ,2- 1 3C 2 ]acetate



p p m

Figure 12: 13C n.m.r. spectrum of [1- 1 3C]acetate labelled monocerin
(1 )

ppm
Figure 13: 13C n.m.r. spectrum of [ 1,2- 1 3C2]acetate labelled

monocerin '(1 )
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DveohsZera vavenel'L-L cultures were fed samples of 

sodium [1 — 13C]— and [ 1,2-13C 2]-acetates, five days after 

inoculation and monocerin isolated. Enhanced production 

of monocerin was again observed. The labelled samples of 

monocerin were examined by 13C n.m.r. spectroscopy. Seven 

alternate carbon signals were enriched by incorporation of 

the singly labelled acetates, which suggested monocerin is 

derived from a heptaketide chain (Table 4 and Figure 12). 

13C-13C couplings were observed in the spectrum of the 

[1,2-13C 2]acetate enriched metabolite and confirmed 

incorporation of seven intact acetate units (Table 4 and 

Figure 13). The labelling pattern deduced from these results 

is shown diagrammatically in Figure 14. The two methoxy 

groups were not labelled by either carbon from acetate. These 

two extra carbons are likely to be derived from S-adenosyl 

methionine. Following the same feeding protocol sodium 

[1-13C ,2H 3]acetate was incorporated into monocerin. The 

deuteriated sample of monocerin was examined by 2H n.m.r. 

(Figure 15). For comparison a generally deuteriated sample 

was obtained by growing cultures of Drechslera ravene'i'i'L in 

a medium containing 5% 2H20, and its 2H n.m.r. spectrum 

determined (Figure 16). The two spectra were assigned by 

comparison with the 1H n.m.r. spectrum of the metabolite 

(Table 5). In the spectrum obtained from generally 

deuteriated monocerin, all diastereotopic deuteriums were 

resolved. The spectrum from [ 1-13C ,2H 3]acetate labelled 

monocerin showed signals corresponding to the aromatic 

hydrogen, H-8, H-10a, H-108, one of the diastereotopic 

hydrogens at C-12 and the terminal methyl group. The fact
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that only one deuterium was retained at C-12 is suggestive 

of a stereospecific reduction process analogous to fatty 

acid biosynthesis as proposed earlier e.g. the mechanism 

shown in Scheme 3. The stereospecificity of the reduction 

varies between organisms^.

The spectrum showed that both 10a and 106 positions were 

deuteriated, but it was impossible to say whether the 

positions were labelled simultaneously. Due to endogenous 

dilution of deuterium labels integration of the peaks cannot 

normally give a reliable estimate of the number of deuteriums 

retained at any one carbon. However if it was assumed that 

similar dilutions occurred at all sites then by integration 

of the peaks three deuteriums and two deuteriums were retained 

at C-14 and C-10 respectively. The 6“isotope shift method 

was used to substantiate this evidence.

Analysis of the 13C n.m.r. spectrum for isotopically 

shifted signals revealed that incorporation of the labelled 

precursor was so high that molecules of monocerin were 

multiply-labelled and hence signals due to extra isotope 

shifts were observed. These extra shifted signals were 

probably due to inter-acetate 6-shifts and/or y- and 6-shifts. 

The experiment was therefore repeated with the labelled sodium 

acetate diluted (1:3) with unlabelled sodium acetate. The 

monocerin isolated from this experiement was examined by 

13C n.m.r. spectroscopy. From the 13C n.m.r. spectrum 

(Figure 17) it was clear there was now no confusion due to 

multiple-labelling of the metabolite. Single 6~shifted 

signals were observed for C-5, C-7 and C-11, indicating



TABLE 6: Isotopically shifted resonances in the 13C

n.m.r. spectrum of monocerin (1) resulting 

from incorporation of [1 -13C ,2H 3]acetate

Carbon 6C tp.p.m.) A6C (p.p.m. x 100)

5 158.5 3.7

7 131.1 4.9

9 81.1 3.7, 7.2

11 78.4 4.0

13 18.9 8.8, 17.6, 26.4

OH 0

Figure 18 : Position of deuterium labels in [1—13C,2Il3] —
acetate labelled monocerin



incorporation of one acetate-derived, hydrogen at C-6, C--8 

and C-12. These shifts confirm the results from analysis 

of the 2H n.m.r. spectrum. The 8-shift method indicated 

only one deuterium was retained at C-12, but could not 

indicate the stereospecific retention as determined by the 

direct 2H n.m.r. method. Two 8-shifts were observed for 

C-9 which indicated that both the 10a and 106 hydrogens were 

labelled simultaneously. This result disputes the theory 

that the initial chain is stabilised as a poly-enol on the 

enzyme surface. The three 6-shifts to the C-13 resonance 

proves that the terminal methyl group is derived from the 

acetate starter unit, and that monocerin is indeed formed 

from a heptaketide chain and not a longer chain which has 

undergone fission.

The size of 8-deuterium shifts are known to be dependent 

on the functionality of the reporter nucleus, the number of 

deuteriums retained and the structure of the molecule. In 

monocerin, the shifts observed were the same order of 

magnitude (ca.-0.04 p.p.m.) except for the shifts to the 

C-13 resonance which were approximately twice the size
1 0(ca.-0.088 p.p.m. per 2H). No stereospecific effects were 

observed for the 6-shifts to the C-9 resonance, which were 

aa.-0.036 p.p.m. per 2H. (Table 6). The resulting labelling 

pattern from incorporation of sodium. [1-13C, 2H 3 ] acetate is 

shown diagrammatically in Figure 18. On the basis of the 

results it is suggested that a poly-6~keto methylene chain 

never existed on the enzyme surface, but was stabilised as 

it grew by enzymic processes analogous to the stepwise



TABLE 7: Isotopically shifted resonances in the 13C

n.m.r. spectrum of monocerin (1) labelled by 

[ 1 -1 3C ,1 s0 2 ] acetate (*) and 18C>2 gas (=f)

*Carbon 6C (p.-p.m.) A5 (p.p.m./100) A6T (p.p.m./1 00)

1 167.6 3.3

3 156 .0 1 .0

4 137.2

5 158 .5 1 .6

9 81.1 3.1

1 1 78.4 3.0
1 5 60.4

MeO

Me0 i n
o h  o

Figure 20: Labelling pattern in monocerin (1) after
incorporation of [ 1-13C ,1s0 2]acetate
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reduction of keto-groups in fatty acid biosynthesis. The 

enzyrae-bound intermediate could take the form of either 

(11) or (12). The results also give some information on 

the ring closure mechanisms. Mechanism (A) is ruled out 

because two deuteriums were retained at C-10 and mechanism 

(C) became invalid as it would have resulted in complete loss 

of acetate-derived hydrogens at C-9, which is not the case.

If the origin of the oxygen atoms in monocerin could be 

established more light would be shed on the mechanism of ring 

closure. To this end, studies with 180 isotopes were carried 

out. First of all sodium [ 1-13C ,1s0 2]acetate was fed to 

cultures of Dreohslera vavenelii to ascertain which oxygens 

in monocerin were acetate-derived. To ensure that no multiple- 

labelling occurred in the metabolite, the labelled acetate was 

again diluted (1:2) with unlabelled sodium acetate. The 

labelled monocerin isolated was examined by 13C n.m.r. for 

isotopically shifted signals. The C-1, C-3, C-5, C-9 and 

C-11 resonances showed shifted signals, see Figure 19 and 

Table 7. The phenolic shift (-0.010 p.p.m.) was the smallest 

as predicted from the empirical rules for a-180-isotope shifts 

and the largest due to doubly-bonded oxygen at C-1 (-0.033

p.p.m.). The other three shifts fall within the predicted

range for their functionality and the structure of the
. . 11,12 molecule

The labelling pattern in [ 1 -13C ,1e02]acetate labelled 

monocerin is shown in Figure 20. Mechanism (E), proposed 

earlier, is the only one which is consistent with the results 

and the biosynthetic evidence from other stable isotope 

studies.
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Incorporation of 18p 2 into monocerin

One oxygen atom in the molecule is not derived from

acetate - the oxygen of the C-4 methoxy group. A mechanism
1 3for oxidation at this site is outlined in Scheme 4. A

mono-oxygenase enzyme mediates epoxidation of the aromatic 

ring and the oxygen carried by the enzyme is derived from 

the atmosphere. Acid-catalysed ring opening of the epoxide, 

followed by keto-enol tautomerism would result in the 

required oxidation pattern. This mechanism would necessarily 

require oxidation to occur post-aromatisation and prior to 

O-methylation. The validity of this mechanism was checked 

by growing Dveohsleva vavenel'ii. cultures in an 1 802 enriched 

atmosphere.

The "constant pressure" apparatus, for measuring uptake
g

of oxygen (Appendix), used in this experiment results in 

unusual growth conditions for the fungal cultures. Due to 

the enclosed nature of the apparatus the carbon dioxide 

produced by the cultures has to be removed, by bubbling the 

circulating gas through potassium hydroxide solution. This 

might have some effect on the pH of the medium, which

could upset growth of the fungus and/or metabolite production. 

Therefore, prior to growing the cultures in an isotopically 

enriched atmosphere, they were grown in an 1 602 /11+N 2 (40 : 60)

atmosphere under the unusual experimental conditions. The 

culture appeared to grow normally on visual comparison with 

control flasks, and monocerin production was not affected. 

Dreohsleva ravenelii. cultures were grown in an 1 802 enriched 

atmosphere (1 eC>2 f1 SC>2 f1 l*N2 = 20 : 20 : 60) and the uptake of 

oxygen monitored against time, see Figure 21. To conserve
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18O 2 gas the flasks were connected to the constant pressure 

apparatus after four days growth under normal conditions.

No monocerin production was determined in control flasks at 

this stage. Oxygen uptake rose steadily throughout the 

thirteen day growth period, by which time 3.17 I of oxygen 

gas had been taken up. The monocerin isolated from the 

culture flasks was analysed by 13C n.m.r. As predicted only 

one oxygen was labelled by an 180 isotope - the oxygen of the 

C-4 methoxy group. An isotopically shifted signal was 

observed for the C-4 resonance at 137.2 p.p.m. (0.012 p.p.m. 

upfield). Also, a shifted signal was observed 0.026 p.p.m. 

upfield from the methoxy resonance at 60.4 p.p.m. (Figure 22) . 

This allows assignment of the two 13C resonances at 56.0 and

60.4 p.p.m. to C-16 and C-15 respectively.

Conclusions

In the light of the results from these stable isotope 

studies, it is possible to speculate on a biosynthetic course 

to monocerin. Monocerin is derived from a C ^  chain, which 

arises from the condensation of six malonyl CoA units and 

one acetyl starter unit (Scheme 5). The enzyme-bound inter

mediate is likely to be structure (11), as structure (12) can 

be disqualified as acetate oxygen is retained at C-9. The 

aromatic ring of monocerin is produced by an aldol-type 

condensation of this stabilised chain. Lactonisation results 

from esterification between the enzyme bound thioester and a 

hydroxyl at C-9. Formation of the tetrahydrofuran ring could 

be effected by the nucleophilic attack of an hydroxyl at 

C—11 on a quinone methide intermediate (10). Oxidation at



HO HO HO Me

Scheme 7



Scheme 6



‘ ( 13)



C-4 and a leaving group (X) at C-8 are necessary prior to 

formation of the quinone-methide. The two O-methylations 

are likely to be the last steps in the biosynthesis.

A mechanism proceeding via a quinone methide inter

mediate is not without precedence. There are several 

reports in the literature of proposals for biosynthetic 

pathways to metabolites via quinone methides. The bio

synthesis of the condensed tannins e.g. (13), may occur 

through a quinone methide, rather than the more generally 

accepted carbocation. Hemmingway and Foo showed that the 

condensation of flavanoids to condensed tannins proceeded 

more quickly under alkaline conditions than in acid conditions.

Further chemical and spectral evidence was later put forward by
1 5Brown and co-workers. The metabolite plumbazelanone (14),

isolated from Plumbago zeylan-ioa, is likely to be formed from
1 6plumbagin (15) and its dimer 3,3'-diplumbagin (16). A

suitable mechanism for this involves the nucleophilic addition

by plumbagin on the quinone methide tautomer of 3,3'-biplum-

bagin to produce the intermediate (17) on the pathway to

plumbazeylanone (14) (Scheme 6).

Further support for a quinone methide intermediate is

found from studies on the biosynthesis of the antibiotic
1 7graniticin (18). It is believed that the last step in the

biosynthesis is conversion of dihydrograniticin (19) to 

graniticin. The formation of the five-membered lactone has 

been shown to proceed both non-enzymatically and enzymatically 

in air, but with no incorporation of an 180 isotope from 

1802 gas. This suggests a mechanism (Scheme 7) proceeding 

via an intermediate (20) similar to a quinone methide.
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Future experiments

To check this proposed biosynthetic pathway it would be 

necessary to synthesise specifically labelled advanced 

precursors and test for incorporation into monocerin. Clues 

to the nature of advanced intermediates can often be found by 

isolating structurally related co-metabolites from the fungal 

cultures. As mentioned earlier co-metabolites of monocerin 

were isolated from cultures of Helminthosporium monocevas and 

Fusavium larvarum. 4 —O-demethylmonocerin (8) may be the

immediate precursor to monocerin i.e. 4-0-methylation is the 

last step in the biosynthesis. Isolation of fusarentin 

5-methyl ether (5) lends support to the proposed pathway, as 

it would be an intermediate prior to formation of the quinone 

methide. The discovery of the fusarentin ethers suggests 

lactone formation is occurring before the tetrahydrofuran ring 

forms.

A search for co-metabolites of monocerin in Drechslera

ravenelii cultures has been carried out. Only one metabolite
21has been identified as fusarentin 4,5-dimethyl ether (6) by

comparison of its 1H n.m.r. spectrum with published data .

A more detailed search for co-metabolites would be aided by

some authentic samples of suspected compounds as standards.

Chemical modifications to monocerin could produce some possible
2intermediates (Scheme 8). As reported by Grove and Pople

hydrogenation of monocerin, yields the fusarentin 4,5-dimethyl

ether (6). Selective demethylation of monocerin and fusarentin
1 84,5-dimethyl ether with boron trichloride would result in 4- 

0 - demethylmonocerin (8) and fusarentin 5-methyl ether (5)



TABLE 9: 1H n.m.r. spectral assignments for (22a) and (22b)

22a)

(ppm) multiplicity

(22b)

6 (ppm) multiplicity Assignment

7 . 0 s 6.8 s H-6

5.1 m 5.1 ' m H— 1 1

5 . 0 d 4.9 d H-9

4.6 ddd 4.6 ddd H-8

4.0 s 3.9 s 0-methyl

3.8 s 3.8 s O-methyl

2.4 s 2.4 s acetyl methyl

2.1 m 2.3 m H- 10a
2 . 0 s 2.0 s acetyl methyl

1 .9 m 1 .9 m H-1 08
1 .6 m 1 .6 m 12-methylene
1 .3 m 1 .4 m 1 3-methylene
0.9 t 0.9 t 14-methyl



Figure 24: 200.13MHz n.m.r. spectrum of (22a)



Figure 23: Mass spectrum of (22a).

TABLE 8: Mass spectrum data for compound (22a)

m/z Abundance (%) Explanation

428 3 M
388 14 M-42 *
386 42 M-42
292 1 9 M-138 *
291 100 M-137
290 55 M-138
258 15 M-172
256 50 M-172 *

Fragment contains 37C1 isotope



OH 0 

( 21 )

Scheme 9



OH O

(21a) R ^ H ,R 2-C1 

(21b) R1:CI,R2-H

(22a) R’ = H,R2=CI 

(22b) R1 = CI. R?= H
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respectively, which have both been isolated from Fusarium 

larvarum.

In some attempts to selectively demethylate monocerin

at the C-4 methoxy group, it was found that a side reaction 
22was occurring. It is believed that boron trichloride is 

catalysing the ring opening of the tetrahydrofuran ring, to 

form a carbonium ion at the benzylic position (Scheme 9).

Due to water in the reaction mixture, boron trichloride could 

be hydrolysed to produce chloride ions, which could quench 

the carbonium ion to form compound (21). As the chloride 

ions could attack from either face of the molecule the product 

is likely to be a mixture of the two diastereoisomers (2 1 a) 

and (2 1 b). (2 1 ) appeared to be unstable and may be reverting

to monocerin, so it was acetylated and the two diastereoisomers 

(2 2a) and (2 2b) were isolated in a ratio of approximately 1 :1 . 

The exact mass measurement for (22a) agreed with a structure, 

molecular formula C2 QH2 ^0gCl, but the other diastereoisomer 

(2 2b) decomposed in the spectrometer so an exact mass measure

ment could not be determined. The main peaks of the mass 

spectrum for (22a) are shown in Figure 23 and listed in 

Table 8 .

The 1H n.m.r. spectra (Figures 24 and 25) of the two 

diastereoisomers were assigned by comparison with the spectrum 

of monocerin, on the multiplicity of the signals and chemical 

shift data'’ (Table 9). The diastereoisomers were identified 

by the difference in sizes of coupling constants in the six- 

membered lactone ring. The 7Hz coupling between H - 8 and H-9 

in one isomer compared with a 2Hz coupling for the other isomer 

suggested (22b) had a ais-configuration at the C-8/C-9 bond



0
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and a trans-configuration in (2 2 cj.) .

A compound (23), similar to (21), where the chloride might

be substituted by a pyrophosphate group, and the 4-methoxy

group (and possibly the 5-methoxy group too) is demethylated

would be a plausible advanced intermediate to monocerin.

The pyrophosphate moiety is a good leaving group and would

facilitate oxidation of (23) to the quinone methide (10),

If (22) could be successfully demethylated at C-4 position it

would be interesting to test whether in vitro ring closure

could be affected by oxidation.

Only one acetate derived deuterium was retained at C-12

in monocerin, but the absolute configuration at this centre
1 9is unknown. Parker has reported the use of a chiral

reagent in determining the stereochemistry of a-deuteriated

acids. The (S)-enantiomer of the methyl ester of 2-hydroxy-

2-phenyl acetic acid (24) is the chiral reagent used. It was

found in the ester of the acid and the chiral agent, that the

pro-(S) hydrogen/deuterium consistently resonated at a higher

field than the pro-(R) hydrogen/deuterium,in the 1H or 2H n.m.r.

spectrum. This method could be useful for determining the

stereochemistry at C-12 in deuteriated monocerin. Monocerin

could be degraded to butanoic acid (27) as shown in Scheme 10.

The chiral ester of (S)-methyl 2-hydroxy-2-phenylacetate with

butanoic acid (28) could then be examined by 2H n.m.r.

Unlabelled monocerin has been successfully hydrogenated to

(6 ) and oxidised to the ketone (25), but to date there has

been no success with the Baeyer-Villiger oxidation step to 
23produce (26).
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Melting points were determined on a Reichert hot-stage 

microscope and were uncorrected. Infra-red spectra were 

taken on a Perkin-Elmer 781 spectrophotometer and referenced
_  'j

against the polystyrene absorption at 1603 cm . 1H n.m.r. 

spectra were determined from various instruments - Varian 

EM360 continuous wave spectrometer, Bruker WP80SY, WP200SY, 

and WH360 Fourier-transform spectrometers. 13C n.m.r. 

spectra were obtained from Bruker WP200SY, WH360, and WH400 

spectrometers. 2H n.m.r. spectra were obtained on a Bruker 

WH360 spectrometer. Chemical shifts are relative to tetra- 

methylsilane, 6^ and 8^ = 0.0 p.p.m. Mass spectra were 

taken on a A.E.I. MS 902-high resolution instrument, ionising 

by electron impact. Optical rotation readings were recorded 

on a Perkin-Elmer 141 Polarimeter, and g.l.c. analyses carried 

out on a Pye 104 chromatograph.

Radio-counting was carried out on a Beckmann LS7000 liquid 

scintillation counter, operating on programme 4 without auto

matic quench correction. Counting efficiency was determined

by using both standard channels ratio and H-number quench curves.
- 1The scintillant was butyl-PBD (10 g £ ) in methanol-toluene

(50:50).

Analytical thin layer chromatography (t.l.c.) was per

formed using (5 x 20 cm) glass plates and preparative t.l.c. 

using (20 x 20 cm) plates, coated with a 0.5 mm layer of silica 

gel (Fluka 60765 Kieselgel GF2 5 4 ). Ultra-violet light of 

wavelength 254 nm was used to observe chromatograms.

All experimental apparatus and materials for culture work

General Procedures and Instrumentation
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were sterilised before and after use by autoclaving at 15 

p.s.i. for 15 minutes. Solutions for feeding were either 

autoclaved or passed through a sterile filter. Cultures were 

grown in a constant temperature room at 25-27°C for the 

required period of growth.

All solvents were of commercial grade and used as received 

without further purification unless otherwise stated. When
2 0dry solvents were required they were prepared in the usual way. 

Unless otherwise stated the 40-60 fraction of petroleum ether 

was used.

A dry nitrogen atmosphere was obtained by passing com

pressed nitrogen gas through a series of traps containing 

(i) concentrated sulphuric acid, (ii) glass wool, (iii) sodium 

hydroxide, and (iv) self-indicating silica gel.



Experimental

Dveohsleva ravenelii (CBS 200.29) was stored in the 

dark on potato dextrose agar (Oxoid CM 139) slopes at 4°C.

When required the culture was transferred to and grown on 

potato dextrose agar in medical flats for 10-14 days at 

25-27°C in the light. A spore suspension in distilled water, 

from the medical flats, was used to inoculate 500 ml 

Erlenmeyer flasks, each containing 100 ml of the following 

medium:

D-fructose 5% w/v

peptone 0 .2 % w/v

sodium nitrate 0 .2 % w/v

potassium dihydrogen phosphate 0 .1 % w/v

potassium chloride 0.05% w/v

magnesium sulphate (heptahydrate) 0.05% w/v

ferrous sulphate (heptahydrate) 0 .0 0 1 % w/v

distilled water to 1 0 0%

(pH of the medium was ^5.3)

The flasks were normally incubated for 10 days at 

25-27°C, by which time a thick white fluffy mat of mycelium, 

with a dark underside, had formed. The mycelium and medium 

were separated by filtration, and the filtrate (pH 5.5) 

extracted with ethyl acetate (2 x half the liquor volume). 

After drying (MgSO^) and removal of the solvent in vacuo, 

the crude extract was applied to preparative t.l.c. plates, 

and eluted with formic acid-ethyl acetate-petroleum ether

Production and isolation of monocerin
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(1:30:69). The band corresponding to an authentic sample

of monocerin (Rf 0.3) was isolated as a yellow oil. Typical

yields of monocerin, from the liquors varied between 1 1 0 and 
- -|160 mg 1 . The mycelium was dried in an oven and then

extracted (Soxhlet) with chloroform for 24 hours. After

removal, of the solvent in vacuo, monocerin was isolated from

the crude extract by preparative t.l.c., as described above.

Typical yields of monocerin from the mycelium varied between 
- 150 and 100 mg 1 . (A second preparative t.l.c., eluted with

ether-benzene (6:94) three times, was usually necessary to 

purify monocerin further. Rf 0.3). Monocerin recrystallised 

from ether-petroleum ether at low temperatures to afford white 

prisms, m.p. 62-63°C (lit. 64-66 °C , 1 65-70°C 2 ) .

[ 06 ] D ̂ + ̂ °  ĉ ' 0.85 in methanol) , (lit.
24 1 20 2[a]D +53° (c, 0.85 in methanol), [ a. ] D +28° )

I.R.: v CH<“'*"3 31 60w, 1 670s, 1618m, 1583w, and 1516m cm .max
i 1 , 2H n.n.r. agreed with published data

Growth production study of monocerin

Drechslera ravenelii was grown as previously described 

in 40 flasks. On each of days 4, 5, 7, 9, 11, 13 and 15 

after inoculation, four of the flasks were removed from the 

culture room and worked up in the usual way. Monocerin was 

isolated from the liquors and the mycelium.
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Results

Time/days Monocerin
mg

from liquors/ 
I ' 1

Monocerin from mycelium
, - 1mg 1

4 15 0

5 22 . 5 0

7 16 1 0

9 102.5 17.5
1 1 200 37 .5

1 3 280 115

15 245 1 20

Incorporation of sodium[1 - 1 **C] acetate into monocerin

Two sterile radioactive solutions were prepared in the 

following way:

(A) sodium acetate (600 mg, 7.32 mmol) was added to a 

solution of sodium [1 - 1 4C]acetate in distilled water (3 ml, 

30 uCi, 9.10x10^ dpm mmol ^) and diluted to 12 ml with 

distilled water, and

(B) sodium acetate (200 mg, 2.44 mmol) was added to a 

solution of sodium [ 1- 1 ‘‘C]acetate in distilled water (1 ml, 

10|iCi, 9.10x10 dpm mmol ) and diluted to 12 ml with dis

tilled water.

Drechslera vavenelii was grown as previously described 

in 12 flasks. Four days after inoculation 4 ml of solution



(A) was distributed equally between two flasks by injection 

through the mycelial mat. Similarly 4 ml portions of 

solution (A) were fed to two flasks on day 5 and day 6 . 

Solution (B) was pulse fed to two flasks on days 4, 5 and 6 . 

The remaining flasks were retained as controls. After 10 

days growth monocerin was isolated from the liquors only and 

purified.

Results

Time fed Monocerin/ Specific activity/ Dilution
/ days mg (mg 1 1) dpm mol ^ per labelled

site

(control) 30 (75)

4 30.5 (152.5) 2.39 x 1 0 6 26 . 6
*5 30 (150) 4 . 1 9 x 1 0 6 15.2

6 30 (150) 1 . 44 x 1 0 6 44 . 2

pulse fed 31 (155) 1 .89 x 1 0 5 33.7

* Monocerin isolated from the cultures fed on day 5 was

purified by preparative t.l.c. to constant activity •

Incorporation of sodium [1~13C]-, [1 ,2 -1 3C 2] - , and [1-1 3C,2H,]~

acetates into monocerin

Dvechslera raveneli.'L was grown as previously described in

12 flasks. Five days after inoculation the following sterile 

solutions were administered to the cultures :

(i) sodium [1- 1 3C]acetate (401 mg, 4.83 mmol, 90 atom % 1 3C]
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in distilled water (4 ml) to 2 flasks,

(.ii) sodium [ 1 , 2- 1 3C2 lacetate (402 mg, 4.79 mmol, 90 atom % 

1 3C] in distilled water (4 ml) to 2 flasks, and 

(iii) sodium [1- 1 3C ,2H 3]acetate (402 mg, 4.67 mmol, 90 atom 

% 1 3 C, 98 atom % 2H) in distilled water (4 ml) to 2 flasks.

After 10 days of growth, monocerin was isolated from the 

liquors and purified.

Results

Extract weight/ Monocerin/
, - 1mg 1 mg (mg 1 _1)

Control 285 66 (1 1 0 )

[ 1 - 13C] acetate 385 42 (210)

(1 ,2-1 3 C2]acetate 415 39 (195)

[1 - 13 C ,2H 3]acetate 400 43 (215)

A further quantity of monocerin ( 20 mg, -i
1 00 mg 1 ) was

isolated from the mycelium of the [1- 1 3C ,2H 3]acetate experi

mental flasks.

Incorporation of sodium [1- 1 3C ,2H 3]acetate into monocerin 

(with dilution of labelled precursor)

Bveahslera ravenelii. was grown as previously described 

in 6 flasks. After 5 days of culture growth a sterile solu

tion of sodium [1 - 1 3C ,2H 3]acetate (100 mg, 1.16 mmol, 90 atom 

% 1 3 C, 98 atom % 2H) and unlabelled sodium acetate (300 mg, 

3.66 mmol) in distilled water (4 ml) was distributed equally
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between 2 flasks. After 10 days of growth, monocerin was 

isolated from the liquors and purified.

Results

Extract weight/ Monocerin/
, -1mg 1 mg (mg 1 1 )

Control 168 35 (8 8 )

[ 1 - 1 3c , 2h 3:]acetate 260 40 (2 0 0)

Incorporation of sodium [ 1 -13C , 1 a0 2 ] acetate into monocerin

Dvechsleva raveneZ-iZ was grown as previously described in 

6 flasks. Five days after inoculation a sterile solution of 

sodium [1- 1 3 C, 1 802]acetate (100 mg, 1.15 mmol, 90 atom % 1 3 C,

81 atom % 1 ^0 2 , 18 atom % 1 8 0 i) and unlabelled sodium acetate 

(200 mg, 2.44 mmol) in distilled water (4 ml) was equally 

distributed between 3 flasks. After 10 days of growth, 

monocerin was isolated from the liquors and mycelium, and purified.

Results

Liquors Mycelium

Extract
weight/

, - 1mg 1

Monocerin/ 

mg(mg 1 ~1)

Extract
weight/

- 1mg 1

Monocerin/ 

mg (mg 1 ^)

Control 347 48 (160) 480 18 (60)

[1- 1 3 C, 1 80 2]acetate 403 65 (217) • 317 7 (23)
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Preparation of generally deuterated monocerin

Dveohsleva vavenel-Li was grown as previously described 

in 4 flasks. 5% of the water in the growth medium was 

substituted by 2H 20. After 10 days of growth, monocerin was 

isolated from the liquors. The purified yield of monocerin 

was 47 mg, (118 mg 1 ^) .

Incorporation of 1 80 2 into monocerin

In a preliminary experiment culture flasks of Drechslera
g

vavenelii were connected to the "constant pressure" apparatus 

(appendix), for growth of cultures in 1 80 2-enriched atmospheres, 

immediately after inoculation, and grown in a 1 60 2 /llfN 2 

(40:60) atmosphere. On usual comparison with control flasks, 

the fermentation appeared to proceed normally, but was retarded 

by approximately 24 hours.

Dreahslera ravenelii was grown as previously described in 

8 flasks. After 95 hours of culture growth, the three best- 

growing flasks were selected and linked to the "constant pres

sure" apparatus (appendix) and grown in an 1 s0 2/ 1 80 2 / 1 ^ 2  

(20:20:60) atmosphere. After 14 days of growth the flasks 

were removed from incubation. By this time 3.18 £ of oxygen

had been consumed. Monocerin was isolated and purified in
-1the usual way in a yield of 83 mg (277 mg 1 ).
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Boron trichloride reaction with monocerin (with L.McKenzie)

Monocerin (160 mg, 0.52 mmol) was dissolved in methylene 

chloride (10 ml). A calcium chloride guard tube prevented 

moisture from entering the stirred solution. The solution 

was cooled to -78°C (acetone-card ice bath) and boron tri

chloride (2 ml) was added. The reaction mixture was allowed 

to warm to room temperature and left to stir for 5 hours.

Then water (20 ml) was added and the reaction mixture extracted 

with ethyl acetate (2 x 40 ml). After removal of the solvent 

in vacuo, the crude reaction product ( 1 0 0 mg) was mixed with 

acetic anhydride (2 ml) and a few drops of pyridine. The 

mixture was stirred for 1 2 hours, then poured onto ice and 

extracted with chloroform. The chloroform extract was washed 

with 2N hydrochloric acid solution, followed by water. From 

analysis by analytical t.l.c. eluted with ethyl acetate- 

petroleum ether 30-40° - formic acid (15:84:1), the reaction 

mixture was composed of three main components. The three 

products were separated by preparative t.l.c. (solvent system 

as above). 1H n.m.r. identified the low-running band as 

acetylated monocerin. The highest running band corresponded 

to (2 2a) and the middle band to its isomer (2 2b).

m.p. (22a) 121-122°C, (22b) 117-118°C.
ch9ci_ ,

I.r .: (22a) 1776m, 1735s and 1605m cm ,vmax
CHoC1o i(22b) 1775m, 1730s and 1605m cm .v 'max

Mass spectrum: (22a) m/z 428 (M+, 3%).
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Meroterpenoid is the term first applied by Cornforth ,

to describe secondary metabolites of mixed biosynthetic

origin, and which are partially derived from the isoprenoid

pathway. The four metabolites to be discussed, austin (1),

territonin (2), andilesin A (3), and andibenin B (4), are

classified as meroterpenoids. They are products of the

triprenylphenol pathway i.e. they are formed from farnesyl

pyrophosphate (FPP) and a polyketide-derived phenolic moiety.

All four metabolites were isolated from Aspergillus cultures.

Austin (1) was first isolated in 1976 from Aspergillus ustus

and a degraded triterpene or sesterpene origin was suggested 
2for it . A wholly terpenoid origin for andilesin A (3) and 

andibenin B (4) was also proposed, when they were first
3isolated from Aspergillus variecolor in 1976 . Territonin

(2) from Aspergillus terreus, was first reported in 1979 and

it was thought to arise from oxidative modifications of a
4triterpene intermediate . However the results of several 

biosynthetic labelling studies with [1 3C]-labelled acetates 

and methionine, proved the wholly terpenoid origin of these 

metabolites to be wrong and suggested a triprenyiphenol 

pathway^ ^ .

Many secondary metabolites, arising from the triprenyl

phenol pathway, have been isolated from a variety of fungal

cultures, which suggests the pathway occurs quite widely in
9 10nature, see examples - grifolin (5) , siccanochromene E (6 ) ,

1 1 1 2 siccanin (7) and anditomin (8 ) . Anditomin (8 ), along

with other metabolites, very closely related to andilesin A

Introduction

1



-O'vííO
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0 Me Me
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Scheme 1
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and andibenin B (andilesins B (9) and C (10), and andibenins

A (11) and C (12)) have been isolated from Aspergillus 
1 3variecolor . The andilesins A, B and C, and andibenins A,

B and C are alphabetically labelled according to their 

proposed sequence on the biosynthetic pathway, dehydration 

of A produces B, which on hydrogenation leads to C (Schemes 

1 and 2 ).

Two metabolites, very closely related to austin, have
1 4been isolated from cultures of Aspergillus ustus . They

are austinol (13) and dehydroaustin (14). Dehydroaustin has

also been isolated from a mutant strain of Aspergillus 
1 4variecolor that no longer produces andibenin, which is

evidence for a close biosynthetic relationship between the

andibenins and austin-type compounds. Austinol, along with

isoaustin (15), an isomer of austin, have been found in
1 4cultures of Fenicillium diversum . Interestingly, isoaustin

o 15 16and austinol have been isolated from Emericella dentata ' ,

but the compounds have the opposite stereochemistry. The

group of metabolites, called the austalides, e.g. (16) have
17 18also been isolated from Aspergillus ustus ' It is

predicted that they also are derived from the triprenylphenol 

pathway.

The co-occurrence of acyclic and cyclic compounds on the

pathway suggested that cyclisation of the farnesyl pyro

phosphate moiety occurs after alkylation of the polyketide.

However it has been shown that partially cyclised intermediates
,„,19,20are precursors to siccanin (8 )
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Previous biosynthetic experiments

The labelling patterns resulting from incorporation

of [1 3C]-labelled acetates and [Me-1 3C]methionine into austin

(1 ), territonin (2 ), andibenin B (4). and anditomin (8 ) are
5 6 7shown in Figure 1. ' ' It was these results, which were 

shown to be consistent with a triprenylphenol pathway to the 

metabolites rather than a fully isoprenoid route. No such 

studies have been reported for andilesin A. However incor

poration studies with [1 3C]-labelled acetate and methionine
g

into anditomin (8 ) and andilesin C (10) have been undertaken.

The labelling pattern obtained for anditomin is shown. Acetate 

incorporation into andilesin C was too low to glean any mean

ingful results, but the 9 1 and 1 0 1 methyl groups were labelled 

by [Me-1 3 C]methionine. Due to close structural similarities 

it is believed that andilesin C is a precursor to anditomin.

On the basis of these results it was suggested that the 

key step in the biosynthesis of these meroterpenoids involves 

the alkylation of 3,5-dimethylorsellinate (17) by farnesyl 

pyrophosphate to (18) (Scheme 3). Different modes of 

cyclisation and oxidative modifications of this intermediate

(18) could lead to the various structures of these metabolites.
21Stellatin (19) , a modified tetraketide, has been found

in cultures of Aspergillus varieoolor. Its presence gives

circumstantial evidence for the intermediacy of an orsellinate

derivative in the biosynthesis of the meroterpenoids. In a

mutant strain of Aspergillus variecolov, which no longer

produces meroterpenoids, sesquiterpenoid metabolites,
22astellolides A (20) and B (21), have been isolated . The
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astellolides could be shunt products, derived from farnesyl 

pyrophosphate, because meroterpenoid biosynthesis is 

impaired.

It was necessary to check that the polyketide portion

of the molecules, was indeed derived from 3,5-dimethylorsel-

linate (17). Sixteen possible aromatic precursors were

proposed as intermediates, (17) and (22-36). It was assumed

that the methionine-derived methyl groups are introduced at

the same time in the biosynthesis; this cuts the number down

to eight possible precursors. Bartlett and co-workers

synthesised the four non-phthalide intermediates (17), (23),

(26) and (28) as their ethyl esters with lkC labels^. All
24four were checked for incorporation into andibenin B (4)

Orsellinate (23) and 2-deoxyorsellinate (26) were poorly 

incorporated and even appeared to inhibit metabolite produc

tion. This suggested that méthylation of the aromatic ring 

occurs prior to aromatisation of the tetraketide chain.

3,5-Dimethylorsellinate (17) and its deoxy-analogue (28) were 

incorporated to varying degrees into andibenin. The deoxy- 

analogue was incorporated less efficiently’ (0.42%) than 3,5- 

dimethylorsellinate (1.07%). This implies either that the 

enzymes are not highly specific or that 3,5-dimethylorsellinate 

is the true precursor and is equilibrating with its deoxy-analogue. 

It has also been shown that [1 ^C]-labelled 3,5-dimethyl-
25orsellinate is a precursor to austin (1 ) and territonin (2 )

Interestingly though [1- 1 ^C]-3,5-dimethylorsellinate was a

precursor to austin (4% incorporation), the deoxy-analogue was
25not incorporated to any significant extent (0.06%) . If

austin and andibenin B are formed via a common metabolic



[L]

13C—180 (acetate) 

180 2- *
Figure 2 : Labelling pattern in austin (1), andilesin A (3)

and andibenin B (4) resulting from incorporation 
of [ 1- 1 3C, 1 ®02]acetate
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pathway, this is further evidence that the dimethyl 

orsellinate is the true precursor to andibenin B.

To check that the precursor was incorporated intact 

into the metabolites [3-methyl-2H 3]-labelled ethyl 3,5- 

dimethyl orsellinate (37) was synthesised and checked for 

incorporation into all four metabolites. In each case the
0 A 9 ̂10'-methyl was labelled with 2H, as determined by 2H n.m.r. ’

Sodium [1 - 1 3 C ,1 8O 2]acetate has been fed to cultures of

Aspergillus ustus^  and Aspergillus varieoolor (212KI69)^^

and their respective metabolites isolated (see Figure 2 for

distribution of labels obtained). Due to very low acetate

incorporation into austin (1 ), only one a- 1 8 0 -isotopically

shifted signal was observed, which was to the carbonyl of the

acetate group at C-10. The carbonyl oxygens at C-4 1 and

C-8 1 in andilesin A (3) and andibenin B (4) were labelled by

1 80. Austin, andilesin A and andibenin B were isolated from
2 6 — 28cultures which had been grown in 1 8 0 2-enriched atmospheres 

The 180 labelling patterns in these three metabolites from the 

1 80 2 gas studies are also shown in Figure 2. In andibenin B 

the other four oxygen atoms were shown to be derived from the 

air. Five oxygens, in austin, were aerobically derived, 

the two oxygens in the spiro-lactone ring system, the two 

singly bonded oxygens in the dilactone fused ring system, and 

the oxygen at C-10. A small shift was observed to the C-6 1 

resonance (-0.008 p.p.m.) which was considered too small for 

a tertiary alcohol and thought to be due to a 6-isotope shift 

arising because of 180 attached to C-3 1 and/or C-51. A 

mechanism can be proposed for austin in which the three 

oxygens at C-41, C-6 1 and C-8 1 are acetate derived.
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Both oxygens in the seven-membered lactone ring of anailesin

A and the oxygen at C-1 1 were shown to be derived from the

atmosphere. The oxygen of the 6 1-hydroxyl was not labelled

by 1 8 0 2 . A mechanism can be proposed in which this oxygen

would be derived from orsellinate and hence acetate. Also,

it is known that acetate oxygen is always retained at the

position derived from the B~carbonyl when the methylene a to
29the terminal carboxyl group takes part in the cyclisation 

The isotopically shifted signal may not have been observed in 

the [ 1 - 1 3C ,1 ®0 2 ]acetate-labelled metabolite, because of low 

acetate incorporation and the shift for a secondary alcohol 

will be relatively small'^'^"'.

One more feeding experiment has been reported for austin 

in which incorporation of [Me-1 SC ,2H 3]methionine was checked. 

Mass spectral analysis of the isolated metabolite suggested 

that the per-deuterated methyl groups were incorporated with 

no loss of deuterium at C-9 1 and C-1O'.

The biosynthetic mechanisms proposed for the four meta

bolites which accounted for the above results are shown in 

Scheme 4. Two routes have been proposed for the formation

of the seven-membered lactone of andilesin A and the spiro^-
27lactone ring of the andibenin and austin . Route I (Scheme 

5) involves a Baeyer-Villiger type oxidation of the six- 

membered ring to the seven-membered lactone ring, which can 

ring contract to the spiro-ring system. This route would 

suggest that the andilesins are precursors to the andibenins. 

This would be a good example of a metabolic grid, in which 

non-specific enzymes can catalyse reactions on different 

substrates (Figure 3). An enzyme, (a), could be capable of



64

transforming andilesins A, B and C into andibenins A, B 

and C respectively. Enzyme (x) is capable of converting 

the A metabolites to B, and enzyme (y) converts B to C .

If such a grid is operating there are three ways in which 

andilesin A can be converted to andibenin B.

The alternative route, II, (Scheme 6 ), proposes that 

the 6-membered ring can either be oxidised to the ring system 

of the andilesins or ring contract to a five-membered spiro- 

ring, which can undergo a Baeyer-Villiger-type oxidation to 

form the ring system of andibeninIaustin.

Incorporation of labelled 3,5-dimethylorsellinate (17)

into the metabolites appeared to be more efficient than

incorporation of acetate precursors. Therefore incorporation

of [1 3C ,1 8 0 ]-labelled analogues could be expected to overcome

the problems of low incorporation of [1 3C, 1 80]acetate into

austin and andilesin A, which had been encountered. In

particular information on the origin of the oxygen in the

6 1-hydroxy group in these two metabolites was desired. Also

no [1 3C ,1 80 2 ]acetate incorporation study into territonin had

been attempted because of the very low incorporations of

acetate into territonin which were encountered in previous 
27studies . Therefore it was proposed to check incorporation 

of [1 3 C ,1 80]-labelled orsellinate into territonin. To this 

end it was necessary to synthesise ethyl 3,5-dimethylorsellinate 

labelled with 13C and 180 isotopes and in particular at the 

C-2 hydroxy position.
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Synthesis of the [1 3C ,1 80]-labelled 3,5-dimethylorsellinate

The route employed by Bartlett and co-workers in the

synthesis of [1 4C] and deuterated orsellinate derivatives
23was used as a basis for the synthesis . Their procedure 

involved the condensation of diethyl malonate with 4-methyl- 

hex-4-en-3-one (38) to produce a dihydroaromatic ester 

intermediate, which was oxidised by bromine in acetic acid to 

the aromatic compound (17), Scheme 7. The last step in the 

synthesis was very inefficient, as the reaction produced a 

mixture of the desired product and 1 -bromo-2 ,4-dihydroxy- 

3, 5 , 6 -trimethylbenzene in a ratio of ca.3:1. Partial hydro

lysis and decarboxylation had occurred - probably due to 

water in the solvent and its acidic nature. Chromatographic 

separation of these two compounds proved difficult so Bartlett 

and co-workers hydrogenated the mixture to convert the bromo- 

compound to 1 ,3-dihydroxy-3,5,6 -trimethylbenzene prior to a 

successful chromatographic separation. Repeating this 

procedure was found to be tedious. However if carbon tetra

chloride replaced acetic acid as the solvent, the problem of 

hydrolysis and decarboxylation did not arise.

4-Methylhex-4-en-3-one (38) was not readily available

commercially, but was easily synthesised. Tiglic acid (39)

was converted to its corresponding acid chloride, which

reacted with diethyl cadmium to give 4-methylhex-4-en-3-one

in 34% yield (Scheme 8 ). [1 3C ,1 80]-labelled diethyl malonate

was also not available commercially. However sodium

[ 1 - 1 3 C , 1 8C>2 ] acetate could be used as a starting material to
32diethyl malonate. Ropp reported a straightforward method
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227

Figure 5

-AAA/V A W / W
181 153 150

Sections of the mass spectrum of [1 3C, 1 80]- 
labelled ethyl 3,5-dimethylorsellinate (40)

TABLE 1: Isotopie composition in [1 3C ,1 80]-labelled
ethyl 3,5-dimethylorsellinate (40)

Isotopes Composition (%',

12 C,
1 3,

1 60

18o
13c,  18 o

81
73

TABLE 2: The relative intensities of some peaks in the mass
spectrum of [1 3C ,1 80 ]-labelled ethyl 3,5-dimethyl- 
orsellinate (40)

m/z Abundance (%) Fragmentation

150 54 M-ethanol and 1 3C 180 (m-
1 53 38 M-ethanol and CO (M-74)
181 100 M-ethanol (M-46)
224 2 M (unlabelled)
225 7 M ([1 3C]-labelled)
226 5 M ([1 80]-labelled)
227 33 M ([1 3C, 1 80]-labelled)



C -0
EtO
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.  : ’3C ° ='80

Figure 4 : Position of 13C and 180 isotopes in the

labelled ethyl 3,5-dimethylorsellinate
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for converting sodium acetate into ethyl acetate by heating

it at high temperatures with triethyl phosphate (Scheme 9).

Ethyl acetate could then be converted to diethyl malonate by
33following the method reported by Leete . This involved 

conversion of ethyl acetate to its enolate with a strong 

base, lithium hexamethyldisilazide, which could then condense 

with ethyl chloroformate to yield diethyl malonate.

Due to the expensive nature of sodium [1- 1 3C ,1 s0 2]acetate 

the synthetic procedures were carried out repeatedly to become 

familiar with them. Sodium [1 -13C ,1 8C>2 ] acetate was converted 

to [1 3C ,1 8 0 ]diethyl malonate by this two-step process with a 

yield of 62%. Condensation of the labelled malonate with 

4-methylhex-4-en-3-one, followed by aromatisation, afforded 

the [1 3C ,1 8 0 ]-labelled orsellinate (40) (48% yield).

Due to the symmetrical nature of diethyl malonate the 

[1 3 C, 1 80] labels of ethyl acetate become randomised in the 

final orsellinate product. 50% of the orsellinate molecules 

will contain [1 3 C, 1 80] labels in the C-2 hydroxy bond, and 

the other 50% will have the carbonyl bond of the ester labelled 

(Figure 4). The isotope composition of sodium acetate was 

90 atom % 1 3C, 81 atom % 1 8C>2 and 18 atom % Oi . The isotope 

composition of the labelled orsellinate was determined, by 

mass spectrometry (Figure 5).

From the relative sizes of the peaks at m/z = 224, 225,

226 and 227, and taking into account the natural abundance of 

1 3C, 2H , 170 and 180 isotopes the 13C and 180 composition was 

determined. 8 8% of the molecules contain a 13C isotope,

81% contain an 1 8 0 isotope and 73% contain a bond labelled by



OAc

M e -^V ^ 'O A c
7C 0 2Et

( ¿ 1)

TABLE 3: Isotopically shifted resonances in the 13C 
n.m.r. spectrum of [1 3C ,1 8 0 ]-labelled ethyl
3,5-dimethylorsellinate (40) and the corres
ponding diacetoxy compound (41)

Compound Carbon 6 (p.p.m.) A5 (p.p.m. x 100)

(40) C-2 159.7 1.0
C-7 172.0 3.3

(41) C-2 145.0 2.1
C-7 167.0 3.7
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13C and 1 80, above natural abundance levels (Table 1).

The main fragmentation was loss of 46 units due to loss of 

ethanol. Further loss of CO, which had a mass of 28, 29,

30 or 31 depending on which isotopes were present in the 

group, gave daughter ions at m/z = 150, 151, 152 and 153 

from the parent ions (Table 2). The ratio of the peaks at 

150 and 153 suggests that the labels are equally distributed 

at the two possible positions in the labelled ethyl 3,5- 

dimethylorsellinate.

The [1 3C, 1 80]-labelled orsellinate was mixed with 

unlabelled material, and this sample was analysed by 13C 

n.m.r. spectroscopy to determine the sizes of the a-1 8 0 - 

isotope shifts (Figure 6 ). The 13C n.m.r. shift data is 

shown in Table 3. The shifted signal for the carbonyl group 

was easily recorded (0.033 p.p.m. upfield), but phenolic 

shifts have been shown empirically to be very small and only 

with difficulty was the phenolic shifted signal resolved 

(0.010 p.p.m. upfield). The dihydroxy compound was con

verted to its diacetoxy derivative (41) by acetylation with 

acetic anhydride. The derivatisation increased the size of 

the shift at the C-2 position considerably (-0.021 p.p.m.) 

(Figure 7 and Table 3).

The [1 — 1 ^C] analogue was also synthesised for use in 

preliminary feeding experiments. It was important to check 

orsellinate incorporations into the metabolites were as 

reported, before using the expensive [1 3C ,1 8 0 ]-labelled 

precursor. The [1- 1 ^C]-3,5-dimethylorsellinate was 

synthesised by the same route, from [2- 1 ^C]diethyl malonate.
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' Pro'duction of austin (1) from Aspergillus ustus

Static cultures of Aspergillus ustus grew well in 500 ml 

Erlenmeyer flasks on a medium of malt extract broth, which 

had been inoculated by spores of the fungus. After 14 days 

growth austin was isolated from the liquors of the cultures
-im  typical yields of 45-65 mg 1

Incorporation of [1 3C ,1 80]-labelled orsellinate into austin

The orsellinate derivatives were insoluble in water and 

therefore the solution for feeding was prepared by dissolving 

the orsellinate in acetone and mixing with water which con

tained a wetting agent, "Tween 80" detergent. On day 3, as • 
34 i hreported , ethyl [1 - 'C]-3,5-dimethylorsellinate was fed to 

cultures of Aspergillus ustus. After 14 days growth austin 

was isolated and the specific activity determined by liquid 

scintillation counting. From this preliminary incorporation 

experiment with [1 kC ]-labelled orsellinate it was shown that 

dilution of 6 . 8 could be expected for incorporation of the 
[ i3c ,1 Sq]-labelled precursor.

Following the same feeding procedure the [1 3C, 1 80]- 

labelled orsellinate (40) was successfully incorporated into

austin. The 13C n.m.r. spectrum of austin had already been
5 i ̂assigned . Analysis of the C spectrum of the labelled-

metabolite revealed single isotope shifts to the C-8 ' and



TABLE 4: Isotopically shifted resonances observed in

the 13C n.m.r. spectrum of austin (1) after 

incorporation of [1 3C ,1 80 ]-labelled ethyl

3,5-dimethyl orsellinate (40)

Carbon 5(p.p.m.) A6 (p.p.m.xIOO) 160 : 180

8 ' 171.0 3.8 37 : 63

6 ' 80.8 2.0 65 : 35

O ace ta te /c rse l l ina te  derived oxyoen
x  derived oxygen

Scheme 10



9'

Figure 8 : 100.6MHz 13C n.m.r. spectrum of austin (1) labelled
by [1 3C ,1 80]-labelled ethyl 3,5-dimethylorsellinate (40)



C-6 1 resonances (Table 4 and Figure 8 ). The shifted signal, 

0.020 p.p.m. upfield of the' signal for the C-6 1 resonance 

confirms the acetate/orsellinate origin of the hydroxyl group. 

The -0.008 p.p.m. shift observed at this carbon resonance in 

the 1 80 2-enriched austin must indeed be due to a 8-isotope 

shift. By comparing the sizes of the shifted and unshiftea 
signals for C-6 ' it was clear that little endogenous dilution 

the 1 label had occurred. However approximately half as 

much 180 is retained at C-8 ' which is consistent with an 

intermediate carboxylic acid in which the label had been
2 6randomised over two positions. The biosynthetic mechanism 

for modification of the polyketide moiety to the structure 

observed in austin is supported by the results of this feeding 

study (Scheme 10). After cyclisation of the farnesyl 

pyrophosphate moiety to (42), aerobic oxidation at C-5' to 

form a hydroxyl, allows ring contraction to take place by 

an a-ketol rearrangement. A Baeyer-Villiger type oxidation 

inserts oxygen between C-3 1 and C-4'. After reduction of 

the keto group at C-5 1 to an alcohol, the 5-membered lactone 

ring is formed.

Production of andilesin A (3) and andibenin B (4) from

Aspergillus varieoolor

Cultures of Aspergillus variecolor (212KI69) were grown 

in 500 ml Erlenmeyer flasks on a medium of malt extract broth, 

which had been inoculated with a spore suspension of the 

fungus. Andilesin A and andibenin B were isolated from the



TABLE 5: Isotopically shifted resonances in the 13C n.m.r.

spectrum of andibenin B (4) labelled by [1 3 C, 1 80]- 

ethyl 3,5 -dimethylorsellinate (40)

Carbon S(p.p.m.) A6 (p.p.m. x 100) 160 : 180

4 ' 214.4

8 ' 167.7 3.4 87 : 13

3 164.6

4 85.5

10 77.3

1' 68 .9

TABLE 6 : Isotopically shifted resonances in the 13C n.m.r.

spectrum of andilesin A (3) labelled by [1 3 C, 1 80] 

ethyl 3,5-dimethylorsellinate (40)

Carbon 6 (p.p.m.) A6 (p.p.m. x 100) 1 60 : 1 80

4 1 214.9
8 ' 174.5 3.8 0000 12

3 166.2
4 83 . 5

6 1 71 .9 1 . 8 72 : 28
1 ' 69 . 1
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liquors of the cultures after 14 days growth in typical 

yields of 100-120 mg 1  ̂ and 25-30 mg 1  ̂ respectively.

Incorporation of the [1 3C , 180]-labelled orsellinate into 

andilesin A and andibenin B

The same feeding protocol as for austin was followed .

[ 1- 1 ^C]-labelled orsellinate was fed to cultures of Aspergillus
2 7varieaolor (212KI69)on day 3 , and the specific activities of

andilesin A and andibenin B isolated suggested dilutions of

54 and 70 respectively could be expected. These dilutions 

werre sufficient to carry out the incorporation experiment with

the [1 3C ,1 80]-labelled orsellinate (40). A 13C n.m.r.
7assignment for andibenin B is reported in the literature .

Only a tentative assignment for the 13C n.m.r. spectrum of
35  i iandilesin A has been made , but the relevant C resonances

27are rigorously assigned . With this knowledge, the iso- 

topically enriched metabolites were analysed by 13C n.m.r.

for a- 1 8O-isotope shifts (Figures 9 and 10). Only one shifted

signal was observed for the C-8 1 in andibenin B (Table 5).

This was in accord with the [ 1- 1 3C, 1 80 2 ]acetate study. The 

size of the shift, -0.034 p.p.m., is consistent with a shift 

due to a doubly bonded oxygen attached to the reporter nucleus. 

Two single isotopically shifted signals to the C-8 1 and C-6 1 

resonances were observed for andilesin A (Table 6 ). This 

confirms that the oxygen of the hydroxyl at C-6 1 is derived

from orsellinate and hence acetate as predicted. Again the

size of the shifts, -0.038 and -0.018 p.p.m. are consistent 

with a carbonyl and a secondary alcohol, respectively^^^^.



etate/orsellinate derived oxygen 
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Scheme 11
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Far less 180 label was retained in andilesin A and andibenin 

B compared with austin. As in the case of austin half as 

much 180 is retained at C-8 ' compared with C-6 1 in andilesin 

A, which is evidence for a free carboxylate function at C-8 1 

during the biosynthesis of andilesin A, and, it can be 

assumed in the biosynthesis of andibenin B also. The retention 

of the 180 isotope at the C-6 ' position in andilesin A lends 

support to the suggestion that in the andilesin and andibenin 

series of metabolites, A is a precursor to B, which is a 

precursor to C.

The results from this incorporation study are consistent 

with the mechanisms proposed for the modification of the poly- 

ketide moiety in these two metabolites (Scheme 11). The 

intermediate (43), which is only partially cyclised, undergoes 

a Diels-Alder type reaction to form the fully cyclised inter

mediate (44). Reduction of the double bond between C-6 ' and 

C-7', and hydroxylation at C-1' followed by lactonisation, 

results in a ring system corresponding to andilesin A or 

andibenin B. The relative timing of these modifications 

cannot be determined from these results.

Growth production study of territonin (2) from Aspergillus 

terr eus

No detailed study of growth production of territonin 

from Aspergillus terreus had been carried out by previous 

workers. Therefore it was decided to do so; to ascertain 

when the metabolite was being produced and in what quantity 

for orsellinate incorporation studies and for growth of the
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TABLE 7: Isotopically shifted resonances in the 13C

n.m.r. spectrum of territonin (2 ) labelled by 

[1 3C ,1 80 ]-ethyl 3,5-dimethylorsellinate

Carbon 5 (p.p.m.) A(5 (p.p.m. x 1 00) 1 60 : 1 80

6 ' 

8 1

168.7

167.7

3.6

3.9

42 : 58 

66 : 34
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culture in an 1 8C>2-enriched atmosphere. Static cultures

of Aspergillus terreus were grown in 500 ml Erlenmeyer flasks

on a medium of malt extract broth. Flasks were removed on

various days between days 3 and 14, and checked for metabolite

production. No territo'nin was isolated from three-day old

cultures, and metabolite production increased up to day 9-10,

from when production increased only slowly (Figure 11). It

was found that if ethyl 3,5-dimethylorsellinate was added to

the culture medium on day 3 then metabolite production was

stimulated. The yield of territonin from 14-day old cultures

with and without exogenous addition of the orsellinate were

compared. Addition of orsellinate caused a 28% increase in

metabolite production. However unusually low yields were

recorded in this growth production study. In general typical
- 1yields of territonin varied between 20-30 mg 1

Incorporation of [1 3C, 1 80]-labelled orsellinate into territonin

To check that there was good incorporation of the precur

sor into territonin, [1 ^C]-labelled orsellinate was first fed

to cultures of Aspergillus terreus in penicillin flasks, 74
27hours after inoculation . The specific activity of territonin

isolated after 14 days growth, suggested a dilution of 23 could

be expected for incorporation of the [1 3 C ,1 80 ]-labelled

orsellinate (40). The [1 3C ,1 8O]-labelled orsellinate was
2 7duly fed and the 13C n.m.r. spectrum of the isolated territonin 

was analysed (Figure 12). Only two isotopically shifted 

signals were observed in the spectrum. The shifts were to 

the C-6 1 and C-8 1 resonances (Table 7). From the magnitudes
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of the shifts, -0.036 and -0. 039 p.p.m. respectively, it

was obvious that the carbonyl oxygens were isotopically

labelled"^ ' ̂ . The fact that the C - 8 1 and C - 6 1 carbonyl

oxygens are labelled by 1 8 0 is consistent with the mechanism
27originally proposed (Scheme 12) . The fully cyclised

intermediate (45) undergoes ring contraction to (46). After 

oxidation at C-5 1 and ring cleavage, by a retro-Claisen 

mechanism, the intermediate (47) can lactonise and finally 

estérification leads to the structural features found in 

territonin.

However there was a much higher retention of the 180

isotope at C - 6  compared with C- B • As the mechanism suggests

free carboxyl functions at both carbons, similar levels of

180 retention could be expected. Also, rather surprisingly,

the singly bonded oxygen at C-6 1 was not labelled by 1 80.

Formation of the methyl ester was predicted to arise from

méthylation of a free carboxyl group, in which the 1 8 0 label

would become randomised in the two positions of the ester.
3 6A report in the literature supports this mechanism . It 

was found that both oxygens in the methyl ester and phytol 

ester of bacteriochlorophyll a (48) were derived from the 

5-aminolaevulinic acid (49) precursor, which has been labelled 

with 13C and 180 (Scheme 13).

Shifts due to 180 in the singly-bonded position of 

esters are known to be s mall^'^, so it is possible that 

the shift is not being resolved. Studies are underway to 

exchange the methoxy group of the ester in territonin with 

1 80-labelled methanol. The size of the shift determined 

would clarify the situation.
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Th'e singly-bonded oxygen must be derived from another 

source i.e. from the air or from water. Therefore the 

proposed mechanism required some modification.

Aspergillus terreus cultures were grown in an 1 802- 

enriched atmosphere to test whether this oxygen was aero

bically derived and to ascertain the origin of the other 

oxygens in territonin.

Incorporation of l e 0 2 into territonin

Aspergillus terreus cultures were grown in 500 ml

Erlenmeyer flasks connected to the "constant pressure"
27apparatus for measuring oxygen uptake (Appendix) in an

1 6 0 2/ 1 4N 2 (20:80) atmosphere to check that the fermentation

grew normally and metabolite production was maintained. By

visual comparison with control flasks the growth in the

experimental flasks appeared to be retarded by approximately

1 2 hours, but otherwise the fermentation proceeded as normal.
-1Territonin production was maintained (26 mg 1 ), so

Aspergillus terreus cultures were grown in an 1 802-enriched 

atmosphere. To save on 1 80 2 gas, which is very expensive, the 

cultures were grown in air for four days before connecting to 

the constant pressure apparatus. Control flasks were checked 

for territonin production at this stage, and no territonin was 

isolated. Also to save on 1 80 2 gas, the cultures were allowed 

to grow for only 11 days. A plot of oxygen uptake versus

time is shown in Figure 13. A gradual uptake of oxygen was 

observed, the rate of which decreased steadily with time.



TABLE 8: Isotopically shifted resonances in the l3C n.m.r.

spectrum of territonin (2) labelled by 1S0 2 gas

Carbon 6' (p.p.m.) AS (p.p.m. x 1 00) 1 60 : 1 80

3 214.0 5 . 1 70 : 30

7 197. 1 4.4 61 : 40

8 1 167.7 0 . 8 54 : 46
6 138.8 1 .4 56 : 44
5 131.7 1 .4 53 : 47
5 1 85.6 2.5 57 : 43
9 77.7 2 . 8 69 : 31
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An unusually large yield of territonin (52 mg 1 ) was

isolated from the culture flasks grown in the 1 8 0 2-enriched
-1atmosphere compared with the control flasks ( 20 mg 1 ).

The [1 80]-labelled territonin was analysed by 13C n.m.r. fora 

-isotopically shifted signals. Seven isotopically- shifted 

signals were observed in the spectrum (Figure 14). As 

expected the oxygens at C-3, C-6 , C-7 and C-9 in the farnesyl 

derived portion of the molecule were all labelled by 1 8 0 

(Table 8 ). As predicted the isotope shifts for the ketones 

were large but reduced by conjugation^*"*'^̂  - the shift at C-7 

was -0.044 p.p.m. compared with -0.051 p.p.m. at C-3. The 

label in the tertiary alcohol at C-9 caused a shift of 0.028 

p.p.m. compared with a shift of 0.014 p.p.m. for the labelled 

enolic hydroxyl at C-6 . It has been shown that sp2-hybridized 

carbon atoms singly-bonded to 1 8 0 exhibit small shifts'^ 

Unexpectedly the C-5 resonance exhibited an upfield 

shifted signal of 0.014 p.p.m. As there is no oxygen at the 

C-5 position an explanation was required. To check that the 

shifted single was not due to a y-deuterium isotope shift 

because of exchange of the C - 6 hydroxyl proton with the 

deuteriated n.m.r. solvent, the sample was exchanged with a 

mixture of 2H20 : H20 (2:1). The y-deuterium shifts observed 

were much larger and the 180 shift was still present. There

fore it must be assumed that the shifted signal was a 8-shift 

due to an 180 isotope at C-6 . Surprisingly the 8-shift was

the same size as the a-shift. There is little available

data on 3-1 80-shifts in 13C n.m.r. spectroscopy. However 

Vederas and co-workers have carried out some studies on model

-1



TABLE 9: Isotopically shifted resonances in the 13C
n.m.r. spectra of compounds (50) and (51)

Compound 6 (p.p.m.) AS(p .p .m.x100) 1 6 0 : 1 8 0

194 .0 
143.2 
127.6

4 . 1 64 : 36

1 94 . 0 
143.2 
127.6

1 .3 
1 . 1

48 : 52 
48 : 52
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systems . They have synthesised (Schemes 14 and 15) two 

labelled cyclohexenone derivatives (50 and 51), in which 

there was a hydroxy group a to the conjugated carbonyl as 

in territonin. In (50) the carbonyl oxygen was labelled 

by an 180 isotope, and in (51) the hydroxyl oxygen was 

labelled. The two 180 labelled compounds were analysed by 

13C n.m.r., and the resonances and shifts observed for C-1,

C-2 and C-3 (Table 9). The shifts were approximately the 

same size for the corresponding ones in territonin. The 

shifts to C-2 and C-3 were about the same size and the same 

isotope ratios were found. This confirms that the shifted 

signal at C-5 in territonin is due to an unusually large 

8-shift.

The oxygen at C-4 1 is not derived from the air and it 

can be assumed to be acetate-derived. The singly-bonded 

oxygen at C - 8 1 was labelled by 1 8C>2 gas, as a shift at C-5' 

was also observed. There was no shift to the methyl resonance 

of the methyl ester which suggested that the singly-bonded 

oxygen of the ester must be derived from water.

If the original proposal for modification of the poly- 

ketide moiety in territonin is correct (Scheme 12) then a new 

mechanism for formation of the methyl ester is necessary.

It is known that the carbon of methyl was derived from S- 

adenosylmethionine, but the oxidation state of the carbon 

was not known. It was thought that if [1 3C 2H 3-methyl]- 

methionine was fed to cultures of Aspergillus terreus, 

whether or not the [1 3C 2H 3]-labelled methyl was incorporated 

intact would shed some light on an alternative esterification 

mechanism.

37



'L 95 4-90
Figure 15: A section (m/z 488-500) of the mass spectrum

of territonin, labelled bv [1 3C ,2H 3-methyl]- 
methionine

TABLE 10: Relative abundance of mass peaks (488-500) in
territonin labelled [1 3 C ,2H 3-methyl]methionine

M/z Abundance (%)

488 (M+) 1 00

489 (M+1 ) 32
490 (M+2) 9
491 (M+3) 6

492 (M+4) 1 0
493 (M+5) 3
494 (M+6 ) 1

495 (M+7) 3
496 (M+8 ) 2

497 (M + 9) 1

498 (M+10) 1

499 (M+11) 3
500 (M+12) 1



77

Three positions in territonin were labelled by [1 3C~

methyl]methionine - the C-9 1 methylene, the methyl at C-10 1

27and the methyl of the ester . If the three positions were

labelled by 1 3 C 2H2, 1 3C 2H 3 and 1 3C 2H 3 respectively then a

mass peak of 499 would be observed - 11 mass units above the

mass peak for unlabelled territonin (m/z = 488).

Aspergillus terreus cultures were fed with [1 3C 2H 3-

methyl]methionine 83.5 hours after inoculation, following
27the instructions reported . The territonin isolated was 

examined by mass spectrometry. The pattern obtained for the 

m/z region 488-500 is shown in Figure 15. Most of the 

territonin isolated was unlabelled, but it is clear that 

isotopic labelling had occurred above natural abundance levels 

(Table 10). The peak at m/z =491 is due to a = 1 3C 2H 2 group 

at C-9', and the peak at m/z = 492 results from i 3C 2H 3 labelling. 

The peak at 492 is approximately twice the size of the one at 

491, because of the two possible methyl positions which could 

be labelled. Other peaks in this region arise because of the 

natural abundance of 1 3C, 2H, 170 and 180 isotopes, partial 

dilution of deuterium labels and possibly multiple labelling 

by [1 3C 2H 3-methyl]methionine.

In some molecules all three positions were labelled as 

a peak was observed at m/z = 499. Therefore the methyl group 

donated by S-adenosylmethionine to form the methyl ester 

retains all three hydrogens from the precursor.

It would seem in the light of all these stable isotope
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studies carried out on territonin the original proposal 

for modification of the polyketide moiety is unsatisfactory.

A mechanism which is consistent with all the experimental 

results is shown in Scheme 16. The intermediate (45) under

goes ring cleavage by one of two routes. Route (a) involves 

a retro-aldol mechanism promoted by methoxide attack at C-6 ' 

and leads to direct formation of the ester. Route (b) invol

ves a stereoselective hydration of the carbonyl at C-6 1 and 

stereoselective méthylation of the oxygen, derived from water, 

with ring cleavage by a retro-aldol type process. Lactonisa

tion in both routes proceeds via aerobic oxidation at the 

C-5' position. Route (b) makes more biosynthetic sense as 

there is no precedence for methoxide ions in nature.

Conclusions and future experiments

The incorporation of the [1 3C ,1 80]-labelled orsellinate 

(40) into austin (1), andilesin A (3), and andibenin B (4) 

has confirmed the proposed mechanisms for modification of the 

polyketide moiety to arrive at the structural features 

observed in the metabolites. The unexpected 1 80-labelling 

pattern in territonin (2 ), found the original mechanism 

unsatisfactory and a new one has been proposed.

The four metabolites, and other related compounds, all 

arise from the triphenylphenol pathway, but how closely are 

they linked on this pathway? They are all likely to share 

the common intermediate (18) formed by alkylation of 3,5- 

dimethylorsellinate by farnesyl pyrophosphate (Scheme 3).
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Here the pathway can branch to produce the fully cyclised 

intermediate (45), which is a precursor to austin and 

territonin, or (43), in which the farnesyl pyrophosphate 

moiety has only partially cyclised (Scheme 17). The inter

mediate (43) is the precursor to the andilesins, andibenins 

and anditomin. The orsellinate (and hence acetate) origin 

of the C-6 ' oxygen in andilesin A lends support to the 

biosynthetic sequence A-tB-K3 proposed for the andilesin and 

andibenin series of metabolites. It has been proposed that 

the andilesins are immediate precursors to the andibenins, 

and that andilesin C (10) is a precursor to anditomin (8 ).

The biosynthesis of austin and territonin may diverge 

at (45), or, alternatively, (42) may be a common intermediate, 

from which the biosynthesis to the two metabolites proceeds 

as shown in Scheme 17. Incorporation of [6 — 1 3C,10 — 2H 3] — 

labelled ethyl 3,5-dimethylorsellinate into territonin would 

clarify this problem. If (42) is indeed an intermediate to 

territonin, a maximum of two deuteriums at C-1 1 would be 

retained, and this could be determined by the 3-shift method.

The [6- 1 3C,10-2H 3]-labelled orsellinate (52) could be synthesised 

in an analogous manner to the synthesis of the [1 3C, 1 80]- 

labelled orsellinate. However appropriately labelled 4- 

methylhex-4-en-3-one (38) would be required. A proposed 

method of synthesis is condensation of [1- 1 3C ,2-2H 3]acet- 

aldehyde with the trimethylsilyl ether of pentan-3-one, 

followed by dehydration with p-toluenesulphonic acid to 

produce the labelled 4-methylhex-4-en-3-one (53) (Scheme 18).

As previously mentioned austinol (13), dehydroaustin (14),



(54)

Me Me

(55)
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and isoaustin (15) have been isolated from various 
14 15 16cultures ' ' , and the three metabolites are structurally

very similar to austin. In a proposed biosynthetic sequence

austinol would be the immediate precursor to austin.

Alternatively a common intermediate could be hydroxylated

and acetylated at C - 6 to form isoaustin. Dehydroaustin would

be formed from austin. The group of metabolites, the
17 18austalides, isolated from Aspergillus ustus ' are also

likely to be products of the triprenylphenol pathway, but 5-

methylorsellinate would be the origin of the polyketide moiety.
3 8Paraherquonin (54) from Pénicillium paraherquei and 

39fumagatonin (55) from Aspergillus fumigatus are two more 

metabolites, which are likely to be derived from farnesyl 

pyrophosphate and 3,5-dimethylorsellinate. In both cases 

elaborate modifications have occurred to arrive at the 

structures of these two metabolites. Paraherquonin appears 

to be most closely related to austin, on the basis of 

structural features. Fumagatonin would have only one carbon 

linkage between farnesyl pyrophosphate and the polyketide 

moiety and therefore its biosynthesis may proceed from the 

intermediate (43) proposed on the pathway to the andibenins 

and andilesins.

Evidence is still required to support or dispute the 

proposals for the formation of the spiro-lactone ring system 

found in austin, the andibenins, and related metabolites, and 

for the formation of the seven-membered lactone ring of the 

andilesins and anditomin. Incorporation of specifically 

deuteriated mevalonic acid may shed some light on mechanisms 

of their formation.
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The possibility of a phthalide derivative being an 

intermediate to the andilesins and the andibenins has not 

been investigated. Synthesis and incorporation of the 

specifically labelled phthalide (32) would clarify this.

To establish when cyclisation of the farnesyl pyro

phosphate moiety occurs and to ascertain how closely the 

meroterpenoid metabolites are related, incorporation studies 

with advanced precursors are necessary. Such studies may 

require cell-free systems, to be successful.
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. Experimental

(General procedures and instrumentation are described on 

p. 46 ) .

Tiglyl chloride

A solution of tiglic acid (48.0 g, 0.48 mol) in dry

benzene ( 200 njl) was added to a magnetically stirred solution 

of thionyl chloride (114.8 g, 0.97 mol) in dry benzene (100 

ml) at room temperature. Once the addition was complete, 

the mixture was heated under reflux for 4£ hours. Then the 

solvent was removed by distillation at atmospheric pressure, 

and the residue distilled under reduced pressure. The 

fraction boiling between 47 and 52°C at aa. 25 mmHg was 

collected. N.m.r. and i.r. data confirmed that the product 

was practically pure tiglyl chloride (44.2 g, 0.37 mol, 78%)

(lit.f° b.p. 45°C at 12 mmHg).
T neat n — 1I.r.: v 1750s and 164om cmmax
1E n.m.r.: (80MHz, CDC13) 61.83 (3H, d), 1.86 (3H, s),

and 7.18 p.p.m. (1H, m).

4-Methylhex-4-en-3-one

A solution of bromoethane (52.8 g, 0.48 mol) in dry 

ether ( 1 0 0 ml) was added slowly to a stirred' suspension of 

magnesium turnings (6 . 6  g, 0.28 mol) in dry ether (35 ml), 

under a dry nitrogen atmosphere, such that the solvent just 

boiled. Once the addition was complete, the resulting solu

tion of ethyl magnesium bromide was heated under reflux for
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15 minutes. After allowing the mixture to cool to room 

temperature, the Grignard reagent was slowly added to a 

stirred suspension of anhydrous cadmium chloride (33.0 g,

0.18 mol) in dry ether, under a dry nitrogen atmosphere, such 

that the solvent just boiled. The resulting mixture was 

heated under reflux for 3 hours, by which time the suspension 

had disappeared to leave a homogeneous, grey solution of 

diethyl cadmium in ether. After cooling to -70°C (card 

ice/ethanol bath), a solution of freshly distilled tiglyl 

chloride (32.0 g, 0.27 mol) in dry ether (35 ml) was added, 

with vigorous stirring. Once the addition was complete, the 

mixture was allowed to warm to room temperature, then heated 

under reflux for 1 hour, by which time a thick pale cream 

precipitate had formed. The mixture was allowed to cool and 

was decomposed with 2M hydrochloric acid (300 ml) plus an 

equal volume of ice. The organic layer was separated and

the aqueous phase extracted with ether (6 x 50 ml). The ether 

extracts and the organic layer were combined, and washed with 

saturated sodium bicarbonate solution (10 x 50 ml), and dried 

(MgSO^). After removing the solvent by distillation at 

atmospheric pressure, the residual yellow oil was distilled 

under reduced pressure. The fraction boiling between 48 and 

49°C at ca. 20 mmHg was collected. The product was identified 

as 4-methylhex-4-en-3-one (13.3 g, 0.12 mol, 44%) (lit.V 

b.p. 50-51°C at 18 mmHg).

1.r.: v neat 1665s and 1645m cm  ̂.max
1H n.m.r.: (80MHz, CDC13), 61.06 (3H, t), 1.76 (3H, s), 1.86 

(3H, dq), 2.63 (2H, q), and 6.70 p.p.m. (1H, br q).
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Ethyl 2,4-dihydroxy-3,5,6-trimethyl benzoate (ethyl 3,5- 

dimethylorsellinate)

(a) Diethyl malonate (3.17 g, 19.76 mmol) was added to a hot 

solution of sodium (500 mg, 21.74 mmol) in dry ethanol (20 ml) 

under a dry nitrogen atmosphere and allowed to stand whilst 

cooling for 5 minutes. 4-Methylhex-4-en-3-one (2.30 g, 20.54 

mmol) was added and the mixture heated under reflux, with 

stirring, for 6 hours. As much ethanol as possible was removed 

by distillation at atmospheric pressure. The remaining dark 

yellow oil was dissolved in water and the aqueous solution 

extracted with ether ( 2 x 1 0  ml). The aqueous phase was

acidified to pH 2 with concentrated hydrochloric acid and re

extracted with ether ( 5 x 1 0  ml). The ether extracts were

dried (MgSO^) , and then the solvent removed in vaauo, to

yield the dihydroaromatic ester as a dark yellow solid (5.02 

g). This crude product was dissolved in glacial acetic acid 

(20 ml), and bromine (3.72 g, 23.27 mmol) was added in one 

portion to this solution at room temperature. Dry compressed 

nitrogen gas was bubbled through the reaction mixture to carry 

out as much gaseous hydrogen bromide as possible. After 24 

hours, ether (100 ml) was added. The ethereal solution was 

washed with saturated sodium bicarbonate solution (5 x 20 ml),

2M sodium metabisulphite solution (5 x 20 ml), and water 

(2 x 20 ml), then dried (MgSO^). After removal of the solvent, 

in vaauo a mustard solid remained (3.53 g). 1H n.m.r. spectro

scopy showed this solid to consist of a mixture of ethyl-2 ,4- 

dihydroxy-3,5,6 -trimethyl benzoate and 1 -bromo-2 ,4-dihydroxy- 

3,5,6 -trimethyl benzene, in a ratio of ca.3:1. This crude
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mixture was suspended in a solution of potassium hydroxide 

(284 mg, 5.05 mmol), water (20 ml) and hydrogenolysed in the 

presence of 10% palladium on charcoal catalyst (500 mg) at 

room temperature and atmospheric pressure for 18§ hours.

After acidifying to pH 2 with concentrated hydrochloric acid, 

the reaction mixture was filtered through Celite. The dry 

residue from filtration was extracted with ether (Soxhlet), 

whilst the filtrate was extracted with cold ether ( 7 x 1 0  ml). 

The ethereal extracts were combined, dried (MgSO^) and con

centrated, in vacuo, to yield a light brown solid (2.95 g) .

1H n.m.r. spectroscopy showed that hydrogenolysis was unsuccess

ful. The two components were successfully separated by 

preparative t.l.c., eluted with chloroform. A sample (507 

mg) was applied to ten preparative t.l.c. plates. The major 

band was isolated and recrystallised from carbon tetrachloride 

to yield off-white crystals of ethyl 3,5-dimethylorsellinate 

(159 mg, 0.71 mmol, 21%), m.p. 89-90.5°C (lit.23 m.p. 91-92°C).

I .R .: v nu3ol 3480w, 3250w, and 1610s cm'1, max
1H N.M.R.: (80MHz, CDC13) 61.40 (3H, t, J7.1Hz, -Cl^Cfi^),

2.13 (6H, s, 3- and 5-Ar C#3), 2.44 (3H, s, 6-Ar CH3), 4.40 

(2H, q, J7.1Hz, -C#2CH3), 5.18 (1H, s, 4-ArOff), and 11.46 

p.p.m. (1H , s, 2-ArOff).

(b) The dihydroaromatic ester was prepared as described above 

from diethyl malonate (1.81 g, 11.29 mmol) and 4-methylhex-4- 

en-3-one (1.31 g, 11.70 mmol). The crude dihydroaromatic 

ester was then dissolved in carbon tetrachloride (25 ml), and 

bromine (2.13 g, 13.3 mmol) was added dropwise to this solution 

which had been cooled in an ice bath. After the addition was
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complete the reaction mixture was allowed to warm to room 

temperature and dry compressed nitrogen gas was bubbled 

through the reaction mixture for 24 hours. (Due to evapora

tion, it was necessary to add more carbon tetrachloride to 

the reaction flask during this period). After the remaining 

solvent had been removed, in vacuo, ether ( 1 0 0 ml) was added 

to the residual dark brown oil. The ethereal solution was 

washed with 2M sodium metabisulphite solution (7 x 15 ml) and 

water (2 x 20 ml), then dried (MgSO^). Removal of the solvent, 

in vacuo, afforded a green-black semi-crystalline oil (2 . 8 6 g) . 

This crude product was dissolved in carbon tetrachloride and 

heated to reflux with charcoal for 5 minutes. After filtra

tion to remove the charcoal, and evaporation of the solvent, 

the resulting yellow solid was recrystallised from carbon 

tetrachloride to yield off-white crystals of ethyl 3,5- 

dimethylorsellinate (0.19 g).

The residue from recrystallisation was purified by 

preparative t.l.c., eluted with chloroform, to yield pale 

yellow crystals of ethyl 3,5-dimethylorsellinate (0.36 g) .

The total yield of product was 0.55 g (2.46 mmol, 22%). Purity 

was checked by i.r. and 1H n.m.r. spectroscopy, m.p. 90-91°C 

(lit. 23 m.p. 91-92 °C) .
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Ethyl [ 1 - 1 **0] -2 , 4-aihydroxy-3 , 5 , 6-trimethylbenzoate

The [ 1 ‘‘C]-labelled orsellinate was prepared as previously

described from diethyl [2-1 ^C]malonate (1.50 g, 9.38 mmol,
“ 1 ” 113.33)1 Ci mmol , 2 . 96 x 1 07 dpm mmol ) and 4-methylhex-4-

en-3-one (1.09 g, 9.73 mmol). The crude product was a yellow 

solid, which was dissolved in carbon tetrachloride and heated 

to reflux with charcoal for 10 minutes. After filtration 

to remove the charcoal and evaporation of the solvent, the 

product was recrystallised from carbon tetrachloride to yield 

off-white crystals of the [1 4C ]-labelled orsellinate (514 mg, 

2.29 mmol, 24%). Purity was checked by 1H n.m.r. spectro

scopy, m.p. 91-92.5°C (lit. m.p. 91-92°C). A sample was
_ -j

recrystallised to constant activity - 11.64 p C i  mmol ,
_ -J

2.56 x 107 dpm mol (87% of original activity).

Ethyl acetate

Freshly distilled triethvl phosphate (7.5 ml) and a small 

piece of glass wool were added to sodium acetate (2 . 0 0 g,

24.4 mmol) in a 25 ml pear-shaped flask, and the mixture was 

heated for 1§ hours at reflux in an oil bath (170-185°C).

The reaction mixture was cooled to room temperature and the 

upper end of the reflux condenser was sealed to a vacuum line 

through (A), a trap cooled to -15°C (ice-sodium chloride bath) 

and (B), a second trap cooled to -190°C (liquid nitrogen bath). 

The reaction mixture was then warmed in an oil bath (70-120°C) 

at a pressure of 1.5-2.0 mmHg. No triethyl phosphate collected 

in trap (A). In trap (B) ethyl acetate (1.52 g, 17.3 mmol,

71%) was collected.

-N
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I.S.: vneat 1740s and 1239s cm”1,max
1H N.M.R.: (60MHz, CDC13 , standard TMS) 1.19 (3H, t),

1.97 (3H, s) and 4.06 p.p.m. (2H, q).

Ethyl [ 1- 1 3C, 1 80 2 ]acetate

Ethyl [ 1 3C , 1 80 2 ] acetate was prepared as described above 

from sodium [1 - 1 3C , 1 80 2 ]acetate (1.04 g, 11.95 mmol; 90 atom 

% 1 3C, 81 atom % 1 802, 18 atom % 1 80i) and triethyl phosphate 

(3.9 ml). Ethyl [ 1 - 1 3C , 1 80 2 ]acetate (0.95 g, 10.22 mmol,

8 6 %) was collected in trap (A) and identified by i.r. spectro

scopy .

Diethyl malonate

n-Butyllithium (12 ml of a 2.7M solution in hexane,

32.4 mmol) was added slowly to a magnetically-stirred solution 

of hexamethyldisilazine (4.04 g, 25.09 mmol) in dry tetra- 

hydrofuran (30 ml) under a dry nitrogen atmosphere and cooled 

to less than -65°C (card ice-methanol bath). The solution 

was warmed to 20°C during 30 minutes and then recooled to -72°C. 

Dry ethyl acetate (1.35 g, 15.34 mmol) dissolved in dry tetra- 

hydrofuran (3.5 ml) was added dropwise to the mixture by means 

of a syringe. An additional quantity of tetrahydrofuran (3.5 

ml) was used to rinse out the syringe and flask which had 

contained the ethyl acetate. The solution was stirred for 

30 minutes between -72 and -75°C, and then freshly distilled 

ethyl chloroformate (1.65 g, 17.84 mmol) was added by means of 

a syringe, keeping the temperature below -55°C. After the 

reaction mixture was stirred for another 2\ hours at -75°C,
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6M hydrochloric acid (4 ml) was added, followed by water 

(20 ml) and ether (100 ml). The ether layer was separated 

and the aqueous solution extracted with additional ether (50 

ml). The combined ether•extracts were washed successively 

with 3M hydrochloric acid (20 ml), water (50 ml) and 5% 

aqueous sodium bicarbonate solution (50 ml). The acid and 

water washes were combined and re-extracted with ether 

(2 x 20 ml). These ether extracts were washed with 5% aqueous 

sodium bicarbonate solution and then combined with the original 

ether extract. After drying (MgSO^) and removal of the 

solvent on a rotary evaporator (water bath temperature 70°C, 

at 24 mmHg), diethyl malonate (1.81 g) was isolated. A purity 

of 96% was determined by g.l.c. (10% APL column, 137°C)

corrected yield of diethyl malonate was 1.74 g, (10.88 mmol, 72%).
t"t> neat —1I.R.: v 1750s cmmax
1H N . I»1. R . : (80MHz, CDC13) 61.25 (6H, t) , 3.32 (2H, s) 'and

4.18 p.p.m. (4H, q).

Diethyl [ 1 - 1 3C , 1 80 2 ]malonate

Diethyl [1- 1 3C ,1 s0 2]malonate was prepared as described 

above from ethyl [1 - 1 3C , 1 80 2 1 acetate (0.95 g, 10.22 mmol) and 

ethyl chloroformate (1.11 g, 10.22 mmol). The product (1.30 

g), was analysed by g.l.c. (10% APL column, 136°C). A purity 

of 84% was determined, therefore the corrected yield of diethyl 

[1 - 1 3C , 1 80 2 ]malonate was 1.10 g (6.60 mmol, 65%).
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Ethyl [2,7-1 3C 2-2-hydroxy,7-oxo,1 8p 2]-2,4-dihydroxy—3,5,6- 

trimethylbenzoate

The [1 3C ,1 80]-labelled orsellinate was prepared as

previously described from diethyl [ 1 -13C , 1 8C>2 ] malonate (1.10

g, 6.67 mmol) and 4-methylhex-4-en-3-one (775 mg, 6.92 mmol).

The crude product was a black tarry residue which was purified

by preparative t.l.c., developed with methanol-chloroform

(4:96). After isolating the major product, it was subjected

to a second preparative t.l.c., with chloroform. Pale yellow

crystals of the [1 3C ,1 80]-labelled orsellinate (720 mg, 3.17

mmol, 48%, 88 atom % 1 3C, 81 atom % 1 80, 7 3 atom % 1 3C, 1 80)

were isolated. I.r. and 1H n.m.r. spectroscopic data agreed
23with data from unlabelled samples. M.p. 90.5-91.5°C (lit.

91-92°C) .

1H N.M.R.: (80MHz, CDC13) 51.40 (3H, t, J7.1HZ, -CH2C^3),

2.13 (6H, s, 3- and 5-ArCff3), 2.44 (3H, s, 6 -ArC#3), 4.60 (2H, 

q(d) J7.1HZ, (2Jch 3.0Hz), -C#2CH3), 5.11 (1H, br s, 4-ArOff)

and 11.46 p.p.m. (1H, s(d) (2J^„ 4.4Hz), 2-Ar-OH).Cri
Mass spectrum: m/z 227 (M+ , 33%), 181 (100), 153 (38), and

150 (54).

A small quantity of the [1 3C ,1 80]-labelled orsellinate 

(5 mg, 0.022 mmol) was mixed with the unlabelled orsellinate 

(232 mg, 1.036 mmol) and analysed by 13C n.m.r. spectroscopy. 

13C N.M.R.: (400Hz, CDC13 , Hi decoupled) 58.0 (3-ArCH3),

11.8 (5- or 6-ArdH3) , 14.3 (5- or 6-ArdH3), 18.8 ( C H^H^,

61.3 (CH2CH3) , 106.6 (C-1), 107.6 (C-3), 115.0 (C-5), 137.6 

(C-6 ) , 156.8 (C-4) , 159.7* (C2>, 172.3* (1 - A r d C ^ C ^ ) .

•k Isotopically shifted signal also observed.
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The mixed sample (111 mg, ca.0.50 mmol) was added to 

acetic anhydride (3 ml) and pyridine (6 drops), and the 

resulting solution stirred at room temperature for 66 hours.

The reaction was monitored by t.l.c., developed with methanol- 

chloroform (2:98), and by this time all the starting material 

had been consumed in the reaction. The reaction mixture was 

poured onto an ice-2M hydrochloric acid mixture, and extracted 

with chloroform ( 3 x 1 0  ml). The chloroform extracts were 

washed with 5% sodium bicarbonate solution (2 x 10 ml), 

followed by water (2 x 10 ml). The organic extract was 

dried (MgSO^), and, after removal of the solvent in vacuo, 

a yellow oil remained. On standing the oil crystallised to 

yield pale yellow crystals (141 mg). After recrystallisation 

from carbon tetrachloride the diacetoxy-[1 3C,1 80]-labelled 

orsellinate (96 mg, approx.0.31 mmol, 63%) was isolated.

1H N .M.R.: (80MHz, CDC13) 61.33 (3H, t, CH2C#3), 1.91 (3H,

s, 4-Ar02CCff3) , 2.03 (3H, s, l-RrO^CH^) , 2.24 (6H, s, 3- 

and 5-ArCB^), 2.32 (3H, s, 6 -ArC#3), 4.33 p.p.m. (2H, q,

-Cff2CH3) .

13C N.M.R.: (400MHz, CDC13, 1H decoupled), 8168.3 (2- or

4-Ar-OC'OCH3) , 168.2 (2- or 4-Ar-OCOC^ ) , 167.0* (1- A r d C ^ C ^  ) ,

149.4 (C-4), 145.0* (02, 133.6 (05 or 06), 127.8 ( 0 5  or 

06) , 125.9 (C-1 or 03), 121.9 (C-1 or 03), 61.3 (dH2CH3),

20.4 (2- or 4-ArOCOCH3) , 20.3 (2- or 4-ArOCOC'H3) , 17.0 (CH2dH3), 

14.2 (5- or 6-ArdH3), 12.9 (5- or 6-ArdH3), 10.3 (3-ArCH3).

* Isotopically shifted signal also observed.
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Aspergillus terreus (NRRL 6273) was stored in the dark 

on potato dextrose agar (Oxoid CM 139) slopes. When 

required the culture was transferred to and grown on potato 

dextrose agar in medical flats for 8-10 days at 25-27°C, in 

the light. A spore suspension in distilled water, from the 

medical flats, was used to inoculate either 500 ml Erlenmeyer 

flasks or penicillin flasks containing 1 00 ml or 200 ml, 

respectively, of malt extract broth:

Oxoid malt extract 3% w/v

Oxoid mycological peptone 0.5% w/v

Distilled water to 100%

(pH of the medium was ^5.4)

The cultures were normally allowed to grow for 14 days 

at 25-27°C, by which time a thick pale brown mat of mycelium 

had formed on the surface of the medium. The growth medium 

was decanted from the flasks and filtered. The filtrate 

(pH ^6 ) was extracted with chloroform (3 x a third of the 

liquor volume), the extract dried (MgSO^), and the solvent 

removed in vacuo to give a brown oil. This extract was applied 

to preparative t.l.c. plates (15-20 mg per plate) and eluted 

with acetone-chloroform (14:86). The band corresponding to 

an authentic sample of territonin was isolated (Rf 0.4) and 

applied again to preparative t.l.c. plates, eluted with ethyl 

acetate-methylene chloride (25:75), to afford territonin

Production and isolation of territonin
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(Rf 0.4) as a white crystalline solid. The yield usually
-J

varied between 20 and 30 mg 1 . 1H n.m.r. spectroscopic 

data agreed with that of an authentic sample and published

Growth production study of territonin, and exogeneous addition

of ethyl 3,5-dimethylorsellinate to Aspergillus tevreus

Aspevgillus terveus was grown as previously described in 

40 Erlenmeyer flasks. A sterile solution of ethyl 3,5- 

dimethylorsellinate (53 mg, 0.24 mmol) dissolved in acetone 

(20 drops), "Tween 80" detergent (0.5 ml) and distilled water 

(15 ml) was prepared. This cloudy solution was equally 

distributed between 5 flasks by injection through the mycelial 

mat, 3 days after inoculation. On each of days 3, 5, 7, 9,

11 and 13 after inoculation, four of the flasks were removed 

from the culture room and worked up in the usual way. After 

14 days of growth, the five flasks fed with exogeneous ethyl 

3,5-dimethylorsellinate and the remaining eleven flasks were 

worked up. Territonin was isolated and purified as usual 

from each group of flasks.
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Results:

Time/days Extract weight/mg - 1 - 11 Territonin/mg 1

3 1 05 0

5 148 6 . 8

7 130 1 1 . 2

9 130 15.5

1 1 2 1 0 15.8

1 3 175 16.5

14 171 17.7

From 212 - 1mg 1 of extract, obtained from the medium o:

Aspergillus terreus fed with ethyl 3,5-dimethylorsellinate,

2 2 . 6  mg 1  ̂ of territonin was isolated.

Incorporation of ethyl [1 - 1 4C] -3,5-•dimethylorsellinate into

territonin

Aspergillus terreus was grown as previously described in

six penicillin flasks. A sterile solution of the [ll*C]-
- 1labelled orsellinate (76 mg, 0.34 mmol, 11.64 n Ci mmol ,

7 -12.56 x 10 dpm mmol ) dissolved in acetone (10 drops), "Tween 

80" detergent (0.5 ml) and distilled water (15 ml) was pre

pared. This cloudy solution was distributed equally between 

five flasks, 74 hours after inoculation. After 14 days growth, 

territonin was isolated from the culture liquors. The sample 

was purified to constant activity by preparative t.l.c., to 

afford territonin (35 mg, 1.11 x 10 dpm mmol , dilution 23).
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Incorporation of the ethyl [1 3C ,1 80]-labelled-3,5-dimethy1- 

orsellinate into territonin

Aspergillus terreus was grown as previously described in 

six penicillin flasks. The [1 3C, 1 80]-labelled orsellinate 

(137 mg, 0.60 mmol, 88 atom % 1 3C, 81 atom % 1 80, 73 atom % 

1 3C 1 80) was suspended in a solution of "Tween 80" detergent 

(2 ml) and distilled water (10 ml). This suspension was 

distributed equally between five penicillin flasks, 3 days 

after inoculation. After fourteen days of growth the five 

experimental flasks and the control flask were worked up. 

Isolation and purification in the usual way afforded territonin

33.5 mg (33.5 mg 1 ^) and 3.6 mg (18.0 mg 1 ^) from the 

experimental and control flasks respectively.

Incorporation of 1 80 2 into territonin

In a preliminary experiment culture flasks of Aspergillus
27terreus were connected to the "constant pressure" apparatus 

(appendix), for growth of cultures in 1 80 2-enriched atmospheres, 

immediately after inoculation, and grown in an 1 602 /lltM 2 

(20:80) atmosphere. On visual comparison with control flasks, 

the fermentation appeared to proceed normally but was retarded 

by approximately 12 hours. The yield of territonin was 2b mg

Cultures of Aspergillus terreus were grown as previously 

described in 10 Erlenmeyer flasks. After 4 days growth, the 

five best-growing flasks were selected and linked to the 

"constant pressure" apparatus (appendix), and grown in an 

1 60 2 / 1 802 /11,N 2 (9.5:10.5:80) atmosphere. On the same day,
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two of the remaining flasks were checked for territonin 

production at this stage in the fermentation. After eleven 

days growth, the three remaining control flasks and five 

experimental flasks were worked up. By this time 3.5 £ 

of oxygen had been consumed by the experimental flasks. 

Territonin was isolated and purified as usual.

Results

Extract weight Territonin/mg
(mg 1 1) (mg 1 1 )

Control (day 4) 252 0

Control (day 1 1 ) 200 6 (2 0)

la0 2 184 2 b (52)

Incorporation of [methyl-1 3C 2H 3 ] n\ethionine into territonin

Aspergillus terreus was grown as previously described in 

ten penicillin flasks. [Methyl-1 3C 2H 3]methionine (299 mg,

2.01 mmol, 92.2 atom % 1 3C, 98 atom %2H) dissolved in distilled 

water ( 20 ml) was distributed equally between five flasks,

78 hours after inoculation. After fourteen days growth, the 

experimental and control flasks were worked up. Isolation 

and purification in the usual way afforded territonin 22 mg 

and 21 mg from the experimental and control flasks respectively
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Aspergillus vavieeolor (212K 169, a u.v. induced mutant

strain from NRRL 212) was stored in the dark on Czapek-Dox

liquid medium (Oxoid CM 95) and 2% agar, at 4°C. When

required the culture was transferred to and grown on potato

dextrose agar in medical flats for 7-10 days at 25-27°C in

the light. A spore suspension in distilled water, from the

medical flats, was used to inoculate 500 ml Erlenmeyer flasks

containing 100 ml of malt extract broth. The culture was

allowed to grow for fourteen days at 25-27°C. The growth

medium and mycelium were separated by filtration. The filtrate

was extracted with ethyl acetate (4 x a third of the liquor

volume), dried (MgSO^), and the solvent removed in vacuo to

afford a brown oil. This crude extract was applied to

preparative t.l.c. plates and eluted with methanol-chloroform

(2:98). The main band (Rf 0.3), due to both andibenin B and

andilesin A, was isolated, and reapplied to preparative t.l.c.

plates, and eluted with petroleum ether-ethyl acetate (50 :50) .

The band corresponding to an authentic sample of andibenin B

(Rf 0.2) was isolated as an off-white solid. The area below

this band and above the base line was removed, and andilesin

A isolated as a white crystalline solid. (Andilesin A is

difficult to observe under u.v. light). Typical yields for
- 1andibenin B and andilesin A are 100-120 mg 1 and 25-30 mg 

_ -|
1 respectively. 1H n.m.r. spectroscopic data agreed with

7 13 27those of authentic samples and published data. ' '

Production and isolation of andibenin B and andilesin A
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Incorporation of ethyl [1- 1 ^C]-3,5-dimethylorsellinate 

into andibenin B and andilesin A

Aspergillus vavieoolov (212K 169) was grown as previously

described in ten flasks. A sterile mixture of the [1 I+C]-
-1labelled orsellinate (77 mg, 0.34 mmol, 11.64 |i li mmol ,

7 -12.56 x 10 dpm mol ) dissolved in acetone (10 drops), "Tween 

80" detergent and distilled water (15 ml) was prepared. This 

suspension was distributed equally between five flasks, 83 

hours after inoculation. After fourteen days growth, the 

experimental and control flasks were worked up, and the two

metabolites isolated.

Results:

Extract Weight/ Andibenin B/ 
- 1 - 1  mg 1 mg (mg 1 )

Andilesin A/ 
mg (mg 1 ^)

Control 274 51 (102) 

Experiment 542 59 (118)

12 (24) 

15 (30)

Andibenin B and Andilesin A were recrystallised to constant 

activity.

Results:

- 1Specific activity/dpm mol Dilution

Andibenin B 3.65 x 10^ 70

Andilesin A 4.71 x 10~* 54



Incorporation of ethyl [1 3C ,1 80]-labelled-3,5-dimethyl- 

orsellinate into andibenin B and andilesin A

Aspergillus varieaolor (212K 169) was grown as previously 

described in ten flasks. A sterile solution of the [1 3C, 1 80]- 

labelled orsellinate (147 mg, 0.65 mmol, 88 atom % 1 3C, 81 

atom % 1 80, 73 atom % 1 3C 1 80) dissolved in acetone (10 drops), 

"Tween 80" detergent (1 ml) and distilled water (20 ml) was 

prepared. This cloudy solution was distributed equally 

between eight flasks, three days after inoculation. After 

fourteen days growth the experimental and control flasks were 

worked up, and the two metabolites isolated and purified.

Results:

9 9

Extract weight/ 
mg 1 1

Andibenin B/ 
mg (mg 1 "'l

Andilesin A/ 
mg (mg 1 ^)

Control 305 23 (117) 5.5 (27.5)

Experiment 538 94 (118) 25 (31 )

Production and isolation of austin

Aspergillus ustus was stored in the dark on Czapek-Dox 

liquid medium (Oxoid CM 95) and 2% agar at 4°C. When required 

a spore suspension in distilled water was used to inoculate 

500 ml Erlenmeyer flasks containing 100 ml of malt extract 

broth.' The culture was allowed to grow for fourteen days at 

25-27°C. The liquid medium and mycelium were separated by
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filtration. The filtrate was acidified to pH 2 with 2M 

hydrochloric acid and extracted with ethyl acetate (3 x a 

third of the liquor volume), dried (MgSO^), and the solvent 

removed in vacuo to afford a brown oil. This extract was 

applied to preparative t.l.c. plates, eluted with methanol- 

chloroform (4:96), and the band corresponding to an authentic 

sample of austin (Rf 0.4) was isolated as a pale yellow 

crystalline solid. (A repeat of the preparative t.l.c. was 

usually necessary to purify austin further).

Typical yields of austin varied between 45 and 65 mg
_  ' j

1 . 1H n.m.r. spectroscopic data agreed with that of an
1 4authentic sample and published data.

Incorporation of ethyl [ 1 - 1 **0] -3 ,5-dimethylorsellinate into 

austin

Aspergillus ustus was grown as previously described in

eight flasks. A sterile solution of the [1 - 1 ^C]-labelled
-1orsellinate (82 mg, 0.37 mmol) 11.64 y Ci mmol , 2.56 dpm 

mmol ) in "Tween 80" detergent (1 ml) and distilled water 

(5 ml) was prepared. This cloudy solution was distributed 

equally between five flasks, three days after inoculation. 

After fourteen days growth, the experimental and control 

flasks were worked up, and austin isolated and purified.
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Results:

Control Experiment

-  -jAustin/mg (mg 1 ) 30.5 (61) 21.5 (43)
- 1Specific activity/dpm mol 3.77 x 106

Dilution 6 . 8

Incorporation of ethyl [ 1 3C , 1 80]-labelled-3,5-dinethyl- 

orsellinate into austin

Aspergillus ustus was grown as previously described in 

six flasks. A sterile solution of the [1 3C ,1 80]-labelled 

orsellinate ( 88 mg, 0.39 mmol, 88 atom % 1 3C, 81 atom % 1 80, 

73 atom % 1 3C 1 80) in "Tween 80" detergent (1.5 ml) and dis

tilled water (12 ml) was prepared. This solution was 

distributed equally between five flasks, three days after 

inoculation. After fourteen days growth the experimental

flasks were worked up and austin was isolated and purified as
- 1usual to 33 mg ( 66 mg 1 ).
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"Constant pressure" apparatus for 

measuring uptake of oxygen gas



APPENDIX

Operation of the "constant pressure" apparatus for growth 

of cultures in 1 8Q 2-enriched atmospheres

The basic apparatus is shown opposite. It consists

of an air-tight aquarium air pump (Rena 101), to ensure

circulation of the gases in the atmosphere, which is connected 

to a glass manifold with stopcock-controlled inlets to a 

manometer, vacuum pump, nitrogen and oxygen sources. The 

circulating air passes through a sterile filter before and 

after the culture flasks, and then through a series of three 

Dreschel bottles. The first one is empty and connected back 

to front in case the KOH solution siphons back. In the

second bottle is the KOH solution to absorb the CC^ gas, and

the third bottle contains glass wool and acted as a safety trap 

to prevent any alkaline spray reaching the pump. The screw 

clip at the pump is used to regulate the flow of gas around 

the system.

All connections must be well-greased and sealed. The 

apparatus between the two sterile filters is sterilised as 

described for other culture experiments.

At the start of experiments the system was flushed with 

nitrogen for 20 minutes. The closed system then had 20% 

(normally) of the atmosphere removed using the vacuum pump 

and then replaced by 1 S0 2 or 1 80 2 as appropriate. The uptake 

of .oxygen gas could be measured by noting the change in the 

level of water in the gas-burette which is connected to the 

apparatus by a one-way valve.
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Incorporation of 2H-, 13C-, and 180-Iabelled acetates into monocerin (1) by cultures of Drechslera ravenelii and 
analysis of the enriched metabolites by 2H and 13C n.m.r. spectroscopy indicate a heptaketide o rig in ; observation of 
2H and 180  isotope shifts in the 13C n.m.r. spectrum allows the fate of acetate-derived hydrogen and oxygen on 
incorporation into monocerin to be fo llowed and conclusions on the mechanism of fo rm ation  of the fused 
furobenzopyrone ring system to be drawn.

M o n o c e r in  (1 ) w as f irs t iso la te d  as a c o m p o u n d  a c tive  aga ins t 
p o w d e ry  m ild e w  o f  w h e a t f ro m  H elm in thosporium  m o no -  
ceras.1 I t  was s u b se q u e n tly  is o la te d , a lo n g  w ith  th e  fu s a re n tin s  
I e .g .. (2 ) ] .  a g ro u p  o f  re la te d  c o m p o u n d s  w ith  in s e c tic id a l 
a c t iv ity ,  f ro m  Fusarium  larvarum 2  and  fro m  Readeriella  
m irabilis A  W e  have a lso is o la te d  m o n o c e r in  f ro m  Drechslera  
ravenelii in  th e  cou rse  o f  b io s y n th e t ic  s tud ies  o n  ra v e n e lin .4 
M o n o c e r in  had p re v io u s ly  been assigned th e  8 R .9 R  c o n fig u 
ra t io n  b u t th e  c o n f ig u ra t io n  at C - l l  was u n c e r ta in .2 A n a ly s is  
o f  the  360 .13  M H z  'H  n .m .r .  sp e c tru m . F ig u re  1 (a ), and  
d iffe re n c e  n .O .e . s tud ies  have a llo w e d  a fu l l  a ss ig n m e n t o f  the  
sp e c tru m  and in d ic a te  the  S  c o n f ig u ra t io n  a t C - l l . t  T h e

s tru c tu re  o f  m o n o c e r in  suggests a p o ly k e t id e  o r ig in  and  we 
n o w  re p o r t  in c o rp o ra t io n  s tu d ie s  w ith  13C -, 2H - .  and  ;sO - 
la b e lle d  ace ta tes  w h ic h  c o n f irm  a h e p ta k e tid e  o r ig in ,  suggest a 
m e ch a n ism  o f  fo r m a t io n  o f  th e  fu se d  fu ro b e n z o p y ro n e  
sys tem , and  p ro v id e  in fo rm a t io n  o f  m o re  fu n d a m e n ta l s ig n if i
cance o n  re d u c t io n  and  d e o x y g e n a tio n  processes in  p o ly k e tid e  
b io syn th e s is .

Me

MeO

CD3— C02Na

OH 0
(1) (2 )

+ F u l l  d e t a i l s  o f  t h e  H I  a n d  - V  n . m . r .  s p e c t r a l  a s s i g n m e n t s  a n d  
i s o t o p e  s h i f t s  w i l l  l i e  g i v e n  i n  t h e  f u l l  p a p e :

MeO

MeO

Sch em e I
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0 0 OH 0

(3 ) (4)

Me

S ch em e 2

( c )

A. KAJj

Figure 1. ( a )  3 6 0 , 1 3  M H z  ' H  N . m . r ,  s p e c t r u m  o f  m o n o c c r i n :  ( b ) 
5 5 , 2 8  M H z  2 H  n . m . r .  s p e c t r u m  o f  u n i v e r s a l l y  : H  e n r i c h e d  m o n o c e r i n :  

a n d  ( c )  5 5 . 2 8  M H z  - H  n . m . r ,  s p e c t r u m  o f  [ 1 -  r ’ C F H - , ( a c e t a t e - e n r i c h e d  

m o n o c e r i n .

Figure 2. 9 0 . 5 6  M H z P roton noise-decoupled 15C n .m .r. spectrum o f 
[ l - l3C ,2H ,]ace ta te -9nriched monocerin in CDC1,.

in c o rp o ra t io n  o f  [ 1 - I3C ]-  and  [1 ,2 - l3C 2]-a ce ta te s  in to  
m o n o c e r in  b y  c u ltu re s  o f  D. ravenelii and  ana lys is  o f  th e  l3C  
n .m .r .  sp e c tra  o f  the  e n r ic h e d  m e ta b o lite s  sh o w e d  th a t ace ta te  
was in c o rp o ra te d  w ith  h ig h  e ff ic ie n c y  to  g ive  th e  la b e ll in g  
p a tte rn  s u m m a rise d  in  S chem e 1. T h e  55 M H z  2H  n .m .r .  
sp e c tru m  o f  [U - 2H ]m o n o c e r in $  sh o w e d , F ig u re  1 (b ). th a t a ll 
th e  2H  re sonan ces  in c lu d in g  the  d ia s te re o to p ic  h yd ro g e n s  on  
C -10 , C -12 , a n d  C -13 w e re  re s o lv a b le . In c o rp o ra t io n  o f  
[ l - 13C ,2H 3]a ce ta te  in to  m o n o c e r in  and  d e te rm in a t io n  o f  the  
2H  n .m .r .  s p e c tru m  s h o w e d . F ig u re  1 (c), th a t 2H  was 
in c o rp o ra te d  in to  the  1 4 -m e th y l g ro u p  and  a t an e sse n tia lly  
e q ua l le v e l a t H -6 , H -8 , b o th  H -1 0 a  and  H - lO f i .  and  o n ly  one  
o f  th e  d ia s te re o to p ic  C -12  h y d ro g e n s . T h e  e q u a l in c o rp o ra 
t io n  a t b o th  d ia s te re o to p ic  p o s it io n s  on  C -1 0  s tro n g ly  suggests 
th a t th e  m o le cu le s  a re  d o u b ly  la b e lle d , b u t as re te n t io n  o f  tw o  
a c e ta te -d e r iv e d  h y d ro g e n s  at a m e th y le n e  is an u n u su a l 
o b s e rv a tio n  in  p o ly k e t id e  b io s y n th e s is 5 w e  ha ve  used the  
(3-shift m e th o d ”  to  c o n f irm  th is .

T h e  13C  n .m .r .  s p e c tru m  o f  th e  [ l - l3C ,2H 3|a c e ta te -d e riv e d  
m e ta b o lite  (F ig u re  2 ) show s is o to p ic a lly  s h ifte d  resonances on  
C -13 , C - l l ,  C -9 , C -7 , and  C -5  in d ic a t in g  re s p e c tiv e ly  the  
re te n t io n  o f  u p  to  th re e  a c e ta te -d e r iv e d  h yd ro g e n s  on  C -14  
th e re b y  c o n f irm in g  i t  as a ‘s ta r te r ' u n it ;7 i t  a lso show s tw o  
a c e ta te -d e r iv e d  h y d ro g e n s  o n  C -1 0 . and  one  a c e ta te -d e r iv e d  
h y d ro g e n  o n  C -1 2 , C -8 , and  C -6 . In c o rp o ra t io n  o f  [1- 
l3C . l80 2]a ce ta te  and  l3C  n .m .r .  ana lys is  o f  the  e n r ic h e d  
m e ta b o lite  sho w e d  is o to p ic a llv  s h if te d  re sonan ces8 fo r  C - l .  
C -3 , C -5 , C -9 , and  C - l l  ( A 6 ,  0 .0 3 , 0 .0 1 , 0 .0 1 . 0 .0 3 , and  0 .03  
p .p .m . re s p e c tiv e ly ) in d ic a t in g  th a t th e  c o r re s p o n d in g  c a rb o n  
-o x y g e n  bo n d s  had re m a in e d  in ta c t th ro u g h o u t the  b io s y n 
th e t ic  p a th w a y . T h ese  2H  a n d  lxO  la b e llin g  p a tte rn s  are  
su m m a rise d  in  S chem e 1.

T h e  ab o ve  re su lts  e n a b le  us to  m a ke  the  fo l lo w in g  c o n c lu 
s ions a b o u t the  m a in  e ve n ts  o c c u rr in g  d u r in g  th e  b io syn th e s is  
o f  m o n o c e r in . (a ) T h e  re te n t io n  o f  tw o  a c e ta te -d e r iv e d  
h yd ro g e n s  at C -10  suggests th a t re d u c t io n  o f  the  (3 -ke toacyl 
in te rm e d ia te s  to  th e  c o r re s p o n d in g  (1 -h yd ro xya cy l in te rm e 
d ia tes  take s  p la ce  d u r in g  c h a in  a sse m b ly  b e fo re  s ig n if ic a n t loss 
th ro u g h  exch ange  processes can o c c u r .5'' i.e. the  t r ih v d ro x y  
m o ie ty  (3 ) is a l ik e ly  e n z y m e -b o u n d  p o ly k e t id e  p re c u rs o r. In  
a g re e m e n t w ith  o b s e rv a tio n s  in  fa t ty  ac id  b io syn th e s is7 and

±  P r e p a r e d  b y  p r o d u c i n g  t h e  m e t a b o l i t e  i n  a  m e d i u m  s u p p l e m e n t e d  

w i t h  5 %  ^ H . O . 12
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m e lle in  b io s y n th e s is 51" the  c a rb o n -c a rb o n  b o n d  fo rm a t io n  in  
the  ch a in  asse m b ly  process p ro b a b ly  occu rs  w ith  c o n c o m ita n t  
d e c a rb o x y la tio n  o f  the  m a lo n y l C o A  u n it  w h ic h  is ad ded , (b )  
T h e  loss o f  o xyg e n  fro m  C -13 p re s u m a b ly  occu rs  by  an 
e lim in a t io n - re d u c t io n  sequence an a logo us  to  fa tty  ac id  
b io s y n th e s is .1" S ince o n ly  one o f  the  d ia s te re o to p ic  h yd roge ns  
on  C -12  is la b e lle d  th e  p rocess is c le a r ly  s te re o sp e c ific , b u t the  
a b so lu te  s te re o c h e m is try  o f  the  p rocess is as ye t u n c e rta in , (c ) 
T h e  b e n z o p v ro n e  r in g  m u s t be fo rm e d  by n u c le o p h ilic  a tta c k  
at th e  te rm in a l c a rb o x y  m o ie ty  by  a h y d ro x y  g ro u p  on C -9 . I t  is 
l ik e ly  th a t the  c y c lis a tio n  takes p lace  on  the  th io e s te r (4 ) . to  
g ive  (5 ) as th e  f i r s t  e n zym e -fre e  in te rm e d ia te , (d ) T h e  
re te n tio n  o f  the  c a rb o n -o x y g e n  b o n d  at C - l  1 in d ica te s  th a t the  
te t ra h y d ro lu ra n  r in g  is fo rm e d  by  a tta ck  o f  a C - l  1 h y d ro x y  
fu n c t io n  at C -8 . A  m e chan ism  fo i  th is  co n s is te n t w ith  the  
o b se rve d  :H  and  ikO  la b e llin g  w o u ld  b & n u c le o p h ilic  a d d it io n  
o n to  a q u in o n e m e th id e  in te rm e d ia te  (71 fo rm e d  (S chem e 2) 
by  o x id a t io n  o f  (6 ) .  the  h v d ro x y la te d  d e r iv a t iv e  o f  (5 ). A  
s im ila r  r in g  c lo su re  m e chan ism  has been p ro p o se d  in  g ra n a ti- 
c in  b io s y n th e s is .11 and  is s u p p o rte d  bv  the  co -o ccu rre n ce  o f  
m o n o e e rin  and  fu s a re n tin  m e th y l e th e r (2 ) in  F. ¡arvarum .1

W e  th a n k  the  S .E .R .C . .  N .A .T .O . ,  and  the  N a tu ra l 
Sciences and  E n g in e e r in g  R esea rch  C o u n c il o f  C ana da  fo r  
f in a n c ia l s u p p o rt .
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