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This thesis describes researches carried out between 

1970 and 1985 on the structural elucidation and biosyn- 

thesis of fungal metabolites. 	The predominant theme is 

the application of 13 C n.m.r. spectroscopy, in conjunction 

with precursors containing the stable isotopes 
13  C,  2H 

and 18 0 to elucidating the details of the biosynthetic 

pathways responsible for the formation of metabolites of 

polyketide and mixed polyketide-terpenoid (meroterpenoid) 

origins. 	In addition '3C n.m.r. has been used extensively 

as an aid to structural elucidation; and a significant 

proportion of the biosynthetic studies involves the use of 

n.m.r. 	While the earlier part of the work described 

concentrates on structural and stereochemical problems, 

the main part describes work involving (a) polyketide-

derived molecules whose biosynthesis involves significant 

modification, either by ring cleavage or rearrangement 

processes, of the parent polyketide-derived precursor; 

and (b) a group of highly modified meroterpenoid metabolites. 

The latter part of the thesis describes work aimed at 

obtaining information on the processes involved in the early 

stages of polyketide chain-assembly processes. 

A number of other relevant publications including 

reviews on biosynthetic methodology and polyketide 



•• 	 V 	
• 	 - 	 :•.____• 	 .-- 	 V  

- 	 •S 

V 	 :, . 
__V• •V• 	•_ 	 - 

-•,--. -, 

? 	 -' 	 '.-'- 	'- 	- - 	r 	-_ 
iL:•  

I_-V  -V 	 4 - 	 V -: 
- 	__ 



J - 

r - I 

• • V 	 • 

- .. :.,.V 

•!.. 	 V... . 	fl  - 	- 

if 

. r ç - 	I 

	

VV' 	 t 

- - .r 

I 
I 

V. 	
•V 

V 	 -. 

V . 	 . 	V. 	• 

1 
.1 

V T 

V 	V 	 • V 	V 	
••V 	 - 	- 	•• - Vfl I,- 	 . 	V 	V 	 -, 	V -V 	U 

U I 

V 	V V 	V 	V• 	 V 	 VVUUtU 	
_V 

[VUU• 	 b41 V V  

gv U'  

-:-.V 	
-Uj 



-2- 

Introduction 

The study of biosynthetic pathways received a major new 

impetus in the early 1970's with the advent of pulsed 

Fourier-transform n.m.r. spectrometers which greatly 

facilitated the routine determination of 
13  C n.m.r. spectra 

of realistically available amounts of natural products. 

In addition, precursors highly enriched with 
13C and other 

stable isotopes were becoming more widely available. 

11 	 These were particularly timely developments because 

structures were increasingly being determined mainly by 

spectroscopic and other physical methods with little or no 

recourse to degradative chemistry, so that classical bio-

synthetic studies with radioisotopes necessitating extensive 

degradative schemes to locate the positions of incorporation 

of isotopic labels were becoming increasingly difficult. 

The increasing complexity of molecules that were targets 

for study meant that at best only a partial labelling pattern 

might be determined. 	These problems were to be largely 

overcome by 13C-labelling methods which again provided a 

biosynthetic technique which was complementary to the methods 

used for structure elucidation (C2) 

It should be noted that the early studies using singly 

13C-labelled precursors did not provide any information 

which in principle at least, could not be obtained by 

classical radioisotope methods: they merely (!) 

facilitated the determination of information such as 

complete labelling patterns by observation of enhancements 



stable isotope methodology. For this reason the work is 
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of individual 13C resonances. 	However these studies 

soon led to the use of precursors doubly labelled with 

13 C which inter alia enabled the mode of incorporation 

of intact biosynthetic units, and the integrity of 

particular carbon-carbon bonds to be established by 

observation of 1 -13C spin couplings, and bond fragmen-

tation and rearrangement processes to be detected by the 

loss of 
13  C-  13  C couplings. 

1 This in fact represented 

the real advance offered by 13C-labelling techniques as 

this type of information could not be obtained, even in 

principle, by classical radioisotope methods. 

Subsequent and equally important developments have 

been the use of precursors doubly labelled with eq 13 C 

18 	13 	2 
and 	0, and 	C and H which enable the biosynthetic 

origins of hydrogen  and oxygen  to be determined by 

observation of isotope-induced shifts in 
13C n.m.r. spectra; 

2 and direct H n.m.r. observation of the incorporation of 

label from 
2H-enriched precursors. 	Besides these 

essentially biosynthetic techniques, n.m.r. methodology has 

developed to permit the rigorous assignment of spectra and 

of structures, both of which are essential prerequisites 

of biosynthetic studies. 

The author has been closely involved in this area 

since its earliest days and the work presented in this 

thesis is intended to describe his involvement in the 

growth and development of biosynthetic studies using 
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presented in a more or less chronological order which 

means that certain molecules will be revisited as 

developments in methodology which permitted further 

information on their biosynthesis to be elucidated are 

discussed. 	The compounds studied are nearly all 

metabolites of the lower fungi as the requirements of 

high and reliable precursor incorporation rates are more 

easily, but not it must be emphasised always, achieved 

with microorganisms. 	The major biosynthetic pathway 

studied is the polyketide pathway first described by 

Birch and Donovan.4 	Compounds of terpenoid origin also 

feature and a large part of the work concerns metabolites 

of mixed polyketide-terpenoid origins - the so-called 

meroterpenoids. 

Discussion 

The papers listed in section A describe work carried 

out during the course of PhD studies in Bristol. 	These 

studies involved the elucidation of the structure and 

stereochemistries of a number of diverse fungal metabolites, 

wortmannin (1) a highly oxygenated steroid from Penicillium 

wortmanni (A1,2), colletodiol (2)* and related rnacrocyclic 

dilactones from Colletotrichum capsici (A3) ; viopurpurin 

(3)
* 
 and related naphthalenoid pigments from Aspergillus 

suiphureus and A. melleus (M); and colletotrichin (4) , a 

* 
As a result of more recent work the structures of 
colletodio16  and viopurpurin7  have been revised to 
those shown. 



co-metabolite of colletodiol in C. capsici (A5) . 	This 

metabolite which is of mixed polyketide-terpenoid origins  

was to provide the first encounter with a group that was 

to provide a major theme for later work. 	These studies 

involved much 
1  H n.m.r. spectroscopy, degradative chemistry 

and biosynthetic studies using precursor labelled with the 

radioisotopes 14C and 3H. 

In 1973 the author moved to Liverpool to carry out 

postdoctoral studies with J.S.E. Holker. 	The first problem 

tackled was the elucidation of the structures of a group of 

xanthone metabolites of Aspergillus variecolor, the major 

one being tajixanthone (5). This provided our first 

experience of the use of 13C n.m.r. to identify the types 

of carbon present in a molecule (Bi) . 	The 13C n.m.r. 

spectrum of tajixanthone was fully assigned on the basis 

of simple chemical shift and multiplicity considerations 

and by shift comparison studies amongst a number of closely 

related derivatives. 	After much thought and experimentation 

to work out the feeding protocols and the other requirements 

necessary to obtain significant 13C enrichment values, 

incorporation of [1- 13 Cl- and [2- 
13C]acetate into 

tajixanthone was achieved and from the enrichments observed 

in the 13C n.m.r. spectra of the enriched metabolite, the 

origins of all the carbons in tajixanthone were deduced. 

This enabled a biosynthetic pathway via oxidative ring 

cleavage of an anthraquinone to produce an intermediate 

benzophenone to be proposed (B2) . 	Further support for 
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this pathway was provided by the isolation of the vane-

coxanthones, arugosins and other related co-metabolites 

from a number of strains of A. variecolor (B3, B4) 

13 C N.m.r. was also used in the structural elucidation 

of multicolic acid (6) and related tetronic acid 

metabolites of Penicillium multicolor (B5) . 	Their bio- 

synthesis was studied by incorporations of singly and 

doubly 13C-labelled acetate to provide one of the earliest 

applications of this then recently described technique. 

The observation of 13C-13C couplings and more significantly 

their absence on the 13C resonances of certain carbons led 

to the proposal that the tetronic acids were biosynthesised 

via oxidative cleavage of an intermediate containing a 

benzenoid ring (Scheme 1) . 	These proposals were sub- 

sequently confirmed by the incorporation of 6-pentyl- 

18 
resorcylic acid (B23) and from 	0-labelling studies. 9  

Incorporation of [13C2]acetate was next applied to the 

biosynthesis of aspyrone (7) a metabolite of Aspergillus 

melleus. 	The resultant labelling pattern (Scheme 2) 

suggested that its biosynthesis was either via a ring 

cleavage pathway or by rearrangement (B6) . 	The rearrange- 

ment pathway was supported by the observation of a two-bond 

13C-13C coupling of 6.2 Hz between C-2 and C-7 in the 
13  C 

n.m.r. spectrum of [13C2]acetate enriched aspyrone (B7, B24) 

This was the first observation of such a coupling in bio-

synthetic studies. 

At about this time the idea was conceived that the 
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involvement of a symmetrical intermediate at any stage 

in a biosynthetic pathway would result in a randomisation 

of labelling, eg of 13C-13C spin couplings if a double 

13C-labelled precursor were used. 	Griseofulvin (8) was 

chosen as a model to test this hypothesis and [13C2]acetate 

was incorporated using a high-yielding commercial strain of 

Penicillium patulum. 	However the results obtained in this 

study turned out to be very complicated. 	Rapid metabolic 

turnover of exogenous acetate resulted in multiple 

labelling of individual molecules and therefore the 

observation of extensive inter-acetate and long range 

1313 couplings in addition to the desired intra-acetate 

couplings. 	In fact the most efficient route for 

incorporation of label from acetate was via the C1-pool into 

the methoxyl carbons (B13). 

However the hypothesis was soon proved to be correct. 

On moving to a Research Fellowship in Canberra, a study on 

the xanthone metabolite ravenelin (9) was carried out. 

Incorporation of ['3C2]acetate into ravenelin in cultures 

of Helmenthosporium ravenelii resulted in the predicted 

randomisation of 13C-13C couplings in ring C consistent 

with the intermediacy of a symmetrical benzophenone inter-

mediate (Scheme 3) , itself derived from cleavage of an 

anthraquinone (B8). 	This type of information has sub- 

sequently found extensive use in biosynthetic studies 

(B26, B45, see also C3, C4, C5, C6, C7, C9, ClO) 

13 In this study the 	C n.m.r. spectrum of ravenelin was 
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partially assigned by analysis of long-range 
1  H-  13C 

couplings in the fully 
1  H-coupled 13C n.m.r. spectrum 

(BlO), a technique to which the author was introduced 

by P.W. Westerman, and which was to form the basis of 

many future studies. 	It was and remains one of the 

best but underutilised methods for both structural 

elucidation and spectral assignment studies. 	This was 

exemplified by a study of deoxyherqueinone (10) and 

herqueichrysin (11), phenalenone metabolites of Penicillium 

herquei (B21) . 	The aromatic ring system of these 

metabolites could be derived a prioriby any one of three 

foldings of a heptaketide precursor or by numerous 

possible multichain condensations. 	Deoxyherqueinone was 

isolated and purified as its diacetate derivative. 	Due 

to the tautomeric possibilities in these hydroxyphenalenone 

structures the actual structure of this diacetate was 

uncertain. 	However, analysis of the long range 1H-'3C 

couplings by selective 
1  H irradiation and D 2  0 exchange 

experiments simultaneously defined the precise structure 

and produced an unambiguous spectral assignment. 	Similar 

studies defined the structure of herqueichrysin. 	Sub- 

sequent incorporation experiments with singly and doubly 

13C-labelled acetates and malonate and analysis of the 

resultant enrichments and 13C-13C couplings indicated 

formation of the phenalenone ring system as shown in Scheme 

4 by a specific folding of a single heptaketide precursor 
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Another major study completed in Canberra finally 

established the structure of phomazarin (12) , an aza-

anthraquinone, produced by the plant pathogen Phoma 

terrestris, for which numerous structures had been 

proposed since its original isolation in 1940. 	The 

exact structures of phomazarin and its co-metabolite 

iso-phomazarin, including the tautomeric form of the 

4-hydroxypyridine ring were established using 1H-13C 

couplings and in particular 15N chemical shifts (INDOR) 

1 	 13 15 	15 H- N, and N- C couplings in derivatives of bio-

synthetically 15N-enriched phomazarin (Bli, B17, B19) 

Subsequent labelling studies with 
13C-labelled acetates 

and malonate showed that phomazarin was biosynthesised 

via oxidative ring fission of an anthraquinonoid inter-

mediate itself formed by a stecific folding and condensation 

of a single nonaketide precursor rather than the two chain 

pathways that had been previously proposed (B18). 	This 

study helped to confirm a suspicion that whenever a two-

chain pathway is proposed in polyketide biosynthesis 

the possibility, however remote, of formation via a single 

chain modification should not be excluded. 	Studies on 

multicolic acid, aspyrone, ravenelin and tajixanthone all 

exemplify this. 

Further work completed while in Canberra included a 

biosynthetic study on xanthomegnin (B14) and a systematic 

chemical shift assignment study on some naturally occurring 

naphthoquinones (312) which made extensive use of 1H-13C 
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couplings and L.I.S. studies. 	The incorporation of 

[13C2]acetate into wortmannin was also studied in 

collaboration with Professor Jake MacMillan (B20). 	The 

results were consistent with its biosynthesis via lanosterol. 

In addition to the expected intra-acetate 13C13 C couplings, 

this study also revealed readily distinguishable inter- 

acetate and inter-mevalonate unit couplings. 

On returning to Liverpool in 1977 studies were 

initiated in what was to become a consuming interest:- 

the biosynthesis of andibenin and related meroterpenoids. 

Andibenin (13) had been isolated from Aspergillus variecolor 

by R.A.W. Johnstone and its structure which was elucidated 

by X-ray crystallography 10 strongly suggested a sesterterpenoid 

origin. 	However the results of incorporation experiments 

with 13C-labelled acetates and rnethionine showed this 

hypothesis to be incorrect. 	The labelling pattern which 

resulted was consistent with a biosynthetic pathway in which 

the key step was alkylation of a bis-C-methylated 

tetraketide derived phenolic precursor (18) by farnesyl 

pyrophosphate followed by further cyclisations and oxidative 

modifications as shown in Scheme 5 (B15) . 	A number of 

closely related co-metabolites eg andilesin C (14) were 

isolated in the course of these studies and their structures 

were assigned by 1H and '3C spectral comparisons and 

chemical correlations (B22) . 	Two further, structurally 

unrelated but biosynthetically relevant, metabolites were 

isolated from mutant strains of A. variecolor. 	These were 
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the bis-C-methylated tetraketide metabolite, stellatin 

(15) whose structure was defined almost entirely from 

analysis of the fully 
1H-coupled 	C n.m.r. spectrum (B16) 

and the sesquiterpenoid astellolide A (16) whose structure 

was confirmed by X-ray crystallography (in collaboration 

with R.O. Gould and M.A. Walkinshaw) after moving to 

Edinburgh in late 1978 (B25) 

A further significant metabolite was isolated along 

with andilesin C from another strain of A. variecolor. 

This was anditomin (17) whose structure was deduced by 

spectroscopic methods and confirmed by X-ray (B28) and 

whose biosynthesis was confirmed by 13C-labelling 

experiments (B29) . 	It represented an important modifi- 

cation of the meroterpenoid pathway as it was the first 

metabolite in which the carbocyclic ring of the tetraketide- 

derived moiety had been fragmented. 	While this work was 

in progress, attention was drawn to two further metabolites 

whose structures could be rationalised by exten.ions, albeit 

drastic of the meroterpenoid pathway. 	These metabolites 

were austin (19) and terretonin (20) which had been 

isolated as toxic metabolites of Aspergillus ustus
11  and 

Aspergillus terreus'2  respectively. 	Modified terpenoid 

origins had been suggested for both metabolites. 	However, 

incorporation of 13C-labelled acetates and rnethionine gave 

results which supported the hypothesis that these were 

further examples of the meroterpenoid pathway (B30, E31). 

The conclusive evidence for the meroterpenoid origins 
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of these metabolites was provided by the synthesis (B40) 

of labelled 3,5-dimethylorsellinic acid (18) and its 

specific incorporation into andibenin (B32), and austin and 

terretonin (B36). 	This was established by 2 H n.m.r. 

analysis of the metabolites enriched from feeding experi-

ments with (18) specifically labelled with 2H in the 

5-methyl. 	2H N.m.r. is particularly suitable for studying 

the incorporation of advanced intermediates due to its low 

natural abundance (0.012%) . 	The mode of incorporation of 

the carbon skeleton of 3,5-dimethylorsellinate into these 

metabolites is summarised in Scheme 6. 	Whereas the 

skeleton is incorporated intact into andibenin B and 

andilesin C, and suffers one bond cleavage only on in-

corporation into anditomin, it is fragmented to an 

unprecedented degree on incorporation into austin and 

terretonin. 	This was the subject of further studies 

described below. 	Further evidence for the biosynthetic 

relationship of austin and andibenin B was provided by the 

isolation of both metabolites from A. variecolor (B33) 

The 13C n.m.r. spectral assignment of austin and the 

structures of dehydroaustin and iso-austin, related 

metabolites isolated from A. ustus and Penicillium diversum 

were largely established by detailed analysis of fully 

1 	 13 	 1 13 H-coupled C spectra and H- C correlation experiments 

(B33) . 	P. diversum produces an amazing range of metabolites 

Apart from iso-austin, it produced the known polyketides 

lichenxanthone, alternariol monomethyl ether and two new 
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structural types. 	These were the diversonolic esters 

(21) whose structures were elucidated by extensive 1H and 

13 n.m.r. studies (B41), and a novel isocoumarin (22) the 

structure of which was confirmed by X-ray studies. 13 

This metabolite is probably biosynthesised by a novel 

aromatic ring contraction mechanism from the known 

alternariol co-metabolite. 

The studies carried out up till 1981 had mainly con-

cerned determining the origins of the carbon skeletons of 

metabolites. 	However in studying the nature of the 

intermediates on a biosynthetic pathway and in particular 

elucidating the detailed mechanisms of their inter-

conversions, it is essential to determine the biosynthetic 

origins and fate of the hydrogen and oxygen atoms. 	The 

studies carried out from about 1981 onwards were more 

concerned with these aspects. 	Deuterium incorporation 

can be monitored directly by 
2H n.m.r. or indirectly from 

isotope-induced shifts in 
13C n.m.r. (CIO). 	These two 

methods are essentially complementary. 	The isotope- 

induced shift techniques allow the number of deuteriums 

incorporated at a particular site to be monitored. 	Up 

till 1981 the a-isotope shift method had been used notably 

by McInnes, 14 but this technique requires a spectrometer 

capable of simultaneous 1H and 2H noise decoupling to be 

usefully applied. 	In 1981, Abell and Staunton advocated 

the use of s-isotope induced shifts. 15 	These are small 

and require high field spectrometers to resolve them 
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satisfactorily but they overcome the instrumental re- 

quirements of the ct-shift method. 	However neither of 

these methods provides reliable information on the 

stereospecificity of deuterium labelling. 	Although 

n.m.r. spectra are disadvantaged by their inherently 

low dispersion and broad lines, they do have the advantage 

of providing information on the stereospecificity as well 

as regiospecificity of labelling. 	2 H N.m.r. however does 

not prove the number of deuteriums incorporated. 	At 

about the same time, the first biosynthetic application of 

18 	isotope-induced shifts in 
13  C n.m.r. was reported. 16 

These techniques provided the basis of much of the bio-

synthetic work described below. 

Incorporations of [ 13 C2]acetate and [ 
2H3]acetate into 

tajixanthone were carried out (B26) . 	The absence of 2H 

label on C-25 and C-5 indicated that cleavage of an 

anthraquinone rather than an anthrone intermediate occurred 

and that decarboxylation of the octaketide precursor occurs 

after cyclisation and aromatisation. 	The observed 

scrambling of 13C-13C couplings in ring C implies the 

involvement of a symmetrical benzophenone intermediate 

which in turn means that ring cleavage of the anthraquinone 

precursor must precede introduction of the C-prenyl residue, 

cf ravenelin. 	The stereospecificity of labelling in the 

dihydropyran ring, however, suggests its formation from an 

0-prenylaldehyde intermediate by a concerted "ene" reaction 

(Scheme 7) 

..,...-, 	.-., 
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Incorporations of singly and doubly 13C-labelled 

acetates confirmed the formation of 0-methylasparvenone 

(23) from specific folding and condensation of a hexa- 

ketide precursor in Aspergillus parvulus. 	2H N.m.r. 

analysis of the [2H3]acetate-enriched metabolite showed 

that 2H label was incorporated specifically into the 

10-methyl, 5-, 2-axial, and 3-axial hydrogens with none 

at C-4. 	This indicated that oxygen is introduced at C-4 

by an aromatic hydroxylation process with an accompanying 

NIH shift of hydrogen from C-4 to C-3 and that reduction 

from the naphthalene to the dihydroaromatic level occurs 

with stereospecific introduction of hydrogen at C-2 and 

C-3 (B27). 	In a further study, incorporation of 

[l-13C,2H3]acetate and analysis of the 2H s-isotope shifts 

in the resultant 13C n.m.r. spectrum showed that one 

hydrogen was lost from the C-10 methyl to indicate formation 

of the ethyl moiety by a reduction-elimination-reduction 

sequence on the corresponding acetyl group. 	The magnitude 

and direction of the s-isotope shifts were observed to 

depend markedly on the functionality of the reporter 13 

nucleus and surprisingly on the stereospecificity of 

incorporation (B38) . For carbonyl groups the observed 

shift could be downfield or even zero in contrast to the 

usually observed upfield shifts, thus indicating the 

necessity for caution in the interpretation of results 

when carbonyl groups are involved. 	The incorporation of 

label from [2H3]acetate into the similar dehydro- 
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naphthalene scytalone (24) in Phialaphora lagerbergii was 

also studied. 	In contrast to 0-methylasparvenone, 

reduction of the aromatic ring was not stereospecific (B42) 

In 1981, three months were spent working with Pieter 

Steyn at the National Chemical Research Laboratory in 

Pretoria on the biosynthesis of aflatoxin B1  and other 

mycotoxins. 	Although averuf in (25) was generally held to 

be an early intermediate on the biosynthetic pathway to 

aflatoxin B1  (27), this had never been rigorously 

established. 	Accordingly, [4 '-2H2]averufin was prepared 

and incorporated into aflatoxin B1  by cultures of 

Aspergillus flavus. 	2 H N.m.r. analysis showed that the 2H 

label was incorporated specifically at C-16 of aflatoxin 

B1  (B34) . 	The incorporation of 2H from [1-13C,2H3]acetate 

into averuf in, sterigmatocystin (26) and aflatoxin B1  was 

studied both by direct 2H n.m.r. analysis and by observation 

of s-isotope shifts. 	The results showed that one 2H was 

incorporated stereospecifically into the C-2' and C-4' 

positions of the side chain of averuf in (B35) and that these ar 

retained on conversion of the C6  side chain into the C4- 

bisfuranoid side chain of the atlatoxins (B39) . 	Other 

important observations included the retention of 
2  H label 

at C-6 of sterigmatocystin so ruling out mechanisms for 

xanthone ring formation requiring introduction of a 

phenolic hydroxyl group on this carbon (B37). However the 

appearance of 2H at C-4 of aflatoxin B1  shows that such a 

hydroxylation with accompanying NIH shift does occur in the 
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biosynthesis of aflatoxin B1  (B39). 	Further work carried 

out in Pretoria involved the structural elucidation (B47) 

and biosynthesis (B48) of the asticolorins eg (28) novel 

inycotoxins produced by Aspergillus multicolor whose bio-

synthesis proceeds via oxidative coupling of orcinol 

moieties with introduction of a highly modified prenyl 

sub stituent. 

At this same time a major collaborative programme was 

i 	
18

nitiated with John Vederas to apply 	0-labelling studies 

to problems in polyketide biosynthesis. 	The first 

compound studied was tajixanthone due to a joint interest 

in the mechanisms of xanthone ring closure. 	18 Isotope 

shifts observed in the 13C n.m.r. spectrum of tajixanthone 

isolated from A variecolor grown under an atmosphere con-

taining 1802  were consistent with the intermediacy of a 

symmetrical benzophenone and a ring closure mechanism via 

a Michael addition-elimination process in which a ring C 

hydroxyl attacks ring A. 	Mass spectral analysis of 

18 	16 
tajixanthone produced in a mixture of 02 and °2 showed 

that each aerobically-derived oxygen atom was derived 

separately by mono-oxygenation so that ring cleavage 

mechanisms involving dioxygenases could be ruled out (B50) 

The origins of the oxygen atoms in the meroterpenoid 

metabolites were then studied by incorporation experiments 

in the presence of 1802  and [1-13C,1802]acetate, to try to 

elucidate information on the mechanisms by which the 

extensive modifications observed for the orsellinate-derived 
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moiety in austin and terretonin occurred and also for the 

formation of the spiro-cS-lactone systems in andibenin B 

and austin. 	Whereas 
180 label from acetate was success- 

fully incorporated into andibenin B (B51), the low level 

of incorporation obtained precluded the observation of the 

necessary isotope shifts for andilesin A and austin (B49) 

Nonetheless the results from incorporation of label from 

18 02 into austin were consistent with a modification scheme 

in which the orsellinate-moiety undergoes a ring contraction 

via an a-ketol rearrangement followed by biological Baeyer-

Villiger type of oxygen insertions to form the 5-lactone 

moieties found in both the polyketide and terpenoid derived 

portions of the molecule (B49) . 	The problem of low 

incorporation of labelled acetate was overcome by synthesising 

3,5-dimethylorsellinate doubly labelled with 13 C and 18o 

in both the carboxyl and at the C-6 position. 	This was 

incorporated with high efficiency into austin (B54) to 

confirm the 1802  results, and also into andilesin A to rule 

out the possible involvement of deoxyorsellinate inter-

mediates in the biosynthesis of the andibenins and 

andilesins (B55) 

Interestingly, further metabolites related to austin 

have been isolated from Emericella dentata,17  and two 

unrelated metabolites which are almost certainly further 

products of the meroterpenoid pathway, furnigatonin (29) 

and paraherquonin (30) have been isolated from Aspergillus 

18 	 19 
fumigatus 	and Penicillium paraherguei. 	It is of 
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interest to note that studies which were initiated on the 

mistaken assumption of a sesterterpenoid origin for 

andibenin B have led to the unravelling of a complex, novel 

and now apparently wide spread biosynthetic pathway. 	The 

meroterpenoid pathway as it stands at the present time is 

summarised in Scheme 8. 	This will clearly be an area in 

which much biosynthetic and synthetic work will be carried 

out in the future. 

The work described above on 0-methylasparvenone was 

initiated due to an interest in the biosynthesis of 

polyketide-derived molecules containing an ethyl side chain. 

This also prompted an investigation of LL-D253o (32), one 

of several closely related chromanones produced by Phoma 

fpp  and other plant pathogens. 20 	In the course of 13C 

assignment studies it became apparent that the previously 

assigned structure (31) was incorrect and analysis of the 

fully 1H-coupled 13C spectrum effectively defined structure 

(32), which was confirmed by synthesis (B44) . 	Incorporation 

of singly and doubly 13C-labelled acetates revealed that 

while the hydroxyethyl side chain was derived from an intact 

acetate unit, label from C-1 or C-2 of acetate was partially 

randomised between the two carbons. 	Subsequent incorporation 

expeiments with [1-13C,2H3]- and [1-13C,'8o2]acetates and 

1802  gave results (B45) that were consistent with 

derivation of LL-D253a by a two-chain condensation and 

indicated that the randomisation of label occurred via 

alternate hydrolytic ring openings of a cyclopropyl inter- 
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mediate (33). 

The success of these methods in revealing subtle 

biosynthetic information encouraged a re-examination of 

the formation of aspyrone (B52). 	Experiments with 

13 18 	 18 
[1-  C, 02]acetate  and 	02 revealed the surprising result 

that none of the oxygens were derived from acetate, three 

being derived from the atmosphere and one from the medium. 

A pathway involving epoxide-mediated rearrangement and ring 

closure reactions was proposed to explain these results, 

thus providing a relatively simple model for similar 

processes which appear to be involved in the formation of 

the much more complex polyether and ionophore antibiotics. 

A longstanding problem is the exact relationship 

between polyketide biosynthesis and the corresponding 

pathway in primary metabolism viz fatty acid biosynthesis. 

18  And 2H labelling studies on appropriate polyketide-

derived molecules permit indirect information on the 

processes which must be occurring on the polyketide 

synthetase enzymes to be obtained and compared with the 

much better understood processes catalysed by fatty acid 

synthetases. 	These studies required molecules with inter- 

mediate oxidation levels between the highly oxygenated fully 

aromatic polyketides and fatty acids to be examined. 	Two 

ideal molecules for this were monocerin (34) and 

colletodiol (2) . 	These have been studied in Dreschera 

ravenelii and a Cytospora sp which is a more reliable 

colletodiol producer than C. capsici used in earlier work. 
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The results of these studies (B46, B53) have provided 

an insight into the stepwise manner in which the enzyme-

bound polyketide precursors are elaborated by the poly-

ketide synthetases and necessitate a revision of the 

classical picture of polyketide chain assembly (dl) 

At its simplest, poly--ketide intermediates are built up 

by a cyclic process analagous to fatty acid biosynthesis 

but omitting the reduction-elimination-reduction sequence 

responsible for the loss of acetate oxygen. 	While some 

aromatic metabolites do retain the full oxidation level of 

a poly--ketide, most metabolites show varying degrees of 

reduction and/or deoxygenation and an increasing body of 

evidence suggests that this occurs by processes analogous 

to fatty acid biosynthesis before the initial release of 

metabolites or intermediates from the chain-assembly enzymes. 

Thus path (a) in Scheme 9 would simply produce poly--ketides 

but by invoking paths (b), (c) and (d) intermediates with 

varying degrees of reduction may be formed. 	The studies 

described above enable valuable indirect information on 

these processes to be obtained and while studies with 

stable isotopes in whole cells will certainly continue to 

make a major contribution for many years to come, it is 

clear that the way forward to obtaining a complete under-

standing of the mechanisms of polyketide biosynthesis and 

the nature of the control mechanisms which regulate the 

cycling process around the component enzymes of the 

polyketide synthetase complexes will require recourse to 
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cell-free systems and purified enzymes. 	This is the 

challenge for the future. 
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Fungal Products. Part II.' Structure and Stereochemistry of the Acid 
C18H1605, a Degradation Product of Wortmannin 

By J. MacMillan, T. J. Simpson, A. E. Vanstone, and S. K. Yeboah, The School of Chemistry, The University, 
Bristol 

Degradation of the fungal metabolite, wortmannin, by dilute mineral acid yields, inter a/ia, an acid C18 1-1 1605  to 
which structure (Ta) is assigned from the spectroscopic properties of its derivatives. The assigned structure (Ia) is 
supported by dehydrogenation of the methyl ether methyl ester (Id) to methyl 2,3-dihydro-1 O-methoxy-6-methyl-
3oxo1Hcyclopenta[7,8] nap htho[2.3-b]furan-7-carboXylate (VII), a previously described degradation product 
of the fungal metabolite. viridin (VT; X = 0). 

WORTMANNIN was first isolated from culture filtrates of 
Penicilliuni wormannii Klocker by Brian et al.2  but not 
characterised by them. In our hands wortmannin gave 
inconsistent combustion analyses but the molecular 
formula, C23H08, was established by high resolution 
mass spectrometry. On treatment with boiling 2N-
hydrochloric or -sulphuric acid, the metabolite yielded 
acetic acid (1 mol. equiv.), methoxyacetaldehyde (0.5 
mol. equiv.), an acid C18H1605  (0.5 mol. equiv.) and an 

and (II) and of a benzenoid, but no furanoid ring, in the 
tetrahydro-derivatives (III). These data further indi-
cated the presence of one hydroxy- and two carbonyl 
groups in the methyl ester (Tb) itself. The hydroxy-
group exhibited phenolic properties and the acetates 
(Ig, k, and n), (JIg), and (Jug) showed carbonyl absorp-
tion typical of phenyl acetates. The presence of a 
benzenoid ring was also evident from the n.rn.r. spectra 
(Tables 2-4), which contained typical aryl methyl 

acid C21H2207  (05 mol. equiv.). This paper presents 
evidence 3  that the acid C18H1605  has the structure (Ia). 
Anticipating subsequent papers showing that wort-
mannin has the structure (IV) and that it has a steroidal 
biogenesis, we use the numbering system shown in 
formula (I) for the acid (Ia) and its derivatives. 

From the reaction of wortmannin and 2N-mineral acid, 
the acid C18H1605  was obtained as the free acid (Ta), the 
methyl ester (Ib), or the ethyl ester (Ic) depending upon 
whether the reaction was performed in aqueous, meth-
anolic, or ethanolic acid. For convenience the methyl 
ester (Tb) was used for the structure determination. 
Functional derivatives of the methyl ester [compounds 
(I)], of the dihydro-methyl ester [compounds (11)], and 
of the tetrahydro-methyl ester [compounds (III)] were 
prepared as outlined in Scheme 1. The spectroscopic 
data are shown in Tables 1-5. 

The i.r. spectra (Table 1) indicated the presence of 
benzenoid and furanoid rings in derivatives of types (I) 

1 Part I, D. M. Harrison and J. MacMillan,  J. Chem. Soc. (C), 
1971, 631. 

2 P. W. Brian, P. J. Curtis, H. G. Hemming, and G. F. L. 
Norris, Trans. Brit. Mycol. Soc., 1957, 40, 366. 

absorption (10-Me) at 'r 71-75 for all derivatives and 
typical aryl methyl ether singlets (7-OMe) around 60 

t 'c 0 
MeOCH2 

M 

HO ti 
.0 (YI 	 0 (Y11) 

Me 	

Me 02 C 
ome 

for the derivatives (Id—f), (Ii, j, in), and (lid). The 
absence of aryl proton signals in the n.m.r. spectra of all 

Preliminary communication, J. MacMillan, A. E. Vanstone, 
and S. K. Yeboah, Chem. Comm., 1968, 613. 
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Dihydro-methyl ester methyl ether (lid) 	 Vol dimethyl ether (lj) 

C20H2205 	C2 1124O5  

fbi methyl ether.(Ii) 

C20"2205 

Dideuterio-methyl ether methyl ester (Ie 	 5 	 Dihydro-diol (11h)

1  

C20H18D205  19 H 2 2o5 

Methyl ester methyl ether  
it 

fbi (Ih) 

C20112005 	 C19H2005  

[fliacetate (1k) 

Acid methyl ether (If) 

ciS: 
Acid (Ia) 

	 1 

Methyl ester (n) 	2 / m roethy1 ester (11h)Diii 

C18H1105 	- 	 C19H1805 31, 	.C19H2005  

(Monoacetate (Ig) 

2 	

[Monoacetate (hg) I 

Triol monomethyl ether (Im) 	 Triol (le) 	 Dihydro-triol (117))

C 

 

HO 

[Triacetate (In) ] 

C19112204 	 C18H2004  
18 22 

2 	

/ 4 
Tetrahydro-triol (1111) 	 ahydro-methyi ester (tIm) 	 Tetrahydro-diol (11Th) 

C1811,404 	 C29112205 	 C18H2405  

(Monoacetate (Jug) 

SCHEME 1 Reactions of the acid (Ia) 

Reagents: 1, -OH; 2, Pd-BaSO4 ; 3, LiAIH4 ; 4, NaBH4; 5, CH2N2; 6, MeI-A920; 7, NaOD 

TABLE 1 
I.r, absorption data (cm-1) for the acid (Ta) and 

derivatives (Nujol mulls) 

	

Furanoid 	Benzenoid 
Compd. 	v(OH) 	v(C-H) v(CC) 	v(CC) 	v(C0) 
(la) 	3480 	* 	1550 	1620, 1590 	1730, 1710 

3300-2600 
(lb) 	3450-3200 3150 	1550 	1620, 1580 	1725 
(lb) 	3600, 3300br 3150 	1550 	1625, 1595 	1740br 

3600 	3150 	1520 	1620, 1590 	1730br 
3400-3200 

3150 	1550 	1605 	1740, 1720 
(If) 	3400-2500 	* 	1500 	1620, 1580 	1730, 1690 
(Ig) 	 3160s 1550s 1620, 1580 	1768, 1741, 

1728 
(1h) 	3490, 3200 	3125 	1540 	1620, 1590 	1710 
(Ii) 3500 	3140 1560 	 1710 
(ij) 	 3140 1550 	1570 1720 
(1k) 	 3150s 1555s 1620w, 1580w 1770, 1742, 

1725 
3500-3200 3050 1580w 1630w, 1600w 

(I m) 	3300 	* 	1570 	1610, 1590 
(In) 	 1620w, 1595w 1770, 1740 

1715 
(11b) 	3500-3200 3150 	1540 	1625, 1590 	1720br 
(11d) 	 3150 	1550 	1610, 1580 	1735 
(11h) 	3300br 	3160 	1545 	1620, 1590 	1735 

3500, 3320 	* 	1620, 1595 
(1g) 	 3150 	1545 	 1770, 1725 
(11b) t 3560, 3300br 	 1620w 	1725 
(11Th) t 3570, 3400br 	 1625 	1735, 1710 
(III!) t 3560, 3300br 	 1620w, 1600w 
(111g) t 	 1610, 1600 	1760, 1740 

derivatives showed that the benzene ring was fully 
substituted. The n.m.r. spectra of the derivatives (I) 
indicated a cis-disubstituted double bond. The vinylic 
AB-system (11-H and 12-H) had a JAB  value typical of a 
cyclohexene, showed no other coupling, and was not 
present after hydrogenation to the derivatives (II) and 
(III). Conjugation of this double bond to the aromatic 
system was revealed by the differences between the u.v. 
spectra (Table 5) of the derivatives (I) and those of their 
dihydro-counterparts (II). The u.v. data also showed 
that the furan ring was conjugated to the benzene ring; 
the dihydro-triol (Ill), in which both the methoxy-
carbonyl and olefinic functions were reduced, possessed 
the absorption of a highly substituted benzofuran. Also 
the tetrahydro-derivatives in which the furan ring was 
reduced (see later) showed the absorption expected of a 
fully substituted catechol. 

The low-field one-proton singlet below 20 in the 
n.m.r. spectra of compounds (Ia-k) and (JIb, d, g, and h) 
could be assigned to the furanoid 20-proton, deshielded 
by the adjacent methoxycarbonyl group. Warburgin 
(V) ' contains a similar proton absorbing at T 1•96. 
In agreement with this assignment, reduction of the 
methyl ester grouping with lithium aluminium hydride 
[e.g. (Ih) -*- (11)1 caused an upfield shift (e.g. 05 p.p.m.) 

* Concealed by v(OH). t For CHCI3  solution. 	 4 C. J. W. Brooks and G. H. Daffern, Chem. Comm., 1966, 393. 



2894 

of this singlet to higher field (e.g. r 2.23); the similar 
proton in viridiol (VI; X = H,-OH) 5  absorbs at T 223. 
In the tetrahydro-derivatives (III) the low-field singlet 
of the 20-proton is replaced by an AB-system of the 20-
protons further coupled to the 4-proton. Thus the furan 
ring is reduced in the tetrahydro-derivatives (III). 

J.C.S. Perkin I 

signal moved upfield by about 010 p.p.m. on hydrogen-
ation of the olefinic double bond in compounds (lb, h, 
and e) and it moved downfield by 025 p.p.m. on reduction 
of the carbonyl group in compounds (Tb) and (TTb). The 
new one-proton triplet in the n.m.r. spectra of the boro-
hydride reduction products (Ih—n), (IIh, 1) was assigned 

TABLE 2 

Measured chemical shifts (r) and multiplicity (J in Hz) of protons in the 100 MHz n.m.r. spectra a  of compounds (I) 
Compound 20-H b 11-H 12-H 14-H a  17-H • 3-OMe 6  7-OMe b  13-Me  b  10-Me b Other signals 

(Ta) f 165 325 375 690 926 734 
(lb) 183 320 356 674 612 918 730 48 (OH) 
(lb) 9 161 315 344 660 627 908 718 566 and 861 (OEt); 456 (OH) 
(1c) 189 325 361 680 917 733 
(1d) 182 3•20 357 680 610 	598 920 730 
(le) 180 320 360 680 610 	590 918 730 
(If) 168 325 360 680 602 920 730 
(1g) 190 323 360 680 618 920 727 763 (OAc) 
(1h) 163 315 335 680 554 628 882 714 
(Ii) 194 335 375 715 595 620 	615 930 736 
(Ii) 190 326 365 712 634 618 	612 928 734 662 (17-OMe) 
(1k) 196 336 372 703 502 620 926 732 770 and 797 (2 x OAc) 
(II) 223 318 340 672 556 882 733 495 (CH2 O) 
(IM) 255 337 377 740 594 614 930 730 
(1m) u 220 326 345 690 562 610 890 734 496 (CH2.0) 
(In) 225 332 366 698 494 923 747 762 (1 x OAc); 	791 (2 x OAc) 

For CDC13  solutions except where stated otherwise. 6  Singlet. 	c Doublet (J 10-105). 11  Triplet (J 95) except for (Ib) 
(quartet, J 60 and 12.5). 6  Triplet (J 80-90). 1  For [2H5]acetone solution. V For [2H5]pyridine solution. 

Reduction of the methoxycarbonyl and olefinic func-
tions caused upfield shifts of 0J4-020 and 012-04 
p.p.m., respectively, in the n.m.r. signal of the aryl 

TABLE 3 

Measured chemical shifts () and multiplicity (J in Hz) 
of protons in the 100 MHz n.m.r. a  spectra of compounds (IT) 

Compound 20-H 	3-OMe 	13-Me 	10-Mea Other signals 
(lIb) 188 	612 	919 	741 
(JIb) 5 160 	627 	916 	730 
(lId) 183 	610 	920 	737 600 (7-OMe) 
(JIg) 185 	610 	919 	730 759 (7-OAc) 
(11h) b 162 	628 	891 	726 590 (17-H) 
(Ill) b 223 	 892 	747 590 (17-H) a 

For CDC], solutions except where otherwise indicated. 
In C.D.N. c Singlet. 	a  Triplet (J 95). 

methyl group, indicating the proximity of these two 
groups. The proximity of the tertiary methyl group in 

to the 17-oxymethine proton, its multiplicity revealing 
the presence of two hydrogens adjacent to the carbonyl 
group in the methyl ester (Ib). These 16-hydrogen 
atoms were readily exchanged in the methyl ether (Td) 
to give the dideuterio-compound (le). Compounds 
(Ia—g) showed carbonyl absorption in the range 1725-
1740 cm' (Table 1) consistent with the location of this 
carbonyl group in a five-membered ring. The latter 
feature was supported by the mass spectrum of the 
methyl ester (lb), which showed intense ions at M - 56 
and M 5  - 57, characteristic of ring D fragmentation in 
17-oxosteroids.6  Furthermore, the mass spectra of both 
the methyl ether methyl ester (Td) and its 16,16-di-
deuterio-derivative (le) contained intense ions at m/e 
284 (C171116041  M - 56 and M - 58, respectively) 
and at nile 283 (C17H1504, ]W - 57 and M - 59, 
respectively). The mass spectra of the derivatives 
(I)—(III) are discussed in more detail later. 

TABLE 4 
Measured chemical shifts (t) and multiplicity (J in Hz) of protons in the 100 MHz n.m.r. spectra a  of compounds (III) 

Compound 20-H 4-H 	 3-OMe 13-Me 17-Me Other signals 
(Ilib) 514 (J 4 and 9) 574 (J 4 and 9) 	626 917 782 

538 (J 9 and 9) 
(IlIg) 514 (J 4 and 9) 572 (J 4 and 9) 	625 918 785 769 (7-OAc) 

5.39 (J 9 and 9) 
(11Th) 512 (J 4 and 9) 574 (J 4 and 9) 	625 925 782 617 (17-H) 

5.39 (J 9 and 9) 
(TIll) 492 (J 15 and 9) Ca. 62 6  891 784 Ca. 5.9 (17-H) 

536 (J 8 and 9) Ca. 59, 62 (3-H2) 

For CDCI3  solutions except for (1111) (in [2H]pyridine). b  In overlapping multiplets. 

the methyl ester (lb) to both the olefinic double bond and 
the second carbonyl group was likewise inferred from the 
n.m.r. data. Thus, in C5D5N solution, the tertiary methyl 

J. S. Moffat, J. D. Bu'Lock, and Tse Hing Yuen, Chem. 
Comm., 1969, 839. 

The environment of the 14-hydrogen atom was estab-
lised from the n.m.r. spectra of compounds (Ia—n) (see 
Table 2). The chemical shift was typical of a benzylic 

H. Budzikiewic and C. Djerassi, J. Amer Chem. Soc., 1962, 
84, 1430. 
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methine proton and its triplet or quartet multiplicity 
revealed the presence of two vicinal hydrogen atoms, 
the resulting AMX system being clearly identified in the 
220 MHz spectrum (Figure) of the dideuterio-compound 
(le) in benzene solution. A comparison of this spec-
trum with the 220 MHz spectrum of the undeuteriated 

TABLE 5 

U.v. data for ethanolic solutions of derivatives of the 
acid (Ia) 

Compound ma ./nm (c) 
(Ib) 2335 262 (17,280) 286 (8050) 

(27800) 
(11b) 209 (41430) 238 (17,270) 275 (3620) 299 (2540) 
(11b) 208 (28,600) 234 * (8910) 295 (2220) 
(1d) 236 (34,000) 256 (18,700) 287 (6400) 
(lid) 208 (44,400) 233 (21,540) 265 (5640) 290(2560) 
(1g) 2355 2725 285 (8800) 

(36,800) (13,200) 
(Jig) 210 (23,340) 228 (12,000) 257 (3700) 285 (900) 
(11g) 206 (30,500) 232 * (5580) 292 (2360) 
(Ih) 233 (33,000) 2625 

(19,250) 
(11h) 210 (40,150) 238 (15,950) 2555 280 (3280) 

(6880) 
(IIIh) 2095 232 * (8250) 290 (1650) 

(25,410) 
(II) 246 (25,000) 	273 (15,000) 283 (10,000) 
(II]) 221 (37,500) 	261 (11,000) 287 (2500) 
(1111) 2095 236 * (8080) 288 (1440) 

(30,400) 
* Shoulder. 

compound (Id) showed that the 15-hydrogen atoms were 
further coupled to the exchangeable 16-hydrogen atoms 
in the methyl ether methyl ester (Id). This information 
provided final proof for the five-membered ring. 

'jJJu1j 
FIGURE 220 MHz n.m.r. spectrum of compound (Ic) in 

benzene 

The absolute stereochemistry, shown in structure (I) 
for C/D ring junction was established by the o.r.d. be- 

\V. Klyne, Tetrahedron, 1961, 13, 29. 
8  J S. Moffatt, J. Chem. Soc. (C), 1966, 725. 

haviour of the dihydro-derivative (lid). The molecular 
amplitude (+134°) was typical for &atjs-14ce-17-oxo-
steroids, such as 3 3hydroxy-5a-androstan-1 7-one 
(+138°); that for cis-141&-17-oxosteroids is much 
lower (Ca. +35°). 

The foregoing chemical and spectroscopic data pro-
vided conclusive evidence for structure (lb) for the 

Is H R 
_ H _ 

_/LTJJ 	
a 	 14lS ('Y' 

/4-(41 + R) 

Ib 

H R 	 M-(42+R) 

M- (42 + R) 

SCHEME 2 Steroidal ring D fragmentation 

methyl ester obtained by degradation of wortmannin. 
This structure (lb) was, however, confirmed by de-
hydrogenation of the methyl ester methyl ether (Id) to 
the naphthofuran (VII), identical with the methyl ether 
methyl ester obtained 8  by methylation of the hydrogen 
peroxide oxidation product of the fungal metabolite, 
viridin (VI; X = 0). 

The mass spectral fragmentation of ring D in steroids 
has been studied in detail by Tokes et al.9  As shown in 
Scheme 2 (path a) the ion M - (41 + R) involves two 
hydrogen transfers (18 -*- 17 and 16 -*- 18), followed 
by fission of the 14,15-bond. The ion M - (42 + R) 
arises by hydrogen transfer to the uncharged fragment 
in a random process from the 8(3-, 12)3-, 14x-, and 18-
positions but mainly from the 14a-position (path b) to 
give either the unrearranged (path c) or rearranged 
(path d) ions shown in the Scheme. In the case of the 
wortmannin derivative (Id), formation of the M - 
(41 + R) (i.e. M - 56) ion does not involve transfer 
of hydrogen from the 16-position, since both deuterium 
atoms in the derivative (le) remain with the unchanged 
fragment. Also in the formation of the M - 57 [i.e. 

(42 + R)] ions from the derivatives (I) hydrogen 
must be exclusively transferred from position 18. The 
high abundance of the M - 56 and M - 57 ions in 
the spectra of the derivatives (I) is ascribed both to the 

L. Tokes, G. Jones, and C. Djerassi, J. Amer. Chem. Soc., 
1968, 90, 5465. 
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allylic nature of positions 13 and 14 which facilitate 
fission of the 13,17- and 14,15-bonds and to the aroma-
ticity of the resulting ion. Thus these ions are of insigni-
ficant intensity in the spectra of the corresponding 
dihydro-derivatives (II). 

Other notable fragmentations of the derivatives (I)-
(III) are listed but, in the absence of definitive evidence, 
speculative fragmentation pathways are not presented. 
Of the derivatives (I), the 17-ketones are distinguished 
from their 17-hydroxy-analogues by the presence of 
M - 43 ions, shown by mass-matching to occur by 
loss of C2H30. Since this loss is also shown by the 
dideuterio-compound (le) and by the acid (Ta), this 
fragmentation probably represents a rearrangement 
involving the elimination of the 17-carbonyl and 18-
methyl groups. The 17-hydroxy-derivatives (Ih, i, 1, 
and m) and (ITh and 1) show intense M - 44 
ions with accompanying intense ions at m/e 43 in 
the case of compounds (Ih, i, and m). Metastable 
ions for the transition M+ -.*- M - 44 were 
observed in each case. The M - 44 ions show 
metastable ions for their fragmentation to M - 59 ions 
and their formation apparently involves the 17-hydroxy-
group since the 1 7-methoxy-compounds show an intense 
M - 58 ion in place of the M - 44 ion. The di-
hydro-ketones show substantial M - 69 and All - 71 
ions while the corresponding dihydro-17-hydroxy-
derivatives show M - 71 and M 1  - 73 ions. The 
four tetrahydro-derivatives (Tub, h, 1, and g) gave intense 
ions at m/e 161 (C1014902), 85, and 83. Their spectra 
also contained ions corresponding to M -. R'. 

EXPERIMENTAL 

M.p.s were determined on a Kofier hot-stage apparatus 
and are corrected. N.m.r. spectra were determined with 
tetramethylsilane as internal standard on Varian HA100 
and Varian HA220 instruments. U.v. spectra were ob-
tained for solutions in ethanol on a Unicam SP 800 spectro-
meter. Jr. spectra were obtained for Nujol mulls except 
where stated otherwise with a Unicarn SP 200 or Perkin-
Elmer 257 spectrometer. Mass spectra were obtained for 
probe samples on an A.E.I. MS9 instrument. G.l.c. was 
performed on a Pye 104 chromatograph with glass columns 
(5 ft x 025 in) packed with 2% SE-33, 2% QF-1 or 
2% OV-i coatings on acid-washed and silanised Gas-
Chrom A. 

Acid Hydrolyses of Wortmannin.-(a) With aqueous hydro-
chloric acid in methanol. Wortmannin (20 g), methanol 
(50 ml), and 15N-hydrochloric acid (25 ml) were boiled for 
5 h in a stream of nitrogen. No volatile carbonyl com-
pounds (2,4-dinitrophenylhydrazine trap) and no carbon 
dioxide (barium hydroxide trap) were detected. After 18 h, 
the crystalline methyl ester (Tb) was collected; it recrystal-
lised from methanol in needles (730 mg), m.p. 219-220° 
(Found: C, 699; H, 5.5%; M, 326115. C 9H1805  re-
quires C, 699; H, 5.5%; M, 326115); ni/e 326(100%), 
284(20), 283(24), 270(58), 269(51), 251(25), 237(56), 210(16), 
182(9), 181(11), 153(12), 76(12), 69(15), 44(27), and 43(11). 

The filtrate was extracted with chloroform which, in 
turn, was extracted with aqueous sodium carbonate. The 
recovered neutral oil (130 mg) yielded the methyl ester (lb)  

in needles (60 mg). The recovered acidic material yielded 
a yellow foam (930 mg), crystallised from ether to yield the 
acid (C21H2207) as pale yellow needles (827 mg), m.p. 236-
238° (Found: Mt 386134. Calc. for C21112207: M, 
386136). 

With aqueous hydrochloric acid in ethanol. Wort-
mannin (650 mg), ethanol (30 ml), and F5n-hydrochloric 
acid (30 ml) were boiled for 5 11 under nitrogen; work-up as 
in (a) gave the acid C21H2207  and the ethyl ester (Ic), needles 
(210 mg), m.p. 231-235° (from methanol) (Found: M, 
340130. C 0H20O5  requires M, 340.131). 

With aqueous sulphuric acid: identification of acetic 
acid. Wortmannin (425 mg) and F5N-sulphuric acid were 
heated on a water bath for 5 h under nitrogen. The acid 
(Ia) was collected; m.p. 253-256° (from methanol) 
(Found: Mt 312099. C18H1005  requires M, 312.099). 

The filtrate was steam-distilled. Titration of the steam 
distillate with standard potassium hydroxide indicated 
091 mol. equiv. of a monobasic acid. The alkaline distil-
late was evaporated to dryness and the residue in aqueous 
ethanol was boiled for 1 It with P-bromophenacyl bromide 
to give p-bromophenacyl acetate, plates (from ethanol), 
m.p. and mixed m.p. 82-83°. 

The residue from steam-distillation was extracted with 
chloroform. The acidic portion of the extract gave a yellow 
gum, crystallising from ether in rosettes, m.p. 232-234° 
identical (mixed m.p. and jr. spectrum) with the acid 
C21112207  obtained in (a). 

Identification of methoxyacetaldehyde. As in experi-
ment (a), the methyl ester (Tb) was filtered off. The filtrate 
was steam-distilled and the distillate treated with 2,4-di-
nitropheny1hydrazine sulphate in ethanol. The precipi-
tated methoxyacetaldehyde 2,4-dinitrophenylhydrazone 
crystallised from ethanol in orange plates, m.p. 1235-
1245°, identified by mixed m.p. and by jr. and n.m.r. 
spectroscopy. 

Derivatives of the Acid (Ta).-(i) The methyl ether methyl 
ester (Id). Prepared from the methyl ester (Ib) and diazo-
methane, it crystallised from ethanol in needles, m.p. 156-
158' (Found: All, 340131. C201-12205  requires M, 340131); 
v 	(CHC13) 3150, 1740, 1620, 1580, and 1550 cm-1; nile 
340(100%), 326(47), 325(44), 297(34), 284(67), 283(66), 
282(34), 281(31), 270(47), 269(35), 268(30), 267(25), 237(66), 
181(31), 165(32), 153(36), 152(36), 139(21), and 44(60). 
The methyl ether methyl ester was also prepared (a) from 
the acid (Ia) and diazomethane, and (b) by boiling the 
methyl ester (lb) with dimethyl sulphate and 2N-sodium 
hydroxide for 2 h. 

The 16, 16-dideuterio-methyl ether methyl ester (le). To 
the foregoing methyl ether methyl ester (116 mg) in aceto-
nitnile (7 ml) was added potassium hydroxide (55 mg) in 
deuterium oxide (35 ml) and the mixture was stirred 
under nitrogen at 45-50° for 4 days. Extraction of the 
purple solution with ether, and recovery, afforded the 
16,16-dideuterio-derjvative (le) as pink needles, m.p. 144-
150°  (from methanol) (Found: M, 342142. C201118D205  
requires M, 342143); m/e 342(100%), 341(23), 327(27), 
284(62, C17H1604  and/or C17H12D204), 283(63, C17H1504  
and/or C18HJ5D203), 268(23), and 237(42). 

The methyl ether (If). The methyl ether methyl 
ester (Id) (90 mg), methanol (10 ml) and 2N-potassium 
hydroxide (16 ml) were heated under nitrogen at 60° for 
4.5 h. After extraction with methylene dichloride, the 
solution was acidified and the acidic fraction was recovered 
in methylene dichloride as a foam (90 mg). Preparative 
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tic. on pre-washed silica gel with 3% acetic acid in 
methylene dichloride gave the methyl ether (If), needles 
(42 mg), m.p. 189-192° (from ether) (Found: M, 326'115. 

C19H1805  requires M, 326.115). 
The acetate (Ig). Prepared by heating the methyl 

ester (lb) (50 mg) in acetic anhydride (1 ml) and pyridine 
(3 drops) for 15 min on a water-bath, the acetate (Ig) crystal-
used from methanol in needles (39 mg), m.p. 236-2375° 
(Found: M, 368125. C2 112006  requires M, 368126); 

Vmax. (CHC13) 3150, 1768, 1736, 1625, 1580, and 1552 cm'; 
nile 368, 326, 311, 283, 270, 269, and 237. 

The diol (Ih). To the methyl ester (lb) (367 mg) in 
ethanol (30 ml), sodium borohydride (150 mg) was added in 
portions. After stirring at 20° for 15 min water (30 ml) 
and 2N-sulphuric acid (5 ml) were added. The usual work-
up gave the diol (Ih), plates (350 mg), m.p. 228-229° 
(from ethyl acetate) (Found: M, 328132. C19H2005  re- 
quires M, 328.131); 	(CHC13) 3600, 3350br, 1720, 1630, 
and 1593 cm-1; m/e 328(79%), 313(14), 311(19), 310(36), 
298(10), 297(20), 295(34), 284(100), 281(20), 271(56), 
270(58), 269(77), 257(46), 256(64), 255(21), 237(56), 210(20), 
192(22), 182(22), 181(27), 165(22), 153(33), 152(35), 139(21), 
128(22), 115(23), 95(19), and 43(21). 

The diol monomethyl ether (Ii). To the methyl ether 
methyl ester (Id) (100 mg), in ethanol (15 nil), was added 
with stirring a suspension of sodium borohydride (100 mg) 
in ethanol (15 ml). After 10 inin at 20°, the usual work-up 
gave the diol monornet/iyl ether (Ii) as needles (96 nig), 
nip. 170-173° (from ether) (Found: Mt 342149. C20-
H2205  requires M, 342.147). When the reaction was per-
formed at 20° for 20 min a mixture of the diol monomethyl 
ether and the triol monomethyl ether (Tm) (see later) was 
obtained. 

The diol dimethyl ether (Ij). Dry silver oxide (400 
mg) was added in portions during 1 h to a boiling solution 
of the diol monomethyl ether (Ii) (35 mg) in methyl iodide. 
After heating under reflux for 17 Ii, the silver oxide was 
filtered off and washed with methylene chloride. Re-
covery from the filtrate and washings gave the diol diniethyl 
ether (Ij) (28 mg), m.p. 102-104° (from ether) (Found: 
M, 356164. C21H2405  requires M, 356162); m/e 
356(100%), 325(27), 324(29), 309(30), 298(50), 285(34), 
283(64), 270(52), 268(22), 237(58), 181(20), 165(24), 153(24), 
152(22), 44(28), 43(20), and 41(30). 

The diol diacetate (11). Prepared by heating the 
did (Tb) in acetic anhydride and pyridine at 100° for 1 h, 
the diacetate (1k) was obtained as rods, m.p. 180-1830  
(from methanol) (Found: M, 412153. C23112407  requires 

M, 412.152); nile 412, 381, 370, 352, 328, 327, 310(1001/10 ), 

and 295. 
The triol (Ii). Lithium aluminium hydride (500 mg), 

suspended in tetrahydrofuran (100 ml) was added in portions 
to a stirred solution of the methyl ester (Tb) (500 mg) in 
tetrahydrofuran (50 ml). After 1 h at 20° then 1 Ii under 
refiux, ethyl acetate, water, and 2N-sulphuric acid were 
added. The usual work-up gave a yellow gum (380 mg) 
which crystallised from ethyl acetate to give the trio! (Ii), 
needles, nip. 211-213° (Found: Mt 300136. C18H2004  

requires M, 300136); nile 300(920/ /,), 282(39), 267(26), 
256(100), 243(40), 242(34), 241(68), 228(49), and 223(67). 

The triol monomethyl ether (Tm). The methyl ester 
(Id) (20 mg) in ether ( 6 ml) was added slowly to a stirred 
suspension of lithium aluminium hydride (14 mg) in ether. 
After 1 h at 20°, ethyl acetate and ethanol were added with 
vigorous stirring. The mixture was then poured over 2N- 

sulphuric acid and ice. Recovery in ether gave the triol 
monomethyl ether (Tm) (17 mg), nip. 208-210° (from ether) 
(Found: Mt 314151. C19H2204  requires M, 314.152). 

The trio! triacelate (In). Prepared from the triol 
(Ii), acetic anhydride, and pyridine at 100° for 30 mm, it 
was obtained as an intractable yellow oil (Found: M±, 

426167. C24H2007  requires M, 426.167); Xniax  242, 259, 
270, and 281 nm (e 45,000, 16,120, 9350, and 6800); nile 
426(35%), 384(60), 343(10), 324(100), 309(35), 282(27), 
281(13), 265(20), 263(11), 249(40), 237(15), 225(12), and 
223(12). 

The dihydro-methyl ester (lib). The methyl ester 
(Tb) (220 mg), 10% palladium-barium carbonate (75 mg), 
and ethyl acetate (50 ml) were shaken at 20° for 10 inin with 
hydrogen. The usual work-up gave needles (220 mg), 
shown by g.l.c. (2% OV-l; 239°) to be a mixture of the 
dihydro- (lIb) (80%) and tetrahydro- (Tub) (20%) com-
pounds. Recrystailisation from methanol gave the di-
hydro-compound Jib) as needles m.p. 196-198° [containing 
no tetrahyciro-compound (Tub) by g.l.c.] (Found: M, 
328133. C19H2005  requires M, 328131); 	(CHC13) 
3580, 3300br, 3150w, 1725, 1620, 1595, and 1545 cm 1; 
m/e 328(100%), 326(2.5), 313(21), 207(10), 285(55), 272(40), 
271(48), 259(38), 257(22), and 43(28). 

The dihydro-methyl ether (lid). The methyl ether 
(Id) (35 mg), in ethyl acetate (5 ml) was shaken at 18° for 
2 h with hydrogen and 5% palladium-barium carbonate 
(30 mg). The usual work-up gave the dihydro-compound 
(lid), needles (30 mg), m.p. 146-148° (from methanol) 
(Found: M, 342447. C20H2205  requires M, 342147); 

(CHC13) 3150, 1735, 1610, 1580, and 1550 cm 1; m/e 
342(100%), 327(17), 311(15), 299(21), 286(37), 285(24), 
273(24), and 271(10). 

The monoacetate (Hg). Prepared from the di-
hydro-methyl ester (ITb) (40 mg), acetic anhydride (1 ml), 
and pyridine (2 drops), the acetate (hg) crystallised from 
methanol in prisms (36 mg), m.p. 201-203° (Found: Mt 
370-143. C21H2206  requires M, 370141); ni/e 370(14%), 
328(100), 313(11), 285(30), 272(19), 271(21), 259(18), 
257(8), and 43(17). 

The dihydro-diol (TIh). The dihydro-compound 
(JIb) (50 mg), in methanol (10 ml), was stirred at 20° for 
10 min with sodium borohydride (50 mg). The usual 
work-up gave the dihydro-diol (ITh) as needles (40 mg), 
nip. 215-217° (from methanol) (Found: Mt 330149. 
C10112205  requires M, 330.147); nile 330(100%), 315(27), 
297(30), 286(31), 271(83), 259(30), 257(18), 243(19), and 
219(19). 

The dihydro-triol (Ill). To a suspension of lithium 
aluminium hydride (46 mg) in tetrahydrofuran (10 ml) was 
added the dihydro-methyl ester (lIb) (54 mg). The mixture 
was stirred at 20° for 45 min then under refiux for 45 mm. 
The usual work-up gave the dihydro-triol (Ill), needles 
(40 mg) m.p. 219-221° (from ethyl acetate) (Found: Mt 
302155. C18H2204  requires M, 302.152); m/e 302(100%), 
287(26), 269(27), 258(17), 244(16), 243(53), 237(18), 229(9), 
191(10), and 43(52). 

The tetrahydro-methyl ester (Ilib). The methyl 
ester (Tb) (120 mg), in ethyl acetate (25 ml), was shaken 
with hydrogen and 10% palladium--barium sulphate (125 
mg) at 20°  for lb. The usual work-up gave the tetrahydro-
derivative (Ilib) as a gum (110 mg) showing a single g.l.c. 
peak on a 2% OV-1 column at 240° (Found: Mt 330 147. 

C 9H2205 requires M, 330.147); nile 330(100%), 328(27), 
326(16), 301(11), 300(18), 299(6), 298(21), 287(19), 285(10), 
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283(12), 273(17), 272(15), 271(50), 269(15), 261(15), 241(24), 
161(70), 85(60), 83(100), 47(27), 43(40), and 41(34). 

The acetate (JUg), prepared with acetic anhydride in 
pyridine, was also an intractable gum (Found: Mt 372157. 
C2 H2406  requires M, 372155); m/e 372(18%), 330(100), 
287(11), 271(30), 161(67), 85(10), 83(16), and 43(>100). 

The tetrahydro-diol (IIIh). The tetrahydro-methyl 
ester (IlIb) (30 mg) in methanol (3 ml) was stirred at 20° 
for 15 min with sodium borohydride (30 mg). The usual 
work-up gave the tetra/zydro-diol (IIIh) as an intractable gum 
(33 mg) (Found: M, 332162. C19H2405  requires M, 
332.161); in/e 332(100%), 330(12), 273(40), 258(74), 
257(23), 256(32), and 161(64). 

The tetrahydro-triol (III!). The triol (Il) (20 mg), 
in ethyl acetate (12 ml), was hydrogenated as before to give 
a gum (18 mg) which, on trituration with chloroform, gave 
the tetrahydro-triol (1111) as an amorphous solid (Found: 

Mt 304J67. C1SH2404  requires M, 304.166); m/e 
304(53%), 302(5), 273(74), 161(100), 85(37), 83(58), 47(19), 
and 43(14%). 

Alkaline Hydrolysis of the Methyl Ester (Ib).-The methyl 
ester (200 mg), methanol (15 ml) and 2N-potassium hydr-
oxide (20 ml), were heated at 90° for 3 h. The usual work-
up gave an acidic solid (117 mg), identical (m.p. and i.r. 
spectrum) with the acid (Ia) already described and obtained 
from wortmannin by aqueous acidic hydrolysis. 

Dehydrogenation of the Methyl Ether Methyl Ester (Id).-
An intimate mixture of the methyl ether methyl ester (62 
mg) and 20% palladium-charcoal (72 mg) was heated at  

190° for 40 min under nitrogen. Heating was continued at 
196-200° for 1 h. Extraction of the cooled mixture with 
ether, then recovery, gave a pink gum (44 mg). A portion 
(16 mg) of this product was subjected to preparative t.l.c. 
on silica gel G, pre-washed with benzene-ethyl acetate (3: 1) 
and re-activated at 100° for 05 h, and developed with benz-
ene-ethyl acetate (3: 1). The band, fluorescing blue and 
corresponding in Rp value to the authentic derivative (VII) 
from viridin,8  was collected and extracted with ether. 
Recovery gave methyl 2, 3-dihydro- 1 0-methoxy-6-methyl-3-
oxo- 1H-cyclopenta[7, 8]naphtho[2, 3-b]furan-7-carboxylate 
(VII), as yellow needles (I mg), m.p. 236-238° (sublimation 
from 190°) (from ethanol), not depressed on admixture with 
the viridin derivative (m.p. 235.5-237°). The jr. spec- 
trum (Nujol) 	3150, 2990, 2970, 2850, 1735, 1730, 
1710-1690, 1625, 1604, 1510, 1465, 1440, 1405, 1390, 
1370, 1330, 1305, 1272, 1250, 1152, 1136, 1090, 1075, 1024, 
990, 918, and 900 cm-1) and g.l.c. retention times (10.5 mm 
on 2% SE-33 at 238° and 75 ml N2  min'; 118 mm on 
2% QF-1 at 238° and 60 ml N2  min') were identical with 
those of the viridin derivative (VII). 
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Absolute Stereochemistry of the Fungal Product, Wortmannin 
A2 

By J. MACMILLAN, T. J. SIMPSON, and S. K. YEBOAH 

(Department of Organic Chemistry, University of Bristol, Bristol BS8 ITS) 

mmary The absolute stereochemistry at C-b, C-li, 
C-13, and C-14 in the fungal product, wortmannin, has 
been deduced from biogenetic and spectroscopic evidence 

E X-ray study, described in the accompanying corn-
unication,' confirms the structure, proposed by us,2  for 
e fungal metabolite, wortmannin, and it defines the 
solute stereochemistry (I). We have independently 
duced the same absolute stereochemistry (I) except for 
at at C-i which we were unable to determine. 
The 13-Me,14oc-H configuration was indicated by the 
r.d. (a + 138) of the 11,12-dihydromethyl ether of the 
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pdrolysis product (III).2 The normal stereoidal stereo-
Lemistry at C-JO, C-13, and C-14 was established by the 
inversion (02-05%) of 2-[3H]-lanosterol3  into [3H]-
Drtmannin (I) and -11-desacetoxywortmannin (II) in 
ake-cultures of Pen icillium wortmannii. The specific 
corporation of tritium was demonstrated by acidic 
drolysis' to methoxyacetaldehyde which contained all of 

Le label. The 1 l-acetoxy-configuration was indicated by 
Le down-field shift (0.07 ppm.) of the 18-protons in the 
mr. spectrum of wortmannin (I) compared with 11-
uacetoxywortmannin (II). Similar downfield shifts (0.06 
p.m.) have been observed5  for the 18-protons in steroids 
hen substituted by an ila-acetoxygroup. Similar n.m.r. 
-idence for an 1l-acetoxy-group in wortmannin was 

obtained from the products of mild alkaline hydrolysis. 
1N-K,CO3  gave the triol (IV) (enolic-OH at r 274 and 
—350, the 13 Hz coupling of the latter to 20-H removed by 
addition of D20) which formed a triacetate (V) and a di-
acetate (VI). Hydrolysis of wortmannin with KHCO, 
afforded the diol (VII) with enolic hydroxy-signals in the 
n.m.r. spectrum at 'r 282 and —375, the latter being 
coupled (13 Hz) to 20-H. The negligible changes in the 
chemical shift of the 18-protons in going from the mono- 

TABLE 

['H]: ["C]-Ratios derived from 2S-[3H]- and 2R-['H1-2-[14CJ- 
,nevalonic acid lactone. 

Compound 	2R-Isomer 2S-Isomer 
(II) 	 050:1 018:1 

Methoxyacetaidehyde 	0.56:1 0-10:1 
11,12-Dihydro-(III) 	 0-38:1 0-13:1 

acetate (VII) to the triol (IV), and from the triacetate (V) 
to the diacetate (VI) are consistent only with an 1 10-acetoxy 
configuration; replacement of an 11 -acetoxy-group by 
1i-hydroxy usually leads to downfield shifts of ca. 020 

p.p.m.5  An llfl-pseudo-axial hydrogen in a half-boat ring 
c conformation of wortmannin (I) is also consistent with the 
observed long-range coupling (3 Hz) to 14o -H, similar to 
that between the pseudo-axial 9- and 12-H in eleutherin.6  
Moreover, the previously described2  acid hydrolysis product, 

C21H,,07, for which the ether structure (VIII) will be 
substantiated in the full paper, requires an 1 l-o-acetoxy-
configuration for its formation. 

In an attempt to decide the absolute stereochemistry at 
C-1 in wortmannin (I) and desacetoxywortmannin (II), 
2S-[3H]- and 2R-[3H]-2-[1 C]-mevalonic acid lactones were 
separately fed to P. wortmannii, each with a ['H]: [14C] ratio 

of 2: 1. Incorporations of 1-6% based upon the ['4C]-
isotope were obtained. The labelled desacetoxywort-
mannin (II) was hydrolysed by acid to methoxyacetalde-
hyde and 11,12-dihydro-(III) with the ['H]: [14C] ratios 
shown in the Table. These ratios clearly showed sub-
stantial loss of the [3H]-label from both the 2S- and 2R-
isomers' and, unexpectedly, a considerable interchange 
between the 2S- and 2R-[3H]-atoms. These results will be 
discussed in detail in the full paper but it is salutary to note 
that the greater retention of the 2R-['H], compared to the 

2S-[3H], at C-i suggests the opposite C-i stereochemistry 
to that established by the accompanying' X-ray deter-
mination. 

(Received, 31st July 1972; Corn. 1331.) 
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Fungal Products. Part V)' The Absolute Stereochemistry of Colletodiol 
and the Structures of Related Metabolites of Colletotrichum capsici 

By Jake MacMillan and Thomas J. Simpson. School of Chemistry, The University, Bristol 

Colletoketol (2), colletol (3), and colletallol (4), three new co-metabolites of colletodiol (1) (10.11 -dihydroxy-
2,8-dimethyl-1 ,7-dioxacyclotetradeca-4,1 2-diene-6,1 4-dione). have been isolated from culture filtrates of 
Co//etotrichum capsici and shown to be the 11 -oxo-analogues of colletodiol. 11 -deoxycolletodiol, and 1 0-deoxy-
colletodiol, respectively. The absolute stereochemistry for colletodiol [i.e. (2R.8R,l OR.1 iS)] has been assigned 
from chemical and optical rotatory evidence, and that for colletoketol [i.e. (2R,8R,1 OR)] has been established by 
chemical correlation with colletodiol. 

FROM the culture filtrates of the plant pathogen, Coliclo-
richum capsici, Grove ci al..2  isolated the metabolite 

colletodiol, which was subsequently shown to be the 14-
membered cyclic dilactone (1) 3a  (cf. ref. 3b). The 
absolute stereochemistry (5) has now been assigned to 
this metabolite (see later). In the course of isolating 
colletodiol for this stereochemical investigation, three 
closely related dilactones, colletoketol (2), colletol (3), 
and colletallol (4), have been isolated from the culture 
filtrates of C. capsici together with 2-phenylethanol. 

Structure (I) for colletodiol was deduced mainly from 
spectroscopic data Sa  which is not discussed in detail here. 

Part IV, It I. Crane, P. Hedden, J. MacMillan, and W. B. 
Turner, J.C.S. Perkin 1, 1973, 194. 

2 J. F. Grove, R. N. Speake, and Cr. Ward, J. Chew Soc. (C), 
1966, 230. 

To facilitate comparison with the new dilactones, i.r. and 
n.m.r. data for colletodiol are included in Tables 1 and 2, 
respectively. In the mass spectrum of the bistrimethvl 
silyl (TMS) ether of colletodiol, it was suggested 3a  that 
the base peak at rn/c 143 (C71-1150Si) arose by McLafferty 
rearrangement to the ion (6) followed by cleavage a to the 
ion (8). The presence of an intense rn/c 143 ion in the 
mass spectrum of the TMS ethers of colletodiol and its 
analogues is therefore diagnostic of the partial structure 
(9) and this correlation proved useful (see later) in the 
determination of the structures of colletoketol (2), 
colletol (3), and colletallol (4). 

(a) J. MacMillan and R. J. Pryce, Tefeahedron 1.eltevs, 1969 , 
5497; (b) J. W. Powell and \V. B. Whalley, j.  Chew. Soc. (C), 
1969. 911. 
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Colletodiol, which formed a dibenzoate 2  and a di-
acetate, was hydrolysed by dilute aqueous sodium 
hydroxide to 5-hydroxyhex-2-enoic acid and, in low 

TABLE 1 

I.r. absorption data for dilactones from C. capsici 
Vm 	(CHCI3)/cm' 

Assign- 
Colletodiol Colletoketol Colletol Colletallol ment 

985 985 985 985 y(C—H) 
of trans- 
HC:CH 

1175 1175 1178 1180 v(C0) 
1320 1320 1319 1318 6(0—H) 
1630 1630 

} 1657 1657 1655 1654 v(=q 

1710 1710 
} 1721 1721 1715 1715 v(C--O)  

3400 3300-3400 3400 3400 (OH) 

yield, to 4,5,7-trihydroxyoct-2-enoic acid. Hydrogen-
ation of the former acid gave 5-hydroxyhexanoic acid, 
which was lactonised by heating in chloroform. The R-
configuration of the resulting lactone (10) was established 
in three ways. First, by application of the Hudson-
Klyne lactone rules 4,5  the positive A [a] observed in going 

was supported by the positive c.d. curve, predicted from 
the lactone sector rule.7  The magnitude (+528°) and 
sign of the molecular ellipticity of the lactone (13) agree 
with the data, [0] 0  +440°, reported 8  for the lactone (14), 
whereas the lactone (15), with the opposite configuration, 
gives a negative Cotton effect.9  The uS-configuration 
is therefore assigned to colletodiol. 

To determine the C-8 stereochemistry the 4,5,7-tn-
hydroxyoctenoic acid was oxidised by periodate to give a 
neutral product which, without characterisation, was 
oxidised with silver oxide to yield -bydroxybutyric acid 
with [re] D20  —21°. Since (R)-)3-hydroxybutyric acid 10 

has Ea 020  —24°, colletodiol possesses the 8R-stereo-
chemistry. 

The R-configuration was assigned to the remaining 
asymmetric centre (position 10) in colletodiol in two ways. 
The first utilised the findings of Harada and Nakanishi 1 

that the chirality of cc-glycols can be determined from the 
c.d. of their dibenzoates. The interacting chromophores 
of the dibenzoates give rise to two strong Cotton effects 
of the same amplitude (Ae Ca. 9-18); the first occurs at 
ca. 233 nm and its sign is determined by the chirality 

TABLE 2 

Measured chemical shifts (r) of protons in the 100 MHz n.rn.r. spectra ° of metabolites from C. capsici 
Compound 2-Me 	2-H 	3-H 4H 5-H 	8-Me 8-H 	9-H 	10-H 11-H 12-H 13-H OH 

Colletodiol (1) 862 	4.71) 	750, 7.79 3'30 4•28 	862 484 	800, 850 	637 5•94 327 386 696 
Colletoketol (2) 860 	4•91 	736, 766 329 416 	864 465 	785, 818 	5.49 b 289 3.53 6'65 
Colletol (3) 864 	481) 	c 330 422 	864 480 	c 	600 c 330 420 717 
ColIetallol (4) 864 	478 	c 332 422 	881 478 	c 	c 542 319 412 7'25 

For CDCI5  solutions. 6  Absent. a In overlapping multiplets 	730-85. 

from the acid, [a]020  —7'6°, to the lactone, [a]° +184°, 
indicated the R-configuration. Secondly, the specific 
rotation of the lactone (10) from colletodiol had the sign 
opposite to that, [a]D —39°, reported for the lactone 
obtained 6  from sorbin oil and assigned the S-configur-
ation. Thirdly, the c.d., [0] 7 +495°,  of the lactone 
from colletodiol agrees with the positive Cotton effect 
predicted for the R-configuration from the lactone sector 
rule.7  From these data, the 2R-configuration is assigned 
to colletodiol. 

Mild alkaline hydrolysis of the tetrahydro-derivative 
(11), obtained by hydrogenation of colletodiol, gave 5-
hydroxyhexanoic acid and 5,7-dihydroxyoctan-4-olide 
(13). The structure of the lactone (13) was established 
by high resolution mass spectroscopy and by the i.r. 
(1768 cm-1) and n.m.r. [' 56 (111, sextet, J 4,7, and 7Hz)] 
spectra. Like that of the lactone (10),3b the mass 
spectrum of the lactone (13) showed a strong M + lion. 
The lactone (13) had [a]o20  —42° in ethanol and +14°  in 
ethanol containing 2% potassium hydroxide. From 
application of the Hudson-Klyne lactone rules this 
AEcEl,, (43.4°) indicated the S-configuration (13), which 

C. S. Hudson, J. Amer. Chem. Soc., 1910, 82, 338. 
W. Klyne, Chem. and Ind., 1954, 82, 1198. 
R. Kuhn and K. Kum, Chem. Bey., 1962, 95, 2009. 
W. Klyne and P. M. Scopes, 'O.R.D. and C.D. in Organic 

Chemistry,' ed. G. Snatzke, Heyden Press, London, 1967. 
B S. Ito, K. Endo, S. Inoue, and T. Nozoe, Tetrahedron 

Letters, 1971, 4011. 

(right- or left-handed screw) of the dibenzoate. The 
second Cotton effect occurs at ca. 219 nm and is of 
opposite sign. The c.d. of colletodiol dibenzoate showed 
a negative first Cotton effect at 237 nm of the expected 
magnitude (Figure 1) but the second Cotton effect was 
also negative. However the c.d. of colletodiol and its 
diacetate also showed a strong negative Cotton effect, 
due to the a3-unsaturated lactone chromophores, at the 
same wavelength as the second Cotton effect of the 
dibenzoate (Figure 1). Subtraction of the c.d. curve of 
the diacetate from that of the dibenzoate revealed the 
expected positive second Cotton effect of the interacting 
dibenzoate chromophores. Assuming the conformation 
[see (5)] for colletodiol which uniquely accounts for the 
distinct, non-averaged vicinal coupling constants ob-
served 3a  for the metabolite, the negative sign of the first 
Cotton effect in the c.d. of the dibenzoate indicates a 
negative chirality, as defined by Harada and Nakanishi, 
and thus the 1R-configuration for colletodiol. 

The bR-configuration was also inferred from the reduc-
tion of colletoketol, shown later to be the ketol (2), to 
colletodiol. This reduction with metal hydrides was com- 

M. Ohno, M. Okamoto, N. Kawabe, H. Umezawa, T. Take-
uchi, H. linuma, and S. Takahashi, J. Amer. Chem. Soc., 1971, 
93, 1285. 

'° See J. A. Mills and W. Klyne, Pvogr. Stereochem., 1954, 1, 
182. 

11 N. Harada and K. Nakanishi, Accounts Chem. Res., 1972 
5,257. 
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FIGURE 1 C.d. curves for (a) colletodiol, (b) the diacetate, 
and (c) the dibenzoate; curve (d) is curve (c) minus curve (b) 
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(3) -H2 	HOH O12h1 10 9BMe 	
HJOH 	H2 
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Me 

R = HOSiMe3 
R = 0 

0 	 H Me 

10 8 	 _)L0 
Pvle3SiO 	g 	Me 	

Me 10 

(9) 	 (10) 

Me 

rl 0 	 OH 
OH 

Me 
R 	 (13) 

R = HOH 
R 	0 

the complex (16).12 13 The 10,11-erythro-configuration 
was also supported by the formation of an acetonide from 
colletodiol without conformational change as judged by 

BH2 

°% {?H 

H--BH3 

(16) 

the similarity of the coupling constants in this derivative 
and in colletodiol; for example J10,11 values for colletodiol 
and its acetonide were 90 and 10 Hz, respectively. 

The foregoing data define the absolute stereochemistry 
(5) for colletodiol. The structures of the three dilactone 
metabolites of C. capsici were determined as follows. 

Colletoketol (2) was the major metabolite (ca. 20 mg 1-1) 

from one fermentation; otherwise it was obtained in 
yields of ca. 5 mg 11. By g.l.c. monitoring of the fer-
mentations it was shown that colletodiol (5) was formed 
initially, then reabsorbed from the medium to be replaced 
by colletoketol. The ketol structure (2) for colletoketol 
was indicated by the molecular formula, C14H1806, 
determined by high resolution mass spectrometry and by 
the spectroscopic properties. The i.r. spectrum (Table 
1) was similar to that of colletodiol and the presence of a 
single hydroxy-group was shown by the formation of a 
monobenzoate and a mono-TMS ether. The mass 
spectrum of the TMS ether, like that 3a of the bis-TMS 
ether of colletodiol, had a base peak at m/e 143 (8) 
indicative of the partial structure (9). The n.m.r. 

Me 

63 

~.H 	 Me 

0 [CH2]CO2Me 
(14) 	 (15) 

Me 

63 

2111._3'B 3-HA
7-8 

	

13-H 	9 - HA_ 	8!H 

pletely stereospecific indicating the approach of hydride 	
' \57 3 . at C-10 trans to the li-hydroxy-group, probably via 105 	 160 	3  

	

3-HB 105 4-H 157 5-H 12-H 	10-H 	9-HB 

FIGURE 2 Observed coupling constants (Hz) for 
colletoketol (2) 

spectrum of colletoketol was fully analysed by compre-
hensive decoupling experiments. The chemical shifts 
(Table 2) and coupling constants (Figure 2) are in com-
plete agreement with structure (2); in particular the 
observed multiplicity of the 9- and 10-proton signals con-
firms the mass spectroscopic evidence that the hydroxv-
group is positioned at C-l0, excluding the alternative 11-
hydroxy-lO-oxo-structure. Thus the reduction of col-
letoketol, described earlier, to give colletodiol provided 
final proof of structure (2) for colletoketol. Oxidation of 
colletodiol (5) with either Jones reagent or silver carbon-
ate on Celite 14 gave colletoketol (2). These chemical 

12 H. 0. House, Modern Synthetic Reactions,' Benjamin, 
New York, 1965. 

13 J. H. Stocker, P. Sidisunthorn, B. M. Benjamin, and C. J. 
Collins, J. Amer. Chem. Soc., 1960, 82, 3913. 

14 M. Fetizon and M. Gulfier, Compi. rend., 1968, 335. 
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correlations with colletodiol (5) establish the absolute 
stereochemistry (17) for colletoketol. 

Like colletodiol (5), mild alkaline hydrolysis of col-
letoketol gave 5-hydroxyhex-2-enoic acid. Mild alkaline 
hydrolysis of the tetrahydro-derivative (12), obtained by 
hydrogenation of colletoketol, gave 5-hydroxyhexanoic 
acid and succinic acid but no 5,7-dihydroxy-4-oxo-
octanoic acid. The succinic acid may be formed via the 
hydroperoxide as shown in (18) (cf. ref. 15).* Reduction 
of colletoketol (2) with sodium borohydride in methanol 
gave colletodiol (5) and, in one experiment only, a 
methanolysis product to which structure (19), rather than 

Me 	H 
0' - 

g 

0 	

O 

H0 	OH 
(17) 	 (18) 

Me 	0 	 0 

HO 
MeO 	OH 

Me 	0 	
13 12 

O 	 0 

(1g) 	 (20) 

that of the alternative lactone cleavage product, was 
assigned from the base peak at rn/c 143 (8) in the mass 
spectrum of the mono-TMS ether. An analogous 
methanolvsis of colletodiol (5) was observed on treatment 
with methanolic sodium hydroxide. Formation of a 
monobenzoate by treatment of colletoketol (2) with 
benzoyl chloride awl pyridine gave a minor product 
which was formulated as C21HC107  on the basis of a high 
resolution mass measurement on the parent ion; the 
presence of one chlorine atom was also indicated by the 

Cl : 37C1 isotopic ratio and by ions at rn/c 35 and 
37. The n.m.r. spectrum of this minor product showed 
that the vinylic protons at C-12 and C-13 of colletoketol 
(2) were not present and a new ABX system was present at 

799, 773, and 522, respectively, with J,,, 20, Js 6, 
and Jnx 4 Hz. Structure (20) is therefore proposed for 
this product; this orientation for the addition of hydro-
chloric acid is deduced by assuming concerted attack of 
benzoylium ion and chloride from within the same solvent 
cage and therefore attack of chloride at C-12 rather than 
C-l3. 

Colletol (3) was a minor metabolite (ca. 1 mg 1-1), the 
i.r. (Table 1) and n.m.r. (Table (2) spectra of which 
indicated a close relationship with colletodiol (1) and 
colletoketol (2). The molecular formula, C14H05, and 
the formation of a monoacetate and of a mono-TMS ether 
suggested that colletol was a deoxcolletodiol. The 
hvdroxy-group was assigned to C-10 on the basis of two 
pieces of evidence: (a) the mass spectrum of the mono- 

* We thank a referee for this suggestion. 
' M. F. Ansell, 1, S. Shepherd. and B. C. I.. \Veeduii. J. Cheni. 

,)C. (C), 1971, 1957. 
" S. Nozoc, K. Hirai, K. Tsucla. K. ishihashi, M. Shirasaka, 

and J. F. Grove, Tetrahedron letters, 1965. 4675. 

TMS ether had a base peak at rn/c 143 indicative of the 
partial structure (9); and (b) the vinylic 13-protons in 
colletodiol (1) and colletoketol (2) are, respectively, de-
shielded by 042 and 063 p.p.m., as compared to the 
vinyl 5-protons (Table 2), whereas the 5- and 13-protons 
in colletol (3) have about the same chemical shift, 
indicating the absence of an 11-oxygen function. 

Colletallol (4), isolated in low yield (<05 mg 11), 

showed jr. (Table 1) absorption similar to the other 
dilactonic metabolites. Isomeric with colletol (3), it 
formed a mono-TMS ether; the absence of an ion at rn/c 
143 in the mass spectrum of this derivative indicated the 
absence of a 10-hydroxy-group in colletol (4). Struc-
ture (4), with an 11-hydroxy-group, was established for 
colletallol by the n.m.r. spectrum (Table 2), which 
showed the following features. First, spin-decoupling 
revealed an AMX system at 'r 319, 442, and 478 with 
JAM 16, fAx 5, and JMX  2 Hz, diagnostic of the 13-, 12-, 
and 11-protons of structure (4). Secondly, the 13-proton 
was deshielded by 0-93 p.p.m. with respect to the 5-
proton by the 11-hydroxy-group. Thirdly, in the ab-
sence of the 10-hydroxy-group, the 8-methyl signal 
occurs at 017 p.p.m. to higher field than in colletol (3) 
(Table 2). 

The macrocyclic dilactones from C. caps ici are closely 
related to pyrenoplioriri (21), isolated 16 from both 
Pvrcnoph.ora avenac and Stemphyliurn radicinum, and to 
pyrenophorol (22), isolated 17 from Byssochlamis nivea. 
They are presumably derived from the hydroxy-C8- and 

-C6-acids of which the following C8-derivatives are known 
fungal metabolites: the 6-lactone (23) and the y-lactone 
(24), both from a Nigrospora species; 18  and the tetra-
acetic acid lactone (25) from Penicilliurn stipitatuni.19  

Me 	 0 
H 

0 	 Me 	Me 'O0 

R 
 R = 0 

R = H 2 OH 

OH 

Me 	0 0 
OH 

(25) 

EXPERIMENTAL 

M.p.s were determined on a Kofler hot-stage apparatus 
and are corrected. Silica gel M.F.C. (Hopkin and Williams) 
and Kieselgel G and HF (Merck) were used for column and 
thin-layer chromatography (tIc.), respectively. Analytical 
tic. plates were developed by spraying with 2% ceric 
sulphate in 40% sulphuric acid and heating. Silica HF 
plates were viewed under nv. light (254 and 366 nm). I.r. 

Z. Kis, P. Furger, and H. 1'. Sigg, Ex'eic n/ia, 1969, 25. 123. 
' R. B. FA'ans, G. A. Ellestad, and M. P. Nminstmann, Tetra-

hedron Letters, 1969, 1791 
19 K. Bentley and 11. M. Zvtkiovits, [. .1 yr, Chen'. .1;0C. ,  1967, 

89. 676. 
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spectra were obtained on a Perkin-Elmer 257 spectrometer 
for chloroform solutions unless otherwise stated. N.m.r. 
spectra (-r values; J in Hz) were obtained with a Varian 
HA 100 spectrometer for deuteriochioroform solutions with 
tetramethylsi lane as internal standard. Mass spectrometry 
was carried out with an A.E.I. MS9 spectrometer and the 
data were processed by an on-line Linc 8 computer for probe 
samples. Combined gas chromatography-mass spectro-
metry (g.l.c.-m.s.) was carried out with a G.E.C.-A.E.I. 
MS30 spectrometer. U.v. spectra were taken for solutions 
in methanol on a Unicam SP 800 spectrophotometer. 
Specific rotations were measured on a Perkin-Elmer 141 
polarimeter.  .C.d. data were determined for methanolic 
solutions by Dr. P. M. Scopes, Westfield College, University 
of London. For gas chromatography (g.l.c.) a Pyc 104 
instrument was used with columns (5 ft x 025 in o.d.), 
packed with 2% SE33, 2% QF1, 2% OV1, or 2% 0V210 on 
Gaschrom Q. Light petroleum had b.p. 60-80°. 

Culture Methods.-Master cultures of Colletotricliuni capsici 
Syd. Butler and Bisby were stored on slopes of 2% malt agar 
under liquid paraffin. Sub-cultures, grown for 7 (lays on 
slopes of the same medium in medicine bottles, were used to 
prepare a spore suspension for the inoculation of cultures 
on a preparative scale. For the latter the following liquid 
medium was used (% in parentheses): Dextrosol (5), potas-
sium dihydrogen phosphate (1), ammonium nitrate (0-24), 
magnesium sulphate heptahydrate (0.2), trace elements 
concentrate (1 ml 1 1). This medium (pH 4-5) was heated 
in an autoclave at 15 lb iir' for 20 mm, and portions (200 
ml), dispensed into Glaxo vessels, were inoculated with the 
spore suspension (1 ml). The culture flasks, kept at 25° 
under fluorescent light, were monitored by g.l.c. of the tn-
methylsilylated extract. Colletodiol production reached a 
maximum after 12 days and this was then rapidly converted 
into colletoketol. The culture filtrates were extracted twice 
with 1/3 vol. of chloroform. A typical fermentation con-
sisted of 75 flasks (15 1 culture medium). 

Isolation and Characterisation of Metabolites.-The crude 
extract (05-30 g), obtained from the chloroform extract, 
was chromatographed on a column (20-25 x 35-40 cm) 
of silica gel and the following fractions were collected 
(eluant in parentheses): (i) 2-phenylethanol (diethyl ether 
containing 50% benzene); (ii) colletoketol (diethyl ether 
containing 20-10% benzene); (iii) colletol (diethyl ether 
containing 0-10/10  methanol); (iv) colletallol (diethyl ether 
containing 1% methanol); and (v) colletodiol (diethyl ether 
containing 20/o  methanol). 

(a) Colletodiol, obtained as a waxy solid in fraction (i), 
crystallised from acetone-light petroleum as needles (yield 
Ca. 10 mg l'), m.p. 162-164°  (lit.,' 163-164°); 
iE,,,- 130, ic,110. The dibenzoate, prepared with benzoyl 
chloride and pyridine, crystallised from ethyl acetate-light 
petroleum as prisms, m.p. 102-104°  (lit.,' 103-105°) 
(Found: ill', 492178. CaIc. for C281-12808: M, 492178); 

30001 	ix282 + 053, 	AE280 + 048, 	276 + 	 2650' 
E237 -216, Lx 220-5-55, d213 -113, Ae20901 E,07+93 ! 

229 and 274 nm (e 36,300 and 2040); v.,x.  980, 1115, 
1172, 1215, 1450, 1585, 1601, 1654, and 1710 cni 1; 'r 210 
(4H, m), 280 (6H, m), 3-10 (lH, dd, J 5 and 16), 327 (lH, 
dt, J 6 and 16), 3-79 (1H, d, J 16), 4-14 (lH, d, J 16), 420 
(IH, m), 4.40 (lH, m), 473 (2H, m), 7-3-8-3 (414, m), 8-69 
(3H, d, J 6), and 874 (3H, d, J 6); ns/e (%) 492(1), 387(0-1), 
272(2), 183(3), 122(10), 113(2), 105(100), 77(37), and 68(3). 
The diacetate prepared from colletodiol (100 mg), acetic 
anhydride (2 ml), and pyridine (1 ml) was obtained as a'gum 

which, after preparative tic. [silica gel; ethyl acetate-light 
petroleum-acetic acid (45: 50: 5); Rr 0-621, crystallised 
from ethyl acetate-light petroleum as needles (68 mg), m.p. 
132-133° (lit.,' 130-131°) (Found: Mt 368-147. CaIc. 
for C,gH,40,: 111, 368147); &26501 	 19-55, AC20601 

2o4+ 7-5!; Am,x  219 nm (c 4780); ' 	980, 1173, 1327, 
1373, 1450, 1658, 1720, and 1745 cm'; 	3-28 (2H, in), 3-91 
(IH, d, J 16), 4-22 (1H, (1, j  16), 4-70 (214, m), 4-81 (2H, m), 
73-84 (4H, in), 7-95 (oH, s), 8-64 (3H, d, J 6), and 8-80 
(311, d, J 6); nile (%) 368(0.1), 326(3), 282(10), 197(32), 
183(19), 137(41), 126(24), 113(35), 95(29). 84(24), 08(18), 
and 43(100). 

Colletoketol 	(2) 	(10-/i ydroxy-2 8-dime//i vi- 1, 7-dioxa- 
cyclotetradeca-4, 12-diene-6, 11, 14-trione), obtained as a semi-
crystalline solid from fraction (ii), crystallised from acetone-
light petroleum as prisms (yield 5-20 mg L'), m.p. 138--
139° (Found: M.r, 282-I11. C,4H1806  requires M, 282-110); 

Eal" -33°  (c 1-48 in CHCI:1); rn/s (%) 282(3), 264(l), 
254(5), 213(3), 183(8), 181(5), 170(6), 154(17), 152(14), 
139(10), 125(12), 113(100), 97(15), 95(45), 824(42), 69(93), 
68(85), 55(26). and 44(32). Impure fractions were purified 
by preparative tic. on silica gel HF with ethyl acetate-
light petroleum-acetic acid (45: 50 : 5); colletoketol had 
RF 0-45. Colletoketol mono-1MS ether, prepared with 
trimethylsilyl 	chloride-hexamethvldisilaza ne-pyridine 
(1 : 1 : 1) at 20°, showed one peak on g.l.c.-m.s. ; m/e (%) 
354(2), 339(2), 310(2), 227(4), 183(7), 171(5), 143(100), 
113(4), 95(10), 81(12), 75(14), 73(50), and 68(19). 

Colletol (3) (1 0-hydroxy-2 , 8-dimethyl- 1, 7-dioxacyclo-
tetradeca-4,12-diene-6,1l-dione), obtained as an oil from frac-
tion (iii), crystallised from ethyl acetate-light petroleum as 
needles (yield 1 ing t'), m.p. 101-104°  (Mt 268-131. 
C14H2005  requires _Al, 268-131); sn/e (%) 268(0-1), 224(3), 
183(6), 121(45), 113(32), 95(41), 71(21), 68(100), 55(15), and 
44(11). The niono-T]11S ether, prepared as in (b) showed a 
single peak on g.l.c.-m.s.; m/e(%) 340(0-2), 325(0-3), 269(3), 
206(2), 183(1), 160(5), 143(100), 120(10), 95(8), 75(14), 
73(42), and 68(23). The mono-acetate, prepared from 
colletol (15 mg), acetic anhydride (2 ml), and pyridine 
(5 drops), was obtained as an intractable gum (10 mg) 
(Found: M, 310142. C16H,206  requires M, 310-142); 
v 	980, 1101, 1170, 1314, 1655, and 1720 cm'; 	3-32 (2H, 
a,), 4-14 (IH, d, J 16), 421 (lH, d, J 16), 476 (lH, in), 488 
(2H, rn), 7-2-84 (4H, in), 7-95 (3H, s), 8-62 (3H, d, J 0), 
and 8-81 (3H, d, J 6); nile (%) 310(l), 266(7), 334(46), 
183(12), 121(35), 113(35), 95(42), 68(80), 58(26), and 43(100). 

Colletallol (4) (1 l-hvdroxy-2,8-dimethivl-1,7-dioxacyclo-
tetrcideca-4,12-diene-ki, 14-dione) was obtained as an oil from 
fraction (iv), admixed with colletol (3). The mixture was 
separated on silica gel HF plates by multiple development 
with ethyl acetate-light petroleum-acetic acid (20: 75 : 5). 
The less polar band (colletol) was separated from the slower 
moving colletallol (5), which was obtained as an intractable 
oil (yield <0-5 mg 1-1) (Found: M, 268432. C14H2005  
requires M, 268.131); mle (%) 268(2), 244(12), 191(13), 
157(24), 140(66), 122(100), and 69(50). The mono-TMS 
ether, prepared as in (b), showed one peak on g.l.c.-m.s.; 
in/s (%) 340(1), 325(0-3), 296(2), 211(14), 183(27), 169(33), 
156(26), 143(5), 211(9), 113(10), 95(41), 83(11), 75(50), 
73(100), 68(17), and 55(11). 

Alkaline Hydroysis of Colletodiol.-Colletodiol (100 mg) 
in 0-05N-sodium hydroxide (25 ml) was stirred at 20°  for 
24 h. Continuous extraction of the acidified solution with 
ether for 48 h and recovery from the ether gave a dark gum 
(95 mg) which was subjected to preparative tIc. in silica gel 
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HF plates. Development with ethyl acetate-light petro-
leum-acetic acid (45: 50: 5) revealed two products, RF 035 
and 012, which were collected to give: (a) the less polar 5-
hvdroxyhex-2-enoic acid as a gum (30 mg) (Found: C, 
554 	H, 75. Caic. for C1-11003: C, 554; H, 771/)0 ); 

	

-100° (c 10 in EtOH); ) 	(EtOH) 212 nm 
10,650); VflIaX  3600-2100, 1704, 1660, and 986 cm 1. 

(b) The more polar 4,5,7-triliydroxvoct-2-enoic acid 
crystallised from acetone-light petroleum as prisms (21 mg), 
rn.p. 110-112' (Found: 11',190-084. C811140, requires 
51, 190084; IMI'3  + 63° (c 14 in EtOH) ; 	(EtOH) 211 
inn (a 9700); Vnia..  (mull) 1080, 1655, 1720, and 3200-3600 
cin'; nile (%) 190(02), 157(2), 131(3), 115(1), 113(9), 
111(3), 102(100), 89(31), 34(99), 73(34), 71(34), and 57(31). 

7etrahydrocolletodiol.-Colletodiol (100 rng) in ethyl 
acetate (15 ml) was hydrogenated for 2 h over 10% pailad-
iii ni-charcoal (25 mg) to give tetrahydrocolletodiol, 
crvstallised from acetone-light petroleum as needles (85 
ing), m.p. 129-132° (lit.,' 133-134°); 	1056, 1138, 
1380, 1725, 3450br, and 3585 cni; 	488 (2H, in), 638 
(2H, in), 7'04br (2H, exchanged with 1120), 74-84 (12H, 
T11), 872 (31-1, (1, / 6), and 878 (3H, (1, / 6); rn/a (%) 266(6), 
244(2), 224(47), 185(14), 156(11), 139(49), 121(25), 115(100), 
97(62), 89(19), 68(41), and 43(58). 

The dibenzoale, prepared by similar hydrogenation of 
colletodiol dibenzoate, was obtained as an intractable gum 
(Found: Iti, 496212. C.,H3203 requires M, 496210); 

	

799, -/ \ E2111 + 726!; i. 	(EtOH) 229 and 273 
11111 (a 19,500 and 11)20); Vrn. 	1110, 1176, 1452, 1596, 1605, 
and 1720 cm-1 ; - 2-90 (41-1, in), 3-25 (OH, rn), 4-38 (2H, m), 
477 (1H, in), 4-98 (IH, in), 74 -85 (12H, in), 869 (31-1, dl, 
.16), and 8-75 (31-1, (I, / 6); rn/a (') 496(2), 383(2), 290(10), 
271(7), 219(42), 185)18), 138(18), 115(26), 105(100), 77(22), 
and 69(4). 

Alkaline Hydrolysis of Telrahydrocollatodiol. -Tetraliydro-
colletodiol (98 log) in 0-05N-sodium hydroxide (25 ml) was 
stirred at room temperature for 24 Ii. Work-up as for the 
colletodiol hydrolysis gave a brown gum (85 mg), which was 
separated into two products, HF' 0-20 and 0-45, by preparative 
tic. on silica gel HF plates Nvith ethyl acetate-light 
petroleum-acetic acid (45 : 50 : 5). The more polar product 
crystallised from ethyl acetate-light petroleum to give 5,7-
diliydroxyoctan-4-olide as needles, nip. 90-91' (Found: 
M, 174-090. C8H,404  requires J'I, 174089); 	- 42-7° 
(c 07 in EtOH) ; & 4(i0, Lau, - H 0-15, 	'2o6+ 016 	[al 1f° 
± 14° (a 03 in 2% ethanolic KOH) ; 	911, 1175, 1377, 
1768, 3420hr, and 3590 crn; ' 5-50 (lH, sx, J 4 and 8), 5-91 
(IH, m), 6-10 (IH, rn), 650br (2H, exchanged with D,O), 
7-44 (2H, in), 7-75 (2H, rn), 8-34 (2H, m), and 8-75 (3H, d, 

J 6); rn/a (%) 175(0-6, M ± 1), 174(0-4), 156(0.2), 141(4), 
130(11), 115(11), 112(13), 89(100), 86(80), 71(41), 57(23), 
and 45(75). 

The more polar product, R, 0-45, was obtained as a gum, 
[x 02° -76°  (a 097 in MeOH), characterised as 5-hydroxv-
hexanoic acid by conversion into the corresponding lactone 
(see later) and by the following data: ', 	930, 1204, 1385, 
1724, and 3300-2700 crn'; ?ax  211 am (a 209); r 610 (1Ff, 
in), 765 (2H, m), 8-41 (4H, in), and 879 (3H, d, J 6). 

(5R)-Hexan-5-olide.-5-Hvdroxyhex-2-enoic acid (30 rng) 
was hydrogenated over 10% palladium-charcoal (20 mg) for 
2 h to give a mixture of 5-hydroxyhexanoic acid and the 
corresponding lactone. This mixture was heated in chloro-
form to give the lactone (10), obtained as an intractable gum 
(20 mg) (Found: M°, 114-068. C6 H100 requires M, 
114.068); La2350, &2,4 +015, 	15; r 92° + 18-4 (a 

1-7 in MeOH); Xnm, 211 nm (a 209); vlmx.  930, 1204, 1385, 
and 1724 cm-1; - 5-55 (IH, m), 749 (2H, in), 810 (4H, m), 
and 8-62 (3H, d, J 6). 

Oxidation of Colletodiol.-(a) Jones reagent. Colletodiol 
(50 lug) in acetone (3 ml) was treated with Jones reagent (5 
drops) at 0°  for 5 mm. After the addition of water the 
gummy product was recovered in chloroform. It gave only 
one peak on -.I.e., corresponding to colletoketol, and re-
crystallisation from ethyl acetate-light petroleum gave 
colletoketol as needles, m.p. 138-140. Prolonged oxid-
ation gave an intractable mixture of products. 

(b) Silver carbonate-Celite. Colletodiol (20 mg) in chloro-
form (10 ml) was stirred for 24 It with silver carhonate--Celite 
reagent.14  G.l.c. indicated 20% conversion into colleto-
ketol. 

Oxidation of 4,5,7-T['rihydroxyoct-2-enoic Acid to 
J-Iydroxvbutyric Acid-The trihydroxy-acid (15 mg), sodiuni 
periodate (60 mg), and water (4 ml) were stirred at 20° over-
night. After basification with N-sodium hydroxide, the 
neutral product was recovered in ether and stirred with 
silver oxide (200 mg) and water (3 ml) for 48 Ii. Continuous 
extraction of the filtered reaction mixture with ether gave 
(R)--hvdroxybutyric acid (1 mg) 	-21° (c 0-1 in 
MeOH), which ran concurrently with an authentic sample 
on a silica gel layer (developed with acetone, then sprayed 
with Methyl Orange). 

Alkaline Hydrolysis of Collaloketol.-Colletoketol (100 mg) 
and 0-05N-sodium hydroxide (25 ml) were stirred at 20° for 
48 h, then acidified with u-hydrochloric acid and continuous-
Iv extracted for 48 h with ether. The gum (70 mg) re-
covered from the extract was subjected to preparative t.l.c. 
on silica gel HF with ethyl acetate-light petroleum-acetic 
acid (45 : 50 : 5). The band at HF  036 was eluted with ethyl 
acetate to give 5-hydroxyhex-2-enoic acid (25 mg), identical 
with that obtained from alkaline hydrolysis of colletodiol. 
No other products were isolated from the band RF  00-02. 

Reduction of Collatokatol to Colletodiol.-(a) Sodium boro-
hydride (108 mg) was added in portions to an ice-cold, 
stirred solution of colletoketol (48 mg) in methanol (50 ml). 
After 40 mm, the mixture was worked up in the usual 
manner. The gummy product, recovered in ethyl acetate, 
was crystallised from ethyl acetate-light petroleum to give 
colletodiol as needles (38 mg), m.p. 161-163°. 

(b) From an identical experiment, the gummy product 
(40 mg) showed a g.l.c. retention time of 4-95 min on an 
OVA column at 190°; cf. 4-25 min for colletodiol. This 
gum, which was intractable, showed no parent ion in the 
mass spectrum but was presumed to be the methyl ester 
(19); Vrn,.(  984, 1175, 1280, 1657, 1715, and 3410br cm'; 
- 3-02 (2H, rn), 3-98 (1H, d, J 16), 4-14 (1H, d, J 16), 483 
(IH, in), 5-84 (IH, t, J 5), 6-02 (IH, q, J 6), 6-32 (IH, m), 
6-25 (3H, s), 7-64 (2H, t, J 7), 817 (2H, in), 8-69 (3H, d, J 6), 
and 8-74 (3F1, d, J 6). The tri-TMS ether, prepared as 
already described, showed a single peak on g.l.c.-m.s.; 
in/a (%) 532(0), 488(0.1), 485(0-4), 260(6), 241(5), 143(100), 
117(65), 75(8), and 73(32). 

Tetrahydrocoiletokatol.-Colletoketol (48 mg) in ethyl 
acetate (10 ml) was hydrogenated for 3 h over 100/10  pallad-
ium-charcoal. The usual work-up gave the tairahydro-
derivative (12), which crystallised from ethyl acetate-light 
petroleum as needles, m.p. 106-108° (Found: M+, 

286-142. C,4H2206  requires M, 286-142); 'j, 	915, 1075, 
1170, 1280, 1376, 1380, 1725, 1740, and 3490 cin 1; 'r 4-93 
(2H, in), 5-94 (1H, t, J 4), 6-76 (1H, m), 7-22 (IH, t, J 4), 7-50 
(314, in), 7-80 (4H. in), 8-36 (4H, in), and 8-76 (OH, d, J 6); 
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m/e (%) 286(1), 271(3), 258(4), 185(23), 155(12), 155(100), 
97(39), 15(24), and 69(27). 

Telrahydrocolleo/etol Monobenzoate -Colletoketol mono-
benzoate (9 mg) in ethyl acetate was hydrogenated over 10% 
palladium-charcoal in the usual way to give tetrahydro-
colletoketol snonobenzoaie, needles (6 mg), m.p. 121-124° 
(from ethyl acetate-light petroleum) (Found: M, 390142. 
C 1H2607  requires M, 390.142); [2l 20  -585° (c 0.53 in 
CHC13); T 1-94 (2H, rn), 2-48 (3H, in), 443 (IH, t, J 5), 674 
(IH, rn), 6-93 (114, rn) 625 (IH, rn), 70-8-5 (1 IH, m), 867 
(H, d, J 6), and 8-76 (3H, d, J 6); ni/e (%) 390(4), 362(8), 
277(15), 219(100), 185(78), 134(23), 115(98), 105(100), 95(21), 
77(100), 69(59), and 55(73). 

Alkaline Hydrolysis of Tel va/iydrocolletohelol.-T etra-
hvdrocolletoketol (100 mg) and 0-05N-sodium hydroxide (30 
ml) were stirred at 20° for 21 h. The usual work-up gave a 
brown gum (73 mg) which was subjected to preparative tic. 
on silica HF with ethyl acetate-light petroleum-acetic acid 
(45: 50: 5). Recovery from the bands at Rp 05 and 0-2 
gave, respectively, 5-hydroxyhexanoic acid (25 mg), 
identical with that obtained from tetrahydrocolletodiol, and 
succinic acid (20 mg), identified by comparison (m.p., 
mixed m.p., and i.r.) with an authentic sample. 

Benzoylation of Colletoketol.-Colletoketol (32 mg), benzoyl 
chloride (2 ml), and pyridine (1 ml) were stirred at 20° for 
8 h. Work-up as for colletodiol dibenzoate gave a gum 
which was subjected to preparative tic. on silica HF plates, 
which were successfully developed four times with ethyl 
acetate-light petroleum-acetic acid (25: 75: 2) to give two 
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closely running bands. The upper band gave colleloketol 
inonobenzoale, prisms (13 mg), m.p. 133-135° (from ethyl 
acetate-light petroleum) (Found: 1!4, 386-138. C91H2207  
requires M, 386137); []D20 

 
 -64°  (c 094 in CHC13); 

987, 1100, 1600, 1650, and 1725 cm; 	190 (214, m), 2•44 
(311, m), 2-94 (1H, d, J 16), 318 (1H, d, J 16), 324 (IH, dt, 

J 5 and 16), 430 (IH, d, J 16), 447 (IH, t, J .5), 472 (214, 
in), 7-72 (414, in), 8-59 (3H, d, J 6), and 8-71 (3H. d, .J 6); 
nile (%) 386(2), 342(3), 288(9), 183(75), 122(14), 113(13), 
105(98), 95(17), 77(100), 68(55), and 44(23). 

The lower band gave the chloro-monobenzoate (20). needles 
(10 mg), in.p. 122-124° (from ethyl acetate light petroleum) 
(Found: M, 422114. C21H2335C107  requires AP , 42211)); 
Vnax 990, 1120, 1603, 1655, and 1725 cm 1;  -r 1-92 (2H, in), 
2-44 (3H, rn), 3-20 (IH, dt, J 8 and 16), 419 (IH, (1, J 16), 
4-45 (IH, dd, J 1 and 7), 471 (IH, m), 504 (IH, in), 5-22 
(1H, dd, J Sand 6), 773 (1H, dd, J 4 and 20), 799 (IH, dd, 
J6 and 20), 7-60 (4H, rn), 8-60 (3H, d, JO), and 8-71 oH, (1. 

J 6); -le (%) 422(4), 394(6), 387(3), 359(38), 342(5), 
289(10), 183(48), 167(10), 113(15), 105(100), 05(24), 82(20), 
77(64), 68(76), and 55(23). 

We thank the S.R.C. for a Research Studentship and for a 
Research Grant towards the purchase of a G.E.C.-A.E.I. 
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Fungal Products. Part XIII.' Xanthomegnin, Viomellin, Rubrosuiphin, 
and Viopurpurin, Pigments from Aspergilus suiphureus and Aspergilus 
melleus 

By Richard C. Durley, Jake MacMillan,' and Thomas J. Simpson, School of Chemistry, The University, 
Bristol BS8 iTS 

(In part) AlasdairT. Glen and W. Brian Turner, Imperial Chemical Industries Ltd., Pharmaceutical Division, 
Alderley Park, Macclesfield, Cheshire 

The known fungal metabolites xanthomegnin (1) and viopurpurin (19) have been isolated from Aspergi/us 
su/phureus together with the new pigments rubrosulphin (3.4,11 .1 2-tetrahydro-9.1 7-dihydroxy-7-methoxy- 
3,1 2-dimethyl-2.1 3,1 6-trioxanaphth[1'.2' :5,6]indeno[2.1  -a]anthracene-1 .8,1 4.1 5-tetrone) 	(16) 	and 	vio- 

mellein 
hydro-6-hydroxy-9-methoxy-3-methylnaphtho[1.2-c]Pyran-1 ,7.10-trione}; (10). The pigments (1). (10), and 
(1 9)were also isolated from Aspergillus me//eus. Chemical and spectroscopic evidence for the proposed structures 
is presented. On this evidence structure (19) for viopurpurin is preferred to the alternative pyranobisnaphthopyran 
structures (22) or (23) previously suggested for this pigment. 

N.m.r. evidence is presented showing that xanthomegnin (1) and viomellein (10) exist in solutions at room 
temperature as diastereoisomeric mixtures owing to restricted rotation about the dimeric linkage. 

FOUR pigments have been isolated from the mycelium 
of A spergillus suiphureus in yields which varied with the 
conditions of culture. These pigments were: xantho-
megnin, previously isolated from Trichophytois rubrum,2  
T. megzini,3  and T. violaceum 4  and assigned structure 
(1); 5,6 viomellein and rubrosuiphin, two new meta-
bolites for which structures (10) and (16) are respectively 
proposed; and viopurpurin, previously isolated from 

Despite some minor differences in the n.m.r. data 
(Table 1) and a different m.p. for the diacetate (2), the 
identity of xanthomegnin (1) was established by direct 
comparison with an authentic sample supplied by Dr. 
G. Just. An interesting feature of the n.m.r. spectrum, 
not noted previously,5  in which the signal for the strongly 
hydrogen-bonded hydroxy-group at r —31 occurred 
as a double signal, is discussed below. 

TABLE 1 

Chemical shifts (T) a for protons in A. Suiphureus pigments and derivatives 

Compound Me CH6  CH 6-H 1'-H 8'-H 6'-H CH' CH2' Me' OH 	OMe 
(1) 	844 6•96 5.39 251 	 251 5'39 696 844 —311 585(6H) 

(2H) 6  

OAc 

759 (CII) 59l (CII) 
592 (6H),6  
601 (CH) 6 

610, 616 

844 690 5.30 205 
848 696 538 220 

844 6'98 5.37 250 3.34 304 

843 697 5•34 2'06 3.07 304 
846 698 537 204 294 252 

845 698 540 2'17 303 2•70 

8•44 689 532 201 310 256 
8•43 692 534 214 303 2•73 

846 692 528 1'98 	242 	528 6'84 846 
843 688 533 213 	2•23 	533 688 8'43 

'In CDC13  at 100 MHz. 6  Double signals. 

205 530 690 844 
220 538 696 848 

537 698 866 —388, 
- 3.44,6 

020 
5.34 697 8'43 —290 
537 698 852 

540 698 845 

524 693 844 
5.34 7'00 8•48 

614 (CII) 7-61,7-80 
616 (CH) 7'58, 7.626 

781 
6.00, 6'02, 
6l4 (6H),' 
631 6 

5.93 	7.39, 7.49 
578, 588 
591 
598 	730, 748 (CII) 
580, 587, 
6-90,6-04 

T. violaceum 4  and tentatively assigned structures (22) 
or (23),6 for which the revised structure (19) is now 
proposed. Xanthomegnin (1), viomellein (10), and 
viopurpurin (19) were also isolated from the mycelium 
of A. melleus. 

1 Part XII, P. Hedden, J. MacMillan, and B. 0. Phinney, 
J.C.S. Perkin I, 1974, 587. 

2  J G. Wirth, P. J. O'Brien, F. L. Schmidt, and A. Sohier, J. 
Invest. Dermatology, 1957, 29, 47; J. G. Wirth, T. E. Beesley, and 
S. R. Amand, Phytochemisiry, 1965, 4, 505. 

F. Blank, W. C. Day, and G. Just, J. Invest. Dermatology, 
1963, 40, 133. 

The n.m.r. (Table 1) and i.r. data indicated that the 
other three pigments had naphthoquinone—naphthalene 
structures in which the naphthaquinone portion was 
similar to that in xanthomegnin (1). This was con-
firmed by oxidation with alkaline hydrogen peroxide. 

Blank, A. S. Ng and G. Just, Canad. J. Chem., 1966, 44, 
2873. 

Just, W. C. Day, and F. Blank, Caned. J. Chem., 1963, 41, 
74. 

6 A. S. Ng, G. Just, and F. Blank, Canad. J. Chem., 1969, 47, 
1223. 
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Like xanthomegnin (1), viomellein (10) and rubro 
suiphin (16) were oxidised to the phthalic acid (5) which 
was characterised as the anhydride (8). Similarly 
rubrosuiphin dimethyl ether (18) and viopurpurin tn-
methyl ether (21) were oxidised to the methyl ether (6), 

T.C.S. Perkin I 

Z(I + 2y ions after flushing the mass spectrometer 
source with deuterium oxide. 

The naphthalene portion of viomellein (10) was shown 
to include a fused -lactone ring similar to that in the 
naphthoquinone portion by the n.m.r. and i.r. spectra 

Met  OO 

Me 	0 0 	

2OMe 	 OM 	

CO2 
 R

1  

HI 

R0 5 	Y 5' 	 AcO OH 
CO2  

	

0 Me 	

R1 

OH 	 OR 2  MeO 1' 

R=H 	00 Me () 	 (5)RRH 

(2)RAc 	 (6)R1 H RI Me 
(3)R=Me 	 (7)RRMe 

MeO0 	 Me o 0 	 Me 0 0 
HY 	OR 

K-OMe H I2 e12O  
OAc OR 00 

OR 	 RIO 

	

1 2 ° MeO 	 L 	Me0 _Me  
Me R H 	 R R 	 1 	

AcO 	OR I 

, 	,  

R=Me 	 (10) H H 	 (14)R=H 

	

(11 ) Ac H 	 (15) R=Ac 

Ac Ac 

Me Me 

Me o 0 

H" 	tEI1II 
MeO 	 MI 

III 

(16)R=H 	 (19)R=H 

(17) R=Ac 	 (20) R=Ac 

)18)R-Me 	 )21(R=Me 

MeL 101 Iii

Me 

0 	

OH 

II 

(23)R= H or Me 

further characterised as the dimethyl ester (7) and the 
anhydride (9). The presence of only one quinonoid 
ring in viomellein (10), rubrosulphin (16), and vio-
purpurin (19) was also evident from the (M + y) ions 
present in their mass spectra (Table 2). The origin of 
these ions from the corresponding hydroquinones formed 
by reduction in the mass spectrometer source in the 
presence of water,7  was confirmed by the presence of 

of the quinone and its derivatives. The n.m.r. spectra 
(Table 1) also showed the presence of one methoxy-
group, two aromatic protons, and two hydrogen-bonded 
hydroxy-groups in the naphthalene nucleus. The 
arrangement of these substituents was deduced from the 
following data. The lactonic carbonyl groups in 
viomellein (10) and the diacetate (11) absorbed at 

R. T. Aplin and W. T. Pike, Chem. and Ind., 1966, 2009. 
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ca. 1730 and 1660 cm-1  while the dihydrodiacetate (14) 
showed no absorption at 1730 cm-1  but increased 
absorption at 1660 cm'. An equivalent lowering of the 
lactonic carbonyl frequency occurred on reduction of 
xanthomegnin diacetate (2) to the tetrahydro-derivative 

TABLE 2 

Relative intensities of (M + y) 	ion in the mass spectra 
of A. suiphureus pigments 

Relative intensity (%) 

Pigment M M+1 M++2M+3M+4 
(1) 100 42 	156 	63 	135 

(10) 100 55 	152 
(16) 100 33 	24 
(19) 100 52 	123 

(4). The carbonyl absorption at 1660 cm' in viomellein 
was therefore assigned to the 6-lactone of the naphthalene 
portion. This assignment was supported by the i.r. 
spectrum of the triacetate (12) which showed strong 
carbonyl absorption at 1730-1725 but none at 1660 
cm-1. One of the strongly bonded hydroxy-groups 
(-r —388 or - 3.44) was therefore vicinal to the lactone 
carbonyl group in the naphthalene portion, the other 
being at C-S in the naphthaquinone portion.*  The less 
strongly hydrogen-bonded hydroxy-group ( 0.21) was 
also shown to be intramolecularly bonded by its con-
centration-independent i.r. absorption and was placed 
vicinal to the strongly-bonded hydroxy-group in the 
naphthalene portion. This vicinal arrangement was 
supported by the rapid formation of the diacetate (11) 
and slow formation of the triacetate (12). 

The two aromatic protons in the naphthalene portion 
of viomellein (10) gave singlets and each was shown to 
be ortho or para to one of the hydroxy-groups by the 
changes in their chemical shift upon acetylation.8'9  
The proton appearing at r 334 was deshielded by 027 
p.p.m. on formation of the diacetate (11) and assigned 
to C-I' and the proton at T 304 was deshielded by 
052 p.p.m. in the triacetate (12) and assigned to C-8'. 
The substitution pattern deduced from the spectro-
scopic pattern was finally established by base-catalysed 
conversion of viomellein (10) into the cyclic ether, 
rubrosulphin (16) (see below). 

Rubrosulphin (16) was too insoluble for useful n.m.r. 
data to be obtained but its i.r. spectrum and the n.m.r. 
(Table 1) and i.r. spectra of the diacetate (17) and of the 
dimethyl ether (18) were similar to those of the corre-
sponding derivatives (1l)—(13) of viomellein (10). 
These data also showed that rubrosulphin contained one 
methoxy- and one hydroxy-group less than viomellein 
(10) and one additional oxygen-containing ring. Other-
wise the substitution pattern in the two pigments 
appeared to be analogous. Structure (16) was therefore 
deduced for rubrosulphin, the position of the ether 
bridge in the naphthalene ring being supported by the 
higher chemical shift of the 1'-proton in the diacetate 

* The numbering system based on two naphthalene rings [see 
e.g. (1) and (10)] is used throughout the Discussion section. 

(17) compared with that of the 1'-proton in viomellein 
diacetate (11). The relationship between rubrosulphin 
(16) and viomellein (10) was established when, from the 
methylation of viomellein (10) with dimethyl sulphate 
and base, there was obtained the rubrosulphin dimethyl 
ether (18) in addition to viomellein trimethyl ether (13). 
Treatment of viomellein (10) with base in the absence of 
dimethyl sulphate afforded rubrosulphin (16). This 
conversion presumably involves attack of the C-4' 
alkoxide ion on C-2 of the quinone followed by elimin-
ation of methoxide ion (cf. ref. 10). 

The deep purple quinone from A., sulphureus and A. 
nielleus was identified as viopurpurin, originally isolated 
from T. violaceum by Just et al. ,4 from the spectroscopic 
data published by these authors for the quinone, its 
triacetate, and trimethyl ether. In particular the i.r. 
spectrum of the triacetate was identical with that 
reproduced" for viopurpurin triacetate. Like rubro-
sulphin (16), viopurpurin (19) was very insoluble but the 
i.r. spectra of the two pigments were very similar as 
were those of the acetates and methyl ethers of the two 
pigments. The spectroscopic data indicated that vio-
purpurin was a 1'- or 8'-hydroxy-derivative of rubro-
sulphin (16). Comparing the chemical shifts (Table 1) 
of the aromatic protons in the acetates and methyl 
ethers of rubrosulphin and viopurpurin, the lower field 
proton in both sets is assigned as 6-H. The proton 
which is absent from the spectra of the viopurpurin 
derivatives is that which occurs at highest field, i.e. 
1'-H, in the rubrosulphin derivatives. The 1'-hydroxy-
rubrosuiphin structure (19) is therefore proposed for 
viopurpurin; The deshielding of the 8'-proton in vio-
purpurin trimethyl ether (21) by 05 p.p.m. is precisely 
that expected from the presence of a eri(1')-methoxy-
group.1' The observed deshielding of the 8'-proton by 
the peri(1')-acetoxy-group is smaller; no literature data 
are available but the electron-withdrawing acetyl 
group would be expected to reduce the effect. 

The two alternative structures (22) and (23), previously 
suggested 4,6  for viopurpurin, were based partly on the 
isolation of the phthalic acid (24) from the hydrogen 
peroxide oxidation of viopurpurin trimethyl ether. 
This acid (24) may come from the naphthalene portion 
of structure (21) although, in our hands, the isomeric 
phthalic acid (6) from the naphthaquinone portion was 
the only isolable product. Similarly we have obtained 
only the phthalic acids (5) and (6) from analogous 
oxidations of viomellein (10), rubrosulphin (16), and 
rubrosulphin dimethyl ether (18); no evidence for the 
formation of the phthalic acid (25) or its methyl ether 
(24) from the pigments or their methyl ethers was 
obtained. Further evidence which is incompatible 
with the structures (22) or (23) for viopurpurin, but 
consistent with our proposed structure (19), includes: 

8 R. G. Cooke and I. D. Rae, Austral. J. Chem., 1964, 17, 379. 
A. Gaudemer and J. Polonsky, Bull. Soc. chini. Franca, 1963, 

1918. 
10 G. S. Sidhu and M. Pardhasaradhi, Tetrahedron Letters, 1967, 

4263. 
1 G. P. Dudek, Spectrochim. Acta, 1963, 19, 691. 
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(a) viopurpurin shows lactonic carbonyl absorption in 
the i.r. spectrum at 1725 cm whereas structures (22) 
and (23) should show lower (1660 cm-1) absorption due 

o OR 

i 	

' (CO2H 

Me92LCO H 

R— Me 

RH 

to strongly hydrogen-bonded carbonyl groups; (b) the 
chemical shift ( 2.23) of the naphthalenic proton in the 
trimethyl ether is too low for structure (23) in which 
the chemical shift should be similar to that (r 2.70) of 
the 1'-proton in viomellein trimethyl ether (13); and 
(c) the vinylic or quinonoid proton of structure (22) 
would be expected to occur at higher field than 'r 223 
in the trimethyl ether and 242 in the triacetate; for 
example the corresponding proton in 2-methoxy-
1,4-naphthoquinone absorbs 12  at 'r 38. 

The absolute stereochemistry of the asymmetric 
carbon in the lactone rings of xanthomegnin (1) was 
established by Just et al.6  by degradation to (—)-(R)-ç3-
hydroxybutyric acid. The asymmetric centre in the 
naphthaquinone portion of viomellein (10), rubrosuiphin 
(16), and viopurpurin (19) was shown to have the same 
absolute configuration as in xanthomegnin (1) by c.d. 
The phthalic acid (5), the dimethyl ester (6), and the 
methyl ether dimethyl ester (7) from all four pigments 
showed a negative Cotton effect at Ca. 260 nm.*  The 
closely related (—)-(R)-mellein (26), another metabolite 
of A. melleus, also shows 13  a negative c.d. curve. 
Asperentin (27), a metabolite of A. flavus has the 
opposite lactone configuration and shows 14  a positive 
Cotton effect at 260 nm. The c.d. curves of xantho-
megnin (1) and viomellein (10) and of their acetates (2) 
and (12) were complex. 

OH 0 
M, 

WI 0OH 	 0 Me 

(27) 

An interesting feature of the n.m.r. spectrum of 
xanthomegnin (1), viomellein (10), and their derivatives 
was the doubling of the singlets for some of the hydroxy-, 
acetyl, and methoxy-signals. The signals showing this 
doubling at 100 Hz are indicated in Table 1. At 220 
MHz doubling of other signals was observed in addition 

* Spectroscopic data for compounds (5)—(9) are listed in 
Supplementary Publication No. SUP 21159 (2 pp.). For details of 
Supplementary Publications see Notice to Authors No. 7 in J.C.S. 
Perkin I, 1973, Index issue. 

12 R. H. Thomson, 'Naturally Occurring Quinones,' Academic 
Press, London and New York, 1971. 

13 A. Arakawa, N. Torimoto, and Y. Matsui, Annalen, 1969, 
728, 152. 

to increased separation of the doublets observed at 
100 MHz. Similar doubling of signals was observed in 
the methyl ether acetates of procyanidin dimers by 
Weinges et al.15  who attributed the phenomenon to 
restricted rotation about the dimeric linkage and 
provided evidence for this explanation from the observed 
temperature dependence of the doublets. Similar 
evidence for restricted rotation in dimeric and trimeric 
derivatives of fiavans has been reported by du Preez 
et al.16  and in the natural procyanidins by Thompson 
et al.17  In the present cases, the doublets coalesced on 
raising the temperature; for example, the doublets in 
the 100 MHz spectra of xanthomegnin (1) coalesce at 
60°. Further evidence that this phenomenon is due to 
the mixture of diastereoisomers arising from the chirality 
at the 3,3'-dimeric linkage is provided by the absence of 
double signals of rubrosuiphin (16) and viopurpurin 
(19) even at 220 MHz. The c.d. of xanthomegnin (1) 
and viopurpurin (10) did not show a large Cotton effect 
associated 18  with the chirality of the dimeric linkage. 
However, the small amplitude at 300 nm is probably 
due to the slight excess of one of the diastereoisomers, 
since the doublets observed in the n.m.r. spectrum at 
room temperature were not of equal intensity. 

The mass spectra of the pigments show similar 
fragmentation patterns consistent with the proposed 
structures. Xanthomagnin (1) and viomellein (10) 
show intense ions at m/e 85 and 83, assigned structures 
(28) and (29) and derived from the quinone ring. 

OMe 	
OMe 	

0 

1 
HO 0 

(28) 	(29) 	 (30) 

Rubrosulphin (16) and viopurpurin (19), which contain 
the ether bridge, do not show this fragmentation. 
Apart from these ions, the mass spectra of all four 
pigments show no major fragmentations after initial 
losses from the molecular ion. These high mass frag-
mentation ions which were mass-matched are rationalised 
for xanthomegnin (1) as follows. An initial loss of 
formaldehyde from the 2-methoxy-group, followed by 
the successive loss of carbon dioxide and a methyl 
radical from the lactone, gives the base peak which 
may be formulated as (30). The mass spectrum of 
viopurpurin (19) is analogous to that of xanthomegnin 
(1) except for the absence of the ions m/e 85 and 83 and 
of the initial loss of formaldehyde from the molecular 
ion. The mass spectrum of viomellein (10) is dominated 

14 J. F. Grove, J.C.S. Perkin I, 1972, 240. 
" K. Weinges, J. Perner, and H. D. Marx, Chem. Bey., 1970, 

103, 2344. 
' I. C. du Preez, A. C. Rowan, D. G. Roux, and J. Feeney, 

Chem. Comm., 1971, 315. 
17 R. S. Thompson, D. Jacques, E. Haslam, and R. J. W. 

Tanner, J.C.S. Perkin I, 1972, 1387. 
18 Y. Ohigari, N. Kobayaski, and S. Shibata, Tetrahedron 

Letters, 1968. 1881. 
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by the fragmentation to the ions m/e 85 and 83 but 
after the initial loss of methanol it is very similar to 
that of rubrosulphin (16) (cf. the chemical conversion of 
viomellein into rubrosulphin involving the elimination 
of methanol) and both spectra show a similar fragment-
ation sequence from the molecular ion, analogous to 
that of xanthomegnin (1) after the initial loss of form-
aldehyde. 

EXPERIMENTAL 

For general experimental details see Part V.' 
Production of Pigments from Aspergillus sulphureus.-

(a) A. suiphureus (CM1 128,939) was grown under stirred 
aerated conditions in Raulin-Thom medium (30 1) contain-
ing Cerulose (5%). After 7 days the mycelium was 
collected and extracted with acetone (3 x 6 1). The 
acetone was removed in vacuo and the aqueous residue was 
extracted with chloroform to give a brown oily solid (561 g) 
which was washed with light petroleum. The resultant 
brown powder (21.4 g) contained, by p.l.c. (see later), 
rubrosulphin (40%) and viopurpurin (10%). 

A. suiphureus was grown as surface cultures in 
Thompson bottles each containing 1 1 of the medium 
specified in (a). After 13 days the mycelium from 45 
bottles was collected, dried, and extracted with chloroform. 
The chloroform extract was evaporated to small volume; 
light petroleum was then added to give a brown solid (23 g) 
containing (see later) viomellein (19%), rubrosulphin (7%), 
xanthomegnin (26%), and viopurpurin (3%). 

A. sulphureus was grown as in (b) except that each 
bottle contained 350 ml medium. Extraction as before 
gave a brown solid (11 g) containing viomellein (19%), 
rubrosulphin (7%), xantliomcgnin (1411/), and viopurpurin 
(5%). 

Production of Pigments by Aspergillus rnelleus.-A. 
nielleus was grown as previously described by Mills and 
Turner 20  and the dried mycelium from 48 flasks was 
extracted as described for A. suiphureus cultures. The 
brown solid (8 g) contained viomellein (11%), xantho-
megnin (50%), and viopurpurin (1%) but no rubrosulphin. 

Isolation of Pigments.-The following is typical of the 
pigments from A. suiphurcus. The crude mixture of 
pigments (800 mg) in chloroform was applied to eight silica 
gel plates (40 x 20 x 0•05 cm). Multiple elution with 
methylene dichloride-formic acid (50: 1) gave four coloured 
bands, which were removed and eluted with chloroform to 
give the following pigments in order of increasing polarity: 

(i) Vioniellein {8-(3,4-dihydro-9, l0-dihydroxy-7-methoxy-
3-met hyl-1-oxo- 1H-naphtho[2, 3-c]pyran-8-yl)-3 , 4-dihydro-6-
hydroxy-9-methoxy-3-mcthylnaphtho[1 , 2-c]pyrcin- 1,7,10-tn-
one} (10) was crystallised from chloroform-light petroleum 
in brown beads which sintered above 260° [yield: 19% 
from culture conditions (a) and (b) and 0% from (c)] 
(Found: M, 560137. C30H24011  requires M, 560.141); 
ni/e 562-153 (0.41%, M + 2, C30H26011  requires ni/c 
562148), 561 (0.13, M + 1), 560137 (0.27, M), 530 (1), 
529 (1), 528 (1), 484119 (23, C28H2008  requires ni/c 484.116), 
440121 (6, C27H2006  requires rn/c 440.126), 87 (31), 85 (70), 
and 83 (100); Amax  225, 264, and 395 nm (e 16,800, 20,210, 
and 8200); vm 	(Nujol) 3340, 2750br, 1725, 1675, 1656, 
1640, 1630, 1608, 869, and 819 cm 1; v., 3390, 3000, 
1730, 1680, 1648, 1603, and 1590 cm', c.d. (CHC13) A 411, 
400, 370, 345, 304, 288, 282, 265, and 240 nm ( -016, 0, 
+088, 0, -586, 0, +181, 0, and -361). 

Rubrosuiphin (3,4,11, 12-tetrahydro-9, 17-dihydroxy-7-
methoxy-3, 12-dimethyl-2, 13,1 6-In oxanap hth[1', 2':5, 6]indeno-
[2, 1-a]anlhracene- 1,8,14, 15-tetrone) (16) crystallised from 
chloroform-light petroleum in red plates sintering above 
300° (Found: M, 528-104. C29H20010  requires M, 
528106); 	(Nujol) 3300br, 1725, 1670, 1640, 1610, 1565, 
1410, 1254, 1187, 1120, 878, and 827 cm 1; 	3350br, 
1724, 1680, 1642, and 1610 cm'; rn/c 530 (2%, ivI + 2), 
529 (3, M + 1), 528 (7, M 1-), 484 (100), 456 (17), 440 (17), 
438 (17), and 420 (5). 

Xanthomegnin (1) crystallised from chloroform-
benzene in orange plates sintering above 260° (Found: 
C, 624; H, 38%; M, 574116. Cale. for C30H22012 : 

C, 627; H, 39%; .51, 574.111); Amx  222, 264, and 380 urn 
(e 26,000, 19,300, and 7900); Vma  (Nujol) 3300br, 1712, 
1672, 1618, 1600, and 853 cin 1 ; 	2280br, 1720, 1675, 
1622, and 1598 cm'; ni/c 578 (5%, M + 4), 577 (2, 
M + 3), 576 (5, M + 2), 575 (1.5, ]f+ + 1), 574 (3, M), 
544101 (52, C29H20011  requires rn/e 544.100), 500113 (67, 
C28H2009  requires rn/c 500.111), 485089 (100, C27H1709  
requires rn/c 485•087), 456121 (7, C27H2007  requires rn/c 
465121), 441099 (10, C26H1707  requires ni/e 441.097), 85 
(57), and 83 (80); c.d. (CHCI3) A 480, 450, 430, 390, 308, 
287, 278, 260, and 235 nm (s 0, +016, 0, -087, 105, 0, 
+377, 0, and -6.28!). 

Viopuruvin (3,4,11,1 2-tetrahydro-6, 9,1 7-Inihydroxy-
7-inethoxy-3, I 2-duet hyl-2 , 13,1 6-tnioxanaphth[ 1 ',2': 5,6]- 
indeno[2, 1-a]anthraccne- 1,8,14,1 5-teirone) (19) crystallised 
from chloroform-light petroleum in purple-black beads 
sintering above 310° [3, 5, and 10% yield from cultures (a), 
(b), and (c)] (Found: M, 544114. C29H20011  requires M, 
544116); Amax  (CR03) 274, 282, 377, and 500 nm (c 
37,200, 38,700, 8900, and 3000); Vmax  (Nujol) 3200; 1719, 
1677, 1635, 1600, 1570, 841, and 820 cm 1; v11 	3200, 1725, 
1678, 1640, 1600, 1570, and 1550 cm, ;n/e 546122 (5%, 
M + 2, C29H22011  requires rn/c 546.116), 544 (4, M), 
500113 (83, CI-I00O9  requires rn/c 500.111), 485090 (100, 
C97H1709  requires rn/c 485087), 442108 (30, C26H1807  
requires rn/c 442.105), and 441100 (24, C26H1707  requires 
rn/c 441.097). 

Oxidation of Pigments with Alkaline Hydrogen Peroxide.-. 
(a) Xanthornegnin. The quinone (50 mg) in 2-5N-sodium 
hydroxide (10 in!) was treated dropwise at 5-10° with 
aqueous hydrogen peroxide (30% w/v; 1 ml). After stirring 
for 025 h, more hydrogen peroxide (0.8 ml) was added 
and stirring was continued at 20°  for 2 h. The colourless 
solution was acidified (pH 4) with concentrated hydro-
chloric acid, then aqueous sodium hydrogen carbonate was 
added until the solution was slightly alkaline. Chloroform 
extraction removed a trace of starting material. The 
aqueous solution was readjusted to pH 25 and extracted 
for 36 h with ether to give pale yellow rods which were 
recrystallised (x 5) from acetone-light petroleum until 
homogeneous by t.l.c. The acid (5) was obtained as pale 
yellow rods (17 mg), m.p. 192-194° (hit., 194---195° . 
[]23 	79.4° (c 0.11). Sublimation of the acid (5) at 175°  
and 3 mmHg gave the anhydride (8), m.p. 225-227°  (lit., 
227.-229°) (Found: M, 248031. Calc. for C22HO6 : 

M, 248032) 
(b) Viornellein. The quinone (16 mg) in 25N-sodium 

hydroxide (5 ml) was oxidised with 30% aqueous hydrogen 
peroxide (0.5 ml) as in (a). Similar work-up of the bright 
red solution gave unchanged quinone (1.2 mg) and an oil 

ii  J. MacMillan and T. J. Simpson, J.C.S. Perkin I, 1973, 1487. 
20 S. D. Mills and W. B. Turner, J. Chem. Soc. (C), 1967, 2242. 
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which was purified by p.l.c. on silica gel with ethyl acetate-
light petroleum-formic acid (200: 40: 1). The fluorescent 
band at Rp 065 was extracted with acetone to give the acid 
(5), which crystallised from acetone-light petroleum in 
yellow rods (3 mg) identical (rn.p., mixed m.p., is., and 
[] 23) with the acid (5) obtained in (a). 

Bands from the p.l.c. at RF  0'3, 056, and 069 gave 
intractable gums when extracted with chloroform. 

Rubrosuiphin. The quinone (200 mg) in methanol 
(20 ml) and 5n-sodium hydroxide (30 ml) was oxidised with 
30% hydrogen peroxide (30 ml) as in (a) to give unchanged 
quinone (11 mg) and the acid (5) (90 mg). The latter was 
purified as in (b) to give rods (28 mg), identified by m.p., 
mixed m.p., i.r., n.m.r., and [a]023. 

Rubrosuiphin dimethyl ether (18). The dimethyl 
ether (174 mg) in methanol (20 ml) and 25N-sodium 
hydroxide (20 ml) was oxidised with 30% hydrogen per-
oxide (20 ml) as in (a) for 12 h. After acidification, the 
pale yellow solution was extracted for 48 h to give 3,4-
dihydro-6-methoxy-3-nsethyl- 1-oxo-2-benzopyran-7, 8-dicarb-
oxylic acid (6), crystallised from methanol as needles, m.p. 
206-208°, [OC],23  +1825°  (c 04 in MeOH) (Found: C, 
558; H, 45. C13H1207  requires C, 557; H, 43%). 
The dimethyl ester (7), prepared with diazomethane, was 
purified by p.l.c. on silica gel HF with ethyl acetate-light 
petroleum-acetic acid (9: 10: 1) (RF 035) and crystallised 
from ethyl acetate-light petroleum as needles, m.p. 104- 
105°, [] 	-176' (c 025 in MeOH) (Found: M, 308090. 
C15H1607  requires M, 308089). 

Sublimation of the diacid (6) at 180° and 4 mmHg gave 
the anhydride (9), needles, m.p. 243-246° (Found: M, 
262049. C13H1006  requires M, 262048). 

Viopurpurin trimethyl ether (21). The trimethyl 
r ether (64 mg) was oxidised as in (d) for 22 Ii. Continuous 

extraction of the reaction mixture for 48 h with ether gave 
a solid (30 mg) which was methylated and purified by 
p.l.c. on silica gel HF with light petroleum-ethyl acetate-
acetic acid (10: 9: 1). Recovery from the band at R 
035 gave the methyl ether dimethyl ester (7) (10 mg), 
m.p. 103-105°, identical (mixed m.p., i.r., n.m.r., mass 
spectrum, and (X]022) with the methyl ether dimethyl ester 
obtained in (d). 

Xanthomegnin Diacetate (2).-Prepared by treatment of 
the quinone (25 mg) with acetic anhydride (1.5 ml) and 
pyridine (8 drops) at room temperature in the dark for 
24 h, the diacetate was purified by p.l.c. on silica gel with 
chloroform. The orange oil recovered from the band at 
RF  035 was crystallised from chloroform-benzene as 
orange prisms (14 mg), m.p. 252-253° (lit.,5  227-228°) 
(Found: C, 621; H, 41%. Cale. for C341125014 : C, 620; 
H, 4.0%); 	1780, 1725, 1674, and 1604 cm'; c.d. 
(CHC13) A 400, 340, 299, 285, 274, 265, 260, 252, and 245 
urn (c 0 	344, -118, 0, +624, 0, 	43, -322, and 
-2.15). 

Tetrahydroxanthomegnin Diacetate (4) .-Xanthornegnin di-
acetate (14 mg) in ethyl acetate (15 ml) was hydrogenated 
at room temperature and pressure in the presence of pre-
reduced palladium oxide. The usual work-up gave the 
tetrahydro-derivative (4), which crystallised from carbon 
tetrachloride as beads (7 mg), m.p. 191-192° (lit.,5  192-
193°), Vma  3538, 3100br, 1770, 1661, 1632, and 1575 cm'. 

Xanthornegnin Diinethyl Ether (3) .-Xanthomegnin (80 
mg), dimethyl sulphate (5 ml), anhydrous potassium 
carbonate (2 g), and acetone (2 ml) were refluxed for 5 h 
with stirring. The solid residue was removed by filtration 

and after distillation of the excess of acetone from the 
filtrate, the excess of dimethyl sulphate was hydrolysed 
with 5% aqueous sodium hydroxide. Extraction of the 
acidified solution with chloroform gave a red oil (a mixture 
by n.m.r.) which was fractionated by p.l.c. on silica gel HF 
with chloroform-methanol-formic acid (90: 5: 5). Re-
covery from the pale yellow band at RF  Ca. 047 gave 
xanthomegnin dimethyl ether (3), which crystallised from 
acetone as a microcrystalline orange powder, m.p. 150-
155°  (Found: M, 602144. C32H26012  requires M, 
602.142), v., 1724, 1673, 1618, 1595, and 1559 cm 1. 

A cetylation of Viomellein (10) .-Viomellein (48 mg), 
acetic anhydride (3 ml), and pyridine (12 drops) were 
stirred for 18 h at room temperature in the dark. The 
usual work-up gave a yellow solid which was fractionated 
by p.l.c. on silica gel with chloroform-formic acid (400: 1). 
Recovery from the band at RF  073 in chloroform gave the 
diacetate (11), which crystallised from benzene-light 
petroleum as yellow beads (27 mg), m.p. 189-190° (Found: 
C, 638; H, 44. C341129013  requires C, 635; H, 4.15%), 
vmx  3000br, 1775, 1731, 1673, 1658, 1633, and 1603 cm. 

Recovery from the band at Rp 040 gave the tn acet ate 
(12), crystallising from benzene-light petroleum in yellow 
beads, m.p. 19.5-196° (Found: C, 630; H, 45. C30H30014  
requires C, 63'0; H, 4.4%), v., 1775, 1728, 1725, 1676, 
1628, and 1603 cm-1; c.d. (CHC13) A 395, 344, 322, 296, 
284, 278, 274, 264, 257, 246, and 233 nm (s 0, -1-95, 
-126, -54, 0, +1-72, 0, -544, -1-72, -143, and 
-2.3!). 

Dihydroviomellein Diacetate (14) .-Prepared by hydrogen-
ation of viomellein diacetate (20 mg) in ethyl acetate (18 ml) 
in the presence of pre-reduced palladium oxide (8 mg) at 
room temperature and pressure, the dihydro-derivative (14) 
which was purified by p.l.c. (Rp 0.27) on silica gel with 
chloroform-formic acid (200: 1) and crystallised from 
carbon tetrachloride in pale yellow beads (11 mg), m.p. 
195-198° (Found: C, 606; Fl, 44. C34H30013  requires 
C, 603; H, 4.4%), v, 	3540, 3000br, 1775, 1660, 1632, 
and 1575 cm'. Acetylation in pyridine with acetic 
anhydride at room temperature for 39 h gave dihydro-
viornellein penta-acetate (15) which was purified by p.l.c. on 
silica gel with chloroform-formic acid (100: 1) (R 0•22) 
and crystallised from benzene-light petroleum as needles, 
m.p. 197-199° (Found: C, 624; H, 48. C40H36016  
requires C, 622; H, 4.7%); v,, 	1776, 1720, 1630, and 
1570 cm-1. 

Viorneilein Tninsethyl Ether (13) .-A mixture of viomellein 
(10) (150 mg), anhydrous potassium carbonate (4 g), 
dimethyl sulphate (10 ml), and acetone (40 ml) was re- 
fluxed with stirring for 15 h. The usual work-up gave a 
red gum (140 mg) which was separated into two components 
by p.l.c. on silica gel after two elutions with chloroform-
methanol-formic acid (90: 5: 5). Recovery from the 
yellow band at RF  0'25-045 gave viomellein tnimethyl ether 
(13) as an orange powder (69 mg), m.p. 158-160° (Found: 
M, 602181. C33H30011  requires M, 602.179); vm  
(Nujol) 1720, 1674, and 1591 cm-1. 

The lower p.l.c. band at RF  0'15-025 yielded a red 
powder (45 mg) identical (i.r., n.m.r., and mass spectrum) 
with rubrosuiphin dimethyl ether (18) whose preparation is 
described below. 

Conversion of TTionzellein (10) into Rsthrosulphin (16).-
Viomellein (65 mg) was added to anhydrous potassium 
carbonate (3 g) in acetone (30 ml) and the mixture was 
refluxed with stirring for 15 ii. After removal of the 
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acetone under vacuum, water (20 ml) was added to the dark 
blue residue which was then acidified slowly with concen-
trated hydrochloric acid. Recovery of the resulting red 
precipitate gave a semi-solid (61 mg) which was fractionated 
by p.l.c. on silica gel after two elutions with chloroform-
methanol-formic acid (90: 5: 5). Recovery from the band 
at RF  08 gave unchanged viomellein (40 mg). Recovery 
from the red zone at RF  07 gave rubrosulphin (16), identi-
fied by i.r., nm.r., and mass spectra. 

Rubrosuiphin Diacetate (17) .—Prepared by treatment of 
the quinone (250 mg) with acetic anhydride (4 ml) and 
pyridine (10 drops) at room temperature for 18 h in the 
dark, the diaretate (17) was obtained as an orange micro-
crystalline powder, m.p. 200-205° (Found: C, 643; H, 
38. C33H24012  requires C, 64•7; H, 39%); vMx.1780, 
1730, 1687, 163, 1€05, 1575, and 890 cm-1. 

Rubrosuiphin Diniethvl Ether (18) .—Rubrosulphin (91 
mg) in acetone (40 ml) was treated with dimethyl sulphate 
(10 ml) and potassium carbonate (4 g) as described earlier 
for xanthomegnin. The crude gummy product was purl-
fled by p.l.c. on silica gel with dichioromethane-formic acid 
(50: 1) to give the dirnethyl ether (18) as a red microcrystalline 
powder (70 mg), m.p. 183-187° (Found: Mt 556138. 

169 
C31H24010  requires M, 556.137); v1 	(Nujol) 1720, 1675, 
1621, and 1595 cm-1, nile 558 (52%, M + 2), 556 (100, 
M), 541 (53), 538 (53), 523 (42), 495 (26), 465 (26), and 
438 (19). 

Viopurpurin Triacetale (20).—Prepared from viopurpurin 
(150 mg), acetic anhydride (3 ml), and pyridine (15 drops), 
the triacetate (120 mg) was purified by p.l.c. on silica gel 
with dichloromethane-formic acid (50: 1) and obtained as 
a microcrystalline orange powder, m.p. 260-268° (lit. ,4  

280-2850); i.r. spectrum identical with that reproduced 
by Blank et al.4  

Viopurpurin Triinethyl Ether (21),—Prepared from vio-
purpurin (200 mg), anhydrous potassium carbonate (10 mg), 
and dimethyl sulphate (25 ml) in acetone (100 ml) as for 
xanthomegnin dimethyl ether, the trimethyl ether was 
purified by p.l.c. on silica gel with dichloramethane-formic 
acid (50: 1) and obtained as a microcrystalline red powder, 
m.p. 170-175° (lit.,6  173-174°), 	(Nujol) 1722, 1678, 
1619, and 1574 cm'. 

We thank the S.R.C. for Student Scholarships for R. C. D. 
and T. J. S. 

[4/ 1451 Received, 16th July, 1974] 
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Fungal Products. Part 22.' X-Ray and Molecular Structure of the 
Mono-acetate of Coltetotrichin 

By Richard Goddard, Ian K. Hatton, Judith A. K. Howard, Jake MacMillan. and Thomas J. Simpson, 
School of Chemistry. The University, Bristol BS8 1 TS 

Christopher J. Gilmore, Chemistry Department, The University, Glasgow G12 8QQ 

The structure and relative stereochemistry (1) for colletotrichin, a metabolite of Cofletotrichum capsici, previously 

isolated under the name acetylcolletotrichin, is deduced from an X-ray crystallographic study of the mono-acetate 
(2). The crystals are orthorhombic P21212,. a = 16.370(12), b = 11,919(3). c = 15.506(9) A. Z = 4. Using 

1 554 independent 'observed' intensities, the refinement converged to R 0.058 (R' 0.074). The metabolite consists 
of a tetra-substituted y-pyrone, containing all non-hydroxylic oxygens, and linked to an unusual bicyclic terpene. 

THE plant pathogen, Co11foErichztrn cisici, Syd Butler 
and Busby, was shown by Grove et al.2  to produce 
phytotoxic culture filtrates from which an inhibitor of 
intact green plants was isolated. This metabolite 
named acetylcolletot rich in was partially characterised 
as a neutral acetate, CH07, containing two rnethoxy, 
one carbonyl, one secondary hydroxy, and four tertiary 
methyl groups. 

For further structural studies we have re-isolated this 
metabolite in low yield (0.20-30.0 mg 1' culture 
filtrate); its molecular formula and spectroscopic data 
correspond to those published by Grove et al.2  How-
ever, in addition, the presence of a tertiary hydroxy-
group was revealed by the formation of a bis-trimethyl-
silyl (TMSi) ether from the metabolite and of a mono-
trimethylsilyl ether from the ketone, obtained 2  by 
oxidation of the secondary hydroxy-function in the 
metabolite. The mass spectra of these his- and mono-
TMSi ethers contained an intense ion at ,n/e 131 indicat-
ing the partial structure, MeC(OH). Further evidence 
for this grouping was obtained from the mass spectrum 
of the metabolite which showed an ion it M - C5H110 
indicating the presence of the terpenoid moiety, Me2C-
(OH)CH2CH2. An intense ion, C10H12O5  was present in 
the mass spectra of both the metabolite and its bis-
TMSi ether suggesting that the five-non-hydroxylic 
oxygen functions were situated in a self-contained 
structural unit. 

Acetylation of the secondary hydroxy-group with 
acetic anhydride-pyridine at room temperature yielded 
a mono-acetate, m.p. 167-168 °C, in which the hydroxy-
methine proton signal in the n.m.r. spectrum of the 
metabolite had moved to lower field by 1.0 p.p.m. The 
structure (2) (or enantiomer) for the mono-acetate, and 
hence structure (1) (or enantiomer) for the metabolite 
itself, was established by a single crystal X-ray diffrac-
tion study. 

The structure was determined from diffraction data 
(3006 reflections) by direct methods and refined (using 
observed reflections only-1554 data) by least-squares 
and difference-Fourier methods to R 0.058. The results 
are illustrated in Figure 1 which shows a view of the 
mono-acetate in projection down the crystallographic a 
axis. Structural parameters are listed in Tables 1 and 
2 and selected torsion angles in Table 3. Figure 2 shows 
the arrangement of molecules in the unit cell. 

In the crystal structure the molecules of the mono-
acetate (2) (see Figure 1) have both alicyclic rings in chair-
like conformations in which the angular C(10)-methyl, 
the C(4)-methyl, the C(3)-acetoxy, and the C(9)-pyronyl-
methyl groups are axial while the C(4) isopentanyl group 

Me 

CO2Me 
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(l )R = H 
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(21 R 	OAc 
0 

Me 	Me 

MAONMe, 

( 4 ) 	 (5) 

(7) 9 CC —CH0 
(6) 	 ( 8 ) 913—CHO 

is equatorial. The C-C and C-O single-bond lengths 
(Table 2) are consistent with the values predicted from 
covalent radii of 0.77, 0.74, and 0.66 A for C(sp3), C(sp2), 
and 0 respectively. The values for the C=C bonds 
between C(2') and C(3'), C(5') and C(6'), and C(8)-C(12), 
and the C=O bonds between C(3'-l) and 0(3'-1) and 
C(3-1) and 0(3-2) fall within the usual ranges. The 
carbon-oxygen bond at C(4')-0(4'-1) (1.248 A) is longer 
than a normal CO bond but is part of the planar y-
pyrone ring [mean deviation from the least-square 
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plane through 0(1'), C(2'), C(3'), C(4'), 0(4'-1), C(5'), 
and C(6') equals 0.02 A], The elongation of the C0 
bond length at C(4')0(4'-1) is thus a measure of the 
aromatic character of the pyrone ring, and is in agree-
ment with the vo at 1 662 and 1 663 cm-1  in the acetate 
(2) and compound (3) which also indicates considerable 
single-bond character. The plane of the C(3')-methoxy-
carbonyl group makes an angle of 14.2° with the pyrone 

TABLE I 

Atomic positional fractional co-ordinates, with estimated 
standard deviations in parentheses 

Atom x y z 

 0.523 6(5) 0.314 7(6) 1.0775 5 
 0.488 8(5) 0.235 6(6) 1.145 1(5) 
 0.496 4(5) 0.114 2(6) 1.118 1(5) 

0(3-1) 0.582 8(3) 0.087 7(4) 1.108 7(3) 
C(3-1) 0.622 4(6) 0.030 3(7) 1.173 9(5) 
0(3-2) 0.591 2(6) 0.010 3(7) 1.240 2(4) 
C(3-2) 0.705 7(7) -0.002 30) 1.146 1(8) 

 0.454 7(4) 0.087 9(5) 1.030 2(5) 
 0.483 6(4) 0.175 5(5) 0.960 9(4) 
 0.442 7(5) 0-1626(6) 0.8725 5) 
 0.483 2(5) 0.235 8(6) 0.804 1(5) 
 0.490 0(4) 0.356 6(6) 0.831 7(5) 
 0.528 9(4) 0.374 0(5) 0.9)9 8(4) 

 0.482 1(4) 0.301 9(5) 0.989 8(4) 
C(1)) 0.623 4(4) 0.354 1(5) 0.914 4(5) 

 0.463 9(6) 0.440 3(7) 0.784 0(6) 
 0.480 3(5) -0.0293(5) 0.999 5(5) 
 0.361 7(5) 0.086 4(7) 1.045 3(6) 
 0.395 8(4) 0.353 7(6) 0.994 4(6) 
 0.467 2(5) - 0.127 3(6) 1.061 6(5) 
 0.508 6(4) -0.237 3(6) 1.034 8(4) 

0(17-1) 0.595 4(3) -0.214 2(4) 1.033 3(4) 
 0.491 9(6) -0.3266(7) 1.099 3(6) 
 0.480 7(6) -0.274 8(7) 0.947 0(5) 

0(1') 0.733 2(3) 0.514 1(5) 0.740 5(3) 
 0.743 9(4) 0.616 6(7) 0.775 6(5) 

C(2'-l) 0.791 8(6) 0.690 0(9) 0.714 5(6) 
 0.719 1(4) 0.639 5(6) 0.855 6(4) 

C(3'-)) 0.737 7(4) 0.749 4(6) 0.896 9(5) 
0(3'-l) 0.772 8(3) 0.760 7(5) 0.964 1(4) 
0(3'-2) 0.707 3(3) 0.835 0(4) 0.851 0(4) 
C(3'-2) 0.721 0(7) 0.946 2(8) 0.887 4(7) 

 0.678 5(4) 0.552 7(6) 0.907 0(4) 
0(4'-)) 0.857 5(3) 0.569 8(4) 0.983 3(3) 

 0.664 9(4) 0.445 5(6) 0.865 3(5) 
 0.694 1(4) 0.431 7(6) 0.785 0(5) 

0(6'-1) 0.686 9(4) 0.337 4(5) 0.741 8(4) 
C(6'-l) 0.724 0(7) 0.321 9(10) 0.660 2(6) 

TABLE 2 

Bond lengths (A) and angles (°) 
(a) Distances 
C(10)-C(]) 1.528(10) C(8)-C(12) 1.314(11) 
C(1)-C(2) 1.520(10) C(8)-C(9) 1.522(10) 
C(2)-C(3) 1.512(10) C(9)-C(10) 1.583(9) 
C(3)-0(3-1) 1.458(9) C(10)-C(15) 1.543(10) 
0(3-1)--C(3-1) 1.383(10) C(9)-C(ll) 1.566(9) 
C(3-1)-0(3-2) 1.172(1)) C(6')-O(l') 1.361(9) 
C(3-) )-C(3-2) 1.482(15) 0(1')--C(2') 1.349(10) 
C(3)-C(4) 1.556(10) C(2')(2'-1) 1.509(13) 
C(4)-C(13) 1.534(9) C(2')-C(3') 1.333(10) 
C(4)-C( 14) 1.540)11) C(3')-C(3'-1) 1.491(10) 
C(13)-C(16) 1.530(1(1) C(3'-1)--0(3'-1) 1.196)9) 
C(16)-C(17) 1.533(10) C(3'-))-0(3'-2) 1.339(9) 
C(17)-0(17-1) 1.448(9) 0(3'.2)--C(3'-2) 1.458(11) 
C( I7)-C8) 1.486)11) C(3')-C(4') 1.466(10) 
C()7)-C(19) 1.504)11) C(4')-0(4'-1) 1.248(9) 
C(4)-C(5) 1.571(10) C(4')-C(5') 1.449)10) 
C(5)-C(6) 1.534(10) C(5')-C(I 1) 1.493(10) 
C(5)-C(10) 1.572(9) C(5')-C(6') 1.344(10) 
C(6)-C(7) 1.525(1)) C(6')-0(6'-)) 1.315(10) 
C(7)-C(8) 1.506(10) 0(6'-))--C(6-1) 1.413(12) 

TABLE 2 (Continued) 

(b) Angles 
C(10)-C(1)--C(2) 112.6(6) C(7)-C(8)-C(9) 
C(l)-C(2)--C(3) 111.8(8) C(7)-C(8)--C(12) 
C(2)-C(3)--C(4) 113.8(6) C( 12)-C(8)-C(9) 
C(2)-C(3)--0(3- 1) 108.3(6) C(8)-C(9)--C(10) 
C(4)-C(3)-0(3-1) 107.2(5) C(8)-C(9)-C(1 1) 
C(3)-0(3-1)--C(3-1) 119.3(6) C(J 1)-C(9)-C(10) 
0(3-1)--C(3-1)--0(3-2) 122.5(9) C(9)-C(1l)-C(5') 
0(3- 1)-C(3-1)--C(3-2) 110.3(8) C(9)-C(10)--C(1) 
0(3-2)-C(3-1)--C(3-2) 127.2(9) C(g)-C(10)-C(15) 
C(3)-C(4)--C(5) 109.4(5) C(15)-C(10)--C(1) 
C(3)-C(4)-C( 13) 109.6(6) C(6')-O( I ')-C(2') 
C(3)-C(4)-C(14) 107.6(6) 0(1')-C(2')--C(2'-1) 
C(5)-C(4)-C(13) 108.0(6) C(2'- 1)-C(2')-C(3') 
C(5)-C(4)-C(14) 114.2(6) 0(1 ')-C(2')--C(3') 
C(13)-C(4)-C(14) 107.9(6) C(2')-C(3')--C(3'-)) 
C(4)-C(13)--C(16) 117.5(6) C(3')-C(3'-1)-0(3'-1) 
C(13)-C(16)---C(17) 114.9(6) C(3')-C(3'-1)-0(3'-2) 
C(16)-C(17)--0(17-1) 105.9(5) 0(3'-))-C(3'-1)-0(3'-2) 
C(16)-C(17)--C(18) 110.4(6) C(3'-1)-0(3'-2)-C(3'-2) 
C(16)-C(17)-C(19) 111.4(6) C(3'-l)--C(3')-C(4') 
0(17-1)--C(17)--C(18) 109.2(6) C(2')-C(3')-C(4') 
0(1 7-1)--C(17)--C(19) 109.9(6) C(3')-C(4')-0(4'- 1) 
C(18)-C7)-C(19) 109.9(6) 0(4'-1)-C(4')---C(5') 
C(4)-C(5)--C(6) 114.4(6) C(3')-C(4')-C(5') 
C(4)-C(5)-C(10) 115.9(5) C(4')-C(5')--C(1 1) 
C(5)-C(10)--C(1) 110.0(5) C(1 1)-C(5')-C(6') 
C(5)-C(10)-C(9) 108.5(5) C(4')-C(5')-C(6') 
C(5)-C(10)--C(15) 114.3(5) C(5')-C(6')-0(6'-1) 
C(5)-C(6)--C(7) 112.0(6) C(6')-0(6'-1)--C(6'-1) 
C(6)-C(5)--C(1 0) 110.1(5) C(5')-C(6')-0(1') 
C(6)-C(7)-C(8) 112.5(6) 0(6'-1)-C(6'-1)--0(1') 

TABLE 3 

Selected torsion angles 

C(10)-C(l)-C(2)-C(3) 58.4(8) 
C(2)-C(1)-C(10)--C(5) -52.8(8) 
C.(2)-C(1)--C(10)-C(9) -172.3(6) 
C(1)-C(2)--C(3)--C(4) -57.1(8) 
C(2)-C(3)-C(4)--C(5) 50.1(8) 
C(3)-C(4)--C(5)--C(6) -176.6(6) 
C(3)-C(4)--C(5)--C(10) -46.7(7) 
C(4)-C(5)--C(6)--C(7) -170.2(6) 
C(10)-C(5)--C(6)--C(7) 57.2(7) 
C(4)-C(5)--C(10)--C(1) 48.6(7) 
C)) fl-C(5)--C(10)-C(9) 169.0(5) 
C(6)-C(5)--C(10)-C(1) -179.5(6) 
C(6)-C(5)-C(J0)--C(9) -59.2(7) 
C(5)-C(6)-C(7)-C(8) - 52.2(8) 
C(6)-C(7)--C(8)--C(9) 51.5(8) 
C(7)-C(8)-C(9)-C(IO) -54.1(8) 
C(7)-C(8)-C(9)--C(11) 74.3(7) 
C(8)-C(9)--C(10)-C(1) 177.2(6) 
C(8)-C(9)--C(10)--C(5) 56.9(7) 
C(11)-C(9)--C(10)--C(I) 51.8(7) 
C(fl)-C(9)---C(10)-C(5) -68.5(7) 
C(8)-C(9)-C(1 ))-C(5') 70.3(7) 
C(10)-C(9)--4_(1 U-C(5) - 164.4(5) 
C(9)-C(fl)--C(5')-C(4') 77.0(8) 

-106.4(8) 
C(6')-0(l')-C(2')-C(2'-l) 177.7(7) 
C(6')-0(I')-C(2')-C(3') 2.2(10) 
C(2')-0(1')-C(6')-C(5') -0.8(10) 
0(l')-C(2')-C(3')--C(4) -0.6(10) 
C(2)-C(3')--C(4')-C(5') -2.2(10) 
C(3')-C(4')---C)5')--C(1 ]) -179.7(6) 
C(3')-C(4')-C(5')-C(6') 3.4(10) 
C(I I)-C(5')-C(6')-0(1) -178.8(6) 
C(4')-C(5)-C(6)-0(1') -2.1(11) 

The sign convention is such that the sign is positive if 
clockwise rotation is required of atom (1) to eclipse atom (4 
whilst looking down the (2)-(3) bond. 

ring, and there is little multiple-bond character in th 
C(3')-C(3'-]) bond length which approximates to twic 
the covalent radius of an sp2-carbon. 
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FIGURE 1 Projection down the crystallographic ci axis 

related by a translation of y [0(4'-I) 	. 0(17-1) = 

2.87(1) A where * denotes the symmetry operation x, 

1 +y, z]. 
The derived structure (1) for the parent metabolite 

contains no acetyl group. Hence it is suggested that the 
name acetylcolletotrichin be replaced by colletotrichin. 

The 11-1 n.m.r. signal at r 7.65 (s, 3 H), originally 

assigned 2 to an acetyl group, can now be assigned to the 
C(2')-methyl group on the y-pyrone [cf. the C-2 and C-6 

methyl signals of compounds (3) 3 which occur at v 7.61 

and 7.77 respectively and the C-methyl signal of com-

pound (4) 4  at r 7.81. The vCo band at 1 736 cm, 

also assigned 2 to an acetate carbonyl, can now be re-
assigned to the methoxycarbonYl group at C(3') of the 
y-pyrone ring. The i.r. absorption at 1 660 cm' agrees 

with that observed 4 (1 662 cm-1) for the carbonyl of 
the y-pyrone (4) and the bands at 1 607 and 1 588 cm-1  

are the vC=o absorptions of the pyrone. The u.v. 

spectrum, x 	261 (c 7000), agrees with the data  
for the y-pyrone chromophore in compound (5). All 
other spectroscopic assignments made by Grove et al.2  

fit structure (1). Structure (1) also explains the 
observed 2 instability of colletotrichin to basic conditions 

J.C.S. Perkin I 

FIGURE 2 Arrangement of molecules in the unit cell 

EXPERIMENTAL 

General details are given in refs. 1 and 14; i.r. spectra 
were determined for Nujol mulls except where stated 
otherwise. 

Isolation of ColleloEriCJZifl (1) ..__.ColletotriChum capsici Syd. 

Butler and Bisby strain 1287, obtained from I.C.I. (Phar-
maceuticals) Ltd., was stored on slopes of 2% malt agar 
under liquid paraffin. For inoculation a spore suspension 
was prepared from agar slopes, grown for 7 days in medicine 
bottles. The spore suspension was dispensed (1 ml per 

1496 
In the crystal packing (Figure 2) all the intermolecular 

distances are larger than the sums of the relevant van 
der Waals radii but there is a slight interaction between 
the C(17) tertiary hydroxy-group and the C(4'-l) car-
bonyl oxygen of the y-pyrone in molecules which are 

and the alkaline hydrogen peroxide oxidation to an 
acid for which structure (6) can now be considered. 

The mass spectrum of colletotrichin can be rationalised 
by cleavage of the C(9)-C(l1) bond to give the base peak 

m/e 212 (C10H1205) containing the pyrone ring and m/e 

243 (C18H) containing the terpenoid portion. In the 
mass spectrum of the bis-TMSi ether, the three most 
intense peaks at mf e 212, 199, and 131 probably arise by 

cleavage of the C(9)C(ll). C(ll)-C(5'), and C(16) 

C(17) bonds respectively. 
Colletotrichin (1) is one of the few natural y-pyroneS 

and the first which is polyprenylated. Another notable 
feature is the novel terpenoid ring system though since 
our preliminary announcement 6  of structure (1) for col-
letotrichin, the dialdehydes (7) and (8) have been isolated 
from liverwortS.78  The interesting biochemical pro-
perties of colletotrichin may be primarily associated 
with the pyrone ring; the y-pyrone, aureothin," shows 
mammalian toxicity and the aurovertins

IL  are potent 

inhibitors of ATP-synthesis and ATP-hydrolysis cata- 
lysed by mitochondrial enzymes. 

Since the publication of a preliminary account 6  of this 

work, the single crystal X-ray structure of colletotrichin 
has been reported in preliminary form 

12 and serves to 

confirm structure (1). More recently the preliminary 

account of [13C]-biosynthetic studies has been pub-

lished 13 indicating that colletotrichin is a mero-norditer 

pe ne. 
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flask) into penicillin flasks (9 in diameter) each containing 	9.14 (s, 	15-H,), 9.02 (s, 	14-H,), 8.83 (s, 18- and 19 200 ml of a medium consisting of dextrosol (5%), 	 7.95 

	

potassium 	(s, OCOMe), 7.65 (s, 2'-H,), 6.12 and 6.10 (boi 

	

dihvdrogen phosphate (1%), ammonium nitrate (0.240/,,), 	CO,Me and OMe), 5.75 (m, 3-11), 5.44br and 5.27br (12 magnesium - sulphate 	heptahydrate 	(0.20%), 	and 	trace 	tn/c 532 (M, 9%), 517 (11), -514 (11), 501 (8), 483 elements solution (1 ml 1_I). 	The fermentations, at 	4.5, 	445 pH 	(7), 439 (13), 385 (11), 212 (100), 	197 (19), 	165 were monitored by g.l.c. [TMS1 derivative; 	2% OV-17, 	113 (46), 67 (37), and 43 (37). glass column (152.5 x 0.64 cm); isothermal, 265 °C; RT 	X-Ray Data Collection.—The mono-acetate (2) grew, I 28 mm] and tIc. [silica gel; 	ethyl acetate-light petrol- 
eum-acetic acid 	(60: 35: 5); 	RF 0.2); 	yields of colleto- 

ethyl acetate-light petroleum, as colourless needles e 
gated 	in the c direction. trichin reached a maximum at 28-32 days. Oscillation and 	Weissen] 
photographs were taken to establish 

From a large-scale fermentation, carried out at M.R.E. 
Porton Down, the culture filtrates (50 1) were 

unit-cell parame 
and space group. 	Diffracted intensities were collected \ Mo-Ic 

	

extracted 	radiation to 2O,, 	50°, as previously describe 

	

with chloroform to yield a crude product (12 g) which was 	using a crystal (0.2 x 0.83 x 0.35 nm), mounted 	0: adsorbed on silica gel (25 g) and placed on top of a column 	Syntex P21  four-circle difiractometer linked to a N (70 x 5 cm) of silica gel (500 g). 	The column was eluted 	1200 computer. 	The scan rate varied from 0.049° with 500-ml portions of 2, 5, 10, 25, 50, and 750, 	diethyl 
ether in light petroleum, then with ether (1 1) followed by 1-1 

s 
0.490° s', linearly coupled to a preliminary 2-s peak co 

fractions of 1, 2, 5, 10, and 25% methanol in ether. 	The 
which varied from 	100 to 800. 	Of 3 006 independ reflections 	measured 	1 554 	satisfied 	the last fraction yielded 1.27 g of material which was crystallised criterion 	1 2.5o(I) 	where a(I) 	is 	the 

from ethyl acetate-light petroleum to give colletotrichin estimated standard devjat 
based on counting statistics, and only these were (1.0 g). 	Further purification by p.l.c. on silica gel layers 

(0.8 mm), developed with ethyl acetate-light petroleum- 

used the 	least-squares 	refinement 	of 	the 	structure. 	Th 
acetic acid 	(9: 10: 1) gave colletotrichin (RF  0.5) which 

standard reflections were re-measured every 40 reflecti( 
to ensure the stability of the crystal and 	 '1 crystallised from ethyl acetate-light petroleum as small 

needles, m.p. 181-184 °C (lit.,2  186-187 	C) (Found: MI 

apparatus. 
crystal 	showed 	no 	appreciable 	decay. 	No 	absorpti 

490.290. 	C2 H 2O7 	requires 	Al' 490.293); 	3 300, 
corrections were made. 

The structure was solved by direct methods 3 145, 1 748, 1 663, 1 620, 1 583, 1 265, 1145, and 892 cm'; 
'r(CDCI3) 9.22 (s, 15-H3), 9.05 (14-H3), 8.78 and 8.74 (both s, 

using I 
MULTAN program 16  run at the University of Glasg 

18-H3  and 19-H3), 7.66 (s, 2-H3), 6.34 (m, 3a-H), 6.13 and 
computer centre, and refinement was carried out with t 
'X-Ray System of Programs ' ' available 6.10 (both s, CO,Me and OMe), 5.74 brand 546 br (12-H2); on the CDC 76 
computer at the University of London. tn/c 490 	(M, 	3%), 475 	(6), 472 (11), 459 (8), 	457 	(14), 

441 	(26). 403.210 (9; 	C23H310 	requires 403.212), 385.201 
Crystal Data.—C30H440,, M = 532 6, orthorhombic a 16.370(12), b = 11.919(3), (10; 	C23112,06 	requires 	385.202), 	261.222 	(2; 	C18H290 

c = 15.506(9) A, U = 3 025(5). at T = 293 K, Dm  (flotation) 	1.17 g cm-3, Z = 4, D requires 261.222). 243.211 (25; 	C18H,, requires 243.211), 
212.068 (100; 	C10H3205  requires 212.068), 197 (27), 180(16), 

1.169 	g 	cm-3, 	F 	(000) = 1152 	Space 	group 	P21 21  Mo-K3  X-radiation 179 (13), 165 (32), 113 (57). 67 (55), and 43 (44); 	ni/c (bis- 
A = 0.71069A 	(Mo-X3 ) = 0.78 cm 

The structure was determined by the TAI Si ether) 634 (.Al', 1%), 619 (9), 603 (2), 544 (7), 529 (4), 
513 	(12), 	475 	(11), 	439 	(11), 	385 	(12), 	243 	212 

multi-solutic 
method of crystal structure solution, deduced by Ge,-ma: (16). 	(60). 

199 (63), 131 (65), 75 (100), 73 (92), 55 (165), and 43 (64). 
and Woolfson.38 	The origin and enantiomorph definii- 
reflections were chosen and their 	fixed Jones 0xidaIion.—Ccjl1etorjc}1n (15 mg) in acetone (I ml) phases 	according i normal criteria. 	It was decided to include two was treated with Jones reagent (3 drops) at 0 °C. 	After 

2 min methanol (2 ml) was added and the mixture was 

speci, reflections (i.e. those whose phases were restricted to one 
filtered 	through a short column of silica. 	Removal of 

two values by the space group symmetry) and two generi 
reflections, and these were chosen by the MULTAN the solvent gave 3-oxocolletotrichin which crystallised from prc gram.16 	Finally for each of the 64 sets of phases generate ethyl acetate-light petroleum as prisms (8 mg), m.p. 186— 

188 °C (lit.,' 187-188 °C); 	). by the tangent formula, figures of merit were calcu1ate 
(EtOH) 262 nm (r 7600); 

(CHCI,) 1 746, 1 672, and 1 591 crrr'; 	T(CDCI3) 8.97 
One set of phases had a combined figure of merit 3.0 am 
from the subsequent E map based 	these (s, 	15-H3), 	8.91 	(s, 	18- and 	19-H3), 7.64 	(s, 2'-H,), 5.67br 

and 5.38br (12-H2); 	ni/c 488 (M, 8°.), 

on 	phases, 28 atom 
were located at chemically reasonable positions 	After 470 (34), 455 (31), 

401 	(22), 	212 	(36), 	211 	(30), 	113 	(47), and 43 (100); 	ni/c 
cycles 	of 	isotropic 	least-squares 	refinement, 	R = 0.26 
The remaining 10 non-hydrogen atoms (mono-TMSi ether) 560 (Mt, 50/ ), 545 (5), 529 (2), 439 (15), were located iron 
successive electron-density difference syntheses 212 	(24), 	210 	(26), 	199 	(100), 	130 	(39), 	131 	(48), 	97 	(40), The data proved insensitive to atom type and 	it 75 (40), 73 (57), 43 (90), and 41 (75). 

Collecloirichin 
so 	wa 

only during the final cycles of refinement that the chemica 'nonoacetate 	(2).—Colletotrichin 	(40 mg) 
was stirred for 36 h at room temperature in acetic anhydride 

nature of the molecule was confirmed (Figure 1). 	The  
hydroen atoms were set at calculated (2 ml) and pyridine (12 drops). 	The mixture was acidified 

with dilute hydrochloric 
positions (C-H 0.95 A) except for the methyl and hvdroxy-hydrogens 

acid and extracted with ethyl 
acetate (3 x 10 ml). 	The solvent was removed in L'acuo 

which were located from difference-Fourier maps. 	All the 
to give an oil which was purified by p.l.c. on 0.8-mm layers parameters for the hydrogen atoms were fixed during refine- 

ment (U 	= 0.076 A') 	In the final cycles, refinement of silica gel, developed with ethyl acetate-light petroleum- was 
by blocked-matrix least-squares with qcetic acid (9: 10: 1). 	Elution of the band at RF 0.2 gave 

he tnono-acetate (2) as prisms (22 mg) m.p. 167-168 °C 

anisotropic thermal 
parameters for all non-hydrogen atoms. 	The weighting 

(from ethyl acetate-light petroleum) (Found: 	Al' 532.303 
scheme used for refinement was u' = (3.25 - 0.4 I01F1 + 0.022IF0I2 - 0.000 31F0!3), 	devised 	to C,1,H 44O7  requires .A7' 532.304); 	v, 	3 410, 	1 743. 	1 662, 

1 618, 	1 583, 	1 410, 	1 240, 

minimise the van- 
ation of <w (1SF) 2 > with 	F,,I. 	The refinement converged 887, and 800 cm'; 	'r(CDCI,) at R = 0.058 (R' = 0.074) with a mean shift/error value in 
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he final cycle of 0.05. A final electron-density difference- 
'ourier synthesis showed no peaks >0.3 e 	or <-0.4e 

Atomic scattering factors for carbon and oxygen 
vere taken from ref. 19, and for hydrogen from ref. 20. 
Tinal atomic co-ordinates are listed in Table 1; temperature 
actors and observed and calculated structure factors are 
isted in Supplementary Publication No. 22484 (12 pp.). 

We thank the S.R.C. for Research Studentships (R. G., 

C. K. H.. and T. J. S.): Dr. R. J. Pryce for preliminary 
txploratory experiments: and Dr. J. Melling for his expert 
ielp with the large-scale fermentation. 
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The Biosynthesis of Fungal Metabolites. Part 1111 Structure o 
xanthone and Taj ixa nthone, Metabolites of Aspergilus variecolor 

I 	 By Kuldip K. Chexal, Christopher Fouweather, John S. E. Holker, Thomas J. Simpson, and Kenneth 
Young, Robert Robinson Laboratories, University of Liverpool, P.O. Box 147, Liverpool L69 3BX 

The structures of shamxanthone and tajixanthone, optically active metabolites of Aspergi/us varieco/or, are shown 
to be (1 R,2S)-1 .11 -di hydroxy-2-isopropenyl-5-methyl-8- (3-methyl but- 2enyl)- (IV) and ( R.2S)-8- [(2S)- 

2-
one (V) respectively. These structures were established by detailed analyses of the 1H and 13C n.m.r. spectra 
of the metabolites and their derived compounds as well as by chemical degradation of the substituted dihydrobenzo-
pyran system. The absolute configurations were assigned by application of the Horeau asymmetric synthesis. 

THE isolation of six optically active xanthones from 
cultures of Aspergillus variccolor (Curzi) (A. sleliafus) 
has been reported 2  and structures (I), (II), and (III) 
have been proposed for three of these; shamixantlione 
(C25H2605), tajixanthone (C25112606), and ajarnxanthone 
(C251-12404) respectively.3  In view of the apparent 
novelty of these structures we have carried out a re-
examination of the same strain of A. variccolor ' and 
have isolated a number of metabolites, two of which 
are clearly identical with shamixanthone and taji-
xanthone. We now report investigations leading to new 
structures (IV) and (V) respectively for these metabolites. 

t We are grateful to Dr. A. Karnal for supplying this strain of 
A. variecolor. 

' I'art II, J. R. Hadfield, J. S. E. Holker, and D. N. Stanway, 
J. Chem. Soc. (C), 1967, 761. 

The presence of a eri-hydroxvxantlione chromophore 
in these compounds is indicated by the identical u.v. 
spectra, 	392, 292, 275, 270sh, 256, and 242 nm 
( 5100, 7400, 27,400, 25,400, 18,800, and 20,800), is. 
bands at 3240-3100 and 1642 cm', and a singlet at 
'r —258 (111, exchangeable with D20), in their 1H 
n.m.r. spectra. Furthermore, both compounds give 
typical iron(in) chelate colourations. This structural 
conclusion represents the limit of our agreement with 
previous workers .3 

The presence of a secondary alcoholic function in both 

2  A. Kamal, S. A. Husain, H. Noorani, Al. Murtar.a, J. 1-1. 
Qureshi, and A. A. Qureshi, Pakistan J. Sci. Ind. Res., 1970, 13, 
251. 

A. Karnal, S. A. Husain, and A. A. Qureshi, Pakistan J. Sci. 
Ind. Res., 1971, 90 and 104. 
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(a) In addition to the usual vic- and allylic couplings 
in the C-prenyl residue which serve to confirm this 
structural feature, the methylene protons of this 
residue show an allylic coupling (J 05 Hz) with the lower 
field ortho-coupled aromatic proton. Hence the prenyl 
group is located in a tetrasubstituted aromatic ring. 

(b) The protons of the aromatic methyl substituent 
are coupled (j 0-9 Hz) with the aromatic proton, 'r 275, 
referred to above. Since this proton shows no further 
coupling, the methyl substituent is located in a penta-
substituted aromatic ring.  

tively), they correspond to gauche-conformations of 
the individual protons, and the substituent R in this 
system must therefore have a pseudo-axial conformation. 

(d) In the spectrum of shamixanthone the isopro-
penyl group shows the usual gem-coupling of the H2CC( 
protons (J 14 Hz) and allylic couplings between these 
and the methyl group (J ca. 08 and 14 Hz respectively). 
However, each of the H2CC( protons is also coupled 
with the high field proton of the -0CH2CH(R)CH(OH)-
fragment (J 14 and Ca. 06 Hz respectively). Hence, 
the substituent R in this fragment is defined as the 

Me 	 CH2 CH=CMe2  

OH 

R2  
Me.- 	0 

o1 

Me 
/O\  

R1  = H, R 2= CH 	CH—CMe 2  (S-configuration) 
O\  

O() 	R1  = Me,R= CH2  C '—CMe 2  (S -configuration) 

O1) 	R1 r Me,R 2 ZCH 2 .CH (OH)'C(OMe) Me  
(s-configuration 

4. 

H ,, ,0H 	 HOH 

CH2  C(OMe)Me2 	 CH 'C(0Me)Me2  

Me 

0 
I1I1II1jIJ 	

R2 0 	 0 
OHOH 	

2CCH2 

Me 0 

(J) R1 r CHO , Rr H 

()OK1DL( R 1r H , R2 = Me 

(c) The fragment -0.CH2CHRCH(CH)- is established 
by chemical shift considerations, hydroxylic proton 
exchange with D20 discussed earlier, and vic-couplings. 
Although the methylene protons of this fragment have 
the same chemical shift at room temperature (T 564), 
they begin to separate at low temperature, and in the 
hydrogenated derivatives (IX), (X), and (XII) they 
are non-equivalent, showing the typical AB portion 
of an ABX spectrum (t 574 and 558 respectively 
in tetrahydroshamixanthone). This suggests that the 
fragment -0CH2CHRCH(OH)- is in a cyclic system 
as part of a substituted dihydrobenzopyran ring. 
Furthermore, since the vic-couplings of this system 
are all small (Table 2b) (J 28, 32, and 28 Hz respec- 

isopropenyl group in shamixanthone and as isopropyl 
in the tetrahydro-derivative (Table 2b). 

At this stage the partial structure (XVII) can be 
advanced for shamixanthone, the only features to be 
decided, apart from stereochemical considerations, being 
the positions of the aromatic methyl and prenyl sub-
stituents in rings A and c respectively. The latter was 
established from the following considerations. (a) 
Tajixanthone and tetrahydroshamixanthone gave nega-
tive Gibb's tests under the modified conditions of 
King et al.6  The 4-position of the 1-hydroxyxanthone 
system must therefore be substituted by the prenyl 

6 F. E. King, T. J. King, and L. C. Manning, J. Chem. Soc., 
1957, 563. 
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residue. It is interesting that shamixanthone slowly 
developed a positive reaction with the Gibb's re-
agent. Although the reason for this is not clear it does 
not invalidate the general conclusion. 

No loss of 56 mass units was seen in the mass 
spectrum of shamixanthone. o-Prenyl phenols 
characteristically show this loss.7  

The 'H n.m.r. spectrum of O-methyltajixanthone 
(VII) in 75% CA-CDC1, showed an upfieid shift of 
036 p.p.m. for the methoxy-protons, compared with 
the spectrum in CDC1,. This indicates that at least 
one of the positions ortho to the methoxy-group is 
unsubstituted.8  

The position of the aromatic methyl substituent in 
ring A of the metabolites was established by the following 
reaction sequence, which also provides confirmatory 
evidence for the substituted dihydrobenzopyran ring. 
Oxidation of tajixanthone with osmium tetraoxide and 
sodium periodate gave the methyl ketone (XVIII) 
(.t.  769 and v 	1710 cm-1). Since this compound is a 
3-hydroxyketone it was readily dehydrated with potas-
sium hydroxide in methanol to the a) -unsaturated 
ketone (XIX) 	1660-1640 cm') which had 'H 
n.m.r. signals at 750 (Me-CO) and 1-09 (t, J 15 Hz, 

-CH4-CO-, allylic coupling to ring methylene group). 
The very low field chemical shift of this vinyl proton 
is due to the deshielding effect of the xanthone carbonyl 
group. Reaction of compound (XIX) with osmium 
tetraoxide, decomposition of the resultant osmate ester 
with hydrogen sulphide, and subsequent addition of 
methanol, gave the vic-diol (XXII), in which the ele-
ments of methanol had added across the epoxide ring. 
Oxidation of this compound with periodic acid in ether 
gave the formyl-acid (XXIII), formed by cleavage of 
the vic-diol followed by oxidative fission of the resultant 
x-diketone. The structure of this compound was estab-
lished by its 'H n.m.r. spectrum in (CD,),CO which 
showed signals at r 537 (-OCH,CO2H) and —061 
(ArCHO). The corresponding methyl ester, prepared 
with diazornethane, was decarboriylated with chloro-
tristriphenylphosphinerhodium(i) in benzene 10  to give 
the product (XXIV), in which the chemical shifts of 
the two ring A aromatic protons were readily differenti-
ated since the signal at r 258 showed the usual 09 Hz 
coupling with the aromatic methyl substituent and that 
at r 276, which must be due to the newly introduced 
proton, showed no coupling greater than ca. 03 Hz 
which represented the spectral resolution obtained 
[spectrum in (CD,),CO]. The absence of in-coupling 
between these two protons defines the position of the 
methyl substituent in ring A and provides the final 

* The numbering of the non-aromatic carbon atoms in these 
metabolites accords with the system devised for the biogenetically 
related compound, arugosin C.12 

J. A. Ballantine, D. J. Francis, C. H. Hassall, and J. L. C. 
Wright, J. Chem. Soc. (C), 1970, 1175. 

8 A. Pelter, R. Warren, K. K. Chexal, B. K. Handa, and W. 
Rahman, Tetrahedron, 1971, 27, 1625, and references cited therein. 
23. R. E. Ireland and J. Newbould, J. Org. Chem., 1963, 28, 

piece of evidence which establishes structures (IV) 
and (V) for shamixanthone and taj ixanthone respectively, 
apart from stereochemical assignments. 

The mass spectra of the metabolites accord with the 
proposed structures and the principal fragmentation 
patterns of structural interest are summarised in 
Schemes 1 and 2. Since both shamixanthone and 
tajixanthone show relatively abundant ions due to 
losses of C5H8  and CA,  these must occur principally 
from the substituted dihydrobenzopyran residues. 
It is probable that rearrangement of the parent ions occur 
leading to 0-prenyl aldehydes, as illustrated for shami-
xanthone in Scheme 1. Subsequent losses would then 
be as expected for prenyl ethers, leading to ions a and b 
from shamixanthone and a' and b' from tajixanthone. 
Ions a and a' further fragment by loss of CO, presumably 
from the aldehyde groups, giving ions c and c' respec-
tively. Other fragmentations of both parent ions are 
similar and include losses of H2O, presumably from the 
secondary alcohol portions, giving ions d and d' re-
spectively. A series of fragmentations of particular 
interest in tajixanthone is represented by ions h', i', 
and j' due to successive losses of CH,O, C,H4, and 
H2O respectively from the parent. Ion j' represents 
the base peak of this spectrum. This fragmentation 
pattern is characteristic of C-prenyl epoxides 11  and 
is thought to arise by initial pinacol type rearrangement 
to give ion g', followed by fragmentations as shown in 
Scheme 2. In the case of shamixanthone the interest-
ing loss of Me from ions c and d to give ions e and f 
respectively is typical of an aromatic prenyl sub-
stituent with ether oxygen in the 0-position." The 
mass spectra of the methyl ethers (VI) and (VII) are 
characterised by losses of C,H9  giving base peaks at 
rn/e 351 and 367 respectively. 

The relative and absolute stereochemistry of shami-
xanthone and tajixanthone must now be considered. 
In shamixanthone (IV) there are two chiral centres, 
C(20) and C(25), and in tajixanthone the additional 
centre at C(15).*  Furthermore, since tajixanthone 
has been converted into shamixanthone both com-
pounds have the same absolute stereochemistry at C(20) 
and C(25). The absolute configuration at C(15) in 
tajixanthone was readily established by the method of 
Boar and Damps.13  Thus, methylation of the re -un-
saturated ketone (XIX) gave the methyl ether (XX) 
which was converted into the dimethoxy-alcohol 
(XXI) by acid-catalysed methanolysis. This compound 
was treated with (+)-a-phenylbutyric anhydride, as in 
the Horeau asymmetric synthesis,14  to give an excess 
of (—)-x-phenylbutyric acid (optical yield 33%). 
Hence, tajixanthone has the (15S)-configuration, as 
shown in structure (V). The absolute configuration at 
C(25) was also established by the same method. Thus, 

10  Y. Shimizu, H. Mistuhashi, and E. Caspi, Tetrahedron 
Letters, 1966, 4113. 

11  J. K. MacLeod, Org. Mass Spectrometry, 1972, 6, 1011. 
12 J. A. Ballantine, V. Ferrito, C. H. Hassall, and M. J. Jenkins, 

J.C.S. Perkin I, 1973, 1825. 
11  R. B. Boar and K. Damps, J.C.S. Chem. Comm., 1973, 115. 
14  A. Horeau, Tetrahedron Letters, 1961, 506; 1962, 965. 
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metabolites is established by the 111  n.m.r. spectra 
which show a hydroxylic proton, exchanged with 
D20, at T 498 (d, J 39 Hz) with the corresponding 
CHOH signal at r 461 (q, J 39 and 28 Hz, collapsing 
to d, J 28 Hz after D20 exchange). The 0-H stretching 
at 3515 cm-1  in the jr. spectrum of shamixanthone is 
independent of concentration and this high frequency 
suggests that the group is not hydrogen bonded. It is 
unusual to find a secondary alcohol which does not form 
an intermolecular hydrogen bond in concentrated 
solution and indicates that the hydroxy-group must be 
in a sterically crowded environment. Methy]ation 

(VIII) which had typical 'H n.m.r. signals at 'r 793 
(Me-CO) and 302 (methine proton shifted 155 p.p.m. 
to low field compared with parent alcohol). 

Two isolated olefinic double bonds were shown to be 
present in shamixanthone by oxidation with one mol. 
equiv. of monoperphthalic acid to give a monoepoxide, 
and with excess of reagent, a diepoxide. The 1H 
n.m.r. spectra and m.p.s of the monoepoxide and 
tajixanthone were identical, establishing the structural 
relationship between the two metabolites. This was 
confirmed by conversion of tajixanthone into shami-
xanthone by reaction with triphenylphosphine selenide 

Me Me 
Me Me 

	

Me 	
•Me 

Me 

	
Me 	

C H2 	

e 

	

Me 	

H 2 

OH 	 M oo  H OH 	C 2  OH 
0 

Me 
Me 	

OH CH2 

	

OH 	Me 

U 	 Im 

17 

	

14 15 16 Me 	 H¼ 
CH2  CH=C 

NA e e 	ii o 	 Me 
3 	 15 	 Me 	 Me o CH,CH2CHMe 

	

13 	2 

21 OH 	 OR2 
Me CH2 
23 	2 	 Me 	

CH2 	 CHMe, 2  

(DI) R r H 	 (Y) R1  = R 2= H 	 (X) X = OH 
(L1i)RrMe 	 (Vfl)R 1 =Me,R'=H 	 ocux= H 

)) R1  = Me, R2 r Ac 

(E) R 7 Cl-42  CH=CMe 2  
20\ 

R = OH, . CH—CMe )S -  configuration) 

OH (X) 

	

	R = CH 2  CH (OH) CHMe 2  (S-configuration) 

R = CH 2 'CO  - CHMe 2  

CHMe2 	 01[) R 	CH2  CH (OH)• C (OMe)Me 2  (5- configuration) 

R z CH2 CO C )OMe)Me 2  

of shamixanthone and tajixanthone with methyl iodide 
and potassium carbonate in acetone gave the mono-
methyl ethers (VI) and (VII) respectively, and the second-
ary alcoholic 0-H stretch was now at 3470 cm-1  in the 
jr. spectrum of (VI). Since this is at lower frequency 
than in the parent (IV) and is unchanged on dilution, 
the hydroxy-group must now be intramolecularly 
hydrogen bonded. The change from a non-bonded 
hydroxy-group in the parent metabolites to an intra-
molecularly bonded group in the methyl ethers suggests 
that the OH group is relatively close to the xanthone 
carbonyl and becomes hydrogen bonded when the 
original strong hydrogen bond of the peri-phenolic 
hydroxy-group is removed by methylation. Acetyl-
ation of tajixanthone methyl ether gave the acetate 

D. L. J. Clive and C. V. Denyer, J.C.S. Chem. Comm., 1973, 
253. 

and trifluoracetic acid, a reaction which effects the 
conversion of an epoxide into an alkene.4  

Hydrogenation of shamixanthone with chlorotristri-
phenylphosphinerhodium(i) catalyst in benzene 6  gave 
the dihydro-derivative (IX), with palladium-carbon 
in ethyl acetate, the tetrahydro-derivative (X), and 
with platinum in ethyl acetate, a mixture of the tetra-
hydro-derivative (X) and the tetrahydrodeoxy-deriv-
ative (XI). The formation of the latter compound 
indicates that the secondary alcoholic hydroxy-group 
is benzylic and this is confirmed by the position of the 
signal of the methine proton (T 4.61) in the 'H n.m.r. 
spectrum of shamixanthone. Hydrogenation of taji-
xanthone with a platinum catalyst in ethyl acetate 
gave a mixture of the dihydro-derivative (XII) and the 

J. A. Osborn, F. H. Jardine, J. F. Young, and G. Wilkinson, 
J. Chem. Soc. (A), 1966, 1711. 
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tetrahydro-derivative (XIII) in which the epoxide 
ring had been cleaved to a secondary alcohol, shown 
by oxidation with chromic oxide to the ketone (XIV). 
It is noteworthy that neither in this oxidation nor in 
similar attempted oxidations of shamixanthone (IV) 
and its tetrahydro-derivative (X) has it been possible 
to oxidise the benzyl alcohol group. These observa-
tions, and the hydrogen bonding studies discussed 
earlier, suggest that the benzyl alcohol group must be 
in a ring system and substituted ortho to the xanthone 
carbonyl group. Oxidation would then be difficult since 
the hypothetical derived ketones would have strong 
-teric and electronic repulsions between the introduced 
nd xanthone carbonyl groups. Hydrogenation of 
ajixanthone with palladium-carbon in methanol gave 

compound (XV), in which saturation of the isopropenyl 
double bond was accompanied by addition of the ele-
ments of methanol to the epoxide ring. Presumably 
a trace of acid in the catalyst facilitates this addition. 
Oxidation of compound (XV) with chromic oxide gave 
the methoxy-ketone (XVI). 

TABLE 1 

N.m.r. chemical shifts ["C in parentheses (6); 'H in 
italics (-r)]. 	Solutions in CDC13 

215 
H 	R 

769 252 
(173)

e' H

I-)

98 
331 

(64.4\

5.64 

H
5 -b2  

H5.22 	(225) 

Shamixanthone Ta) ixanthone 
2-147? 

II?,-)?! 
_C_ _Me 

s 55H2C 

	

5 s7H.. 	.0 c' oc:: 	Me Sn 

	

5572-471. 	C 	?2o) - 
(272.) 	I 

(Is 
22 

Me 
524 
12571 

#57 
2411 

Aromatic C-H 	 (135-8) (136-4) 
(118.7) (118-7) 
(109-3) (109-7) 

Aromatic C-O 	 (159-2) (159-7) 
(152.1) (152-3) 
(151-5) (1514) 
(148-8) (149-0) 

Aromatic C-C 	 (137.6) (137-8) 
(120-5) )120-6) 
(118-4) (114-8) 
(116-4) (116-4) 
(108.7) (108-7) 

The principal structural features in shamixanthone 
and tajixanthone were deduced initially from correlations 
of 100 MHz 'H and proton-noise decoupled 252 MHz 

n.m.r. spectral data summarised in Table 1. The 
assignments of individual signals in the spectra were 
made from expected chemical shift values, comparisons 
between the 'H and 13C spectra of the metabolites 
and their derivatives, and off-resonance decoupling of 
the 13C spectra. 

The main conclusions from these studies are sum- 

marised as follows. (a) The spectra of shamixanthone 
(IV) and tajixanthone (V) differ only in the signals 
which must be assigned to an aromatic prenyl sub-
stituent in the former compound and the corresponding 
epoxide in the latter. 

The signals due to the isopropenyl residue in both 
metabolites are replaced in dihydrotajixanthone (XII) 
by the characteristic signals of an isopropyl group with 
non-equivalent methyls, i.e. r 902 and 898 (J 65 
Hz) in the 111 spectrum and at 6 204 and 21-2 in the 
13C spectrum. The CH fragment of the isopropyl 
group occurs at 'r 832 ('H) and 6 252 (13C) in the 
corresponding spectra. 

The aromatic methyl substituent has the same 
chemical shifts in all the above derivatives, i.e. -r 768 
(111) and 8 17-3 (18C). 

The 13C spectra show twelve aromatic carbon 
atoms of which three only are C-H carbons. In the 
'H spectra the corresponding three protons occur as an 
orlho-coupled pair and another showing a small coupling 
(J 09 Hz) which is discussed below. 12C Chemical 
shifts show that four of the remaining nine aromatic 
carbon atoms carry oxygen substituents. 

The signal at lowest field in the 13C spectra, i.e. 
6 183-6 is assigned to the xanthone carbonyl group. 

TABLE 2a 
'H Couplings in shamixanthone (IV) 

H d 

CH2CCb 	 H 
Me 

cd 	7, 'cf 8 5adCa' 06Hz 	1 0-9 Hz 

I b  1-2,1cf ca. 05Hz 

'b'g# 

HC..-o_t 	
' ad °8 ' -'d14 ' 	b'e' 

Hd 	Me0' 	
ca 0.6 	1de 

1 Hz 

He' 

The many couplings in the 'H spectrum of shami-
xanthone were elucidated by extensive decoupling 
experiments using a degassed solution in acid free CDC1,. 
These couplings, which are summarised in Table 2a, 
were vital in the following structural deductions. 

TABLE 2b 
'H Couplings in tetrahydroshamixanthone (X) 

][:::~0 	 1bc 110, Jab 28 , Jac 32, fad 2 8H 
Hb- 	J/Hd 

Hc >S 0 — H 
H R 
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treatment of o-methylshamixanthone with (+)-a-phenyl-
butyric anhydride gave an excess of (+)-a-phenyl-
butyric acid (optical yield 20%). On the assumption 
that the phenyl group is the largest substituent at C(25) 
in this chiral alcohol, then shamixanthone, and corre-
sponding tajixanthone, have the (25R)-configuration as 
shown in structures (IV) and (V) respectively. 

The relative configuration at C(20) in shamixanthone 
and tajixanthone is suggested by the preferred axial 
conformation of the isopropyl substituent in the hydro-
genated derivatives, (IX), (X), and (XII). If this 
substituent and the adjacent hydroxy-group at C(25) 
were cis-related there would seem to be no valid reason 
for this conformational preference. On the other 
hand, a trans-relationship of these two groups would be 
better accommodated in a diaxial rather than a di-
equatorial conformation with its attendant vic-non-
bonded interactions. Hence, it seems probable that the 
isopropenyl and hydroxy-substituents are trans-related 
in the dihydropyran rings of shamixanthone and taji-
xanthone as shown in the structures (IV) and (V) 
respectively. 

The structures of minor metabolites of A. variecolor 
and the biogenesis of all these compounds are being 
investigated and will be reported subsequently. 

EXPERIMENTAL 

Unless otherwise stated, jr. absorption spectra were 
measured with a Perkin-Elmer model 125 instrument 
for KBr discs, u.v. spectra with a Unicam SP 800 instru-
ment for solutions in ethanol, 1H n.m.r. spectra with a 
Varian HA-100 instrument for solutions in acid-free 
deuteriochioroform containing tetramethylsilane as in-
ternal standard, 13C n.m.r. spectra with a Varian XL-
100-15 FT spectrometer for similar solutions, and optical 
rotations with an ETL-NPL automatic polarimeter for 
solutions in chloroform. Mass spectra were measured 
at 70 eV with an A.E.I. MSI2 spectrometer and accurate 
masses with an MS9 instrument. Thin-layer chromato-
graphy (t.l.c.) was performed using silica gel G.F. (Merck). 
M.p.s were determined with a Kofier hot-stage instrument. 
Spectral data marked with an asterisk are listed in Supple-
mentary Publication No. SUP 20992 (12 pp.,  1 micro-
fiche) 

Isolation of Sharnizant/zone (IV) and Tajixanthone (V) 
Aspergillus variecolor, I.M.I. strain 112543, was grown 
from a spore suspension in static culture for 15 days at 
25° in flat vessels (Ca. 11 capacity), each containing Czapex-
Dox medium (500 ml). The dried mycelium (ca. 7-8 g) 
was ground and continuously extracted with light petroleum 
(h.p. 40-60°). The resulting dark oil was triturated with 
warm methanol and the methanol-soluble fraction evapor-
ated to give a yellow solid which was fractionated by 
preparative t.l.c. using benzene-ether (95: 5 v/v) as 
developing solvent. Shamixanthone (IV) was eluted with 
ethyl acetate from the band with R 060, and crystallised 
from methanol to give yellow needles (40-60 mg-1), 
m.p. 154-156°, [a]D24  ±1F9°  (c 1'92), Vmx.* A* (Found: 
C, 738; H, 64. Cale. for C25H2605 : C, 739; H, 6.5%). 
Tajixanthone (V) was similarly eluted from the band with 
RF 0'35 and crystallised from methanol to give yellow  

needles (60-80 mg 1), m.p. 1581590, [a]D24  —56°  (c 
2.44), v.,*Amx *  (Found: C, 71'1; H, 6•2. Cale. for 
C25H2606 : C, 71'3; H, 6.6%). 

Met hylation of Shansixant hone and Tajixanlhone.—On 
reaction with methyl iodide and anhydrous potassium 
carbonate in acetone, shamixanthone (60 mg) gave (1R,2S)-
1-hydroxy-2-isopropenyl- 1 1-methoxy-5-melhyl-8-(3-nseihyl-
but-2-enyl) -2, 3-dihydro- 1H-pyrano[3, 2-a] xant hen- 12-one 
(VI), needles (45 mg) from acetone-light petroleum (h.p. 
60-80°), m.p. 170-171°, [a]D24  +223° (c 1.34), 	,* 

(Found: C, 74'2; H, 6'8. C26112805  requires 
C, 743; H, 6.7%). 

Under similar conditions, tajixanthone (100 mg) gave 
(1R, 2S) -8-[(2S) -2, 3-epoxy-3-methylbuivl]- l-hydroxy-2-iso-
propenyl- 1 1 -nzethoxy-5-methyl-2 , 3-dihydro-1H-pyrano[3, 2-a]-
xanlhen-12-one (VII), needles (72 mg) from methanol-
ether, m.p. 176-177°, 10CID24 +18'7° (c 2.0), vm ,* A* 
T,* 	(Found: C, 713; H, 62. C26112806  requires C, 
716; H, 6.4%). Acetylation of 0-methyltajixanthone 
(VII) (100 mg) with acetic anhydride-pyridine under the 
usual conditions gave the monoacetate (VIII) as a gum 
(86 mg), VL,* n/e.* 

Epoxidat ion of Shamixanthone.—Shamixanthone (50 mg) 
was treated with 1 mol. equiv. of monoperphthalic acid 
(23 mg) in ether (50 ml) at 0° for 4 days. The ether solu-
tion was then extracted with saturated sodium hydrogen 
carbonate solution (3 x 20 ml), washed with water (3 x 
20 ml), and dried (MgSO4). After removal of the solvent, 
the residue was recrystallised from methanol to give 
tajixanthone (42 mg), nip. and mixed m.p. 158-159°, 
with identical jr. and 1H n.m.r. spectra. 

Treatment of shamixanthone (50 mg) with an excess 
of mdnoperphthalic acid (00 mg) under similar conditions, 
gave the diepoxide (38 mg), yellow needles from methanol, 
m.p. 193-194°, [.]24 —460° (c 056), Vfl  

Conversion of Tajixanthone into Shamixanthone.—Taji-
xanthone (100 mg) and triphenylphosphine selenide (242 
mg) in dichioromethane (30 ml) were stirred with trifluoro-
acetic acid (27 mg) for 12 li at room temperature. After 
filtration through Celite and removal of the solvent, the 
residue was purified by t.l.c. using ether-benzene (5 : 95 
v/v) as developing solvent. The band, RF 0'60, was re-
moved and extracted with ethyl acetate to give shami-
xanthone, yellow needles (70 mg) from methanol, m.p. 
and mixed m.p. 154-156°, with identical i.r. and 1H 
n.m.r. spectra. 

Hydrogenation of Sharnixanthone..—(a) Shainixanthone 
(148 mg) in dry benzene (20 ml) was stirred under hydrogen 
for 24 h with chlorotristriphenylphosphinerhodium(x) 
(160 mg) in dry benzene (10 ml). After removal of the 
solvent, the residue was purified by tIc, to give dihydro-
sizamixanthone (IX), yellow needles from methanol (90 mg), 
m.p. 163-165°, 	?,* 'r,' n/e*  (Found: M+, 
408490. C25H2801  requires M, 408.194). 

(b) Shamixanthone (150 mg) in ethyl acetate (50 ml) was 
hydrogenated at room temperature and atmospheric 
pressure for 3 days in the presence of Adams catalyst (100 
mg) to give a mixture of two products which were separated 
by t.l.c., using ether-benzene (1: 9 v/v) as eluting solvent. 
The band, RF  0'56, gave tetrahydros/zaznixanthone (X), as 
yellow needles (80 mg) from methanol, m.p. 141-1420, 

[a] 24  +116 (c 1.07), 	A* .r* (Found: C, 731; 

* For details of Supplementary Publications, see Notice to 
Authors No. 7 in J.C.S. Perkin I, 1972, Index issue. 
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H, 74. C,,H,,O, requires C, 733; H, 7.4%). The band, 
RF 080, gave ietrahydrodeoxyshanixanihone (XI), yellow 
prisms (35 mg) from light petroleum (b.p. 40-60°), m.p. 
78-82°, []24 —73.5° (c  1.2), 	 ,* T (Found: 

C, 76-2; H, 7-6. C26H3,04  requires C, 76i; H, 7-7%). 
(c) Shamixanthone (140 mg) in ethyl acetate (60 ml) was 

hydrogenated at room temperature and atmospheric 
pressure for 24 h in the presence of palladium-carbon 
(10%; 32 mg) to give tetrahydroshamixanthone (130 mg), 
yellow needles from methanol, m.p. and mixed m.p. 141-
1420, with identical i.r. and 'H n.m.r. spectra. 

Hydrogenation of Tajixanthone.—(a) Tajixanthone (120 
mg) in ethyl acetate (100 ml) was hydrogenated at room 
temperature and atmospheric pressure for 24 h in the 
presence of Adams catalyst (100 mg) to give a mixture of 
two products which were separated by t.l.c., using ether-
benzene (1 :9 v/v) as eluting solvent. The band, R 
0-10, gave leirahydrotajixanthone (XIII) as yellow needles 
(32 mg) from acetone-light petroleum (b.p. 60-80°), rn.p. 
185-187°, [a] 24  —50-9 (c 1-75), VmaL *  A* ,* m/e 
(Found: C, 69-7; H, 7.0%; M 1 , 426204. C26H3006  
requires C, 70-4; H, 7.1%; M, 426.204). The band, 
RF 0-24, gave dihydrotajixantlione (XII) as yellow hexagonal 
prisms (40 mg) from acetone-light petroleum (b.p. 60-
80°), m.p. 179-180°, [a] 024  —4-9° (c 2-6),  
T,* c* (Found: C, 70-7: H, 6-6. C25H2806  requires C, 
70-7; H, 6.6%). 

Oxidation of tetrahydrotajixanthone (50 mg) with Jones 
reagent at 0° gave (1 R, 2S) - 1,1 1-dihydroxy-2-isoproj,vl-5-
methyl-8-(3-rnethyl-2-oxobut-yl) -2, 3-diliydro- JH-pyrano-
[3,2-a]xantJen-12-one (XIV), yellow needles (20 mg) from 
methanol, m.p. 163-164°, [a] +184°  (c 1-29), 
A, .r*  (Found: C, 705; H, 6'8. C25H2806  requires 
C, 707; H, 6-6%). 

(5) Tajixanthone (120 mg) in methanol (40 ml) was 
hydrogenated at room temperature and atmospheric pres-
sure for 48 h in the presence of 50,1,)  palladium-carbon 
(20 mg) to give (IR,2S)-1,11-dihydroxy-8-[(2S)-2-hydroxy-
3-methoxy-3-methylbutyl]-2-isopropyl5met/iyl2, 3-dihydro-
1H-pyrano[3, 2-a]  xant hen- 12-one (XV), as yellow needles 
(120 mg), m.p. 156-158°, [a], 2  —86-0° (c 0-70), 
Afl..ax , 'r, in/e* (Found:  M±, 456-216. C26H3207  requires 
M, 456-216). 

Oxidation of this compound (100 mg) with Jones re-
agent at 0° gave (1 R, 2S) - 1,1 l-dihydroxy-2-isopropyl-8-
(3-methoxy-3-methyl-2-oxobutyl) -5-n, et hyl-2 , 3-di/rvdro- I H-
yrano[3,2-a]xanthen-12-one (XVI) which was purified by 

t.l.c. and crystallised from light petroleum (b.p. 60-80°) 
to give yellow needles (60 mg), m.p. 156-157°, [a] 024  
+19-6°  (c 3-0), 	? rnax. , * 	m/e* (Found: M, 454-196. 
C2e1-,3007 requires M, 454.196). 

Osmium Tetraoxide-Peyiodate Cleavage of Tajixanthone.— 
Tajixanthone (100 mg) in 25% aqueous dioxan (50 ml) was 
treated with osmium tetraoxide (20 mg) in dioxan (5 ml) 
and sodium metaperiodate (150 mg). After stirring for 
24 h the mixture was poured into water and the product 
isolated in ethyl acetate. 	(1R, 2S)-2-A cetyl-S-[(2S) -2,3- 
eoxy-3-methylbutyl]- 1,1 1-dihydroxy-5-methyl-2, 3-dihvdro-
1H-pyrano[3, 2-a]xant hen- 12-one (XVIII) separated from 
methanol in yellow needles (90 mg), m.p. 177-179°, 

T* (Found: C, 67-8; H, 6-0. C24H2407  requires C, 
67-9; H, 5-7%). 

Dehydration of the Re/el (XVIII).—The ketol (100 mg) 
in methanol (50 ml) was heated under refiux for 10 min 
with 10% rnethanolic potassium hydroxide (50 ml) and then 

poured into water (200 ml). The mixture was extracted 
with ethyl acetate and the extract washed successively 
with water, 2% sulphuric acid, water, and then dried. 
Evaporation of the solvent gave 2-acetyl-8-[(2S)-2,3-epoxy-
3-met hylbutyl]- 1 1-hydroxy-5-niethyl-3H-pyrano[3,2-a]xan-
then-12-one (XIX) (90 mg), yellow needles, m.p. 192- 
194° (from methanol), v * X,  .r,* 	(Found: C, 
70-5; H, 5-8. C24H220,  requires C, 70-9; H, 5-5%). 

Prepared with methyl iodide and anhydrous potassium 
carbonate, the methyl ether (XX) formed pale yellow needles, 
m.p. 205-207° (from methanol), 'r' (Found: C, 71-1; 
H, 5-7. C25H2406  requires C, 71-4; H, 5-7%). 

Hydroxylation of the açl-Unsaturated Ketone (XIX).—
This compound (400 lug) in dry tetrahydrofuran (40 ml) 
was treated overnight with osmium tetraoxidc (300 mg) 
in tetrahydrofuran (10 ml). After saturating the sus-
pension with hydrogen sulphide the solid was removed 
and the clear solution evaporated. The residue gave 
2-acetyl- 1,2,1 l-trih'ydroxy-8-[(2S)_2_/zydrox.y_3-nze/hoxy3- 
met hylbutyl]-5-met hvl-2,3-dihvdro- I H-pyrano[3 , 2-a]xant hen-
2-one (XXII), yellow rods (300 mg), rn.p. 195-198°, from 
methanol, 	 T,* m/e (Found: C, 63-0; H, 
6-00/'o ; 11.1+, 472-171. C,,H,,O, requires C, 63-5; H, 
6-00/0'; M, 472-173). 

Periodate Cleavage of the Diol (XXII) .-50°/ Periodic 
acid in water (0-7 ml) was added to a vigorously stirred 
solution of the diol (139 mg) in ether (25 ml). After 90 miii 
the pale yellow ether layer was separated, washed with 
water, dried (MgSO4), and evaporated to a yellow oil 
(120 mg) which was crystallised from acetone-light petrol-
eum (b.p. 60-80°) to give the 2-carboxymethoxy-1-formvl-8-
hydroxy-5-[(2S)-2-hydro.r-3-me/hoxy-3met/'ylbutyl]3,ne 
thylxantlione (XXIII) as small yellow rods (85 mg), m.p. 
112-115°, 	X * 	mn /e* (Found: C, 61-5; H, 
5-6%; Al ', 444-144. C,3H2409  requires C, 62-2; H, 
54%; Al, 444-142). 

The Decarbonylation Product (XXIV).—The formyl-acid 
(XXIII) (75 mg) was treated with diazomethane in ether 
and the resultant crude methyl ester in benzene (25 ml) 
heated under refiux for 4 Ii in an atmosphere of nitrogen 
with chlorotristriphcnylphosphinerhodium(j) (100 mg). 
After removal of the solvent the crude oil was purified 
by preparative t.l.c., the band at Rp 0-40 (benzene-ether, 
50: 50) being eluted to give an oil (20 mg) which separated 
from methanol in pale yellow needles of 8-liydroxy-5-[(2S)-2-
hydroxy-3-methoxy-3_methylbutyl]_2-nzethoxicarbonylmeth.. 
oxy-3-nzet/iylxant/zone (XXI\T), imp. 136-138°, 
X, ,* -r,  m/e*  (Found: M', 430-159. C,,H2604  requires 
M, 430-159). 

Methanolysis of the Methyl Ether (XX) .—i'luis compound 
(100 mg) in hot methanol (60 ml) was treated with 72% 
perchloric acid (2 ml) on a steam-bath for 5 min. Time 
solution was then poured into water (200 ml), and the 
product isolated in ethyl acetate and purified by tIc. 
The band, RF 0.3 (benzene-acetone 3: 1), separated from 
methanol in pale yellow needles (85 mg) of 2-acetyl-8-r(2S)-2-
hydroxy-3-methoxy-3-n7etliylbutylj-1 1-umethoxy-5-nietliyl-31-1-

yrano[3,2-a]xanthen-l2-one (XXI), m.p. 229---231°, 

	

(Found: C, 68-5; H, 62. 	C,,HO,O, requires C, 090; 1-1, 
6.2%). 

Determinations of Absolute Stereocliemis/rv.----(a) The
metlianolate (XX1) (90 mg, 0-2 mmol) was treated with 
(+)-a-phenylbutyric anhydride (187 mg, 0-6 mmnol) in 
pyridine (3 ml) for 3 days at room temperature. Water 
(20 ml) was added and after warming to 100°  for 20 mm 
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SCwME I l'riiicipal mass spcctral fragmentations of shainixanthonc; relative abundance of ions in parentheses. Metastable ions 
are indicated 
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0 
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0 OH 

- 

I' nile 333 (100) 
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SCHEME 2 Principal mass spectral fragmentations of tajixanthone 
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the resultant c-phenylbutyric acid (99 mg) was isolated 
(in ethyl acetate), [aID  —64° (c 098), optical yield, 330/0 . 

(b) O-Methylshamixanthone (VI) (82 mg, 02 mmol) 
was treated with (+)-a-phenylbutyric  anhydride (187 mg, 
06 mmol) as above for 10 days at room temperature to 
give a-phenylbutyric acid (115 mg), [a] +38°  (c 0.90), 
optical yield 20%. 

We acknowledge technical assistance from Mrs. A. 
Spencer ('H n.m.r. decoupling studies), Miss G. Littler 
(microbiological work), and Dr. R. P. Lapper ('SC n.m.r. 
studies). We also thank the S.R.C. for a maintenance 
award (to K. Y.). 
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The Biosynthesis of Fungal Metabolites. Part IV.' Tajixanthone: 
Nuclear Magnetic Resonance Spectrum and Feedings with [1-13C]- and 
[2-'3C]-Acetate 
By John S. E. Holker, Roy D. Lapper, and Thomas J. Simpson, Robert Robinson Laboratories, University 

of Liverpool, P.O. Box 147, Liverpool L69 3BX 

The 13C N.m.r. spectra of tajixanthone (I) and related compounds (VI)—(XV) have been completely assigned 
Spectra of tajixanthone derived by incorporation of [1-13C]- and [2-13C]-acetate show patterns of enrichment 
consistent with a biosynthetic pathway in which the xanthone arises by ring scission of 1 ,8-dihydroxy-3-methyl - 
9-anthrone (chrysophanol anthrone), derived on a -ketide pathway, with introduction of C- and O-prenyl units 
from mevalonate. 

IN a recent paper 1  we established the structures of 
tajixanthone (I) and shamixanthone (VI), metabolites of 
Aspergillus variecolor. Further studies 2  have shown that 
this organism contains a number of structurally related 

1 Part III, K. K. Chexal, C. Fouweather, J. S. E. Holker, T. J. 
Simpson, and K. Young, J.C.S. Perkin 1, 1974, 1584. 

2 T. J. Simpson, unpublished observations. 

minor metabolites, together with the known compounds 
arugosins A (II) and B (III).3  The structures of this 
group of compounds, together with arugosin C (IV),4 
suggest that they constitute a biogenetically related 

J. A. Ballantine, D. J. Francis, C. H. Hassall, and J. L. C. 
Wright, J. Chem. Soc. (C), 1970, 1175. 

J. A. Ballantine, V. Ferrito, C. H. Hassall, and M. L. Jen-
kins, J.C.S. Perkin I, 1973, 1825. 
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group: the xanthone system in tajixanthone (I) and 
shamixanthone (VI) could be formed by cyclodehydr-
ation of the oo'-dihydroxybenzophenone system present 

5 
U U 

0 	

0;.  Q0  CH3002H —* -)i —4 

a 3Q. on  
OH 0 OH 
Chrysophaslol anthrone 

/ 	 I 
/ Hydroxylation at c-s Me 

/ 0—and C—Prenylation •,.f-, 
Ring scission otlo) from: I OH 

HO HO 00 

OH 0 OH 
Cyclodehydration/ 	U 	I 

0 

Arugosins A—C 

o CHOO OH 
no 

	

Cyclisatofl of 	prenyloxy aldehyde moiety 
• 	 Epoxidation of t—prenyl double bond 

OH 
OH 

all 	Z• 	Tajixonthone (I) 

SCHEME 

Proposed pathway to metabolites from acetate via chrysophano 
anthrone 

as a hemiacetal in arugosins A and B, the dihydropyran 
ring being formed by cyclisation of the o-prenyloxy-
aldehyde equivalent in (II) and (III). These proposals 
are summarised in the Scheme. 

It has been suggested 5  that the arugosins are bio- 
C. H. Hassall, Genetics in Industrial Microorganisms.' eds. 

Z. Vanék, Z. Hoit'klek, and J. Cudlin, Academia, Prague, 1973, 
p. 297. 

R. F. Curtis, C. H. Hassall, and D. R. Parry, J.C.S. Perkin I, 
1972, 240. 

B. Franck, F. Huper, D. Groger, and D. Erge, Chem. Ber., 
1968,101,1954; D. Groger, B. Erge, B. Franck, U. Ohnsorge, H. 
Flasch, and F. Huper, ibid., p.  1970. 

8 J. S. F. Holker and S. A. Kagal, Chem. Comm., 1968, 1574. 
B. H. Howard and H. Haistrick, Biochem. J., 1950, 46, 49. 

genetically derived from an anthraquinone, such as islan-
dicin (V), through oxidative cleavage of the quinone 
ring, by a pathway similar to those established for the 
biosynthesis of the benzophenone sulochrin from questin 6 

and the ergot pigments from emodin.7  A similar path-
way has also been suggested for the biosynthesis of the 
fungal xanthone sterigmatocystin.8  In the Scheme, we 
suggest that the actual precursor of the A. variecolor 
pigments may be chrysophanol anthrone, the probable 
precursor of chrysophanol ° and islandicin. 

In the present study we set out to obtain biogenetic 
evidence for the above proposals. Since it had been 
established that fungal anthraquinones, e.g. islandicin 
(V), are derived on the 3-ketide pathway,'° it appeared 
that incorporations of acetate into tajixanthone would 
provide such evidence. However, in view of the pre-
dicted difficulties of degrading the xanthone system in 
tajixanthone, necessary to establish labelling patterns 
from 14C-labelled precursors, it was decided to use 
[1-1 C]- and [2-13C]-acetate and to establish the specificity 
of incorporations by 13C n.m.r. spectroscopy. Hence, 
the investigation required (i) the establishment of 13C 
assignments for tajixanthone and (ii) studies to deter-
mine the necessary conditions for suitable incorporations 
of precursors into the pigment. 

A ssignmens of 13C Resonances—The assignments were 
made by comparisons between resonances of tajixanthone 
(I) and the derived compounds (VI)—(XV), by use of off-
resonance decoupling to determine the number of 
attached protons at each carbon atom, and by carrying 
out lanthanide-induced shift (US) studies on compounds 
(I), (VI), (VII), and (VIII), and were confirmed by 
comparison with literature values."-13  The assignments 
of resonances due to sp3-hybridised carbon atoms, with 
chemical shifts less than 80 p.p.rn. downfield from tetra-
methylsilane, were straightforward and the chemical 
shifts are listed in Table 1. 

The assignment of resonances due to sp2-hybridised 
atoms (o > 100 p.p.rn.) was more difficult. The 
xanthone carbonyl (C-13) resonance in each compound is 
assigned in the range 177-184 p.p.m., and the high-field 
shift of this resonance on methylation of the 1-hydroxy-
group is consistent with a loss of intramolecular hydrogen 
bonding.14'15  The resonance due to the ester carbonyl 
group (C-20) in compound (XV) was identified by its 
typical shift of 168J ppm., and the a-unsaturated 
carbonyl (C-21) resonances of compounds (XIII) and 
(XIV) were also typical. 

Resonances associated with protonated olefinic and 
aromatic carbon atoms were identified by their high 

11 S. Gatenbeck, Acta Chem. Scand., 1960, 14, 296. 
" G. C. Levy and G. L. Nelson, 'Carbon-13 Nuclear Magnetic 

Resonance for Organic Chemists,' Wiley-Interscience, New Yorh, 
1972, and references cited therein. 

12  J B. Stothers, 'Carbon-13 NMR Spectroscopy,' Academic 
Press, New York, 1972, and references cited therein. 

13 L. F. Johnson and W. C. Jankowski, 'Carbon-13 NMR 
Spectra,' Wiley-Interscience, New York, 1972. 

14 P. C. Lauterbur, Ann. New York A cad. Sci., 1958, 70, 841. 
15 G. E. Macid, and G. B. Savitsky, J. Phy.s. Chem., 1964, 68, 

437. 
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intensities in comparison with those of the quaternary 
carbon atoms, and assignments were confirmed by off-
resonance decoupling. The C-22 methylene resonance 

17 

4 

7  6 

	11  1 	18 	
o 

021392 	JCHO 

0 OH 

T 21 
OH 	 OH OH  

23 22 (I) 
	 (U) R1-CHCH=CMe2 R'H 

() RLH,RtCHCH=CMe2  

OH 

0 
OH  

OH 	 OH 	 OH 	OH 
0 	 0 

(fl) R'-X=H,Ri.CHCH=CMe2,Y=CH2  

() RL X-H, R.rCHCHCHMeY..H,Me 

() R1- Me,X-H,R CHi CHrCMe2,Y.CH2 

(Dr) F-X- 	 Y-H,Me 

R1= Me,X—H ,RCH)CHfMe2 ,Y=CH2  
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()fl) R1--X- H, R2- CH; CH(OH)C(OH)Me2  ,Y=CH2  

was thus assigned in compounds (I), (VI), (VIII), and 
(X)—(XII); the absence of this resonance in the spectra 
of dihydrotajixanthone (IX) and tetrahydIoshamixan-
thone (VII) provided confirmatory evidence. The 
similar lack of the C= resonance at 1420 p.p.m. in the 

spectra of compounds (IX) and (VII) enabled the assign-
ment of the C-21 signals. By similar reasoning the C-15 
and C-16 olefinic resonances of shamixanthone (VI) were 
assigned. 

The assignment of the signal due to the protonated 
aromatic carbon atom (C-5) in tajixanthone (I) was based 
on comparison with the 2-bromo-derivative (XI) in 
which this was the only unaffected protonated aromatic 
carbon atom. The signals due to the two remaining 
aromatic CH systems in tajixanthone are at 1097 and 
1364 p.p.m.; the corresponding resonance for the 2-
brorno-derivative is at 1390 p.p.m. Since the sub-
stituent chemical shift (SCS) effects of a bromo-sub-
stituent 11,12  on an aromatic ring are expected to be ca. 
—6 p.p.m. at the attached carbon atom and ca. +3 
p.p.m. at the ortho-positions, C-3 must correspond to the 
1364 and 1390 p.p.m. signals and C-2 in (I) to the 
resonance at 1097 p.p.m. By comparison C-2 in (XI) is 
assigned the signal at 1019 p.p.m. 

The nine C= resonances of the aromatic rings present 
the greatest assignment difficulties. The use of ad-
ditivity of SCS effects on aromatic rings requires caution 
in extrapolating from single ring to multi-ring aromatic 
systems, but does provide the following groupings: the 
four oxygen-substituted atoms at positions 1, 7, 10, and 
11 correspond to the four signals always observed in the 
148-160 p.p.m. range, and the carbon atoms at positions 
4, 6, 8, 9, and 12 correspond to the remaining five reson-
ances in the range 108-138 l).P.n1. Comparisons of 
these latter five shifts in compounds (I) and (XIII), 
where the only change is in the function attached to C-8, 
show that the values of 1087 and 1148 p.p.m. in (I) are 
not altered significantly in (XIII). These two shifts 
must correspond to C-4 and C-9, which are the furthest 
from the point of change. Comparison of compounds 
(I), (VI), and (XII), in which the C-4 substituent is 
varied, shows that the 1087 p.p.m. resonance is un-
changed and so this may be assigned to C-9 (meta to the 
point of change). The 1148 p.p.m. signal in (I), becom-
ing 1184 in (VI) and 1159 p.p.m. in (XII), can then be 
assigned to C-4. The assignment of these resonances in 
the other derivatives then follows by comparison and has 
been confirmed by US studies for compound (VIII) (see 
Table 2) and by observing the SCS effect of 2-brornination 
in (XI). 

Comparison of the spectra of compound (VI) and the 
derived methyl ether (VIII) shows that two of the four 
signals due to oxygen-bearing aromatic carbon atoms are 
significantly different, whereas the other two are rela-
tively unaffected. The former two must be due to C-i 
and C-10 and the latter to C-7 and C-il. LIS Studies 
(Table 2) of compounds (VI) and (VII) show a large 
down-field shift of the C-25 signal due to co-ordination of 
Eu(fod)3  at the secondary hydroxy-group whereas in the 
methyl ether (VIII) this signal is relatively unaffected 
and the site of co-ordination is the oxygen atom at C-i. 
The LIS of 133 and 36 ppm. (downfield) in the signals 
at 157:9  and 1539 p.p.m., respectively, for compound 
(VIII) establish that these signals are due to CA and 
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C-10, respectively. These latter assignments can then 
be applied to the other molecules in conjunction with 
SCS effects of 2-bromination [compound (VII)] and 
comparison of shifts. 

For the remaining five resonances, associated with 
carbon atoms 6, 7, 8, 11, and 12, comparisons between 
chemical shifts of compounds (I), (VI), and (XIII) and 
their respective methyl ethers (VIII), (X), and (XIV) 
allow self-consistent groupings of shifts across the series 
but do not permit unambiguous assignments. However, 
the US effects in shamixanthone (VI) clearly define the 
C-8 and C-12 signals as a pair in the high-field region of 
the C= band, leaving only the 1376 p.p.m. resonance 
which must therefore be assigned to C-6. Distinction 
between signals due to C-7 and C-li is based on compari-
son of compounds with structural changes at C-8. 
Thus, comparison between tajixanthone (I) and its 
methyl ether (X) on the one hand with compound 
(XIII) and its methyl ether (XIV) on the other, shows 
larger changes in chemical shift for one of the oxygen-
bearing carbon atoms than the other. Since C-il is 
meta to the point of change, it should be less affected than 
C-7, and hence the resonances for tajixanthone are 
assigned as those at 1514 and 1490 p.p.m., respectively. 

J.C.S. Perkin I 

are usual in equivalent 14C studies for which radioactivity 
is used as an assay method. In the present investigation 
the amounts of [1-13C]- and [2-13C]-acetate necessary for 
the feedings were calculated by determining the overall 
dilution of 14C label in experiments with [1-14C]acetate. 
Under our culture conditions 1  the required enrichment 
was obtained by using 10 g of acetate for every 25 g of 
sucrose in the medium. 

The major disadvantages of loading the biological 
system with relatively large quantities of acetate pre-
cursor are: (i) the possible metabolic effects on the organ-
ism and (ii) the much greater opportunity for randomis-
ation of label from [2-13C]acetate via the tricarboxylic 
acid cycle than would occur in 14C studies with small 
amounts of precursor. In the present investigation the 
yields of tajixanthone were not materially affected by the 
acetate additions and it is therefore unlikely that any 
major metabolic changes occur. 

From the 13C n.m.r. spectra of the [1-13C]- and [2-13C]-
acetate-derived samples of tajixanthone the 13C enrich-
ments at individual positions were calculated as follows: 
If x, y, and z are the observed intensities of individual 
resonances for corresponding carbon atoms in the natural 
abundance spectra and those of the [1-13C]- and [2-13C]- 

TABLE 1 

13C Chemical shifts of a series of tajixanthone derivatives (in p.p.m. downfield from internal Me4Si for CDC13  solutions; 
multiplicities are indicated for compounds for which off-resonance decoupled spectra have been obtained) 

Carbon j (I) (VI) (VII) (VIII) (IX) (X) (XI) (XII) (XIII) (XIV) (XV) 
1 1523 1521 1521 1579 1523 1586 1560 1524 1523 1586 1523 
2 109-7d 109-3d 1091d 1043 109•7 104•7d 1019 1095d 1099 1047 109-3d 
3 136-4d 1358d 1359d 1335 1363 134-3d 1390 137-7d 136-6 1343 137-7d 
4 1148 1184 1195 1212 1148 1179 116-1 * 115-9 1149 1179 116-8 
5 118-7d 1187d 118-6d 1183 1186 118•3d 1188 118-7d 121-2 1208 1192d 
6 1378 137-6 1375 1357 137-8 1359 1386 1379 1359 1341 1377 
7 1490 148-8 1492 1484 1494 1486 1493 1490 150-4 1498 1530 
8 120-6 1205 1204 1206 1206 1208 1206 1204 1176 1179 104-Od 
9 108-7 1087 1087 112-2 1089 1123 109-3 108-7 1089 112-4 108-1 

10 159-7 1592 1591 1539 1599 1541 1560 1595 159-9 1541 1597 
11 151-4 1515 1514 1499 1514 1499 1514 1513 1511 1503 150-5 
12 1164 116-4 116-7 1190 1168 1191 116-7 * 1163 113-4 115-8 118-2 
13 1836 183-6 1836 1792 1836 1790 1830 183-5 1830 177.3 181-0 
14 28-5t 274t 26-6t 27-7 285 28-9t 284 31-9t 28-4 28-8 31-4t 
15 63-Od 121-3d 392t 121-2 631 63-Od 629 774cl 631 629 76-2d 
16 585 1326 27-7d 1327 585 585 58-5 72-6 585 585 77•0 
17 * 19-Oq 17-9q 22.4q 178 19-0 19-Oq 191 23-6q 190 190 19-2q 
18 * 24-7q 25-7q 224q 256 247 24-7q 247 26-3q 247 24-7 20.8q 
19 643t 64-4t 63-6t 640 636 64-Ot 644 643t 631 62-9 653t 
20 44-8(1 44-9d 448d 44-6 44-9 44-6(1 44-8 446d 130-5 1300 1681 
21 142-0 142-1 25-6d 142-1 25-5 142-1 141-9 141-9 	195-6 196-0 
22 111-8t 1118t 21.2q * 111-6 212* 111-6t 1119 1118t 
23 22-4q 22.5q 20-4q * 225 204 * 22-5q 22-4 22-4q 	25-2 25-3 
24 173q 17-3q 17-2q 171 173 17-2q 17-5 173q 	16-7 16-5 172q 
25 63-Od 63-Od 62-4d 62-6 624 62-6(1 62-9 62-9d 	132-0 1331 
1-OMe 56-1 56-3q 56-2 
OMe 491q 
OMe 52lq 

* Assignments may be reversed. t For numbering system see formula (I). 

No unambiguous distinction between signals due to C-8 
and C-12 is possible, and the assignments of these in 
Table 1 are based on their different biogenetic origins as 
revealed in the enrichment studies. 

Incorporation Studies and Discussion.—In order to 
obtain incorporations of 13C-labelled precursors sufficient-
ly large to be readily observed in 13C n.m.r. spectra it is 
necessary to use much larger quantities of precursor than  

acetate-derived samples, respectively, then intensities 
normalised to the natural abundance spectrum are given 
by Y = (x/51')y for the [1-13C]acetate-derived sample and 
Z = (/2')z for the [2-13C]acetate-derived sample, where 
y' and z' are the resonance intensities for the expected 
unlabelled atoms in the [1-13C]- and [2-13C]acetate-
derived samples respectively. This is a valid operation 
since all resonances in the spectrum of each enriched 
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sample are normalised by the same factor; the prior 
assumption of which carbon atoms are not expected to be 
enriched does not affect the overall operation. The 
method merely allows the spectrum of each enriched 
sample to be compared directly with the natural abund-
ance spectrum, with automatic compensation for any 
randomisation of [2-13C]acetate label. The enrichment 
for each carbon atom is given by Fi(Y - Z)JZ for 
[1-13C]acetate-enriched positions and 1.1(Z - Y)/Y for 
[2-13C]acetate-enriched positions. 

TABLE 2 

'C Resonance shifts induced by addition of Eu(fod)3  [in 
ppm. downfield; the values quoted are the sum from 
four experiments with 	1: 20, 1: 10, 	3 20, and 1: 5 

ratios of 	Eu(fod)3  to compound, i.e. the 	effective 
Eu(fod)3-to-compound ratio in each case is 1: 2] 

Carbon (I) (VI) (VII) (VIII) 

1 18 11 13 133 
2 16 07 10 55 
3 14 1.1 10 29 
4 1•1 0•3 05 20 
5 19 2•2 16 —05 
6 2•0 23 20 22 
7 2•7 28 24 10 
8 40 43 41 20 
9 1-6 20 10 68 

10 20 14 11 3'6 
11 22 2•4 19 06 
12 60 76 64 10 
13 43 4•8 46 41 
14 28 04 04 11 
15 63 00 01 
16 6•3 03 01 08 
17 18 00 03 04 
18 23 00 03 03 
19 18 19 18 03 
20 04 00 05 —02 
21 09 05 14 0.1 
22 1•7 14 10 02 
23 04 0'2 05 00 
24 07 08 09 05 
25 132 166 147 10 

OMe 193 

The results thus calculated from the data in Table 3 are 
summarised in Table 4, and indicate that each carbon 
atom in tajixanthone is derived from either C-i or C-2 of 
acetate. The wide range of values for each label is due 
to the relatively low enrichment obtained and the 
limited number of instrumental plot data points. Al-
though individual differences have no biogenetic sig-
nificance, it is clear that overall enrichment at positions 
derived from C-i of acetate is larger than at those 
derived from C-2, despite the fact that the feedings of the 
two labelled precursors were carried out under identical 
conditions. This is probably a result of randomisation of 
C-2 label which would lead to an overall increase in 13C 
abundance at 'unlabelled' positions, thereby reducing 
the apparent enrichment at labelled positions. 

Since the coincidence of the C-15 and C-25 resonances 
at 630 p.p.m. in the spectrum of tajixanthone might 
have cast doubt on the origin of these two atoms, the 
spectrum of the metabolite obtained from the [2-13C]-
acetate experiment was redetermined after addition of a 
lanthanide shift reagent, which caused separation of the 
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two resonances (Table 2). 	The spectrum clearly indi- 
cated that the two positions were enriched to approxi- 
mately the same extent. 

TABLE 3 

Computer-listed relative intensities of individual signals 
in the 13C n.m.r. spectra of tajixanthone 

Observed intensities (x 10) 

[2-13C]- 	[1-1 C]- 
Signal 	 Acetate- 	Acetate- 

Carbon (ppm.) 	Natural 	derived 	derived 
1 1523 	26 	23 	60 
2 1097 	145 	145 	83 
3 1364 	159 	93 	207 
4 1148 	70 	88 	50 
5 118•7 	154 	153 	102 
6 1378 	57 	31 	87 
7 1490 	35 	58 	36 
8 1206 	51 	36 	95 
9 1087 	32 	46 	30 

10 1597 	68 	49 	72 
11 151•4 	38 	39 	94 
12 1164 	27 	34 	19 
13 183•6 	36 	46 	103 
14 285 	139 	63 	173 
15 630 	207 * 	208 * 	129 * 
16 585 	51 	44 	71 
17 190 	75 	74 	33 
18 247 	82 	71 	42 
19 643 	132 	80 	198 
20 448 	152 	133 	78 
21 1420 	88 	50 	96 
22 1118 	129 	155 	84 
23 224 	83 	75 	47 
24 173 	91 	78 	40 
25 630 	207 * 	208 * 	129 * 

* Overall enrichment for C-iS and C-25. 

TABLE 4 

Excess 	13C abundance 	(%) 	at individual 	positions 	in 
[213C] and [1-13C]-acetate-derived samples of 	taji- 
xanthone (I) 

Signal 
Carbon (ppm.) 	[2-1 C] 	[1-13C] 

1 1523 	 21 
2 1097 	 06 
3 1364 	 15 
4 1148 	 06 
5 1187 	 04 
6 1378 	 19 
7 1490 	 05 
8 1206 	 23 
9 1087 	 03 

10 1597 	 07 
11 1514 	 19 
12 1164 	 0•6 
13 1836 	 17 
14 285 	 22 
15 630 	 0•6 * 
16 585 	 08 
17 190 	 1.1 
18 247 	 05 
19 643 	 20 
20 448 	 05 
21 1420 	 1•4 
22 1118 	 07 
23 224 	 05 
24 173 	 09 
25 630 	 06 * 

* Overall enrichment for C-15 and C-25. 

The observed labelling pattern in tajixanthone is 
identical with that predicted in the Scheme, which shows 
the derivation of the xanthone system from an anthrone 
or anthraquinone precursor with introduction of two 
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prenyl units from mevalonate. In particular, the deriv-
ation of C-25 from the methyl group of acetate strongly 
suggests that this atom corresponds to the methylene 
group of the anthrone system in the precursor. Further-
more, the formation of the 20,25-bond in tajixanthone by 
linkage between two carbon atoms derived from the 
methyl groups of acetate is consistent with the proposed 
cyclisation of the o-prenyloxyaldehyde system in the 
precursor xanthone. 

EXPERIMENTAL 

The isolation of tajixanthone (I) from cultures of A. vane-
color and the preparation of all derived compounds except 
(XI) and (XII) were effected as previously described.' All 
compounds were crystallised to constant m.p. 

13C N.m.r. Determinations-The 13C spectra were obtained 
for samples in acid-free deuteriochloroform (03M depend-
ing on sample availability and solubility) with Me4Si 
(2-50/0') as internal reference, with a Varian XL-100-15FT 
spectrometer operating at 25197 MHz; 12 mm tubes were 
used, with 5 mm coaxial tubes containing D20 to provide 
the locking signal. In the case of 13C-enriched samples of 
tajixanthone, 5 mm tubes were used, because of the small 
quantities available, and CDC13  was used to provide the 
locking signal. Sweep widths of 5120 Hz with 2048 plot 
data points were used throughout, to give chemical shift 
values accurate to within ±2'5 Hz, i.e. ±04 ppm. A 
pulse width of 30 es corresponding to a 'tilt angle ' of the 
nuclear magnetisation vector of Ca. 200 was used through-
out and the computer data memory size (4096 addresses) 
limited the data acquisition time to 04 s. Both proton 
noise-decoupled and single-frequency off-resonance de-
coupled spectra were obtained to assist in determining the 
number of protons attached to each carbon atom. Tris-
(1,1,1,2,2,3, 3-heptafiuoro-7, 7-dimethyloctane-4, 6-dionato) - 
europium(iii) [Eu(fod)3] was used as shift reagent and in 
each case spectra were run with the following molar ratios of 
Eu(fod)3  to compound: 1: 20, 1: 10, 3: 20, and 1: 5. 

14C-Radiocl,emical Assays.-14C-labelled tajixanthone was 
crystallised to constant molar radioactivity, which was 
determined with a Packard 3003 Tricarb Scintillation 
Spectrometer. Counting efficiencies were measured with 
[14C]liexadecane as internal standard and using ' aqueous 
scintillator solution, prepared from 5-(biphenyl-4-yl)-2-
(4-t-butylphenyl)-1,3,4-oxadiazole (Butyl-PBD) (10 g) in 
toluene (500 ml) and methanol (500 ml). The samples for 
counting were decolourised by reduction in situ with di-
borane, as previously described for rubropunctatin deriva-
tives.16  

Incorporations of Sodium [1 -'4C]A cet ate -Preliminary 
experiments on cultures of A. vaniecolor (I.M.I. strain 
112543) grown in static culture as previously described 1 

showed that tajixanthone production commenced on the 
sixth day after inoculation from a spore suspension and 
reached a maximum on the fourteenth day. Furthermore, 
feedings of [1-14C]acetate showed that maximum incorpor-
ation into tajixanthone occurred when the label was intro-
duced 5 days after inoculation and the compound was 
isolated from 14-day cultures. 

16 J. R. Hadfield, J. S. L. Holker, and D. N. Stanway, J. Chem. 
Soc. (C), 1967, 751. 

When sodium [1-'4C]acetate (1 g; 0'60 jiCi mmol') 
was added to a culture vessel containing a 5-day growth of 
the organism on Czapek-Dox medium (500 ml; 5% sucrose) 
and the mycelium was harvested after a further 9 days, 
tajixanthone (ca. 20 mg; 0'13 .eCi mmol 1) was obtained. 
This corresponds to a dilution factor for the label of 4•6. 
On this basis it would be anticipated that equivalent feed-
ings of [1-13C]acetate (90%) would give tajixanthone with an 
excess of 18% of 13C-label over natural abundance at each 
labelled position (assuming a total of 11 labelled positions 
in the molecule). 

Incorporations of Sodium [1-13C]- and [2-13C]-Acetate.-To 
each of two culture vessels containing a 5-day growth of A. 
vaniecolor was added [1-'C]- or [213C]acetate (1 g; 921 and 
902% enriched, respectively). After a further 9 days the 
mycelium was harvested and the tajixanthone isolated (24 
mg from [1-13C]-acetate and 20 mg from [2-'3C]-acetate 
feedings, after purification). These samples were used for 
13C n.m.r. studies. 

2-Bromotajixanthone (XI) (with K. YOUNG) .-A solution 
of tajixanthone (100 mg) and N-bromosuccinimide (50 mg, 
1'2 mol. equiv.) in carbon tetrachloride (30 ml) was heated 
under refiux for 4 h. The precipitated succinimide was 
filtered off and the filtrate evaporated to dryness. The 
residue was purified by t.l.c. [silica gel GF (Merck)] with 
ether-benzene (5: 95 v/v) as developing solvent. The band 
of Rr  040 was separated and crystallised from ethanol-
chloroform to give fine yellow needles (84 mg) of 2-bromo-
tajixantlione, m.p. 1811830, 

Vmax  (KBr) 3480, 1639, 1598, 
1570, 1475, and 1240 cm-1,A0., 	245, 254, 272sh, 278, 
297sh, and 392 nm (log e 395, 4'25, 442, 447, 401, and 3.28), 
'r (CDC13) -2'17 (1-OH, s, exchangeable), 229 (3-H, s), 
2'73 (5-11, s), and 5'23 (25-OH, d, exchangeable) with other 
resonances as in tajixanthone 1  (Found: M+,  502082/ 
500'081; C, 592; H, 50%. C25H25BrO6  requires M, 
502.082/500.081; C, 59•9; H, 5.0%). 

Tajixanthone 'Hydrate ' (XII) (with K. Y0uNG).-Taji-
xanthone (50 mg) in dioxan (24 ml) and oxalic acid dihydrate 
(6 mg) in water (6 ml) were mixed and heated under reflux 
for 15 h. After dilution with water (100 ml), the product 
was isolated in ethyl acetate (3 x 25 ml); the solution 
washed with water, dried (Na2SO4), and evaporated. The 
residue was purified by t.l.c. [Silica Gel GF (Merck)] with 
ether-benzene (20: 8 v/v) as developing solvent. The band 
of RF  0.10 was separated and crystallised from methanol to 
give yellow needles (38 mg) of tajixanthone 'hydrate', m.p. 
195-196°, 	-71-5°  (c 2'3 in CHC13), 	(KBr) 3495br, 
1645, 1600, 1580, 1475, 1245, and 1050 cm 1, X0., 241, 258, 
270sh, 274, 297, and 393 nm (logc 3'48, 347, 458, 4'81, 4'11, 
and 394), T (CDC13) -251 (1-OH, s, exchangeable), 6'32 
(15-H, unresolved m), 685 (14-11, unresolved m), Ca. 7.3 
(14-H, unresolved m), and ca. 7'7 (15- and 16-OH, exchange-
able), with other resonances as in tajixanthone I (Found: 
C, 679; H, 64. C05H28O7  requires C, 682; H, 64%). 

We acknowledge a grant from the S.R.C. for purchase of 
the Varian XL-100 spectrometer and financial support (to 
R. D. L.). We also thank Mrs. J. Pearson for assistance in 
the microbiological experiments. 
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The Biosynthesis of Fungal Metabolites. Part V.1  Structure of Varieco-
xanthones A, B, and C, Metabolites of Aspergillus variecolor; Conversion 
of Variecoxanthone A into (±)-De-C-prenylepishamixanthone 

By Kuldip K. Chexal, John S. E. Holker, Thomas J. Simpson, and Kenneth Young, Robert Robinson 

Laboratories, University of Liverpool, P.O. Box 147, Liverpool L69 3BX 

Variecoxanthones A, B. and C, metabolites of a variant strain of Aspergi/lus variecolor are shown to be 8-hydroxy- 

1 hydroxymethyl-3-methyl-2-(3-methYlbUt-2-enYtOXY) 	(IV). 	8-hydroxy-1 -hydroxymethyl-3-methyl-5-(3- 
methyl but- 2-enyl)-2-(3-methylbut-2-eflYIOXY) (V). and 5-(2,3- epoxy- 3- methyl butyl) -8-hydroxy-1 - hydroxy-
methyl- 2- (3- methylbut-2-enyloxy) -xanthone (VI), respectively. These structures were established by detailed 
spectroscopic comparisons with shamixanthone (I) and tajixanthone (II) and by hydrogenolysis of variecoxan-
thone A to 2.8-dihydroxy-1,3-dimethylXaflthOfle (X). Acid-catalysed cyclisatton of the variecoxanthone-A- 

derived compound. 1 	 (XI), gave 1,2-c,s- 

2.3-dihydro-1 .11 dihydroxy2isopropenyl-5-methYlPYraflO[3.2-a]Xaflthen1 2(1 H)-one 	(XIII). 	The 	cis- 

relationship of the 1- and 2-substituents in this compound and the corresponding trans-relationship in shamixan-
thone are confirmed by comparison of 'H couplings in the hydrogenated derivatives (XIV) and (III), respectively 

with those in the synthetic 1,2-cis- and 1 
(XVI) and (XVII), respectively, prepared by reduction of the corresponding chromone (XVIII) with sodium 
borohydride. The relative stereochemistry of compounds (XVI) and (XVII) was determined by lanthanide-
induced shift studies on their respective "C and 'H n.m.r. spectra. The mechanistic and biogenetic implications 
of the acid-catalysed cyclisation of compound (XI) are discussed. 

TE have recently 1,2 established the structures of shami-
rnthone (I) and tajixanthone (II), metabolites of 
spergillus variecolor (IMI 112543), and have shown by 
C-labelling studies that these compounds probably arise 
y oxidative fission of a polyketide-derived anthrone pre-
irsor with introduction of two prenyl residues from 
evalonate. We have also suggested that these metaho-
es, together with arugosins A, B, and C,3'4  constitute a 
Logeneticallv related group. As part of a search for 
lated compounds we have investigated a number of 
iriant strains of A. variecolor and from one, CBS 13555, 
e have isolated three new compounds: variecoxan-
iones A (C20H2005), B (C25HO5), and C (C25H2806), 
)gether with shamixanthone (I), arugosins A and B, and 
erigrnatocystin . We now report investigations leading 
assignment of the structures (IV)—(VI), respectively, 

ir the new compounds respectively. 
The spectroscopic properties of variecoxanthones A—C 

weal their structural relationships to each other and to 
tamixanthone and tajixanthone. Thus, the presence 
a peri-hydroxvxanthone chromophore is indicated by 

ie closely similar u.v. spectra, e.g. (IV) has A,,,aL  374, 
2, and 260 nm (c 5500, 11,100, and 26,000), jr. bands at 
00-3100 cm', and an n.m.r. singlet at 'r —26 to 

-29, showing exchange with D20. Furthermore all the 
)mpounds give typical iron(iii) chelate colourations. 
Comparisons between the 'H n.m.r. spectra of corn-

)unds (IV)—(VI) (Table 1) and those of shamixanthone 
and tajixanthone (II) [cf. the following paper (Table 

] enable structural assignments to be made as follows. 
r) All compounds (IV)—(VI) show an aromatic methyl 
gnal at r Ca. 76, coupled to an aromatic proton signal 

t The numbering of the carbon atoms illustrated in structures 
V)—(V1) accords with the system used previously for shamixan-
Lone.' tajixanthone.' and arugosin C.' 

1 Part IV, J. S. E. Holker, R. D. Lapper, and I. J. Simpson, 
C.S. Perkin 1, 1974, 2135. 
' K. K. Chexal, C. Fouweather, J. S. E. Holker, T. J. Simp-

n, and K. Young, J.C.S. Perkin I, 1974, 1584. 

at 	Ca. 28 (J 09 Hz) which has no further coupling. 
(b) The signals due to the dihydropyran residue in shami-
xanthone and tajixanthone are replaced in the three new 
compounds by signals due to an 0-prenyl residue and a 

TABLE 1 

'H Chemical shifts of principal metabolites and their 
transformation products (T values for solutions in 

CDCI 3 ) 

Com- 
pound (IV) (V) (VI) (X) 1' (XIII) 

I-OH —264 —286 —262 —306 —2'59 
2-H 322 323 323 331 331 
3-H 242 259 250 238 252 
4-H 312 310 321 
5-H 271 282 269 278 285 
14-H 666 697 
15-H 471 697 
17-H's 826 856 
18-H's 826 8'67 

19-H's 558 5'60 5'58 
5.65 

20-H 442 443 443 752 

22-11's 820 820 820 5-25 

23-H's 829 829 829 803 
24-11's 756 759 755 767 7'69 
25-H 495 498 4'94 7'30 458 
25-OH * 560 560 560 Ca. S'S 
7-OH * 133 

* Exchangeable in D,O. tIn dimethyl suiphoxide. 

benzyl alcohol group in which the hydroxylic proton is 
coupled to the methylene protons (J 8 Hz). (c) Varieco-
xanthone B (V) has signals due to an aromatic prenyl 
substituent and variecoxanthone C (VI) shows signals 
for the corresponding epoxide, whereas variecoxanthone 
A (IV) lacks this C5  residue [cf. 14-, 15-, 17-, and 18-
protons in (V) and (VI)]. Furthermore, whereas the 

J. A. Ballantine, D. J. Francis, C. H. Hassall, and J. L. C. 
Wright, j. Chem. Soc. (C), 1970, 1175. 

J. A. Ballantine, V. Ferrito, C. H. Hassall, and M. L. Jen-
kins, J.C.S. Perkin 1, 1973, 1825. 

E. Bullock, J. C. Roberts, and J. G. Underwood, J. Chem. 
Soc., 1962, 4179. 
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2- and 3-protons in (V) and (VI) are an ortho-coupled 
pair (J 9 Hz), the 2-proton in (IV) shows ortho- and 

R 	 R1  
24 	 h. 	2/. 
Me 6 	1 0 10 	3 	Me 6 	ii 0 I 

' 25 0 OH 	117 25 0 19 	
O 	 HCICI12OH 	OR2 

H 	 ? 

21 
23 '. 22 	 23 	22 
Me X 	 17 Me Me 

Me 
14 15 16 

CU R=CH1CH=C 18  (flu R'=R=H 	17 , 
XCH2 	Me (VI RcCHcH=G,8  

Me 
0 	17 	R26 H 	0 

Me /\ Me 	 17 
1/. 15 IL is 16 

Cfl) RCHCH-C...,8  CI R'= CHCH-C(,s  
XCH2 	Me 	2 	 Me 

R= H 

Cifi) R-CH;CHC1-IMe2, 	(Ifl) R'= CH2  CH= CMe21 R2=Me 
X= H,Me 

Me 	0 	
' (Vifi) R=CH CFC_Me2,R2= Me  

R'O R2 

o 
OH 	

Me- 0 

(DC) R=CH;CHCHMe2,R=Me 	0 	
OH 

IX) R=H,RMe 
R 

	

) R'CH1CN=CMe2RCH0 	
D) R.'CMe=CH2  ,X=OH 

D) R= CH2.CH=CMC2 , RH 	D_T) R=Cl-CMe2  , X= OH 

D011 R=CHMe2 ,X=H 

12 

Me76 
1 2 

Me 

cC CH 	 Me 	 HMC2  

OH 
Me 	 0 

(I) 

 

cis 	DO( trans 

mela-couplings (J 9 and 1 Hz), the 3-proton shows two 
ortho-couplings (J 9 and 9 Hz), and the additional 
4-proton shows ortho- and meta-couplings (J 9 and 1 Hz). 

Hydrogenolysis of variecoxanthone A (IV) over 
palladium-carbon in ethyl acetate gave the dihydro-
deoxy-derivative (IX) and the de-O-prenyl-deoxy-deriva-
tive (X). The structure of compound (X) was confirmed 
by comparison with 2,8-dihydroxy- 1,3-dimethylxanthone 
prepared by condensation of 2,6-dihydroxybenzoic acid 
and 2,6-dimethyihydroquinone with phosphoric tn-
chloride and zinc chloride.6  The formation of compound 
(X) establishes the structure of variecoxanthone A apart 
from the positions of the hydroxymethyl and O-prenyl 
groups, both of which are removed in the transformation. 
However, since variecoxanthone A has been shown to be 

J. Stockigt, Ph.D. Thesis, Munster, 1971. 
A. Bowers, T. G. Halsall, E. R. H. Jones, and A. J. Lemin, 

J. Chem. Soc., 1953, 2555. 

a peri-hydroxyxanthone, the O-prenyl group must 
located as shown in structure (IV). 

Oxidation of variecoxanthone A with either Jones 
Coffins 8  reagent gave the aldehyde (XI) [-r -01 
(CHO)], which was decarbonylated with chiorotristi 
phenylphosphinerhodium(r) in benzene v to give cor 
pound (XII). The introduced aromatic proton (.r 2'7 
in this compound shows no coupling greater than Ca. 0 
Hz, which represents the spectral resolution obtaine 
The absence of an ortho-coupling is consistent wit 
structure (XI I) and hence the hydroxymethyl substituei 
in variecoxanthone A must be located as shown in stru 
ture (IV). 

The positions of the C-prenyl residue in variecoxat 
thone B (V) and the corresponding epoxide in van 
coxanthone C (VI) have been confirmed by the metho 
previously described for shamixanthone (I) and taj 
xanthone (II), respectively.2  Thus, the absence of 

- 56 ion in the mass spectrum of the metabolite (1 

and the chemical shift differences of the metho 
protons in the derived methyl ethers (VII) and (VIII) fi 
solutions in C.D. and CDC13  [v(C6D6) - (CDCI3) O 
and 049 p.p.m., respectively] are consistent with ti 
structures. 

The principal mass spectral fragmentation patterns 
the vaniecoxanthones, summarised in the Scheme, acco 
with the proposed structures. In each case the initi 
loss of C5H8  from the O-prenyl residue is followed by lo 
of water. In variecoxanthone A there is also a compet 
tive loss of CH20 from the initial fragment. In van 
coxanthones B and C subsequent fragmentations of ti 
ions in/e 322 and 338, respectively, parallel those pr 
viously described for shamixanthone and tajixanthon 
respectively.2  

Variecoxanthone C is chiral, having an asymmetr 
centre at C-15, whereas vaniecoxanthones A and B a 
achiral. Unfortunately, the small amounts of vani 
coxanthone C available for investigation have precludE 
determination of the specific rotation and the absolut 
configuration at C-15. 

A reaction of the aldehyde (XI) was of particul 
interest. Under very mild acidic conditions (0002 
HC1 in CHC13) it was isomerised at room temperature I 
(+ ) -de-C-prenylepishamixanthone (XIII). The pre 
ence of a substituted dihydrobenzopyran ring in th 
compound was indicated by its 'H n.m.r. spectrun 
which showed chemical shifts closely similar to those 
the corresponding ring in shamixanthone, cf. protol 
19-23 and 25 and 25-OH for compounds (XIII) an 
(I) in Table 1. Furthermore, compound (XIII) did fl( 

show signals corresponding to those of the O-prenyl an 
aldehyde groups in the precursor (XI). Hydrogenatic 
of compound (XIII) over palladium-carbon in eth: 
acetate gave a mixture of the dihydro-derivative (XII 
and the dihydro-deoxy-derivative (XV). This close] 
parallels the hydrogenation of shamixanthone 2  and pri 

8  J C. Collins, Tetrahedron Letters, 1968, 3363. 
Y. Shimizu, H. Mistuhashi, and E. Caspi, Tetraheds-

Letters, 1966. 4113. 
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des confirmation for the similar residue in both corn-
)unds. However, despite similar chemical shift values, 
niflcant differences in vic-couplings are apparent in the 

io  c O I H  

	

) R.H,rn/e 31.0 (3) 	 rn/i 272(35)from(IV) 

R-CH2-CH=CMe 2 m/e 408)5) 	rn/s 340 (37) from (1) 

L} R-CHCH— CMe2,n/e 1.24(4) rn/s 356(95) frornf'( 

+1 

OOH O ; llH  0 	I 
0 	 CH2  0 

e 271 (1.8) from (W) rn/s 254 (100) from (131) 	I 

339 (35) from (V) ml. 322 (2 5) from IV) 	I 
e 355)96) from(W) rn/s 338 (100) from(Vi) 

+ 

HO O 
OH 

0 

rn/i 21.2)13) from (W) 

HEMEPrincipal mass spectral fragmentations of vane-
coxanthones A---C [(IV)—(VI)]; relative abundances in paren-
theses. Metastable ions are indicated by asterisks. 

ms. spectra of the dihydro-derivative (XIV) and 
trahydroshamixanthone (III) (Table 2). These must 

TABLE 2 

hemical shifts and couplings of the dihydropyran residues 
in tetrahydroshamixanthone (III), trans-4-hydroxy- 3-
isopropylchroman (XVII) (± )-dihydrodeprenylepish- 

! amixanthone (XIV), and cis-4-hydroxy-3-isopropyl-
chroman (XVI) (solutions in CDCI3) (proton labelling 

	

as in Figure 1) 	 .- 	A7 

mpound: (III) (XVII) (XIV) (XVI) 

ía Ca. 85 Ca. 85 ca. 95 851 
b Ca. 85 ca. 85 ca. 80 82 

Values , 	c 573 5-82 603 811 
Id 561 592 561 583 

le 4.74 5.45 467 540 
ab ? ? ? 97 
ac 2-1 24 119 119 
ad 30 46 35 3.5 

(Hz ae 28 39 3.5 26 
cd 110 11-3 104 108 
ce 10 0-9 1.4 14 

e due to different relative configurations of the iso-
ropyl and hydroxy-substituents in the two compounds, 
rid since these have been assigned a trans-diaxial re- 

ZR 

lationship in tetrahydroshamixanthone, they must be cis-
related in (+)-dihydrodeprenylepishamixanthone (XIV). 

In view of the structural and probable biogenetic sig-
nificance of these stereochemical assignments it was 
decided to provide independent proof. Accordingly, the 
model compounds cis- and trans-3-isopropyl-6-methyl-
chroman-4-ol, (XVI) and (XVII) respectively, were 
synthesised by reduction of the corresponding chromone 
(XVIII) with sodium borohydride, and separated by 
t.l.c. It is interesting that the proportions of the two 
isomers depended on the reduction conditions. Thus, in 
propan-2-ol at room temperature, the lower melting, less 
polar cis-isomer was formed as the principal product 
(cis : trans, 10 : 1), whereas in refluxing ethanol relatively 
more of the trans-isomer was formed (cis: trans, 9: 4). 
Presumably this reflects the greater bulk of the propan-2-
ol-solvated boroh dride complex compared with the 
ethanol solvate, and the greater stereoselectivity of the 
former. The formation of the cis-isomer is then deter-
mined by approach of the reducing agent to the carbonyl 
group from the opposite side of the ring to the isopropyl 
group. 

Studies of 'H couplings (Table 2) and lanthanide-
induced shifts (US) in the "C and 'H n.m.r. spectra 
(Tables 3 and 4) confirmed the relative stereochemistry 

TABLE 3 

Chemical shifts and US produced by Eu(fod)3  [positive 
LIS are downfield; values quoted are the sum from 
three experiments with I : 20, 1: 10, and 3: 20 ratios 
of Eu(fod)3  to compound] 

cis-Isomer (XVI) ifrans-Isomer (XVII) 

LIS LIS 
Assignment 6 (ppm.) 8 (pp-.) 

843 112 661 163 
2 448 34 460 55 
3 638 32 635 3-9 
5 1161 1-7 116-0 23 
6 1301 0-9 1297 1-7 

7 or 9 1290 15 1293 2-5 
8 1301 29 1297 4-5 

9 or 7 1236 38 1232 21 
10 1515 28 151-9 3-5 
11 249 32 254 2-7 

12 or 13 208 12 209 1-4 
13 or 12 216 21 197 1-4 

14 205 —07 203 05 

and conformations of the two isomers (XVI) and (XVII) 
as shown in Figure 1. The small vicinal couplings, J., 

J, and J., in the trans-isomer are consistent with gauche 
conformations of the individual protons and hence a 
pseudodiaxial relationship of the isopropyl and hydroxy-
substituents. In the cis-isomer the large vicinal coup-
lings J and small gauche coupling J8, 

indicate anti- and 
gauche-conformations of the respective hydrogen atoms 
and hence a pseudoequatorial conformation of the iso-
propyl group. From the LIS studies it is clear that in 
both isomers the co-ordination Site for the shift reagent, 
Eu(fod),, is the C-i hydroxy-group, i.e. the largest shifts 
are observed at C-i and H-i. The larger shifts in the 
atoms of the isopropyl group, i.e. 11, 12. and 13 of the cis-
isomer, as compared with the trans-isomer, confirm the 
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gauche relationship of this group with the hydroxy-group 
in the former compound and the diaxial relationship in 

TABLE 4 

'H Chemical shifts and LIS produced by Eu(fod)3  [positive 
LIS are downfield; values quoted are the sum from 
three experiments containing 1: 20, 	1: 10, and 1: 5 
ratios 	of Eu(fod)3  to 	compound; 	assignments in 
parentheses refer to Figure 1] 

cis-Isomer (XVI) trans-Isomer (XVII) 

LIS' ' LIS' 
Assignment (PPM.) r (PPM.) 

1(H0) 540 331 * 5'45 468 S 

2(H0) 85I 281 ca. 85 691 
3(H0) 611 414 582 603 
3(Hd) 583 208 592 305 
5 331 107 333 187 
6 306 067 304 134 
8 301 236 290 506 

11 (Hb) 822 422 Ca. 85 334 
12 
13 

899 
889 

171 
127 9.01 '09 

14 775 —022 774 042 
For I : 20 and 1: 10 ratios only, 

the latter. In further agreement, all the other atoms in 
the cis-isomer show smaller shifts than the corresponding 
ones in the trans-isomer owing to the greater steric 
hindrance of the hydroxy-group co-ordination site by the 
isopropyl group in the former compound. 

The close correspondence in 'H couplings between the 
cis-compound (XVI) and dihydrode-C-prenylepishami-
xanthone (XIV) and between the trans-compound 
(XVII) and tetrahydroshamixanthone (III) provides 
clear evidence for the stereochemical assignments 
and conformations of the compounds derived from 
the natural products. 

The formation of the cis-product (XIII) from the 0-
prenyloxy-aldehyde (XI) under very mild acid-catalysed 
conditions could formally be regarded either as an 
electrophilic addition of the protonated aldehyde species 

Hd 	 OH 	Hä 

H0 He 
	

= 

Hb 

Me Me 

(a) 	 (b) 
FIGURE 1 Conformations of the dihydrobenzopyran ring sub-

stituents In: (a) tetrahydroshamixanthone (III) and trans-4-
hydroxy-3-isopropylchroman (XVII), and (b) (±)-dihydro-
deprenylepishamixanthone (XIV) and cis-4-hydroxy-3-iso-
propylchroman (XVI) 

or an acid-catalysed 'ene-reaction.' 10 Although analo-
gous reactions betwene alkenes and carbonyl compounds 
are relatively well known 11-13 the detailed mechanisms 

10 H. M. R. Hoffmann, Angew. Chem. Internal. Edn., 1969. 8, 
556. 

' G. Ohioff, Tetrahedron Letters, 1960, 11, 10.  

do not appear to be clearly understood. However, in t 
present case the stereospecific formation of the c: 
product (XIII) is difficult to rationalise on the basis ol 
mechanism involving electrophilic addition. It is 
more likely that this is a synchronous 'ene-reaction.' i 
volving a transition state of the type shown in Figu 
2(A). The alternative transition state [Figure 2(B 

H2C,... 0,_, Ch1 2 

H3CQ...Q 	0 
_ 0•7 

H O 
0 \  

 

_ H2 	:0 

trans—Product -  HQ 	) 

o 
 

FIGURE 2 Ene-reaction transition states leading to (A) cis- 
and (B) trans-cyclisation product 

which would lead to a trans-product, is unlikely under ti 
reaction conditions in chloroform owing to unfavourab 
electrostatic interactions between the aldehyde an 
xanthone carbonyl groups. 

We have already suggested that the corresponding d 
hydropyran ring in shamixanthone (I) arises biogenetii 
ally by cydisation of an O-prenylaldehyde residue.' It 
deed the co-occurrence of the variecoxanthones supporl 
this hypothesis. However, shamixanthone is the fran. 
product. Although the mechanism of an enzyim 
controlled reaction is difficult to predict, an ene-rea 
tion' mechanism would require a transition state of tL 
type shown in Figure 2(B). It is possible that in vivo th: 
could be stabilised by hydrogen-bonding of the xanthor 
and aldehyde carbonyl groups. Alternatively this coul 
be favoured if clihydropyran ring formation precede 
xanthone formation, in which case the carbonyl group 
the precursor benzophenone could rotate away from th 
aldehyde group. 

EXPERIMENTAL 

Unless otherwise stated, i.r. spectra were measured f 
solutions in chloroform with a Perkin-Elmer 125 instrunien 
u.v. spectra for solutions in ethanol with a Unicam SP 8€ 
instrument, 'H n.m.r. spectra with a Varian HA-100 or XI 
100 instrument for solutions in acid-free deuteriochlorofori 

12 0. Achmatowicz and B. Szcchncr, J. Org. Chem., 1972, 3 
964. 

ia N. H. Anderson Hong-Sun Hu, S. E. Smith, and P. G. IV 
Wuts, J.C.S. Chem. Comm., 1972, 956. 

He 
Me 

H0 Hb 
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ntaining tetramethylsilane as internal standard, "C 
mr. spectra with a Varian XL- l0O-15 FT spectrometer for 
nilar solutions, mass spectra with an A.E.I. MS 12 instru-
mt at 70 eV, and accurate masses with an A.E.I. MS9 
;trument. T.l.c. was performed on silica gel GF (Merck). 
p.s were determined with a Kofler hot-stage instrument. 

Isolation of Variecoxanihones A-C [(IV)-(VI)].-
pergillus variecolor, strain CBS 13555, was grown in static 

Iture for 15 days at 25°, as previously described for strain 

[I 112543.2  The dried mycelium (Ca. 6 g ') was ground 
d continuously extracted with light petroleum (b.p. 60-
0).  The resulting semi-solid was triturated with warm 
thanol and the solution evaporated to give a yellow solid 

iich was fractionated by preparative tic. [toluene-ether 
7: 3 v/v)]. Sterigmatocystin was eluted from the band 
RF  025 and afforded pale yellow needles (5.0 mg l') from 
thanol, m.p. and mixed m.p. 242-243° (lit.,' 246°), 
ntical (jr., u.v., and 'H n.m.r. spectra) with an authentic 

mple. Variecoxanthone C was eluted from the band of 
03 and gave yellow needles (08 mg t') from methanol, 

p. 118-120°, 	3500-3100 and 1641 cm 1, 

2, 258, 274, 294, and 376 nm (c 30,700, 24,700, 30,000, 
,800, and 15,000) (Found: All, 424188. C25H2806  re-
tires AT, 424.188). Variecoxanthone A was eluted from the 

Lnd of R1, 05 and gave pale yellow needles (11.5 mg 1 1 ) 

Mfl methanol, m.p. 135°, v,, 3500-3100 and 1643 cm' 

ound: C, 705; H, 59%; Jif, 340130. C2,H2,06  re-

tires C, 706; H, 59%; M, 340.131). The band of R5  
58-062 was eluted and the material re-chromatographed 
)ur-fold development with benzene-ether (98: 2 v/v)]. 
rugosins A and B were eluted from the band of RF  043 and 

tained as a yellow oil (2.05 mg 1-1), identical (i.r., u.v., and 
n.m.r. spectra) with an authentic sample.' Varieco-

:nthone B was eluted from the band of RF 055 and afforded 

how prisms (0.7 mg 1 1) from methanol, m.p. 113-115°, 
3520-3100 and 1640 cm', 	253, 258, 275, 294, and 

10 nm (c 26,600, 28,400, 30,400, 28,400, and 15,400) 
'ound: C, 734; H, 7.0%; M, 408195. C2,028H, re-

iires C, 735; H, 6'9%; AT, 408194). Shamixanthone 

,.s eluted from the band of RF 066, giving yellow needles 
-45 mg V') from methanol, m.p. and mixed m.p. 154-156° 

t.,2  154-156°), identical (i.r., u.v., and 'H n.m.r. spectra) 
ith an authentic sample. 

Methylation of Variecoxanthones A-C --On reaction with 
ethyl iodide and anhydrous potassium carbonate in 
:etone, variecoxanthone A (30 mg) gave 1-h'droxynie1hyZ-
,nethoxy-3-methy1-2- (3-,nethvlbut-2-envloxy)xanthone, 
ed1es (24 mg) from benzene-hexane, m.p. 143-145°, 

lam 
3500 and 1645 cm', r 25 (1H, t, J 9 and 9 Hz), 285 

H, s), 307 (111, d, J 9 Hz), 33 (111, d, J 9 Hz), 4'43 (1H, 

J 8 Hz), Ca. 500 (311), 558 (2H, d, J 8 Hz), 603 (3H, s), 
62 (3H, s), 8'23 (3H, s), and 831 (3H, s) (Found: 
4146. C,,H,,O, requires AT, 354.147). Similarly vane-
xanthone B (12 mg) gave 1-liydroxymethyl-8-niethoxy-3- 
ethyl- 5(3niethylbut-2-enyl)-2(3-)nethYlbUt-2-eflYlOXY)Xafl 
one (VII), needles (8 mg) from benzene-hexane, m.p. 
17-148°, Vm 3505 and 1646 cm', ' 257 (lH, d, J 9 Hz), 

04 (1H, s), 3•28 (111, d, J 9 Hz), 4.4 (1H, t, J 8 Hz), 474 

H, t, J 8 Hz), 490 (2H, s), Ca. 50 (lH), 554 (2H, d, J 8 

z), 603 [311, s, 	(C6D6) 643], 648 (2H, d, J 8 Hz), 757 
H, s), and 822-828 (12H) (Found: M, 422211. 

,H300, requires M, 422209), and variecoxanthone C (14 

.g) 	gave 5- (2, 3-epoxy-3-metli),,lbutyl) - 1-hydroxymethyl- 8- 

e.ihoxy-3-methyl-2-(3-methyibul-2-enylOXY)Xanthofle (VIII), 
ed1es (11 mg) from benzene-hexane, m.p. 148-150°, 
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3500 and 1639 cm', 	240, 251, 285, and 354 nm (e 
30,050, 29,400, 8300, and 7350), r 256 (1H, d, J 9 Hz), 280 

(1H, s), 3'30 (11I, d, J 9 Hz), 447 (111, t, J 9 Hz), Ca. 500 
(1H), 5'01 (2H, s), 5'57 (2H, d, J 9 Hz), 605 [3H, S. 'r 

(C6D6) 6'54], 6'98 (3H, s), 761 (3H, s), 823 (311, s), 831 
(3H, s), 857 (3H, s), and 861 (3H, s) (Found: M, 438205. 

C26143006 requires M, 438204). 

Hydrogenolysis of Variecoxanthone A.-This compound 
(80 mg) in ethyl acetate (25 ml) was hydrogenated at room 
temperature and 1 atm over palladium-carbon (100 mg; 
10%) for 14 h. The solvent was removed and the residue 
was separated into two components by preparative t.l.c. 
[toluene-ether (97 : 3 v/v)]. 8-Hydroxy-1,3-dinethyl-2-(3-
,nelhylbutoxy)xanthone (IX) was eluted from the band at RF 
0'8, giving pale yellow prisms (11 mg) from hexane, m.p. 
67-68°, v 	3496 and 1644 cm-1, A, L  (CHCI,) 265, 288, 
310, and 368 nm (c 30,000, 15,200, 8800, and 9100), r -302 
(1H, s), 254 (lH, t,,/ 9 and 9Hz), 295 (lH, s), 325 (111, d, 

J 9Hz), 334 (111, d, j  9Hz), 626 (2H, t, J 8Hz), 7'20 (3H, 

s), 7•61 (3H, s), 825 (2H, t, J 8Hz), Ca. 83 (1H, m), and 900 

(6H, d, J 9 Hz) (Found: Mt 326152. C20H2204 requires 

AT, 326-152). 2,8-Dihvdroxy-1,3-dimethylxanthOfle (X), 
was eluted from the band at RF  04, affording yellow needles 
(26 mg) from methanol, m.p. 211', Vrn 3496 and 1642 cm', 

Ama 238, 247, 259, 267, 290, 312sh, and 380 nm (c 21,700, 
22,400, 25,000, 22,250, 9850, 3700, and 5700), identical 
(m.p., mixed m.p.; i.r., u.v., and 'H n.m.r. spectra) with the 
compound prepa:ed as previously described 6 (lit., m.p. 

212-215°). 
Oxidation of Va;'iecoxanthone A.-(a) This compound (200 

mg) in acetone (50 ml) was titrated with Jones reagent in the 
usual way.' After adding ethanol (2 ml), the mixture was 
poured into water and the product isolated in ether and 
purified by preparative t.l.c. [toluene-ether (97 : 3 v/v)]. 
The band at Br  045 gave starting material (35 mg) and the 

band at RF  055 gave 1-forniyl-8-hydroxy-3-niethYl-2-(3 
n,eulivlbut-2-enyioxy)xanth one (XI), yellow needles (95 mg) 

from methanol, m.p. 143-145°, Vm 3467, 1708, and 1644 
cm', r -206 (111, s), -061 (IH, s), 242 (1H, t, J 86 and 

8'6 Hz), 26 (IH, s), 31 (lH, dd, J 86 and 14 Hz), 323 (IH, 

dd, J 86 and 14 Hz), 4'49 (111, t, J 76 Hz), 55 (211, d, J 
76 Hz), 7.53 (3H, s), 822 (3H, s), and 828 (311, s) (Found: 

J, 707; H, 54%; Mt 338115. C2,11,80, requires C, 

710; H, 5'4,; M, 338115). 
(b) Variecoxanthone A (80 mg) in dichloromethane (15 

ml) was treated with Collins reagent 8 (400 mg; 6: 1 molar 
ratio) for 1 h at room temperature. Isolated in the usual 
way, the product was purified as described above giving 
starting material (25 mg) and the aldehyde (XI) (20 mg), 
imp. and mixed m.p. 143-145°. 

The Decarbonylation Product (XII).-The aldehyde (XI) 
(58 mg) in benzene (20 ml) was heated under refiux for 4 h 
in an atmosphere of nitrogen with chlorotristniphenylphos-
phinerhodium(i) (80 mg). Removal of the solvent left a 
crude oil which was purified by preparative t.1.c., the band 

at RF  0'58 [toluene-ether (97 : 3 v/v)] being eluted to give 8- 
hvdroxy-3-methyl-2- (3-n,ethylbut-2-enyloxy)Xanthone 	(XII), 
which separated from chloroform-methanol in yellow 

needles (17 ing), m.p. 154-156°, v 	3470 and 1648 cm', 

-276 (111, s), 249 (1H, t, J 86 and 86 Hz), 251 (111, s), 

Ca. 28 (lH, s), 314 (1H, dd, J 8'6 and 14 Hz), 3'28 (IH, dd, 

J 86 and 14 Hz), 451 (IH, t, J 7.4 Hz), 541 (211, d, J 74 
Hz), 7'64 (3H. s), and 82 (OH, s) (Found: M °, 310120. 

C,,H,,04  requires M, 310.121). 
Acid-catalysed Cyclisation of the Aldehyde (XI).-This 
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compound (90 mg) was dissolved in a solution of hydrogen 
chloride (0-002M) in chloroform (50 ml) at room temperature. 
After 1 h the solution was washed with 2M-sodium hydrogen 
carbonate and water, dried (MgSO4), and evaporated. The 
residue was purified by preparative tic., the band at R 
0-65 [light petroleum-acetone (4: 1 v/v)] being eluted to give 

2-cis-2, 3-dihydro- 1,1 1-dihydroxy-2-i.sopi'openyl-5-melhyl-
pyrano[3.2-a]xanthene- 12(1 H) -one  (XIII), which separated 
from benzene-hexane in yellow needles (56 mg), m.p. 141°, 

3500 and 1648 cm', AL  239, 249, 265, 294, and 384 
nm (c 24,500, 25,700, 30,900, 12,600, and 9500) (Found: 
C, 70-3; H, 5-3%; M, 338-115. C20H18O5  requires C, 71-0; 
H, .5.3%; M, 338-115). 

Hydrogenation of Compound (XIII).-This compound (60 
mg) in ethyl acetate (40 ml) was hydrogenated at room 
temperature and I atm over 10% palladium-carbon (20 mg) 
for 2 h to give a mixture of two products which were 
separated by preparative t.l.c. [light petroleum (b.p. 40-
60°)-acetone (4: 1 v/v)]. The band at R? 0-72 gave 1,2-cis- 

3-dihydro- 1,11 -dihvdroxy-2-isopropyl-5-met hylpyrano[3, 2-
a]xanlhen-12(IH)-one (XIV) as fine yellow needles (38 mg) 
from methanol, m.p. 173-174°, Vma  3480 and 1640 cm', 
A, 	238, 249, 265, 270sh, 292, and 384 nm (e 18,200, 18,600, 
22,400, 21,900, 8900, and 5400), -r -2-69 (111, s), 2-50 (lH, t, 
J 8-4 and 84 Hz), 2-85 (lH, s), 3-20 (IH, dd, J 8-4 and 1-3 
Hz), 3-28 (1H, dd, J 8-4 and 13 Hz), 884 (3H, d, J 68 Hz), 
and 8-96 (3H, d, j  6-8 Hz) (Found: C, 70-8; H, 6-0%; 
1I-, 340-130. C 0H QO5  requires C, 70-6; H, 5-91)1; M, 
340.130). The band at Rp 080 gave 2,3-dihvdro-11- 
hydroxy-2-isopropv1-.-me1hy1pyrano[3,'2-axanthen- 12(1 H)- 
one (XV) as yellow needles (2 mg) from methanol, m.p. 
95-96°, v,, 	1642 cm', A1 	241, 247, 264, 269, 289, and 
382 nm (c 18,600, 20,000, 22,900, 22,900, 10500, and 6200) 
(Found: M, 324-136. C 0H.,0O1  requires M, 324-136). 

3-Isopropyl- 6-melhylchromen-4-one (XVIII) .-3-Methyl-
butanoyl chloride (5 g) was added slowly to 4-methyiphenol 
(4-5 g) and, after evolution of hydrogen chloride had ceased, 
the mixture was heated to 100' for 12 h and then added 
slowly to aluminium chloride (6-1 g) in carbon disulphide 
(7 ml). After heating under reflux for 3 11 the solvent was 
evaporated off and the residue heated to 170-180° for 1 h 
and then hydrolysed with 501/0  concentrated hydrochloric 
acid in water (12 ml) at 100° for 1 h. After dilution of the 
mixture with water, the product was isolated in ether (5 x 
20 ml); the solution was washed with water, dried (Na2SO4), 
and evaporated to give an oil which was purified by distil-
lation giving 4- (2-hydroxy-4-melhylphenyl)-2-methylbulan-2-
one (b.p. 85° at 0-1 mmHg) (6-4 g), v, 3400-2800 and 1640 
cm', 	227, 255, and 339 nm (c 5400, 7600, and 3800), 
-r -2-23 (lH, s), 2-42 (111, d, J 2-5 Hz), 272 (111, dd, J 2-5 
and 7-9 Hz), 3-11 (lH, d, J 7.9 Hz), 7-23 (211, d, J 7-0 Hz), 
7-76 (lH, m), and 9-03 (6H, d, J 7-0 Hz) (Found: C, 746; 
H, 8-3. C12H,80, requires C, 75-0; H, 84%). 

Sodium hydride (50-60% oil dispersion; 0-25 g) was 
slowly added to the above ketone (0.5 g) in ethyl formate  

(20 ml) at -5' with stirring. After 20 min the mixture 
allowed to warm to room temperature and, after 3 h, v. 
added to water (100 ml); the product was isolated in eth 
The solution was washed with water, dried (Na2SO4), a 
evaporated and the residue fractionated by preparative t.l 
[benzene-ether (3: 1 v/v)]. 3-Isopropyl-6-melhykhromen. 
one (XVIII) was eluted from the band at Rp 0-65 and form 
needles (34 mg) from hexane, m.p. 89°, VmaL  1620 cm', 
234, 245, 265, and 307 nm (c 9550, 7600, 3550, and 6600) 
2-03br (1H, s), 2-36 (1H, s), 2-51 (lH, dd, J 2-1 and 81 H 
2-76 (lH, d, J 8-1 Hz), Ca. 6-96 (lH, m), 7-67 (3H, s), and 8-
(6H, d, J 7-0 Hz) (Found: C, 77-0; H, 6-8. C13H,402  

quires C, 77-2; H, 7-0%). The band at Ry 0-30 gave 
hydroxy-3-isopropyl-6-meMylchroman-4-one, which form 
needles (380 mg) from hexane, m.p. 106-108°, 	(NI 
3420 and 1665 cm', X.,  223, 252, and 328 nm (c 7400, 83( 
and 3200), -r 2-45 (lH, d, J 2-2 Hz), 2-81 (lH, dd, J 2-2 a: 
8.1 Hz). 3-27 (IH, d, J 8-1 Hz), 4-28 (lH, dd, J 2-3 and 
Hz), 6-27 (lH, d, J 4-2 Hz), 7-68 (IH, dd, J 2-3 and 87 H 
7-80 (3H, s), 8-04 (1H, m), 897 (311, d, J 7-5 Hz), and 9-
(3H, d, J 7-5 Hz) (Found: C, 70-9; H, 7-3. C13H,603  
quires C, 70-9; H, 7-3%). 

This compound (200 mg) was dehydrated by heati 
under refiux for 1 h with concentrated hydrochloric aci 
acetic acid (1: 15 v/v; 8 ml). Isolated in ether, t 
chromone (XVIII) formed needles (160 mg) from hexar 
m.p. and mixed m.p. 89'. 

cis- and trans-3-Isopropyl-6-methylchroman-4-ol (XVI) a 
(XVII).-(a) The chromone (XVIII) (150 mg) was reduc 
with sodium borohydride (500 mg) in refluxing ethanol 
ml) for 3 h. Isolated in ether in the usual way, the produ 
was separated into two components by preparative t.l 
[light petroleum (b.p. 40-60°)-ether (9: 1 v/v)]. cis-
Isopropyl-6-methylchroman-4-ol (XVI) was eluted from t 
band at Rr 0-21 and crystallised from hexane to give need] 
(90 mg), m.p. 80°, v, 	3390 and 1620 cm', X.. 227. 2 
and 290 nm (e 4900, 2400, and 2800) (Found: C, 75-8; H, 8-
C13H,80, requires C, 75-7; H, 8-8%). The trans-isoni 
(XVII) was eluted from the band at RF 0-14 and crystallis 
from hexane to give fine needles (38 mg), m.p. 97-9{ 

3390 and 1620 cm', ) 	227, 283, and 289 nm (c 450 
2300, and 2100) (Found: C, 75-8; H, 88%). 

(b) Reduction of the chromone (XVIII) (30 mg) wi 
sodium borohydride (100 mg) in propan-2-ol (7 ml) at roo 
temperature for 10 h similarly gave the cis-isomer (XVI  
needles (22 mg), m.p. and mixed m.p. 80°, and the Iran 
isomer (XVII), fine needles (2-4 mg), m.p. and mixed m. 
97-99°- 
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coupling studies and 13C n.m.r. studies). We are gratef 
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maintenance award (to K. Y.). 
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The Biosynthesis of Fungal Metabolites. Part VI.' Structures and 
Biosynthesis of Some Minor Metabolites from Variant Strains of Asper- 

- 	gil/us variecolor 
By Kuldip K. Chexat, John S. E. Holker, and Thomas J. Simpson, Robert Robinson Laboratories, University 

of Liverpool, P.O. Box 147, Liverpool L69 3BX 

New minor metabolites from variant strains of A. variecolor are shown to be (1R.2S) -8- [(2S)-2.3-dihydrOXy-3  
(III). (1R.2S)-2,3-dihydro-i .ii-dihydroxy- 

(IV). 	1.2-trans-1 -acetoxy-8-(2.3- 

epoxy-i 	
(V). 1.2-trans-i -acetoxy- 

8-(2.3-epoxy-i methoxy-3-methylbutyl)-2.3-dihYdroi 1 .hydroxy-2-isoprOpeflY'-5-methYl 	(VI). and 1.2- 

cis-2,3-dihydro-1.1i dihydroxy-2-isopropenyl-5-methYl-1 O(3methylbut-2enyl)-PyranO[3.2-8]xanthen 

12(1 H)-one (X). 1.1 
dibenz[b.e]oxepin-1 1 (6H)-one (XVIII). and 1.1 2a-dihydro-6,8-dihydrOXy-1 -(1 -hydroxy-i -methylethyl)-4- 

(XXI). A bio- 

genetic relationship is suggested which explains the co-occurrence of these compounds with other metabolites of 

known structures. 

fungal metabolism it is sometimes possible to obtain 
insight into the biosynthesis of the major secondary 
;abolites by examining the co-occurrence of minor 
:abolites, which may either be biogenetic inter-
hates or derived from them on ' shunt '  pathways. 
ving already established the structures of shamixan-
ne (I),2 tajixanthone (II),' and variecoxanthones 
-C, (XIII)—(XV), respectively,' and having studied 
biogenetic origins of the individual carbon atoms in 
xanthone from ['3Clacetate,' we have now undertaken 
udy of the minor metabolites of nine variant strains 
1. variecolor in an attempt to throw light on the bio-
esis of these and the related compounds arugosins 
-C, (XVI), XVII), and (XX), respectively.4' 5  During 
work we have characterised seven new metabolites: 

xanthone hydrate (III) and methanolate (IV), 14-
roxy- (V) and 14-niethoxy-tajixanthone 25-acetate 
), epi-isoshamixanthone (X), 25-0-methvlarugosin A 
/111), and arugosin D (XXI).t 
'he small quantities of these compounds available for 
estigation necessitated their identification by spectro-
pic methods. However, since these substances are 
icturally related to other known compounds in the 
Cs, the use of these methods was entirely reliable. In 
ticular, their u.v. spectra enabled them to be classified 
anthones, i.e. (III)—(VI) and (X), or dibenzoxepins 
he arugosin type, i.e. (XVIII) and (XXI). Detailed 
1parisons (Table I)- of their 'H n.m.r. spectra with 
se of shamixanthone (I), tajixanthone (II), and 
gosin C (XVIII) then allowed confident structural 
gnments to be made. 
y these methods the structures of tajixanthone 
Irate (111) and methanolate (IV) and 25-0-methyl-
gosin A (XVII1) became apparent and these were 
ilv confirmed by interconversions with known corn-

inds. Tajixanthone hydrate and methanolate were 
pared from tajixanthone (II) by acid-catalysed 
The illustrated numbering of the carbon atoms in these corn-
rids accords with that originally devised for arugosin C& and 
p'tcd by us in previous papers.'' 

Part V, K. K. Chexal. J. S. L. Holker, T. J. Simpson, and K. 
ag. preceding paper. 
K K. Chexal, C. Fouwcather. J. S E. Holker, T. J. Simp-
and K. Young. J.C.S. Pei-kin 1, 1974. 1S4. 

hydrolysis and methanolysis respectively. The com-
pounds obtained had specific rotations identical with 
those of the respective natural products (III) and (IV), 
and, since it would be expected that these reactions would 

Me CN 
23 	22 

IL 	$5 	1617,18 
C II) 	R':HjCH'"rCMe2 ,R 2 RH 

_0-. 
(U) 	R 1  CH2'C$1—CMe 2 , R2 r R3 :H 

(UI) 	R1:CH2*CH(OH)'C(OH)Me2,R7' 

)) R1CH2.CH(OH).C(OMe)Mt2,R2R' 
_0..,, 

() 	R' CH(OH) CH - C M e 2 , R 2 :Ac,R3 sH 
0..,. 

(1) R1 CH(OMe)CfICMe2 ,R 2 AC,R 3 zH 

(MI) P =CH2 ' CH —CMe 2  , Rr Ac, P 3  = Me 

)I 

(Ii) RI=CH(OM8).CHO,R 2 :ACR 3 :MC 

2 

VOH 

Me CH 2  

(I) 	(or mirror image) 

(Xl) (or mirror image) 

QM  R'=R7 rH 

occur with retention of configuration at C-15, the relative 
and absolute stereochemistry of the natural products is 
established. 

$ J. S. E. Holker, R. 1). Lapper, and T. J. Simpson, J.C.S. 
Prkin I, 1974, 2135. 

J. A. Ballantine, D. J. Francis. C. H. HassaU. and J. L. C. 
Wright, J. Chcn. Soc. (C). 1970, 117& 

& J. A. Ballantine, V. Ferrito, C. H. Hassal), and M. L. Jen-
kins, J.C.S. Pci-kin), 1973, 1825 

R1 :H,R2 :CH2 CHCMC 2  

R1  Me ,R 2 CH 2 .CHCMe 2  
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The methyl acetal, 25-0-methylarugosin A (XVIII), 
was prepared from the known racemic hemiacetal mixture 
of arugosins A and B i(XVI) and (XVII), respectively] 

Me 

0 aCH 	'6;:s 
Li 	0 

]LOH 

Me Me 

(lfl) R = H 

() R z CH2  CH=CMe2  
0 

() RrCH2 CH—CMe2  

22 Me 
12, 

20f'Me 23 

0 
19 
 ORS R' 

It 2 	II 
S L 3 R3 

OR' 0 OR2  

	

11. 	15 	16 1718 
(XII) 

(XIfl 

(l R' :R2:RLrF4,R) CH2.CI.1=CMe2,RSrMe 

(III) 

22 Me 

0.1 20 OH 21  

Me 250 23 

OR2  0 	OR' 

(XX) 	R' :R7 H R3 CH2' CH=CMe2  

(Xfl) 	R'R2 rH,R3 CH2.CH(OH).CMe:CH2  

tX1111 	R1 	R 2 : MeR3  = CH 2 CHCM 2  

(XXm) 	R'R2 H,R 3:CH2.CH2.CHM 2  

(lxiv) 	R'R2=MeR3 CH2.CHrCMe2  

Me 
I _OH 

Me 

CH2  CII =CMe2  

with methanol and hydrochloric acid, giving an orange 
gum identical with the natural product. The hemi- 

acetals arugosins A and B exist as a 2: 1 equilibrium rn 
ture 4  but, on formation of the methyl acetal, only 
isomer is obtained. Structure (XVIII) is assigned 
this on the basis of the following evidence. Methylat 
with methyl iodide and potassium carbonate in acetc 
gave the dimethyl ether (XIX) in which the introdu 
0-methyl groups have 'H chemical shifts of r 620 a 
6'24 in CDCI3  and 608 and 672 in C.D.. The upfi 
shift of only one of these two signals in C608  indica 
that only one of the two introduced methoxy-groups 1 
a free ortho-position.2' 6  Since this must be the 
methoxy-group, that at the 1-position must be flank 
by two ortho-substituents, i.e. the C-prenyl residue rn 
be at C-2. We also observe similar chemical sli 
differences with arugosin C dimethyl ether 6  (XX IV). 
Oa 619 and 627 in CDCI31  and 613 and 665 in C81 

Presumably the formation of only one acetal from 
equilibrium mixture of arugosins A and B is due to 
increase in steric crowding on replacing the C-25 hydro 
group by OMe, sufficient to displace the equilibrit 
towards isomer (XVIII) in which there is no steric mt 
action between the C-25 methoxy- and C-prenyl grou 
The methyl acetal (XVIII) does not appear to be an ar 
fact formed by using methanol in the isolation of 
natural product, since when this was replaced 
ethanol we were unable to detect the corresponding eti 
acetal. 

The original tentative assignment of structure (X\ 
to the predominant isomer, arugosin A,4  in the equil 
rium mixture of A and B is supported by the followi 
evidence. Although the 'H n.m.r. spectrum of the aru 
sin A and B mixture in CDCI3  shows the 14-protons 
both isomers with the same chemical shift, 6-74 (.) 
Hz); in C6D6  the signals separate and occur at 654 a 
670 (J 8 Hz in each case) in the ratio 2: 1, respective 
Since the methyl acetal (XVIII) has this signal at 6 
in C.D.,  then the predominant isomer in the arugosin 
and B mixture must also have the C-prenyl group at C 

In the original publication on arugosin C (XX),5  it ss 
reported that the small quantity of material prevent 
confirmation of the structure by conventional degrac 
tive techniques. Evidence for the presence of the bern 
ether grouping at C-25 has now been obtained by redi 
tive fission of the C(25)-O bond. Thus, although 
attempted hydrogenolysis experiments arugosin C ga 
only the dihydro-derivative (XXIII), fission of the 
methyl ether (XXII) occurred on reduction with sodh 
in liquid ammonia giving in low yield a compound whi 
contains both a chelated phenolic and a tertiary hydro 
group ( —2'62 and 870, respectively). Hence, ti 
compound is the benzophenorie (XXV) and correspor 
ingly, arugosin C must be (XX). 

The 'H n.m.r. spectrum of arugosin D shows that it 
closely related to arugosin C, the only differences bei 
associated with the five carbon atoms of the C-prer 
residue, cf. (XX) and (XXI) in Table 1. However, sir, 
very small amounts of arugosin D were available for 

A. Pelter, R. Warren, K. K. Chexal, B. K. Handa, and 
Rahman, Tetrahedron, 1971, 27, 1625, and references cited there 
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tigation, an accumulated spectrum only was obtained 
3 although this strongly suggested that the compound 
itained a 2hydroxy.3-methylbUt-3-eT1Yl residue, the 
iplings were not sufficiently well resolved to confirm 
s feature. However, this residue was also present in 
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D and compound (XXVII) show similar direct losses of 
C4H70, supported by the requisite metastable ions. 
Since this loss has not been observed in any other com-
pound in the series, it presumably arises from this new 
structural feature which must therefore be present in 

TABLE 1 

N.m.r. chemical shifts of metabolites in CDC1, including values for the known compounds (I), (II), and (XX) to 

facilitate comparisons [couplings in Hz where the values are different, or additional to those in (I), (II), and (XX)] 

Proton (s) 	(I) 	(II) 	(III) 	(IV) 	(V) 	(VI) 	(X) 	(XVIII) 	(XX) 	(XXI) 

1-OH 	—258 	—2-60 	—251 	—258 	—296 	—2-03 	—2-86 	—083 or —0-650T —0-66 or 
—243 	—3-84 	—388 

2 3-31 3-31 3-31 3-26 

3 2-60 2-61 261 2-53 

S 2-75 274 2-82 2-98 
6-89 

6-85 7-32 
14 6-65 6-97 

7-30 (] 	14; 
2) 

and 9) 

15 4-71 6-97 6-32 6-24 

17 and 18 8-24 8-57 8-62 8-67 
8-27 8-69 8-67 874 

le 5-64 5-62 5-65 5-63 

20 7-29 7-30 725 7-25 

22 5-42 5-42 5-42 5-20 
5-24 5-22 546 5-41 

23 8-24 819 8-19 8-15 
24 7-69 7-69 7-70 7-65 

25 4-61 4-60 4-66 4-60 

Others 4-91 4-89 5-02 5-00 
(25-011) (25-01-1) (25-01-1) (25-01-1) 

Ca. 7-7 7-56 
(15- and 16- (15-011) 
OHs)6- 7] 

(16-OMe) 

3-20 
2-22 

3-09 
2-31 2-57 2-71 2-76 270 

2-73 2-72 2-80 3-14 3-20 3-20 

4-90 5-40 
6-65 6-65 670 ca. 7-10 

L114. 	7) 7) 

6-90 6-84 4-74 4-68 4-68 Ca. 5-65 

8-52 8-70 8-25 8-12 8-25 8-20 

8-70 8-77 8-18 8-2855- 00 
15-16 

5-44 5-49 5.57 
5-69 5-71 5-74 

5-67 
5-67 
5-87 Ca. 5-7 

U11 2011 ; 11; J1,, 	10; 
2 J19. 90 2 J10. 20 5•5 

and 3) 
7-22 

and 3) 
7-27 

and 10) 
7-50 4-48 7-70 Ca. 7-58 
5-25 

5-20 5-23 4-9858- 26 5870 5870 

8-10 811 8-02 18-31 1875 18-76 

765 7-66 7-70 7-66 7-78 7-80 

3-08 3-09 455 3-63 4-97 4-90 
3-6) 

7-25 6-66 3 	2 3-50 360 3-58 

(14-01-1) (14-OMe) (4-1-1) (4-H) (4-H) (4-H) 

7-93 7-94 -45 - 2-43 or - 3-84 or - 3-88 or 

(25-OAc) (25-OAc) (25-01-1) —0-83 
(11-OH) 

—0-65 
(110H) 

—0-60 
(25.01-1) 

(Js.ison) 
3-5) 6-66 Ca. 8-5 

(25-02Me) (21-OH) 

j 15- and 21-014 signals not seen in accumulated spectrum. 

e compound (XXVII), which we obtained by isorneris-
ion of the previously reported up-unsaturated ketone 

LXVI) 2 by a trace of acetic acid in hot ethyl acetate, 

M e 

T 	0 H 	
M 0 	

0 

C~7 

Me 0 	
Me OMe 

I) R:CH2'CHCMC2 	
(lx=) 

jIjLlJ)R:CH7CH(OH) CMe:CH7 

nd in this case the 'H n.ms. spectrum clearly confirmed 
e structure, i.e. .CHCH(OH) shows an ABX pattern 

jib r 716, rL 6-88, 'r 6-66 Ui 14, jAx 5, J,j-j S Hz) 

nd the isopropenyl group has r 510, 5-18 (methylene 
rotons), and 8-14 (vinyl methyl). Since arugosin I) has 
losely similar chemical shifts for this five-carbon residue, 

also contains the 2hydroxv-3-rneth3-lbUt3CflY] 
roup. Furthermore the mass spectra of both arugosin 

arugosin D. Hence, we propose structure (XXI) for this 
compound, in which, by analogy with arugosin C, the 
modified prenyl group is located at C-2 of the dibcnz- 
oxepin ring. 

14-Hydroxy- (V) and 14methoxy-tajiXanthOne 2-5- 
acetate (VI) are two further metabolites with modified 
C-prenyl residues. The 14-hydroxy-group in the former 
compound is indicated by the 'H n.rn.r. spectrum which 
shows a single proton at C-14, w 490 (J.1 7 Hz) 

(sharpening on addition of D20); the equivalent proton 
in the latter compound resonates at 'r 5-40 Ujj. jb 7 Hz) 

with the methoxv-signal at -r 666. in both compounds 
the 15-, 17-, and 18-protons have chemical shifts closely 
similar to those in tajixanthone (11). The close similari-
ties between the chemical shifts and couplings of the 19-, 
20-, and 25-protons in both these new compounds and the 
known Omethv]tajixanthone 25-acetate (Vii) 2 confirm 

the presence of the 
byd.ropyran residue, although the absolute configuration 
in this residue and at C-14 has not been determined owing 
to shortage of material. The structure of the 2,3-epoxy-
1methoxv-3-n)CthYlbutY] residue in compound (Vi) was 
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confirmed by acid-catalysed hydration leading to com-
pound (VIII), containing the 2,3-dihydroxy-1-methoxy-
3-methvlbutyl residue. Oxidation of this with lead 
tetra-acetate gave the -methoxy-aldehyde (IX). 

Epi-isoshamixanthone (X) was isolated in minor 
amounts from one strain only of A. variecolor (IMI 
53749). Its i.r., u.v., and tH  n.ni.r. spectra were closely 
similar to those of shamixanthone (I). Indeed the only 
marked differences occurred in the 19-, 20-, and 25-1H 
couplings, i.e. J19 , 11, J,9. ,, 5-5 and 10, and f0 36 Hz 
for (X). These values are identical with those for (+)-
de-C-prenylepishamixanthone (XII), which has been 
shown to contain a I,2-cis-1-hydroxy-2-isopropenyldi-
hydropyran residue.' Hence, compound (X) must also 
have the corresponding cis-relationship. Unlike that of 
shamixanthone (I), the mass spectrum of epi-isoshami-
xanthone showed an ion due to loss of 56 mass units. 
Since this is indicative of an ortho-hydroxyprenyl func-
tion,4  it seemed likely that compound (X) contained the 

J.C.S. Perki 

A and B are derived by hemiacetal formation, and sh 
xanthone by further transformations. The co-occurr 
of these compounds in several strains of A. variec 
(Table 2) tends to support this suggestion. Furtherm 
equivalent oxidative fission has been shown to occu 
the biosynthesis of the benzophenone su.lochrin from 
anthraquinone 5-0-methylemodin.78  Although we l 
not been able to detect either anthrone or anthraquiii 
precursors in strains of A. variecolor, it is possible that 
biological oxidation of such a precursor to arugosin 
and B is so efficient as to prevent its accumulation. 

The biosynthesis of shamixanthone (I) from arugo 
A and B, (XVI) and (XVII), requires (a) cyclodeh: 
ation to give the xanthone ring and (b) cyclisation of 
o-prenyloxy-aldehyde unit to the substituted dihy 
pyran ring, but it is not clear which of these react 
occurs first. Isolation of the variecoxanthones (XII. 
(XV) ' tended to suggest that prior formation of 
xanthone ring occurred and that these compounds : 

TABLE 2 

Distribution of metabolites in strains of A. variecolor (in mg 1' 

Mycolium (XVI) and 
(g l) (I) (LI) (XIII) (XLV) (XVII) 	(XVIII) Others 

IMI 112543 150 Ca, 30 Ca. 70 100 15-0 	10 (III). 10; 	(IV), 15; 	(V) 	5 

CBS 134-56 
CBS 135-65 1  

5-5 
80 

6-0 
145 

95 8'9 
11.5 07 

11-0 
205 (XVI, 0-8;  sterigmatocystin, 	5-0 

(MI 53749 76 20 23 	06 (X). 0-45; 	(XX), 38; 	(XXI), 0-0 
(XXVIII), 100;t sterigmatocystii 
09 

TM! 77894 7-0 45 
(MI 136778 49 80 16-0 8-6 (V) 4-2; 	(VI), 15-0 
IMI 146-289 8-9 7•3 11-0 6-1 110 

A. variecolor IMI 60318 and 75129 produced mycelium (4-9 and 8-1 g1') but no metabolites could be detected. 

E. Bullock, J. C. Roberts, and J. G. Underwood, J. Chern. Soc., 1962, 4179. f Isolation and structure elucidation in the fol 
ing paper. 

C-prenyl residue at C-2. This was confirmed by compari-
son of the 'H n.m.r. spectra of the derived methyl ether 
(XI) in C.D. and CDCI3, which showed an upfield shift of 
the methoxy-signal [(C6D6) — t(CDCI3) 020 ppm.] 
smaller than is required for a compound containing a free 
position ortho to the methoxy-group,7  cf. 036-050 
p.p.m. for O-methyltajixanthone 2 (XIX) and (XXIV). 
Hence epi-isoshamixanthone has structure (X), in which 
the absolute configuration has not been determined 
owing to lack of material. 

The pattern of occurrence and relative quantities of the 
biogenetically related dibenzoxepins and xanthones from 
the various strains of A. variecolor are summarised in 
Table 2, which also lists the major metabolite, 4,7-di-
methoxy-5-methylcoumarin (XXVIII) from strain IMI 
53749. This biogenetically unrelated compound is dis-
cussed separately in the following paper. 

We have suggested ' that shamixanthone (I), taji-
xanthone (II), and arugosins A—C, (XVI), (XVII), and 
(XX), respectively, are derived biogenetically from 
chryosphanol anthrone by oxidative ring fission and 
introduction of 0- and C-prenyl units from mevalonate, 
to give the 0- form ylbenzophenone from which arugosins 

S. Gatenbeck and L. MalmstrOrn, Acta Chem. Scand., 1969, 
23, 3493. 

then formed by subsequent reduction of the benza 
hyde groups to the corresponding benzyl alcol 
However, although the aldehyde corresponding to va 
coxanthone A readily cyclises in vitro to give a compo 
containing the requisite dihydropyran ring, this ste 
specific isomerisation gives only the product in which 
isopropenyl and hydroxy groups are cis-related I whei 
in shamixanthone they are trans-related.2  If the e 
valent in vivo cyclisation follows the same ste 
chemical course it seems unlikely that shamixanth 
arises in this way, although the minor metabolite 
isoshamixanthone (X) may well do so. We h 
suggested that the trans-relationship in shamixanth 
could arise if the dihydropyran ring is formed before 
xanthone ring.' However, none of the metabol 
isolated contains the dihydropyranobenzophenone sti 
ture which would support this hypothesis. On the ot 
hand, it is probable that arugosin C (XX) arises from s 
an intermediate by the alternative cyclodehydral 
between C(25)-OH and C(10)-OH to the dibenzox€ 
system. 

The metabolites tajixanthone (II), the hydrate (' 
and methanolate (IV), and the hyclroxy- and metho 

R. F. Curtis, C. H. Hassall, and D. R. Parry, Chem. Go' 
1970, 1512. 
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derivatives (V) and (VI), respectively, appear to be de-
rived biogenetically from shamixarithone by oxidations 
of the C-prenyl residue. Presumably epoxidation to 
tajixanthone occurs first and this is the parent of the 
other compounds. Arugosin D (XXI) would be formed 
similarly from arugosin C (22), by rearrangement of a 
hypothetical epoxide. 

EXPERIMENTAL 
The general methods used for spectral measurements are 

identical to those outlined in Part V.' Spectral data indi-
cated with an asterisk are listed in Supplementary Public-
ation No. SUP 21245 (9 pp.).f 

Isolation of Metabolites.—The cultures of the individual 
strains of A. variecolor were made and the isolations of the 
mycelial metabolites from the methanol-soluble fractions 
of the light petroleum extracts were carried out as reported 
for shamixanthone and tajixanthone in Part III. The 
individual metabolites were separated by preparative tic. 
on silica gel GF (Merck) and known metabolites were 
characterised by i.r., u.v., and 'H n.m.r. spectra (also by 
m.p. and mixed m.p. for crystalline compounds). In the 
case of arugosin C final purification was effected by chrom-
atography on Sephadex LH-20 as previously described.5  
The amounts of the purified metabolites from each strain 
are summarised in Table 2, which also contains comparative 
data for strain CBS 1355, previously reported in Part V.' 

Tajixanthone Hydrate (III) (with K. YOUNG).—Isolated 
from mycelium, this compound {(IR,2S)-8-[(2S)-2.3-di-
hydroxy-3-methylbiityl]-2, 3-dihydro- 1,1 l-dihvdroxy-2-iso-
propenyl-5-meMylpyrano[3,2-a]xanlhen- 12(1 H)-one) 
formed yellow needles from acetone, rn.p. and mixed m.p. 
195-196° [with a sample prepared by acidic hydrolysis of 
tajixanthone (II) as previously described 3]. 

Tajixanthone Methanolate (IV).—(a) Isolated from mycel-
ium, this compound ((1 R, 2S)-2,3-dihydro- 1,11 -dihydrox)-S-
[(2S)-2-hydroxy-3-rnelhoxy- 3-mci hylbutyTj- 2-isop roeny1- 5- 
ne1hylpyrano[3,2-a]xa nth en-12 (1  H)-one) 	formed 	yellow 

needles from acetone, m.p. 190_1910, 	-658° (c 56 
in CHCI,), 	 in/c * (Found: C, 686; H. 68%; 
M, 454196. C,5H300, requires C, 687; H. 67%; 
454.198). 

(b) Tajixanthone (100 nig) in boiling methanol was 
treated with 72% percliloric acid (2 ml) for 5 mm. After 
cooling, the mixture was diluted with water (200 ml) and the 
product isolated in ethyl acetate (3 x 50 ml) and purified by 
t.l.c. The band at RF 020 [benzene-ether (4 : I v/v)] gave 
tajixanthone methanolate as yellow needles (80 mg) from 
methanol, m.p. and mixed m.p. 189-191°, identical 
(spectroscopic properties) with the natural product. 

I 4-HydroxylajixanThonc 25-Acetate (%7).—Isolated from 
mycelium, this compound (l,2-trans-1-ace1oxv-8-2,3-epoxy-
I -hydrox).-- 3-rnethylbulylj-2, 3-dihydro- II -hydroxv-2-isopro- 
peny1- 5-in ci hylyrano[3,2-a]xanl1ien- 12(1 H)-one) 	formed 
yellow needles from light petroleum (b.p. 60-80°). m.p. 
224-227°, fa +45-0°  (c 0-5 in CHCI,), 	'max 

in/c 
(Found: C, 67'7; H, 6-9%; Al. 480-176. C,,H2 O, re-
quires C. 67-5: H, 59%; Al, 480-176). 

14-Methoxylajira nth one 25-A ce/ate (VI).—Isolated from 
mycelium, this compound { 1,2-trans-I -acelox),-8-[2,3-epoxy-
I -methoxy-3-melhylbutyl]-2,3-dihydro- 11 -hydroxy- 2- isopro- 
pen)!- 5-mel hylpyrano[3, 2-a]xanlhen- 12 (1 H)-onc J 	formed 

t For details of Supplementary Publications see Notice to 
Authors No. 7 in J.C.S. Pc,kis 1, 1973, Index issue. 
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yellow needles from acetone-light petroleum (b.p. 60-80°), 
m.p. 198-200°, [3D - 196°  (c 1.0 in CHCI,), Vmiix,• ma" 
in/a • (Found: C, 076; H, 63%; M. 494195. C11H,00 
requires C, 680; H, 6.1%; M, 494-193). 

Epi-isosllamixanlhone (X) .—Isolated from mycelium, this 
compound (1, 2-cis-2, 3-dihydro- 1,1 1-dihydroxy-2-isopropeny?-
5-meThyl- 10-[3-mehylbul-2-enyl]pyrano[3, 2-a] xcnl hen- 12-
(1H)-one) formed yellow needles from methanol, m.p. 114-
1 l5°,[] -51-8°  (c 0-8 in CHCI,), v.,,.,*)* mn/a 
(Found: M, 406178. C,5H,601  requires M, 406178). 

Prepared from this compound (10 mg) with methyl iodide 
and potassium carbonate in acetone, the 0-methyl derivative 
(XI) formed needles (6 mg) from benzene-hexane, m.p. 121- 
122°, [a],, -424° (c 0-4 in CHCI,), 	 r  0  (Found: 
M, 420-194. C,6H2505  requires M, 420.194). 

25-0-Methylarugosin A (XVIII) .—(a) Isolated from 
mycelium, this compound { 1,1 0-dihydroxy-6-nict hoxy- 8-
mnelhyl-2-(3-nzclhylbul-2-enyl)-7-(3-melhylbut-2-en),loxy)di-
benz[b,e]oxepin-ll(6H)-one} was a viscous orange oil, Rp 0-50 
(benzene), 	A" rn/c * (Found: 	438-207. 
C25143001  requires M, 438.204). 

(b) Arugosins A and B [(XVI) and (XVII)] (50 mg) were 
dissolved in methanol (20 ml) containing concentrated 
hydrochloric acid (0-5 ml). After 15 min at room tempera-
ture the solution was diluted with chloroform (100 ml), 
washed with 2si-sodium hydrogen carbonate (2 x 25 ml) 
and then water (2 x 25 ml), dried (MgSO4), and evaporated; 
the residue was purified by preparative t.l.c. Development 
with benzene gave a band, RF  0-50, which was eluted with 
ethyl acetate to give an orange oil having spectroscopic 
properties identical with those of compound (XVIII). 

Prepared from the above compound (100 mg) with methyl 
iodide and potassium carbonate in acetone, and purified by 
t.l.c., the di-0-methyl derivative (XIX) was obtained as a 
viscous yellow oil (78 mg), RF  0-60 [benzene-acetone (4 : 

?. 	, ' 	(Found: M, 466-235. C,H340•  requires 
M, 466-236). 

Arugosin D (XXI).—Isolated from mycelium, this coin-
pound (1,1 2a-di/),dro-6 ,8-dihydroxy- I -(1-hydroxy- I-methyl-
ethyl)-4-nzcli;yl-9- (2-hydroxy- 3-melizylbut- 3-en)'?) [I ]ben:o-
pyrano4, 5-bc] [ l]ben:oxepin-7 (2H)-onc) was a viscous yellow 
oil, RF  0-40 [ether-benzene (1: 1)], 	-31.2' (c 0-95 in 
CHCI,), 	).,. rn/c * (Found: .M, 440-182. C,5H,0, 
requires .'lI, 440-182). 

Dihvdroarugosin C (XXIII).—Arugosin C (110 mg) in 
ethanol (25 ml) was shaken at room temperature with pal-
ladium--carbon (20 mg: 100/,) ) for 24 Ii under hydrogen at 
1 atm. Alter removal of the catalyst and solvent, the 
residue was purified by preparative t.l.c. [benzene--ether 
(95:5)'. Dihvdroarugosin C (XXIII) {I,12a-dihydro-6,8- 
dihvdroxy- I -(I -hydroxy- I -met hylet hyl) -4-in ethyl- 9- (3-methyl-
bul3,1) l]ben:opyrano[4,5-bc] [ l]bcn:oxepin-7(2H)-onc) was ob-
tained as a yellow oil (80 mg), RF  0-3 [benzene-ctler 
(95:5)], [a 	-5-2° (c 2-2 in CHCI,), 	 . * 

(Found: M°, 426-204. C,",00, requires M, 426-204). 
Similar hydrogenations with platinum oxide catalyst under 
various conditions of temperature and pressure gave essen-
tially similar results. 

Reduction of Arugosin C Dime/hj? Ether (XXII).—Prc-
pared as previously described," this compound (200 mg) in 
ethanol (5 ml) and liquid ammonia (80 ml) at -80° was 
treated with sodium (55 mg). After 10 min the solution wa 
treated with ammonium chloride (400 mg) and allowed to 
evaporate at room temperature, and the residue was diluted 
with 2m-hydrochloric acid (2 ml) in water (25 ml). After 
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isolation in chloroform the product was purified by prepara-
tive tic. [benzene-acetOne (4: 1)]. The band at Rp 07 

gave the ben:ohenOne (XXV) as a yellow oil (16 mg), ]D 

_940°  (c 0•135 in CHC11), 	A,a m/e, r 0  (Found: 

.111-, 454235. CHiiOa  requires M, 454236). 

fsomerisatio of the m  8-  Unsaluvaled Ketone (XXVI) —Pre- 
pared as previously described,' this compound (34 mg) was 
heated under reflux for 15 min in ethyl acetate (10 ml) con-
taining acetic acid (0.2 ml). The product was separated by 
preparative t.I.c. [benzene-ether (95: 5)]. Eluted with ethyl 
acetate, 2-acetyl- I 
enyfl5rnelhylpYYaflOL3.2-a]X(mfu/2' 2(31-I) -one 	(XXVII). 

-separated from acetone-light petroleum (b.p. 60-801 in 
yellow needles (21 mg). m.p. 200-02°, 2lD -33.3' (c 0'27 

in CHCI3), 	 m/e * (Found: C, 70'5; H, 58. 

(' 2 H22O2  requires C, 709; H, 55%). 
Hydrolysis of 1 4_MeIhoxylajiXa nt/zone 25-Acetate (VI).— 

This compound (70 mg) in 50% aqueous tetrahydrofuran 
(30 tnl) was heated to boiling and treated with 72% per-
chloric acid (05 MI). After 5 min the mixture was cooled 
and poured into water and the product isolated in chloro-
form (3 x 50 ml). After washing with 2i-sodium hydrogen 

carbonate (2 x 25 ml) and water (2 x 25 ml) and drying 

(Na2SO4), the solvent was evaporated off and the residue 
purified by preparative tic. [ether-benzene (I : 4)]. The 

J.C.S. Pen 

band at RP  0'23 was eluted and the product cryst 
from aqueous ethanol, giving yellow needles (40 mg) 
trans- I -aeetoxy-8-(2. 3-dihydroxy- I nie1hoxy-3-methYlbU1 

2. 3-dihydro- II -hydroxy-2- isoproe nyl-5-inethylpY7afl0i 
xanthen-12(1H)0fl6 (VIII), mp. 1S0-182°, [] - 31 

14 in CHCI,), 	 * (Found: C. 652; H, 
M*, 512205. C 3H,2O, requires C, 656; H. 630/, 

512204). 
Lead Tetra-acetate Cleavage of the Diol (VIII).-

tetra-acetate (60 mg) was added to a stirred solution 
diol (VIII) (45 mg) in acetic acid (2 ml) at room tempei 
After 15 h the mixture was diluted with water (50 zr 
extracted with chloroform (2 x 25 ml). After th 
washing with water, the extract was dried (MgSO 
evaporated. The yellow oily residue (40 mg) was p 
by preparative t.l.c. [ether-benzene (3: 7)]. The b 

RF 040 was extracted with acetone to give 12-t3 
acetoxy8.1Jor'nyl()Ptet/10xY) methyl]-2, 3-dihydro- 11 -hydr,  
isopropenyl5t1zet11ylPYb0[3 2-a]xanhJxen- 12 (1 H) -one 

as pale yellow needles (14 mg) from acetone-light pet 
(b.p. 60-80°), nip. 115-146°, 
M, 45-2-151. CHO2  requires M, 452'146). 

We acknowledge the help of Mrs. A. Lewis in the 
biological work. 

[4/1944 Received, 23rd Septenthei 
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Use of Singly and Doubly Labelled '3C-Acetate in the Elucidation of the 
Structures and Biosynthesis of Multicolic and Multicolosic Acids, 

New Tetronic Acids from Penicillium multicolor 

By JULIAN A. GUDGEON, JOHN S. E. HOLKER, and THOMAS J. SIMPSON 

(Robert Robinson Laboratories, The University of Liverpool, P.O. Box 147, Liverpool L69 3BX) 

Summary Multicolic and multicolosic acid, isolated from 
cultures of Penicillium multicolor, are shown to have 
structures (I) and (II) respectively by 'H- and "C-n.m.r., 
and u.v. spectroscopic studies, 13C-couplings observed in 
the spectrum of methyl O-methylmulticolate (III), 
prepared from multicolic acid enriched with [1,2-13C]-
acetate establishing the substitution pattern in the 
tetronic acid chromophore; the biosynthesis of these 
metabolites from acetate, via oxidative fission of a pre-
formed aromatic precursor, e.g., 6-pentylresorcylic acid, 
is suggested by the 	 spectra of derivatives, 
enriched with [1-13C]-, [2-13C]-, and [l,2-"C]-acetate. 

Two new optically .inactive metabolites, multicolic and 
multicolosic acids, C11H,406, m.p. 129-1310, and C1,111207, 
m.p. 150-153°, respectivelyt have been isolated from the 
fermentation liquors of P. multicolor (IMI 104602), which 
had previously been reported to produce pencolide.' The 
structures (I) and (II) respectively have been established, 
for these compounds on the basis of the following evidence. 
(a) Multicolic acid (I) gave methyl O-methylmulticolate (III) 

All compounds described gave satisfactory elemental analyses. 

with diazomethane. Oxidation of this derivative wil 
chromic oxide gave the acid (IV) which was converted in 
the methyl ester (V) with diazomethane, identical with ti 
product obtained by similar methylation of multicolos 
acid (II). 

R20 R2 
R

R'02C~HC,,Z 1 :0 	
R302C-H2C---",\ 

0 

R' R2 R' 
 CH,OH H H 

 CO,H H H 
 CH20H Me Me 

 CO2H Me Me 
 CO2Me Me Me 

(b) Hydrogenation of multicolic acid with Pd—C in eth 
acetate gave the dihydro-derivative (VI) which show€ 
spectral properties characteristic of a tetronic acid chromi 
phore: Amax (EtOH) 234 nm (e 7000); Amax (EtOH_KO1 

R' R2 R 
CH,OH H 	H 
CH20H Me Me 
CO,Me Me Me 
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62 nm (e 11,000), cf. c-ethyl-tetronic acid,2 )tmax (EtOH) 
33 nm (€ 12,000), Amax (EtOH-KOH) 258 nm (€ 18,000)- 

59.5 234 255 622 MeD 109•7 * ,160-6 — 	* 
* 29-7 32-2 
Me-10 	520 

MeO2C•HC 	
0 1683° 

2  

(III) 

rIGURE 1. 13C-n.m.r. chemical shifts (S) for methyl 0-methyl 
iulticolate (in CDC13) and labelling pattern established for 
1-13C]- and [2-13C-acetate incorporations. 

(c) The presence of the residue -[CH2]4-CH,OH in multi-
olic acid was clearly demonstrated by the 'H n.m.r. 
pectrum of methyl O-methylmulticolate (III); T (CDC1,), 

41 (211, t, J 7 Hz), 7-52 (2H, t J 7 Hz) 7-75 (lH, exchange-
,ble in D40), and 8-50 (6H, m). Lanthanide induced shift 
L.I.S.) studies with Eu(fod), showed that the principal 
o-ordination site was the primary alcoholic hydroxy-group 
nd separate resolution of the individual methylene groups 
f the pentyl side-chain was achieved. 

The residue >C=CH-CO,H in both metabolites was 
Lemonstrated by the presence of a singlet proton, r 4-10 in 
he 'H n.m.r. spectra of the methylated compounds (III) 
.nd (V), which was replaced in the dihydro-derivatives 
VII) and (VIII) by typical ABX patterns (TA 7-15, TB 7-50, 

5-01; JAB 16 Hz, j Ax 4 Hz, and J51 8 Hz). The con- 

FIGURE 2. The proton-noise decoupled F.T. 13C-n.m.r. spectra 
)f methyl O-methylmulticolate (III) labelled with: (a) [l-'C] 
acetate, (b) [2-18C] acetate, and (c) [1,2-1 C] acetate (in CDCI5). 
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jugation of this residue with the tetronic acid chromophore 
was shown by the ii .v. spectra of the parent metabolites; 
Amax (EtOH) 262 and 295 nm (€ 15,000 and 8000). 

The 13C-assignments shown in Figure 1 for methyl 
O-methylmulticolate (III) are based on measurements of 
proton noise- and off-resonance-decoupled 13C-n.m.r. spectra 
of compounds (III), (V), (VII), and (VIII) and L.I.S. studies 
on the spectrum of compound (III). The only ambiguity 
is a possible reversal of the C(1) and C(3) assignments. 
The 13C-n.m.r. spectrum (Figure 2) of compound (III), 
derived from multicolic acid enriched by feeding the 
organism with [1,2-13C]acetate, shows "C-couplings of 48 
and 90 Hz between C(2)-C(5) and C(4)-C(lO) respectively. 
These values, which are typical of those for sp'-sp' and 

sp'-sp' hybridised coupled carbon atoms respectively," 
establish the positions of the substituent groups in the 
tetronic acid chromophore and complete the structure 
elucidation, apart from the stereochemistry of the 4,10 
double bond, which has not been determined. 

Two separate biosynthetic pathways have been estab-
lished for fungal tetronic acids. (a) Oxidative cleavage of 
an aromatic or quinonoid precursor, as in the formation of 
penicillic acid from orsellinic acid,4 and (b) condensation of a 

Me —CO2H — 

C:;~ 0 

SCHEME: Expected couplings in multicolic acid derived from 
[1,2-13C] acetate, via 4,6-fission of 6-pentylresorcylic acid. 

polyketide derived fl-ketoacid with a Kreb's cycle acid, e.g. 
succinic acid, as in the formation of carolic and carlosic 
acids.6 In the present case, the "C-n.m.r. spectra (Figure 
2) of the derivative (III), prepared from multicolic acid 
enriched with [1-13C]- and [2-13C]-acetate respectively, 
establish the labelling patterns indicated in Figure 1. 
These are compatible only with a biosynthetic origin by 
oxidative cleavage of a polyketide derived aromatic pre-
cursor, e.g. fission between C(4) and C(5) in 6-pentylresor-
cyclic acid (IX). The "C-n.m.r. spectrum of derivative (III), 
derived from [1, 2-13C] acetate enriched multicolic acid, 
(Figure 2), confirms this postulate since the observed 
couplings C(8)-C(9), C(6)-C(7), C(2)-C(5), and C(4)-C(10), 
are those between pairs of atoms derived from the same 
acetate residues in the aromatic precursor. The absence 
of couplings at C(1), C(3), and C(1l) rules out the possi-
bility of 1,2-cleavage in (IX) and precludes the biosyn-
thetic intermediacy of any symmetrical aromatic inter-
mediate, e.g. 5-pentyiresorcinol. This route which is 
summarised in the Scheme, appears to be the first example 
of the use of "C-doubly labelled acetate to establish the 
intermediacy of an aromatic precursor in the biosynthesis 
of a fungal metabolite. This technique, due to Seto and 
his co-workers° is finding increasing application in fungal 
biosynthesis, where the necessary high incorporations can 
be obtained relatively easily. Similar findings have 
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recently been reported for the biosynthesis of penicillic acid, microbiological work and Dr. R. D. Lapper for 13C-spect 
where it has been shown by tritium labelling studies that determinations. 
orsellinic acid undergoes specific 4,5-cleavage.7  

We thank Mrs. J. Pearson and Mrs. A. Lewis for the 	 (Received, 12th June 1974; Corn. 69 

H. Birkinshaw, M. A. Kalyanpur, and C. E. Stickings, Biochem. J., 1963, 86, 237. 
J. Haynes and J. H. Plimmer, Qua'. Rev., 1960, 14, 292. 

$ J. B. Stothers, 'Carbon-13 NMR Spectroscopy,' Academic Press, New York, 1972, and references cited therein. 
Mosbach, Acta Chem. Scand., 1960, 14, 457. 

6 R. Bentley, D. S. Bhate, and J. G. Keil, J. Riot. Chem., 1962, 237, 859. 
6  H. Seto, T. Sato, and H. Yonehara, J. Amer. Chem. Soc., 1973, 95, 8461; H. Seto, L. W. Carey, and M. Tanabe, J.C.S. Che 

Comm., 1973, 867. 
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THE 13C NMR SPECTRUM OF A PYRONE METABOLITE OF ASPERGILLUS MELLEUS. 

13 
BIOSYNTHETIC INCORPORATION OF SINGLY AND DOUBLY LABELLED I C]-ACETATE. 

Thomas J. Simpson1  

Department of Organic Chemistry, The Robert Robinson Laboratories, 

P.O. Box 147, Liverpool L693BX 

(Received in UK 18 November 1974; accepted for publication 5 December 1974) 

Fermentations of Aspergillus melleus provide a variety of metabolites; the mycelium is a 

rich source of naphthaquinoneS2  whereas the principal metabolite in the liquors is the pyrone 

3 	
1L+ 

(1) . Incorporation of [ Cl-acetate into pyrone (1) is reported to give the labelling 

pattern shown (Scheme 1). This distribution of label, particularly the linkage of two carbons 

derived from the methyl of acetate, is difficult to rationalise in terms of the normal pathways 
.13 

of polyketide biosynthesis. Studies based on C-labelling especially the use of doubly 

13 	 56 
labelled [ C]-acetate have facilitated the elucidation of unusual biosynthetic pathways 

13 	13 	 13 

thus samples of pyrone (I) enriched biosynthetiCallY with [I- C]-, [2- C]-  and 11,2- C]- 

13 
acetate have been prepared and their C spectra determined. 

A full assignment of the 
13
C n.m.r. spectra of pyrone (I) and its acetate (II) (table) 

has been made as follows:- C1, C2 , C3  and the C4-acetate group were readily assigned from 

known chemical shift data  and their multiplicities in the off_resonance-decoupled spectra. C4 , 

C5, C7  and C8  all have chemical shifts characteristic of oxygen-bearing aliphatic carbons and 

give doublets in the off-resonance spectra. They were distinguished in the acetate (II) by 

plotting the peak frequencies in the off-resonance spectra against the H irradiating 

frequency as it is stepped through the 
1 
 H spectral region 

8 (figure 1). The H resonance 

14 
Scheme 1. Incorporation of [ Cl-acetate into A. rnelleus pyrone. 

'S 	* 

RO 
43 	

CH3 
(I)R=H * . 

CH3CO2H —* 
1O"O 

•8 	
(II) RCO.CH3  

CH3   
6 
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frequency corresponding to the carbon shift is determined when the residual coupling goes to 

zero. The method is only applicable in this case as the H frequencies in acetate (II) are 

well separated and have been unambiguously assigned3. 

The C6 and C9  methyl signals could not be readily distinguished in the natural 
13 

abundance spectra. However, in the spectrum of (I) enriched with [1,2-C]-acetate, C9  

13 13 
shows a strong C- C coupling with C8  (see below). 

Table: 
13 
C Chemical Shifts of Pyrones (I) and (II) 

	

carbon 	 (I) 	 (II) 

	

1 	 163.0 	161.7 

	

2 	 129.0 	131.2 

	

3 	 141.2 	 135.5 

	

4 	 67.6 	 67.8 	- 0 
U 

	

5 	 79.3 	 76.3 	E. 
C, 

	

6 	 18.0 	 18.1 0 
WI 

	

7 	 54.6 	 54.3 

	

8 	 59.1 	 58.7 

	

9 	 17.6 	 17.5 

	

CH3CO 	 - 	 20.6 

	

CH3CO 	 - 	 169.4 	
'H Chemical shift- irradiation frequency 

	

13 	 13 

	

In the 	C n.m.r. spectrum of (1) labelled from [1- Cl-acetate  (fig 2a) C1, C3, C5 and 

13 
C8  exhibit strong enhancement relative to natural abundance, whereas the [2- C]-acetate 

13 13 
enriched spectrum (fig 2b) shows enhancement of C2, CO  C6, C7, and C9  and a C- C coupling 

of 61Hz between C2  and C7  indicative of a head-to-head linkage of acetate groups. This 
13 

confirms the previously reported labelling pattern 4 . In addition, the [1,2- C]-acetate 

enriched spectrum (fig 2c) shows intense couplings between C2-C3, C4-05, and C8-C9  of 68,41 

and 44Hz, respectively indicating their origin from intact acetate units. Due to the high 

enrichment, couplings of 61, 42, 40, and 3214z between C2 -C7, C3-C, C5-C6  and C7-C8  

respectively were seen as weak intesntiy lines indicating their origin from adjacent acetate 

units. This is believed to be the first assignment of the low intensity couplings in a 
13 

[1,2- CJ-acetate enriched spectrum. 

The absence of an intense coupling clearly indicates that the C6 methyl cannot be part 
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of a "starter" unit in the biosynthesis of pyrone (1). A pathway which would account for the 

observed incorporation of acetate is given in Scheme 2. In this context it is notable that 

mellein which represents an alternate folding of the pentaketide chain is a co-metabolite of 

(I) and on repeated culture of A. melleue, yields of pyrone (I) decreased with concomitant 

increase in mellein production3. Penicillic acid, known to be formed by ring cleavage of 

orsellinic acid in Penicilliwii patulumis also a co-metabolite. A Favorskii-type 

rearrangement would account for the head-to-head linkage of acetate units. A head-to-head 

linkage in polyketide metabolites has previously only been observed in the aflatoxins and 

related compounds10'11. The mechanism proposed to account for this
1°  is without precedent 

amongst known chemical rearrangements and must clearly be in doubt with the recent 

incorporation 12 of averufin into aflatoxin B 1 . 

Further studies to provide evidence for the above postulates are in progress. 

The author thanks Dr J.S.E. Holker for helpful discussions, Mrs A Lewis for micro- 

13 
biological work and Dr R.D. Lapper for C spectra. 

Scheme 2. postulated biosynthesis of pyrone (I) via a pentaketide precursor. 

CH3—CO2H 

ON * 0 On H 

. 

	

OH CO2H 	
• 

* 	HO 

* —4. HO2 	
-..* 

	

CO2H 0 	-2CO2 * 
* 	 2. Reduction 

3. - H20 
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THE BIOSYNTHESIS OF A PYRONE METABOLITE OF ASPERGILLUS MELLEUS 

AN APPLICATION OF LONG-RANGE 13C-13C COUPLING CONSTANTS 

Thomas J. Simpson* 
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P.O. Box 4, Canberra ACT 2600, Australia 

John S.E. Holker 

Department of Organic Chemistry, The Robert Robinson Laboratories, 

P.O. Box 147, Liverpool L69 3BX. 

(Received in UK 14 October 1975; accepted for publication 13 November 1975) 

The pyrone (1), a weak broad-spectrum antibiotic, has been isolated from Aspergillus 

species. 1,2 	'C-Labelling studies  suggest a polyketide origin, and incorporation of [1-
13C]-, 

[2-13C]-, and [1,2-13C]acetate into the pyrone by static cultures of A. melleus indicated its 

formation from three intact acetate units and three carbons derived from cleaved acetate units. 

A biosynthetic pathway involving cyclisation and rearrangement of a pentaketide precursor 

followed by ring cleavage, was suggested to account for this most unusual labelling pattern.4  

. 0 
 0 

HO 0 
0 

CH3 CO2No 
0  

(I) 

An alternative pathway, involving rearrangement of a pentaketide precursor followed 

by loss of the terminal carboxyl as shown in the scheme, would also account for the observed 

labelling pattern. In the course of this rearrangement, an originally intact acetate unit is 

cleaved and so the 1,2 coupling should be lost, as is observed in the 13C n.m.r. spectrum of 

the [1,2-11Cacetate enriched pyrone (Table). 	However, the respective carbons are now in a 

1,3 relationship and so, if this is the correct pathway, there should be a two-bond 13C-13C 

4693 
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0 

CH3-002H -* 

0 
0 

0 	
HO 

HO 	 o CO2H 
/ 

SCHEME. Proposed biosynthesis of pyrone (1) via a pentaketide precursor. 

62Hz 
FLI 

62Hz 

1630 	 546 	ppm. 

FIGURE. 13C N.m.r. spectrum of [1,2-13C]acetate enriched pyrone (1). 

Determined on Varian XL-100 operating at 25.2 MHz., 500 Hz total sweep widths. 
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coupling between C-i and C-7. Two-bond 13C-13C couplings are small typically 0-10 Hz,
5  and 

can be difficult to resolve,6  but should provide a method for differentiating between the two 

possible biosynthetic pathways. 

A closer examination of the [1,2-13C]acetate enriched spectrum revealed a significant 

broadening of the C-i and C-7 resonances, relative both to the other carbon resonances in the 

spectrum and to the C-i and C-7 resonances in unenriched spectra. Thus the 'IC n.m.r. spectrum 

of the [1,2-13C]acetate enriched pyrone was redetermined using 500 Hz total sweep widths. 

A 13C- 3C coupling of 6.2 Hz (see Figure) between C-i and C-7 is apparent, so providing 

conclusive evidence for the biosynthetic pathway shown in the scheme. There is no established 

biosynthetic precedent for this pathway, but a similar rearrangement can be postulated to 

account for the formation of the fused difuran ring system, found in the aflatoxins and 

related metabolites, whose origin has been a subject of much speculation.7  

This is believed to be the first example of detection of a long-range 3C-13C coupling 

arising from biosynthetic rearrangement of a doubly 13C-labelled precursor. Two-bond 13C-13C 

couplings have been detected due to very high incorporations of [1-13CJ -acetate into aflatoxin 

B1,8  and intramolecular rearrangement of [2,11_13C]porphobiliflOgefl during the course of 

TABLE. 	13C N.m.r. chemical shifts (p.p.m.) and coupling constants (Hz) in 

[1,2-13C]acetate enriched pyrone (1) 

arbon 6 1Jc-c 2Jc-c 

1 163.0 - 6.2 

2 129.0 68 - 

3 141.2 68 - 

4 67.6 41 - 

5 79.3 41 - 

6 18.0 - - 

7 54.6 - 6.2 

8 59.1 44 - 

9 17.6 44 - 
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protoporphyrin biosynthesis gives rise to a one-bond 3C-13C coupling.9  The method has 

potential application to the terpenoid field where the path of methyl and other bond 

migrations may be followed, as well as to the study of molecular rearrangements in general. 

The authors thank Mrs M. Anderson and Mrs J. Rothschild for microbiological work 

and Mr. D.J. Birch for 13C spectral determinations. 
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BIOSYNTHESIS OF RAVENELIN FROM [1-13C]-AND [1,2-13C]-ACETATE 
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Ravenelin (1) is a fungal metabolite from some Ilelminthosporiurn species. 1,2 

OH 

H. 

7 

CH3  

 

OH 0 OH 

 

(I) 
An early suggestion  was that compounds with a benzophenone skeleton are biosynthesised by 

two types of route: wholly acetate-polyketide, or shikimate-polyketide (C6C1  plus 3-C2  or 

C6C3  plus 2-C2). The former route is probable in fungi and the latter in higher plants,4  

a conclusion supported by biosynthetic studies. 5,6 

A preliminary investigation of ravenelin using [C]-acetate supported a complete 

acetate-polyketide origin but was not definitive of detail.7  

A culture of H. ravenelii has now been fed with sodium [1-13C]-acetate (57%) or with 

sodium [1,2-13C]-acetate (91.6% and 93.1% respectively) and the resulting ravenelin, which 

was enriched in 13C- abundance about twofold (mass spectrometry), was examined by 13C-nmr 

spectroscopy. 

The results from feeding experiments with [1-13C]-acetate are in complete agreement 

with the origin shown in (2) (see Table 1) 

4173 
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OH 

L 

CH3-602H 	-a- -a- 
9 

CH3  

(2) 
The proton-noise-decoupled 13C-n.m.r. spectrum of ravenelin enriched with [1,2-13C]-

acetate showed the presence of intense satellite resonances due to 13C-13C spin-spin coupling 

between C11-C3, C4_C4a  C9_C8a and CI_C9a  indicating their origin from four intact acetate 

units. C5  also shows intense satellites indicating origin from an intact acetate unit. 

However these satellites are very broad, due to coupling of C5  to both C6  and CIO  
to the 

same extent. Similarly C7  is coupled to both C6  and C8. These observations indicate that 

C10a C5  C, C7  and C3  are derived from two intact acetate units distributed in equal 

amounts as shown in (3) and (4). 	In agreement with this, 

the relative intensities of the C3  and CIO  
satellites are only half those of the remaining 

nuclei derived from intact acetate units (Table 2). C2  shows no intense satellites 

indicating its origin from a cleaved acetate unit. 

The high value for the satellite intensities of C11  in Table 2 arises because the 

satellite signals are not further split by 13C-13C spin-spin coupling with adjacent intact 

acetate units. Such coupling is observed for other signals because of a relatively high 

level of acetate incorporation. Satellites of the C2  signal arise from spin-spin coupling of 

the C2  nucleus with adjacent acetate units (C11-C3  and C1_C9a)  so a low value is anticipated. 
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The above results indicate that an oxygenated benzophenone derivative (5), 

HO 
[OH] C 2Cr 

[OH] 	ii 
0 

(5) 
of polyketide origin, is an intermediate in the biogenesis of ravenelin. The observed 

labelling distribution results from the equal probability of cyclization between positions 2 

and 2, or 2 and 6 to give the xanthone skeleton. 

We thank Mrs. M. Anderson for assistance in the microbiological experiments. 
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TABLE 1 

13C-Chemical shifts of ravenelin, excess 13C-abundance at individual positions in [1_13C]_ 

acetate enried ravenelin, and coupling constants ('J13c_13c1Hz) of [1,2-13C]-acetate 

enriched ravenelin. 

Carbon 	 Signal* 	 Elf 	
113c13c 

1 151.7 9.6 64.1 

2 lll.ld 0.7 56.8 

3 136.9 14.1 42.1 

4 135.0 1.9 76.9 

4a 143.7 6.9 78.7 

5 107.4d 1.1 

6 137.7d 4.4 56.8 

7 110.3d 0.6 62 

8 160.4 10.7 69.6 

8a 107.2 1.0 53.8 

9 185.2 9.8 54.9 

9a 105.9 1.2 64.1 

lOa 155.7 10.6 67.7 

11 17.Oq 0.4 42.1 

* Determined on 0.09M solutions of wienriched ravenelin at ambient probe 

temperature (370); in p.p.m. downfield from MeSi; measured from 

internal d6 -DMSO and corrected by using the expression 6 
TMS = 60M50 + 39.6. 

Multiplicities are indicated from the proton off-resonance decoupled spectrum. 

It For method of calculation see reference 6. 

+ Broad unresolved signals. 
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TABLE 2 

Ratio of satellite intensities to natural-abundance peak intensities in [1,2-13C]-acetate 

enriched ravenelin. 

Carbon Ratio 

1 1.2 

2 0.6 

3 1.5 

4 1.6 

4a 1.4 

5 1.4 

6 1.5 

7 1.5 

8 0.7 

8a 1.4 

9 1.4 

9a 1.5 

lOa 0.8 

11 2.5 
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Biosynthesis of Deoxyherqueinone in Penicillium her quei from [13C]Acetate all  

['3C]Malonate. Assembly Pattern of Acetate into the Phenalenone Ring Syste 

By THOMAS J. SIMPSON 

(Research School of Chemistry, Australian National University, P.O. Box 4, Canberra, A.C.T. 2600, Australia) 

	

Summary The 13C-n.m.r. spectra of deoxyherqueinone (I) 	ring system from seven intact acetate units and the 

	

enriched with sodium [1-1 C]-, [213C], and [1,2-1 C]- 	of folding of the precursor heptaketide chain; a 

	

acetate, and diethyl [2-13C]malonate by the fungus 	acetate 'starter' effect is apparent in the [2-13C]mal 

	

Penicillium herquei indicate formation of the phenalenone 	enriched 13C-n.m.r. spectrum. 
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DEOXYHERQUEINONE (I) is one of a group of antibiotics 
based on the phenalenone ring system, produced by Peni-
cillium herquei. "C-Tracer studies have indicated the 
polyketide origin of the nucleus and the mevalonate origin 
of the C5  side chain;' the inter-relationships among this 
group of phenalenones have been elucidated by labelling 

Me Y0-42 
14 	11 

Me 

ID R H 
lID R r COMe 

studies with P. her quei.2  However, the nature of the inter- 
mediates leading from acetate and malonate to the phenale-
none ring system, in common with the majority of phenolic 
polyketides, is unknown. Three alternate foldings of a single 
heptaketide chain, as well as multi-chain condensations, 
could account for the formation of the phenalenone ring 
system. With the advent of 13C-n.m.r. spectroscopy in 
biosynthetic studies it has become possible to obtain direct 
information on these intermediates.3  

TABLE. 1 C-Chemical shift (8, relative to Me4Si) of deoxyher-
queinone diacetate (II); coupling constants (Hz) of [l,2-'C]-
acetate-enriched (II) and enrichments observed in [2-13C]-

malonate-enriched (II). 
Carbon 	8/ppm. 	1f ('CC) Enrichmenta 

1 	 1252 	 55 0-9 
2 	 1124 	 65 28 
3 	 1655 	 64 09 
4 	 1198 	 68 29 
5 	 1731 	 68 0-9 
6 	 107•6 	 60 2-9 
7 	 1739 	 59 10 
8 	 1413 	 85 25 
9 	 1429 	 85 1.0 

10 	 110.9 	 56 27 
11 	 1482 	 68 10 
12 	 1216 	 68 33 
13 	 1421 	 42 13 
14 	 234 	 42 19 

1' 	 145 	 40 11 
2' 	 910 	 40 16 
3' 	 429 	 37 10 
4' 	 20-3 	 - 17 
5' 	 25-5 	 37 1-6 

MeO 	 599 	 - 09 
CH3CO 	207,211 	- 13,13 
CH5CO 	167-3,1663 	- 10,10 

a See J. S. E. Holker, R. D. Lapper, and T. J. Simpson, J.C.S. 
Perkin I, 1974, 2135, for method of calculation. 

Deoxyherqueinone 	was 	isolated, 	along with 	major 
amounts of what is believed to be herqueichrysin, a phenal- 
enone of uncertain structure,5  from the mycelium of P. her- 

quei 	(CMI. 	112950). 	The 	13C-n.m.r. 	spectrum of the 
diacetate (II) was assigned (Table) from literature values and 
detailed analysis of the fully proton-coupled spectrum. 	In 
order to facilitate comparison of incorporation efficiencies 

into the polyketide- and mevalonate-derived portions of the 
molecule, proton-noise-decoupled (p.n.d.) spectra were 
determined in the presence of 0-1 M [Cr(acac)3] under 

GATED-2 decoupling conditions,5  whereupon the very 
wide range of line intensities due to variable T1  and N.O.E. 
factors was removed and almost integral intensities for all 
resonances in the natural abundance spectrum were 
obtained (Figure). 

FIGURE. Proton -noise-decoupled, Fourier transform 13C-n.ni,r 
spectra of deoxyherqueinone diacetate (II), (a) at natural 
abundance, (b) enriched with [2-13C]malonate, in 01 am [Cr(acac)3] 
in CDC13  under GATED-2 decoupling. 

The p.n.d. 13C-n.m.r. spectra of the [1-13C]- and [2-C]-
acetate enriched samples showed the enhancements antici-
pated for the acetate origin of the molecule (Scheme). The 
observed enrichments were very high with Ca. 9% excess 

13C-abundance at each labelled position, and with equal 

incorporation into the polyketide- and mevalonate-derived 
parts of the molecule. The [2-13C]malonate-enriched 
spectrum showed high enrichment of six positions in the 
phenalenone nucleus: C(2), C(4), C(6), C(8), C(10), and C(12). 
The C(14) methyl, together with C(2'), C(4'), and C(5') are 
also enriched but to less than half the extent (Table). 
Thus a clear acetate 'starter' effect is observed, indicating 
that the phenalenone ring system is formed from a single 
heptaketide chain. 

HO * 0 

C S  • 00
Me.0O2Nu _- 	 Cl

+, 

* 
CH2(CO2Et)2 	0 

Me 

SCHEME 

The p.n.d. 13C-n.m.r. spectrum of the [1,2-13C]acetate-
derived sample showed nine pairs of 13C-13C couplings, 
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indicating that C(14)—C(13), C(12)—C(l1), C(10)—C(l), C(2)—
C.-(3), C(4)-C(5), C(6)—C(7), C(8)—C(9), C(5')-.C(3'), and 
C(2')—C(l') originate from intact acetate units. Thus the 
phenalenone ring system is formed by condensation of a 
heptaketide chain folded as shown (Scheme). 

Other fungal phenalenones and their related metabolites6  
have been shown to be polyketide in origin and a similar 
assembly pattern of acetate units in their formation is 

J.C.S. CHEM. COMM., 1976 

likely. In the only previous biosynthetic study using [13C] 
malonate, the malonate-derived carbon atoms in the 'ansa' 
chain of rifamycin S were enriched, with no significant 
enrichment of the acetoxy-substituent being observed.7  

The author thanks Mrs. M. Anderson and Mrs. J. Roths-
child for the microbiological work. 

(Received, 27th January 1976; Corn. 088.) 
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Biosynthesis of the Fungal Xanthone Ravenelin 

By Arthur J. Birch, John Baldas, Joseph R. Hlubucek, Thomas J. Simpson, and Philip W. Westerman, 
Research School of Chemistry, Australian National University, P.O. Box 4, Canberra ACT 2600, Australia 

Carbon-13 and carbon-14 labelling experiments have shown that the fungal xanthone ravenelin (1) is acetate-
derived. Enrichment studies with [1,2-13C] acetate have demonstrated that an oxygenated berizophenone deriva-
tive is an intermediate in the biosynthetic pathway. 

IT has been suggested' that compounds with a benzo-
phenone skeleton are biosynthesised by two types of 
route: wholly acetate—polyketide and shikimate—poly-
ketide (C6C1  plus 3C2  and C6C3  plus 2C2). In the case of 
naturally-occurring xanthones, it has been shown in 
biosynthetic studies that the former route is probable in 
fungi and the latter in higher plants.2  

the fungal xanthone, bikaverin is derived via the folding 
of a single polyketide chain without an anthraquinone 
intermediate. 

Ravenelin (1), another naturally occurring xanthone, 
has been isolated 7  from the mycelium of two phyto-
pathologically active members of the lower fungi, 
Helminthosporium ravenelil Curtis and H. turcicum 

(0) cl-i3  

8 	Me C OR —3. ocIII)xIIIIIII 	), °c1I:J:O) 
0 0 0 COR 

0 

(2) 

OH 

OO: + 0(a 	7  5I-II B 

COR 	 COR 	

80 go I  

OH 0 OH 

(1) 

SCHEME 1 

The detailed mechanism of the biogenesis of xanthones 
has been studied in several cases. Labelling studies  
have established that a benzophenone derivative is a 
precursor to gentisin, and that anthrone and/or anthra-
quinone intermediates most likely are involved as inter-
mediates in the formation of several fungal xanthones.4'5  

In contrast, Vining and his 	rs 8  have shown that 
1 A. J. Birch and F. W. Donovan, Austral. J. Chem., 1963, 

6, 1380. 
I. Carpenter, H. D. Locksley, and F. Scheinmann, Phyto-

chemistry, 1969, 8, 2013; 0. R. Gottlieb, ibid., 1968. 7, 411; 
Biochem. Systematics, 1973, 1, 111. 

$ P. Gupta and J. R. Lewis, J. Chem. Soc. (C), 1871, 629. 
' J. S. E. Holker and L. J. Muiheim, Chem. Comm., 1968, 

1576; B. Franck, Angew. Chem. Internat. Edn., 1969, 8. 251; 
K. G. R. Pachier, P. S. Steyn, R. Vleggaar, and P. L. Wesels, 
J.C.S. Chem. Comm., 1975, 356, and references cited therein. 

Passerini. Its structure has been established by chemical 
studies 7  and two independent unambiguous syntheses.8  
The biosynthesis of ravenelin is of interest because, 
although inspection of the formula suggests a mainly 
polyketide origin, the position of the methyl substituent 
precludes derivation from one chain unless an inter-
mediate containing an anthrone and/or an anthraquinone 

J. S. E. Holker, R. D. Lapper, and T. J. Simpson, J.C.S. 
Perkin I, 1974, 2135. 

A. G. McInnes, D. G. Smith, J. A. Walker, L. C. Vining, and 
J. L. C. Wright, J.C.S. Chem. Comm., 1975, 68. 

H. Raistrick, R. Robinson, and D. E. White, Biochem. 
1936, 80, 1303. 

R. P. Mull and F. F. Nord, Arch. Biochem., 1944, 4, 419; 
V. Kahiuwalia and T. R. Seshadri, Proc. Nat. A cad. Sci., India, 
1956, 44A, 1 (Chem. Abs., 1967, 51, 5059). 
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skeleton (2) is involved. Alternative routes involve a 
branched-chain polyketide such as that leading to 
citromycetin,0  and the production of the carbocyclic 
rings in separate stages. In the latter case, a mono-
cyclic precursor derived from a polyketide route could 
add either directly to another independently formed 
polyketide aromatic ring or to the malonate units re-
quired to produce such a ring (Scheme 1). 

Incorporation of acetate into ravenelin was studied to 
distinguish between the alternative biosynthetic path-
ways. [14C]Ravenelin, isolated from the mycelium of 
cultures of H. ravenelii fed with 14C-labelled sodium 
acetate or diethyl malonate, was degraded to establish 
labelling patterns.* These results prompted a thorough 
biosynthetic study with [1-13C]- and [1,2-13C]-acetate 
precursors. 

14C Incorporation Studies—Acetate incorporation into 
ravenelin (1) by H. ravenelii was studied by degradation 
of [14C]ravenelin, obtained from cultures grown with 
[1-14C]acetate and with [2-14C]acetate. The reactions 
are summarised in Scheme 2 and the results are collected 
in Table 1. 

Sodium [1-14Cacetate was incorporated into ravenelin 
(1) by cultures of H. ravenelii to the extent of 3.3%. 

TABLE 1 

Radioactivity of degradation products of [14C]ravenelin 
trimethyl ether 

Labelled with Labelled with 
[1-14C]acetate [2-14C]acetate 

Compound (r.m.a. x 	10-4) (r.m.a. x 10) 
(4) 152.3 90.60 
(6) 129.3 88.83 

 21.6 0 
 0 12.90 
 64.07 38.40 
 65.28 52.23 

Kuhn—Roth oxidation of the labelled xanthone (1) "gave 
carbon atoms 3 and 11 as acetic acid which was further 
degraded (Scheme 2) 12  to show that carbon atom 3 of the 
xanthone (1) possessed 1/7th of the total radioactivity of 
the parent molecule, and carbon atom 11 was devoid of 
isotopic carbon. The reaction of sodamide on [14C]-
ravenelin trimethyl ether (3) gave the diphenyl ether 
(5),10 with concomitant loss of carbon atom 9 from (1) 
and 1/7th of the total radioactivity of the xanthone 
trimethyl ether (3). 

These results support a complete polyketide origin for 
ravenelin (1). This xanthone cannot be derived from 
only one polyketide chain, however, unless it is produced 
by cleavage of an intermediate such as an anthrone and/ 
or anthraquinone derivative.4'5  

If ravenelin (1) is derived from a single polyketide 
chain then [1-14C]acetate should be incorporated to an 
equal extent into rings A and c of the xanthone (1). 

* Preliminary work 10  provided evidence of expected acetate 
incorporation, but a number of details were incomplete. 

W. B. Whalley, 'Biogenesis of Natural Products,' 2nd edn. 
ed. P. Bernfield, Pergamon, Oxford, 1967, pp.  1058-1059. 

10 G. E. Blance, Ph.D. Thesis, Manchester University, 1960; 
S. F. Hussain, Ph.D. Thesis, Manchester University, 1964. 

Reduction of ['4C]ravenelin (1) with sodium and ethanol 
in liquid ammonia gave resorcinol monomethyl ether (7) 
and 2-methyl-1,4-benzoquinone (8), from rings A and c 
respectively of ravenelin (1). Radiochemical assay of 
purified derivatives of (7) and (8) showed equal incorpor-
ation of radioactivity into rings A and c, within the 
limits of accuracy of the experiment. 

The results from the degradation of [14C]ravenelin (1) 
derived from [2-14C]acetate support the above observ-
ations, and also establish that the methyl group (carbon 
atom 11) of ravenelin (1) is acetate-derived and not an 
introduced C1  unit. Carbon atom 11 of the labelled 
xanthone (1) is shown to contain 1/7th of the total radio-
activity of the parent molecule, and C-3 and C-9 to 
possess no activity. Degradation of the metabolite to 
derivatives of rings A and c as described above demon-
strates that the radioactive label is incorporated into 
rings A and C in the ratio 3 4, in support of the hypo-
thesis that ravenelin (1) is derived from a single poly-
ketide precursor. 

Diethyl [1-14C]malonate was incorporated into rave-
nelin (1) to the extent of 1.4% but there was no significant 
distinction of a ' starter unit ', suggesting that the long 
growth period allowed equilibration of acetate with the 
labelled malonate. 

These degradations conveniently establish the mode of 
incorporation of [14C]acetate into carbon atoms 3, 9, and 
11 of ravenelin (1) and indicate the labelling pattern 
shown in (1) (Scheme 2). Acetate incorporation into the 
remaining carbon atoms in rings A and c and additional 
biosynthetic data were determined most conveniently by 
[13C] acetate incorporation studies. 

1 C Incorporation. Studies and Discussion.—In order to 
establish the specificity of [1-13C]- and [2-13C]-acetate 
incorporations, by 13C n.m.r. spectroscopy, it was 
necessary to establish 13C chemical shift assignments for 
ravenelin (1). Signals for all fourteen carbon atoms were 
observed in the proton-decoupled natural-abundance 

n.m.r. spectrum, and assigned chemical shifts are 
shown in Table 2. Partial analysis of the results for 
aromatic-ring carbon atoms was achieved by consider-
ation of the shift data for suitable monosubstituted 
benzene derivatives.13  Resonances associated with 
protonated aromatic carbon atoms were identified by 
off-resonance decoupling experiments. Of these signals 
that at lowest field (137.7 p.p.m.) was assigned to that 
carbon atom not subject to a shielding ortho-hydroxy-, or 
ortho-aryloxy-substituent effect, i.e. C-6.13  This signal 
showed the largest residual proton-coupling on selective 
decoupling of the H-2 signal, consistent with its assign-
ment to C-s, since the signal of H-6 is the furthest of the 
aromatic ring proton signals from the H-2 resonance. 
Of the above four carbon resonances only that at 111.1 
p.p.m. does not show any residual proton coupling on 

11 R. Belcher and A. C. Godbert, 'Semimicro Quantitative 
Organic Analysis,' 2nd edn., Longman and.Green, London, 1954, 
p. 160. 

12 E. F. Phares, Arch. Biochem. Biophys., 1951, 33, 173. 
13  J. B. Stothers, ' Carbon-13 NMR Spectroscopy,' Academic 

Press, New York, 1972, pp. 196-201. 



decoupling of H-2; consequently this is assigned to 
carbon atom 2. In the proton-coupled 'C n.m.r. 
spectrum the resonance at 107.4 p.p.m. appeared as a 
doublet of doublets ['J(13C-H) 168; 3J(13C-C-CH) 7.4 
Hz] and is assigned to carbon atom 5; the signal at 
110.3 p.p.m. showed additional splitting probably arising 
from coupling with the proton of the C-8 hydroxy-group 14 

J.C.S. Perkin I 

oxygen-substituted atoms at positions 1, 8, and lOa, not 
subject to an ortho-hydroxy- (aryloxy-) shielding effect, 
correspond to the three signals observed in the 151.7-
160.4 p.p.m. range; the carbon atoms at positions 8a and 
9a, subject to two shielding ortho-hydroxy- (aryloxy-) 
substituent effects and only a small deshielding ipso-
carbonyl substituent effect, correspond to the two 
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SCHEME 2 

['f(13C-H) 163.0; 3J(13C-C-CH) 7.4 Hz] and is assigned 
to carbon atom 7. 

The eight resonances due to the quaternary carbon 
atoms of the aromatic rings present the greatest assign-
ment difficulties. The use of additivity of substituent-
chemical-shift effects on aromatic rings requires caution 
in extrapolating from single ring to multi-ring aromatic 
systems, but does provide the following groupings, based 
on the ipso-hydroxy- (aryloxy-) deshielding and the 
ortho-hydroxy- (aryloxy-) shielding effects: the three  

resonances at 105.9 and 107.2 p.p.m.; and the carbon 
atoms at positions 3, 4, and 4a, subject to one shielding 
ortho-hydroxy- (aryloxy-) substituent effect and one 
deshielding ipso-hydroxy- (aryloxy-) or one deshielding 
ipso-alkyl substituent effect, correspond to the remaining 
three resonances in the range 135.0-143.7 p.p.m. 

The multiplicities for this last group of signals, at 135.0, 
136.9, and 143.7 p.p.m., in the proton-coupled carbon-13 
n.m.r. spectrum, were a doublet of quartets [3J(13C-C-- 

14 F. W. Wehrli, J.C.S. Chem. Comm., 1976, 663. 
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CH) 9.0; 3J(C-C-CH3) 4.0 Hz], a quartet [2J(13C-CH.) 
6.7 Hz], and a singlet, and were assigned, on the basis of 
the known magnitudes of 2J(13C-CH3) and 3J(13C-C--CH3) 

in aromatic systems and the observation that 13J('3C-C-
CH)j > 2J( 13C-CH)J in monosubstituted benzenes,15  to 
carbon atoms 4, 3, and 4a, respectively. The first group 
of carbon resonances, at 151.7, 155.7, and 160.4 p.p.m., 
were a doublet [2J (13C-CH) 2.3 Hz], a doublet of 
doublets {3J[13C-C-C(6)H] 11.5; 2J(13C-CH) 3.0 Hz), and 
another doublet of doublets {3J[13C-C-C(6)H] 11.2; 
2J(13C-CH) 2 Hz), and were assigned to carbon atoms 1, 
lOa, and 8, respectively. Differentiation between the 
C-10a and C-8 signals was made on the basis of chemical 
shift data for a large number of substituted xanthone 
derivatives.16  

The carbon signal at 105.9 p.p.m. is a doublet [3J(13C-
C-CH) 6.0 Hz] in the proton-coupled 'C n.m.r. spectrum 
and is assigned to carbon atom 9a; the signal at 107.2 
appears as a triplet, coupled to protons 5 and 7, and is 
assigned to carbon atom 8a. 

The following biosynthetic arguments are not altered 
if the doubtful assignments (C-5 and C-7) are reversed. 

In order to obtain incorporations of 13C-labelled 
precursors sufficiently large to be readily observed in 

n.m.r. spectra it is necessary to use much larger 
quantities of precursor than are usual in equivalent 14C 
studies for which radioactivity is used as an assay method. 
In the present investigation the amounts of [1-13C]- and 
[1,2-13C] -acetate necessary for the feedings were calcu-
lated by determining the overall dilution of 14C label in 
experiments with [1-14C]acetate. Under our culture 
conditions the required enrichment was obtained by 
using 0.5 g of sodium acetate for every 50 g of sucrose in 
the medium. 

The major disadvantage of loading the biological 
system with relatively large quantities of acetate pre-
cursor is the possible effect on the metabolism of the 
organism. Attempts to grow cultures of H. ravenelii, in 
either Czapek-Dox media supplemented with relatively 
large quantities of sodium acetate, or by replacing the 
Czapek-Dox medium with a solution of sodium acetate, 
sucrose, and peptone after 5 days of growth, gave 
mycelium, on further growth, much darker in colour than 
normal. Solvent extraction of these mycelia according 
to described procedures yielded little or no ravenelin. 
Optimum incorporation of sodium acetate was obtained 
by growing the mycelium in modified Czapek-Dox 
medium, removing two-fifths of the medium, and feeding 
the remainder with 1 ml samples of an aqueous solution 
of sodium acetate every 48 h. 

Ravenelin was extracted from the mycelium according 
to described procedures and used without further 
purification for 13C n.m.r. spectral studies. An isotopic 
enrichment in ravenelin of approximately twofold above 
the natural 13C abundance, as established by mass 
spectrometry, was found when the medium was supple- 

15 F. J. Weigert,  J. Husar, and J. D. Roberts, J. Org. Chem., 
1973, 38, 1313; F. J. Weigert and J. D. Roberts, J. Amer. Chem. 
Soc., 1967, 89, 2967. 

inented with sodium [1-13C]acetate (57%). The proton-
noise-decoupled 13C n.m.r. spectrum of ravenelin enriched 
with [1-13C]acetate was recorded with spectrometer 
settings identical with those used for unenriched rave-
nelin, so that corresponding peak intensities in the two 
spectra were comparable. The 13C enrichments at 
individual positions in the 13C n.m.r. spectrum of the 
[1-'3C] acetate-derived sample of ravenelin were calculated 
as described in reference 5. The results thus calculated 
are summarised in the third column of Table 2 and 

TABLE 2 

13C Chemical shifts of ravenelin, excess '3C abundance at 
individual positions in [1-13C]acetate-enriched rave-
nelin, and coupling constants ['J(13C-13C)/Hz] of 
[1, 2-13C]acetate-enriched ravenelin 

Carbon no. 	Signal t 	E 	'J(13C-13C) 
1 	151.7 	9.6 	64.1 
2 	111.1d 	0.7 	56.8 
3 	136.9 	14.1 	42.1 
4 	135.0 	1.9 	76.9 
4a 	143.9 	6.9 	78.7 
5 	107.4 	1.1 	62 
6 	137.7d 	4.4 	56.8 
7 	110.3d 	0.6 	62 
8 	160.4d 	10.7 	69.6 
8a 	107.2 	1.0 	53.8 
9 	185.2 	9.8 	54.9 
9a 	105.9 	1.2 	64.1 

lOa 	155.7 	10.6 	67.7 
11 	17.Oq 	0.4 	42.1 

t Determined on 0.09M-solutions of unenriched ravenelin at 
ambient probe temperature (37 °C); in p.p.m. downfield from 
Me4Si; measured from internal Me2SO and corrected by using 
the expression 6(Me4Si) = 6(Me1S0) + 39.6. Multiplicities are 
indicated from the proton off-resonance decoupled spectrum. 

Determined as described in reference 5. § Broad unresolved 
signals. 

indicate that carbon atoms 1, 3, 4a, lOa, 6, 8, and 9 in 
ravenelin are derived from the carboxy-carbon atom of 
acetate. The range of values is wide owing to the limited 
number of instrumental plot data points; the individual 
differences probably have no biogenetic significance. 

The observed labelling pattern in ravenelin enriched 
with [1-13C]acetate is shown in structure (13). 

OH 
0 	Me 

Me 0 H - -* -> 

OH 0 OH 
(13) 

The proton noise-decoupled 13C n.m.r. spectrum of 
ravenelin enriched with [1,2-13C] acetate showed intense 
satellite resonances due to 13C-13C spin-spin couplings 
[C(11)-C(3), C(4)-C(4a), C(9)-C(8a), and C(1)-C(9a)] 
indicating their origin from four intact acetate units. 
The C(S) signal also showed intense satellites, indicating 
origin from an intact acetate unit. However these 

16  P. W. Westerman, M. U. S. Sultanbawa, S. P. Gunasekera, 
and R. Kazlauskas, unpublished data. 
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satellites were very broad, due to couplings of C(5) to 
both C(6) and C(10a) to the same extent. Similarly C(7) 
is coupled to both C(6) and C(8). 

These observations indicate that C(lOa), C(5), C(6), 
C(7), and C(8) are derived from two intact acetate units, 

	

OH 	 OH 

C; 	(? 

	

OH 0 OH 	OH 0 OH 

(14) 	 (15) 

distributed in equal amounts as shown in (14) and (15). 
In agreement with this, the relative intensities of the 
C(8) and C(10a) satellites are only half those of the 
remaining nuclei derived from intact acetate units 
(Table 3). The C(2) signal shows no intense satellites, 
indicating its origin from a cleaved acetate unit. 

TABLE 3 
Ratio of satellite intensities to natural-abundance peak 

intensities in [1, 2-'3C]acetate-enriched ravenelin 
Carbon no. Ratio 	Carbon no. Ratio 

1 1.2 	7 1.5 
2 0.6 	8 0.7 
3 1.5 	8a 1.4 
4 1.6 	9 1.4 
4a 1.4 	9a 1.5 
5 1.4 	lOa 0.8 
6 1.5 	11 2.5 

The high value for the satellite intensities of C(11) in 
Table 3 arises because the satellite signals are not further 
split by 13C-13C spin-spin coupling with adjacent intact 
acetate units. Such coupling is observed for most other 
signals because of the relatively high level of acetate 
incorporation. The weak satellites of the C(2) signal 
arise from spin-spin coupling of the C(2) nucleus with 
adjacent acetate units C(11)-C(3) and C(1)-C(9a), so a 
low value in Table 3 is anticipated. 

The above results indicate that an oxygenated benzo-
phenone derivative (16), of polyketide origin, is an 

intermediate in the biogenesis of ravenelin. The 
observed labelling distribution results from the equal 

17 D. H. R. Barton and A. I. Scott, J. Chem. Soc., 1958,1767; 
W. J. McMaster, A. I. Scott, and S. Trippett, ibid., 1960, 4628; 
J. R. Lewis, Proc. Chem. Soc., 1963, 373; F. M. Dean, 'Natur-
ally Occurring Oxygen Ring Compounds,' Butterworths, London, 
1963, P.  269; P. D. McDonald and G. A. Hamilton, J. Amer. 
Chem. Soc., 1973, 95, 7752; P. K. Grover, G. D. Shah, and R. C. 
Shah, J. Chem. Soc., 1955, 3982.  

probability of cyclisation between positions 2 and 2', or 2 
and 6', to give the xanthone skeleton. There are several 
in vitro precedents for such a cyclisation.17  It has been 
established from tritium incorporation experiments in the 
plant Gentiana lutea, that 2,3',4,6-tetrahydroxybenzo-
phenone is a precursor of the xanthone gentisin.3  The 
coexistence of a benzophenone with related xanthones 
has also been observed in the plants Symphoria 
globulifera 2  and Chiorophora tinctoria 18  and the fungus 
Pe'nicillium patulum.19  

The biosynthetic origin of naturally occurring benzo-
phenones is usually discussed in terms of an acetate-
malonate or a polyketide-shikimate pathway; our results 
show that the former occurs for ravenelin. Acetate-
derived benzophenone (16) may be formed from two 
distinct units each separately derived from acetate and 
malonate, or through an anthrone and/or anthraquinone 
intermediate derived from a single C16  polyketide chain. 
The latter process has been established for biosynthesis of 
the benzophenone sulochrin.20  The even distribution 
of the 14C label and 13C label (Table 3) favours a similar 
biosynthetic pathway in the formation of the inter-
mediate (16). If an anthraquinone derivative is an 
intermediate our results rule out a concerted oxidation 
mechanism for the replacement of the carbonyl group by 
an oxygen atom. 

EXPERIMENTAL 

14C Radioactivity Assays.-14C-Labelled organic com-
pounds were recrystallised to constant radioactivity, 
measured { 1 mg sample in a mixture of toluene (1 ml) and 
the scintillator solution [0.5% 2,5-diphenyloxazole in 
toluene (9 ml)]} on a Beckman LS-150 liquid scintillation 
system, calibrated by the external standard channel-ratio 
method. The product of counts min' mg' and the mole- 
cular weight gave the relative molar activity (r.m.a.). 
Barium [14C]carbonate was decomposed as described later 21  
and a sample (1 ml) of the ethanolamine absorbent was used 
in place of the toluene solvent (1 ml) in the counting solu-
tion. [14C]Ravenelin trimethyl ether (3) and [14C]-2,3',5-
trimethoxy-3-methyldiphenyl ether (5) were best purified 
as their respective tribromo- and tetrabromo-derivatives, 
(4) and (6). Radioactivity assay of the labelled bromo-
compound (4) necessitated recounting of samples with an 
added 14C standard to correct for scintillator quenching by 
the bromo-derivative. A convenient standard was a 
sample (1.0 ml) of a solution of [14C]-L-tryptophan benzyl 
ester in 20% ethanolic toluene of activity 3 700 counts 
min-' ml-1. Merck adsorbents were used for column 
chromatography. 

13 C N.m.r. Determinations—The 13C n.m.r. spectra were 
obtained from samples in hexadeuteriodimethyl suiphoxide 
(0.09M depending on sample availability). Chemical 
shifts were measured from the centre peak of the Me2SO 
signal, corrected by use of the expression 8(Me4Si) = 

18  A. Jefferson and F. Scheinmann, Nature, 1965, 207, 1193. 
' A. Rhodes, B. Boothroyd, M. P. McGonagle, and G. A. 

Somerfield, Biochem. J., 1961, 81, 28. 
20 R. F. Curtis, C. H. Hassall, and D. R. Parry, J.C.S. Perkin I, 

1972, 240. 
21 L. Cattel, J. F. Grove, and D. Shaw, J.C.S. Perkin I, 1973, 

2626. 
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8(M;SO) + 39.6; and reported as 8 values (p.p.m. down-
field from Me4Si). 'C N.m.r. spectra of natural-abundance 
samples of ravenelin and samples enriched with [1-12C]-
acetate were recorded in 5 mm tubes at ambient probe 
temperature with a Bruker HX-90 FT spectrometer 
operating at 22.6 MHz. Sweep widths of 6024 Hz with 
4 096 plot data points were used throughout to give chemical 
shift values accurate to within ±1.5 Hz, i.e. ±0.06 p.p.m. 
A pulse width of 3-5 lAs was used throughout and the com-
puter data memory size (8 192 addresses) limited the data 
acquisition time to 0.68 s. Pulse delays of 0.1-2.5 s were 
used. Proton gated-decoupled, noise-decoupled, and single-
frequency off-resonance decoupled spectra were obtained to 
assist in signal assignment. For the sake of comparison of 
signal intensities the proton-noise-decoupled spectrum was 
recorded with spectrometer settings identical with those 
used to obtain the spectrum of ravenelin enriched with 
[1-13C]acetate. 

A proton-noise-decoupled spectrum of a sample enriched 
with [1,2-13C]acetate was recorded with a Bruker HX-270 
FT spectrometer operating at 67.89 MHz. A sweep width 
of 15 000 Hz with 16 192 plot data points was used to give 
chemical shift values accurate to within ±0.9 Hz, i.e. 
±0.01 P.P.M. 

Incorporation of Sodium [114C]  and [2-' 4C]-A cet ate.-
Four penicillin flasks, each containing 500 ml of Czapek-
Dox medium and mycological peptone (1 g) were inoculated 
with cultures of Helminthosporium ravenelii Curtis obtained 
from Centraalbureau voor Schimmelcultures, Baarn, 
Holland. After growth for 4 days at 25 °C, the mycelium 
had begun to darken and form a mat over the surface and 
either (i) 300 mCi of sodium [1-14C]acetate or (ii) 300 mCi of 
sodium [2-14C]acetate was distributed equally under sterile 
conditions among the four flasks. The cultures were 
harvested after a further 10 days growth and the [14C]-
ravenelin [(i) 420 mg, 3.3% incorporation; (ii) 480 mg] was 
extracted and purified as described previously.7  For 
degradation the ["C]xanthone (100 mg) was diluted with 
unlabelled material (900 mg). 

Incorporation of diethyl [1-14C]malonate into ravenelin 
occurred to the extent of 1.4%. 

['4C]Ravenelin Trimeihyl Ether (3) .-Dimethyl sulphate 
(5 ml) was added to a solution of [14C]ravenelin (1.25 g) in 
10% sodium hydroxide (10 ml). The mixture was warmed 
with stirring and treated alternately with alkali and di-
methyl sulphate until it remained alkaline and none of the 
initial dark green colour was evident. The alkaline suspen-
sion was cooled and the precipitated [14C]ravenelin trimethyl 
ether was filtered off and dried. The product (0.92 g), m.p. 
176-178° (lit., 178-179°), was purified by chromato-
graphy on alumina (chloroform-benzene mixtures) and 
recrystallised from aqueous ethanol. This material could 
not be rigorously purified to constant radioactivity, and the 
tribromo-derivative (4) was prepared for assay of radio-
activity. 

[14C]-2,5, 7-Tribromoravenelin Tn methyl Ether (4) .-A 
stirred solution of crude [14C]ravenelin trimethyl ether (80 
mg) in glacial acetic acid (7 ml) was treated with an excess of 
bromine. An excess of bromine was maintained until t.l.c. 
(alumina; benzene) showed complete conversion into a 
single product. The mixture was diluted with benzene and 
ethyl acetate, and washed with water, saturated sodium 
hydrogen sulphite solution, 5% sodium hydrogen carbonate 
solution, and saturated sodium chloride solution, dried 
(MgSO4), and evaporated to leave a crystalline residue (120  

mg). Percolation through alumina in 50% light petroleum 
(b.p. 60-80°)-benzene and recrystallisation from ethanol-
chloroform gave the pure product (100 mg), m.p. 240-241° 
(Found: C, 38.1; H, 2.5; Br, 44.3. C,7H13Br,05  requires 
C, 38.0; H, 2.4; Br, 44.6%). 

[114C]-2,3',5-Tnimethoxy-3-methyldiphenyl Ether (5) and its 
Tefrabroino-derivative.-[14C]Ravenelin trimethyl ether (120 
mg) was added to a suspension of sodamide (1 g) in dry 
toluene (100 ml) and the mixture was refluxed under 
nitrogen for 5 h. Ice was added to the cooled mixture and 
the organic layer was separated, dried, and evaporated 
under reduced pressure. The dark oily residue (113 mg) 
was purified by column chromatography on alumina [light 
petroleum (b.p. 60-80°)--benzene mixtures] to yield the pure 
['4C]diphenyl ether (72 mg) as a colourless oil, which was 
characterised as the tetrabromo-derivative (6). The 
["C]diphenyl ether (50 mg) was heated on a steam-bath in 
glacial acetic acid solution (1 ml) with an excess of bromine 
for 0.5 h. The cooled mixture was diluted with ethyl 
acetate and washed with water, dilute sodium hydrogen 
sulphite solution, 5% sodium hydrogen carbonate solution, 
and saturated sodium chloride solution, dried, and evapor-
ated to leave a crystalline residue (120 mg), which was 
recrystallised from methanol to yield the [14C]tetrabromo-
derivative (59 mg), m.p. 156-157° (lit., 152°). 

Fission and Reduction of [' 4C]-2,3',5-Tnimethoxy-3-methyl-
diphenyl Ether (5).-The [14C]diphenyl ether (5) (0.4 g) in 
ether (50 ml) was added to liquid ammonia (380 ml). 
Sodium (0.1 g) was added and then, after stirring for 1 h, 
ethanol (8 ml), followed by more sodium (1 g). After 
disappearance of the metal, the ammonia was evaporated 
off and water (30 ml) was added. The alkaline solution was 
extracted with ether and the combined extracts were washed 
with water, dried, and evaporated. The residual oil was 
treated with Brady's reagent to give a yellow 2,4-dinitro-
phenylhydrazone which was purified by chromatography on 
Bentonite-Kieselguhr (3:1) with 30% ethanol-chloroform 
as eluant. Recrystallisation from ethanol-chloroform gave 
[14C]-2-methylcyclohexa-2,5-diene-1,4-dione 	bis-2,4-dini- 
tropheny1hydrazone (0.15 g), m.p. and mixed m.p. 235.-
2360  (Found: C, 46.5; H, 3.75. Calc. for C,,H,1N,05: C, 
46.9; H, 3.75%). 

The alkaline solution from the above reduction of the 
diphenyl ether was acidified and extracted with ether. The 
extract was suspended in 0. 1M-hydrochlonc acid (10 ml) 
and bromine was added until a colour persisted. The gum 
that precipitated on addition of sodium hydrogen sulphite 
solution was purified by chromatography on silica [elution 
with 5% ether-light petroleum (b.p. 60-80°)]. Recrystal-
lisation from light petroleum gave colourless crystals of 
[14C]-2,4,6-tribromo-3-methoxyphenol (89 mg), m.p. 106-.-
107°, identical with an authentic sample. 

Kuhn-Roth Oxidation of ["C]Ravenelin Tnimethyl Ether 
and Schmidt Degradation of the Resulting [14C]Acetic Acid.-
['4C]Raveuelin trimethyl ether (72 mg) was oxidised under 
standard conditions 11  to acetic acid (12 mg), which was 
subjected to Schmidt degradation.12  The [14C]carbon 
dioxide was trapped as barium [14C]carbonate (23.8 mg), and 
the [14C]methylamine was assayed as [14C]-N-methyl-2,4-
dinitroaniline (21.8 mg). An accurately weighed sample of 
the barium [14C]carbonate was decomposed in concentrated 
sulphuric acid in a slow stream of nitrogen and the ["C]-
carbon dioxide liberated was passed into ethanolamine (5 ml). 
After 0.5 h a sample (1 ml) of the ethanolamine solution was 
removed for radioactivity assay. 
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Incorporation of Sodium [1-1 C]- and [1,2-13C]-Acetate.—
The optimum yield of 13C-enriched ravenelin was obtained 
under the following conditions. A penicillin flask contain-
ing Czapek—Dox medium (500 ml) and mycological peptone 
(1 g) was inoculated with a macerate of H. ravenelii grown on 
3 plates over 9 days. After 5 days incubation, 200 ml of the 
medium was removed and the remainder fed with a solution 
of sodium [1-13C]acetate (0.1 g; 57% enriched) or sodium 
[1,2-13C]acetate (0.1 g;  91.6 and 93.1% enriched, respect-
ively) in water (1.0 ml). Similar feedings were repeated on 
alternate days until a total of 500 mg of 13C-enriched sodium 
acetate had been added. Three days after the last feeding, 
the mycelium was harvested by filtration, washed with 
water, and dried in a current of air. It was further dried in 
vacuo over phosphorus pentaoxide. Powdered mycelium 
was extracted (Soxhlet) with light petroleum (500 ml; b.p. 
60-80%) for 24 h. Concentration of the solution to 50 ml 
and cooling to 0 °C gave a crystalline precipitate (0.051 g 
with sodium [1-13C]acetate and 0.036 g with sodium [1,2-
13C]acetate) which was removed by filtration. The 13C 
enriched samples showed no signals arising from impurities 
in either the 'H or the "C n.m.r. spectrum. 

The powdered mycelium was further extracted with 
chloroform (500 ml) to yield a crop of less pure ravenelin on 
concentration of the extract to 15 ml (0.076 g with [1-13C]-
acetate and 0.014 g with [1,2-"C]acetate). Samples of all 
the above products on recrystallisation from acetone—
chloroform gave intensely yellow crystals, m.p. 268-269°, 
alone or mixed with authentic ravenelin. 

Isotope incorporation levels on "C-enriched samples were 
determined mass spectrometrically by analysis of the 
molecular ion region. Ravenelin enriched with singly and 
doubly labelled acetate showed enrichment factors of 2.2 
and 3.7, respectively. 

'H N.ni.r. Spectrum of Ravenelin.—Raveneljn showed 
6[(CD,),SO] 2.30 (CH,, s), 3.30 (4-OH and 1- or 8-OH, s, 
exchangeable), 6.54 (2-H, s), 6.76 (5- or 7-H, d, J58 or  J7 
8.2 Hz), 7.02 (7- or 5-H, d, J,8 or  J7 8.2 Hz), 7.72 (6-H, 
dd, J, = 17,8 = 8.2 Hz), and 9.04 (1- or 8-OH, s, ex-
changeable). 

We thank Mrs M. Anderson for assistance in the micro-
biological experiments. 
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Phomazarin, C19H17N08, from the fungus P. terrestris Hansen, was suggested by Kgl1  to 

have one of the two structures (1). The substitution pattern of the heterocyclic ring was 

later modified,2  and this together with a consideration of infra-red evidence and biogenetic 

studies, which confirmed a polyketide origin and the derivation of CO2H from Me of acetate, 

suggested (2) as a possible structure. 

Assignment of the structure of the benzenoid nucleus depended on Kogl's conclusion  that 

(3a) is the structure of an oxidation product, which was isolated but further converted into 

(3b), m.p. 173-174°. The isolation of the free phthalic acid led us to question this 

structure since experience 3,4 with such acids substituted adjacent to both CO2 H with groups 

other than OH, is that the anhydride is produced spontaneously. The acid (3b) was therefore 

synthesised by Alder-Rickert reaction of 
,5__n _buty1_2 ,4_dimethoxycyclohexa ,3-iene vith 

dimethyl acetylenedicarboxylate followed by hydrolysis. As expected, the free acid could not 

be isolated but became converted into an anhydride m.p. 134° , clearly differing from K691's 

anhydride for which he quotes m.p. 170° . Thus Kogi's evidence for the benzenoid substitution 

is invalid. 

We now present evidence for the revised structure (4a), which is also biogenetically 

acceptable, for phomazarin. 

The 1H n.m.r. resonance of the aromatic proton at the low value of 2.10 i in trimethyl-

phomazarin methyl ester (4b) 2  is inconsistent with structure (2) as in 1,3_dilnethoxyanthra- 

quinones, the 2-proton resonates at Ca. 35 1. 	In anthraquinone with 2-methyl-3,4,5,7-tetra 

methoxy or 3_hexyl_2,4,5,7_tetraiflethoxy substituents, the 1-proton, pen- to a carbonyl 

function resonates at 2.13 i and 2.47 i respectively, 6,7 indicating probably a similar proton 

in the phomazarin derivative. 

Irradiation of the benzylic methylene triplet at 7.23 r in (4b) caused a nuclear 

Overhauser enhancement of 26% in the intensity of the signal at 2.10 r, indicating an ortho-

relationship between this aromatic proton and the butyl group,8  also in accord with (4a). 

Purdie methylation of phomazarin gave, inter alia, a di_O_methylpholnazarin methyl ester 

(4c), C22H23N08, M.P. 136-138° , which on heating with sulphuric acid produced an 0-methyl-

decarboxyphomaZarin (Sa), C19H19N06, m.p. 228-230° . This with POC13  gave (Sb), C19H1 8C1N05, 

m.p. 197-199° . Similar treatment of tri_OmethylphofflaZarin methyl ester (4b) gave the chioro- 

compound (5c), C20H20C1NO5, m.p. 160-161° , exhibiting only one absorption band at vmax 	cni 
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despite the presence of two quinone carbonyls. In contrast, compound (Sb) had absorptions at 

1640 and 1670 cm-1 
 indicating one hydrogen-bonded and one unbonded carbonyl. The former was 

supported by definition of an exchangeable proton at low field, -3.6 r, and it can only be on 

the pen-position of the benzenoid ring since the pyridol OH has been replaced. 

Confirmation of the general conclusion was obtained by repetition of Kögl's degradation, 

the initial 	
acid (6a) being converted by hydrolysis and removal 

Of CO2
H ortho to OH, followed by methylation, to produce (6b) m.p. 770, identical with an 

authentic synthetic specimen.9  

2- And 4- hydroxypyridifleS and quinolines usually exist as pyridone or quinolone 

tautomers. 13C n.m.r. studies of phomazarin and its derivatives, to be discussed in detail 

elsehwere, suggest that the unusual 4-pyridol form predominates. Addition of Na15
NO3 (95 atom 

%) as sole nitrogen source to cultures gave IlSNiphomazanin. The derived di_0_methy1Fholflazanin 

methyl ester (4d)2  had a low field exchangeable proton, -3.23 
t, showing no 15N- 1H coupling 

(typical 	
is 93Hz), indicating its presence in a pyridol OH rather than pyridone NH. A 

10 was ruled out 
possibility that this result is due to exchange rather than lack of coupling  

by examination of dj_O_rnethyldeCarb0Xyph0mazaflT1 (Sd), C20H2115N06. The proton on tle hetero-

cyclic ring, resonance 1.53 i, exhibits a two-bond 15N-41 coupling of 10 Hz and the 
15N 

chemical shift of 55 p.p.m. determined by double irradiation, clearly establishes the pyridol 

structure shown. 11 

The remaining problem is the relative orientation of the unsymmetrical heterocyclic and 

aromatic rings. The origin of CO2
H in Me of acetate  is in accord with structure (4a) only, 

and excludes (7) if the polyketide chain has the usual head-to-tail linkage. This structure 

is supported by the infra-red spectra of the 0_
methy1decarbOxyph0maza1]n (5a) and the 0-methyl-

phomazarin methyl ester (4e), C21H21N08, m.p. 180-182° 
 (obtainable by selective methylation of 

phomzarin) neither of which show absorption above 1640 cm-1  due to unchelated quinone carbonyl. 

Also in the proton-coupled 13C n.m.r. spectrum of (4b) the quinone carbonyl resonance at 182 

p.p.m. shows a coupling to the C-S proton of 3.9 Hz, whereas in the proton_noisedecoUPled 

spectrum of 15N-enriched (4b) the quinone carbonyl resonance at 179 p.p.m. shows a 2 bond 

13C-15N coupling of 7.8 Hz. A similar coupling, 8.8 Hz, is observed on the carbomethoxy 

resonance at 164 p.p.m. 	In [15N]quinoline 	
a 2J13C.15N coupling of 9.3 Hz is observed for 

the C-8 resonance. Structure (7) reversing the heterocyclic ring of (4a), would require that 

both of the above couplings involve the same quinone carbonyl resonance. The infra-red 

spectrum of decarboxyphomazarin (Sa), shows absorptions at 1665 and 1630 cal', the former 

suggesting the presence of a quinone carbonyl not involved in hydrogen_bonding.2 
 The origin 

of this absorption is uncertain. 

Alternative modes of biosynthesis of phomazarin (4a) would be by the condensation of two 

polyketide chains, or by cleavage of an anthrone or anthraquinone derived from one chain. 

The secalonic acids A and E known to be derived from anthraquinones by quinonoid ring-

cleavage have been isolated from P. terrestris. 13  Further studies are in progress on 

phomazarin biosynthesis. 
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Abstract 

The 13C n.m.r. spectra of quinones (1)-(14) have been recorded and fully interpreted. Analysis of 
the fully 'H-coupled spectra has enabled the assignment of substituents in the benzene ring and has 
allowed the relative orientation of the benzene and quinone rings to he established. 

Although '3C n.m.r. spectroscopy has been a valuable aid in elucidating the struc-

tures of many naturally occurring substances, there have been few systematic studies 

of quinones. So far, Berger has studied the carbon chemical shifts in a number of 

benzoquinones,' a report has appeared recently on the '3C n.m.r. spectra of juglone 
and naphthazarin derivatives,' and some individual quinones have been studied. 
mostly in conjunction with '3C-biosynthetic studies. These include the benzoquinones 

perezone3  and helicobasidin,4  the naphthaquinones rnollisin5  and the rifamycins,6  

the anthraquinones islandicin and daunoniycin,7  and the extended quinone cercos- 

porin.8  
We now wish to report some '3C n.m.r. studies on the quinones (4), (9), (10) and 

(11) isolated recently from the roots of two Conospermum species.9  The study has been 
extended to include several related naturally occurring quinones (13) and synthetic 
analogues (1)-(3), (5)-(8), (12) and (14). 

The assignment of '3C resonances was facilitated by the use of 'H noise, 
band 

broad- 

band off-resonance," single-frequency off-resonance,'°  and selective 'H decoupling 

Berger, S., and Ricker, A., Tetrahedron, 1972, 28, 3123. 
2  Kobayashi, M., Terui, Y., Tori, K., and Tsuji, N., Tetrahedron Left., 1976, 619. 

Joseph-Nathan, P., Gonzalez, M. P., Johnson, L. F., and Schoolery, J. N., Org. Magn. Re.co,i., 

1971,3, 23. 
Tanabe, M., Suzuki, K., and Jankowski, W. C., Tetrahedron Lett., 1973, 4723. 

Seto, H., Cary, L. W., and Tanabe, M., J. Chem. Soc., C1,e,n. Common., 1973, 867. 

6  Martinelli, E., White, R. J., Gallo, G. G., and Beynon, P. J., Tetrahedron Lett., 1974, 1367. 

Paulick, R. C., Casey, M. L., Hillenbrand, D. F., and Whitlock, H. W., J. Am. (hem. Soc., 1975, 97, 

5303: Paulick, R. C., Casey, M. L., and Whitlock, H. W., J. Am. (hen,. Soc., 1976, 98, 3370. 

Okuho, A., Yamazaki, S., and Fuwa, K., Agric. Biol. (hem., 1975, 39, 1173. 

Cannon, J. R., Joshi, K. R., McDonald, I. A., Retallack, R. W., Sierakowski, A. F., and Wang, 

L. C. H., Tetrahedron Lett., 1975, 2795. 
'° Stothers, J. B., Carbon-13 Nuclear Magnetic Resonance Spectroscopy' (Academic Press: New 
York 1972); Levy, G. C.. and Nelson. G. L., Carbon-13 Nuclear Magnetic Resonance for Organic 

Chemists' (Wiley—InterscienCe: New York 1972). 
" Wenkert, F., Clouse, A. 0., Cochran, D. W., and Doddrcll, D., J. An,. (hem. Soc.. 1969, 91, 6879. 



0 

(2) 

0 

14 

7- 
I4 	13 

0 
(3) 

I 

HO 

OH 
OH OH 0 

(13) 

0 

C 

l l 

12 O 13 

(14) 1-1 Me 	Mets 

1728 	 I. A. McDonald, T. J. Simpson and A. F. Sierakowski 

14 

11 13 

1O3i 

01-1 
0 

(4) 

14 13 

O Me Me 

OrOHI~'3
0 

(5) 

0 	16 
M

:139 

Me 

14 0 
 Me OH 

0 
12 

Me 
15 	 (7) 

0 

0 	 OH 
Me 
Me 

(8) 

0 
Me 

Me ?cIIIOH 
Me> 	

0 

(9) 

MeO 

uio 



1730 	 1. A. McDonald, T. J. Simpson and A. F. Sicrakoo.ski 

methods, known substituent effects,10  use of lanthanide shift reagents,' 2  and, in 

particular, analysis of gated-proton-decoupled spectra.' 3  Long-range ' 3C—'H coupling 
was analysed by selective low-power decoupling experiments" and assignments were 
in accord with the recorded values of 2  Jcc, and 3JCCCH3 and the knowledge that the 

magnitude of 3JCCCH coupling is greater than 'JCCH in aromatic systems. All spectra 

were measured in CDCI3  solutions except in the case of (11) which was dissolved in 

(CD3)2S0. Spectra of (4) and (8) were determined in both solvents and only slight 
differences in chemical shifts were observed when these were corrected (see Experi- 
mental) to compensate for solvent influence. 

The multiplicities observed in the single-frequency off-resonance decoupled and 
fully 'H-coupled '3C n.m.r. spectra readily allowed the identification of the protonated 
carbons and the number of protons attached to each. Selective proton decoupling 
then confirmed the assignment of these carbons, particularly those of the y,y-dimethyl-
allyl-derived substituents. 

Quinone Ring Substituents 

The chemical shifts (Table I) of the carbons in the quinone ring can be consistently 
interpreted in relation to the nature of the substituents in this ring. Substitution of 
C 2 and C 3 resulted in shifts in the resonances of these carbons in line with the shifts 
observed for simple olefins.'°  Thus, a hydroxyl or ether substituent on C3 resulted 
in a downfield shift of approximately 20 ppm at the site of substitution and an upfield 
shift of approximately 30 ppm of the adjacent C2 resonance. Similarly, alkyl sub-
stitution at C 2 caused a downfield shift of approximately 10 ppm at C 2 and an upfield 
shift of approximately 8 ppm at C 3. In agreement with observations on simple olefins, 
the downfield shift of C 2 increased with the size of the substituent whereas the upfield 
shift of C 3 was not increased greatly by groups larger than methyl. A methyl sub-
stituent at C2 did not noticeably affect the chemical shift of the carbonyl carbons 
C 1 or C 4. However, the effect of hydroxyl substitution at C 3 was to shield C 4 by 
3-4 ppm, while C 1 was not significantly influenced. 

In fully 'H-coupled '3C n.m.r. spectra, both C2 and C3 showed multiplicities in 
accord with the nature of the C 2 substituent. In (11), in which C 2 is unsubstituted, 
the C2 resonance appeared as a doublet due to one-bond '3C—'H coupling ('JcH 
164 Hz) to H2, whereas the C3 resonance showed a two-bond '3C—'H coupling 

4 Hz). Substitution of a methyl or alkyl group at C 2 revealed that both C 2 
and C 3 couple to the oc protons of the substituent. For example, in lapachol (4), 
the H 11 methylene protons are coupled through two bonds to C 2 (2JCCFI 7 Hz) and 

through three bonds to C 3 (3JcccH 5 Hz). Selective low-power irradiation of the 
H 11 protons (338 ppm) collapsed both C 2 and C 3 triplets to sharp singlets. In 
compounds with 2-methyl substituents, C 2 and C 3 appeared as quartets in the fully 
'H-coupled spectrum (see Fig. I), although in several compounds these were obscured 

' Hawkes, G. E., Marzin, C., Leibfritz, ft. Johns, S. ft., Herwig, K., Cooper, R. A., Roberts, D. W., 
and Roberts, J. D., in 'Nuclear Magnetic Resonance Shift Reagents' (Ed. R. E. Sievers) (Academic 
Press: New York 1973). 
' Freeman, R., and Hill, H. D. W., J. t'1a.qn. Reson., 1971, 5, 278. 
' Pachler, K. G. ft., Steyn, P. S., Vleggaar, R., and Wessells, P. L., J. (he,?l. Soc., Chem.. Common., 

1975, 355. 



Table 1. 	' 3 C n.m.r. chemical shifts of compounds (1)—(14) 

For carbon numbering, see formulae on p. 1728 z 
Carbon (1) (2) (3) (4) (4)A (5) 	(6) (7) (8) (8)A (9) (10) (I1)& (12) (13)A 	(14) 

1846 1798 1848 1844 1845 1849 	184'1 1849 1847 1845 1842 184'9 1845 1845 1884 	179•4
Cn  

2 1385 1809 1104 1235 1234 1286 	1201 1170 1182 1178 1186 1188 1097 1183 1209 	178•3 3 1385 1309 1595 1527 1554 153'1 	1545 153•2B 1532 1557 153'2 1539 1605 1535 156.40 	112'6 4 1846 1454 1801 1815 1814 1820 	1799 1817 1830 1829 1830 1829 1836 1835 1824 	161'8 14 5 1262 1278 1266 1267 1261 1272 	1262 1248 1241 1238 1212 1333 1322 1364 156.08 	1240 6 1336 1299 1331 1327 1327 1327 	1328 1472 1586 1583 1575 161'7 1617 1613 1267 	1283 7 1336 1301 1341 1348 1348 1353 	1338 153.48 1231 122.38  1218 1149 1158 1144 1297 	130'5 8 1262 1358 1260 1260 1261 1260 	1260 1077 1270 1264 1286 1277 1267 1271 155.68 	1347 9 1317 1348 1319 1338 1334 1343 	1321 1281 1270 1266 1269 1273 128.6c 1271 110•3 	1324 10 1317 1315 1310 1293 1304 1286 	131'2 1203 1241 128.68  1232 1277 126.5C 1271 110'3 	1299 II 664 257 260 412 	169 223 222 221 1195 256 253 243 7'8 	161 
CD 

12 1171 1196 1212 1482 	314 323 323 322 1357 121'3 1222 382 314 13 1404 1337 1334 1098 	782 752 751 752 767 1344 132.98  288 792 14 183 179 182 284 	266 265 266 268 279 185 196 225 266 15 258 226 226 284 	266 265 266 268 279 262 262 225 26'6 16 84 86 83 8'5 88 86 OCH3 563 56'4 569 561 
A  In (CD3)2S0. B.0  These assignments may be reversed. 

Table 2. Lanthanide-induced shifts observed for quinones (3) and (6) 
2 	5 molar ratio of shift reagent; quinone shifts given in ppm 

Car- Quinone (6) Quinone (3) Car- 	Quinone (6) Quinone (3) 	Car- Quinone (6) Quinone (3) bon 	Yb(fod)3  Pr(fod)3  Eu(fod)3  Pr(fod)3  bon 	Yb(fod)3  Pr(fod)3  Eu(fod)3  Pr(fod)3  bon Yb(fod)3 	Pr(fod)3  Eu(fod)3 	Pr(fod)3  

1 433 —168 04 —155 6 	4'3 —24 2'1 —23 11 124 —120 53 —52 2 212 —141 74 —114 7 	48 —3-0 16 —2-7 12 4-6 —4-0 2-0 —3-2 3 12-1 —91 5-5 —104 8 	13-5 —9-3 6-0 —5'9 13 5-4 —3-7 2-8 —0.9 4 11-4 —76 26 —90 9 	19-6 —139 6-5 —101 14 37 —3-2 1-3 —1.0 5 5-9 —3-6 2-2 —31 10 	10-2 —8-0 3-0 —6-9 15 37 —3-2 1-3 —0.7 
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tially integral 13C intensities, the resonance at 1286 ppm had approximately double 
the intensity of the other resonances. This indicated the presence of two coincident 
quaternary carbon resonances and these were assigned to C2 and C 10. 

Benzene Ring Substituents 
The effect of substitution in the benzene ring can be seen in the spectra of quinones 

(7)—(13) (Table I). A detailed study of one of these [(7), a derivative of the naturally 
occurring quinone9] enabled the spectra of the others to be readily interpreted. In 
the original structural studies of the quinones from C. teretfoIiurn R. Br., this sub-
stance proved to be the most difficult to analyse and its structure was eventually 
proved conclusively by synthesis.' The low-field region of the fully 'H-coupled 
spectrum of (7) (Fig. I) can be interpreted as follows: 

C2 appeared as a quartet (2JccH  7Hz) due to coupling to the methyl group 
(see above). 

The signal due to C 3 overlapped that of C 7 and it was not possible to make 
an accurate assignment. 

C 5 resonated as a triplet (2 
	

11 6 Hz) due to coupling to the H 11 protons. 
C6 was observed as a broad multiplet which collapsed to a doublet (3JCCCH 

8 Hz) on selective low-power irradiation of the I-I II protons; the remaining coupling 
was to H8. This irradiation also collapsed CS and C 10 to a singlet and doublet 

(3JcccFI 6 Hz), respectively. 
C8 appeared as a well defined doublet ('cH  162 Hz) due to coupling to H8. 
C9 resonated as a singlet which indicated there were no protons in a three-

bond coupling situation. 
C 10 was revealed as a doublet of partially resolved triplets which was caused 

by three-bond couplings with H 8 and the H 11 protons [see (ii) above]. 
Consideration of the two carbonyl carbon (C I, C4) signals was of great value in 

the assignment of the methoxyl group to C 7 rather than C 8, and in the assignment 
of the relative orientation of the two rings in the naphthaquinone nucleus. The low-
field resonance (184.9 ppm), due to C 1, appeared as a quintet which could be analysed 
as a doublet of quartets due to three-bond couplings to H8 (3JCCCH  4Hz) and H 16 

(3JcccH 4 Hz). In contrast, the higher field (l81 7 ppm) C4 carbonyl carbon appeared 
as a singlet. 

With an understanding of the spectrum of (7), the '3C n.m.r. spectra of the related 
quinones (8)—(12) can be interpreted accordingly. In (8), the methoxyl substituent 
at C 7 in (7) has been replaced by hydrogen and this gives rise to predictable changes 
in chemical shift and modes of coupling. The signals due to C6, C8, and C 10 moved 
downfield by 11-4, 193, and 38 ppm, respectively, and C7 moved upfield by 
303 ppm relative to the corresponding shifts in (7). In the fully coupled spectrum, 
C7 and C8 appeared as doublets with 'CH  163 and 166 Hz, respectively; C9 reson- 
ated as a doublet 	9 Hz) being coupled to H 7, and C 6 gave rise to a doublet 
of triplets (3JcccH  10 and 2 Hz) due to coupling to H 8 and H 11, respectively. It was 
not possible to resolve the signals due to C 5 and C 10 which appeared as a broad 
multiplet at 124-1 ppm. In accord with the observations in the spectrum of (7), the 
C 1 carbonyl carbon exhibited coupling to both [-1 8 and H 16. As expected this feature 
is also present in the spectra of (9) and (10). 

Introduction of a double bond in the dihydropyran ring caused some changes to 
the spectrum. This was evident in the spectrum of (9) in which the only significant 
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by other resonances. Coupling of the a protons to the adjacent carbonyl carbon 
(C I) also was observed, but the resolution was often poor. 

Although compounds (3)46) are unsubstituted in the benzene ring, the presence 
of an ether or hydroxyl substituent at C3 has an effect on the chemical shifts of 
carbons CS to C 10 in this ring. It was expected that this could be accounted for by 
resonance contributions which have been postulated to account for differences in the 

n.m.r. spectra of some substituted naphthaquinones.15  Thus, C6, C8, and 
C 10 were expected to resonate at lower fields than C 7, C 5, and C 9, respectively. 

190 	180 	170 	160 	150 	140 	130 	120 	110 pp. 100 

Fig. 1. Low-field region of the 1 H-coupled '3C n.m.r. spectrum of quinone (7). 

However, when an accurate assignment of the relevant carbons, by means of lanthan-
ide-induced shift studies with Pr(fod)3  and Yb(fod)3  (Table 2), was carried out, it 
became clear that this premise was incorrect and that C7, CS, and C9 actually 
resonated at a lower field than C 6, C 8, and C 10, respectively. The data in Table 2 
indicate that the primary coordination site of the shift reagent was the C I carbonyl 
for Pr(f6d)3  and Yb(fod)3  but not for Eu(fod)3  which appeared to coordinate at the 
ether oxygen. In addition, whereas Pr(f6d)3  and Yb(fod)3  caused a linear shift 
behaviour, the shifts caused by Eu(fod)3  were anomalous and difficult to interpret 
satisfactorily. This anomalous behaviour with europium has been noted previously 
in 13C studies and is attributable to large Fermi-contact contributions to 13C n.m.r. 
chemical shifts. Praseodymium and ytterbium, on the other hand, have predominantly 
pseudo-contact shifts and, therefore, are more suitable in 13C studies.16  

Difficulty was encountered in identifying all the expected lower field quaternary 
carbons in the 1H-noise decoupled spectrum of (5). Instead of the expected six 
resonances, only five were immediately evident. Moreover, the single-frequency off-
resonance decoupled spectrum revealed that no quaternary resonance was coincident 
with any of the protonated carbons. However, on redetermining the spectrum under 
gated-2 decoupling' 7  in the presence of Cr(acac)3,18  conditions known to give essen- 

' Crecely, R. W., Crecely, K. M., and Goldstein, J. H., J. Mo!. Speclrosc., 1969, 32, 407. 
Gansow, 0. A., Loeffler, P. A., Davis, R. E., Wilcott, M. R., and Lenkinski, R. E., J. Am. ('hem. 

Soc.. 1973, 95, 3389. 
11  Freeman, R., Hill, H. D. W., and Kaptein, R., J. Magn. Reson., 1972, 7, 327. 

Garisow, 0. A., Burke, A. R., and La Mar, G. N., J. Chem. Soc., Chem. Con,,nun., 1972, 456. 
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change was in the C5 resonance which moved upfield by 29 ppm. The olefinic 
carbon resonances (CH and C12) appeared at 1195 and 1357 ppm and were 
readily distinguished by the multiplicity of each signal. The assignments of the proton-
ated carbon resonances in (9) were confirmed by specific decoupling experiments. 

In the substances which contain a y,)'-dimethylallyl moiety significant changes in 
the chemical shifts of some signals occurred. These were an upfield shift (8-10 ppm) 
of C7 and a downfield shift (8-10 ppm) of C5 relative to the shifts in the quinones 
(8) and (9). Only ten low-field resonances were observed in the 1H-noise decoupled 
spectrum of (10), but on determining the broad-band off-resonance decoupled spectrum 
in which only quaternary resonances were observed, it became apparent that two 
closely resonating quaternary carbons had been obscured by the strong protonated 
carbon resonance of C8. In the fully coupled spectrum C 12 appeared as a doublet 
of broad resonances due to coupling to H 12 and long-range couplings to 1-1 11, H 14, 
and H 15 C7 and C8 appeared as sharp doublets (1JcH 166 and 162 Hz, respectively). 
As before, analysis of long-range couplings enabled the assignment of quaternary 
carbons: C9 was observed as a doublet 	7Hz) due to coupling with 1-17 and 
this was superimposed on the broad resonance of C 10. Irradiation of 3-7 ppm (H 11) 
caused this resonance to collapse to a doublet 	4 Hz), the residual coupling 
being to H 8. This irradiation also caused the broad resonance due to C 13 to collapse 
to a singlet and CS to collapse to a doublet 	5 Hz), still showing coupling to 
H 7. In addition, the broad, poorly resolved C6 multiplet collapsed to a doublet 

(3JcccH 10 Hz), presumably due to coupling to H 8. 
The shifts observed in the spectra of compounds (11) and (12) were very similar 

to those of (10). The assignments of C Sand C 13, and C 9 and C 10 in (11) are tentative 
as overlapping signals prevent analysis of the long-range couplings and, in (12), C9 
and C 10 are coincident. The coupling patterns in (11) differed significantly from that 
of the other substances because there was no substituent at C2. This results in both 
C I and C4 carbonyl resonances appearing as doublets due to three-bond couplings 
to H 8 (3JCCCH 4 Hz) and H 2 (3JCCCH 7 Hz). If the hydroxyl group had been located 
on C 2 instead of C 3, both couplings would have been to C 1, leaving C 4 as a sharp 
singlet. These observations, therefore, fixed the relative orientation of the benzene 
and quinone rings. These modes of coupling can be seen in the 'H-coupled spectra 
of 	2-hydroxy-5-methyl- I ,4-naphthaquinone and 3-hydroxy-5-methyl- I ,4-naphtha- 
quinone.'9  

In hydroxydroserone (13), the effect of hydrogen bonding of the C5 and C8 
hydroxyl groups to the carbonyl centres was to shift the resonances of both Cl 
(particularly) and C4 downfield. It was not possible to assign individually C3, CS, 
and C8 because of the similarity of the chemical shifts. While C6 and C7 both 
displayed one-bond couplings ('JCH 165 and 166 Hz, respectively), C7 showed an 

additional three-bond coupling (J 7 Hz), presumably to the 8-OH proton. Previous 

work by Wehrli2°  has shown that strongly chelated phenolic protons will couple in 
this manner. A noticeable feature of the ' 3C ri.ni.r. of naphthazarin2  was that the 
chemical shifts of C 1, C 4, CS, and C 8 were identical (1729 ppm) which confirmed 
the fact that this substance exists as taulomeric isomers. However, in (13), in which 
substitution at C2 and C3 is known to stabilize the quinone ring,2 ' the spectrum 

" Simpson. T. J., unpublished data. 
21) WebrIl, F. W., J. Chew. Soc., Chein. Conmiun., 1975,   663. 
2)  Moore, R. F., and Schcuer, P. J., J. Or,q. Chew., 1966, 31.3272. 
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confirmed that tautomerism is not a significant factor. The assignment of chemical 
shifts in $-lapachone (14) was based on the shift values given for 1,2-naphthaquinone" 
and the expected substituent effects of the dihydropyran ring. 

This study has shown that '3C n.m.r. can provide valuable structural information 
on naphthaquinones. In particular, analysis of fully 'H-coupled spectra has enabled 
the assignment of substituents in the benzene ring and has allowed the relative orien-
tation of the benzene and quinone rings to be established. 

Experimental 

The L3 n.m.r. spectra were determined as 02-06 molar solutions in CDCI3  with Me4Si as an 
internal reference, or in (CD3)2S0, the centre peak of the (CD3)2S0 signal being used as the internal 
reference. In the latter case, chemical shifts were corrected by the expression: 6(Me4Si) = 6(Me2SO) 
+ 39'6. Chemical shifts are reported as ô (ppm) downfield from Me4Si and spectra were recorded 
on a JEOL JNM FX60 spectrometer operating at 15-04 MHz. Fully coupled spectra were determined 
under gated decoupling conditions with a 05 KHz noise modulated proton irradiating frequency 
at a power level of approximately 5 W. Specific decoupling experiments used a single 'H-irradiating 
frequency 40 dB below this level. Single-frequency off-resonance decoupled and broad-band off-
resonance decoupled spectra were determined with a 'H irradiating frequency at a power level of 
approximately 5 W, 600 Hz upfield from Me4Si with noise modulation when necessary. 0 1 molar 
chromium tris(acetoacetonate) [Cr(acac)3] was used as a relaxation agent, with gated decoupling 
conditions, to eliminate the nuclear Overhauser effect. Pr(fod)3, Yb(fod)3  and Eu(fod)3  were used 
as lanthanide shift reagents and in each case the spectra were run with the following molar ratios 
of shift reagent to quinone: I : 20, I : 10, 1: 5, and 2 : 5. 

The quinones were either natural products,' or were prepared by standard methods.' 23  
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Abstract—Incorporations of singly and doubly-labelled acetate-[1 3 C] into griseofulvin by a mutant strain of Penicillium 

patulum confirm its origin from simple folding of  single heptaketide chain. An acetate 'starter' effect is observed in the 
13C-NMR spectra of griseofulvin enriched from acetate-[13C], and analysis of the '3C—' 3C spin—spin couplings 
observed indicate a rapid metabolic turnover of added acetate. Methyl, but not carboxyl, of acetate is efficiently 
metabolised into the C1  pool. 
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INTRODUCTION 

Griseofulvin (I), an important antifungal antibiotic, was 
first isolated from the mycelium of Penicilliurn griseo-
fulvum, and has since been recognised as a metabolic 
product of many species of Penicilliunt [1]. Its biosyn-
thesis has been a subject of several studies and much 
speculation. The polyketide origin of griseofulvin was 
indicated by incorporation studies with acetate-[l-' 4C] 
by Birch and co-workers [2], who suggested derivation 
of griseofulvin from a single chain of seven acetate units 
as shown in Scheme 1. Studies by Rhodes et al. [3] have 
established that griseophenone C(2), and griseophenone 
B(3) but not griseophenone A(4) are likely intermediates 
between acetate and griseofulvin and they have proposed 

biogenesis which aim to account for the formation of all 
fungal heptaketides from common intermediates, which 
would be formed either by condensation of two shorter 
polyketide chains [4,5], or by ring closure and subsequent 
ring fission of a single heptaketide chain [6]. As 13c-

NMR has proved useful for providing information on the 
nature of the biosynthetic intermediates between acetate 
and malonate and the final polyketide metabolites [7], 
incorporations of singly and doubly-labelled acetate-
[13C], as well as malonate-['4C] into griseofulvin using 
a high-yielding mutant strain of Penicilliurn patulum 
have been carried out in an attempt to solve some of the 
uncertainties in griseofulvin biosynthesis. The 13C-NMR 
spectrum of griseofulvin has recently been fully assigned 
[8]. 
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Scheme 1. Alternate foldings of the precursor heptaketide chain in griseofulvin. 

that the final stage in griseofulvin biosynthesis involves 
the binding of griseophenone B to a multienzyme com-
plex which can effect oxidation, reduction, and methyla-
lion of enzyme bound intermediates. The co-occurrence 
of griseofulvin and fulvic acid (5) in the same organism, 
as well as the co-occurrence of other heptaketides in 
other fungi, has led to the proposal of several theories of 

RESULTS AND DISCUSSION 

Preliminary incorporation experiments were carried 
out with sodium acetate-[' 4C] in order to determine the 
minimum amount of acetate-['3C] required to give 
sufficiently low dilution values for significant enrich-
ments to be observed in the resultant '3C-NMR spectra 
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Table I. Dilution of sodium acetate-[1-' 4C] on incorporation 
into griseofulvin by cultures of P. patulum 

Griseofulvin 

Experiment Acetate 	1iCi mg 	dpm/mg Dilution 
(mg/ml) 

1 	0 	- 176 - 	 - 

2 	0.5 10 209 4569 53.6 
3 	1.5 10 207 3768 32.5 
4 	2.0 	10 	168 	4054 	15.1 

[7]. These results, summarized in Table 1, indicated that 
at least 2 g/l of acetate was required to give a doubling ol 
13C-abundance at each labelled position. Accordingly 
fermentations supplemented with 4 g/I of sodium ace-
tate-[1-'3C], .[2i 3Cj, and -[1,2-13C] respectively were 
carried out. The 1 C-NMR spectra of the acetate-
[]-"C], and acetate-[2-"C] enriched griseofulvin 
samples are summarized in Table 2. 

The alternate labelling pattern anticipated for the 
polyketide origin of griseofulvin was generally observed 
but, the apparent enrichment of labelled sites is very 
much lower with acetate-[2-"C] than with acetate-
[1-13C] particularly C-7 which does not show the 
anticipated enrichment from acetate-[2-13C]. On the 
other hand, MS studies (see below) indicate that the total 
incorporation of acetate-[2-"C] is at least as high as that 
of acetate-[1-13C]. The most likely explanation of this 
apparent discrepancy is that the label of acetate-[2-13C] 
becomes randomised into the 1-position via operation of 
the Krebs' Cycle. The method of calculating enrich-
ments [9] automatically compensates for any excess 
'3C-abundance arising in this way, therefore an ap-
parently low enrichment of acetate-[2-'3C] is observed. 

The degree of enrichment at positions C-I and C-2 is 
significantly higher than in the remaining acetate-derived 
carbons. Differential labelling of a polyketide has not 
been observed previously in ' 3C-biosynthetic studies. 
However, Birch et a! [10] have observed a small pre-
ferential incorporation of acetate-['4C], in tracer ex-
periments into the methyl terminal acetate unit of both 
griseofulvin and curvularin and on feeding sodium 
acetate-[1-14C], along with unlabelled diethyl malonate, 
to cultures of Penicillium urticae the resultant 2-hydroxy-
6-methylbenzoic acid showed a 12-15% excess isotopic 

Table 2. ' 3C-chemical shifts (downfield from Me4Si), enrich-
ments in acetate-[l-'3C] and acetate-[2-'3C] labelled griseo-
fulvin, and 13C-13C coupling constants (Hz) observed in 

acetate-[I,2-' 3C] labelled griseofulvin 

Enrichment* 

Carbon ö(ppm) acetate- acetate- J' 3C-' 3C 
[1-13C] 	[2-'3C] 

4 	197.1 2.4 1.1 - 

8 	192.3 2.11 0.9 - 

6 	170.9 2.4 1.1 - 

12 	169.5 1.7 0.9 - 

14 	164.5 1.8 1.0 
10 	157.7 2.0 1.0 - 

9 	105.0 1.1 1.3 - 

5 	104.7 1.1 1.3 75,60 
13 	97.1 0.9 1.4 - 

7 	90.6 1.0 1.1 41 
11 	89.7 1.0 1.7 77,75 
MeO 	57.3 1.1 1.5 - 

MeO 	56.9 1.0 1.5 - 

MeO 	56.9 1.0 1.5 - 

3 	40.0 1.0 1.5 t 
2 	36.4 2.7 0.9 32 

14.3 1.1 2.1 34 
Average for anticipated 
malonate derived 
carbons (+) 2.1(±0.4) 1.4(±0.3) 

* See experimental for details of calculation. f Complex 
pattern. Carbons anticipated to be derived from malonate. 

abundance in the 'starter' acetate unit, no difference 
being observed in the absence of added malonate. This 
suggests that in P. patulwn the acetate-['3C] derived 
malonate is diluted by an endogenous metabolic pool of 
malonate with no corresponding dilution of the acetate-
fl3C] so causing a clear acetate 'starter' effect to be 
observed. No other acetate unit shows this enhanced 
incorporation, so establishing that griseofulvin is formed 
from a single heptaketide chain and ruling out the ring-
fission pathway which requires that the methyl group at 
position C-i is not part of the chain initiating acetate 
being formed in the ring-fission process (Scheme 2). 
Kuhn-Roth oxidation of griseofulvin-[' 4C] obtained 
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Scheme 2. Postulated ring-fission pathway to griseofulvin and fulvic acid. 



'3C-NMR studies on griseofulvin biosynthesis and acetate metabolism in Penicillium patulum 	 231 

from fermentations of P. patulum supplemented with 
diethyl malonate-[2-14C], produces acetic acid with 
only 9.8 % of the total activity of griseofulvin (even label-
ling of a heptaketide would require 14.3 %) so confirming 
that the methyl at position C-i is part of a chain initiating 
acetate unit, the observed incorporation into this posi-
tion being due to decarboxylation of malonate to acetate. 

It may be seen, Table 2, that incorporation of acetate-
[2-13C], but not acetate-[l-13C] results in substantial 
enrichment of the methoxyl groups of griseofulvin. These 
have previously been shown to arise from the usual 
biochemical C1  donor systems [11]. Enrichment of 
carbons derived from the C1  pool has been observed in 
biosynthetic studies with both acetate-[]-'4C]- and 
acetate-[2-14C] but usually at a low level and possibly it 
occurs via catabolism of acetate to CO2  and subsequent 
re-incorporation. The specific enrichment from the 
methyl of acetate observed in this case could arise from 
conversion of acetate via the Krebs Cycle and pyruvate 
into serine. It has been shown inter alia in Torulopsis 
yeast grown on acetate that the a and ft carbons of serine 
are derived from the methyl carbon only of acetate [12]. 
Subsequent dehydroxymethylation of serine would give 
rise to glycine-[2-' 3C] and a [' 3C]-enriched C1  pool 
(Scheme 3). Incorporations of serine-[3-'3C] and glycine-
[2-' 3C] in Serratia marcesens [13] and Streptomyces 
longisporus rubber [14] result in substantial enrichments 
of the methoxyl group in the prodigiosins, though no 
enrichment of this group was observed from acetate-
[1  3C]. 

The '3C-NMR spectrum of griseofulvin enriched from 
acetate-[l,2-13C] is shown in part in Fig. 1. The antici-
pated characteristic triplets normally observed in doubly 
labelled spectra arising from the natural abundance 
signal with satellites on either side due to 13C-13C 
coupling between carbons derived from acetate units 
incorporated intact are seen only for C-1 and C-2. 
C-3, C-5 and C-il show more complex patterns of 
satellites and the remaining carbons are of such low 
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Scheme 3. Conversion of the methyl carbon of acetate into 
formaldehyde and glycine. 

intensity that no satellites can be readily distinguished 
above the spectral noise level. The methoxyl carbons are 
again significantly enriched, presumably from the acetate 
methyl carbon only. The relatively high intensity of the 
satellites on the resonances due to C-I and C-2 again 
indicate the preferential incorporation of acetate into this 
unit. The complex satellite patterns observed for the 
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Fig. 1. ' 3C NMR spectrum (0-110 ppm) of acetate-[ I ,2.i 3C] enriched griseofulvin. 
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remaining carbons can only be accounted for by sub-
stantial 13C-13C coupling between adjacent doubly- 
labelled acetate units. This further coupling reduces the 
intensity of the satellites arising from incorporation of 
intact acetate units and further satellites appear due to 
one-bond '3C-13C coupling between adjacent acetate 
units as is indicated for C-Il in Fig. 1. The innermost 
satellites in this case are obscured by the large natural 
abundance resonance. An additional complicating factor 
is the possibility of two-bond 13C- 3C couplings, which 
owing to the use of doubly-labelled acetate in which there 
is greater than 90% 13C at both positions, is almost as 
likely as one-bond 13C-'3C coupling between adjacent 
units. Two-bond 13C-13C couplings are usually small, 
typically 0-15 Hz, so are not always resolvable. However, 
the satellite pattern for C-5 shows an additional small 
splitting, 9.4 Hz, due to the two-bond coupling between 
C-5 and C-7, or possibly C-3. The unusual shape of the 
C-3 signal is partly explained by the fact that the one-
bond couplings between the aliphatic C-3 and C-2 are 
comparatively smaller than those for the aromatic 
carbons above. However, no significant satellites corres-
ponding to the one bond coupling between C-3 and C-4 
is observable. It has already been established that acetate 
is incorporated into CA and C-2 to a greater extent 
than in the remainder of the molecule, so it is likely that 
for every griseofulvin molecule in which C-3 and C-4 
are derived biosynthetically from added precursor ace-
tate, so also will be CA and C-2, though the reverse 
obviously is not true. The result of this is that essentially 
all the carbons at position C-3 which are coupled to C-4 
are further split by both C-2 and C-k to give the ob-
served pattern. The reciprocal couplings on C-i and 
C-2 are not readily observable due to the high propor-
tion of these atoms not further coupled in this way. 
Confirmation of the two-bond coupling between CA 
and C-3 is found in the acetate-[2-13C] derived 13C-
NMR spectrum where the C-3 signal appears to be 
broader than the remaining signals. Redetermination of 
the spectrum on a narrow sweep width, readily allows a 
coupling of 12.2 Hz to be resolved. Two-bond couplings 
arising from incorporation of singly-labelled acetate-
[13C] Into aflatoxin B have been reported by Hseih 
et al. [15], but in this case, very high overall enrichments 
(20-30%) of the labelled carbons were obtained. 

Extensive inter-acetate unit coupling of this sort can 
only occur when there is a high probability of two or 
more acetate units being incorporated into adjacent 
positions in any one molecule. This has been recognised 
as a problem with organisms where the incorporation of 
acetate is very efficient, giving very low dilution values, 
and dilution of the labelled acetate with unlabelled ace- 
tate before feeding has been used to reduce the possibility 
of two labelled units coming together [16], although the 
actual validity of doing this has been questioned by a 

recent detailed statistical treatment [17]. This probler 
was not anticipated in P. patulum, however, due to th 
comparatively high dilution values observed in the pre 
liminary ' 4C experiments and indeed the overall averag 
'3C-enrichment observed is much too low to allow this 
and suggests there is only an approx. 4% probability a 
adjacent units being labelled. 

MS studies can be used to estimate the excess 13(  

abundance, and Table 3 shows the ion intensities in th 
molecular ion region for unlabelled, and both acetate 
[1_13 C] and acetate-[2-13  C]  enriched griseofulvin. Al 
though accurate estimations are complicated by th 
isotope pattern expected for a mono-chioro-substitutec 
compound it is evident that the overall enrichment is 10 
but that a substantial proportion of the biosyntheticall3 
enriched molecules are multiply labelled, there ever 
being a significant number of molecules in which all sever 
acetate units are derived from the added precursor, sc 
accounting for the extensive 13C-13C coupling. [The 
rather high proportion of M+ 1 ions in the acetate. 
[2-13C] relative to acetate-[l-13C] enriched sample is 
difficult to account for but is due, in part at least to the  
C1  pool enrichment.] 

The above results indicate that for a short period most 
of the griseofulvin produced by P. patulurn is derived from 
the added acetate-[13C], with some dilution by endo-
genous malonate as discussed above. This phase is 
followed or possibly preceded by production of unlabelled 
griseofulvin to give the low overall enrichment observed, 
though for a period an exceedingly high enrichment has 
been obtained. Whitlock has noted the occurrence ol 
extra couplings in the spectrum of acetate-[1,2-13C] 
enriched islandicin. These satellites, though of low 
intensity, are stronger than would be expected from the 
average overall enrichment: the presence of a substantial 
preformed pool of islandicin, or a lag period after pre-
cursor addition during which no added precursor is 
incorporated but islandicin is formed, was suggested to 
account for this [18]. Time studies with P. patulurn indi-
cate that only a small amount of griseofulvin is produced 
before precursor addition. It appears likely that addition 
of a large amount of exogenous acetate represses the 
production of endogenous acetate by a feedback inhibi-
tion mechanism so that, until this pool falls below a, 
probably very low, threshold level and endogenous 
acetate production recommences, most of the metabolite 
is produced from exogenous precursor. Subsequently, 
predominantly unenriched griseofulvin is produced to 
give the low average enrichment observed. 

The unexpected pattern of acetate metabolism ob-
served in P. pat uluni is probably due to two factors. Firstly 
a highly developed, mutant strain was used, which is 
probably capable of rapid utilisation of any readily 
available carbon source. Secondly, it is due to the use of 
elevated amounts of precursor, in contrast to the trace 

Table 3. Ion intensities in the molecular ion region of the mass spectra of natural abundance, and acetate-[1-'C] and acetate-
[2-"C]-enriched griseofulvin 

Sample M(352) M+l M+2 M+3 M+4 	M+5 	M+6 	M+7 	M+8 	M+9 

Natural abundance 100 19 37 7 0.4 	- 	- 	- 	- 	- 
Acetate-[l-' 3C] enriched 100 21 37 7 0.5 	0.3 	0.4 	0.3 	0.2 	0.1 
Acetate-[2-' 3C] enriched 100 25 39 9 0.7 	0.3 	0.3 	0.3 	0.2 	0.1 
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amounts used in classical radioisotope studies, and these 
results serve to emphasise that this factor must always 
be taken account of in interpretation of 13C-biosyn-
thetic studies. The effects observed in this study provide 
an excellent illustration of the problems and factors 
that can arise through using non-tracer amounts of pre-
cursor, and will probably be encountered more fre-
quently as 13C-biosynthetic studies become more com-
monplace. Great care must be exercised when, for ex-
ample, using assumedly unenriched carbons of different 
biosynthetic origin for normalisation of spectra and 
calibration of enrichments. However, it also serves to 
illustrate the power of 13C methods in elucidating the 
overall metabolic patterns in an organism. 

EXPERIMENTAL 

'3C-NMR spectra were determined for saturated solns in 
CDCI3, with Me4Si as internal reference on either a Varian 
XL-100-I5FT spectrometer operating at 25.197 MHz or a Jeol 
JNM FX60 spectrometer operating at 15.04 MHz. The enrich-
ment values quoted in Table 2 were calculated from spectra 
determined in the presence of 0.1 molar chromium Tris-aceto-
acetonate [19] as relaxation agent under GATED-2 decoupling 
conditions [20]. These conditions eliminate the wide range of 
resonance intensities arising from variable relaxation times and 
nuclear Overhauser enhancements so facilitating measurement 
of intensities. The natural abundance and enriched spectra were 
each determined three times, and the average intensities after 
normalization were used to calculate the enrichments using the 
method reported previously [9]. The actual values are the ratio 
of the intensities in the enriched spectrum to the same intensities 
in the natural abundance spectrum and are consistent within a 
range of ±20%. '4C-Radiochemical assays were carried out 
by scintillation counting. Counting efficiencies were measured 
with ['4C]hexadecane as internal standard using Butyl-PBD 
(10 g) in toluene (II.) as scintillator solution. 

Culture conditions. A Glaxo mutant strain of P. patulum was 
grown in 100 ml shake flasks each containing 30m1 of Glaxo 
standard shake flask medium with 10% lactose. Each flask was 
innoculated with 1.5 ml of pre-grown mycelium. A time study 
indicated that griseofulvin production commenced at about 
day 2 and had reached a conc. of approx. 200mg per flask after 
7 days growth. 

Incorporation studies. (a) Sodium acetate-[ 1- 'C]. Increasing 
amounts of sodium acetate, as indicated in Table I, each spiked 
with sodium acetate-[]-' 4C] (10 iCi), in 1 ml H 2 O were added 
to 2 day old cultures of P. patulum. After 7 days the mycelium 
was collected by  filtration, stirred in Me2CO (75 ml) together 
with added lime (200 mg) for 10 mm. The Me2CO extract was 
then filtered off and the Me2CO removed in vacua at 60-70. The 
resulting hot aq. suspension was filtered and the crude product 
approx. 200 mgI washed with H20 (60). Recrystallisation from 
Me2CO petrol (bp) 60-80') gave essentially pure griseofulvin 
which was crystallised to constant specific radioactivity. The 
minimum dilution value obtained was 15. On this basis It would 
be anticipated that equivalent feedings of 0.2% acetate-[I-"C] 3C] 
(90%) would give griseofulvin with an excess of 0.8% of '3C-
label over natural abundance at each labelled position, assum-
ing a total of 7 labelled positions in the molecule. 

(b) Diethvl malonate [2-' 4C]. Diethyl malonate-[2-14C] 
(25 iCi) was added as above to a 2 day old culture flask and the  

product isolated after 7 days growth. Recrystallization to con-
sta0t specific radioactivity gave griseofulvin-['4C] (108 mg, 
5.00 x 10 dpm/mmol). After dilution with unlabelled griseo-
fulvin (150 mg, 8.34 x 106  dpm/mmol) it was subjected to 
Kuhn-Roth oxidation. The resultant HOAc was isolated and 
converted to the p-bromophenacyl derivative (35 mg) by 
standard procedures. Recrystallization to constant specific 
radioactivity gave p-bromophenacyl acetate with an activity of 
8.21 x 10 dpm/mmol. Thus the terminal unit contains 9.8 % 
of the total radioactivity of griseofulvin. 

(c) Sodium acetate-[' 3C]. To each of 3 flasks containing a 2 
day old culture of P. patulum was added sodium acetate-
[l -13C], -[2-' 3C], or -[1,2-13C] (120 mg, 90% enriched). After 
a further 5 days growth, the enriched griseofulvin, 56, 65 and 82 
mg respectively after recrystallization, was isolated as above. 
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13C .JucJear Magnetic Resonance Spectra and Biosynthetic Studies of 
Xanthomegnin and Related Pigments from Aspergillus suiphureus and 
melleus 

By Thomas J. Simpson, Research School of Chemistry, Australian National University, P.O. Box 4, Canberra, 
A.C.T. 2600, Australia 

The 13C n.m.r. spectra of xanthomegnin (1) and related compounds [(2)-(5), (7), and (9)] have been assigned. 
Spectra of xanthomegnin and viomellein biosynthesised from singly and doubly 13C-labelled acetate confirm the 
polyketide origin of these metabolites and provide additional evidence for the structures proposed for the pigments. 

THE isolation of the fungal pigments xanthomegnin (1), 
viomellein (4), rubrosulphin (6), and viopurpurin (8) 
from the mycelium of Aspergillus suiphureus and A. 
mel/ens was described recently.' Xanthomegnin had 
previously been isolated from Trichophvton spp. and 
assigned the dirneric naphthoquinonc structure (1).2  
The naphthoquinone-naphthalene structures for the 
remaining pigments were proposed on the basis of 
chemical and spectroscopic evidence. 13C N.rn.r. struc-
tural studies of xanthomegnin and its related metabolites 
and biosynthetic studies in A. mel/ens are now reported 
which provide additional evidence for their structure and 
indicate their mode of biogenesis. 

These metabolites are closely related to other groups of 
fungal pigments, e.g. the dirneric naplithoquinonc auro-
fusarin,3  fuscofusarin,4  which has a naphthoquinone-
naphthalene structure, and the dimeric naphthalenes 
vioxanthin,5  viriditoxin,6  and flavoinannin.7  Owing to 
the highly substituted nature of these structures, 1H 
n.m.r. is of limited applicability, but 13C n.m.r. was 
expected to prove a useful method of structure elucid-
ation in this area. The '3C n.rn.r. spectrum of viriditoxin 
has been reported 8  but only partially assigned. 

Assignments of '3C Resonances-The 13C n.m.r. spectra 
of xanthomegnin (I), xanthomegnin acetate (3), viomel-
lein (4), and the methyl ethers [(2), (5), (7), and (9)1 of 
xanthomegnin, viomellein, rubrosuiphin, and viopur-
purin, respectively, are summarised in Table 1. The 
assignments are based on comparisons between reson-
ances in the proton noise-decoupled (p.n.d.) spectra, use 
of 	single frequency off -resonance-decoupled (s. f.o. r. d.) 
spectra to determine the number of attached protons on 
each carbon atom,9  and comparisons with model com-
pounds. The substituent-induced shifts tabulated by 
Wells el al.'° are useful in indicating the expected chemical 
shifts in the naphthalene portions of the molecules. 
Detailed analysis of the fully proton-coupled spectra, 
making use of D20 exchange and low-power selective 

* Present address: Department of Organic Chemistry, Tlie  
Robert Robinson Laboratories, P.O. Box 147, Liverpool L69 
3BX. 

R. C. Burley, J. MacMillan, T. J. Simpson, A. T. Glen, and 
W. B. Turner, I.C.S. Perkin 1, 1975, 163. 

G. Just, W. C. Day, and F. Blank, Canad. J. Chem., 1963, 41, 
74. 

P. M. Baker and J. C. Roberts, j.  Chem. Soc. (C). 1966, 2234. 
F. Takeda, E. Morishita, and S. Shibata, Chem. and Pharm. 

Bull. (Japan), 1968, 16, 2213. 
A. S. Ng, G. Just, and F. Blank, Caned. J. Chem., 1969, 47, 

1223. 

proton decoupling to identify the origin of long-range 
couplings," is of particular utility. 
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 id Rt - . 	H 
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171 R 1 :Me,R2 H 
(11) R:Me 

lBlR H R 70h4 

(9) R1  rMe, R 2 7OMe 

Only fourteen resonances are observed in the normal 
p.n.d. spectrum of xanthomegnin. The multiplicities 

6 D. Weisleder and E. B. Lillehoj, Tetrahedron Letters, 1971, 
4705. 

J. Atherton, B. W. Bycroft, J. C. Roberts, P. Roffey, and 
M. E. Wilcox, J. Chem. Soc. (C), 1968, 2560. 

8 J. Jiu and S. Mizuba, J. Antibiotics, 1974, 27, 760. 
J. B. Stothers, Carbon-13 NMR Spectroscopy,' Academic 

Press, New York, 1972. 
'° P. R. Wells, D. P. Arnold, and D. Doddrell, [CS. Perkin If, 

1974, 1745. 
11 K. G. R. Pachler, P. S. Stevn, R. Vleggaar, and P. L. 

Wessells, J.C.S. Chem. Comm., 1975, 355. 
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observed in the s.f.o.r.d. spectrum readily allow the 
assignment of C-i, C-2, C-3, C-5, and OCH3; the remain-
ing carbon atoms all give singlets. The quinone carbonyl 
resonances at 186.0 and 179.8 p.p.m. are assigned to 
C-S and C-li respectively, the C-8 signal appearing at 
lower field owing to chelation with the C-6 OH,9  whereas 
the C-li signal appears at higher field than in 11 4-naph-
thoquinone (184.6 ppm.) 12  owing to the shielding 
effect of the C-10 OMe. In 2-methoxy-1,4-naphtho-
quinone the C-i carbonyl resonance appears at 180.0 
p.p.m.13  On removal of the chelation, the C-S carbonyl 
resonance moves upfield to 180.8 and 179.8 p.p.m. in the 
methyl ether (2) and the acetate (3), respectively. In 
addition, in the fully-coupled spectrum of (1), the C-8 
resonance appears as a sharp singlet, whereas C-il gives 
a doublet, j  5 Hz, due to a five-bond coupling to H-5 
(low-power irradiation at the frequency of H-5 causes 
collapse of the resonance to a sharp singlet). This long-
range coupling is valuable in distinguishing the quinone 
carbonyl resonances in all the compounds. The reson-
ances at 157.9, 162.2, and 162.7 p.p.m. are assigned to 
C-b, C-14, and C-6, respectively: in the fully-coupled 
spectrum the broad resonance at 157.9 p.p.m. collapses 
to a sharp singlet on irradiation at the frequency of the 
methoxy-protons ( 5.85); the resonance at 162.7 p.p.m. 
appears as a doublet, J 5 Hz, owing to coupling to the C-6 
OH, which collapses to a singlet on addition of D20 with 
a small upfield deuterium isotope shift of 0.2 p.p.m.; 
and the 162.2 p.p.m. resonance appears as a singlet which 
greatly increases in intensity on irradiation at the fre-
quency of the C-2 proton ( 5.39). The remaining 
resonances at 148.1, 134.7, 117.5, and 114.8 p.p.rn. are 
assigned to C-4, C-12, C-13, and C-7, respectively. 111 

the fully coupled spectrum the 148.1 p.p.m. resonance 
appears as a broad unresolved signal which collapses to a 
sharp singlet on irradiation at the frequency of the C-3 
benzylic protons ( 6.96). This irradiation also causes 
the broad satellites of the C-5 doublet (1J(,_11 168 Hz) to 
sharpen, and the broad resonance at 117.5 p.p.m. to 
collapse to a doublet, J 4 Hz, the residual splitting being 
due to a three-bond coupling to H-5. Addition of D20 
causes the triplet at 114.8 p.p.m. to change to a doublet, 

J 7 Hz, owing to removal of the three-bond coupling to 
the chelated phenolic proton. The remaining three-
bond coupling to H-S is removed by irradiation at r 2.51. 
In di-O-methylxanthomegnin (2), the C-7 resonance has 
moved downfield to 124.0 p.p.m., owing to removal of 
chelation.9  The remaining resonance at 134.7 p.p.m. is 
a sharp singlet in the fully coupled spectrum as antici-
pated for C-12; in 1,4-naphthoquinone, the corresponding 
carbon atom resonates at 131.7 p.p.m. Under normal 
conditions of spectral determination the C-9 resonance 
of xanthomegnin cannot be observed owing to its very 
long relaxation time. However, on addition of the relax-
ation agent, Cr(acac)3,14  the C-9 resonance appears at 
123.0 p.p.m. In the spectra of the remaining compounds, 

12 L. F. Johnson and W. C. Jankowski, Carbon-13 Nuclear 
Magnetic Resonance Spectroscopy. A Collection of Assigned, 
Coded and Indexed Spectra,' Wiley-lntcrscience, New York, 
1972. 
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this resonance is visible, but usually as a very weak 
singlet, which aids its assignment. In viriditoxin, the 
signal for the equivalent carbon atom at the dimer 
linkage was not observed.8  Similar analysis of the 13C 
n.m.r. spectra of the dimethyl ether (2) and the diacetate 
(3) readily allows the assignments given in Table 1. 

TABLE 1 

13C Chemical shifts of xanthomegnin and related metabolites 
(in p.p.m. downfield from internal Me4Si for CDCI3  
solutions: multiplicities are indicated for compounds 
for which s.f.o.r.d. spectra have been obtained) 

Car- 
bon (1) (2) (3) (4) (5) (7) (9) 

I 20.6q 20.5q 20.5q 20.7q 20.7 20.8q 20.5 
2 74.4d 74.3d 74.5d 74.1d 74.3 74.2d 74.8 
3 36. It 36.4t 35.8t 36.3t 36.4 36.5t 36.4 
4 148.1 146.9 146.2 147.9 146.4 147.1 147.1 
5 116.8d 120.9d 123.2d 116.4d 120.8 120.4d 120.8 
6 162.7 162.3 151.3 162.8 162.3 162.7 162.9 
7 114.8 124.0 124.0 114.8 124.8 124.8 125.3 
8 186.0 180.8 179.8 188.3 182.2 176.8 177.0 
9 123.0 126.2 123.7 123.6 127.2 126.2 126.4 

10 157.9 156.4 156.7 158.2 156.4 150.8 151.6 
11 179.8 180.2 179.8 180.1 180.7 172.5 172.5 
12 134.7 136.0 135.3 134.4 136.1 136.1 136.5 
1:3 117.5 125.2 132.7 117.6 125.3 125.6 125.8 
14162.2 160.4 159.7 162.4 160.4 160.1 160.5 

 20.7q 20.7 20.8q 20.5 
 76.5d 74.3 74.2d 74.8 
 34.6t 36.4 36.5t 36.4 

4 134.0 136.9 138.6 138.7 
 1 16.Od 120.8 119.7d 115.8 
 140.5 140.5 138.9 133.9 
 97.8d 102.2 101.9d 145.1 
 160.1 156.3 a  155.1 146.2 
 99.9 117.5 b  113.3 116.8k 
 161.3 162.7 154.9 149.9 
 105.1 117.1k 111.7 a  115.6 

12' 155.3 157.9 159.5 159.5 
 107.9 113.9 113.9 114.0 
 171.2 160.6 161.7 161.7 

10- 61.4q 60.9q 61.9q 60.3q 60.3 
OMe 

61 - 63.4q 63.5 63.4q 63.6 
OMe 
8'- 55.9q 55.9 55.8q 62.1 

OMe 
10'- 63.5 
OMe 
12'- 62.9 62.7q 63.1 
OMe 
7' 61.6 

OMe 
CH3CO 20.9q 
CH3GO 168.7 

Assignments may be reversed. 

Twenty-nine resonances are resolved in the p.n.d. 13C 

n.m.r. spectrum of viomellein (4), and the fifteen reson-
ances due to the naphthoquinone moiety are readily 
assigned by comparison with those of xanthomegnin. 
In both viomellein and tri-O-methylviomellein (5), 
substitution of C-9 by a naphthalene rather than a 
naphthoquinone unit causes a ca. 2 p.p.m. downfield 
shift of the C-8 signal. The C-i and C-i' resonances are 
coincident, but not those of C-2 and C-2', and of C-3 and 
C-3'. The C-14' lactone carbonyl resonance at 171.2 
p.p.m. moves upfield to 160.6 p.p.m. on methylation 

13  T. J. Simpson, unpublished observations. 
14 o• A. Gansow, A. R. Burke, and G. N. La Mar, J.C.S. 

Chem. Comm., 1972, 456. 
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[to (5)], with concomitant shifts of the C-13' resonance 
from 107.9 to 113.9 p.p.m., and the C-2' and C-3' res-
onances become coincident with those of C-2 and C-3. 
These chemical shifts and their behaviour on methylation 
are almost identical with those observed 13  in mellein (10) 
and O-methylmellein (11), and are due to removal of the 
chelation and resultant slight conformational changes in 
the lactone ring. The aromatic protonated carbon 
resonances at 116.0 and 97.8 p.p.m. are readily identified 
from the s.f.o.r.d. spectrum of viomellein and are assigned 
to C-5' and C-7', respectively, the C-7' signal being at 
higher field owing to the extra shielding from the C-8' 
OMe. The resonances at 155.3, 160.1, and 161.3 p.p.m. 
are assigned to C-12', C-8', and C-b', respectively: in 
the fully-coupled spectrum the broad resonance at 
160.1 p.p.m. sharpens to a singlet on irradiation at the 
OCH3  frequency; the resonance at 155.3 p.p.m. appears 
as a doublet, .7 3 Hz, collapsing to a singlet on addition 
of D20; the 161.3 p.p.m. resonance appears as a sharp 
singlet. Wehrli has shown that only strongly chelated 
phenolic protons normally couple to the phenolic carbon 
atom.15  The resonances at 134.0 and 140.5 p.p.m. can 
be assigned to C-4' and C-6', respectively, on the basis of 
calculated chemical shifts (136 and 140 p.p.m., respec-
tively),10  and these assignments are confirmed in the 
fully-coupled spectrum where the broad resonance at 
134.0 ppm. sharpens on irradiation at the frequency of 
the benzylic C-3' protons; the C-6' resonance appears as 
a sharp singlet, showing no coupling as expected. The 
remaining resonances at 99.9 and 105.1 p.p.m. are 
assigned to C-9' and C-il' (calculated shifts 98 and 112 
p. p.m.), respectively. No confirmation could be obtained 
in the fully-coupled spectrum, but in the p.n.d. 13C n.m.r. 
spectrum of [1 ,2-'3C1 acetate-enriched viomellein (see 
below) a 13C13C coupling is apparent between C-Il' and 
C-12'. The assignment of the 13C n.m.r. spectrum of 
tri-O-methylviomellein (5) follows from comparison with 
that of di-O-methylxanthomegnin and similar consider-
ations, as above, of the fully-coupled spectrum. The 
large downfield shifts of the C-9' and C-il' signals are 
difficult to account for by simple change of substituent 
effects, but are almost certainly clue to changes in hydro-
gen bonding and steric effects which are difficult to 
quantify as yet. 

On formation of the furanoid ring in di-O-methiyl-
rubrosulphin (7), only the C-8--11 and C-8'-ll' reson-
ances move significantly relative to those in tri-O-methyl-
viomellein. The quinone carbonyl resonances both 
move upfield from 182.2 and 180.7 to 176.8 and 172.5 
p.p.m., respectively. The C-10 and C-b' resonances 
also move upfield, to 150.8 and 154.9 p.p.m., respectively, 
and can be distinguished from the COMe resonances by 
their lack of coupling in the fully-coupled spectrum, and 
from each other by the further upfield shift of C-b' in 
tri-O-methylviopurpurin (9) due to shielding by the C-7' 
OMe. 

The structure of viopurpurin (8), a 7'-hydroxy-deriv-
ative of rubrosulphin, was based on the 'H n.m.r. shift 
of the 5'-proton.' The 13C n.m.r. spectrum of tri-O- 

methylviopurpurin (9) is entirely consistent with this. 
The C-7' and C-8' resonances at 101.9 and 155.1 p.p.m. 
in di-O-methylrubrosulphin are replaced by resonances 
due to ortho-methoxy-substituted carbon atoms at 145.1 
and 146.2 p.p.m. In addition the C-6', C-10', and C-5' 
signals move upfield owing to extra shielding by the 
introduced methoxy-group in an ortho-, Para-, or pen-
position, respectively. Thus the 13C n.m.r. data provide 
strong confirmatory evidence for the structure (8) pro-
posed for viopurpurin. 

1 C Enrichment Studies.-The amounts of [13C]acetate 
necessary for feedings were found by determining the 
dilution of 14C label in experiments with [1-14C]acetate. 
These conditions were optimised for study of metabolites 
found in the culture medium,'° but they also give high 
enrichment of the mycelial pigments. Accordingly, 
A. melleus was grown in the presence of sodium [1-13C]-
and [1,2-'3C]-acetate (0.8 and 0.5 g l', respectively) and 
the enriched xanthomegnin and viomellein were isolated. 
The enhancements observed in the p.n.d. 13C n.m.r. 
spectra of the [1-13C]acetate derived samples are sum-
marised in Table 2. The enrichment of labelled sites 

TABLE 2 

11C N.m.r. spectra of [1-13C]acetate-derived xanthomegnin 
and viomellein; couplings observed in [l,2-13C]acetate-
derived viomellein. 

lJ(13C-13C)/ 
_.., Hz 

Carbon Xanthomcgnin Viomellein Viomellein 
1 40 
2 74.4 74.1 40 
3 40 
4 148.0 147.9 41 
5 64 
6 162.7 162.9 64 
7 
8 185.8 188.2 58 
9 

10 158.0 158.4 62 
11 60 
12 134.8 134.5 
13 
14 162.2 162.6 68 

1' 40 
2' 76.5 
3' 42 
4' 134.0 40 
5' 57 
6' 140.6 56 
7' 71 
8' 160.3 
9' 70 

 161.4 
 79 

12' 155.5 77 
 68 
 171.2 67 

is high so that only the enriched resonances are visible, 
seven for xanthomegnin and fourteen for viomellein, 
clearly showing the labelling of alternate carbons antici-
pated for a polyketide origin. 

The yields of pigment in the [1,2-13C] acetate experi-
ment were low; only viomellein was isolated in sufficient 

15  F. W. Wehrli, J.C.S. Chem. Comm., 1975, 663. 
16 T. J. Simpson, Tetrahedron Letters, 1975, 175. 
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amount for 13C spectral determination, and owing to the 
poor signal-to-noise ratio obtained and to overlapping of 
signals it was not possible to resolve all the 1 C-13C 
couplings. However, the results (Table 2) clearly 
indicate that viomellein is derived from fourteen intact 
acetate units, arranged as shown in the Scheme, suggest-
ing formation of viomellein from two units, arising from 
alternate foldings of a common heptaketide chain, 
followed by introduction of C1  units and oxidative coup-
ling. Subsequent ring closure and hydroxylation would 
give rise to rubrosuiphin and viopurpurin. The order 

13C Nin.r. Defev;nina!ions.—The 13C n.m.r. spectra were 
obtained for samples in acid-free deuteriochloroform with 
tetramethylsilane as internal reference. Proton noise-
decoupled spectra, single frequency off-resonance decoupled 
spectra, and the spectra of 13C enriched samples were 
obtained with a Varian XLIOO-I5FT spectrometer operating 
at 25.197 MHz as previously described ;17  additional pod. 
spectra and fully proton-coupled spectra were determined 
with a JEOL J NM 1,  X-60 spectrometer operating at 15.04 
MHz. Fully coupled spectra were determined under 
GATED-1 decoupling conditions, to retain nuclear Over-
hauser effects,18  by using a 0.5 kHz noise modulated proton 

[H2 

OH 	[oJ 
°r° [Me] 

0 0 
C H3  —C °2  N a --- 	'I- 	>.-. 

0 0 0 

[H?] 

O 
[M eJ 

O 0 OMe 
OHO 

OH MeO 

SCHEME Incorporation of acetate into viomellein 

wd timing of these operations is not clear, though in 
this respect it is noteworthy that viomellein is readily 
converted into rubrosulphin in viro.1  

Coupling of two napthoquinone moieties would give 
rise to xanthomegnin. In the structural assignment 
of xanthomegnin,2  and hence of the remaining pigments, 
the 10-position for the methoxy-group was chosen in 
accord with the acetate hypothesis, and was not estab-
lished from chemical evidence. The above spectral and 
biosynthetic evidence confirms this assignment, as the 
methoxy-group is shown to be adjacent to the C-11 
carbonyl and on a carbon atom derived from a carboxy-
group of acetate, as required by the acetate hypothesis. 

EXPERIMENTAL 

The isolation of pigments from cultures of A. melleus and 
A. suipliureus and the preparation of all derived compounds 
were effected as previously described.' 

17 J. S. E. Holker, R. D. Lapper, and T. J. Simpson, J.C.S. 
Perkin 1, 1974, 2135.  

irradiating frequency of 57 dB. For specific decoupling 
experiments a continuous wave irradiating frequency of 17 
dB was used. Trisacetylacetonatochromiurn [Cr(acac)3 ; 

0. IM] was used as relaxation agent. 
Incorporations of Sodium [1-11C]- and [1, 2-'3C]-A eel ale.—

'l'o each of two culture vessels containing a 7-day growth of 
A. melleus was added 90% [I-13C]acetate (400 mg) or 90% 
[I ,2-13C]acetate (250 mg). After it further 4 (lays growth 
the mvcelium was harvested and the pigments were isolated 
{viomellein (26 mg) and xanthomegnin (24 mg) from [I-13C] 
acetate and viomellein (20 mg) from [1,2-'3C]acetate 
feedings, after purification}. 

Part of this work was carried out in the Department of 
Organic Chemistry, University of Liverpool, and a grant 
from the S.R.C. for purchase of the Varian XL-100 spectro-
meter is acknowledged. I thank Dr. R. D. Lapper and Mr. 
D. J. Birch for 13C spectral determinations and Mrs. A. 
Lewis for microbiological work. 
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11  R. Freeman and H. D. W. Hill, J. Magnetic Resonance, 1971, 
5,278. 
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Biosynthesis of Andibenin, a Novel Polyketide-terpenoid Metabolite of 
Aspergillus variecolor 

By JOHN S. B. HOLKER and THOMAS J. SIMPSON* 

(The Robert Robinson Laboratories, The University, P.O. Box 147, Liverpool L69 3BX) 

Summary Incorporation of singly and doubly labelled 
[13C]acetates and [Me-"C]methionine into andibenin 
by cultures of A. variecolor indicates its biosynthesis via 
alkylation of a bis-C-methylated, polyketide-derived 
aromatic precursor by farnesyl pyrophosphate. 

ANDIBENIN, C25113006, was recently isolated from static 
cultures of Aspergillus variecolor and its structure (1), 
determined by X-ray crystallography, suggested a bio-
synthetic pathway via a polyisoprenoid, possibly sester-
terpenoid, precursor.' A preliminary report of 13C_ 
incorporation studies which indicate that andibenin is in 
fact of mixed polyketide-terpenoid origin is now presented. 

Although the original yields of andibenin were too low 
for biosynthetic studies, it was found that an irradiation-
induced mutant of A. variecolor, produced in connection 
with previous studies,' gave yields of andibenin of Ca. 
50 mg/l along with smaller amounts of several closely 
related compounds, including andilesin.' Preliminary 
14C-studies indicated that the incorporation efficiency of 
acetate, though low, was sufficient for satisfactory 13C_ 
enrichments to be obtained. The "C-n.m.r. spectra of 

10' 

9 	0 	'le 
Me 

r3  J41 4 
Me 

0 	
15 

(1) 

samples of andibenin, derived by incorporation of [1-13( 
[2-13C]-, and [l,2-"C,]-acetates in cultures of A. variec 
showed the enrichments of individual atoms and 13C_ 
couplings summarised in the Table. The assignment 

TABLE. "C-Chemical Shifts (1, relative to Me4Si) of andibe 
(1); coupling constants (Hz) of [1,2-"C2]acetate-enriched 
and enrichments observed in [1-13C]acetate (•), [2-13C]acet 
(*), and [Me-13C]methjonine () enriched (1). 

Carbon 	8/ppm. 	'J ("C-"C) Enrichrnentd 
1 	1518 - * 
2 	118•3 65 S 
3 	1642 66 * 
4 	853 41 
5 	467 34 * 
6 	35-1a 34 
7 	278 - * 
8 	58.5b 36 S 
9 	527 35 * 

10 	77•2 38 S 
11 	28.9a 34 
12 	556 37 * 
13 	236 39 * 
14 	24•5 40 * 
15 	270 - * 
1' 	687 36 * 
2' 	48.9" 36 
3' 	527 40 * 
4' 	213•9 40 S 
5' 	510 37 * 
6' 	140'9 37 
7' 	134•0 73 * 
8' 	1674 73 
9' 	173 - fl 

10' 	17.2C - 0 

a, 'b, c may be interchanged. U Ca. 1 atom% for acetate, 
10 atom % for methionine. 

the resonances in the 13C-n.m.r. spectrum followed fr 
standard shift data, off-resonance multiplets, and mag 
tudes of "C-"C couplings in the doubly labelled sarnp 
Significantly the 9' and 	10' methyl carbons were 
enriched by acetate and so must originate from the C,-po 
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Us was confirmed by feeding [methyl-13C]inethionine, 
rhich resulted in high enrichments being observed at these 
wo positions. 
The results clearly indicate that andibenin is derived 

rom two precursors, one of which is a sesquiterpene, and 
he other a tetraketide containing two C-methyl groups 
[erived from methionine. A plausible route, involving the 
lkylation of the precursor phenol with farnesyl pyro-
hosphate is shown in the Scheme, an interesting feature 
eing the proposed formal 4 + 2 cycloaddition which gives 
he correct carbon skeleton. Studies to determine the 
ctual sequence of precursors and reactions are in progress. 
Although several triprenyl phenols have been isolated 

rom fungal sources,4  andibenin is unique in the position  

of attachment of the sesquiterpene unit and the introduc-
tion of two alkyl substituents on the same carbon of the 
polyketide unit, and in having more than one carbon—
carbon bond between the terpenoid and polyketide units. 
In addition the terpenoid spiro-lactone ring system has 
only been found in andibenin and in austin, a mycotoxin 
produced by Aspergillus ustus.6  A sesterterpenoid origin 
has been suggested for austin; however, a polyketide-
terpenoid pathway analogous to that occurring in andi-
benin would also account for the biosynthesis of austin. 
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Use of Long Range 'H-13C Couplings in Structure Determination: Stellatin, 
a Novel Dihydroisocoumarin from Aspergillus variecolor 

By THOMAS J. SIMPSON 

(The Robert Robinson Laboratories, The University, P.O. Box 147, Liverpool L69 3BX) 

Summary Stellatin, a novel phenolic metabolite of 
Aspergillus variecolor is shown, by examination of its 
chemical and spectroscopic properties, in particular by 
analysis of the fully 'H-coupled "C n.m.r. spectrum, to 
be 3,4-dihydro-8-hydroxy-7-hydroxymethyl-6-methOxy- 
isocoumarin. 	 -  

THE mycelium of Aspergillus variecolor (syn. A. stellah 
is a rich source of xanthone and related benzopheno 
pigments;' the common fungal products, terrein and ko 
acid,2  and recently a group of novel terpenoid metaboliU 
have been isolated from the culture liquors. The isolati 
of a novel, optically inactive phenolic metabolite, ste1lat 
from the culture filtrates of A. variecolor (C.M.I. 75219) 
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w reported, and from examination of its chemical and 
ctroscopic properties, the dihydroisocoumarin structure 

is established. 
Stellatin, C,,H 2O,, m.p. 126-128 °C, showed Amax 
IeOH) 265 and 300 nm (e 16,800 and 5900); Amax (MeOH-
DH) 338 nm (e 6000), [cf. 3,4-dihydro-8-hydroxy-6-

,thoxy-3-methylisocoumarifl,4 Ama,, (EtOH) 267 and 

2 nm) (e 14,800 and 6000)]; and Vmax 3580, 3200(br), 

70, 1629, and 1588 cm'. The 'H n.in.r, spectrum 
licated the presence of an ArCH2CH,OCO-unit (5 302 

d 453, both 2H, t, J 7 Hz), an aromatic proton (8 6.32), 

aromatic hydroxymethyl (8 4.76), a methoxy (8 3.90), 

.d two exchangeable protons (8 2-38 and 11.50). Treat-
nt of stellatin with acetic anhydride in pyridine gave 

e diacetate (2), C,,H160,, m.p. 171-172 °C, which 

5 	1 
MeO4-. 3  

ROCH11 1O 

OR 0 

R=H 
R =COMe 

owed Vmax 1775, 1722, and 1615 cm'. The 'H n.m.r. 
ectrum of (2) confirmed the presence of a phenolic 
etate (8 2.39) and the acetylation of the hydroxymethy-
oup (8 2-03 and 516, 3H and 2H singlets, respectively), 
td the downfield shift of the aromatic proton, to 8 6•68, 
ggested the presence of a phenol with a free para-position.' 
ie ortho-relationship between the phenolic hydroxy and 
ctone carbonyl groups was shown by the presence of the 
w-field exchangeable proton in the 'H n.m.r. spectrum 
stellatin and the shift of the lactone carbonyl absorption 
m 1670 to 1722 cm' on acetylation. 
The precise arrangement of substituents on the aromatic 
ag was unambiguously defined by analysis of the 1H-13C 
uplings observed in the fully 'H-coupled 113C n.m.r. 
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spectrum of (1). The C-5 resonance, 101-2 p.p.m., appeared 
as a doublet of triplets (J 162 and 3 Hz), due to coupling 

to 5-H and 4-CH2, respectively, collapsing to a simple 
doublet on selective low-power irradiation of 4-CH2  This 
irradiation also changed the quintet (J 6 Hz) at 1411 
p.p.m. to a triplet. Irradiation of the 3-CH, also caused 
the quintet to collapse to a triplet so this resonance must 
be assigned to C-4a showing equal 2- and 3-bond couplings 
to the lactone ring methylene protons. The C-8 resonance 
appeared as a quartet (J 4 Hz) at 161-4 p.p.m. owing to 
coupling to the chelated phenolic proton and 9-CH2, 
changed to a triplet on addition of D,O, and further 
sharpened to a singleton irradiation of 9-CH2. This 
irradiation also sharpened the multiplet at 114•9 p.p.m. 
due to C-7 to a doublet (J 4 Hz) the residual coupling being 
the expected 3-bond coupling to the aromatic proton.6  

Addition of D20 also caused the multiplet due to C-8a at 
102-4 p.p.m. to sharpen, and irradiation of 4-CH3  sharpened 

it further to a doublet (f 7 Hz), the residual coupling again 
being a 3-bond coupling to the aromatic proton. C-6 
appeared as a broad unresolved resonance at 163-0 p.p.m. 
which sharpened on irradiation of either 9-CH, or OCH3. 
The remaining 1, 3, 4, 9, and OMe carbon atoms, were 
readily assigned to the resonances at 1693, 675, 28-0, 
55-9, and 53-9 p.p.m., respectively. These observations 
can only be accommodated by structure (1) for stellatin. 

Although dihydroisocoumarins are comparatively common 
fungal metabolites,7  stellatin is unique in being unsubsti-
tuted at both C-3 and C-4. The overall structure is con-
sistent with a polyketide origin. However, if stellatin is a 
tetraketide, C-3 must be derived by introduction of a 
methyl group from the C,-pool on the methyl carbon of 
the chain-initiating acetate unit. Alternatively, if it is of 
pentaketide origin, the methyl carbon of the chain-initiating 
acetate must be lost. Neither of these processes have any 
firmly established precedent in polyketide biosynthesis. 
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Studies in Relation to Biosynthesis. Part 47,1  Phomazarin. Part 1. 
The Structure of Phomazarin, an Aza-anthraquinone produced by Pyreno-
cha eta terrestris Hansen 

By Arthur J. Birch, Douglas N. Butler, Reinhardt Effenberger, Rodney W. Rickards, and Thomas J. 
Simpson,'• t Research School of Chemistry, Australian National University, P.O. Box 4, Canberra, A.C.T. 
2600, Australia 

The structure (4) has been established for phomazarin, 6-n-butyl-2-carboxy-3,4,8-trihydroxy-7-methoxy-1 -aza-
anthraquinone. from n.m.r. and i.r. spectra, and degradative studies of phomazarin and its derivatives. Nitrogen-1 5 
chemical shifts, and 1 N-11-1 and '3 N-15C coupling constants in derivatives of biosynthetically 'EN-enriched 
phomazarin are of particular utility in differentiating between possible alternate structures. 

IN 1940 Kogl and his co-workers isolated two pigments 
from the mycelium of Phoma lerreslyis Hansen, the 
fungus responsible for pinkroot disease ' of onions and 
since re-named Pyrenochaeta terrestris Hansen. One of 
these metabolites was shown to be the anthraquinone 
cynodontin (1), and the other, phomazarin, an orange 
pigment, C19H17N08, was suggested by Kogl to have the 
unique aza-anthraquinone structure (2), in which the 

OH 0 OH 	 u 0 

.,,MeO N OH 

0 OH 	 OH 0 	OH 

i j(c2 

(1) 	 2) 

orientation of the heterocyclic ring was not estab- 
lished.2 	The redox properties and colour reactions 
displayed by phomazarin indicated the presence of a 
quinonoid system, necessarily aPara-quinone on account 
of the extreme stability of phomazarin towards base. 
The presence of an n-butyl group was deduced from the 
isolation of n-butyric and valeric acids when phomazarin 
was oxidised with hydrogen peroxide in sulphuric acid, 
and larger fragments were obtained by degradation of 
the triacetate with chromic acid. The main product was 
thought to be 3-n-butyl-6-1-iydroxy-4-rnethoxyphthalic 
acid which established the benzenoid ring-substitution 
pattern in (2). The nitrogen function appeared to be 
tertiary but it could not be quaternised and since one 
derivative, the methyl ester triacetate, showed basic 
properties, it was concluded that the nitrogen atom must 
be in an aromatic ring. The structure of the hetero-
aromatic ring was based on mild treatment of tri-O-
methylphomazarin methyl ester, C23H25N08, with 
ethanolic alkali to give 'dimethylphomazarin hydrate', 
C21H23N09, which on melting lost the elements of water 
and carbon dioxide to afford di-O-methyldecarboxy-
phomazarin, C20H21N06, identical with material obtained 
(together with the corresponding tri-O-methyl derivative) 
by methylation of decarboxyphomazarin. To account 
for this behaviour, Kogl assigned to' dimethylphomazarin 

t Present address: Department of Chemistry, University of 
Edinburgh, West Mains Road, Edinburgh EH9 355, Scotland. 

hydrate ' the ring-opened malonic acid structure (3) 
which would decarboxylate and recyclise on heating, 
and upon this based his formulation of phomazarin 
as a 3-carboxy-2,4-dihydroxy-1-aza-anthraquinone. We 

O OMe 	 0 OR' 

1*'NHZ 

.,.L.,.., CO 2H 	 OR  

MeO4 'CO2 R1  

O 	 OR4  0 

(3) 	 (4) R' = RZ = R3  = R4 =H 

R' =Me, R2 = R3 =R4 =H 

R 1 =R 2 =Me, R3 =R4 H 

(7)R 1 =R2 =R3 =Me. R4 =H 

(8) R'=R2 =R3 R 4 =Me 

(9)R1 =R3 H, R2 =R4 =Me 

(10) R1 =R2 =R4 =Me, R3 =H 

now report studies revising the substitution pattern of 
both the benzenoid and heterocyclic rings and leading to 
structure (4) for phomazarin.5  

RESULTS AND DISCUSSION 

Initial work was hampered by the failure of the 
fungus to produce consistent yields of phomazarin. 
Previous attempts to culture P. lerrestris as described 
by Kogl gave either low yields of phomazarin or the 
production of cynodontin only.6  However, modific-
ations of the medium and method of culture in these 
laboratories have produced, after incubation at 25 °C 
in shake culture, a good growth of thick filterable 
mycelium from which phomazarin can be isolated by 
chloroform extraction after treatment of the dried 
mycelium with acid, a procedure which avoids Kogl's 
cumbersome method of refluxing pyridine in vacuo.2  

Treatment of phomazarin (4) with silver oxide and 
methyl iodide in chloroform, either under reflux (2 h), or 
overnight (room temperature) gave a quantitative yield 
of tri-O-methylphomazarin methyl ester (8). Shorter 
reaction times at room temperature gave mixtures of 
the partial methylation products (5), (6), and (7) which 
were readily isolated by preparative-layer chromato-
grahhy. The i.r. spectrum of phomazarin methyl ester 



(5) showed no carbonyl absorption above 1 685 cm-1 
(Table 1), whereas its mono-0-methyl derivative (6) 
showed an ester carbonyl at 1 748 cm', indicating the 
presence of a hydroxy adjacent to the carboxy group 
in phomazarin (4). Mild hydrolysis of the di-0-methyl-
phomazarin methyl ester (7) cleaves the ester and the 
labile pyridinoid methoxy, re-esterification then afford-
ing the mono-O-methylphomazarin methyl ester (6). 
This establishes the relationship of (7) to (6), and in 
particular the presence of the free 8-hydroxy group in 
both compounds. Treatment of (8) to give ' dimethyl-
phomazarin hydrate' as described by Kogl, and re-
crystallisation from non-aqueous solvents gave material, 
m.p. 123 CC, analysing for C21H21N08. Thus Kogl's 
material, m.p. 116 °C from aqueous methanol, is probably 
a hydrate of di-O-methylphomazarin (9) arising by 
hydrolysis of the ester and labile pyridinoid methoxy 
groups. Consequently, his evidence for the structure 
of the heterocyclic ring of phomazarin is invalid. 
Esterification of (9) with methanolic hydrochloric acid 
gave the methyl ester (10) as expected. Similarly, mild 
hydrolysis of di-O-methylphomazarin methyl ester (7), 
followed by re-esterification, gave the mono-0-methyl-
phomazarin methyl ester (6), also obtained as a minor 
product from direct methylation of phomazarin. 

Hydrolysis and decarboxylation of tri-O-methyl-
phomazarin methyl ester (8) with hot sulphuric acid 
gave directly di-O-methyldecarboxyphomazarin (13). 

J.C.S. Perkin I 

palladium—charcoal resulted in the uptake of 2 or 4 
mol of hydrogen, depending on the reaction time, to 
give di-O-methyldeoxydecarboxyphomazarin (17), along 

	

0 OR 	 0 R1 
8fl 	 OMe 

4*N-f MeO 	 ~N_ 	Me0 
OR 0 	 OR  0 

(11) R1 = R2 = R3 H 	 (15) R1 =CL,R2 =H 
(12)R1 =Me, R2 R 3 =H 	(16) R1 = C L, R 2 = Me 

R 1 = R3 = Me, R 2 = H 	(17)R1 =H,R2 =Me 
R 1 = R2 = R3 =Me 

0 
Bun

OMe 

RO)(LN) 

OR 

R = Me 

R = H 

with the corresponding 1,2,3 ,4-tetrahydro-derivative 
(18), after aerial re-oxidation of the quinonoid system. 
This process was accompanied by considerable de-
composition unless triethylamine was added to the 

TABLE 1 

Jr. data (cnf') for phomazarin derivatives (CHC13 solutions) 

V(CO) v(NH) v(OH) 

Compound bonded non-bonded ester or acid 

 1633 1694 
 1 637 1 685 
 1 637 1 748 
 1 641 1 670 1 737 
 1 670 1 735 
 1 640 1 675 1 735 
 1 640 1 675 1 735 
 1 630 1 665 
 1 632 
 1 640 1 675 
 1 675 
 1 640 1 670 
 1 675 
 1 673 
 1 568 	1 614 1 667 3405 
 1 598 	1 636 b 3 410 3 525 

(34) 1 640 1 670 3 520 

P(CO) vinylogous amide. ' Includes vinylogous amide 

In this reaction a methyl ether function has again been 
hydrolysed, indicating that it must be peri to a quinone 
carbonyl, or ontho or Para to an aromatic nitrogen, or 
both. That it is located in an active position in a 
pyridine ring was demonstrated by the replacement of 
the derived hydroxy by chlorine to give the chloro-
compound (16) on treatment of (13) with phosphorus 
oxychloride. The chlorine atom was itself readily 
displaced by either hydroxide to give back (13), or by 
methoxide to give tri-O-methyldecarboxyphomazarin 
(14). Hydrogenation of the chloro-compound (16) over 

hydrogenolysis mixture. Compound (17) failed to 
react with ortho-phenylenediamine, even under forcing 
conditions, confirming the presence of an anthraquinone 
rather than a phenanthraquinone structure in phoma-
zarin. 

In contrast to the i.r. spectrum of (17) in which both 
quinonoid carbonyls absorb at 1 673 cm', the spectrum 
of the tetrahydro-compound (18) showed separate 
carbonyl bands at 1 667 and 1 614 cm-1. This lowering 
of a quinone carbonyl absorption frequency can only be 
due to the presence of a vinylogous amide system,' and 
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so locates the nitrogen function adjacent to the quinonoid 
ring. In confirmation of the vinylogous amide system, 
the tetrahydro-compound (18) is non-basic. That the 
remaining methoxy group in the heteroaromatic ring 
of (17) is meta to the ring-nitrogen was suggested by its 
resistance to acid hydrolysis and the failure of (17) to 
rearrange to an N-methylpyridone on heating with 
methyl iodide in a sealed tube. Thus the original 
hydroxy and carboxy substituents which have been 
removed during the formation of (17) must occupy the 
2- and 4-positions of phomazarin itself. Their relative 
disposition is indicated by 'H n.m.r. spectroscopy. The 
IH n.m.r. spectrum of tri-O-methyldecarboxyphomazarin 
(14) contains inter alia an aromatic proton singlet at 
'r 1.33 (Table 2), corresponding in chemical shift to a 
proton adjacent to a heteroaromatic nitrogen.8  In 
15N-enriched (13), see below, this proton is coupled to the 
ring nitrogen, 2J(15N-'H) 10 Hz. In [15N]pyridine 9  and 

with such acids, substituted adjacent to both carboxys 
with groups other than hydroxy, is that the anhydride 

WP 
MeO J.. R1  

Th( 

0R 

R1  = R2 = CO2 H, R3 = H 

R1  = R2  = CO 2 H, R3  = Me 

(22)R1 =R3 =H, R2 = CO2H 

(23)R1 =CO2H, R2 =R3 =H 

(24)R1 =R2  R3  =H 

is formed spontaneously 11.12  in contrast to Kogi's 
reported isolation of (21), which only formed the an-
hydride, m.p. 170 °C, on vacuum sublimation. 

TABLE 2 

Hydrogen-1 chemical shifts (Pr) and multiplicities (f/Hz) in the 100 MHz n.m.r. spectra 2  of phomazarin and derivatives 
Corn- 3- 4- 	 7- 8- 11- 13CH2 , 15- 
pound 2-H 6 5-H 6  OMe " OMe 6,,  4-OH " OMe 6,  OMe " 8-OH 6,d  OMe " 12-CH. 14CH2 1  Me' Others 

 1,95 5,75 7.06 8.4 8.95 -2.48 (3-OH) ' 
 2.25 -3.12 	5.86 -2.91 5.88 	7.23 8.4 9.03 
 2.28 6.02 -3.15 	5.85 -2.82 5.92 	7.23 8.4 9.03 
 2.40 6.00 5.98 	 5.88 -2.60 5.92 	7.25 8.4 9.04 
 2.12 6.05 6.00 	 5.88 6.00 5.96 	7.25 8.4 9.03 
 2.02 6.04 -3.23 	5.84 5.96 5.92 	7.22 8.4 9.00 
 1.44 1.97 5.80 7.13 8.4 8.98 
 1.51 2.31 5,92 -3.05 	592 -2.89 7.26 8.4 9.03 
 1.54 2.06 6.04 -2.92 	5.95 5.98 7.24 8.4 9.01 
 1.33 2.08 6.05 6.01 	 5.80 5.80 7.24 8.4 9.05 
 1.31 2.32 5.82 5.93 -2.70 7.24 8.4 9.02 
 1.32 2.06 5.86 5.98 6.02 7.23 8.4 9.01 
 1.33 2.06 6.05 5.90 5.90 7.30 8.4 9.03 2.12 (4-H) 
 2.11 6.56 6.08 6.08 7.30 8.4 9.08 4.11,' 6.2, 6.6, 7.3 
 2.56 6.59 -2.57 7.23 8.4 9.05 4,05,' 4.5,' 6.3, 6.6, 

7.3 
(35) 1.34 2.30 5.83 -2.62 7.24 8.4 9.03 3.62 (7-OH) ' 

For CDCI3  solutions except where stated otherwise. b Singlet. 	I Assignments may be interchanged, a  Exchangeable with 
D20. e Triplet (J 7-8 Hz). J  Broad multiplet. 	9  Triplet (J 7 Hz). 	h for CF3CO2H solution. 	i Doublet (J 3 Hz). 

[15N]quinoline,1° the 2-proton shows coupling of 10.9 and 
11.8 Hz, respectively, to the ring 15N atom. In the 'H 
n.m.r. spectrum of the deoxydecarboxy-compound (17), 
the proton at r 1.33 is meta-coupled (J 3 Hz) to the new 
proton signal at 7 2.12. Thus phomazarin is a 2-
carboxy-3,4-dihydroxy-1-aza-anthraquinone. In agree-
ment, the tetrahydro-compound (18) shows resonances 
at T 6.2 (CHOMe), 6.56 (CHOCH3  and NHCH2), and 7.3 
(CCCH2) (Table 2). 

The substitution pattern of the benzenoid ring in 
Kogl's formulation (2) followed from his conclusion that 
the phthalic acid isolated from degradation of phomazarin 
had structure (20). This structure was based on 
decarboxylation to a benzoic acid (22) and a phenol (24), 
which were compared with synthetic samples. However, 
the initial product of decarboxylation should have been 
the isomeric acid (23) due to preferential loss of the 
pseudo-p-ketoacid. Moreover, the phthalic acid (20) 
could not be crystallised but was converted to a crystal-
line methyl ether (21), m.p. 174 °C. The isolation of 
this methoxy-phthalic acid is unexpected as experience 

This conflict has been resolved by an unambiguous 
synthesis of the phthalic acids (20) and (21) via Diels-
Alder reaction of dimethyl acetylenedicarboxylate with 
1 ,5-di-n-hutyl-2,4-dimethoxycyclohexa-1 ,3-diene, which 
was prepared by base-catalysed conjugation of the 
corresponding 1,4-diene obtained by Birch reduction of 
1 ,5-di-n-butyl-2,4-dimethoxybenzene. 	The di-n-butyl 
functionality was required since base-catalysed conju-
gation of 1-n-butyl-2.,4-dimethoxycyclohexa-1 ,4-diene 
led to the 1,3-diene with an allylic rather than vinylic 
butyl group. This diene then formed a Diels-Alder 
adduct which underwent an Alder-Rickert reaction on 
pyrolysis with the loss of hex-1-ene to give simply 
dimethyl 3,5-dimethoxyphthalate. The di-n-butyl 
functionality overcame this difficulty. The adduct 
from this diene also lost hex-1-ene on pyrolysis but a 
butyl group remained on the resultant phthalate ester, 
saponification of which gave a mixture of acid (21) and 
the corresponding anhydride, from which no free acid 
could be isolated. On complete conversion, in refluxing 
acetic anhydride, the anhydride melted at 134 °C, 
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clearly differing from Kogl's anhydride and so phoma-
zarin cannot have the benzenoid substitution pattern 
depicted in structure (2). Selective demethylation 13 

of the anhydride followed by hydrolysis gave the 
hydroxy-acid (20) which was crystalline, m.p. 156 °C, as 
expected. 

The 	correct 
anthraquinone structure was suggested by the 'H n.m.r. 
and jr. spectra of phornazarin derivatives. In contrast 
to 1,3-dimethoxyanthraquinones 14  where the 2-proton 
resonates at Ca. 	3.5, in the 'H n.m.r. spectrum of 
tri-O-metlivlpliomazarin methyl ester (8), the benzenoid 
proton resonates at a low value of 2.12, a value clearly 
inconsistent with structure (2). However, in 2-methyl-
3,4,5,7-tetramethoxy- and 3-hexv1-2,4,5,7-tetramethoxv-
anthraquinones 15.16  the 1-protons j5eri to a carbonyl 
resonate at 	2.13 and 	2.47, respectively, indicating 
that the aromatic proton in plioniazarin occupies a perz 
position. Further, irradiation of the henzvhc methylene 
triplet at 	7.25 in (8) caused a nuclear Overhauser 
enhancement of 26% in the intensity of the aromatic 
proton signal, showing that the butvl group i oriho to 
the aromatic proton.17  Thus the methnxv and hvdroxv 
substituents must occupy the remaining two benzenoid 
positions. That the iivdroxv ocupic thi remaining 
eri-position was proved by hcatnig the ii-O-ioethvl-

phomazarin methyl ester (7) with it snip1 uric acid t 
give mono-O-methvldecarh )xvphioniazarlil (12), wiiicll  
with POC13  gave the chioro-cI on )ound (15). I 
corresponding compound (10) obtained In ni I ri 
methylphomazarin methyl ester (8), sec aho c, has only 
one carbonyl absorption hand at v 

.< 
1 673 cm 1 . 

despite the presence of two quinone carbonyls. In 
contrast compound (15) has absorptions at 1 640 and 
1 670 cm-1  indicating one chelated and one free carbon vi. 
The former is supported in the il_I  n.in.r. spectrum of 
(15) by the presence of a low-field exchangeable proton 
at t —2.7, which can only be due to a peri-ilvdroxv on 
the benzenoid ring since the lieterocvchic peri-iivdroxv 
has been replaced. Confirmation of this substitution 
pattern has been obtained by repetition of Kdgls 
chromic acid degradation of phornazarin triacetate. 
The initially obtained acetoxy-n-butylrnethoxvplithalic 
acid (25) was converted by hydrolysis and removal of 

Bu 1, CO2R1  

MeO'(R2  

OR3  

(25) R1 =H, R2=CO2H,R3 COMe 
(26).R'=R2 = R3=H 
.(2 7) R1  = R2  = H, R3  =Me 
(28) R1 =R3 = Me, R2 =H 

the carboxy ortho to the hydroxy to give the benzoic 
acid (26), which was methylated to give methyl 5-n-
butylveratrate (28), identical with a synthetic sample 
prepared as shown in the Scheme. The bromo-aromatic 

(32) was obtained in good yield via bromination of 
ortho-vanillin (29) to (30), methylation to give (31), and 

OHC 	 OHC 	Br 	BunBr 

	

HO -Y 	ROV 	MeO 

	

OMe 	 OMe 	 OMe 

(29) 	 (30) R = H 	 (32) 
(31)R = Me 

(27) 
SCHEME 

elaboration of the aldchvdc to an n-butyl group by 
standard procedures. Attempts to carboxvlatc the 
Grignard reagent from (32) resulted in low yields due to 
solubility problems. However, the lithium derivative, 
formed from (32) with n -hntvl-Iithi urn, reacted smoothly 
with carbon dioxide to produce the acid (27) in good 
yjehi. The acid was readily methylated with ethereal 
diazomethane to the ester (28). 

The remaining ambiguities in the structure of 
plo mazarin were (a) the tautomeric form of the hietero-
cy( lic ring and (b) the relative orientation of the un-
s\n)iOctrlcal benzenoid and hetcrocvclic rings. 2- and 
1-lvdncxvvndines and quinolines normally exist as the 
OX 	taUtl 'iON. I lowcvcr, i3C 0 mr. studies of plioma- 
Jail II In ciii] '.c, 	hisrussed in the following paper, 
suggest that the unexpected hvdroxv-tautorner pre- 
h nlmatc. 	\h any nicthtods have been used to in- 
vestigate tautonicrim in heterocyclic compounds, in-
cluding hasicity inasureineilt, i,r. and u.v. spectroscopy, 
X-ray rivstaliogra phv, and di pole-moment studies,18  
none of which I are readily applicable in this case. 
Nitrogen chemical shifts have been used to distinguish 
the tautoinerm forms of hvdroxv- and ainino-pyridines 
and quinohincs, being obtained either by direct measure-
inents 19  or by double irradiation (INDOR) 20  tech-
niques. Nitrogen chemical shifts in normal hetero-
aromatics range from about 60 to 100 ppm., e.g. 85 and 
90 ppm. in 3-hlvdroxv- and 4-rnethoxv-pyridines 
respectively, whereas the anncle nitrogen shift is Ca. 200 
ppm.. e.g. 209 and 201 ppm. in 2- and 4-pyridone 
respectively . 	In di-O-methvldecarboxyphornazarin 
(13) the 2-proton appears to he broadened by coupling 
to the 14N atom. However an INDOR experiment 
failed to detect the corresponding 14N resonance fre-
quency, presumably because it is very broad due to a 
large 14N quadrupole relaxation rate. With "N, spin 
, this problem is removed, and in addition 15N-'H 

coupling has been used to measure tautomeric equilibria.22  
Thus "N-enriched phomazarin was prepared by addition 
of Na"NO,, as the main nitrogen source, to cultures of 
P. terrestris. The 'H n.m.r. spectrum of the derived 
["Ndi_O-rnethylphomazanin methyl ester (10), has a 
low-field proton singlet, 	—3.23, which shows no 
evidence of "N-'H coupling (typically 90 Hz) indicating 
that it is a pyridol-OH rather than a pyridone-NH, 
though the possibility that the lack of coupling is due to 
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exchange processes 22  could not be excluded. However, 
on further conversion to [15N]di-O-methyldecarboxy-
phomazarin (13), the 2-proton exhibits a two-bond 
15N-'H coupling of 10 Hz, consistent with the value 
observed in aromatic lieterocycles.22  In confirmation, 
the INDOR method allows the 15N chemical shift of 
79 p.p.m. to he determined.23  This value is clearly 
consistent only with an aromatic ring, and so established 
the predominance of the 4-hydroxy-tautomer in phoma-
zarin. Recent studies on the protomeric equilibria of 
simple hydroxypyridines and related compounds show 
that, in contrast to observations in solution, the 
hydroxy tautomer is often the more stable form in the 
gas phase.24  In solution the main factors influencing 
the equilibrium are the polarity of the solvent, the 
presence of strongly electron-withdrawing substituents 
ot to the nitrogen atom, which tend to shift the C(lUili-

brium to favour the pvridinnd form by altering the 
basicity of the nitrogen atom, and the presence of 
substituents which stabilise one or other of the tautc.)mers 
by hydrogen bonding.25  The predominant influence in 
stabilising the hvdroxv form in pin inazarm derivatives 
would appear to be hydrogen bonding to the quinone
carhonyl, as this lorni predominates even after removal 
of the electron-withdrawing 2-nntlioxvcarbonvi group. 

Incorporation studies with 1 11C acetate suggest that 
phornazarin is polvketide in origin, with the carboxy 
group originating from tie methyl carb ii of rieetate.21' 
Of the possible orientations of phiomaza riri, 4) and (33), 
only (4) would be consistent wit fi irma tii in of 1 inia-
zarin via the normal processe 01 pfdvkctiklt iiosvutliesl,. 
In the 13C  n.mn.r. spectrum of tri-O-mctlalplioinazai iii 
methyl ester (8), the quinone ar) ioiivls pjwar at lowest 
field at 178.9 and 181.3 lap.rii. 	lo die fully ll 	upled 

nmr spectrum of (8), liii qillo in iarhiI\l ieon-
ance at 181.3 ppm. appcaoi is a cloublit 1 4 lIz) 
which can only be due to a :3-1)nl 	i tipioii. to tie 

5-proton. In the proton noise-decouphid Istriin1  (1 
15N-enriched (8), the other quiilone rarbonvl resonanc 
at 178.9 ppm. appears as a (l)ubict (/ 8 Flz vluh must 
he due to a 2-bond coupling to 'N.'° A imi1ar coupling 
is observed on the methioxvcarbonvl rsoiiancr at 164.4 
ppm. These couplings are diucd further in the 
following paper. The occurrence of t lie Ili and 'N 
couplings on the alternate quinone carbonyl resonances 
proves the orientation shown in structure (4) is the 
correct orientation in phornazarin. Reversing the 

Bu 

MeO 

OH 0 Oil 

(33) 

heterocyclic ring, as in (33), would require that both the 
1H and 15N couplings appear on the same quinone 
carbonyl resonance. 

The i.r. spectra of phomazarin and its derivatives are 
summarised in Table 1. Previous attempts to interpret 
the carbonyl region were hampered by uncertainties due 
to pyridol-pyridone tautomerism, and the differing 
hydrogen-bonding possibilities offered by the different 
possible structures. However, with one exception, all 
the spectra are readily accounted for. In all compounds 
with 4-hyclroxy and/or 8-hydroxy substituents the 
peri-carbonyl absorption is lowered by chelation, as is 
the ester carbonyl in phomazarin methyl ester (5). The 
corresponding hyclroxys appear as a very broad band 
in the 3 500-3 000 cm-1  region. In the 1H n.m.r. 
spectra of these compounds (Table 2) the bonded 
hydroxys can be seen as sharp singlets at very low field, 
r Ca. —3, and the effect of chelation on the carbonyl 
resonance in the 13C n.m.r. spectrum is discussed in the 
following paper. The lowering of the C-10 carbonyl 
abn rption in the tetrahydro-compound (18) is in agree-
ment with the i.r. spectrum of 2-amino-1,4-naphtho- 
quinone which shows 	1 686 and 1 640 CM-1.7  On 
demeth via tion of (18) to the 7,8-dihvclroxy-derivative 
(19), chelation to the 8-hiydroxy lowers the absorption 
of the other carbonyl to 1 636 cm-1. Both (18) and (19) 
show strong N-I-I stretching bands at 3 405 cm'; and 
(19) also shows a strong 0-1-I stretch at 3 525 cm, and 
an exchangeable proton singlet at r 4.50 due to the 
7-hydroxy. Both these features due to a 7-hydroxy 

0 	CL 
B Uç .J>OMe 

	

HO 	 N 

OH 0 

(34) 

ire also apparent in the spectra of the demethyl-
(lerlvaiive (34). 

	

OH 0 	 OH 0 	OH 

MeO - 

	f .lL.rMe MeO 	 Me 

	

OH 0 	 OH 0 

(3) 	 (36) 

ZH 

(37) 

Decarboxvphoniazarin (11) nnexpectedlv shows two 
bands at 1 665 and 1 630 cm' and Sc) would appear to 
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possess a quinone carbonyl not involved in either 
mesomerism with the nitrogen, or hydrogen-bonding to 
a fieri-hydroxy, and this led to the wrong orientation 
being assigned to phomazarin in a previous study.5a 

However, 3-0-methyldecarboxyphomazarin (12), shows 
no carbonyl absorption above 1 632 cm. Decarboxy-
phomazarin is an extremely insoluble compound, so its 
anomalous i.r. behaviour may be due to some form of 
strong inter-molecular association. 

Phomazarin is the only naturally occurring 1-aza-
anthraquinone known. Bostrycoidin (35), is a 2-aza-
anthraquinone, which co-occurs in Fusarium solani with 
fusarubin (36), and it seems likely that bostrycoidin is 
formed in vivo by condensation of the corresponding 
aldehyde with ammonia.27  Streptonigrin (37) is a 
complex 5-azanaphthoquinone isolated from S€repto-
myces fiocculus.28  

EXPERIMENTAL 

Melting points were taken with a Kofler hot-stage micro-
scope. Unless otherwise stated i.r. spectra were measured 
for solutions in chloroform, u.v. spectra in methanol, and 
'H n.m.r. spectra at 100 MHz in deuteriochioroform with 
SiMe4  as internal reference. Mass spectra were recorded 
at 70 eV with an A.E.I. MS9 high-resolution spectrometer. 
Light petroleum refers to the fraction with boiling point 
60-80 °C. Silica gel GF (Merck) was used for preparative 
layer chromatography (p.l.c.). 

Cultivation of P. terrestris and Isolation of Melabolites.-. 
The medium, consisting of starch (50 g), sodium nitrate 
(2 g), potassium dihydrogenphosphate (I g), magnesium 
sulphate heptahydrate (0.5 g), calcium chloride (0.5 g), and 
ferrous sulphate heptahydrate (0.01 g), was made up to 11 
with distilled water, divided amongst 10 250-ml conical 
flasks and sterilised at 120 °C for 20 mm. Each flask was 
then innoculated with a mycelial suspension of Pyrenochaeta 
terrestris Hansen (CBS 37752) in distilled water and incu-
bated on a rotary shaker for 5 d at 25 °C. This 5-d culture 
was used to innoculate 42 flasks of the above medium (10 ml 
of shake culture mycelial suspension per flask) and these 
were incubated at 25 °C for 1 month on the rotary shaker. 
The deep purple mycelium was then filtered off and dried. 
The dried mycelium (90 g) was finely powdered and ex-
haustively extracted with ether, acetone, and methanol in a 
Soxhlet apparatus. The residual mycelium (80 g) was 
washed with light petroleum and air-dried and then acidi-
fied with cold 2m aqueous hydrochloric acid, washed with 
water until neutral, dried, and further extracted with ether, 
chloroform, and acetone. Chromatography of the chloro-
form extract (2 g) on acid-washed silica gel produced 
cynodontin (400 mg) on elution with light petroleum. It 
crystallised from pyridine with m.p. 260 °C (lit.,29  m.p. 
260 °C); the tetra-acetate had m.p. 223 °C (lit.,29  m.p. 
224-225 °C). Further elution with chloroform produced a 
red solid consisting of a mixture of two compounds of 
similar Rp value [t.l.c. using silica gel G containing 3% 
oxalic acid, eluant benzene-ethyl formate (10: 3)]. The 
solid was taken up in chloroform and diluted with methanol 
to precipitate the less polar of the two compounds (500 mg) 
which crystallised from methanol with m.p. 202-203 °C 
with evolution of gas and re-solidification, remelting at 
258 °C. 'H N.m.r. spectroscopy showed this compound to 
be an adduct of phomazarin and methanol. Addition of  

water destroyed the adduct and precipitated phomazarin, 
m.p. 196 °C (lit.,2  m.p. 196 °C); X,., x.  231, 277, and 430 nm 
(log e 4.54, 4.77, and 3.92 respectively); ni/e 387 (98%), 343 
(100), 341 (50), 328 (14), 314 (36), 300 (44), 296 (34), and 
271 (34). The remaining solution, after precipitation of 
phomazarin, was concentrated to about one-fifth its former 
volume, and a red solid (contaminated with phomazarin) 
(80 mg) was obtained on cooling. Three crystallisations 
from glacial acetic acid produced deep red needles, m.p. 
215-216 °C (60 mg). This metabolite, isophomazarin, is 
the subject of a later paper. The remaining mycelium was 
washed with light petroleum and air-dried. It was then 
refluxed with 10% dry hydrogen chloride in methanol for 
2.5 h, cooled to 0 °C, filtered free of reagent and air-dried. 
Soxhlet extraction of the mycelium with chloroform gave a 
red solid (1.5 g). Several crystallisations of this material 
from methanol yielded pure phomazarin methyl ester (5) 
(500 mg), m.p. 213 °C (lit.,' m.p. 213 °C); Ama  229, 278, 
and 427 nm (log € 4.34, 4.60, and 3.92 respectively); ni/e 
401 (100%), 341 (51), 313 (19), and 271 (19). 

Production of "N]Phomazarin.-The medium (500 ml) 
was made up as before, but with replacement of the sodium 
nitrate with sodium ["N]nitrate (1 g) (95 atom-%), and 
distributed among 5 flasks, which were innoculated from a 
pre-grown 5-d culture. After 14 d growth the mycelium 
was filtered off and phomazarin isolated as before. Mass 
spectra showed the phomazarin to contain mainly 
["N]plomazarin methyl ester, M 402 (100%). 

Purdie Meihylation of Phomazarin.-(a) Silver oxide 
(750 mg) and methyl iodide (2 in]) were added to a solution 
of phomazarin (120 mg) in chloroform (20 ml) and the 
reaction mixture was stirred at room temperature for 24 h. 
The solid residues were then filtered off, and the solvent 
removed to give an orange solid. Recrystallisation from 
methanol gave tri-O-rnethylphomazarin methyl ester (8) 
as orange needles, in.p. 136-138 °C (lit.,' m.p. 131 °C); 

270 and 355 nfl (log e 4.69 and 3.80 respectively); 
ni/e 443 (100%), 429 (8), 412 (5), 383 (10), 368 (15), 354 (4), 
and 340 (7). (b) Phomazarin (120 mg) was treated as 
above, but was worked-up after only 5 h. T,l.c. [CHC1,-
MeOH (100: 4)] showed the presence of two spots at RF Ca. 
0.6 and 0.5. These products were isolated by p.l.c. The 
upper band gave an orange solid (45 mg), recrystallised 
from methanol to give tri-O-methylphomazarin methyl 
ester (8), m.p. 136-138 °C. The lower band gave an 
orange solid (60 mg) which recrystallised from methanol to 
give di-O-methylphomazarin methyl ester (7) as orange rods, 
m.p. 131-133 °C; Amx  258, 273, and 414 nm (log c 4.32, 
4.40, and 3.94); ni/e 429 (100%), 414 (10), 400 (14), 398 (6), 
302 (7), 369 (9), 368 (10), 354 (15), and 340 (7) (Found: C, 
61.71; H, 5.69; N, 3.01. C22.1123N08  requires C, 61.53; 
H, 5.40; N, 3.26%). (c) Phomazarin (100 mg) was treated 
as above but was worked-up after 2 h. T.l.c. showed the 
presence of starting material (Re = 0) and two further 
products (R, Ca. 0.1 and 0.3), which were isolated by p.l.c. 
The more polar compound crystallised from methanol to 
give phomazarin methyl ester as yellow needles, m.p. 
213 °C. The less polar compound crystallised from 
methanol to give mono-O-methylphomazarin methyl ester (6) 
as orange needles, m.p. 180-182 	236, 265, 293 (sh), 
and 446 nm (log c 4.23, 4.28, 3.98, and 3.61 respectively); 
m/e 415 (100%), 400 (6), 355 (40), 354 (34), 326 (12), 313 (9), 
312 (10), 303 (9), and 285 (11) (Found: C, 60.77; H, 4.93; 
N,3.10. C,,H,,N08  requires C, 60.72; H,5.10; N,3.37%). 

Preparation of 'Dimethyl Phomazarin Hydrate '-This 
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compound was prepared as described by Kogl. Careful 
recrystallisation in the dark from benzene-light petroleum 
gave the product (9) as yellow needles, m.p. 122-123 °C 
(with decarboxylation), re-solidifies at 125 °C and re-melts 
at 180.3 °C; Xmax  272 and 370 urn (log s 4.53 and 3.90 
respectively) (Found: C, 60.82; H, 5.16; N, 3.70; OMe, 
21.76. C211121NO requires C, 60.72; H, 5.10; N, 3.37; 
OMe, 2 1.0%). Esterification of (9) by refluxing in 10% dry 
hydrogen chloride in methanol for 30 min gave di-O -methyl-
phomazarin methyl ester (10), as orange needles, in.p. 138-
140 °C; max  259, 272, and 404 nm (log e 4.36, 4.44, and 
3.73 respectively) (Found: C, 61.76; H, 5.32; N, 3.20. 
C22H23N08  requires C, 61.53; Fl, 5.40; N, 3.26%); m/e 
429 (100%), 401 (5), 369 (78), 356 (75), 354 (30), 328 (25), 
326 (25), 312 (15), and 298 (30). 

Preparation of Mono-O-methylphomazarin Methyl Ester 
(6) .-Di-O-methylphomazarin methyl ester (7) (40 mg) was 
refluxecl for 35 min in IN sodium hydroxide (2 ml) in 
ethanol (4 ml). Water (30 ml) was added, and the deep 
purple solution was acidified (concentrated HCI), and the 
resultant orange precipitate collected by filtration. This 
material was then refluxeci in 2% methanolic HCI (10 ml) 
for 15 mm. On removal of solvent and recrystallisation 
from methanol, mono-O-methylphomazarin methyl ester 
(6), m.p. 180-181 °C was obtained. 

Acid Hydrolysis and L)ecarboxylation of Tri-O-methyl-
phornazarin Methyl Ester (8) and Di-O-methylphomazarin 
Methyl Ester (7).-A solution of (8) (44 mg), ON H2SO4 (20 
ml) and methanol (6 ml) was boiled under refiux for 5.5 It. 
Carbon dioxide was collected as BaCO3  (yield 15.2 mg, 
77% of one carboxy group). The red solution was cooled 
in ice, neutralised to pH 3.5 with alkali and the resulting 
fine orange needles filtered off and washed with water, to 
give di-O-methyldecarboxypliomazarin (30 ni g), m p. 184- 
186 °C (lit.,3  m.p. 185 °C); 	225, 268, and 350 nm (log c 
4.39, 4.55, and 3,86 respectively). 

Similar treatment of (7) gave n'zono-O-methyldecavboxy-
phomazarin (12), as orange needles from chloroform- 
methanol, m.p. 228-230 °C; 	260, 272 (sh), 290 (sli), 
and 432 nni (log e 4.42, 4.37, 4.07, and 3.86 respectively); 
m/e 357 (1001)/0 ), 343 (45), 328 (31), 314 (53), 301 (55), 286 
(23), and 272 (17) (Found: C, 63.30; H, 5.18; N, 3.60. 
C,9H,9N06  requires C, 63.81; H, 5.36; N, 3.92%). 

Preparation of Chlorodeoxydecarboxyphomazarins (16) 
and (15) .-Di-O-methylcarboxvphomazarin (13) (29 mg), 
phosphorus oxychloride (0.75 ml), and dry benzene (0.75 ml) 
were refiuxed for 30 mm. This mixture was then evapor-
ated to dryness in vacuo and the remaining orange oil taken 
up in chloroform (20 ml). This solution was washed with 
water, dried (MgSO4), and evaporated to dryness to afford 
a yellow solid. Recrystallisation from methanol gave di-
O-methylchlorodeoxydecarboxyphomazarin (16) (22 mg), m.p. 
160-161 °C; X 	262, 292, and 350 nm (log c 4.46, 4.38, 
and 3.82 respectively) (Found: C, 61.80; H, 5.15; N, 
3.84. C20H20C1N05  requires C, 61.71; H, 5.17; N, 3.59%); 
ni/c 391 (45%), 389 (100), 374 (50), and 346 (25). 

Analogous treatment of mono-O-methvldecarboxyphorna-
zarin (12) gave the mono -O-methylchlorc-derivative (15) as 
yellow needles, m.p. 197-198 °C (from methanol); 	245, 
270, 297, and 402 nm (log r 4.17, 4.31, 4.16, and 3.68 
respectively) (Found: C, 60.50; H, 5.05; N, 3.30. 
C,9H,8C1N05  requires C, 60.73; H, 4.83; N, 3.73%); ni/e 
377 (42%), 375 (100), 360 (30), 347 (31), 329 (93), 319 (15), 
and 305 (14). 

Preparation of Tri-O-methyldecarboxyphomazarin (14).- 

A solution of sodium methoxide in methanol (3.0 ml, 0.4N) 
was heated at refiux for 2.5 It with di-O-methyldeoxy-
decarboxyphomazarin (16) (19 mg). The solution was 
evaporated to dryness, taken up in benzene and washed 
with water. The dried benzene solution was then chro-
matographed on Florisil, the yellow chloroform eluate 
evaporated to dryness, and the residue recrystallised to 
afford tri-O-niethyldecarboxyphomazarin (16 mg), m.p. 
159-160 °C (lit.,2  m.p. 160 °C); mx. 266 and 355 nm (log 
4.38 and 3.74 respectively). 

Catalytic Hydrogenation of Di-O-rnethylchlorodeoxydecarb-
oxyphomazarin (16) .-Di-O-rnethylchlorodeoxydecarboxy-
phomazarin (77 ing) was dissolved in warm methanol (10 
ml) and added to a pre-hydrogenated palladium-charcoal 
catalyst (5%, 70 mg) in methanol (25 ml) containing triethyl-
amine (0.3 ml). This mixture was hydrogenated at room 
temperature until 2 mol of hydrogen were absorbed, the 
colour changing from yellow to green. The catalyst was 
then filtered off and air passed through the filtrate for 30 
min. After evaporation of the solvent in cacao, the residue 
was dissolved in benzene and chromatographed on Florisil. 
A trace of a red product was eluted with 20% chloroform in 
benzene followed by a yellow product eluted with 20% 
methanol in chloroform. This was recrystallised from 
methanol to give di-O-;nethyldeoxydecarboxyphomazarin (17) 
(43 mg), nip. 138-139 °C; A 	256, 295, and 355 nm 
(log r 4.31, 4.30, and 3.65 respectively) (Found: C, 67.59; 
H, 5.71; N, 4.16. C20H21N05  requires C, 67.59; H, 5.96; 
N, 3.941YO ). A repeat hydrogenation allowing 4 mol of 
hydrogen to be absorbed and working-up as above afforded 
di-O-methyltetrahydrodeoxydecarboxyphomazarin (18), re-
crystallised from light petroleum (b.p. 30-40 °C), m.p. 
92-93 C; X 	236, 281, 361, and 480 nm (log E 4.23, 4.47, 
3.65, and 3.45 respectively) (Found: C, 66.98; H, 7.30; 
N, 4.34; OMe, 25.6. C20H25N0, requires C, 66.83; H, 
7.01; N, 3.90; OMe, 25.9%); ,n/e 359 (100%), 335 (16), 
328 (93), 314 (16), and 229 (5). 

Dernethylation of the Tetrahydro-compound (18)-The 
tetrahyclro-compound (18) (32 rng) was dissolved in dry 
methylene chloride (10 nil) and boron trichloride (0.5 ml) 
was added. After stirring for 45 min at room temperature, 
the reaction mixture was diluted with chloroform (40 ml) 
and washed with water (2 x 30 nil). Removal of solvent 
gave a dark gum which was purified by p.l.c. Elution with 
chloroform-methanol (96: 4), removal of the band at R 
0.44, and recrystallisation, gave the demethylated product 
(19) as purple crystals, m.p. 158-159 °C (from acetone- 
light petroleum); 	277, 338, and 432 nm (log c 4.32, 
3.74, and 3.50 respectively) (Found: Mt 331.141 9. 
C181121N0, requires M, 331.142 0); rn/c 331 (91%), 316 (8), 
300 (100), 298 (21), and 286 (15). 

Demethylation of Di-O-methylchlorodeoxydecarboxyphoma-
zarin.-The chloro-com pound (16) (20 mg) was dissolved in 
methylene chloride and cooled to -10 °C. Boron tn-
chloride in slight excess was added and the mixture was set 
side for 3 It. Destruction of excess of reagent with water, 
followed by isolation of the product by chloroform ex-
traction, gave a red solid (15 mg) which crystallised from 
methanol, to give the demethylated product (34), nip. 
211-212 °C. 

Preparation of Decarboxyphonsazarin .-Phomazarin was 
decarboxylated as described by Kogl,2  by subliming at 
220-230 °C under high vacuum. Recrystallisation from 
methanol gave decarboxyphomnazarin (11), m.p. 253-255 °C 
(lit.,' m.p. 254 °C); 	229, 270, and 435 nm (log e 4.34, 
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4.47, and 3.96 respectively); m/e 343 (100%), 328 (13), 
314 (30), 310 (11), 300 (38), 296 (29), 272 (26), and 271 (21). 

Synthesis of 6-n-Butyl-3,4-diniethoxyphthalic Acid (21).—
(a) 2,4-Dimethoxybutyrophenone. Polyphosphoric acid was 
prepared by equilibrating a mixture of orthophosphoric acid 
(250 g), and phosphorus pentaoxide (250 g) at 100 °C for 
1 h. Butyric acid (50 g, 0.57 mol) was added and the 
mixture was equilibrated for a further 15 mm. Resorcinol 
dimethyl ether (50 g, 0.36 mol) was then added and the deep 
red mixture was reacted for 45 mm, when it was quenched 
with ice and extracted with ether. The organic extract 
was washed with 2m aqueous sodium hydroxide and water, 
dried, and evaporated to dryness to leave a red oil. Distil- 
lation gave a clear, colourless oil (80 g), b.p. 156-158 °C at 
3 mmHg (lit. 30  146-147 °C at 2 mmHg); v 	(film) 1 660s, 
1 590s, and 1 560s cm. 

(b) 1-n-Butyl-2,4-dinzethoxybenzene. The phenone (above, 
65.5 g, 0.32 mol) was treated with lithium aluminiuiu 
hydride-aluminium chloride.3' The compound was ob-
tained as a clear oil on distillation, b.p. 81-82 °C at 0.1 
mmHg (44 g); vmX.  (film) 1 620s and 1 590s cm-1; r 3.12 
(br d, J 7 Hz, 6-H), 3.71 (br s, 3-H), 3.74 (dd, J 7 and 2Hz, 
5-H), 6.25 and 6.30 (s, 2 ArOMe), 7.51 (br t, J 7 Hz, 

ArCII2C3H7), 8.56 (m, ArCH2C2H4Me), and 9.09 (br t, 

J 6 Hz, ArC3H6Me) (Found: C, 74.4; H, 9.13. C12H,802  
requires C, 74.19; H, 9.34%). 

(c) 5-n-Butyl-2,4-dimethoxybutyrophenone. This was pre-
pared by condensation of the butylresorcinol dimethyl ether 
(above, 3.94 g, 0.22 mol) with butyric acid (50 g, 0.57 mol) in 
polyphosphoric acid (500 g) as previously described. Re-
action time was 2.5 li at 100 °C. The phenone was a pale 
yellow liquid, b.p. 139 °C at 0.05 mmHg (60 g), which 
solidified on cooling, forming yellow prisms, m.p. 34-35 'C; 

(film) 1 670s, I 615s, and 1 585s cm; r 2.52 (s, 6-H), 
3.70 (s, 3-H), 6.14 and 6.16 (s, 2 ArOMe), 7.22 (t, J 6 Hz, 
AiOCH2Et), 7.50 (br t, J 8 Hz, ArCH2C3H7), 8.42 (sextet, 

J 6 Hz, ArCOCH,CH,Me), 8.53 (in, ArCH2C2H4Me), and 

9.05 (hr t, J 6 Hz, ArCOC,H4Me and ArC3H6Me) (Found: 

C, 73.37; H, 8.74. C16H2403  requires C, 72.69; H, 9.15%). 
(d) 1, 5-Di-n-butyl-2,4-dimet/zoxybenzene. The 	phenone 

(above, 42.5 g, 0.16 mol) was reduced with lithium alu- 
minium hydride-aluminium chloride reagent as previously 
described. Distillation of the crude dialkyl aromatic gave 
a clear oil (36 g), b.p. 102 °C at 0.05 mmHg; vmax  (film) 
1 615s and 1 590s cm'; r 3.28 (s, 0-H), 3.74 (s, 3-H), 6.26 
(s, 2 ArOMe), 7.53 (br t, J 7 Hz, 2 ArCH2C3H7 )

1 
 8.56 (m, 

2 ArCH2C2H4Me), and 9.08 (br t, J 6 Hz, 2 Arc31101e). 
(e) 1,5-Di-n-butyl-2,4-dimethoxycyclohexa- 1, 3-diene. The 

dimethoxydibutylbenzene (above, 12 g) was dissolved in a 
mixture of tetrahydrofuran (40 ml) and t-butyl alcohol (30 
ml). Ammonia (150 ml) was distilled off sodium and ferric 
nitrate into the reaction mixture. Lithium (2.8 g) was 
slowly added and the reaction was allowed to proceed for 
3 h. Excess of lithium was destroyed by the addition of 
ethanol, and the reaction mixture was then diluted with 
water and extracted with light petroleum. The extracts 
were washed with water, dried (sodium sulphate), and evapor-
ated to dryness to leave a pale yellow oil (11.5 g). This oil, 
without further purification, was added to a solution of 
potassium t-butoxide in dry DMSO (7 g, 40 ml) and main-
tained under a dry nitrogen atmosphere at 25 "C for 3 h. 
The reaction was then quenched with water and extracted 
with light petroleum. The extracts were washed with 
water and dried (sodium sulphate). Evaporation left a 
yellow oil which distilled as a clear, colourless liquid (10.7 g), 

b.p. 70-75 °C at 0.03 mmHg. This was shown to consist 
of the required conjugated diene (90%) by 1H n.m.r. and 
u.v. spectroscopy; X.. 276 nm (calc. 275); 32  'r (CC14) 5.26 
(s; olefinic proton). 

6-n-Butyl-3,5-dimethoxyphthalic anhydride. The con-
jugated diene mixture (above, 10.7 g, 0.04 mol) was treated 
with dimethyl acetylenedicarboxylate (8 g, 0.06 mol) at room 
temperature. The reaction temperature rose to 120 °C 
during 15 min with the formation of a red solution. The 
mixture was set aside overnight and then heated to 190 °C 
for 45 min and vacuum-distilled to remove excess of re-
agent. Crude dimethyl 6-n-butyl-3,5-dimethoxyphthalate 
distilled as a yellow viscous oil, b.p. 160-165 "C at 0.1 
mmHg. Treatment of this material with ethanolic potas-
sium hydroxide (6 g in 60 ml) at reflux for 1 h followed by 
acidification gave a mixture of 6-n-butyl-3,5-dimethoxy-
phthalic acid (21) and the anhydride. The mixture was 
dissolved in acetic anhydride (20 ml) and maintained at 
100 °C for 1 h. Removal of volatile material by vacuum 
distillation left a tacky residue which solidified on treating 
with ether. The solid crystallised from glacial acetic acid 
as plates, m.p. 134 °C, and was identified as the required 
anhydride (1.2 g); Vflax  I 830s, 1 770s, 1 630m, and 1 595m 
cin; r 3.34 (s, 4-H), 5.94 and 6.01 (s, ArOMe), 7.00 (br t, 

J 7 Hz, ArCH,C3H7), 8.65 (m, ArCH2C2H4Me), and 9.05 
(br t, J 6 Hz, ArC3H6Me); Amax  226, 247, and 346 nm 
(c 25000, 25 200, and 7 900 respectively) (Found: C, 63.62; 
H, 6.30. C14H160, requires C, 63.62; H, 6.10%). 

6-n-B utyl-3-hydroxy-5-niethoxyphthalic anhydride. The 
dimetlioxy anhydride (above, 620 mg, 3 mmol) was dis-
solved in anhydrous dichloromethane (20 ml) and cooled to 
—10 "C. Boron trichloride was added in slight excess and 
the mixture was left to warm to rooin temperature over-
night. Destruction of the excess of reagent with water, 
followed by extraction of the organic material with ethyl 
acetate in the usual manner, yielded a pale yellow solid which 
on washing with ether-light petroleum gave the white 
hydroxy-anhydride (530 mg). It crystallised from acetone-
ether as plates, nip. 160-162 "C; v,,, 3 200s, 1 830s, 
1 745s, 1 645m, and 1 620s cm; r 3.32 (s, 4-H), 6.06 (s, 
ArOMe), 7.02 (br t, J 7 Hz, ArCH2C3H7), 8.55 (m, 
ArCH2C2H4Me), and 9.05 (br t, J 6 Hz, ArC3H6Me); 
227, 246, and 346 nm (e 25 400, 12 500, and 3 200 re-
spectively). 

(Ii) 6-n-Butyl-3-/zydroxy-5-niethoxyphthalic acid (20). The 
hydroxy anhydride (above, 175 mg) was shaken with 2m 
aqueous sodium hydroxide solution (10 ml) until dissolution 
was complete. Acidification with dilute sulphuric acid and 
extraction of the acid with ethyl acetate gave a colourless 
solid which crystallised from ether-light petroleum as 
rhomboids (110 mg), m.p. 155-165 °C; v 	3 190s, 
1 710s, 1 650s, and 1 600s cm-1; 'r (hexadeuterioacetone) 
3.48 (s, 4-H), 4.20 (br, W1  60 Hz, ArOH, and 2 ArCO2H), 
6.09 (s, ArOMe), 7.48 (br t, J 6 Hz, ArCH3C3H7), 8.56 (m, 
ArCH2C2H4Me), and 9.08 (hr t, J 6 Hz, ArC3H6Me); X, 
258 and 307 nm (e 6000 and 4000 respectively) (Found: 
C, 58.31; H, 6.05. C13H,606  requires C, 58.20; H, 6.01). 

5-Bro,no-ortho-vanillin (30) .—ortho-Vanillin was bromin-
ated by the method of Brink in 95% yield. The compound 
crystallised from dilute ethanol, m.p. 128 "C (lit. ,n  m.p. 
129'C); 'r 0.16 (s, ArCHO), 2.72 and 2.86 (d, J 2 Hz, ArH 2), 
and 6.10 (s, ArOMe). 

5-Bro,no-ortho-veratraldehyde (31).-5,Bromo-ortho-vanil-
lin (2.31 g, 10 mmol) was dissolved in DMF (20 ml) contain-
ing sodium hydroxide (400 mg, 10 mmol) and the mixture 
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was stirred at 70 °C for 30 ruin. Methyl iodide (3 equiv.) 
was added and the mixture was set aside for 12 h and then 
poured into water. The mixture was extracted with ether, 
washed with 2m aqueous sodium hydroxide and water, 
dried, and evaporated to dryness to lave a white solid (1.5 g) 
which crystallised from dilute ethanol, m.p. 84 °C; 
1 675s and 1 580s cm; r —0.35 (s, ArCHO), 2.44 and 
2.74 (d, J 2Hz, ArH2), and 6.00 and 6.08 (s, 2 ArOMe). 

1- (5-Bronio-2 , 3-dimethoxyphenyl) butan- 1-al.-- 5-Bromo-
ortho-veratraldehyde (800 mg) was reacted with the Grig-
nard reagent (in ether) formed from magnesium (2 equiv.) 
and n-propyl bromide (2 equiv.) in the usual manner to give 
the alcohol esentially quantitatively; a 14-h reaction time 
was required; v 	(film) 3 400s and 1 575s cm-1; r 2.95 
and 3.12 (d, J 2 Hz, ArH20. 10[brt, j  6Hz, ArCH(OH)Pr], 
6.20 (s, 2 ArOMe), 7.64 [hr s, ArCH(OH)Pr], 8.50 [m, 
ArCH(OH)C2H4Me], and 9.08 [br t, J 8 Hz, ArCH(OH)-
C2H 4MC]. The alcohol was used in the next step without 
further purification. 

1-n-Butyl-5-brorno-2, 3-dvmethoxybenzene (32)—The alco-
hol was quantitatively dehydrated to the styrene by rehlux-
ing in benzene solution containing toluenesulphonic acid 
hydrate (0.2 equiv.). Water was removed by a Dean-
Stark trap over a reaction time of 6 h; Vrn (film) 1 645w, 
1 580s, I 560s, and 970s cm'; r 2.85 and 3.18 (d, J 2 Hz, 
ArH2), 3.40 and 3.80 (centres of AB quartet, JAB 16 Hz, 
with high-field portion further split into t, J 6 Hz, ArCH= 
CHEt), 6.20 and 6.28 (s, 2 ArOMe), 7.78 (quintet, J 6 Hz, 
ArCH=CHCII2Me), and 8.94 (t, J 6 Hz, ArCH=CHCI-I2 Me). 
The stvrene was hydrogenated at 15 °C and I atm in 
ethanol using platinum oxide catalyst (0.05 equiv.) to yield 
the alkylbenzene quantitatively; v,15<  (film) I 585s and 
1 570s cm-1; 	3.14 (coalesced AB quartet, Ar112), 6.20 and 
6.24 (s, 2 ArOMe), 7.44 (br t, J 7 Hz, ArCI-151'r), 8.56 (m, 
ArCH2C2H4Me), and 9.10 (br t, J 7 Hz, ArC3H5Me). 

Methyl 5-n-Butylveratrate (28) —The bromo-aromatic (31) 
(1.09 g, 4 rnrnol) was dissolved in dry ether and cooled to 
0 °C. n-Butyl-lithium (2.25M in hexane, 4.2 inmol) was 
added and the mixture was stirred at 0 C for 45 ruin. 
Excess of solid carbon dioxide was added and the mixture 
was set aside until it had returned to room temperature. 
Dilute hydrochloric acid was added and the substituted 
benzoic acid was extracted with ether. The extract was 
separated into neutral and acid fractions and thus yielded 
the crude substituted benzoic acid (27) as a red gum 
(660 rug). The gum was sublimed at 120 °C at 0.2 mmHg 
as a white solid, imp. 77 °c; 	2.39 and 2.49 (d, J 2 Hz, 
ArH2), 6.08 and 6.11 (6, 2 ArOMe), 7.52 (br t, J 6 Hz, 
ArCH2C3147), 8.50 (m, ArCH2C 5H4Me), and 9.04 (be t, 

J 6 Hz, ArC3H6Me) (Found: C, 65.13; H, 7.54. C13H1804  

requires C, 65.53; H, 7.61%). The acid was methylated 
quantitatively with diazomethane to give the required 
ester (28); V.(  (film) 1 715s and 1 585s cm'; 'r(CCI4) 2.62 
and 2.67 (d, J 1 Hz, Ar112), 6.14 and 6.18 (s, 2 ArOMe and 
CO2Me), 7.41 (br t, j  7 Hz, ArCH5C3H7), 8.52 (m. ArCH2-
C2H4Me), and 9.05 (br t, J 6 Hz, ArC3H 511/1e). 

il'Iethyl 5-n-B utvlveratrate from Plzonzazavin.—Phomazarin 
(250 mg) was converted to the triacetate (150 rug) as 
described by Kogl. The acetate was a yellow powder of 
indefinite in.p. Oxidation of this material by chromic acid 
as described gave an orange-red gum (20 rug) after hydro-
lysis of the acetoxy group. This gum was dissolved in hot 
water (10 ml), filtered, and the resulting clear solution was 
acidified to pH 2 with concentrated sulphuric acid (I drop). 

The acidified solution was refiuxed for 2.5 h and then 
concentrated to 2 ml in vacuo. This solution was extracted 
with ether and the ether extracts were washed with saturated 
brine solution, dried, and evaporated to leave an orange 
gum (10 ing). Purdie methylation of this material followed 
by purification via preparative g.l.c. (5% CW20M at 180 °C) 
gave a clear oil (2 mg), the mass spectrum and u.v. spectrum 
of which were identical with those of synthetic methyl 
5-n-butylveratrate (28). 

[8/529 Received, 21st March, 1978] 
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Studies in Relation to Biosynthesis. Part 48.1  Phomazarin. Part 2. 
13C N.m.r. Spectra and Biosynthesis of Phomazarin 

By Arthur J. Birch and Thomas J. Simpson,' t Research School of Chemistry, Australian National University, 
P.O. Box 4, Canberra, A.C.T. 2600, Australia 

The 'C n.m.r. spectra of phomazarin methyl ester and seven further derivatives of phomazarin have been assigned. 
Incorporations of [13C]acetates and [13C]- and ['4 C]-malonates by cultures of Pyrenochaeta terrestris indicate 
that phomazarin is biosynthesised by condensation, followed by oxidative ring-fission, of a single nonaketide pre-
cursor chain. 

PHOMAZARIN, an orange pigment isolated from the 
mycelium of Pyrenochaeki terresris has been shown to 

OR  

15 	
14 

13 
 12 

Me u 
1 2 

MeO 9° N 11CO2 R 

OR  0 

R1 =R 2 =R 3 =R4 =H 

RrMe, R2 =R 3 =R4 =H 

R1 =R2 =Me, R3 =R4 ,rH 

R1  = R2  = R3  =Me, R4  rH 

R1  = R 2  = R3  =R 4  = Me 

(6)R1 =R2 =R6 =Me, R 3 = H 

have the unique aza-anthraquinone structure (l).l  The 
origin of the branched C18  skeleton of phomazarin is of 

branched structure; and the activities of the acetic 
acid and carbon dioxide obtained respectively from 
Kuhn—Roth oxidation and decarhoxylation of phoma-
zarin from feeding experiments with 2-1417jacetate are 
consistent with an entirely polyketide origin for 
phomazarin from nine acetate molecules. However, the 
biosynthesis of phomazarin cannot be accounted for by 
a normal polyketide pathway 3  but must involve a 
condensation between two, or possibly more, pre-
formed polyketide chains for which different possi-
bilities exist (Scheme 1 indicates some of these), or by 
cleavage of a carbocyclic intermediate, which can itself 
be formed via either of the two possible condensations 
of a single polyketide chain shown in Scheme 1. This 
latter route would necessarily involve oxidation of a 
carbon derived from methyl of acetate to a carboxy, so 
accounting for the origin of the C-il carboxy function. 
However, it must he noted that oxidation of methyl to 
higher levels is not an uncommon biosynthetic process. 
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SCHEME 1 Possible polyketide derivations of phomazarin 

interest as previous studies 2  have shown that [14C]-
formate is incorporated mainly into the 7-0-methyl 
group only, so the C1-pool does not contribute to the 

Present address: Department of Chemistry, University of 
Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland. 

13C N.m.r. methods have proved to be very useful in 
biosynthetic studies.4  In particular, intact acetate 
residues can be recognised by feedings with [13C2]acetate: 
the 13C n.m.r. spectra of the enriched metabolites show 
13C-13C couplings on adjacent carbons derived from the 
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same acetic acid molecule, cleavage of an originally 
intact acetate derived unit during the biosynthetic 
pathway being revealed by a loss of the 13C-13C coupling. 
Studies of this type have been particularly useful in 
distinguishing between different foldings of polyketide 
chains,5  and in elucidating pathways involving a ring-
fission of a polyketide-derived intermediate,6  molecular 
rearrangements of the polyketide itself ' (or an inter-
mediate 8),  or condensations to potentially equivalent 
positions.9  Thus the incorporation of 13C-enriched 
precursors into phomazarin has been studied. 

RESULTS AND DISCUSSION 

A prerequisite of "C biosynthetic studies is an un-
ambiguous assignment of the "C n,m.r. spectrum of the  

matic systems; 10  and 15N-13C couplings in proton-
noise-decoupled (p.n.d.) spectra. 

The aliphatic carbons of the n-butyl side chain and 
the methoxy groups are readily identified from their 
chemical shifts and multiplicities in S.F.O.R.D. spectra. 
In contrast to n-butylbenzene where the oc and f3 carbons 
of the butyl side chain resonate at 36.0 and 34.0 p.p.m.," 
C-12 and C-13 resonate at 30.2 and 31.7 p.p.m. in (2). 
This assignment was confirmed by a specific 'H-de-
coupling experiment; irradiation of the benzylic 
methylene at 7.23 causing the resonance at 30.2 p.p.m. 
to collapse to a singlet. Presumably, the presence of 
the adjacent 7-0-methyl function moves C-12 upfield. 
The protonated aromatic carbon resonance, C-5, is 
readily assigned in p.n.d. spectra from its high intensity 

TABLE I 

Carbon-13 chemical shifts of a series of phomazarin derivatives (in p.p.m. downfield from SiMe4, for CDCI, solutions) 

Compound 

Carbon atom 	(2) 	(3) 	(4) 	(5) 	(6) 	(7) 	 (8) 	(9) 
C-2 132.2 148.2 149.2 149.7 148.6 137.1 137.4 137.3 
C-3 152.5 147.0 151.7 151.4 146.1 148.3 147.5 154.7 
C-4 158.3 161.2 161.0 160.6 160.8 156.4 156.9 131.8 
C-4a 117.3 117.3 127.9 130.3 116.3 115.6 114.5 130.3 
C-5 122.2 122.1 121.4 124.8 124.9 121.7 124.7 125.1 
C-6 144.9 144.7 145.2 144.3 144.1 144.4 143.8 144.1 
C-7 153.6 153.4 152.3 153.6 154.3 153.1 154.3 153.7 
C-8 156.6 156.4 155.6 157.9 159.3 157.2 159.1 157.9 
C-8a 115.8 115.3 114.9 125.0 125.4 115.6 125.4 124.7 
C-9 184.7 184.8 185.0 178.9 178.2 185.6 179.1 178.9 
C-9a 140.4 143.6 144.3 146,7 144.7 142.7 143.7 144.7 
C-1 187.6 187.9 180.2 181.3 188.7 188.2 188.8 181.4 
C-10a 126.1 125.7 126.1 125.1 127.8 126.1 128.2 127.0 
C-11 169.5 164.3 164.0 164.4 164.3 
C-12 30.2 30.4 30.4 30.4 30.4 30.4 30.3 30.4 
C-13 31.7 32.0 32.1 32.2 32.0 32.1 32.1 32.1 
C-14 22.6 22.6 22.6 22.7 22.7 22.6 22.6 22.6 
C-15 13.9 13.9 13.9 13.9 13.9 13.9 13.9 13.9 
7-011e 60.5 61.0 60.8 61.3 61.4 61.0 61.4 61.6 

11-OMe 53.5 53.1 52.3 52.3 53.0 
3-OMe 61.8 62.5 62.5 61.7 56.0 57.0 57.5 
4-OMe 62.5 62.5 
8-OMe 61.6 61.5 61.4 61.6 

metabolite. The "C n.m.r. spectra of phomazarin 
methyl ester (2) and the further derivatives (3)-(9) 
have been assigned and are summarised in Table 1. 
These assignments are based on standard chemical-
shift data; single frequency off -resonance decoupled 
(S.F.O.R.D.) spectra; 10  comparison of chemical shifts 
in compounds (2)-(9); analysis of 13C-1H couplings in 

0 

Me 	
OMe 

MeO 

OR  0 

R'OH, R2 =H 

RcOH, R2  =Me 

R1 =CI, R2 =Me 

fully 'H coupled spectra, making use of the recorded 
values of 'J("C-CH,) and 'J("C-C-CH,) and the 
observation that 'J("C-C-CH)j > I'J("C-CH)i in aro- 

relative to the neighbouring resonances (due to non-
protonated carbons) and from its multiplicity in 
S.F.O.R.D. spectra. In fully 'H-coupled spectra it 
appears as a doublet of triplets, 1J(13C-H) 164.6 and 
'J("C-C-CH,) 5.8 Hz, due to coupling to H-5 and the 
benzylic methylene protons of the adjacent n-butyl 
group. The C-5 resonance appears at 121-122 p.p.m. 
in compounds (2)-(4) and (7) but moves downfield by 
Ca. 3 p.p.m. in the 8-0-methyl derivatives (5), (6), (8), 
and (9). In the decarboxy-compounds (7)-(9) the 
additional protonated aromatic carbon resonance at 137 
p.p.m. is readily assigned to C-2. 

The quinonoid carbonyl carbons were expected to 
appear at lowest field and in phomazarin methyl ester 
(2), C-9 and C-10 appear at 184.7 and 187.6 p.p.m. 
respectively. They are readily distinguished by the 
three-bond coupling of C-10 to the aromatic proton, 
'J("C-C-CH) 4.4 Hz, and in 15N-enriched phomazarin 
methyl ester by the coupling of C-9 to "N, 'J("C-C--"N) 
7.8 Hz. In the fully 'H-coupled spectrum of tri-0-
methylphomazarin methyl ester (5) determined on a 
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I kHz sweep width, C-9 also shows a small coupling, 
0.9 Hz, which must be due to four-bond coupling to H-5 
(see Figure 1). On methylation of the peri-hydroxy 
groups on either C-S or C-4, the C-9 and C-10 resonances 
respectively move upfield by 6-7 p.p.m., due to removal 
of the deshielding chelation effect, to appear at ca. 179 
p.p.m. in the 8-0-methyl and ca. 181 p.p.m. in the 
4-0-methyl derivatives. Replacing the 4-hydroxy 
group in the decarboxy-derivative (8) by chlorine to 
give (9) likewise results in a 7 p.p.m. upfield shift of the 
C-10 resonance. As well as the shifts of the quinone 
carbonyl resonance, removal of the hydrogen-bonding 
by methylation also allows assignment of the C-4a and 
C-8a resonances, which show characteristic downfield 
shifts of ca. 10 p.p.m., e.g. C-4a moves downfield from 
117.3 in (3) to 127.9 p.p.m. in the corresponding 4-0-
methyl derivative (4), and C-8a moves downfield from 
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oc 

FIGURE 1 Low-field region (120-180 ppm ) of the fully 'H-
coupled 13C n.m.r. spectrum of (5), 1 000 Hz sweep width 

114.9 in (4) to 125.0 p.p.m. in (5). In 2-hvdroxyaceto-
phenone, C-i moves downfield by 8.6 p.p.m. on con-
version to the methyl ether, with a concomitant upfield 
shift, 4.3 p.p.m., by the carbonyl." In compounds 
where both C-4a and C-8a have similar chemical shifts, 
e.g. (2), (3), (5), and (7), they can be distinguished by 
examination of the fully 'H-coupled spectra where C-4a 
appears as a sharp singlet whereas C-8a gives a doublet 
due to coupling to H-5, 3J('3C-C-CH) 7.3 Hz. The C-11 
methoxycarbonyl resonance at 169.5 p.p.m. in (2) also 
moves upfield to 164 p.p.m. on formation of the 3-0-
methyl ethers (3)—(6). Correspondingly, the C-2 reson-
ance moves downfield from 132.2 p.p.m. in (2) to ca. 
149 p.p.m. in compounds (3)—(6). On decarboxylation, 
the ester carbonyl resonance is replaced by a protonated 
aromatic carbon resonance at 137 p.p.m. in (7)—(9). 
In "N-enriched (2) and (5)1  C-li is coupled to the "N, 
2J(13C-C-15N) 8.8 Hz. 

Of the remaining carbons only C-6 and C-10a are not 
attached to either oxygen or nitrogen. They are 
assigned in phomazarin methyl ester (2) to the reson-
ances at 144.9 and 126.1 p.p.m., respectively; in the  

fully 'H-coupled spectrum C-6 appears as a partially 
resolved multipiet due to coupling to the butyl methylene 
protons whereas C-10a appears as a sharp singlet, there 
being no protons in a three-bond relationship to C-10a. 
In the p.n.d. spectrum of the tri-0-methylphornazarui 
methyl ester (5) only 12 of the 14 low-field resonances 
could be seen. On re-determining the spectrum on a 
1 000 Hz sweep width the intense resonance at 125 
p.p.m. was resolved into three closely spaced signals and 
in the fully 'H-coupled spectrum, also determined on a 
1 000 Hz sweep, these three signals appear as a doublet 
of triplets (J 164.6 and 5.7 Hz), a doublet (J 7.3 Hz), 
and a singlet (see Figure 1) allowing their assignment to 
C-5, C-8a, and C-10a, respectively. In Figure 1, the 
C-4a singlet, at 130.3 p.p.m., lies under the low-field 
half of the C-5 resonance. 

The resonances still to be assigned are those of the 
phenolic carbons and the heteroaromatic carbons, C-2 
and C-9a; C-2 is readily assigned in compounds (2) and 
(7)—(9), but is not so readily distinguished from the 
resonances in the 146-161 p.p.m. region in the remain-
ing compounds. The resonances of methoxv-bearing 
carbons can be identified by their multiplicities in fully 
111-coupled spectra -,in the spectrum of (5) carbons 3, 
4, S, and 11 appear as quartets due to coupling to the 
niethoxv protons, 'J("C-C--CH,) ca. 4 Hz, further 
splitting being observed in the C-7 resonance due to 
three-bond coupling to H-S and the 12-methylene 
proton, whereas C-2 and C-9a appear as sharp singlets 
(see Figure 1. in the p.n.d. spectrum of "N-enriched 
(5). however, (-2, C-3, C-4, and C-9a all appear as 
doublets due to coupling (J 1.5, 2, 2, and 3.9 Hz, re-
spectivelv) to "N, thus allowing C-3 and C-4 to be 
distinguished from C-7 and C-8, which are themselves 
(tiff erentiated by the further couplings, discussed above, 
displayed by the C-7 resonance. In the partially 
methvlated derivatives, the free phenolic carbons are 
identified as they appear as doublets due to coupling to 
the hvdroxv proton, 'J("C-OH) Ca. 5 Hz; this coupling 
is commonly observed in strongly hydrogen-bonded 
phenols 13  and can be removed by exchange with D20-
On formation of the 8-0-methyl ether, the C-S resonance 
is moved to lower field by 2-3 p.p.m. compared with 
the 8-hydroxy compounds. In contrast, formation of 
the 4-0-methyl ether has no effect on the C-4 resonance 
but does result in a downfield shift of the C-3 resonance 
from Ca. 147 to Ca. 151 p.p.m. On decarboxylation, the 
C-4 resonance is moved upfield by Ca. 5 p.p.m. and in 
the chloro-compound (9), the C-4 resonance undergoes a 
large upfield shift to 131.8 p.p.m. On the basis of the 
above coupling and shift behaviour, a complete assign-
ment of resonances in the 145-161 p.p.m. region can 
be made. 

The constancy of the C-4 chemical shift in both the 
methylated and free hydroxy compounds is in agree-
ment with the predominance of the pyridol tautomer in 
phomazarin, as established previously.' In 4-pyridone 
and 4-quinolone, C-4 resonates at 175.7 14  and 177.2 
ppm.," respectively. In the recently isolated quinolone 
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derivative (10), C-4 resonates at 175.8 ppm. and so 
must exist as the keto-tautomer. The authors experi- 

OMe 

N 	Me 
H 

(10) 

enced some difficulty in recognising the presence of the 
4-quinolone moiety,16  but it would appear that 13C 
n.m.r. provides a good method for indicating the presence 
of the system. The relatively large two-bond 13C-15N 
couplings to C-i) and C-li have been observed in 15N-
enriched phomazarin methyl ester (2) and tri-O-methyl-
phomazarin methyl ester (5) and these couplings are 
most useful in both assignment and structural studies. 
The magnitude of the coupling depends on the inter-
action of the carbon with the nitrogen lone-pair of 
electrons as 21(13C- 5N) is much larger when the carbon 
is cis to the lone-pair than when it is trans, thus the 
two-bond coupling to C-3 is cmlv2 Hz. In "N 
quinolirie the two-bond couplings to (-3 and (-8 are 
2.7 and 9.3 lIz. respectively.17  The remaIning '3C-15 N 
couplings observed in pI)maz;oari, artiularlv the 
small one-bond cupling, are (. oni.itent with observ- 
ations on 	'''pvrrdine iS  and 	''N (iunllmra.1 	On 
protonatioii the large two--b nd conpling in 
quinohne is i educed to 1.0 lix, arid (lie couplings to (-2 
and C-9 increase from 1.4 and 00 lix (CC 14 ) to 15.9 and 
13.8 Hz (H2SO4  solution))7 rnirlirl\ iii ''N iivrndine 
the coupling to C-2 increases from 4) (1 lIz to Iii) Hz on 
protonation and to 15.2 FIx on A-oxide formatin in 

As previously described br other fungal metaholrtes,19  
feedings of sodium I -14C acetate to P. terrest-rrs were 
used to establish conditions winch would give a suitable 
abundance of 13C in the individual acetate-derived atoms 
of pi loin izarm on feuding of 'C  a (it ate. Studies of 
the course of fermentation indicate that phomazarin 
production commences alter 5 d growth maximising 
after a further 7 d, and optimum dilution values were 
obtained by separate additions of sodium acetate on 
clays 5, 6, and 7 to a total level of 0.5 g 1 '; feeding to 
four flasks, i.e. 400 nil of culture medium, gave sufficient 
phomazarin for spectral determinations. Despite its 
rather low solubility, Ca. 30 mg mN phomazarin methyl 
ester (2), was used for the study of 13C enrichments as 
the overlap of signals in its 13C n.m.r. spectrum makes 
the more soluble tri-O-methvlphomazarin methyl ester 
(5) unsuitable. The natural abundance 13C  n.m.r. 
spectrum of (2) determined under normal conditions 
displays an extremely wide range of resonance inten-
sities which, despite high enrichments, makes identific-
ation and comparison of enriched resonances somewhat 
difficult. However, if the spectrum is determined in 
the presence of the relaxation agent 20  [Cr(acac)3] these 
intensity differences are removed and all the non-
protonated carbons display almost identical intensities,  

the protonated carbons also giving similar intensities to 
one another but at a slightly higher overall intensity 
than the non-protonated carbons. It is suggested that, 
solvent considerations permitting, this procedure should 
be standard practice in 13C-enrichment studies, as it 
largely removes the uncertainties that can arise in 13C 
biosynthetic studies. 

The 13C n.m.r. spectra of phomazarin methyl ester 
enriched from feedings of [1-13C]- and [2-13C]-acetate 
showed the alternate labelling pattern anticipated, 
carbons 2, 4, 5, 7, Sa, 9a, 10, 12, and 14 being derived 
from the carhoxy of acetate and carbons 3, 4a, 6, 8, 9, 
lOa, 11, 13, and 15 being derived from the methyl 
carbon of acetate (Table 2) so confirming an entirely 

TABLE 2 

IT N.m.r. enrichment data for phomazarin methyl ester (2) 

Chemical [2-13C]- 
Carbon shift 	1L 1 -"C]- [2-13C]- malonate 
atom (p.p.ni.) 	acetate acetate" J(i3C_13C)b  enrichment 

C-2 132.2 	* 82 1.2 
C-3 152.5 * 	71 1.5 (+) 
C-4 158.3 	* 73 1.1 
(T-4a 117.3 * 	53 1.7 (+) 
C-5 122.2 	* 60 0.9 
C.6 144.9 * 	68 1.8 (+) 

15:1.6 	* 68 0.9 
156.6 * 	64 1.6(+) 

C-Sri 115.8 	* 62 1.0 
(-f) 184.8 * 	62 1.5(+) 
(.( (,i 140.4 	* 64 1.1 
(-lo 187.6 	* 53 0.8 
C - lIla 126.1 * 	60 1.5 (+) 
(-11 169.5 * 	84 1.8 (+) 
C-U .30.2 31 1.0 
('-13 :31.7 * 	31 1.6(+) 
(-14 22.6 	* 36 1.0 
C-IS 1:3.9 * 	37 1.3 
7-0\ic 60.5 0.8 
11-OMe 53,5 - 0.8 

Approximately five-fold enrichment at each labelled site, 
denoted by an asterisk. b  Feeding with [C2] acetate.. 	c See 
Experimental section for details of calculation; 	enriched (+) 
average 1.6, unenriched average 1.0. 

polvketide origin of the phomazarin skeleton. An 
approximately five-fold enrichment at each labelled site 
was observed with no significant difference in the levels 
of enrichment at each labelled site being observed. The 
interpretation of the 15 MHz spectrum of phomazarin 
methyl ester from the ['3C2] acetate feeding was extremely 
difficult due to (a) extensive overlapping of the signals 
and (b) the similarity of chemical shifts between coupled 
pairs of carbons causing non-first-order 13C-13C coupling 
effects to be observed; Figure 2(a) shows how AB 
coupling causes the outer satellites in some cases to be 
almost indistinguishable above the spectral noise level. 
However on re-determining the spectrum at 67 MHz, the 
greatly increased dispersion at high field overcame both 
these problems Figure 2(b(1 and the following 13C-13C 
couplings were observed (Table 2); C(1 l)-C(2), C(3)-C(4), 
C(4a)-C(IO), C(lOa)-C(5), C(6)-C(7), C(8)-C(8a), C(9)-
C(9a), C(12)-C(13), and C(14)-C(l5), so that the 
phomazarin skeleton is derived from nine intact acetate 
units assembled as shown in Scheme 2. 

This assembly pattern eliminates some biosynthetic 



possibilities e.g. (a), (c), and (f) in Scheme 1, but it is not 
at this stage possible to differentiate between a two-chain 
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FIGURE 2 Low-field region of the p.n.d. 13C n.m.r. spectrum of 
[13C]acetate enriched spectra of phomazarin methyl ester (2) 
determined at (a) 15.04 MHz and (b) 67.89 MHz 

[e.g. (b), (d), or (e)] or a single chain [e.g. (g)] origin for 
phomazarin. However, if a two-chain pathway is 
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single-chain route [path (g)] operates then only C-15 is 
derived from a 'starter' acetate, C-li being formed 
from a chain-propagating malonate molecule, following 
cleavage of a pre-formed cyclic intermediate. Thus, by 
feeding of labelled malonate, it should be possible to 
distinguish between these two pathways. 

On feeding diethyl [2-14C]malonate and isolation of 
C-15 as acetic acid by Kuhn—Roth oxidation of tri-O-
methylphomazarin methyl ester (5), and C-li as barium 
carbonate from sulphuric acid degradation' of (5) to 
give (8), it was found that both C-15 and C-fl had 11.1%, 
i.e. one-ninth, of the total activity and so no starter 
effect was being observed. However when the feeding 
was repeated with the addition of a large amount of 
inactive sodium acetate 21  it was found that C-is carried 
only 8.4% of the activity whereas C-il contains 11.4% 
of the activity, and so is labelled to the same extent as 
the remaining malonate derived carbons. 

[13C]Malonate has been used successfully to detect 
acetate starter effects in the fungal metabolites deoxy-
herqueinone 5  and sclerin,22  and indeed it has been 
demonstrated that feeding the large amounts of labelled 
substrate necessary in 13C studies can inhibit the 
randomisation and equilibration of labels sometimes 
observed in studies with the trace amounts of substrate 
used in 14C studies. 23 This effect has not been entirely 
accounted for but is probably due to either inhibition or 
overloading of the enzyme systems responsible for 
randomisation. On feeding diethyl [2-13C]malonate to 
P. terrestris, the overall enrichment of the resultant 
phomarazin was low. Absolute measurement of 13C-
enrichment levels is difficult; however, by the use of 
relaxation agents and multiple determinations of 
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SCHEME 2 Assembly pattern of acetate units in phomazarin 

operative then both C-15 and C-il are derived from the natural-abundance and enriched spectra to give average 
methyl carbon of an acetate ' starter' unit, whereas if a enrichment values, satisfactory results can be ob- 
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tamed.5'24 The enrichments observed in phomazarin 
methyl ester (Table 2) indicate that C-15, but not C-li, 

is labelled to a much lower extent than the remaining 
[2-13C]malonate-labelled carbons and so confirm the 
14C results. Thus phomazarin contains only one acetate 
starter molecule, and so must be formed from a single 
nonaketide chain folded as shown in path (a), Scheme 2, 
probably via an anthraquinone, e.g. (11), Scheme 3. 

A large variety of natural products appear to be 
formed via oxidative fission of the quinonoid ring of 
anthraquinones, e.g. sulochrin,25 geodin,26 ravenelin,9  

were obtained for samples in acid-free deuteriochioroform 
with tetramethylsilane as internal reference. Proton noise-
decoupled spectra, single frequency off-resonance decoupled 
spectra and fully proton-coupled spectra were determined 
on a JEOL JNM FX-60 spectrometer operating at 15.04 
MHz. Fully proton-coupled spectra were determined under 
gated decoupling conditions to retain nuclear Overhauser 
enhancements. The spectrum of [C,]acetateenriched 
phomazarin methyl ester was determined on a Bruker 
WH-270 spectrometer operating at 67.89 MHz. Trisacetyl-
acetonatochromium [Cr(acac),] (0.1m) was used as a relax-
ation agent. 

9 CH3COSCoA 

0 OH 	 0 OH 

110~c 	 011 

tMe , I 

M-0);) 	OH 
OH 0 OH 

/Iol 	

(11) 

0 0 	 0 0 
Bun 	JJ..I U,.. OH 	 Bu" -.... J&. )t OH 

MeO 	
'( 	,'-f OH 	 MeO T 	0 0 CO 2H 

OH 0 0 	 OH 0 

(12) 	 (NR3] 

(1) 
SCHEME 3 Proposed biosynthetic pathway to phomazarin from acetate via anthraquinone intermediates 

and tajixanthone; 19 and it has been shown that 
quinones or quinols are intermediates in the bio-
synthesis of patulin 27 and penicillic acid 28 from 
henzenoid precursors. Thus the his(quinone) (12), 
Scheme 3, is a possible precursor for the ring-cleavage 
step in phornazarin biosynthesis. There is no other 
established precedent for the cleavage of the benzenoid 
ring of an anthraquinone, but the fungal metabolites 
lambertellin 29 and purpurogenone 30 may well be 
formed by such a process. The secalonic acids, known 
to be formed by quinonoid ring-cleavage of cvnodontin, 
have been isolated from P. terrestris.3' 

Nonaketides are relatively uncommon metabolites in 
fungi.32 The main group, which comprise the vcrsi-
colorin anthraquinones and their related metabolites, 
are almost certainly derived from C20-precursors. A 
group of nonaketide metabolites, ligustronones A, B, 
and C, have recently been isolated from Cercospora 
lingustrina.33 

EXPERIMENTAL 

The culture of P. terrestris, the preparation of all derived 
compounds and the 'C radioactivity assays were carried 
out as previously described.1,9 

Carbon- 13 Nan .r. Determinations—The "C n.m .r. spectra 

Feeding Experiments. —(a) Sodium [1-14C]acetate (200 
mg; 4.1 p.Ci rnmol') was added in portions on days 5, 6, 
and 7 to four shake-culture flasks. After 11 d growth, the 
mycelium was filtered off and dried. The dried mycelium 
was exhaustively extracted with ether and methanol and 
then was refluxed with 10% dry hydrogen chloride in 
methanol for 5 h After cooling to 0 °C, the mycelium was 
filtered off and extracted with chloroform. The resulting 
crude red solid was methylated and tri-O-methylphomazarin 
methyl ester (60 mg; 1.47 sCi rnmot') isolated as previously 
described.' On the basis of this dilution factor (2.8) it was 
anticipated that feedings of [13C]acetate (95 atom-%) would 
give phomazarin with an excess 3.8% of "C label over 
natural abundance at each labelled portion (assuming 
formation from nine acetate units). 

Accordingly sodium [l13C] [2-13C]-, and ["C,]-
acetates were fed as above. The resultant labelled phoma-
zarins were isolated as the methyl ester (2) and their p.n.cl. 
"C n.m.r. spectra determined. Comparison of the labelled 
and unlabelled resonance intensities indicated an approxi-
mately 4% excess "C abundance at each labelled position. 

Diethyl [2-13C]malonate (250 mg) in ethanol (6 ml) 
was fed to four flasks on days 6, 7, and 8, and after 11 d 
growth phoniazarin methyl ester (65 mg) was isolated and 
its "C. n.m.r. spectrum determined three times, as was the 
natural abundance spectrum, and the average intensities 
after normalisation were used to calculate the enrichment 
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values given in Table 2, using the method reported 
previously.24  

(d) Diethyl [2-14C]malonate (100 PCi) in ethanol (1 ml) 
was distributed among five flasks on day 6 along with in-
active sodium acetate (100 mg) in water (5 ml). After 
11 d growth tri-O-methylphomazarin methyl ester (103 mg; 
2.403 Ci mmol 1) was isolated as above. For degradation, 
the [14C]compound (100 mg) was diluted with unlabelled 
material (200 mg). 

Tri-O-methylphomazarin methyl ester (80 mg; 0.801 IXi 
mmol') was oxidised under standard conditions to acetic 
acid; this was then converted to p-bromophenacyl acetate, 
which was crystallised to constant activity (0.067 1eCi 
mmol'). A second portion of tri-O-methylphomazarin 
methyl ester (100 mg; 0.801 Xi mmol) was converted to 
di-O-methyldecarboxyphomazarin (8) as described previ-
ously.' Crystallisation to constant activity gave (8) with 
an activity of 0.710 .Xi mmol'. Thus the activity of CO, 
(by difference) liberated in the decarboxylation is 0.091 [LCi 
mmol. 

[8/530 Received, 21st March, 1978] 
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Phomazarin. Part 3,1  The Structure of Isophomazarin 

By Reinhardt Effenberger and Thomas J. Simpson,'t Research School of Chemistry, Australian National 
University, P.O. Box 4, Canberra, A.C.T. 2600, Australia 

Isophomazarin, a minor pigment isolated from the mycelium of Pyrenochaeta terrestris has been assigned the 
structure 6-n- butyl -4,5,8-trihydroxy-7- methoxy- 1 -aza-anthraqui none- 2- carboxyl ic acid from biogenetic con-
siderations and a comparison of its chemical behaviour, and of spectral data of its derivatives with those of pho-
mazarin. 

FROM chromatography of the mycelial extracts of 
Pyrenochaea terrestris, we have isolated, in low yield, a 
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red pigment, C19H,7N08, m.p. 215-216 °C, isomeric 
with phomazarin (9), whose structure determination and 
biosynthesis have been discussed in previous papers.1,2  
We now report studies leading to structure (1) for this 
new metabolite, isophomazarin. 

RESULTS AND DISCUSSION 

The similarity of their physical properties and spectral 
data suggested a close structural relationship between 
phomazarin and isophomazarin. The 1H n.m.r. spec-
trum of iso-phomazarin (Table 1) showed the presence 
of an uncoupled aromatic proton, methoxy, and n- 

t Present address. Department of Chemistry, University of 
Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland. 

butyl groups as in phomazarin.2  On treatment with 
methanolic HCl, isophomazarin formed a methyl ester 
(2), m.p. 201-202 °C, whose i.r. spectrum (Table 2) 
indicated the presence of an unchelated ester carbonyl, 
v(CO) at 1 730 cm', in contrast to phomazarin methyl 
ester (10) in which the ester is chelated and has v(CO) at 
1 685 cm', and chelated quinone carbonyls at v(CO) 
1 615 cm'. In addition to the butyl, methoxy, and 
aromatic proton resonances, the 'H n.m.r. spectrum of 
(2) showed three low-field exchangeable protons indi-
cating the presence of three strongly hydrogen-bonded 
phenolic groups in isophomazarin. If isophomazarin 
has the same 1-aza-anthraquinone structure as phoma-
zarin then, as none of these phenolic hydroxys can be 
adjacent to the ester function, they must occupy the 
three remaining pen -positions to the quinone carbonyls, 
the fourth being occupied by the heteroaromatic 
nitrogen, see below. Thus isophomazarin must have 
the partial structure (8). 

The presence of three phenolic hydroxys was con-
firmed by Purdie methylation of isophomazarin to give 
both di-O-methylisophomazarin methyl ester (3), m.p. 
197-201 °C and tri-O-methylisophomazarin methyl 
ester (6), m.p. 171-175 °C. The latter compound was 
clearly different from tri-O-methylphomazarin methyl 
ester (11), m.p. 136-138 °C, and so isophomazarin is 
not a simple methylation isomer of phomazarin, in 
accord with partial structure (8). The i.r. spectrum of 
the di-0-methyl compound (3) shows the presence of 
both chelated and non-chelated quinone carbonyls with 
v(CO) at 1 625 and 1 680 cm', respectively, whereas in 
the tri-O-methyl derivative both quinone carbonyls 
absorb showing v(CO) at 1 680 cm'. The di-0-methyl-
isophomazarin methyl ester is assigned structure (3) by 
analogy with phomazarin, in which the last position to 
be methylated is the 8-OH.1  However, structure (4) is 
also a possibility for this compound and cannot be 
definitely excluded on the available evidence. 

In a series of nuclear Overhauser experiments with 
tri-O-methylisophomazarin (6) it was found that irradi-
ation of the benzylic methylene protons at 'r 7.21 caused 
no enhancement of the aromatic proton intensity and so 
they were not adjacent to each other as in phomazarin. 
However, irradiation of the methoxy resonance at 
T 5.89 did result in an enhancement of Ca. 15% in the 
intensity of the aromatic proton resonance, indicating 
the presence of a methoxy ortho to the aromatic proton. 
This behaviour, considered with the chemical shift of 
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the aromatic proton, is in accord with partial structure in the formation of the corresponding decarboxy-
(8a) only and means that the remaining butyl and derivatives. However on prolonged treatment of pho-
methoxy substituents must be on carbons 6 and 7. mazarin methyl ester itself (10), with hot sulphuric acid, 

TABLE 1 

Hydrogen-1 n.m.r. spectra of isophomazarin and related compounds 11  
13-CH2 , 

Compound 3-H 12-CH26  14-CH2  15-Me b  OH d  OMe 4 	 Other 
f 172 a 7.06 8.4 8.97 5.86 

 2.12 d  7.22 8.4 9.02 -3.68, -2.68, -2.49 	5.82, 5.93 
 2.01 d  7.20 8.4 9.00 -3.40 5.79, 5.90, 5.97, 6.02 
 2.10 d 7.20 8.4 9.00 -2.90 5.84, 5.91, 5.95, 6.00 
 2.08 d 7.21 8.4 9.00 5.84, 5.92, 5.89, 6.02, 602 

8.4 c 	 7.24 	8.4 	9.01 	 6.02, 6.10, 6.14, 6.30, 6.64 	3.80 (NH), 5.24 
(4-H), 5.78 (2-H) 

For CDC13  solutions except where stated otherwise. 6  Triplet (J 7 Hz). I Multiplet. a  Singlet. I Exchangeable with D20. 
1 For CF3CO2H solution. 

The chemical shift of the aromatic proton is much too 
low for it to be on C-6 or C-7. 

TABLE 2 

I.r. data (cm') for isophomazarin derivatives (CHC13  
solutions) 

Compound 

(2) 	(3) 	(5) 	(6) 	(7) 
1 625 * 

v(CO) bonded 	1 615 	1 625 	1 620 
v(CO) unbonded 	 1 680 	1 675 	1 680 	1 670 
'(CO) ester 	1 730 	1 725 	1 73)) 	1 730 	1 740 
(NH) 	 339)) 

* Vinylogous amide. 

The presence of the heterocyclic ring in isophomazarin 
was confirmed by the ease of reduction of (6) over 
palladium-charcoal to give, after aerial re-oxidation of 
the quinone system, the tetrahydro-derivative (7), whose 
i.r. spectrum shows absorptions at 1 740, 1 670, and 
1 625 cm-1. The latter absorption can only be due to a 
quinone carbonyl whose absorption frequency has been 
lowered by vinviogous amide tautomerism, and so 
locates the nitrogen adjacent to the quinonoid ring as in 
phomazarin. The 'H n.m.r. spectrum of (7) is con-
sistent with the proposed heterocyclic ring structure, 
and showed that one of the methyl ester functions has 
moved upfield to r 6.64, a shift typical of aliphatic 
methoxys, and the aromatic proton resonance in (6) has 
been replaced by a multiplet at ca. r 8.4. In addition 
the methyl ester resonance moves upfield to 	6.30. 
The presence of a 4-hydroxy substituent in isophoma-
zarin is also confirmed by treatment of tri-0-methyliso-
phomazarin methyl ester (6) with hot sulphuric acid, to 
give an acidic product which, on esterification with 
methanol-HC1, gave di-0-methylisophomazarin methyl 
ester (5), m.p. 190-191 °C. The ready hydrolysis of the 
4-0-methyl ether function is in accord with it being 
Para to the heteroaromatic nitrogen, and that it must be 
peri to a quinone carbonyl is evidenced by the lowering 
of a carbonyl absorption frequency to 1 620 cm' in the 
infrared spectrum of (5), and by the presence of a low-
field exchangeable proton at r -2.90 in the 'H n.m.r. 
spectrum of (5). It is noteworthy that no decarboxyl-
ation occurred in this reaction as similar treatment of 
di- and tri-0-methylphomazarin methyl esters resulted 

no decarboxylation occurred, the sole product being the 
7-demethyl derivative (12). Thus it would appear that 
under acidic conditions, the participation of an or/io-
methoxy function is necessary to effect decarboxylation. 

The 13C n.m.r. spectra of isophomazarin methyl ester 
(2) and the tri-0-methyl derivative (6) (Table 3) are in 
full agreement with the above structure. In (2) the 
quinone carbonyl resonances appear at 188.3 and 183.6 
ppm. and can be assigned to C-10 and C-9 respectively. 
In the fully 1H-coupled 13C spectrum, both these reson-
ances appear as sharp singlets as there is no possibility 
of coupling to the aromatic proton, as is observed for 
phomazarin derivatives. The resonance at 134.0 ppm. 
appears as a partially resolved multiplet in the coupled 

TABLE 3 

Carbon- 13 n.m.r. spectra " of isophomazarin derivatives (2) 
and (6), and the corresponding phomazarin derivatives 
(10) and (ii) 

Compound 

Carbon (2) (6) (10) (11) 
C-2 153.2 " 153.0 132.2 149.7 

118.0 111.4 152.5 151.4 
C-4 169.0 167.4 158.3 160.6 
C-4a 117.5 129.3 117.3 130.3 
C-5 164.3 164.8 122.2 124.8 
C-6 134.0 134.0 144.9 144.9 
C-7 154.9 153.6 153.6 153.6 

156.6 159.9 156.6 157.9 
C-8a 111.3 120'3b 115.8 125.0 
C-9 183.6 178.9 184.8 178.9 
C-9a 150.1 b 148.6 1  140.4 146.7 
C-1 188.3 186.6 187.6 181.3 
C-10a 107.0 122.3 126.1 125.1 
C-11 160.0 159.9 169.5 164.4 
C-12 23.8 23.8 ' 	30.2 30.4 
C-13 31.0 31.2 31.7 32.2 
C-14 22.9 23.0 22.6 22.7 
C-15 13.9 13.9 13.9 13.9 
MeO 61.6 61.4 00.5 61.3 
MeO 53.4 61.4 53.5 52.3 
MeO 58.4 62.5 
MeO 57.3 62.5 
MeO 53.5 61.6 

In ppm. relative to SiMe4 , CDC13  solutions. Assignments 
may be interchanged. 

spectrum due to coupling to the benzylic methylene 
protons, and so can be assigned to C-6. In phomazarin 
methyl ester (11), C-6 resonates at 144.9 ppm. (Table 3) 
and so in (2), C-6 is moved upfield by 10.9 p.p.m. due to 
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the ortlio-shielding effect of the 5-hydroxy. Similarly, 
see below, C-10a is moved upfield from 126.1 ppm. in 
(10) to 107.0 ppm. in (2). The resonance at 164.3 
p.p.rn. in (2) is assigned to C-5 as in the fully 'H-coupled 
spectrum it appears as a doublet of triplets [2J(13C-O-1H) 
6 Hz and 3J(13C-C-C-1H) 4 Hz]. On addition of D20, 
the doublet coupling to the chelated hydroxy proton 
was removed, the remaining coupling being to the 
benzylic methylene protons. In phomazarin methyl 
ester, the protonated aromatic carbon appears as a 
doublet of triplets due to coupling to the H-5 and H-12 
protons respectively: however, in isophomazarin methyl 
ester, C-3 gives a doublet 1J(13C-111)  171 Hz] of broad 
signals which sharpen considerably on addition of D20, 
consistent with C-3 being adjacent to the chelated 
4-hydroxy. On the basis of expected chemical shifts 
and couplings in the fully 'H coupled spectrum, the 
resonances at 117.5, 111.3, and 107.0 p.p.m. are assigned 
to C-4a, C-8a, and C-10a, respectively. In the coupled 
spectrum the resonance at 117.5 ppm. appears as a 
broad signal, which sharpened to a doublet 1 3J(13C-C-1H) 
4 Hz] on addition of D20 and so must be assigned to 
C-4a, the remaining coupling being to H-3. Similarly 
the resonances at 111.3 and 107.0 ppm. appeared in the 
coupled spectrum as a broad singlet and a doublet 
[2J(13C-O-1H) 4 Hz] respei'tivelv, both collapsing to 
sharp singlets on addition of 1)20 and resultant exchange 
of the adjacent chelated livdroxy protons. The highest 
field resonance (107.0 ppm.) was assigned to C-10a as it 
should appear at higher field than C-8a due to the extra 
shielding it experiences from the /ara 7-methoxy group. 
Of the remaining non-aliphatic resonances in (2), all 
showed coupling to either metlioxy or livdroxv except 
the resonances at 150.1 and 153.2 p•n and so these 
were assigned to C-9a and C-2. Both C-2 and C-4 
appeared at much lower field than in phomazarin methyl 
ester (10), as the shielding effect of the 3-hvdroxv in 
phomazarin methyl ester has been removed. The 
remaining resonances were readily asigiied 1w com-
parison with phomazarin derivatives. The differences 
in chemical shifts in the trimetlivl derivative (6), 
particularly those of C-4a, ('-Sn, and C- 10a, were con-
sistent with the previously observed effect of removal of 
chelation on methvlation of the phenolic livdroxvs. 
No significant change is observed in the C-4 resonance on 
methylation, consistent with isophornazarin having a 
pyridol rather than a pyridone ring structure, in agree-
ment with previous observations with phomazarin.2  

OH o 
BU 	 N 	H 

MeO 

OH 0 OH 

(13 

It must be noted that structure (13) with the opposite 
orientation of the heterocyclic ring cannot be positively 
excluded on the above data but it is unlikely in view of  

the co-occurrence of phomazarin and isophomazarin. 
Moreover structure (1) is fully consistent with a poly-
ketide derivation whereas (13) is not. The shortage of 
material available precluded any further experiments to 
clarify this point. 

The co-occurrence of phomazarin and isophomazarin 
is biosynthetically interesting as isophomazarin retains 
the oxygen from the terminal carboxy of the precursor 
polyketide chain which is lost in phomazarin itself but 
lacks the extra ' 3-hydroxy function. Thus neither 
phomazarin nor isophomazarin is derived from the other 
but most likely represent different initial products, e.g. 

(14) and (15) (Scheme), after condensation of the pre- 

CH3COSCoA 

Me 

/\ 

OHO OH 	 0 OH 

Bu' B 	 OH 

HO 	 OH 
i;ixi 

OH 	HO 

0 	 0 

(14) 	 (15) 

(1) 	 (9) 

SCHEME Parallel biosynthetic pathways to phomazarin and 
isophomazarin 

cursor nonaketide which then both undergo an exactly 
parallel sequence of secondary modifications, including 
(not necessarily in this order) C-4 hydroxylation, 0-
methvlation, oxidative ring-cleavage, transamination, 
and heterocyclic ring closure to give the final metabolites. 

EXPERIMENTAL 

General details have been described previously .2 

Isophoniazarin (l).—Chromatography of the chloroform 
extract of the acidified mycelia of P. terresfris gave a red 
gum, which after several recrystallisations from acetic acid 
produced pure isopho;nazarin (I) as red needles (60 mg), 
m.p. 215-216 °C (Found: C, 59.2; H, 4.5; N, 3.9. 
C19H17N08  requires C, 58.9; H, 4.4; N, 3.6%). 

Iso phornazarin Methl Ester (2) .—Isophomazarin (20 mg) 
was dissolved in methanol (2 ml) containing one drop of 
concentrated hydrochloric acid and the solution was re-
fluxed for 3 h. A fluffy red precipitate formed which could 
be recrystallisedi from methanol as red needles (20 mg), 
nip. 201-202 °C; 'rn  248 and 263 nni (log c 4.53 and 4.60 
respectively) (Found: C, 59.6; H, 4.9; N, 3.7. C20H19 N08  
requires C, 59 9; H, 4.7; N, 3.S° ). 

Purdie Met/i.ylation of Isophooia.za.rin Methyl Ester—The 
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methyl ester (24 mg) was dissolved in chloroform (15 ml) 
and silver oxide (200 mg) and methyl iodide (1 ml) were 
added and the mixture stirred at room temperature for 
15 h. After filtering off solid residues and removal of 
solvent an orange gum was obtained. This was purified by 
preparative t.l.c. on a 20 x 20 Kieselgel GF plate (0.5 mm 
thick), eluent chloroform-methanol (96: 4); removal of the 
yellow band (RF  0.53) and recrystallisation from methanol 
gave di-O-methylisophomazarin methyl ester (3) as orange 
crystals (10 mg), m.p. 197-201 °C; An,,ax  256, 276(sh), and 
450 nm (log c 4.29, 4.10, and 3.63 respectively) (Found: C, 
61.49; H, 5.41; N, 3.30. C22H23N08  requires C, 61.53; 
H, 5.40; N, 3.26%); nile 429 (100%), 4.14 (13), 400 (10), 
398 (8), 386 (48), 373 (14), and 357 (9). Isophomazarin 
(30 mg) was treated as above, but the reaction was worked-
up after 24 h. Recrystallisation of the resultant orange-
red gum from methanol gave tri-O-methylisophomazarin 
methyl ester (6) as orange needles (12 mg), m.p. 171-175 °C; 

260 and 452 urn (log r 4.31 and 3.54 respectively) 
(Found: 	Mt 443.158 0. C23H25N08  requires M, 
443.158 0); ns/e 443 (100%), 429 (57), 427 (40), 414 (15), 
400 (15), 386 (21), and 368 (17). 

Di-O -met hylisophomazarin (5) .—Tri-O-methylisophoma-
zarin was dissolved in methanol (1 ml), 6N sulphuric acid 
(4 ml) was added, and the mixture refluxed for 18 h. The 
reaction mixture was wo'rked-up to give a red gum which 
was refluxed in 5% methanolic HC1 for 2 h. Removal of 
solvent gave a red solid which was recrystallised from 
methanol to give di-O-methylisophomazarin methyl ester (5) 
as orange needles (2 mg), m.p. 190-191 °C; A2  250, 265, 
and 440 urn (log r 4.32 and 3.60 respectively) (Found: M, 
429.1434. C22H23N08  requires M, 429.142 4); m/e 429 
(100%), 414 (4), 400 (11), 386 (44), 373 (15), and 357 (19). 

Catalytic Hydrogenation of Tri-O-methylisophomazari 
Methyl Ester (6)—Compound (6) (10 mg) was dissolved ii 
methanol (10 ml). Triethylamine (0.2 ml), and 50A 
palladium-charcoal catalyst (20 mg) were added and th 
mixture was hydrogenated at room temperature. Th 
catalyst was then filtered off and air passed through th 
filtrate for 10 mm. After removal of solvent, the orang 
residue was purified by t.l.c. on a 20 x 20 silica GF254  plate 
eluent chloroform-methanol (96: 4). The yellow band 
RF 0.6, was removed and eluted to give tri-O-methyltetra 
hydroisophomazarin methyl ester (7) as an orange gum (4 mg) 

272, 313, and 374 nm (log r 4.34, 3.97, and 3.66 re 
spectively) (Found: M, 447.189 1. C23H21N08  require 
M, 447.189 3); m/e 447 (14), 416 (45), 356 (100), 342 (21) 
and 328 (16). 

Acid Hydrolysis of Phomazarin Methyl Ester (10).—] 
solution of phomazarin methyl ester (20 mg), 6N H2SO 
(10 ml), and methanol (4 ml) was refluxed for 24 h. Th 
resulting solution was cooled, extracted with chloroform 
and the red residue obtained on removal of solvent was re 
crystallised from methanol to give 7-demethylphomazarii 
(12) as red needles (10 mg), m.p. 192-196 °C; m/e 37 
(100%), 329 (40), 300 (67), 287 (50), and 286 (47) 
T(CF3CO2H) 1.92 (1 H), 7.08 (2 H, t, J 7 Hz), 8.4 (4 H, m) 
and 9.00 (3 H, t, J 7 Hz). 

[8/531 Received, 21st March, 1978 
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Fungal Products. Part 21.' Biosynthesis of the Fungal Metabolite, 
Wortmannin, from [1,2_13C21-Acetate 

By Thomas J. Simpson. Robert Robinson Laboratories, University of Liverpool, P.O. Box 147, Liverpool 

L69 3BX 
Martin W. Lunnon and Jake MacMillan, School of Chemistry, University of Bristol, Bristol BS8 ITS 

The 28C-n.m.r. spectrum of wortmannin, enriched with sodium [1,2- 13C,]-acetate by cultures of Pen/c/Ilium won-

mann/i, is consistent with the biogenesis of this metabolite via triterpenoid intermediates. Although the overall 

incorporation of 13C was low. 1313C coupling was observed between carbon atoms derived from adjacent acetate 

units in addition to the expected coupling between carbon atoms in intact acetate units. 

TMANNJN, a metabolite isolated 2 from culture 
ites of Penicillium worlrnannhi, was shown to have 
cture (1) except for the C,-stereochemistry by 
Millan et al.3  This structure was confirmed, and the 
plete stereochemistry (1) was established, by X-ray 

22 
21 00'i 0 

1112 

O 
4

e0j. 	17 16 	
Me 

5108 	
15 	

Me 02  C 	
H 6 0  

20 

(1) 	 (2) 

action studies by Pecher et al.4  Preliminary 
stigationsis of the incorporation of ['4C]- and PH]-
Bed precursors were consistent with a triterpenoid 

C2 

. 

C13 

The remaining carbon atoms, derived from acetate 
residues which have been cleaved at various stages along 
the biosynthetic pathway, should appear as uncoupled 
resonances. 

The 'C n.m.r. spectrum of wortmannin is summarised 
in the Table and the region 70-10 p.p.m. downfield 
from internal tetramethylsilane is reproduced in the 
Figure. The assignments were based on (a) standard 
chemical shift data; 6  (b) off-resonance decoupling 
experiments using the graphical method devised by 
Birdsall el a! 7  which allowed the assignment of the 
protonated carbon resonances for wortmannin (1) and 
the degradation product (2); 8 (c) comparison of the 
resonances observed for wortmannin (1) and the degrad-
ation product (2); and (d) the resonances published 9  for 

furan derivatives. 
The amount of ['C]-enriched precursor required to be 

fed to give satisfactory dilution values was determined 
by supplementing a series of shake cultures of P. u'orl-

nianflii with sodium [1-14C]-acetate and varying both the 

C12 

A '12-13 C14 	 C11 

A 	us_I, I1 

CID 

- 	 - 	 - 	
I 	 I 	 r 

70 	 50 	 30 	 10 

6(p p.m.) 

ugh-field region (10-70 ppm.) of the proton -noise-decoupled 11C n.m.r. spectrum of [1,2- 5C,]-aCetate-enriChCd wortmannin 

enesis for wortmannin. To provide further evidence 
this pathway the incorporation of [1,2-13C21  -acetate 
wortmannin has been studied. 

he anticipated incorporation pattern of acetate via 
'alonic acid, squalene, and lanosterol is shown in the 
eme. Thus the pairs of carbon atoms, 20 and 4, 
s.nd 10, 5 and 6, 9 and 11, 12 and 13, 16 and 17, 14 

18, and 21 and 22, were expected to be derived from 
ict acetate units and show 13c_13c spin couplings. 

concentration of precursor and the time of addition. 
Optimum (minimum) dilution values were obtained by 
feeding acetate at a level of 200 mg 1'. In this way 
dilution values of 13-21 were obtained and these 
values were not improved by adding higher concen-
trations of sodium acetate to the fermentations. These 
dilution values correspond to enrichments of 0.4 to 
0.7% at each labelled site assuming 10 equally labelled 
sites (Scheme). Although such enrichment is low it was 
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anticipated that '3C-1 C coupling satellites,O-35% of 
the intensity of the natural abundance resonance, would 
be observed for the carbons derived from intact [1,2
13C,]-acetate units. 

In the event, the noise-decoupled 13C n.rn.r. spectrum 
of wortmannin, derived from a [l,2-'3C2] -acetate feed, 
was not as simple as anticipated (see Figure). Extensive 
spin coupling was observed between carbons derived from 
adjacent acetate units in addition to the expected coup-
ling between carbons derived from intact acetate units.  

['3C-enrichment. The addition of a large amou 
[l,2-'3C,]-acetate to the culture probably supp 
the formation of endogenous acetate. Thus, 
brief period most of the mevalonate was being fc 
from added acetate so that the wortmannin was 
duced from mevalonate in which all six carbons 
highly enriched. When the exogenous acetate 
fell below a low threshold level, the producti 
endogenous acetate, and hence of unlabelled meval 
and of wortmannin, recommenced to give the 

HO 

Me 	CO 2N a 
HO 0 OH 

Me' 

H 

Me 
C_ 

Oz ' 
MeOCH Z  

SCHEME Incorporation of [L2-'3C1]-acetate into wortmannin via mevalonic acid, squalene, and lanosterol 

Additional coupling of this type has previously been 
observed 10.11 in se era! biosynthetic studies using 
[1,2-'3C3]-acetate in which high incorporation efficiencies 
result in an increased probability of adjacent acetate-
derived units being labelled. It should be noted, 
however, that the overall enrichments are not, per Se, 

sufficient to account for the int2nsity of the observed 
additional couplings. Also, in some cases where the 
overall enrichment levels are much too low to allow for 
any significant inter-acetate coupling, additional coup-
lings have been observed to a minor extent 12 and, in 

one recent study, 13  to a major extent. Considering the 
present case the additional couplings indicate that the 
wortmannin was being produced, over a limited period, 
mainly from the added [I,2-13C3]-acetate to give a small 
proportion of the total wortmannin with very high 

low overall level of enrichment. That there was 
dilution of the exogenous acetate (and conse 
mevalonate) by endogenous metabolic pools was ap 
from the relative intensities of the 13C_13C sat 
arising from intra-acetate, inter-acetate and 
mevalonate couplings (see Table and Figure). 
consequence of the inter-acetate couplings, the inte 
of the primary satellites arising from intra-a 
couplings are reduced, the 'lost' intensities app 
as secondary satellites to the primary satellites. 
some quaternary carbons (e.g. C-5, C-8, and C-I 
primary s'atellites were not observed due to the addi 
coupling to several attached carbon atoms and 
inherently low intensity of these quaternary reson 

However, on detailed examination of the spe 
of the [1,2-13C-acetate-enriched wortmannin 
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ary couplings of intact acetate units could be dis-
iished readily by their greater intensities. These 
[ings, summarised in the Table, are entirely in 

13C N.m.r. chemical shifts and coupling constants 
bserved in [1 ,213C2]acetateenriched wortmannin 

fl Inter- 
i 	&. (ppm.) Intra-acetate Inter-acetate mevalonate 

88.5 35 (42)- 
72.9 42 

157.6 85 
1)4.2 75 
)40.3e *2 

144-8 1  60 
172.6 
149.5' 
142.8' 

40.7 
70.1 48 (35) 
35.7 35 (35) 
49.2 35 
44.1 30 
22.9 33 (30) 
38.2 37 (30) 

216.1 37 
14.6 30 
26.4 33 

150.1 75 
189.4 59 
21.0 59 
69.4 

Values in parentheses observed as secondary coupling 
dlites. 6  No coupling observed due to low intensity of 
inance. " Assignments may be reversed. 

ment with the biogenetic pathway in the Scheme. 
where there is no possibility of additional coupling 

Ijacent carbons (C-19, C-20, C-21, and C-22), the 
sities of the primary satellites are Ca. 30% of those 

ie uncoupled resonances, as predicted from the 
dilution factors. For the remaining carbons, 
ed from the incorporation of intact acetate units 
C-6, C-JO, C-Il, C-12, C-13, C-16, and C-17), the 

sities of the primary satellites are lower due to 
ional coupling to adjacent carbons, but they are 
iently intense to be distinguished easily from the 
couplings. 

:er-acetate couplings are clearly observed on the 
ances of C-3 (to C-4), C-I (to C-JO), C-14 (to C-15), 
C-15 (to C-14). in addition C-IS is coupled to 

Carbon-18 is known to arrive at C-13 by a 1,2-

vi migration from C-14 with which it originally 
A an intact acetate unit; however the biosyn-
:ally significant two-bond 13C--33C coupling between 
and C-14 was not resolved. 
:er-mevalonate couplings were observed between 
Lnd C-2, C-Il and C-12, and on C-15. That there 
;onie dilution by an endogenous metabolic pool of 
.lonate is evidenced by examination of the couplings 
3ved by C-i and C-2. The C-2 resonance showed 
ites corresponding to the inter-rnevalonate coupling 
I (see Figure). This coupling of 42 Hz is rather 
for coupling between sp3-hybridised carbons, due 

e presence of oxygen substituents on both carbons. 
)rlmarv satellites on C-I, however, correspond to the 
acetate coupling (35 Hz) to C-IO, the 42 Hz coupling 

to C-2 appearing as secondary satellites. A similar inter-
mevalonate coupling was observed as secondary satel-
lites on the C-15 and C-16 resonances and a secondary 
coupling was observed between C-il and C-12 as a result 
of the head-to-head linkage of farnesyl units. 

In conclusion the results, though more complex than 
expected, are in full agreement with the biogenesis of 
wortmannin as outlined in the Scheme. 

EXPERIMENTAL 

13C N.M.R. Determinations—Natural abundance 13C 
spectra were determined for solutions in CDCI3  or (CD2)2C0 
with Me4Si as internal standard on a JEOL PFT-100 
instrument operating at 25.2 MHz in the Fourier transform 
mode. Sweep-widths of 6.25 KHz with 4 K data points 
were used to give chemical shifts with an accuracy of ± 1.52 
Hz (±0.06  ppm.). A proton-noise-decoupled spectrum of 
[1,213C5]acetateenriched wortmannin was recorded with 
a Bruker WF-270 F.T. spectrometer operating at 67.89 
MHz. A sweep width of 15 KHz with 16 K data points was 
used to give chemical shift values accurate to ±0.9 Hz 
(± 0.01 PPM.). 

14C-Enriched Wortmannin.—Forty 250 ml baffled conical 
flasks, each containing 50 ml Czapek-Dox medium were 
innoculated with mycelium from pre-grown 5-day old shake 
cultures of Penicillium worimannii. Sodium [1-14C]-
acetate (20 PCi) and unlabelled sodium acetate (80 mg) were 
distributed equally among 8 flasks in two portions on the 
third and fourth day after inoculation. After a further 
4 days the flasks were removed and wortmannin isolated 
as usual 2  and crystallised to constant activity (2.11 x 10 
disint. min mmol'; yield 5.1 mg). This corresponds to a 
dilution factor of 21 and on this basis equivalent feedings 
of [13C]-acetate (90%) would give wortmannin with an 
excess of 0.4% 'C at each labelled position (assuming 10 
labelled positions). A second experiment gave wortmannin 
(3.4 x 106  disint. min' mmoN; yield 7.3 mg). This 
corresponds to a dilution factor of 13 and an 0.7% excess of 
13C 

Incorporation of Sodium [1 ,2-"C2 -A cetate.—Sodium [1,2-
13C2]-acetate (800 mg) was distributed among 80 flasks after 
3 and 4 days' growth as above and the enriched [13C]-
wortmannin (56 mg) isolated after a further 4 days' growth. 
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Carbon-13 Nuclear Magnetic Resonance Structural and Biosynthetic 
Studies on Deoxyherqueinone and Herqueichrysin, Phenalenone Meta -
bolites of Penicillium herquei 

By Thomas J. Simpson,t Research School of Chemistry, Australian National University, Box 4, P.O., Canberra 
ACT 2600, Australia 

A detailed analysis of the "C— 'H couplings observed in the fully 'H-coupled "C n.m.r. spectrum of deoxy-
herqueinone diacetate allow its structure to be defined as (3) and a full assignment of the "C n.m.r. spectrum to bE 
made. The structure of herqueichrysin triacetate (B) is established by analysis of 13C_ 1H couplings in the fulls 
'H-coupled, natural abundance "C n.m.r. spectrum, and 13C_ 13C couplings in the [1,2-"C,]acetate enriched 13C 
n.m.r. spectrum. Further chemical and spectral studies allow structure (9) to be proposed for herqueichrysin 
Incorporations of sodium [1 -13C]-, [2-13C]-, and [1.2- "C,]-acetate, and diethyl [2- "C]malonate indicate form -
ation 

orm-
ation of the phenalenone ring system via a specific folding of a single heptaketide chain. 

PENIEILLIUM HERQUEI and P. atrovenelum produce a 
group of closely related antibiotics based on the phenale-
none nucleus fused to a 1,2,2-trimethyldihydrofuran 
ring.' These are atrovenetin (1), deoxyherqueinone (2), 
herqueinone (4), and norherqueinone (5). 14C Studies 
have shown that these phenalenones are derived via the 
acetate-polymalonate pathway, with methionine and 
mevalonate providing the carbons of the methoxy-group 
and the dihydrofuran ring respectively; 2  and labelling 
studies with P. her quei have provided evidence in favour 
of a sequential biosynthetic relationship between atro-
venetin (1), deoxyherqueinone (2), and herqueinone (4); 
atrovenetin was incorporated into norherqueinone (5) 
but the latter was not converted into herqueinone (4) by 
P. herquei.3  However, the nature of the intermediates 

OR' 	 OR 

R20OH 

2o9I6j oH  
11 	

OH 

	

4 	 OH 

12 13 
2 	

Me 	 ,Me 

	

4 e 21  Me 	 e o 
Me 

R1 =R2 =H 	 (4) R =Me 

R1  = Me, R2  = H 	 (5) R = H 

R1 =Me,R2 C0CH3  

leading from acetate and malonate to the phenalenone 
ring system, in common with the majority of aromatic 
metabolites, is unknown. The ring system could be 
formed by any one of three alternate foldings of a single 
heptaketide chain as shown in Scheme 1, and in addition 
numerous multichain condensations are possible. With 
the advent of 13C n.m.r. methods for biosynthetic studies, 
in particular the use of doubly labelled [13C]acetate and 
analysis of the resultant 13C-13C coupling patterns it has 
become possible to obtain direct information on these 
intermediates.4  P. herquei (CM1 112950) previously 
reported 5  to produce mainly atrovenetin (1) was chosen 
for this study. However in our hands, this strain 
produced deoxyherqueinone (2), along with major 

f Present address: Department of Chemistry, University of 
Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland. 

amounts of herqueichrysin, a plienalenone of uncertair 
structure,6'7  only. Studies leading to the assembly 

0 0  0 	0 	
CoAS06"'' 
0 	0 .0 0 O COSCOA 

IT:  , 	 0  - C, 

 

Me 	 Me 0 	 Me 

SCHEME I Alternative polyketide derivations of the 
phenalenone ring system 

pattern of acetate units in the phenalenone ring system 
and to structure (9) for herqueichrysin are now reported. 

A prerequisite of any 13C study is an unambiguom 
assignment of the 13C n.m.r. spectrum. The meta-
bolites were most conveniently isolated by acetylation 
and chromatography of the crude mycelial extracts. 
Thus, deoxyherqueinone was obtained as a diacetate, 
since chelation with the phenelenone carbonyl renders 
the peri-hydroxy very resistant to derivatisation. How-
ever, due to the tautomerism of the trihydroxyphenale-
none system there are a priori four possible structure5 
for this diacetate in which the ring carbonyl may be al 
C-5, C-7, C-9, or C-li. This uncertainty as to the 
precise structure makes assignment of the 13C spectruni 
particularly difficult. However, a detailed analysis ol 
the fully proton-coupled 13C n.m.r. spectrum has enabled 
both the precise structure of the diacetate and un-
ambiguous assignments to be determined. 

In the proton-noise-decoupled (p.n.d.) 13C n.m.r, 
spectrum determined under normal conditions a very 
wide range of resonance intensities is observed, th 
protonated carbons are the most intense and these are 
readily assigned from their chemical shifts, multiplicitie 
in single frequency off-resonance decoupled (s.f.o.r.d. 
spectra, and by specific proton decoupling experiments.' 
The remaining resonances of the phenalenone ring have 
been assigned by analysis of the low field portion of the 
fully proton-coupled 13C n.m.r. spectrum in which mosi 
of the resonances exhibit long range 13C-1H couplings 
The origin of all of these couplings has been established 
by use of deuterium exchange and, in particular, specific 
proton decoupling experiments using very low decoup- 
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ling powers so that only the long-range coupling due 
to the proton being irradiated is removed with little or no 
perturbation of the remainder of the spectrum. The 
results of these experiments are summarised in Table 1. 

TABLE 1 

13C Chemical shifts and 13C-'H couplings of deoxyherquei-
none diacetate (3); 13C-13C coupling constants in 
[l,2-13C]acetate enriched (3); and enrichments 
observed in [2-13C]malonate enriched (3) 

Enrich- 
Carbon 8 J13C-1H 'J13C-'3C 	ment 

1 125.2 s 55 0.9 
2 112.4 ch1 C-C-C-H,' 65 2.8 

C-C-CH, 
3 165.5 s C-U-C--Hf 64 0.9 
4 119.8 In C-C-(CH3) 2 ,4  68 2.9 

C-C-U-H 
5 173.1 d C-U-H v 68 0.9 
6 107.6 d C-C-U-H" 60 2.9 
7 173.9 d C-U-H V 59 1.0 
8 141.3 q C-&-CH, 85 2.5 
9 142.9 s 85 1.0 

10 I10.9d CCC-H" 56 2.7 
11 148.2d C-C-H 68 1.0 
12 121.6 Dq C-H,,  68 3.3 

C-C--CH3  
13 142.1 q CCH3 b 42 1.3 
14 23.4 Q 42 1.9 

 14.5Q 40 1.1 
 91.0 1) 40 1.6 
 42.9 S 37 1.0 
 20.3 Q 1.7 
 25.5 Q 37 1.6 

MeO 59.9 Q 0.9 
CH 3CU 20.7 Q 1.3 

21.1 Q 1.3 
CH3CO 167.3 q C-CH, 1.0 

166.3 q C-CH3  1.0 

Chemical shift relative to Me3Si. Capital letters refer to 
the multiplicity resulting from directly bonded protons, and 
small letters 	to 	long range 	13C-'l-1 coupling. S = singlet, 
D = doublet, Q = quartet. b Removed 	on irradiation 	of 
14-Me, -r 	7.11. 	1  Removed 	on 	irradiation of 12-H. 	r 	3.00. 
d Removed on irradiation of 4', 5'-Me's, -r 8.5. 1  Removed on 
irradiation of UMe, -r 5.95. 	f  Resonance enhanced on irradi- 
ation of 2'-H, -r 5.27. 1  Removed on addition of D20. 

The two resonances at lowest field, 173.9 and 173.1 
p.p.m. must be due to the carbonyl and chelated phenolic 
carbons and these appear as doublets, 2 and 5 Hz 
respectively, which on addition of D20 sharpen to 
singlets. It is well established that in strongly hydrogen-
bonded carbonyl systems, two-, three-, and four-bond 
13C-H couplings can be observed to the hydroxy-
proton.'° In addition, on deuterium exchange the 
173.1 p.p.m. resonance displays an upfield shift of 0.6 
p.p.m. This is large for a deuterium geminal isotope 
effect.'1  The other immediately noticeable change in 
the spectrum is the collapse of the doublet resonance at 
107.6 p.p.m. to a singlet, and so this can be assigned to 
C-6, also displaying a three-bond coupling of 7 Hz to 
the phenolic proton. This coupling locates the chelated 
carbonyl system on carbons 5, 6, and 7. If it had been 
centred on carbons 9, 10, and 11, then C-li would neces-
sarily have appeared as a doublet on doublets, simplify-
ing to a doublet on deuterium exchange, the remaining 
coupling being a three-bond coupling to the aromatic 
proton on C-12. Irradiation of the 12-proton at 'r 3.00  

(Table 2) in fact causes the doublet resonance at 110.9 
p.p.m. (J 5 Hz) to sharpen to a singlet and so it is assigned 
to C-b. This irradiation also causes the doublet at 
148.2 p.p.m. (J 3 Hz) to collapse to a singlet and so from 
its chemical shift it must be assigned to C- 11, bearing an 
acetoxy group. Two-bond couplings of this type are not 
usually large enough to be resolved readily but they 
have been observed previously in phenolic acetates. 
The broad resonance at 112.4 p.p.m. also sharpens on 
irradiation of H-12, suggesting that it must be due to 
C-2 which should also exhibit a three-bond coupling to 
H-12. This is confirmed by irradiation of the 14-
methyl protons at 'r 7.11, whereupon the 112.4 p.p.m. 
resonance simplifies to a doublet (J 6 Hz) as expected, 
the residual coupling on removal of the three-bond 
coupling to the methyl protons being to H-12. This 
irradiation also causes the C-12 resonance which appears 
as a doublet (J 163 Hz, being the one-bond coupling 
to H-12) of quartets (J 6 Hz) to sharpen to a simple 

0 C H3  

FIGURE 1 Partial structures in deoxyherqueinone diacetate (3) 
deduced from 13C chemical shifts and 13C-1H coupling con-
stants 

doublet due to removal of the three-bond coupling to 
the methyl protons; and more importantly the quartet 
at 142.1 p.p.m. (J 6 Hz) collapses to an intense singlet 
and so it is assigned to C-13. Irradiation of the meth-
oxy-protons, T 5.95, collapses the quartet (J 4 Hz) at 
141.3 p.p.m. to a singlet allowing its assignment to C-8, 
its rather high field chemical shift being due to the 
presence of shielding oxygen substituents on both 
adjacent carbons. The crucial decoupling experiment 
involved irradiation of the gem-dimethyl protons of 
the dihydrofuran ring, 'r 8.5, resulting in the collapse of 
the very broad resonance at 119.8 p.p.m. to a doublet 

(J 4 Hz) and so this resonance must be assigned to C-4, 
sharpening due to removal of the three-bond coupling 
to the methyl protons. The residual coupling is due to a 
three-bond coupling to the hydrogen-bonded hydroxy-. 
proton since on repeating the irradiation in the presence 
of D20, the doublet splitting was also removed, and so 
C-5 must bear the phenolic hydroxy and thus C7 the 
carbonyl function. Finally, irradiation of the di-
hydrofuranoid proton at r 5.27 caused an approximately 
50% increase in the intensity of the singlet resonance at 
165.5 p.p.m. which was therefore assigned to C-3. The 
remaining very sharp singlets at 125.2 and 142.9 p.p.m. 
were assigned to C-i and C-9 respectively, which showed 
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no long-range coupling as expected, there being no 
protons in a three-bond relationship to C-i or C-9. 
These couplings allow the contiguous partial structures 
shown in Figure 1 to be deduced, and these define the 
precise structure of deoxyherqueinone diacetate as (3). 

Two further major products were isolated from 
chromatography of the acetylated extract. 1H N.m.r. 
spectroscopy (Table 2) allowed these to be identified as  

quartet (J 6 Hz) at 147.0 p.p.m. collapsed to an intense 
singlet, and the multiplet at 125.7 p.p.m. collapsed to a 
doublet (J 6 Hz) allowing their assignment to C-13 and 
C-2 respectively. Irradiation of the aromatic proton, 

2.82, collapsed the doublets at 118.3 and 147.9 p.p.m. 

(J 5 and 3 Hz respectively) to singlets allowing their 
assignments to C-10 and C-li respectively. Irradiation 
of the gem-dimethyl protons, r 8.6, collapsed the broad 

TABLE 2 

'H N.m.r. chemical shifts ('r p.p.m.) of deoxyherqueinone and herqueichrysin and derivatives 

Compound 12-H 14-CH3  1'-CH, 2'-H 4',5'-(CH,) OCH3  COCH3  
 3.15 7.18 8.53 5.34 8.44. 8.68 
 3.00 7.11 8.50 5.27 8 42, 8.63 5.95 7.58, 7.58 
 2,82 7.03 8.55 5.47 8.50, 8.72 6.10 7.59, 7.59, 7.60 
 3.30 7.11 8.44 5.20 8.36, 8.66 6.01 
 3.25 7.12 8.54 5.43 8.44, 8.71 6.01 7.59 

For CDC13  solutions, Me4Si as internal standard. 

a monoacetate and a triacetate. On further acetylation 
the monoacetate was converted into the triacetate and 
it was apparent from its physical and spectral properties 
that the triacetate was identical to herqueichrysin 
triacetate. Herqueichrysin, a phenalenone isomeric 
with deoxyherqueinone (2), has recently been isolated 
from P. herquei 6,7  and on the basis of its physical and 
spectral properties, Vining et al. suggested structure 
(6).6 This structure lacks pen-related carbonyl and 
hydroxy-functions as suggested by the formation of a 
triacetate in contrast to the diacetate obtained from 

OH 	 OMe 
ACO,)..OAC  

NO ZMe 

Me AcOLl)So 

Me OH Me 	 14 Me 0 

R = Me 	 (8). 
R  

deoxyherqueinone under identical conditions. On de-
methylation, demethylherqueichrysin (7) was obtained 
and this structure was subsequently confirmed by 
synthesis.12  However the ready formation of a mono-
acetate is not consistent with structure (6) for her-
queichrysin and the 1H n.m.r. of the monoacetate does, 
in fact, show a strongly chelated hydroxy-proton at 
'r -6.8. 

13C N.m.r. studies allow structure (8) to be deduced 
for herqueichrysin triacetate. The 13C spectrum is 
summarised in Table 3. The aliphatic and protonated 
resonances were readily assigned as for deoxyher-
queinone diacetate and examination of the fully proton-
coupled spectrum allowed the remaining resonances to 
be assigned. The uncoupled resonance at lowest field, 
182.5 p.p.m., must be assigned to the carbonyl carbon, 
less shielded than in deoxyherqueinone diacetate. 
Irradiation of the aromatic methyl protons caused the 
doublet of quartets due to C-12 centred on 127.0 p.p.m. 

(J 159 and 6 Hz) to sharpen to a simple doublet; the 

resonance at 125.1 p.p.m. to a sharp singlet, and irradi-
ation of the dihydrofuranoid proton, 'r 5.47, caused a. 
large increase in the intensity of the singlet resonance at 

TABLE 3 

13C Chemical shifts, 13C-1H couplings and 13C-13C couplings 
observed in herqueichrysin triacetate (8) and chemical 
shifts in herqueichrysin (9) and herqueichrysin mono- 
acetate (10) 

(9) (10) 
Carbon 	I a 	J"C-'H 'J13C-13C 	I I 

1 	126.4s 57 	126.6s 126.7 s 
2 	125.7 dq 	C-C-C--H,' 53 	111.8 dq 111.9 dq 

C-C-CH, 
3 	182.5 s 53 	157.7 s 157.9 s 
4 	125.1 in 	C-C-(CH.), 66 118.7 in 120.1 in 
5 	161.2 s 	C-0--C-Hf 66 	160.6 s 161.4s 
6 	113.1 s 75 	97.9 s 100.3s 
7 	144.3 s 75 	155.2 s 149.2 s 
8 	143.4 q 	C-0--CH3  82 	132.9 q 140.6 q 
9 	142.1 s 82 	177.0 s 178.25 

10 	118.3d 	C-C-C-H 57 	109.2d 111.3d 
11 	147.9d 	C-C--H' 73 	171.4s 172.2s 
12 	127.0 D,q 	C-H,' 73 	120.1 D,q 119.5 D,q 

C-C-CH, 5  
13 	147.0 q 	C-CH,' 42 	146.7 q 149.2 q 
14 	24.8 Q 42 	24.9 Q 24.9 Q 

14.2 Q 40 	14.0 Q 13.9 Q 
90.9 D 40 	92.5 D 90.1 D 
43.9S 37 	43.1 S 43.1 S 
20.0 Q 21.0 Q 24.0 Q 
25.3 Q 37 	25.5 Q 25.3 Q 

OMe 	61.9 Q 60.5 Q 60.6 Q 
CH3CO 20.6 Q, 20.6  Q, 21.0 Q 

20.9 Q 
CH3CO 168.7 q C-CH, 168.8S 

167.9 q 
168.3 q 

See footnote to Table 1. b Removed on irradiation of 
14-Me, T 7.03. 	1  Removed on irradiation of 12-H, 	r 2.82. 
d Removed on irradiation of 4', 5'-Me's, ' 	8.6. 	1  Removed on 
irradiation of 0-Me, -r 6.10. 	/ Enhanced on irradiation of 2'-H, 
'7 5.47. 

161.2 p.p.m. Irradiation of the methoxy-protons, 'r 6.10, 
collapsed the quartet (J 4 Hz) at 143.4 p.p.m. to an 
intense singlet. The similarity of the chemical shift to 
the methoxylated carbon in deoxyherqueinone diacetate 
suggested a similar environment for it in herquei-
chrysin triacetate. Finally the singlet resonances at 
126.4, 113.1, 144.3, and 142.1 p.p.m. can be assigned 
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from their chemical shifts, to C-i, C-fl, and the two 
remaining acetylated phenolic carbons. This data 
allows the partial structure shown in Figure 2(a) to be 
deduced. Incorporation of [2-13C] acetate indicated 
that the methoxy-bearing carbon and the carbon resonat-
ing at 125.1 p.p.m. were derived from the methyl 
carbon of acetate and final evidence for structure (8) 
was provided by the spectrum of the tracetate enriched 
from [1,2-'3C2]acetate. This showed that C-2 which 
has been definitely assigned is coupled to the carbonyl 
carbon which must, therefore, be placed at C-3; also 
C-6 is coupled to the resonance at 144.3 p.p.m. and the 
methoxy-bearing carbon is coupled to the remaining 
acetylated phenolic carbon at 142.1 p.p.m. as shown in 
Figure 2(b), thus defining structure (8) for herquei-
chrvsin triacetate. 

Herqueichrysin itself was readily obtained by saponi-
fication of the triacetate and proved identical in all 
respects to an authentic specimen. The precise 
structures of herqueichrysin and the monoacetate are 
more difficult to define. Both show strong absorptions 
in their i.r. spectra at 3 600 cm' characteristic of non-
bonded hydroxy-group. The 'H n.m.r. of the mono-
acetate shows the presence of a chelated hydroxy-
proton, r —6.84, and a non-bonded hydroxy, Ca. 'r 4.1. 
This chelated carbonyl system can only be accommodated 
by structure (10). The alternative structure (11) with 

FIGURE 2 Partial structures in herqueichrysin triacetate (8) 
deduced from (a) 'C—'H couplings and 'C chemical shifts, and 
(b)13C-13C couplings 

the carbonyl at C-il is considered to be unlikely as the 
12-proton resonates at 3.30 in herqueichrysin in con-
trast to compound (12) where the proton to the car-
bonyl resonates at r 2.97 and shows an allylic coupling 
(1.2 Hz) to the methyl protons.13  No chelated hydroxy-
proton is apparent in the 'H n.m.r. spectrum of her-
queichrysin itself but this can be attributed to the 
increased acidity of herqueichrysin 6  causing more rapid 
exchange to occur. Thus structure (9) is proposed for 
herqueichrysin itself and the "C n.m.r. spectra of her-
queichrysin and its monoacetate (Table 3) are in full 
agreement with these proposed structures. 

Structure (9) satisfactorily accounts for the acetylation 
behaviour of herqueichrysin. The unhindered hydroxy 
group at C-7 reacts readily to give the monoacetate 
(10). It has been shown that in compound (13) the 
strongly chelated 7-hydroxy-group is preferentially 
alkylated as a result of the severe steric hindrance 
imposed on the 3-hydroxy-group; thus, in the case of  

herqueichrysin acetylation of the 1 i-hydroxy-f unction 
must be followed by tautomerism of the carbonyl to 
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Me 

Me OH Me 
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SCHEME 2 Incorporation pattern of acetate and malonate 
into deoxyherqueinone and herqueichrysin 

"C]-acetate the p.n.d. "C n.m.r. spectra showed the 
enhancements anticipated for the acetate origin of the 
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Me C-3 to give a 9-hydroxy-group which will readily acety-
late. 

Preliminary experiments with [14C]acetate indicated 
that acetate was efficiently incorporated into the phena-
lenone metabolites. Thus on feeding [1-13C]- and [2- 



1979 
	

1237 

metabolites (Scheme 2). In order to facilitate com-
parison of incorporation efficiencies into the polyketide 
and mevalonate derived portions of the molecules, p.n.d. 
spectra were determined in the presence of 0.1M-Cr-
(acac)314 under Gated-2 decoupling conditions,15 where-
upon the very wide range of line intensities due to 
variable T. and nuclear Overhauser factors was removed 
and essentially integral intensities for all resonances in 
the natural abundance spectra were obtained. The 
enhancements observed in the spectra of the enriched 
samples were high, with Ca. 9% excess 13C-abundance 
at each labelled position, and with equal incorporation 
into the polyketide and mevalonate derived parts of the 
molecules indicating full equilibration of the added [13C]_ 
acetate with the endogenous metabolic pools of acetate 
and mevalonate. The incorporation of [2-13C]malonate 

C- 12 

c-il  
IC-13 11 	I C-4 

8C-9 

~Jk 	

3 x C H3 

----1 1 11 
3xCHCO 	 I. 

in.. 	 OMe 	5 

150 	100 	50 
B (ppm.) 

FIGURE 3 13C N.m.r. spectrum of [1,2-"C,]acetate enriched 
herqueichrysin triacetate determined at 67.89 MHz 

is of more interest. As shown in Table 1 the overall 
enrichment was lower than with acetate. The values 
in Table 1 were calculated by multiple determination 
of both natural abundance and enriched spectra, which 
were averaged after normalisation 16 to overcome the 
variation in resonance intensities arising from digitis-
ation and transformation of data. The [2-13C]malonate-
enriched spectrum showed high enrichment of six posi-
tions in the phenalenone nucleus: C-2, C-4, C-6, C-8, 
C-b, and C-12. Partial decarboxylation of the [2-
13C]malonate results in the C-14 methyl together with 
C-2', C-4', and C-5' also being enriched but to less than 
half the extent. Thus a clear acetate ' starter ' effect is 
observed, indicating that the phenalenone ring system 
is formed from a single heptaketide chain. The equal 
enrichment of C-14 and the mevalonate derived carbons 
2', 4', and 5' from [2-13C]malonate is consistent with the 
incorporation of malonate into mevalonate only after 
decarboxylation to acetate. 

The p.n.d. 13C n.m.r. spectra of the [ 1,2-13C2] acetate 
enriched samples showed nine pairs of 'C—'C couplings,  

indicating that carbons 14 and 13, 12 and 11, 10 and 1, 2 
and 3, 4 and 5, 6 and 7, 8 and 9, 5' and 3', and 2' and 1' 
originate from intact acetate units. Due to severe 
overlap of the coupled 13C signals and second-order 
13C-13C couplings arising from the similarity of chemical 
shift of some of the coupled carbons, the 13C n.m.r. 
spectra determined at the normal operating frequency 
of 15.04 MHz were extremely difficult to interpret. 
However on redetermining the spectra at 67.89 MHz the 
higher dispersion allowed the couplings to be resolved 
(see Figure 3). Thus the phenalenone ring system is 
formed by condensation of a heptaketide chain folded 
as shown in Scheme 2. 

Herqueichrysin is the only member of the herqueinone 
group of metabolites to display the alternative orient-
ation of the fused dihydrofuranoid ring. Their co-
occurrence suggests that deoxyherqueinone and her-
queichrysin are formed from a common prenylated 
phenalenone precursor, e.g. (14) which can cyclise to 
either of the adjacent phenolic hydroxy-groups. The 
13C n.m.r. data clearly show that in both herqueichrysin 
and deoxyherqueinone, enriched from [1,2-13C2] acetate, 
it is C-5' trans to C-l' which is coupled to C-3' (C-4' is not 
coupled as it arises from C-2 of mevalonic acid from which 
C-i is lost in the formation of dimethylallyl pyro-
phosphate, the presumed precursor of the dihydro-
furanoid ring). Thus both deoxyherqueinone and her-
queichrysin must have the same configuration at C-2'. 

Other fungal phenalenones and their related meta-
bolites are polyketide in origin 1 and a similar assembly 
pattern of acetate units in their formation is likely. 

EXPERIMENTAL 
M.p.s were taken with a Kofler hot-stage microscope. 

Unless otherwise stated jr. spectra were measured for 
solutions in chloroform, u.v. spectra in methanol, and 'H 
n.m.r. spectra at 100 MHz, in deuteriochloroform with 
tetramethylsi lane as internal reference. Mass spectra 
were recorded at 70 eV with an A.E.I. MS9 high-resolution 
spectrometer. Optical rotations were measured for solu-
tions in chloroform at room temperature with an ETL-NPL 
automatic polarimeter. "C N.m.r. spectra were obtained 
for samples in acid-free deuteriochioroform with tetra-
methylsilane as internal reference. Proton -noise-decoupled 
spectra, single frequency off-resonance decoupled spectra, 
and fully proton-coupled spectra were determined on a 
JEOL JNM FX60 spectrometer operating at 15.04 MHz. 
Specific decoupling experiments were determined on 2500 
Hz sweep widths using a single 'H irradiating frequency of 
16 dB. The spectra of [l,2-"C,]acetate enriched samples 
were determined on a Bruker WH-270 spectrometer operat-
ing at 67.89 MHz. Trisacetylacetonatochromium, Cr(acac)3, 
0.1 molar, was used as relaxation agent. 

Isolation of Metabolites.—Penicilliuni herquei. CMI 
112950, was grown from a spore suspension in shaken 
culture for ten days in 250-ml conical flasks, each containing 
100-ml of culture medium composed of 5% sucrose, 0.3% 
NaNO,, 0.2% corn steep liquor, 0.1% KH2P041 0.1% 
KC1, 0.05% MgS04 7H2O, 0.001% FeSO4'7H2O, 0.005% 
ZnS04 7H20, and 0.3% CaCO,. The mycelium was filtered 
off and as much moisture as possible removed by pressing 
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on a Buchner funnel under suction. The mycelium was 
then transferred to a Soxhiet thimble and extracted with 
ether for 24 h. After drying, the ether was removed in 
vacuo to give a dark yellow solid which was acetylated by 
stirring overnight at room temperature with acetic 
anhydride in pyridine. The crude product mixture was 
purified by preparative thin-layer chromatography using 
silica GF254  plates (20 x 20 x 0.1 cm) eluted several times 
with acetone-light petroleum (15: 100) as developing 
solvent. Deoxyherqueinone diacetate (3) was eluted with 
ethyl acetate from the least-polar band and recrystallised 
from methanol to give yellow needles, m.p. 174-176 °C 
(lit. m.p. 174-176 °C). 

Herqueichrysin triacetate (8) was similarly eluted from 
the yellow band of intermediate polarity and crystallised 
from methanol to give yellow rods, m.p. 183-185 °C (lit." 
m.p. 185 °C). Elution of the most-polar band gave her-
queichrysin monoacetate (10) as yellow needles, m.p. 220-
221 °C, from methanol (Found: C, 66.0; H, 5.6. C22H0207  
requires C, 66.3; H, 5.6%); Vmax 3590, 3 400br, 1 765, 
1 624, and 1 592 cm-1; Amax  235, 282, 325, and 432 nm 
(log c 3.56, 3.56, 2.85, and 3.54). On further reaction with 
acetic itihydride in pyridine, herqueichrysin monoacetate 
was converted quantitatively into herqueichrysin triacetate. 

Saponification of He'rqueichrysin Tri acetate. -Herquei-
chrysin triacetate (200 mg) was stirred for 12 h in at-
ethanolic sodium hydroxide (5 ml). The solution was 
acidified, diluted with water, and extracted with ethyl 
acetate to give a yellow gum which crystallised from 
methanol to give herqueichrysin as yellow needles (120 mg), 
m.p. 174-175 °C (lit.,° m.p. 174 °C). 

Incorporations of Sodium [1 -14C]A cetate.-Preliminary 
experiments indicated that phenalenone production in 
cultures of P. herquei commenced on the fourth day after 
inoculation and reached a maximum on the eighth clay. 
Further experiments indicated that maximum incorpor-
ation of [1-14C]acetate into the phenalenones occurred when 
the label was introduced in a series of additions on days 
3, 4, 5, and 6 and the metabolites were isolated from 9-day 
old cultures. Thus when sodium [1-14C]acetate (200 mg; 
9.02 >< 106  sCi mmot') was added to 2 culture flasks in 
equal portions on days 3, 4, 5, and 6 and the mycelium 
harvested after 9 days, herqueichrysin triacetate (30 mg, 
2.90 x 106  .cCi mmot') was obtained. This corresponds to 
a dilution factor of 3.1. On this basis it would be anti- 
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cipated that equivalent feeding of [1-13C]acetate (95%) 
would give herqueichrysin triacetate with an excess of 3.4% 
of 13C-label over natural abundance at each labelled portion 
(assuming a total of 9 labelled portions in the molecule). 

Incorporations of 11C Precursors-Sodium [1-13C]-, 
[2-13C]-, and [l,2-13C2]-acetate (200 mg) were added in 
aqueous solution to two shake cultures of P. herquei in 
equal portions on days 3, 4, 5, and 6 after inoculation; 
similarly with diethyl [2-13C]malonate (250 mg) in ethanol. 
After 9 days growth the mycelium was harvested and deoxy-
herqueinone diacetate (ca. 30 mg) and herqueichrysin 
triacetate (ca. 70 mg) was isolated in each case 

The assistance of Mrs. M. Anderson and Mrs. J. Roths-
child in the mycological work is gratefully acknowledged. 
Professor L. C. Vining kindly supplied a sample of authentic 
herqueichrysin. 
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Studies on Fungal Metabolites. Part 1. The Structures of Andibenins-A 
and -C, and Andilesins-A, -B, and -C, Meroterpenoids from Aspergillus 
variecolor 

By Thomas J. Simpson, The Robert Robinson Laboratories, The University, P.O. Box 147, Liverpool L69 3BX 

Five C25  metabolites have been isolated from Aspergillus variecolor, and on the basis of their spectroscopic pro-
perties, in particular 1H and 13 C n.m.r., and chemical correlations, structures (2)-(6) are proposed for these meta-
bolites. They are thus closely related to the meroterpenoid andibenin-B (1), also isolated from A. variecolor and 
recently shown to have a mixed polyketide-terpenoid biosynthetic origin. 

THE fungal metabolite andibenin-B (previously named 
andibenin),t CHO6, was recently isolated in low yield 
from the liquors of static cultures of Aspergillus vane-
color, and shown to have structure (1) by X-ray crystallo-
graphy.1  This structure suggested a biogenesis from a 
polyisoprenoid, possibly sesterterpenoid precursor, so 
with a view to obtaining larger yields of andibenin for 
biosynthetic studies and biological testing, several wild-
type and irradiation-induced mutant strains of A. 
variecolor available from previous studies 2  were ex-
amined. One of the mutant strains, designated 212K-
169, was found to produce yields of andibenin-B of ca. 
50 mg l'. Incorporation of singly and doubly labelled 
[13C]acetates and [methyl-13C]methionine into andibenin 

The main features of their 'H n.m.r. spectra are sum-
marised in Table 1, which shows that both andibenin-A 
(2) and andibenin-C (3) contain the cis-coupled vinylic 
protons (8 Ca. 6.1 and 6.7) assigned to the spiro-6-lactone 
ring in andibenin-B (I), five uncoupled methyls, and an 
AB coupled -CH,-O- grouping (ca. 6 4.2) assigned to the 
y-lactone ring in andibenin-B, but both lack the un-
coupled vinylic proton assigned to the double bond 
exocyclic to the y-lactone ring. This vinylic proton is 
replaced in (2) by mutually coupled doublets (J 8 Hz) at 
8 2.98 and 4.15, and in (3) by a triplet at 8 2.88 (J 8 Hz). 
The 13C n.m.r. spectra indicate that the olefinic carbon 
resonances at 6 140,9 and 134.0 p.p.m. assigned to C-6' 
and -7', respectively, in (1) have been replaced by high- 

Compound C-CH3  
 1.05, 1.20, 1.38 

1.41, 1.47 
 1.17, 	1.20, 1.21 

1.41, 1.44 
 1.05, 	1.15, 	1.19 

1.41, 1.44 
 1.13, 	1.15, 1.30 

1.36, 1.45 
 0.99, 1.36, 1.38 

1.40, 1.49 
 1.04, 1.13, 1.33 

1.39, 1,47 

TABLE 1 

'H N.m.r. data for andibenins (1)-(3) and andilesins (4)-(6) 

1-H 	2-H 	6'-H 	7'-H 	1'-CH, 	 Others 
6.74 	6.06 	 7.04° 	4.24,' 4.84 	2.18, 2.58' 

6.70 
	

6.12 	2.98' 	4.15° 	4,14,' 4.25' 	2.48,', 3.38,8 1.95 

6.72 
	

6.10 	2.88 d 
	

4.12,' 4.25° 	2.48' 

5.93 
	

5.77 	2.92' 	4.08' 	4.16,' 4.27° 	3.43 

5.94 
	

5.74 	 7.13 0 	4.45' 

5.94 
	

5.80 	2.87 ' 
	

4.13,' 4.25' 

'Singlet. 'd, J 10 Hz. ° d, J 8 Hz. d , J 8 Hz. 'd, J 12 Hz. f  s, exchangeable with DO. 'dt, J 4 and 12 Hz. 

by cultures of A. variecolor 212K-169 indicated its bio-
synthesis via alkylation of a bis-C-methylated, poly-
ketide-derived, aromatic precursor by farnesyl pyro-
phosphate.3  During the course of these studies we have 
isolated minor amounts of several other closely related 
C2. compounds, andibenin-A (C,H3207), andibenin--C 
(CH3206), andilesin-A (C25H3206), andilesin-B 
(C,HO,), and andilesin-C (C,H3205) for which struc-
tures (2)-(6) respectively are now proposed on the 
basis of spectroscopic studies and chemical correla-
tions. 

It was apparent from their molecular formulae and the 
similarity of their spectroscopic properties that com-
pounds (2)-(6) were closely related to andibenin-B (1). 

* Present address: Department of Chemistry, University of 
Edinburgh. West Mains Road, Edinburgh EH9 3JJ, Scotland. 

t Andibenins-A, -B, and -C are so named to conform with the 
corresponding andilesins, see preceding paper. Andilesin-A 
and andilesin-B correspond to the previously isolated dihydro-
andibenin and deoxyandibenin.'  

field aliphatic resonances in (3) and similarly the conju-
gated y-lactone carbonyl resonance at 6 167.4 p.p.m. in 
(1) has moved downfield to 6 177.1 p.p.m. in (3), a shift 
indicative of loss of conjugation. These 'H and 13C 
n.m.r. data, together with the molecular formulae 
immediately suggest that andibenin-A and -c are related 
to andibenin-B by hydration and reduction respectively 
of the 6',7' double bond. This was readily confirmed. 

Hydrogenation of andibenin-B (1) in ethyl acetate 
over Adams catalyst gave the tetrahydro-derivative (7). 
Similar reduction of andibenin-C (3) resulted in the 
uptake of one mole of hydrogen only, to give a product 
identical to (7) in all respects. Further, treatment of 
andibenin-B (1) with thionyl chloride in pyridine 
resulted in the loss of one molecule of water to give the 
olefin (8). The 13C n.m.r. spectrum showed that the 
C-9 and -10 resonances at 8 52.7 and 77.2 p.p.m., re-
spectively, in (1) were replaced by olefinic carbon reson-
ances at 6 126.6 and 147.6 p.p.m. in (8), and the 'H 
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n.m.r. spectrum of (8) showed the presence of an olefinic 
methyl (8 1.55). Similar treatment of andibenin-A 
resulted in the loss of two molecules of water to give a 
product identical to (8), thus establishing structure (2) 
for andilesin-A. 

Comparison of the molecular formulae and n.m.r. 
spectra of andilesin-A, -B, and -C suggested that the 
andilesins were related to one another in the same way 
as the andibenins and this was confirmed in an analogous 
manner. Catalytic hydrogenation in ethyl acetate over 
Adams catalyst converted andilesin-C (6) into the di-
hydro-product (9) identical to the product obtained from 
similar hydrogenation of andilesin-B (5). Treatment of 
andilesin-A (4) with thionyl chloride in pyridine resulted 
in dehydration of the secondary alcohol to give a good 
yield of a product identical to andilesin-B (5). Hydro-
genation of andilesin-B or -C in methanol over palladium-
charcoal resulted in quantitative yields of the ring-A 
seco-product (10) which will be discussed further below. 

The relationship between the andibenins and andi-
lesins was revealed by comparison of their molecular 
formulae and n.m.r. spectra. The andilesins all contain 
one less oxygen atom than the corresponding andibenins 
and the only significant difference in their 'H n.m.r. 
spectra is the upfield shift of the cis-vinylic protons from 
Ca. 8 6.7 and 6.1 in the andibenins to Ca. 8 5.8 and 5.9 in 
the andilesins. The 13C n.m.r. spectra of andibenin-B 
(1) and andilesin-B (5) are summarised in Table 2. 
Both compounds show resonances assignable to a 
ketonic carbonyl and two a,1-unsaturated lactone 
systems. The remaining resonances are all very similar 
in chemical shift and multiplicity, indicating the presence 
of identical carbon skeletons, except that the C-S non-
protonated and C-10 oxygen bearing non-protonated 

TABLE 2. 

'C Chemical shifts [8 (p.p.m.)] and multiplicities observed 
in off-resonance decoupled spectra of andibenin-B (1), 
and andilesin-B (5), and the ring A carbons of obacunone 
(12) 

Carbon (1) (5) (12) 
1 151.8 (d) 149.6 (d) 156.7 
2 118.3 (d) 119.5 (d) 122.8 
3 164.2 (s) 166.2 (s) 166.6 
4 85.3 (s) 83.6 (s) 83.9 
5 46.7 (s) 57.5 (d) 57.2 
6 35.1 (t) 36.9 (t) 
7 27.8 (t) 23.0 (t) 
8 58.5 (s) 60.0 (s) 
9 52.7 (d) 42.6 (d) 

10 77.2 (s) 43.8 (s) 43.2 
11 28.9 (t) 28.2 (t) 
12 55.6 (t) 57.5 (t) 
13 23.6 (q) 22.5 (q) 16.3 
14 24.5 (q) 23.6 (q) 26.7 
15 27.0 (q) 30.2 (q) 31.9 

 68.7 (t) 68.6 (t) 
 48.9 (s) 47.2 (s) 
 52.7 (s) 53.2 (s) 
 213.9 (s) 213.4 (s) 
 51.0 (s) 51.4 (s) 
 140.9 (d) 143.3 (d) 
 134.0 (s) 133.3 (s) 
 167.4 (s) 166.6 (s) 
 17.3 (q) 16.9 (q) 
 17.2 (q) 16.4 (ci) 
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carbon resonances observed at 8 46.7 and 77.2 p.p.m. 
respectively in andibenin-B have been replaced by a 
methine carbon at 8 57.6 p.p.m. and a non-protonated 
carbon at 8 43.8 p.p.m. in andilesin-B. These differ-
ences can only be accommodated by replacing the 10-
hydroxy-5-spiro-8-lactone A-B ring systems in the 
andibenins by the c-lactone A-B ring system in the 
andilesins. Support for the presence of this c-lactone in 
the andilesins is provided by the lack of hydroxy 
absorption in the i.r. spectrum of andilesin-B and com-
parison with the 13C chemical shifts observed for the 
corresponding carbons in the meliacolide obacunone (12), 
shown in Table 2. 

Chemical proof for the presence of the seven-membered 
lactone ring in the andilesins was given by the ready 
ring-opening of the lactone to the unsaturated acid (11), 
8 1.74, 4.79, and 4.88 (Me-CCH2), on treatment of 
dihydroandilesin-C (9) with mild acid. Treatment of 
4a,4a-dimethyl-4-oxa-A-homocholestan-3-one (13) with 
10% sulphuric or hydrochloric acid in acetic acid gives 
a high yield of 4-methyl-4-methylene-3,4-secocholestan-
3-oic acid (14).6  As stated above, attempted hydrogen-
ation of andilesin-C with palladium-charcoal in methanol 
resulted in formation of the seco-product (10), pre-
sumably due to ring-opening and esterification being 
catalysed by traces of acid in the catalyst followed by 
further reduction of the isopropylidene group. 

The X-ray structure of andilesin-A (4) has been 
reported 7,8  and the above conclusions are in agreement 
with this. The stereochemistry shown in the above 
structures follows from the X-ray and c.d. work. 

The andilesins may be seen as biosynthetic precursors, 
or branches from the biosynthetic pathway, to the 
andibenins. As stated above, preliminary 13C incorpor-
ation studies 3  indicate that andibenin-B is formed by 
prenylation of a tetraketide precursor, possible 3,5-
dimethylorsellinic acid, by farnesyl pyrophosphate. In 
the light of this, an interesting feature of andibenin-B 
is the lack of an oxygen substituent on C-6' as inspection 
of known polyketides reveals that compounds which 
result from a cyclisation involving the methylene group 
oc to the terminal carboxy group of a polyketide chain 
always retain the oxygen atom derived from the 1 -
carbonyl group.9  This suggests that andibenin-A is a 
precursor of andibenin-B. Dehydration of A, to give 
B, followed by further reduction of B to give C would be 
the reasonable biosynthetic sequence. 

Further studies to delineate the biosynthetic pathway 
to, and the inter-relationships among, these compounds 
are in progress. Full details of the 13C assignments will 
be presented elsewhere. 

EXPERIMENTAL 

Unless otherwise stated, i.r. absorption spectra were 
measured with a Perkin-Elmer model 125 instrument for 
CHC13  solutions, u.v. spectra with a Unicam SP 800 instru-
ment for solutions in ethanol, 'H n.m.r. spectra with a 
Perkin-Elmer R34 instrument for solutions in deuterio-
chloroform containing tetramethylsilane as internal stan-
dard, 13C n.m.r. spectra with a Varian XL-100-15 Fourier- 

transform spectrometer for similar solutions, and optical 
rotations with an ETL-NPL automatic polarimeter for 
solutions in chloroform. Mass spectra were measured at 
70 eV with an A.E.I. MS9 instrument. T.l.c. was per-
formed using silica gel GF254 (Merck) in 0.5 mm thick 
layers on 20 cm x 20 cm plates eluted several times with 
methanol-chloroform (2: 98 v/v). M.p.s were determined 
with a Kofler hot-stage instrument. 

Isolation of Metabolites.-A spergillus variecolor (strain 
212K-169) was grown from a spore suspension in static 
culture for 15 days at 25 °C in flat vessels (ca. 11 capacity), 
each containing Czapek-Dox medium (500 ml). The 
mycelium and liquors (ca. 5 1) were separated by filtration 
and the liquors were concentrated to Ca. 1 1 and extracted 
with ethyl acetate (3 x 500 ml). Evaporation of the 
solvent gave a brown semi-crystalline oil (700 mg) which on 
recrystallisation from ethyl acetate gave a crystalline solid 
(200 mg) which was further purified by preparative t.l.c. 
The least polar, strongly u.v. absorbing band was removed 
and recrystallised from ethyl acetate to give andilesin-B 
(15 mg), m.p. >310°C (lit.,' >310'C). The broad, weakly 
u.v. absorbing band of intermediate polarity was removed 
and recrystallised from ethyl acetate to give andilesin-C 
(24 mg), m.p. >300 °C (lit.,' >290 °C), [a]D26  -5.2° (c 
0.8), 8c  216.5 (s), 176.2 (s), 166.2 (s), 149.5 (d), 119.4 (d), 
83.5 (s), 69.2 (t), 56.8 (s), 56.4 (d), 55.0 (s), 52.7 (t), 45.3 (s), 
43.8 (s), 43.1 (s), 42.2 (d), 38.7 (t), 35.5 (d), 32.3 (t), 30.2(d), 
24.7 (t), 23.5 (q), 22.8 (q), 22.4 (q), 19.5 (q), and 16.8 (q) 
p.p.m. The broad, weakly u.v. absorbing band, at highest 
polarity, was removed and recrystallised from ethyl acetate 
to give andilesin-A (78 mg), m.p. >300 °C (lit.,2  >310 °C), 
8c  214.9 (s), 174.5 (s), 166.2 (s), 149.6 (d), 119.4 (d), 83.5 (s), 
71.9 (d), 69.1 (t), 56.7 (s), 55.9 (d), 55.2 (s), 50.7 (t), 49.1 (s), 
45.5 (s), 43.8 (s), 42.2 (t), 41.0 (d), 39.4 (t), 30.2 (d), 24.9 (t), 
23.5 (q), 22.8 (q), 22.5 (q), 16.8 (q), and 16.1 (q) p.p.m. 
The mother-liquors (500 mg) were also chromatographed as 
above. The least polar, strongly u.v. absorbing band gave 
andilesin-B (33 mg), and the broad, strongly u.v. absorbing 
band of next highest polarity gave andibenin-B (210 mg), 
m.p. 218-220 °C (lit.,' 219-220 °C). A weakly u.v. 
absorbing band of only slightly higher polarity on removal 
and recrystallisation from ethyl acetate gave andibenin-C 
(24 mg), m.p. 280-282 °C, E1D25 -96.5° (c 0.85); v. 
3 450, 1 770, 1 720, and 1 705sh cm'; X.,  (EtOH) end 
absorption only, 80  217.4, 177.1, 164.1, 151.6, 118.4, 85.3, 
77.5, 70.0, 55.5, 54.9, 51.6, 51.3, 47.1, 45.5, 42.9, 36.4, 36.0, 
31.9, 28.4, 27.0, 26.0, 24.6, 23.9, 19.7, and 17.2 p.p.m. 
(Found: C, 70.1; H, 7.5. C25H3206  requires C, 69.9; H, 
7.5%). The band of highest polarity on removal and re-
crystallisation from ethyl acetate gave andibenin-A (7 mg), 
m.p. 281-284°, []25  -181.3° (c 0.75); vm  3600, 3400, 
1 770, 1 720, and 1 700 cm'; 	end absorption (Found: 
C, 67.4; H, 7.2. C,,H,,07  requires C, 67.6; H, 7.3%). 

Hydrogenation of Andibenin-B.-Andibenin-C (100 mg) 
in ethyl acetate (50 ml) was stirred at room temperature 
and atmospheric pressure in the presence of Adams catalyst 
(100 mg) for 15 h to give after removal of catalyst and 
solvent a gum which recrystallised from ethyl acetate to 
give tetrahydroandibenin-B, m.p. 197--200 °C, []2'  -70.8°  
(c 1.10), 3 400, 1 770, and 1 720 cm', 8jr 1.04, 1.15, 1.17, 
1.40, 1.52 (all 3 H, s), 1.0-2.0 (12 H, m), 2.25 (2 H, m), 
2.67 (2 H, m), 2.88 (1 H, t, J 8Hz), 4.12 (1 H, d, J 11 Hz), 
and 4.25 (1 H, d, J 11 Hz) (Found: C, 69.4; H, 7.7. 
C,,H3405  requires C, 69.7; H, 8.0%). Similar hydrogen-
ation of andibenin-C, resulted in the uptake of 1 mole of 
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212] 

hydrogen to give a quantitative yield of a product identical 
in all respects to tetrahydroandibenin-B. 

Dehydration of Andibenin-B.-Andibenin-B (96 mg) was 
stirred in pyridine (5 ml), cooled in an ice-salt bath and 
thionyl chloride (1 ml) added, and stirring continued over-
night. The mixture was poured into ice-water and ex-
tracted into chloroform. The chloroform layer was washed 
with water and the solvent removed to give an oily product 
which was purified by t.l.c. using two 20 cm x 20 cm plates 
eluted with chloroform-methanol (93: 3 v/v). The broad 
band at RF 0.7 was removed and eluted with ethyl acetate 
to give a gum (88 mg) which crystallised from ethyl acetate 
to give the dehydration product (8), m.p. 277-279 °C, 

lot] 025  664.7° (c 0.85), v 	1 765, 1 715, and 1 665 cm'; 
250 and 310 nm (c 3 700 and 300); 8H  1.15, 1.27, 1.37, 

1.39, 1.55 (all 3 H, s), 1.4-1.9 (6 H, m), 2.23 (1 H, d, 
J 17 Hz), 2.52 (1 H, d, J 17 Hz), 4.38 (2 H, s), 6.07 (1 H, d, 
J 10 Hz), 6.37 (1 H, d, J 10 Hz), and 7.04 (1 H, s); 8C  
212.7 (s), 166.5 (s), 163.6 (s), 146.3 (d), 142.6 (s), 140.2 (d), 
132.7 (s), 126.6 (s), 119.4 (d), 85.4 (s), -66.9 (t), 58.9 (s), 
51.1 (s), 49.9 (s), 49.6 (s), 47.4 (t), 44.8 (s), 41.5 (t), 27.7 (t), 
27.2 (t), 24.8 (q), 23.4 (q), 18.1 (q), 17.2 (q), and 15.3 (q) 
ppm. (Found: C, 73.1; H, 6.7. C25H2805  requires C, 
73.5; H, 6.9%). 

Dehydration of Andibenin-A .-Andibenin-A (10 mg) was 
treated with thionyl chloride in pyridine as above to give 
dehydration product (8), m.p. 277-279 °C. 

Hydrogenation of Andilesin-B.-Andilesin-B (100 mg) was 
stirred in ethyl acetate (50 ml) over Adams catalyst (100 
mg) for 15 h. Removal of catalyst and solvent gave a 
solid which crystallised from ethyl acetate to give an almost 
quantitative yield of tetrahydroandilesin-B, m.p. 295- 
297 °C, [a]025  -7.8° (c 1.07); 	1 770 and 1 720 cm'; 
8g 1.02, 1.04, 1.20, 1.38, 1.42 (all 3 H, s), 1.2-2.0 (12 H, m), 
2.63 (1 H, dd, J 14 and 5 Hz), 2.76 (1 H, d, J 14 Hz), 2.87 
(1 H, t, J 8Hz), and 4.21 (2 H, s) (Found: C, 72.6; H, 8.2. 
C25H3405  requires C, 72.4; H, 8.3%). 

Hydrogenation of A ndilesin-C.-(a) Hydrogenation of 
andilesin-C (100 mg) in ethyl acetate over Adams catalyst 
as above gave an almost quantitative yield of tetrahydro-
andilesin-B, m.p. 295-297 °C. 

(b) Hydrogenation of andilesin-C (90 mg) in methanol 
(50 ml) over 10% palladium-charcoal catalyst (75 mg) for 
10 h gave a quantitative yield of the methyl ester (10) as a 

gum which could not be crystallised; v 	1 775 and 1 711 
cm'; 8j, 1.02 (3 H, s), 1.08 (3 H, s), 1.16 (6 H, d, J 7 Hz) 
1.27 (3 H, s), 1.2-2.0 (15 H, m), 2.24 (2 H, m), 2.74 (1 H 
t, J 8 Hz), 3.67 (3 H, s), 4.23 (1 H, d, J 10 Hz), and 4.21 
(1 H, d, J 10 Hz) (Found: M, 430.271 9. C26H380 
requires M, 430.271 8). 

Dehydration of Andilesin-A.-Andilesin-A (100 mg) wa 
treated with thionyl chloride in pyridine as above. Th 
usual work-up and purification by t.l.c. gave a gum (70 mg 
which on recrystallisation gave andilesin-B. 

Acid-catalysed Isomerisation of Teirahydroandilesin-B.-
Tetrahydroandilesin-B (100 mg) was treated with 20°/ 
hydrochloric acid in acetic acid (1 ml) and dichloromethani 
(2 ml) at room temperature for 24 h. After dilution witl 
ether (20 ml), the solution was washed with water (2 x 2( 
ml), saturated sodium hydrogencarbonate solution (2 x 2 
ml), and water (3 x 20 ml), and dried (MgSO4). The ethe: 
was removed in vacuo to give the acid (11) as a gum (90 mg 
which could not be crystallised, Vfl.,ax  3 300-2 600, 1 770 
1 720, and 897 cm'; S. 1.02 (6 H, s), 1.15 (3 H, s), 1.74 
(3 H, s), 1.2-2.3 (Ca. 17 H, m), 2.87 (1 H, t, J 8 Hz), 4.2: 
(2 H, s), 4.79 (1 H, s), and 4.88 (1 H, s) (Found: M 
414.241 5. C25H3405  requires M, 414.240 6). 

The support of the S.R.C. is gratefully acknowledged. 
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Multicolanic, multicolic, and multicolosic acids, metabolites of Penicilliunt multicolor, are 

shown by chemical transformations and spectroscopic methods to be 4-ylidenetetronic acids 

with structures (1), (II), and (HI), respectively. The biosynthesis of these metabolites from 

acetate, via oxidative fission of preformed 6 -pent yiresorcylic acid is established by incorporation 

studies with [1-13C1-, [2- 13C]-, [I,2-'3Cacetate and ethyl[2'4Cl-6-pentylresorcylate. 

Two new optically inactive crystalline metabolites multicolic acid, C11H1406  (II), and 

multicolosic acid, C11H1207  (Ill), have been isolated from the fermentation liquors of a 

strain of Penicillium multicolor (CMI 104602), which has previously been reported to 
produce pencolide (1). Evidence for the presence of a third compound, multicolanic 

acid, C11H1403  (I), has also been obtained. Spectral and chemical evidence leading to 
the structures of these compounds and the elucidation of their biosynthesis is now 

reported in full.' 
Three acidic groups in multicolosic acid (III) were demonstrated by potentiometric 

titration against sodium hydroxide when ionizations with pKs of 2.9, 9.8, and 11.4, 
respectively, were observed. Furthermore, methylation with diazomethane gave 
dimethyl O-methylmulticolosate (VI). Under similar conditions multicolic acid (II) gave 
methyl O-methylmulticolate (V) showing two acidic groups in the parent. When the 
crude fungal extract was similarly treated with diazomethane, prior to chromotography, 
a small amount of methyl O-methylmulticolanate (IV) was isolated, in addition to larger 
amounts of the two previous derivatives, (V) and (VI), respectively. Clearly, methyl 0-

methy1multicolanate (IV) is derived from the parent multicolanic acid (I), but attempts 
to isolate the latter have been unsuccessful. 

Hydrogenation of multicolic acid (H) gave a dihydro-derivative (VIII), which showed 
spectral properties characteristic of a tetronic acid chromophore, viz Ama, (EtOH) 234 

nm (8 7000); max (EtOH—KOH) 262 nm (e 12 000), cf cr-ethyltetronic acid, Ama5  

(EtOH) 233 nm (e 12 000); Amax  (EtOH—KOH) 258 nm (c 18 000) (3). Hydrogenation 

of methyl O-methylmulticolate (V) and dimethyl O-methylmulticolosate (VI) similarly 

This work is part of a series, X, "The Biosynthesis of Fungal Metabolites." This series of papers and 
many other related contributions are based on work carried out in Liverpool during the occupancy of the 
Heath Harrison Chair by the late Professor G. W. Kenner. Throughout this period of 21 years the senior 
author (J.S.E.H.) received enormous academic stimulation, great encouragement. and warm friendship 

from George Kenner, to whom this paper is gratefully dedicated. 
2  To whom correspondence should be addressed. 

A preliminary communication on part of this study has already been published (2). 
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gave dihydro-derivatives, (IX) and (X), respectively. The residue >C=CH . CO2Me in 
compounds (IV), (V), and (VI) was shown by a vinylic proton, rCa. 4.15, in their 'H 
nmr spectra (Table 1) and resonances at Ca. 164, 150, 101, and 52 ppm in their 13C nmr 
spectra (Table 2). in the dihydro-derivatives (IX) and (X), these were replaced by the 

	

diagnostic ABX pattern (TA 7.15, r 7.50, r 5.01; J,, 	 8Hz, and J,, 16 Hz) 
in the 'H nmr spectra and resonances at 169, 73.5, 38, and 52 ppm in the '3C nmr 
spectra. Conjugation of this residue with the tetronic acid chromophore was apparent 
from the change in uv spectra on hydrogenation. Thus methyl O-methylmulticolate (V) 
had 'max (EtOH) 266 nm (c 11 600), whereas the corresponding dihydro-derivative 
(IX) had ).,, (EtOH) 227 nm (e 7100). No further reduction takes place, consistent 

I 

Lt 



Singlet. 
ABX system .JAS  16 Hz, JAx  4 Hz. J,x 8 Hz. 

Triplet (7 Hz). 
d Broad multiplet, 

CDCI,/d6-DMSO. 
1CDCI 

d-DMSO. 

The remainder of the multicolic acid structure is accounted for by the residue 

-(CH.,)4 . CH 2OH. This was clearly demonstrated by the 'H nmr spectrum of methyl 

O-methylmulticolate (V): r 6.41 (2H, t, J 7 Hz), 7.52 (211, t, J 7 Hz), 7.75 (IH, 

TABLE 2 

'3C-CHEMICAL SHIFTS (ppm DOWNFIELD FROM INTERNAL TMS FOR 

CDCI 3  SOLUTIONS); MULTIPLICITIES IN OFF-RESONANCE SPECTRA 

Carbon 	(IV) (V) (VI) (IX) (X) 

3 	 168.6s 168.3s 168.1s 173.2s 173.2s 

2 	 110.4s 109.7s 109.3s 102.6s 102.3s 

I 	 160.9s 160.6s 160.7s 171.4s 171.5s 

4 	 150.7s 150.2s 150.9s 73.5d 73.5d 

10 	 I01.0d I00.9d 101.0d 38.4t 37.11 

11 	 164.3s 163.8s 163.7s 168.9s 168.8s 

5 	 23.5t 23.4t 23. It 22.9t 22.7t 

6 	 29.7t 29.7t 29.2t 29.8t 29.4t 

7 	 22.4t 25.5t 24.5t 25.4t 24.5t 

8 	 31.61 32. It 33.4t 32.3t 33.5t 

9 	 13.9q 62.2t 172.9s 62.3t 173.2s 

3-MeO 	59.6q 59.5q 59.5q 58.7q 58.7q 

I l-MeO 	52. lq 52.Oq 52.Oq 52.Oq 52.Oq 
.t 	Al I 	4,1 

I 
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TABLE 1 

CHEMICAL SHIFTS (1 ppm) AND MULTIPLICITIES (J Hz) OF PROTONS IN 100 MHz nmr SPECTRA OF 

P. multicolor METABOLITES AND DERIVATIVES (TMS AS INTERNAL STANDARD) 

Compound 10-H" 10-Cl-I 25  5-CH 2' 	6-CH 2" 7-CH 2d  8-CH 2  4-H" Me-On 	Others 

(1I) 4.10 7.66 8.5 8.5 8.5" 6.38 (6 Hz) 9-CH 2  

(III)' 4.10 7.70 8.4 8.4 7.70 

(IV),  4.17 7.52 8.5 8.5 8.5" 5.93, 6.26 9.08(7Hz) 9-Me 

(V)' 4.16 7.52 8.5 8.5 8.5" 5.93, 6.28 6.41 (7 Hz) 9-CH2  
7.75 CH 20I-I 

(VI)T 4.12 7.50 8.4 8.4 7.66' 5.93, 6.26 
6.36 

(VII)T 4.13 7.51 8.5 8.5 8.5" 5.94, 6.26 	5.97 (7 Hz) 9-CH, 
7.98 CH,-CO 

(VIII)" 6.65 	7.40 8.7 8.7 8.7" 5.25 2.5-4.0 
(311, exchangeable) 

(IX),  7.31 	7.61 8.5 8.5 8.59" 5.01 5.94, 6.32 6.39 (7 Hz) 9-CH 2  

(X)1  7.30 	7.60 8.4 8.4 7.60' 4.98 5.96. 6.30 
6.36 
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exchangeable in 1320), and 8.50 (61-1, m). The presence of the primary alcoholic 
hydroxyl group was established by acetylation of methyl O-methylmulticolate to give 
the acetate (VII) and by oxidation with chromic oxide to give the corresponding 
carboxylic acid, which was not characterized but converted directly to dimethyl 0-
methy1multicolosate (VI) with diazomethane. The latter experiment confirms the 
structural relationship between multicolic and multicolosic acids. Comparison of the 'H 
and 13C nmr spectra of methyl 0-methylmulticolanate (IV) and methyl O-methylmulti-
colate (V) (Tables I and 2, respectively) clearly demonstrates the presence of the pentyl 
side-chain in the former compound, compared with the pentanol side-chain in the latter. 

TABLE 3 

'H- AND '3C-RESONANCE SHIFTS 

INDUCED BY ADDITION OF Eu(fod), TO 
METHYL O-METHYLMULTICOLATE (V) 

Position 'H 

0.40 
2 0.28 
3 0.31 
4 0.32 
5 0.70 0.40 
6 1.09 0.60 
7 1.80 0.89 
8 2.59 1.11 
9 4.21 6.04 

10 0.32 0.32 
11 0.08 
3-OMe 0.31 0.20 

Il-OMe 0.18 0.12 

Values quoted are for ratios of 
Eu(fod):compound of 2:5 and 1:10 for 
'H- and '3C-spectra, respectively. 

The 13C assignments in Table 2 are based on comparisons of the proton noise 
decoupled (pnd) and off-resonance decoupled spectra, standard chemical shift data (4), 
and lanthanide induced shift (LIS) studies on methyl 0-methylmulticolate (V) (Table 3). 
The latter showed that the principal site of coordination was the primary alcoholic 
hydroxyl group. The study permitted unambiguous assignments of the '3C-chemical 
shifts of the individual side-chain carbons, and separate resolution of the individual 
pairs of methylene protons in the 'H nmr spectrum. The '3C-assignments of C-i and 
C-3 are made by analogy with the corresponding spectrum of penicillic acid (XI), which 
has been assigned unambiguously (5). These represent a reversal of our original 
assignments for compound (V), which were made (2) prior to publication of the work 
on penicillic acid. 

The 13C nmr spectrum of compound (V), derived from multicolic acid enriched by 
feeding of [1,2-'3Cjacetate to cultures of F. multicolor (see below), showed '3C—'3C 
couplings of 48 and 90 Hz between C-2 and C-5 and between C-4 and C-b, 

in 
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respectively. These values, which are typical for those of sp2—sp3  and sp2—sp2  hybridized 

coupled carbons, respectively, confirmed the positions of the substituent groups in the 
tetronic acid chromophore. It is worthy of note that the alternative type of structure 
(XII), which would be consistent with most of the structural data, and also 
biogenetically reasonable (see below), is excluded by the observation of the ABX 
system (see above) in the 1H nmr spectra of the dihydro-derivatives (IX) and (X) and 
by the multiplicities observed for C-4 and C-lU in their off-resonance decoupled 13C 

nmr spectra. 
The only remaining ambiguity in the structures of this group of tetronic acids is the 

stereochemistry around the 4,10-double bond. It was observed that on prolonged 
standing, samples of the methylated derivative (IV), (V), and (VI) which had been 

recovered from CDCI3  solutions, but not further purified, were partially isomerized to 
compounds in which the vinyl proton resonated at ca. r 4.4, compared with 4.10 in the 
original compounds. This equilibration is presumably due to traces of acid remaining 
after removal of the solvent. This observation suggested the E-stereochemistry for the 
natural products, as the vinyl proton in the corresponding Z-isomers would be expected 
to resonate at higher field due to the shielding effect of the tetronic acid enolic ether 
oxygen atom. This conclusion has been confirmed by recent synthetic studies. Methyl 
O-methylmulticolan ate(IV), the corresponding Z-isomer, together with the E- and Z-

isomers of the 2-methyl analog (XIII), have been synthesized; X-ray crystallographic 
studies were carried out on the latter (6). it is found that the isomer in which the vinyl 
proton resonates at lower field does indeed have the E-stereochemistry. Furthermore, 
multicolanic acid (I) has been synthesized and shown to give the bislactone (XIV) on 
dehydration with bicyclohexylcarbodiimide (7), which could only arise from the E- 

isomer. 
Two separate biosynthetic pathways to tetronic acids have been established: (a) 

oxidative ring cleavage of an aromatic or quinonoid intermediate, which may itself be 
polyketide or shikimate derived, and (b) condensation of a poly-/3-ketide derived 8-

ketoacid with a C4-dicarboxylic acid from the Kreb's Cycle (8). In the case of the new 

tetronic acids from P. multicolor, the biosynthesis was demonstrated by 13C_ 

incorporation experiments. Extracts from this organism, to which [1-'3C]-, [2- 13C]-, and 

I1,2-13C}acetate had been fed were methylated and separated in the usual way to give 
suitably enriched samples of methyl O-methylmulticolate (V) and dimethyl 0-methyl-

multicolosate (VI). The pnd 13C nmr spectra of these compounds are summarized in 

Tables 4 and 5, respectively. The spectra from I 1-13C1- and t2-13Clacetate-derived 

samples show that all the carbon atoms of the multicolic and multicolosic acid skeleta 
are acetate derived. However, the spectra from the [1,2-'3Cl acetate -derived samples 

show 13C-13C couplings only in the carbon atoms 8-9, 6-7, 2-5, and 4-10, indicating 

that these are the only four intact acetate residues in the molecules. The complete 
absence of couplings in carbons 1, 3, and 11 indicate their origin from acetate units 
which have been cleaved during biosynthesis. 

These results are best accommodated by the assumption that the poly-fl-ketide 
derived 6-pentyiresorcylic acid (XV) is a biosynthetic intermediate, as shown in Scheme 
1. However, it is necessary to postulate that this intermediate is not converted at any 
stage to a symmetrical aromatic compound, e.g., 5-pentyiresorcinol (XVI), since this 

would give rise to scrambling of '3C—'3C couplings in the compounds derived from [1,2- 
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TABLE 4 

13C-ENRICHMENT DATA FOR METHYL O-METHYLMULTICOLATE (V) 

Enrichment from 

3CI3Ccouplig constants 
Carbon 	L1.I3CAcetate0 	12-' 3C]Acetate5 	from 11,2-' 3Clacetate (Hz) 

I + 
2 -4- 48 
3 + 
4 + 90 
5 ± 48 
6 + 35 
7 + 35 
8 + 35 
9 + 35 

10 + 90 
11 + 

Average enrichment: 3.6 atom% 13C over natural abundance. 
Average enrichment: 3.1 atom% 13C over natural abundance. 

13C]acetate. A possible intermediate is the trihydric phenol (XVIII), which could arise 
from (XV) via an arene oxide of type (XVII). Ring scission would have to occur at the 
position shown in (XVIII) to give the diacid (XIX). Enol lactone formation could then 
lead either to the observed metabolites (I), (II), and (III) or to a compound of type 
(XII). It is interesting that the latter has not been detected as a natural product, either 
because of enzyme mediation in the formation of tetronic acids (I), (II), and (III) or 
possibly because of a compound of type (XII) is much less thermodynamically stable 
than the observed compounds. This point is being investigated. 

TABLE 5 

' 3C-ENRICHMENT DATA FOR DIMETHYL O- METHYLMULTICOLOSATE (VI) 

Enrichment from 

3C—' 3C-coupling constants 
Carbon 	t 1- 3CAcetate' 	[2-' 3C]Acetatet 	from I l,2-' 3Cjacetate 

I + 
2 -f 45 
3 -4- 
4 -f 90 
5 + 45 
6 + 35 
7 + 35 
8 + 55 
9 + 55 

10 ± 90 
HI + 

Average enrichment: 1.2 atom% UC over natural abundance. 
b Average enrichment: 1.0 atom% 13C over natural abundance. 



a 
CH, 	CO, Na 

CO2  H 

110 a 	 a 

OH 
(xv) 

HO 

OH 	(xvi) 

OH 

1(0 

13 	13 
 
OH 	(xviii) 

-1 

0 z 

13 	 OH 
HO 	 R 	

HOt D • 

HO?  

0 

/13 CO 

(xix) 
(I), R = Me 

(II),R = C112011 	 (xii) 

(iii) ,R=CO2  u 

ScuEr1E 1. Incorporations ofll-' 3C1-, 12- 3C1-, and I I,2-' 3Cjacetate into metabolites of P. multicolor (heavy bonds denote inact acetate residues). 



CO' Et 
HO 

MeO 	(CH

2 

CH, OH 
)Me 	

> 
MeO2C 	

H 
+ 	> 

[ HO2C

c2H )cH2oH] 

P.multicolor 
2 N2 

OH 	
RMA, 4.01 

C) 
tTj 

______________ 	 C) 

	

Me - CO2 H 	 Cr03 /R2 	
J"I 

'.N 	e 

 :~M(cR2 ) CR2 OH 	

[ 	

a 	(cR2 ) CH OH 

o-phenyiene 	 Me 	 m ro 	 j 

RMA, 3.92 r 
diine 

(xxi) 

p-bromophenacyl acetate 
Me-NR2  

	

RMA,O 	 RMA, 3.63 

SCHEME 2. Distribution of label from ethyl 12'4C1-6-pentylresorcylate (RMA = relative molar activity). 



TETRONIC ACIDS-STRUCTURES AND BIOSYNTHESIS 	 319 

To confirm the intermediacy of 6-pentyiresorcylic acid on the biosynthetic pathway, 
ethyl [2-'4C]-6-pentylresorcylate was synthesized from ethyl 3-' 4Ciacetoacetate and 
methyl oct-2-enoate (9) and fed to cultures of P. multicolor. Methyl 0-methyl-
multicolate and dimethyl O-methylmulticolosate were isolated in the usual way, after 
methylation, and found to contain 0.25% of the fed radiolabel. To establish the 
specificity of labeling the former compound (4.01 x 10 pC mmol') was degraded by 
dilute sulfuric acid to the cr-diketone (Xx), which was isolated as its quinoxaline 
derivative (XXI) (3.92 x 10' pC mmol') (see Scheme 2). Kuhn-Roth oxidation of 
this compound gave acetic acid, which was characterized as its p-bromophenacyl ester 
(3.63 x 10 3 pC mmoi-1). Schmidt degradation of the acetate gave methylamine, which 
was isolated as the hydrochloride and found to contain negligible radioactivity. Hence 
essentially all of the radioactivity of the acetate is located in the carboxyl group. Since 
this accounts for 90% of the total activity of the methyl O-methylmulticolate, and 
corresponds to C-4 of this compound, it is clear that 6-pentylresorcylic acid is a specific 
precursor, which is incorporated with minimal randomization of label. It seems likely 
that co-oxidation of the pentyl side-chain to give multicolic and multicolosic acids (II) 
and (HI), respectively, occurs at a late stage in the biosynthetic sequence, although this 
has not yet been established. 

In many respects the biosynthesis of multicolic acid is analogous to that of the 
extensively investigated compound, penicillic acid (XI) (8). in this case the precursor 
has been shown to be orsellinic acid, which undergoes O-methylation at the 2-position, 
followed by exactly analogous oxidative decarboxylation and ring scission reactions to 
those observed above. In this case 2-methyl-6-methoxybenzoquinone has been shown to 
be an intermediate (10). The absence of symmetrical intermediates in penicillic and 
multicolic acid biosynthetic pathways is in direct contrast to ravenelin (11) and 
griseofulvin (12) pathways, where studies with [i,2-'3C]acetate have demonstrated 
scrambling of couplings, presumably arising from the participation of intermediates 
containing symmetrically substituted aromatic rings. 

EXPERIMENTAL SECTION 

Unless otherwise stated, ir spectra were measured for solutions in carbon 
tetrachloride with a Perkin-Elmer 125 instrument, uv spectra for solutions in ethanol 
with a Unicam SP800 instrument, 'H nmr spectra with a Varian HA-100 or XL-100 
instrument, the latter also being used for 13C nmr spectra. Mass spectra were 
determined with an A.E.I. MS-12 instrument at 70 eV, and accurate masses with an 
A.E.I. MS -9 instrument, tic was performed on silica gel GF.254 (Merck). mp's were 
determined with a Kofler hot-stage instrument. For general details of '3C-incorporation 
studies, see Part IV (13). 

Isolation of metabolites. Penicillium multicolor (CMI 104602) was grown from spore 
suspension in static culture for 8 days at 25°C in 16 fiat vessels (ca. 1 liter capacity), 
each containing Raulin-Thom medium (500 ml). After filtration, the culture broth was 
basified with a saturated solution of potassium carbonate, extracted with ethyl acetate, 
until the organic phase was colorless, acidified with concentrated hydrochloric acid, and 
reextracted with ethyl acetate. After removal of the solvent, a solution of the residual 
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brown gum (10 g) in ether containing 5% methanol (200 ml) was filtered and silica gel 
(300 g, Grace 200-300 mesh) was stirred in. After evaporation of the solvent, benzene 
(500 ml) was added, and the resultant slurry added to the top of a column (90 x 12 cm) 
of silica gel (2 kg) in benzene. Gradient elution was then carried out using benzene, 
containing increasing proportions of ether :dichloromethane (1: 1). Five hundred ml 
fractions were collected and after every fourth fraction the concentration of 
ether:dichloromethane was increased by 1%, so that after 200 fractions had been 
taken, a mixture of berizene :ether: dichloromethane (2: 1: 1) was being used. Slowing 
increasing proportions of methanol were then added until most of the color had been 
removed from the column. 

Multicolosic acid (III) was obtained in fractions 100-116 (ether :dichloro-
methane : benzene, 1: 1:20) and separated from dichloromethane in needles (500 mg), 
mp 150-153°C. vma,,  (CH 2C12) 3460, 3200, 2800-2400, 1785, 1640 cm 1, 2max  262, 
295 nm (e 15 000 and 8000), nile 256 (0.08), 239 (0.23), 238 (1.00), 221 (0.15), 220 
(0.88), 210 (0.40), 207 (0.20), 192 (0.45), 182 (0.82), 178 (0.45), 164 (0.55), m*/e  
221.2 (256-'238), 205.4 (238-.221), 203.4 (238-220), 193.4 (221-207), 185.5 
(238-'210), 147.6 (182-164) (Found: C, 51.6; H, 4.7. C,,H1207  requires C, 51.5; H, 
4.7%). 

Multicolic acid (II) was obtained in fractions 190-215 (while the first trace of 
methanol was being added) and separated from dichioromethane in needles (1.2 g), mp 
129-131°C, Vmax (CH2Cl2) 3420, 2920, 2850, 1785, 1700, 1640 cm', )ma  263, 295 
nm (e 15 000 and 8000), m/e 242 (0.30), 224 (0.24), 207 (0.06), 206 (0.50), 196 (0.15), 
182 (0.80), 178 (0.40), 164 (1.00), 157 (0.18), m*/e  207.3 (242-224), 189.4 
(224-4206), 161.7 (196178), 147.8 (182-.164) (Found: C, 54.0; H, 5.8. C,,H1406  
requires C, 54.5; H, 5.8%). 

Methyl 0-methyitnulticolanate (IV), methyl 0-meihylinulticolate (V), and dimeihyl 
0-methylmulticolosate (VI). (a) Compounds (V) and (VI) were obtained as colorless 
gums from muiticolic and multicolosic acids, respectively, by treatment with excess 
ethereal diazomethane in the usual way. Methyl O-methyl,nulticolate (V) had vm,,x  3605, 
3500 (br), 1742, 1665, and 1185 cm', 	266 nm (t 11 600) (Found: m/e, 270.110. 
C13H1806  requires nile, 270.110). Dimethyl 0-methylmulticolosate (VI) had Vmax  1793, 
1739, 1718. 1672, and 1643 cm', Amax  266 nm (c 11 500) (Found: "Ile, 298.105. 
C 14H 180, requires m/e, 298.106). The acetate (VII) was prepared from methyl 0-
methy1multicolate (50 mg) with acetic anhydride/pyridine at room temperature for 4 hr, 
in the usual way. Purified by preparative tic, with ether as developing solvent, it was 
obtained as an oil (48 mg), vm ,,x  1786, 1738, 1635, and 1230 cm', Amax  266 nm (e 
10 500) (Found: nile, 312.123. C1c H200, requires nile, 312.123). (b) The crude extract 
from the organism was methylated with diazomethane and the total product partitioned 
by preparative tic with ether as the developing solvent. Methyl 0-methylmulticolate (60 
mg liter-' of culture broth) was eluted with ethyl acetate from a band with R1  0.3, and 
dimethyl 0-methylmulticolosate (55 mg liter-') from a band with R10.45. A third band. 
R0.8, was isolated and further purified by multiple elution tic, using light petroleum (bp 
60-80'C): ether (1: 1) as developing solvent. A band with R10.2 was extracted in ethyl 
acetate to give methyl O-methvlmulticolanate (IV) as an oil (3 mg liter'), umax 1775, 
1727, 1630, and 1138 cm', 'Lax  256 nm (e 12 600) (Found: m/e, 254.1 16. C, 3H,805  
requires nile, 254.116). 
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Oxidation of methyl-O-methylmulticolate. To a solution of this compound (60 mg) in 
acetone (5 ml) at 0°C, Jones reagent (three drops) was added, and after 5 min the 
reaction was quenched with ethanol (1 ml). The product was isolated in ethyl acetate 
(2 x 10 ml), after dilution of the reaction mixture with water (20 ml), and methylated 
with ethereal diazomethane. Purified by tic dimethyl O-methylmulticolosate, with 
identical spectral properties to those above, was isolated as a gum (40 mg). 

Dihvdromulticolic acid (VIII), methyl O-methyldihydromul(icolate (IX), and 
dimethyl O-methyldihydronulticolosa1e (X). Multicolic acid, methyl O-methylmulti-

colate and dimethyl O-methylmulticolosate were each hydrogenated in ethyl acetate 
containing 10% palladium on carbon, with hydrogen gas at atmospheric pressure and 
room temperature, to give quantitative yields of the respective dihydro-derivatives. Thus 

obtained, dihydromulticolic acid (VIII) was an amorphous solid, Amax  234 nm (e 6900), 

max (EtOH-NaOH) 262 nm (e 12 400), methyl 0-methy1dihydromulticolate (IX), an 

oil, Amax  227 (E 7100), 'max (CHCI 3) 1740 and 1665 cm-' (Found: n2/e, 272.126. 

C 13 H 2006  requires in/e, 272.126), and dimethyl 0-methyldihydromulticolosate (X), an 

oil, 'max  228 (e 7200), Vmax (CHC13) 1735 and 1665 cm' (Found: mn/e 300.119. 

C14H 2007  requires in/e, 300.118). 
Incorporations of [1-' 3C]-, [2-' 3C]-, and [1,2-' 3C]acetate into the metabolites. 

Sodium [1-'3C1- and [2-'3C]acetate (200 mg, respectively) were each added to a 7-day-

old growth culture pan of P. multicolor. After a further 3 days the culture liquors were 

extracted and methylated in the usual way to give 1 13Clmethyl O-methylmulticolate (92 

and 84 mg, respectively, from [1-'3C]- and [2-130acetate) and ['3C]dimethyl 0-methyl-
multicolosate (63 and 67 mg, respectively). Similarly [1,2-'3C]acetate (250 mg) was 

added to a 6-day-old culture pan of P. multicolor to give, after work-up and isolation, 

['3Clmethyl O-methyimulticolate (70 mg) and ['3C]dimethyl O-methylmulticolosate 

(30 mg). 
Ethyl 12-14C]-6-penty1resorcylate. Prepared from ethyl [3-14C]acetoacetate (483 mg. 

134.9 mC mmol') and methyl oct-2-enoate (478 mg) by the literature method (9), 

ethyl [2-14C]-6-pentyldihydroresorcylate was obtained as prisms (535 mg. 134.1 mC 
mmol') from light petroleum (bp 40-600C), mp 64°C [lit. mp (14) 64-651C]. 

Brominatiori of this compound (530 mg) with bromine (1 g) in acetic acid (1.3 ml), by 
the literature method (9) gave a mixture which was separated by chromatography on 
silica. Elution with light petroleum (bp 60-80'Q: acetone (1:1) gave successively ethyl 

[2-14C]dibromo-6-pentylresorcylate, prisms (320 mg, 134.0 mC mmol'), mp 66-67°C 

[lit. mp  (14) 67°C] from light petroleum (bp 40-60°C) and [1,3-14C]-2,4,6-1ribro1no-5- 

pent ylresorcinol, needles (100 mg) from light petroleum (bp 40-60°C), mp 64-65°C, 

v.,,,,2475, 1520, 1400, 1358, 1320 and lllOcm', max 213 nm (e 13000), r 3.91 (2H, 

s, exchangeable), 7.03 (2H, t, .1 7.5 Hz), ca. 8.5 (6H, m) and 9.09 (3H, t, J 5.5 Hz) 

(Found: C, 31.7: H, 3.1; Br, 57.5. C,,H,102Br 3  requires C, 31.7; H, 3.1; Br, 57.59'o). 

Hydrogenolysis of ethyl [2-14cldibromo-6-pentylresorcylate (300 mg) in 1 M sodium 

hydroxide (3.5 ml). containing 5% palladium on calcium carbonate (150 mg) with 
hydrogen at atmospheric pressure and room temperature gave, after isolation in ether 

(4,x 25 ml), ethyl [2-'4C]-6-pentylresorcylate, which formed prisms (160 mg, 134.6 mC 
mmol') from light petroleum (bp 40-60°C), mp 69°C [lit. mp  (14) 69°C [Found: C, 

66.7; H, 8.0. Calcd for C,4H,004: C, 66.7; H. 8.00/61. 

[' 4C]-2-methyl-3- (6-hydroxylhexyl)-quinoxaline (XXI). Radiolabeled methyl 0- 
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methylmulticolate was diluted with inactive material to give a sample (90 mg, 4.01 x 
l0-  pC mmoM) which was heated under reflux with 1.5 M sulfuric acid (10 ml), under 
nitrogen, for 48 hr. After neutralization of the mixture with sodium hydrogen 
carbonate, o-phenylenediamine (50 mg) in ethanol (3 ml) was added and the whole 
warmed to 1000 C for 15 mm. The product was isolated in chloroform (4 x 10 ml) and 
purified by preparative tic, using acetone :light petroleum (bp 60-80°C) (1:3) as the 
developing solvent. The band with R f  0.25 was eluted with ethyl acetate and the 
material crystallized from aqueous ethanol to constant radioactivity giving [ 11C]-2- 
methyl-3-(6-hydroxyhexvi)-quinoxaline (XXI) as needles (55 mg, 3.92 x 10-  pC 
mmoI 1 ), mp 139°C, Vmax  3480 (br), 1563, 1450, 1392, 1365, 1340, 1328, 1315, 1155, 
1140, and 1124 cm, Amax  204, 237, and 315 nm (a 13200, 12300, and 9700), r 1.89-
2.42 (4 H), 6.40 (2H, t, J 7.5 Hz), 7.0 (2H, t, J 7.0 Hz), 7.33 (3H, s) and 8.2-8.8 (8H, 
m) [Found: C, 73.5; H, 8.3; N, 11.7; m/e, 244.156. C15H20N20 requires C, 73.7; H, 
8.3; N, 11.5; m/e, 244.1581. 

Degradation of quinoxaline (XXI). Kuhn-Roth oxidation of compound (XXI) was 
carried out by the standard procedure (15) and a portion of the acetic acid isolated was 
converted to its p-bromophenacyl ester. This was purified by tic and crystallized by 
constant activity from light petroleum (bp 60-801C), giving plates (3.63 x 10 pC 
mmol'), mp 86°C. The remainder of the acetic acid was subjected to Schmidt 
degradation, as previously described (16). Methylamine was isolated as its hydro-
chloride and found to be essentially radiochemically inactive. 
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Studies on Fungal Metabolites.' Part 2. Carbon-13 Nuclear Magnetic 
Resonance Biosynthetic Studies on Pentaketide Metabolites of Asper-
gillus melleus: 3- (1,2- Epoxypropyl ) -5,6-d hydro-5-hyd roxy-6-methyl - 
pyran-2-one and Mettein 

By John S. E. Holkar and Thomas J. Simpson,t Department of Organic Chemistry, The Robert Robinson 
Laboratories, University of Liverpool, P.O. Box 147, Liverpool L69 38X 

The 'Sc n.m.r. spectra and incorporations of 13C-labelled precursors into pyrone and dihydroisocoumarin penta-
ketide metabolites from the culture liquors of Aspergillus melleus are reported. Detection of a two-bond 13C-13C 
coupling in a metabolite enriched from [1,2-'5C5]acetate provides proof for an intramolecular rearrangement 
occurring during biosynthesis. 

FERMENTATIONS of Aspergillus melleus provide a variety 
)f metabolites: the mycelium is a rich source of poly-
etide-derived naphthoquinone pigments,2'3  e.g. xantho-

negnin (1), whereas the principle metabolite in the cul-
ure liquors is the unusual pyrone (2), a weak broad 
pectrum antibiotic which was first isolated  along with 
nellein (4) and penicillic acid (6), and has since been 
solated from other Aspergillus species.5  Incorporation 
)f [14C]acetate into pyrone (2) was reported 6  to give 
:he labelling pattern shown in Scheme 1. The distri-
)ution of label, particularly the linkage of two carbons 
lerived from the methyl carbon of acetate, and the 
)ranched structure of the pyrone are difficult to rational-
se in terms of the normal pathways of polyketide bio-
;ynthesis. Studies based on 18C-labelling have facili-
:ated the elucidation of unusual biosynthetic pathways 

	

* HO 	 CH3  
CH3—O2No 

	

C*  H3 	0 0 

SCHEME 1 Incorporation pattern of acetate into A. melleus 
pyrone (2) 

rnd 13C n.m.r. studies of pyrone (2) and its co-metabolites 
tre now reported.8  

Before undertaking 	 studies it was 
secessary to have an unambiguous assignment of the 

n.m.r. spectrum, and a full assignment of the 13C 
i.m.r. spectra of the pyrone (2) and its acetate (3) has 
een made as follows: C-i, C-2, C-3, and the 4-acetate 
arbons were readily assigned from standard chemical-
hift data and their multiplicities in the single frequency 
)ff-resonance decoupled (s.f.o.r.d.) spectra. Carbons 
, 5, 7, and 8, however, all have similar chemical shifts, 

tharacteristic of oxygen-bearing aliphatic carbons, and 
rive rise to doublets in the s.f.o.r.d. spectra. They were 
tssigned for the acetate (3) by the Birdsall method,9  in 
which the peak frequencies in s.f.o.r.d. spectra are plotted 
igainst the 'H irradiating frequency as it is stepped 
:hrough the 'H spectral region. The corresponding 'H 

t Present address: Department of Chemistry, University of 
dinburgh, West Mains Road, Edinburgh EH9 3JJ. 

and 'C resonances are determined by extrapolating 
(Figure) the residual couplings to zero, and as the 'H 
frequencies have been unambiguously assigned,4  the 
corresponding 13C resonances can be assigned. The 6-
and 9-methyl resonances could not be readily distin-
guished in the natural abundance 13C n.m.r. spectra. 
However in the spectrum of (2) enriched from [1,2-13C2]-
acetate, the resonance at 17.6 p.p.m. shows a 
coupling of 44 Hz to the resonance at 59.1 p.p.m., which 
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has been unambiguously assigned to C-8, and so the 
former must be assigned to C-9. 

The 13C n.m.r. spectra of (2) enriched from feedings 
of [1-13C]-, [2-13C]-, and {1,2-13C2]-acetate, and [2-
13C]malonate are summarised in Table 1. High enrich-
ment of carbons 1, 3, 5, and 8 from [1-13C]acetate, and 
carbons 2, 4, 6, 7, and 9 from [2-13C]acetate were appa- 
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rent, confirming the previously reported labelling pat-
tern. The specific incorporation of [2-13C]acetate was 
sufficiently high for satellites due to a 13C-13C coupling 
of 61 Hz, corresponding to the head-to-head linkage of 
acetate units, to be observed on the resonances due to 
carbons 2 and 7. It should be noted that the overall 

'H Chemical shift- irradiation frequency (T) 

Plot of peak frequencies in the 'H off-resonance selectively de-
coupled "C spectra of (3) as a function of positionof irradiation 
in the 'H spectrum 

enrichment, Ca. 4.5 atom % '-SC, is much too low to allow 
such satellites to be observed so a significant proportion 
of the enriched molecules must be multiply labelled, 
with the remaining molecules having a much lower level 
of enrichment to give the observed overall level of 
enrichment.10  

The 13C n.m.r. spectrum of [1,2-13C2]acetate-enriched 

J.C.S. Perkin] 

pyrone (2) shows "C--13C couplings between the followinf 
pairs of carbons: 2 and 3 (68 Hz), 4 and 5 (41 Hz), anc 
8 and 9 (44 Hz) thus proving their origin from acetat 
units which have remained intact throughout the bio 
synthetic sequence to give the labelling pattern shown ir 
Scheme 2. On redetermining the spectrum using 500 H 
sweep widths, an additional small coupling of 6 Hz wa 
resolved on the resonances due to carbons 1 and 7 
Thus carbons 1 and 7 must also be derived from ar 
originally intact acetate molecule which has undergon 
an intramolecular rearrangement during the course oi 

C H 3CO2Na 	

—a.. 
HO 

° 0H 

0 

0 HO 	 H no,-  0 

SCHEME 2 Incorporation of [1,2-"C,]acetate into the pyron 
(2)via intramolecular rearrangement of a pentaketide precursoi 

biosynthesis. The above enrichment data is consisteni 
with the biosynthetic pathway shown in Scheme 2, anc 
indicate that pyrone (2) is formed from a pentaketicli 
precursor via a Favorskii-type rearrangement; generat-
ing both the observed head-to-head linkage of acetat 
units, and the 1,3-coupling between carbons 1 and 7 
followed by loss of the terminal carboxy-group, a bio• 
synthetically unexceptional step. A similar rearrange. 
ment can be postulated to account for the formation ol 
the fused bis-furan ring system found in the aflatoxin 
and related metabolites, whose origin has been a subjeci 
of much research and speculation.1' Since our pre 
liminary report,8  a similar rearrangement has beer 
shown to occur in the biosynthesis of vulgamycin,12  anc 
a furanoid metabolite of Chaetomium coarcatum.13  

TABLE 1 

"C Chemical shifts (ac, ppm. downfield from internal SiMe4) in pyrones (2) and (3), and enrichments observed in 13C 
incorporation experiments 

couplings 
Observed enrichments from (J Hz) 

[1-13C]- 	' [2-"C]- 	[2-"C]- from 
Carbon (2) acetateb acetate' 	malonate d  [l,2-"C,]acetate (3) 

1 183.0 (s) + 6 161.7 (s) 
2 129.0 (s) + 	+ 68 131.2 (s) 
3 141.2 (d) + 68 135.5 (d) 
4 67.6 (d) + 	+ 41 67.8 (d) 
5 79.3 (d) + 41 76.3 (d) 
6 18.0 (q) + 	+ - 18.1 (q) 
7 54.6 (d) + • 	+ 6 54.3 (d) 
8 59.1 (d) + 44 58.7 (d) 
9 17.6 (q) + 	+ 44 17.5 (q) 

CH,CO - 20.6 (q) 
CH,CO - 169.4 (s) 

Multiplicities refer to off-resonance decoupled spectra. b,,,d  Average enrichments are +13, 4.5, and 0.3 atom % "C respectively 
'J("C—"C) 61 Hz observed. 
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Incorporation of [2-13C]malonate resulted in very low 
overall enrichment and no' starter' effect was observed, 
C-9 being enriched to the same level as the other carbons 
derived from the methyl carbon of acetate. 

In addition to the pyrone (2), variable yields of mellein 
(4) and penicillic acid (6), the previously reported co-
metabolites,4  were obtained from the A. melleus ferment-
ations. However, a further metabolite was isolated 
from the fermentation liquors. From its spectral and 
physical properties it was identified as cis-4-hydroxy-
mellein (7) which has been isolated from several fungi, 
including Lasiodiplodia theobromae,14  and Cercospora 
taiwanensis.15  

The 13C n.m.r. spectra of mellein (4), O-methylmellein 
(5), and (7) are summarised in Table 2. 

TABLE 2 

IZC Chemical shifts (8c, ppm. downfield from internal 
SiMe4) and coupling constants of [1,2-13C]a6etate-
enriched (4) and 'C chemical shifts of compounds (5) 
and (7). 

(4) 	 (5) 	 (7) 
Carbon 80 f/Hz so 80 

1 169.7 (s) 68 162.6 (s) 168.4 (s) 
3 76.0 (d) 40 74.0 (d) 80.0 (d) 
4 34.6 (t) 41 36.1 (t) 69.0 (d) 
5 117.8 (d) 55 119.1 (d) 117.6 (d) 
6 135.9 (d) 55 134.4 (d) 138.7 (d) 
7 118.1 (d) 87 110.9d) 118.2 (d) 
8 162.1 (s) 67 161.0 (s) 161.7 (s) 
9 108.2 (s) 68 113.8 (s) 106.5 (s) 

10 139.2 (s) 41 141.8 (s) 141.0 (s) 
11 20.7 (q) 40 20.6 (q) 17.9 (q) 

MeO 56.1 (q) 

Multiplicities refer to off-resonance decoupled spectra. 

The 13C resonances were assigned from standard shift 
values, multiplicities in s.f.o.r.d. spectra, and by analysis 
of the long-range 'H-13C couplings in fully 'H-coupled 
13C n.m.r. spectra. This is particularly useful for 
distinguishing the 5 and 7 carbons which are of similar 
chemical shift in all three compounds. C-6, as expected, 
appears as a simple doublet due to one-bond coupling to 
H-6, typically 162 Hz in (7). In all three compounds 
C-7 appears as a doublet of doublets due to one bond 
coupling to H-7 and a three-bond coupling to H-5, 
typically 166 and 7 Hz respectively in (7). However in 
both (4) and (5) C-5 appears as a doublet of quintets due 
to the large one-bond coupling to H-5, with the 5-line 
pattern arising from a 3-bond coupling of ca. 7 Hz to 
H-7 and a Ca. 3.5 Hz coupling to the 4-methylene protons; 
selective low-power irradiation of the 4-protons collapses 
the quintets to doublets. Similarly C-10 shows a 3-bond 
coupling of ca. 7 Hz to H-6 with 2- and 3-bond couplings 
of Ca. 3.5 Hz to the 4- and 3-protons respectively so 
that, for example, irradiation of the 4-methylene protons 
in (5) causes the broad poorly resolved multiplet due to 
C-10 to sharpen to a doublet of doublets (J 7 and 3.5 Hz) 
and irradiation of H-4 causes it to sharpen to a doublet of 
triplets. In compound (7) on the other hand C-5 appears 
as a doublet of triplets due to the one-bond coupling 
(162 Hz) to H-5 and equal three-bond couplings to H-7 

and H-4 (7 Hz); C-10 appears as a doublet of poorly 
resolved triplets due to a 7 Hz coupling to H-6 and 
smaller couplings to H-4 and H-3. 

On methylation of (4) to give (5), the removal of 
chelation between the pen -related hydroxy and carbonyl 
groups results in characteristic changes in chemical 
shift.16  Sufficient mellein was isolated from the [1,2_13C2]_ 

acetate 
1.2-13C2]-

acetate fermentation for its doubly labelled 13C n.m.r. 
spectrum to be determined, and the observed 1 C-13C 
couplings (Table 2) confirm that mellein is formed by the 
anticipated folding of a pentaketide chain (Scheme 3). A 

C H 3-0O2  Na - 'çiJçlIIzH 

SCHEME 3 Incorporation of [1,2-13Ca]acetate into mellein 

similar acetate assembly pattern has been found for the 
related dihydroisocoumarin (9), a metabolite of Sporamia 
affinis.'7  

It is noteworthy that both mellein (4) and the pyrone 
(2) lack the equivalent oxygen atom from the precursor 
pentaketide chain. Moreover, on repeated culture of 
A. melleus yields of the pyrone decreased with con-
comitant increase yields of mellein which was originally 
produced in very low yields. This suggests that both 
compounds are derived from a common deoxypentaketide 
which is diverted to mellein production when pyrone 
production is inhibited. Pyrone (2) has also been iso-
lated from A. ochraceus which also produces the 
ochratoxins [e.g. (8)], dihydroisocoumarins whose bio-
synthesis must also involve a deoxypentaketide precursor. 

EXPERIMENTAL 

For general experimental details see part 1. 
23C N.m.r. Determinations.-The '3C n.m.r. spectra were 

obtained for samples in acid-free CDC13  with SiMe4  as 
internal reference. Proton noise-decoupled and single 
frequency off-resonance decoupled spectra were determined 
on a Varian XL100-15FT spectrometer operating at 25.197 
MHz or on a JOEL JNMFX-60 spectrometer operating at 
15.04 MHz. Fully coupled spectra were determined under 
gated-1 decoupling conditions to retain nuclear Overhauser 
effects. 

Isolation of Metabolites.-Aspergillus melleus (CMI 
49108) was grown at 25 °C in static culture in penicillin 
flasks each containing 500 ml of an aqueous medium made 
up from potassium dihydrogen phosphate (0.1%), mag-
nesium sulphate heptahydrate (0.05%), potassium chloride 
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(0.05%), urea (0.07%), and glucose (7.5%), the solution 
being adjusted to pH 5 before autoclaving. The ferment-
ation was harvested after 18 days growth and the culture 
filtrate was extracted with ethyl acetate to give a brown 
gum (ca. 400 mg 11)  which was purified by preparative t.l.c. 
on 20 x 20 cm silica-gel plates eluted with ether-light 
petroleum (60: 40, v/v). The three u.v.-quenching bands 
were removed to give in order of decreasing polarity (a) 3-
(1, 2-epoxypropyl)-5,6-dihydro-5-hydroxy-6-methylpyran-
2-one, m.p. 109-111 °C (lit.,4  m.p. 109-111 °C) (ca. 244) 
mg 11);  (b) 4-hydroxymellein (ca. 20 mg 11),  m.p. 114- 
117 °C (lit.,14  m.p. 112-117 °C); and (c) mellein (Ca. 10 
mg 1-1), m.p. 54-56 °C (lit.,' m.p. 55-56 °C). In later 
fermentations yields of the pyrone decreased with con-
comitant increase in the yields of mellein. 

Incorporaf ions of 13C Labelled Precursors-To each of 
three vessels containing a 7-day growth of A. melleus was 
added 90% sodium [1-18C]acetate (400 mg), sodium [2-13C]-
acetate (250 mg), and sodium [1,2-13C2]acetate (250 mg). 
After a further 4 days growth the liquors were extracted 
to give pyrone (2), in yields of 25, 39, and 37 mg from the 
[!-'C]-, [213C], and [1, 2-'3C2]-acetate feeds respectively. 
In addition, mellein (15 mg) was isolated from the [1,2-
13C2]acetate feed. 

Diethyl [2-13C]malonate (250 mg) in ethanol (1 ml) was 
similarly added to a 7-day old culture of A. ,nelleus and 
pyrone (2) (30 mg) was isolated after a further 4 days 
growth. 

Acetylation of the Pyrone (2).-The pyrone (100 mg) in 
acetic anhydride (2 ml) and pyridine (0.5 ml) was stirred 
at room temperature for 2 h. Work-up gave an almost 
quantitative yield of the acetate (3), m.p. 65-87 °C (lit.,4  
m.p. 65-67 °C). 

Methylation of Mellein.-Mellein (100 mg) was stirred at 
room temperature overnight in the presence of chloroform 
(10 ml), methyl iodide (1 ml), and silver oxide (500 mg) 

Filtration of solids and removal of solvent gave an oil 
which crystallised from ethyl acetate to give 0-methyl-
mellein, m.p. 88-89 °C (lit.,18  m.p. 88-89 °C). 

[0/1437 Received, 18th September, 1980] 
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ISOLATION AND X-RAY CRYSTAL STRUCTURES OF ASTELLOLIDES A AND B, SESQUITERPENOID 

METABOLITES OF ASPERCILLUS VARIECOLOR 

* 
By Robert 0. Gould, Thomas J. Simpson, and Malcolm D. Walkinshaw 

Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh 

EH9 3JJ, Scotland 

Abstract. 	Two sesquiterpenoid metabolites, astellolides A and B, have been 
isolated from cultures of Aspergillus variecolor. 	Their structures have been 
elucidated by X-ray crystallography and spectroscopic methods. 

In the course of biosynthetic  and structural  studies of andibenin and 

related metabolites of Aspergillus variecolor we obtained a mutant of the 

andibenin producing strain, 212K169, which lacked the usual abundant polyketide 

derived mycelial pigments.3 	We now wish to report the isolation and struc- 

tures of two biosynthetically significant sesquiterpenoid metabolites from 

extraction and chromatography of the fermentation liquors of this mutant strain. 

The major metabolite astellolide A, C26H3008  (mass spec. and analysis) 

formed colourless prisms from ethyl acetate with rn.p. 213-2140C, showed 

[ci] 5-8, and u.v. maxima at 221 (log 4.30) and 275 (3.02) nm. 	The 360MHZ 

H n.m.r. spectrum showed signals at 61.15, (tertiary methyl); 1.90 and 2.11 

(both 3H, s) , 3.99 and 4.38 (both 1H, d, J 12Hz) and 4.88 and 4.97 (both 

1H, d, J11Hz) assignable to two tertiary acetoxy methyls; and 5.95 (1H, m) 

8.02 (2H, d, JSHz) , 7.57 (1H, t, J8Hz) , 7.47 (211, t, J8Hz) assignable to the 

benzoate of a secondary alcohol. 	The corresponding carbon signals were 

readily identified in the 25MHz ' 3C n.m.r. spectrum (Table). 	Extensive spin- 

decoupling experiments showed that the methine proton at 55.95 which was 

coupled to a methine proton at 51.82 (111, d, J1.5Hz) was also coupled (J5.0 and 

2.0Hz) to allylic methylene protons at 2.72 (2H, m). 	This allylic methylene 

in turn showed a homo-allylic coupling to two doublets of triplets at 64.81 

and 5.97 (each 1H, J17 and 2.5Hz) corresponding to an oxygen bearing allylic 

methylene. 	No other allylic protons were present. 	From the chemical shifts 

and consideration of the remaining functionality, this oxymethylene and the 

tetrasubstituted double bond (6c 122.5 and 165.6) must be linked with the 

remaining acyl carbon (6c173.0) to form an c,9-unsaturated y-lactone and so 

partial structure (A) can be deduced. 	After allowing for the acetate and 

benzoate carbons, the remaining carbon skeleton is C15  and tricyclic, and the 

carbons not accounted for in the above functions consist of three aliphatic 
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rnethylenes and two aliphatic quaternary carbons. 	These features can best be 

accommodated in a substituted confertifolin structure as indicated in (1). 

0 
6H 	

10 
2 

0 

H 	 14 13" 	
":]6~ H 02CPh 	 Ac

0 
cH2cH302c_KR 

(1) R=H 
(Z) R=OH 

The coupling constants of the 6-proton to the 5- and 7-protons indicate 

that H-6 is equatorial and thus the benzoate is in the axial position. 	The 

c-methyl can be placed at the 4-equatorial position, rather than the 4- or 10-

axial positions by virtue of its high chemical shift value  and comparison 

with the shifts observed for C-methyls and acetoxymethyls in a variety of 

terpenoid compounds e.g. in podocarpol acetate  the 4-equatorial methyl and 

4-axial acetoxymethylene carbons resonate at 27.4 and 67.0 p.p.m. respectively 

whereas in andalusol 6,18-diacetate6 the 4-axial methyl and 4-equatorial 

acetoxymethylene resonate at 17.9 and 74.1 p.p.m. respectively. 	Thus all the 

n.m.r. data are consistent with structure (1) for astellolide A. 	This has 

been confirmed by a single crystal X-ray diffraction study.7 

Crystal data: 	C26H3008, M=470, clear colourless orthorhombic crystals, space 

group P212121 (No.19), a = 11.023 (3), 	b = 14.426 (4), 	c = 15.045 (5) A, 

U = 2392 A, z = 4, Dc = 1.31 g cm- 3; MoRn radiation (A = 0.71069 X 'P = 0.58 

cm'). 	Intensity data were collected on a Nonius CAD 4 diffractiometer (to 

20 	= 50). 	Of 2436 unique reflections, 1631 had I > 3 a (I) . 	Multan 778 

was used to solve the structure which was refined isotroptically to a H value 

of 0.086 using SHELX9, hydrogen atoms were included in calculated positions. 

The structure of the molecule is illustrated in the Figure by a PLUTO 10 drawing. 

Astellolide B, C26H3009, gave colourless rods from ethyl acetate m.p. 251- 

253°C. 	Its spectroscopic properties differed from astellolide A, only in 

signals that were readily attributable to having a p-hydroxybenzoate function 

in place of the benzoate of astellolide A. 	Thus 'H n.m.r. showed signals at 

66.84 and 7.87 (each 2H, d, J8Hz) and the aromatic ring carbons in the 13C 

n.m.r. spectrum appeared at 161.3 (s), 131.3 (2xd), 115.6 (2xd), 120.6 (5); 

so astellolide B has structure (2). 



Figure 

Table 13C n.m.r. chemical shifts 

(p.p.m. from Me4Si) and multipli-

cities observed for astelljlide 

A (1) and astel101ide B (2). 
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Carbon (1) (2) 

1 31.6t 31.7t 

2 17.9t 17.9t 

3 37.Ot 37.Ot 

4 37.7s 37.7s 

5 53.9d 54.ld 

6 66.6d 66.Od 

7 29.Ot 29. It 

8 122.5s 122.8s 

9 165.6s 165.6s 

10 40.5s 40.5s 

11 65.9t 66.Ot 

12 173.Os 173.4s 

13 27.7q 27.8q 

14 66.9t 67.1t 

15 71.3t 71.4t 

CH3CO 170.4s 171.ls 

170.Os 170.3s 

CH3CO 20.9q 21.Oq 

20.5q 20.6q 

 165.9s 165.6s 

 129.5s 120.6s 

31 7' 129.5d 131.3d 

4 1 6' 128.6d 115.6d 

5' 133.3d 161.3s 

Previous studies have indicated that andibenin is formed by alkylation of 

a bis-C-methylated tetraketide precursor by farnesylpyrophosohate. 	It is 

significant that this mutant strain which is apparently impaired in polyketide 

production should divert the farnesylpyrophosphate to sesquiterpenoid production. 

Mycophenolic acid, the important antitumour metabolite of Penicilliurn brevi-

compacturn is biosynthesised by a pathway 11 analogous to that proposed for 

andibenjn. 	It is thus interesting to note that the pebrolides with similar 

structures to the astellolides have also been reported as metabolites of 

P. brevicompactum. 12 
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Biosynthesis of Tajixanthone in Aspergillus variecolor; Incorporation 
of rH3lAcetate and [1,2-13C2]Acetate 

By ESFANDIAR BARDSHIRI and THOMAS J. SIMPSON* 

(Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland) 

Summary The results of 13C and 2H n.m.r. analyses of 
[2H3]- and [I,2-13C2]-acetate-enriched tajixanthone are 
reported, which indicate, inter alia, that ring cleavage of 
an anthraquinone, and not anthrone, precursor must 
precede C-prenylation, and that dihydropyran ring 
formation precedes xanthone ring formation during 
biosynthesis of tajixanthone. 

Two major biosynthetic pathways are evident in Asper-
gillus variecolor, one leading to tajixanthone (1) and related 
mycelial pigments,' and the other to andibenin and related 
compounds isolated from the culture liquors.2 Previous 
studies3 have indicated that biosynthesis of tajixanthone 
occurs via an octaketide-derived anthrone or anthraquinone 
with the introduction of two prenyl units from 3, 3-dimethyl-
allylpyrophosphate (DMAPP) to give an O-prenyloxy-
aldehyde intermediate (2), which then undergoes an 
intramolecular 'one' reaction to form the substituted 
dihydropyran ring, and cyclodehydration to form the 
xanthone system. Further indirect evidence in support of 
this pathway was given by a detailed study of the metabo-
lites of a number of variant strains of A. variecolor,1 but the 
sequence and mechanistic details of the required steps 
remained to be determined. We now report the results of 
incorporation studies with [1,2-1 C2]- and [2-2H3]-acetate 
which, in conjunction with 13C and 2H n.m.r. data, allow 
some of these details to be elucidated. 

The labelling patterns resulting from these incorporation 
studiest are summarised in the Scheme and the following 
conclusions can be drawn from the 13C_13C labelling pattern. 
(i) The acetate assembly pattern in the xanthone system is 
entirely consistent with an octaketide precursor folded as 
shown in the Scheme; cf. islandicin.4 (ii) The randomisa-
tion of labelling in ring c means that ring c must have been 
symmetrical and free to rotate on the enzyme surface at 
some stage in the biosynthesis of tajixanthone. This means 
that ring cleavage of the carbocyclic precursor must precede 
introduction of the C-prenyl residue; cf. ravenelin.5 (iii) SCHEME 

t The details of the 'C and °H n.m.r. data will be published elsewhere. 
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C-Prenylation and epoxidation, in agreement with recent 
studies on echinulin° and fiavoglaucin,3  occurs with retention 
of configuration about the double bond of DMAPP. 
(iv) The stereospecificity of labelling in the dihydropyran 
ring suggests its formation from the O-prenylaldehyde 
moiety by a concerted 'ene' reaction. The transition state 
necessary for the observed 20,25-trans stereochemistry of 
(1) in a concerted reaction requires dihydropyran ring 
formation to occur before cyclodehydration to the xanthone 
system, as the transition state necessary for trans stereo-
chemistry in an 'ene' reaction of the xanthone aldehyde (3) 
would have a highly unfavourable interaction between the 
aldehyde and xanthone carbonyls. Indeed, in vitro 
cyclisation of (3) gives the cis product.8  

2H N.m.i. spectroscopy has been successfully applied to 
the study of terpenoid biosynthesis but so far only to a few 
polyketide problems.° The apparent intermediacy of the 
aldehyde (2) in tajixanthone biosynthesis suggests that ring 
cleavage might occur at the arithrone rather than anthra-
quinorie oxidation level, in which case H-25 would be 
derived from the hydrogen of acetate. As the 25-hydroxy-
group of (1) is known to be resistant to reaction, e.g. oxida-
tion, a 2H-labelling study seemed appropriate. The 2H 
ri.m.r. spectrum of [2H3]acetate-enriched tajixanthone 
Indicated the labelling pattern shown in the Scheme and  

196 

permits the following conclusions. (i) There is no 211 label 
on C-25; this implies cleavage of an anthraquinone rather 
than an anthrone intermediate. (ii) The absence of 2H on 
C-5 indicates that decarboxylation of the octaketide 
precursor occurs after cyclisation and aromatisation. 
(iii) A differential incorporation of 2H is apparent. The 
DMAPP-derived positions are enriched to a greater extent 
than the polyketide methyl which appears to be more 
highly enriched than the polyketide methylene positions. 
Indeed it is reassuring to see the presence of label on C-2 as, 
in two recent studies, 21-1 was incorporated only into the 
acetyl coenzyme A-derived position and not those derived 
from malonyl coenzyme A.'°" (iv) There appears to be 
some loss of 2H from the E methyl group relative to the 
Z methyl group of DMAPP (after allowing for the antici-
pated 2: 3 ratio). This could be occurring from aceto-
acetyl coenzyme A, or could be due to dimethylallyl—iso-
pentenyl pyrophosphate equilibration. 

The above results allow the sequence of steps shown in the 
Scheme to be proposed for the biosynthesis of tajixanthone. 
Further studies to delineate the pathway are in progress and 
will be reported in due course. 

The support of the S.R.C. is gratefully acknowledged. 
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3̀C and 1H N.M.R. Studies on the Biosynthesis of 0-Methylasparvenone, 
a Hexaketide Metabolite of Aspergillus parvulus 

By THOMAS J. SIMPSON* and DESMOND J. STENZEL 

(Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ) 

Summary Incorporations of singly and doubly labelled 
"C acetates and [2H3]acetate into 0-methvlasparvenone, a 
dihydronaphthalene metabolite of Aspergillus parvulus, 
and analysis of the resultant enriched samples by high-
field 'C and 'H n.m.r. spectroscopy indicate a hexaketide 
biosynthesis and a novel acetate assembly pattern; the 
'H-labelling pattern and levels of enrichment provide 
information on the sequence and mechanisms of the 
reduction, oxidation, and deoxygenation steps on the 
biosynthetic pathway. 

THE use of precursors doubly labelled with both "C and 'H, 
combined with the use of "C n.m.r. spectroscopy to deter-
mine the fate of acetate or mevalonate hydrogen during the 
course of a biosynthetic pathway, has been applied with 
some success in polyketide and terpenoid studies.' The 
alternative method of using 2H-labelled precursors and 
direct 'H n.m.r. spectroscopy determination of labelling has 
also been used successfully, particularly in the terpenoid 
area, notably by Cane and co-workers,2  but also in the 
polyketide field, a notable example being the studies of Sato 
on griseofulvin biosynthesis.' With the availability of 
high-field n.m.r. spectrometers the direct use of 2H n.m.r. 
spectroscopy becomes an even more attractive option. We 
now report the results of incorporation studies using both 
"C-labelled acetates and 'H-labelled acetate to investigate 
the biosynthesis of O-metliylasparvenone (1), a metabolite 
of Aspergillus parvulus, a fungus found in the acid soil of 
pine or sweetgum forests.4  Preliminary 14C-labelling 
studies' have suggested a polyketide origin for (1). 

Before carrying out incorporation studies both the 'H and 
"C n.m.r. spectra of 0-methylasparverione were rigorously 
assigned. These studies, which will be described in detail 
elsewhere, resulted in the assignments summarised in Tables 
1 and 2. The [1-13C]-, [2-13C]-, and [l,2-53C,]acetates were 
efficiently incorporated into (1) by shaken cultures of 

TABLE 1. "C Chemical shifts (1, relative to Me4Si) of 0-methyl 
asparvenone (1); coupling constants (Hz) of [l,2-"C,]acetate 
enriched (1); and enrichments observed in [1-13C]acetate- an, 

[2-13C]acetate-enriched (1). 

Carbon 	1/ppm. 	'J("C—"C) 	Enrichment 

1 	 2020 	 42 	• 
2 	 34•5 	 41 	 b'c 
3 	 31•7 	 37 
4 	 68'2 	 37 	 * 
4a 	 1453 	 62 
5 	 1005 	 63 	 * 
6 	 163•6 	 70 
7 	 1194 	 71 	 * 
8 	 1618 	 61 
8a 	 109•8 	 62 
9 	 15.4 	 33 	 40 

10 	 12•9 	 34 	 * 
MeO 	 556 	- 	 - 

a •, Average enrichment for [1-13C]acetate is 2 atom % 
b , Average enrichment for [2-11C]acetate is 14 atom %. C 

("C—"C) of 10 Hz observed. 

TABLE 2. 'H Chemical shifts (1, relative to Me4Si) of 0-methyl 
asparvenone (1); 'H chemical shifts and relative intensitie, 

observed in ['H,]acetate-enriched (1).' 

Relative 
Hydrogen 	1('H)b 	1(2H) 0 	intensityd 

2ax 	 2•52 	256 	 0•4 
2eq 	 280 
3ax 	 2•04 	208 	 02 
3eq 	 224 
4ax 	 4.77 
S 	 6•61 	6'67 	 1•0 
9 	 259 

10 	 103 	105 	 18 
OMe 	 385 

a ['H,]Acetate (2g) was distributed among 12 shaken flask, 
(75 ml medium per 250 ml flask) 36 h after inoculation. After a 
further 24 h growth, (1), (65 mg) was isolated. b  Measured at 
360 MHz. C Measured at 553 MHz on a Bruker WH 36C 
spectrometer. d  Normalised to H-5, which is itself enriched to 
Ca. 5 atom % 'H. 
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parvulus and the resultant "C n.m.r. spectra indicated 
enrichments summarised in Table 1. The enrichment 

cels were essentially identical throughout the molecule and 
indicate its formation from a hexaketide with the acetate 
sembly pattern shown in the Scheme. 

SR  o 	o OH OH 

Ie—0O2Nue 0_ 	 e .r L(¼.A  

0Ho  A A 

OH 0 	 OH OH 

Me 
A 10 	 M  

MeO 	 rI:IxI 
lk 	HOH 	 OH 

SCHEME. A = 'H label. 

To convert the hexaketide precursor into (1) it is necessary 
lose acetate-derived oxygen from C-3 and C-9, insert an 
tra' oxygen atom at C-4, and reduce to the dihydro-
phthalene oxidation level. It is generally assumed that 
lyketide oxygen is lost by reduction of the ketone and 
hydration of the resulting alcohol as in fatty-acid bio-
rithesis. The dehydration may be followed by reduction 
the double bond to give a saturated system.' Informa-
n on the timing of these reduction—oxidation processes 
ring biosynthesis of O-methylasparvenone has been 
tamed by incorporation of ['H,]acetate and determination 
the resultant 'H n.m.r. spectrum. This indicated enrich-
,nt of the 10-methyl, 5-, 2-axial, and 3-axial hydrogens, 
d significantly there was no label on C-4 (Table 2). The 
iy satisfactory explanation for the loss of label from C-4 
d its appearance on C-3 is that an N.I.H. shift7  occurs 
ring hydroxylation of a 1,6,8-trihydroxynaphtlialene 
:ermediate to a 1,4,6,8-tetrahydroxynaphthalene as 
licated in the Scheme. N.I.H. shifts have been observed 
ring fungal metabolism of a number of aromatic sub-
ates.8  (The possibility that 'H appeared on C-3 as a 
ult of 'H enrichment of the hydrogen-transfer coenzymes 
exchange with 'H from the precursor acetate via the 
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medium can be ruled out by the absence of label on C-9). 
Thus the C-3 polyketide oxygen must be lost before aroma-
tisation; introduction of the 'extra' oxygen on C-4, and 
reduction to the dihydronaphthalene level must occur after 
condensation and aromatisation of the precursor polyketide. 
These results are interesting in relation to recent studies on 
vermelone 	[3,4-dihydro-3,8-dihydroxynaphthalen-1 (2H)- 
one] and scytalone [3,4-dihydro-8-hydroxynaphthalen- I 
(2H)-one], pentaketide metabolites of Verticillium dahlias, 
which indicate that both reduction and loss of oxygen are 
post-aromatic processes,9  and in relation to aflatoxin bio-
synthesis where the apparent intermediacy of averufin had 
been questioned on the grounds of the required loss of 
phenolic oxygen." 

While it is recognised that the enriched positions are 
probably subject to differing probabilities of loss of 'H 
through exchange, as their environments alter during the 
course of the biosynthetic pathway, so making interpreta-
tion of differing levels of enrichment subject to uncertainty, 
the following further observations can be made. (a) The 
3-axial position is labelled to only 50% of the level of the 
2-axial position. This is entirely consistent with the levels 
of retention of label commonly observed as a result of N.I.H. 
shifts. Note that there is no evidence of enrichment of the 
2- or 3-equatorial hydrogens so that the ring reduction is an 
entirely stereospeciflc process. (b) The 10-methyl is 
labelled to less than twice the level of H-S. This is particu-
larly surprising as recent 'H-labelling studies have shown 
preferential labelling of acetyl coenzyme A-derived 'starter' 
positions relative to positions derived from malonyl co-
enzyme A in polyketide metabolites." We interpret this 
observation as a strong indication that the C-9 ketide 
oxygen is not lost until after aromatisation. This would 
then allow loss of 'H-label from C-10 relative to C-S by 
exchange from an acetyl side chain and/or via reduction and 
dehydration of the resultant 1'-hydroxyethyl side chain. 
Some support for this hypothesis comes from the isolation of 
trace amounts of 9-oxygenated analogues of 0-methyl-
asparvenone from A. parvulus fermentations.13  

In conclusion, the present studies demonstrate how 
'H n.m,r. labelling studies can provide valuable information 
on the often inaccessible intermediates and mechanisms of 
polyketide metabolism. The differing levels of 'H-labelling 
and the nature of the intermediates on the biosynthetic 
pathway are the subject of further investigations which 
will be reported in due course. 

The support of the S.R.C. is gratefully acknowledged. 

(Received, 5th December 1980; Corn. 1301.) 
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Anditomin, a new C25  Metabolite from Aspergillus variecolor 

By THOMAS J. SIMPSON* and MALCOLM D. WALKINSHAW 

(Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ) 

	

Summary The structure of anrntomln, u2 r13005. isoiareu 	 10 

	

from Aspergillus variecolor, was deduced from a detailed 	 10' 	 Me 

	

analysis of its 'H and 18C n.m.r. spectra and was con- 	 9,0 	Me 	 X4, 
 J5, 

firmed by X-ray crystallography. 	 Me 	' 
13 	 6' 	 H.J_4 12 6  

-------'-- --.---.--'-.-1 u--. 	 ,, 	 deter- 	 Me 11 	12 	 1 MeJ11 3' 	7' 
VYL recently reported Ilic 

	

mination of a number of novel C26  metabolites' related to 	JP22 	9
''7  

	

andibenin,' including andilesen C (1), C26H,,O,, from 	O=<3 	1)J 

	

Aspergillus variecolor (strain 212K169). We now report the 	o 	o 

	

isolation of a further metabolite of this series, anditomin, 	 ' H 	 14 

	

for which we have deduced structure (2), along with similar 	14 Me 
15 Me Me Me 

amounts of andilesen C, from A. variecolor (CMI. 60316). 

-- Anditomin, CnH3005  (mass spectrum and analysis), 	 Cl) 	 (2) X = 0 

crystallised from ethyl acetate as prisms, m.p. >300 °C 	 (3) X = H, OH 

and showed 	—6I, and Vmax (CHCI3) 1786, 1705, and 

71 
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O cm-1. Comparison of their 'H and "C n.m.r. spectra 
icated a close relationship between andilesen C and 
litomin, which showed inter cilia 81, 594 and 584 
1--CH-C=O, J 12'7 Hz), 450 and 4'46 (-CH,-O-C=O, 
B'S Hz), 1'66 and 3'02 (_CH2-CH-0O3  JAB 145, fAX 

0 and fBI 8'5 Hz), 1-36 and 197 (C-CH,-C, f 13'5 Hz), 
ci 14-21 (m, 5H). However, in coi,trast with the five 
'tiary C-methyl singlets shown by andilesen C, anditomin 
)wed only four methyl singlets at 81, 108, 1'26, 1'33, 
ci 142 and additional resonances at 509, 5'08, 334, and 
7 (all 1H, singlets). Similarly, the only significant 
ferences in their "C n.m.r. spectra were the replacement 
the methyl, methylene and quaternary carbon resonances 
Sc  19'5, 387, and 568 ppm. assigned3  to C(9'), C(11), 
d C(3') respectively, in andilesen C by olefinic quaternary 
d methylene, and aliphatic methine resonances at 1480, 
14, and 641 ppm., respectively, in anditomin. These 
iferences in 'H and "C resonances are best accommo-
ted by structure (2) where the 'absent' methyl has 
come the exocyclic methylene with migration of the bond 
the carbonyl carbon [C(4')] from C(3') to C(11). The 

emical shift of C(1l)-H (334 p.p.m.) is entirely con-
tent with a proton flanked by carbonyl and olefinic 
nctions and was confirmed by sodium borohydride 
duction of anditomin, to give (3) with 81, 258 and 344 
=C-CH-CHOH, J 35 Hz). A Dreiding model of (2) 
ows a dihedral angle of Ca. 90°  between C(1l)-H and 
9)-H 	1.57) consistent with the complete lack of 
upling between them. Háwever, in the "C n.m.r. 
ectrum of anditomin enriched biosynthetically from 
,2_13C2] acetate, the C(9) and C(11) resonances at 615 and 
L'l ppm. respectively assigned by selective decoupling 
C(9)- and C(11)-H] showed a mutual "C-"C coupling of 
.3 Hz to confirm that they are indeed adjacent. Thus all 
Le observed spectroscopic properties are consistent with 
ructure (2) for anditomin. As this structure represents a 
)vel skeletal rearrangement in this group of compounds 

X-ray crystal study was undertaken to provide final 
nfirmation. 
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Crystal data: C25H300,, M = 410, clear colourless tetra-
gonal crystals, space group P4, (No. 76), a = 9.310(5), 
c = 24839(12) A, U = 2153 As, Z = 4, D = 1'27 g cm-3, 

Mo-KB radiation, A = 0- 71069 A, p. = 094 cm-1. A 
crystal of dimensions 03 x 0'3 x 04 mm was used to 

record layers ON through Ski with 20max = 50° (graphite 
monochromatised Mo-KB  radiation) on a Stoe Stadi-2 
difiractometer. Of the 1810 unique reflections 1271 had 
I > 3cr(I). The highest 230 E-values were phased using 
the 	MULTAN-77 system .4 Structure refinement was 
carried out using SHELX.' All hydrogen atoms were 
included in their calculated positions. All non-hydrogen 
atoms were refined isotropically to give a final R factor of 
0086. The arbitrary assignment of space group P4, as 
opposed to P4, is in accord with the likely stereocliemical 
similarity of anditomin and andilesin C. The structure of 
the molecule is illustrated in the Figure by a PLUTO 
drawing.°t 

C(2) 
0(2) 	 0(5) 

C(13) 

1 ' 

C(10) 

C(1 

C05) 

	

Q011  T 	
C (8') 

	

0(3) 	0(4) 

FIGURE 

(Received, 22nd April 1981; Coin. 466.) 

t The atomic co-ordinates for this work are available on request from the Director of the Cambridge Crystallographic Data Centre, 
niversity Chemical Laboratory, Lensfield Road, Cambridge CB2 1EW. Any request should be accompanied by the ful,l literature 
tation for this communication. 

1 T. J. Simpson, J. Chem. Soc., Perkin Trans. 1, 1979, 2118. 
'A. W. Dunn, R. A. W. Johnstone, T. J. King, and B. Sklarz, J. Chem. Soc., Chem. Commun., 1976, 270. 

T. J. Simpson, manuscript in preparation. 
'P. Main, L. Lessinger, M. M. Woolfson, G. Germain, and J. P. Declercq, MULTAN-77, University of York, England and Louvain- 
-neuve, Belgium, 1977. 
'G. M. Sheldrick, SHELX, University of Cambridge, England, 1976. 

W. D. S. Motherwell, PLUTO, Crystallographic Data Centre Manual, University of Cambridge, England, 1976. 
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BIOSYNTHESIS OF HIGHLY MODIFIED MEROTERPENOIDS IN 

ASPERGILLUS VARIECOLOR. 	INCORPORATION OF 13C-LABELLED 

ACETATES AND METHIONINE INTO ANDITOMIN AND ANDILESIN C 

Thomas J. Simpson 

(Department of Chemistry, University of Edinburgh, 

West Mains Road, Edinburgh EH9 3JJ) 

Smary: Incorporations of [l-13C]-, [2-13C]-, [1,2-13C ]-acetates and 
CI-methionine into anditomin, a metabolite of Aspergi1us variecolor, 

indicate its formation by a mixed polyketide-terpenoid biosynthetic path-
way similar to that elucidated for andibenin; observations are made on 
the possible biosynthetic relationship of the A. variecolor metabolites 
with austin and terretonin, mycotoxins recently isolated from A. ustus 
and A. terreus respectively. 

We recently reported incorporation studies  on andibenin (1) a com-

plex C25  metabolite of Aspergillus variecolor for which a sesterterpenoid 

origin had been proposed.2 	These studies indicated biosynthesis of andi- 

benin via alkylation of a his-C-methylated tetraketide-derived phenolic 

precursor by farnesyl pyrophosphate, followed by drimane-type cyclisation 

of the farnesyl moiety, intramolecular 4 + 2 cycloaddition, and oxidative 

modifications and rearrangement. 	This pathway represented a unique and 

elaborate variation of the triprenyiphenol pathway which is not uncommon 

among fungi and marine organisms. 	We now wish to report studies on andi- 

tomin (2) and andilesin (3), co-metabolites in A. variecolor (CMI 60316) 

which parallel those on andibenin and which indicate a further elaboration 

of this pathway. 	0 	Me 	 - - 10'  

eMe,,,
HO..

oO   
Me 

(1) 
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The 13 C nmr spectra of anditomin and andilesin C have been assigned 

from standard chemical shift date, multiplicities in s.f.o.r.d. spectra, 

1H-'3C decoupling experiments and 13C-13C coupling data and are summarised 
in the table. 	Incorporations of [13C] methionine, [l-13C]-, [2-'3C]-, 
and (l,2-1 C) acetates into anditomin (2) by cultures of A. variecolor 

resulted in the enrichments and 13 13 C- C couplings summarised in the table. 

In the case of andilesin C (3) , low yields prevented determination of the 

[13C] acetate enrichments but the efficient incorporation of methionine 

allowed the diagnostic enrichments of the 9' and 10' methylls to be ascer- 

tained. 	The resulting labelling pattern for anditomin is shown in the 

scheme and the important features are the lack of coupling between C-3' 

and C-4' indicating cleavage of the original polyketide-derived carbocyclic 

ring, and the derivation of the olefinic methylene carbon (C-9') from the 

C1-pool. 	These results indicate the pathway shown in the scheme which 

proposes that anditomin is formed by a novel rearrangement of the andilesin 

skeleton or an immediate precursor. 	The actual timing and mechanism of the 

rearrangement relative to the other necessary modifications of the proposed 

intermediate (4) remain to be elucidated, and this together with other 

aspects of the mechanism of formation and biosynthetic inter-relationships 

among the andibenins and andilesins4  are being investigated. 	The recent 

isolation of the astellolides,5  drimane-type sesquiterpenoids from a mutant 

of the andibenin producing strain which appears to be impaired in polyketide 

synthesis; and stellatin,5  a bis-C-methylated tetraketide from A. 

variecolor provide further indirect support for this biosynthetic pathway. 

The pathway may not be unique to A. variecolor as it is possible to account 

for the formation of both austin,7  and terretonin,8  mycotoxins isolated 

from A. ustus and A. terreus respectively for which sesterterpenoid and 

triterpenoid origins have been proposed, from the common intermediate (5). 

Studies to test whether these structurally diverse metabolites are indeed 

formed by variations of a common pathway are in progress. 

The support of the S.R.C. is gratefully acknowledged. 	Miss S Christie 

is thankmf or microbiological work. 
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Table 	13C-Chemical Shifts (, relative to Me4Si) of anditomi 3(2) 
and andilesin C (3); coupling constants (Hz) of [l, 	C2] 
acetate-riched (2) and enrichments observed i 3[1- C] acetate 
(•), [2- C]-acetate (*) enriched (2), and [Me- C] methionine 
(A) enriched (2) and (3). 

carbon ó/p.p.m. 	(2) 11(13C-13C) 6/p.p.m. 	(3) 

1 147.4 	a - 149.5 

2 120.1 	a 68 119.4 

3 165.9 	* 68 166.2 

4 83.6 	. 37 83.5 

5 445 	* 34 42.2 

6 21.0 34 22.8 

7 25.7 	* - 24.7 

8 47.7 33 45.3 

9 61.5 	* 29 56.4 

10 44.4 	. 32 43.8 

11 64.1 29 38.7 

12 49.8 	* 33 52.7 

13 25.9 	* 32 22.4 

14 30.6 	* - 30.2 

15 23.2 	* 38 23.5 

1' 755 	* 35 69.2 

2' 42.6 	. 35 43.1 

3' 148.0 * - 56.8 

4' 207.9 - 216.5 

5' 54.1 	* 34 55.0 

6' 30.6 	. 34 32.3 

7' 43.2 	* 55 355 

8'
173.8 56 176.2 

 111.4 	A - 19.5 

 23.7 	A - 16.8 	A 

a enrichment ca 1 atom % b enrichment ca 10 atom % 
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Biosynthesis of Austin, A Polyketide—Terpenoid Metabolite of 
Aspergillus ustus 

By THOMAS J. SIMPSON* and DESMOND J. STENZEL 

(Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh E119 3JJ) 

Summary Incorporations of [1-1 C]-, [213C]_, [1,2-13C2]-
acetates and [Me-13C]methionine into austin, a meta-
bolite of Aspergillus ustus, indicate its formation by 
a mixed polyketide-terpenoid biosynthetic pathway. 

WE have recently carried out studies on 	 and 
anditomin,2 complex C25 metabolites of Aspergillus vane-
color which indicated their formation by a novel and 
elaborate extension of the triprenyiphenol biosynthetic 

9, 
Me 

4 0 
AcO 11 12 	

>OH 10' 
I 	 Me 	

Me 
I 	 8' /5' 

I 	
230 r~-- 

41 14

0O'"Me 
15 

Me 

(1) 

pathway,8 in which a bis-C-methylated tetraketide-derived 
phenolic precursor is alkylated by farnesyl pyrophosphate 
to give the intermediate (2), Scheme, followed by further 
extensive modifications. We now report "C-labelling 
studies which indicate that the mycotoxin austin (1), a 

TABLE. "C-Chemical shifts (8, relative to Me4Si), coupling 
constants (Hz) from [1,2-"C,]acetate, and enrichments from 
[1-13C]acetate (s), [2-11C]acetate (*), and [Me-"C]methionine 

(fl) observed in austin. 

Carbon 6/ppm. 'J("C-"C) Enrichment 
1 1485 - * 

2 l20•2 66 
3 163•6 67 * 

4 855 42 
5 466 34 * 

6 27'O 34 
7 26•5 - * 

8 42•1 34 
9 132•6 46 * 

10 1438 43 
11 747 47 
12 23•5 35 * 

13 154 44 * 

14 22'4 42 * 

15 25•9 - * 

 118•0 76 * 

 137•5 76 
 84•1 - * 

 1701 - 

 787 34 * 

 806 34 S 
 628 54 * 

 170•8 54 
 202 - 

 113 - 

CH9CO 168•4 60 I 
CHZCO 20•6 61 * 

metabolite of Aspergillus ustus for which a sesterterpenoi 
origin has been proposed,4 is also formed via (2) by a furthe 
variation of this pathway. 

After considerable experimentation, conditions wer 
obtained which gave much improved yields (ca. 100 mg l 
of austin and satisfactory incorporation of acetate. Th 
"C n.m.r. spectrum of austin was unambiguously assigne 
from chemical shift considerations, multiplicities in s.f.o.r.c 
spectra, 'H and "C chemical shift correlations, and analysi 
of long range couplings in fully 'H-coupled "C spectra b 

OPP 
OH 

	

Me—CO2Nci 	 Me 	Me 

	

methionine 	
Me 	OH 

CO2H 

H1 

(2) 

andibeni, 

HO" 	 - 

(1) 
ScHEME 
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xtensive low power selective decoupling experiments. 
lese studies gave the assignments listed in the Table. 
ncorporation of [1_18C], [2-1 C]-, and [1, 2-'3C2]-acetate, 

nd [Me-13C]methionine gave the enrichments and 1 C-13C 
ouplings summarised in the Table. The resultant labelling 
attern in austin is entirely consistent with the pathway 
hown in the Scheme in which formation of the key inter-
riediate (2) is followed by formation of the C(8)-C(7') 
ond, ring contraction, and oxidative cleavage of the 

1043 

phenolic ring, and elaboration of the farnesyl moiety to 
the terpenoid spiro-lactone ring system, although the 
sequence in which these processes occur is uncertain. The 
required degree of modification of the precursor tetra-
ketide is quite exceptional. 

The support of the S.R.C. is gratefully acknowledged. 

(Received, 3rd June 1981; Corn. 649.) 

1  J S. E. Holker and T. J. Simpson, J. Chem. Soc., Chem. Commun., 1978, 626. 
T. J. Simpson, Tetrahedron Lett., in the press. 
W. B. Turner, 'Fungal Metabolites,' Academic Press, London, 1971, pp. 115, 232. 
K. K. Chexal, J. P. Springer, J. Clardy, R. J. Cole,  J. W. Kirksey, J. W. Dorner, H. G. Cutler, and W. J. Strawter,  J. Am. Chem. 

oc., 1976, 98, 6748. 
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Biosynthesis of Terretonin, a Polyketide-terpenoid Metabolite 
of Aspergillus terreus 

By C. RUPERT MCINTYRE and THOMAS J. SIMP50N* 

(Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh E119 3j J, Scotland) 

Summary Incorporations of [1,2-'3C2]acetate and [Me-13C]-
methionine into the mycotoxin terretonin, a metabolite 
of Aspergillus terreus, indicate its formation by a mixed 
polyketide—terpenoid pathway. 

OPP 
OH 
1 

OH 

CO2 H 

ANDIBENTN1 and anditomin,2 metabolites of Aspergill2i 
variecolor, and austin,3 a metabolite of Aspergillus ustu 
have been shown to be formed by a novel variation c 
the triprenyl—phenol biosynthetic pathway in which C 

0 

- 

	

OH 

H1 	
CO2H 

(2 	
andibenin 

) 

i 

MeCO 2 Na 

Methionine • 

SCHEME. Biosynthesis of terretonin in Aspergillus terreus 
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sikylation of 3,5-dimethylorsellinate by farnesyl pyro-
phosphate gives the key intermediate (2) which is then 
subject to further elaboration to produce the above meta-
bolites. We suggested2  that the mycotoxin terretonin (1), 
s, metabolite of A spergillus terreus for which a triterpenoid 
Drigin has been proposed,4  could also be a product of this 
pathway. We now report studies which support this 
proposal. 

Incorporation of [Me-13C]methioriine and [1,2-'3C2]acetate 
by cultures of A. terreus (NRRL 6273) resulted in terretonin 
being labelled as indicated in the Scheme.t This labelling 
pattern can be best accounted for by the pathway sum- 

1044 

marised in the Scheme in which cyclisation of (2) as in 
austin biosynthesis gives the intermediate (3), which by ring 
contraction, followed by retro-Claisen reaction, hydroxyla-
tion, and lactonisation as indicated to generate the ring D 

keto-lactone system, and oxidative modification of the 
bicyclofarnesyl moiety, gives terretonin. Further studies 
to establish the timing and mechanisms of these processes 
are in progress. 

The support of the S.R.C. and microbiological assistance 
by Miss S. Christie are gratefully acknowledged. 

(Received, 1st July 1981; Corn. 772.) 

t Details of 11C n.m.r. assignments, enrichments, and 13C_13C  couplings will be reported in full elsewhere. 

1  J S. F. Holker and T. J. Simpson, J. Chem. Soc., Chem. Conunun., 1978, 626. 
T. J. Simpson, Tetrahedron Left., in the press. 
T. J. Simpson and D. J. Stenzel,  J. Chem. Soc., Chem. Cornsnun., in the press. 
J. P. Springer, J. W. Dorner, R. J. Cole, and H. H. Cox, J. Org. Chem., 1979, 44, 4852. 
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Biosynthesis of the Meroterpenoid Metabolite, Andibenin B: Aromatic Precursors 

By ALAN J. BARTLETT, JOHN S. E. HOLKER,*  and EUGENE O'BRIEN 

(Robert Robinson Laboratories, University of Liverpool, P.O. Box 147, Liverpool L69 3BX) 

and THOMAS J. SIMPSON 

(Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ) 

	

Summary 'IC- and 2H-Labelling experiments, together with 	3,5,6trimethy1benzoate (4) and ethyl 4-hydroxy-2,3, 

	

2H n.m.r. Spectroscopy show that ethyl 2,4-dihydroxy- 	trimethylbenzoate (5), but not ethyl 2,4-dihydroxy- 
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Lethylbenzoate (2) or ethyl 4-hydroxy-2-methylbenzoate 
are efficiently and specifically incorporated into andi-

enin B (1) by the fungus Aspergillus vaviecolor, and the 
iogenetic significance of these results is discussed. 

)IBENIN B (1) is a major meroterpenoid metabolite 
luced by the fungus A. variecolor." Incorporation 
eriments with [l-"C]-, [2-13C]-, [l,2-"C,]-acetates, and 
thyl-"C]methionine have shown that this compound is 
ved from a sesquiterpene and a tetraketide, in which 
C-methyl groups have been introduced from methio- 

Structural analysis of andibenin B and related co-
;abolites suggested a number of possible tetraketide-
ved phenolic carboxylic acids which might be directly 
)lved on the biosynthetic pathway. To provide informa-
i on this point a series of 14C-labelled compounds (2-5) 

the trideuteriomethyl compound (10) have been syn-
sised and their incorporations studied. 

10 	 Me 

e0Me 80 .. 

	

CO2 Et 	
Me 

H 	')8' 	 Me 	
Me 

--Me 	
(2) 	(R =H,X=OH) 	(4) 

10 	 (3) 	(R=XH) 	 (5) 

	

Me 	 (6) 	(R= 2 ,X-OH) 	(8) 

(1) 	 (7) 	(R=CHfh. 	 (9) 
N—N 

'4C-Lobe( 

xo—ç) 

Ph 

	

CD 	 CD) 

0 . OH OH 	

0. 	 1.10  COC05t -1CO2Et 	Me 

	

Me 	 Me 	 Nie 

	

- (10) 	 (11) 	 (12) 

10 
90 	Me 

Me 

H 

He Me 
(13) 

	

thyl 	[carboxy, 2-14C,]-2,4-dihydroxy-6-inethylbenzoate 
was prepared by condensation of pent-3-en-2-one with 

thyl [1-14C]malonate in the presence of sodium ethoxide, 
owed by aromatisation of the ethyl dihydro-orsellinate 
:h bromine to give ethyl dibromo-orsellinate, and sub- 
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sequent hydrogenolysis.4 Ethyl [carboxy,2-14C]-2,4-dihy-
droxy-3,5,6-trimethylbenzoate (4) was similarly synthesised 
from 4-methylhex-4-en-3-one and die-thyl [l-"C]malonate, 
followed by dehydrogenation with bromine.t 

The monohydric phenols (3) and (5) were synthesised 
from the respective dihydric phenols (2) and (4) by conversion 
into the monobenzyl ethers, (6) and (8) respectively, reaction 
of these with 5-chloro- l-phenyl-IH-tetrazole to give the 1'-
phenyl-tetrazolyl derivatives, (7) and (9) respectively, and 
subsequent hydrogenolyses of these. This procedure for 
deoxygenation of phenols is an adaptation of a literature 
method6 and gave satisfactory overll yields. The tri-

deuteriomethyl compound (10) was prepared by mono-
alkylation, with trideuteriomethyl iodide and sodium 
ethoxide, of the cyclohexanedione (11) (enol form shown), 
prepared as abo.'e from 3-methylpent-2-en-4-one and diethyl 
malonate,6 followed by aromatisation of the product (12) 
with bromine. Compound (10) showed only a singlet at 

209 p.p.m. in the 'H n.m.r. spectrum and the absence of 
a corresponding signal in the 'H n.m.r. spectrum. 

The aromatic compounds (2-5, and 10) were fed to 

cultures of the A. variecolor mutant described previously,3 
and andibenin B was subsequently isolated. The incorpora-
tions of the 14C-labelled compounds are summarised in the 
Table. The poor incorporations of ethyl orsellinate (2) and 
its deoxy-derivative (3), relative to those of the dimethyl 
derivatives (4) and (5), strongly suggests that only the latter 
two compounds, or more likely the corresponding carboxylic 
acids, are true biological intermediates. In the feeding 
experiment with the deuteriated compound (10) andilesin A 
(13) was isolated, in addition to andibenin B, and both were 
subjected to 'H n.m.r. spectroscopy. The only observed 
signals were at 8 125 and 100 ppm. respectively, corre-
sponding to those of the 10'-trideuteriomethyl groups in 

Opp 

OH 

Me:,,: 	Me 	

co 2 H 

X 

+ M: XHo 45* 
C0 2H 	

2 / 

(1) 

HO__[:;~ 	

co 2 H 

X = ii or 01-1 

SCUEM a 

TABLE. 	Incorporations of 14C71abelled aromatic precursors into andibenin B (1) a 

Specific activity Specific activity of product 
PLC mmol-' jC mmol-' x 102 Specific incorporation Total incorporation 

Precursor (wt. fed/mg) (wt. isolated/mg) ratio/ % x 1028 ratio/ % x 102 

 398 (80) 0.904 (43) 227 059 

 398 (80) 0.860 (89) 216 105 

 397 (83) 423 (173) 107 121 

 397 (85) 167 (176) 426 442 

Isolated by preparative layer chromatography and crystallised to constant activity. 8 Ratio of specific activities of metabolite 
I precursor x 100. c Ratio of total activities of isolated metabolite and fed precursor x 100. 

All new compounds have been fully characterised by elemental analysis and the usual range of physical methods. Details of 
:ir synthesis will be published elsewhere. 
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these compounds. Hence, it is clear that 2,4-dihydroxy-
3,5,6-trimethylbenzoic acid is a specific precursor of this 
group of metabolites, as indicated in the Scheme. 

It is known that C-9' and C-10' of andibenin-B (1) are 
derived from methionine, with C-l' to C-8' coming from a 
tetraketide. The differential between the incorporations of 
ethyl orsellinate (2) and the dimethyl derivative (4) pro-
vides clear evidence that biological C-methylation precedes 
aromatisation of the tetraketide, in contrast to the post-
aromatic introduction of the sesquiterpene moiety. 

Structural analysis of the andibenins and andilesins does 
not distinguish between monohydric and dihydric phencls  

as precursors. The feeding experiments described h 
which had been designed to elucidate this point, are 
decisive, as both the dihydric phenol (4) and its deo 
derivative (5) are incorporated with comparable efficien 
The result suggests that both (4) and (5) can be utilised in 
biosynthesis. It is intrinsically more attractive to consi 
that interconversion would follow introduction of the 
quiterpene residue, rather than direct biological mt 
conversion of phenols (4) and (5). 

(Received, 20th August 1981; Corn. 10 

'A. W. Dunn, RAW. Johnstone, T. J. King, L. Lessinger, and B. Sklarz, J. Chem. Soc., Perkin Trans. 1, 1979, 2113. 
J. Simpson,  J. Chem. Soc., Perkin Trans. 1, 1979, 2118. 
S. E. Holker and T. J. Simpson,  J. Chem. Soc., Chem. Commun., 1978, 626. 

A. Sonn. Chem. Be,'.. 1928. 61. 926. 
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Studies on Fungal Metabolites. Part 31 13C N.m.r. Spectral and 
Structural Studies on Austin and New Related Meroterpenoids from 
Aspergilus ustus, Aspergilus variecolor, and Penicillium diversum 

By Thomas J. Simpson and Desmond J. Stenzel. Department of Chemistry, University of Edinburgh, West 

Mains Road, Edinburgh EH9 3JJ, Scotland 
Alan J. Bartlett, Eugene O'Brien, and John S. E. Holker. Department of Organic Chemistry, The Robert 

Robinson Laboratories, University of Liverpool, P.O. Box 147, Liverpool L69 3BX 

The 13C n.m.r. spectrum of austin has been fully assigned by inter a/ia analysis of long range 1 H-13 C couplings in 

the fully 'H-coupled 13C n.m.r. spectrum. Further related metabolites, dehydroaustin, austinol, and isoaustin, 

have been isolated from Aspergi/us ustus, Aspergilus variecolor, and Penicillium diversum. Their structures have 

been assigned by detailed analysis of their 1 H and 13 C n.m.r. spectra. 

E andibenins, e.g. (1) and andilesins are a series of 
tted compounds isolated from A spergillus variecolor-2 

ty have been shown by 13C- and 211-labelling studies to 
of mixed polyketide—terpenoid origins 3 and the sug-
tion was made that the mycotoxins austin (2) and 

retonin (3), metabolites of Aspergillus ustus 4 and 

/,ergillus terrus 5 respectively, for which sesterterpen-
origins have been proposed, might be biosynthetically 

ated to them. In this paper we report detailed 13C 
n.r. studies on austin and the application of these 
,dies to assigning the structures of further closely 
ated metabolites isolated from A. variecolor, A. ustus, 

d Penicillium diversum. 
rhe chemical shifts observed in the proton noise de-
spied (p.n.d.) 13C n.m.r. spectrum of austin, and the 
iltiplicities observed in the single frequency off-
onance decoupled (s.f.o.r.d.) spectrum are summarised 
Table 1. Chemical shift considerations and the ob-

-ved multiplicities allowed the assignment of the reson-
ces at 146.5, 120.2, and 118.0 ppm. to C-i, -2, and -1' 
;pectively. The triplet at 27.0 p.p.m. in the s.f.o.r.d. 
ectrum could be assigned to C-6 as the remaining 
tthylene carbon C-7 gives a doublet of doublets at 26.5 
p.m. due to the large difference in the chemical shifts of 
e 7-methylene protons (Table 2). However, due to the 
mplexity of the structure and the lack of suitable models, 
Le task of assigning the remaining resonances appeared 
rmidable, with the main problems being differentiating 
nong the four carbonyl resonances, the five resonances 
je to oxygen-bearing sp3-hybridised carbons, and the 
yen resonances due to C-methyls. The problem was 
)lved by analyses of long range 'H-13C couplings in 

e fully 111-coupled 13C n.m.r. spectrum using low power 

)ecific 1H decouplings and 2H exchange. While these 
iethods have been applied extensively to aromatic corn-

ounds,6 their application to complex alicyclic corn-
ounds is novel and is made possible by use of very high 
eld spectrometers where, in addition to the higher 
nsitivity and dispersion of the 13C n.m.r. spectrum, the 

rtra dispersion of the 'H spectrum allows specific irradi-
tion of the protons to be carried out more easily. 
Figure 1 shows the appearance of the fully 'H-coupled 

'C n.m.r. spectrum in the carbonyl and oxygen-bearing 

aliphatic regions, and the effect on the spectrum of a 
number of specific decoupling and exchange experiments. 
Each of the four carbonyl resonances gives a distinctive 

9, 
Me 

4, 

13 	12 

Me 10 
I9 Me 

i O 

0 O,+Me14 

tle15 

(2) R=Ac 

(5) R=H 

Me Me 

(6) 

signal. C-3 Appears as a doublet of doublets, the ob-
served ii and 5 Hz splittings being removed in turn by 
irradiation of 1-H and 2-H respectively. The acetate 
carbonyl appears as a quartet of doublets which on ir- 

__ OH 10' 

'5, 



{io'_cH3} 

{9'- CH3} 
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75 
FIGURE 1 The 73-86 and 163-172 ppm. regions of the fully 1H-coupled 'C n.m.r. spectrum of austin, anct results of D20 exchai and selective low power decoupling experiments 

TABLE 1 

13C N.rn.r. spectra of austin and related metabolites 

Carbon 
atom 8c 

() 
(4) (5) (6) 

60 'Jo,H >1Ji80,fl 
1 
2 

146.5 (Ddd) 
120.2 (D) 

165 
171 

6,3 150.8 (D) 147.9 (S) 144.5 (D) 
3 
4 

163.6 (Sdd) 11,5 
115.9 (D) 
163.1 (S) 

118.2 (S) 
163.7 (S) 

119.9 (D) 
163.7 (S) 

5 
85.5 (Sm) 
46.6 (Sm) 

b 
b 

86.0 (S) 
50.4(S) 

85.6 (S) 
45.7 

85.6 (S) 
6 
7 

27.0 (Tm) 
26.5 (DDm) 

129 
129 

b 27.0 (T) 
(S) 

26.1 (T) 
50.4(S) 
70.3 (D) 

8 
9 

42.1 (Sm) b 
26.5 (T) 
44.0(S) 

26.1 (T) 
41.4(S) 

32.1 (T) 
42.4 (5) 

10 
11 

132.6 (Sm) 
143.8 (Sm) 

b 
b 

90.5 (5) 
139.2 (5) 

135.6 (5) 
138.3 (S) 

132.5 (S) 
138.9 (S) 

12 
74.7 (Dq) 
23.5 (Qt) 

153 
125 

4 
5 

74.1 (D) 
16.9 (Q) 

73.5 (D) 
23.7 (Q) 

42.0 (T) 
23.6 13 

14 
15.4 (Q) 
22.4 (Qq) 

128 
127 4 

125.4 (T) 13.9 (Q) 
(Q) 

16.0 (Q) 
15 

 
25.9 (Qq) 127 4 

23.7 (Q) 
25.6 (Q) 

22.7 (Q) 
25.8 (Q) 

23.7 (Q) 
26.8 (Q) 

 
118.0 (T) 
137.5 (Sm) 

141 
b 

114.6 (T) 115.9 (T) 115.6 (T) 
 
 

84.1 (Sdt) 10,5 
137.1 (5) 
82.5 (S) 

137.7 (5) 
85.2 (S) 

134.0 (5) 
83.5 (5) 

 
8' 

170.1 (Sd) 
78.7 (Dq) 150 

4 
5 

167.3 (S) 
76.3 (D) 

168.9 (S) 
78.6 (D) 

170.7 (5) 
79.0 (D) 

7' 
80.6 (S sex) 
62.8 (Sm) 

4 
b 

84.9 (5) 80.5 (S) 80.8 (5) 
 
 

170.8 (5) 
64.3 (5) 

168.9 (5) 
62.8 (5) 

171.4 (S) 
62.7 (5) 

170.8 (5) 
 

CH3CO 

20.2 (Q) 
11.3 (Q) 

168.4 

130 
129 

18.9 (Q) 
13.3 (Q) 

20.7 (Q) 
11.7 (Q) 

22.5 (Q) 
11.5 (9) 

CH3CO 
(Sqd) 

20.6 (9) 129 
7,5 168.3 (S) 

20.5 (9) 
- 169.6 (S) 

Capital letters refer to one-bond couplings observed in s.f.o,r.d. 
case letters refer to long range couplings 	in fully 1H 

- 
spectra: 	5, singlet; 	D, doublet; 	T, triplet; Q, 

21.4 (9) 
quartet. 	Low 

quartet; sex, sextet. 	6  Couplings 
observed 	-coupled 

not resolved. 
13C n.m.r. spectra: 	d, doublet; 	triplet; In, multiplet; 

8' 	

1{11-H} 	

I{1-H} 	L4115-CH31 

WkW + D20 	

{9'_cH3} " CH3CO 

3 4 
31  

170 	 165 	 85 80 



2 
6oc  
6f3 
7c 
içi 

lLx 
iiçi 
13-CH2  
11 

5' 
12-Me 
13-Me d  

14-Me 
15-Me ' 

9'-Me d 

10'-Me 
OAc d 

OH" 
Others * 

5.73 
5.87 (d, 1.8 Hzl 
6.13 (d, 1.8 Hz) 
5.28 (q, 6.9 Hz) 
1.28 

1.40 
1.46 
1.53 
1.61 (d, 6.7 Hz) 
1.99 

1.2-2.1 (4 H, m) 

5.49 (d, 1.6 Hz) 
5.76 (d, 1.6 Hz) 
4.46 (q, 6.5 Hz) 
1.19 
1.85 
1.53 
1.38 
1.61 
1.29 (d, 6.5 Hz) 
2.02 
4.19' 
1.5-1.8 (3 H, m) 
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ation of 11-H simplifies to a quartet, the remaining 
iling being the two-bond coupling to the methyl 
;ons. Irradiation of the hydroxy-proton at 4.19 
m. also causes collapse of the doublet at 170.1 p.p.m. 
sharp singlet allowing its assignment to C-4'. This 

blet splitting is also removed by addition of D20 and 
ncomitant y-deuterium isotope shift of -0.04 p.p.m. 
)bserved. The remaining carbonyl resonance at 
.8 p.p.m. which appears as a sharp singlet showing no 

range coupling at all, must be assigned to C-8'. 
ewhat surprisingly, neither the C-4' nor C-8' carbonyl 
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doublets of doublets on removal of the quartet splitting 
to the 9'-methyl protons. Irradiation of the 9'-methyl 
protons also causes the multiplet at 137.5 p.p.m. to col-
lapse to a doublet, allowing its assignment to C-2'. The 
diffuse multiplet at 85.5 p.p.m. must, by elimination, be 
due to C-4, and this multiplet shows a strong intensity 
increase on irradiation of the methyl resonances at 
either 1.38 or 1.53 p.p.m., which are therefore assigned to 
the 14 and 15-methy]s. Irradiation of the methyl 
resonance at 1.85 p.p.m. results in sharpening of the 
diffuse multiplets at 132.6 and 143.8 p.p.m. but the final 

TABLE 2 

'H N.m.r. spectra of austin and related compounds 

(2)" 	 (4)" 	 (5)5 

6.72 (d, 9.9 Hz) 	 6.82 (d, 9.9 Hz) 	6.73 (d, 9.8 Hz) 

6.11 (d, 9.9 Hz) 	 5.89 (d, 9.9 Hz) 	5.98 (d, 9.8 Hz) 
* 	 * 	 * 

* 	 * 	 * 

3.21 (ddd, 13.2, 13.2, 3.0 Hz) 	 * 	 3.28 m 
* 	 * 	 * 

6.03 	 5.63 c 	 4.59 (ci, 5.5 Hz) 

(6)" 
6.75 (d, 10.0 Hz) 
6.13 (d, 10.0 Hz) 

4.89 (dd, 13.1, 3.9 Hz) 
3.16 (dd, 13.2, 13.1 Hz) 
1.94 (dd, 13.2, 3.9 Hz) 
3.18 (d, 16.3 Hz) 
2.38 (dq, 16.3, 1.6 Hz) 

5.32 (d, 1.5 Hz) 
5.62 (d, 1.5 Hz) 
4.37 (q, 6.3 Hz) 
1.23 
1.66 (d, 1.6 Hz) 
1.43 
1.29 
1.64 
1.26 (d, 6.3 Hz) 

- 	 1.97 
5.77 (d, 5.5 Hz) 	3.74" 
1.5-1.9 (3 H, m) 	 - 

CDC], solution. b (CD3) 2C0 solution. ' 1 H, singlet. a  3 H, singlet. 	Exchanges with D,O. 

5.16 (d, 1.6 Hz) 
5.61 (d, 1.6 Hz) 
4.41 (q, 6.6 Hz) 
1.27 
1.63 
1.45 
1.39 
1.57 
1.13 (d, 6.6 Hz) 

)W5 any coupling to 5'-H. However, see the following 
cussion of dehydroaustin. 
Similar decoupling experiments permit the resonances 
the 74-85 p.p.m. region to be rigorously assigned. 
adiation of either the hydroxy-proton at 4.19 p.p.m. 
5'-H at 4.46 p.p.m. causes the sextet (J 4 Hz) at 80.6 
.m. to change to a pentet allowing its assignment to 

6'. 	On addition of D20 the sextet similarly changes to 
pentet with a concomitant upfield shift of 0.05 p.p.m. 
d on further irradiation of the 10'-methyl protons at 
9 p.p.m., the pentet collapses to a doublet (J 4 Hz), 

e residual coupling being to 5'-H. Irradiation of the 
'-methyl protons also changes the doublet of quartets (J 
0 and 5 Hz) centred at 78.7 p.p.m., to a simple doublet, 
Lowing its assignment to C-5'. C-il Appears as a doublet 
poorly resolved quartets (J 153 and 4 Hz) centred at 

..7p.p.m., and irradiation of the methyl protons at 1.61 
p.m. removes the quartet splitting. This methyl sig-
d must therefore be due to the 9'-methyl showing a 
tree-bond coupling to C-il. Irradiation at 1.61 p.p.m. 
so causes the complex multiplet at 84.1 p.p.m. to 
mplify to a 5 line multiplet, as indicated in Figure 1. 
urther specific decoupling experiments indicate that 
is multiplet arises from couplings of 10 and 5 Hz to 
je 1'-methylene protons and a further coupling of 5 Hz 

11-H giving in essence an overlapping doublet of 

unambiguous assignment of the C-9 and C-10 resonances 
comes from the C-13C couplings of 46 and 43 Hz to 
C-13 and C-li respectively, observed in the 13C spectrum 
of austin enriched biosynthetically from sodium [1,2_13C21 
acetate.7  

Observation of the effect on the 13C n.m.r. spectrum of 
irradiation of the methyl proton signals as described 
above results in an unambiguous assignment of the 
methyl region of the 1H spectrum. Correlation of the 1H 

and 13C resonances by carrying out a Feeney plot experi-
ment 8  indicated that the proton resonances at 1. 19, 1.29, 
1.38, 1.53, 1.61, 1.85, and 2.02 p.p.m. are coupled to the 
carbon resonances at 23.5, 11.3, 25.9, 22.4, 20.2, 15.4, and 
20.6 p.p.m., respectively, and thus permits a rigorous 
assignment of the methyl signals in the 13C spectrum. 

The connectivity patterns revealed by detection of 
long range 'H-13C couplings as described above are 
summarised in Figure 2(a) and, as well as giving invalu-
able spectral assignment data in a molecule of known 
structure, they can be a source of invaluable structural 
information in molecules of uncertain structure, par-
ticularly those where, as in austin, the protons are highly 
insulated and the structural information available from 
1H'H coupling data is limited. This is illustrated 
below. 

Two further compounds have been isolated from A. 
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ustus. These are dehydroaustin, C27H3009, and austinol, 
C1108, for which structures (4) and (5) have been es-
tablished. Dehyclroaustin has also been isolated along 
with austin from a chance mutant of the andibenin-
producing culture of A. variecolor which no longer pro-
duced andibenin. This is a very significant observation 

MeCQ2  I 

Me 4

'

Me
Me  

13 	

9, 

AcO 

Me 

0t: Me 	

--

2 OH 

Me 10,(Me 	(a) 	
Me 	 T6 

 

Me 

(b) 

FIGURE 2 Long range 'H-13C couplings in austin and dehydro-
austin selectively removed by low power decoupling experi-
ments 

in view of the proposed common biosynthetic origins of 
austin and andibenin B. 

Comparison of the 111 and 13C n.m.r. spectra of austin 
and dehydroaustin indicated a close similarity between 
the two compounds. In the 13C n.m.r. spectra, the sig-
nals assigned to the C-9 and C-10 olefinic and C-13 
methyl carbons in austin are replaced by signals at 139.2 
(S), 125.4 (T), and 90.5 (S) p.p.m. attributable to olefinic 
methylene and quaternary, and allylic oxygen-bearing 
sp3-hybridised carbons. These differences are paralleled 
in the 1H n.m.r. spectra. As both the 'H n.m.r. and i.r. 
spectra indicate the absence of hydroxy-groups in de-
hydroaustin and the molecular formula indicates that 
dehydroaustin contains two less hydrogens than austin, 
the allylic ether structure (4) is indicated. The X-ray 
crystal structure of austin reveals that the 6'-hydroxy-
oxygen is only 2.12 A from the 7a-proton and so the 
proton is severely deshielded.4  Examination of Dreiding 
models shows that formation of the ether linkage to C-9 
in dehydroaustin requires a conformational change in 
the D-ring which removes the oxygen atom from the 
vicinity of the 7cc-proton and so it moves upfield. The 
same conformational change takes 5'-H close to the C-4' 
carbonyl and this is evidenced by the large downfield 
shift of 0.82 p.p.m. observed for 5'-H in dehydroaustin 
compared with austin itself. In addition 11-H shows an 
upfield shift of 0.40 p.p.m. in dehydroaustin consistent  

with it no longer being allylic. Final confirmatio 
the structure comes from the long range 111-13C c 
lings observed in dehydroaustin. Again these have 1 
extensively analysed by decoupling experiments and 
relationships revealed are summarised in Figure 
With the exceptions noted below these are essentj 
identical with those observed in austin. The signifi 
differences are: (a) C-6' now gives a pentet, which 
plifies to either a quartet or doublet on irradiation of 
5'- or 10'-protons; (b) C-4' again appears as a doul 
but now the splitting is due to a 3-bond coupling of 
to 5'-H and is removed on irradiation of 5'-11; an 
C-9 appears as a broad multiplet which sharpens 
irradiation of either 11-H or the 13-CH2  protons. 
methyl signals in the 'H and 13C spectra were again 
related by a Feeney plot. 

The 'H and 'SC n.m.r. spectra and molecular formu] 
compound (5) suggested that it was related to austir 
loss of the 11-acetyl group. In the 'H n.m.r. spectr 
11-H appears at higher field than in austin as a dou 
(5.5 Hz) at 4.59 p.p.m. coupled to a hydroxy-proto 
5.77 p.p.m. which exchanges with D20 with the rem 
of the doublet splitting on 11-H. Confirmation of 
structure was given by conversion of compound (5) i 
austin on acetylation with acetic anhydride and pyrid 

We have been engaged in a study of polyket 
derived metabolites of Penicillium diversuni. In 
course of this work we isolated from the culture lip 
two metabolites which were obviously related to aus 
The major of the two metabolites was clearly ident 
with austinol isolated from A. ustus. The minor m 
bolite had the same molecular formula C27113209, 
very similar 'H and 13C n.m.r. spectra, to austin. 
p.n.d. 13C n.m.r. spectrum shows 27 resonances ' 
very similar chemical shifts and multiplicities to aus 
the only significant differences being replacement of 
doublet and triplet resonances at 74.7 and 27.0 p.p 
assigned to C-il and C-s, respectively, in austin b: 
doublet at 70.3 p.p.m. and a triplet at 42.0 p.p.m. 
'H n.m.r. spectrum is particularly revealing. As 
cussed above, the 7cc-proton in austin appears as a trij 
of doublets at the unusually low field of 3.21 p.p.m. 
to deshielding by the 6'-hydroxy-group. In the r 
metabolite, isoaustin, the 7cc-proton appears as a trij 
(J 13.2 Hz) which is coupled to doublets of doublets 
1.94 p.p.m. (J 13.2 and 3.9 Hz) and 4.89 p.p.m. (J 1 
and 3.9 Hz) which can thus be assigned to the 7f3-and 
protons respectively, and moreover the chemical shif I 
the 63-proton indicates that the acetoxy-group m 
occupy the 6a-position. The 13-methyl protons n 
appear at 1.66 p.p.m. as a doublet (J 1.6 Hz) showin, 
homo-allylic coupling to the higher field proton of t 
mutually coupled (J 16.4 Hz) protons at 2.38 and 3 
p.p.m. which must therefore be assigned to the 
methylene. The 11cc-proton in austin does not show a 
coupling to the 13-methyl so it must be the 11f3-prol 
which is coupled in isoaustin. Dreiding models indic 
that the lix- and lip-protons occupy pseudo-equatoi 
and pseudo-axial positions respectively and the angu 

'So-N Me14  
15 

Me 

(numbering scheme) 
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endence for allylic coupling requires the proton to be 
roximately perpendicular to the plane of the olefinic 
:em.9  Confirmation of the structure again comes 
n the close similarity of the couplings in the fully 1H-

pled 13C n.m.r. spectrum to those observed for austin, 
only observable differences being fully consistent with 
Lcture (6) for isoaustin. Thus the doublet of quartets 
to C-li in austin is replaced by a doublet (J iSO Hz) 

louble doublets (J 7 and 5 Hz) due to C-6, coupling 
lumably to the adjacent 7a- and 7)3-protons. C-i, 
ich appears as a doublet of double doublets in austin 
to 3-bond coupling to the 6-methylene protons, is 

plified to a doublet of doublets (J 165 and 6 Hz) in 
iustin, the long range coupling being removed on ir-
iation of the 6(3-proton at 4.89 p.p.m. Shortage of 
erial precluded further decoupling experiments but 
the remaining signals showed the expected coupling 
terns. 
he isolation of these closely related substances from a 
nber of different organisms requires comment. We 
re recently shown, on the basis of 13C-labelling studies, 
t austin and andibenin are probably formed via a 
imon intermediate (7), itself formed by alkylation of 
.dimethylorsellinate by farnesyl pyrophosphate.7  
is the co-occurrence of andibenin B and austin in 
variecolor lends extra support to this proposal. In 
lition, the occurrence of related metabolites in P. 
ersuni and terretonin in A. terreus indicates that this 

0 

Me MeO4Me 

MeO.21,) 

Me 
Me Me 

	

	
OH

Me 

Me 
CO2H

Me  

le Me 	 Mee  

(7) 	 (8) 

synthetic pathway is of relatively wide occurrence.* 
e recent isolation from A. ustus of the austalides, e.g. 
which are clearly biogenetically related to the above 

npounds, should also be noted.10  

PERIMENTAL 

or general experimental details, see part 2.1 
3C N.m.r. Determinations.—Proton noise-decoupled and 
gle frequency off-resonance decoupled spectra were de-
mined on a Broker WH 360 spectrometer operating at 
56 MHz. Fully coupled spectra were determined under 
ed decoupling conditions to retain nuclear Overhauser 
cts. Specific 'H-decoupling experiments were carried 
using a decoupling power of 30 dB below 0.2 W. De- 
pling frequencies were determined by observation of 

Note added in proof. Austinol (5) has recently been isolated 
rn Emericella dentata (Prof. Y. Maebayashi, personal communi-
ion). 

the 'H n.m.r. spectrum using the decoupler coil of the 13C 
probe for 'H observation. 

Isolation of Metabolites.—Aspergillus ustus (NRRL 
6017) was grown at 25 °C in static culture in penicillin flasks 
each containing 200 ml of an aqueous medium made up from 
Oxoid malt extract (30 g 1 1) and Oxoid mycological peptone 
(10 g t') in distilled water, autoclaved at 15 lb in' for 20 
mm, pH 5.4. After 14 d of growth the aqueous medium 
was separated from the mycelium and extracted with ethyl 
acetate. The resulting crude extract (350 mg l') was puri-
fied by preparative tic. using 4% methanol in chloroform as 
the eluting solvent. Removal of the u.v. quenching band 
at Rv 0.5-0.6 gave austin (110 mg l'), m.p. 300 °C (lit.,4  
298-300 °C). Removal of the band at Rp 0.2-0.3 gave 
austinol (5) (35 mg l'). On recrystallisation from chloro-
form austinol had m.p. 320 °C (decomp.); A, (EtOH) 246 
nm (c 8080); ''max  (Nujol) 3 460, 3 350, 1 770, 1 720, and 
1 680 cm' (Found: C, 65.6; H, 6.4. C25H,007  requires C, 
65.49; H, 6.60%). Removal of the band at RF  0.7-0.8 
gave dehydroaustin (4) (30 mg 1 1) which on recrystallisation 
from ethanol had m.p. 284-286 °C; 	(EtOH) 239 nm 

3 800) and end absorption; -v.,(KBr) 1 765, 1 755, 
and 1 710 cm' (Found: C, 64.9; H, 6.3. C27H3009  requires 
C, 65.1; H, 6.1%); lot] D"  +127' (c 1.25%). 

Penicilhiuni diversum (ACC 946) was grown at 25 °C in 
static culture in penicillin flasks each containing Raulin-
Thom medium (500 ml). The mycelium and liquors were 
separated and the liquors (50 1) were extracted with one 
third of their volume of chloroform. The chloroform ex-
tract was divided into acidic and neutral-phenolic fractions. 
The latter, on concentration, deposited crystals of austinol 
(5) (180 mg). On recrystallisation from chloroform austinol 
had m.p. 320 °C (decomp.); The mother liquors from 
above were subjected to preparative layer chromatography 
on 20 x 20 cm x 1 mm silica GF254  plates eluted with 4% 
ethanol in chloroform. Removal of the band with RF  0.35 
gave isoausiin (6) (15 mg), m.p. 290 °C (decomp.); AmL  
(EtOH) 240 nni (c 7 300); Vm (Nujol) 3 360, 1 765, i 718, 
and 1 690 cm-11  (Found: C, 64.6; H, 6.4. C27H3209  re-
quires C, 64.79; H, 6.44%); [0CID22  +172.3°  (c. 0.35%). 

A spergihlus variecolor. An unidentified, variant strain of 
A variecolour was grown, as detailed above, on Czapek-Dox 
medium (50 pans). The mycelium and liquors (25 1) (pH 8) 
were separated by filtration, the liquors concentrated under 
reduced pressure to ca 3 1 and extracted with ethyl acetate 
(8 x 500 ml) to give an amorphous, brown solid (1.80 g) 
which was applied to 20 t.l.c. plates and developed in 
chloroform-methanol (98: 2 v/v). The strongly u.v.-
absorbing band at Rp 0.51 was removed and eluted with 
ethyl acetate to give dehydroaustin which recrysta.11ised from 
ethanol as needles (60 mg), m.p. 284-286'C. The strongly 
u.v.-absorbing band at RF  0.34 was removed and eluted to 
give austin which recrystallised from methanol as stout 
needles (196 mg), m.p. 298-300 °C (lit., 298-300 °C) 
(Found: C, 64.9; H, 6.4. Cale. for C27H,,09: C, 64.8; H, 
6.4%); []D22  +309°  (a 0.98%). 

Acetylation of Austinol.—Austinol (30 mg) was treated 
with acetic anhydride (0.5 ml) in pyridine (1.0 ml). Work-
up gave austin (25 mg), m.p. and mixed m.p. 300-301 °C. 

[2/512 Received, 24th March, 1982] 
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Biosynthesis of Aflatoxins. Incorporation of [4'-2H2]Averufin into 
Aflatoxin 131  by Aspergillus flavus 
Thomas J. Simpson,*ta  Amelia E. de Jesus,b Pieter S. Steyn,*b  and Robert Vleggaarb 
a Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland 
b National Chemical Research Laboratory, Council for Scientific and Industrial Research, P.O. Box 395, 
Pretoria 0001, Republic of South Africa 

The regiospecific incorporation of 2H from [4'-2H2]averufin into aflatoxin B1  by cultures of Aspergilus flavt 
as demonstrated by 2H n.m.r. spectroscopy, confirms the intermediacy of averufin in the biosynthesis of 
aflatoxin 131. 

The biosynthesis of the afiatoxins, potent carcinogenic 
mycotoxins produced by the common fungi Aspergil/us flavus 
and A. parasiticus, has been a subject of intensive and con-
tinuing study' 2  since their isolation. Averufin (1), a metabolite 
of decaketide origin,' also produced by A. parasiticus, appears 
to be the first isolable intermediate on the afiatoxin bio-
synthetic pathway and several experiments have been described 
which indicate that averufin is incorporated into aflatoxin B, 
(2). However, all these experiments have used averufin 
labelled biosynthetically from "C or "C labelled acetate and 
so, despite the sometimes impressive incorporations reported, 
they are subject to the criticism that degradation of the side-
chain could produce labelled acetate which on reincorporation 
would give identically labelled aflatoxin B,. As the role of 
averufin as a key intermediate on the aflatoxin pathway is 
crucial to all current biosynthetic proposals we have prepared 
a specifically labelled averufin and examined its incorporation 
into aflatoxin B,. 

Averufin was subjected to an acid catalysed exchange 
reaction by stirring at room temperature for 6 days in a 
mixture prepared by addition of 'H2O to acetyl chloride in 
dimethyl sulphoxide.' This resulted in complete and specific 
exchange of the 4'-hydrogens only, as shown by inter a/ia the 
disappearance of the C-4' resonance from the proton noise 
decoupled "C n.m.r. spectrum of (1) and 'H n.m.r. spectro-
scopy. [4'-2H2]Averufin in acetone solution was fed to shaken 
cultures of A. flavus on low salts medium and the aflatoxin B, 
produced was analysed by 'H n.m.r. spectroscopy. The result-
ant spectrum, Figure 1(a), showed a strong signal at S. 6.45 
corresponding to the anticipated signal for H-16. The signal at 
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t Visiting research worker at N.C.R.L., July—September 1981 
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Figure 1. 'H N.m.r. spectra of (a) [4'-2H2]averufin  en 
aflatoxin B, (2), (b) [U-'H]aflatoxin B,, and (c) [4'-'H2 ]a 
enriched 3-deoxy-aflatoxin B. (3). All spectra were determir 
CHCI, solutions at 55.28 MHz on a Bruker WH-360 spectro 
with resolution enhancement. 

8. 3.89 is due to natural abundance deuterium in 1 

methoxy-group. 
For comparison the 'H spectrum of uniformly la 

aflatoxin B, is shown in Figure 1(b). This sample is pro 
by the simple expedient of growing A. flavus on a m 
supplemented with 10% 'H,0. As the spectrum show 
signals due to H-i 6 and H-9 are not resolved and so to 
that labelling from [4'-2H2]averufin has occurred at H-h 
the labelled aflatoxin B, was converted into 3-deoxy-afl 
B, (3) by catalytic hydrogenation' and its 'H n.m.r. spe 
determined. This, Figure 1(c), shows that the signal a 
p.p.m. has disappeared to be replaced by 2 signals at 3.5 
4.07 p.p.m. due to the 16-pro-S and 16-pro-R hydr 
respectively.0  This indicates that reduction of aflatoxin 
not completely stereospecific but the greater intensity 
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1 at 3.59 p.p.m. means that reduction from the less 
red g face i.e. the 15-re, 16-re face, predominates. 
conclusion these results prove that averufin is indeed 
porated intact into aflatoxin B1  and so averufin is now 
established as an obligate intermediate on the aflatoxin 

nthetic pathway. 
ved, 18th February 1982; Corn. 180 
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Biosynthesis of Aftatoxins. Incorporation of [2-2H3]Acetate and 
[1 -13C,2-2H3]Acetate into Averuf in 
Thomas J. Simpson,*ta Amelia E. de Jesus,b Pieter S. Steyn,b and Robert Vleggaarb 
a Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland 
b National Chemical Research Laboratory, Council for Scientific and Industrial Research, P.O. Box 395, 
Pretoria 0001, Republic of South Africa 

The regiospecificity of incorporation of 2H from [1 -13C,2-2H3] acetate into averufin by cultures of 
Aspergi/us toxicarius has been determined using the -21-1 isotope shift effect in 13C n.m.r. and by 2H n.m.r, 
spectroscopy; the results are discussed in relation to aflatoxin biosynthesis and polyketide biosynthesis in 
general. 

Despite much notable work in recent years,' the biosynthetic 
pathway leading to the aflatoxins, potent carcinogenic myco-
toxins produced by Aspergillusfiavus and Aspergillus parasiti-
cus, is still poorly understood in its key steps. The intermediates 
and mechanisms involved in the conversion of the C, side-
chain of averufin (1) into the bisfuranoid moiety, the conver-
sion of the anthraquinone system into the xanthone system, 
and the conversion of the xanthone system into the coumarin 
system are not at all clear. We are currently carrying out 
systematic studies to elucidate the details of these steps. This 
paper reports the results of incorporation of 'H-labelled 
acetates into averufin. As averufin is the earliest established 
intermediate on the aflatoxin biosynthetic pathway,2  it is im-
portant to determine the mode of incorporation of acetate-
derived hydrogen as a basis for studies on later metabolites. 
In addition averufin comprises an aromatic nucleus with a 
relatively large, highly reduced side-chain and so the results 
of 'H incorporation are of intrinsic interest in relation to 
recent studies on both aromatic and highly saturated poly-
ketide metabolites such as brefeldin A' and the macrolide 
antibiotics.4  

Both direct ('H n.m.r.) and indirect methods ("C n.m.r.) 
have been used to trace the incorporation of 'H into a metab-
olite.' Staunton has recently suggested a technique in which 
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t Visiting research worker at N.C.R.L., July-September 1981. 

'H is attached 9 to "C in a precursor; the incorporatior 
into a metabolite can then be detected by -'H is 
induced shifts in the "C n.m.r. spectrum of the en 
metabolite.' This has proved particularly useful in the r 
study. 

The "C n.m.r. spectrum resulting from incorporat: 
[1- 3C,2-2H,]acetate into averufin by static cultures 
mutant of A. toxicarius (ATCC 24551) is shown in Fig  
The isotopically shifted signals accompanying the resof 
due to C-6 ( 	-0.04), C-8(-0.04), C-l' (-0.04), 
(-0.11), and C-5' (-0.02 p.p.m. per deuterium) indical 
'H is incorporated at C-5, C-7, C-21, C-4', and C-6'.7  Th 

Table 1. Isotopically enriched resonances in the proton 
decoupled "C n.m.r. spectrum of averufin isolated from ci 
of A. toxicarius supplemented with sodium [1-"C,2-'H,]a 

Carbon se/P.P.M. 	80/p.p.m. 	Relative inter 
1 158.28 	 - 
3 159.83 	- 	- 
6 165.18 	- 	- 

165.14 	-0.04 	 0.5 
8 164.36 	- 	- 

164.32 	-0.04 	 0.2 
9 188.77 	- 	- 

ii 134.62' 	- 	- 
14 132.94" 
1' 66.05 	- 	- 

66.01 	-0.04 	 0.5 
3' 15.30 	- 	- 

15.19 	-0.11 	 0.4 
5' 100.81 	- 	- 

100.78 	-0.03 	 0.6 
100.76 	-0.02 	 1.6 
100.73 	-0.03 	 2.0 

Intensity 	of isotopically 	shifted 	resonance 	relative 	t 
corresponding non-isotopically 	shifted 	resonance. 	bJ1 
"C-"C coupling of 13.3 Hz observed. 
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1. Resolution enhanced proton noise decoupled "C n.m.r. spectrum of [1-"C,2-2H,]acetate-enriched averufin determined at 
4Hz in CDC13, ['HO]DMSO  solution. Spectral width 20 kHz, 32 K data points, line broadening —2Hz, and gaussian multiplier 

orporation of deuterium varies widely at the different 
)fls, as indicated in Table 1. By far the highest level of 
oration of deuterium occurs into the 6'-methyl group: 
iows three isotopically shifted signals corresponding to 
corporation of 1-3 'H atoms into the 6'-methyl group 
he signals due to 13C'H2H2  and 13C2H3  species being 
)st intense. This confirms that the 6'-methyl is part of the 
r' acetate unit of the polyketide chain. Only one 'H is 
orated at C-4' and one at C-2'. Studies on brefeldin A 
that both hydrogens from the first malonate unit to be 
nsed with the acetyl coenzyme A starter unit are re-
.3  The retention of only one of these hydrogens in 
in may be due either to a rapid stereospecific exchange 
er malonyl or polyketide methylene hydrogen; or to the 
ement of the 4'-methylene in the loss of ketide oxygen 
C-3'. This latter possibility would in turn imply that 
ion of the side-chain occurs after ring closure and 
tisation of the polyketide precursor. In the aromatic 
n of the molecule it can be seen that significantly more 
etained at C-5 than at C-7 and that none at all is retained 
14 These differing levels of 'H retention cannot be 

rationalised at this stage but it will be interesting to 
they are reflected in the subsequent metabolites on the 
thetic pathway. 
'H n.m.r. spectrum of [2-2H,]acetate  enriched averufin, 
2, is in agreement with the above results and confirms 
ferential retention of 'H at C-6' and the differing levels 

and C-14 show a. relatively large 2-bond "C-"C coupling 
3 Hz via the C-b carbonyl since a degree of multiple 
ig had occurred. 

I 	 I 	 I 	 I 	 I 	 I 	 I 	 I 

8 	7 	6 	5 	4 	3 	2 	1 
62H /P.P.M. 

Figure 2. The 55.28 MHz 'H n.m.r. spectra of 6,8-di-O-nethyl-
averufin in CHCI, solution (a) enriched with sodium [2-1Il8]-
acetate and (b) uniformly labelled by additioi of 10% 'H2O to 
cultures of A. toxicarius. 
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of retention on carbons 4, 5, and 7. It was hoped that 2H n.m.r. 
spectroscopy would provide information on the stereospecifi-
city of 2H incorporations into the side-chain but this is not 
possible owing to inadequate chemical shift dispersion. 
However specific deuteriation studies on averufin which are in 
progress may help to resolve this aspect of the problem. 
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Biosynthesis of the Meroterpenoid Metabolites, Austin and 
Terretonin: Incorporation of 3,5- Dimethylorsellinate 
C. Rupert Mclntyre,a Thomas J. Simpson,*a  Desmond J. Stenzel,a Alan J. Bartlett,b Eugene O'Bu 
and John S. E. Holkerb 
a Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, U.K. 
b Robert Robinson Laboratories, University of Liverpool, P.O. Box 147, Liverpool L69 3BX, U.K. 

14C and 2H Labelling experiments, together with 2H n.m.r. spectroscopy show that 3,5-dimethylorsellinic ac 
is a specific precursor of austin and terretonin in Aspergilus ustus and Aspergi/lus terreus, respectively, and 
substantiate the mixed polyketide-terpenoid origin proposed for these metabolites from the incorporation of 
13C-labelled simple precursors. 

13C and 2H Labelling studies1-3  have shown that andibenin B 
(1), andilesin A (2), and anditomin (3), C metabolites of 
Aspergil/us variecolor are formed by a mixed polyketide-
terpenoid biosynthetic pathway in which the key step is 
alkylation of 3,5-dimethylorsellinic acid (4) by farnesyl 
pyrophosphate to give (5). We suggested that the mycotoxins 
austin (6) and terretonin (7), metabolites of Aspergilus ustus 
and Aspergilus terreus, respectively, could also be formed via 
intermediate (5), and incorporations of singly and doubly 

labelled [13C]acetates and [13C]methionine into austi 
terretonin result in labelling patterns consistent with 
proposals.4 '6  However, as the suggested pathways requi 
precedented degrees of modification6  of the tetral 
derived phenolic precursor, we have carried out and now 
studies to show that 3,5-dimethylorsellinate is indeed a 5 
precursor of both austin and terretonin (Scheme I). 

Ethyl [carboxy,2-' 4C2 ]-3,5-dimethylorsellinate (8) (39. 
mmol)2  was fed to static cultures of A. ustus (24 1 
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Scheme 1 

and A. terreus (33 mg to 11), respectively, to give austin 
ng, 1.60 pCi mmol') and terretonin (34 mg, 1.01 pCi 
1 1), specific incorporations of 4.0 and 2.5%,  respectively. 
estingly, the 2-deoxyorsellinate (9) which was in-
orateds into andibenin B with comparable efficiency to 
vas not incOrporated into austin to any significant extent 
ific incorporation, 0.06%).  As with andibenin B, the 
plexity of the metabolites precluded the degradative 
ies essential to establish specificity of labelling, so the 
ueriomethyl analogue (10)2  was fed, and the resultant 
thed metabolites analysed by 55 MHz *H n.m.r. spectros-

Austin showed only one signal at iS 1.22 p.p.m.; terre- 
similarly showed only one signal at 8 1.68 p.p.m.,  

(12) 

chemical shifts corresponding in each metabolite to the 10'-
methyl hydrogens,t in agreement with our proposed path-
ways.4 '5  Thus it is clear that 3,5-dimethylorsellinate is a 
specific precursor to both austin and terretonin and so their 
meroterpenoid7  origins are established beyond doubt. 

Further evidence for the common biogenetic origins of 
these metabolites comes from the isolation of austin and 
dehydroaustin (11), a co-metabolite of austin in A. ustus,8  from 
a chance mutant of the andibenin producing culture of A. 
variecolor which no longer produced andibenin. Another 
observation to note is the recent isolation of the austalides 
[e.g. (12)] from a toxigenic strain of A. ustus.9  Structural 
analysis suggests they are biosynthesised via alkylation of 5- 
methylorsellinic acid by farnesyl pyrophosphate, cf. myco-
phenolic acid,10  followed by cyclisation of the farnesyl moiety 
and oxidative modifications analogous to those occurring in 
the andibenins and andilesins. 
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complete 13C_13C  coupling pattern in sterigmatocystin enriched from [13C2]acetate has been determined 
confirms that no randomisation of labelling in ring-A occurs; 21-1-labelling studies indicate that 2H from 

3]acetate is retained at C-6 of sterigmatocystin to rule out mechanisms for xanthone ring formation 
Jiring introduction of the phenolic hydroxy-group on this carbon. 



Biosynthesis of Aflatoxins. Incorporation 
[2H3] Acetate, and [1 -13C, 2H3 Acetate into 
Aspergillus versicolor 

of [1,2_13  Cj Acetate, 
Sterigmatocystin in 

Thomas J. Simpson and Desmond J. Stenzel 

Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, U.K. 

The complete 13C_13C  coupling pattern in sterigmatocystin enriched from [13C2]acetate has been determine 
and confirms that no randomisation of labelling in ring-A occurs; 21-1-labelling studies indicate that 2H from 
[2H 3]acetate is retained at C-6 of sterigmatocystin to rule out mechanisms for xanthone ring formation 
requiring introduction of the phenolic hydroxy-group on this carbon. 

Sterigmatocystin (1), a carcinogenic mycotoxin produced by 
a number of Aspergillus species is believed to be an inter-
mediate on the biosynthetic pathway to the even more potent 
aflatoxin B. (2) in Aspergillus flavus and Aspergillus para-
siticus.' Versicolorin A (3) has in turn been proposed as an 
immediate precursor to sterigmatocystin and incorporation 
of label from versicolorin A into sterigmatocystin 2  and 
aflatoxin B,3  has been reported. However little is known of 
the biochemical steps responsible for the conversion of 
versicolorin A into sterigmatocystin, points of particular 
interest being the timing and mechanism of the required loss 
of the phenolic hydroxy-group on C-6 of versicolorin A, a 
process for which there is little biosynthetic precedent ;4 

and the mechanisms of conversion of the arithraquinone into 
the xanthone ring system. Holker has proposed' a pathway 
similar to that shown in Scheme I which assumes loss of a 
hydroxy-group to give 6-deoxyversicolorin A (4) followed by 
para-hydroxylation either of (4)t or the product (6) of ring 
cleavage to permit an oxidative coupling mechanism for 
xanthone ring formation. The intermediate (8) formed in 
this way could function as a common precursor to both 
sterigmatocystin (1) and 6-hydroxysterigmatocystin (10). 
This implies that (10) and not sterigmatocystin would lie on 
the direct aflatoxin pathway, and there is indeed some 
indirect evidence for this.6  Alternatively, a metabolic grid 
may be operating. A variation of this scheme in which the 
hydroxy-group is lost after formation of the xanthone ring 

t 6-Deoxyversicolorin A (4) is a known metabolite of A. versi-
color (ref. 5b). Its hydroxy-analogue (5) has been isolated as 
bisdeoxydehydrodothistromin from the phytotoxic fungus 
Dothistroma pini (ref. 18). 

system could account for the co-occurrence of 
matocystin, 6-methoxysterigmatocystin, and 5,6-dimet 
sterigmatocystin .7 

Vederas has recently reported' incorporation studie 
[I  _13C, 1802]acetate which indicate that the 1-hydroxy-
of versicolorin A becomes the xanthone ring oxyg 
sterigmatocystin, and he proposed that xanthone forn 
occurs by an addition—elimination mechanism9  o 
enzyme-bound benzophenone intermediate (11). Howei 
precedent suggests that a symmetrical intermediate o 
type invariably results in randomisation of label 
whereas Tanabe has reported that [1,2-13C,  ]acetate 
corporated into sterigmatocystin without randomisa 
However poor spectral resolution and severe overlappi 
signals allowed only a partial analysis of the coupling p 
We now report labelling studies with 13C- and 2H-la 
acetates which bear upon the above proposals. 

Labelled acetates were incorporated into sterigmato 
by cultures of Aspergillus versicolor (NRRL 5219) essel 
as previously described .12  To minimise multiple labelli 
individual molecules, sodium [1,2-13C, ]acetate was d 
three-fold with unlabelled acetate prior to additi 
cultures. Similarly [I-"C, 2H3}acetate was diluted with 
acetate prior to addition. The resultant labelled sterig 
cystin was analysed by 13C and 2H n.m.r. spectrosco 
appropriate. In the proton noise-decoupled 90.6 MIA 
n.m.r. spectrum of [13C, ]acetate-enriched sterigmato 
all the anticipated couplings were observed (Table 1 
the carbons in ring-A show only one coupling apart fro] 
which appears as a single resonance with no evidence w 
ever of coupling satellites, and so there is clearly no ran 
sation of labelling. Thus a symmetrical intermediate, e. 
would appear to be unlikely. 
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the p.n.d. "C n.m.r. spectrum of [1-13C, 'H,]acetate-
ied sterigmatocystin, the resonances due to carbons 5, 
rid 16 show PH isotope shifts (Table 1) indicating the 
poration of 'H at C-6, C-15, and C-17 only.13  This was 
rmed by the 55.3 MHz 'H n.m.r. spectra in which 
:matocystin itself showed signals at 8. 6.83 p.p.m. 
ned'4  to 4-H and/or 6-H), 6.52 (Il-H and/or 17-H), 
4.77 (15-H). On conversion into 3-0-methyldihydro-
:matocystin the signals moved to 8,, 6.98, 4.18, and 
p.p.m. allowing their unambiguous assignment to 6-H, 
and 17-H pro-R, and 17-H pro-S, respectively.'5  There 
evidence for incorporation of 'H at C-4 or C-11, 

)rporation of 'H into C-4 and C-I 1 of sterigmatocystin has 
reported, but no experimental details are available (U. 
twa, Abstr. 28th Congress, I.U.P.A.C., Vancouver, Canada, 

reflecting the results obtained previously for incorporation 
of ['H,]acetate into averufin." 

The observed retention of acetate-derived hydrogen at C-6 
is of crucial importance as it rules out all mechanisms for 
xanthone formation necessitating introduction of a phenolic 
hydroxy-group at this carbon during the biosynthesis of 
sterigmatocystin. On the basis of the existing information, 
three mechanisms appear to be feasible. These, outlined in 
Scheme 2, are Michael addition followed by oxidative 
decarboxylation, path (a), oxidative coupling to give a spiro-
intermediate, cf.  erdin," followed by rearrangement and 
decarboxylation, path (b), or addition to an epoxide,§ path 

§ This or a very similar arene oxide would necessarily be involved 
in the formation of both (7) and (11) from (6). 
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Scheme 2. Possible mechanisms of xanthone ring formation. 
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Table 1. 90.6 MHz 13C n.m.r. spectral data of sterigmatocystin (1) 
enriched from labelled acetates. 

Carbon 	ca(p.p.m.) Jc_ca/HZ 	ASc (p.p.m.)b 

181.2 56 
2 	 109.0 56 
3 	 162.3 69 
4 	 111.2 69 
5 	 135.5 58 	 —0.10 
6 	 105.7 58 
7 	 154.9 - 
8 	 154.0 66 
9 	 106.5 62 

10 	 164.5 62 
11 	 90.5 71 
12 	 163.3 71 
13 	 106.0 66 
14 	 113.2 33 	—0.04 
15 	 48.0 33 
16 	 102.4 76 	—0.08 
17 	 145.3 76 
OMe 	56.7 - 

Sterigmatocystin enriched from [1,2_13C2  ]acetate. b 	-2H-isotope 
shift for sterigmatocystin enriched from [1-11C, 2H3Iacetate. 

(c). The latter mechanism is the one we prefer as it has the 
merit of leading to the previously proposed intermediate (9) 
which by concerted decarboxylation and elimination wuld 
give sterigmatocystin, or by oxidation to (8) followed b: 
decarboxylation would give 6-hydroxysterigmatocystin. 
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Incorporation of [1 -1 3C,2H 3] acetate into O-methylasparvenone (1) and analysis of the 2H fl-isotope shifts i 
the resulting 13C n.m.r. spectrum indicate that one hydrogen is lost from the methyl derived from the acetatE 
'starter' unit; the magnitude of the observed 2H 18-isotope shifts showed a marked dependence on the 
functionality of the reporter 13C nucleus and the stereospecificity of 2H incorporation. 

Staunton recently suggested a novel method for detecting and 
quantifying the biosynthetic incorporation of deuterium.' In 
this method the incorporation of 2H placed fi to a "C atom in 
a precursor is detected by a small upfield fl-isotope shift in 
the resonance of the "C nucleus in the 13C n.m.r. spectrum of 
the enriched metabolite. We have found that this technique is 
indeed most useful, and we have applied it to studies of the 
aflatoxin biosynthetic pathway.3  We now report its application 
to O-methylasparvenone (1) and note some complicating 
features, both limiting and potentially useful, which this study 
has revealed. 

In a previous study, we used 2H n.m.r. spectroscopy to 
show that 2H from (H,Jacetate was incorporated into (1) at 
the 10-methyl, 5-, 2-, and 3-axial hydrogens, and from 

. 
C2H3—CO2Na 

0 SR 0 	 OHO 

'0CH2H2 78'' 2 

0 

H OH 
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Scheme 1.• = 118C 
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1. P.n.d. 13C n.m.r. spectrum of [1-13C,2-21-f3]acetate-enriched O-methylasparvenone (1) determined at 90.56 MHz in CDCI3  sol-
Spectral width20 kHz, 32 k data points, pulse width 4 js, acquisition time 0.82 s, relaxation delay 0.18 s, line broadening -2 

nd gaussian multiplier 0.3. 

arison of the incorporation levels we suggested that one 
gen was lost from the methyl of the starter acetate 
, implying that the necessary loss of ketide oxygen from 
ccurred after condensation and aromatisation of the 
hexaketide precursor.3  The fl-isotope shift method 

d ideal for verifying the number of 2H atoms retained 
-10. Thus [1-'3C, III, ]acetate was incorporated into (1) 
Itures of Aspergillus parvulus (Scheme 1), and the result-
roton noise decoupled (p.n.d.) 13C n.m.r. spectrum, 

in Figure 1, confirmed our proposals as C-9 showed 
two isotopically shifted signals corresponding to the 
ice of one and two deuteriums on the adjacent methyl 
n. The fl-shift is clearly additive (-0.08 p.p.m. per 2H). 
also showed an isotopically shifted resonance (-0.06 
.) due to 2H on C-5. However C-1 showed an isotopic-
;hifted resonance downfield (+0.06 p.p.m.) and the 
ity was much lower than that expected from the ob-
I level (2H n.m.r. spectroscopy) of incorporation of 2H 
2-axial position.t In addition, as a consequence of a high 
Df multiple labelling of individual molecules from the 
nous precursor,T the 2H at the 2-axial position resulted 
nall isotopically shifted resonance (-0.13 p.p.m.) being 
ved for C-3. 
)rder to confirm that the observed isotope shifts at C-1 
2-3 were reasonable [2-2H2]-O-methylasparvenone was 
red by base-catdjysed exchange (NaOMe in Me02H), 
Ls p.n.d. 113C n.m.r. spectrum now showed isotopically 

e is limited information in the literature on the size of fi-
e shifts. However downfield shifts for 2H adjacent to 
riyl have been reported .4 2H N.m.r. spectroscopy indicated 
e 2-axial position is labelled to Ca. 300/10  of the level of H4. 

is confirmed by the intense coupling satellites due to a 
al 18C-18C coupling (7 Hz) between C-6 and C-8. - 

Dntrast to our previous results, no 2H incorporation was 
'ed (2H n.m.r. spectroscopy) at the 3-axial position in this 
ment. 

Figure 2. Signals from the 90.56 MHz p.n.d. "C n.m.r. spectrum 
of O-methylasparvenone deuteriated at C-2. Resonances are for (a) 
C-1, (b) C-3. Determined using 1 kHz spectral widths, 4 k data 
points acquired and transformed into 32 k data points, pulse 
width 4 ps, acquisition time 2.04 s, line broadening - 1 Hz, and 
gaussian multiplier 0.25. 

shifted resonances at +0.08 and —0.17 p.p.m. for C-I and 
C-3 respectively, suggesting either that the induced isotope 
shifts are non-additive or that equatorial 2H has a much 
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smaller effect than axial 2H. This was further examined by 
carrying out a second exchange experiment in equimolar 
MeOH and MeO2H. 2H N.m.r. spectroscopy of the product 
confirmed that equal exchange of axial and equatorial hydro-
gen had occurred. The p.n.d. 113C n.m.r. spectrum, Figure 2(b), 
now showed three isotopically shifted resonances for C-3 at 
—0.03, —0.13, and —0.17 p-.p.m. of similar intensities as 
expected for the statistical mixture of molecules labelled at 
the 2-equatorial and 2-axial positions separately, and both 2-
equatorial and 2-axial positions. C-I also showed, Figure 2(a), 
three isotopically shifted resonances at +0.02, +0.06, and 
+0.08 p.p.m. but their intensities decreased markedly as the 
number of adjacent deuterium atoms increased. These results 
show that the n-isotope shifts are additive and moreover are 
dependent on the stereospecificity of label1ing.1 This has not 
to our knowledge been noted previously and should permit 
18-shifts to be used to determine stereospecificity as well as 
regiospecificity of labelling. The particular sensitivity of the 
C-I resonance intensity to substitution of the adjacent 
hydrogens by 2H explains the misleading low intensity 
observed for the isotopically shifted C-i resonance in the 

¶ Similar exchange experiments with 5-methoxy-1-tetralone in 
which the cyclohexenone ring is conformationally mobile indicate 
fl-shifts of —0.08 p.p.m. per 2H at C-3 and +0.05 p.p.m. per 2H 
at C-i. 

J. CHEM. SOC., CHEM. COMMUN., 

biosynthetic experiment described above. Although ster 
be taken to eliminate such intensity variations arising 
differences in relaxation times and nuclear Overt 
enhancements, these • are often difficult or impossibi 
practical reasons, such as in the above case where the 
amount of sample available precluded the use of long n 
tion delays. 

Details of long range shift effects observed in the che 
exchange experiments described above will be rep 
elsewhere. 

Received, 2nd June 1982; Corn. 623 

References 

1 C. Abell and J. Staunton, J. Chem. Soc., Chem. Corn 
1981, 856. 

2 T. J. Simpson, A. A. de Jesus, P. S. Steyn, and R. Vlei 
J. Chem. Soc., Chem. Commun., 1982, 633; T. J. Simpsoi 
D. J. Stenzel, J. Chem. Soc., Chem. Commun., 1982, 8 

3 T. J. Simpson and D. J. Stenzel, J. Chem. Soc., Chem. Coni 
1981, 239. 

4 G. E. Macid, P. D. Ellis, and D. C. Hofer, J. Phys. C 
1967, 71, 2160; F. W. Wehrli, D. Jeremi, M. L. Mihal 
and S. Milosavlevié, J. Chem. Soc., Chem. Commun., 1978 
E. Breitmaier, G. Jung, W. Woelter, and L. Pohl, Tetrah 
1973, 29, 2485. 



Biosynthesis of Aflatoxins. Incorporation of [2- 2 H 3 ]Acetate into 
Mlatoxin B byAspergillusfiavus 
rhomas J. Simpson,*a  Amelia E. de Jesus,b  Pieter S. Steyn,b and Robert Vleggaarb 
I  Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland 
National Chemical Research Laboratory, Council for Scientific and Industrial Research, P0 Box 395, Pretoria 

)001, Republic of South Africa 

Ehe observation of an NIH shift on incorporation of [2H3]acetate into aflatoxin B, in cultures of Aspergillus 
lavus provides evidence for the timing of deoxygenation and hydroxylation steps which are an essential part of 
he biosynthetic pathway. 

Reprinted from the Journal of The Chemical Society 

Chemical Communications 1983 



338 
	 J. CHEM. SOC., CHEM. COMMUN., 198 

Biosynthesis of Aflatoxins. Incorporation of [2-2H3]Acetate into 
Aflatoxin B, by Aspergillus flavus 
Thomas J. Simpson,*a  Amelia E. de Jesus,b Pieter S. Steyn,b and Robert Vleggaarb 
a Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland 
b National Chemical Research Laboratory, Council for Scientific and Industrial Research, P0 Box 395, Pretoria 
0001, Republic of South Africa 

The observation of an NIH shift on incorporation of [2H3]acetate into aflatoxin B1  in cultures of Aspergillus 
flavus provides evidence for the timing of deoxygenatiori and hydroxylation steps which are an essential part of 
the biosynthetic pathway. 

Despite extensive studies the exact sequence of intermediates 	carcinogenic mycotoxin produced by the moulds Aspergilli 
on the biosynthetic pathway leading to aflatoxin B, (1), the 	flavus and Aspergillus parasiticus, is uncertain.' Even less 
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own of the detailed mechanisms responsible for the inter-
nversion of the known intermediates. Accordingly we set 
t to elucidate the fate of acetate-derived hydrogen on 
orporation into aflatoxin B, and its precursors, with a view 
obtaining mechanistic information. We have recently 
orted 'H labelling studies on averufin (2)2  and sterigmato-

5tin (3)3  which along with versicolorin A (4) are believed to 
key intermediates on the biosynthetic pathway.' We now 

S 2 H)/p.p.m. 

Figure 1. 55.28 MHz 'H n.m.r. spectra of 3-deoxy-aflatoxin B, (5) 
derived from (a) [2-1H,Iacetate-enriched aflatoxin B, and (b) from 
universally 'H-enriched aflatoxin B,. (C) shows the 360.13 MHz 'H 
n.m.r. spectrum of (5). 

report the results of extension of these studies to aflatoxin B, 
itself. 

[2-'H,]Acetate was added to shaken cultures of A. flavus on 
low-salts medium and the aflatoxin B, (1) produced examined 
by 2H n.m.r. spectroscopy. The resulting spectrum showed 
signals at SH  6.45, 4.72, 3.35, and 2.58 p.p.m. indicating that 
acetate-derived hydrogen is incorporated on carbons C-9 and/ 
or C-16, C-14, C-5, and C-4. As the signals due to H-16 and 
H-9 are not resolved in aflatoxin B, itself, the labelled sample 
was converted by hydrogenation' into 3-deoxy-aflatoxin B, 
(5). The 'H n.m.r. spectrum of (5) [Figure 1(a)) confirmed the 
above observations and indicated that most of the label was 
on C-16 with possibly a trace of 'H incorporation at C-9. The 
360.13 MHz 'H n.m.r. spectrum of (5) [Figure 1(c)] and the 
55.28 MHz 'H n.m.r. spectrum of (5) derived from universally 
labelled' aflatoxin B, [Figure 1(b)]are shown for comparisori.t 

The crucial observation is the presence of acetate-derived 
hydrogen on C-S. The position is derived from the carboxy-
carbon of acetate' and so it must be assumed that the 'H 
label has migrated to C-5 from the adjacent carbon during the 
course of biosynthesis. The most likely mechanism would be 

t Note that all the signals of interest are resolved. There is no 
signal for the C-3 methylene hydrogens in Figure 1(b) as these are 
introduced in the hydrogenation step. 
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as a result of an NIH shifts indicating that hydroxylation 
the carbon adjacent to that which becomes C-S is an essen 
step in the cleavage and conversion of the aromatic ring wli 
becomes the cyclopentenone moiety in aflatoxin B1. 

One of the outstanding problems concerned with the a 
toxin biosynthetic pathway is the timing of the required I 
of the 6-hydroxy-function from versicolorin A (4). One of 
more plausible proposals was that versicolorin A was c 
verted first into 6-deoxyversicolorin A (6) which was t] 
hydroxylated to give (7), both of which are known metabol 
(Scheme 1). However we have recently shown that (7) can: 
be an intermediate in the foimation of sterigmatocystin (3) 
2H is retained at C-6.3  The present results indicate that 
intermediate which has already lost the 6-hydroxy-funct 
present in versicolorin A (4) is hydroxylated, otherwise no N 
shift could be observed. Thus the most probable sequence 
events is that versicolorin A (4) is converted via (6), (3), 
(8) into aflatoxin B1. A less likely sequence, (4) -. (6) --* (7) 
(8) - (1), would mean that sterigmatocystin is not an obli, 
tory intermediate and cannot yet be entirely ruled o 
Cleavage of the aromatic ring and formation of the cyc 
pentanone ring can occur by precedented procedures as a 
lined in Scheme 2. Further studies to delineate the ex 
sequence of events between versicolorin A and aflatoxin 
are in progress. 

Received, 16th November 1982; Corn. 1310 
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We have observed a similar NIH shift occurring during po 
ketide biosynthesis in studies on Omethylasparvenone,l 
metabolite of Aspergillus parvulus. 
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'nthesis and Regiospecific Deoxygenation of p-Resorcylic Ester 
rivatives to 4-Hydroxybenzoates 

n J. Bartlett, John S. E. Holker, and Eugene O'Brien 
pert Robinson Laboratories, University of Liverpool, P.O. Box 147, Liverpool L69 3BX 
mas J. Simpson 
artment of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ 

Ethyl [carboxy,6-1  4C21 -4- hydroxy-2- methyl - (6a), and -2,3,5-trimethyl- benzoate (6b), together with 
ethyl 4-hydroxy-2,3-dimethylbenzoate (6c), have been prepared in satisfactory yields by deoxygenation 
of the corresponding resorcylate esters, (5a—c), respectively, via hydrogenolysis of their 4-benzyloxy-2- 
(1 -phenyl-1  H-tetrazolyloxy) -derivatives, 	(8a—c). Ethyl 2,4-dihydroxy-5,6-dimethyl-3-trideuterio- 
methylbenzoate (5d) has been synthesised by trideuteriomethylation of ethyl 2,3-dimethyl-4,6-di-
oxocyclohexanecarboxylate (1 Oc), followed by dehydrogenation. Preparations of the requisite resorcylate 
derivatives are included. 

ing biosynthetic studies on the polyketide-terpenoid de-
d fungal metabolites andibenin (1), andilesin (2), austin 
and terretonin (4), reported elsewhere,"2  we have investi-
d the incorporations of ethyl [carboxy,2-14C2]-2,4-dihy-
,(y-6-methyl- (5a) and -3,5,6-trimethyl-benzoate (5b), the 
'esponding 3-trideuteriomethyl-5,6-dimethylbenzoate (5d), 
ther with the monohydric phenols ethyl [carboxy,6-14C2 ]-

ydroxy-2-methyl-(6a) and -2,3,5-trimethyl-benzoates (6b). 
have shown that both the trimethylresorcylate (5b) and 
trimethyl-p-hydroxybenzoate (6b) are efficient precursors 
andibenin and andilesin, whereas the mono-C-methyl 
ivatives (5a) and (6a) are not. In the case of austin and 
etonin, although the resorcylate derivative (5b) is effici-
[y incorporated the corresponding p-hydroxybenzoate (6b) 
rot. For each metabolite the specificity of incorporation 
been established with the trideuteriomethyl derivative 

). The significance of these results has been discussed. 
n view of the utility of these ['4C]- and [214]-labelled corn-
inds in the biosynthetic studies, and because the synthesis 
,ome of the compounds contained novel features, we now 
ort fully the synthetic studies. 
u the outset, we recognised that having obtained the 
uisite resorcylate derivatives (5a) and (5b) by conventional 
tes it would be convenient to derive the corresponding p-
lroxybenzoates (6a) and (6b) by regiospecific mono-deoxy-
iations of the former compounds. Although a number of 
cedures exist for phenolic deoxygenation, none appear to 
'e been used previously in the regiospecific deoxygenation 
)olyhydric phenols and many would appear to be unsuitable 
the required compounds. Most of the literature procedures 
based on the reductive cleavage of the aryl—oxygen bond 

appropriate phenolic ethers or esters.' A rather different, 
ent method involves the nucleophilic substitution of an 
nethoxyaryloxazoline with t-butyl-lithium, followed by 
Irolysis of the resultant C-t-butyl substituted aryloxazo- 

\fter some initial experimental investigations we found that 
most promising route was that involving the formation 

I hydrogenolysis of a 1 -phenyltetrazolyl ether. This method, 
to W. J. Musliner and J. W. Gates,' does not appear to 

ie been widely applied, but there are a few interesting 
imples of its use 6.7  and extension.' In the present case, 
Lyl orsellinate (5a), ethyl 2,4-dihydroxy-3,5,6-trimethyl-
izoate (5b), and ethyl 2,4-dihydroxy-5,6-dimethylbenzoate 

were readily converted into their 4-monobenzyl ethers 
—c), respectively, which on treatment with 5-chloro-I-
enyl-1H-tetrazole and potassium carbonate in acetone gave 
h yields of the corresponding 1-phenyl-1 H-tetrazol-2-yl 

0 Me 

?H' 

Me 

Me/
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Me0 	 0 oMeAcO OH Me 
Me 

M( 	0002Me 
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ethers (8a—c), respectively. Removal of the benzyl and tetra-
zolyloxy-groups from these proceeded smoothly by hydrogen-
olysis at room temperature and atmospheric pressure in the 
presence of palladium on carbon to give the requisite 4-
hydroxybenzoate derivatives (6a—c), respectively. The 
experience gained with these heavily substituted aromatic 
compounds suggests that this method for synthetically useful 
phenolic deoxygenation is worthy of wider application. 

The standard route to the required orsellinate derivatives 
involves the intermediacy of the dihydro-derivatives derived by 
base-catalysed condensation between ethyl acetoacetate and 
the required c*,l-unsaturated ester. Despite literature claims9  
we find that this method is unsatisfactory, except for the 
parent ethyl dihydro-orsellinate (1 Oa). However, the alternative 
method using diethyl malonate and the requisite 1-unsatur-
ated ketones, (9a), (9c), and (9b) proceeded satisfactorily 
to give the substituted dihydroresorcylic esters (lOa), 
(lOc), and (lOb) respectively, which were then dehydrogen-
ated with bromine, giving the dibromo-, monobromo-, and 
parent-resorcylic esters, (5e), (5f), and (5b) respectively. 
Hydrogenolysis of the bromo-compounds (5e) and (Sf) in the 
presence of palladium-carbon catalyst gave high yields of the 
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parent esters (5a) and (5c), respectively. Repetition of this 
work with diethyl [1-14C]malonate gave similar radiochemical 
yields of the corresponding [carboxy, 2-14C2]-derivatives. 

The required trideuteriomethyl derivative (5d) was prepared 
from the dihydroresorcylic ester (lOc) by reaction with one 
equivalent of trideuteriomethyl iodide in the presence of 
sodium ethoxide, followed by dehydrogenation of the inter-
mediate dihydroresorcylate derivative (lOd) with bromine. 

A new synthetic route to alkyl 3-resorcyIates,'° published 
since the completion of the present work, does not appear to 
offer significant advantages for the synthesis of the labelled 
compounds in the present study. 

Experimental 
Except where otherwise stated 1H n.m.r. spectra were meas-
ured in CDCI3  with SiMe4  as internal standard on a Perkin-
Elmer R34 instrument operating at 220 MHz, 2H n.m.r. 
spectra with a Bruker WH 360 instrument operating at 55.26 
MHz, u.v. spectra in ethanol on a Pye-Unicain SP8-100 instru-
ment, and i.r. spectra in Cd 4  on a Perkin-Elmer 257 instru-
ment. Mass spectra were determined with an AEI MS-12 
instrument at 70 eV. M.p.s are uncorrected and were measured 
with a Reichert hot stage. Preparative layer chromatography 
(p.l.c.) was performed with a 1-mm thick layer of Kieselgel 
60FF254  (Merck) on glass plates (20 x 20 cm), activated at 
110 °C for 12 h after air drying. Light petroleum refers to that 
fraction with b.p. 60-80 °C, and ether refers to diethyl ether. 

Ethyl 3 ,5-Dibromo-2,4-dihydroxy-6-methylbenzoate (Se).—
To diethyl malonate (1.58 g) in ethanol (10 ml) containing 
sodium ethoxide (from 300 mg sodium) was added pent-3-en-
2-one (9a) (860 mg) and the whole was heated under reflux 
under nitrogen for 2 h. After the bulk of the ethanol had been 
removed, the residue was dissolved in water (25 ml) which 
was then extracted with ether (2 x 10 ml), the aqueous phase 
acidified with concentrated hydrochloric acid and again ex-
tracted with ether (5 x 10 ml) to give the crude product (I Oa). 
After removal of the solvent the residue (1.89 g) in acetic  

acid (20 ml) was treated with bromine (4.65 g) at room I 
erature in a stream of dry air to remove most o 
hydrogen bromide. After 24 h ether (50 ml) was added ar 
solution washed successively with saturated sodium hydi 
carbonate (20 >< 10 ml), 2M-sodium hydrogen sulphite 
10 ml) and water (2 x 10 ml). After the ether had bec 
moved the residue separated from ethanol in needles (1, 
of ethyl dibromo-orsellinate (Se), m.p. 143-144 °C 
nip. 144 °C) (Found: C, 34.0; H, 2.8. Calc. for C10H10B 
C, 33.9; H, 2.9%). Under the same conditions diethyl [1. 
malonate (1.63 g; 40.29 jiC mmol) gave ethyl [carbox 
14C2]-3,5-dibromo-2,4-dihydroxy-6-niethylbenzoate (1.4 
39.51 JLC mmol), m.p. 143-144 °C. 

Ethyl 2,4-Dihydroxy-6-methylbenzoate (5a).—Hydroge 
sis of the above product (1.03 g) in a solution of potas 
hydroxide (330 mg) in water (20 ml) containing palladiu 
carbon (10%, 500 mg) was complete in 36 h at room tern 
ture and atmospheric pressure. After filtration and aci 
ation of the mixture the ethyl ester (Sa) was isolated in 
(8 x 10 ml) and crystallised from tetrachloromethane 8 
platelets (410 mg), m.p. 132 °C (lit.," m.p. 132 °C) (Fo 
C, 61.1; H, 6.2. Calc. for C10H1204: C, 61.2; H, 6.2%). Ii 
similar conditions the ['4C]-labelled  dibromo-ester (1 . 
gave ethyl [carboxy, 2-14C2]-2,4-dihydroxy-6-methylben: 
(570 mg; 39.75 1.tC mmol), m.p. 132 °C. 

Ethyl 3-Bromo-2,4-dihydroxy-5,6-dimethylbenzoate (5f 
Ethyl 2,4-Dihydroxy-5,6-dimethylbenzoate (Sc).—Prer 
under the above conditions from diethyl malonate (3.17 g 
3-methylpent-3-en-2-one (9c) (2.12 g), the crude dihydr( 
matic ester (lOc) (4.48 g) was obtained and a solution in a 
acid (20 ml) was treated with bromine (6.82 g) for 24 
room temperature as described above. Isolated in the i 
way, ethyl 3-bromo-2,4-dihydroxy-5,6-dimethylbenzoate 
separated from ethanol as needles (2.45 g), m.p. 66-6 
(lit.,' m.p. 67-69 °C) (Found: C, 43.3; 1-1, 4.9. Calc 
C11H13BrO4 H20: C, 43.0; H, 4.9%). 

Prepared from this bromo-ester (590 mg) by hydrogeno 
as described above, ethyl 2,4-dihydroxy-5,6-dimethylben2 
(5c) separated from tetrachioromethane as pale cream p 
lets (357 mg), m.p. 115-116 °C (lit.,9  m.p. 115-117 
(Found: C, 62.9; H, 6.8. Calc. for C111-11404 : C, 62.8 
6.7%). 

Ethyl [carboxy, 2-14C2]-2,4-Dihydroxy-3 ,5,6-trimethylbc 
ate (5b).—Prepared as described above from diethyl [11 
malonate (1.99 g; 40.29 iC mmoN) and 4-methylhex-
3-one (9b) (1.51 g), the dihydroaromatic ester (lOb) was 
tamed as a yellow viscous oil (1.79 g) and subsequently 
hydrogenated with bromine (1.40 g) in acetic acid (20 ml 
the usual method. The resultant product was shown b) 
n.m.r. spectroscopy to be a mixture of the required pro 
(Sb) and I -bromo-2,4-dihydroxy-3,5,6-trimethylbenzene 
3 : 1) which was best separated after hydrogenolysis of 
minor component, in the usual way. The resultant mix 
was then separated by p.l.c. with chloroform-methanol (98 
The band with RF  0.48 was crystallised from tetrachlorc 
thane to give niicrocrystals (1.27 g; 39.70 jiC mmol 1) of 
[carboxy, 2-14C2]-2,4-dihydroxy-3,5,6-trimethylbenzoate 
m.p. 91-92 °C, Xma  270 (c 14 100) and 218 nm (26 
Vniax  3 590, 3 060 (br) and 1 650 cm; 6H  1.39(3 H, t, J7.1 
CO2CH2Me), 2.10 (6 H, s, 3- and 5-ArMe), 2.39 (3 1
6-ArMe), 4.37 (2 H, q, J 7.1 Hz, CO2CH2  Me), 5.47 (1 1 
4-ArOH), and 11.55 (1 H, s, 2-ArOH); & 7.98 (q, 3-Ar? 
11.81 (q, 5- or 6-ArMe), 14.23 (q, 6- or 5-ArMe), 18.78 
CO2CH2Me), 61.15 (t, CO2CH2 Me), 106.22 (s, C-I), 10 
(s, C-3), 114.70 (s, C-5), 137.35 (s, C-6), 156.46 (s, C-2 or 
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39 (s, C-4 or -2), and 172.04 p.p.m. (s, CO2CH2Me) 
Lind: C, 64.0; H, 7.2%; M, 224. C12141604  requires C, 
3; H, 7.2%; M, 224). 

thy! 4-Benzyloxy-2-hydroxy-6-methyl-(7a), -5,6-dimethyl-
and -3,5,6-trimethyl-benzoate (7b) and their [' 4C]-Labelled 

ivatives.—Monobenzylation of ethyl [carboxy, 2-'4C2 ]-
lunate (5a) (219 mg), ethyl 2,4-dihydroxy-5,6-dimethyl-
zoate (Sc) (750 mg) and ethyl [carboxy, 2-14C21-2,4-
,droxy-3,5,6-trimethylbenzoate (5b) (814 mg) were effected 
i benzyl chloride (220, 660, and 715 mg, respectively) in 
acetone (20 ml) for 18 h under reflux. The mixtures were 
red into water, acidified with hydrochloric acid and the 
)wing products isolated in ether. The ['4C1-labelled ester 
separated from light petroleum in microcrystals (272 mg; 
'8 l.tC mrnol'), m.p. 52-54 °C (lit.,12  m.p. 53-54 °C) 
und: C, 71.1; Fl, 6.2. Calc. forC17H1804 : C, 71.3; H, 6.3%); 
ester (7c) separated from light petroleum in microcrystals 
5 mg), m.p. 67-68 "C, ?max  267 (c 8 900), and 310 nm 
00); 	3 160 (br) 1 650 cm'; 8. 1,34 (3 H, t, J 7.2 Hz, 
,CH2Me), 2.10 (3 H, s, 5ArMre),  2.41 (3 H, s, 6-ArMe), 
(2 H, q, J 7.2 Hz, CO2CH2Me), 4.98 (2 H, s, ArCH20), 
(1 H, s,3 ArH), 7.33(5 H, m, OCI-l2ArH), and 11.42(1 H, 

-ArOH) (Found: C, 72.6; H, 6.9%; M% 300. C18H2004  
jires C, 72.0; H, 6.7%; M, 300); and the [' 4C]-labelled 
r (7b) separated from methanol in microcrystals (806 mg; 
4 i.tC mmoI 1), m.p. 49-50 "C, k., 216 (40000), 258 
000), and 318 nm (4600); v,, 3 620 (br) 1 650 cm'; 61  
1(3 H, t, J 7.1 Hz, CO2CH2Me), 2.14(3 H, s, 3-ArMe), 2.16 
I, s, 5-ArMe), 2.41 (3 H, s, 6-ArMe), 4.38(2 H, q, J 7.1 Hz, 
2C112Me), 4.72 (2 H, s, ArCH20), 7.37 (5 H, m, OCH2-
1), and 11.16 (1 H, s, 2-ArOH) (Found: C, 72.4; H, 
V.; M, 314. C19H2204  requires C, 72.6; H,7.1%; M, 314). 

thyl 	4-Benzoyloxy-2-(l -phenyl- 1 H-tetrazol-2-yloxy)-6- 
hyl- (8a),-5,6-dimethyl- (8c) and -3 ,5,6-trimethyl-benzoate 
and [ 14C]-Labelled Derivatives—The monobenzyl ethers 

, (7c), and (7b) (271, 521, and 806 mg, respectively) were 
ted with 5-chloro-1-phenyl-1H-tetrazole (171, 320, and 464 
respectively) and anhydrous potassium carbonate (262, 
and 710 mg, respectively) in acetone (10, 20, and 25 ml, 

)ectively) under reflux for 46 h. The following products 
e isolated in ether after being diluted with water and acidi- 
in the usual way. Ethyl [carboxy, 2-14C2]-4-benzy1oxy-2-

;henyl-1 H-tetrazol-2-yloxy)-6-methylbenzOate (8a) (399 mg; 
6 1jC mmol') was crystallised from ethyl acetate-light 

roleum to give small needles m.p. 98-99 	239 nm 
7 000); 	1 725 cm'; 6, 1.05 (3 H, t, J 7.2 Hz, CO2- 
2Me), 2.42(3 H, s,ArMe), 4.11 (2 H, q,J7.2 Hz CO2CH2-
), 5.50 (2 H, s, ArCH20), 6.81 (1 H, d, J 1.9 Hz, 3-ArH), 
7(1 H, d, J 1.9 Hz, 5-ArH), 7.37 (5 H, m, OCH2ArH), 7.66 
HI, m, NArH) (Found: C, 67.0; H, 5.3; N. 13.1; M1  430. 
H22N404  requires C, 67.0; H, 5.2; N, 13.0%; M430); ethyl 
rnzyloxy-2-(! -phenyl- 1 H-tetrazol-2-yloxy)-5,6-dimethylben-
re (8c) formed needles (702 mg) from ethyl acetate-light 
roleum, m.p. 112-113 °C, 	248 nm(E,flf ,. 15 500); vms, 

25 cm'; 6H 1.07 (3 H, t, J 7.2 Hz, CO2CH2Me), 2.21 (3 H, 
5-ArMe), 2.29 (3 H, s, 6-ArMe), 4.12 (2 H, q, J 7.2 Hz, 
2CH2Me), 5.07 (2 H, s, ArCH20), 7.05 (1 H, s, 3-ArH), 

(5 H, m, O'CH2ArH), and 7.68 (5 H, m, NArH) (Found: 
67.7; H, 5.4; N, 12.8; M 444. C25H24N404  requires C, 
6; H, 5.4; N, 12.6%; M, 444); and ethyl [carboxy, 2-14C2], 

enzyloxy-2-(1-phenyl-1 H-terrazol-2-y!oxy)-3 ,5 ,6-trimethyl-
'zoare (8b) formed microcrystals (1.18 g; 39.69 itC  mmoY') 
m methanol, m.p. 134-135 °C, ?. 	256 nm (1 900); Vn,ax  

25 cm'; S 1.03 (3 H, t, J7.2 Hz, CO2CH 2Me), 2.15 (3 H, 
-ArMe), 2.24 (3 H, s, 5- or 6-ArMe), 2.27 (3 H, s, 5- or 6-
We), 4.08 (2 H, q, J 7.2 Hz, CO2CH2Me), 4.81 (2 H, s, 

ArCH20), and 7.61 (10 H, m, OCH2ArH and NArH) (Found: 
C, 68.1; H, 5.8; N, 12.3%; M 458. C26H26N404  requires C, 
68.1; H, 5.7; N, 12.2%; M, 458). 

Ethyl 4-Hydroxy-2-methyl-(6a), -2,3-dimethyl- (6c), and 
2,3,5-trimethylbenzoates (6b) and ['4C]-Labelled  Deriva-
tives—The above compounds (8a), (8c), and (8b) (399 mg, 
618 mg, and 1.18 g, respectivley) in ethanol (16, 20, and 40 ml 
respectively) and acetic acid [2 ml in the case of compound 
(8b) only] with 10% palladium on carbon (100, 150, and 300 
mg, respectively) were hydrogenolysed at room temperature 
and atmospheric pressure for 24-72 h until hydrogen absorp-
tion was complete. After the catalyst and solvent had been 
removed the residues were purified by p.l.c.; the product from 
(8a) was obtained as a band, RF  0.49, with toluene-ether 
(4: 1), that from (8c) as a band, RF  0.38, with light petroleum-
ethyl acetate (7: 3), and that from (8b) as a band, RF  0.47, 
with the same solvent mixture. 

Ethyl [carboxy, 6-14C2]-4-hydroxy-2-methylbenzoate (6a) 
separated from ethyl acetate-light petroleum in needles (161 
mg; 39.82 tC mmol), m.p. 98-99 °C (lit.,13  m.p. 98 "C) 
(Found: C, 66.7; H, 6.8; M, 180. CaIc. for C,0H,203: C, 
66.7; H, 6.7%; M, 180). Ethyl2,3-dimethyl-4-hydroxybenzoate 
(6c) separated from tetrachioromethane in microcrystals 
(219 mg), m.p., 108-109 "C, X 	259 nm (11 000); v,,, 
(CHCI3) 3 580 (sh), 3 290 (br), and 1 705 cm'; 8H  1.36(3 H, t, 
J7.2 Hz, CO2CH2 Me), 2.18(3 H, s, 3-ArMe), 2.49(3 H, s,2-
ArMe), 4.34 (2 H, q, J 7.2 Hz, CO2CH2 Me), 6.45 (1 H, s, 4-
ArOH), 6.66 (1 H, d, J 8.8 Hz, 5-ArH), and 7.59 (1 H, d, J 8.8 
Hz, 6-ArH) (Found: C, 68.1; H, 7.0; M, 194. C11H1403  
requires C, 68.0; H, 7.3%; M, 194), Ethyl [carboxy, 6-14C2]-4-
hydroxy-2,3,5-rrimethylbenzoate (6b) separated from tetra-
chloromethane in microcrystals (284 mg; 39.68 i.tC mmol'), 
m.p. 76-77 °C, ? max  267 nm (9 000); v 	3 605 and 1 710 
cm'; b 1.34 (3 H, t, J 7.1 Hz, CO2CH2Me), 2.15 (3 H, s, 5-
ArMe), 2.19 (3 H, s, 3-ArMe), 2.43 (3 H, s, 2-ArMe), 4.31 
(2 Fl, q, J 7.1 Hz, CO2CH2Me), 5.62 (1 H, s, 4-ArOH), and 
7.49 (1 H, s, 6-Arll) (Found: C, 68.7; H, 7.8; M, 208. 
C12 H1603  requires C, 69.2; H, 7.7%; M, 208). 

Ethyl 2,4Dihydroxy3rrideuteriomethyl-5,6-dimeth.VlbenZO-
ate (5d).—The cyclohexanedione (lOc) (212 mg) in ethanol 
(5 ml) containing sodium ethoxide (92 mg) was stirred under 
dry nitrogen for 3 h at room temperature and then treated 
with trideuteriomethyl iodide (174 mg) and the mixture heated 
to 80 "C for 8 h. Further trideuteriomethyl iodide (73 mg) was 
then added and the heating continued for a further 2 h. The 
product (lOd) (250 mg) was then isolated in the usual way and 
was dehydrogenated with bromine (0.32 g) in acetic acid (5 ml) 
as described above. Purified by p.l.c. in chloroform, the trideu-
teriomethyl derivative (Sd) was isolated from the band with 
RF  0.32 and crystallised from tetrachloromethane giving 
microcrystals (70 mg), m.p. 90-91 °C, SH as listed above for 
the parent (5b) except that the peak 3H 2.10 corresponded to 
only 3 protons; 5c  as listed above for the parent (Sb) except 
for the absence of signals at b 7.98 and 107.20 p.p.m., 6H  2.10 
p.p.m. (s, 3-CD3). The band RF  0.65 was also isolated and the 
product crystallised from ethanol to give needles of compound 
(Sf) (130 mg), m.p. and mixed m.p. 66-68 °C. 
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he Structures of Some Metabolites of Penidillium diversum: a- and 

-Diversonolic Esters 
)hn S. E. Holker • and Eugene O'Brien 
bert Robinson Laboratories, University of Liverpool, P.O. Box 147, Liverpool L69 3BX 

iomas J. Simpson 
partment of Chemistry, University of Edinburgh. West Mains Road, Edinburgh EH9 3JJ 

The metabolites of Pen/c/Ilium diversum include the meroterpenoids austinol (1) and isoaustin (2), 
together with the known poly--ketides lichenxanthone (3), alternariol monomethyl ether (4), and two 
new compounds, a- and -diversonotic esters, (5) and (6) respectively. The structure elucidation of the 

latter compounds is based essentially on extensive 1 H and 13C n.m.r. spectroscopic studies. The biogenetic 

significance of these compounds is discussed. 

a recent paper' W. B. Turner reported the structure 
termination of the fungal metabolite diversonol (7) from 

'nicillium diversum. In an attempt to isolate this compound 
r biosynthetic studies we have re-investigated the metabolites 
oduced by this organism.t Although we have been unable to 
)late diversonol, we have found that this organism produces 
wide range of metabolites, some of which we have purified 
id characterised. Of these we have already reported 

2 the 
)lation and structure elucidation of the meroterpenoids 
istinol (I) and isoaustin (2) and we now add the known 
impounds Iichenxanthone (3) 1 and alternariol monomethyl 
her (4),4 together with two new optically active isomeric corn-
)UfldS, a- and 3-diversonolic esters, C,6H,607. The purpose 
this paper is to report the structure elucidation of these 

mpounds as (5) and (6) respectively. 
The principal structural features of a- and -diversonolic 
ters became apparent from the spectroscopic properties of 
te parents and their derivatives. Both compounds give mono-
ethyl ethers, (8) and (9) respectively, on treatment with 
azomethane and are presumably monohydric phenols. 
rice the parents give strong chelate ferric reactions and show 
ydroxylic protons at low field in their 'H n.m.r. spectra (8 
1.85 and 11.92 in the a- and n-compounds respectively) it is 
ear that this phenolic hydroxy group is ortho to a carbonyl 
oup. This is confirmed by the shift of the i.r. frequency of 
us carbonyl group to longer wavelength on methylation, e.g. 

655 to 1 700 cm', in the case of the a-compound.' The 
resence of a second hydroxy group in the parent compounds 
shown by the formation of di-O-acetyl derivatives, (10) and 
1) respectively. Since this acetylation is accompanied by a 
ownfield shift of Ca. 1.1 p.p.m. of one proton in the 'H n.m.r. 
ectra of the compounds, characteristic of the value associated 

'ith that of a geminal proton on acetylation of a secondary 
Icohol,6 it is clear that both these compounds contain this 
:ructural feature. Both diacetates show a proton at ca. & 4.0, 

schangeable with D20, and i.r. bands at Ca. 3 480 cm'. 
here must therefore be a third hydroxy group in the parents, 
rhich is not derivatised in either the methylation or acetyl-
tion reactions. The nature of this is discussed in the sequel. 
The secondary alcoholic function is shown to be present in 

he residue CH2CH2CH(OH) by the 'H n.m.r. spectra of the 
arents, which are closely similar to each other (Table 1) 
nd which will be illustrated in the following discussion by 
eference to the 1-compound. Three multiplets are present at 
4.03 (1 1-1), 2.83 (2 H), and 2.11 (2 H) respectively. Double 

rradiation of the 220 MHz spectrum at 8 2.11 causes both the 

We thank Dr. W. B. Turner, Pharmaceuticals Division, Imperial 
:hemical Industries Ltd., for providing this strain (ATCC 10437, 

uumbcr 946 in I.C.I. collection) of?. dwersum. 
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other signals to collapse to singlets, not only establishing that 
the irradiated signal is due to the C-3 methylene group4 but 
also that both the C-2 methylene hydrogens (8 2.83) and the 
C-4 methine hydrogen (5 4.03) are isolated from further 
spin-spin couplings. Double irradiation at 8 2.83 simplifies the 
remaining two signals to a typical ABX pattern. On measure-
ment of the 'H n.m.r. spectrum of the a-compound at 360 
MHz full resolution of all lines of the above three multiplets 
was achieved, leading to the following analysis: 54.07, 110.8 
and 3.9 Hz (CHOHCH2CH2), 2.17, 1 3.9, 5.9, 6.4, or 4.9, 

16 Hz and 2.26, J6.4 or 4.9,8.9,10.8,16 Hz (CHOHCH2CH 2), 

The numbering of the carbon atoms in the diversonol,c esters, is 
that previously adopted for the related compound diversonol (7).' 

HO 	
''- 

OH 

04 

(4) 

0 OH 
HO 

Me 	

0 

Me OH 

(7) 
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Table 1. 'H N.m.r. chemical shifts of a- and D-diversonolic esters and derivatives (p.p.m. with couplings in Hz) 

Compound 

Proton(s) (5) (6)t (8)t (9)t (10)t (ll)t 1-OH 4.76 s 4.57s 5.27 s 5.15 s 4.60s 4.00s 2 2.82 (J 	5.9 and 8.9, 1 	18.7) 2.83 m 2.82 m 2.80 m 2.83 m 2.73 m 
2.88, (J23  4.9 and 6.4, J2 .1  18.7) 

3 2.17 (Jr, 5.9 and 6.4 or 4.9, 
J,4  3.9, J3.3  16.0) 
2.26 (12.3 6.4 or 4.9, 8.9, 13 ,4  10.8, 2.11 m Ca. 2.2 m 2.07 m ca. 2.25 m Ca. 2.3 m 
J3.3 16.0) 

4 4.08 (134  3.9 and 10.8) 4.03 (13,4 5 4.11 (l34  5 4.00 (13 ,4  5 5.19 (J. 5 5.11 	(J34 	II 
and 6.5) and II) and 6.5) and 6.5) and 4) 4-OH 3.30 s 2.65 s 3.05 s 2.75 s 

5 and 7 6.67 6.66 d 6.79 d 6.78 d 7.12 d 7.10 d 
6.60 (J37  2.4) 6.59 d 6.59 d 6.58 d 6.81 d 6.80 d 6' 2.38 s 2.39s 2.43 s 2.40s 2.45 s 2.35 s 8-OH 11.85s 11.92s 

4a'-OMe 3.85 S 3.81 5 3.79 s 	- 3.79 s 3.76 s 3.70 s 
Others 3.96 s (8-OMe) 3.91 s (8-OMe) 2.03, 2.37 (8- and 2.10, 2.43 (8- 

4-OAc) 4-OAc) 
Measured at 360 MHz. t Measured at 220 MHz 

Table 2. 3C N.m.r. chemical shifts of a- and -diversonoIic esters 
and derivatives (p.p.m.) with multiplicities for off-resonance 
decoupled spectra, where obtained (spectra at 25.19 MHz) 

Carbon (5) (6) (8) 
166.7s 166.9s 163.4 

2 26.1 t 26.7 t 26.0 
3 24.4 t 25.3 t 24.4 
4 72.6 d 70.4 d 70.4 
4a 76.3 s 72.8 s 73.0 
4a' I72.7s 173.9s 172.5 
5 107.1 d 107.2 d 107.6 
6 147.5 s 147.6s 145.7 
6' 22.4 q 22.4 q 22.3 
7 112.0d 112.1 d 111.3 
8 160.Os 160.1s 159.3 
8a 108.Os 108.0 s 109.8 
9 181.8s 181.1 	s 177.6 
9a 116.6s 116.7s 119.0 

l0a 155.9s 155.8s 157.8 
OMe 53.2 q 53.5 q 52.8 
8-OMe 56.3 

2.82,J5.9, 8.9, 18.7 Hz and 2.88,J4.9, 6.4, 18.7 Hz(CHOH-
CF{ 2CH2 ). 

The '3C n.m.r. spectra of the two compounds are very 
similar (Table 2), the chemical shift values and multiplicities 
in the off-resonance decoupled spectra being entirely com-
patible with the proposed structures. The fully proton coupled 
'3C spectrum of the a-compound (5) measured at 90.6 MHz 
was particularly informative in establishing the substitution 
pattern of the aromatic ring. It showed the following features. 
The signal at 8 160.0 p.p.m. due to C-8, showed a large upfield 
shift (22 Hz, 0.24 p.p.m.) and sharpened on addition of D20, 
confirming this as the carbon carrying the phenolic hydroxy 
group.' The multiplet at 8 108 p.p.m. due to C-8a also moved 
upfield slightly with D30 (2.5 Hz, 0.03 p.p.m.) and sharpened 
to a triplet (J Ca. 7 Hz) due to equal coupling to both 5-H and 
7-H, as shown by irradiation of the aromatic protons when the 
triplet collapsed to a singlet. The doublet of multiplets centred 
on 112.0 p.p.m. also showed a small upfield shift and sharpened 
with D20, allowing its assignment to C-7; and on irradiation 
of the protons of the aromatic methyl this resonance collapsed 
to a doublet of doublets (1 160Hz, due to 1-bond coupling to 
7-H) due to the removal of the 3-bond coupling to the methyl 

hydrogens, the residual coupling (J Ca. 7 Hz) being the 3-b 
coupling to 5-H. Similarly the doublet of multiplets du 
C-5 (6 107.1 p.p.m.) collapsed to a doublet of doublets (J 
and 6 Hz) on irradiation of the 6'-methyl protons. - 
irradiation also sharpened the quartet (16 Hz)at 147.5 p.r 
to an intense singlet and it must be due to C-6. irradiatiot 
the aromatic hydrogens also caused a sharpening and 
hancement of the C-8 resonance at 160 p.p.m., with remova 
the 2-bond coupling (1 2.4 Hz) to 7-H and enhancement of 
resonance at 155.9 p.p.m. due to C-10a. Finally, the 
carbonyl singlet resonance at 181.8 p.p.m. also showe 
small upfield shift on addition of D20 (2.5 Hz, 0.03 p.p.r 
This evidence leaves no doubt that the orientation of s 
stituents around the aromatic ring is as defined by structure 

The presence of a methoxycarbonyl group in these ci 
pounds is compatible with an i.r. absorption at Ca. 1 740 ct 
an OMe signal in the 'l-{ n.m.r. spectra at 6 ca. 3.8 p.p.m. 
'3C signals at Ca. 173 and 53.5 p.p.m., due to the carbonyl 
methoxy carbon atoms respectively. In the fully coup 
spectrum of the a-compound the signal at 173 p.p.m. is bro 
presumably due to coupling to the methoxy hydroge 
Although specific decoupling was not carried out none of 
other irradiations affected it, so by default the coupling m 
be to OMe. 

Apart from the carbon resonances due to the CH(OI 
CHZCH2  fragment, which have the expected chemical sl 
values and multiplicities in the off-resonance decoup 
spectrum, the only remaining '3C-resonances are singlets a 
ca. 167 and 116.5 p.p.m. in the off-resonance decoup 
spectrum. These chemical shift values are entirely consistl 
with those expected for the residue CC(OH). Furthermo 
in the fully coupled spectrum of the a-compound the ( 
resonance at 6 166.7 p.p.m. appeared as a pseudo-quartet 
5 Hz); this is due to coupling to the C-2 protons and one oft 
C-3 protons, as irradiation of the allylic methylene protc 
collapsed the C-I signal to a doublet, and irradiation oft 
3-methylene protons collapsed it to a triplet. Irradiation oft 
C-2 protons also sharpened and enhanced the broadish sigr 
at 6 116.6 p.p.m. due to C-9a. This work, together wi 
previous considerations, completely defines the structural UI 
-CO-CC(0H)CH2CH2CH(OH) in the metabolites. Hem 
the proposed structures (5) and (6) for the diversonolic este 
are entirely compatible with all the evidence. They also be 
an obvious structural and biosynthetic relationship to divc 
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HO 	II 	I 	 HO 

Me L 
MO2C 6H 	 Me02C OH 
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(7), previously isolated from this organism, and for 
ithe absolute configuration has been established by X-
rystallographic evidence.' 
:hough there seems little doubt that structures (5) and (6) 
iely satisfy the spectroscopic properties of the - and 3-
tonolic esters, there are some anomalies in the chemistry 
i are worthy of comment. In particular, the properties 
e enolic fWiketone system (C,, C9 , C9) appear to be 
tional. Thus the chemical shift of the exchangeable enolic 
n [4.76 and 4.57 p.p.m. in compounds (5) and (6) 
ctively] and the absence of a colouration with ferric 
ide in the monomethyl ethers (8) and (9) show the 
ice of hydrogen bonding in this group. This is in direct 
ast to those ergochromes which contain the structural 
(12) and (13) in their dimeric structures, and therefore 

:SS an analogous enolised 13-diketone system. The 
ical shift of the enolic proton in these compounds is 
illy at 5 11.5 p.p.m. and the dimethyl ethers, prepared 
diazomethane, give positive ferric reactions. Further-
these enolic hydroxy groups can normally be methylated 

e of an excess of diazomethane or acetylated with acetic 
hide, although the isolated yields of these derivatives are 
' 9 

e determination of the relative configurations of the - 
-diversonolic esters is based on LIS studies on the parent 
pounds. It was anticipated by analogy with previous 
'° that the principal site of co-ordination of Eu(fod)3  
d be the secondary alcoholic hydroxy group at C-4. 
iination of the US induced ' 3C-shifts shows that this is a 
ct conclusion since the largest values for both compounds 
ssociated with the carbon atoms in this region of the 
ules, i.e. C-4, C-4a, and C-4a'. Furthermore, since the 

carbonyl (C-4a') experiences a much larger induced shift 
at-component (13.4 p.p.m.) as compared with that in the 

nponent (6.2 p.p.m.), it is concluded that the 4-hydroxy 
a'-methoxycarbonyl groups are cis-related in -diverson-
ster, as in structure (5) and trans-related in -diversonolic 
structure (6). The relative configurations of the corre-
jing groups in the ergochrornes have usually been 
mined by comparison of the mass spectral intensities of 
o1ecular ions and the base peaks due to loss of CO2 Me. 

LS been concluded" that the more prominent loss is 
tated by the less stable cis-orientation of the hydroxy and 
oxycarbonyl groups, type(12), as compared with the 
-Orientation, type (13). In our compounds although this 
tinent fragmentation is observed, the ratios for the - and 
npounds are very similar and no stereochemical con-
)flS can be drawn from this-evidence. 
e alicyclic ring of the diversonolic esters would be 
:ted to be relatively conformationally mobile. In the case 
e parent cis--compound (5) and its monomethyl ether 
ie values of the L*-'H-couplings between the C-3 methyl-
rotons and the C-4 proton (ca. 11 and 4 Hz) are con-

it with diaxial and axial : equatorial couplings of a 
Jo-axial C-4 proton, and hence a pseudo-equatorial 
oxy group. However, in the corresponding diacetate (10) 
:orresponding couplings (Ca. 5 and 6.5 Hz) indicate a 
do-equatorial C-4 proton, and hence a pseudo-axial 

0 
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acetoxy group. In the corresponding trans-3-compound (6) 
and its monomethyl ether (9) the observed C-3 to C-4 proton 
couplings are both small (ca. 5 and 6.5 Hz), suggesting a 
pseudo-equatorial C-4 proton and hence a pseudo-axial 
hydroxy group. However, on acetylation the corresponding 
couplings are again changed (Ca. 4 and II Hz), similarly 
suggesting a conformational change in the alicyclic ring. 
Although the reasons for this are not entirely clear, they are 
probably associated with intramolecular hydrogen bonding 
between the C4 hydroxy and C4a' methoxycarbonyl groups 
in the parent cis-x-alcohol (5), which would be removed on 
acetylation. 

It has been pointed out that diversonol (7) appears to be 
related biosynthetically to the sulochrin group of fungal 
metabolites," which are derived by cleavage of an anthra-
quinone intermediate. In this case the 4a'-methyl group of 
diversonol must result from complete reduction of a carbonyl 
intermediate. Since in the diversonolic esters (5) and (6) the 
corresponding 4a'-carbon is unreduced and present as a 
methoxycarbonyl group, the anthraquinone derivation of 
these compounds is supported. It is interesting that such 
derivation would involve oxidative fission of an anthra-
quinone or anthrone precursor, e.g. chrysophanol (14) at (a) 
as shown in the Scheme. This corresponds with the bio-
synthesis of geodin, where emodin (15) has been shown to be 
an intermediate.12  On the other hand alternative oxidative 
fission at (b) has been demonstrated in the biosynthesis of the 
ergochromes and has also been proposed to account for the 
results of feeding experiments on the fungal xanthone, 
tajixanthone, and related compounds.'°  

Experimental 
Unless otherwise stated i.r. spectra were measured in Nujol 
with a Perkin-Elmer 257 instrument and u.v. spectra in 
ethanol (95%) with a Pye-Unicam SP 8-100 instrument. 
'H N.m.r. spectra were measured in CDCI 3  with Me4Si as 
internal standard either at 220 MHz with a Perkin-Elmer R34 
instrument or at 360 MHz with a Bruker WH360 instrument. 
' 3C N.m.r. spectra were similarly measured either at 25.19 
MHz with a Varian XL-100 or at 90.6 MHz with a Bruker 
Wl-1360 instrument. Mass spectra were determined with an 
AEI MS-12 instrument at 70 eV and accurate mass measure-
ments with an AEI MS-9 instrument. Preparative layer 
chromatography (p.l.c.) was performed on 1-mm thick layers 
of Kieselgel 60 PF24  (Merck) on glass plates (20 x 20 cm.), 
activated at 110 °C for 12 h. 
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Isolation of - and 3-Dit'ersonolic Esters (5) and (6).—
Penicillium diversum (no. 946 in I.C.I. collection) was grown 
from spore suspensions in static cultures for 29 days at 25 °C 
in 100 flat vessels (ca. I I capacity) each containing Raulin-
Thom medium (500 ml). After removal of the mycelium the 
culture broth was exhaustively extracted with chloroform 
(15 I). After concentration, the resultant extract was washed 
repeatedly with 2M-sodium hydrogen carbonate, and then 
water. After drying (Na2SO1) the chloroform solution was 
evaporated and the residue (2.2 g) was subjected to P.I.C. using 
ethanol-chloroform (I 25) as developing solvent. The band, 
RF  0.15, was isolated, extracted and further separated by 
p.l.c., developing with ether, to give two bands. That with 
higher RF  was separated and extracted to give t-diversonolic 
ester (5) which formed prisms (ca. 100 mg) from ethyl acetate, 
m.p. 182 °C; [a —22.6° (c 0.23 in CHCI3), 	(CCL) 
3 570, 3490, 1 740, 1 655 and 1 625 cm-1; Xm ,. 328 (c 3 800), 
261 (7400), and 250 nm (5 000) (Found: C, 59.9; H, 5.2; M 
320.089. C16H1607  requires C, 60.0; H, 5.0%; i4, 320090). 
The lower RF  band from above was re-purified by plc., 
developing with ethyl acetate, to give 3-diversonolic ester (6) 
as a gum (20 mg), ]D +40.0 (c 0.12 in CHCI3); v, (CCL) 
354-0, 2480, I 750, I 660, 1 650, 1 620, and 1 600 cm'; 

326 (2 500), 259 (10 500), 250 (10 600), 239 (17 300), and 
228 nm (17 000) (Found: M , 320088). Both compounds gave 
intense red-brown colourations with ferric chloride solution. 

i%fet/iylation of Ditersonolic Esters—The parent compounds 
(5) and (6) (60 and 30 mg respectively) were separately methyl-
ated in chloroform with an excess of ethereal diazomethane 
at 0 °C for 48 h. 8-0-Met/zjv/-z-direrso,zo/ic ester (8) was 
purified by p.l.c. with ether as developing solvent, and 
obtained as a gum (35 mg); v5  (CH2Cl2) 3 660, 3 550, 3 480, 
I 725, 1 700, and 1 605 cm'; 	314(4300), 254(11100), 
and 233 nm (22 300) (Found: C, 64.1; H, 5.5; M', 334.101. 
C17H,307  requires C, 64.1; H, 5.4; M, 334.095). Similarly 
obtained, 8-0-methy!-3-dit'ersonoljc ester (9) was a gum 
(16 mg); v, 	(CH3CI3) 3 680, 3 540,3 520, 3450, I 730, 1 695, 
and 1 610 cm' (Found: M, 334.100 Neither compound 
gave a colour with ferric chloride solution. 

,4cetylation of Diversonolic Esters.—The parent compounds 
(5) and (6) (40 mg of each) were each acetylated with acetic 
anhydride (0.5 ml) and pyridine (2 ml) at room temperature 
overnight. After removal of the bulk of the reagents under 
reduced pressure the residues were dissolved in chloroform 
(10 ml) and the solutions washed with water (3 x 5 ml), dried 
(Na2SO4), and evaporated. The residues each showed one 
major and one minor component on t.l.c. and were therefore 
purified by p.l.c. with ether as developing solvent. Di-O-
acetj'l--diversonolic ester (10) was an amorphous solid (22 
Mg), 0113 - 11.2°  (c 0.16 in CHCI3); 	3 480br 1 740, and 
1 640 cm' (Found: M% 404.113. C20H2009  requires Al, 
404.111). Di-O-acetyl-3-diversonolic ester (11) was an 
amorphous solid (16 mg), 	+30.0°  (c 0.13 in CHC13); 

3 480br, 1 780, 1 740, 1 715, and I 640 cm l  (Found: 
C, 59.3; H, 4.7. C20H.2009  requires C, 59.4; H, 5.0%). Neither 
compound gave a colouration with ferric chloride solution. 

Isolation and Characterisation of Lic/;enxanthone and 
Alternariol i%Ionomethyl Ether.—A portion (40 g) of the dried 
mycelium (200 g) from the above growth was continuously 
extracted with chloroform for 24 h. The extract was separated 
by p.l.c. with chloroform into two principal components. The 
faster running band on isolation and extraction gave lichen-
xanthone as cream needles (80 mg) from chloroform, m.p. 
190°C (lit.,3  m.p. 186-187 °C), with identical i.r. and u.v. 
spectral bands to those published '14 5H 13.3 (s, 1 H, exchange- 

able with D20, phenolic OH) 6.68 (s, 2 H, ArH), 6 
2 H, ArH), 3.90 (s,'3 H, OMe), 3.88 (s, 3 H, OMe), an 
p.p.m. (s, 3 H, ArMe) (Found: C, 67.0; H, 4.85%; 
286.083. Calc. for C,6H,605: C, 67.1; H, 4.9%; M, 28 
Prepared with methyl iodide and potassium carbon, 
acetone under reflux for 10 h the methyl ether separa 
plates from ether, m.p. 155 °C (lit.,'5  m.p. 155-15 
SH 6.65 (s, 2 H, ArH), 6.41 (d, I H, J 2 Hz, ArH), 6.32 (d 
J 2 Hz, ArH), 3.97 (s, 3 H, OMe), 3.89 (s, 3 H, OMe) 
(s, 3 H, OMe), and 2.85 (S. 3 H, ArMe). 

The slower moving band from above on isolatioi 
extraction gave alternariol monomethyl ether (4), n 
(45 mg) from chloroform, m.p. 270-272 °C (dec 
[lit.,' m.p. 267 °C (decomp.)], with identical i.r. and u.v. 
to those published,'4 H ([2H6]acetone), 9.27 (s, I H, excl 
able with D20, H-bonded OH), 7.31, 6.82, 6.73, 6.58 
each I H, 1 1.5 Hz, ArH), 3.98 (s, 3 H, OMe), and 2. 
3 H, ArMe) (Found: M, 272.067. Calc. for C,I-I,O 
272.071). Methylat ion of this compound (50 mg) in chlor 
with an excess of ethereal diazomethane at 0°C for 12 F 
a mixture of two components, separated by p.l.c. in Mort 
into di-O-methylalternariol, needles (IS mg) from chlor 
m.p. 183°C (lit.,'6  m.p. 186°), 5H 11.9 (s, I H, exchan 
with D20, H-bonded OH), 7.24 (d, I H, J 2 Hz, ArH) 
(s, 2 H, ArH), 6.53 (d, I H, 12 Hz, ArH), 3.90 (s, 3 H, C 
3.85 (s, 3 H, OMe), and 2.78 (s, 3 H, ArMe) (Found: 
286. Calc. for C,6H,405 : Al, 286) and tri-O-methylaltern 
needles (26 mg) from ethanol, m.p. 142 °C, then 165 °C 
cooling and re-melting(lit.,4  m.p. 140 'C, then l62.5-16 
SH  7.28 (s, I H, ArH), 6.70 (s, I H, ArH), 6.69 (d, I H, 
Hz, ArH), 6.51 (d, I H, J 1.5 Hz, ArH), 3.90 (s, 3 H, C. 
3.93 (s, 3 H, OAle), 3.82 (s, 3 H, OMe), and 2.78 p.p.i 
3 H, ArMe). An authentic sample of alternariol, k 
supplied by Professor R. Thomas, University of Surrey 
similarly methylated to give di- and tri-O-methylalterr 
with identical m.p.s and 'H n.m.r. spectra. 
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Abstract—The regio- and stereospecificity of incorporation of label from [2H 31 acetate into scytalone. 
a dihydronaphthalene metabolite of Phialaphora lagerbergii, has been determined bv high field 'H and 
2H NMR studies. Incorporation studies with [2-' 3C1 malonate have failed to reveal an acetate 'starter" 
effect suggesting that scytalone may be derived from a hexaketide precursor rather than a pentaktide 
as previously proposed. 

Scytalone (1) is a dihydronaphthalene metabolite 
produced by a number of fungi including a Scy- 
jalidiuni sp.,' Phialaphora lagerhergii,2  and Verti-
cd/mm dali/joe 3  in which it has been shown to be an 
intermediate on the pathway to fungal melanins.' A 
number of biosynthetic studies using '3C and 2H 
labelled precursors have been reported. Incorpo-
ration of singly labelled ' 3C-acetates suggested a 
pentaketide origin for scytalone,' and studies with 
[1, 2-'3C2]acetate55  showed a randomisation of 
13C-13C couplings consistent with scytalone being 
biosynthesised via a symmetrical intermediate, 
1,3,6,8-tetrahydroxynaphthalene (2), as indicated in 
the scheme, and this compound can indeed be con- 
verted in vitro to scytalone by sodium borohydride 
reduction.' Incorporation of 12-'3C, 2H3]acetate and 
examination of both proton noise-decoupled and 2H 
noise-decoupled spectra indicated that 2H was incor- 
porated at C-4 and C-5 only.' Surprisingly no 2H 
incorporation could be observed at C-2 or C-7. In 
order to obtain more information on the 
stereospecificity of labelling at C-4 and to study 
further the question of labelling at C-2 and C-7 we 
have used the more sensitive approach of direct 2H 
NMR. We have also studied the incorporation of 
3C-malonate to try to obtain more information on 
the nature of the assembly pattern of the precursor 
polyketide chain. 

A necessary prerequisite of any stable isotope 
labelling study is an unambiguous assignment of the 
NMR spectrum. The 'H NMR spectrum of scytalone 
had not been rigorously assigned and indeed at 
normal field strengths the signals due to the C-2 and 
C-4 methylenes appear as complex overlapping, non- 
first order multiplets. However at 360.13 MHz a full 
analysis of the spectrum and assignment of all the 
signals was possible and revealed a wealth of long- 
range coupling data. The 'H chemical shifts and 
couplings are summarised in the Table. These have all 
been confirmed by the appropriate decoupling experi- 
ments. H-7 appears as a doublet of doublets (J. 2.2 
and 0.6 Hz) due to coupling to H-5 and a 6-bond 
coupling to the 4-axial hydrogen:' H-6 as an over- 
lapping doublet of triplets (J, 2.2 ard 1.1 Hz) the 
triplet splitting being due to 4-bond coupling to the 
4-methylene hydrogens. The 3-OH substituent clearly 
occupies an equatorial orientation as H-3 appears as 

a symmetrical septet due to equal trans diaxial cou-
plings (7.8 Hz) and equal axial-equatorial couplings 
(3.8 Hz) to the 2- and 4-methylene hydrogens, which 
in turn show geminal couplings of 17.1 and 16.1 Hz 
respectively. In addition the equatorial hydrogens on 
C-2 and C-4 show a mutual 4-bond "W" coupling of 
1.0 Hz, and the axial hydrogens also show a mutual 
coupling of 1.1 Hz. 

P. lagerhergii was grown on a medium supple-
mented with [2H 7]acetate and the 55.28 MHz 2 H 
NMR spectrum of the isolated scytalone was deter-
mined. This showed. Fig. 1(a). signals at b, 2.85, 3.10 
and 6.32 ppm with relative intensities of 0.7, 1.6 and 
1.0 respectively. The latter signals are readily assigned 
to the 4-equatorial and 5-hydrogens. However the 
remaining signal at 2.85 ppm could be assigned to 
either of the 4-axial or 2-equatorial hydrogens which 
are not resolved in the 2H NMR spectrum. This was 
demonstrated by determining the spectrum of 
universally-labelled scytalone, prepared by the simple 
expedient of growing P. lagerhergii on a medium 
supplemented with 5, 2H 7O. The spectrum. Fig. 1(h). 
showed an equal degree of labelling at all the possible 
positions in scytalone. However the problem was 
resolved by carrying out a series of exchange experi- 
ments in deuteriated methanol using sodium meth-
oxide as base. It was found. see Fig. 1(c), that the 
2-equatorial H exchanged most rapidly, at approxi- 
mately twice the rate of the 2-axial H. In addition the 
7-H exchanged about three times more slowly than 
the 2-equatorial H and on prolonged treatment com- 
plete exchange of the 5-H was also obtained. How-
ever no exchange of the 4-H's occurred even under 
forcing conditions. On subjecting the sample of 
[2-2 H11acetate enriched scytalone to a reverse ex-
change process using sodium methoxide and 
['H]methanol and redetermining the 2H NMR spec- 
trum it was apparent that no loss of 7H label had 
occurred, and so the signal at 2.85 ppm in the spec- 
trum of 12 2H 9]acetate-enriched scytalone must he due 
to incorporation of 2H at the 4-axial and not the 
2-equatorial position. As previous works has shown 
that only one 2 H can he incorporated at C-4 the 
presence of label at both the equatorial and axial 
positions indicates that reduction to the dihydro-
naphthalene occurs in a non-stereospecific manner. 
This contrasts with recent results for 0-methyl aspar- 
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p.p.m.8 7 6 5 4 3 2 1 S2 H 
Fig. 1. 55.28 MHz NMR spect1 of scytalone (a) 1 2Hjacetate enriched: (b) [U-'HI-labelled: (c) after 
reaction for 72 hr at room temperature in NaOME, MeO?H. All spectra were determined with proton 
noise-decoupljn using 1000 117  sweep widths, 2K data points acquired and transformed into 16K data 

points, pulse width 23 ps, acquisition time 1.0 s, line broadening - 2.5 Hz. gaussian multiplier 0.40 
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venone (3) where the corresponding reduction is 
clearly stereospecific.'°  Thus there is no incorporation 
of 2H. even at a low level on C-2 or C-7 of scytalone. 

In order to obtain information on the disposition 
of the "starter" acetate group of the polyketide 
precursor the incorporation of [2-°C]malonate into 
scytalone was also examined. This resulted in high 
enrichment (Ca 5 at.') at each of the five carbons 
enriched from [2-13C]acetate,2  r'i: C-2, C-4, C-5, C-7 
and C-8a but there was no discernible difference in 
enrichment levels. On repeating the experiment with 
simultaneous addition of unlabelled sodium acetate, 
a technique commonly used to facilitate observation 
of malonate "starter" effects," the overall en-
richments were lower (ca 3 at.) but again no 
significant differences in enrichment levels were ap-
parent. 

These 2H and '3C labelling results are open to two 
possible interpretations.. Although studies have been 
reported in which 2H from acetate has been incorpo-
rated only into the acetyl-CoA derived "starter" unit 
of a polyketide chain and not into the malonyl CoA 
derived chain extending units,'2  we ourselves, in a 
reasonably large number of studies to date have 
always observed incorporation into both positions.13  
However, this could imply that C-4 and C-S were 
partially derived from the acetate "starter" unit of a 
pentaketide precursor and so make assembly pattern 
(7) likely. However the absence of 2H on C-2 and C-7 
can be partially explained along with the failure to 
observe a "starter" effect on incorporation of 
L2-'3Clmalonate 	by 	proposing 	that 	the 
I ,3,6,8-tetrahydroxynaphthalene (2) is formed by loss 
of an acetyl moiety from the corresponding 
2-acetyl-derivative (9), which itself would be formed 
from a hc'xaketide precursor e.g. 8. Such hexaketide-
derived naphthalene metabolites e.g. 3 and 4 have 
been isolated from a number of fungi, including 
Scvtalidium species.'4  There is also evidence that the 
naphthol (5) is derived by loss of the acetyl moiety 
from nepodin (6) in Rutnex a/pnus.S 

Studies with potential advanced intermediates to 
further test these proposals are in progress. 

EXPERIMENTAL 

NMR spectra were determined on a Bruker WH 360 
spectrometer: 1 H NMR spectra' at 360 13 MHz in hexad-
euterioacetone soins; 2H NMR spectra at 55.28 MHz in 
acetone soins: and '3C NMR spectra at 90.56 MH in hexad-
euterioacetone soins. 

Jpi corpora twn of labelled precursors. Phialaphora lager-
bergii (CMI 96745) was grown at 25 in shaken culture in 
500 ml conical flasks each containing 200 ml Czapek-Dox 
medium containing 0.1°., yeast extract and 5 	sucrose. 
Preliminary experiments indicated that scytalone production 
commenced after 4 days' growth and reached a maximum 
after 12-I5 days' growth. Further experiments were carried 
Out with [°Clacetate and 114C]malonate to determine the 
optimum regime for feeding 2H- and 13C_  labelled precursors. 

(a) Incorporation of [ 2H 3Jacetate. Sodium [2H 3Jacetate (2 g) 
was dissolved in distilled water (4 ml) and the sterilised soin 
was distributed among eight shake flask cultures of P. 
lagerbergii after 5 days gowth. After a further 4 days' 
growth the mycelium was separated from the culture liquors 
by filtration and the acidified filtrate was extracted with ethyl 
acetate (4 x 100 ml). Evaporation of the extract gave a 
brown solid (1.011 g)  which was purified by preparative thin 
layer chromatography on 20 x 20 x 0.05 cm silica GF,M  

plates eluted with 50°/s  acetone in light petroleum (b.p. 
60-80") to give pure scytalone (600 mg). 

Incorporation of [2-°C]rnalonaie. Diethyl 
[2-'3Cjmalonate (0.25 g) dissolved in EtOH (3 ml) was added 
in equal portions to one shake flask culture of P. lagerbergii 
after one, two and three days' growth. After a further 3 days' 
growth, the culture was worked up as above to give scytalone 
(109 mg). 

Incorporation of [' 3C]malonate in the presence of un-
labelled sodium acetate. Diethyl [2-13Cjmalonate (0.2 g) dis-
solved in ethanol (2 ml) was added in two equal portions to 
one shake flask culture of P. lagerbergii after one and two 
days' growth along with sodium acetate (0.25 g) in water 
(2.5 ml) each day. Work up as above yielded scytalone 
(90 mg). 

Fermentation in D,O supplemented medium. Two shake 
flask cultures of P. lagerbergii were grown for one day, 10 ml 
of culture medium was then removed from each flask and 
replaced by 10 ml 1H20. After a further 7 days' growth the 
cultures were worked up to give [U-2H]scvtalone (150 mg). 

2H exchange experiments. Scytalone (100 mg) was dis-
solved in d4-methanol (1.5 ml) and NaOMe (10 mg) was 
added. The mixture was left at room temp and the rate of 
exchange monitored by 'H NMR. After 3 days complete 
exchange of the 2-equatorial H and partial exchange of the 
2-axial and 7-H's had occurred. After 5 days, exchange of 
the 2-axial H was complete and leaving for 5 weeks resulted 
in almost complete exchange of the 5- and 7-H's. After 
acidification and preparative TLC, pure scytalone (62 mg) 
was isolated. 

Exchange 	of 12H 3]acetate -enriched sevtalone 	in 
['HJ-methanol. The labelled scytalone (254 mg) was dis-
solved in MeOH (5 ml) and NaOMe (30 mg) was added and 
the mixture was left to stand for 5 days at room temp. The 
mixture was then poured into water (30 ml) and the soln 
acidified to pH 2 with dii HCI. Extraction with EtOAc 
(4 x 100 ml) followed by evaporation of the solvent gave the 
crude product (200 mg) which was purified by preparative 
TLC to give pure scytalone (154 mg). 
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'3C and 2H labelling studies 

Table I. 'H NMR data for scytalone (I) 

Hydrogen S lI(porn) mult i o1icjty N 3 	(Hz) 

7 6.15 dd 2.2, 0.6 

5 6.28 dt 2.2, Li 
3 4.31 septet 3.9 

4-ecivat 3.20 dddd 16.1, 3.8, 	LI, 	Li 

4-axial 2.86 ddddd 16.1, 7.8, 	1.1, 	1.0, 	0.6 

2-equat 2.84 ddd 17.1, 3.9, 	1.0 

2-axial 2.62 ddd 17.1, 7.8, 	1.1 

OH 	
H 	

OH OH 
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HO 

(1) 	 (2) 

OH OH OH 
M e 	
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Me 
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Me 
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Scheme I. Alternative pentaketide and hexaketide biosynthetic pathways to scvtalone. 
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dies on a Synthesis of (RS)-Mevalonic Acid Lactone 

ndiar Bardshiri and Thomas J. Simpson *t 
rtment of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ 
n Scott and Kozo Shishido 
rtment of Chemistry, Texas A. & M. University, College Station, Texas 77843, U.S.A. 

Full details of a high yielding synthesis of mevalonic acid lactone (1) which is of particular value in the 
preparation of 3- and/or 3'-labelled compounds are described. The key step, conversion of 3-hydroxy-
3-methylpentane-1 ,5-dioic acid (3) into 3-hydroxy-3-methylpentane-1 ,5-dioic anhydride (4) using 
acetic anhydride, has been fully investigated, and an additional method using acetyl chloride and 
triethylamine is described. 

ugh a number of methods for the synthesis of isotopically 
rd mevalonic acid lactone (1) have been described in 
years,' 5  there are a few applicable to the synthesis of the 

nd/or 3-labelled compounds. A short, high yielding 
esis of mevalonic acid lactone which enabled isotopic 

to be introduced into these positions was recently 
bed.' In this synthesis ethyl acetate was treated with 
agnesium bromide to give 4-hydroxy-4-methylhepta-1,6-
(2) which was then converted by ozonolysis and further 
nent of the crude product with hydrogen peroxide in acetic 
nto 3-hydroxy-3-methylpentane-1,5-diOiC acid (3). This in 
was converted into the corresponding anhydride (4) by 
stirred with an 'excess' of acetic anhydride at room 
rature, followed by sodium borohydride reduction of the 

Iride to give mevalonic acid lactone (1). By starting with 
[2-13C]acetate, [3'-13C]mevalonic acid lactone could be 
ned in 58% overall yield. As some problems with this 
etic procedure have been reported' we now describe full 
.s of the procedure along with further studies to account 
ie reported problems, and a modification to facilitate the 
f labelled starting materials. 

OH 	hi OH 	M OH 	Me OR 

H O2CO2H 	
O 

(2) 	 (3) 	 (4) R 	H 

(5) R = Ac 

topically labelled acetate is more readily available and 
conveniently handled as the sodium salt than the ethyl 
The sodium salt can be converted into the ethyl ester in 
yield by treatment with an excess of triethyl phosphate. 
ever, separation of the ethyl acetate from the triethyl 
phate requires careful fractional distillation and it is more 
enient to use tri-n-butyl phosphate and convert the sodium 
tte into the corresponding n-butyl acetate.8  
ie Grignard reaction to convert ethyl (or n-butyl) acetate 
(2) and its further conversion into the diacid (3) proceeds 
out difficulty and requires no further comment. However, 
lems appear to have been encountered in the next step, in 
:h the diacid (3) is converted into the corresponding 
dride (4) by treatment with acetic anhydride. In a recent 

thor to whom enquiries should be addressed. 

study,' the diacid (3) was found to be converted quantitatively 
into 3-acetoxy-3-methylpentane-1,5-dioiC anhydride (5) with 
the desired product (4) being formed only as a transient 
intermediate. However, on systematic re-examination of the 
reaction, we find that the product formed depends on the 
relative concentrations of the diacid (3) and acetic anhydride, 
and on the reaction temperature. If fewer than 20 equivalents of 
acetic anhydride are used and the reaction temperature is below 
30 °C the desired anhydride (4) is formed consistently in 
essentially quantitative yield. In a typical experiment, a solution 
of the diacid (3) (405 mg, 2.5 mmol) in acetic anhydride (3.5 ml, 
35 mmol) was stirred at 18 °C. The course of the reaction was 
monitored by withdrawing small aliquots of the reaction mix- 
ture, removing the acetic anhydride immediately under reduced 
pressure, and determining the 80 MHz 'H n.m.r. spectrum. As 
shown in Figure 1 the acid was converted smoothly into 
anhydride (4) with no trace of the acetate (5). After 24 h the 
initial suspension had turned into a clear solution. The excess of 
acetic anhydride was then removed to give a white solid shown 
by 'H n.m.r. spectroscopy [Figure 2(a)] to be essentially pure 
anhydride (4). On repeating the reaction using the same batch of 
acid, but on double the scale, approximately 48 h were required 
for complete reaction. However, the time taken for complete 
reaction varied with the batch of acid used [normally the diacid 
(3) obtained from the ozonolysis step is used without further 
purification]. 

If 25 or more equivalents of acetic anhydride are used, the 
product is indeed the acetate (5) [Figure 2(b)]. Increasing the 
temperature to 30 °C (14 equivalents of acetic anhydride) still 
resulted in the anhydride (4) as the major product, but at 40 °C 
the acetate (5) was formed along with (4) as a 2:1 mixture. 
Interestingly, heating the diacid (3) to 100°C with only 1.2 
equivalents of acetic anhydride again gave anhydride (4) as the 
sole product. 

Although we find the use of acetic anhydride the most con-
venient method for the production of anhydride (4), an altern- 
ative method not subject to the same variability is to react the 
diacid with acetyl chloride and triethylamine in tetrahydrofuran 
(THF) at 0 °C. Reaction is again quantitative and is complete in 
only 2 h. The acetate (5) can be more conveniently prepared 
from the diacid (3) by heating in acetyl chloride at 50 °C for 4 It. 
Removal of excess of acetyl chloride gives a quantitative yield of 
(5). Anhydride (4) can also be converted readily into the 
corresponding acetate (5) by being stirred at room temperature 
with a slight excess of acetyl chloride. 

Treatment of the anhydride (4) with sodium borohydride in 
propan-2-ol, acidification, and continuous extraction with ether 
gave almost pure mevalonic acid lactone which was purified 
finally by column chromatography on silica using hexane—ether 
as eluant. 
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Figure 1.80 MHz 'H n.m.r. spectra of the reaction mixture from 3-hydroxy-3-methylpentane-1,5-dioic acid (3) with acetic anhydride (14 eq 
room temperature. Samples were taken at (a) t = 0, (b) t = 2, (c) t = 4, and (d) t = 6 h. The excess of acetic anhydride was removed under r 
pressure and the resulting white solid was dissolved in [2H6]acetone and the spectra determined on a Bruker WP80 spectrometer. 

3 	2 	1 	 3 	2 	1 

Figure 2.80 MHz 1H n.m.r. spectra in [2H6]acetone of (a) 3-hydroxy-3-
methylpentane-1,5-dioic anhydride (4), and (b) 3-acetoxy-3-methyl-
pentane-1,5-dioic anhydride (5). 

Experimental 
M.p.s. were determined on a Kofler hot-stage apparatus and are 
uncorrected. 'H N.m.r. spectra were determined on either 
Varian EM360, Bruker WP80, or Bruker WP200 spectrometers 
for deuteriochioroform or hexadeuterioacetone solution. I.r. 
spectra were determined on a Perkin-Elmer 257 spectro-
photometer as KBr discs. 

Conversion of Sodium Acetate into n-Butyl Acetate—S( 
acetate (5 g, 60 mmol) was mixed with tri-n-butyl phospha 
ml) and the mixture was heated under reflux for 5 h on 
bath at 200-220 °C. The viscous mixture was cooled to 
temperature, the upper end of the reflux condenser was 
through a liquid-nitrogen-cooled trap to a vacuum pumj 
the product ester was distilled into the cold trap by heath 
reaction flask to 100-160 °C for 2.5 h at 1 mmHg pressun 
cold water running in the reflux condenser. n-Butyl acetal 
g, 96%) was obtained. 

4-Hydroxy-4 -met hyihepta- 1,6-diene (2).—A mixture of 
acetate (0.5 g) and allyl bromide (2.06 g) in diethyl ether-
(1: 1; 10 ml) was added dropwise to a stirred mixture of 
nesium turnings (0.55 g) in diethyl ether—THF (1: 1; 2 ml). 
the mixture had been stirred overnight, crushed ice (7 g 
added and the mixture was acidified with 6M-sulphuric 
The resulting solution was extracted with diethyl ether, as 
extract was washed with saturated potassium hydroget 
bonate solution and dried over Na2504. Removal of the s 
gave a yellow oil which was distilled at water-pump press 
yield the dienol (2) as an oil (0.73 g), b.p. 90-92 °C; öH(C] 
1.18(3 H, s), 1.8(1 H, br s, exchangeable), 2.23(4 H, d, F 
and 5.00-6.00 (6 H, m). 

3-Hydroxy-3-methylpentane- 1,5-dioic Acid (3).—Ozoni 
passed through a stirred solution of the alcohol (2) (0.51 
mixture of methylene dichloride and acetic acid (10: 1; 11  
—78 °C until a blue colour appeared. The reaction mixtur 
then allowed to warm up to room temperature and aceti 
(10 ml) was added. After concentration of the reaction mj 
to about 5 ml, more acetic acid (10 ml) and a 30% soluti 
hydrogen peroxide (4 ml) were added and the mixtun 
heated under a reflux for 13 It. Evaporation of the solvent 
the diacid (3) as an oil (0.55 g) which slowly solidified 
crystallisation from diethyl ether gave the acid as needles 
110-111 °C (lit.,' 110-111 °C); 6[(CD3)2CO] 1.38 (3 
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4 H, s), and 6.15 (ca. 2 H, br s). Treatment with 
nethane gave the dimethyl ester which showed 8H(CDCI3) 
H, s), 2.73 (4 H, s), and 3.75 (6 H, s). 

ctions of 3-Hydroxy-3-methylpentane- 1,5-dioic acid (3) 
lcetic Anhydride.—These were carried out using a wide 
y of relative concentrations of diacid (3) to acetic 
ride (1:1 to 1:25). Some representative experiments are 
A below. 
14 Equivalents of acetic anhydride at 18 °C. A mixture of 
(3) (810 mg, 5 mmol) and acetic anhydride (6.6 ml, 70 
was stirred at room temperature. After 72 h the initial 

sion had turned into a clear solution. The excess of acetic 
[ride was removed under high vacuum to give a white solid 
mg) which was recrystallised from diethyl ether—light 
eum (b.p. 30-40 °C) to give 3-hydroxy-3-methylpentane-
Dic anhydride (4) as needles (673 mg), m.p. 102-103 °C 
101-102.5 °C); Vm,x  3 320, 1 810, 1 768, and 1 755 cm; 
)0 MHz) 1.44 (3 H, s), 2.80, 2.90, 2.98 and 3.06 (4 H, 
B'), and 4.67 (1 H, br s, exchangeable) (Found: C, 50.1; H, 
alc. for C6H804: C, 50.00; H, 5.56%). Similar results were 

sed using between 5 and 20 equivalents of acetic 
[ride. 
1.5 Equivalents of acetic anhydride at 100 °C. A solution of 
acid (3) (405 mg) in acetic anhydride (0.35 ml) was stirred 
ated at 100°C for 1.5 h. After 45 min a clear solution was 

ied. Removal of excess of acetic anhydride gave a pale 
which was recrystallised as above to give the anhydride (4) 
dIes (300 mg). 
25 Equivalents of acetic anhydride at 18 °C. Reaction 
en the diacid (3) (162 mg, 1 mmol) and acetic anhydride 
ml, 25 mmol) at room temperature gave a clear solution 
he mixture had been stirred for 12 h. Removal of excess of 
anhydride gave a solid (216 mg) which was recrystallised 
diethyl ether to give 3-acetoxy-3-methylpentane-1,5-dioic 
inhydride (5) as prisms (180 mg), m.p. 83-85 °C (lit.,' 0  
) V,,, 1 810, 1 775, 1 760, and 1 735 cm'; 8H  (80 MHz) 
3 H, s), 1.98 (3, H, s), and 2.99, 3.20, 3.36 and 3.56 (4 H, 
B'). 
14 Equivalents of acetic anhydride at 40 °C. The diacid (3) 
ng, 2.5 mmol) in acetic anhydride (3.3 ml, 35 mmol) was 
I and heated at 40 °C. The usual work-up gave a pale solid 
rig) which was shown by n.m.r. spectroscopy to consist of a 
ixture of the acetate (5) and the anhydride (4). 

2ction of 3-Hydroxy-3-methylpentane-1,5-dioic Acid (3) 
4cetyl Chloride and Triethylamine.—Triethylamine (0.35 
,as added to a solution of the diacid (3) (405 mg) in dry 
(30 ml) and the mixture was cooled to 0 °C in an ice-bath. 
ution of acetyl chloride (0.2 ml) in dry (20 ml) was then 
I dropwise to the stirred mixture during ca. 5 mm. The 
ing suspension was stirred for 2 h at 0 °C. The solid residue 
filtered off and washed with (2 ml). The filtrate and 

washings were then concentrated at 30 °C on a rotary evapor- 
ator to give a pale pink solid (415 mg) which was recrystallised 
from diethyl ether—light petroleum (b.p 30-40 °C) to give the 
anhydride (4) as needles (350 mg), m.p. 102-103 °C. 

Reaction of 3-Hydroxy-3-methylpentane- 1,5-dioic Acid (3) 
with Acetyl Chloride.—Di acid (3) (0.6 g) was refiuxed in acetyl 
chloride (5 ml) for 4 h. The excess of acetyl chloride was 
removed under reduced pressure to give a pale solid which was 
recrystallised from diethyl ether to give the acetate (5) as 
crystals (0.55 g), m.p. 75-76 °C. 

Mevalonic Acid Lactone (1)—The crude anhydride (4) (0.7 g) 
was dissolved in propan-2-ol (20 ml) and the solution was added 
dropwise to sodium borohydride (0.4 g) cooled in an ice-bath. 
The reaction mixture was stirred overnight at room temper-
ature. After removal of the solvent, water (10 ml) was added and 
the mixture was acidified to pH 2 in an ice-bath. The solution 
was extracted continuously with diethyl ether for 45 h. The 
extract was dried (Na2SO4) and the solvent removed on a 
rotary evaporator to give an oil which was shown by tIc. to 
have one component, corresponding to mevaloniê acid lactone. 
Column chromatography on Malinckrodt silica AR-CC-7 (20 
g) and elution with hexane—diethyl ether (2:8) gave pure 
mevalonic acid lactone (1) (300mg). 
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Structural Revision and Synthesis of LL-D253: a Chromanone Metabolite of 
Phoma pigmentivora 

C. Rupert McIntyre and Thomas J. Simpson* 

Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland, U.K. 

LL-D253(, a chromanone metabolite of Phoma pigmentivora, has been shown by analysis of the 11-1-coupled 13C 
n.m.r. spectrum and by synthesis to be 7-hydroxy-8-(2-hydroxyethyl)-5-methoxy-2-m ethyl chromanone. 

LL-D253a was first isolated from Phorna pigmentivora and 	
OH was assigned the chromanone structure (1) on the basis of 	

HO spectroscopic and degradative studies. It has also been 

Photna violacea and Sclerotinia fructigena. We now report 
isolated along with a number of related co-metabolites from 

n.m.r. studies on LL-D253, carried out as a preliminary 
to biosynthetic labelling experiments.3  which necessitate 	 (1) 

revision of the structure to (2) on the basis of a full analysis of 
the fully 'H-coupled 13C  n.ni.r. spectrum of LL-15253cs 
diacetate (3). This has been confirmed by unambiguous 
syntheses of both structures (1) and (2). 

OMe 0 

6 ..- 4a  4 3 

R O O2 

10 

OR 

R=H 

R=4c 
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Irr.  

J-1 JJL 

Irr.  

J1:iliLA 
j JJ 
	11CHz 

Jjrradiatij 

190 172 170 168 166 164 162 160 158 156 154 110 108 

tire 1. The high-frequency region of the fully 'H-coupled 200 MHz 'C n.m.r. spectrum of LL-D253a diacetate. and results of selective 
-power 'H decoupling experiments. 

igure 1 shows the high frequency region of the fully 
-coupled 13C n.m.r. spectrum of LL-D253cr diacetate (3) 
I the results of a series of specific low-power decoupling 
)eriments.4  All the aromatic carbons give characteristic 
Itiplet patterns.t The hydroxyethyl side chain must be 
ced at C-8 rather than C-6 of the chromanone skeleton as 
idiation of the benzylic methylene hydrogens (10-CH2) and 
2 respectively caused the multiplet resonance at ô 162.1 to 
irpen to a broad singlet and a sharp triplet (Figure 1). These 
ults, along with the chemical shift, indicate that this 
onance must therefore be assigned to C-8a, showing 3-bond 
iplings to 10-CH2  and H-2. Similarly the phenolic acetate 
st be placed at C-7 as irradiation of 10-CH2  and H-6 
pectively change the quartet at ô 155.1 to a doublet and a 
)let; and the methoxy substituent must be placed at C-S as 

quintet at 6 160.0 collapses to a quartet and doublet 
pectively on irradiation of H-6 and OCH. The complex 
iltiplet at 6 110.0 is assigned to C-8 as it sharpens to a 
artet on irradiation of either 10-CH, or 1 1-CH2. It also 
irpens slightly and shows an intensity increase on irradia-
n of H-6 due to removal of the expected 3-bond coupling. 
ia also shows a 3-bond coupling to H-6. The carbon-
drogen couplings revealed by these experiments are sum- 

-6 gives a doublet ['J(' IC- 'H) 126 Hz] and exhibits no long-range 
iplings. 

CH3  
0 

CH3CO2 	0 CH3  

CH 2 

C H2  O2CC H3  
JJ 

Figure 2. Long range 'H-13C couplings in LL-D253 diacetate 
selectively removed by low-power 'H decoupling experiments. 

marised in Figure 2. Although these effectively define 
structure (2) for LL-D253x, confirmatory evidence was 
provided by unambiguous syntheses of both (1) and (2) from 
5,7-dihydroxy-2-methylchromanone (4)5 as outlined in 
Scheme 1. Allylation of the non-chelated hydroxy group on 
C-7 followed by methylation gave (5), which on heating to 
melting underwent a Claisen rearrangement to furnish (6). t In 

There is much precedent in the literature for Claisen rearrangement 
of 7-allyl ethers in chromone and chromanone systems to give mainly 
or exclusively the 8-allyl derivatives. 
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OMe the presence of the free 7-hydroxy group all attempts to Cl 

	

OH 0 	
the double bond oxidatively gave intractable mixti 
However, after protection as the henzyl ether (7), osn 

HO 	

j, 	
tetroxide oxidation to the vicinal diol, periodate cleavage 

	

Me 	borohydride reduction of the resultant aldehyde, comp 

	

Me 	 (2) was obtained in acceptable overall yield [16% from (4 
hydrogenolysis of the benzyl protecting group. This 

(4) 	 identical in all respects to natural LL-D253c. Structure (1 
obtained from (4) by methylation followed by allylatic 
give (8), which underwent Claisen rearrangement to (9). 
allyl moiety was cleaved to the hydroxyethyl moiety as a 

	

OMe o 	 without protection of the chelated hydroxy group 1 

	

XJ' 	

necessary. The overall yield of (1) from (4) was 44% 
contrast to LL-D253, compound (1) was readily solub 

	

MeO Me 	

CDC13 and its 'H n.m.r. spectrum showed the presence 
HO 

	

0 	Me 	chelated hydroxy proton at ö 12.17, whereas the 'H n. 
spectrum of LL-D253a in CDC13 showed that no chel 

(8) 	 (6) 	
hydroxy group was present. 

The 'H-coupled 'C n.m.r. spectra of (1) and a third isc 

	

(iii) 	 , (vi) 	 have been obtained and will be reported in full elsewhei 

	

OH 0 	 OMe 0 
Received, 5th March 1984; Corn. 295 

References 

	

Me 	PhCH2OMe Me 

 

Sb~~ 

1 W. J. McGahren, G. A. Ellestad, G. 0. Morton, and t 
O Kunstmann, J. Org. Chem., 1972, 37, 1636. 

2 G. C. Crawley and C. J. Strawson, unpublished results quot 
 

'Fungal Metabolites II,' W. B. Turner and D. C. Aldi 
(7) 	 Academic Press, 1983, p. 98. 

3 C. R. McIntyre. T. J. Simpson, L. A. Trimble, and J. C. Vedet 

	

)iv).)v). (vi) 	 )iv),(V).(vI), (viii) 	 Chem. Soc., Chem. Co,nmun., following communication. 
4 T. J. Simpson, J. Chem. Soc., Chem. Common., 1978, 627; 

(1) 	 (2) 	 Simpson, D. J. Stenzel, A. J. Bartlett, E. O'Brien, and J. 
Holker, J. Chem. Soc., Perkir, Trans 1, 1982, 2687. 

	

Scheme 1. Reagents and conditions: (i) H2C=CHCH2Br, K2C0; (ii) 	5 D. C. Ailport and J. D. Bu'lock, J. Chem. Soc. C, 1960, 654 

	

Mel, K,C01; (iii) heat; (iv) 0s04; (v) Na104; (Vi) NaB1-14; (vii) 	6 V. K. Ahlumalia, K. I. Arora. and C. Prakesh, Gazz. Chim. 
PhCH2Br, K,C01; (viii) H,, Pd(C). 	 1981, 111, 103, and references therein. 
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Biosynthesis of LL-D253a in Phoma pigmentivora. Incorporation of 13C, 2H, and 180 
Enriched Precursors 
C. Rupert Mclntyre,a Thomas J. Simpson,*a  L. A. Trimble,b and John C. Vederasb 

° Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland, U.K. 
b Department of Chemistry, University of Alberta, Edmonton, Alberta, Canada T6G 2G2 

The incorporation of 13C, 21-1, and 180  labelled acetates and 1802  gas into LL-D253c (1), a chromanone metabolite 
Phoma pigmentivora, and analyses of the enriched metabolites by 13C and 2 H n.m.r. and mass spectroscopy 
indicate its formation from two preformed polyketide chains; evidence for the mechanism of formation of the 
chromanone ring is presented, and a cyclopropyl intermediate is proposed to account for the unique randomisati 
of label observed in the hydroxyethyl side chain. 

LL-D253 (1), a metabolite of Phoma pigmentivora, is a 
chromanone with an unusual hydroxyethyl substituent.' 
Structural analysis strongly suggests a polyketide derivation 
for the chromanone nucleus but the origin of the C2-side chain 
is obscure. Possible routes include: (a) condensation of two 
preformed polyketide chains;2  or elaboration of the side chain 
onto a preformed pentaketide-derived precursor either by (b) 

C-acylation,3  or (c) stepwise introduction of two C1  eq 
alents.4  or (d) introduction and oxidative cleavage of a po 
suhstituent.5  Since all of these represent unusual route 
fungal polyketide biosynthesis, we have carried out incorp 
tion studies with 13C, H, and 11,0 labelled acetates and I 

to identify the correct pathway.  
Incorporation of ['-`(',]acetate indicated that all the skel 
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bons were derived from intact acetate units as shown in 
eme 1. It is noteworthy that no randomisation of labelling 
observed in the phioroglucinol ring suggesting that it 

not have been symmetrically substituted at any point in the 
synthetic pathway. The results of incorporating [1-13C] - 
I [2 13C]acetates are particularly interesting. As antici-
ed C-2, C-4, C-5, C-7, C-8a, and C-10 were all highly 
iched by [1 13C]acetate, However C-li also showed 
ificant enrichment, the combined enrichment at C-lU and 

.1, and that at C-2 being significantly higher than that at the 
er enriched sites. Analogous results were obtained with 
3Clacetate but now C-li was more highly enriched than 
.0.t Incorporation of label from 5 14C1mevalonic acid was 
;ligible thereby rendering route (d), our initially favoured 
hway, unlikely. 
Phe fate of acetate-derived hydrogen can be studied by 
orporation of [1i3C,2H3]acetate and detection of 
iterium-induced 3-isotope shifts in the 'C n.m.r. spectrum 
the enriched metabolite.6 - 7  Figure 1 shows the 13C  n.m.r. 
ctrum of [1 13C,2H3]acetateenriched LL-D253a diacetate 

Thus C-2 shows isotopically shifted resonances corre-
inding to the incorporation of one, two, and (mainly) three 
iteriuin atoms at C-9. indicating its origin from an acetate 

he relative enrichments at C-10 and C- Il are consistent with label 
m C-I or ('-2 of acetate being randomised to the extent of ca. 80% 
ween C-10 and C-1 1, cc. in the El  -'CIacetate feed C-Il) has 60% 
he label and C- 11 40%. 

Table 1. 180 Isotopically shifted resonances observed in the 100.6 
MHz 'C n.m.r. spectrum of LL-D253a diacetate (2). 

Aô 
Carbon ö (ppm.) (ppm. x 100) Ratio 60: 1110. 

4 190.1a 4.1 - (90:8) 
8a 162.1 1.6 80:20 (80:20) 
5 160.0a 1.7 78:22 (75:25) 
7 155.1 2.1 84:16 (83: 17) 

11 62.81 2.7 86:14 (85: 15) 

[113C,180,]Acetateenriched. 6 02-Enriched. Values in paren-
theses are from DuPont Curve Resolver. 

'starter' unit;8  C-4 shows one downfield shifted resonance,7  
corresponding to the incorporation of one deuterium atom at 
C-3; and finally both C-lU and C-li each showed two 
isotopically shifted resonances corresponding to the incorpor-
ation of two deuterium atoms at C-li and C-10 respectively. 
All these results are summarised in Scheme 1. 

On incorporation of [1I3C,1802]acetate, the 13C n.m.r. 
spectrum of (2) showed isotopically shifted resonances for 
C-4, -5, -7, and -8a, indicating that the oxygens attached to 
these carbons are acetate-derived, and therefore that the 
corresponding carbon—oxygen bonds had remained intact 
throughout the course of the biosynthesis (Table 1).9  These 
results and the incorporation of only one deuterium at C-3, 
indicate that the chromanone ring is formed by conjugate 
addition of a phenolic hydroxy group to the corresponding 
x,13-unsaturated ketone. LL-D253(6 has the 2R configura-
tion'()  so the ring closure process is stereospecific with respect 
to C-2. To examine the stereo specificity with respect to C-3 
the 2H n.m.r. spectrum of [2H3]acetate-enriched LL-D253ct 
diacetate was examined. The axial and equatorial hydrogens 
at C-3 have almost coincident chemical shifts and even at high 
field strengths form part of a complex ABX system. However 
on addition of Eu(fod)7  (fod = i,i,i,2,2,3,3-heptafluoro-7,7-
dimethyloctane-4,6-dionate), the induced shifts in the 360 
MHz 'H n.m.r. spectrum allow the resonances to be resolved 
and assigned from their coupling constants to the axial and 
equatorial hydrogens. Determining the 2H n.m.r. spectrum of 
[U-2H]-LL-D253ixt under the same conditions confirmed that 
the corresponding 2H resonances could also be resolved. 
Finally repeating the experiment with the [2117]acetate-
enriched compound showed that both positions were enriched 
to equal extents so that protonation of the intermediate 
enolate must proceed with equal facility from both sides of the 
molecule (Scheme 2). Thi contrasts with the corresponding 
chalcone to flavanone ring closure which has been shown to be 
completely stereospecific.11  

The observed randomisation of label between C-lU and 
C-li indicates that these carbons may become equivalent 
during the biosynthesis. To account for this and the lack of 
randomisation of label in the phloroglucinol ring we propose 
the pathway shown in Scheme 3. Two preformed polyketide 
chains, either a C4  plus C8  as shown, or C6  plus C6. or C2  plus 
Cl(), probably condense before aromatisation of ring A. The 
transposition of oxygen in the C2-side chain and randomisa-
tion of label can then be explained by reduction and 
elimination (cf. fatty acid biosynthesis) to give the vinyl 

Prepared by fermentation of P. ptgnientivora in a medium sup-
plemented with 5 1% 2H,0.13  
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intermediate (3). Epoxidation and reductive opening of the 
epoxide (4) would furnish the hydroxyethyl moiety directly. 
To account for the observed 80% randomisation of label 
between C-lU and C-li we propose the involvement of a 
cyclopropyl intermediate (5) which would be formed by 
participation of the phloroglucinol ring in expulsion of the 
hydroxy group at C-il. Hydrolytic opening of the resulting 
cyclopropyl ring at either the a or P carbons would then 
produce the observed randomisation of labelling between 
C-lU and C-il in (1). An analogy for this process is found in 
the mould metabolite mikrolin (6) which contains a cyclo-
propyl ring fused to a cyclohexadienone moiety. 12  The obser-
ved degree of randomisation requires that 20% of the natural 
product is derived directly from reduction of the epoxide (4). 
Support for this was provided by carrying out a fermentation 
of P. pigmentivora under an atmosphere of ISQ,  The mass 
spectrum of the derived LL-D253ct shows an M + 2 peak, 
corresponding to 15% of the metabolite, which mass matches 
for C13H1516041 0. In addition, examination of the 13C n.m.r. 
spectrum for isotope shifts determined that, within 
experimental error, all of the ISO  was located at C -il (Table 
i). At present we cannot say with certainty whether the 
randomisation is an in vitro or in vivo process. However 
[10-21-1,1-1-L-13253a has been prepared and no randomisation 
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label between C-10 and C- li is observed on either mild acid 
mild base treatment. 
We thank the S.E.R.C.. NATO, and the Natural Sciences 

Engineering Research Council of Canada (NSERC) for 
ancial support. 
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Biosynthesis of Monocerin. Incorporation of 2H-, 13C..,  and 180-Labelled Acetates by 
Drechslera ra venelii 

Fiona E. Scott,a Thomas J. Simpson,a*  Laird A. Trimble,b and John C. Vederasb 

Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland, U.K. 
b Department of Chemistry, University of Alberta, Edmonton, Alberta, Canada T6G 2G2 

Incorporation of 2H-, 13C..,  and 180-labelled 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 origin; observatior 
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 followed and conclusions on the mechanism of formation of the fused 
furobenzopyrone ring system to be drawn. 

Monocerin (1) was first isolated as a compound active against 
powdery mildew of wheat from !-Iebninthosporiwn mono-
ceras. I  It was subsequently isolated, along with the fusarentins 
[e.g.. (2)1. a group of related compounds with insecticidal 
activity, from Fusarium larvarum :2  and from Readeriella 
,nirahilis. 1  We have also isolated monocerin from Drechslera 
raveneljj in the course of biosynthetic studies on ravenelin .' 
Monocerin had previously been assigned the 8R.9R configu-
ration but the configuration at C-il was uncertain.2  Analysis 
of the 360.13 MHz 'H n.m.r. spectrum. Figure 1(a). and 
difference n.O.c. studies have allowed a full assignment of the 
spectrum and indicate the S configuration at C-I I . The 

14 
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H12 	
13 

	

HO 	 Me 

MeQ,_,)I g 10 MeO 

:] 	
0 MeO_'(° 	 HO 

OH OH 0 

(1) 	 (2)  

structure of monocerin suggests a polyketide origin an 
now report incorporation studies with 13C. 2H-, and 
labelled acetates which confirm a heptaketide origin. sug 
mechanism of formation of the fused furohenzopy 
system. and provide information of more fundamental Si) 

cance on reduction and deoxvgenation processes in polyk 
biosynthesis. 
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Figure 2. 90.56 MHz Proton noise-decoupled I IC n.m.r. spectrum of 
.J3C2JL]acetatcnriched monocerin in CDC / . 

Incorporation of [1-13C]- and [1,2-13C,]-acetates into 
monocerin by cultures of D. raeenelii and analysis of the 13c 

n.m.r. spectra of the enriched metabolites showed that acetate 
was incorporated with high efficiency to give the labelling 
pattern summarised in Scheme 1. The 55 MHz 21- 1 n.m.r. 

spectrum of [U-21j]monoccrint showed. Figure 1(b), that all 
the 2H resonances including the diastereotopic hydrogens on 
C-b, C-12, and C-13 were resolvable. Incorporation of 

I 1- 3C,2H3 acetate into monocerin and determination of the 
2H n.m.r. spectrum showed, Figure 1(c), that 21.1 was 
incorporated into the 14-methyl group and at an essentially 
equal level at 1-1-6. H-8, both 14-10 and H-10(). and only one 
of the diastereotopic C-12 hydrogens. The equal incorpora-
tion at both diastereotopic positions on C-lU strongly suggests 
that the molecules are doubly labelled, but as retention of two 
acetate-derived hydrogens at a methylene is an unusual 
observation in polyketide biosynthesis5  we have used the 
(3-shift method' to confirm this. 

The 13c n.m.r. spectrum of the [1_13C.2H31acetate_derived 
metabolite (Figure 2) shows isotopically shifted resonances on 
C-13, C-li. C-9, C-7, and C-S indicating respectively the 
retention of up to three acetate-derived hydrogens on C-14 
thereby confirming it as a 'starter' unit it also shows two 
acetate-derived hydrogens on C-lU, and one acetate-derived 
hydrogen on C-12, C-8, and C-n. Incorporation of [1-
HC,IsO:Iacetate and 13C n.m.r. analysis of the enriched 
metabolite showed isotopically shifted resonances5  for C-i. 

C-3, C-S. C-9, and C -li (Aô, 0.03. 0.01, 0.01, 0.03. unl 0.(.)3 
ppm. respectively) indicating that the corresponding carbon 
—oxygen bonds had remained intact throughout the biosyn-
thetic pathway. These 2 H and ISO labelling patterns are 
summarised in Scheme 1. 

The above results enable us to make the following conclu-
sions about the main events occurring during the biosynthesis 
of monocerin. (a) The retention of two acetate-derived 
hydrogens at C-lU suggests that reduction of the 3-ketoacyl 
intermediates to the corresponding 3-hydroxyacyl interme-
diates takes place during chain assembly before significant loss 
through exchange processes can occur.5a i.e. the trihvdroxy 
moiety (3) is a likely enzyme-hound polyketide precursor. In 
agreement with observations in fatty acid biosynthesis" and 

Prepared by producing tUe inetuholite in a medium supplemented 
with 5/ 
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inellein hiosynthesis'the carbon-carbon bond formation in 
the chain assembly process probably occurs s oh concomitant 
decarboxylation of the malonyl CoA unit which is added. (h) 
The loss of oxygen from C-13 presumably occurs by an 
elimination-reduction sequence analogous to fatt acid 
biosynthesis. Since only one of the diastereotopic hvdroaens 
on C-12 is labelled the process is clearly stereospecific. hut the 
absolute stereochemistrN of the process is as yet uncertain. (c) 
The benzopvronc ping must he formed by nucleophilic attack 
at the terminal carhoxv moiety by a hvdrcixy group on ('-0. It is 
likely that the cvcicsation takes place on the thioester (3), to 
give (5) ac the first enzyme-frcc intermediate. (d) The 
retention of the carhon--oxvgen hand at (' -Il indicates that the 
tetrahydrol uran ring is formed b attack of a C-il hdrox 
function at C-S. A mechanism C: this consistent with the 
observed H and 15( ) labelling would hnucleophilic addition 
onto a quinonemethide intermediate ( ) formed (Scheme 2) 
by oxidation of (6), the hvdroxylated derivative of (5). A 
similar ring closure mechanism has been proposed in granati-
cin biosynthesis,'' and is supported by the co-occurrence of 
monocerin and fusarentin methyl ether (2) in F lariartun. 

We thank the S.E,R.C,. N.A.T.O., and the Natural 
Sciences and Engineering Research Council of Canada for 
financial support. 
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tional Chemical Research Laboratory, Council for Scientific and Industrial Research, P.O. Box 395, Pretoria 0001, 
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structure elucidation of the asticolorins A—C, toxic metabolites isolated from cultures of Aspergillus multicolor, 

sed on X-ray crystallography of asticolorin A (1) and on a detailed study of their 1H and 1 C n.m.r. spectra; the 

lity of the C-29 secondary hydroxy group present in asticolorin A, as determined by the method of Horeau, 

blished the absolute configuration. 

colorin A (1), a mycotoxin isolated from toxic extracts of 
le maize cultures of Aspergillus multicolor, strain MRC 
crystallised from acetone as monoclinic crystals. m.p. 

o °C, and showed []20 -120.5° (c 0.20, acetone) and 
(MeOH) 225 (r 81 370). 263 (28 080). 290 (23 290), 304 

560), and 316 nm (20 480). Field desorption mass spec-
letry gave the molecular ion as mlz 538 (C33H3007) 
reas elemental analysis proved the empirical formula as 
H3007 3MeC0MeH20. The presence of both acetone 
water as solvent of crvstallisation in the crystals was 

Irmed by X-ray crystallography. 
rvstal data: monoclinic, space group P21 , a = 13.381(6). 

24.855(9), c = 9.965(5) A, P = 99.28(1)°, Z = 4, and D = 

g cm-3. Intensity measurements were made at 22 °C with 
K,,, radiation (X = 0.7107 A; graphite monochromator) on 
our-circle diffractometer in the w-20 mode with 
B -_ 27°. A total of 6513 unique reflections were measured 
hich 1293 were regarded as unobserved with I<2o(!). The 
sured reflections were corrected for background and 
ntz-polarization effects only. Accurate cell parameters 
obtained by least-squares techniques from the diffrac-

eter settings for 25 reflections. The structure was solved 
g MULTAN 781 by re-entering the part of the structure 
was found in one solution as a correctly orientated but 

ngly positioned entity. The structure was refined by 
ked-matrix least-squares techniques using the SHELX2  
puter program with 11o F2  weights. The hydrogen atoms 

included in the refinement in calculated positions. 
vergence, with anisotropic thermal parameters for all 
-hydrogen atoms and a common isotropic thermal 
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'isiting research worker at the NCRL. Pretoria. July—September 
1. 

0(40) 

0(37) 

Figure 1. Perspective view of the crystal structure of asticolorin A (I). 

parameter for the hydrogen atoms, was reached at R = 0.069 

(R = 0.090) using all data. The difference electron density 
map based on the final atomic parameters showed no maxima 
greater than 0.32 e A-i. The resulting structure as well as the 
relative configuration are illustrated in Figure 14 

The asymmetric unit as shown in Figure 2 contains 93 
non-hydrogen atoms present as two asticolorin A. one water, 
and three acetone molecules. The four solvent molecules are 
linked to the four phenolic hydroxy groups by intermolecular 
hydrogen bonds with interoxygen distances of less than 2.8 A. 
Furthermore the oxygen atom of the water molecule is also 
2.77 A removed from the oxygen atom of the C-30 hvdroxy 
group of an asticolorin A molecule in the other asymmetric 
unit. 

With the relative configuration of asticolorin A (1) avail-
able, the chirality of the C-29 hydroxy group and thus the 
absolute configuration of the molecule was determined by the 
method of Horeau.3  Methvlation of asticolorin A with methyl 
iodide and potassium carbonate in acetone gave the dimethyl 
ether (2). 2C15H4407 CH5. m.p. 258-260 °C. Esteriftcation 
of (2) with racemic cs-phenylbutyric anhydride and 4-di-
methylaminopyridine proceeded smoothly, leading quantita-
tively to the 29-0--phenylbutyrate. The recovered -phenyl-
butyric acid had [ID 20  -21.0° (c 7.4. benzene). Asticolonn A 
must therefore have the 29S configuration34  and consequently 
the absolute configuration as depicted in (1). 

The structure elucidation of the related metabolite. asticol-
orin B (3), m.p. >320°C (M. 536: C 31-12807) is based on the 

high-field 'I-I and L3C n.m.r. data (Bruker WM-500 spec-
trometer) of these metabolites. It was evident that the C-29 
secondary hydroxy function present in asticolorin A (1) (29-H: 
oH 5.079d, J 5.2 Hz; C-29; O. 70.75) is replaced by a carbonyl 
group in asticolorin B (3) [V max  (KBr) 1665 cm: 0c 180.841. 

The atomic co-ordinates for this work are available on request from 
the Director of the Cambridge Crystallographic Data Centre. 
University Chemical Laboratory. Lensfield Road. Cambridge 
C132 IEW. Any request should be accompanied by the full literature 
citation for this communication- 
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metabolite. asticolorin C (4) 2C11HOCHC1 . 
>320 °C (M, 568), was produced. The n.m.r. data ft 
indicated that both the C-8 and C-24 methyl groups (ô 2 
2.343; 6C 21.60, 21.16) present in asticolorin B (3) 
replaced by hydroxymethyl functions OH 4.543, 4.57 
62.73, 62.65) in asticolorin 'C (4). 

The asticolorins, a new type of mycotoxin, are de 
biosynthetically from mevalonate and four molecuk 
orsellinic acid by oxidative phenol coupling.S 

The authors thank Dr. A. E. de Jesus for microbiolo 
assistance. 
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Figure 2. Perspective view of the asymmetric unit showing the location 
of the two asticolorin A molecules and the acetone and water of 
crystallisation. 

In order to study the biosynthesis of the asticolorins, 
cultures of A. multicolor were grown on a yeast extract—
sucrose medium. Initially good yields of both asticolorin A 
and B were obtained but eventually only a single new 



le Isotope Labelling Studies on the Biosynthesis of Asticolorin C by Aspergillus 
Evidence for a Symmetrical Intermediate 
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nvo!vement of mevalonate and four molecules of a symmetrical intermediate, orcinol, in the biosynthetic 
vay leading to asticolorin C is evident from incorporation studies with 13C and 2H labelled precursors. 

sticolorins, e.g. asticolorin C (1), are toxic metabolites 
Iced by cultures of Aspergi/lus multicolor. strain MRC 
The structures are characterized by the novel way in 
a mevalonate-derived 3,3-dimethylallyl group is utilised 
two dibenzofuran moieties. The possible involvement 

nnaric acid (3.9-dihvdroxv-1 .7-dimethvldihenzofuran-
carboxvlic acid), a compound previously isolated from 
:hen Lepraria membranacea 2  and formed by oxidative 
Ing of orsellinic acid, or pannarol (1,7-dihydroxv-3.9-
hyldibenzofuran) in the biosynthesis of the asticolorins 
ivestigated using primitive 'C and 2H labelled precur- 

ing rcsearch worker at the NCRL. Pretoria. July—September 

34 
Me 

OH 33 	17 HO 

( 1 ) 

Cultures of A. multicolor were grown on a yeast extract-
sucrose medium. Preliminary feeding experiments with 
(1-1 C]acetate as precursor established that a good incorpor-
ation (0.3%) and satisfactory dilution values' (2(1.7. assuming 
14 labelled positions) were obtained for asticolorin A' by 
pulse-feeding cultures of A. multicolor every 12 h from day 3 
to day 14 with sodium acetate to a total amount of 1.0 g I-'. 



Carbon atom Carbonatom 	6." 	'J(C.C);Hz 

2 	149.82S 	• 	72.8.66.2 
3 	97.I8D* 	732.73.2 
4 	154.16S 	• 	73.3.58.3 
6 	157.405 	• 	72.0.60.4 
7 	99.93D* 	72.2 
8 	142.35S 	• 	46.8 

9 	107.69D* 	65.9 
10 	151.37S 	• 	75.4.66.0 
11 	110.67S * 	75.4.60.6 
12 	118.01S * 	58.3 
13 	131.88S 	• 	42.7 

14 	118.31S * 	65.9 
15 	29.56D. 	42.5 
16 	120.60D* 	42.4 
17 	130.73S 	• 	39.3 
18 	38.89T * 	38.9 

19 	34.22S 	• 	35.3 

20 	142.50S 	S 

21
113.155 * 	73.4, 59.3 

22 	152.76S 	• 	73.6.66.5 
23 	107.19D* 	66.0 
24 	146.62S 	• 	46.3 

25 	100.350* 	71.1 
26 	158.21 S 	• 	71.3. 58.6 
28 	141.99S 	• 	67.2w 
29 	180.75S * 	67.3.56.1 
30 	93.13S 	• 	56.2,41.6 
31 	44.560* 	41.5 
32 	62.73T* 	47.1 
33 	18.36Q* 	42.9 
34 	32.240 * 	42.5 
35 	25.360* 	35.2 
36 	62.65T * 	46.3 

611' J(H.H)iHz 

6.951q <0.4 

6,968dt 1.4.0.7 

6.782dt 	1.4.0.6 

0.034 
0.038 
0,039 

0.082 3. lOOm 
5.533m 

0.072 
2.559d br 	17.5 
2.360d br 	17.5 

0.069 
0.067 
0.069 

0.036 
6.806dt 	1.3,0.6 

0.052 
0.056 

7,07ldt 	1.3.0.8 
0.044 

0.089 
2.622dd 
	

6.8.2.0 
4.543d 
	

4.8 
3.039s 
1.641m 
1.829s 
4.572d 
	

4.8 

0.034 

0.036 
0.049 

0.053 
0.052 

0.036 
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Table 1. 'H (500. 13 MHz) and ''C (125.76 MHz) n.m.r. data for asticolorin C.- . 

Recorded on a Bruker WM-500 spectrometer; solvent (CD1).SO. " Relative to Me4Si. Capital letters refer to the pattern resulting  
directly bonded (C.H) couplings. S = singlet, D = doublet. T = triplet, and 0 = quartet. • = enriched by [1-1 Cacetate; 
enriched by [2- 13Cjacetate. Value obtained from the broad-band proton-decoupled spectrum of asticolorin C derived from [1.2-13C1ac d AB spin system obscured by overlapping resonances. I 13C-H Upfield 3-shift in ppm. ' Relative to internal MeSi. s = $i 
d = doublet. t = triplet. q = quartet, m = multiplet, and br = broad. The chemical shifts of the protons of the different hy 
groups are as follows: C- 10, 6 10.26: C-22. 10.84: C-32, 5.193t br; C-36. 4.572t br: C-30. 7.229d (12.0Hz). 

The 1 H and 13C n.m.r. data for asticolorin C (1) are collated 
in Table 1. The signals of the proton-bearing carbon atoms 
were correlated with specific proton resonances. 4  Extensive 
heteronuclear 13C{ 1 H} selective population inversion experi-
ments, 5  to be described in a subsequent publication, establi-
shed the two- and three-bond (CJ-L) connectivity pattern for 
asticolorin C. The method, however, does not allow us to 
differentiate between the resonances of the ring A and H 
carbon atoms. This ambiguity was resolved by the observation 
of one-bond (C,C) couplings for C-11-C-12 (58.9 Hz) and 
C-20-C-21 (54.7 Hz) in the broad-band proton-decoupled 13C 
n.m.r. spectrum of asticolorin C derived from [2t3CIacetate 
(91.4 atom % 13C). In addition the spectrum showed 
enhancement of the signals of 19 carbon atoms (average 
enrichment factor 4.2) whereas that of asticolorin C derived 
from [1-13Cacetate (91.6 atom % 13) showed 14 enhanced 

u 

	

	signals (average enrichment factor 5.0) (see Table 1) so that all 
the carbon atoms are acetate-derived. 

Me 
OH 	 HO 

Me 

HO 	 H 

OH 0 

Me 

OH 
Figure 1. Arrangement of intact acetate units in asticolorin ( 
derived from [1.2-'C]acetate. 
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he arrangement of intact acetate units in asticolorin C was 
ied by addition of [l,2-'3C2]acetate to the culture 
ium. The signals of a number of carbon atoms exhibited. 
result of one-bond (C.C) couplings, two pairs of satellite 
s of equal intensity in the broad-band proton-decoupled 

n.m.r. spectrum of this enriched asticolorin C (see Table 
'his phenomenon, observed for the corresponding carbon 

e 2. Labelling pattern of asticolorin C enriched h [1-C.2-
cetate. 

Me 

# / + 	HO 

OH 

Me 

HO
-.  

0 

Me/ 

Me 
H 	 Me 

0 

3. Proposed mechanism for the formation of rings D and r in 
rin C. 

atoms in rings A. C. F. and H. indicates the existence of two 
different arrangements of intact acetate units in each of these 
rings (see Figure 1). Thus a symmetrical intermediate, orcinol, 
formed by enzymatic decarboxylation of orsellinic acid, must 
be involved in the biosynthesis of asticolorin C. Subsequent 
oxidative coupling of two molecules of orcinol would lead to 
the formation of pannarol. 

The low-intensity satellite peaks observed for the C-34 
signal are due to (C.C) coupling with C-17 and could be the 
result of multiple labelling as C-34 is derived from C-2 of 
mevalonate. However, although the C-34 signal is enhanced 
(enrichment factor 5.0) in the broad-band proton -de coup] ed 

n.m.r. spectrum of asticolorin A' derived from (3RS)-12-
13C)mevalonolactone, an enhancement is also observed for 
the C-18 signal (enrichment factor 2.2). This result would 
imply that the stereochemical integrity of the two prochiral 
enantiotopic methyl groups in 3,9-dihydroxv-I,7-dimethyl-2-
(3 ,3-dimethylallyl)dibenzofuran is lost in the subsequent 
oxidative coupling reactions leading to asticolorin C. This 
duality in the origin of C-34 and C-IS is under investigation. 

The fate of the hydrogen atoms in the biosynthesis of 
asticolorin C was studied b incorporation of [1-13C.2-
2H3]acetate into the metabolite. The incorporation of 2H 
located P to a 'C atom can be detected by the small 
characteristic upfteld n-isotope shift in the resonance position 
of the 13C nucleus in the 13C n.m.r. spectrum.6 The number of 
2H atoms located P to a particular 13C atom can be deduced 
from the value of the 3-isotope shift.67  The labelling pattern 
of asticolorin C enriched with [1iSC,2 2Hi]acetate is shown in 
Figure 2. The retention of 2H at C-31, evident from the 
b-isotope shift of —0.089 ppm. for C-30 (see Table I), 
indicates that C-6 hydroxylation of pannarol occurs at the 
aromatic stage before oxidative coupling with 3,9-dihydroxv-
I .7-dimethyl-2-(3.3-dimethylallvl)dibenzofuran In the course 
of this coupling reaction the 4-pro-R proton of mevalonate is 
retained at C-16 in asticolorin C as a n-shift of —0.082 ppm. is 
observed for the C-iS resonance. Significantly, the n-shift 
observed for the C-17 resonance (b - 0.072 p.p.m.) indi-
cates that only one 2H atom is present at C-18 in asticolorin C. 
A mechanism for the formation of the central rings D and E of 
the asticolorins based on the above results is shown in Figure 
3. 

The authors thank Dr. A. E. de Jesus for microbiological 
assistance. 
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synthesis of the Meroterpenoid, Austin, by Aspergillus ustus: Incorporation of 1802, 
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five of nine oxygens were introduced by aerobic oxidation, and elucidated the general mechanism of late 

;ynthetic stages. 
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Biosynthesis of the Meroterpenoid, Austin, by Aspergillus ustus: Incorporation of 11 

Sodium [1-13C, 18021Acetate, and [Me-13C,21-1311VIethionine 
Thomas J. Simpson,*a  Desmond J. Stenzell,a Richard N. Moore,b  Laird A. Trimble,b  and John C. Vederas*I 
a Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland, U.K. 
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Mass spectral and 13C n.m.r. analyses of austin (1) produced by fermentation of Aspergillus ustus in the presen 
1802  and [Me-13C,2113 ]methionine showed that all labelled meth ion ine-derived hydrogens were retained, determi 
that five of nine oxygens were introduced by aerobic oxidation, and elucidated the general mechanism of late 
biosynthetic stages. 

Recent studies show that andibenin B,' andilesin C,2  andito-
mm,2  austin (1),3  and terretonin3  may all be formed via a 
common biosynthetic precursor (3), which is the product of 
C-alkylation of dimethylorsellinic acid (2) by farnesyl pyro-
phosphate. Epoxidation of (3) followed by cyclisation could 
produce (4) which can serve as a common precursor to both 
austin (1) and terretonin (Scheme 1). The conversion of 
3,5-dimethylorsellinic acid (2), a proven tetraketide precur-
sor,3  into austin (1) requires an unusually extensive modifica-
tion of the aromatic ring. A number of chemically reasonable 
pathways from (4) to (1) (Scheme 2) may be distinguished 

OH 

Mei.::2i Me 

Me22) OH 
CO2  H 

(2) 

0 

Andibenen 

rH 
LiiIIl1I1IIOH3o 

AndiLesin 

Anditomin 

CO2H 

- Terretonin 

(1) R = Ac 

(5) R =H 

because they require different origins for the various o 
and hydrogen atoms. We now report 180  and 2H lab 
studies which indicate that path a is correct and which pr 
information on other aspects of austin biosynthesis. 

[Me 13C,2H31Methionine was added to cultures of A 
gillus ustus NRRL 6017 and the resulting labelled austit 
analysed by fast atom bombardment (f.a.b.) mass 
trometry. Prominent M + 4 and M + 8 peaks demonst 
that the methionine-derived methyl groups of (2) are i 
porated into austin (1) without loss of 2H label. This i 
excludes the mechanism shown in path b. 

A fermentation of A. ustus in which the normal atmosi 
was replaced with one containing 1802  (96 atom %) aftc 
onset of austin (1) production gave this metabolite lal 
with up to five 180 atoms per molecule, as determined 1 
mass spectrum. The positions of label incorporation 
located by observation of 'O isotope-induced shifts4  ii 
100.6 MHz proton noise decoupled 13C n.m.r. spectru 
180-enriched austin (1). An equal quantity of unlab 
austin had to be added to this sample as an internal refe: 
because of the high level of 180 incorporation and the 
magnitude of such isotope shifts.4  Although all four cart 
carbons showed 180-isotopically shifted signals (Table i 
magnitudes of these shifts for C-4', C-8', and the 11-ac 
were consistent with presence of label only in the si 
bonded oxygen atoms. However for the C-3 resonance, 
isotopically shifted signals appeared due to species havin 
in (a) the singly-bonded oxygen, (b) the doubly-bo 
oxygen, and mainly (c) both the singly and doubly-ba 
oxygens.5  Since the resonances corresponding to (a) an 
probably result from residual 1602  in the fermentation, 
oxygen atoms of the spiro-lactone are added by oxid 
processes, in agreement with observations for andibenir 

Table I. 180 Isotopically shifted resonances observed in the 
MHz 13C n.m.r. spectrum of austin (1).' 

Aô 
Carbon ô (p.p.m.) (p.p.m.x 100) Ratio '0 
8' 170.8 1.2 55:45 
4' 170.2 1.3 57:43 

MeCO 168.4 1.4 56:44 
3.8l 85:15 

3 163.6 1.0,3.7,4.7 45: 13: 11 
4 85.6 4.3 67:33 
3' 84.4 3,8 60:41) 
6' 80.8 0.8 63:37 
5' 78.9 3.1 66:34 

11 74.9 2.7 67:33 

For experimental conditions see ref. 11. 	Enriched by s 
[1-°C.'O]acetate; all others enriched by 1110,. 

Scheme I 
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Scheme 2 

the aliphatic region the resonances due to C-4, C-il. 
and C-5' all show isotope shifts which complement those 

rved in the carbonyl region, thereby accounting for all 
iO atoms incorporated into austin. Interestingly. C-6' 
has a shifted signal (Table 1). The shift magnitude is too 
I for a tertiary alcohol,7  and is due to a 3-shift8  from the 
atom attached to C-3' or C-S or a double 13-shift from 
This is the first observation of a 13-shift in a biosynthetic 

-ice path c requires that the oxygen bridging C-5' and C-8' 
rived from the medium, our results are consistent with an 

ation—reduction sequence like path a. The hydrogen,3  
n.5  and oxygen labelling patterns suggest hydroxylation 

-5' of (4), ring contraction via c-ketol rearrangement, 
ction of the resulting 5-keto function to an alcohol, and 
tone formation by attack of the 5'-hydroxy group on the 
rboxy function. Since no 1802-derived label is observed at 
2-4' carbonyl oxygen, this carbon cannot exist at any stage 
free carboxy group. 
troduction of the 11-acetoxy function of austin (1) 
ably occurs at a late biosynthetic stage by allylic hydroxy-
n and acetylation. Incorporation of sodium [1-13C,1110, 

ate into austin (1) followed by 13C n.m.r. analysis showed 
a large amount of ISO label was present only at the 
)le-bonded acetate oxygen in accord with its probable 
n from acetyl coenzyme A. Incorporation of ISO at other 
ate-derived sites (C-4', C-6'. and C-8') was too low for 
litive determination of isotope shifts. The isolation of 
inol (5)01  as a co-metabolite of austin (1) also supports the 
osal that modification at C- li is a late biosynthetic event. 

We thank the S.E.R.C., N.A.T.O., and the Natural 
Sciences and Engineering Research Council of Canada 
(N.S.E.R.C.) for financial support. 
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synthesis of Tajixanthone and Shamixanthone by Aspergillus variecolor: 
orporation of Oxygen-18 Gas 
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s spectral and 13C  n.m.r. analyses of tajixanthone (1) and shamixanthone (2) formed during growth of 
ergillus variecolor under atmospheres containing 118021 oxygen gas showed incorporation of four and three 180 

Is per molecule of (1) and (2), respectively, and provided information about the mode of xanthone ring 
iation. 

Im 

Reprinted from the Journal of The Chemical Society 

Chemical Communications 1984 



1404 
	

J. CHEM. SOC., CHEM. COMMUN., 

Biosynthesis of Tajixanthone and Shamixanthone by Aspergillus variecolor: 
Incorporation of Oxygen-18 Gas 

Esfandiar Barcishiri,a C. Rupert Mclntyre,a Thomas J. Simpson,a*  Richard N. Moore,b  Laird A. Trimble,b  an 
John C. Vederasb* 

a Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland, U.K. 
b Department of Chemistry, University of Alberta, Edmonton, Alberta, Canada T6G 2G2 

Mass spectral and 13C n.m.r. analyses of tajixanthone (1) and shamixanthone (2) formed during growth of 
Aspergillus variecolor under atmospheres containing 118021 oxygen gas showed incorporation of four and three 
labels per molecule of (1) and (2), respectively, and provided information about the mode of xanthone ring 
formation. 

Mycelial pigments like tajixanthone (1) and shamixanthone 
(2)1 as well as various meroterpenoids2  illustrate how Asper-
gillus species can combine polyketide and terpenoid precur-
sors to form secondary metabolites which have often under-
gone extensive oxidative elaboration. The isolation of a 
number of closely related xanthones3-5  and 13C and 2H 
labelling studies67  on tajixanthone strongly support the 

biosynthetic pathway outlined in Scheme 1. Carbon lab 
results suggest that an acetate-derived octaketide preci 
cyclizes to an anthrone which is hydroxylated, O-preny 
by dimethylallyl pyrophosphate, and oxidatively cleaved 
benzophenone derivative, either directly or after oxidati 
an anthraquinone. Observation of two distinct carbon L 
ling patterns present in equal amounts in ring c of (1) im 

Table 1. 180  Isotopically-shifted resonances in the 'C n.m.r. spectra of tajixanthone (1) and shamixanthone (2). 

A6 (1) 
Carbon 8(1) (x 100) 

13 184.0 2.76 
I 160.4c 1.0 

10 152.9c 2.3 
11 152.0 2.4 

7 149.5 1.5 
19 64.5 2.3 
15 63.24 3.3 
25 63.16 1.5 
16 58.5 4.1 

60: 180 Aô (2) 160:180 

(1) 6(2) (x 100) (2)d 

79:21 159.7 1.0e 
80:20 152.8 2.5 71:29 
77:23 152.2 2.3 73:27 
61:39 149.4 1.6 53:47 
66:34 64.5 2.5 55:45 
64: 36 
66:34 63.2 1.5 60:40 
64: 36 

Spectra run at 100.6 and 90.6 MHz; for experimental conditions see ref. 9. b  Enriched by sodium [1 13C,l802]acetate only; all o 
enriched by 1802. c These assignments were originally reversed in ref. 6. d  Approximate, (±5%) ratios from peak areas. Not res' 
completely. 
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the intermediacy of a symmetrical dihydroxyphenyl moiety 
which is free to rotate prior to cyclization to a xanthone.7  Since 
the detection of 150-induced isotope shifts in 'C n.m.r.8  has 
proved useful in determining the mode of xanthone ring 
formation in ravenelin9  and sterigmatocystin,'° we have 
studied the incorporation of 1 02 gas into tajixanthone (1) and 
shamixanthone (2). 

A fermentation of Aspergillus variecolor' in which the 
normal atmosphere was replaced with one containing 1802 gas 
(98.7% isotopic purity) gave tajixanthone (1), the mass 
spectrum of which showed the presence of four 180  atoms per 
molecule. The 100.6 and 90.6 MHz 13C n.m.r. spectra of a 
mixture of this and unlabelled material displayed isotopically- 
shifted resonances for eight of the nine oxygen-bearing 
carbons (Table 1). Only the carbonyl oxygen at C-13 remained 
completely unlabelled in this experiment. Within experimen-
tal error, the relative amount of 180  incorporated at C-i and at 
C-lU is half of that at the other labelled sites. Taken together 
with the mass spectral results, this shows that in a particular 
molecule of tajixanthone (1) either the oxygen at C-i or the 
one at C-lU was labelled, but not both. This confirms the 
intermediacy and oxidative origin of a conformationally labile 
benzophenone which has an axis of symmetry in a dihydroxy-
phenyl ring. More importantly, the results demonstrate that 
xanthone ring closure must proceed almost exclusively by a 
Michael addition—el imi  nation H process in which the ring C 

oxygen attacks the ring A carbon with ultimate loss of the ring 
A oxygen at C-il (paths a2  and b2). Cyclization in the opposite 
sense with retention of the ring A oxygen (paths a1  and b,) is 
very minor if it occurs at all. 

The presence of 180  at C-25 and the previously reported 
loss of 2H from acetate at that position7  suggest oxidative 
cleavage of an anthraquinone rather than anthrone precursor. 
Mass spectral analysis of the molecular ion region of (1) 
obtained from a fermentation utilizing a mixture of 1602  and 
1802  shows that each aerobically-derived oxygen atom is 
introduced separately by mono-oxygenation. Thus the in-
volvement of dioxygenase-derived dioxetanes12  or endoper-
oxides1314  which have been proposed as intermediates in the 
cleavage mechanism can be ruled out. Presumably cleavage 
occurs via a biological Baeyer-Villiger type oxidation 15  to give 
an intermediate lactone which can undergo direct reduction to 
the hemiacetal (cf. arugosin A/133) and thence to the benzo-
phenone. 

In a separate experiment sodium [1-13C,1802]acetate (90% 
180) was fed to cultures of A. variecolor grown in a normal 
atmosphere, and the resulting tajixanthone (1) was analysed 
by 13C  n.m.r. Unfortunately the incorporation level was too 
low to detect isotope shifts at any carbons except C-13, the 
C-0 bond of which was thereby shown to be acetate-derived. 

As expected, shamixanthone (2) isolated in the same 
experiment with 1802  showed, by mass spectral analysis, the 
incorporation of three 180 atoms per molecule. Although the 
isotope shift in the 'C n.m.r. of (2) at C-i could not be 
completely resolved for accurate determination of the 
160: 180 ratio, the presence of 180  at that site and the reduced 
180 content of the xanthone ring oxygen relative to other sites 
(Table 1) confirm the operation of the same biosynthetic 
pathway as that of tajixanthone (1). It is interesting to note 
that in ravenelin biosynthesis the same type of xanthone ring 
closure (paths a2  and b2) occurs with retention of the oxygens 
of a symmetrical dihydroxyphenyl moiety.9  In contrast, 
retention of oxygen from the other ring and a single carbon 
labelling pattern during sterigmatocystin biosynthesis'0  sug-
gest an oxidative coupling mechanism rather than addition—
elimination for xanthone formation in that case. 1617 
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Incorporation of sodium [1 13C,l8021acetate and 1802  gas into andibenin B (1) by cultures of Aspergillus variecol, 
and observation of 180 isotope-induced shifts in the 13C  n.m.r. spectra of the enriched metabolites establish the 
origins of all the oxygen atoms and provide mechanistic information on the biosynthetic pathway. 

C-b, C-l', and C-8' from oxidative processes. The ap 
ance of oxygen label in the y-lactone ring oxygen in the 
experiment suggests that the pathway proceeds by hydi 
ation of the 6-methyl group of (2) followed by nucleo 
attack of this hydroxy group on the carboxy group. It re 
to be established whether ring closure occurs before or 
alkylation with farnesyl pyrophosphate. 

In accord with earlier carbon labelling studies,4  the pr 
results show that the C-3 tactone function must be forme 
biological Baeyer-Villiger-type oxidation5  of a correspol 
ketone precursor. Generation of the spiro ring system mv 

a ring contraction which requires development of f' 
carbocation character at C-5. Similar ring contractions 
been observed in steroid derivatives on acid treatme 
either 41,5-  or 5,6-epoxides.6  Since the 10-hydroxy 
of andibenin B (1) is derived from atmospheric oxyger 
rearrangement cannot terminate by capture of an intt 
diate C-10 carbocation by water. Instead, intramole 
attack by the carboxy group or an elimination-epoxida 

We have recently shown that andibenin B (1), a metabolite of 
Aspergillus variecolor, is a member of a group of biosynthetic-
ally related metabolites formed by a mixed polyketide-
terpenoid pathway.1.2  The key step is alkylation of 3,5-
dimethylorsellinic acid (2), a bis-C-methylated tetraketide, 
with farnesyl pyrophosphate to give (3), which then cyclises to 
give product (4). Further condensations and oxidative modifi-
cations convert (4) into andibenin B (1). Since observation of 
isotope shifts induced in 13C  n.m.r. spectra by 180  provides 
information on intermediate oxidation states and mechan-
isms,3  we have incorporated sodium [1 13C,1802]acetate and 
1802  gas into andibenin B (1) to study these modifications. 

The proton noise-decoupled 13C n.m.r. spectrum of (1) 
enriched by fermentation of A. variecolor with sodium 
[1l3C,1802]acetate shows isotopically shifted signals (Table 
1) due to incorporation of acetate-derived oxygen into the 
C-4' and C-8' carbonyl groups. In a separate experiment, 
growth of the cultures under •an 1802  atmosphere with 
unlabelled carbon sources produced andibenin B (1) whose 

n.m.r. spectrum demonstrated the origin of both oxygen 
atoms on C-3 and of the single-bonded oxygen atoms on C-4, 
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1. 180 Isotopically shifted resonances observed in the 100.6 
n.m.r. spectrum of andibenin B(1).a 

Carbon ô (PPM.) Aô (p.p.m. x 100) 

4' 215.8 5.0 
8' 169.0 35b 

I .2 
3 165.5 4.7,  

4 86.9 4.2c 
10 79.3 3.2c 
1' 70.4 2.9,  

experimental conditions see ref. 9. b Enriched by sodium 
,1802acetate. C  Enriched by 180, 
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tion sequence as shown in Scheme 2 is probably 
risible for the hydroxy function. The closely related 
olite austin2  contains the 9,10 double bond which would 
esent in the intermediate of the latter pathway. The 
3urrence of andilesin B (5) with andibenin B (1)7  
sts that ring contraction follows lactone formation. 
idal E-lactones are known to undergo similar facile ring 
ng under acidic conditions.8  
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Incorporation of [113C,1802]  acetate and 1802 gas into aspyrone (1) and asperlactone (2) by cultures of Aspergill 
melleus and observation of 180  isotope-induced shifts in the 13C  n.m.r. spectra of the enriched metabolites esta 
the origins of all the oxygen atoms and suggest a biosynthetic pathway involving epoxide-mediated rearrangen 
and ring closure reactions. 

Aspyrone (1)1  and asperlactone (2)2  are closely related 
metabolites of Aspergillus inelleus. Their biosynthesis has 
been extensively studied,3  and as a result of incorporation 
studies with isotopically labelled acetates and malonate and 
potential advanced intermediates the intermediacy of aro-
matic precursors could be ruled out a pathway was proposed 
via decarboxylation and Favorski-type rearrangement of a 
linear pentaketide intermediate as shown in Scheme 1. In 
support of this, incorporations of [1 ,2_13C2}  acetate resulted in 
two-bond 13G-13C couplings being observed between C-2 and 
C-8 in aspyrone4  and asperlactone.2  The stereochemistry of 
(1) and (2) has been established5  and this is consistent with 
their derivation from a common intermediate, e.g. (3), via 
alternative ring openings of the epoxide by the carboxy 
function. In order to obtain evidence for this proposal and to 
obtain information on the nature of intermediates on the 
pathway we have studied the incorporation of [1 13C,02] 
acetate and 11 02  gas into aspyrone and asperlactone. 

[1-13C,1 02]Acetate was fed to cultures of A. melleu 
the aspyrone and asperlactone isolated from separate e; 
ments were analysed by 13C n.m.r, spectroscopy at 
MHz. High levels of 13C-enrichment (ca. 5 atom %) 
observed at C-2, -4, -6, and -9 but surprisingly nc 
isotope-induced shifts were apparent indicating th 
acetate-derived oxygen was incorporated into the metab 
On carrying out a fermentation in the presence of ISQ 

the 13C n.m.r. spectrum shown in Figure 1 was obtain 
aspyrone. The isotope shifts observed (Table 1) for C-S 
and C-9 indicated that the epoxide and alcohol oxygens 
both highly and equally enriched. In addition C-2 sho 
isotopically shifted signals and C-6 shows one. V 

Fermentations were carried out in a closed system und 
atmosphere composed of N2, 1507 and 160,  (80: 10: 10) for asç 
and (80:6: 14) for asperlactone. 
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re 1. 1 0 Isotope shifts in the 100 Mz 'Sc n.m.r. spectrum of 	Table 1. 180 Isotopically shifted resonances observed in the 100.6 
.enriched aspyrone (1). 	 MHz 13C n.m.r. spectrum" of aspyrone (I) enriched from 180, gas. 

Carbon 	6 	100 Aô/p.p.m. 	°'O: 1 SOb 

rimental error, the intensities of these signals are 	2 	163.2 	0.9.3.7 	61:20: 19 

ntially equal to one another but are half those observed at 	
67.7 	 1.6 

C-8, and C-9. The most reasonable interpretation of 	8 	54. 6 	 31 	 638 
e results is that one oxygen-18 atom has been introduced 	9 	590 	 314 	63:37 

the atmosphere onto C-2 and that this labelled atom has 
i incorporated equally into both the carbonyl and ether 	a For experimental conditions see ref. 9. b All values (±2%) were 
(ens of the lactone moiety. Thus three of the oxygen atoms 	determined using a Du Pont curve analyser. 
pyrone appear to be derived from the atmosphere and so 
remaining oxygen on C-2 must be derived from the 

[ium. Asperlactone, produced in the presence of 1502 gast 
separate experiment, gave essentially identical results. 	polyether antibiotics7 where ring closures onto epoxide 

D account for these results the pathway shown in Scheme 2 	intermediates have been proposed for the formation of 5- and 

oposed. Rearrangement of the epoxide (5) formed from 	6-membered oxygen-containing rings. A further possibility 
trienone (4), itself derived from a pentaketide precursor 	which cannot be rigorously excluded at this stage is that the 

reduction, dehydration, and decarboxylation reactions, 	carboxylate oxygen atom derived from the atmosphere could 

Id generate the aldehyde (6). This could then be converted 	have been introduced in a final hydroxylation step on an 

the key epoxycarboxylic acid intermediate (3) via further 	aldehyde intermediate in which the aldehyde oxygen is 
tidation and NAD mediated oxidation of the aldehyde as 	derived entirely (e.g. by exchange) from the medium. The 

cated. Ring closure to either end of the epoxide moiety 	observed retention of two acetate-derived hydrogens on E-7 in 

Id then generate aspyrone or asperlactone with the 	both aspyrone" and asperlactone3d on incorporation of [2- 

rved positions and levels of oxygen-18 labelling as 	13c,2H3]acetate rules out pentaketide-de rived intermediates 

cated. The steps proposed in this pathway bear compari- 	having a double bond between the carbons which become C-6 
with the postulated biosynthesis of monensin6 and other 	and C-7. 
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The origins of all the oxygen and hydrogen atoms in colletodiol (2) have been elucidated by incorporation of la 
from [1 13C,18021 and [1-13C,21-13]-acetate  and 1802 gas into (2) in cultures of Cytospora sp. (ATCC 20502); from ti 
resultant labelling pattern the structures of the enzyme-boi id precursors can be deduced and information obta 
on the processes occurring during the early stages of polyketide chain-assembly. 

The polyketide pathway is one of the major pathways of 
secondary metabolism, but despite much effort over the 30 
years since the recognition of the pathway,' little is known of 
the exact nature of the intermediates involved in the early 
stages of polyketide chain-assembly. At its simplest, it is 
thought that poly-)3-ketide intermediates (1) are built up by a 
cyclic process (Scheme 1) analogous to fatty acid biosynthesis2  
but omitting the reduction—elimination—reduction sequence 
responsible for the loss of acetate oxygen. While some 
aromatic metabolites do retain the full oxygen content of 
intermediate (1) most metabolites show varying degrees of 
reduction and/or deoxygenation and an increasing body of 

evidence suggests that this occurs by processes analogc 
fatty acid biosynthesis before the initial release of metab 
or intermediates from the chain-assembly enzymes. 
path a in Scheme I would simply produce poly-13-keti& 
by invoking paths b, c, and d intermediates with va 
degrees of reduction may be formed. There has been 
progress in enzymatic or other direct methods of obse 
these early intermediates but recent developments in n. 
based methods3  (viz. 2H and 180  isotope-induced shifts i: 
n.m.r.. and 2H n.m.r. spectroscopy) which facilitate det 
nation of the biosynthetic origins of hydrogen and o 
enable significant indirect evidence for the nature o 
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nediates to be obtained. We now report 2H and 180 

ling studies on colletodiol (2) designed to obtain informa-
on the processes occurring during the early stages of 
:etide chain-assembly. 
Iletodiol (2) and colletoketol (3) are macrocyclic dilac-
metabolites originally isolated from the plant pathogen. 

'rotrichum capsici.4  More recently grahamimycin A was 
ted as a broad spectrum antibiotic from a species of 
spora and was subsequently shown to be identical to 
toketol.5  All four chiral centres in colletodiol have the 
configuration. 4-6  Incorporation studies with singly 

abelled acetates have confirmed the acetate-origin of 
todiol in C. capsici.7  These metabolites can he seen to he 
ed by combination of C6  and C5, moieties and a priori one 
)ostulate a number of triketide- and tetra ketide-derived 
ties as the actual enzyme-bound precursors. Some of 

CD3 	0 

Me13C 18O2 Na 

CD313CO2Na  

18c 
H20* 

D* 

Scheme 5 

.-. 

OH 	

O x 

HO H 

Scheme 6 

Table 1. 2H and 10 isotope-induced shifts observed in the 90.56 MHz 
'C n.m.r. spectrum of colletodiol (2). 

Aô x 100 l(Q : 1110 IH: 

C-I 166.3 3.4' 69:31 
C-I' 164.9 3.2 70:30 
C-3 146.4 9.0,  95:5 
C-3' 143.9 4.4.42 53: 19:28 
C-5 71.7 2.2" 54:46 

4.7,4.6,  53:20:27 
C-S 68.6 3.9' 79:21 

4.1,4.3,4.3,  30:10:22:38 
C-7 67.9 3.7' 72:28 

4.2,4.2,4.3c 27:9:23:41 

[1-13C,1802]acetate-enriched, 1, 180,-enriched. 	[1-13C,2H 3]ace- 
tate-enriched. 

these are shown in Scheme 2. Depending on the nature of the 
actual intermediates a number of mechanisms can he pro-
posed for the formation of the lactone functions. These are 
summarised in Scheme 3 along with the possible stereochem-
ical outcome and the predicted origins of the associated 
oxygen and hydrogen atoms. Similarly a number of different 
mechanisms can be proposed for the formation of the I ,2-diol 
and ce-ketol systems found in colletodiol and colletoketol 
respectively. These are shown in Scheme 4 and again they may 
he differentiated, as indicated, by appropriate 2H and 1 0 
labelling experiments. 

In our hands Cytospora sp. (ATCC 20502) has produced 
colletodiol as the major metabolite and only minor amounts of 
grahamimycin A. Fermentations were carried out in the 
presence of [113C,2H3]  and [1 13C,1802Iacetate and under 
an atmosphere of ISO.,.  The 2H and ISO  isotope shifts 
observed in the proton noise decoupled 13C n.m.r. spectra of 
colletodiol isolated in each case are summarised in Table 1. No 
2H isotope-induced shifts could he observed for C-i or C-l' in 
the I3C  n.m.r. spectrum of the [1 13C.21-1acetateenriched 
colletodiol. However carbonyl groups are known to he poor 
reporter' groups for 2H shifts8  and the presence of 2H label at 
both C-2 and C-2' was shown by 2H  n.m.r. analysis of the 
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enriched metabolite. The labelling pattern resulting from 
these experiments is summarised in Scheme 5. 

The retention of acetate-derived oxygen on both the 
carbonyl and ether oxygens of the lactone functions indicates 
that ring closure must proceed by mechanism (a) in Scheme 3 
and so the enzyme-bound intermediates must retain the 
oxygen of the acetate 'starter' units as hydroxy functions with 
the (R) configuration. 

Considering the formation of the I .2-diol system, a low but 
significant level of acetate-derived hydrogen is retained at 
C-4. This means that colletoketo) cannot be the precursor of 
colletodiol, and route (c) in Scheme 4 is ruled out. The oxygen 
labelling results indicate that the 5-hydroxy group is derived 
from the atmosphere i.e. via an oxidative process, whereas the 
4-hydroxy group must he derived from the medium cf. route 
(b), Scheme 4. A mechanism consistent with the observed 
labelling and the (R) configuration at both centres is shown in 
Scheme 6; epoxidation of a (Z)-alkene from the 3-face is 
followed by hydrolytic ring opening by attack of water from 
the cr-face at C-4. 

On the basis of these results, the thioesters (4) and (5) can 
be proposed as the actual enzyme-bound precursors for 
colletodiol. These may be built up by the sequence shown in 
Scheme 7 where the diol (6) in which the C-3 stereochemistry 
is uncertain, is proposed as a common intermediate, trans- 

elimination of water giving rise to the C6  precursor di 
whereas cis-elimination followed by addition of a furti 
unit produces the C8  precursor. The relative timing of ti 
formation step is not yet known but it may occur 
lactonisation and release from the enzyme surface a 
cated. 

Recieved, 22nd August 1985; Corn. 1250 
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Ethyl 3,5-dimethylorsellinate (3) doubly labelled with 13C and 180 in the carbonyl of the carboxy group and at ft 
position has been synthesised using a four-step procedure from sodium [1-13C,18021acetate, and incorporated i 
austin (1) by cultures of Aspergillus ustus. 

1). From the results of incorporation of label from 18( 
proposed the mechanism shown in Scheme 2 for the 
modification of the orse Ili nate-derived portion of the 
cyclised intermediate en route to austin (1). In agreemer 
these proposals the oxygen atoms attached to C-3' an 
were derived from the atmosphere. The C-4' and 
carbonyl and C-6' tertiary alcohol oxygens should be d 
via 3,5-dimethylorsellinate (2) from acetate. However, 

o 	 0 	-H 	 0 

4' - 	2 H 	 CO2 H 

We have recently shown' that austin (1), a toxic metabolite of 
Aspergillus usrus, is biosynthesized by a mixed polyketide-
terpenoid pathway in which C-alkylation of the tetraketide-
derived 3,5-dimethylorsellinate (2) by farnesyl pyrophosphate 
is followed by cyclisation and oxidative modification (Scheme 
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1. 180-Isotopically shifted resonances observed in the 100.6 MHz 13C n.m.r. spectra of austin (1), ethyl 3,5-dimethylorsellinate (3), 

iacetate (4).' 

arbon 	ô(1)b 	ô(1)c 160 'O O(3)' 	Aô(3)c 0: I8Qd 	(4)h 	Ab(4)C 	 160: 180d 

6' 	 80.8 	2.0 65:35 
8' 	171.0 	3.8 37.63 
6 160.0 	1.0 45:55 	145.0 	2.1 	61:39 

7 172.3 	3.3 41:59 	167.0 	3.7 	58:42 

experimental conditions see ref. 5. 1, ppm. I ppm. xlOO. d Unlabelled (3) or (4) added as internal reference. 

.x 
CO2 Et 

ii 
D 2 11a 	> MeCO2 Et 	 CH2 

CO2 Et 

I 

OR 	 0 	 0 

iv 
Me 	Meft. Me 	M e.JL :~ Me 

I 

x 	 . x 

Et 	 OEt 

OR 	Me 	Me 

I) 	R 	
13 C 

) R=Ac 	
X 18 

ne 3. Reagents: i, P0(0Et).; ii, LiN(SiMe3)2, tetrahydrofuran 
), —78 °C, CICO,Et; iii, NaOEt, EtOH; iv, Br2, CCI4. 

Jon studies with [113C,1802]acetate did not produce 
iently high enrichments to establish this. Somewhat 
isingly, C-6' did show an 180 isotope-induced shift in the 
t.m.r. spectrum of the 1802 derived austin, although its 
small magnitude (0.008 p.p.m.) suggested that it was a 
ft due to incorporation of label at C-3' and/or C-5'. In 
to resolve this ambiguity and to obtain further evidence 

ie origin of the remaining oxygens, we have synthesised 
80-labelled ethyl 3,5-dimethylorsellinate and studied Its 
poration into austin. 
hyl 3,5 -dime thylorsellinate labelled with 13C and 1 0 at 
r the C-7 carbonyl or at C-6 was synthesised as shown in 
me 3. Sodium [1-13C,1802]acetate was converted2 into 
acetate (86% yield), which on treatment with lithium 

imethylsilylamide and ethyl chloroformate gave diethyl 
13C; 1 ,3-'8olmalonate (72%) .3 Subsequent condensation 
4-methylhex-4-en-3-one4 and aromatisation gave a 48% 
of the desired ethyl 3,5-dimethylorsellinate (3) which 
1 1 mixture of molecules doubly labelled with 13C and 

it the C-7 carbonyl and molecules so labelled at C-6. 13C 
.r. analysis of both (3) and the derived diacetate (4) 
rmed the equal incorporation of labels exclusively at 
two sites (Table 1). 

corporation of [13C,180}_(3) into austin (1) by static 
res of A. usrus and analysis of the 13C n.m.r. spectrum of 
nriched metabolite showed isotope shifts for the C-6' and 
resonances (Figure 1). These clearly indicate their 

'ation from the 6-hydroxy and C-7 carbonyl oxygens of 
limethylorsellinate (2). The relative sizes of the isotopic-
shifted and non-shifted signals show that there is no 
ficant loss of label from C-6 of (3). However, approxi-
ly half the 180 label is lost from C-7 of (3). This is 
istent with formation of a free carboxylate at some stage 
g the biosynthesis followed by nucleophilic attack of the 

	

I .1.. •.I. 	______________ 
180 	160 	90 	70 

Figure 1. 180-Isotopically shifted resonances in the 100.6 MHz proton 
noise-decoupled 13C n.m.r. spectrum of austin (1) enriched by ethyl 
[13C, '8O]3,S -dime thylorsellinate (3). 

hydroxy group at C-5' on C-8' to form the y-lactone of austin 
(1), as indicated in Scheme 2. 
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The origins of all the oxygen atoms in andilesin A (1) have been determined by labelling studies with 
[1-13C,1802]acetate, 1802, and ethyl 3,5-dimethylorsellinate doubly-labelled with 13C and 180  at the carbonyl group 
and at C-6; the results suggest a biosynthetic pathway in which andilesin A (1) is dehydrated to give andilesin B 
which is then reduced to andilesin C (3). 

Andilesins A (1), B (2), and C (3), together with andibenins 
A, B, and C and anditomin constitute a biogenetically 
homogeneous group of metabolites that have been isolated 
from Aspergillus variecolor.' On the basis of labelling studies2  
with 13C-labelled acetates and methionine, a novel triprenyl-
phenol (meroterpenoid) biosynthetic pathway was proposed 
for these metabolites, the key step involving alkylation of a 
tetraketide derived phenolic intermediate (4) with farnesyl 
pyrophosphate to give (5) which can cyclise to (6). Further 
cyclisation and oxidative modifications convert (6) into the 
observed metabolites as outlined in Scheme 1. Further 
support for these proposals came from the efficient (1.1%) 
incorporation of 14C-labelled 3,5-dimethylorsellinate (4, R = 
OH) into andibenin B and the specific incorporation of 
2H-labelled (4, R = OH) into both andihenin B and andilesin 
A.3  However, the 4C-labelled-deoxyorsellinate (4, R = H) 
was also incorporated efficiently (0.4%) into these metabo-
lites. This surprising observation could be explained by (a) 
hydroxylation of deoxyorsellinate (4, R = H) to produce 

orsellinate (4, R = OH); (b) low specificity of the biosyni 
enzymes and operation of a metabolic grid; or (ç)  inco 
ation of 14C-label from deoxyorsellinate via prior degrad 
to e.g. acetyl CoA. In order to obtain more informati 
resolve this problem and in turn to define the biosynt 
inter-relationships among the A, B, and C metabolite 
have carried out oxygen-18 labelling studies on andilesin. 
to ascertain the origin of the oxygen atoms, in particulai 
of the 6'-hydroxy. 

Only low levels of enrichment were obtained on inco 
ation of [1-13C,180,]acetate into andilesin A by A. variec 
The proton noise-decoupled (p.n.d.) 'C n.m.r. spectru 
the enriched metabolite showed small isotopically si 
signals (Table 1) due to incorporation of acetate-de 
oxygen into the C-4' and C-8' carbonyls. Howeve 
resolvable shifted signal was observed for C-6', altho 
small shoulder was visible on the C-6' resonance. In a sep 
experiment, fermentation under an atmosphere enriched 
1802  produced andilesin A which showed isotopically sh 
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(1).(2).(3) 
Scheme 1 

Is for C-3, C-4, C-I', and C-8' consistent with the origin 
th oxygens in the 6-lactone and the ether oxygen in the 
one from oxidative processes (cf. andibenin B).4  No 
)ically shifted signal was observed for C-6' so the hydroxy 
m is not derived from the atmosphere. This rules out 
vays in which andilesin A is formed by hydroxylation of 
sin C, or orsellinate (4, R = OH) is formed by 
xylation of deoxyorsellinate (4, R = H). 
ambiguity in the origin of the 6'-hydroxy function was 

,ed by incorporation of ethyl 3,5-dimethylorse Ili nate (7)5 

i was doubly-labelled with 'C and 180 at either the 
xy carborfyl or at C-6. The 13C n.m.r. spectrum (Figure 
the resulting andilesin A now showed clear isotopically 
d signals for both C-6' and C-8'. Interestingly the 
nt of 180-label incorporated at C-8' is approximately 
h&t present at C-6' suggesting that the ?-lactone is formed 
tack of the hydroxy group on C-l' onto C-8' which has 
A as a free carboxylate at some stage during biosynthesis. 
e results of the incorporation experiments are sum-
ed in Scheme 2. The derivation of the 6'-hydroxy from 
mate (4, R = OH) confirms its role as an obligatory 
nediate to andilesin A (1). The observed incorporation 
>label from deoxyorsellinate (4, R = H) is thus probably 
ior degradation, path (c) above, as both paths (a) and (b) 
I necessitate some labelling of the 6'-hydroxy by atmos- 
c oxygen. The results indicate a pathway in which 
esin A (1) is the first metabolite to be formed and that it is 
8rted by elimination of water into andilesin B (2) which is 
reduced to andilesin C (3). 

I 	 I 	 I 

174.6 	174.4 	 72.0 	71.5 

Scheme 2 

Figure 1. 100.6 MHz p.n.d. 'C n.m.r. spectrum of C-8' and C-6' of 
andilesin A (1) enriched from ethyl [I3C,1 SO]3,5dimethylorsellinate 
(7). 

Table 1. ISO  Isotopically shifted resonances observed in the 100.6 
MHz 13C n.m.r. spectrum of andilesin A (1). 

Carbon 	8 	A ppm. x 100 Ratio 160:180 

C-3 	166.2 	 47C 	83: 15 
C-4 	 83.5 	 4.8C 	87:11 
C-i' 	69.1 	 2.9, 	88:12 
C-4' 	214.9 	536 	84:16 
C-6' 	71.9 	 1.2b 	 - 

1.8" 	72:28 
C-8' 	174.5 	 396 	82:18 

90:11 
3.8" 	88:12 

For experimental conditions see ref. 6. 6  Enriched by sodium [1I3C, 

1802]acetate. c Enriched from 602;  unlabelled andilesin A added as 
internal reference. " Enriched from ethyl fl 3C,1801-3,5-dimethyl-
orsellinate (7). 
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COMMUNICATIONS 

Limitations of IT Labeling in '3C NMR Studies 

In two recent papers (1, 2) the use of 12C  labeling in biosynthetic (1) and mechanistic 
(1,2) applications of 13C NMR has been advocated: in a 12C-labeling study, the missing 
rather than the enhanced lines would be identified in the final 13C spectrum. The advan-
tages of 12C over 13C labeling have been stressed, particularly the much reduced cost of 
12C-enriched materials compared to 13-enriched but also the lack of complications 
from 13C-13C coupling and the potential hazard to man of elevated 13C concentrations 
in metabolic studies. However, these comparisons are not entirely valid. 

In a mechanistic study, to obtain a significant result when using 12C labeling, com-
plete, or nearly so, elimination of the 13C atoms at the position of interest must be 
achieved; thus a precursor with effectively ]00% 12  C at the requisite position is required. 
However to achieve the equivalent result with 13C labeling, i.e., 100 % enhancement ofa 
line intensity as opposed to 100% elimination of intensity, only an extra 1.1 % IJ C over 
natural abundance at that position is required. Therefore, the cost of material containing 
only 2.2 % 13C is the relevant comparison and this must compare favorably with 100 
13C-labeled material. In addition the 13C-enrichment experiment is inherently more 
sensitive with a consequent saving in spectral accumulation costs, and, at this low con-
centration, '3C-13C coupling complications do not arise. 

In biosynthetic studies using 13C NMR, the important factor is the change in 13C 
abundance. For this we must consider the percentage of atoms at a given position in a 
metabolite that have been derived from or replaced by atoms from the added precursor. 
The table (Table 1) shows the change in 13C abundance for a range of incorporations of 

TABLE I 

CHANGE IN ' 3C ABUNDANCE ON REPLACEMENT OF NATURAL ABUNDANCE 

ATOMS BY PRECURSOR ENRICHED WITH 1000/. 12C or 100% 13C 

Replacement (%) 

3̀C abundance (%) 

'2C added' 	 '3C added 

0 1.11 	 1.11 
1 1.10 	 2.10 
5 1.06 	 7.06 

10 1.00 	 11.00 
25 0.83 	 25.83 
50 0.55 	 50.56 

100 0.00 	 100 

Natural abundance = 1.11%. 
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12C- and '3C-labeled precursors. It is clear that only replacement values of greater than 
50'1,,will give really significant results for '2C, as against 1 	for '3C. Incorporations 10 

of this order have been achieved in a few cases, e.g., proline incorporation into prodi-
giosin (3), but as a rule replacement values of Tess than lO V are much more typical due 
to metabolic pools, precursor uptake and product dilution factors. Thus apart from a 
few very favorable cases, the use of ' 2C labeling in biosynthetic studies is impractical 
and, even in these cases, very low concentrations of IT will give equally significant 
results, thus negating the cost factor. 

Similar arguments apply to metabolic studies: '2C labeling is likely to be useful in 
mass spectral studies but as regards IT NM  studies it is unlikely that the extra 1.1 % 
13C required in a metabolite to obtain the result equivalent to that with 12C labeling 
will present a significant risk. 

Nevertheless, '2C-enriched materials are available at an acceptable cost and will 
almost certainly find a use, particularly in mechanistic studies. But in these the cost 
factor need not be as great as has been suggested and should not be a deterrent to using 
'3C in mechanistic studies. 
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I Introduction 
Recent years have seen 13C n.m.r. grow from a relatively obscure technique 
to one rivalling 1H n.m.r. in utility and scope. The theory of 13C n.imr.,12  bio-
logical3  and biochemical4  applications, and early biosynthetic work5'6  have been 
reviewed, two general texts7'8  and a compilation of spectra9  have appeared, 
and the 13C n.m.r. spectra of a wide range of compounds have been assigned.'° 

Although radio-isotopes, particularly 'AC, have proved extremely useful in 
biosynthetic studies, they have one severe disadvantage in the necessity of 
carrying out extensive degradations to locate the incorporated isotope in a 
metabolite. This is often very difficult owing to formidable structural complexities 
or the presence of carbon atoms in an unreactive aromatic framework so that 
only a partial analysis is obtained. Furthermore, since in many cases chemical 
degradations are no longer necessary as structure proofs for natural products, 
their use for establishing 14C-labelling patterns becomes a tiresome exercise. 
However, since 13C n.m.r. is itself an integral component of structure elucidation, 
its use in biosynthetic studies is very attractive and allows the establishment of 
labelling patterns without recourse to extensive chemical degradations. 

The aim of this review is to discuss the methodology of 13C n.m.r. biosynthetic 
studies, both as an aid to evaluating the fast-expanding literature and to the 
undertaking of these studies, with emphasis on recent developments and 
applications. 

1  J B. Stothers, Quart. Rev., 1965, 19, 144. 
A. L. Anet and G. C. Levy, Science, 1973, 180, 141. 

J. B. Grutzner, Lloydia, 1972, 35, 375. 
A. Gray, C.R.C. Critical Reviews in Biochemistry, 1973, 247, 

G. Lukacs, Bull. Soc. chim. France, 1972, 351. 
M. Tanabe, 'Biosynthesis', ed. T. A. Geissman, Specialist Periodical Reports, The Chemical 
Society, London, 1973, Volume 2, p.  241. 
G. C. Levy and G. L. Nelson, 'Carbon-13 Nuclear Magnetic Resonance for Organic 
Chemists', Wiley-lnterscience, New York, 1972. 
J. B. Stothers, 'Carbon-l3 N.M.R. Spectroscopy', Academic Press, New York, 1972. 
L. F. Johnson and W. C. Jankowski, 'Carbon-13 Nuclear Magnetic Resonance Spectro-
scopy. A collection of Assigned, Coded and Indexed Spectra', Wiley-Interscience, New 
York, 1972. 

30  See for example: E. Wenkert, J. S. Bindra, C.-J. Chang, D. W. Cochran, and F. M. Schell, 
Accounts Chem. Res., 1974, 7, 46. 
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2 Proton Satellite Method 
Before discussing 13C n.m.r., brief mention must be made of the proton-satellite 
method. Spin—spin coupling between a "C nucleus and directly bound protons 
results in satellite bands appearing on either side of the main proton signal 
in the 'H n.m.r. spectrum, so providing an indirect probe for monitoring the 
"C abundance at a given position in a molecule. Any incorporation of a 
enriched precursor can be detected by the increase in intensity of these satellites, 
Sepedonin,l griseofulvin," fusaric acid,18  piercidin A,14  Mollisin,15  and variotin16  
have all been studied by this method. However, despite its advantage of only 
requiring readily available instrumentation, the method has severe limitations 
as only carbons with attached protons can be studied, and often complex 
'H spectra, traces of impurities, and spinning side-bands obscure the satellites. 
These limitations are overcome in the direct "C n.m.r. method. 

3 Carbon-13 Nuclear Magnetic Resonance 
The theory of "C n.m.r. has been thoroughly reviewed7'8  so a brief introduction 
only is given here, a working knowledge of 'H n.m.r. being sufficient to under-
stand "C n.m.r. Table 1 compares the relevant properties of "C and 'H and it 

Table 1 Comparison of nuclear properties of 1H and 13C 
'H 	13C 

Nuclear spin 
Resonance frequency at 23.5 kG 	 100 MHz 	25.2 MHz 
Natural abundance (%) 	 99.99 	Lii 
Relative sensitivity 	 1.00 	0.016 
Normal chemical shift range for organic molecules 10 p.p.m. 	200 p.p.m. 

may be seen that 13C, a stable isotope, natural abundance 1.1 % has a nuclear 
spin 1/2 and so is n.m.r. active and will show the same general splitting patterns 
as 'H. As may be deduced from Table 1, the main difficulties in obtaining a 
"C n.m.r. spectrum are its low abundance and low nuclear sensitivity, so that 
for a given sample "C is 6000 times less sensitive than 'H. It is the development 
of techniques to overcome this that has led to the huge growth in "C studies. 
These include 

the use of large samples, which became possible with the development of 
high-stability spectrometers taking up to 15 mm diameter n.m.r. tubes; 

(ii) multiscan techniques, initially multiple accumulation in the continuous- 

J. Wright, D. G. Smith, A. G. McInnes, L. C. Vining, and D. W. S. Westlake, Canad. J. 
.Biochem., 1969, 47, 945. 

' M. Tanabe and G. Detre, J. Amer. Chem. Soc., 1966, 88, 4515. 
U  D. Desaty, A. G. McInnes, D. G. Smith, and L. C. Vining, Canad. J. Biochem., 1968, 46, 

1293. 
14  M. Tanabe and H. Seto, J. Org. Chem., 1970, 35, 2087. 
U M. Tanabe and H. Seto, Biochemistry, 1970, 9, 4851. 

M. Tanabe and H. Seto, Biochim. Biophys. Acta, 1970, 208, 151. 
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wave mode but subsequently pulsed Fourier transform (FT) n.m.r.17  which 
enables much faster spectral determination than conventional methods; 

(iii) proton-noise-decoupling, providing two gains in sensitivity. By applying 
a wideband proton-decoupling frequency the diffuse multiplets arising from 
13C—'H spin—spin coupling are collapsed to a single sharp line; this also 
induces a nuclear overhauser effect (NOE) leading to an intensity enhance-
ment up to three-fold, due to disturbance of the 13C energy-level populations 
for carbon atoms with attached protons. 

Owing to the wide range of chemical shifts observed for 18C nuclei, even com-
plex molecules generally give 13C n.m.r. spectra in which every carbon has a 
discrete resonance. Much 13C n.m.r. assignment data has been accumulated; 
nevertheless complete assignment of resonances to a new molecule requires 
great care, and often considerable effort, especially in biosynthetic studies where 
the conclusions can only be as good as the original spectral assignments. Several 
aids to assignment are available: 

Known chemical shifts and subsrituent chemical shift effects. The chemical 
shifts of different functional types fall into well-defined ranges;7'8  carbonyl 
carbons resonate at low field (ca. 200 p.p.m.), aromatic and olefinic carbons at 
160-100 p.p.m., aliphatic carbons with electronegative substituents at 50-80 
p.p.m., and simple aliphatics at highest field 10-30 p.p.m. Substituent effects 
are generally found to be additive and rules for predicting chemical shifts in 
hydrocarbons18  and benzenoid aromatics7  are available. 

Off-resonance and specific proton decoupling. In the proton noise-decoupled 
spectrum all 13C-1H coupling information is lost. In the off-resonance decoupling 
experiment, the 1H irradiation is kept at high power levels but the centre fre-
quency is moved Ca. 500 Hz away from the protons being irradiated so that 
one-bond 13C-1H coupling patterns return, and the non-protonated, methine, 
methylene, and methyl carbons are observed as singlets, doublets, triplets, and 
quartets respectively. The observed or residual couplings, JR, are smaller than 
the actual one-bond coupling and are a function of the actual coupling, J, the 
decoupling power, H, and the decoupler offset zl v 19  

JR = JA v/il 

If J is known the residual coupling can be an aid to assignment. In the study 
of asperlin (1), a metabolite of Aspergillus nidulans, C-4, C-5, C-6, and C-7 all 
have one attached proton and are oxygen-bearing and so appear in the range 
55-80 p.p.m. and give doublets in the off-resonance spectrum. However, com-
parison of the observed and calculated residual couplings allowed an unam-
biguous assignment to be made and confirmed the incorporation pattern of 
sodium [2-13C]acetate shown.20  

E. Breitmaier, G. Jung, and W. Welter, Angew. Chem. Internat. Edn., 1971, 10, 673. 
D. M. Grant and E. G. Paul, J. Amer. Chem. Soc., 1964, 86, 2984. 
R. R. Ernst, J. Chem. Phys., 1966, 45, 3845. 

" M. Tanabe, T. Hanlasaki, D. Thomas, and L. Johnson, J. Amer. Chem. Soc., 1971, 93, 
273. 
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If the 'H n.m.r. spectrum has been fully or partially assigned, the 1H and 'C 
resonances can be interrelated by single-frequency decoupling with the decoupler 

0 
* H 
CH3C-o 

CH 0 0 n~ * 

(1) 	 (2) 

set exactly on a specific 'H frequency. The attached carbon appears as a singlet 
in the 13C spectrum whereas the remaining carbons show off-resonance patterns. 
This process becomes tedious if several resonances require studying but can 
be overcome by plotting the line frequencies in the 13C spectrum as the 'H 
irradiating frequency is stepped through the 'H n.m.r. spectrum. Where the lines 
cross gives the point where JR is zero, and hence the 'H and "C frequencies 
can be correlated.2' Figure 1 illustrates the results obtained for NAD (2). 

Lanthanide-induced shift studies. These are not as useful in 13C studies as in 
'H n.m.r. because the actual shifts are of the same absolute value in both and so 
are relatively small in "C n.m.r., as are solvent and anisotropy effects. However, 
they can be useful for separating overlapping resonances. In complicatic acid (3), 
the resonances due to C-3 and C-10 both occur at 46 p.p.m. However, addition 
of [Eu(fod)aJ separated these resonances and showed that C-3 but not C-b 
was enriched from [1-18C]acetate-enriched cultures of Stereum complicatu,n.2' 

Another important use of shift reagents is to resolve the 'H n.m.r. spectrum 
prior to specific proton-decoupling studies on the "C n.m.r. spectrum." 

Model and derivative studies. Model compounds whose chemical shifts are 
known can be helpful in assigning the spectrum of a new compound, though 
they must be used with care. Quaternary carbons present the greatest difficulties 
in assignment, and studying the variation of chemical shifts in a series of closely 
related compounds may be the only method of reaching an unambiguous assign-
ment. The "C n.m.r. spectrum of tajixanthone (5), a prenylated xanthone meta-
bolite of Aspergillus variecolor, was fully assigned by a study of eleven deriva-
tivesY' Subsequent incorporation of [1-13C]- and [2-"C]-acetates indicated 
its biogenesis by prenylation and cleavage of an anthrone precursor via the 
known co-metabolite arugosin (4). 

(e) Synthesis of a compound enriched at a known site with "C has been used for 

" B. Birdsall, N. J. M. Birdsall, and J. Feeney, J.C.S. Chem. Comm., 197/, 316. 
22 T. C. Feline, G. Mellows, R. B. Jones, and L. Phillips, J.C.S. Chem. Comm., 1974, 63. 
22 B. Birdsall, J. Feeney, J. A. Glasel, R. J. P. Williams, and A. V. Xavier, Chem. Comm., 

1971, 1473. 
21 J S. E. Holker, R. D. Lapper, and T. J. Simpson, J.C.S. Perkin I, 1974, 2135. 
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Figure 1 Plot ofpeak frequencies in the 1H off-resonance selectively decoup led "C spectra 

of NAD+ as a function of the position of irradiation in the 'H spectrum, expressed in 
ppm. to high frequency of internal dioxan. The position of the peaks in the 'H noise-
decoupled "C spectrum are shown by lines on the ordinate and the position of the proton 
peaks by lines of the abscissa. The arrows T indicate the point of collapse of the "C doublet 
and the connection between a given "C peak and the assigned proton peak. Small doublet 
splittings are observed on some of the signals from long-range (C-H) spin couplings. 
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assignment. An exact assignment of the meso-carbons of protoporphyrjn IX 
(6) was required prior to biosynthetic studies. This was accomplished by synthesis 
of protoporphyrjns enriched specifically at the fi-, y-, and -meso positions respectively.25 

I 

(4) 	 (5) 	 (6) 

Partially relaxed Fourier transform (PRF7') n.m.r. The T1  relaxation times for 13C atoms generally increase in the sequence methylene, methine, methyl, 
and quaternary carbon, so as the pulse internal time, 7, is increased the negative 
peaks obtained in PRFT for short values invert in the sequence above. This can 
be of great value in assigning resonances, especially in congested spectra where 
off-resonance may be of limited value.26  

Incorporation studies. 15N is an isotope of spin J and so is n.m.r. active and 
will couple with 13C nuclei. Thus a metabolite grown in the presence of, say, 
K15NO2  will exhibit 15N-13C couplings for any carbons bonded to nitrogen. 
Similarly, any compound with adjacent 13C nuclei will exhibit a 13C-C coupling 
between these nuclei. Both these points are illustrated below. 

4 Biosynthetic Methodology 
The availability of 13C-enriched compounds has increased rapidly and a wide 
range, similar to that for 14C, is now available at enrichments of up to 95 % 
and many others may be readily synthesized by standard methods from simple 
precursors such as 13CO2, 13CH31, and K13CN. 

A. Precursor Incorporation.—Precursor efficiency may be assessed in several 
ways27  but for 'C studies the important criterion is dilution of added label. For 14C, dilution per labelled site is given by: 
U A. R. Battersby, G. L. Hodgson, M. Ihara, F. McDonald, and J. Saunders, J.C.S. Chem. Comm., 1973, 441 ; J.C.S. Perkin 1, 1973, 2923. 
"K. Nakanishi, R. Crouch, I. Miura, X. Dominguez, A. Zarnudio, and R. Villarreal, 

J. Amer. Chem. Soc., 1974, 96, 609. 
S. A. Brown, in 'Biosynthesis', ed. T. A. Geissman, Specialist Periodical Reports, The 
Chemical Society, London, 1972, Vol. 1, p. 9. 
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specific activity of precursor x no. of labelled sites 
specific activity of product 

To obtain unequivocal results in "C studies using 90% enriched precursors, 

dilutions per labelled site of ca. 100 or less are required. This is due to inherent 

errors in 'Sc n.m.r. resonance intensities (see below), requiring a two-fold increase 
in "C abundance to be certain that enrichment has occurred. Relatively large 

amounts of precursor, typically 1-20 mmol I-', have to be used to obtain this, 

especially for low precursor efficiencies. This introduces problems of expense 
and interference with normal metabolism; in contrast to 'C studies, non-
tracer amounts are now being used. A lowering of metabolite yields is common 
and cases of toxicity have been reported for elevated concentrations of acetate 

(0.2" and 1.6 g 1_1);28  propionate" (0.2 g I-'), and mevalonate2' (0.1 g I-'). 

However, in other cases, higher concentrations have been used successfully, 

e.g. 2 g 1' of acetate,24  and the problem can often be overcome by pulsed feed- 

ings of precursor.1' 
Preliminary experiments with 14C-labelled precursors are generally carried out 

to ascertain the feasibility of "C studies and to optimize conditions. Three main 
parameters require studying: time of precursor addition, incubation time, 
and amount of precursor. Maximum precursor incorporation usually occurs with 
addition of precursor at the start of maximum metabolite production, i.e. the 

start of the idiopliase'° in microbial fermentations, necessitating the determination 
of growth and production curves. Incorporation may be very sensitive to time 
of addition. Figure 2 illustrates the marked variation of incorporation with 
day of addition of mevalonolactofle into the sequiterpenoid trichothecins." 

The period of growth after addition of precursor may also be critical. The 

variation in dilution of [14C]acetate on incorporation into sepedonin 
(7)12 is 

shown in Figure 3, which illustrates that neither maximum yield of metabolite 
nor even maximum total incorporation of label is the important factor, the prime 

consideration being minimum dilution of label given a sufficient yield of metabolite 

for "C spectral determination. 
Finally, mass versus incorporation studies will determine the minimum amount 

of precursor that must be added to obtain a satisfactory enrichment. Table 2 
shows the variation of dilution with amount of added [14C]acetate during 

biosynthetic studies on shanorellin (8) in Shanorella spirotrichi. Incorporation 

of [13C]acetate and [13C]methionine indicated its origin from a tetraketide with 

the methyls derived from the ci-pool." 

B. Interpretation and Presentation of Results.—Having obtained a "c-enriched 

metabolite as above, the results from the "C n.m.r. spectrum must be evaluated. 

21 
R. J. White, E. Martinelli, G. G. Gab, G. Lancini, and P. Benyon, Nature, 1973, 243, 273. 

" J. R. Hanson, T. Marten, and M. Siverns, J.C.S. Perkin 1, 1974, 1033. 
J. D. l3u'Lock in 'Essays in Biosynthesis and Microbial Development', Wiley, London. 

1967. 
' C.-K. Wat, A. G. McInnes, D. G. Smith, and L. C. Vining, Canad. J. Biodiem., 1972, 

50, 620. 
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Table 2 Incorporation of radioactivity from (1-'4C]acetate into shanorellin 
Shanorellin 

mmolAcetate tkCi mmol-1  mg jiCi mmol-1  Dilution 
0.5 210 49 8.05 26 
1.0 105 63 8.85 12 
2.0 52.6 44 7.90 6.7 
5.0 21.1 27 8.16 2.6 

1 2 3 4 5 6 7 8 9 10 
Day of growth when fed MVA 

Figure 2 Variation of incorporation of [' 4C],neva Ionic acid (MVA) into trichothecjn 
with day of addition 
(Reproduced from J.C.S. Perkin 1, 1974, 1033) 

0 	OH 

CH3CO2Na 
A 	-9 

HCO2H 	 H0'N, 
I 	I 

0t'-CH3  
OH 

(7) 
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Figure 3 Yield and specific activity of sepedonin produced by cultures of S. chryso-
spermum administered ["C]acelate (9 mmol 1') on the 7th day after innoculation 
(Reproduced by permission from Canad. J. Biochem., 1969, 47, 945) 

0 	 0 

CH3* 
CH3CO2NO 	

-+ 	

- CH, 	CH  

H8SCHCH-0O2I1 	

0 CH 

H02 * CH20H 

NH2 	 COS-00

j: 	

CA 	 0 

(8) 

If high enrichments are obtained the labelled sites will be readily apparent by 
visual inspection of the spectra. In the case of radicinin (9), the enrichment was 
so high that only the labelled peaks were visible32  (Figure 4). 

* 	 * 	 * 	 'S 

CH, CH3  * . 
CH3CO2Na 	

0 	 OH 

0 0 

(9) 

" M. Tanabe, H. Seto, and L. Johnson, J. Amer. C/win. Soc., 1970, 92, 2157. 
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200 	160 	120 	80 	40 	0 
Sc/PPm 

Figure 4 13C N.m.r. spectra of radicinin from (a) '8CH3CO2 Na and (b) CH318CO2Na (Reproduced by permission from J. Amer. Chem. Soc., 1970, 92, 2157) 

Incorporations are commonly given as percentage enrichments: 

Percentage enrichment 
fobserved 13C abundance\ 

= I \ natural 13C abundance / 

Very high enrichments, 5-60%, have been recorded but lower values, 
0.5-5 %, are more typical and can require more care in assessing, particularly 
at the lower values, because of the 'intensity problem'.3  

In 13C n.m.r. line intensities are non-integral owing to the variable NOE and 
widely varying relaxation times. With FT n.m.r. the interval between scanning 
pulses may be shorter than the relaxation times of individual 13C nuclei, resulting 
in differential amounts of saturation occurring and thus variable line intensities, 
particularly for quaternary carbons. Addition of a free radical33  or a para-
magnetic species,34  e.g. chromium trisacetoacetonate, [Cr(acac)a], can partly 
overcome the pi oblem. This complex quenches the NOE and shortens the relax-
ation times to give more uniform line intensities and was used to advantage in 

" G. N. La Mar, J. Amer. Chem. Soc., 1971, 93, 1040. 
R. Freeman, K. G. R. Pachier, and G. N. La Mar, J. Chem. Phvs, 1971, 55, 4586. 
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studying the biosynthesis of helicobasidin (10) in Helicobasidium mompa.85 

[2-13C]Mevalonate was expected to label C-4 and C-12, with the remaining 
label distributed equally between C-8 and C-10 owing to tautomerism of the 

OH 
12 ~ICH3 

H302NO 
-k 	

-~ 	 14 : 	
' 	 10 12 

••-/ 'CH3 __L 

	

0 	i.I5 	
OH 

(I 0) 

dihydroxy—quiflOfle system. However, in the resultant spectrum, the large varia-
tions in intensity made the labelling of C-8 and C-10 uncertain, but from the 
spectrum in the presence of 0.1 mol l' [Cr(acac)a] the equal labelling of C-8 
and C-10 was apparent (Figure 5). 

A second method uses gated decoupling. In this, the NOE is eliminated by 
switching off the 'H noise decoupling frequency during the interval between 
scanning pulses. This method was used to study the incorporation of [2-13C] 

acetate into asperentin (11) by Aspergillus flavus.36 The saturation problem can 

OH 0 

	

CH3802Na HO

'I::: 	 1 	 0 CH3 

(ID 

be eliminated by a sufficiently long delay between the scanning pulses, but as 
some "C relaxation times are very long a compromise has to be made in 
practice to maintain reasonable spectral acquisition times. 

Ultimately the only reliable method is a direct comparison of the respective 
line intensities in the natural-abundance and enriched spectra; both sets of 
intensities are subject to identical NOEs and relaxation considerations which 
should cancel out provided both spectra are standardized. This can be achieved 
by using identical concentrations and instrument parameters15 but a more con-

venient technique is to normalize both spectra to a reliable standard. If the mater-
ial is derivatized before spectral acquisition, as with asperentin (11) as the 
dimethyl ether or neomycin (see below) as the hexa-acetate, all the remaining 
line intensities can be normalized to the average value of the intensities of the 
introduced methyl groups in each spectrum. Correction for the difference of 
these averages in the respective spectra then allows direct comparison of indi- 

31 	Tanabe, K. Suzuki, and W. C. Jankowski, Tetrahedron Letters, 1973, 4723. 

U L. Cattel, J. F. Grove, and D. Shaw, J.C.S. Perkin 1, 1973, 2626. 
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2

is 
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Figure 5 'C N.ni.r. spectra of helicobasidin from (a) [2-18Cjmevalonate, (b) [2-11CJ-acetate, (c) [1-13C] acetate, and (d) at natural abundance, all in the presence of 0.1 M-[Cr(acac)], and (e) at natural abundance alone 
(Reproduced by permission from Tetrahedron Letters, 1973, 4723) 

vidual intensities. However, derivatization is not always feasible. Incorporation 
of [2-13C]mevalonate was used to distinguish between the two possible foldings 
of the farnesyl pyrophosphate precursor of trichothecalone (12) (Scheme 1) 
as 14C studies provided conflicting evidence.29  Incorporation of label at C-4 
and C-8 rather than at C-10 indicated biosynthesis via path (b). The natural-
abundance and enriched spectra were normalized to the line intensity of C-12 
which was assumed to be unlabelled. This was not an ideal choice as, being one 
of the least intense peaks in the spectrum, it is most sensitive to errors. A more 
general method using all the unlabelled peaks in the spectrum for normalization 
has been proposed.24  
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Scheme 1 

However, despite these operations, there remains for F1' n.m.r. spectra an 
uncertainty in line intensities due to the digitization of data during spectral 
accumulation and transformation37 so that a series of experiments run on 
the same sample under apparently identical spectrometer parameters can give 
intensities that vary by ± 20%. This means that enrichments of less than 0.5 Y. 
must be regarded with caution in the absence of supporting data such as multiple 
spectral determinations, proton-satellite enrichments, or 13C_13C coupling. 
The problem is alleviated by the use of larger data-storage facilities3 but these 
are expensive and not always readily available. 

5 Further Biosynthetic Studies 
A large variety of metabolite types have been studied, several having been 
mentioned above. Further examples are discussed below. 

Lasocolic acid (13) contains three unique C-ethyl groups. 'C Studies failed 

Me 

	

CO 	Me Me  t 
116 ~17 Et 

HO 	 OnI2 	 Et E 
9 	

5 

 

Is 	22 

Me 

(13) 

to establish the origin of these groups but addition of sodium [1-13CJbutyrate 
to the culture established their butyrate origin.38 Incorporation of [l-C] 
propionate confirmed the origin of the C-4, C-b, C-12, and C-16 methyls and 
[1-13C]acetate that of the C-23 methyl.39 

Considerable attention has been given to the origin of the ANSA chain in the 

31 H. M. Pickett and H. L. Strass, Analyt. Chem., 1972, 44, 265. 
"J. W. Westley, D. L. Preuss, and R. G. Pitcher, J.C.S. Chem. Comm., 1972, 161. 
19 J. W. Westley, R. H. Evans, G. Harvey, R. G. Pitcher, D. L. Preuss, A. Stempel, and 

J. Berger, J. Antibiotics, 1974, 27, 288. 
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rifamycins and related antibiotics. Incorporation of [1-'8C]-, [2-1 C]-, and 
[3-18C]-propionates and of [1-13C]- and [2-18C]-acetates into rifamycin S (14) by 
Nocadia mediterranei confirmed the origin of the ANSA chain from eight 
propionate and two acetate units, linked in a clockwise manner28  (Scheme 2), 

S 
CH3COH 

ADO 
CHCH2CO2H 

HO CH2OH 

CO2Ff 

tCHZ  CO H 

-0 -0 

('4) 
Scheme 2 

since [1-13C]acetate enriches C-17 rather than C-19. The exact assignment of 
the C-17 and C-19 13 resonances was crucial here and was achieved by specific 
proton decoupling.40  Similar findings are reported for the related strepto-
varicins.41  The origin of the C7N moiety, C-I to C-4 and C-8 to C-b, is obscure, 
but the enrichment of C-I and C-JO of rifamycin S on incorporation of [1-1 C] 
glucose has been reported,42  providing the first direct evidence for the origin 
of this moiety, also found in the mitomycins, validamycins, and kinamycins. In 
this study the first use of [2-13C]malonate is reported; C-S and C-I 8 are enriched 
but, interestingly, not the C-25 acetoxy-group. 

Incorporations of both 13C-labelled acetate and mevalonate into terpenes 
have been reported. Studies on helicobasidin, complicatic acid, and tricho-
thecalone have been discussed above; incorporation of [13C]acetate into the 
virescenosides'43  fusidic acid,44  and Acrostolagmus 5  lactone have also been 
reported. 

The neomycins [e.g. (15)] are antibiotic metabolites of Streptomyces fradiae. 
The lack of crystalline derivatives and satisfactory degradations hampered 1 C 
biosynthetic studies but incorporation of [l-13C]glucosamine and [6-13C]glucose 
led to the labelling pattern shown in Scheme 3,46 The preferential incorporation 

E. Martinelli, R. J. White, G. G. Gallo, and P. J. Benyon, Tetrahedron Letters, 1974, 1367. 
B. Milavetz, K. Kakinuma, K. L. Rinehart, J. P. Rolls, and W. J. Haak,J. Amer. Chem. Soc., 1973, 95, 5793. 

"A. Karisson, G. Sartori, and R. J. White, European J. Biochem., 1974, 47, 251. 
Polonsky, Z. Baskevitch, N. Cognoli -Bell avjta, P. Cecchivelli, B. L. Buckwalter, and 

E. Wenkert, J. Amer. Chem. Soc., 1972, 94, 4369. 
"T. Riisom, H. J. Jakobsen, N. Rastrup-Andersen, and H. Lorck, Tetrahedron Letters, 1974, 2247. 

H. Kakjsawa, M. Sato, T.-l. Ruo, and T. Hayashi, J.C.S. Chem. Comm., 1973, 802. 
L. Rinehart, J. M. Malik, R. S. Nystrom, R. M. Stroshane, S. T. Truitt, M. Taniguchi, 

J. P. Rolls, W. J. Haak, and B. A. Rofr, J. Amer. Chem. Soc., 1974, 96, 2263. 
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(15) 
Scheme 3 

of glucose rather than glucosamine into the deoxystreptamine residue (D) was 
unexpected and necessitated the proposal of a new pathway for deoxystreptamine 
biosynthesis. It and related amino-cyclitols are important constituents of several 
antibiotics.47  

Incorporations of [12C]-labelled acetates and valines into cephalosporin C 
(16) are as expected from 14C studies. The higher degree of labelling with [2-15C] 

acetate of C-14 compared with C-Il, C-12, and C-13, which were similar, 
suggested the formation of the cs-aminoadipyl side-chain from c-ketoglutaric 
acid and acetyl coenzyme A.48  The stereoselective incorporation of 13C in 

(2RS,3R)-[4-13C]valine into C-249  and of (2RS,3S)-[4-12C]valine into C-17 of 

(1 6)° has been demonstrated. The (3R)-isomer specifically labels the C-2 

fl-methyl group of penicillin V (17) in Penicillium chrysogenum51  and the (3S)-

isomer labels the cr-methyl group.52  
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t - 	 CO2H 

H02C 	CH  
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H2N £CH 	 0 

-C-N PhOCH2 	
,CH3 

COH 

('7). 

Scheme 4 

41  W. T. Dobranzki, Chem. in Britain, 1974, 10, 386. 
"N. Neuss, C. H. Nash, P. A. Lemke, and J. B. Grutzner, J. Amer. Chem. Soc. 1971, 93, 

2337; Proc. Roy. Soc., 1971, B179, 335. 
"N. Neuss, C. H. Nash, J. E. Baldwin, P. A. Lemke, and J. B. Grutzner,J. Amer. Chein, Soc., 

1973, 95, 3797. 
60  H. Kleunder, C. H. Bradley, C. J. Sih, P. Fawcett, and E. P. Abraham, J. Amer. Chem. Soc., 

1973, 95, 6149. 
' P. A. Lemke, C. H. Nash, and S. N. Pieper, J. Gen. Microbiol., in the press. 

62  D. J. Aberhart and L. J. Lin, J.C.S. Perkin 1, 1974, 2320. 
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'C N.m.r. has been used extensively in biosynthetic studies of porphyrins 
and vitamin B12 (18). Early work on the incorporation of 13C-labelled por-
phobilinogen, -amino-laevuIinic acids, and Urogens I—IV has been reviewed.6  
More recently, three groups have independently shown that seven of the eight 
methyl groups of vitamin B12 are enriched by feeding [13C]methionine to 
Propionibacterium shermanii.53  The methyl group not enriched is one of those 
at C-12. Battersby has suggested this to be the 12p; degradation of vitamin B12 
gives the imide (19) in which the methyl 1H n.m.r. resonances have been assigned. 

CONH2  
J 	*j 

\—CONH20  
Me- 

	

Me, 	
p-k C 	 10 	 Me,, 

ONA

17 

Me 

18 16  
H2NCO 	I I" 

	

6 	

Me3 
CO2H Me 

HNCO 

Me-00 	 (19) Me 

	

Z' cN 	Me O- H 

HOCH2  

(18) 

Only the signal due to the 12a-methyl showed enhanced 13C satellites, Scott is in 
agreement with this, arguing that the C-2, C-7, C-12ce, and C-17 methyls should 
have similar chemical shifts owing to the y-effect54  of the syn-propionate side-
chain whereas that at C-12P, lacking this, should be shifted downfield. Good 
support was obtained for this analysis from the 13C n.m.r. spectrum of the 
enriched vitamin B12 after epimerization at C-13 when one of the enriched 
signals, presumably the C-12cs, moved downfield by Ca. 12 p.p.m. Shemin and 
Katz have reached the opposite conclusion using specific proton decoupling 
to correlate the enriched 13C resonances with the 'H resonances. However, 
doubt has been cast on the crucial 'H assignments in this case.55  

' (a) A. R. Battersby, M. Mara, E. McDonald, J. R. Stevenson, and B. T. Golding, J.C.S. 
Chem. Comm., 1973, 404; ibid., 1974, 458; (b) A. I. Scott, C. A. Townsend, and R. J. 
Cushley, J. Amer. Chem. Soc., 1973, 95, 5759; (c) C. E. Brown, D. Shemin, and J. J. Katz, 
J. Biol. Chem., 1973, 248, 8015. 

"D. K. Dating and D. M. Grant, J. Amer. Chem. Soc., 1972, 94, 9318. 
65  E. McDonald, Ann. Reports (B), 1974, 70, 597. 
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1C Studies clearly indicate that the mechanism of pyrrole-ring formation in 
prodigiosin (20) is unrelated to that operative in the porphyrins and so is of 
special interest. A complete assignment of the 13C spectrum of prodigiosin has 

been made,56  enabling 18C biosynthetic studies to be carried out. 13C-Labelled 
acetates, alanine, proline, glycine, and serine have been incorporated by cultures 
of Serratia marcescens (Scheme 5), allowing a biosynthetic path to be proposed.57  

	

t 	0 0 0 
o 0CM3  a * * * 

CH3  , 
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N CO2H CO2H 

H 	 H2PV 

(20) 

Scheme 5 

Recently metacycloprodigiosin and undecyiprodigiosin have been isolated, and 
13C studies indicate a similar biosynthesis-51  

Specific proton decoupling and PRFT methods have been used to assign the 
13C n.m.r. spectra of cytochalasin B (21) and cytochalasin D (22). Incorporation 
of sodium [1-13C]- and [2-13C]-acetate59  confirms previous proposals of bio-
synthesis of the cytochalasins from phenylalanine, methionine, and a C18 or C16  
polyketide (Scheme 6). 

6 13C-1 C Spin-Spin Coupling 
In natural-abundance 13C n.m.r. spectra C-'C spin-spin coupling is not 
observed as the probability of 13C nuclei being adjacent is equal to the square 
of the natural abundance, giving satellites of 0.55 % of the intensity of the main 
signal. However, in enriched material the probability is much higher and the 
detection of a 13C-13C coupling can provide conclusive evidence that two labels 
have been incorporated into adjacent positions in a molecule. 

A. Singly Labelled Precursors.—A 13C-13C coupling can arise from administra-
tion of singly labelled precursors in a variety of ways. 

' R. J. Cushley, D. R. Andersen, S. R. Lipsky, R. J. Sykes, and H. H. Wasserman, J. Amer. 
Chem. Soc., 1971, 93, 6284. 

61  H. H. Wasserman, R. J. Sykes, P. Peverada, C. K. Shaw, R. I. Cushley, and S. R. Lipsky, 
J. Amer. Chem. Soc., 1973, 95, 6874. 

58  H. H. Wasserman, R. J. Sykes, C. K. Shaw, and K. J. Cushley, Tetrahedron Letters, 1974, 
2787. 

85 W. Graf, J.-L. Robert, J. C. Vederas, C. Tamsn, P. H. Solomon, I. Miura, and K. Nakanishi, 
Heir. Chim. Ada, 1974, 57, 1801. 
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Scheme 6 

Molecular rearrangement of a biosynthetic intermediate may give rise to a 
13C_13C coupling. The pyrone (23), a metabolite of Aspergillus quercinus, when 

enriched from [2-13C]acetate shows a coupling of 61 Hz between C-2 and C-7 
(Figure 6b). This coupling probably arises from an intramolecular rearrangement 
of the precursor polyketide chain60  (Scheme 7). A similar coupling from head-to-
head linkage of acetate units is observed on incorooration of [2-3C]acetate into 
sterigmatocystin (24).61 

Folding of a pentaketide chain to give a five-membered ring results in a 

13C—C coupling between C-5 and C4a of dihydrolatumicidin (25) enriched from 

[2-3C]acetate.62 Folding of a terpenoid chain enriched from [1-13C]acetate 
gives rise to a coupling between C-I and C-5 in helicobasidin, (Figure 5), and 

between C-8 and C-14 in fusidic acid (26). The head-to-head linkage of farnesyl 
units, via squalene, gives rise to the coupling observed between C-il and C-12. 

44 

Conversion of [2-13C]acetate into succinate in the Krebs cycle results in a 

° T. J. Simpson, Tetrahedron Letters, 1975, 175. 
' M. Tanabe, T. Hamasaki, H. Seto, and L. Johnson, Chem. Comm., 1970, 1539. 

"H. Seto, T. Sato, H. Yonehara, and W. C. Jankowski, J. Antibiotics, 1973, 2.6, 609. 
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150 	 100 	 50 	 0 

Figure 6 1H Noise-decoupled 13C n.m.r. spectra of pyrone (23) from (a) CH 13CO2Na, 
(b) 'CHaCO2Na, and (c) '3CH313CO2Na 

13c_13c coupling between C-Il and C-15 in avenaciolide (27).63  Similar meta-
bolic transformations give rise to 13C 13C couplings when [2-13C]glycine is 

61  M. Tanabe, T. Hamasaki, Y. Suzuki, and L. F. Johnson, J.C.S. Chem. Comm., 1973, 212. 
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incorporated via serine into prodigiosin and 	 acid is 
incorporated into vitamin B12  via porphobilinogen.64  

B. Doubly Labelled Precursors.—This has been without doubt one of the most 
important developments in biosynthetic studies in recent years. Most studies 
have used [I,2-13C]acetate in which both the carboxyl and methyl carbons are 
highly enriched. This means that with this precursor all acetate-derived atoms are 

' C. E. Brown, J. J. Katz, and D. Shemin, Proc. Nat. Aced. Sci. U.S.A., 1972, 69, 2585. 

516 



(26) 

S 	 7 8 	0 *  
* • 	 CH2—CO2N 	* 

C H 3CO2  Na —* 	 —* * 	. 
CH2 — CO2H 

CH2 1112
15 

 

0 

(27) 

labelled and adjacent atoms derived from incorporation of an intact acetate 
unit will exhibit a 13C_13C coupling. Generally, no coupling will be observed 
between adjacent units owing to the low probability of more than one added 
precursor unit being incorporated into any one metabolite molecule. This 
coupling can be of great use in structural and spectral assignment studies in addi-
tion to providing biosynthetic information. 

The first application of this technique was to dihydrolatumicidin (25). On 
incorporation of [1,2-13C ]acetate all 10 carbons exhibited 13C13C couplings, 
confirming its origin from five acetate Ufljts.65  Feeding of a 50:50 mixture of 
[1-13C]acetate and [2-13C]acetate gave rise to couplings for the carbon-carbon 
bonds between adjacent acetate units. Although four combinations between 
these singly labelled acetates are possible, only one ( CH313C0 13CH3CO) 
gives the desired coupling. This latter technique requires high incorporations 
and so is of limited use. The size of the 13C_13C coupling, generally 30-90 Hz, 
is related to the hybridization of the atoms involved,8  increasing with increased 
's' character, and so in conjunction with chemical shift data is an important 
source of structural information. 

Tenellin (28), a metabolite of Beauvaria sp., has been studied using [1,2-1 C]-
acetate to provide both structural and biosynthetic information. An interesting 
feature of this study was growth of the organism using K15NO3 as the sole nitro-
gen source, resulting in 13C-15N couplings on C-6 and C-2. [13C]Methionine 
indicated the origin of the C-10 and C-12 methyl groups and feeding of [1-13C}- 

' H. Seto, T. Sato, and H. Yonehara, J. Amer. Chen,. Soc., 1973, 95, 8461. 
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and [2-13C]-phenylalanjne proved the origin of the remainder of the molecule 
and indicated that a carboxy-carbon migration must take place during bio-
synthesis.66  

0 	0 

OH 0 
PhCH2CH-CO2H HO 	

0N *60 

	CH5  CH3  
CH3SCH2CH2CH-CO2H 

NH, * 	. CH3-602Na 	 OH 

(28) 

A major advantage of doubly labelled precursors is in the elucidation of 
anomalous biosynthetic pathways. If the biosynthesis involves cleavage of an 
original acetate unit, the 13C_13C coupling is lost and the respective carbons now 
appear merely as enhanced singlets. When [1,2-13C]acetate is incorporated into 
pyrone (23), three of the nine carbons appear as singlets; the remaining six 
all exhibit 13C_13C coupling (Figure 6c), suggesting biosynthesis via cleavage 
of a pre-formed carbocyclic ring as in Scheme 7. 

The lack of couplings on C-i and C-Il of mollisin (29) enriched with [1,2-1 C] 
acetate was interpreted in favour of a two-chain derivation67  as in path (b) of 
Scheme 8; path (a) had been suggested on the basis of proton satellite studies 
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Scheme 8 

1W 
A. G. McInnes, D. G. Smith, C.-K. Wat, L. C. Vining, and J. L. C. Wright, J.C.S. Chem. 
Comm., 1974,281; ibid., p. 283. 

47  H. Seto, L. W. Cary, and M. Tanabe, J.C.S. Chem. Comm., 1973, 867. 
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with singly labelled acetate. However, cleavage of a single polyketide chain, 
path (c), would give similar results and cannot be excluded. 

'C—'C Couplings from incorporation of [1 ,2-'3C]acetate  aided in the placing 
of the substituents on the tetronic acid ring of multicolic acid (30), a metabolite 
of Penicillium multicolor.68  The labelling pattern from [1-13C]- and [2-1 C] 
acetate was not as expected from the normal pathway of fungal tetronic acid 
biosynthesis and suggested formation via ring cleavage of n-pentylresorcylic 
acid (31). The absence of couplings on C-I, C-3, and C-Il on feeding [1,213C] 
acetate confirmed this hypothesis. 

CO2H 

HO HO 	56; * 	. 
*Z4  CH3—CO2No 	

0. 

CO2H 

(31) 	 (30) 

Incorporation of [1,2-13C )acetate into ascochlorin (32) in Nectria coccinea 
resulted in only five 'C—'C couplings in the triprenyl side-chain, showing that 
the methyl from C-6 rather than from C-2 of mevalonate migrates during 
biosynthesis.6  

CI 
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- 	
HO 

0'O 0 
OH  

(32) 

It has been suggested that the cyclopentenol (33), a metabolite of Periconia 
macrospinosa, and related fungal cyclopentenones are formed by ring contraction 
of a benzenoid precursor.70  The incorporation of singly and doubly labelled 
[13C]acetate shows that this is the case, but the labelling pattern obtained indi-
cates a different mechanism from that proposed.71  
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"J. A. Gudgeon, J. S. E. Holker, and T. J. Simpson, J.C.S. Chem. Comm., 1974, 636. 
11  M. Tanabe and K. T. Suzuki, J.C.S. Chem. Comm., 1974, 445. 
° W. B. Turner, 'Fungal Metabolites', Academic Press, London, 1971, p.  126. 

71 J S. E. Holker and K. Young, J.C.S. Chem. Comm., 1975, 525. 
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The use of a doubly labelled precursor other than acetate is illustrated by the 
elegant work of Battersby on the biosynthesis of uroporphyririogen 111 (35).72  
[2,1I-13C]-PBG (34) was synthesized and showed a long-range coupling of 
Ca. 4 Hz. This was incorporated into (35) using a cell-free enzyme system from 
avian blood. Analysis of the resultant 13C n.m.r. spectrum showed three doublets, 

J 
A P 	

AA 
'—NH HN- 

-o ACH2CO2H 

P CH2CH2CO2H 
NH HN( 

	

NH2 H 	 A4'D) kCA 

	

(34) 	 (35) 

each of 5 Hz splitting, corresponding to the cx-, fl, and 8-carbons, and one doub- 
let of 72 Hz for the y-carbon, indicating that PBG unit 1) must undergo an 
intramolecular rearrangement with respect to itself during biosynthesis. 

To date, the only other doubly labelled precursor that has been employed is 
[4,5-13C]mevalonate. This was synthesized by Hanson and incorporated into the 
fungal sesquiterpenes cyclonerodiol (36a) and cyclonerotriol (36b). All three 
sets of "C-13C couplings are retained, showing that mevalonate is incorporated 
without rearrangement.73  

OH 	HO 

* 	'OH (360) RH 
0 0 

	

	
Me (36b)R.OH 

Me CH2R 

7 Higher Plant Metabolites 
All the above 13C studies have involved micro-organisms or partially purified 
enzyme systems. The main problems with higher plants are (a) the low incorpora-
tions generally obtained and (b) dilution of the labelled metabolite by unlabelled 
endogenous material, which can be so large that the 13C content of the isolated 
substance does not differ significantly from natural abundance despite good 
incorporation. Despite these difficulties, two successful studies have been 
reported. 

"A. R. Battersby, E. Hunt, and E. McDonald, J.C.S. Chem. Comm., 1973, 442. 
'8 J. R. Hanson, personal communication. 
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14C-Labelling studies indicated that the lactone (37) was an intermediate in the 
biosynthesis of cainptothecifl (38) in Camptotheca acuminata.74  Owing to the 

absence of suitable degradations, 18C n.m.r. was used to prove specificity of 

incorporation. [1-'3C]Tryptamine was synthesized from K13CN and thereby 

the [5.13C]-Jactone (37), 38 mg of which was wick-fed to intact plants. After 
two days growth, 20 mg of camptothecin was isolated which showed an enhance-
ment of only the C-5 resonance intensity of ca. 55%. 

- 

(37) 	 (38) 

[113CJAutumnaline (39) has been synthesized and injected as the hydro-
chloride (300 mg) into seed capsules 0 mg per capsule) of Colchicum autumnale 

(autumn crocus). After two weeks growth 1.24 g colchicine (40) was isolated. 

The resultant 13C n.m.r. spectrum showed ca. 2.5-fold enrichment of the C-7 

signal onlyY5  

COMe 
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However, the general extension of 13C n.m.r. biosynthetic studies to higher-
plant metabolites is likely to prove difficult. This may be alleviated by the use of 
cell-free enzyme systems in which the problems of penetration of precursors 
to the active site and dilution by endogenous material are eliminated. Work 

with 14C4abelled material indicates that the dilution values and yields obtainable 

make 13C studies feasible.76  Similar considerations apply to studies using tissue 

cultures. 
A second possibility is the use of 12C-labelled compounds completely flushed 

of 13C which are becoming available as a by-product of 13C..enrichifleflt and so are 

71 C. R. Hutchinson, A. H. Heckendorf, P. E. Doddona, E. Hagaman, and E. Wenkert, 
J. Amer. Chem. Soc., 1974, 96, 5609. 

76  A. R. BattersbY, P. W. S. Sheidrake, and J. A. Milner, Tetrahedron Letters, 1974, 3315. 

16  D. H. Bowen, J. MacMillan, and J. Graebe, Planta, 1972, 102, 261. 
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relatively inexpensive. Their use in mechanistic77  and biosynthetic studies78  
has already been advocated; elimination of a peak intensity rather than enhance- 
ment would be observed. Though their direct use in biosynthetic studies is 
impractical owing to the high enrichments that would be required to obtain 
significant results,79  they may be of use. Scott has suggested growth of a plant 
from seed or tissue culture in an atmosphere of 12CO2  which should ensure a 
very low (0.1 to 0.2 %) 13C content in the various pools of organic intermediates. 80 
Thus the 13C 'natural abundance' is lowered by an order of magnitude, making 
subsequent 12C-enrichment studies possible. It is perhaps noteworthy at this 
stage that it is only the fact that 13C natural abundance is so relatively low that 
makes any biosynthetic studies possible at all, despite making spectra difficult 
to determine. 

8 Conclusions 
Besides the examples given many other metabolites have been studied. These 
studies include the incorporation of [13C]acetate into ochratoxin,8' palmiteolic 
acid,82  niobomycin,83  maleimycin,84  showdomycin,85  epoxydon,86  and thermo-
zymocid in, 87 of[1 ,2-13C]acetate into penicillic acid, 88  oval icin,SSsterigmatocystjn,so 
and bikaverin,9' of [2-12C]mevalonate into gibberellic acid,73  of DL-tryptophan-
[3-13C]alanine into pyrrolnitrin,92  and of [1-13C]glycerate into rifamycin. 3  There 
can be no doubt that the use of 13C methods will continue to expand rapidly, 
perhaps even superseding 14C in biosynthetic studies of micro-organisms. 

The use of doubly labelled precursors makes simultaneous determination of 
structure and biosynthesis possible for the first time and makes possible studies 
where classical "IC methods could not provide unequivocal answers. 

The extension of the method to higher plants and metabolic studies in man 
where the risk attached to the use of radio-isotopes is removed, seems imminent. 

11 J. Prestien and H. Gunther, Angew. Chem. Internat. Ed,s., 1974, 13, 276. 71  S. B. W. Roeder, J. Magn. Resonance, 1973, 12, 343. 
' T. J. Simpson, J. Magn. Resonance, 1975, 14, 262. 

80  A. I. Scott, Science, 1974, 186, 201. 
"Y. Maebayashi, K. Miyak,, and M. Yamazaki, Chem. and P/iar,n. Bull. (Japan), 1972, 20, 2272. 
81  A. L. Burlingame, B. Balogh, J. Welch, S. Lewis, and D. Wilson, J.C.S. Chem. Comm., 1972, 318. 
81  N. M. J. Knoll, R. J. Huxtable, and K. L. Rinehart, J. Amer. Chem. Soc., 1973, 95, 2704. 84  E. F. Elstner, D. M. Carnes, R. J. Suhadolnik, G. P. Krushmen, M. P. Schweizer, and 

R. K. Robins, Biochemistry, 1973, 12, 4992. 
86  E. F. Elstner, R. J. Suhadolnik, and A. Allerhand, J. Biol. Chem., 1973, 5385. 
61  K. Nabeta, A. Ichihara, and S. Sakamura, J.C.S. Chem. Comm., 1973, 814. 87  F. Aragozzini, M. G. Beretta, G. S. Ricca, C. Scolastico, and F. W. Wehrli, J.C.S. Chem. Comm., 1973, 788. 
$8 H. Seto, L. W. Cary, and M. Tanabe, J. Antibiotics, 1974, 27, 558. 

M. Tanabe and K. T. Suzuki, Tetrahedron Letters, 1974, 4417. 
$0 H. Seto, L. W. Cary, and M. Tanabe, Tetrahedron Letters, 1974, 4491. 
"A. G. McInnes, D. G. Smith, J. A. Walter, L. C. Vining, and J. L. C. Wright, J.C.S. Chem. Comm., 1975, 66. 
$2 

L. L. Martin, C.-J. Chang, H. G. Floss, J. A. Mabe, E. W. Hageman, and E. Wenkert, 
J. Amer. Chem. Soc., 1972, 94, 8942. 
R. J. White and E. Martinelli, F.E.B.S. Letters, 1974, 49, 233. 
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I 
Biosynthesis of Polyketides 

BY T. J. SIMPSON 

1 Introduction 

Polyketides form a large class of natural products possessing structures of great 
diversity related by their common formation via the acetate—polymalonate biosyn-
thetic pathway.' Acyl units other than acetate, such as propionate, benzoate, and 
cinnarnate, can act as chain-initiating species, and propionate and butyrate as chain 
elongation units, so that a wide variety of fatty acids, polyacetylenes, single and 
multiringed phenols, macrolides, flavonoids, and other compounds can be included 
in this classification. 

The literature appearing during 1975 and to mid-1976 is covered in this chapter. An 
outstanding feature of this period has been the continued growth in '3C n.m.r. methods, 

in particular the use of doubly labelled '3C-acetate. Analysis of the resultant 13C—' 3C 
spin—spin couplings provides a powerful method for determining the manner in which 
polyketide molecules are assembled on the enzyme surface before the first stable 
compounds are released, and for probing subsequent molecular rearrangements and 
cleavage pathways. The scope and methodology of the technique have been discussed 
in recent reviews. 2. 3 

2 Fatty Acids, Polyacetylenes, and Prostaglandins 

Lynen has studied the condensation reaction in fatty acid biosynthesis using dideu-
teriomaionyl-CoA.' No primary isotope effect was observed on the reaction velocity 
of the yeast-enzyme-catalysed fatty acid synthesis, in which the rate-limiting step is 
the condensation, or on the condensation itself, studied separately using the - 
ketoacyl-(acyl-carrier-protein) synthetase of Esdierichia co/i. When the condensation 

o 	0 	 0 
H 	/ __ 	II 

E—S—t—CH2—C 	- E—S----CH2  

	

I O 	 0=C HS—E 
0=C

i 
 S—h 

H 	
CH2R 

CH,j -  

Scheme I 

T. Money, in this seric, 1973 Vol. 2, p.  183: 1976, Vol 4, P.  l - 
A. G. Mclarim and J. I C Wright, Accounts Chem. lies, 1975,8, 313. 

T. J. Stmpori, Chem. Soc. llr.. 1975, 4, 497. 

K.-!. Arnstadt, C. SchindlbccL and F. Lynen, European J. Biochem., 1975, S5, 561. 
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was carried out in the presence of tritiated water, no tritium was incorporated into 
the product. These results exclude condensation mechanisms involving acylation of a 
malonyl carbanion and indicate a concerted mechanism, (Scheme 1). 

2,4,6,8-Tetramethyldecanoic acid (1) is the major fatty acid in the uropygial gland 
of the goose.' Crude cell-free extracts from the gland catalyse the carboxylation of 
propionyl-CoA but not of acetyl-CoA, whereas more highly purified extracts catalyse 
both carboxylations. This behaviour was explained by the isolation of a highly specific 
malonyl-CoA decarboxylase from the crude extracts. Thus acetyl-CoA and methyl-
malonyl-CoA are respectively the major chain-primer and elongation agents present 
in the gland, resulting in the production of the multi-branched fatty acid. Propionate 

Me 

(I) 

Me 	 Me 

Me(CH2)21CHCH,Me Me(CH2)11CH(CH411 Me 
(2) 	 (3) 

incorporated during chain elongation has been shown to be the branching methyl 
group donor in biosynthesis of 3- and 13-methylpentacosane (2) and (3), the major 
cuticular hydrocarbons in the cockroaches Periplaneta americana and P. fulginosa. 

respectively.'- In plants, n-alkanes are formed by an elongation of fatty acids followed 
by decarboxylation, and the 2- and 3-methylalkanes originate from the appropriately 
branched starter acyl-CoA derived from valine and 	whereas in algae the active 
methyl group from methionine serves as the branching methyl group donor.' 
Cell-free preparations from pea leaves, Pisum sativum, catalysed the decarboxylation 
of n-dotriacontanoic acid (4), requiring the presence of both ascorbic acid and 
oxygen, and giving both n-C31  and n-C30  alkanes. Thus decarboxylation and x-
oxidation appear to be connected processes; in confirmation, 2-hydroxydotria-
contanoic acid, the intermediate in a-oxidation of (4), was converted into the same 
two alkanes.'°  

Me(CH2)30CO2H 	ç'7—CO2H 

(4) 
(5) 	 6) 

When [l-'4C]aleprolic acid (5) was supplied to leaves and seeds of plants belonging 
to the Flacourtaceae, and also to whole cells of Chiorella vu! garis, cyclopentenyl fatty 
acids (occurring naturally in seeds and leaves of Flacourtaceae) were synthesized," 

J. S. Buckner and P. E. Kolattukudy, Biochemistry, 1975, 14,1768, 1774. 
' G. J. Blomquiat, M. A. Major. and J. B. Lok, Biochem. Biophys. Res. Comm., 1975, 64, 43. 

G. J. Blomquist and G. P. Kearney, Arch. Biochem. Biophys., 1976, 173, 546. 
P. E. Kolattukudy and T. J. Walton, Progr. Chem. Fats Lipids, 1973, 13, 121. 
S. W. G. Fehler and R. J. Light, Biochemistry, 1970, 9, 418. 

tO  p E. Kolattukudy and A. A. Khan, Biochem. Biophys. Res. Comm., 1974, 61, 1379. 
' F. Spener, European I. Biochem., 1975, 53, 161. 
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suggesting that these fatty acids are formed by elongation of aleprolic acid rather than 
by cyclization of an acyclic fatty acid precursor. Both the availability of aleprolic acid 
and the ability to use it as a primer for fatty acid synthesis appear as specific charac-
teristics of the Flacourtaceae and thus jointly determine the fatty acid pattern.' 'The 
main fatty acids in ten strains of acidophilic, thermophilic bacteria isolated from 
Japanese hot springs are w-cyclohexyl fatty acids, e.g. (6)12  Increasing the concentra-
tion of glucose in the culture medium increased the production of the cyclohexyl but 
not the acyclic acids, and from incorporation studies with "C- and 2H-labelled glucose 
it was confirmed that the acids are produced by elongation of cyclohexylcarboxylate 
derived from shikimate, rather than by elongation of cyclohexylpropionate derived 
from decarboxylation of prephenate. The results are in full agreement with previous 
studies on cyclohexyl fatty acids from Bacillus ucidocaldarius,' 3. in which cyclohexyl-
carboxylate competes with straight- and branched-chain precursors of similar 
molecular length to determine the fatty acid spectrum. These acids may be the pre-
cursors of the n-alkylcyclohexanes present in a number of sediments and crude oils, 
previously postulated as arising by intramolecular cyclization of unsaturated fatty 
acids." 

Several papers have appeared on the routes to unsaturated fatty acids. Stumpf and 
co-workers have shown that preparations from safflower seeds and avocado meso-
carp' rapidly desaturate stearyl-ACP to oleic acid in the presence of oxygen. Mazliak 

OH 
+c.o 

	

MetCH 2 ),CO2 H 	Me(CH 2 )11 CHCH 2C0H 

Z. 
+ 

2 

MeCH 2 ) 7CH=CHCH2CO2  H -p Me(CH 2),CH=CH(CH 2 )7CO2 H 
() 

Scheme 2 

et al. on the other hand have shown that fractions from a cauliflower homogenate 
synthesize radioactive oleic acid by an aerobic process from ["C]decanoate, in the 
presence of ATP, NADPH, Coenzyme A, and oxygen.'6  They proposed a scheme 
analogous to oleic acid synthesis in anaerobic bacteria, which hardly accounts for the 
oxygen requirement (Scheme 2): 3-hydroxylauric acid (7) formed from decanoate 
undergoes ,y-dehydration to 3-dodecenoic acid which is then elongated to oleic acid 
(8). 

Me(CH 2),(CH=CHCH2 CH 2 )CO2 H 

	

(9) 	m = 12 or 14: n = 4,5, or 6 

F. Spener and U. Cramer, Bwchem. BwpIvs. ACIQ. 1976,450, 261. 
12  M. Onhima and T. Ana, J. Biol. Chem., 1975,250.6963. 

M Dekosa. A Gambacorta, and J. D. BuLock, J, BacieriolugL 1974 117.212, Ph)1ocimn1., 1974, [3.905. 
' J. P. Maxwell, C. T. Pi1inger, and G. Eglinlon, Quori. Re,., 1971,25, 571. 

J. G. Jawarskj and P. K. Stumpf, Arch. Bwchem. 8wphys., 1974, 162, 166; W. E. Shine, M. Mancha, and 
P. K. Stumpf, ibid. 1976, 172, 110. 

' P. Ma.zlia5., M. GroboLa, and A. M. Dccoiic, Biochirni,. 1975, 57, 943. 
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Me 

MeCO2Na - 

(10) 

The phleic acids (9) are polyunsaturated acids produced by Mycobacterium phlei, 
with an unusual distribution of double bonds. When [14C]acetate is incubated with 
M. phlei, the saturated and unsaturated sections are unequally labelled. [14C]Myristic 
and [' 4C]palmitic acids serve as precursors for the phleic acids with m = 12 and 14, 
respectively. A chain-elongation process involving two acetate units at a time, 
possibly via crotonate, is postulated; -hydroxybutyric acid, however, is not incor-
porated without prior degradation.17  The biosynthesis ofcerulenin (10), an important 
inhibitor of fatty acid synthetase, has been studied in cultures of Cephalosporiwn 
caerulens.' 8  The alternate labelling obtained with [1-13C]acetate rules out the possibk 
intermediacy of succinate or glycerol and indicates that the biosynthesis is closely 
related to that of fatty acids. 

x-Linolenic acid (11) has been shown to be formed by desaturation of oleic and 
linoleic acids in several organs of higher plants and in algae. 19  A chloroptast prepara-
tion from Thea sinensis leaves converts linoleriic acid and 13-L-hydroxylinolenic acid 
into cis-3-hexenal, the precursor of 'leaf alcohol'.2°  The biosynthesis of the C. and 
C10  acetylenes, diatetryne 2 (14) and diatetryne 3 (15), respectively, via oleate, lino-
kate, crepenynate (12), and trans-dehydromatricariate (13) has been demonstrated in 
labelling experiments with the fungus Lepista diemi (Scheme 3). Although the neces- 

MCCH=CHCH2CH=CHCH,CH=CH(CH,)7CO2 H 
(II) 

Oleate - linoleate 

	

Me(CH2 )4CesCCH2cHCH(CH)7COMe 	 (12) 

1 MeCmCCmCCmCCH2CHZCH(CH)COMC 

I
HOCH zCCCmCCCCH2CHzCH(CH)COMe 

L__MeCnsCCCCZZrCCHCHCOMe 	 (13) 

HOCH2CCCmCCmCCH=CHCO2 Me  

	

NCCCCCCHrCHCO2 H 	 (14) 

Scheme  

MeCmCCmCCCCH2 CHrizCH(CH2) CO2  Me 
 

MeCmCCmCCCCH=zCHCO(CH2 )7CO2 Me 
 

C. P. Asselineau and H. L. Montrozier, European J. Biochem., 1976, 63, 509. 
" J. Awaya, T. Ke3ado, S. Omura, and G. Lukacs, J. Antibiotics, 1975, 2S, 824. 

A. Chenf, J. P. Dubacq, R. Mache, A. Oursel, and A.Tremolieres,Phytoche,n., 1975, 14,703. 20 J. Sekiya, S. Nuina, T. Kajiwara, and A. Hatanaka, AWric.  Blot. Chem. (Japan), 1976, 40. 185. 
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sary 0)-oxidation appears to be possible at both the C,,, and C,0  stages, the ready 
incorporation of (13) into both diatetrynes and of diatetryne 3 into diatetryne 2 
suggests that chain shortening takes place before co-oxidation." Incorporation 
experiments with several species of Compositae confirm that crepenynate is also an 
intermediate in the biosynthetic conversion of oleic acid into polyacetylenes in higher 
plants. The more efficient incorporation of the C,, compound (16; n = 5) compared 
to the C, 8  compounds (16; n = 7) and (17) into cis-dehydromatricaria ester (13) in 
Ariemi.sia vu/garic does not support the hypothesis that a direct Baeyer-Vi1liger type 
oxidation of  C,,, precursor is involved in the biosynthesis of (13). On incorporation 
of [10-14C, 9,103 H]oleate and crepenynate an unexpected loss of tritium was 
observed." This loss, which was also observed in similar experiments with Lepisui 
diemi, cannot yet be explained. 

(CH)3CO2 H 	•-(CH2 )3CO2 H 

HO 	 HO 	HdH 

(15) 	 (19) 112-OH 
(20) 1l(-OH 

The endoperoxide pathway to prostaglandins in mammalian systems is now well 
established. 23  However, Corey and co-workers have shown that the biosynthetic 

CO 2 H 	 ' 	 CO 2  — =-- 	I 0- 
(21( 	

(22) 	OOH 

--CO2H - 	

. 

	
CO 

O.. 

OH (24) 	 (23) OH 

OH 

H 	

H 

(25) OH 

Scheme 4 

E. R. H. Jones, V. Thal(cr, and J. L. Turner, J.C.S. Perk,,, 1. 1975, 424. 
' R. .lentc and E. Richter, Phylechern,stry, 1976, 15, 1673. 

' M. Hambcrg, J. Svensson, T. Wakabayashi, and B SainucLson. Proc. Nat. Acad, Sc,. L.S.4., 1974, 71, 
345 
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pathway to prostaglandin A2  (PGrA 2 ; 18) in the coral, Plexaura homomalla, does not 
involve PGrE2(19), PGrH2  (22), PGG 2(23), or I l-epi-PGE2  (20), and hence the 
epi-endoperoxide, and so differs from that of mammalian systems.2' Samuelsson's 
group have detected a labile intermediate of high biological activity in the conversion 
of arachidonic acid (21) or of the endoperoxide PGG2  (23) into the hemiacetal 
derivative, thromboxane 132  (25), by washed human platelets. 25  This intermediate, 
designated throenboxane A 2  (24), appears to be identical with rabbit aorta-contracting 

OH 
O_L-COIH  

0 
II 

Me—[C—CH 2],,—CO 2 H 

27) 
Hd 	OH 

(26) 
substance (RCS). An enzyme system has been isolated from the microsornal fractions 
of disrupted horse and human platelets 16  which mediates the conversion of (22) and 
(23) into (24), as shown in Scheme 4. Incubation of labelled arachidonic acid with a 
homogenate of rat stomach led to the isolation of 6-ketoprostaglandin IF,.,  which 
exists predominantely in the lactol form (26) 27  

3 3-Polyketomethylene Derivatives 

The compounds discussed in this section may be formally considered to be formed via 
polyketomethylene chains of general type (27), in which reduction of the intermediate 

-keto-ester after each condensation step, as in fatty acid synthesis, has not taken place. 
These compounds are classified, as before,' into groups according to the number of 
C2-units in the intermediate chain, though no distinction has been made between 
aromatic and non-aromatic compounds; this division is becoming increasingly 
artifical as interrelationships become clearer. 

Tetraketides.—Recent results reported by Lynen extend the enzymic characterization 
of the biosynthetic pathway to patulin (33) in Penicillium patulum. Two separable 
enzyme fractions hydroxylate m-cresol (28) to m-hydroxybenzyl alcohol (31) and 
2,5-dihydroxytoluene (29), respectively. 28  Time studies of the appearance of activity 
from [1t4C]acetate  into metabolites of the patulin biosynthetic pathway and of the 
utilization of labelled intermediates show that the methyl hydroxylation of m-cresol 
is an important reaction on the pathway, whereas the ring hydroxylation appears to 
be a side-reaction. A further enzyme preparation29  ring-hydroxylates tn-hydroxy-
benzyl alcohol to gentisyl alcohol (30), but m-hydroxybenzaldehyde (32) was not ring-
hydroxylated by any preparation from P. patu/um. It was concluded that the main 

24  E. I. Corey, H. E. Easley, M. Hamberg, and B. Samuclsson, J.C.S. Chem. Comm.. 1975, 227. 
M. Hamberg, J. Svensson, and B. Samuctsson, Proc. Na:. A cad. Sci. U.S.A., I975, 72, 2994. 

' P. Needleman, S. Moncad, S. Bunting, J. R. Vane, M. Hamberg, and B. Samuelsson, Nature, 1976, 261, 
558. 
C. Pace-Asciak, J. Amer. Chem. Soc.. 1976, 98, 2348; Experientw, 1976,32, 292. 
G. Murphy, G. Vogel, G. Krippahl, and F. Lynen, European J. Biochem.. 1974, 49 443. 

29  G. Murphy and F. Lynen, European J. Bloc/tern., 1975, 58, 467. 
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4CH 3 COSCoA 
Me 	 Me 

Me 

 -010H CO2HO'OH

HO  

OH 	 (28) 	 (29) 

CHOH 	 CHOH 	 CHO 
H O 	

- 	 H 	- 6'OH 
30) 	 (31) 	 (32) 

11 

HO 	

C" OH OH 	 0 
 (33) 

Scheme 5 
pathway to patuim is via m-hydroxybcnzyl alcohol, gentisyl alcohol, and gentisalde-
hyde (Scheme 5). 

Incorporation of '4C-labelled precursors demonstrates the biosynthetic sequence, 
Scheme 6, leading to penicillic acid (34) in Penicillium cyclopium.3°  [1-'4C]Methy-
lorcinol is also incorporated but it may not be on the direct pathway. An enzyme 
system which carries out the final oxidative ring-opening reaction has been isolated; 

HOçMe 	
HOçiTMe - HOç

J MC 

0 	
MC 

OH  - [O
Me]  

(34) 	 OMe 	 OMC 

Scheme 6 

K. Axbcrg and S. Gatenbeck, Aria Chem. Sc-and., 1975, B29.7491  F.E,B.5. Letters, 1975, 54,18  
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co-factor requirements indicate a mono-oxygenase system. A similar mechanism for 
cleavage of aromatic rings via a quinonoid structure may be involved in the biosyn-
thesis of a number of natural products, such as patulin, sulochrin, multicolic acid, 
and the aflatoxins. 

OH 	 OH 

iii-c 
H 	x 

	

(35) 	
MeO 	

Mc 	 (36) X = 0 
(37) X = CH2 

	

OH 0 	 OH 0 

j jj}Me 	 RIJ,L)L.. Me 

HO HO> 

	

(38) 	 R2 

R' = HO2CCH,CH 2 C(Me)=CHCH 2 —;R2 = H 
R' = H; R' = HO 2 CCH 2CH,C(Me)=CHCH 2 — 

Further analogues of mycophenolic acid (35) were produced by cultures of P. 
brevicompacium, supplemented with 4,6-dihydroxycoumaran-3-one (36), 5,7-di-
hydroxyindan-1-one (37), and 2,4-dihydroxyacetophenone (38). Both 3- and 5-trans, 
trans-farneyl-2,4-dihydroxyacetophenone were metabolized to the corresponding 
analogues (39) and (40); it appears that the tendency of the side-chain double bond 
to be oxidized depends upon its distance from the carbonyl group in the enzyme—
substrate complex.3 ' Further details have appeared on biosynthetic studies of epoxy-
don (41), a major antibiotic metabolite of Phyllostica spp. Incorporations of [' 3C]-
acetate and [14Cjgentisyl alcohol confirm the tetraketide origin of epoxydon via 

OH 	 0 

CH3CO2Na 	
CO2H 	

CH2OHHOH2C 	Cl Me 

Q1 Of 
OH 	 OH 	 (41) OH 

OH 

	

HOH2C5Cl 	

HOH 2CyyCI 	HOH 2C . 1 .J.Cl 
-~ 

	

0H 	 LLOH 

	

OH 	 OH 	 OH 

	

(42) 
	

(42a) 
	

(42b) 

F. Arragozini, P. Toppino, R. Craven, M. G. Beretta, B. Rindone, and C. Scolastico, Biory. Chem.. 1975, 
4.127. 
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CH, 	0 

c_-oH 
S 

CH3CO2Na 	0 0 0 0 	 OH  

H 	 0 .CH,  

OH 

 

6-methylsalicylic acid and gentisyl alcohol, known co-metabolites. The remaining 
co-metabolites (42), (42a) and (42b), may be artefacts as they can be isolated after 
allowing epoxydon to stand in sterile culture medium (chloride concentration ca. 

130 p.p.m.) for several days.32  The 13C n.m.r. spectra of colletodiol (43) enriched with 
[I 3C]acetatc in Collezotrichurn capsici show enrichments consistent with a biosynthetic 
pathway via the union of triketide and tetraketide components.33  

Pen raketides.—Incorporation of [13C]acetate and I' 3C]rnethionine by cultures of 
Scleroz4nia sderozioruni establish that sclerin (44) is derived from live intact acetate 
units with the introduction of three C-methyl groups from methionine.34  The results 
are in accord with a biosynthesis from two separate polyketide chains, though this 
would involve an aldol condensation and methylation at the methyl group of one of 
the polyketide chains, both reactions for which there is almost no biosynthetic pre-
cedent. To overcome this difficulty, Staunton has proposed an interesting pathway via 

CI 	C1 
Me Me 

___ 

 

MeLo 
CH3—0O2H 	

CO2H 

C( "CO2 H 	MI 
H 

 
C1  C1  

OH 
0 	 HO 

OH 	 0 

OH 
 

HO .0 CO2H 	
144) 

CO,H %LCO2 H 

Scheme 7 

S. Saamura, K. Nabela, S. Yamada. and A. Ichihara, Ayric. Biol. (ht,n. (Japan), 1975, 39, 403; K. 
Nabeut, A. Ichihara, and S. Sakarnura., ibid., p. 409 

' M. W. Lunnon and .1. MacMillan, J.C.S. Perim 1, 1976, 184 
' 	R. £ Ca,. and J S E. Holkcr, J.C.S FerAuI I, 1976, 2077, M. J. Garson,and J Staunton, J.C.S.Chem 

Comm., 1976,928. 
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aromatic ring-cleavage of the known co-metabolite, sclerotinin A (45) (Scheme 7). 
Feeding of labelled (45) or [' 3C]malonate might solve this intriguing problem. 

Incorporations of the "C-labelled dihydroisocoumarin (46), and of [1-'3C]-
and [1,2-'3C2]-acetate, into the cyclopentenone terrein (47) by cultures of Aspergillus 
terreus, indicate a biosynthesis involving contraction of the aromatic ring of (46) with 
loss of carbon 7, carbons 8 and 9 becoming carbons 6 and 5, respectively, of terrein.3  

HO 

CH 3CO2Na . 

	
- 

HO OH 
OH 	

( (46) 	 47)  

A somewhat different mechanism leads to the chlorine-containing cyclopentenol (49) 
and the dihydroisocoumarin (48) in Periconia rnacrospinosa. Incorporations of 
singly- and doubly-labelled [' 3C]acetate show that (48) is derived as expected from 

a 

CH3'CO3 Na 

OccSCOA  

Cl 

HO ,# 

CI CO2 H 

HO [0] 

HOI:::: 	

CO2H 
OH 

Cl 

Me 	• 	. * 

H 
(4) 

Cl 
HO p* 

— 
CO 2Me 

Cl OH 
(49) 

five intact acetate units assembled as shown in Scheme 8.36  The cyclopentenol (49) 
is also derived from live acetates, but only three are intact, consistent with a biosynthesis 
by ring-contraction, involving fission of the 7-8 bond of an aromatic precursor re-
lated to (48) as shown. A previous postulate involved fission of the 4.—.9 bond. 
Incorporation of [l-'3C]-, [2-13C]- and [l,2-'3C2]-acetate into the pyrone (50) by 
cultures of A. melleus also gave an unusual labelling pattern. Detailed examination 
of the '3C n.m.r. spectrum of[ 1,2-13

C jacetate-enriched  (50) revealed the presence of  
two-bond '3C—' 3C coupling (6.2 Hz) between carbons 1 and 7, proving their origin 

" R. A. Hill, R. H. Carter, and J. Staunton, J.C.S. Chem. Comm.. 1975, 380. " J. S. E. Hoker and K. Young, J.C.S. Chem. Comm.. 1975, 525. 
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S 	 S 

CH 3 CO2Na 

HO 

-p  Hoj(CH3  

H 3C• 	iO 
(50) 

from an originally intact acetate pair.37  A pathway involving a Favorskii-type re-
arrangement and decarboxylation of a precursor pentaketide, as indicated, was 
proposed. 

"C-Labelling experiments indicate a polykeude origin for flaviolin (5 1) in A. niger 

and for 2,7-dimethoxynaphthazarin (53) in a Sirepromyces. Labelled flaviolin and 
mompain (52) are efficiently incorporated into (53) by the Streptomycete. As 2,7-
dimethylfiaviolin could not be detected, a pathway in which hydroxylation of flaviolin 
occurs exclusively before introduction of the 0-methyl groups was proposed .38 
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Melanin pigments formed by polymerization of I,8-dihydroxynaphthalene 
(1,8-DHN),39  play an important role in the survival of fungi, being present in struc-
tures resistant to extreme conditions and protecting cell walls from the action of bac-
terial degradative enzymes. The biosynthetic pathway to 1,8-DHN in Verticillw.m 

dahliae has been explored (Scheme 9) by isolation of a series of melanin-deficient 
mutants." The mutant brm-1 (brown microscierotia) accumulated (+ )-scyta)one (54) 
which could be converted into melanin by aIm (albino microscleroria) mutants. When 
fed to a second brown mutant, brm-2, (+)-scytalone (54) was dehydrated to 1,3,8- 

T. J. Simpson. Tetrahedron Letters, 1975, 175; T. J. Simpson and) S. E. Holkcr, thu!.. p. 4693 

E P. McGovern and R. bnLley, bwchemzsirj, 1975. 14, 3135 
" D C. Ailpori and J. D bulock, J. Chem Suc., 1960, 65.4 	 S 

' M H Whecicr. W 3. Totnisoff. and S. MoIa, Cund J. Mii'robiL. 1975 22, 702, A A &'II and K. D. 

Supmnosic, Te:rahej,on. 1976, 1353 
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Labelled arrows show reactions which the designated mutants can effect, not the location of 
mutant defects. 

Scheme 9 

trihydroxynaphthalene (55). On feeding (55) to brrn-i cultures, a new metabolite 
(—)-vermelone (56) accumulated.4 ' (—)-Vermelone was dehydrated to 1,8-DHN by 
another mutant, aim-1. Both 1,8-DHN and (56) are rapidly converted into melanin 
by aim or brm-2 cultures. It appears that the brm-1 mutant lacks the enzyme activity 
necessary to convert either of the 3-hydroxytetralones (54) and (56) into their corres-
ponding naphthols, which suggests that the same enzyme might catalyse both dehy-
dratase steps in the conversion of( + )-scytalone (54) into 1 ,8-DHN. The acetate origin 
of scytalone has recently been demonstrated in Phialaphora lagerbergii.42  

Me OMe 

Me 

MeO J 	0 	 7Me'O'F 
(58) 	 H 	(59) 

4,7-Dimethoxy-5-methyicournarin (58) has been shown to be polyketide in origin 
by ['4C]acetate incorporations in Aspergi/lus t'arieco/or.43  This compound represents 
an unusual cych.zation since in the cyclization of a polyketide intermediate, the 
uncycii.zed residue from the methyl end of the chain is not normally shorter than the 
residue from the carboxyl end."' Siderin, a metabolite of the higher plants Siderizis 
canariensis and S. romana, has been shown to be identical with (58). It would be 
interesting to see if it is of similar origin in the plants. Incorporation of[' 4C]malonate 
by Pinusjeffreyi seedlings indicates that carbons 2 and 7 of (—)-pindine (59) are de- 

" R. D. Stipanovic and A. A. Bell, J. Org. Chem., 1976, 41, 2468. 
42  D. C. Aldridge, A. B. Davies, M. R. Jackson, and W. B. Turner, J.C.S. Perkin!, 1974, 1540. 
43 K. K. Chcxal, C. Fouweathcr, and I. S. E. Holker, J.C.S. Perkin 1, 1975, 554. 
' W. B. Turner, 'Fungal Metabolites, Academic Press, London, 1971. 
' P. Venturclla, A. Betlino, and F. Piozzi, Tetrahedron Letters, 1974, 979. 
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rived from the starter' acetate unit of the precursor pentaketide chain.46  Feeding the 
'4C-labelled potential precursors 5,9-dioxo- and 3,7-dioxo-decanoic acid, nona-2,6-
dione, and decanoic acid gave negligible incorporations. 

Heptaketides.—Due to their co-occurrence in various fungi, it has been suggested that 
griseofulvin (61) and other heptaketides may be formed from a common precursor, 
itself derived by ring-cleavage of a preformed carbocyclic precursor, rather than by 
simple folding of a polyketide chain.47  incorporation of [2-3 H,2-' 4Cjacetate into 
griseofulvin by Penicilliuni urzicae cultures proceeds without isotopic exchange, 
resulting in griseofulvin with six tritium labels on the molecule, as shown in Scheme 
iO. 	Degradation studies show that three of the tritiums are located on the 6'-methyl 
confirming that it is part of a chain-initiating acetate unit in the parent benzophenone 
(60, and so cannot be formed via a ring-cleavage process as the above potsulate would 
require. The remaining tritiums are located at 3', 5'a, and 5. The exclusive a location 
of tritium at the 5' position indicates trans-diaiiial stereochemistry in the reduction of 
ring c at a late stage in griseofulvin biosynthesis. 

CT3  CO2  Na 

01j: 0 0  

OH 0 OH 	 OMe 0  OM, T 

ThA1>IT TfjO 

MeO'2\ '/-OH 	Me 
. 	OCT3  S I 
T H 	T 

(&O) 

	

	
T 

Scbeme it) 

[14C]Acetate is incorporated into nepodin (62), a naphthol metabolite of Rwnex 
alpinus, with a labelling pattern consistent with a polyketide origin, incorporation of 
I "Cjmalonate in the presence of inactive sodium acetate revealed that carbons 3 and 
3' and not carbons 2' and 2" were derived from the chain-initiating acetate unit. The 
naphthol (63) co-occurs with (62), and on feeding labelled nepodin, the former became 
radioactive suggesting a derivation by deacetylation of (62). 

Three different foldings of a single polyketide chain, as well as multichain conden-
sations, could account for the formation of the phenalenone ring system in deoxy-
herqueinone (64). Analysis of the enrichments and "C—"C  couplings in 3C n.m.r. 

' E. Letc, R. A. Carver, and J. C. LechicjLer, Tetrahedron Letters, 1975, 3779, E. Lecie and R. A. Carver, 
J. Or9 Chem.. 1975, 40,215 1. 

" Ref. 44,p 154. 
" Y. Saw, T. Machda, and T. Oda, Tetrahedron Letters. 1975, 4571. 
" H. J. Bauch, R. P Labad,c, and E. Leisiner, J.C.S. Perkin 1, 1975, 689 
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spectra ofdeoxyherqueino ne triacetate labelled with [I-' 3C]-, [21 3C]-, and [1,2_1 3C2}-
acetate, and [2-'3C]malonate by cultures of Penicillium herquei indicated formation 
of the phenalenone ring system from the heptaketide folding shown.5°  [2-' 3C]-
Malonate enriched carbon 14 to a lesser extent than carbons 12, 10, 2, 4, 6, and 8. This 
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is the first observation of a 'starter' effect in 13C biosynthetic studies. In order to facili-
tate comparison of incorporation efficiencies into different sites, the '3C n.m.r. 
spectra were determined in the presence of the relaxation agent Cr(acac)3 ,5 ' under 
GATED-2 decoupling conditions,52  whereupon the very wide range of resonance 
intensities due to variable relaxation times and nuclear Overhauser factors was 
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(65) 
T. J. Simpson, J.C.S. Chem. Comm., 1976, 258. 
0. A. Gansow, A. R. Burke, and G. N. LaMar, J.C.S. Chem. Comm., 1972, 456. 
R. Freeman, H. D. W. Hill, and R. Kapte(n, J. Mojn. Resonance, 1972,7, 327. 
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removed and almost integral intensities for all resonances in the natural abundance 
spectrum were obtained. This technique could be usefully applied in other cases where 
secondary incorporation due to metabolic conversion of the labelled precursor is 
observed (e.g. in the macrolides, see below). 

Incorporation of[' 3C]acetate and [' 3C]formate into cercosporin (65) by cultures of 
Cercospora kikuchii indicates its biosynthesis via oxidative coupling of two hepta-
ketide units, the methoxyl and methylenedioxy carbons being derived from the C,-
pooL 53  

Octaketides.—Anthraquinones or their related anthrones have been implicated in the 
biosynthesis of several natural products, particularly by ring-cleavages. Feeding of 
biosynthetically prepared [U-' 4C]emodin (66) to cultures of Aspergillus zerreus 
yielded radioactive geodin (68) and dihydrogeodin (67), suggesting their formation 
by way of oxidative ring-cleavage from emodin.5' Two acetate assembly patterns are 
possible in islandicin (69) (Scheme 11). Incorporation of singly- and doubly-labelled 
['3C]acetate by cultures of Penicilliwn islandicum indicates that islandicin is assembled 
as in pathway (a)." The xanthone ravenelin (7 1) is a metabolite of Helminihosporium 
ravenelii and H. gramluin. '4C Labelling studies show that acetate and malonate are 
incorporated equally into both benzenoid rings; no starter' effects could be detected. 
Incorporation of [1-' 3C]acetate confirmed the ''C results, and analysis of the '3C-
13C couplings in the '3C n.m.r. spectrum of ravenelin enriched from 11,2-' 3C2]acetate 
revealed that it is biosynthesised via a beazophenone (70) which can undergo cyclo-
dehydration at two positions to give an equimolar mixture of ravenelin with labelling 
patterns (71a) and (71b) (Scheme 12).56  Although a two-chain mechanism cannot be 
ruled out, the acetate assembly pattern is consistent with the derivation of ravenelin 
from islandicin (69), with the assembly pattern established in P. islandicum. A similar 
cyclization to alternative sites is possible in the biosynthesis of griseofulvin via 
griseophenone C (60) (Scheme 10 above) and analysis of the labelling pattern resulting 
from [1,2-' 3C2]acetate would indicate the degree of enzyme binding of intermediates 
of the griseofulvin biosynthetic pathway. No such randomization (via a symmetrical 
cleavage product) occurs in the formation of sterigmatocystin (see below). 

Previously reported '3C-labelling studies of shamixanthone (86) and tajixanthone 
(87), metabolites of Aspergillus variecolor, were Consistent with a derivation by oxida-
tive fission of a polyketide anthrone with introduction of two prenyl residues from 
mevalonate." It was suggested that these metabolites, together with arugosin A (75), 

HOH2C 9 OH  

Me O ) 

(92) 

" A. Okubo, S. Yamazaki, and K. Fuwa, Agric. Biol. Chem. (Japan), 1975.39, 1173. 
'4 H. Fukimoto, H. Flasch, and B. Franck, Chem. Bet., 1975, 108, 1224. 
" R. C. Paulick, M. L. Casey, D. F. Hillenbrand, and H. W. Whitlock, J. Amer. Chem. Soc., 1975,97, 5303. 
'4 A. J. Birch, J. Baldas, I. R. Hlubucek, T. J. Simpson, and P. W. Westerman, J.C.S. Perki,, 1, 1976, 898; 

A. J. Birch, T. J. Simpson, and P. W. Westerman, Tetrahedron Letters, 1975, 4173. 
" J. S. E. Holker, R. D. Lapper, and T. J. Simpson, J.C.S. Perkin 1, 1974, 2135. 
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B (76), and C (78), metabolites of A. rugulosus, constitute a biogenetically related group. 

Further studies58  on the metabolites of nine variant strains of A. variecolor in an 

attempt to throw light on the biogenetic relations of these compounds, led to the 
isolation of arugosin A, B, and C and ten new metabolites: variecoxanthones A, B, 
and C, (80)—(82), tajixanthone hydrate (88) and methanolate (89), 14-hydroxy-, and 
14-methoxy-tajixanthone-25-acetate, (90) and (91), epi-isoshamixanthone (83), 25-0-

methylarugosin B (77), and arugosin D (79). The biosynthesis of shamixanthone from 
the supposed intermediate (72) requires (i) cyclodehydration to the xanthone and (ii) 
cyclization of the O-prenyloxy-aldehyde unit to the substituted dihydropyran ring, but 
it is not clear which occurs first. Isolation of the variecoxanthones tended to suggest the 
prior formation of the xanthone ring and that these compounds are formed by subse- 
quent reduction to the benzyl alcohols. However, the aldehyde (74; 	= R 2  = H) 
derived from variecoxanthone A (80) readily cyclizes in vitro to give des-C-prenyl-epi-
shamixanthone (84) in which the substituents in the dihydropyran ring are cis-related, 
in contrast to the trans relationship in shamixanthone. if the in vivo cyclizauon follows 
the same stereochemica] course, it seems unlikely that shamixanthone arises in this 
way, although the minor metabolite (83) may. it was suggested that the trans-

relationship is more likely to arise, due to stereoelectronic requirements, by formation 
of the dihydropyran ring before xanthone formation. it is probable that arugosin C 
(78) arises from such an intermediate (73) by the alternate cyclodehydration between 
the C-25 and C-10 hydroxyls to the dibeazoxepin system. Tajixanthone (87) and the 
metabolites (88)—(91) appear to be derived via epoxidation of the C-prenyl residue of 
shamixanthone. Arugosin D (79) would be formed from arugosin C by rearrangement 
of 	similar epoxide. The isolation of shamixanthone and variecoxanthone B (81) from 
A. nidulans,59  and shamixanthone, (81), and epishamixanthone (85) from A.ruyu-
losusbO has been reported. It is interesting chemotaxonomically that all three of the 
above organisms also produce sterigmatocystin and related compounds. The xanthone 
(92) has also been isolated from Cyathus intern1edius. 
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K. K. ChcaI, J. S. E. HolIcr, T. J. Simpson, and K. Young, J.C.S. Perkin 1, 1975, 543. K 

J. S. E. Holker and T. J. Simpson, ibid., p. 549. 
M. ishida, T. Hamas.aki, and Y. Hatsuda. AWric. liwl. Chem. (Japan), 1975. 39, 21t1. 

M Ishida, T. Hamasah, Y. Hatsuda, K. Fukuyama, I. Tukihara, and Y. Katubc, 49r4c. 

(Japan), 1976, 40, 1051. 
' W. A. Ayer and D. R. Taylor, Cana.d. J. Cie,n., 1976, 54,1703. 
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The neomycins A, B, C, and D (93)—(96) have been isolated from Streptomyces 
rosa.62  Incorporation of [1-' 3C]acetate established their polyketide origin and the 
position of the phenolic hydroxy-group. Neomycin D is enantiomeric with kalifungin, 
another streptomycete metabolite. In contrast to a previous report that palmitate was 
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incorporated intact into brefeldin A (97), addition of[16_t 4C]palmitate  to cultures of 
Penicillium brefeldianum gave uniformly labelled (97), indicating incorporation via 
u-oxidation to [2-'4C]acetate.63  The labelling pattern previously reported for incor-
poration of[l,2-' 3C2]acetate into mollisin (98) by cultures of Mollisia caesia has been 
confirmed.64  Improved culture conditions gave higher incorporation rates and 
solubilization of mollisin by conversion into its acetate made possible the use of 
Cr(acac)3  and enabled all the couplings to be determined. Biosynthesis of mollisin by 
cleavage of a single octaketide chain (Scheme 14).65  would appear to be at least as 
likely as the two-chain pathway proposed. 

" H. Tanaka, Y. Koyama, T. Nagai, H. Marunio. and S. Omura, J. Antibiotics, 28, 868; H. Tanaka. H. 
Marwno, T. Nagai, M. Okada, K. Taniguchi, and S. Omura, ibid.. p.  925; S. Omura, H. Tanaka, Y. Okada, 
and H. Marumo, J.C.S. Chant. Comm., 1976, 320. 
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Nonaketides.—Incorporation of[1,2-' 3C 2]acetate, in conjunction with homonuclear 

'3C decoupling, overcame the difficulties of low enrichments encountered with singly-
labelled [' 3C]acetate, and established the polyketide origin of bikaverin (99) in 
Fusarium oxysporum, via the acetate assembly pattern shown in Scheme 15."'  

CH 3—CO2Na 

Mc 0 OH 0 

MCOJOZJ1 OH  
(99) 5H ô 

Scheme 15 

Decaketides.—The biosynthesis of the aflatoxins has recently been an area of much 
activity and not a little confusion. The use of 13  C-labelled  precursors has predominated. 

Reports of thp incorporation of L1,2-' 3C2]acetate into aflatoxin B, (102) and sterig-
matocystin (101) led to conflicting conclusions: Steyn and co-workers reported an 
acetate assembly pattern in aflatoxin B,, produced in AspergillusJlavu.s, inconsistent 

with the original postulate of a C,8  naphthacene precursor, and in agreement with 
formation of aflatoxin B, from a C20  polyketide precursor, folded as in path (a) in 
Scheme 16, to give averulin (100), sterigmatocystin, and subsequently aflatoxin B, 
by oxidative flssions. However, the previously reported assembly pattern of acetate 
units in sterigmatocystin indicated an alternative folding, path (b), of the precursor 

decaketide chain .68  This apparent conflict has been resolved by a reassignment by 

Steyn et al. of the chemical shifts in the '3C n.m.r. spectrum of sterigmatocystin, by 
an analysis of the long-range 'H-' 3C couplings observed in the high-resolution 13C 
spectrum, and lanthanide shift studies, as well as comparison with closely related model 
compounds.69  This brings the sterigmatocystin assembly pattern into agreement with 
that observed for aflatoxin B,. In their original study,68  Seto eta!, based their assign-

ments on a comparison of the '3C chemical shifts of carbons 2-7 of sterigmatocystin 
and 5-methoxysterigmatocystin, and on the predicted effects of methoxy-substitution 
on aromatic carbon chemical shifts, and although these effects are in fact in close 
agreement with those observed for the corrected shifts in sterigmatocystin and those 
reported for 5-methoxysterigmatocystin, a completely erroneous assignment 
resulted. Hsieh et at have studied the incorporation of [1-' 3C]- and {2-'3C2)-

acetate into aflatoxin B, by A. parasiticus, and they also misassigned the ' 3C n.m.r. 

spectrum on the basis of comparison with model compounds, though the biosynthetic 
conclusions are not affected in this case.'°  However, it may be seen that great caution 
is necessary when using model compounds for the assignment of 13C resonances in 
complex organic molecules, while it cannot be emphasized too strongly that an 
unambiguous assignment of the 13C n.m.r. spectrum is an essential pre-requisite of 

A. G. McInnes, D. G. Smith, J. A. Walter, L. C. Vining, and J. L. C. Wrigbt,J.C.S. Chem. Comm.. 1975,66 

' P. S. Sicyn, R. Vkg.gaar, P. 1,. Wessels, and D. B. Scott, J.C.S. Chem. Comm.. 1975, 193. 

H. Seto, L. W. Car), and M Tanabc, Teirahed,o,, Lei:er, 1974, 4491. 

" K. G. R. Pachier, P S. Steyn, R. Vicggaar, and P. L Wcsseis,J.C.S. Chem Comm.. 1975, 355 
O D. P. H. Hscih, J. N. Scbcr, C. A. Reece. D. L. F,tzcll, S L Yang, J. I. Daizelios, G. N. L May, D. L. 

Budd, and E. Moicli, Tetrahedron, 1975,31, 661 
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any biosynthetic study using '3C-enriched precursors. This often requires the expendi-
ture of considerable effort. The recent paper" by Steyn etal. giving full details of their 
studies is essential reading for anyone using '3C n.m.r. in biosynthetic studies. In the 
original sterigmatocystin study, most of the couplings on the quaternary carbons could 
not be observed due either to their low intensity, or to being obscured by the intense 
signals of the protonated carbons, so that the assembly pattern was deduced from the 
observation of only one coupled pair of carbons, le. 4 and S. The application of 
Cr(acac)3  or of one of the known methods for selectively enhancing quaternary carbon 
resonances '2  would have enabled more definitive coupling evidence to be elucidated. 

The acetate origin of averufin (100) has been confirmed .'3  A mutant of A.paro.silicus 
defective in aflatoxin production accumulates averufin and was used by Steyn el al. 
for detailed [' 3Cjacetate studies which established pathway (a) of Scheme 16 for this 
case also .73, Incorporation of labelling from (100), labelled biosynthetically from 
['3Cjacetate, into aflatoxin B, has been reported, in agreement with previous "C 
studies." [Senior Reporter's note: these fall short of proving that averufin is a true 
precursor of the aflatoxins, since degradation of the side-chain of (100) to acetate 
should proceed without randomization of acetate-derived labelling, and indeed the 
oxygenation pattern of (100) is not wholly appropriate for the formation of sterig-
matocystins (or aflatoxins), where a 5-deoxy-analogue of (100) would be more appro-
priate. In the postulated anthraquinone —. xanthone conversion it is also noteworthy 
that the '3C data establish that the non-equivalence of potentially equivalent carbon 
atoms is retained; contrast the case of ravenelin (above, Scheme 12)]. 
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K G. R. Pachier, P. S. Steyn, R Vkgaar, P L. Wccis, and D. H. Seoii,J.C.S F'rrAu, 1, 1976, 1182. 
" I. H. Sadler, J.C.S, Chem. Comm.. 1973, 509, E. Wenkert, A. O. Cioue, D. W. Cochran. and D. Doddretl, 

J. Amer. Chem. Soc., 1969, 91, 6879. 
' 	D. L. Fitzei!, D. P. H. Hcih, R. C. Yao, and G. N. La Mar, J. Agric. Food Chem., 1975, 23, 443. 
' (ia) C. P Gorsi-Allman, K. G. R. Pachier, P. S. Steyn, P. L. Westh, and D. B. Scott,J.C.S. Chem Comm., 

i976, 916. ' D. P. H. Hicih, R. C. Yao, D. L. FiLzeIl, and C A Reece, J. Amer. ('hem. Soc.. 1976, 95, 1020 
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The mechanism of conversion of the C6  side-chain into the bisfuran moiety of the 
aflatoxins also requires some clarification. Studies on the later stages of aflatoxin 
biosynthesis in A. flavus using biosynthetically "C-enriched compounds indicate that 
aflatoxin B is converted into most of the other aflatoxtns.15  including 82, 13 2 , G,. 

G2, and G2 ,but not into aflatoxin M, (15-hydroxyaflatoxin B,). The authors suggest 
the order of formation of the aflatoxins to be M, -. B, -. Gr, (103; R = H), though it 
appears more likely that M, is a precursor of GrM, (103; R = OH) only and is 
itself formed via 15-hydroxysterigmatocystin rather than by the main pathway via 

steriginatocystin. 

Undecaketides.—' 3C N.m.r. analysis of chartreusin aglycone (104) biosynthesized 

from singly- and doubly-labelled [13C]acetate in Streptomyces charireusis has shown 

that the metabolite is formed by condensation and subsequent scission of a polyketide 
chain of 11 acetate units,76  rather than from a decaketide as previously postulated. 
This study provides a compelling demonstration of the power of the '3C double-
labelling technique in indicating the intermediates involved at the enzyme level; it 
would have been very difficult to predict the involvement of a beazopyrene molecule 
as a possible intermediate. 

4 Other Acetate-derived Compounds 

The compounds discussed in the previous section were, other than introduced C, and 

C5  units, entirely derived from condensation of acetyl-CoA with varying numbers of 
malonyl-CoA molecules. In the biosynthesis of the following compounds additional 
chain initiation or elongation species, particularly propionate, are involved, or the 
compounds are only partially polyketide. 
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Macrolides.—Omura and co-workers have made extensive use of '3C precursors in 

studying the origin of the aglycone carbons of several macrolide antibiotics. incor-

poration of [1 - 3C]-, [2- '3C]-, and [1 ,2-' 3  C, )acetate, [1.1 3C]propionate, and [1-' 3C)-

butyrate by cultures of Strepiomyces kizasatoensis into leucomycin (105) indicated 

formation of the aglycone ring from live intact acetates, one propionate, and one 

butyrate,"7  but carbons 3 and 4 were not labelled by any of the added precursors and 

their origin remains obscure. in the related tylosin (106), carbons 3 and 4 are derived 

from carbons I and 2 of propionate. incorporation of [1-13C]-acetate, -propionate, 

and -butyrate, and [4-' 3C]-ethylmalonate by Streptomyces fradiae demonstrated 

formation of the aglycone from two acetates, five propionates, and one butyrate. 

Metabolism of [I-' 3C]acetate resulted in secondary enrichment of the butyrate-

derived carbons 5 and 19, and possibly of those carbons derived from C-I of propio-

nate, though the rather large variation in apparent enrichments is confusing. 

More reliable information on these secondary incorporation pathways could be 

obtained by application of the resonance equalization methods discussed above. Both 

the added butyrate and ethylmalonate are extensively metabolized to propionate, but 

by different pathways since they respectively enrich carbons originating from C-i 

and C-2 of propionate. No enrichment of acetate-derived carbons was observed so 

neither was metabolized by n-oxidation. '3C-Studies in S.flavochrornogenes indicate 

the derivation of picromycin (107) from six propionates and one acetate." 
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The platenomycins (109) are closely related to leucomycins. In a detailed study of 

their biosynthesis, a variety of intermediate molecules have been isolated from mutant 

strains of S. p/atensis.8°  The interrelationships among these compounds and the 

detailed steps leading from the aglycone (108) to the platenomycins have been de-

lineated by metabolism studies using growing cultures or washing mycelia of blocked 

mutants. The erythromycin biosynthetic pathway has been extended by the isolation 

of erythromycin E (I 11) to which erythromycin A (I 10) is slowly metabolized by 

certain strains of S. ery:hreus.8 ' 

77  S. Omura, A. Nakagawa, H. Takeshima, K. Atusmi. J. Miygzawa, F. Piriou, and G. Lukacs, J. Amer. 
Chem. Soc., 1975, 97, 6600. 

' S Omura, A. Nakagawa, H. Takcsluma, J. Miyazawa, C. Kiiao, F. Piriou and G. Lukacs, Tetrahedron 
Letters, 1975, 4503. 

' 	S. Omura, H. Takcshiina, A. Nakagawa, and G. Lukac. J. Antibiotics, 1975, 29, 316. 
' T. Furami, and M. Suzuki, J. Antibwt,c.s, 1975,28,770,775,783, T. Fura.nu, K. Takcd4, and M. Suzuki, 

ibid.. p. 789. 
J. K. Martin, R S Egan, A. W. Gotdsicin, and P. Cotlum, Tetrahedron, 1975,31, 19S5. 
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Ansamycins.—Studies on the origins of the ansa chains and aromatic nuclei of 
rifamycins, streptovaricins, and geldanamycin were discussed in a previous Report .82  

Current work has centred on the biogenetic interrelationships among the strepto- 
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Scheme 18 

varicins and the rifamycins. Rinehart's group has isolated several new compounds, 
damaravicin D (DmD; 112)83  damavaricin C (DmC; 112a), and protostreptovaricins 
(PSv) 1-V. (113)_(117)84  from the antibiotic complex produced by Streptomyces 

spectablis. '4C-Labelled streptovaricin D (SvD, 118) is converted into SvC (119) by 
growing cultures of S. spectabilis. whereas (119) is converted by a cell-free system into 
SvA and SvB. Scheme 18 summarizes the present view of the biogenetic relationship 
of these compounds. Parallel pathways are required to accommodate the full range of 

M. Tanabe, in this series, 1976, Vol. 4, p. 204. 
33 K. L. Rinehart, F. J. Antosz, P. V. Deshmukh, K. Kakinuma, P. K. Martin, 8. 1. Milavetz, K.. Sasaki, 

T. 9.. Witty, L H. Li, and F. Reusser, J. Antibiotics. 1976, 29, 203. 
P. V. Deshmukh, K. Kakinuxna, J. Ameel, K. L Rinehart, P. F. Wiley, and L. H. Li, J. Amer. Chem. Soc., 
1976. 98,870. 
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metabolites [e.g. both (112) and (114), (116) and (1 12a)] and the known interconver-
sions. 

Rifamycin W (120), closely related to DmD, has a continuous ansa chain, not 
interrupted by oxygen, and as it was converted into rifamycin S(121) by the mycelium 
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of NocarLIi4 medizerranei,85  it may be considered as a precursor to the remaining 
rifamycins. An interesting new compound, rifamycin Gf(122), has been isolated from 
normal rifamycin fermentations. 8 ' The pyrone ring presumably arises by oxidative 
removal of the C-I carbonyl of(12 1),  which is indeed converted in good yield into both 
rifamycin B and (122) by washed mycelium of N. medi:erranei. 

Flavoiioids.—Further work on the enzymology of the early steps in flavonoid bio-
synthesis in Petruselinurn hurtense ( parsley) has been reported. Kreuziler and l-lahl-
brock have isolated and purified flavanone synthase from cell suspension cultures. This 
enzyme catalysed the formation of the flavanone naringenin (125) from labelled 
p-coumaryl-CoA (123) and three moles of malonyl-CoA.87  Trapping experiments with 
an enzyme preparation free ofchalcone isomerase activity revealed that the flavanone, 
and not the isomeric chalcone as previously postulated, was the immediate product 

R. J. White, E. Marunclh, and G. C. Lancni, Prcc. Iui. Acad. Sc.. U.S.A.. 1974. 71, 3260 
' 	G. Lanctrn and G. Sartori, J. An:sbwucs, 1976, 29, 466 
Si F Krcuzatcr and K Hahlbrock, European J. Bochein., 1975. 56, 205 



of the synthase. On treatment of the enzyme system with mercaptoethanol or ditho-
erythritol, naringenin formation was inhibited and the styrylpyrone, bis-noryangonia 

was formed. A possible explanation (Scheme 19) is that the thiols act as acceptors 
for the intermediate enzyme-bound di--keto-acid. The resultant thiol ester would 
most likely be highly unstable and immediately be converted into (124).88  Cell-free 

extracts from very young leaves of parsley plants catalyse the oxidation of naringerun 
to the flavone, apigenin (1 26) and of 7,4-dihydroxyfla van one (127) to the corres-

ponding flavone (128).89  The isomeric chalcone (129; R = H) cannot serve as sub-
strate, and only after cyclization to the flavanone with chalcone-flavanone isomerase 
is oxidation to the flavone (128) observed. 
Cytodialasins.—Tamm'S group have reported further work on cytochalasin bio-

synthesis. The utilization of '3C- and "C-labelled sodium acetate, propionate, and 
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Scheme 19 

" F. Kreuzaler and K. Hahibrock, Arch. Biochem. Biophys., 1975, 169, 84. 

" A. Sutter, J. Poulton. and H. Griscbach, Arch. Biochem. Biophys., 1975. 170, 547. 
° J. C. Vederas, W. Graf, L. David. and Ch. Tamin. Heir. Chim. Ada. 1975, 58,1886. 
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malonate, and of mynstic and palmitic acids in the biosynthesis of cytochalasin D 
(130) by Zygosporiwi masonli was determined by degradation studies or ' 3C n.m.r.9°  
The labelled precursors were all incorporated primarily by the acetate—malonate 
pathway to generate (130) from nine intact acetate units, eight of which are linked 
head-to-tail to form the C1 , polyketide moiety as shown in Scheme 20. While most of 
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Scheme 20 

the [1-' 3C]propionate is oxidatively decarboxylated to give unlabelled acetate, some 
is transformed into phosphoenol pyruvate which condenses with shikimic acid to 
produce C-I labelled phenylalanine, resulting in a low enrichment of C4 of cyto- 
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chalasin D. Rapid equilibration of n- and L-pheflylalaflineS with phenylpyruviC acid 
was shown to account for their equally efficient incorporation into cytochalasin D.9 ' 

Incorporation proceeds with complete loss of tritium at the a-position and extensive 

loss at the u-position. Considerable suppression of the incorporation of D-phenylala-

nine was observed on addition of phenylpyruvic acid, indicating that the L-isomer is the 

primary precursor of cytochalasin D. Labelled deoxaphomin (131) was well incor-

porated into cytochalasin B (132) by cultures of Phoma sp. (S298), demonstrating that 

deoxaphomin is an immediate precursor of cytochalasin B, probably via a Baeyer-

Villiger type oxidation.92  A further oxidation of this type would account for the for-

mation of the carbonic ester moiety found in cytochalasin E. 

MisceRaneous Compounds.—The metabolite responsible for the antifungal activity 

of cultures of Streptomyces sp. (E/877) was shown to be the 9-methyl derivative (133) 
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of the known strepimidone. Incorporations of ['4C]methionifle and ["C]acetate 

indicate that the 'extra' 9-methyl group is derived from the C1 -pool rather than by re-

tention of one of the carboxyls of the terminal malonate unit, both of which are lost 

	

,CO2HCO2H 	 —,CO2H 

L1. 	HO.CO2H 
CO1H 	CO2U 	

H02C"l" 

Et 	Et 

OH 	 0 

11141 

Scheme 21 

" J. C. Vederaa and Ch. Tamm, Help. Chin,. Ada, 1976, 59, 558. 

93  J.-L. Robert and Ch. Tamm, Help. Chin,. Ada, 1975, 58, 2501. 
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in strepimidone itself.93  The '3C n.m.r. spectrum ofglauconic acid (134) enriched with 
[2,3-13Cjsuccinate in Fenicill,wn purpurogenum shows only two pairs of 13C-13C 
couplings, indicating incorporation into the oxalacetate-derived residue as shown in 
Scheme 	In contrast to the previous "C studies, no randomization of the label 
from [2,3-' 3C2 jsuccinate was observed. This inhibition of randomization of label 
when feeding the greater amounts of precursor required in ' 3C studies has been 
observed previously.95  

Mc 

Mc O 	 Mc 

Me 

Four of the C-methyl groups in mavioquinone (135) a new quinone isolated from 
lipid extracts of Mycobacterium avium96  were shown to be labelled by 13-"CJ-
propionate. "C-Methionine labels the methoxyl carbon but not the ring C-methyl, 
which is presumably formed by reduction of the carboxyl of acetate. A number of 
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CH 3 "CO 2Na -. 

OMcQ OH ó 

H Fri  (136) 
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assembly patterns are possible for the biosynthesis of the antibiotic daunomycin (136) 
via an acetate-malonate or propionate-malonate route. Incorporation of [1-13C)-, 
[2-13  Cj-,  and [1,2-13C J-acetate  by Sireptomyces peucezius was poor, but indicated a 
derivation from a propionate starter unit and nine malonates, as shown in Scheme 

The biosynthesis of piericidin A, a metabolite of S. mobaraensi, has previously 

M. S. Allen, A. M. Bccker, and R. W. ickards, Aujiral. J. Clicm., 1976,29, 673. 
' R E. Cox and J. S. C. Holkcr, J.C.S. Chem. Comm., 1976, 583 

C F. Elstncr, R. 3. Suhadolnik, and A. Allerhand, J. Biol. Chem., 1973, 248, 5385 
F. Scherrcr, H. A. Andcr&.o, and R. Azerad, J.C.S. Chem. Comm., 1976, 128 
R. C. Paulick, M. L. Cabe), and H. W. Whiliock, J. Amer. Chem. Soc., 1976, 9, 3370. 
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been studied by '4C- and 'H-satellite methods. The ' 3C n.m.r. spectra of piericidin A 

enriched with [1-' 3C}-, and [2-"Cl-acetate and [1-' 3C]propionate confirmed its origin 
from four acetates and five propionates, but necessitated a revision of the structure 
to (137). The 5-6 double bond was previously located between carbons 4 and 5. 
Extensive transformation of acetate into all positions of propionate was also 
observed. [2-' 3C]Acetate was randomized to give a significant quantity of [1,2-

'3C2jacetate with resulting 13C—' 3C couplings being observed. This behaviour can be 
explained by frequent cycling of the highly labelled acetyl-CoA in the Krebs cycle, 
and supports the proposed conversion mechanism of acetate into propionyl-CoA via 

succinyl-CoA and methylmalonyl-CoA. 
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Incorporation of ['4C]acetate into verrucarin A (138) in Myrotheciunt roridurn 

demonstrated that the cis,trans-muconic acid moiety (139) was derived from acetate. 
Cleavage of an aromatic precursor was proposed to account for its formation and for 

the analogous C8  moiety in roridin A.99  Full details have appeared of the incorpora- 
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9' S. Yoshida, S. Shiraishi, K. Fujita, and N. Takahashi, Tetrahedron Letters. 1975, 1863. 
9' B. Muller, R. Achini, and Ch. Tamm. Helv. Chim. Acto, 1975, 58, 453. 
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tion of ' 3C precursors into aureothin (140),b00  and incorporation of [12-C2]-
acetate has been used to reassign the 13C n.rn.r. spectrum of radicinin (141) 10 * 

Tracer studies with '3C and ' 4C indicate that vulgamycin (142), an antibiotic meta-

bolite of S:rep:onyces hygroscopicus, is derived from seven acetates with benzoate as 

a starter unit.102  Analysis of the '3C—' 3C couplings in 11,2-' 3C2 jacetate-enriched 
vulgamycin, and the detection of a two-bond coupling of 3 Hz between the C-i and 
C-3 resonances, indicate that vulgamycin biosynthesis involves a similar rearrangement 
to that previously observed for pyrone (50). 

Chapter 6 of this volume notes work on Lobelia alkaloids (Table) and discusses the 
role of an irregular 'tetra-acetate' precursor in the biosynthesis of dioscorine from 
nicotinic acid (p.  148). 

"a  M Yamazaki, Y. Macbayashi, H Katoh, JA. Ohshi, and Y. Koyama, Chem. and Pharm. Bull (Japan) 

1975.23. 569 
H Seto and S tJratno, ,4iric. Biol. Chem. (Japan), 1975,39, 915. 

1(0  H. Sto, T. Sato, S. Urano, J. Uzawa., and H. Yonchara, Tetrahedron Letters, 1976, 4367. 
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I 
Biosynthesis of Polyketides 

BY T. J. SIMPSON 

I Introduction 

This chapter follows the format of the previous report' with the inclusion of an 
extra section on compounds of mixed polyketide—terpenoid origin, and covers the 
literature from late 1976 until the end of 1978. "C-Labelling studies now greatly 

outnumber those using '4C, although '3C-methods are still almost exclusively 
limited to studies with micro-organisms. An interesting and potentially very useful 

development has been in the use of 2 l-I-labelling, the label being detected either 

directly by 2H n.m.r., or indirectly through its coupling to 13C in the 13C n.m.r. 

spectra of metabolites enriched from doubly labelled 1 2H, "Cl precursors. These 

methods may be of even more use in the study of terpenoid biosynthesis.2  

31-1-Labelling in conjunction with 3H n.m.r. should also be of use, but it has been 
applied in only one major study to date. There has been an encouraging number 
of papers describing the incorporation of larger molecules to obtain details of the 
later stages of polyketide biosynthesis; and close examination of the fate of 

'3C-label through secondary incorporation routes has shed light on the overall 
metabolic pathways operating in many organisms. An excellent short review of the 
fundamentals of polyketide biosynthesis has appeared .3 

2 Fatty Acids, Polyacetylenes, and Prostaglandins 

In a series of related papers, from Cornforth and co-workers, the precise 
stereochemical course of individual reactions in the biosynthesis of fatty acids was 
investigated. Incubation of chiral acetates with either chicken-liver or bakers' yeast 
fatty-acid synthetase showed that in palmitic acid a higher proportion of tritium was 

retained from (S)-12-'4C, 3H,Iacetyl-00A than from the (R) isomer, indicating 

an overall stereospecificity in the formation of fatty acids from chiral acetate. The 

discrimination between the (R) and (S) isomers was small because the small 

hydrogen isotope effect, operative in the acetyl-CoA carboxylase reaction, led to 
nearly equal proportions of (R)- and (S)-tritiated malonyl-00A species. A partial 

'T. J. Simpson, in 'Biosynthesis,' vol. 5, cd. J. D. Bu'lock, Specialist Periodical Reports, The Chemical 
Society, London, 1977, p. I. 
See for example, A. Banerji, R. Hunter, G. Mellows, K.-Y. Sim, and D. H. R. Barton. J.C.S. Chem. 

Comm., 1978, 843; D. E. Cane and P. P. N. Murthy. J. Amer. Chem. Soc., 1971, 99,8327. 

W. B. Turner, in 'Filamentous Fungi,' ed. J. E. Smith and D. R. Berry, Arnold, 191b, Vol. 2, P. 445. 



Biosynthesis 

and non-specific exchange of hydrogen catalysed by the synthetase was also 
observed, and this further reduced the net retention of tritium." Malonyl thiol esters 

stereospecifically labelled with tritium at C-2 were prepared, and incubation of these 
chiral malonates with the purified yeast synthetase showed that (2S)-malonate 
retained 51%  of the original tritium whereas the (2R)-isomer retained only 23%. 
Comparison of these results with those from chiral acetates indicates that 
carboxylation of acetyl-CoA occurs with retention of configuration.5  It is known 

that reduction of the 3-ketoacyl product (1) from condensation of acetyl-CoA with 
malonyl-00A is stereospecific, giving rise to the (3R)-hydroxyacyl intermediate (2) 
which in turn dehydrates to give exclusively the trans-2-enoyl derivative (3). 
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C 	 MeCO—C 

c 	 H 	H 
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Dehydration of (2R,3R)-3-hydroxyL2-3 H 1 butyrYl thioester by yeast fatty acid 

synthetase proceeded with retention of tritium to give the trans-2-enoyl derivative, 

by means of a syn elimination of the elements of water.' Assignment of the syn 

stereochemistry for the dehydration, together with the findings that tritium is 

retained preferentially from (2S)-[2-3 H 1 jmalonate, means that the condensation 

reaction in fatty acid biosynthesis must proceed with inversion of configuration at 

C-2 of malonate.6  Thus the overall stereochemistry of the process is as shown in 

Scheme 1. 
Lynen has examined the selective inhibition of fatty acid synthetase to obtain 

information on the condensation step in fatty acid biosynthesis.' The synthetase 

B. Sedgwick and J. W. Cornforth, European J. Biochem., 1977, 75,465. 
B. Sedgwick, J. W. Cornforth, S. J. French, R. T. Gray, E. Kclstrup and P. Willadsen, European 

J. Biochem., 1977, 75,481. 
B. Sedgwick, C. Morris, and S. J. French, J.C.S. Chem. Comm., 1978, 193. 
G. B. Kresze, L. Steber, D. Oesterhelt, and F. Lynen, European I. Biochem., 1977, 79,19 L 
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reacts with three moles of iodoacetamide, resulting in inhibition of condensation 
activity, but greatly increasing the malonyl-CoA decarboxylase activity which is 

normally low. To account for this, a mechanism is proposed (Scheme 2) in which 

binding of iodoacetamide to the peripheral thiol groups induces the same change in 
enzyme conformation as does acetyl-CoA, permitting binding of malonate to the 

active site as usual. Now, however, instead of concerted loss of CO2  and transfer of 
malonate to the acyl residue [path (a)], simple decarboxylation results as shown in 

Me Me 	 0 

	

- 	s- 	II CO 	 CH2—C—S—Enz gH— —Enz 	

(////////////7//// 

/ 
0— 

00NH2 F—C 0 
1 	11 

-f -*H H2— 	
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Schcme 2 

path (b). Further reaction of the inhibited synthetase with three moles of N-
ethylmaleimide results in inhibition of the decarboxylase activity also. 

The biosynthesis of cyclopentenyl fatty acids from 2-cyclopentenyl carboxylic 
(aleprolic) acid (4) was tested in seeds and leaves of the Flacourtiaceae viz. 

Caloncoba echinata and 1-lydnocarpus anthelminihica, and in various preparations 

of other higher plants. Only tissues of the Flacourtiacae, where the cyclopentenyl 
fatty acids occur naturally, were able to accept aleprolic acid as a starter for fatty 
acid synthesis. The labelling pattern of both straight chain and cyclic fatty acids 

synthesized after incubation of Flacourtiaceae seeds with 11-14Clacetate indicated 

initial de novo synthesis of CIb  fatty acids in each case, followed by chain 

elongation to higher homologues.' Cyclopentenylglycine, which is found in the tissues 

of Flacourtiaceae, where it is believed to be formed from acetate and glutamate, 

serves as a precursor for the cyclic fatty acids, transamination and decarboxylation 

converting it to aleprolic acid.9  
Multibranched fatty acids, e.g. 2,4,6,8-tetramethyldecanoic acid (5), are the 

major fatty acids produced by goose uropygial gland. The enzyme systems from 

U. Cramer and F. Spencr, bochim. biophys. .4cio, 197b, 450,261. 

U. Cramer and F. Spener, European J. bwchem., 1977, 74, 495. 
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this gland and from goose liver have both been shown to be equally capable of 
producing both branched and non-branched fatty acids, so that the production of 
methyl substituted fatty acids is not an inherent property of the enzyme system but 
simply reflects the availability of rnethylmalonyl-CoA in the uropygial gland)° 
Radiclonic acid (6) is a multi-branched fatty acid produced by a Pencillium sp. 
Incorporation of 1'3Clacetate and methionine confirmed its biosynthesis by the 
usual fungal pathway via rnethylation of an intermediate polyketide chain and not 
from propionate.0 

(CO3H 	Me(( (C2t 

Me Me Me Me 

(4) 	 (5) 

Me Me CH2OH Me Me CO2Me Me 

Me 	 ~CO,Me 
(6) 

Incorporation of octanoic acids tritiated at C-5, C-6, C-7, and C-8 into lipoic 
acid (7) by cultures of E. co/i indicated complete tritium retention at C-5, C-7, and 
C-8 thus excluding unsaturated intermediates.'2 Fifty per cent of the tritium at C-6, 
however, was lost, and a further experiment'3 with (6R)- and (6S)-[6-3H,1-
octanoate indicated that sulphur was introduced at C-6 with loss of the 6-pro-R 

hydrogen and inversion of configuration (Scheme 3). 

HR H5 	

t::~~CO,H 

(7) 

Scheme 3 

Polyacetylenes with eight carbon atoms are produced exclusively in fungal 
cultures. Feedings of [18- 14C Icrepenynate (8), [18- '4C !hydroxyester (10), and 110-
3H1-10-hydroxydehydromatricaria ester (11) established the origin of the 
metabolites (12)—(15) from C-18 to C-il of crepenynate in cultures of Agrocybe 

dura, Psilocybe merdaria, and Daedalea juniperina as shown in Scheme 4. .Junipal 
(15) is one of only three fungal thiophen-acetylenes. They are mostly associated 
with the Compositae and their derivation from polyacetylenes by the addition of the 
elements of hydrogen sulphide is probable."' 

10 J. S. Buchner, P. F. Kotauukudy, and L. Rogers, Arch. Biochem. Biophys., 1978, 186, 152. 
' H. Seto, T. Sasaki, and H. Yonehara, Tetrahedron Letters, 1977, 4083. 
° R. J. Parry, J. Amer. Chem. Soc., 1977, 99, 6464. 
13 R. 1. Parry and D. Trainor, J. Amer. Chem. Soc., 1978, 100, 5243. 
11 E. R. H. Jones, C. M. Piggin, V. ThaIlcr, and J. L. Turner, J. Chem. Research, 1977, (S)68, (M)0744. 
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Scheme 4 

Biosynthetic studies on mycomycin (16), one of the few natural allenes, have 

been thwarted by its instability and the consequent difficulty of purifying it. 

However it has been found possible to isolate the alkali isomerization product (17) 

by h.p.l.c., and feedings of 19-14C1- and [18-14C1-labelled crepenynate (8) and its 

triacetylenic derivative (9) to cultures of Resiniciurn bicolor indicate that 

mycomycin is derived from C-S to C-17 of crepenynate as shown in Scheme 5. 
Drosophilin C (19) is formed along with its allenic isomer, drosophilin D (20), by 

Drosophila subairala and both are converted by alkali into the stable readily 

purified methyl ester (21). The triacetylene (9) was not incorporated into 

drosophilin C (19) but the 118-"Cidiacetylene (18) was (Scheme 6). Thus it 
appears that the terminal ethynyl group in (19) does not always arise, as it must do 
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Me —=—=—=— /\  
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	 CO2H 

 

Me———— 	
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Scheme S 

in mycomycin and other acetylenes with odd numbers of carbon atoms, by 
elimination of C- 18 of crepenynate by decarboxylation or an equivalent process. 

A large number of C10  polyacetylenes has been isolated from Polyporus 

anthracophilus. When a mixture of EE- and 2E,8Z-[1-14Clmatricaria esters (22) 

were fed to cultures of P. anthracophilus, one or both of these esters were 

specifically incorporated into EE- and Z,Z-matricananol (23), and dimethyl E VE-

deca2,8-diene-4,6diYfle-1,10-d10ate (24), to provide evidence that in this organism 
matricaria esters are intermediates on the route to the many other polyacetylenic 

metabolites. 16 

A major development in the prostaglandin field has been the discovery of 

prostacyclin (PGX or PGI2; 27).h1  Prostacyclin, in contrast to the thromboxanes 

which cause blood clot formation, prevents clot formation and causes preformed 

clots to disperse. Prostacycin is formed from PGG2  (25); polarization of the 

endoperoxide in the opposite sense to that required for thromboxane formation 

could lead to participation of the 5,6-double bond leading to the carbonium ion (26) 

which by loss of the proton from C-6 gives prostacyclin (Scheme 7.)11  Reviews of 

M. Ahmed, M. T. W. Hearn, E. R. H. Jones, and V. Thaller, J. Chem. Research, 1977, (S) 125; (M) 

1579. 
D. G. Davies, P. Hodge, P. Yates, and M. J. Wnght,J.C.S. Perkin 1, 1978, 1602. 

A. Johnson, D. R. Morton, J. H. Kinner, R. R. Gorman, J. R. McGuire, F. F. Sun, N. Whittaker, 

Bunting, J. A. Salmon, S. Moncada, and J. R. Vane, Prostaglandins, 1976, 12,913. 

' K. H. Gibson, Chem. Soc. Rev., 1977, 6,489. 
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(26) 

(27) 

Scheme 7 

the formation, synthesis, and biological properties of prostaglandins and other 
metabolites of arachidonic acid have appeared in the recent chemical literature. 

Is,19 

3 Tetraketides 

Previous studies have demonstrated the polyketide character of barnol (32) and the 

origin of the alkyl groups: one of the ring methyls is derived from the C1-pool, and 

the other from reduction of the terminal carboxy-group; and the ethyl group is 
formed by methylation of an original acetate methyl group. Further details of the 
biosynthetic pathway have been elucidated by feeding phenolic substances to 

Penicillum baarnense.20  Neither orsellenic acid nor 5-methylorsellenic acid were 

metabolized. However, administration of '4C-labelled 5-niethylorcylaldehyde (28) 

led to the isolation of two radioactive phenols, identified as 4,5,6-trimethyL-
resorcinol (29) and 4,5,6-trimethylpyrogal101 (30). Similarly j 14C lorcylaldehyde 

was converted to 4,5-dimethylresorciflol, and a cell-free homogenate from P. 

baarnense converted (29) to (30). Finally 

"K. C. Nicolau, G. P. Gasic, and W. E. Barnette, Angew. Che,n. Internal. Edsi., 1978, 17, 293. 

10 J. Better and S. Gatenbcck,ACIO Chain. Scand., 1977, B31, 391. 
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aldehyde (31) was incorporated to the extent of 24% into barnol. These results 
indicate the biosynthetic sequence shown in Scheme 8 and reveal that both ring and 
side-chain methyls must be introduced before cyclization of the polyketide, and that 
reduction of the terminal carboxyl precedes ring hydroxylation. Methylation of a 
polyketide methyl, rather than a methylene, is very unusual. Mosbach's suggestion 
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that methylation occurred via a quinone-methide intermediate 2' is ruled out by the 

above results. Another possibility is that rnethylation occurs on a pentaketide 
precursor followed by the loss of the 'starter' unit. Stellatin (33), a recently isolated 

metabolite of Aspergillus variecolor,22  has an apparently similar bis-C-methylated 

tetraketide skeleton to barnol, and pentaketide metabolites have been isolated from 

A. variecolor. Experiments to establish the presence of a 'starter' group in these 

molecules would be of interest. 

OH 

HO Me M 3
MeO) (Me 

HO 

3H(COZH 

	

OH 	 Me 	
OH 

	

(34) 	 (35) 	 (36) 

n.m.r. has been used to determine directly the regio- and stereoselectivity of 

labelling in penicillic acid (35) biosynthesis in Pencillium cyclopium from 

L 3Hlacetate, [ 3ulmalonate, and [3,5-3Hlorsellinic acid (34).23 This reveals specific 

labelling of the 5-methylene with the 3H mainly trans to the C-methyl; in the case of 

the acetate feed there is a partial loss of label from C-S relative to C-3, and from 
C-3 relative to the C-methyl. In addition the C-methyl is not labelled by malonate, 
revealing a clear acetate 'starter' effect, nor is it labelled by the orsellimc acid (so 

Me—CO2H 

Me 	 OMe 
A 	I 	A 

HOCH2 /CH2OH 

MeO2C'-'O 0 

(37) 

Me—CO2H 

OMe 0 OMe <LyMe 

0 0 	 Me" O 0 

Me 
Me' 

(38) 
	

(39) 

21 1. Ljungcrantz and K. Mosbach, Biochim. Biophys. Ada, 1964, 86, 203. 

22 T. J. Simpson, J.C.S. Chem. Comm., 1978, 627. 
13 J. A. Elvidge, D. K. Jaiswal, J. R. Jones, and R. Thomas, J.C.S. Perkin 1, 1977, 1080. 
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that label from the orsellinic acid is not being incorporated through prior 
degradation to acetate). The previously postulated intermediate 2,5-dihydroxy-3-
methoxytoluene (36) has been isolated from penicillic acid producing cultures of 

Penicilliurn baarnense.24  
Incorporations of 1'3Ciacetate and methionine into the fungal a-pyrones 

rosellisin (37), a metabolite of Hypomyces rosellus,25  and coarcatin (38), a 

metabolite of Chaetomium coarcatus26  reveal that both are tetraketide in origin, with 

the extra carbons being derived from the C,-pool. The structurally similar 
nectriapyrone (39) was isolated from Gyrostroma rnissouriense and on the basis of 

incorporation of activity from 12-' 4Cimevalonic acid it was said to be a 

mo note rpenoid.2' This assumption has since been repeated several times in the 
literature. No degradations to establish the specificity of labelling were reported, 
however, and nectriapyrone is almost certainly a tetraketide with the 'extra' methyls 

deriving from the C,-pool. 

4 Pentaketides 

The detection of 2H through its coupling to 13C in the 13C n.m.r. spectra of 

metabolites derived from doubly labelled 1 21-1,'3C1 precursors offers the possibility 

of establishing the integrity of C—H bonds during the course of a biosynthetic 
pathway. This has been demonstrated by Staunton who proposes a new method for 
the detection of chain starter units by this means. On incorporation of 12-2H3,2-

'3Clacetate into terrein (40) by cultures of Aspergillus terreus the presence of 2H on 

C-i, C-3, and C-8 could be inferred by their lowered intensity compared to C-S 
(also enriched by 'tC acetate but not carrying 21-1). In addition the C-3 signal 

showed 21-1- 13C coupling satellites.2  On redetermining the 13C n.m.r. spectrum with 

deuterium noise-decoupling a singlet at 17.95 p.p.m. (0.81 p.p.m. upfield of the 
normal chemical shift value for C-I) was assigned to molecules trisubstituted with 

21-1 at this position (the normal chemical shift difference for isotopic substitution is 

Ca. 0.3 p.p.m. for each deuterium) thus confirming that C-I is a chain starter unit.29  

There was also a doublet 	123 Hz) centred at 18.22 p.p.m. (0.55 p.p.m. 

upfield from normal) corresponding to molecules labelled with CHD2, and the 

presence of an enriched CH3  singlet (in the 'H noise decoupled spectrum) shows 
that there is considerable exchange of hydrogen from the methyl group during 

D D 

41 
 

CD3CO2Na 	
) 5 

HO OH 

(40) 

' J. Better and S. Gatcnbcck, Aria Chem. Scand., 1976, BlO, 368. 

° M. S. R. Nair, Phyiochemisiry, 1976, IS, 1090. 
24  H. Seto, M. Shibamiya, and H. Yonehara, J. Antibiotics, 1978, 31, 926. 

' M. S. R. Nair and S. T. Carey, Tetrahedron Letters, 1975, 1655. 

M. J. Garson, R. A. 11111, and J. Staunton, J.C.S. Chem. Comm., 1977, 624. 

' M. J. Garson, R. A. Hill, and J. Staunton, J.C.S. Chem. Comm.. 1977, 921. 
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Scheme 9 

biosynthesis. The 2H noise decoupled spectrum also showed singlets at 125.3 and 
124.8 for C-3 and C-8 each carrying one 2H only. 

Previous studies suggested that sclerin (43) a metabolite of Scierotinia 

scierotiorum was formed by condensation of two preformed polyketide chains. The 
principal difficulty with this proposal was that it necessitated introduction of a 
methyl from the C1-pool on to the methyl, rather than the usual methylene, of a 
polyketide chain (see barnol, above). To overcome this Staunton suggested that 
sclerin was formed via a novel structural reorganization of the known co-
metabolite, scleritonin A (41), Scheme 9. This has been confirmed by incorporation 
of both (41) and (42),° which are probably readily interconverted in vivo. The 

10 M. J. Garson and J. Staunton, J.C.S. Chem. Comm., 1978, 159. 
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incorporations were low, 0.01 and 0.45% respectively, presumably due to poor cell 
permeability, but degradation confirmed their specific incorporation, interestingly, 
label from the isocoumarin (44) was incorporated with much greater efficiency, but 
(44) was clearly shown to be incorporated only through prior degradation to 12-
14C ]acetate, a salutary reminder of the need for rigorous proof of specific 

incorporation. Incorporation of 1'3Clacetate and I '3Clmalonate into sclerin was 

reported independently earlier. As required by the above mechanism, incorporation 

Ho 	 Me 

OH 0 

(42) R = Me 
(44) R = H 

of I13Clmalonate in the presence of unlabelled acetate showed a clear acetate starter 

effect for C- 12 only. However the authors then interpreted this as evidence for a 
two-chain pathway, with loss of the starter acetate unit from one of the poly- 

ketides.3' 
The tetralone scytalone (45) has also been the subject of further study. Scytalone 

and related naphthols and naphthaquinoneS typtty a minority of polyketides which 
lack a clear acetate starter' unit, so that several cyclization modes for the precursor 

OH 0 
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Scheme 10 

M Yanazuki. Y. Macbay ash, and T. Tokuroyama, Tetrahedron LeI1irs, 1977, 489. 



or C-7, was suggested by the decrease in signal intensity. This was confirmed on 
redetermining the spectrum under 2H noise decoupling,34 when the C-4 signal 

	

appeared as a doublet 	127 Hz) and that of C-S as a singlet. The 
presence of 2H on C-4 and C-5 but not on C-2 and C-7 could be accounted for if 
C-4/C-5 were derived from the acetate starter unit; then G-2/C-7 being derived 
entirely from malonate might lose 2H label more readily. Incorporation of ['3C1-
malonate ought to confirm this, and further define the exact cyclization mode of the 
pentaketide chain. 

	

MeO 	 Me 

)~-Yo 
OH 0 

(48) 

MeO) Me + MeOççj Me 

-;~ 
 

	

OH 0 	 OH 0 
(49) 

Scheme ii 

Fungal infection, or treatment with ethrel, induces formation of the phytoalexins 
(stress compounds) 6-methoxymellein (48) and eugenin (49) in carrot roots. 
Incorporation of ['3C2 ]acetate by ethrel treated carrot roots reveals a pentaketide 
origin for both metabolites.33 The two modes of acetate incorporation into the 
benzenoid ring of eugenin (Scheme 11) indicates that the heterocyclic ring is formed 
by ring closure onto the two equivalent hydroxyls of a symmetrical intermediate 
which is not firmly enzyme bound. In both cases it is the non-chelated hydroxyl 
which is methylated, suggesting that O-methylation occurs after cyclization. 

" H. Seto and H. Yonchara, Tetrahedron Letters, 1977, 487. 
" U. Sankawa, H. Shimada, T. Sam, T. Kinoshita, and K. Yamasaki, Tetrahedron Letters, 1977, 483. 

U. Sankawa, H. Shirnada, and Y. Yarnasaki, Tetrahedron Letters, 1978, 3375. 
" A. Sioessl and J. B. Stothers, Canad. J. Bo:., 1978. 36, 2589. 
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Culture filtrates of Strepiomyces ,nobaraensis produce reticulol (50) and several 

related isocoumarins, which are inhibitors of cyclic nucleotide phosphodiesterases. 

Incorporations of I 13Clacetates and I "Cimethionine indicate a pentaketide origin 

with the methoxyl being derived from the C 1 -pool.3' 

5 Hexaketides 

Feeding experiments with the 13H, "CJ-labelled pyrone (51) and dioxopentanoic 

acid (52) indicate that the former, and not the latter, is a biosynthetic precursor of 
aloenin (53) in aloe plants (Scheme 12), so that methoxylation precedes 

glucosylation." 
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Y. Furutani, I. Tsuchiya, H. Naganawa, T. Takeuchi, and H. Umezawa, Agrsc. Biol. Chem. (Japan). 

1977, 41, 1581. 
11  T. Suga arid T. Hrata, Bull. Che,n. Soc. Japan, 1978, 51,872. 
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6 Heptaketides 

Incorporation of F '3Clacetates by cultures of Aspergillus inelleus have confirmed 
the heptaketide origin of xanthomegnin and viomellein.11  The labelling patterns 
suggested by this study are readily reconciled with the much more satisfactory 
revized structure proposed for xanthomegnin (54) from consideration of long range 
'H—'3C couplings in the fully 'H coupled '3C n.m.r. spectrum.3° This also 
necessitates revision of the structures of the co-metabolites°° viomellein (55), 
rubrosulphin (56), and viopurpurin (57) which can now be seen to form a 
biogenetically homogeneous grouping, along with vioxanthin (58)' and floccosin 
(59),42 derived by dimerization and further modification of a single naphthol 
precursor (60) (Scheme 13). 
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(59) 
1.3. Simpson. J.C.S. Perkin 1, 1977, 592. 
G. Hötie and K. Rdser,J.C.S. Chem. Comm., 1978.611. 

4° R. C. Durley, J. MacMillan, T. J. Simpson, A. T. Glen. and W. B. Turner, J.C.S. Perkin 1, 1975, 163. 
' F. Blank, A. S. Ng, and G. Just, Canad. J. Chem. 1966, 44, 2873. 

°' F. Brisse, G. Just, and F. Blank, Ada Cryst., 1978, B34, 557. 
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Incorporations of singly and doubly labelled 113C ]acetates  are consistent with 

previous "C results that citromycetin (61) is formed by condensation of two 

preformed poly ketide chains.43  
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Me—CO2Na 
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* 

(61) 

The biosynthesis of the antifungal antibiotic griscofulvin (68) continues to attract 

much attention, incorporation studies with singly and doubly labelled I UC Iacetates 

using a high producing strain of Penicillium patulum showed a clear preferential 

incorporation of label into the acetate starter unit (i.e. C-6' and 6' -methyl) 

confirming that griseofulvin is formed from a single heptakeude chain to refute 

previous proposals of a two-chain pathway.4' The spectrum from incorporation of 

( 13C 2  lacetate was difficult to interpret, as despite very low overall enrichment the 

specific incorporation of 13C-label into those molecules which were labelled was 

13 G. E. Evans and J. Staunton, J.C.S. Chem. Comm., 1976, 760. 

"T. J. Simpson and J. S. E. HoUer, Phyiuchenu.ilry, 1977, 16, 229. 
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very high, so that extensive '3C-13C coupling was observed between acetate units. 

This effect is presumably due to inhibition of endogenous acetate production by the 
high levels of exogenous acetate added, resulting in the metabolite being formed first 
almost entirely from the added acetate; when the acetate levels fall below a 
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(necessarily very low) threshold level endogenous acetate production is resumed, to 
give unlabelled metabolite. Hence the very low overall enrichment level observed. 
Similar results have been observed in the terpenoid field and the biosynthetic 
significance of"C—"C couplings observed under these conditions requires careful 

interpretation.43  Extensive metabolism of acetate in these experiments also resulted 

in high enrichment of the C,-pool (and thus of the methoxyl carbons) from C-2 but 
not C-I of acetate. Also, randomization of label from [2-

13C )acetate (via the Krebs 

cycle) resulted in a much lower apparent enrichment in the 13C n.m.r. of 12-

13Clacetate enriched griseofulvin compared to Il-13Clacetate, though the isotope 

peaks in the mass spectra revealed comparable levels of incorporation. Similar 

studies with Penicillium urticae were not subject to the same complications and in 

this case analysis of the couplings in I13C2Iacetatederived griseofulvin" clearly 
showed the scrambling of label in the A-ring, consistent with the intermediacy of 
symmetrical benzophenone intermediates not tightly bound to the enzyme surface. 
Harris, using isotope dilution and feeding studies with suitably labelled potential 

intermediates, has delineated the pathway shown in Scheme 14.11  Contrary to some 

previous suggestions, he has demonstrated that the initial product from cyclization 
of the heptaketide chain must be the benzophenone (62) which is methylated to give 
(63) and (64) successively, followed by chlorination to (65). Oxidative cyclization 

of (65) to the grisan (66) is followed by a final methylation to give dehydro-
griseofulvin (67), from which griseofulvin (68) is formed by reduction. Separate 

studies by Sato et at. showed that the stereochemistry of this final reduction was 

trans overall, by incorporation of 15'-2Hlgriseophenone B (65) and 15'-2H1-4-

demethyl dehydrogriseofulvin (66). 2H N.m.r. of the resultant deuteriated 

griseofulvins demonstrated that the 2H was at the 5'a position, trans to the 6'-

methyl." In an earlier paper the same workers had reported the incorporation of 2H 

from 12-21-10acetate, and the first use of 2ll n.m.r. in a polyketide study.49  in 

agreement with the above results with P. patulurn, 2H from the (2-2H 3 ]acetate was 

also incorporated into the methoxy-groups. 

7 Octaketide 

Analysis of the '3C-13C coupling pattern of secalonic acid A (69), produced by 

cultures of Pyrenochaeta terrestris supplemented with [ 13C 2  acetate, is consistent 

with formation of the tetrahydroxanthOne moiety via ring cleavage of an 

anthraquinonoid precursor to give a benzophenone intermediate. The ran-

domization of C-13C couplings in the A ring of secaloriic acid A indicates that 

xanthone ring formation must occur with equal facility to either of the hydroxyls in 
a symmetrically substituted ring so that ring cleavage andxanthone ring formation 

must precede dimerization (Scheme 15) 30  This is an excellent illustration of the 

"A P. W Bradshaw, J. R. Hanson, and M. S,vcrns,J.C.S. Chem. Comm., 1977, 819, MW. Lunnon, 

J. MacMillan, and 1. J. Simpson, J.C.S. Perkin 1, 1979, 931. 

Y. Sato, T. Oda, and S. Urano, Tetrahedron Letters, 1976, 3971. 

C. M Harris. J. S. Robertson. and T. M. Harris.). Amer. Chem. Soc., 1976, 98, 5380. 

Y. Saw, T. Oda, and H. Saito, J.C.S. Chem. Comm., 1978, 135. 

Y. Saw, T. Oda, and H. Saito, Tetrahedron Letters, 1976, 2695. 

ta 1. Kurobanc. L C. Vining, A. G. McInnes, J. A. Walter, and J. L. C. Wright, Tetrahedron Letters 

1978. 1379. 
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information that incorporation of doubly 'C-labe11ed early precursors can provide 
on much later stages of a biosynthetic pathway. 

The biosynthetic relationships among tetrahydroanthraCene and anthraAluiflOfle 

metabolites of Aloe saponaria has been demonstrated.5' I '4ClAcetate was 

incorporated into aloesapanol (70), aloesaponarin (71), and laccaic acid D methyl 
ester (72). Labelled (70) was incorporated into (71), but no conversion of (70) into 

(72) or vice versa was observed, showing that (7 1) and (72) must be biosynthesized 
in parallel and not in sequence (Scheme 16). The incorporation pattern of 12-2H3, 2- 

Acetate 

Me ü 0 	 Me 0 OH 

XSOCj tJ 	

MeO2CJ J5 - 
HO 	 OH 

0 

(72) 

/ 
Me OH 0 	

OH 0 OH 

MeO2C 	 MeO 2C 

t"']:  HO —' -OH 	 HO 

0 

(70) 	 (71) 

Scheme 16 

13Clacetate into rugulosin (73) in cultures of Penicililuin brunneum,3' determined in 

both 'H and 1H noise decoupled '3C n.m.r. spectra is consistent with dimerizatiofl 

of two octaketide-derived anthraquin000id moieties. Deuterium is detected at C-i, 
C-3, C-8, and the 7-methyl indicating retention of acetate hydrogen throughout 
biosynthesis, so that the absence of deuterium at C-6 indicates that the necessary 
decarboxylaçiOn of the octaketide precursor occurs after formation of the aromatic 

rings. The 7-methyl group shows a singlet (due to CD3) and a doublet (due to 

CHD2) in the 2H noise decoupled '3C n.m.r. spectrum indicating some loss of 

hydrogen, possibly via reversible reaction between acetyl-CoA and malonyl-00A. 
The biosynthesis of the fungal metabolite brefeldin A (74) is of great interest due 

to its obvious structural similarities to the prostaglandins. When Penicilliuns 

brefeldianum was grown in the presence of I 102 lacetate, 1102, and 11,110, mass 

spectral analysis of the resultant brefeldin A clearly showed that the oxygens on 

' A. Yogi, M. Yamanouchi. and I. Nchsoka. Phy:oche'fl wry, 197g. l, 895. 
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C-i and C- 15 were derived from acetate whereas the oxygens on C-4 and C-7 were 
derived from two different oxygen molecules.52  Thus the biosynthetic mechanism by 
which the cyclopentane ring is formed does not closely parallel prostaglandin 
biosynthesis and the fact that the C-is oxygen atom does not come from 
atmospheric oxygen further supports a non-fatty acid, polyketide origin for (74) 
since C- 15 oxygenation of a saturated or unsaturated fatty acid would be expected 
to occur via a mixed function mono-oxygenase and so would involve molecular 

oxygen. 
In an interesting but unsuccessful experiment, Cross has tried to convert. 19F-

labelled fatty acids into analogues of avenociolide (75) in cultures of Aspergillus 

avenaceus.53  However this could yet prove to be a useful alternative method of 

labelling' precursors. 	 - 

8 Decaketides 

The aflatoxins and related metabolites have continued to be the subject of much 

study. Aflatoxin B1  (80) production by Aspergillus flavus and Aspergillus 

parasiticus is greatly reduced in the presence of the insecticide dichiorvos, with the 
concomitant appearance of an orange pigment, versiconal acetate. Two groups 

have studied the incorporation of I 13Clacetate into versicon acetate, and have 
revised its structure to (77),54.55 The further conversion of ['3Clacetate-enriched 

(77) into aflatoxin B is reported," but the resultant '3C-enrichment pattern 

" C. T. Matbuni, L. Garlasehelli, R. A. Ellison, and C. R. Hutchinson, J. Amer. Chem. Soc., 1977, 99, 

7718. 
" B. E. Cross and P. Hendley, Tetrahedron, 1978, 34, 1281. 

D. L. Fitzell, R. Singh, D. P. H. Hsieh, and E. L. MotelI,J. Agric. Food Chem,, 1977, 25, 1193. 

" R. H. Coa, F. Churchill, R. J. Cole, and J. W. Dorner, J. Amer. Chem. Soc., 1977, 99,3159. 
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observed in aflatoxin B1  could also be accounted for by degradation of (77) to C 
acetate followed by reincorporation. Unfortunately much of the work in this area 
has been characterized by this lack of rigorous proof of incorporation of intact 
metabolites. incorporations of singly and doubly labelled '3C acetates into averufin 
(76)56 and versicolorin A (78) reveal the acetate assembly patterns shown in 
Scheme 17, and these are fully consistent with the assembly pattern observed in 
aflatoxin B1 . Steyn has proposed a further mechanism involving an epoxide 
rearrangement56  for the conversion of the C6  side-chain of averufin to the bis-furan 
of versicolorin A and the aflatoxins. At least three other mechanisms for this 
conversion have been proposed recently,55  and it would be of interest to see some 
detailed studies to test these various proposals and possibly solve this intriguing 
problem. Two mutants of A. parasiticus, both deficient in aflatoxin production, one 
of which accumulates averufin (76) and one which accumulates versicolorin A (78), 
have been used to clarify the role of proposed intermediates on the biosynthetic 
pathway to aflatoxins.59  The averufin-producing mutant efficiently converted 
biosynthetically 14C-labelled versiconal acetate (77), versicolorin A (78), and 
sterigmatocystin (79) into aflatoxin B1 , indicating that averufin preceded these 
compounds on the biosynthetic pathway. In the presence of dichlorvos, the 
conversion of (78) and (79) was unaffected, but the conversion of versiconal acetate 
was markedly inhibited. None of the precursors apart from ['4Clacetate were 
incorporated into averufin, indicating that the conversions are not reversible, and 
ruling out incorporation via degradation to acetate. The versicolorin A-accumulat-
ing mutant incorporated "C-labelled acetate, averufin, and versiconal acetate into 
versicolorin A. In the presence of dichiorvos, however, the major conversion 
product was versiconal acetate, indicating that dichiorvos inhibited the step of 
conversion of (77) to (78). This mutant resumed production of aflatoxin B1  if 
sterigmatocystin was added to resting cell cultures, indicating that the mutant was 
blocked at the step converting versicolorin A to the sterigmatocystin. This work 
would appear to provide the most compelling evidence to date for the biosynthetic 
pathway summarized in Scheme 17. Similar results have been reported for the 
conversion of the above anthraquinones into sterigmatocystin by both cultures and 
by a cell free system from Aspergillus versicolor.6° The important problems now 
requiring study would appear to be: how and when the loss of phenolic oxygen 
occurs on going from the anthraquinone to xanthone; what is the role, if any, of 6-
deoxyversicolorin A and 5-hydroxysterigmatocystin6' in aflatoxin biosynthesis; and 
of course, the mechanisms of the side-chain rearrangement, and of the oxidative 
degradations required for the anthraquinone to xanthone to isocoumarin conver-
sions. 

C. P. Gorst-AIlman, K. G. R. Pachier, P. S. Steyn, P. L. Wessels, and D. B. Scott, J.C.S. Perkin 1, 
1977, 2181. 

P. Gorst-Allman, P. S. Steyn, P. L. Wessels, and D. B. Scott,J.C.S. Perkin 1, 1978, 961. 
R. Thomas, personal communication to M. 0. Moss in Phytochemical Ecology,' ed. J. B. Harborne, 
Academic Press, London, 1972, p.  140; D. G. I. Kingston, P. N. Chen. and J. R. Vercclloui, 
Phy:ochemisry, 1976, IS, 1037; M. Tanabe, M. Uramoto, T. Hamasaki, and L. Cary, Heterocycles, 
1976, 5,355. 

" R. Singh and D. P. H. Hsieh, Arch. Biochem. Biophys., 1977, 178, 285. 
P. H. Hsieh, R. Singh, R. C. Yao, and J. W. Bennet, App!. Environ. Microblo!., 1978, 35, 980; 

M. F. Dutton and M. S. Anderson, Experientia, 1978, 34, 22. 
G. C. Elsworthy, J. S. E. Holker, J. M. McKeown, J. B. Robinson, and L. J. Mutheirn, J.C.S. Chem. 
Comm., 1970, 1069. 
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The anthraquinone dothistromin (81) is very similar to the versicolorins. It is 

isolated from Doihisiroina pini, the fungus responsible for blight of pine needles. The 

incorporation of I 13Clacetates indicates an entirely polykeude origin analogous to 
versicolorin A.62  
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Incorporations of 1"Clacetates by cultures of Sireplomyces nogalazer and S. 
elegretus respectively indicate a decaketide origin for the anthracyclinone 
antibiotics nogalamycin (82) and steffamycin B (83).b3  The remaining carbons are 
derived from glucose and the C1-pool. 
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61 P. F. Wiley, D. W. Elrod, and V. P. Marshall,J. Org. Chem., 1978, 43, 3457. 
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9 Meroterpenoids 

A number of metabolites of mixed polyketide-terpenoid biosynthesis have been 

studied and it is convenient to discuss these compounds as a group. 
The proposed biosynthetic pathway for mycophenolic acid (90)is based on the 

incorporation of labelled compounds in vivo, with 5,7-dihydroxy-4-methyl-
phthalide (85), 6-farnesyl-5,7-dihydroxy-4-methylphthalide (86), and demethyl-
mycophenolic acid (89) as sequential intermediates (Scheme 18). In support of this 

an enzyme fraction has been isolated from Penicillium brevicornpactum that 
catalyses the synthesis of (86) from 5,7-dihydroxy-4-methylphthalide and either 
(3RS)-mevalonic acid or farnesyl pyrophosphate (84). The enzymatic synthesis 
was shown to proceed with inversion of configuration at C-S of mevalonic acid (i.e. 
C-I of farnesyl pyrophosphate) by incorporation of (5R)- and (5S)-15-'4C, 5-31-11-
mevalonic acids, isolation of C-l' of (86) as propionic acid, and enzymic con-
version to (S)-methylmalonyl-CoA (87). The mechanism leading from 6-farnesyl-
5,7-dihydroxy-4-meihylphthalate (86) to mycophenolic acid (90) has also been 
investigated .65  A total enzyme extract has been isolated from P. brevicoinpacium 

which in the presence of ATP converts 5,7-dihydroxy-4-methylphthalide (85) and 
farnesyl pyrophosphate to (86) and mycophenolic acid. However in the absence of 
ATP, the enzyme system caused the oxidation of (86) to the hydroxyketone (88), 
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L. Bowen, K. N. Clifford, and G. T. Phillips, J.C.S. Chem. Comm., 1977,949; 950. 
' L. Colombo, C. Gennari, and C. ScoIaLico, J.C.S. Chem. Comm, 197b, 434. 
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whose structure was confirmed by comparison with a synthetic sample. The 

hydroxyketone was further metabolized by the enzyme system to (89) and (90). 

Administration of '3C-labelled (88) to the in vivo culture resulted in a 45% 

conversion to mycophenolic acid. 

Incorporations of singly and doubly labelled VCIacetates, [' 3C]formate, and 15-

13c Imevalonate by cultures of Colletotrichum nicotianae labelled colletotrichin (9 I) 

as shown in Scheme 19, indicating its formation via alkylation of a mono-C-

methylated polyketide by a novel geranylgeranyl pyrophosphate derived, bicyclic, 

nor-diterpenoid.66  The incorporation pattern suggests that the diterpenoid carbon is 

lost via an epoxide rearrangement followed by Baeyer—Villiger type oxidation as 

S 	 * 
* I 	 S I 

* * I 

I-j$  . .J Ho2!J 
S 

CO I 

S 	S 

HO1thI) 	HO1h1) 

Scheme 20 

shown in Scheme 20. The formyl esters (92) and (93) are co-metabolites of (91), 

and the formyl carbon in each is enriched from [2-' 3Clacetate, as required by the 

scheme, and not by [°C]formate. The authors suggest a triketide origin for the 

pyrone, but analogy with known poly prenylphenols strongly suggest alkylation of 

5-methylorsellinic acid followed by oxidative degradation to the pyrone. In this light 

it should be noted that prenylated orsellinic acid derivatives, e.g. (94), have been 

isolated from C. nicozianae.6' The desacetyl derivative of sesquicillin (95), a 

metabolite of Sesquicillium globulospo rum, would appear to be likely near 

precursor to colletotrichin.6' 

Incorporations of singly and doubly labelled [' 3C ]acetates and [' 3C imethionine 

by cultures of Aspergillus variecolor indicate that andibenin (97), for which a 

Y. Kimura, M. Gohbara, and A. Suzuki, Tetrahedron Letters, 1977, 4615; ibid., 1978,3115. 
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sesterterpenoid origin had been suggested, is in fact derived from two precursors, 

one of which is a sesquiterpene, and the other a tetraketide containing two C-methyl 

groups from methionine.'9  A possible route involving the alkylation of the precursor 

phenol by farnesylpyrophophate is shown in Scheme 21, an interesting feature 

being the proposed formal 4 + 2 cycloa4dtion which generates the correct carbon 

skeleton. A sesterterpenoid origin has also been proposed for austin (98), a 

mycotoxin produced by Aspergillus uslus;'° however, a pathway to austin from the 

common intermediate (96) can be formulated. 

Cochlioquinones, e.g. (99), metabolites of Cochliobolus miyabeanus, are formed 

via prenylation of the bis-C-methylated hexaketide by a farnesyl pyrophosphate 

derived moiety. Oxygen-18 labelling together with mass spectrometric studies 

indicate that the two oxygen atoms of the unusual 2-(2-hydroxypropyl)-tetra-

hydropyran system are derived from two different oxygen atoms at separate steps 

on the biosynthetic pathway." 
A regular heptaketide origin is indicated for fIavoglaucin (100) by incorporation 

of ['3C2  ]acetate in cultures of Aspergillus amstelodami.' 2  The labelling pattern of 

the dimethylallyl group indicates that there is no change in stereochemistry around 

the double bond during aromatic isoprenylation. 

S. E. Holker and T. J. Simpon,J.C.S. Chem. Comm., 1978, i2t. 
K. Chexal, J. P. Springer, J. Clardy, K. J. Cole, J. W. Kirkcy, J. W. Doruci, H. G. Cutler, and 

W. J. Strawtcr, I. Amer. Chem. Soc., 197b, 98,6748. 
' Canonica, L. Colombo, C. Gennari, B. M. Ranzi, and C. Scolasuco, J.C.S. Chem. Comm., 1978, 

679. 
'si. K. Allen, K. D. Barrow, A. J. Jones, and P. Hansch,J.C.S. Perkin 1, 1978, 152. 
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Mikrolin (102), a metabolite of Gilmaniella humicola, has been shown by 
incorporation of singly and doubly labelled I '3Cjacetates to be a highly modified 
prenylated pentaketide.13  On the basis of the labelling pattern as revealed by '3C 
n.m.r., the biosynthetic pathway to mikrolin and its co-metabolite 6-hydroxy 
mellein (101) shown in Scheme 22 is suggested. The absence of randomization of 
'3C—'3C couplings in the quinonoid ring indicates oxidative decarboxylation to give 
directly a 1,2,4-trihydroxyphenol, rather than decarboxylation to a symmetrical 
1,4-dihydroxyphenol followed by hydroxylation. 

10 Macrolides and Other Compounds 

The ansamycin group of antibiotics are usually formed by elongation of an 
aromatic 'C,N' starter unit, itself derived from glucose by a shikimate type 
pathway, by acetate and propionate. On this basis, inspection of the ansa chain of 
geldanamycin (103) suggested an origin from four propionates and three acetates. 
However, incorporation of 12-13Cjmalonate by cultures of Streptomyces hygro-

scopicus resulted in enrichment of C-4 only and not C-6 and C-12 as anticipated.14  
Both C-6 and C-12 are oxygenated, and on feeding of either [I-'3Clglyceratc or 
I1-'3C]glycollate these two C2  units were equally labelled, as indicated in Scheme 

" K. K. Chcx.,d and C. Tamm, He/i. Chim. ACIU, 1978, 61,2002. 
"A. Haber, R. D. Johnson, and K. L. Rinehart, J. Amer. Chem. Soc., 1977. 99, 3541. 
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23. This is a novel variation of the usual acetate—propionate pathway. Incor-
poration of 16- 13Cglucose resulted in enrichment of 21 of the 29 carbons. Apart 
from the expected enrichment of C-fl and C-21 of the C,N unit, secondary 
incorporation of label occurred via conversion of glucose into propionate, acetate, 
and methione by established metabolic pathways. 

Further studies and fuller details of previous work on the origin of the skeletal 
carbons of the lactone ring of the 16-membered macrolide antibiotics has 
appeared." '3C-Enriched leucomycins and tylosins have been obtained from 
cultures of Strepiomyces kitasatoensis and Streptomyces fradiae respectively, fed 
with the appropriate precursors, and '3C n.m.r. analysis reveals that the aglycone 
of leucomycin A3  (104) is derived from five acetates, one propionate, and one 
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butyrate, and an unknown precursor corresponding to two carbons. '3C-Glycine, 
n%alonate, succinate, and oxalate all failed to label this C2  unit. However, from its 
structural similarity to the glycollate-derived C2  units of geldanamycin, a similar 
origin must be highly likely. Tylosin (105) originates entirely from two acetates, five 
propionates, and one butyrate. in addition to the expected enrichments from 
primary incorporation, and in contrast to leucomycin, tylosin presented evidence 
for extensive secondary incorporation of precursors, especially of butyrate and 
2-ethylmalonate: I1-13Clbutyrate also enriched those carbons derived from the 
carboxyl of propionate, and Ll'-'3C)ethyl malonal.e enriched those carbons derived 
from C-2 of propionate. To account for this, a pathway involving o-oxidation of 
butyrate to succinate, and hence via the vitamin-B,,-dependent methylmalonyl 
mutase was proposed (Scheme 24). In support of this, feeding of 11,4-'3Clsuccinate 
resulted in enrichment of C-il, C-13, and C-iS as predicted. Incorporation of 
Ii,3,i'-'3C31-2-ethylmalonate resulted in incorporation of 11,2-13C2 1propionate into 
tylosin and clear 	couplings were observed between carbons 11 and 12, 13 
and 14, and 15 and 16. Somewhat surprisingly, no enrichment of carbons 3, 4, 7 
and 8 was observed, suggesting some difference in the mode of biosynthesis of these 
and other propionate derived carbons. 

75  S. Omura, ft Takcshiina, A. Naka8aa, N. Ketncmoto. and G. Lukacs, Bwor. C/win., 1976,5,451; 
S. Omura, H. Takcshjma, A. Nakagawa, J. Miyazasa, F. Piriour, and G. Lukacs, Biochenusiry, 1977, 
16, 2860. 
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Incorporation of singly and doubly labelled ['3C lacetates, ['3C Imethionine, and 
[l-'3C1- and [3-13C1propionates into pseudomonic acid (106) an antibiotic 
metabolite of Pseudomonas fluorescens indicated the labelling pattern shown.16  To 
account for this a biosynthetic route via C12 , C9, and C5  units as shown in Scheme 
25 was proposed. The origin of the C, unit from a pentaketide with introduction of 
two carbons from methionine is unexceptional. This C12  unit would then condense 
with a branched C5  unit derived from hydroxymethylglutaryl-CoA (107) as 
indicated; no incorporation of mevalonate was observed. The very odd labelling 
pattern of the C9  unit, in which C-7' is enriched by both [1-13Clacetate and 
1-'3Clpropionate, is accounted for by both HMG-CoA and homo-HMG-CoA 

acting as chain starters, which then condense with two malonates with reduction, 
loss of the methyl or ethyl then giving the straight chain 9-hydroxynonanoate 

1. C. Feline, R. B. Jones, G. Mellows, and L. Phillips, J.C.S. Perkin 1, 1977, 309. 
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moiety. Further investigation of this moiety is warranted, and in particular 
incorporations of I Clmalonate may be revealing. The remaining observation of 
interest is the efficient incorporation of label from 13-'3Clpropionatc into those 
carbons derived from C-2 of acetate. 

The incorporation of '3C-labelled precursors into the ionophore antibiotics 
lysocetlin (108)" and narasin (109)" has been reported. These indicate that narasin 
is derived from five acetates, seven propionates, and three butyrates; and iysocellin 
from one acetate, eight propionates, and two butyrates, as indicated. Some 
interconversion of butyrate and propionate is noted in the case of narasin, and 
conversion of butyrate into propionate in the case of lysocellin. 

The antibiotic pactamycin (110), from Streptomyces paclu'n contains two 
aromatic rings. Incorporation oft '3Clacetate reveals a normal tetraketide origin for 
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" N. OLa1c, ft Sew, and M. Kocnuma, A8ric. BwI. Chem. (Japan), 1978, 42, 1879. 
D. E. Dorman, J. W. Paschal, W. M. Nakatukasa, L. L. Huckstcp, and N. Nus, lielt. Chun. ,lc:a, 
1976. 59, 2625; H. Sew, T. Yahigi, Y. Mi>azakt, and N. OiaAe,). Anflbw:1c5, 1977, 30, 530. 
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the 6-methylsalicylic acid moiety. In the m- amino- acetophenone moiety, however, 
only the methyl carbon is derived from C-2 of acetate. The labelling pattern from 
16-13Clglucose suggests that the same 'C,N' moiety which acts as a starter in the 
ansamycins condenses with acetate or malonate followed by decarboxylation to 
produce the acetophenone. The urea carbon is enriched by both C-i or C-2 of 
acetate, suggesting its origin from CO2  produced in the Krebs cycle. The 
cyclopentane ring and 9-methylene are derived from glucose, but the remaining 
branching carbons C-6, C-7, and C-8 are derived from mthionthe. The labelling of 
both carbons of the ethyl  group by methionine is of particular interest, as this 
feature has previously only been observed in stigmasterol and other 24-
ethylsterols.79  

Further details of the biosynthesis of tenellin (iii) have appeared.° I '5N1-
Phenylalanine is incorporated intact, which confirms that it is the amino-acid and 

" D. D. Weller and K. L. Rinehart, J. Amer. Chem. Soc., 1978, 100, 6757. 
"J. L. C. Wright, L. C. Vining, A. G. McInnes, D. G. Smith, and J. A. Walter, Canad. J. Biochem., 

1977,55,678. 
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not the corresponding keto-acid that participates. The proposed pathway is 
summarized in Scheme 26. Condensation of polyketide and phenylalantne is 
suggested, to give a tetramic acid intermediate. Subsequent hydroxylation of the 
aromatic ring might give a quinomethane (112) which could induce rearrangement 
to the pyridone ring. 

Full papers have appeared describing the details of previously reported work on 

chartreusin, daunomycin and islandicin,'2  the prodigiosins,'3  and piericidin A.' 

P. L. Canham, L. C. Voting, A. G. McInnes, J. A. Walter, and J. L. C. Wright, Conad. J. Chem., 
1977, 55, 2450. 

' M. L. Casey, R. C. PaultcLand H. W. Whitlock, J. Org. Chem.. 1978, 43. 1627. 
N. N. Gerber, A. G. McInnes, D. G. Smith, J. A. Walter, and J. L. C. Wright, Conad. J. Chem., 1978, 

$6,1155. 
S. Yoshida, S. Shiraishi, and N. Taahaslti, Agr. Biol. Chem. (Japan), 1977, 41, 587. 
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2H-LABELLING STUDIES ON AFLATOXIN 81  AND ITS PRECURSORS 

* 	 * 	 + 	+ 	 + 
T.J. Simpson , D.J. Stenzel , A.E. de Jesus , P.S. Steyn and R. Vleggaar 

* 
Department of Chemistry, University of Edinburgh, EH9 3JJ, Scotland; 

and 

National Chemical Research Laboratory, CSIR, Pretoria, South Africa 

The aflatoxins are highly modified decaketide metabolites. 	Several 
compounds which appear to be intermediates on the biosynthetic pathway to 
aflatoxin B1  have been isçlated from both aflatoxin-producing and non- 
aflatoxin producing fungi'. 	The outlines of the proposed pathway are 
shown in Scheme 1 and although widely accepted, await rigorous proof. 
Many studies describing interconversions of various of these proposed 
intermediates have been reported1  but virtually all this work has used 
metabolit 	whic have themselves been labelled biosynthetically from 
acetate ('C or 3C). 	This method is notoriously prone to producing 
misleading results. 	Moreover, very little is known of the detailed 
mechanisms involved in the interconversion of the key intermediates eg 
conversion of the C6 side chain of averufin into the bis-furanoid moiety; 
conversion of anthraquinone to xanthone; and xanthone to couniarin meta- 
bolites. 	We describe here preliminary results from a proqranrie designed 
to study all of these points. 
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Scheme 1 

[4'-2H23-averufin (1), prepared by acid catalysed exchange2, was fed 
in acetone solution to shaken cultures of Aspergillus flavus and the 
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aflatoxin B (2) produced was analysed by 55 MHz 2H nmr. 	The resultant 
spectrum shwed a strong signal at 6H 6.45 corresponding to the antici- 
pated signal for H-16. 	On conversion of the labelled aflatoxin B1 to 
tetrahydrodeoxyaflatoxin B1 (3) on catalytic hydrogenation, the 2H nmr 
spectrum now showed two signals at 6H 3.59 and 4.07 due to the 16-pro-S 
and 16-o-R hydrogens respectively, the greater intensity of the 1iter 
signal indicating that reduction from the less hindered 15 re, 16 re face 
predominates. 	Thus averufin is incorporated intact into alTatoxin B1 
and is rigorously established as an intermediate on the aflatoxin bio-
synthetic pathway. 

21 

HO 	 0 
Me 	

0 o 

3(-( 0  OH 	 OMe 	 OMe 

(1) 	 (2) 	 (3) 

In order to obtain preliminary information on the mechanisms of the 
biochemical transformations of the intermediates on the aflatoxin bio-
synthetic pathway, we have studied the mode of incorporation of acetate- 
derived ydrogeg into averufin, sterigmtocystin and aflatoxin B1. 	Both 
direct ('H nmr) and indirect (13C nmr) methods of monitoring 2R incor- 
poration have been use. 	The 90.6 MHz nmr spectrum resulting from in- 
corporation of [l- 3C,'H3]acetate into averufin by static cultures of 
A. toxicarius (ATTC 24551) shows, figure 1, s-isotope shifZs on carbons 
6,8,1,3' and 5' consistnt with the incorporation of one H on carbons 
5,7,2' and 4'; and 1-3 H atoms on C-6', confirming its origin from the 
tarter acetate group of the precursor decaketide. 	Significantly no 

'H was incorporated at C-4 and much less at C-7 than C-5. 	These 
observations were confirmed by direct 2H nmr studies of [2H3]acetate- 
enriched averufin. 	The loss of 2H label from these positions may simply 
reflect random exchange processes occurring in the very early stages of 
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biosynthesis. 	However both sterigmatocystin and aflatoxin B1 (see below) 
do show similar loss of the acetate-derived hydrogen at C-ll and C-9 re- 
spectively (ie their equivalent positions to C-4 of averufin). 	However 
they do show markedly different behaviour at their equivalent of C-7 in 
averufin (ie C-4 in sterigmatocystin and C-4 In aflatoxin B1). 	These 
differences are the subject of further investigations in progress. 

The complete 13_13  coupling pattern in sterigmatocystin enriched from 
[l,2-l3C2]acetate by cultures of A. versicolor (NRRL 5219) has been deter- 
mined and confirms that no randomisation oflabelling occurs. 	Thus a 

rietrical intermediate as recently proposed appears to be unlikely. 
-labelling studies (both direct and indirect) indicate that acetate-

derived hydrogen is incorporated on carbons 17,15 and 6, but not 4 or 11. 
The observed retention of acetate derived hydrogen at C-6 is of crucial 
importance as it rules out all mechanisms6  for xanthone formation 
necessitating introduction of phenolic hydroxyl at this carbon during the 
biosynthesis of sterigmatocystin. 	On the basis of existing information, 
three mechanisms appear to be feasible. 	These, outlined in Scheme 2, are 
Michael addition followed by oxidative decarboxylation 4  path (a); oxi-
dative coupling to give a spiro-intermediate, cf erdin', followed by 
rearrangement and decarboxylation, path (b); 	F addition to an epoxide, 
path (c). 	This latter mechanism is the one we prefer as it has the merit 
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of leading to a previously proposed jntermedtate6  which by concerted 
decarboxylation and elimination would give steriqmatocystin. 	The tj'wtng 
and mechanism of the required loss of phenolic hydroxyl from C-6 of 
versicolor A remains to be determined and is the subject of work in 
progress. 

Similar 2H labelling studies on aflatoxin B'1 itself show that cetate 
derived hydrogen ,s incorporated on carbons 16,14,5 and 4. 	The 'H nmr 
spectrum of the (-H ]acetate-enriched aflatoxin B1 Is shown in figure 2a, 
along with the spectrum of universally labelled aflatoxin B1 for com- 
parison. 	This sample Is produced by the simple expedient of growing 
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A. flavus on a medium supplemented with 10% D 0. 	Thus it would appear 
that the first essential step in the conversign of sterigmaocystin to 
aflatoxin Bj is hydroxylation at C-6 with migration of the 'H at C-6 of 
sterigmatocystin to C-5 of 6-hydroxysterigmatocystin by a NIH shift 
mechanism. 	Cleavage of the aromatic ring and formation of the cyclo- 
pentanone ring can then occur by precedented procedures as shown in 
Scheme 3. 
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P.S. Steyn, R. Vleggaar, and P.L. Wessels, In The Biosynthesis of 
Mycotoxins", ed P.S. Steyn, Academic Press, 1980, p  105. 
P. Roffey, M.V. Sargent and J.A. Knight, J. Chem. Soc. (C), 1967, 
2328. 
N.J. Carson and J. Staunton, Chem. Soc. Rev., 1979, 539. 
C. Abell and J. Staunton, J.C.S. Clm._Conr., 1981, 856. 
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The Biosynthesis of Polyketides 
BY T.J. SIMPSON 

1 	Introduction 

This chapter covers the literature appearing between January 

1979 and December 1981 and follows the format of the previous 

report.1 	It has been a particularly active period with a welcome, 

increasing trend towards studies aimed at elucidating the 

mechanisms of the intermediate steps in polyketide biosynthesis. 

The potential of 2H-labelling mentioned previously  has been 

realised and extended in the review period with several studies 

using both direct methods, ie 2  11 n.m.r., and indirect methods, 
i.e 2 

 H (x-isotope shifts and 	_13c couplings in 	n.m.r. using 

doubly labelled 12H,13C1 precursors. 	These methods have been re- 

viewed.2 	A potentially more useful technique than the u-isotope 

shift method has been described.3 	In this, 211  is placed B  to the 
reporter 13C nucleus In a doubly labelled precursor; an isotope 

shift is still observable but the unfavourable relaxation and flOe 
13 effects associated with 2 H directly attached to 	C are avoided. 

This has been applied to only one study in the review period, but 

will clearly find much use. 	A related and also extremely useful 

technique makes use of 180-induced isotope shifts in 13C n.m.r.4  

to detect the biosynthetic origins of oxygen by incorporating 

doubly labelled 11 180,13c) precursors or by growing organisms in an 
atmosphere containing 18o and subsequent 13C n.m.r. analysis of 

the labelled metabolites. 	The number of studies using advanced 

intermediates continues to increase and 211-labelling has great 

potential in this area. 	A number of books which cover aspects of 

polyketide biosynthesis have appeared, 5,6  with Steyn's book on the 

biosynthesis of mycotoxins7  being particularly valuable. 

2 	Fatty Acids 

The stereochemical mechanism of enoyl reductase, the enzyme 

catalysing the final reduction in the cycle of condensation-

reduction-dehydration-reduction that lengthens the fatty acid 



Pj 
	

Biosynthesis 

chain by one -CH 2CH2- unit at each turn of the cycle on fatty 

acid synthetase, appears to be species specific. 	As shown in Scheme 

1, the enoyl reductase from yeast converts the enoyl thioester (1) 

to the acyl thioester (2) by an anti-addition of hydride from NADPH 

re 	 H H 
R H 

6"oe C0SR 
	 \, 	/ S c—c 

a"5u 	 / 
H 

si re 	 S H COSR 

H 

(1) 	 (2) 
Scheme I 

to the si face of the 8-carbon with protonation of the 0-carbon 

from the Si face.8 	However with the reductase from both E. coli9  

and I3revibacterium ammoniagenes °  a syn addition of hydrogen via a 

2-re, 3-si attack occurs, whereas the reductase from rat liver 10 

also carries out a 	-addition, but this time via 2-si, 3-re 

attack. 	The stereochemistry of hydride donation from NADPH is 

related to the stereochemistry of addition, with the 2-4S hydrogen 

being used for 3-si addition and the 	-4R hydrogen being used for 

3-re addition. 10,11 

Incorporation studies with (2- 13  C, 
2
H3]acetate and analysis of 

the 
2 
 H cl-isotope shifts in the simultaneously 'H and 2   noise 

decoupled '3C n.m.r. spectrum has shown that palmitic acid (3) is 

biosynthesised in the alga Anacystis nidulans12  with a gradation of 

retention along the acyl chain as shown in Scheme 2. 	The 

{

CD 	(79) 

H(14) 
ave. (66) 

(63) 	 (69) 	 (73) 

13  
_ 	e 	 I 

CD3COOH------CD3-CH2CDH-(CH2CDH)3-CH2CDH-CH2CDH-CH2CDHCOOH 

(3) 

Relative amounts of 2   at each '3C-labelled position, as 
a percentage of that theoretically expected 

Scheme 2 
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results are interpreted as being consistent with a post-malonate 

exchange process, presumably associated with reversible transfer of 

the growing acyl chain from the acyl carrier protein to a cysteine 

residue of -keto acyl ACP synthetase. 	Similar results have been 

obtained using 12H3)acetate in E. coli.13  

The incorporation of 2H from (2H3)acetate into lipoic acid (4) 

is consistent with its formation from octanoic acid with the loss 

of one 2H label from C-8. 	The 
2  H incorporated at C-6 of octanoic 

(4) 

acid is retained, and since this 
2  H is incorporated with the L-

configuration during fatty acid biosynthesis but is known to have 

the D-configuration in lipoic acid, an inversion of configuration 

must occur at C-6 during sulphur insertion. 
14 This suggested the 

involvement of hydroxylated octanoic acids as intermediates. 

However, feeding studies 
15  with 211-labelled 6-hydroxy-, 8-hydroxy-, 

and 6,8-dihydroxyoctanoic acids gave negligible incorporations and 

so direct introduction of sulphur at the saturated carbons of 

octanoic acid seems likely. 

An authoritative review of the structure of fatty acid 

synthetase has appeared. 16 

3 Tetraketides 

Both 2H n.m.r. spectroscopy and B-isotope shifts in 13 C n.m.r. 

have been used to measure the incorporation of 
2  H from (2H3)- and 

(l-13C,2H3]acetates into 6-methyl-salicylic acid (5) by 

Penicillium griseofulvum.3 	Both methods show that there is a 

I) 

L 	Cl) 
_ 

3 

CD3  OONa 

-10  
0 	0 OH 

(5) 

preferential incorporation into the methyl of the acetyl-00A 
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derived starter unit and significantly more 2H is retained at C-3 

than at C-S. 	It is suggested that the non-uniform incorporation 

could arise from differing degrees of random exchange during the 

chain assembly process or, more interestingly, it could reflect the 

actual mechanisms of cyclisation and aromatisation of the precursor 

polyketide. 	More examples will be riecded to teat the validity of 

this observation. 

OH 

COOH 

HO): (Me 

(6) 

OMe 

OH 

HO 	 Me 

(7) 

MeO 

OH 
Me ( 8 )  

Addition of 5-chloroorsellinic acid to growing cultures of 

Penicillium cyclopium inhibits the biosynthesis of penicillic acid 

(8) and results in the accumulation of the previously indicated 

intermediates orsellinic acid (6) and 3-methoxytoluquinol (7) and 

its corresponding quinone.17  

The post-gentisaldehyde part of the biosynthetic pathway to 

patulin (13) has been extensively investigated, using mutant strains 

of Penicillium urticae.18  A patulin-minus mutant, JI, accumulates 

phyllostine (10) and isoepoxydon (11). 	Another patulin-minus 

mutant, J2, which is blocked immediately after gentisaldehyde (9), 
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converts both (10) and (11) to patulin in yields of 90% and 60% 

respectively. 	They are interconverted by a specific 

dehydrogenase and cell-free systems have been isolated from the 

mutants which carry out their interconversion and further trans- 

formation. 	A further mutant, S15, accumulates isopatulin (12) 

and immobilised cells of the wild-type strain convert phyllostine 

to isopatulin in good yield. 	Finally, a cell suspension of mutant 

P3, blocked between phyllostine and isopatulin, converts isopatulin 

to patulin. 19 	These results are summarised in Scheme 3. 	The 

changes in oxidation levels occurring during these transformations 

are somewhat puzzling and labelling studies would be useful. 	This 

and earlier works are summarised in a review which also compares 

patulin biosynthesis with the pathways leading to a number of other 

fungal lactones.2°  

Elasnin (14), a novel inhibitor of human granulocyte elastase, 

has been isolated from StreptomyceS noboritoensis. 	Incorporation 

of ('3C2]acetate has shown it to be derived from twelve acetates 21 

but it would appear to be best regarded as a tetraketide,aS the 
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Scheme 4 

most plausible route is extension of a hexanoate starter by three 

2-butylmalonate units as indicated in Scheme 4. 
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13C2]Acetate is incorporated into zinniol (15) by cultures of 

Alternaria solani as shown. 22 

4 	Pentaketides 

Incorporation studies 23,24 with singly and doubly labelled 

1 13Clacetates have confirmed that the dihydroisocoumarin moiety of 

COOH 0 	OH 0 

Ph S 	• 
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Me 
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the important mycotoxin ochratoxin A (16) has a regular poly-

ketide origin and so previous proposals of a phenyipropanOid 

precursor are no longer tenable. 	Similar results have been 

reported for mellein (17) in Aspergillus melleus.25  

Austdiol (19) is a toxin produced by Aspergillus ustus. 	In- 
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corporation of [13C2 ]acetate resulted in two 13C-13C couplings being 

observed for carbons 5,6,7,8, and 9 while carbons 11,3,4,10,12, and 1 

showed only one coupling. 	On feeding [13C]methlonine, C-13 was 

enriched approximately twice as much as C-i and C-12. 	This 

labelling pattern is consistent with a biosynthetic pathway, shown 

in Scheme 5, where a methionine-derived methyl is oxidised and the 

polyketide carboxyl Is reduced to give the symmetrical dialdehyde 

(18) as an intermediate. 26 

Full details of 13C-labelling studies on aspyrone (20) have 

appeared. 25 	Asperlactone (21) is a co-metabolite of aspyrone In 

A. melleus and has the same carbon skeleton. 	Computer-aided re- 

solution enhancement of the 13C n.m.r. spectrum of [13C2]acetate- 
13 13 

enriched asperlactone shows a 2-bond 	C- C coupling between C-2 

and C-8. 	Pathways involving rearrangement of a linear polyketide 

(22) , or rearrangement and cleavage of an aromatic precursor (23), 

0 
HO 

RSOC i 

(20) 

* 
Me LI OON a 

0 	0 	' 	
Ho 

Me 

70 2 
Ide 

HO 	'. OH 

OH 	(21) 

Scheme 6 

were proposed. 27 	However,on Incorporation of 12-13C,21-I 3lacetate 

and determination of the simultaneously 111 and 
2  H noise-decoupled 

13 C n.m.r. spectrum, the resonance for the C-7 methyl showed two 

isotopically shifted signals, indicating that two acetate-derived 

hydrogens are retained on C-7, and so intermediates in which this 

carbon forms part of an aromatic ring are excluded. 28 	On the 

basis of stereochemical differences between aspyrone and asper- 



lactone, the epoxide (24) is proposed as a common intermediate; 

alternative modes of attack by the carboxylate on the eooxide 

would lead to (20) and (21) as shown in Scheme 6. 	Oxygen-18 

labelling studies should yield further information on this point. 

The biosynthesis of diplosporin (25) , a toxic metabolite of 

Diplodla macrospora, has been studied, using 
13C-labelled acetates 

RSOC 

Me 	COON a 
- 	T::r:—:..!1_.J::::'--•- 	

HOCH2 

Scheme 7 
	 (25) 

and methionine.29 	The results indicate its derivation from a 

pentaketide chain, folded as shown in Scheme 7, with C-S and C-2 

derived from the C1-pool. 	The presence of a methionine-derived 

carbon atom in a carbocyclic ring is highly unusual; cf biogenesis 

of tropolones via rearrangement of 3-methylorselliniC acid. 	The 

mechanism may proceed via methylation of the pentaketide at either 

C-4 or C-8 followed by oxidative activation of the newly formed 

c-methyl to facilitate ring closure. 	The introduction of a 

methionine-derived carbon into a heterocyclic ring is also uncommon 

and the possibility that it is introduced via 2_methylatJ0n, 

cf rotenone, cannot be excluded. 

Me Me 	 Me Me 

HO 	 Me 	 Me 

O 
Me 
XX 	

Me 

OH 0 	 OH 0 

(26) 	 (27) 

OH 0 
	 OH OH 0 

CD3COONa 	

HO~ 	 OH HOJ Z~-, 	!::~ OH. 

Me 

(29) 

(28) 



The Biosynthesis of Polyketides 	 9 

Full details of 13C, 2, and advanced precursor studies on 

30  scierin biosynthesis in Scierotinia scierotiorum have appeared.  

These are consistent with formation of sclerin (27) via ring 

cleavage and reorganisation of the carbon skeleton of scierotinin A 

(26). 	A full paper has appeared on 13C-and 211-labelling studies 

on scytalone biosynthesis in Phialaphora lagerbergil. 	To account 

for the lack of 
211 incorporation from acetate on C-2 and c-7 it is 

suggested that scytalone (28) may be formed via deacylation of a 

hexaketide-derived naphthol,3 (29). 	Such compounds are known - 

see 0-methylasparvenone (46) below. 	Attempts to incorporate E 
13 

 CI- 

malonate to check for a starter effect were unsuccessful in this 

study. 31 	However, 12-13ClmalOflate has been incorporated with high 

efficiency into scytalone and no 'starter' effect was observed. 32 

The antifungal metabolite citrinin (34) , produced by PenicilliUrn 

citrinum, has been the subject of intensive study by several 

research groups and notable use has been made of advanced 

precursors. 	The isocoumarin (35), labelled with 14 C at C-9,was 

specifically incorporated into citrinin whereas label from (36) was 

only incorporated after prior degradation to acetate, indicating 

that methylatiOn of the polyketide precursor occurs before aroma- 

tisation.33 	However, in a study using a novel technique where 

P. citrinum was cultured in D20, incorporation of 11,2-13C2,1H31-

acetate and subsequent 13C n.m.r. analysis allowed the origin of 

the hydrogens to be elucidated. 34,35 	This indicated that the 

hydrogen on C-4 of citrinin was acetate-derived and so, although 

(35) is specifically incorporated, it cannot be an obligatory 

intermediate on the pathway. 	(This was confirmed by a 2 If- 

labelling study using (2  11 3)acetate and 28 n.m.r.35). 	This study 

also revealed a marked difference in the protium content at C-i 

and C-3, suggesting that the necessary reductions at these two 

sites are carried Out at markedly different stages in the bio- 

synthesis. 	Taken with the non-intermediacy of (35), this indicated 

that either the lactone (37) (reduction at C-3 but not C-i) or the 

aldehyde (30) (reduction at C-1 but not C-3) must be the first 

enzyme-free intermediate on the pathway. 	Both these compounds 

were synthesised with a single 2}i label on the C-li methyl and fed 

to cultures of P. citrinum. 	28 n.m.r. analysis showed that only 

(30) was incorporated into citrinin. 36,37 	The incorporation 

efficiency was 6.5, with a dilution value of ca 62.5. 	In a 

further interesting experiment P. citrinum was grown in the 

presence of ethionine, which is known to inhibit methylation, 
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resulting in suppression of citrinin production. 38 	On incor- 

poration of (30) labelled with 2H at C-1 in the presence of 

ethionine in a replacement medium, a small amount of citrinin was 

isolated. 	Now, it was so highly enriched that the specific 

incorporation of (30) could be demonstrated by 1H n.m.r. 	The 

incorporation rate was now 9.5% but the dilution was only 1.25. 

Parallel work by ScolasticO and co-workers, using specifically 



8 is indicated for citrinin biosynthesis. 	Sankawa and co-workers 

have reported incorporations of 12- 13 C, 
2 
H3)-, [1- 13 C, 

18
02]-,and 

(1-13c,17olacetates into citrinin. 41 	The results are consistent 

with Scheme 8,and in the 
13 C n.m.r. spectrum of 11-13C,1802lacetate-

enriched citrinin, isotopically shifted signals are observed for 

the resonances due to C-3, C-6, and C-B, indicating origin of the 

attached oxygens from acetate, so that the quinone-methide structure 

must be formed by elimination of the hemi-acetal hydroxyl from (32). 

5 	Hexaketides 

Incorporations of 13C-labelled acetates and methionine42 and of 

14C-labelled advanced precursors 43 into ascochitine (41) , a 
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metabolite of the phytotoxic fungus AscOchytS fabae, have been 

reported. 	These show its derivation from a single hexaketide 

chain with introduction of three C1  units from [nethionine to give 

a quinone-methide structure related to citrinin. 	The aldehyde 

(39) and quinone-methide (40) are specifically incorporated. 	The 

specific incorporation of the methyl ester (42) shows that the 

organism can convert it directly to the enzyme-bound thioester 

(38). 	The enol lactone (43) is also specifically incorporated, 

but 'enzyme trap' gxperiments show that it is not on the direct 

pathway, indicating that aldehyde (39) is formed by direct 

reduction of the thioester. 	Thus, the pathway shown in Scheme 9 

can be proposed. 

I; 
Incorporations of singly and doubly 13C-labelled acetates into 

0-methylasparvenone (46), a dihydronaphthalene metabolite of 

Aspergillus parvulus, indicated a hexaketide origin with the novel 

acetate-assembly pattern shown in Scheme 10. 44 
	incorporation of 

0 SR 0 	 0 OH OH 

Me 	COON a _____ 	
- 	'1J:IIlIcI1 

(U = 2i label) 	 (44) 

OH 0 	 0 OH OH 

UeO 	 HO  

H 	OH 	 (45) OH 
(46) 	 Scheme 10 

22 
H3]acetate and analysis of the resultant H n.m.r. spectrum 

showed labelling of the 10-methyl, 5-, 2-axial, 3-axial hydrogens 

	

and significantly no labelling at C-4. 	The loss of label from 

C-4 and its appearance on C-3 can only be explained by an N.I.H. 

shift, which implies that hydroxylation of a 1,6,8-trihydroxy-

naphthalene (44) to the corresponding 1,4,6,8-tetrahydroxy-

naphthalene (45) is a necessary step in the biosynthesis of (46) 

The 10-methyl is labelled to less than twice the level of H-S. 

This is significant as,in a number of 
2H-labelling studies, 

preferential labelling of the acetyl-CoA-derived 'starter' 

position relative to positions derived from malonyl-CQA is 
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observed. 	This therefore suggests that the necessary loss of 

ketide oxygen from C-9 occurs after aromatisatton, allowing loss of 

label from C-lO relative to C-S by exchange from an acetyl side-

chain and via reduction to and dehydration of the resultant 1 - 

hydroxyethyl group during conversion to the ethyl side-chain. 

Support from this comes from a related study on the biosynthesis of 

the naphthoquinone (47), a metabolite of Hendersonula toruloidea.45  

OH 	0 

CIII) 
CD3 COON 

MeO 	 OMti 

0 

(47) 

Incorporation of I13C)acetate gave the assembly pattern shown and 

incorporation of [2- li  C, 2H3]acetate indicated retention of only two 

acetate-derived hydrogens on C-10, consistent with Its derivation 

from the acetate 'starter' and via the sequence CH3CO- -. Cif 3CHOH 

CH 2=01- -* CH3CH2-. 

Further details have appeared of biosynthetic studies on multi-

colanic, multicolic, and multicolosic acids (51; R = Me, CH2OH, and 

CO211 respectively) in Penicillium mu)tico1or.46 	Specific incor- 

poration of 6-pentyl(2-14C)resorcylic acid (48), fed as the ethyl 

('0013 

MeOONa 
 

OH (48) 

Hoot HO 
* - * 	L ) 0 	0 

(51) Scheme II 

H 
HO  

OH 	(49) 

OH 

HO 

OH (50) 

ester, confirmed the conclusions from [13C)acetate incorporations 

that these compounds are formed by oxidative cleavage of the 
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aromatic ring of (48). 	The absence of randomisation of 13C_ 13C 

couplings in the ('3C2)acetate-enriched metabolites excludes 

symmetrical intermediates. 	5-pentylresorCinol, and, as shown in 

F 	

Scheme 11, the suggsted pathway proceeds via the arene oxide (49) 

and the trihydroxyphenOl (50). 	It seems likely that -oxidation 

of the pentyl side-chain occurs at a late stage in the biosyn- 

thesis. 

6 HeptaketideS 

A long-standing biogenetic postulate is the derivation of a 

structurally diverse ('coup of fungal metabolites by modification of 

a common heptaketide-derived precursor. 47 	Although the structure 

of fulvic acid (53) stronqly suggests its formation by oxidative 

Me — COON a 

V~O 
COSR 

0 	0  

OH 
HO 	 0 

HO 

)(;~ OOH 0 

(53) 

COOM 

OH OH 

(52) 

/ 
OH 0 OH 

MeO 	 Me  

OH 0 

(54) 
Scheme 12 

ring cleavage of an intermediate, 	(52), derived from a single 

heptaketide precursor, there is some evidence that the closely 

related citromycetin is formed by condensation of two separate 

polyketide chains. 48 	Incorporation of (13C2]acetate into fulvic 

acid in Penicill.iu!n brefeldianum results in high enrichment and in 

addition to the anticipated intra-acetate 13c-13c couplings, extra 

satellites were observed due to inter-acetate unit coupling 

arising from multiple enrichment of individual molecules. 49 	The 

13C-enrichment of the individual acetate-derived units was cal-

culated to be Ca 45% at the time of polyketide chain assembly in 
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the presence of labelled acetate (subsequent dilution due to bio-

synthesis from endogenous acetate gives an overall enrichment of 

ca 2.6%). 	As the same level of inter-acetate couplings Is 

observed between all the acetate units It Is therefore suggested 

that a single chain origin is more likely than one in which 

separately formed chains come together. 	However, while the single- 

chain hypothesis is most attractive, in view of our poor under-

st.nding of the fundamentals of polyketide assembly processes at 

the enzyme level, these observations cannot be taken in any way as 

conclusive evidence. [13C]Malonate or possibly 180-labelling 

studies would be more definitive, and ultimately advanced precursor 

studies are essential here. 	A potential precursor would be 

fusarubin, and the acetate assembly pattern of dihydrofusarubin 

(54) has been determined by feeding t13C2lacetate to Fusarlum 

solani cultures. 
50 	This shows that (54) is biosynthesised via a 

heptaketide chain, folded as shown in Scheme 12. 	Deuterium from 

(2-13C,2H3)acetate is incorporated only into the 11-methyl and the 

observed isotopically shiftcd signals show that up to three 

atoms are retained, thus proving its origin from the acetate 

'starter' unit. 	Interestin1y. parallel 2H n.m.r. analysis shows 

the presence of some molecules containing 2 H but not 13C. 	This 

suggests that during conversion of the enriched acetyl-00A to 

malonyl-00A, some 2H is transferred to BCCP, where It does not ex-

change rapidly with the medium and is available for conversion of 

endoqenous malonyl-00A to 211-enriched acetyl-00A. 
13 

Similar results are reported for incorporation of 2H- and 

labelled acetates into elsinnchromes C and D (55) by Pyrenochaeta 

terrestris.51 	Both the C-14 and C-16 methyls incorporate up to 

* 
MeCOONa 	 Me() 

0 	0 

COSR  HeO 

Me 

Me 

(55) 

three 2H atoms. 	Thus both are derived from acetate 'Starter' 



* 
me— 

HO 

(57) 	 (58) 

16 
	

Bios yn:hesL 

units, excluding possible one-chain pathways, and so (55) is 

derived by dimerisation of two heptaketide-derived moieties, 

presumably by oxidative coupling after aromatisation. 	Note that 

in relation to the fulvic acid results above, extensive inter-

acetate coupling was observed in [13C2Jacetate-enriched (55) and 

there were no differences in the levels between and within the 

separate heptakettde-derived moieties. 

Full details have appeared of biosynthetic studies with 13C-

labelled acetates and malonate on the phenalenone antibiotics 

deoxyherqueinone (53) and herqueichrysin (57) in Penicillium 

hernuei.52 	Herqueichrysin is the only member of the group to have 

Scheme 13 

OH 

oJ 

the alternative orientation of the fused dihydrofuran ring. 	The 

co-occurrence of (57) and (58) suggests their formation from a 

common precursor (56) in which the 1,1-dimethylallyl moiety can 

cyclise to either of the adjacent phenolic hydroxyls, Scheme 13. 

The absolute configuration of herqueinone has been determined and 

a biosynthetic mechanism is proposed to account for the Stereo-

chemistry by initial introduction of the prenyl substituent at a 

chiral bridgehead carbon. 53 

Further studies on incorporation of 2  H label from both acetate 

and the medium into griseofulvin by cultures of P. urticae are 

reported. 54 
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7 	Oct'ket ides 

	

The 	results of 
13  C and H n.m.r. analyses of I H3)- and 

(13C2]-acetate-enriched tajixanthone (60) , prepared by feeding ex- 

	

periments with Aspergillus varierolr, are reported. 55 	These 

indicate derivation of the xanthone via ring cleavage of a pre-

cursor derived from an octaketide, folded as shown in Scheme 14. 
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F
Scrambling of label from ( 3C2]acetate in ring C indicates that 

ring cleavage must precede C-prenylation end the stereospecificity 

of 13C-labelling in the dihydropyran ring moiety is consistent with 

cyclisation of the 0-prenylaldehyde moiety in (59) by a concerted 

ene reaction, suggesting that dihydropyran ring formation precedes 

formation of the xanthone ring system. 	The lack of 
2  H label on 

C-25 implies cleavage of an anthraquirione rather than an ant.hrone 

as previously suggested; and the observation of 
2  H on C-2 but not 

C-5 indicates that decarboxylatiOr of the octaketide precursor 

occurs after cyclisatiOn and aromatisatiOn. 

This latter result contrasts somewhat with studies on anthra- 

quinone biosynthesis in Penici Ilium islandicum.56 	The syn- 

thetically 14C-labelled diketonaphthol (61) was fed to surface 

OH 	() 	OH 

Me 
OH OH 0 

OH 

OH :2)Me 

	

OH 

(61) 	

HO Me 

(63) 

cultures to yield radioactive islandicin (62) and skyrin (63) with 

significant incorporation rates, 0.61 and 0.46% respectively. 

This would appear to be the first detection of hicyclic inter-

mediates in anthraquinone biosynthesis in microorganisms. 

However, two problems posed by these results are the required aldol 

condensation Onto a mono-activated methyl rather than the usual 

doubly activated methylene; and the incorporation into skyrin 

implies loss of ketide oxygen and subsequent reoxidatiOn of the 

same, and now, unactivated position, which seems highly inefficient 

biosynthetically. 	oxygen-18 studies to confirm the origins of 

the oxygens would be worthwhile. 

Incorporation of [13C2]acetate by Alternaria 5olani into 
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altersolanol A (64) reveals the expected assembly pattern for an 

nctaketide_derived anthraquinone.22 	On refeeding the 13C- 

enriched altersolanol A to a mutant blocked for altersolanol A 

production, macrosporin A (67) was isolated and shown to be highly 

3C-enrscied. 	Small amounts of altersolanol B (65) and (66) were 

also isolated. 	Thus, it is claimed that altersolanol A is 

metabolised by A. solani to altersolanol B and macrosporin A. 

However, the mechanisms are somewhat difficult to visualise. 

OH 	C) 	Oil 	 OH 	C) 	OH 
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X 
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X = 119  

Concurrent incorporation of (3-14C]emodin (68) and 

emndinanthrone (69) into secalonic acid D (70) by cultsires of 

Penicillium oxalicuin, and proving specificity of incorporation by 

Kuhn-Path oxidation followed by Schmidt degradation of the 

resultant acetic acid, showed that the anthrone was incorporated 

4.5 times better than the anthraquinone.57 	These results again 

necessitate loss of phenolic hydroxyl from the precursors. 

The benznisnchromanequinone system is found in a large class of 

microbial metabolites. 	Several studies on the biosynthesis of 

this system have been reported. 	L1-13Cl- And [2-13C]acetates are 

incorporated into granticin (72) by Streptomyces violaceoruberS8 

as indicated in Scheme 15. 	Similar reults are reported using 

Streptornyces olivaceus59. 	The remaining carbons are derived fran 
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glucose, 58 which is converted into a 2,6-dideoxyhexose and attached 
to the aromatic moiety by C-C iinkiges at C-I and C-4. 	Conversion 
of glucose proceeds with retention of H-i, H-2, H-4, and the 

hydrogens at C-6 and loss of H-] and H-S. 	Peeding (6R)- and 
(6 )D[42H,6_ 3H,6_1 C]9lucose, followed by Kuhn-Roth oxidation, 

and determination of the chirality of the methyl of the resultant 

acetic acid showed that the hydroxyl group at C-6 of glucose is 

replared with inversion of configuration by intramolecular transfer 
of a hydrogen from C-4. 	The hydroxyl group at C-2 is replaced by 
hydrogen with retention of configuration. 	The last step in the 
biosynthesis of grantic'in seems to be formation of the lactone ring, 
as a cell-free extract of S. "iolaceoruber was shown to catalyse 

OH 0 Me 	 OH 0 Me 

COOH 	 COOH (76) 	 (75) 
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formation of (72) from dihydrogranticin (71) without incorporation 

of 180 from 18  0 to rule out a hydroxylation-laCtOnibation 

mechanism, and direct cyclisation of the carboxyl onto a quinone- 

methide intermediate is proposed. 	Contrasting results 60 have 

been found in biconversion studies of the ninomycins in cultures of 

Streptomyce roa treated with cerulenin, which is known to inhibit 

the early stages of polyketide biosynthesis. 	These siigcJst that 

nanornycin D (73) is formed first and is converted to nanomycin A 

(74), then to E (75), and finally to b (76). 

Ott 	1k 
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U 
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Scheme 16 

A further b nzoisochromane.quinOne metabolite, actinorhodin 

(77). is elaborated by Streptomyces coelicolor. 	Its structure 

was known, apart from the point of dimerisation. 	Incorporation 

of )13C2)acetate established the acetate-assembly pattern shown 

in Scheme 16, and in addition the point of dimerisation was shown 

to be a carbon enriched from (2-13Clacetate, ie C-10. 61 

8 Nonaketides 

Incorporations of singly and doubly 13C-labelled acetates and 

(2-'4C)- and [2-13C]malonateS by cultures of Pyrenochaeta 

II 
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Scheme 18 	 (79) 

terrestris indicate that the aza-anthraquinone phomazarin (78) is 

biosynthesised by condensation followed by oxidative ring fission 

of a nonaketjde precursor, folded as indicated in Scheme 17.62 

Although a large number of metabo)ites appear to be formed by 

oxidative metabolism of anthraquinones, the cleavage of a benzenoid 

ring as in phomazarin biosynthesis, rather than the uuinonoid ring, 

is highly unusual. 

Incorüorations of [l- 13 CI- and [13C2]acetates into the novel 

9,9'-bianthryl antibiotic setomimycin (79) by cultures of 

Streptomyces pseudovenezuelae show that (79) is formed by 

oxidative coupling of two nonaketide-derived moieties, assembled 

as shown in Scheme 18 with loss of the terminal carboxyls.63  
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Two parallel pathways have been shown to operate simultaneously 

in the biosynthesis of aurovertins B (80) and D (81) in 

Calcarisporium arbuscula.64 	Incorporations of 13C-labelled 

acetates, methionine, and pronionate indicate that C-i, C-2, and 

C-3 can be derived either from oronionate or from an acetate unit 

pies a methyl from methionine 	In the first pathway therefore a 

propionate 'starter' is extended by eight malonates, with the 
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methyls attached to carbons 4, 6, and 16 derived from methionine. 

Incorporations of (2-13C]malonate and 12-13C,2H31acetate reveal the 

absence of an acetate 'starter' unit and so the second pathway 

involves methylation of a C20  plyketide precursor at C-18, 

followed by loss of the chain-initiating acetate unit, C-19—C-20, 

with the other methyls again derived from methionine. 	This 

simultaneous operation of two independent pathways is unique 

amongst fungal metabolites. 

9 Decaketides 

The biosynthesis of the important mycotoxin aflatoxin B (86) 

continues to attract considerable attention. 	The generally 

accepted pathway is summarised in Scheme 19, but there are still 

major gaps and many problems to be solved in this complex pathway. 

Further evidence that averufin (82) is an obligatory Intermediate 

on the pathway is provided by experiments 65 in which averufin 

enriched biosynthetically from either t1-14C1- or [13C2)-acetates 

is incorporated into aflatoxin B1  with 18.5% efficiency (dilution 

value 5.1) by cultures of Aspergillus parasiticus ATCC 15517. 

Despite these excellent incorporation rates, the definitive study 

using a specifically labelled sample of averufin must be carried 

out. 

The incorporation pattern resulting from incorporation of 

'3c-labelled acetates into versiconal acetate (83) by dichiorvos-
treated cultures of A. parasiticus is consistent with its origin 

from a single C20  polyketide and its proposed Intermediacy in 

aflatoxin biosynthesis. 66 	Two reports67'68  have appeared on the 

isolation of cell-free enzyme systems capable of converting 

versiconal acetate to versicolorin A (84) . 	Plausible mechanisms 

are proposed for this interesting conversion but their rigorous 

establishment awaits further study. 

A kinetic pulse-labelling technique for the detection of 

transitory intermediates on the aflatoxin biosynthetic pathway 

has been described. 	It has been applied to both sterigmatocystin 

(85) formatioi in Aspergillus versicolor 
69  and aflatoxin 

formation in A. parasiticus. 
70 
	The results are largely in accord 

with the accepted sequence of intermediates. 	However, one 

ambiguity was the observation that radioactivity from 

[1-14C]acetate appeared in the aflatoxins before it appeared In 

steriymstocystin. 	This suggests that sterigmatocystin may not 
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actually be on the direct aflatoxin pathway and might explain, 

inter alia, why A. versicolor does not produce aflatoxins. 

In one of the highlights of the review period, the first 
reported biosynthetic application of 18  isotope shifts in 13  C 
n.m.r. has elucidated the origins of all the oxygen atoms in 
averufin.71 	[l 3C,1802]Acetate was added to cultures of 
A. 	parasiticus and the enriched averufin was analysed by 13  C 
n.m.r. 	As expected,carbons l,9,8,6,ll,14,3,l,3', and 5' were 
highly enriched. 	However, on expansion of the signals for carbons 

(83) 
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directly attached to oxygen, all except C-S I  and C-10 showed 
isotopically shifted resonances (C 0.01-0.03 p.p.m.) , indicating 
incorporation of 180  at C-i, C-3, C-6, C-8, C-9, and C-1 

Comparison of the integral ratios of the shifted and non-shifted 

signals suggested that about half the oxygen label was lost. 	In 
a second experiment, A. parasiticus was grown in an atmosphere 

highly enriched with 1802. 	This resulted in an isotopically 
shifted signal being observed for C-10 only. 

10 	Macrolides and Ionophores 

The macrolide and lonophore group of antibiotics consist of 

long, usually polyoxygenated, carbon chains derived by combination 

of acetate, propionate, and butyrate units. 	Several groups of 
workers have reported studies using mainly 13C-, 2H 	and l80_ 

labelled precursors, aimed at establishing the mechanistic details 

involved in the biosynthesis of these compounds, in particular 

with a view to establishing the extent to which the obvious 

similarities to classical fatty acid biosynthesis are in fact 

applicable to these functionally and stereochemically far more 

complex compounds. 
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One of the simpler systems to be studied has been brefeldin A 

25 
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(87) , a metabolite of Penicilliuxn brefeldianum. 	Oxygen-labelling 

studies have established that the C-i and C-15 oxygens are 

labelled equally by (180]acetate and that the C-4 and C-7 oxygens 

are labelled by two different molecules of oxygen. 72 Further 

studies using I 
14 C,  3 H] -, (2- 

13  C,  2 H3]-,and [ 
2

H3]acetates have 

established that acetate-derived hydrogen is incorporated into 

brefeldin A with the regiospecificity 73  and stereospecificity 74  

shown in Scheme 20. 	The results are fully discussed in terms of 

their similarities and differences to fatty acid biosynthesis. 

Noteworthy features are the unexplained lack of acetate-derived 

hydrogen on C-12 	and the retention of both acetate-derived 

hydrogens on C-14, suggesting that the initially formed 

acetoacetyl-enzyme is rapidly reduced to )3-hydroxybutyryl-enzyme 

before significant loss by exchange can occur. 	A proposed 72 

mechanism for brefeldin A formation via an epoxide-initiated 

cyclisation is outlined in Scheme 20;cf monensin below. 

Three possible mechanisms can be postulated for formation of 

the oxygen-bearing centres in the macrolides and ionophores: (a) 

retention or direct reduction of the keto group in the growing 

8-ketoacyl chain; (b) reduction followed by dehydration and 

stereospecific rehydration of the resulting enone; or (c) 

multistep reduction to a fully saturated deoxygenated chain 

followed by aerobic oxidation. 	A number of studies have shown 

path (a) to be the predominant one. 
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Incorporation of [1-13C,18021propionate  and [1- 3C,1802]buty-

rate into lasalocid A (88) by cultures of Streptomyces 

lasaliensis establish the presence of intact 13C-180 units at 

C-3/0-3, C-11/0-11, C-13/0-l3, and C-15/0-15.75 	The incorpora- 

tion of 2H from acetate, propionate, and butyrate has also been 

studied and the somewhat complex results are again analysed in 

relation to fatty acid biosynthetic processes. 76 	All three 

labels from (l-13C,2H3]acetate are incorporated into the 

propionate-and butyrate-derived methyls but oddly the apparent 
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acetate starter'-derived methyl, C-24, of (88) retains no 

labels. 

1 	 0 	CH  20H  5 IIOOC 	Me 	 (91) 

Me 
Scheme 2! 

Incorporation of 13C-labelled precursors established the 

biosynthetic origins of all the carbons of monensin (91) , an 

important antibiotic produced by Streptomyces cinnamoniensis.77  

When (1-13C,1802]propionate was fed, the oxygens attached to C-i, 

C-3, and C-S were enriched, and )l-13C,1802)acetate enriched the 

oxygens attached to C-7, C-9, and C-25. 	It is likely that the 

remaining oxygens are derived from molecular oxygen. 	These 

results are therefore consistent with the derivation of monensin 

by formation of the triene (89), which can be converted to 

monensin via cyclisation of the triepoxide (90) as shown in 

Scheme 21. 

Similarly, incorporation of (1-13C,1802)propionate by 



28 
	

Biosynthesis 

0 

- Me 

?le 	 L OR 

MeCH2CÔÔNa _______ 	
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Me 

Me 

(92) 

Streptomyces erythreUs established that in the biosynthesis of 

erythromycin the oxygens attached to C-I. C-3, C-5, C-9, C-11, and 

C-13 of the aglycone (92) are derived from propionate. 78 
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14  ) L H2 	 16 me 
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(93) 	Y
Me 	 (94) 

The biosynthesis of boromvcin (93) has been studied 
79 by 

feeding experiments with 13C-labelled malonate and methionine and 

[2-2H2]valine in Streptomyces sp. MA 4423 followed by 13C n.m.r. 

	

and mass spectral analysis. 	The results show that the carbon 

skeleton is derived from 14 acetate/malonate units, providing 

carbons 1-14 and 1-14; methionine gives rise to the methyls at 

	

C-4 and C-4 and the 	-dimethyl groups at C-B and C-8' 

D-Valine, rather than the L-isomer, is the immediate precursor of 
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the D-valyl moiety of (93) 	Parallel studies 
80 Using 

11,3-13C 21glycerol with the closely related aI)lasmomycjn (94) 

produced by Streptomyces griseus, have shown that glycerol is the 

intact precursor of the 3-carbon starter' unit of the polyketide 

chain, C-iS, C-16, and C-17. 	It is proposed that glycerol is 

converted via methylgivoxal to give lactate as the chain-

initiating moiety. 

H 	 NH OOCç~2 

OH 

(9) 

0 	CH,OCONH 

: M : 	 uue 

(97) 

Me 	Me 

(96) 

0 

Me 	 Nil 2 

HO 

HOOC,J. 	OH 
Oki 

Me 
(98) 

(99) 

The ansamycin group of antibiotics are formed by elongation of 

a 1 C7N starter unit by acetate and propionate. 	The exact 

nature of the C7N' unit was unknown but two independent studies 

have identified It as 3-amino-5-hydroxybenzoic acid (95) 

[Carboxy-14C)-(95) was specifically Incorporated by Streptomyces 

sp. E/784 into the novel ansamycin antibiotic actamycin (96) 

Subsequent work showed that it was also incorporated into 

mitomycin (97) and h.p.l.c. analysis showed the presence of the 

free acid in culture filtrates of Streptomyces verticillatus; 

and its presence was also demonstrated by an Isotopic dilution 
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experiment using 13C-labelled (95)•82 	In an independent study 

using mutants of the rifamycin (99) producer Nocardia mediterranei 

it was found that a mutant P14 produced compound (98), which con-

tains the C7N starter and the first three acetate/propionate 

chain-extending units of the ansa chain. 83 	On cofermentation of 

P14 with a second mutant A8,which produced no rifamycin and 

instead accumulated shikimate, or on addition of (95) to AS, the 

normal rifamycin-producing capability of the parent strain was 

restored. 84 

* 
MeCOONa 

HOH2CH( NH2)C0OI1 

Me 

MeCOOII 

C) nCH,,OH 

VOH 

IDa I 

0 	 C) 

Lt:rA;(i 
1 /a  

(100) 
Scheme 22 

13 	 13 C-Labelled acetates, methionine, and (3- C]-serine are in- 

corporated into virginiamycin M (100) by Streptomyces virginise 

as indicated in Scheme 22. 85 	Noteworthy is the origin of the 

la-methyl group from an external acetate. Serine enriches C-17a 

consistent with the formation of the oxazole ring from an acyl- 

serine precursor. 	Isobutyryl CoA derived from valine is the 

likely starters unit. 

14C And 13C-labelling studies have shown that the polyketide 

chain methyl groups in streptolydigin (101) , a metabolite of 

Streptomyces lydicus, are derived from propionate and not from 

methionine.86  The origins of the remaining carbons are yet to be 
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MuCH 2 00Na 

Me 

OH 

established but t(-methyiaspartic acid probably provides the 

remainder of the acylt.etramic acid moiety. 

S 	S 

' 	Os 	 id 	 OH 

Me 	 oil 	 0 

Me 

AW 7 	Mthton1n, a 
(102) 

Me —100N. 

Prp1ooate 

Butyrate 

13C-Labelling studies have shown that methionine, acetate, 

propionate, and butyrate provide most of the skeleton of aurodox 

(102),a metabolite of Streptomyces goldin1ensis 7  but the origins 

of the pyridone moiety are obscure. 	Whereas C-2, C-4, and C-6 

are enriched by C-i of acetate, C-2 of acetate failed to enrich 

C-3 and C-S of (102) 
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11 	Meroterpenoids 
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HOOC 
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HOOC 

HO 

(106) 	 OH 	0 

HOOC 

Meo 

(107) 
Scheme 23 

Two separate studies of mycopheriolic acid biosynthesis have 

shown that the prenylogue (104) is converted to mycophenolic acid 
89 (107) by whole cells of PeniciJliurn brevicompactum. 88, 	Cell- 

free extracts have been shown to convert the phthalide (103) into 

the acyloin (105), which in turn is converted to mvcophenolic acid 

by whole cells; Scheme 23. 	However, combined radioqas chromato- 

graphy-mass spectrometric analysis of P. brevjcompactum cultures 

indicate that both (103) and (104) but not the acyloin (105) are 
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Scheme 24 

AcOCH 2  ide 

(114) 
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Previous 13C-labelling studies had indicated that andibenin B 

(110) was formed by a novel pathway in which a bis-C-methylated 

tetraketide-derived phenolic precursor is alkylated by farnesyl 

pyrophosphate to give (109) followed by cyclisation, intra- 

molecular cycloaddition, and oxidative modification. 	Further 

evidence for this pathway has been obtained by the specific 

incorporation of 14C- and 2H-labelled 3.5-dimethylorsellinate 

(108) into andibenin B by cultures of Aspergillus variecolor.90  

Orsellinic acid is not incorporated, providing clear evidence 

that biological C-methylation precedes aromatisation, in contrast 

to the post-aromatic introduction of the farnesyl moiety. 	In- 

corporation studies with 13C-labelled acetates and methionine 

have shown that anditomin (112),91  austin (111) ,92  and terretonin 

(113), 93  metabolites of Aspergillus variecolor, Aspergillus ustus, 

and Aspergillus terreus respectively, despite their varied 

structures, can also be derived by this novel pathway. 	Whereas in 

andibenin B, the carbocyclic skeleton of (108) is retained intact, 

the remaining metabolites exhibit (Scheme 24) increasing degrees 

of cleavage and rearrangement of the original aromatic precursor. 

Pathways for these processes have been proposed. 	Interestingly, 

a mutant of the andibenin-producing culture produces the 

sesquiterpenoids, astellolides A (114) and B.94 	Closely related 

compounds, pebrolides, have also been isolated from cultures of 

P. brevicompactuin impaired in mycophenolic acid production. 95 

12 Flavonoids 

Though these compounds are discussed more fully in chapter 2, 

some features of relevance to polyketide biosynthesis are 

included here. 

(13C2]Acetate was incorporated into the flavone apigenin 

(116) and the flavonol kaempferol (117) by cell suspension 

cultures of parsley, Petroselinum hortense, with randomisation of 

couplings in ring A, showing that a symmetrical inter-

mediate, presumably the chalcone (115), is an intermediate in 

their biosynthesis. 96 	In contrast, [13C2]acetate is incorporated 

into ring A of the phytoalexin pisatin (118) in Pisum sativum 

without randomisation, showing that deoxygenation of the poly-

ketide precursor occurs before cyclisation and aromatisation.97  

Incorporation of 14Cand 13C-labelled precursors into 

chloroflavonin (119) by cultures of Aspergillus candidus revealed 
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a distinctly different route to the flavonoid skeleton compared 

to plants. 	Phenylalanine is converted to benzoic acid,which 

then acts as a chain initiator, combining with four malonates to 

give a pentaketide.98 	Randomisation of 13 13 couplings in 

ring A of t13C2lacetate-enriched (119) indicates that a 

symmetrical intermediate must be involved, as indicated in Scheme 

25. 99 

13 	Miscellaneous Metabolites 

The stereochernical course of the incorporation of an intact 

malonate unit into the glutarimide ring of cycloheximide (120) 

was investigated by feeding L1,2,3- 3C31malonate to Streptomyces 

naraensis.10° 	The 13C n.m.r. of the enriched cvcloheximide and 

its derivatives indicated that the incorporation of an intact 

0 	OH 

COOH 

CH 

120) 

malonate unit was completely stereospecific, with thepro-2 

acetate unit and methine carbon (C-4, C-5, and C-6) being 

labelled from malonate. 	A separate study of incorporations of 

13C-labelled acetates and bicarbonate into cycloheximide, using 

Streptomyces griseus, also indicated stereospecific labelling of 

the glutarimide carbons but reached the opposite conclusion that 

C-2, C-3, and C-4 were derived from an intact malonate. 
101 These 

different conclusions appear to arise from differing assignments 

of the crucial C-2, C-3, C-5,and C-6 resonances. 

13C-Labelled acetates, malonate, and succinate were 

incorporated into rubratoxin B (122) by cultures of Penicillium 

rubrum as shown in Scheme 26.102 	The results are in agreement 

with the assumption that the C10-chain is formed by the fatty 

acid pathway and the C3-unit via the Krebs cycle. 	However, when 

the likely intermediate (121), specifically labelled at the C-3 

methyl, was fed, randomisation of label was observed, so its 
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+ 

(122) 

Scheme 26 

status as a biosynthetic intermediate is not established. 

Incorporation studies using 	and 13C-labelled acetates and 

methionine and 2H-, 14C-, and 15N-labelled tryptophan indicate the 

pathway shown in Scheme 27 for the biosynthesis of chaetoglobosin 

A (126) and 19-0-acetylchaetoqlobosin A (127) in Chaetomiurn 
103 

qloljosum. 	It is suggested that a Cl. polyketide combines with 

L-tryptophan, probably forming an amide linkage first, and sub-

sequently closing the lactam ring to form the tetramic acid (123). 

This is then transformed by reduction and dehydration to (124), 

j 	 which can underqo an Internal Diels-Alder cyclisation to form 
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Ind 

(Ind = 3-indolyl) 

H 

R = H 

R = Ac 

Scheme 27 

chaetoglobosin J (125) before final acetylation to give (126). 

A tetramic acid intermediate (128) has also been proposed in the 

biosynthesis of pseurotin A (129), a metabolite of Pseudorotium 

ovalis; Scheme 28. 	Feeding studies with 13C-labelled propionate, 

acetate, methionine, and phenylalanine confirm the origin of all 
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the carbons. 	Incorporation of 12-13C, 5NJpheny1a1anine shows that 
15 N is retained, and so nitrogen-free intermediates can be 

excluded. 104  
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(130) 

Scher 29 

Incorporation of [1 C2)acetate into verrucarin E (130) by 

cultures of Hyrothecium verrucaria indicates its formation by 

condensation of two molecules of acoacetate as shown in 

Scheme 29. 107 



(131) 

UCMNa 

(. 	= 2  H) 

13C and 2 H n.mr. analysis of cytochalasin B (131) and 

cytochalasin 0, enriched by feeding [2-13C,2113]acetate  to cultures 

of Phoma exigua and Zygosporium rnasonii resriectively, indicate 

most of the 2H label was lost except at the C-il methyl, which is 

derived from the acetyl-00A-derived chain-initiating unit. 105 

Incorporation of [l 1 C, 1 02 ]acetate into cytochalasin B shows 

that only the doubly bonded oxygens of the lactone and lactam 

moieties are enriched, suggesting that the hydroxyl functions are 

introduced in the later stages of biosynthesis. 106 
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Introduction 
is report follows the format of reports appearing previously 
he series of Specialist Perodical Reports on 'Biosynthesis'. 1  
e period of the review has been characterized by the large 
Tiber of studies using precursors that are labelled with 13C 

I/or 2 H and 180 These allow the detection of labelled 
irogen and oxygen atoms, using the changes in chemical 
ft (isotope shifts) that are induced in 13C n.m.r. spectra by 
or 180. These techniques enable more detailed biosynthetic 
chanisms to be proposed and tested, and limit the possible 

oxidation states of intermediates which can be involved in the 
biosynthesis of metabolites. This is illustrated by an interesting 
study in which the pattern of incorporation of deuterium from 
[2 H 3]acetate into the fungal metabolites 6-methylsalicylic acid 
(1), mellein (2), rubrofusarin (3), and alternariol (4) has been 
studied and the results have been interpreted in terms of a 
proposed mode of action for polyketide synthetases.2  In the 
formation of aromatic products, the appropriate sites on the 
polyketide chain must be brought together for cyclization to 
occur, and the enzyme can achieve this by forming a cis-double-
bond, so that the three contiguous C—C bonds that are marked 
by heavy lines in (5) are held in a syn arrangement. This key 
double-bond can be formed as shown in Scheme I either (i) by 
formation of an enol (5; R = OH), or (ii) by reduction and 
dehydration to form an unfunctionalized double-bond, i.e. (5; 
R = H). If the former occurs it will be a reversible process, and 
so one might expect greater loss of 2H label at site (a) relative to 
site (b) than in the latter case, where formation of a double-
bond would be essentially irreversible, and so extra loss of label 
at site (a) would not be expected. The metabolites (1)—(4) 
provide two examples of path (i) and two of path (ii). The 
relative amounts of 2 H retained at the positions corresponding 
to sites (a) and (b) are indicated in Scheme 1 and the higher 
retention observed at (a) for path (ii) and the lower retention 
observed at (a) for path (i) provide support for the ideas put 
forward in this paper. The patterns of retention of deuterium at 
the positions corresponding to sites (a) and (b) in a number of 
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other highly elaborated polyketides, all corresponding to path 
(i), [e.g. averufin (6),l  altersolanol A (7),27  and scytalone (8)1 
are also consistent with the above ideas. It is through studies of 
this type and the detailed 2 H- and 80-labelling studies which 
are appearing on other polyketides, in particular the macrolides 
and polyethers,4  that a picture of what is occurring at the 
enzymatic level in the early stages ofpolyketide biosynthesis can 
be obtained. There continues to be an encouraging number of 
studies using advanced intermediates, again with stable 
isotopes often being used as the label of choice. Reviews have 
appeared on applications of 180-labelling,3  on the 13C n.m.r. 
spectra of ionophore antibiotics,6  and on biosynthetic studies 
on macrolides and ionophores.4  The results contained in these 
will be discussed below, where appropriate. A new textbook on 
biosynthesis has a chapter on polyketides.7  A feature of this 
book is its mechanistic approach. 

2 Fatty Acids 
The stereochemistry of the dehydration of 3-hydroxydecanoyl 
thioester (9) during the biosynthesis of oleic acid has been 
studied, using fatty acid synthetase from Brevibacterium 
arnmoniagenes.8  Deuterium-labelled oleic acid (12) was syn-
thesized from [2-2H,]malonyl-CoA  by the synthetase. Mass-
spectral analysis revealed that there was no deuterium on C-10. 
As the deuterium atom that is derived from [2-2 H,]malonyl-CoA 
is known to be located on the pro-4S position of (9), the pro-
4S deuterium of (10) must have been abstracted during the 
prototropic rearrangement to (11) as indicated in Scheme 2. 
Further analysis showed that the deuterium at C-8 of oleic acid 
(12) occupies the pro-2R position of (11) so that a proton was 
added to the 2-si face during the rearrangement. 

0 0 HDHD 
SEnz 

H OHO 
(9) 	 NN:oi 

H HO 	
H 0D 

RSEnz 	R SEnZ 
Hv 	

H)O 
(11) 

(10) 

(12) 0 D D 

Scheme 2 

3 Tetraketides 
Astepyrone (16), a novel metabolite of .4spergillus terr 
showed an incorporation pattern from [l-' 3Cjacetate cor 
tent with its being formed by oxidative cleavage of an orsell 
acid derivative.9  [carboxyl-C]Orsellinic acid (13; R = C 
and orsellinic aldehyde (14) were both incorporated. 
slightly higher incorporation of the aldehyde (22% versus U 
suggests that it is the first enzyme-free intermediate, b 
formed by reduction of the enzyme-bound thioester 
R = SEnz) (cj citrinin and ascochitine'), the incorporatiol 
the acid being accounted for by a transesteriflcation' to 
thioester. Orsellinic acid 2-methyl ether was not incorporal 
so that 0-methylation is probably a late process, occurring a 
ring cleavage. Oxygen-l8-labelling studies would pros 
interesting information on the mechanism of the ring-cbs 
processes from the acyclic intermediate (15). 

Cell-free preparations of patulin-minus mutants of Pen 
hum urticae convert isopatulin (17) into both (E)- and ( 
ascladiol (18)10  However, only the (E)-isomer is furt 
converted into patulin (19). The (Z)-isomer was shown to 
produced by a non-enzymatic isomerization, catalysed 
sulphhydryl compounds. The biosynthetic pathway to pati 
in P. urticae can now be summarized as shown in Schem 

4 Pentaketides 
The biosynthesis of chlorine-containing metabolites of P 
conia macrospinosa has been studied, using dihydrof 314 
isocoumarins. I I Compounds (20), (21), (22), and (23) were 
efficiently incorporated into the cyclopentenol cryptospori 
sonol (25), confirming that a ring-contraction step is involi 
in the biosynthetic pathway. The corresponding 6-0-met 
esters were also incorporated, but at a much lower lei 
presumably via prior biological 0-demethylation. Compoui 
(20) and (22) were incorporated with high efficiency into 
co-metabolite 5-chloro-3,4-dihydro-8-hydroxy-6-methoxy 
methylisocoumarin (24). As with astepyrone (see abos 
0-methylation occurs as a late biosynthetic step. Growth 
P. macrospinosa on a chloride-depleted medium resulted 
production of the dihydroxydihydroisocoumarin (20) and it 
0-methyl analogue but no ring-contracted metabolite ' 
detected, suggesting that chlorination is an early, essential si 
in the pathway. Isotope-trapping experiments provided e 
dence for the presence of (21) and (23) in cultures of 
macrospinosa, allowing the relationships shown in Scheme S 
be proposed. 
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6-methylsalicylic acid i- acetyl-CoA + 3-malonyl-CoA 

m-cresol -i- m-hydroxybenzyl alcohol +-+ m-hydroxybenzaldehyde -i- ,n-hydroxybenzoic acid 

gentisyl alcohol i-+ gentisaldehyde -j gentisic acid 

toluquinol 
gentisyl quinone 	isoepoxydon 

desoxyepoxydon toluquinone 

phyllostine 

patulin -f---- (E)-ascladiol +- isopatulin 

Scheme 4 
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The pattern of incorporation of deuterium into mellein (2) 
m [ 2  Hz]-  and [2-13C,2 H3]-acetate in Aspergillus melleus was 
vestigated12  by the complementary techniques of 2 H n.m.r. 
d edited 13C n.m.r., using a pulse sequence which suppresses 
mals from protonated carbons so that only the isotopically 
ifted 13C signals in deuteriated molecules are observed.13  
uterium that was incorporated into the C-4 methylene group 

is found to be equally distributed between the diastereotopic 
sitions; in addition, molecules were detected which retained 
o 2 f atoms at this site. Taken with previous results on the 
Ic of 2 H in the aromatic positions,2  these results suggest that 
) is the enzyme-bound polyketide intermediate in the 

Dsynthesis of mellein. In addition, the retention of both 
etate-derived hydrogens at C-4 means that the formation of 
e C-3—C-4 carbon-carbon bond in the chain-building process 
the polyketide synthetase must take place with concomitant 
carboxylation of the malonate unit that is undergoing 
dition, as has been found previously for fatty acid biosynthe- 

DD D 

CD3CO2Na 	I 	OH 	 o 

OH 0 
(26) 	 (2) 

sis, and a similar conclusion can be drawn for the chain-
building steps in the biosynthesis of brefeldin A4  and of 
asperlactone.' 

5 Hexaketides 
Previous studies, using [2 H3]acetate and 2 H n.m.r. to study the 
biosynthesis of O-methylasparvenone (27) in Aspergillus parvu-
lus, had suggested that one hydrogen was lost from the methyl 
of the starter acetate group, implying in turn that the necessary 
loss of ketide oxygen from C-9 occurred after condensation and 
aromatization of the linear polyketide precursor. This has been 
confirmed by incorporation of[! -' 3C, 2 H3]acetate and analysis 
of the 21-1-induced n-isotope shifts in the resultant 13C n.m.r. 
spectrum of the enriched metabolite. 14  C-9 showed two 
isotopically shifted resonances, indicating that a maximum of 
two 2 H atoms are incorporated at C-10. In contrast to 2 H-
induced i-shifts, the 3-shifts show a marked dependence on the 
functionality of the reporter 13C nucleus, and for carbonyl 
carbons the shifts may even be downfield or zero (see 
rubrofusarin below). In addition, this study indicated that 3-
shifts can also show a marked dependence on the stereospecifi-
city of incorporation of 2 H. It will be interesting to see if this 
potentially useful observation is also made in further studies. 

Incorporation of sodium [1-' 3C,' 80,]acetate by Penicillium 
multicolor into multicolanic, multicolic, and multicolosic acids 
[(30; R = Me), (30; R = CH20H), and (30 R = CO3H), 
respectively], and analysis by ' 3C n.m.r., results in 180 isotope-
induced chemical shifts being observed for C-4 and C-i I. The 
latter shows two isotopically shifted signals, due to the presence 
of 180  in both the singly and the doubly bonded oxygens of the 
carboxyl. These results confirm the previously proposed 
biosynthetic pathway via oxidative fission of the polyketide- 
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derived 6-pentylresorcylate (28) and establish that lactoniza-
tion to form the tetronic acid ring occurs by displacement from 
the carboxy-group at C-i by the enolic oxygen at C-4 of (29) as 
indicated in Scheme 6, and not by formation of a lactoi.15 In 
this and a number of other studies the isotopically shifted 
resonances were obscured by signals due to long-range carbon—
carbon couplings resulting from multiple incorporation of ' 3C 
labels within the same molecule. These were eliminated, using 
a spin-echo technique which eliminates signals due to coupled 
'°C nuclei. It should be noted that problems arising from 
multiple incorporation of precursor units into individual 
molecules of the final metabolite can also be overcome by the 
expedient of diluting the labelled substrate with unlabelled 
material prior to feeding. 

6 Heptaketides 
Griseofulvin (34) is possibly the most studied polyketide 
metabolite of all time! However, new information on its 
biosynthesis is still forthcoming. In the generally accepted 
route to griseofulvin, griseophenone A (3 1) undergoes oxidative 
coupling to produce, after O-methylation, the co-occurring 
dehydrogriseofulvin (32 R = Me). A possible alternative 
mechanism, shown in Scheme 7, would involve aerobic 
oxidation of (31) to the hydroxyquinone intermediate (33), 
which could cyclize to (32) by an addition—elimination 
mechanism. In this case the bridging oxygen atom would be 
derived from atmospheric oxygen. However, incorporation of 
[1-' 3C,180,Iacetate by cultures of Penicillium griseoJiiivum, and 
analysis of the 13C n.m.r. spectrum, showed that all oxygen 
atoms in griseofulvin are acetate-derived, so that the latter 
mechanism can be discounted.' 6 

Incorporation of [13C,}acetate into rubrofusarin (35) by 
cultures of Fusarium cu/morum and analysis of the resultant 
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Scheme 7 

13C-13C couplings indicates that the mode of folding of 
precursor heptaketide chain is as shown in Scheme 8, cont 
to previous assumptions, but consistent with its poss 
intermediacy in the biosynthesis of fulvic acid.' I Incorpora 
of [1-13C, 2 H3 jacetate resulted in deuterium 3-isotope si 
being observed for carbons 8, 6, and 14, thus indicating 
incorporation of deuterium at carbons 7, 9, and 10. A bn 
unresolved envelope of 3-shifted peaks was observed for 
which was stated as showing incorporation of acetate u 
retaining one, two, or three deuterium atoms at C-iS. 
anticipated incorporation of deuterium at C-3 could not 
demonstrated by the 13-shift technique because the shift on 
C-4 carbonyl was too small. However, its presence has l 
proved by direct 2 H n.m.r.2 It should be noted that 
observation of 13-shifted signals provides an alterna 
labelling technique for demonstrating the origin of in 
acetate units. Contrasting results have been reported for 
closely related fonsecin (36). Incorporation of [13C ]ace 
into (36) by cultures of Aspergillus carbonarius apparently g 
an alternative folding pattern for the precursor polyketid 
However, the difference in these two studies may be dw 
misassignment of the 13C n.m.r. spectra and we shall await 
details of the spectral assignments. 

Cultures of Fusarium solani produce exclusively the 
diastereoisomeric 4a, 1 Oa-dihydrofusarubins (37) and javan 

if maintained at pH —3, by providing a medium th 
rich in maltose or by the addition of acetic acid. 9 Howeve 
the pH is not maintained in this way, (37) and (38) are fort 
during the first two days when the pH is still low, but therea 
the pH increases rapidly and the amount of (37) decre 
rapidly, to be replaced by an increasing portion of fusani 
(40) and norjavanicin (39). Addition of NaOH to cultures 
were harvested after 3 days had the same result. Thus (39) 
(40) are produced non-enzymatically in cultures of Fusar 
culmorum. A new compound (41), which would be 
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ttermediate in the conversion of (37) into (39), has been 
btained by alkaline oxidation of (37). 
Incorporation experiments with acetate that is singly and 

oubly labelled with 13C show that phacidin (42) is formed 
om a heptaketide precursor in the fungus Pozebniamyces 
21samicola.20  Results with [' 3C]formate show that the methoxyl 
rsd aldehyde carbons are derived from the C, pool. 
Brefeldin C (43) is a deoxygenated analogue of brefeldin A 

.4), another much-studied compound. Feeding of [4-2H]-
refeldin C to brefeldin-A-producing cultures of Eupenicillium 
-efeldianum resulted in a high conversion of (43) into (44), as 
emonstrated by 2H n.m.r. and also by the observation of a 
iplet (J = 19.1 Hz) due to 13C-2H coupling in the 13C n.m.r. 
ectrum of the enriched brefeldin A.2 ' Repeating the 
periment in the presence of caerulein, which is a known 

thibitor of the early steps of biosynthesis of polyketides and of 
Itty acids, resulted in higher specific enrichment. Thus the 
ygen at C-7 of brefeldin A is not involved in the formation of 

ie cyclopentane ring, but is introduced in the last step of 
iosynthesis of brefeldin A. Previous studies on the labelling of 
refeldin A with 13C, 2H, and 180  and their relationship to the 
iosynthesis of fatty acids have been reviewed.4  

Octaketides 
he biosynthetic relationships in the naphthocyclinone series 

isochromanequinone antibiotics have been studied.22  

A 
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HO 	 HO 

HOq3 

(43) 	 (44)  

Compounds (45)—(5l) were produced by feeding [l -'4C]acetate 
to cultures of Streptomyces arenae. The labelled compounds 
were then individually re-administered to the cultures and the 
distribution of radioactivity among the individual metabolites 
was determined. This established the biosynthetic sequence y-
naphthocyclinone (45) -+ 3-naphthocyclinone (46) - epoxide 
(47) -' c-naphthocyc1inone (48) -+ ct-naphthocyciinone acid 
(49). Some conversion of the monomeric unit (50), but not of 
the dimer (51), was also observed, but further work is required 
to define the exact role of (50) in the formation of the dimeric 
naphthocyclinones. The conversion sequence (45) - (46) - 
(47) parallels the sequence of steps that has been established in 
the naphthomycinone series, where the lactone nanaomycin D 
(52) is reduced to nanaomycin A (53), which is then epoxidized 
to nanaomycin E. This contrasts with the situation which 
appears to exist in the granaticin series, where the appearance 
of the lactone granaticin (56) is preceded by the open-chain 
dihydrogranaticin (55), and the enzymatic conversion of (55) 
into (56) has been demonstrated. This seems a much more 
reasonable sequence of events. Incorporation of [l-' 3C,'802]-
acetate into granaticin in Streptomyces violaceoruber indicates 
that the oxygens at C-i, C-3, C-li, and probably C-13 are 
acetate-derived. Observations of an isotope shift at C-3 but not 
at C-15 demonstrate that the C-3 carbon—oxygen bond is 
preserved during the formation of the dihydropyran ring.5  
Nanaomycin reductase, which catalyses the conversion of (52) 
into (53), has been isolated and studies with the enzyme have 
led to a proposal that (53) is formed from (52) via a 
hydroquinone intermediate (54), as shown in Scheme 923  This 
is essentially the same as (but in reverse to) that earlier 
proposed for the formation of granaticin (56) from dihydro-
granaticin (55). 
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Previous studies with 3C- and ''C-labelled acetates had 
demonstrated that a benzophenone, e.g. (59), itself derived by 
oxidative ring-cleavage of chrysophanol (57) or islandicin (58), 
was a likely intermediate in the biosynthesis of the xanthone 
ravenelin (60). Incorporation of [1-13C,110,]acetate  into 
ravenelin in Drechslera ravenelii results in 1110 isotope shifts at 
C- 1, C-8, C-9, and C-lOa but not at C-4a. These results indicate 
that ring-closure proceeds by nucleophilic attack of the 
hydroxy-group on ring A of either rotamer (59a) or (59b) on the 
ortho position of ring B, as shown in Scheme 10, to give a 
mixture of (60b) and (60c), and not (60a).24  The B ortho-
substituent on ring B which is eliminated need not be a 
hydroxy-group, but (59) is a chemically reasonable hypothetical 
intermediate. Although an addition—elimination mechanism is 
proposed for ring-closure, an oxidative coupling mechanism 
would also be possible. The potential precursors chrysophanol 
(57) and islandicin (58) have not yet been proven to be on the 
direct biogenetic pathway, but both have been shown to occur 
with ravenelin.2526  

Full details of previously reported preliminary studies on the 
biosynthesis of altersolanol A (61) and related metabolites of 
Alternaria solani have appeared.27  Incorporation of [1-
13C,2H3]-acetate into (61) and the related macrosporin A (62) 
results in incorporation of 2H being observed at C-1, C-6, and 
C-9 and the methyl that is derived from the acetate starter unit. 
The lack of 2H at C-3 is consistent with derivation from an 
octaketide precursor, with decarboxylation occurring after 
cyclization and aromatization. The presence of 2H at C-I of 
(61) indicates that hydroxylation at this position must occur 
after reduction to the tetrahydroaromatic level. Altersolanol A 
(61) is reported to be incorporated intact into (62) but the 
mechanism is not at all easy to visualize. 

Incorporation of singly and doubly labelled [13C]acetates 
into achaetolide (63), which is a metabolite of Achaetomium 
crisralliferum, has established that it is formed from an 
octaketide.28  This metabolite represents a highly reduced and 
deoxygenated polyketide, and 2H- and 180-labelling studies 
might reveal some interesting information on possible relation-
ships with the biosynthesis of fatty acids and the mechanisms 
of removal of oxygen. 
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OH 0 OH 

HQ&JL..LD HO 	
0 OH 
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8 Nonaketides 
Mevinolin (64) is representative of a group of closely relate 
substances which have provoked considerable interest i 
recent years due to their ability to block the biosynthesis 
cholesterol. The incorporation of [1-13C]-, [2-13C]-, [1,2-13C] 
[1-' 3C, 180]_,  [l-13C,2H3]-, and [21-13]-acetates  and of (Me-1 3C 
methionine into mevinolin in Aspergillus terreus has bee 
studied. 29  Analysis ofthe enriched metabolites by 13C n.m.r. an 
2H n.m.r. spectroscopy gave the labelling patterns summarize 
in Scheme 11. Oxygen-18 could be detected only at the doubi 
bonded oxygen that is attached to CA'. The lack of oxygen-i 
at the expected labelling sites, i.e. C-il, C-13, and C-15, 
presumably due to solvent exchange during biosynthesi: 
though the difference between the nonaketide-derived skeleto 
and the c-methylbutyryl side-chain may be significan 
Deuterium was incorporated at all the expected sites except C-
and C-6, and the observation of signals due to molecules wit 
three deuterium atoms at C-4' and at the methyl group at C-
confirms that these carbons are starter units of the polyketid 
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hams. These results are consistent with biogenesis of (64) by 
ntramolecuiar Diels-Alder cyclization of a C!g  polyunsaturat- 
d acid or by intramolecular anionic condensations of a 
artially reduced polyketide. Further analysis of these results 
hould give valuable information on the stereochemistry of the 
econdary modification processes, such as the formation of the 
[ouble-bond between C-3 and C-4, C-methylation at C-6 and 
-2', and oxidation at C-8. A notable feature of this study is the 
pplication of a two-dimensional INADEQUATE experiment 
D mevinolin, after heavy incorporation of [1 3C2]acetate, to 
btain a complete 13C n.m.r. assignment on only 20 mg of 
ample, because of the large increase in the relative intensity of 
ignals for coupled carbons (ca 200-fold). Incorporation of [1-
3C]-, [2-13C]-, and  [l,2-'3C2-]-acetate  into oxytetracycline (65) 
y Streptomyces rirnosus has established the polyketide origin of 
he tetracyclic nucleus and the direction of folding of the 
ypothetical linear intermediate as that shown.30  Incorpora-
ion of [1,2,3-13C3]malonate  confirms the derivation of C-i, C-
, and the carboxamide substituent from an intact malonate, 
3ough analysis was complicated by extensive degradation of 
e malonate to [i,2-'3C2]acetate.3'  Labelling studies have also 

een reported on the mycotoxin viriducatumtoxin (66), which, 
3ough a fungal metabolite, is structurally closely related to the 
tracyclines. Incorporation of singly and doubly 13C-Iabelled 

cetates into (66) in Penicillium expansum indicated a different 

(64) 
Scheme 11 
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mode of polyketide folding to that observed for the tetra-
cyclines.32  The observed incorporation of 180  from [1-13C, 
'802]acetate at C-4a (also incorporated at C-i, C-8, C-12, and 
C-13) precludes a pathway involving a fully aromatic inter-
mediate analogous to pretetramid, and the derivation of C-2 
and of the carboxamide carbon of (66) from an intact acetate 
unit, together with the non-acetate origin of C-3, further 
distinguishes it biosynthetically from the Streptomycete tetra-
cycline antibiotics. The exact nature of the starter unit of the 
polyketide chain is uncertain. If it is maionyl-CoA then either 
C-3, C-4, and C-4a or C-3, C-2, and C-13 could originate from 
such an intact unit. Incorporation studies with [i,2,3-' 3C3J-
malonate, [14C]bicarbonate, or[i-14C]pyruvate failed to clarify 
the situation. The side-chain is presumably derived from 
geranyl pyrophosphate but exactly how is not clear, and should 
provide an interesting problem. 

Incorporation studies with 13C- and 2H-labelled glycine 
suggest that, in the biosynthesis of lankicidin C (67) in a species 
of the genus Sireptomyces, the seventeen-membered carbo-
cyclic ring is formed by ring-contraction of an eighteen-
membered ring by a Favorskii-type rearrangement, as shown in 
Scheme 12.33  The polyketide precursor is formed from glycine 
as a starter unit and eight intact acetate units. 

The biosynthesis of citreoviridin (70), which is a mycotoxin 
produced by Penicillium pulvi/lorum, has been studied, using 
13C-labelled precursors.34  It is formed from a nonaketide 
chain, five methyl groups being derived from methionine. 
Incorporation of 13C-labelled precursors into citreomontanin 
(68) in Penicillium pedemontanum gives a similar labelling 
pattern, consistent with (68) being a possible precursor to 
(70).35 The bis-epoxide (69) would be a likely intermediate, as 
indicated in Scheme 13. Oxygen-i8-labelling studies would test 
this mechanism. 

9 Decaketides 
The biosynthetic pathway to the important mycotoxin afla-
toxin B1  (84), as always, has attracted considerable attention. 
The doubts concerning the intermediacy of averufin (71) have 
been removed by two studies with specifically labelled 
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averufins. [4'-2H2]Averufin was prepared by an acid-catalysed 
exchange reaction and incorporated into (84) by Aspergillus 
flavus. An analysis of the enriched aflatoxin B1 (84) by 2 H 
n.m.r. spectroscopy showed specific incorporation of deuter-
ium into H-16.36 In this study, universally 21-1-labelled aflatoxin 
B1 , required for comparison of its 2H n.m.r. spectrum with that 
of biosynthetically enriched (84), was prepared by the simple 
expedient of growing A. flavus in a medium that was 
supplemented with ca 10% of 2H20. This is a useful general 
technique for the preparation of universally deuteriated 
metabolites for determination of their complete 2H n.m.r. 
spectra. In a separate study, Townsend has used his recently 
developed synthetic route to averufin37 to prepare both 
[4'-13C]- and [1'-13C,1'-2H]averufin. These were incorporated 
into aflatoxin B1 in A. flavus and their intact incorporation 
was demonstrated by 13C n.m.r. spectroscopy. In particular, 
the spectrum of a sample of aflatoxin B1 that had been derived 
from [1'-13C,1'-2H]averufin had a triplet (28.5 Hz) due to 
13C-2H coupling at 113.0 p.p.m., showing that the bond 
between C-l' and H had remained intact throughout the 
pathway from (71) to (84), so ruling out Favorskii-type 
processes in the rearrangement of the side-chain.38 This doubly 
labelled averufin was further labelled, by acid-catalysed 
exchange, to produce [1113C,1' 2 H,4' 2H2,6' 2H3]averufin, 
which was fed to dichiorvos-treated cultures of Aspergillus 
parasiticus; the resultant versiconal acetate (76) was analysed 
by 2H n.m.r. spectroscopy. This showed that deuterium from 
averufin was incorporated into the 1'-, 4'-, and 6-positions 
without any significant loss. The incorporation of averufin-
derived label into the terminal 0-acetyl unit of (76) indicates its 
formation by a Baeyer-Viiliger-type oxidation of a methyl 
ketone species, and not by acetylation of the degraded side-
chain. 39 A possible mechanism for the rearrangementof the side-
chain of averufin is shown in Scheme 14. Hydroxylation of (71) 
to the known co-metabolite nidurufin (72), followed by pinacol-
type rearrangement via (73), which (on hydrolysis) would yield 
the aldehyde-ketone (75), followed by Baeyer-Villiger-type 

oxidation of (75) would produce (76). Some evidence that ti 
rearrangement precedes oxidation comes from the isolation 
versicolorone (74) from Aspergillus versicolor.4° This could be 
shunt metabolite from the intermediate (75). 

The incorporation of acetate-derived hydrogen into averuf 
(71),' sterigmatocystin (82),42 and aflatoxin B1 (84)43 has be 
studied by incorporation of [2H3]_ and of [1-13C,2H3J-aceta 
and analysis by either 2 H n.m.r. or 13c n.m.r. spectroscopy 
isotope shifts). The results are summarized in Scheme 14, aloi 
with results for the incorporation of [13C2]acetate in 
sterigmatocystin (82)42 and of[1-13C,'802]acetate into versic 
lorin A (77)5 and sterigmatocystin (82). 	Three deuteriu 
atoms were incorporated at C-6' of averufin, which confirms i 
origin from an acetate starter unit. Only one deuterium ato 
was incorporated at C-2' and another at C-4', consistent wi 
the loss of oxygen from the side-chain by processes analogous 
those in the biosynthesis of fatty acids; in the aromal 
positions, it was found that significantly more deuterium w 
retained at C-S compared to C-7, and that none was retained 
C-4. However, in a separate study, using [2-13C,21-13]acetal 
the incorporation of 2H at C4 was reported,45 but this w 
done by looking at relative decreases in '3C resonan 
intensities, which is a less reliable method. 

Studies with Aspergillus versicolor showed that acetal 
derived deuterium was retained at C-6, C-15, C-17, a 
possibly C-4 and C- il of sterigmatocystin (82).42.45 Incorpor 
tion with [13C2]acetate confirms that the carbon-Iabellui 
pattern in ring A is not randomized, so that no intermediates a 
involved that are potentially symmetrical with regard to ring 
and oxygen-18-labelling studies show that the oxygen ator 
that are attached to C-I, C-3, C-8, and C-10 are acetal 
derived. The retention of acetate-derived hydrogen at C-6 
(82) rules out previous proposals for the conversion of (77) in 
(82) involving the introduction of a phenolic hydroxy-group o 
to this carbon either at the anthraquinone or the benzophenoi 
stage. The results with oxygen-18 indicate that the hydrox 
group at C-1 of versicolorin A (77) becomes the oxygen atom 
the xanthone ring of sterigmatocystin. Thus it appears th 
versicolorin A (77) (or a derivative of it) is oxidatively cleav 
to give a benzophenonecarboxylic acid intermediate, e.g. (7 
R = H) or (78; R = OH). Scheme 14 indicates two possil 
mechanisms for the closure by which the xanthone ring 
formed, each of which is consistent with the observed labellin 
Path (a) involves oxidative coupling to give the spi 
intermediate (79; R = H) or (79; H. = OH), which would 1 
followed by rearrangement and decarboxylation. An outstan 
ing problem is the necessary loss of the hydroxy-group from C 
of versicolorin A (77) on conversion into sterigmatocystin (8: 
and it has been suggested that this could be lost in t] 

rearrangement of (79; H. = OH) to (82). 45 In path (b), (78) 
converted into an arene oxide (80), addition of the hydrox 
group of ring B followed by concerted decarboxylation ai 
elimination then giving (82). 

Incorporation of [2H3]acetate into aflatoxin B1 (84) sho 
that acetate-derived hydrogen is retained at C-4, C-5, C-14, ai 
C-16, and possibly at C-9.43 The crucial observation is t] 

retention of deuterium at C-S, which is a position that w 
derived originally from carboxyl of acetate, and so it must 
assumed that the label has migrated to C-S from the adjace 
carbon atom during the conversion of (82) into (84). This 
most likely to occur as a result of an NIH shift, indicating th 
hydroxylation at C-6 of (82) is a key step in the conversion 
(82) into (84). Thus 6-hydroxysterigniatocystin (83) is a like 
intermediate. Scheme 14 summarizes the likely pathway 
aflatoxin from averufin, based on current results, but, clear] 
much further work is required before the details can be kno 
for certain. In contrast to work with whole cells, a cell-fr 
system from Aspergilusfiavus failed to convert versicolorin 
(77) into aflatoxin B1 (84), but did convert versicolorin 
hemiacetal (85; H. = H) and the corresponding acetate (8 
H. = Ac) into (84), so it is suggested that (77) is not on the ma 
pathway but is simply a shunt product .46 
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Resistomycin (86) has been shown, by incorporation of IC-
labelled acetates in Sireptomyces griseoflavus, to be formed from 
a decaketide, folded as shown in Scheme 15. The gem-
dimethyls on C-i are presumably derived from the C1 pool.47 

Vineomycin A1 (87) and vineomycin B2 (88) are antibac-
terial and antitumour metabolites of St reptomyces matensis. 
Results of 13C-labeiling experiments show that the ben4al-
anthraquinone moiety of (87) is derived as shown in Scheme 16, 
and that (88) is formed via cleavage of a C—C bond of (87) as 
indicated.48 Rabelomycin (89) was found to be a co-metabolite, 
suggesting that the necessary loss of acetate-derived oxygen 
from C-6 in (87) and (88) may occur (somewhat unusually) at a 
post-aromatic stage. 

10 Ansamycins 
A number of ansamycins bear different substituents, e.g. 
hydroxyl, thiomethyl, chlorine, or methyl, in position 3 of the 
aromatic nucleus. 4-Substituted 3-amino-5-hydroxybenzoic 
acids were tested in mutasynthesis experiments as potential 
starter units for the biosynthesis of 3-substituted rifamycins 
(91) in Nocardia mediterranei. No mutasynthesis of rifamycins 
was observed with compounds of the type (90), and so it is 
concluded from these and previous results that 3-substituents in 
rifamycin (and, by implication, in other ansamycin chromo-
phores) must be introduced in a late biosynthetic step.49 
Transformation experiments with intact mycelium of N. 
mediterranei and feeding studies with 14C-labelled precursors 
show that rifamycin B (94) and rifamycin L (95) are formed 
from rifamycin S (92) via rifamycin SV (93) by different 
pathways (Scheme 17), using different C3 precursors: glycerol 
predominantly labels the glycolic acid moiety of rifamycin B 

l-1O,C 	NH2 
- -* 

(90) R' = OH or Me 
R2 = OH orOMe 

(94) whereas pyruvate labels the glycolic acid moiety 
rifamycin L (95). Inhibition experiments indicated that 
thiamine-dependent enzyme, i.e. a decarboxylase, is involv 
in the transformations. 50 

Ansamitocin P-3 (97) is a maytansinoid antitumour ani 
biotic that is produced by a species of the genus Nocardia. 
Amino-5-hydroxy[carboxy-13C]benzoic acid (96) was incorpc 
ated with high efficiency into (97) and so is the prima' 
precursor of the aromatic nucleus. 51 A sample of [I 3C6]gluco: 
that was diluted with 13C-depleted glucose was fed 
Streptomyces hygroscopicus and the 13C-13C couplings in tI 
enriched geldanamycin (98) were analysed, using homonucle 
13C decoupling.52 This showed that the benzoquinone ring w 
formed from glucose-derived C3 and C4 units, as would I 
expected if 3-amino-5-hydroxybenzoic acid is the starter or 
for the ansamycin chain. Mycotrienin (99) and macbecin (10 
are unique among ansamycin antibiotics in having a 2 
membered macrocyclic lactam ring. Incorporation of 13( 

labelled precursors into (99)53.54 and (100) by cultures 
Strep tomyces rishiriensis and by a species of the genus iVocath 
gave the labelling patterns summarized in Scheme 18. TI 
cyclohexylcarboxylic acid moiety of (99) is probably derived 
shikimate. The origin of the C2 unit corresponding to C-17 ai 
C-18 of (100) remains obscure, but it is possibly derived as 
leucomycin (see below) from glycolate via glycerol. 

11 Polyether lonophores 
Full details have appeared of preliminary studies of ti 
incorporation of 13C- and 180-labelled acetates and propio 
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into monensin. In addition, analysis of the monensin (103) 
was produced by Streptornyces cinnamonensis that grew in 

1802  atmosphere indicated that the oxygen atoms bridging 
bons 13 and 16, 17 and 20, and 21 and 25 are derived from 
atmosphere.56  A separate study confirmed these results and 
wed that the primary hydroxyl function at C-26 was also 
oduced by an oxidative process.57  All of the results are 
sistent with the formation of monensin via the tri-epoxide 
), itself derived from the triene (101). Incorporation of [I-

}butyrate and [1-13C]isobutyrate  resulted in high enrich-
it of C-IS of monensin A and also of those carbons derived 
n the carboxyl carbon of propionate.58  These results show 
isobutyrate can be isomerized to n-butyrate and n-butyrate 
be degraded to propionate in S. cinnamonensis. 

ricorporation studies with 13C- and 14C-labelled precursors 
w that antibiotic A23187 (104) is biosynthesized by 
'ptoni;'ces chartreusis via three distinct structural units. 
role-2-carboxylate is chain-extended with four propionate 
two acetate units to give a carboxylic acid moiety, which 
combines with a C7 N, unit to form the benzoxazole  

fragment. On the basis of incorporation of [1-13C]-, [6-13C]-, 
and [U-13C}-glucose, a shikimate origin for the C7 N 2  unit is 
proposed.5960  Addition of tryptophan or anthranilic acid to the 
cultures inhibits the formation of A23187 and results in the 
formation of its demethylamino-analogue, cezomycin. Simulta-
neous addition of anthranilic and 3-hydroxyanthranilic acids 
left the production of A23187 unaffected, leading to the 
proposal that 3-hydroxyanthranilic acid is hydroxylated, then 
aminated at C-6, giving 6-methylamino-3-hydroxyanthranilic 
acid as the C7N 2  unit.6 ' 

Two more general papers have appeared. The first discusses 
the 13C n.m.r. spectra of polyether antibiotics and gives some 
empirical rules for structural studies. These include the use of 
13C-labelled precursors for structural and spectral assignment 
studies.62  The second presents a unified stereochemical model 
which attempts to correlate the structures and stereochemistries 
of more than thirty different polyether antibiotics and to show 
how they can be biosynthesized via polyepoxide precursors.63  
In a further review article, Hutchinson discusses recent work 
on the biosynthesis of polyether and macrolide antibiotics and 



(107) 

carbon atoms in the tetronic acid moiety, however, rem 
unresolved. Similar results have been obtained for the ck 
related chlorothricin (107) in Streptomyces antibioticus. E 
features are the presumed cleavage of the carbocylic system 
a Baeyer-Villiger oxidation (with the insertion of ox 
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discusses the stereochemical and mechanistic aspects, particu-
larly in respect of their possible relationship to the process of 
biosynthesis of fatty acids .4 

12 Macrolides 
Under this general heading, a number of diverse compounds, 
all containing at least one macrocyclic lactonic ring, are 
discussed. The biosynthetic origins of the carbon skeletons and 
the oxygen atoms of the avermectins, e.g. (105), have been 
studied by incorporation of 'SC- and 180labelled acetates and 
propionates by Streptomyces avermitiis; these origins are 
summarized in (105)." The derivation of the oxygen atom at 
C-13 from propionate rules out the possibility that the 
avermectins are biosynthesized via a late-stage oxidation of a 
milbemycin metabolite. The isobutyryl starter unit is not 
labelled by acetate or propionate, which is consistent with the 
previously established role of L-isoleucifle as the precursor of 
the starter unit in this series of avermectins. Tetrocarcin A 
(106), which is the major antibiotic produced by Micromono-
spora chakea, consists of a thirteen-membered ring containing 
a tetronic acid moiety. carbon-13-labelled acetate and propion-
ate gave the labelling pattern shown.65  The origin of three 
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tween C-i and C-25) and the tetraketide-derived 5-chloro-2-
thoxy-6-methy1sa1icy1ic acid moiety that is present as an 
er residue on the terminal sugar residue.66  Incorporation of 
C)-acetates and -propionates showed that azalomycin F, 
)8), produced by Streptomyces hygroscopicus, contains four- 
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CH3CO2Na 
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teen molecules of acetate and seven of propionate, and the 
pattern of labelling was deduced to be as shown; carbons 41-44 
are probably derived from arginine, but this has not been 
established by feeding experiments 67  Incorporations of singly 
and doubly 13C-labelled acetates and propionates were used in 
the structural elucidation of irumamycin (109), which is a 
metabolite of Streptomyces subflavus. The aglycone is derived 
from eight propionates and five acetates.68  

Previous biosynthetic studies had shown that the aglycone of 
leucomycin (110) is derived from five acetate, one propionate, 
and one butyrate units, leaving a bis-oxygenated C2  unit 
(corresponding to carbons 3 and 4) which was of unknown 
biosynthetic origin. Incorporations of [U-13C]glucose and of 
[2-13C]glycerol indicate that C-3 and C-4 are derived from 
glycerol via glycolate.69  In a separate study, the incorporation 
of [2-' 3C]valine and of [3,3'-13  C2]isobutyrate into leucomycin 
(I 10) and protylonolide (ill) by cultures of Streptoverticihium 
kitasatoensis and Streptomyces fradiae has been examined. 70 

The results are summarized in Scheme 19 and indicate that 
both organisms can convert valine, via isobutyrate, into n-
butyrate and propionate. Streptoverticihiwn kitasatoensis fur-
ther converts the [2,4-13  C2]-n-butyrate that is derived from the 
isobutyrate into [2-' 3C]acetate and [2-' 3C]acetate  into 
[2,3-' 3C2Jpropionate via the glyoxylate cycle. These trans-
formations are summarized in Scheme 20. The further 
conversion of protylonoiide (tylactone) into tyiosin has been 
studied by examining the bioconversions of 23 potential 
intermediates with a mutant strain of S.fradiae that is blocked 
only in tylactone biosynthesis. In this way, a preferred sequence 
of reactions consisting of eight steps was established.7 ' 
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13 Meroterpenoids 
Full details of incorporation studies with advanced precursors 
and of isotopic trapping experiments on the biosynthesis of 
mycophenolic acid (114) in Penicillium brevicompactum have 
appeared .72  The results show that 6-farnesyl-5,7-dihydroxy-4--
methylphthalide (112) is converted into (114) by at least two 
pathways; these are a direct oxidation of the central double-
bond and a two-stage removal of the terminal and central 
groups. The oxidation mechanism appears to be epoxidation, 
rearrangement of an epoxide to a ketone, hydroxylation to an a- 

hydroxy-ketone, and cleavage of a C—C bond to form the a 
(113), as shown in Scheme 21. 

Incorporation of [1-13C1- and [l,2-'3C2]-acetates and 
[2-'3C}mevalonolactone into austalide D (117), which i 
metabolite of AspergilltLs ustus, and the isolation of the 
metabolites austalide J (116), austalide K (115; R = H), 
austalide L (115; R = OH) indicate its formation via a mi, 
polyketide-terpenoid pathway, as outlined in Scheme 22, 
the same key intermediate (112) as occurs in the biosynthesi 
mycophenolic acid .73 

Me 	Me 	Me 	OH 

Me R 	Me R 	Me R 

HO 	 M? " 	 Me e 0 T 
Me 	

H 

(112) 

\(6) 

/ 
Me 	

OH 	
Me 	Me 	OH 

HO2C1)) 

	

MeO 	 HO  
Me 	 Me 

(114) 
	 (113) 

Scheme 21 

HMe 

(112) 

Me 
Me 

M 
Me 	

e 
 

H Me '0  

(115)R = H 
(115; R = 

/ 

(116) 
(117) 

Scheme 22 

Scheme 23 



ATURAL PRODUCT REPORTS, 1984 

Carbon-14- and deuterium-labelling experiments, together 
ith 2H n.m.r. spectroscopy, show that 3,5-dimethylorsellinic 
:id (118) is a specific precursor of both austin (119) and 
rretonin (120) in Aspergillus ustus and Aspergilus terreus 
spectively, and so substantiate the mixed polyketide—
rpenoid origin that was proposed for these metabolites from 
,e incorporation of 13C-labelled simple precursors, as shown 
Scheme 23.74 It is noteworthy that all of the compounds 

scussed in this section have the alkylation of an orsellinic acid 
ialogue by farnesyl pyrophosphate as a key step in their 
osynthesis. 

Miscellaneous Metabolites 
corporation studies with 13C-labelled acetate, propionate, 
d succinate in Streptomyces griseus indicate that nonactic 
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acid (121), which is the monomeric unit that is present in 
nonactin (122), is biosynthesized as shown in Scheme 24. 
Extensive interconversions of label from acetate into succinate 
and from succinate into propionate are ascribed to the 
operation of the Krebs cycle and of an active methylmalonyl-
CoA mutase, respectively.75 

Incorporation of 13C-labelled acetate shows that, in the 
biosynthesis of vancomycin (123) by Streptomyces orientalis, the 
3,5-dihydroxyphenylglycine moiety (124), forming ring D, is 
acetate-derived, as shown in Scheme 25, whereas the p-
hydroxyphenylglycine and m-chloro-3-hydroxytyrosine resi-
dues are derived from tyrosine.76 Similar results were obtained 
for the biosynthesis of ristocetin (126) by Nocardia lurida. Rings 
D and F are acetate-derived, as shown. It is suggested that 
the biosynthesis of the aromatic rings may proceed via an 
intermediate (125) with an additional chain-starting acyl group 
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which is lost after the ring has been formed. This would account 
for the otherwise improbable ring-closure onto a terminal 
methyl group.77  Feeding experiments with [1-'3C]-, [2-13C1-, 
and [1,2-13C,]-acetates,  using cell suspension cultures of Rufa 
graveolens, indicate that rutacridone (129) is biosynthesized via 
chain-elongation of anthranilic acid (127) with three acetate 
units to give the aminobenzophenone (128). Randomization of 
13C-' -'C couplings in ring c indicates that the formation of the 
acridone ring occurs before prenylation,78  as shown in Scheme 
26. 

A feeding experiment with [l,2-'C,]acetate confirms the 
polyketide origin of ring s of echinatin (134) and of ring A of 
formononetin (133) in cultured cells of Glvcyrrhiza echinata.79  
Further studies with ''C-labelled advanced precursors revealed 
that licodione (131; R = [-1) is an intermediate in the 
conversion of the chalcone isoliquiritigenin (130) into the retro-
chalcone echinatir, (134). The isotopic labelling of licodione 
was also incorporated into 7,4'-dihydroxyflavone (132), a!- 

NATURAL PRODUCT REPORTS, P 

though (130) labelled (132) more efficiently. Incorporation 
(13 1) was also low compared to that of (130) into the isoflavs 
formononetin (133). These results are summarized in Sche: 
27. 

Experiments on the biosynthesis of flexirubin (138), from 
gliding bacterium Flexibacter elegans, using 14C- and ' 
labelled acetate and blocked mutants, showed that all of I 
carbon atoms of ring B are acetate-derived and that, as showy 
Scheme 28, orsellinic acid (135) is converted into 3-dodec 
orsellinic acid (136), which is decarboxylated to (137) bef 
the ester linkage with the 2-phenylpolyenecarboxylic acid 
formed.8° 

Volume 4 of the 'Antibiotics' series8' is devoted 
biosynthesis and contains a number of chapters on polyketi 
derived molecules, viz. tetracyclines,8" ansamycins, 
polyether antibiotics,81 c erythromycins,8' d  sixteen-membci 
macrolides,sle other macrolides,811  and isochromanequinc 
antibiotics.8 8 
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3 Aromatic compounds 

T.J. SIMPSON 

Aromatic compounds can be isolated from all possible natural 
sources—micro-organisms, plants, insects, mammals and marine organisms. 
In any discussion of them a major, and in many ways unresolvable, problem 
arises in trying to subdivide the huge variety of compounds and structural 
types which occur, and in this chapter the choice of compounds is necessarily 
both highly selective and highly subjective. As many reviews and books have 
appeared on plant phenolic substances in recent years, their coverage here 
bears no relation to the size and importance of the field but is limited simply to 
allow coverage of areas which have been less adequately treated. In general 
this chapter will discuss compounds in order of increasing number of aromatic 
rings and increasing condensation of rings. 

Aromatic compounds are formed by several biosynthetic routes, in 
particular the polyketide and shikimate pathways, but also by the terpenoid 
pathway, and by combinations of some or all of these. These have been 
thoroughly reviewed in a number of publications' and so biosynthetic aspects 
will not be covered here in any detail, but it is important to bear in mind that 
many of the structural studies described have been carried out along with 
biosynthetic studies. 

Major advances in natural product chemistry in recent years have 
undoubtedly been the development of '3Cn.m.r. spectroscopy,' advances in 
multipulse sequences in both 'H and '3Cn.m.r. for structural studies," and 
associated isotopic labelling methodology for studying both the structures 
and biosynthesis of metabolites.' Thus '3Cn.m.r. studies will be mentioned 
where appropriate. 

3.1 Benzenoids 

A large number of compounds containing a benzene ring continue to be 
isolated from many sources. The number, size and disposition of substituents 
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on the aromatic ring varies widely and some illustrative examples are given 
below. 

Marine organisms are a source of characteristic bromine-containing 
compounds.' The dibromo-amide (1) has been isolated from a sponge, 
Verongia aurea,6  whereas the red alga Rhodomela subfu.sca produces 2,3-
dibromo-4,5-dihydroxybenzyl methyl ether (2). A number of phenolic 
sesquiterpenoids, e.g. laurinterol (3)8  are responsible for the antibiotic 
activity' of Laurencia (red alga]) species. -Bromocuparene (4) and cx-
isobromocuparene (5) have been isolated from Laurencia g1andulfera  and L. 
nipponica'°  and it is suggested that these are the precursors of the other 
aromatic sesquiterpenes from Laurencia species. 

Fungi are a particularly prolific source of benzenoid compounds, many of 
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Scheme I Reagents: i, H2, Pd-Lindlar; ii, H; iii, NaOEt; iv, BuLt, —70°C. 

polyketide origin, and a comprehensive listing of compounds isolated up to 
1982 has recently appeared." The isomeric phthalides (6) and (7) have been 
isolated from A lectoria nigricans' 2 and Aspergillusflavus,' 3 respectively. 5,7-
Dihydroxy-4-methylphthalide (6) is also a key intermediate in the biosyn-
thesis of the antibiotic mycophenolic acid in Penicillium brevi-compactum 
where it is first converted to the 6-farnesyl compound (8)4 An interesting 
synthesis of (6) proceeds (Scheme 1) via the isoxazole (9). Reaction of (9) with 
diketene gives the acetoacetyl ester (10); reduction and hydrolysis unmasks 
the latent polyketide-type precursor (11) which is converted first to the 
butenolide (12) and is then cyclized to the phthtalide (6).' 

HO 	

e 

 

(18) P 	
Me 

HO''O' P 

P = (CH2 ) 14 Me 

OH o 
Me 

OR OW 

P2 = H. A1 	mannosyl 

A1 = H. R2 = mannosy( 



110 
	

THE CHEMISTRY OF NATURAL PRODUCTS 

Me 

CHO OH 

Me 	Me  

(23) 

OMe 
0 	 OH 

Me 	.1. 	ii 	 )Me 

OH 	 0 

0H 	 Me 

Me 	 Me 

(24) 	 (25) 

Fungal metabolites with increasing length of side chain are represented 
by 2,4-dihydroxy-6-propylbenzoic acid (13) from Penicillium brevi- 
compactum;'6  the sorbophenone (14) from a Scytalidium species;'7  and 
2-( 3, 4-dihydroxyhepta- 1, 5-dienyl)-6-hydroxybenzyl alcohol (15) from 
Pyricularia oryzae 18  The corresponding methyl ether (16) has also been 
isolated from Aspergillus variecolor.' 9  

Long-chain phenolic substances have been isolated from many sources. The 
polyunsaturated acylphioroglucinol (17) has been obtained from the brown 
alga Zonaria tournefortii along with the related unsaturated and saturated 
chromones (18) and (19).20  Fruiting bodies of the basidiomycete 
Byssomerulius corium contain large quantities of the byssomeruliols, e.g. (20) 
and (21). 21  Lasolicid A (22) is a benzoic acid with a long polyoxygenated chain 
containing both tetrahydrofuran and tetrahydropyran rings isolated from 
Streptomyces lasaliensis. 22  It was one of the first of the polyether antibiotics, 
which act as ionophores,23  to be isolated. A recent comprehensive review 
discusses the isolation, structures, synthesis and properties of the long-chain 
phenolic substances of plant origin. 24  

Many of the more interesting benzene-containing compounds have sub-
stituents of isoprenoid origin. The isoprenoid moieties can themselves be 
highly modified. Aspergillus duricantis produces several hydroxypht halides, 
e.g. (23) and (24)25  The disubstituted dihydropyran (chroman) ring of (24) is 
presumably formed by an intramolecular ene' reaction between the dimethyl- 
allyloxy and formyl substituents on (23). A similar system is found in 
tajixanthone (123). Pergillin (25) is a plant-growth retarding substance 
isolated from Aspergillus ustus which contains a 2-isopropyliden-ben.zofuran- 
3-one system.26  S:ereumfrutulosin produces an antibiotic frutulosin (26). Its 
structure has been confirmed by synthesis.27  An alternative synthesis28  is 
outlined in Scheme 2. 2,5-Dimethoxybenzyl alcohol protected as the alkyl 
ether (27) was metallated with butyl lithium and iodinated to give (28). 
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homologue, colletochiorin B.3°  These are closely related to ascochlorin (31), a 
metabolite of Ascochyta vicae, 3' and similar substances which have a variety 
of biological activities, in particular antiviral, which has stimulated much 
recent interest in their synthesis. A recent synthesis of colletochiorin B is 
summarized in Scheme 3. Birch reduction of O-dimethylorcinol gave the 
cyclohexadiene (32) which was lithiated and alkylated with geranyl bromide. 
Chlorination and aromatization gave the phenol (33) which was formylated to 
give collectotrichin B (34).32  Other synthetic approaches to ascochlorin33  and 
colletochlorins34  have appeared. 

K-76 (35), an inhibitor of the complement system, has been isolated from 
Stachybotrys complernenti. 35  It has a bicyclofarnesyl moiety attached to a bis-
aldehyde to give what is formally a dihydrobenzofuran. Aspergillus ustus 
produces a group of mycotoxins with novel complex structures, the austalides, 
e.g. austalide A (36). ' It is likely that the farnesyl-substituted phthalide (8) is 
a key intermediate in the biogenesis of the austalides. However the farnesyl 

I 

L 
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Scheme4 i. cat. Cu); ii, Ac 20. iii, KOHCH 30H; iv. Ph 3P'CH 2 RrNaHDMSO; v, 
LiSBuHMPA. 

moiety has been highly cyclized and oxidized. Note that this compound is 
formally a chroman. 

Sesquiterpenoid-substituted benzoquinones and qumols have been isolated 
from both sponges and brown algae. Avarol (37) has been isolated from the 
sponge Disidea avaria37  and zonarol (38) from the alga Dictyopteris 
undulata. 38  

The key feature of a synthesis39  of zonarol is the conjugate addition of 2,5-
dimethoxyphenylmagnesium bromide (39) to the enone (40) as shown in 
Scheme 4. Disidein (41) is unique in having a ses terterpenoid -derived moiety 
fused to a quinol. It is a metabolite of Disidea pallescens.4°  

3.2 Coumarins 

A substantial monograph on coumarins is available.4 ' The '3C n. mr. spectra 
ofcoumarin and substituted coumarins have been analysed.42  Siderin (42) is a 
polyketide-derived compound which has been isolated both from plant 
(Sideritis romana43  and Cedrela too/ia44) and fungal (Aspergillus varieco!or45) 
sources. Its structure has been confirmed by synthesis.4345  Kotanin (43), a 
dimer of siderin, has been isolated from a toxigenic strain of Aspergillus 
glaucu.s and the structure confirmed by synthesis. 46 The most widely studied 
group of coumarins are the aflatoxins, e.g. aflatoxin B, (44), a group of 
mycotoxins produced by the common moulds Aspergillus parasiticus and A. 
ftavus. Their biosynthesis,47  analysis48  and toxicology49  have been extensively 
studied. Much work has been done on chemical methods of detoxification of 
aflatoxin-infected foodstuffs.5°  Aflatoxin M, (45), a metabolite of aflatoxin 
B1 , is commonly detected in milk, and its synthesis has been reported.5 ' 

3.3 Isocoumarins 

A number of biologically active isocoumarins have been isolated from micro-
organisms. The bacterium Bacillus pumulus produces a gastroprotective 
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substance A1-77-B (46).52 Ochratoxin A (47), a metabolite of Aspergillus 

ochraceus, is an important mycotoxin responsible for kidney damage in 
pigs. 13 Its synthesis has recently been reported. 54 A facile synthesis of mellein 
(48), a dihydroisocoumarin which is a common fungal metabolite, is 
summarized in Scheme 5. 5-.Allyloxy-2-hydroxybenzoates are smoothly 
converted, presumably via (49), to 3,4_dihydro*5,8dihydroxy-3-methyli-
socoumarin (50). Selective mesylation and reductive cleavage of the 
suiphonate-carbon bond gave mellein.55 3,4-DihydroisocoumarinS have been 
identified as intermediates in the biosynthesis of the fungal cyclopentenones 
terrein56 and cryptosporiopsinol.57 They have been synthesized in isotopi- 
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cally labelled form by conversion of the homophthalates (51) with acetic 

anhydride to give the 3-methyl-4-carboxyiSocoUmariflS (52), which are then 
decarboxylated to the 3-methylisocoumarins (53) and finally reduced to the 3-
methyl-3,4-dihydroisoCoUmaflflS (Scheme 6).57 - 58 

 

Fomajorin S(54) and fomajonn D(55) are isocoumarins of terpenoid 
origin produced by the common wood-rotting fungus Fomes annosus.59  

Stellatin (56), produced by Aspergillus stellatus, is unusual among fungal 
dihydroisocoumarinS in lacking a substituent on either C-2 or C-3. Its 
structure was defined by a complete analysis of long-range (i.e. greater than 

one bond) 'H—' 3C couplings in its fully 'H-coupled ' 3Cn.m.r. spectrum.60  
The 2- and 3-bond couplings detected in a series of selective low-power 
decoupling experiments are indicated on structure (56). This is a very powerful 
technique for assigning the substitution pattern of highly substituted ben-
zenoid compounds (see also naphthoquinones below). Monocerin (57), a 
metabolite of Helminthosporium monoceras and other fungi, has an unusual 
fused dihydrofurobenzopyrofle ring system. It has been isolated along with 
the closely related fusarentins as an insecticidal metabolite of Aspergillus 

parvulus.6 ' 
Sclerin (60) is a highly substituted homophthalic anhydride metabolite of 

Scierotinia sclerotiorwn62  and Aspergillus carneus63  which stimulates plant 
root formation. It has been synthesized (Scheme 7) by condensation of the bis-
trimethyl-silyl ether (58) of methyl 3-oxopentanoate with methyl orthoacetate 
in the presence of titanium tetrachloride. The resulting homophthalate (59) is 
then methylated and hydrolysed to produce sclerin.64  The elaboration of (59) 
can be considered as a controlled condensation of diketide and triketide 
moieties and so constitutes a biomimetic synthesis. 
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Scheme 7 i, MeC(OMe)31T1C14; ii, LDA/MeI; iii, NaOH; iv, H. 

3.4 Chromanones and chromones 

LL-D253Ex (62), an antibiotic metabolite of Phoma pigmentivora,65  P. 

violacea,66  and Sclerotiniafructigena,66  was originally assigned structure (61), 

5-hydroxy-6-(2'-hydroxyethyl)-7-methoxy-2-methylchromanone. 
65 	How- 

ever its structure has been revised to (62) by analysis of the fully 1H-coupled 
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'3C n.m.r. spectrum and by unambiguous synthesis of both structures (61) 

and (62).67  Mycochromaf101 (63) and mycochromaflofle (64) are co-

metabolites in Myrothecum roridum.68  Mycochromofle (65) has been isolated 

from the phytotoxiC fungus Mycosphaerella rosigena which is responsible for 

leaf spot of greenhouse roses .69 It co-occurs with mycoxanthone (126) which 

suggests it is formed from (126) by oxidative degradation of the methoxylated 

benzenoid ring. ChromeneS, chromones, and chromanones have been 

reviewed in a recent text.7°  

3.5 CannabinoidS 

Cannabinoids can be regarded as chroman derivatives. Their chemistry, 
analysis and synthesis have been extensively reviewed.7 ' Two of the more 

interesting recent syntheses are described in Schemes 8 and 9. The key step in a 
synthesis of cannabinol (70) makes use of the remarkably smooth displace-
ment of methoxyl groups in Omethoxy-ary1OXaZoli15 described by 
Meyers."' Thus reaction of oxazoline (66) with the aryl Grignard reagent (67) 

gives the sterically hindered biphenyl intermediate (68) which on hydrolysis 

and deprotection is converted to lactone (69). Methylation with methylmag-

nesium iodide completes the synthesis of cannabinol.73  In a second bio-

genetically patterned approach, condensation of 1, 3-bis-trimethYl-
silyloxylmethoXYbutadie (71) with the acid chloride (72) gave methyl 
olivetolate (73) which on condensation under carefully controlled conditions 

with (+)pmentha2,8diehIol gave methyl i 'tetrahydrocaflnabifloIate 

Hydrolysis and decarboxylation then gave A'tetrahydrocanflabinot 
74  
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3.6 Macrocyclic lactones 

Zearalenone (80), a mycotoxin isolated from Fusarium fungi, is notable 

because of its oestrogenic and anabolic activity in animals."' A large number 
of related compounds has been isolated from fungal sources" and all feature 
a macrocyclic lactone attached to a benzene ring. Zeanalenone has been 
synthesized as shown in Scheme 10 via a palladium-catalysed carbonylation of 
the iodothioether (76) in the presence of the iodoalcohol (77) to give the ester 
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(78) 

Scheme 10 i, pdC 2 /K 2CO3/C6H6/I20°iC0; ii, KN(SIMe3)2 ; iii, Na104; iv, TsOH. 

(78). This was cyclized using potassium hexamethyldisilazide as base to give, 
after oxidation and elimination, zearalenone dimethyl ether (79).77 A similar 
approach has been used to synthesize curvularin78  and lasiodiplodin.79  

Lasiodiplodin (81), first obtained from the fungus Lasiodiplodia theob-

rornae,8°  has recently also been isolated from a plant source, Euphorbia 

splendens,81  tojoin the list of metabolites produced by both lower and higher 

organisms. 

3.7 Pyrones and butenolides 

A number of biologically interesting compounds contain a benzenoid ring 
linked to a pyrone. The nitrobenzene moiety is found in luteoreticulin (82) and 

aureothin (83), toxic metabolites of Strep tomyces luteoreticuli82  and S. 

thiolureu.s83  respectively; and in spectinabilin (84), an antibiotic metabolite of 

S. spectabilis.84  A new kawain derivative (85) has been isolated from the roots 

of Piper sanctum and its structure confirmed by synthesis.85  Piperolide(87) is 

a closely related metabolite,86  containing the 4-hydroxybutenolide (tetronic 



(91 ) 

Me Me 

120 	 THE CHEMISTRY OF NATURAL PRODUCTS 

5x' 3lcoMe 

 

OMe 

Me 

o 

02N 
jai Me  

 

0 

Me 	Me 

Me 
Me 

02N 	
I  

n = 1 

(84) n3 

OMe 

AcO 

OMe 

(85) 

acid) moiety. It has been synthesized (Scheme 11) by reaction of the anion of 4-
methoxytetronate (86) with 3-phenyipropanal. Methylation followed by 
allylic bromination and elimination as shown gave piperolide;87  presumably 
the co-occurring pyrone and butenolide metabolites have a common biogen-
etic precursor, probably formed from cinnamic acid and two acetate units 
(Ar-C7). Fadyenolide (90), isolated from Piper fadyenii, has two carbons (one 
acetate) less than piperolide.88  It has been synthesized (Scheme 12) by 
conversion of 4-methoxytetronate to 2-trimethylsilyloxy-4-methoxyfuran 
(88) followed by condensation with methyl orthobenzoate to give (89) 
followed by base-catalysed elimination of methanol to give fadyenolide.89  
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A similar Ar-05  derived pyrone moiety is present in the territrems, e.g. 
territrem A (91), tremorgenic mycotoxins isolated from Aspergillus terreus.90  
These have a bicyclofarnesyl-derived moiety substituted on to the pyrone ring 
to form a chroman ring. 
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Scheme 13 i 	RuLifTHF/ - 78°/ZnCl2 ; 	ii, 	Ni(acac)2/BuAlHffHF1Ph3p/ - 20°C; 
iii, BuLi/ 	 S—HSIMe3fTHF/_ 20°C; iv, HgCl2 /HCl/MeOH; v, pyrrolidine; 
vi, PCI3; Vii, MeO2CCCCO2 Me; viii, HCl/MeOH; ix, H2/Ra—Ni; x, L1OH; xi, resolution; 
xii, KOH/HCHO; xiii, zylene/reflux. 
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3.8 Lignans 

Steganacin (92), isolated from the Ethiopian plant Steganotaenia araliacea, 

belongs to a novel class of dibenzocyclooctadiene lignan lactones which 
display significant antileukaemic properties.91  The first synthesis was re-

ported in 1976.92  More recently a synthesis of enantiomerically pure 

(- )stegan one (98) has been described.93  This proceeds (Scheme 13) via the 
biphenyl (93) formed by coupling of 1-bromo-3,4-methylenedioXYbeflZene 
with the cyclohexylirnine of 2.iodo-3,4,5-trimethoxybenzaldehyde. Conver-
sion of (93) via the dithian gave the aryl acetate (94), which was ring closed 
leading to the enamine (95). Cycloaddition and ring expansion gave the 
cyclooctatetraene (96) which was converted by hydrolysis and reduction to the 
ester (97) which was resolved via the (S)-2-amino-3-phenylpropan-1-Ol amide 
derivative of the acid. Further elaboration of the keto-acid gave (+ )-
isosteganone which on heating isomerized to (- )-steganone (98). 

PhS SPh PhS Ph rq  
MeO Br 	 Me? 

6OMe 
(100) 

OMe 

I iv 

HO QOH 
0 0 

(99 (101) 

Scheme 14 i, Bu'LIjTHF/-78°C; ii, Ra—Ni/ELOH; iii, BBr3 ; iv, Hg(O2CCF3)2 /02. 

In the first reported isolation of lignans from humans, the trans-dibenzyl-
butyrolactone (99) was found to be excreted by females during the luteal phase 
of the menstrual cycle and during early pregnancy.94  The structure was 

proved by synthesis.95  A further interesting synthesis (Scheme 14) used a 
tandem conjugate addition involving Michael addition of the anion of an 
aryldiphenyithiomethane to butenolide at - 78°C, followed by trapping of 
the intermediate with a benzyl bromide. Raney nickel treatment of the in- 
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termediate (100) gave the desired butyrolactone (99) after deprotection. When 
treated with mercuric trifluoroacetate, compound (100) gave the arylnaph-
thalene lignan (101).96 It had been hoped to stop this reaction at the 
dihydronaphthalene oxidation level which would have provided a good route 
to another class of lignans with significant antitumour activity, e.g. isopicro-
podophyllone (102) which has been isolated from the roots and rhizomes of 
Podophyllum pleianthum. 97  

Synthetic routes to a variety of lignans have been reviewed.98  

3.9 Benzofurans 

Two interesting approaches to the related benzofurans (104) and (105), 
isolated from Sophora tomenlosa, have been described. 99  In the first (Scheme 
15) the heterocycle was constructed via an intramolecular Wittig reaction of 
the phenolic ester (103). The second (Scheme 16) proceeds by condensation of 
an orzho-iodophenoljc acetate with a copper acetylide itself formed from the 
corresponding methyl ketone via the hydrazone and vinyl iodide. These 
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compounds are of increasing importance as several are antifungal phy-
toalexins, e.g. vignafuran (106) which is the phytoalexin of cow pea (Vigna 

unguicalata) leaves infected with Colle totrichum lindemuthianum. 100 

3.10 Terphenyls 

Many diphenylbutenolides and related systems are formed via diphenyl-
benzoquinones and the related quinols. The large variety of structures and 
structural types have been reviewed'01  so a few representative examples only 
are given here. All are fungal or lichen metabolites. In corticin A (107), a 
metabolite of Corticium caeruleum,102  the three phenolic rings are linked by 
ether bridges, whereas pigment C2  (108), isolated from Suillius grevillei,103  
has only one ether linkage. The central ring can be subjected to a variety of 
oxidative changes and rearrangement processes to give metabolites such as 
atromentic acid (109), a tetronic acid isolated from several fungal sources,'°4  
and aspulvinone 1(110), one of a series ofprenylated butenolides produced by 
Aspergillus terreus. °5  The structures and syntheses of these butenolides have 
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been the subject of a good comprehensive review. 106 They can be regarded as 
being derived formally by a cleavage of the bond between C-2 and C-3 of the 
central ring of a terphenyl precursor. Grevillin A has the pyrone structure 

(I11)11  which can be formed via a formal fission of the bond between C-I and 

C-2 of a terphenyl, whereas pigment A (112), also from S. grevillei,' °8  

represents an alternative ring closure of the same intermediate to a furan-3-
one. In gynosporin (113), a metabolite of (inter alia) Chamonixia caes-

pitosa,109  the central terphenyl ring has been contracted to form a furan-
1,2,4-trione. Finally, in hydnuferrugin (114), produced by Hyd.nellumfer-

rugineum, one of the outer benzenoid rings has been cleaved to form a spiro-
fused dihydropyranylbutef101ide moiety."' 

3.11 Flavanoids 

An authoritative book covering many aspects of flavanoid isolation, structure 

and synthesis has appeared.11 ' Two more recent books' 2 "3  cover plant 

phenolics, the shikimate pathway, phenolic acids, phenyipropanoids, lignin, 
flavanoids and tannins. In addition very comprehensive reviews have 

appeared on isoflavanoids, including rotenoids and aryl benzofurans,' 
14  

homoisoflavones,"5  neolignans,''6  tannins, 117 and gallic acid metabolites 

and ellagitannins.118  
Of the many unusual structures to appear in this area, two are worthy of 

special mention. The isolation and synthesis of melanervin (115) from 

Maleuca quincinerva" 9  has been reported. This is the first naturally occurring 
compound with a triphenylmethane structure. The synthesis of scillescillin 
(119), the only naturally-occurring benzocyclobutene, isolated from the bulbs 

of Scilla scilloides,' 2°  has been reported (Scheme 17). i 21  The benzocyclo-

butene nitrile (116) was converted to the phenylketone (117). Introduction of 
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Scheme 17 i, HCl/Et20/2nCl2/0°C; ii, Bu'Me2SiCIIDMF/imidazo1c; in, Bu'OK/HCHO; 
iv, HF/MeCN; v, TsOH/C6H6. 
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the hydroxymethyl substituent necessitated prior protection of the phenolic 
hydroxyls as their silyl ethers. Surprisingly, the product of the reaction with 
formaldehyde was the silyl ether (118) in which migration of a silyl group had 
occurred. Deprotection and cyclization produced scillescillin (119). 

1 	 3.12 Xanthones, benzophenones and grisans 
I 	 Major reviews of xanthones from plant sources have appeared.122  A 

systematic 13C n.m.r. study of substituted xanthones allows the effect of 
substituents on chemical shifts to be deduced. 123  Although many compounds 
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have been isolated from plant sources, fungi have also proved a source of 
several interesting systems in recent years. A relatively simple compound (120) 

has been isolated from the bird's nest fungus Cyathus intermedius. 124 A group 

of biogenetically related xanthones and benzophenones have been isolated 

from Aspergillus variecolor, A. rugulosu.s, and A. nidu/ans. These include the 

xanthones varieioxanthone A (121) and varieixanthone B (122),12  tajixan-

thone (123),126  and the benzophenone arugosin A (124) which contains a 

hemi-acetal linkage between the two aromatic rings. '27  A closely related 

benzhydrol, silvaticamide (125) has been isolated from .4spergzllu.s Si!-

vaticus' 28  This has an unusual amide linkage between the rings. All these 
compounds are apparently formed via anthraquinonoid precursors. 

129 

Mycoxanthone (126) has been isolated along with mycochromone (65).
1 

 

The ergochromes are dimeric tetrahydroxanthones.'3°  Further compounds 

related to the ergochromes have been isolated. These include the secalonic 
acids, e.g. (127), isolated from several fungi;'3 ' the eumetrins, e.g. (128), 

isolated from the lichen Usnea baylei;' 32  and the monomeric diversonol (129), 

a metabolite of Penicillium diversum.' 33  The eumetrins are of particular 
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biosynthetic interest because the monomeric units present represent alternate 
modes of cleavage of the quinonoid ring of the presumed anthraquinonoid 
precursor. Some biomimetic synthetic studies on the ergochromes have been 

reviewed. 131, 

Bikaverin (132), a red pigment with specific antiprotozoal activity, has been 
isolated from several fungi including Fusarium oxysporwn.' 35  It has been 

synthesized as shown in Scheme 18. The intermediate xanthone (130) was 

oxidized to the quinone (131) which was then selectively demethylated with 
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Scheme 18 i, ZnCl2/HCI; ii, (EtO2C)2/NaOEt; iii, TsOH; iv, Me2SO4; v, KOH/EtOH; 
vi, SOCl2 , vii, BF3 ; viii, K 2Cr207/AcOH; ix, Lil/MeCOCMe3. 
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Scheme 19 i, Ac10/HC104  ü, NaH1THFIHMPA/55°C, iii, TsOHPhSH; iv, MCPBA; 

v, PhMe/135°C; vi, Pd/C—H 2. 

iodide ion. 136 Leprocybin, a glucoside responsible for the yellow fluorescence 
of the fruiting bodies under u.v. light, has been isolated from Cortinarius 

cotoneus and related Leprocybes.'" It has the unusual pyranoxanthone 

structure (133). A number of xanthones containing a bis-furano side chain 
and modified prenyl substituents have been isolated from a toxigenic strain of 

Aspergillus ustus. These are the austocystinS, e.g. austocystin E (134); their 

structures have been assigned by extensive 13Cn.m.r studies.' 38 

A new total synthesis of griseofulvin (140) has been described (Scheme 19). 
The key step is a cycloaddition between 1,1dimethoxy3trimethYlsYl0xY 
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HO 

Br 	 Br 

(141) 

1,3-butadiene (138) and the sulphoxide (137) to afford dehydrogriseofulvin 
(139) which was converted to (140) by hydrogenation. The benzofuranone 
(136) was prepared by base-catalysed rearrangement and cycization of the 
phenolic acetate (135).' Thelepin (14 1) is a grisan derivative isolated from 
the marine worm Thelepus setosus, where it co-occurs with a number of 
brominated phenols and diphenylmethanes.' 4° Depsides and depsidones are 
predominantly lichen products. Comprehensive lists of those isolated have 
been prepared. 

Me o Me 	 Me 	 Me 0 Me i cl 	
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HO O J: 	Ci 
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Scheme 20 I,K 3Fe(CN)6!H 20K2CO3  

It is generally accepted that depsidones are derived from depsides. However 
the facile conversion of benzophenones to depsidones via grisandiones 
(Scheme 20) reported by Sargent 1,12  raises the interesting possibility that this 
sequence may be involved in depsidone biosynthesis. 

3.13 Naphthalenes and naphthoquinones 

The isochroman quinones are a class of antibiotic substances isolated mainly 
from various streptomycetes.143  Ventilagone and the eleuthrins are members 
of the class which had previously been found in higher plants. 1,13  The simplest 
class are the nanomycins, e.g. nanomycin D(142) isolated from S. rosa. 144  
The griseusins, e.g. (143), a metabolite of S. griseus, have a more complex 
highly oxygenated side chain which forms a tn-substituted spiro.-tetra-
hydropyran ring. 145  A synthetic approach to the gniseusins and their absolute 
configuration has been reported. ' 46  The granaticins, e.g. (144), metabolites of 
S. olivaceus, have a six-carbon substituent derived from glucose fused to the 
quinone moiety unusually through two carbon-carbon 	Dimenic 
compounds also occur. The actinorhodins148  and phenocyclinone'49  are 
produced by S. coelicolor. The most complex structures however are found in 
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the naphthocyclinones, e.g. 2-naphthocylinone (145), metabolites of S. 
avenae. 150  In these compounds the dimerization results in the modification of 
one of the isochroman quinone units to an aryl ketone and a two-carbon unit 
has been lost from the other in (145). 

The unusual polychlorinated dimeric naphthoquinone (146) has been 
isolated from an unidentified soilfungus.'" The naphthoquinone moiety in 
vomellein (147) and related metabolites was originally assigned an angular 
structure, but detailed '3C n.m.r. studies and in particular the observation of a 
3-bond 'H-'3C coupling between the aromatic hydrogen and a quinonoid 
carbonyl indicated that the linear structure was correct.' 52  Viomellein and 
related naphthalenoid dimers have been isolated from several fungi, 
Aspergillus suiphureus,' ' A. ,nelleus, Penicillium citreo-viride,' 	P. viridi- 

catum,155  and Microsporwn cookei.' 56  The monomeric unit semi-vioxanthin 
(148) has been isolated from P. citreo-viride.' 54  Xanthoviridicatum D(149), 
also from P. viridicarum,' 57  has a semi-vioxanthin moiety linked to 2-
methoxy-5-hydroxy- 1,4-naphthoquinone. 

Another synthesis of the spinochrome (152) from methoxynaphthazarin 
(150) has been described.' 58  This uses (Scheme 21) a photo-Fries rearrange-
ment of the diacetate (151) to introduce the acetyl moiety. 7-Methyijuglones 
bearing 4-hydroxy-5-methylcoumarin-3-yl units at C-2 and both C-2 and C-3, 
e.g. (153), have been isolated from Diospyros ismailii, and 2-methyijuglone 
with the coumarinyl unit at C-3 has been isolated from the bark of Diospyros 
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Scheme 2l i, Pb(OAc)4 ; ii, H2 SO4 ; iii, MeI/Ag20; v, Ac2O/Zn; v, he; vi. MCI3; vii. HCl/H20 

canaliculata. The structures have been confirmed by synthesis.' 59 The 
trypethelones, e.g. (154), are a group of 1,2-naphthoquinones isolated from 
the fungal mycosymbiont of the tropical lichen Trypethelium eleuteria.' 6° 
Their structures suggest that they may be formed by degradation of the 
phenalenone, deoxyherqueinone.21° Trichione (155, n=2) is the main red 
pigment found in the fruiting bodies of the slime mould Trichiaflorformis, 
whereas homotrichone (155, n = 4) is found in Metatrichia vesperum.' 6' 

Isohemigossypol(157) is a phytoalexin isolated from a cotton plant infected 
with Verticillium dahliae.' 62 The asparvenones, e.g. (158) and (159), are 
tetralone metabolites of Aspergillus parvulu.s. 163 Systematic '3C n.m.r. studies 
of substituted naphthalenes 164 and substituted naphthoquinones'65 have 
been reported. The effect of substituents on the chemical shifts of the 
quinonoid carbonyls and observation of long-range 'H-' 3C couplings 
provide valuable methods for obtaining the relative dispositions of sub-
stituents in the benzenoid and quinonoid rings. 
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3.14 Anthraquinones and anthracenes 

A number of prenylated anthracenes, e.g. ferruginin A(160), have been 
isolated from the berries of Vismia species. '3Cn.m.r. was used to establish 
their structures and to study the keto-enol tautomerism of ring C.'66  The 
mycelium of Aspergillus cristalus produces the pigments viocristin (161) and 
isoviocristin (162). These are the first 1,4-anthraquinones to be found in 
nature. 16"  Phomazarin is an aza-anthraquinone present in Phoma terrestris, 
the fungus responsible for 'pink root' disease of onions. Its structure has 
undergone many mutations over the years. Detailed 13C n.m.r. studies finally 
established its structure as (163).168  A feature of this study was the 
biosynthetic incorporation of '5N and (1,2-"C2)acetate to enable 13C-' 5N, 
13C-13C, in addition to 13C-1H couplings to be found, which greatly 
facilitated the structure determination. Note that the molecule exists in the 
pyridol rather than pyridone tautomeric system. 
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Scheme 22 i, lithium 2.2,6,6-tetramethylpiperidide/THF/ - 60°C; ii, H2SO4/AcOl-l/H20. 

Treatment of aflatoxin-producing cultures of Aspergillus parasiticus with 
the insecticide dichiorvos inhibits the production of aflatoxin B1  and causes 
accumulation of the anthraquinone versiconal acetate (164).169  Nidurufin 
(165), which is also believed"' to be on the biosynthetic pathway to aflatoxin 
B 1 , has been isolated from Aspergillusnidulans,' 7 ' Dothistronapini,' 72  and as 
the 6, 8-di-O-methylether from Aspergillu.s versicolor,' 73  though none of these 
fungi are themselves aflatoxin producers. Averufin (168) is another anth- 
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averufin (Scheme 22) in which the key steps are (i) the regiospecific coupling of 
the anion of phthalide (166) and the benzyne derived from the aryl bromide 

(167) to give the desired anthraquinone, and (ii) the use of methoxymethyl 
(phenol) protecting groups for regiospecific aryl metallation and the in-
troduction of electrophiles to selectively elaborate simple oxygenated benze-
noid precursors.174 This synthesis has been used to prepare a variety of 

specifically (' 3C and 2 H) labelled averufins which have been used for 

biosynthetic studies. ' 71 

Setomimycin (169) is a novel 9,9'-bianthryl antibiotic isolated from 
Strep tornyces pseudovene:uelae. Its structure was deduced largely by 

'3C n.m.r. and established by X-ray analysis. An interesting feature is the non-
aromaticity of the cyclohexadienone ring, which presumably prefers to have 

C-I SP  hybridized for steric reasons.' 76 
Much effort has gone into developing new routes to anthraquinones. 

stimulated in part by their close structural relationship to the anthracyc-
linones (see below). Reaction of 1, 1-.dimethoxyethene with stypandrone(170) 
(Scheme 23) gave the 1:2 addition product which on deprotection gave the 
insect pigment acetylemodin (171).' Similar reaction with juglone gave a 
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Scheme23 i. DMSO; ii, AICI3/NaCI; îü, DMF; iv, PhMe;heat; v. A920M9SO4: 

vi, HBr/HOAc. 
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good yield ofemodin.' 78  It appears that the presence of a 5-hydroxyl in these 
naphthoquinones has a strong directing effect so that the required 1,3,8-
trihydroxyanthraquinones are the main products. In the absence of a 5-
hydroxyl, a halogen substituent is required in the quinonoid ring to direct the 
regiospecificity of addition. Thus synthesis of deoxyerythrolaccin (173) 
required the use of the bromo-quinone (172).179  Jung has developed a 
convenient synthesis ofchrysophanol (175) by reaction of the readily available 
6-methoxy-3-methylpyrone (174) with juglone.18° A further cycloaddition 
approach to the synthesis of anthraquinones uses 1,1-dimethoxybutadienes, 
e.g. (176), and naphthoquinones. Thus the permethylated crinoid pigment 
(177) has been synthesized by the route shown in Scheme 24.18 1 
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Scheme 26 I, CH 2 C(OLi)CH 	(OLI)Me, ii, NaOH; ii, HCl/HOAC iv, Cr03/HOAC. 

The tetrahydroanthraCefl0s (179) prepared by the addition of the anions 
of the sulphones (178) to substituted cycloheXeflOnes (Scheme 25) can be 
aromatized and oxidized to give a simple route to 1-hydroxy-
anthraquiflOfleS.182 Hams has reviewed the use of masked polyketide 
synthons in the biomimetic synthesis of a wide range of aromatic com-

pounds.'83 The approach is exemplified by the synthesis of chrysophaf101 
(175) from the glutarate derivative (180) as shown in Scheme 

26.184 

3.15 AnthracycliflOfles 

One of the main areas of activity in natural products chemistry in the past 
decade has been the study of the anthracycline group of antitumour 
antibiotics. They are all glycosides of tetracyclic anthraquiflofles and are 

produced by a variety of actinomyceteS.'85 In addition to isolation, structure 

determination and biosynthetic studies,186' 
187 there has been an enormous 

amount of work done on the synthesis of these compounds, particularly to 
find analogues which retain the desired antitumour activity but have lower 
toxicity to non-cancerous mammalian cells. Four main aglycones are 

known _daUflOmYci1 one (181), its 14_hydroxy derivative adriamyCinOne 

(182), aklavinone (183), and steffimycinone (184). The recently isolated 11- 

deoxydaunOmYcin' 88 and aclacinomYCifl'89 have particularly low toxicity 

and this has prompted several recent syntheses of the 
corresponding 

aglycones, 1 1deoxydaunomYcin0ne190 and aklavinone.'9' Other earlier 

work on the synthesis of the anthracycliflones has been reviewed, 
185,192 and 

some more recent approaches are described below. 
In Hauser'S approach (Scheme 27) to 7,9-dideoxy daunomycinOfle (190), the 

anion of sulphone (185) is condensed with 2ethoXybutefl01ide leading to (186) 
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Scheme 27 I, LDA,THF/-78C ii, TsOH, PhSH; iii, MCPBA; iv. Bu'OLj/THF. 

which is converted to the sulphone (187). The anion of (187) is then condensed 
with the cyclohexanone(188) to give the heterocyclic intermediate (189) which 
is converted using established chemistry to (190).' 

Most other approaches utilize cycloaddition reactions in the key steps. A 
flexible route which gives daunomycinone, adriamycinone, and their 6-deoxy 
analogues, uses the diethoxycyclobutene (191) prepared as shown in Scheme 
28. On heating (191) with 5-methoxy-1,4-naphthoqujnone the tetracyclic 
ketone (192) is formed and this again is converted to the anthracyclin ones 
using standard methodology. 194 In a related approach to the synthesis of 11-
deoxydaunomycinone the diene (193) was prepared as shown in Scheme 29 
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and subsequent cycloaddition with 3-bromo-5-methoxy- I ,4-naphthoquinone 
gave, after acidic work-up and oxidative cleavage of the dithian, the known 
ketone (194).195 

In an extension of previous work, Kishi has prepared optically pure 
(+ )aklavinone. The key intermediate was the aldehyde (199) prepared as 
shown in Scheme 30. Cycloaddition between 3-bromo-5-methoxy-I,4-
naphthoquinone and the triene (195) led to the anthraquinone (196) which 
was converted to the allyl derivative (197). Palladium-catalysed cyclization 
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Scheme 30 i. Et20/CH 2Cl2 /-40'C; ii, CH2 CHCH 2 Br/Ag20; iii, 0-C6 H4C12/reflux; 
iv, PdCl2(C6 H 3CN)2 /CeH6/reflux; v, BC)3; vi, 03/CH 2Cl2/— 78°C; vii, D( —)-2,3-
butandioITsOH; viii, SnCI4/MeCN/ - 20°C; ix, K2CO3/MeOH; x, CF3CO2H/ - 78°C. 
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gave the benzofuran (198) which was converted by ozonolysis to aldehyde 

(199). This yielded the optically active acetal (200) with D( -) butan-2,3-diol. 

Condensation with the silylketone (201) followed by further cyclization and 

deprotection gave (+)aklavinone (183).196 
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3.16 Ansamycins 

Another major area involving aromatic compounds has been the study of the 
ansamycin antibiotics which display important antibacterial, antiviral, and 

antitumour activites.'98  They are characterized by having either a benzenoid 
or a naphthalenoid chromophore spanned by a long (polyketide-derived) 
aliphatic bridge which usually contains an amide linkage. The major groups 
are the rifamycins, e.g. (202) produced by Nocardia mediterranei, the 

streptovaricins. e.g. (203) produced by StreplomycesSPectabilis, and naphtho-

mycin, produced by Streptomyces collinus. These all contain naphthalenoid 

chromophoreS.'98  However, geldanamycin, produced by Streptomyces hy-

groscopicuS,'98  and the recently isolated mycotrienins (Streptomyces Ti-

shiniensis),' 99  macebins (a Nocardia species) '200  and ansatrienins 

(Streptomyces collinus)201  all contain a benzoquinone or benzenoid chrom-
ophore. Perhaps the most interesting of all are the maytansinoids, e.g. (204). 
These were first isolated from the higher plants Maytenus ovatus, M. buchanii, 
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and Colubrina texensis,198  but have recently been isolated from a micro-
organism, a Nocardia species,202  which suggests that these compounds may 
not be true plant metabolites but are produced by symbiotic micro-organisms. 
Tridentoquinone (205), produced by the fungus Suillius tridentinus, has an 

203  ansa-type chain of terpenoid origin.  
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A five-step synthesis of the naphthalene nucleus (208) of streptovaricin D 

uses phenyithiomethyl azide for the introduction of the amino group (Scheme 
31). The naphthalene system is built up using a cycloaddition between the 
benzoquinone (206) and I, 3bis(trimethylsilylOXY)-methOXY2methY 

butadiene (207).204  A similar regiospecific cycloaddition-based synthesis of 
the naphthofuranone chromophore of the rifamycins has been described 

(Scheme 32). In this the trimethylsilyl ether (209) is reacted with 2-bromo-6-
acetarnido1,4-benzoqUinone. Palladium-catalysed conversion of (210), de-

rived from the adduct, to the methyl ketone (211) and selenium dioxide gave 
(212) which on hydrolysis produced (213) 205  A total synthesis of rifamycin 

has been developed 206 but this used a naphthalene precursor derived from the 
natural product, and a total synthesis of maytansine (204) has been 

described.207  
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3.17 Some other polycyclic antibiotics 

Phenalenones can be isolated from many fungal and plant sources and a 

comprehensive review of the area has appeared. 
208 Herqueichrysin (214), a 
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metabolite of Penicillium herquei, has the dihydrofuran ring in the opposite 
orientation to the other members of the group. Its structure has been 
established by synthesis209  and detailed ' 3C n.m.r. studies which provided 
information on the tautomerism occurring in these systems. 

Ravidomycin (215), recently isolated from Sireptomyces ravidus,211  repre-
sents the newest member of the chrysomycin family of antitumour anti-
biotics.212  These compounds have now been found in a number of organisms. 
They are apprently formed by cleavage of a benzphenanthrene precursor. 211 
This skeleton is found intact in vineomycin A1  (216) produced by 
Streptomyces matensis. 214  Its co-metabolite vineomycin B2  (217) is pre-
sumably formed by an alternative cleavage pathway. 
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Scheme 33 i,cyclohexylamine; ii, BuLiIrMCDAfTHF; iii, ICH2CO2H/C5H2N/C6H6fheat; 



Viridicatum toxin (218) is a mycotoxin produced by the fungus Penicillium 
viridicatwn.215  It has a structure closely related to that of the tetracycline 
antibiotics. Resistornycin (221) is a polycyclic antibiotic produced by 
Streptomyces griseofiavus. It has been synthesized for the first time by an 
intramolecular cycloaddition of the isobenzofuran (219) which was itself 
synthesized in masked form as shown in Scheme 33. The Diels-Alder adduct 
(220) was converted to (221) in high yield in a remarkable one-pot desilylation, 
aromatization, demethylation and cyclization sequence using pyridinium 
hydrochloride.216  

Ristocetin is a glycopeptide elaborated by Nocardia lurida. It is a member of 
the vancomycin class of antibiotics which inhibit bacterial cell wall syn-
thesis.217  The structure of the aglycone has been established as (222), mainly 
by detailed n.m.r.218  and degradative studies.219  Containing as it does a 
biphenyl, a diphenyl ether and a phenoxydiphenyl ether it is perhaps one of 
the most complex 'aromatic' natural products to be isolated so far! 
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I Introduction 
[his report follows the format of previous reports appearing in 
he 'Biosynthesis' series of Specialist Periodical Reports' and 
n Natural Product Reports' and it covers the literature 
ppearing in the period between July 1983 and June 1984. 
)uring the review period the application of oxygen-18 and 
leuterium labelling, using isotope-induced shifts in 13C n.m.r. 
pectra to detect the isotope label, has continued to develop 
nd provides increasingly useful and often very subtle 
nformation on the intermediate processes in the biosynthesis 
if polyketides. In this context, the recent symposium-in-print -
in 'N.m.r. Spectroscopic Techniques for Studying Metabolic 
rocesses,' as well as containing several articles that are 

liscussed below and which are of immediate relevance to the 
iiosynthesis of polyketides, also makes essential reading for 
nyone involved in applying n.m.r. techniques to biosynthetic 
tudies. In general, polyketide biosynthesis continues to he an 
ctive and healthy area. Several of the studies that are discussed 
elow are worthy of special mention. These include Schwab's 
legant stereochemical studies on the t-hvdroxydecanoyI-
liioester-dehydrase-catalysed allylic rearrangement of(E)-dec- 

2-enoate to (Z)-dec-3-enoate, the detection of a hexanoate 
'starter' effect in the biosynthesis of averufin by Townsend, and 
Moreau's demonstration that the tetra hydrofuranoid myco-
toxin botryodiplodin is in fact a further product of the 
metabolism of orsellinic acid. Finally. Parry's results which 
indicate a triketide origin for the unusual -amino acid 
furanomycin and the unusual labelling patterns in myxovires-
cin A1 that have been reported by Trowitzsch and Hofle show 
that there are still many surprising and intriguing results to be 
revealed in the biosynthesis of polyketides. The long-awaited 
second edition of Turner's 'Fungal Metabolites' has appeared.4 
Polyketide-derived compounds are particularly characteristic 
of micro-organisms, and a major part of this book is devoted to 
them. Along with the first edition, it provides an incompar-
able source of structural and biosynthetic information on 
polyketides and metabolites of other biogenetic origins. 

2 Fatty Acids 
-Hydroxydecanoyl thioester dehydrase, which is the pivotal 

enzyme in the biosynthesis of unsaturated fatty acids in 
anaerobic micro-organisms, mediates the interconversion of 
acyl-ca rrier-protein thioesters of (R)-3-hydroxydecanoic acid 
(I), (E)-dec-2-enoic acid (2), and (Z)-dec-3-enoic acid (3) as 
indicated in Scheme I. The key allylic rearrangement which 
interconverts (2) and (3) has been studied, using the dehydrase 
that is produced by Esc/ieric/iia coil DM51 A (a cloned, over-
producing, mutant strain). Scheme 2 shows the route by which 
(4R)- and (4S)-(E)-)4.5,5-2 H 1 ]dec-2-enoic acids were synthe-
sized. These, as their N-acetylcysteinamine thioesters, were 
converted by the dehydrase into the corresponding (Z)-dec-3-
enoyl ihiocsters, which were isolated after reduction with 
sodium borohydride and conversion of the resulting alcohols 
into the corresponding p-phenylhenzoates (4). Analysis of these 
by H n.m.r. showed that the 4(pro-4S)-hydrogen of (2) was 
retained and that the 4(pro-4R)-hydrogen was removed in the 
course of the rearrangement to (3)," The stereochernical course 
at ('-2 was then studied by preparation of the corresponding 
thioester of (E)-[2-1H]dee-2-enoic acid and studying its conver- 
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sion into the ester of (Z)-dec-3-enoic acid by the dehydrase. 
The configuration of the deuterium label at C-2 of this ester was 
determined by 1H n.rn.r., using the method of Parker.5  The 

labelled thioester was converted into the corresponding satu-
rated alcohol, which was then re-oxidized to the acid and 
esterifled to the methyl ester (5) of (S)-2-[(3Z)-dec-3-enoyl]-2-
phenylacetic acid, in which the diastereotopic hydrogen atoms 
at C-2 are now resolved. A complementary experiment was 
carried out in which (E)-dec-2-enoic acid was used with de-
hydrase in H0. These experiments clearly show that the 
enzyme-catalysed protonation occurs at the si face at C-2, so 
that the hydrogen at C-2 in (2) occupies the 2(pro-2R)-position 
in (3) and the proton from the medium the 2(pro-2S)-position. 
Thus the enzyme-catalysed allylic rearrangement is a supra-
facial process., and the involvement of a single base at the active 
Site of the enzyme in an intro-molecular protein transfer seems 
likely. These results differ from those previously reported2  for 
the dehydrase from Brerihacteriutn ammoniagenes and suggest 
that a re-examination of this system may be required. Carbon-
13 n.m.r. and c.d. analysis of I 1C,1  H-enriched fatty acids from 
[2-' C,1H3Jacetate-supplemented cultures of the yeast Sac-
charoin ices cererisiae, the blue-green alga Anacy.stis nidulans, 
the green alga Chiorella prrenoulo.va, and the diatom Phaeodac-
tv/urn tricornuturn have established the regiochemical distribu-
tion of '-'C-2  H bonds, the efficiency of incorporation of 'H at 
labelled sites, and the chiral purity of --' 3C' l-11H- groups. 
Conclusions on the specificity of the enoyl reductase and 
desaturase enzymes and on the stereospecificity of hydrogen-
exchange processes during the biosynthesis of fatty acids can be 
drawn from these results." Analysis of the c.d. of the palmitic 
acid (6) that was isolated from the cultures has established that 
the 1H of the monodeuteriomethylene group C-2 (and, by 
inference, at the other even-numbered carbons) in the palmitic 
acid from the three algae is in the pro-S position and that from 
the yeast is in the pro-R position. Thus, in the enoyl reductase 
step the hydrogen from the medium is inserted in the pro-R 
position by re attack (path a of Scheme 3) in the algae and in the 
pro-S position by si attack (path h of Scheme 3) in the yeast. 
This then allowed the stereospecificity of the desaturase in each 
of these organisms to be deduced. The complete absence of 2 H 
label at the olefinic carbon in the palmitoleic acid (7) from the 
yeast and the retention of this label at similar sites in the 
unsaturated acids from the three algae means that the 
desaturase in all of these organisms stereospecifically removes 
the pro-R-hydrogen from the even-numbered positions. From 
these studies it was also concluded that the loss of 2H label 
varies in amount along the chain, in a way that is characteristic 
for each enzyme, but that the loss, which occurs through 
exchange processes, is stereospecific and must occur after 
transfer of malonate to the acyl-carrier protein. The hydrogen 
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that is lost by exchange corresponds to the 2(pro-2S)-hydrog 
of malonate. The only enzyme that is involved in ti 
biosynthesis of fatty acids which cleaves a C-H bond is the 
hydroxyacyl thioester dehydrase which is known to remove ti 
2(pro-2S)-hydrogen of' the (3-hydroxyacyl thioester (8) stere 
specifically during the dehydration step [Scheme 4(a)]. Ther 
fore, it is proposed that this exchange occurs by the action 
the [l-hydroxyacyl thioester dehydrase on the enzyme-bour 
malonate (9), as shown in Scheme 4(h). 

Feeding experiments using doubly labelled [1-' 4C, 9,1 

3 H,]oleic acid (10) show that it is incorporated intact into tI 
long-chain hydrocarbons (II) of the green unicellular all 
Boirvococcus brauni. Their biosynthesis appears to take pla 
via an elongation- decarhoxylation mechanism (Scheme 
analogous to that which operates in higher plants.")  

The stereochemistry of hybridalactone (18) (an icosano 
that has been isolated from the marine alga Laurencia hhrid 
has been established by X-ray crystallography.'' Prior to th: 
the stereochemistry was deduced by a combined analysis 
molecular-mechanics calculations and 'H n.m.r. data, at 
from biogenetic considerations. Based on the absolute stere 
chemistry that was deduced, a complete synthesis was initiate 
The biogenetic pathway that is outlined in Scheme 6 w 
proposed. The first step is lipoxygenase-mediated oxidation 
the icosapentaenoic acid (12) to give the (12S)-l2-hydropero 
ide (13), which is then converted into the epoxy-allylic carb 
cation (14). After rotations to relieve internal non-bond( 
repulsions, this can rearrange [via the cyclopropyl at 

cyclobutyl carbo-cations (15) and (16)] to (17); intern 
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nucleophilic attack by the carboxylate group generates 
hybridalactone (18) with the correct absolute configuration. 

3 Triketides 
Triketides are very uncommon '4.1 the only established repre-
sentatives being triacetic acid lactone (19)12 and colletodiol 
(20) and related metabolites) 3 Several pyrones (see radicinin, 
citreopyrone, and alternaric acid below) possibly contain 
a triketide moiety, though this has not yet been satisfac-
torily demonstrated. However, incorporation studies with 
[l -13Clpropionate and with singly and doubly 13C-labelled 
acetates indicate that the antibiotic furanomycin (22), which is 
a metabolite of Streptomyces threomyceticus, is derived (Scheme 
7) from the triketide (21)14 This contrasts with the structurally 
similar agaric toxin muscarine (23), which is biosynthesized 
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from pyruvate and glutamate. ' 5  [U-14C]Lactate was not in-
corporated into (22), so that the necessary hydroxylation at C-2 
of the propionate moiety occurs after, rather than before, 
assembly of the carbon chain. [I-' 4C, 0  ,2 3H0;1  ]Propionate was 
incorporated with 45% retention of 3H, so the possible 
formation of a keto-function at C-2 of the propionate-derived 
carbon chain during biosynthesis can also be ruled out. 

4 Tetraketides 
Two interesting studies involving novel tetraketides have been 
reported. 

Botryodiplodin (24), first isolated from Boiryodiplodia theo-
bromae,it has recently been isolated from a toxigenic strain of 
Penicillium roqueJ6rti.' 7  Incorporation studies with 13C-labelled 
acetates gave a labelling pattern in (24) that is consistent with 
its formation via ring-cleavage of orsellinic acid (25) as 
indicated in Scheme 8. This was confirmed by synthesizing [2-
13C, carboxy-' 3C]- and [3,4-13C,]-orsellinic  acids and studying 
their incorporation. As required by Scheme 8, these labelled 
botryodiplodin, respectively, at both C-4 and C-6 and at C-7 
only.18  The biosynthesis of verrucarin E (27)19  can also be 
explained via ring-cleavage of orsellinic acid.20  Botryodiplodin 
(and possibly verrucarin E) therefore joins the increasing group 
of compounds [which includes penicillic acid (28), patulin 
(29), and the recently isolated astepyrone (30)21 which are all 
formed by oxidative ring-cleavage of orsellinic acid (25) or 6-
methylsalicylic acid (26), as indicated in Scheme 9. It is 
interesting to note that a strain of P. roqueforti is reported to 
produce either penicillic acid or patulin, depending on the 
culture conditions.2 ' 

Asticolorins A (31). B (32), and C (33) are novel mycotoxins, 
isolated from toxic extracts of cultures of Aspergillus multicolor 
on whole maize.22  Incorporation studies23  on asticolorin C 
(33), using a variety of 13C- and 2 H-labelled precursors, 
indicate a biosynthetic pathway involving one molecule of 
mevalonate and four molecules of orcinol (34). The labelling 
patterns from [1,2-' 3C,]- and [1-' 3C,2 H3]-acetates are summar-
ized in Scheme 10. These are consistent with a biosynthesis of 
asticolorin C as shown in Scheme II. Oxidative coupling of 
orcinol, which is formed by decarboxylation of orsellinic acid, 
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yields pannarol (35),24 which is then prenylated to (36) and 
hydroxylated to (37). Further oxidative coupling between (36) 
and (37), followed by formation of the C-15—C-31 bond as 
indicated, allows formation of the D and E rings of the 
asticolorins as shown. However, the observed stereochemistry 
and labelling patterns would also be consistent with an 
intermolecular cycloaddition between the diene (38) and the 
orthoquinone (39), formed from (36) and (37) respectively. 

5 Pentaketides 
The biosynthesis of diplosporin (40), which is a mycotoxin that 
is elaborated by the maize contaminant Diplodia macrospora, 
has previously been shown to involve the incorporation of 
methionine-derived carbon atoms into both the carbocyclic 
and the heterocyclic ring, as shown in Scheme 12. In an effort to 
obtain information on the mechanisms of formation of the 
rings, the origins and fates of the oxygen and hydrogen atoms in 
diplosporin have been investigated, using 2 H- and 180-labelled 
precursors .2-1  In the proton-noi se-decou pled (p.n.d.) ' 3C n.m.r. 
spectrum of diplosporin that had been derived from [l-'C, 
2 H3]acetate, the resonance due to C-9 shows 3-2H  isotope-
induced shifts, indicating that I to 3 2 H atoms are incorporated 
at C-10 and so confirming its derivation from the acetate 
starter' unit of the polyketide chain. Interestingly, no acetate-

derived 2 H was incorporated elsewhere in the molecule. On 
incorporation of [1-13C,180,]acetate, only the C-3 resonance 
showed an 180 isotope-induced shift in the 13C n.m.r. 
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spectrum. The lack of 180 at C-I is surprising. On incorpora-
tion of [met hy/-2 H3]methjonine, 2 H label was observed (by 2 H 
n.m.r) at C- Il and C-12, showing that oxidation of these two 
carbons does not go beyond the aldehyde level during the 
biosynthesis. On the basis of these results it is suggested that C-
Ii arises by C-methylation at C-2 rather than by O-methylation 
at C-5. No overall pathway is proposed but a reasonable 
mechanism for the biosynthesis, consistent with the above 
observations, is shown in Scheme 13. it is noteworthy that no 
randomization of labelling between C-i and C-Il is observed, 

so that the involvement of intermediates with the same 
oxidation level at these centres is ruled out. 

Citreothiolactone (41) is an unusual sulphur-containing 
metabolite which has been isolated from the mycelium of 
Penici/lium citreo-uiride Biourge along with citreopyrone (42) 
and pyrenocine B (43) (a phytotoxin that had previously been 
isolated from Pvrenochaeta terrestris2  ). The labelling pattern 
resulting from incorporation of [l,2-' 3C]acetate into these 
metabolites has been determined by obtaining the ' 3C n.m.r. 
spectrum by using an INADEQUATE pulse sequence. 28  On the 
basis of these results, a two-chain pathway (shown in Scheme 
14) has been proposed. Condensation of a triketide moiety with 
a diketide as shown in path (a) would give citreothiolactone 
whereas an alternative condensation between these two 
moieties [path (b)] would give citreopyrone and pyrenocine B. 
It is suggested that the sulphur atom originates from the 
enzyme-bound thiocrotonate. This Scheme embodies a number 
of features, each of which is unusual: (i) there is a lack of firmly 
established precedent for involvement of diketide or triketide 
moieties in biosynthesis; (ii) multi-chain pathways are rare; 
and (iii) the existence of alternative modes of condensation of 
two pre-formed chains in one organism is unprecedented. An 
alternative pathway which would account for the formation of 
these compounds from a common intermediate is shown in 
Scheme 15. This involves alternative ring-cleavages of a 
pentaketide-derived coumarin (44). The 0-methyl ether of (44) 
is a known fungal metabolite. Further studies to test which of 
these pathways operates would be very worthwhile. 

Previously reported incorporation experiments' with 3C-
labelled acetates and methionine gave a labelling pattern that is 
consistent with the intermediacy of the symmetrical dialdehyde 
(47) in the biosynthesis of austdiol (49), which is the main toxic 
metabolite of a strain of Aspergillus u.s'tus. By analogy with 
previous results for citrinin and ascochitin,' a reasonable 
pathway to (47) would involve reduction of an enzyme-bound 
thioester (45) to give (46) followed by oxidation of the methyl 
group that had been derived from niethionine (Scheme 16). 
This has been tested by synthesizing a sample of the keto-
aldehyde (46) that was specifically labelled with 2 H at the 
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nethyl group C-13. This was fed to A. ustus, and 2H n.m.r. 

howed that label from (46) was specifically incorporated into 
he methyl group C-13 of austdiol with ca lO efficiency. 

urther confirmation that (46) was an obligatory intermediate 
was provided by an 'isotopic trap' experiment, using [Me-' 4C]-
nethionine and unlabelled (46).' In a further study.3 ' the 

ncorporation of 1110, resulted in an isotope-induced shift being 

,bserved in the 13C n.m.r. for C-7 only. This suggests an 
)xidation mechanism involving a mono-oxygenase-mediated 
tddition of an oxygen atom to C-7 of either the dialdehyde (47) 

)F the quinone methide (48), as shown in Scheme 17(a) for the 
luinone methide. The involvement of an intermediate [e.g. 

:50)] that is derived through the action of a dioxygenase 
Scheme 17(b)] would result in austdiol that contains 180 atoms 

on C-7 and C-8 that are derived from the same molecule of 

80,. Surprisingly, no 80 isotope-induced shift on the 

resonance for the aldehyde group C-12 was observed in the 
n.m.r. spectrum. The authors explain this as being due to facile 
exchange of the oxygen in carbonyl groups, as has been noted in 
previous biosynthetic experiments involving 80-labelled 

precursors.3 ' If this is so then 1 0 label might equally well he 

lost from the oxo function at C-8 in the intermediate (51) on the 

dioxygenase pathway 
Full details have appeared of the incorporation of 2H. ISO 

and 	0 from [1-13C.1802]-. 12-13C,2H3]-, and [l-' 5C,0]- 

acetates into citrinin (52) by cultures of Pen,cilliuni citrinurn, 32 

Deuterium and oxygen-IS were detected by observation of 

13C-21-1 couplings and isotope-induced shifts in the 13C n.m.r. 
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spectra of the enriched metabolite. The I  3C-1  70  coupling was 
too small to be detected by 13C n.m.r. spectroscopy but the 
incorporation of 1 0 was measured directly by 170  n.m.r. 
spectroscopy. The results are consistent with the previously 
estabJished' pathway that is shown in Scheme 18 and confirm 
that the oxygen atoms that are attached to C-3, C-6, and C-8 
originate from acetate. 

0 10 
HO 	4  

(53) 

R = H 

R = OH 

Aspyrone (53) and asperlactone (54) are closely relate 
metabolites of Aspergillus melleus. Their biosynthesis has beer 
extensively studied. A full account of previously reporte 
results and details of further studies have appeared.33-35  Thre 
possible pathways were postulated as a basis for a series ol 
detailed studies, using 13C.-, 4C, 2 f{, and 31-1-labelled simpli 
precursors and potential advanced intermediates. Thes 
pathways are summarized in Scheme 19. Pathways (a) and (b 
are based on the observation that mellein (55), 4-hydroxymel 
lein (56), and penicillic acid (57) are all co-metabolites 01 
aspyrone and asperlactone. Incorporation of 14C-labellec 
acetate and malonate into aspyrone, followed by comprehen 
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iive degradations, established that C-9 and C-10 were derived 
rom an acetate 'starter' unit. On incorporation of [31-1}acetate, 
xtensive retention of 3H was observed [particularly at C-7 of 

:53)], which immediately ruled out pathway (a) in Scheme 19. 
:ompounds (58)—(61) were each synthesized with a 14C label in 
he methyl group, but none was significantly incorporated into 
53), making pathway (b) unlikely. This was subsequently 
onfirmed by incorporating [21 3C,2 H3]acetate into aspyrone 

Followed by analysis of the 13C n.m.r. spectrum of the product, 
which showed that two acetate-derived hydrogen atoms were 
incorporated at C-7; therefore intermediates in which C-7 is 
part of an aromatic ring are excluded. This experiment also 
;howed that up to three acetate-derived hydrogen atoms are 
incorporated at C-b, confirming its origin from the 'starter' 
acetate of the polyketide.33 Thus pathway (c), involving the 
rearrangement of a linear pentaketide, remained the only 
possibility (if the possibility that there are two chain 
mechanisms is excluded). Stereochemical studies on aspyrone 
and asperlactone established the absolute stereochemistries 
;hown in (53) and (54) and indicated that the - and y-lactone 
rings could be formed by alternative ring-openings of an 
poxide intermediate (62) by carboxylate, as shown in Scheme 

20.34 On incorporation of[ l,2-' 3C2]acetate into asperlactone, a 
two-bond I 3C-' 3C coupling between C-2 and C-8 was detected, 
indicating their derivation from a rearrangement involving an 
Driginally intact acetate unit.35 This confirms previous obser-
vations for aspyrone.36 Finally, 2 H n.m.r. analysis of [2 H3]ace-
Late-enriched asperlactone confirmed the retention of acetate-
jerived hydrogens on C-5, C-7, C-8, and C-b. A 
biosynthetic pathway (Scheme 20) has been proposed to 
accommodate all of the above results and to account for the 
Formation of all of the pentaketide-derived metabolites of A. 
'nel/eus. The steps that are proposed in this pathway bear 
2omparison with those in the postulated biosynthesis of 
monensin and other polyether antibiotics, where ring-closure 
nto epoxide intermediates is suggested for the formation of 

Five- and six-membered oxygen-containing rings.' .2 Clearly. 
1 80-labelling studies would be of value in providing further 
evidence for this pathway. 

Rice blast disease, which is caused by the fungus Pyricularia 
7ri'zae, is the most serious disease of rice. Several anti-blast 
:hemicals, e.g. tricyclazole (63), are very effective for control of 
blast disease in ciro but are not toxic to P. oryzae.37 They appear 
Lo act by inhibition of the biosynthetic pathway to melanin, 
melanization of the cell wall being essential for pathogeni-
:ity.35 Studies with P. orzae have resulted in the biosynthetic 
pathway shown in Scheme 21 being proposed for the formation 
f melanin. In this. 1,3,6,8-tetrahydroxynaphthalene (64) 
derived from a pentaketide precursor) is reduced to scytabone 

elimination of water to give I ,3,8-trihydroxynaphthalene 
and a second sequence of reduction and elimination 

:onverts (66), na vermelone (67), into 1,8-dihydroxynaphtha-
ene (68), which is then polymerized to melanin. Treatment of 
:ultures with tricyclazole inhibits the reduction step, resulting 
in the accumulation of shunt products, inter a/ia flaviolin (69). 
isosclerone (70), and 2-hydroxyjuglone (71). Recent work has 
;hown that this pathway is common to a large number of 
ascomycetes and fungi imperfecti.35 The regio- and stereo-
specificity of incorporation of label from [ 2 H3]acetate into 
cytalone (65) in Phialophora Iagerhergii has been studied. 
Deuterium label was incorporated at C-4 and C-5 only, with no 
ietectable label at C-2 or C-7 (Scheme 22). The 2 H was 
incorporated into both axial and equatorial positions at C-4, so 
reduction of the established intermediate (64) to the dihydro-
raphthalene level is not stereospecifIc [2-13C]Malonate was 
incorporated with equal efficiency into all of the positions that 
are indicated in Scheme 22. No 'starter' effect was observed. 
On the basis of this result, and the non-incorporation of 2 H at 
C-2 or C-7, it is suggested that scytalone may not be a 
pentaketide-derived metabolite but may be formed cia deacet-
ylation of a hexaketide-derived naphthol (72), as indicated in 
Scheme 22.40 The co-occurrence of the naphthol (73) and 
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nepodin (74) in Rutnex alpinus provides some precedent for this 
proposal.4  

Alterperylenol (75) and dihydroalterperylenol (76) are 
metabolites of an unidentified species of the genus Alternaria 
which show activity against the plant-pathogenic fungus Valsa 
ceratosperma.42  Incorporation of [2-13C]acetate indicates a 
pentaketide origin for (75) and (76) via dimerization of 1,3,8-
trihydroxynaphthalene, as shown in Scheme 23. 

(75) 

Scheme 23 

6 Hexaketides 
3-epi-Deoxyradicinol (77) has been isolated, along with 

deoxyradicinin (78); these are new phytotoxic metabolites of 
Alternaria helianthi, which is the causative agent of seedling 
blight and leaf spot (these are major diseases of sunflower).43 
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adicinol (80) has also been isolated, along with the known 
ompound radicinin (79), from the closely related Alternaria 

'hrjsantherni.44  Radicinin is of interest as it was the first 
ompound to have its biosynthesis studied by direct 13C n.m.r. 
nethods. The incorporation of [1-13C]- and of [2-' 3C]-acetate 
nto deoxyradicinin has been reported .45  A two-chain pathway 
as been generally accepted but a ring-cleavage pathway, as 
hown in Scheme 24, could account for the formation of these 
netabolites. Studies on the inter-relationships among this 
roup of metabolites would be of interest, as would 2 H- and 
80-labelling studies to ascertain the oxidation levels of the 
nzyme-bound intermediates. 

LL-13253cx, which is a chromanone that was first isolated 
rom Phoma pigmenhivora and subsequently from several other 
)rganisms,4  was originally assigned the structure (81). This has 
)een revised to (82), on the basis of a complete analysis of the 
ully proton-coupled ' 3C n.m.r. spectrum of LL-D253cx 
liacetate (83), and confirmed by synthesis.46  The biosynthesis 
f the chromanone has been studied by incorporation of 13C-, 
H-, and 180-labelled acetates; the resulting labelling patterns 
ire summarized in Scheme 	A particularly interesting 
ature was the partial randomization of label from singly 13C-

abelled acetates between C- 10 and C-I I in the hydroxyethyl 
ide-chain. On incorporation of [1-13C,2H]acetate,  two 2 H 
Ltoms were incorporated at both C-b 0 and C-I I and only one at 
-3. Taken with the ISO  labelling (Scheme 25), this indicated 

hat the chromanone ring was formed by conjugate addition of 
phenolic hydroxyl group to the corresponding c43-unsatu-

ated ketone (Scheme 26). Because LL-D253cz is optically 
ctive, the ring-closure is stereospecific with respect to C-2, but 
.nalysis of the 2 H n.m.r. spectrum showed that the two 
ydrogen atoms at C-3 were labelled to an equal extent, so that 
rotonation of the intermediate enolate must occur with equal 
acility from both faces, as indicated in Scheme 26. This 
ontrasts with the corresponding ring-closure by which a 
halconc is converted into a flavanone, which is known to be 
tereospecifIc with respect to both positions. LL-13253 must 
e biosynthesized via two pre-formed polyketide chains. One 
ossibility is shown in Scheme 27. The observed randomization 
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of labelling in 80 of the molecules is accounted for by the 
formation of a symmetrical cyclopropyl intermediate (84), as 
shown. This intermediate can undergo hydrolytic ring-opening 
at either the - or the 3-carbon. According to this Scheme, the 
20 	of the molecules that are not undergoing randomization 
should have the I 1-hydroxyl group derived from the atmos-
phere; in accord with this, fermentation in an atmosphere of 
1802  resulted in an 110 isotope shift being observed on the 
resonance due to C-I I in the 13C n.m.r. spectrum, the intensity 
of the shifted peak being ca 20% that of the unshifted peak. It is 
not clear whether the randomization is a process that occurs in 
vivo or in vitro. 
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7 Heptaketides 
The incorporation of [2-13C]- and [l,2- ' 3C,]-acetates ml 
marticin (85), which is a phytotoxic metabolite of Fusariui 
rnartii, gave the labelling pattern that is shown in Scheme 21 
This is consistent with the addition of a C3 unit (derived fror 
an intermediate in the Krebs cycle) to a heptaketide which 
probably related to the intermediate leading to fusarubin (8t 
and related compounds.48 No mechanism is proposed, but 
possible sequence is shown in Scheme 28. It should be possihb 
by appropriate labelling studies, to establish which C 
dicarboxylic acid is involved; oxaloacetate or malate woul 
appear to be the most likely compounds. 

Incorporation of 13C-, H-, and ' 50-labelled acetates mt 
monocerin (87) by cultures of Drec/islera razene/ii and anaIys 
by 'C and 2 H n.m.r. spectroscopy gave the labelling patterr 
that are shown in Scheme 	A particularly interestin 
feature is the retention of two acetate-derived hydrogen atorr 
at C-to, which suggests that reduction of the 13-ketoac: 
intermediate to the corresponding -hydroxyacyl intermedial 
takes place during assembly of the carbon chain. Only one 
the diasterotopic hydrogen atoms at C-12 is labelled, but th 
absolute stereochemistry remains to be established. Th 
trihydroxylated moiety (88) is proposed as the likely enzym 
bound precursor (Scheme 30). The 80-labelling pattern (se 
Scheme 29) means that the benzopyrone ring must be forme 
by nucleophilic attack at the terminal carboxyl moiety by th 
hydroxyl group at C-9. It is likely that the cyclization tak 
place on the thioester (89) to give (90) as the first enzyme-fre 
intermediate. The retention of the acetate carbon-oxygen bon 
at C-I 1 indicates that the tetrahydrofuran ring is formed b 
nucleophilic attack of a hydroxyl function at C-I I on C-8. 
mechanism for this would be nucleophilic addition onto 
quinone methide intermediate (92) that is formed by oxidatio 
of (91), which is the hydroxylated derivative of (90). This i 

supported by the co-occurrence of monocerin and the fusarer 
tin methyl ether (93) in Fusarium larrarum50 

Brefeldin A (94) is a metabolite of Penicillium brejeldianun 
Its biosynthesis has been much studied as a model for that 
the macrolide antibiotics, also due to its structural similarity 
the prostaglandins, and to determine the relationships (if an 
between the biosynthesis of fatty acids and of polyketides. I 

O OH OH 
MeO 	I 	Me ççc 

O OH 
(86) 

* 

Me—CO2No 	30 

çç:1:OSR 

0,_ 9~  
10 	

0 COSR 

OH OH 

O OH 

MeO 	* * 

C 
O OH 	

O2H 
 

(85) 

Cl 
(01 

HO 

VH O 
rr 

  t 	CO2H 

(HI 

OH 

HO2C 

. -cO21 

H H0 /LcozH

OH 
Scheme 28 



S 
CD3 CO2Na 	10 

M 

Zi 

(87) 

4e13C 16O2Na 

Me 

Me O)çI"'' 
MeO 

OH 0 
Scheme 29 

NATURAL PRODUCT REPORTS, 1985 - T. J. SIMPSON 
	

333 

this regard, the stereochemistry of labelling from [2- 3C,2 H3]-
acetate in the fatty acids of P. brefeldianum has been 
determined and compared with the labelling of the correspond-
ing positions in brefeldin A. This study was based on the 
hypothesis that labelling in different positions in the brefeldin 
A molecule might correspond to the labelling in the different 
intermediates of the biosynthesis of fatty acids. Thus, as shown 
in Scheme 31, positions 2, 3, and II of (94) may correspond to 
the enoylthioester intermediate (97); positions 4, 6, 8, and 12 to 
the x-carbon of the saturated thioester intermediate (98); 
positions 5,7,9, and 13 to the n-carbon of (98); position 14 to 
the ct-carbon of the 13-ketothioester intermediate (95); and 
position 15 to the 3-hydroxy-thioester intermediate (96). The 
labelling patterns in stearic and oleic acids of P. brefeldianum 
were determined. The labelling for palmitic acid (99) was 
assumed to be the same, and is compared with that of brefeldin 
A in Scheme 31. The stereochemistry at C-6 and C-8 in 
brefeldin A differs from that of the fatty acid, suggesting that 
the configuration at these centres is determined by some 
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process that is unique to the formation of the cvclopentane ring. 
The epoxy-lactones (100) and (101) have been proposed as the 
immediate biosynthetic precursors of brefeldin A. Both of 
these, and their alkene precursors (102) and (103), have been 
synthesized,5  presumably as a preliminary to testing them as 
biosynthetic precursors. These results will be awaited with 
great interest. 

8 Octaketides 
Betaenones A (104), B (105), and C (106) are phytotoxins that 
have recently been isolated -13  from Pho,na betae, which is the 
fungus that is responsible for leaf spot disease of beetroot. They 
are closely related to the phytotoxins stemphyloxin 1 (107) 
and diplodiatoxin (108), 	Although the highly branched 
structures are suggestive of a propionate origin, the incorpora-
tion of 11C-lahelled acetates and methionine into betaenone B 
indicates an origin na an acetate-derived polyketide, with five 
methyl groups being derived from the C1  pool, as indicated in 
Scheme 32. 511  It would appear that betaenone A is formed via an 

O;Z;o C;O; 

T[ 
(100) 	 (101) 

intramolecular aldol condensation between C-I and C-17 
betaenone C (106), which would also be the precursor (1 
reduction at C-18 and oxidation at the methyl group C-I 
respectively) of betaenone B (105) and stemphyloxin 1(107). 
large number of polyketides containing a highly deoxygenate  
decalin ring system have been isolated recently. These incluc 
compactin,57  mevinolin,53  nargenicin A1 , 	chlorothricin, 
kijanimicin,'' the tetrocarcins, 2  and ilicicolin H. 3  A variel 
of mechanisms, such as intramolecular aldol condensatioi 
intramolecular cycloadditions, and electrophilic cyclization 
polyolefins, have been proposed for the formation of tF 
carbocyclic systems. Studies to elucidate these mechanisms ai 
in progress (see below) and should produce interesting result 

Previous studies on the biosynthesis of streptolydigin (109 
which is an acyltetramic acid antibiotic that is produced I 
Streptomices Idicus, had shown that the methyl groups C-I 
C- 16, and C-17 as well as C-18 were derived from propional 
However, establishing which parts of the structure we 
derived from acetate proved difficult because the incorporati 
of singly labelled [' 3C]acetate was too low to demonstra 
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enrichment of individual carbon atoms and because there is no 
degradation scheme that would be suitable for 14C studies. 
However, by feeding [l,2- ' 3C2]acetate and detecting low-level 
13C_13C coupling satellites in the 13C n.m.r. spectrum, the 
origin of carbons 2'and3', I and 2,9and 10, and 13 and 14 from 
intact acetate units was established. The results to date are 
summarized in Scheme 33. The remainder of the tetramic acid 
moiety is probably derived from -methylaspartic acid as 
glutamate, which is known to be a precursor to 3-methylaspar-
tate and seems to be incorporated exclusively into this part of 
the molecule.64 

Germichrysone (110) (an octaketide-derived hydroanthra-
cene) is produced in high yields by callus cultures of Cassia 
lorosa. It is also the characteristic pigment of the seedlings, 
whereas the main pigment in the seeds is an anthraquinone 
glycoside. However, the main pigment in six-week-old callus 
cultures was the xanthone pinselin (Ill) and the germichrysone 
content was markedly decreased, suggesting that pinselin is 
derived i'ia germichrysone.65 

Ilicicolin H (114) is a metabolite of Cylindrocladium ilicicola, 
containing a 5-(4-hydroxyphenyl)-x-pyridone chromophore. 
Feeding experiments with 3C-lahelled acetates and with ' 5 N-
and 4C-labelled phenylalanine indicate a biosynthetic path-
way (Scheme 34) in which the decalin system is derived by 
cyclization of a bis-C-methylated octaketide precursor, which 
then condenses with phenylalanine to give an acyltetramic acid 
intermediate (112). Rearrangement of the tetramic acid ilia an 
intermediate quinonc methide (113) would then generate the - 

pyridone.63 
The incorporation of 2 H from f21-13]acetate into the alkyl 

side-chains of 2-n-hexyl-5-n-propylresorcinol, which is a 
polyketide metabolite of Pseudomonas sp. B-9004, has been 
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studied.60 Different levels of incorporation were found, as 
indicated in (115). The 2 H content was established by 2 H n.m.r. 
studies on the deuteriated n-hexyl(phenyl)carbinol (116) and n-
propyl(phenyl)carbinol (117) which were obtained from the 
enriched metabolite as shown in Scheme 35. The (IS) 
enantiomers were resolved by preparative g.l.c. of their 
(—)-menthoxycarbonyl esters and recovered by cleavage of the 
esters with LiAIH4. Deuteron n.m.r. studies in the presence of 
Eu(fod)3 revealed that deuterium was incorporated specifically 
into the 2(pro-2S)-position of (117) and the 3(pro-3S)-position 
of (116), using a method that is described in an accompanying 
paper',' and which is generally applicable to determining 
enantiomeric composition and absolute configuration of 2-
and/or 3-deuteriated 3-alkyl-propan-1 -ols. 

9 Nonaketides 
The incorporation of [l,2-13C.]acetate into alternaric acid 
(118) by cultures of A/icr,wria so/am gave the labelling pattern 
that is shown in Scheme 36.66 Alternaric acid is derived from 
nine intact acetate units, with the remaining carbon atoms 
being derived from the C1 pool. The levels of incorporation into 
C-13 and C-14 and into C-3' and C-4' were slightly higher than 
into the remaining carbon atoms, indicating that there are 
small acetate 'starter' effects, consistent with a two-chain 
pathway for the biosynthesis of alternaric acid. To try to 
distinguish between the two possible pathways (a) and (h) in 
Scheme 36, [1,2-13C,}acetatc was fed to the fungus along with 
unlabelled triacetic acid lactone (119), its dihydro-derivative 
(120), sodium acetoacetate, and sodium 3-hydroxybutyrate (as 
possible specific precursors for C0 or C4 side-chains). However, 
in each case the enrichment was essentially the same as for 
acetate alone. Similarly, feedings of 2 H-labelled (119) or 3-
hydroxybutyrate gave alternaric acid which was unlabelled 
(according to 2 H n.m.r.). It seems that recourse to cell-free 
enzyme systems will he required to resolve this problem, which 
is common to the biosynthesis of a number of polyketides for 
which a two-chain pathway has been invoked. 

The antibiotics nodusrnicin and its pyrrolecarboxylate ester 
nargenicin A 1 (122) represent a novel group of macrolide 

CO2 H 

r~ojt9 )~ I 
N 

2 + R5  O(O 

Cl 

1- 
MeCO2 No 

[Me] methionine 



336 
	

NATURAL PRODUCT REPORTS, 19 

2.7 '1. 

5.71. 
0 	 3.21. 1 .4•!. 

03C 

CO3CO2 Na 	V. 	
CD3 

OH 

(115) 

if 

03C 	
OH 

OH 
03c rYD<Ph 

 
iii .iv 

+ 

03  C 	 OH 
D3C.J.)<OH 

Ph  

 

Reagents: i, Ru04, Na104 , ii, LiAIH4 ; iii, pyridinium chlorochromate, NaOAc, CH,Cl,; iv, PhMgBr 

Scheme 35 

Me — CO2  Na 

a o o o a a 	SR 	 a o o a a a 	o 

O 	 SR 

	

It 	I 	
RSd 0 SR a'- 	 Cl Cl 	C1  Ci 	Ci 

HO 
OH 	

0 OH 

14 
Me 13 

CO2 H 0 0 Me 

 

Scheme 36 

	

OH 	 OH 

0 A0 1  Mq 0 A0 Mi 

	

(119) 
	

(120) 

antibiotics that has recently been isolated from Saccharopoly-
spora hirsuta and Nocardia argenhinensis, respectively. The 
derivation of the carbon skeletons of these antibiotics from 
acetate and propionate has been established by two separate 
studies,697O using ' 4C- and ' 3C-labelled precursors, to be as 

shown in Scheme 37. The observed labelling of the pyrrolecar-
boxylate moiety is consistent with the conversion of propionate 
into succinate and thence into dehydroproline via c-ketoglutar-
ate. incorporation of [1-13C,180,1-acetate and -propionate 
indicated that the oxygen atoms that are attached to C-i and 
C- li were derived from acetate and those attached to C-9 and 
C-17 were derived from propionate.69  The remaining oxygen 
atoms are presumably derived from molecular oxygen. The 
observed derivation of the ether and carbonyl oxygens of the 
lactone from separate acetate and propionate units is consistent 
with previous observations for macrolides. The fact that 
neither the oxygen at C-9 nor that at C-I 1 is derived from 
molecular oxygen rules out various ring-forming mechanisms 
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based on cyclizations of epoxy-olefins and epoxy-alcohols, and 
the absence of propionate-derived oxygen on C-I 3 suggests that 
the C-4--C-13 bond has not been formed by an aldol reaction, as 
has been suggested for the formation of the cyclohexane ring in 
the biosynthesis of avermectins. Therefore an intramolecular 
Diels-Alder reaction of an intermediate (121) is proposed. This 
would account for the observed labelling, stereochemistry, and 
functionality. 

Cultures of Fu.sarium roseum were treated with [14C]-
zearalenone (123), [14C]-c-zearalenol (124), and [14C]-f3-zeara-
lenol (125) to determine whether precursor-product relation-
ships existed amongst them. Compounds (124) and (125) were 
converted into zearalenone (123) within 7 and 14 days, 
respectively, but (123) was not converted into other 
compounds.' 

Recent 13C n.m.r. studies2 have established the biosynthetic 
origins of the carbon skeleton of oxytetracycline (128) in 
Sirepiorn ices r,mo,rus. Further results on the incorporation of 
2 H from [1-13C,2 H 1]acetate have been reported.'2 The obser-
vation of-2 H isotope-induced shifts for C-6a and C-S indicates 
the acetate origin of the hydrogen atoms that are attached to 
C-7 and to C-9. The lack of 2 H at C-4 is consistent with the 
introduction of the amine functionality onto an aromatic 
precursor such as 6-methylpretetramid (126). The biosynthesis 
of oxytetracycline is generally thought to deviate from that of 
tetracycline (129) after dehydrotetracycline (127) has been 
formed (see Scheme 38). The conversion of (127) into (128) 
involves an oxidative step leading to the introduction of a 5v-
hydroxyl group. Stereospecific hydroxylation with either 
retention or inversion of configuration would necessitate the 
elimination of either the c- or the n-hydrogen atom at this 
prochiral centre in (127), only one of which is likely to he 
derived from the 5-H of 6-methylpretetramid (126) and hence 
acetate. Assuming that 2 H from acetate is incorporated at C-S 
of (126) with comparable efficiency to the incorporation that is 
observed at C-7 and C-9 of (128), it follows that only one of the 
diastereotopic hydrogen atoms at C-S of (127) is derived from 
acetate and that this is stereospecifically eliminated when (127) 
is hydroxylated to form oxytetracycline (128). Thus the 
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determination of the stereospecificity of incorporation of 2 H 
from acetate at C-5 of tetracycline (129) or 7-chiorotetracycline 
would allow the stereochemistry of the hydroxylation step in 
the biosynthesis of oxytetracycline to be elucidated. 

10 Decaketides 
Cetocycline (130) is a broad-spectrum antibiotic that is closely 
related to the tetracyclines. The incorporation of[l -  ' 'Clacetate 
into cetocycline in cultures of Noc'urdia vu/p/wrens indicated its 
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origin from a decaketide precursor with acetyl-CoA as th 
starter' unit, as shown in Scheme 39•3 The 'starter' unit forth 
polyketide chain in the tetracyclines is malonamyl-CoA, whic 
suggests that acetoacetyl-CoA (rather than acetyl-CoA) may ii 
fact be the actual chain-initiating unit in cetocycline, thougl 
this might be fairly difficult to establish. No incorporation o 
label from [1-13Cjpropionate was observed, so the methy 
groups that are attached to C-6 and C-9 are probably derived 
from the C, pool. 

Aklanonic acid (131) has been isolated from cultures of 
species of the genus Streptomvces. Its status as a possibli 
intermediate in the biosynthesis of anthracyclines has beer 
tested by studying its transformation by daunoruhicin-negativi 
mutants of daunorubicin-producing strains of Streptovntce. 
griseus.74  Strain 0, P7  converted aklanonic acid and its methy 
ester into E-rhodomycinone (132), 7-deoxy-E-rhodomycinonc 
(133), and glycosides of daunomycinone (134), as shown it 

Scheme 40. A second mutant strain, I P, converted akianonic 
acid into the fully aromatic substance IP/Il (135). Oxygen-l8-
and deuterium-labelling studies might provide evidence for or 
against the intermediacy of fully aromatic tetracyclic com-
pounds in the biosynthesis of anthracyclines. 

Carbon- 13-labelled acetates and propionate were incorpor-
ated into the antitumour antibiotic ravidomycin (136) by a 
Strepto,nrces species.75  The pairs of coupled carbon atoms in 
the 1 3 C nm.r. spectrum of [1,2-' 3C]acetate-enriched ravido-
mycin were identified by a two-dimensional INADEQUATE pulse 
sequence. [l-' 3C}Propionate enriched C-4', indicating that the 
vinyl group is derived from a propionate 'starter' unit. On the 
basis of the observed labelling pattern, the biosynthetic 
pathway that is shown in Scheme 41 has been proposed. 
Condensation of a decaketide chain, with loss of oxygen from 
C-7 and introduction of oxygen at C-I, gives the tetracyclic 
intermediate (139). Oxidative cleavage of (139), followed by 
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decarboxylation, gives (140) bond rotation and lactonization 
of this gives (141), which is converted into ravidomycin by 0-
methylation, dehydrogenation of the ethyl group, and C-
glycosylation. Similar results have been reported for the closely 
related compounds gilvocarcin V (137) and gilvocarcin M 
(138), which are antitumour substances that have been isolated 
from Streptornyces gthotanareus.Th Carbon- 13-labelled acetates 
and propionates were incorporated into (137) and (138), which 
were not separated but were analysed as a ca 7 :1 mixture. It is 
clear that the 8-methyl group in (138) and the 8-vinyl 
substituent in (137) are derived from acetate and propionate, 
respectively. It was found that [2-13C]- and [3-13C]-propionate 
specifically enriched the cz- and 3-carbons, respectively, of the 
vinyl group in (137). A small enrichment of the 8-methyl in 
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(138) from [2-13C]propionate was observed. [2-13C]Acetate 
enriched both carbon atoms of the vinyl group, but this can be 
accounted for by the recycling of acetate through the Krebs 
cycle and production of propionate from succinate t'ia 

methylmalonate, as shown in Scheme 42. To explain the 
labelling, a pathway that is shown in Scheme 43 was proposed. 
In this, a common tetracyclic intermediate is alkylated by 
either acetate or propionate to generate either gilvocarcin M or 
gilvocarcin V. respectively. However, the results for ravidomy-
cm (see above) rule out this pathway. The fault in this study is 
that the 13C n.m.r. analysis was carried out on a mixture. This 
has obscured the derivation of C-8 in (138) from C-1 of 
propionate rather than acetate, as would be required by the 
pathway that is shown in Scheme 43. 
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As usual, there have been several papers on the biosynthetic 
pathway leading to the most important rnycotoxin aflatoxin B1  
(153). By far the most significant of these is the reported 
observation of a hexanoate 'starter' effect in the biosynthesis of 
averufin (145). Feeding of [1-13C]hexanoate to rlspergi/Ius 
parasiticus (ATCC 24 55 1) resulted in high specific incorpora-
tion of label at C- I' of averufin. Some incorporation, but at a 
much lower level, was also observed at positions that would be 
derived from C-I of acetate if this were produced as the result of 
some breakdown of hexanoate to acetate. Two different 
Feeding protocols were used: (a) addition of labelled hexanoate 
to 48-hour-old mycelial pellets that had been resuspended in a 
replacement medium that contained a low level of sugar and 
which were shaken for a further 48 hours, and (b) pulse addition 
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to standing cultures after 48. 72, and 96 hours, followed by 
work-up after a further 24 hours .77  This is a most significant 
result, as it provides the first firm evidence for the previously 
postulated involvement of linear 'starter' units of C4  or longer 
carbon chains in the biosynthesis of polyketides. Previous 
attempts to incorporate these compounds, using 4C-labelled 
precursors, have mostly resulted in rapid catabolism of the 
precursors by 0-oxidation, resulting in the secondary incorpora-
tion of label via acetate. 

In addition, the observation rationalizes some hitherto 
curious observations on the biosynthesis of aflatoxins, such as 
the first isolable intermediate on the pathway being norsolor-
mc acid (143), followed by averantin (144) and then averufin 

(145), as shown in Scheme 44. Thus norsolorinic acid can be 
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formally regarded as being formed by the addition of seven 
malonate units to a separately formed hexanoate 'starter' to 
give an octaketide intermediate (142). However, an alternative 
explanation which cannot be totally excluded at present is that 
a single polyketide synthetase is involved; this produces the 
initial C6  segment, which is able to exchange with free 
hexanoyl-CoA. Interestingly, no specific incorporation could 
be obtained when the experiment was repeated with [1-
1  3C]butyrate, [11 3C]-5-oxohexanoate, or [1-' 3C}-3-oxo-octan-

oate; these all resulted in low, uniform enrichments due to their 
prior degradation to [1-' 3C]acetate.78  These results also help to 
explain the long-standing observation that the carbon atoms in 
the bis-furanoid moiety of sterigmatocystin (152) are labelled to 
a lower extent (ca 10%) than those of the xanthone nucleus (ca 

11%) if [1-14C]acetate  is fed to Aspergillus versicolor.79  

The incorporation of [4'-' 3C]- and of[l'-' 3C,l'-2H]-averufin 
into versicolorin A (151) by Aspergillus parasilicus (ATCC 

36 537) has also been studied.77  The former enriched C-4' of 

versicolorin A; in the p.n.d. 13C n.m.r. spectrum of versicolorin 
A that had been enriched from the latter, the resonance for C- I' 
showed a triplet, due to 13C-2H coupling. This confirms that 

2H label at C-I' of averufin is retained during the rearrange-
ment steps in which the linear C6  side-chain of averufin is 

converted into the branched C4  side-chain of versicolorin A 
and of aflatoxin B, itself. It is proposed that the next 
intermediate after averufin (145) is nidurufin (146). The 
relative stereochemistry of the 2'-hydroxyl group of nidurufin 
has been revised from endo to cr0 by synthesis of both epimers. 
This enables the sequence that is shown in Scheme 44 to be 
proposed for the key rearrangement step. In the former 
structure for nidurufin the bond between C-2' and oxygen was 
orthogonal to the migrating bond between C-2 and C-I' 
whereas in the revised structure these bonds are essentially 
antiperiplanar, and so ideally disposed stereoelectronically for 
rearrangement to yield the oxonium ion (147), which would be 
hydrolysed to the aldehyde (148) and would cyclize to the 
hemiacetal (149). Baeyer-Villiger oxidation of (149) would 
generate versiconal acetate (ISO), which on hydrolysis and 
oxidation would yield versicolorin A (151). 

Further evidence for the mode of incorporation of averufin 
into aflatoxin B, has been provided by the synthesis of [5,6-

' 3C,]- and [8,11-13C,]-averufin and by their incorporation into 

aflatoxin B, by cultures of A. parasiticus (ATCC 15 517). As 

expected, analysis of the 13C n.m.r. spectra shows that the C-8-

C-I I bond of averufin (145) becomes the C-2-C-3 bond of 
aflatoxin B, (153) whereas C-6 of averufin is transformed into 

C-S of aflatoxin B 1  with loss of C-5 of averufin in the process.80  

A large number of metabolites that are related to the 
aflatoxin pathway have been isolated from Bipolaris sorokin-

lana. Averufanin (154), versicolorin C (155), and bipolarin 
(156) were isolated, along with sterigmatocystin (152), from B. 

sorokiniana that had been cultured on maize. When cultured on 
a liquid medium, several other metabolites were also produced. 
These are averufin (145), versiconol (157), versiconol acetate 

(158), versiconal acetate (ISO), and a novel xanthone (159)."' 
No bipolarin was isolated, and a re-examination of the data 
suggests that the previously isolated compound that was 
formulated as bipolarin (156) was in fact versiconol (157). 
Versiconal acetate and versiconol acetate were previously only 
obtained by treatment of aflatoxin-producing cultures of 
Aspergi/Iusflaius and A. parasiticu.s with the enzyme inhibitor 
dichlorvos. This report of their production under natural 
conditions strongly supports their intermediacy in the biosyn-
thesis of aflatoxins and of sterigmatocystin. 

The austocystins. e.g. austocstin D (160), are toxic 
metabolites of Aspergillus uslus. Interestingly, these xanthones 
show a linear fusion of the xanthone and bis-dihydrofuran 
moieties, in contrast to the angular fusion in sterigmatocystin 
(152). The incorporation ofll,2- ' 3C,]acetate into austocvstin D 
results in the labelling pattern that is shown in Scheme 45, 
consistent with a biosynthesis na ring-cleavage of an anthra-
quinone, e.g. versicolorin A (151). In support of this, averufin, 
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versicolorin C. and 8-deoxy-6-O-m ethyl versicolorin A are co-
metabolites of austocystin D in A. ustus." 

11 Macrolides 
Tylosin (161) is a sixteen-membered-ring macrolide antibiotic 
whose carbon skeleton is derived from acetate, propionate, and 
butyrate. The origin of the oxygen atoms in tylactone (162), 
which is a biosynthetic precursor of tylosin, has been 
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determined by feeding [l-' 3C,'"O]-acetate, -propionate. and 
-butyrate to a blocked mutant of Streptonivces /radiae. The 
labelling patterns that are shown in Scheme 46 were oh-
tained. 3 [I-' 3C.' O]Butyrate, as well as labelling the oxygen 
that is attached to C-S, also enriched (to a lower extent) the 
propionate-derived oxygen atoms that are attached to C-3 and 
to C- 15. The results are consistent with macrolide ring-closure 
by direct displacement of thiol from a C-I thioester by a 
hydroxyl group at C-IS. 

Full details of studies that were designed to elucidate the 
origins of the carbon skeleton and the oxygen atoms of the 
erythromycins have been reported. 4 Feeding of [l-' 3C1- and 
[2_'C l-prop ionates to cultures of Streptonvces ervthreus gave 
erythromycin A (163) and erythromycin B (164) with the 
labelling pattern that is shown in Scheme 47. A slightly greater 
enhancement of the signals due to C-13 in the ' 3C n.m.r. 
spectrum of each sample indicated a propionate 'starter' effect. 
In agreement with these observations, Kuhn-Roth oxidation of 
a labelled erythromycin that was obtained from feeding [1-
I 4C]propionate to the bacterium gave propionic acid whose p-
phenyiphenacyl ester had 21.3° of the specific activity of the 
intact macrolide. A number of assignments in the ' 3C n.m.r. 
spectra were ambiguous. These were resolved by feeding 
experiments with [2.31 3C2]succinate. This acts, in tire, as a 
precursor of [2,2'- 1 3CJmethylmalonyl-CoA, which is generat-
ed by the action of methylmalonyl-CoA mutase, and it can 
therefore be considered as an equivalent, in tire, of [2,3- 
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13C.Jpropionate. The resultant 13C-13C couplings in the 13C 
n.m.r. spectrum enabled most of the dubious assignments to be 
resolved. Incorporation of [l -13C,' 8OJpropionate resulted in 
the incorporation of 'O into the oxygen atoms that are 
attached to C-I, C-3, C-S, C-9, C-1 1, and C-13. Variable (but 
small) amounts of oxygen exchange were observed to occur at 
most sites, resulting in a partial loss of' O label relative to ' 3C. 
The ketone carbonyl oxygen at C-9 showed more exchange, and 
this was attributed to the basic conditions (pH 9) that are 
required during isolation. From these results it is clear that each 
of the six oxygen atoms that are present in the initially formed 
aglycon (165) is derived from propionate. The ring-closure 
must occur by addition of a hydroxyl group at C-13 onto a 
carboxyl function (C-I). The four secondary alcohol or ether 
functions on the macrolide ring were all labelled, irrespective of 
their configuration, i.e. D (C-U) or L (C-3, C-S. and C-I I), 
These results suggest that the oxidation level that is observed in 
the aglycon (165) is established during elongation of the carbon 
chain, thereby excluding alternative oxidation or dehydration-
re-hydration mechanisms which have been previously 
proposed. 

3-Amino-5-hydroxybenzoic acid (166) has been identified as 
the key amino acid 'starter' for the biosynthesis of a number of 
ansamycin antibiotics. Yields of actamycin (171) were in-
creased 4.6-fold when actamycin-producing cultures of Strepto-
mv'es sp. E/784 were supplemented with (166). However, 
addition of the 4-chloro-, 6-chloro-, V-methyl, and 0-methyl 

Me o 

MeO 

Me C 02 Na 

MeCH2CO2 Na 	 -b 
A 

MeCH2CH2 CO2 Na 

0 

OH 

\_~ M70H 

Me 

(161) 

S 
0 

"'OH 

1 	
"OH 

(162) 
Scheme 46 

A 
0 	 0 

N Me2 

I OH HO 

0H 	

T__ 
- 13 0 	5 

 11 	3 1 

* 
MeCH2 CO2 Na 

I 

Et02C __.-CO
2 Et 

(165) 
	

(163) R = H 

(164) R = OH 
Scheme 47 



NATURAL PRODUCT REPORTS, 1985 T. J. SIMPSON 

analogues (167)—(170) reduced the yield of actamycin but did 
not cause any structurally modified actamycins to be pro-
duced.85  These results suggest that the corresponding chlorine, 
N-methyl, and 0-methyl substituents that are present in the 
nuclei of various ansamycins are introduced at biosynthetic 
stages beyond the level of the amino acid (166). 

The biosynthetic origin of the milbemycins, which are 
important insecticidal and anthelmintic substances that are 
produced by Streptomvces hygroscopicus, has been studied.86  
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Twenty milbemycins have been isolated but strain Au-3, which 
was chosen for the biosynthetic study, produces milbemycin c 2  
(172), milbemycin cz.. (173), and milbemycin D (174) as its 
major metabolites. [I-' 3C]lsobutyrate, DL-[2-1 3C]valine, [I - 
'3C]acetate, [l13C] and [3-' 3C]-propionate, and L-[rnethy/-
13C]rnethionine were all fed. This revealed that, except for C- 
25, the carbon skeletons of milbemycins a, 	, and D are 
derived from seven acetate units and five propionates, as 
indicated in Scheme 48. The methyl, ethyl, and isopropyl 

HO2CNH2 

VHO 
OH 

(166) 

OH 

(171) 

HO2Cj

NH2 H02C1jNH2 H02C.NHMe H02Cr5;11p NH2 

Cl CI LJJ 
OH OH OH OMe 

(167) (168) (169) (170) 

(172) (173) 	 174) ( 
MeCO2N0 	- 
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groups at C-25 are derived from acetate, propionate, and 
isobutyrate (itself derived from valine), respectively, and the 
methoxyl group at C-S of milbemycins a, and a, is derived 
from methionine. 

12 Polyether lonophores 
Cationomycin (175) is a polyether antibiotic that is produced 
by a rare actinomycete, Act inomadura azurea.87 It is structur-
ally unique in having an aromatic acyl substituent. Carbon-13-
labelled acetate, propionate, and methionine were incorpor-
ated to give the labelling pattern that is shown in Scheme 49. 
Label from [2-13C]acetate was extensively randomized, giving 
rise to multiply labelled propionate, so that extensive 13C 1 3C 
coupling was observed among the propionate-derived carbon 
atoms. This may be rationalized by multiple passages of acetate 
through the Krebs cycle followed by the formation of 
methylmalonate via succinate, as shown in Scheme 42. 
Somewhat surprisingly, neither labelled orsellinate nor 4-
methoxy-6-methylsalicylate was incorporated. 

The macrotetrolide ionophore antibiotics (176)-(180) are 
macrocyclic tetraesters that are built up from both enantiomers 
of nonactic acid (181) and homononactic acid (182), which in 
turn are derived from acetate, propionate, and succinate as 

R2 

(176) R1 = R2 = R3 R4 = Me 
(17 7) R' = Et R2 = R3 = R4= Me 
(178) R1 = R2 Et R3 = R4= Me 
(17 9) R1 = R2 = R3 Et R4= Me 
(180) R1 = R2= R3 = R4 = Et 
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indicated in Scheme 50. [1-13C,'0.]-Acetate and -propionate 
have been incorporated into nonactin (176) and monactin (177) 
by cultures of Streptomyces griseus ETHA 7796.88 The 
incorporation of 180 was determined by the reduction of (176) 
and (177) to the diols (183) and (184), respectively, which were 
converted into their (— )-a-methoxy-a-trifluoromethylphenyl-
acetyl esters (185)-(188) for separation by h.p.l.c. and 
subsequent 13C n.m.r. analysis. Incorporation of [1 1 3C, 
acetate led only to enrichment of the oxygen that is attached to 
C-8 in (185) and (186) whereas [I -13C,180.1propionate en-
riched the oxygen atoms that are attached to C-i, C-6. and C-8 
in (187) and (188) and to C-I and C-6 in (185) and (186). These 
results are consistent with the conversion of propionate into 
succinate (see Scheme 42) and with the formation of the 
thioester (191) by reduction of an intermediate such as (189), 
which is converted [via reduction to the diol (190) and 
intramolecular Michael reaction] into (191) as shown in 
Scheme SI. Since the observed retention of 1 0 relative to 
at C-I in samples of(187) and (188) that had been derived from 
[I-' 3C,' 80.]propionate is >50°/s, i t follows that homononactic 
acid (182) [and therefore nonactic acid (181)] is not an 
obligatory intermediate on the biosynthetic pathway to the 
macrotetrol ides, but that a thioester intermediate such as (191) 
can react to generate an ester bond by direct displacement of 
the thiol activating group by the hydroxyl group that is attached 
to C-8 of a second building block. Thus the biosynthesis 
probably proceeds from acetate, propionate, and succinate 
without the intervention of free unactivated intermediates, 
despite the fact that they can be isolated from cultures and 
incorporated into the macrotetrol ides. 

13 Miscellaneous Metabolites 
Full details of an extensive study, using stable isotopes, to 
investigate the biosynthesis of the antibiotic virginiamycin M1 
(192) in Streptornvces virginiae have appeared.89 The skeleton is 
derived from valine, seven acetate units, glycine, serine, and 
proline, as summarized in Scheme 52. The methyl group at C-
32 is derived from methionine but the methyl at C-33 is derived 
by a novel pathway involving decarboxylation of an acetate 
unit, as shown in Scheme 53. That the methyl group is derived 
from an acetate unit that is added to a pre-formed polyketide 
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chain, rather than by one of the alternative mechanisms that 
have been proposed, was demonstrated by a rather subtle 
experiment in which [31 3C]serine was used as a delayed source 
of [2-' 3C]acetate. [2-' 3C]Acetate enriched carbons 4, 6, 11, 13, 
15, 17, and 33 to the same extent. However, while [31 3C]serine 
enriched carbons 4, 6, Il, 13, 15, and 17 to the extent of 0.8%, 
the enrichment at C-33 was 1.9%. This experiment depends on 
the conversion of serine into acetyl-CoA via dehydration and 
deamination to pyruvate. It would have been interesting to see 
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if feeding [2-' 3C]malonate also gave differential labelling. The 
oxazole ring is formed from serine, presumably by a pathway 
such as shown in Scheme 54. 

A similar derivation of a methyl group from C-2 of an acetate 
unit, which is added to a pre-formed polyketide, has been 
demonstrated during the biosynthesis of two metabolites that 
have been isolated from gliding bacteria. The first of these is 
myxopyronin A (193), which is an antibiotic that has been 
isolated from Mvxococcusfu!vus.90 Incorporation studies with 
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3C-labelled acetate, glycine, and methionine indicated that 
the carbon skeleton is derived from two polyketide chains 
(Scheme 55). On incorporation of [' 3C2 ,15N]glycine, C-12 
showed both 3C-' 3C and ' 3C-' 5 N couplings, so that glycine is 
incorporated intact as a 'starter' unit in one of the chains. The 

methyl groups C-8 and C-17 are derived from methionine 
whereas C-21 is enriched from [2-13C]acetate. 

A similar result') ' was observed for C-33 in the antibiotic 
myxovirescin A 1 (194), which is a metabolite of M'vxococcus 
rirescens. Carbon-13-labelled acetates and methionine are 
incorporated as shown in Scheme 56. C-33 being derived from 
C-2 of a cleaved acetate unit. Even more curiously, both carbon 
atoms of the ethyl group that is attached to C- I 3 are derived 
from C-2 of acetate. Although no pathway is suggested for this, 
derivation via an intermediate in the Krebs cycle appears to be 
likely. Glycine functions as the 'starter' unit of a polyketide 
chain, which is then alkylated at acetate-derived methylenes 

(C-2 and C-4) and carbonyls (C-l3 and C- 17). The remaining 
moiety appears to be a C5 hydroxy-acid that has been derived 
from acetate and methionine, but at what stage it is 
incorporated [and which bond (ester or amide) is formed first] 
is not yet known. Further results on this intriguing compound 
will be awaited with eager anticipation. 
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'3C-NMR in Metabolic Studies 
T. J. SIMPSON 

I Introduction 

The study of natural products and the development of organic chemistry have al-
ways been closely related, and the rapid growth of organic chemistry in the 19th 
century was due largely to the efforts made in isolating and characterising some 
of the more biologically active plant metabolites. A lasting result of this is the pre-
dominance of the methodology of organic chemistry in the study of the biosyn-
thesis and metabolism of secondary plant products, in contrast to the study of pri-
mary metabolism in which biochemical methods have held sway. 

In this chapter the general principles involved in applying stable isotope label-
ling methods in conjunction with '3C NMR spectroscopy to the study of second-
ary metabolism will be described. For reasons which will become obvious below, 
these techniques will be illustrated in many cases by reference to studies in micro-
organisms. Whether micro-organisms, in particular the lower fungi, can be re-
garded as plants is debatable, but as many of the techniques have been developed 
and applied in studies of fungal metabolism, their use for illustrative purposes is 
appropriate. The latter parts of the sections will survey the metabolic pathways 
in higher plants which have been studied using 13C NMR. It is hoped to convey 
the basic requirements for carrying out 13C-labelling studies to both potential 
users and those interested in the results, not only to give some idea of the strengths 
and advantages of these techniques but also their limitations and the difficulties 
and disadvantages associated with their use, and general considerations in inter-
preting the results. 

As a necessary preamble, a brief discussion follows of some basic principles 
and considerations in biosynthetic studies and of radioisotope tracer methods. 

2 The Design and Interpretation of Labelling Experiments 

Some of the principles involved in carrying out biosynthetic experiments have 
been usefully discussed in a number of texts (Bu'lock 1965; Manitto 1981; Herbert 
1981; Brown 1972). The most fundamental method for establishing the interme-
diates involved in a biosynthetic pathway is to label likely compounds with an iso-
tope and then use this isotopic label to assess the extent to which the compounds 
are incorporated into the products of the pathway. A number of problems are as-
sociated with this. 



Low or negligible incorporation, even of true precursors, is often observed. 
Compounds of general metabolic importance may show low incorporation into 
the metabolites of interest due to the diversity of other routes open to them. In 
studies using whole organisms, particularly in the higher plants, structurally com-
plex or highly polar intermediates may not be able to cross cell membranes, or 
may not be transported to the site of biosynthesis in highly differentiated organ-
isms, or they may be degraded or otherwise metabolised before they can be util-
ised. Therefore a negative result is always inconclusive and must be regarded with 
caution. 

Careful interpretation is also required in the case of apparently positive re-
sults, particularly when using the isolation and incorporation of other metabolites 
to obtain information on the later stages of a pathway. Scheme 1 illustrates some 

Ge'eral Metabolites E 
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Scheme 1 

J is the metabolite of interest. 
A and B are precursors. (The term "prime-
precursor" has been coined for the species 
furthest into the secondary route which is 
also involved in general metabolism — in this 
case B.) 
C and D are obligatory intermediates. 
F, G, H, and 1 are non-obligatory intermediates. 
K and L are not intermediates but may label 
J non-specifically. 
E is a "shunt metabolite". 
M is not a natural intermediate but is 
utilisable by the organism. 

of the problems. Thus, a compound (L) may be isolated, which when labelled ap-
pears to be incorporated into the final metabolite. However, unless it can be 
shown that the label is incorporated specifically (i.e. from a known position in the 
precursor into a corresponding position in the metabolite of interest), the possi-
bility remains that degradation to a common early precursor followed by incor-
poration of this degradation product has taken place. A striking example of this 
was provided by the reported intact incorporation of[14-'4C] palmitic acid (1) 
into brefeldin A (2) by cultures of Penicillium brefeldianum. However, subsequent 
work (Cross and Hendley 1975) showed that the observed incorporation was due 
to degradation of palmitic acid to produce [2-' 4C]-acetyl CoA (3) which was then 
incorporated to produce brefeldin A labelled as shown in Scheme 2. 

CO2 H 

(1) 

MeCOSCoA 
____ HO—ccc-~-- Me 
	Scheme 2 

(3) 	 OH 	0 
(2) 

Even if specific incorporation can be demonstrated, the supposed intermedi-
ate may not lie on the main pathway, but may be formed as shown in scheme I 
reversibly as a "shunt" metabolite (E) from a compound (D) which is on the path-
way. A further complicating factor is the often observed lack of specificity of the 
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enzymes of secondary metabolism giving rise to a metabolic grid, as illustrated 
by compounds (D), (F), (G), (II), (I), and (J) in Scheme 1. As indicated there are 
a priori three possible routes from (D) to (J), so that (F), (G), (H), and (I) are all 
possible but not obligatory intermediates. An interesting example of this and of 
its solution has been described by Campbell in a study of mycophenolic acid (4) 
biosynthesis (Doerfier et al. 1980). 

Me 	OHO 

HO2C 	

Me 

'Jpo 

Me 

(4) 

3 Radioisotope Labelling 

Until the advent of 13C NMR techniques, labelling with the radioactive isotopes 
'4C and 3H was the most powerful method of biosynthetic investigation. The ma-
jor advantage of these radionuclides is their negligible natural abundance, which, 
when coupled with the low limits of detection of modern liquid scintillation 
counters (Faires and Boswell 1981) allows very low levels of precursor incorpo-
ration to be accurately measured. Only very small quantities of labelled precur-
sors are required, providing that the specific activity is sufficiently high, thus the 
usual assumption that the addition of tracer does not itself affect the metabolic 
pathway under study is likely to be valid. 

The main disadvantages are the need to obtain radiochemically pure com-
pounds and the problem of establishing specificity of incorporation of label. This 
usually requires experimentally demanding and often impractical degradative 
chemistry, especially where the metabolite has been labelled from a simple precur-
sor such as acetate or mevalonate and is labelled in many sites. More complex in-
termediates may be labelled in two sites with both 3H and 14C in a known ratio 
and administered to an organism. The isolation of a product with the same 
3H: '4C ratio as the precursor provides good evidence for intact incorporation of 
the precursor. This remains a good method for obtaining information on the 
stereochemical fate of particular hydrogen atoms in a molecule, although 2H, 13C 
double labelling (see Sects. 8.1 and 8.2) and 2H labelling in conjunction with 2H 
NMR analysis (Garson and Staunton 1979) are replacing it. 

Nonetheless, if accurate quantitative data on the incorporation of labelled 
atoms into a metabolite is needed, but precise location of the label is not impor-
tant, the use of radioisotopes is still indicated. Also it is the method of choice for 
establishing the most efficient precursor feeding regime prior to 13C labelling 
studies (see Sect. 5.1). 



a 

The most important stable isotopes in biosynthetic studies are '3C, 2H, 180  and 
'5N. The advent of high field Fourier-transform spectrometers has allowed the 
development of '3C NMR spectroscopy to provide a non-destructive detection 
system, capable of determining the location and relative concentration of each 
chemically non-equivalent carbon in a molecule, as will be shown. It also enables 
the presence of 2H, 180  and '5N to be demonstrated by using isotope-induced 
shifts in '3C NMR resonance frequencies or by spin—spin coupling to '3C. 

A large number of texts (Levy et al. 1980; Abraham and Loftus 1978; Breit-
maier and Voelter 1978; Stothers 1972) are available which describe the basic 
principles of '3C NMR spectroscopy in greater or lesser detail, so only the essen-
tial details are summarised here. Since the '3C nucleus has a nuclear spin (1 = '/2), 
nuclear magnetic resonance signals may be observed, and with the development 
of sensitive instruments with the means to accumulate (and thus enhance) weak 
signals, the amount of data available on '3C chemical shifts and spin—spin cou-
pling constants (Marshall 1983) to '3C, 'H, and '5N is increasing rapidly. The 
undecoupled 13C NMR spectrum shows coupling to both directly bonded hy-
drogens and longer-range couplings to non-bonded hydrogens. Analysis of these 
couplings is often of great utility in both structural elucidation and spectral as-
signments (see Sect. 4.1.3) but the spectra are usually proton noise-decoupled so 
that a single line is obtained for each carbon in the molecule. Thus, although the 
natural abundance of '3C is only 1.1%, it is now relatively easy to obtain '3C 
NMR spectra for any compound given a minimal amount of material (e.g., 50 mg 
of a compound of molecular weight 500). One great advantage of "C NMR in 
the considerable spread of chemical shifts commonly observed: about 200 ppm 
compared with 10 ppm for '1-I shifts. These shifts are of the same relative order 
as 'H shifts, i.e. alkyl carbons have shifts at higher field (smaller 6 value) than 
aromatic or olefinic carbons, and carbons carrying oxygen or other electronega- 
tive substituents have larger ö values than those bearing only carbon or hydrogen 
substituents. Carbonyl carbons usually provide the lowest field signals. Thus even 
complex molecules generally give proton noise-decoupled (PND) '3C NMR spec-
tra in which a single line is observed for each carbon in the molecule and co-in-
cident lines are relatively rare. 

4.1 Assignment of '3C NMR Spectra 

4. 1.1 Known Chemical Shifts and Subtituent Chemical Shift Effects 

The chemical shifts of different functional types fall into well defined ranges; car-
bonyl carbons resonate at low field (ca. 200 ppm), aromatic and olefinic carbons 
at 160-100 ppm, aliphatic carbons with electronegative substituents at 90-
50 ppm, and simple aliphatics at highest field 50-10 ppm. Substituent effects are 
generally found to be additive, and rules for predicting chemical shifts in hydro-
carbons and aromatics are available. Useful compilations of chemical shifts are 
available (Breitmaier et al. 1979). 
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H Chemical shift- Irradiation frequency (t) 

(5) 

Fig. 1. Plot of peak frequencies in the 
'H off-resonance selectively de-
coupled '3C NMR spectra of as-
pyrone (5) as a function of 1H irradi-
ation frequency 

4.1.2 Off-Resonance and Specific Proton Decoupling 

In the PND spectrum all 'H—'3C coupling information is lost. In the off-reso-
nance decoupled spectrum, the 'H irradiation is kept at high power levels but the 
decoupling frequency is moved Ca. 500 Hz away from the protons being irradi-
ated, so that one bond l3c coupling patterns partially return and so quater-
nary, methine, methylene and methyl carbons appear as singlets, doublets, triplets 
and quartets respectively. If the 'H NMR spectrum has been fully or partially as-
signed, the 'H and '3C resonances can be interrelated by single-frequency decou-
pling with the decoupler set at the exact 'H frequency. The attached carbon ap-
pears as a singlet in the 13C spectrum, whereas the remaining carbons show off-
resonance patterns. This process becomes time-consuming if many resonances re-
quire decoupling, but can be overcome by plotting the line frequencies in the '3C 
NMR spectrum as the 'H irradiating frequency is stepped through the 'H NMR 
spectrum. Where the lines cross gives the exact 'H and 13C frequencies (Birdsall 
1972). The four oxygen-bearing carbons in aspyrone (5) have been assigned in this 
way, as shown in Fig. I (Holker and Simpson 1981). 

4.1.3 Analysis of Long-Range 'H—' 3C Couplings 

A particularly useful method for both spectral assignment and structural elucida-
tion is to analyse the origins of long-range, i.e., greater than one-bond 'H—' 3C 
couplings using specific. low-power decoupling to selectively remove long-range 
couplings to 13C only from the hydrogen which is being irradiated. This has been 
used to great effect in the structural reassignment and spectral assignment of the 
antibiotic LL-D253 (6), a chromanone metabolite of Phoma pigmenhivora 



ill 
OH 

(6) 

(McIntyre and Simpson 1984). Figure 2 shows the downfield region of the fully 
'H coupled 3C  NMR spectrum of (6) and the results of a series of specific de-
coupling experiments. Thus it may be seen that C-7 which appears as a quartet 
in Fig. 2 a simplifies to triplet on irradiation of H-6 (Fig. 2 e) and to a doublet on 
irradiation of the benzylic methylene hydrogens (Fig. 2 d) due to the removal of 

B 	4a 

190 	170 	110 	168 	166 	164 	162 	160 	168 	166 	154 	 110 	108 

Fig.2a—f. The low-field region of the fully 'H-coupled 50 MHz ''C NMR spectrum of LL-
D253a diacetate and the results of selective Hdecoupling experiments 
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H3  

Fig. 3. Long-range 'H-'3C couplings in LL-13253ce 
diacetate identified by selective '1-1-decoupling experi-
ments (Fig. 2) 

2- and 3-bond couplings respectively. Irradiation of H-6 simplifies the pentet due 
to C-5 in Fig. 2a to a quartet (Fig.2e). This quartet splitting is due to coupling 
to the methoxyl hydrogens as an irradiation of these the signal due to C-5 now 
appears as a doublet (Fig.2t). Similarly, it may be seen that C-8 which appears 
as a multiplet in Fig. 2a shows 2-bond coupling to the C- 10 methylene hydrogens 
and 3-bond couplings to H-6 and to the C- il methylene hydrogens. The long-
range couplings which have been identified in this way are summarised in Fig. 3. 
These permit only one structure and simultaneously assign the '3C NMR spec-
trum prior to biosynthetic studies. 

4.1.4 Polarisation Transfer and 2D NMR Methods 
(Benn and Gunther 1983) 

The methods described in Sections 4.1.2 and 4.1.3 have been partly superceded, 
e.g. by polarisation transfer methods such as DEPT and INEPT which provide 
a more sensitive method of identifying and distinguishing methyl, methylene, 
methine and quaternary carbons. These methods utilise pulse sequences which en-
able only those carbons with a given number of hydrogens attached to be ob-
served selectively. Thus they can be used to simplify congested spectral regions 
so that only carbons bearing one, two or three, or indeed no hydrogens, are ob-
served. This is illustrated in Fig.4 which shows the DEPT spectra of austin (7), 
a mycotoxin isolated from Aspergil/us us/us. Correlation of 'H and 13C chemical 
shifts can be achieved by two-dimensional heteroscalar correlation NMR spectra. 
Figure 5 shows how the 'H and 13C resonances for the methyl groups in terreto- 
nm 	(8), a metabolite of Aspergillus terreus, can be matched. Other pulse sequences 
such as 2D INADEQUATE permit carbon connectivity patterns to be estab-
lished. These methods have been very well reviewed (Benn and Gunther 1983) but 
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.0 0 	 EMeO Me8 

Me 
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Me  
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0 0 Me 

	

Me 	 MeC  Me OH 
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Fig.4. a Normal PND '3C NMR spectrum of austin (7) and DEPT spectra showing 
b methines only, c methylenes only, d methyls only and e quaternary carbons only 

PPM 

PPM 

Fig. 5. Two-dimensional heteroscalar correlation NM  spectrum of terretonin (8) match-
ing the 'H and '3C resonances of each methyl group 
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it should be noted that they require not only sophisticated spectrometers with 
very good data-handling facilities, but also highly skilled operators. They are far 
from being the routine methods that the literature often implies. 

4.1.5 Lanthanide-Induced Shift Studies 

These are not as useful in 13C studies as in 1 H NMR because, as for solvent and 
anisotropy effects, the actual shifts are of the same absolute value in both and so 
are relatively small in '3C NMR. However, they can be useful for separating over-
lapping resonances. In complicatic acid (9) the resonances due to C-3 and C-lO 

MeCO2No - 

* Me 	'CO2H 

(9) 

both occur at 46 ppm. However addition of Eu(fod)3  separated these resonances 
and showed that C-3 but not C-lO was enriched from [1-13C]acetate in cultures 
of Stereum complicatuni (Feline et al. 1974). 

Another important use of shift reagents is to resolve the 'H NMR spectrum 
prior to specific proton decoupling studies on the 13C NMR spectrum. 

4.1.6 Model and Derivative Studies 

Model compounds whose chemical are known can be helpful in assigning the 
spectrum of a new compound, though they must be used with care. Quaternary 
carbons always present the greatest difficulties in assignment, and studying the 
variation in chemical shifts in a series of closely related compounds may be the 
only method of reaching an assignment. The 13C NMR spectrum of tajixanthone 

Me— 

M 

ml 

(10), a prenylated xanthone, was fully assigned by a study of eleven derivatives 
prior to biosynthetic studies (Holker et al. 1974). 

4.1.7 Synthesis of Isotopically Labelled Compounds 

Synthesis of a compound enriched at a known site with '3C or 2H may be used 
for assignment. This has the effect either of enhancing the signal of the labelled 
carbon or deleting the signal from the spectrum in the case of 2 H substitution. 



Fig. 6. '3C-'5N couplins observed in the PND 
'3C NMR spectrum of 5N-enriched phomazarin 

4.1.8 Incorporation Studies 

'5N is an isotope of spin V2 and so is NMR active and will couple with '3C nuclei. 
Thus a metabolite grown in the presence of, say, K' 5NO3  may incorporate 15N 
and will exhibit '5N-'3C couplings for any carbons bonded to nitrogen. Both 
one- and two-bond couplings may be observed. This technique was used in both 
structural elucidation and spectral assignment studies (Birch and Simpson 1979) 
of phomazarin (11). The couplings observed are indicated in Fig. 6. Obviously the 
'5N may also be incorporated by chemical synthesis. 

Similarly any compound with adjacent '3C nuclei will exhibit 13C-13C cou-
plings (see Sect. 6.2.2) between these nuclei. Again, the 13C may be incorporated 
metabolically or by synthesis. 

5 Biosynthetic Methodology 

The availability of compounds enriched with '3C and other stable isotopes has 
increased rapidly and a wide range is now available at enrichments of up to 99%. 
In addition, many others may be readily synthesised by standard methods (Ott 
1980) from simple precursors such as '3CO2 , 13CH31, K'3CN, 15NH4CI, and 
H2180. 

Quite apart from the convenience of using a non-radioactive isotope, the main 
advantage of '3C NMR studies over 14C radio-labelling is the absence of the need 
for chemical degradations to establish the sites of labelling. This is particularly 
important as degradative chemistry is now little used in structure determination, 
whereas '3C NMR is routinely used for this purpose. 

A disadvantage of '3C NMR, one not shared by radio-labelling, is its insen-
sitivity. This is due mostly to the low energy of the transitions measured in NMR 
generally, but the problem is more acute in the case of 13C than for protons be-
cause of the smaller magnetogyric ratio (y)  of 13C (only 0.252 times that of pro-
ton). Sensitivity, atom for atom, is proportional to y3. In addition, the natural 
abundance of 13C is only 1.1 %. This is a mixed blessing. It means that natural 
abundance spectra are reasonably easy to obtain without the complications, of 
13C-13C coupling; however, it also requires that very efficient incorporation of 
precursors into products is achieved. For this reason, the method has found more 
limited application in plant studies, as high incorporations are difficult to achieve 
and whatever labelled precursor is incorporated tends to become diluted by large 
pools of endogenous material. 
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5.1 Precursor Incorporation (Simpson 1975) 

Before carrying out experiments with stable isotopes, it is necessary to carry out 
extensive experiments to optimise conditions for feeding of labelled substrates. It 
is routine procedure to perform these preliminary experiments with 14C-labelled 
precursors. Precursor efficiency may be assessed in several ways in biosynthetic 
experiments (Brown 1972) but for 13C studies the important criterion is dilution 
of added label. For '4C, dilution per labelled site is given by: 

specific activity of precursor 
specific activity of product 

x no. of labelled sites 

To obtain unequivocal results in 13C studies using typically 90% enriched pre-
cursors, dilutions per labelled site of ca. 100 or less are therefore required (see 
Sect. 6.1. 1). 

Three main parameters require studying: time of precursor addition, period 
of growth after addition, and amount of precursor required. Maximum incorpo-. 
ration usually occurs when precursors are added at the start of maximum metab-
olite production, e.g. the start of the idiophase in the case of microbial fermenta-
tions. This necessitates determination of cell growth and metabolite production 
curves. The period of growth after addition of precursor may be critical. If the 
turnover of exogenous precursor is rapid, then prolonged growth results merely 
in increased dilution of labelled metabolite by further metabolite production from 
unlabelled endogenous substrate. Thus it is important to note that neither maxi-
mum yield of metabolite or maximum total incorporation of label is the impor-
tant factor, the prime consideration being to obtain the minimum dilution of label 
given a sufficient  Yield ofmetabolite for the 13C NMR spectrum to be determined. 
In general, dilution decreases with increasing amounts of precursor. Thus mass 
versus incorporation studies will determine the minimum amount of labelled pre-
cursor that must be added to obtain a satisfactory enrichment. 

The amount of labelled precursor that can be used is limited both by the actual 
expense of the isotopic label and also due to the adverse effects that high levels 
of added precursor may have on the metabolism of the organism and may in fact 
change the biosynthetic pathway under study. Toxicity effects may be overcome 
by pulsed addition of precursor or by continuous slow addition over a prolonged 
period by use of e.g. peristaltic pumps. 

6 '3C Enrichment Studies 

The labelling pattern resulting from incorporation of "C-enriched precursors is 
determined by obtaining the PND 13C NMR spectrum of the labelled metabolite 
and comparing it with the spectrum of the unlabelled metabolite. A large number 
of different types of experiments are now available. 



6.1 Single 3C-Labelling 

This was the first method to be developed and remains the simplest. It is best 
understood by examining a formal model system. 

If we consider any four contiguous carbons in a polyketide derived molecule, 
normally these carbons will be derived from endogenous acetyl CoA produced by 

MeCOSCoA - -C1-C2-C3-C4- 

Me'3CO2Na - 

Ic) 13H  CON 	-1-C2-3-C4- 	
i 

Fig. 7a—c. Simulated PND '3C NMR spectra of a polyketide-derived moiety a at natural 
abundance, b enriched from [1t3C]acetate,  and c enriched from [2-13C]acetate 

200 	 150 	 100 	 50 ppm 0 

Fig. 8a—c. PND 13C NM  spectra of the diacetate of deoxyherqueirone: a at natural abun-
dance, b enriched from [l-'3C]acetate, and c enriched from [2-13C]acetate 
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the cell's normal metabolism and will contain only natural abundance 3C (1.1%) 
and so in the PND '3C NMR spectrum each carbon will give rise to one sharp 
line of more or less equal intensity, Fig. 7 a. Now, if sodium acetate, in which the 
carboxyl carbon is highly enriched (ca. 95%) with 13C, ([l-13C]acetate) is added, 
then this exogenous acetate will be diluted to a greater or lesser extent by the en-
dogenous acetate pool, but some of it will be incorporated into the metabolite and 
so those carbons, say C-2 and C-4, which were originally derived from the carbo-
xyl carbon of acetate, will contain extra 13  and this will manifest itself as an in-
crease in the appropriate signal intensities in the 13C NMR spectrum of the en-
riched metabolite, Fig. 7b. If acetate in which the methyl carbon is enriched ([2-
'3C]acetate) is now added, then enhancement of the alternate signals is obtained, 
Fig. 7c. Thus, simply by feeding 13C-labelled precursor and determining the '3C 
NMR spectrum, the signals which show enhanced intensities indicate the sites of 
enrichment provided the 13C NMR spectrum has been assigned unambiguously. 
It is important to note that this does not give us any further information than (in 
theory at least) could have been obtained by classical 14C techniques, though in 
practice it is easier and usually more comprehensive. 

An example of single labelling studies with acetate is the incorporation of[l-
13C]- and [2-' 3C]acetates into deoxyherqueinone (12), a metabolite of Penicilliuni 

MeO 
HO&O 

M02 No- Me 

*Me 	0.? M e 

(12) 

herquei (Simpson 1979). The resultant spectra are shown in Fig. 8. If high enrich-
ments are obtained, as in this case, the labelled sites are readily apparent from vi-
sual inspection of the spectrum. However, in general, enrichments are lower and 
identification of enriched sites with certainty can be more difficult, as discussed 
below. 

6.1.1 Quantitative 13C  Measurements 

In principle at least, quantitative values for the degree of enrichment by labelled 
precursors and intermediates can be determined by comparing the integrated in-
tensities of different carbon resonances in the PND 13C NMR spectrum. The per-
centage of '3C isotope above natural abundance has been defined as: 

%age enrichment 

- 1 1< (integrated intensity at labelled centre) - 	
(integrated intensity at unlabelled centre) 



In practice, however, comparing signal heights or integrals is problematic and the 
complications have been widely discussed (Abraham and Loftus 1978; Simpson 
1975). Due to the wide range of spin-lattice relaxation times (T1 's) encountered 
in '3C NMR spectroscopy and the variable effects of the nuclear Overhauser en-
hancement (NOE) induced by proton decoupling, the line intensities in a '3C 
spectrum usually show wide variation even in a natural abundance spectrum. 
Fourier transform NMR spectrometers exacerbate this problem using normal 
pulse sequences and add another one: the digitization of data often results in a 
poorly defined peak shape. The first problem can be circumvented to an extent 
by comparing unenriched and enriched resonances of carbons in a similar en-
vironment, but a better solution is to obtain natural abundance and enriched 
spectra under identical conditions, normalise both spectra to a standard which is 
known to be unlabelled, and compare the intensities of the lines in the two spectra 
directly. An alternative approach is to add a paramagnetic relaxation agent such 
as chromium Tris-acetoacetonate which suppresses the NOE and shortens the 
T1's. It may also be necessary to use "inverse gated" proton decoupling in which 
the NOE is reduced by only decoupling during acquisition. Further alleviation of 
the effects of long T1's may be achieved by the use of a long delay between 
pulses. 

The second problem, that of data handling, manifests itself in random varia-
tions in intensities in the lines of spectra obtained from the same sample under 
the same experimental parameters. These variations can be reduced by using 
more data points to define the spectrum or by acquiring the spectrum several 
times and averaging the results. As can be seen, the price to be paid in instrument 
time, in return for reliable enrichment data, is considerable, and some compro-
mise is generally required. 

6.1.2 Single '3C-Labelling Studies in Plants 

Due to the reasons discussed above, '3C-labelling studies are much more difficult 
to carry out on higher plant metabolites than on microbial metabolites. Some of 
the problems associated with precursor incorporation and transport, and dilution 
by endogenous pools of precursors and metabolites can be overcome by use of 
cell-free enzyme systems and in particular by use of tissue cultures. Obviously 
both of these require much effort to develop workable systems. However, there 
have been a number of successful applications, particularly in the alkaloid field 
and in the important area of phytoalexin metabolites. 

'4C-Labelling studies indicated that the lactam (14) was an intermediate in the 
biosynthesis of camptothecin (15) in Camptotheca acuminata. Owing to the ab- 
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sence of suitable degradations, l3  NMR was used to prove specificity of incor-
poration. Thus, [1-13C]tryptamine (13) was synthesised from K13CN and con-
verted to the [5-13C]lactam (14), 38 mg of which was wick-fed to intact plants. 
After 2 days growth, 20 mg of comptothecin was isolated which showed a ca. 55% 
enhancement of the C-5 resonance only (Hutchinson et al. 1974). 

[1-13C]Autamnaline (16) was synthesised and injected as the hydrochloride 
(300 mg) into seed capsules (1 mg per capsule) of Colchicum auzuninale. After 2 
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weeks' growth 1.24 g colchicine (17) was isolated. The resultant 13C NMR spec-
trum showed a 2.5-fold enhancement of the C-7 signal only (Battersby et al. 
1974). 

By feeding [2'-13C,14C]anatabine (18) to various Nicotania species it was es-
tablished that this alkaloid is a precursor of the fl-bipyridyl (19), the '3C label 
being detected by the enrichment observed for C-2 (10%) by '3C NMR. The pre-
cursor was fed to plants in hydroponics. However the transformation was only 
observed in plants which had been allowed to dry in the sun for several days and 
no conversion could be detected in freshly harvested plants so it is not clear 
whether it is an enzymic process or simply due to aerial oxidation (Leete et al. 
1979). 

Feeding [N -Methyl-1 3C]stylopine -methochloride (20) to Chelidonium niajus 
resulted in a 10% enrichment of the N-methyl signal of protopine (21) and a 29% 
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enrichment of the N-methyl signal of chelidonine (22). Similarly [N-methyl-
13C]protopine enriched the N-methyl signals of chelidonine (22) and sangui- 
narene (23) by Ca. 40% in each case. Other transformations are reported in this 
paper but the level of enrichments observed are probably too low to be regarded 
as certain (Takao et al. 1976). 

The isolation of a range of naphthoquinones and anthraquinones from plant 
cell cultures has allowed their biosynthesis to be studied by 13C NMR. Thus, o-
succinylbenzoic acid (24), labelled as shown in was incorporated into dunnione 
(30), -duninone (29) and 8-hydroxydunnione (31), and the anthraquinones (32) 
and (33) as shown. The location of the introduced label led to the conclusion that 
the naphthoquinones were biosynthesised via (25) and lawsone (26) which is 0-
prenylated to give (27) (Scheme 3). A Claisen-type rearrangement then leads to 
(28) which can then be converted into (29) or into (30) and (31) (Inone et al. 1982). 
The anthraquinones appear to be produced by prenylation at C-2 of (25) as 
shown. However, feeding '3C-labelled o-succinylbenzoic acid to cell cultures of 
Gallium mollugo gave lucidin primeveroside (34) labelled as shown demonstrating 
that prenylation occurs at C-3 in this case (lnoye et al. 1979). 

3,10-Dihydro-1,4-dimethylazulene (35) is an unusual product of cultured cells 
of the liverwort Calyprogeia granulata (Takeda and Katoh 1983). Biosynthetic 
studies using [213 CJacetate  have established a terpenoid origin for (35) and its co-
metabolite (36). 

6.2 '3C—' 3C Spin-Spin Coupling 

In natural abundance ' 3C NMR spectra 13C-13C spin-spin coupling is not nor-
mally observed as the probability of '3C nuclei being adjacent is equal to the 
square of the natural abundance, giving satellites of 0.55% of the intensity of the 
main signal. They can be observed by resorting to the double quantum resonance 
technique. INADEQUATE, which allow observation only of coupled signals 
(Benn and Gunther 1983), but this requires very large samples and sophisticated 
spectrometers. However, in enriched metabolites, the probability of having adja-
cent '3C nuclei is much higher and the detection of a '3C—' 3C coupling can pro-
vide conclusive evidence that two labels have been incorporated into adjacent po-
sitions in a molecule. This is normally done by using doubly labelled precursors, 
but '3C—' 3C couplings can also arise from administration of singly labelled pre-
cursors. 

6.2.1 Singly '3C-Labelled Precursors 

Molecular rearrangement of a biosynthetic intermediate may give rise to a 
13C coupling. Aspyrone (5), a metabolite of Aspergillus nielleus (Holker and 
Simpson 1981), when enriched from [2-13C]acetate shows a coupling of 61 Hz be-
tween C-2 and C-7 (Fig. 9 b). This coupling arises due to an intramolecular rear-
rangement of the precursor pentaketide chain as shown in Scheme 4. 



	

150 	 100 	 50 	 SC 

Fig. 9a—c. PND 3C NMR spectra of aspyrone (5) enriched from: a [I-' 3C]acetate, b [2-
t3C]acetate  and c [1,2- '3C,]acetate 

F
Incorporation of [1-'3C]acetate into the sesquiterpene dihydrobotrydial (38) 

in Botrytis cinerea resulted in a coupling being observed between C-7 and C-8 
(Bradshaw et al. 1977). Conversion of[2-'3C]acetate into succinate in the Krebs 
cycle results in a 13C-13C coupling between C- li and C-15 in avenaciolide (39) 
(Tanabe etal. 1973). Similar metabolic transformations give rise to '3C—'3C cou- 
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plings when [2-'3C]glycine is incorporated via serine into prodigiosin (40) (Was-
serman 1974) and [5-' 3C]-ö-aminolaevulinic acid (41) is incorporated into vita-
min B12  (43) via porphobilinogen (42) (Brown et al. 1972). However, it is impor-
tant to note that all of these were in effect fortuitous observations, resulting from 
high specific incorporation of labelled precursors rather than by experimental de-
sign. 

6.2.2 Double '3C-Labelled Precursors 

This has been one of the major developments in biosynthetic methodology and 
permits information to be obtained which would have been impossible or at best 
extremely difficult to obtain by classical radio-isotope labelling techniques. 
Again, the basic concept can be illustrated by consideration of a model polyketide 
system (Fig. 10). 

If we consider a molecule of acetate in which both carbons are entirely 13C, 
([1,2-13C2]acetate), it contains two adjacent nuclei of spin '/2 and so they will 
couple to each other. If this acetate molecule is incorporated intact into a metab-
olite, then in any individual molecule, those pairs of carbons derived from an orig-
inally intact acetate unit must necessarily both be enriched simultaneously and so 
will show a mutual 13C-13C coupling. Thus if C-I is enriched, then C-2 must also 
be enriched. In the resultant '3C NMR spectrum, the natural abundance signal 
is flanked by '3C-13C coupling satellites (Fig. lob). By analysing the coupling 
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Fig. 10a—c. Simulated PND '3C NMR spectra of a polyketide derived moiety: a at natural 
abundance, b enriched from {1.2-' 3C,}acetate and c after cleavage or rearrangement of an 
originally intact acetate unit 

patterns, information is obtained on the way in which the precursor molecules are 
assembled on the enzyme surface, and on the way the, in this case, polyketide, 
chain folds up prior to condensation and cyclisation. If at any stage in the biosyn-
thesis the bond between two carbons originally derived from an intact acetate unit 
is broken, then the "C—"C coupling is lost and these carbons then appear simply 
as enhanced singlets, as shown for C-3 and C-4 in Fig. lOc. In this way bond 
cleavage and rearrangement processes occurring during biosynthesis can be de-
tected. 

'3C—' 3C Couplings are generally between 30 and 80 Hz and increase in pro-
portion to the amount of "s" character of the atoms in the bond. Hence sp3—sp3  
bonds are typically 35 Hz; sp2 —sp3  are 45 Hz, and sp2 —sp2  are 60 Hz (Marshall 
1983). Substitution of one or both atoms by oxygen increases the size of the cou-
pling. Usually the couplings will be sufficiently different in magnitude to enable 
the pairs of coupled carbons to be matched up. In addition, if the spectrum has 
been unambiguously assigned it will be apparent which carbons are mutually 
coupled. Couplings may also be confirmed by selective homonuclear '3C—' 3C de-
coupling or by a 2D INADEQUATE spectrum (Berm and Gunther 1983). 

The contiguous double labelling technique has been used extensively. This is 
partly because it extends the permissable dilution factor to at least 2000, as small 
'3C—' 3C coupling satellites can be observed with more certainty than the corre-
sponding enrichment from a singly labelled precursor. However, its success is 
largely because of the extra information obtainable in respect of bond cleavages, 
rearrangements and symmetrical elements of intermediates. 

The 13C NMR spectrum resulting from incorporation of [1,2-'3C2}acetate 
into aspyrone (5) is shown in Fig. 9c. 13C-13C couplings of 68, 41 and 44 Hz are 
observed between C-2 and C-3, C-4 and C-5, and C-8 and C-9 respectively, indi-
cating their derivation from originally intact acetate units. C- 1, C-6 and C-7 how- 



Due to its extra sensitivity the technique has been applied to many higher 
plant metabolites. Some of these studies are discussed briefly below to indicate 
the type of information these studies can provide. 

[1,2-13C2]Acetate was incorporated into the flavone apigenin (45) and the 
flavonol (46) by cell suspension cultures of parsley, Pleroselinurn hortense, with 
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randomisation of "C—"C couplings in ring A (Light and Hahlbrock 1980). Each 
carbon shows two sets of coupling satellites due to coupling to both adjacent car-
bons. This means that a symmetrical intermediate, presumably the chalcone (44) 
in which ring A is free to rotate, is an intermediate in the biosynthesis of (45) and 
(46) as shown in Scheme 5. Detection of symmetrical intermediates by this type 
of randomisation of coupling is one of the more important applications of double 
13C-labelling experiments. In contrast, [1,21 3C2]acetate is incorporated into ring 
A of the phytoalexin pisatin (47) in Pisurn satinum without randomisation, show- 
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ing that deoxygenation of the polyketide precursor must occur before cyclisation 
and aromatisation (Scheme 6) (Stoessl and Stothers 1979). In a similar experi-
ment, the labelling pattern in a sample of the retrochalcone echinatin (49) pro-
duced when cell cultures of Glycyrrhiza echinata were fed [1,21 3C2]acetate was 
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analysed. Ring B rather than ring A was labelled and the coupling satellites in the 
t3c NMR spectrum demonstrated a specific folding of the polyketide chain and 
reductive loss of the oxygen function during the formation of the normal chalcone 
intermediate (48) as shown in Scheme 7 (Ayabe and Furuya 1982). 

Patterns of ' 3C labelling in the isoflavonoid phytoalexins phaseolin (50) and 
kevitone (51) produced by cotyledons of wounded French beans (Phaseolus vul-
garis) in the presence of [1,2-'3C2]acetate has been determined (Dewick et al. 
1982). These show that specific folding of the polyketide chain and reductive loss 
of an oxygen atom occur prior to ring closure in phaseolin (50) so that only one 
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Incorporation of[2,3-13C2]phenylalanine into psilotin (52) and psilotin epox-
ide (53) by excised shoots of Psilotum nudum and analysis of their ' 3C NMR spec- 
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tra showed that incorporation of the intact 13C2 unit had occurred consistent 
with their biosynthesis via p-coumaric acid, chain extension with malonate, 
cyclisation and glucosylation as shown in Scheme 9 (Leete et al. 1982). 

Incorporation of [1,2-13C2]acetate by carrot roots treated with ethrel into the 
phytoalexins 6-methoxymellein (54) and eugenin (55) confirmed a pentaketide or-
igin for both metabolites. The two modes of acetate incorporation (Scheme 10) 
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into the benzenoid ring of eugenin indicate that the heterocyclic ring is formed 
by ring closure onto the two equivalent hydroxyls of a symmetrical intermediate 
which is not enzyme-bound (Stoessl and Stothers 1973). 

A number of studies have been reported with terpenoid metabolites. The la-
belling pattern of paniculide (56) derived from [1,2-' 3C2]acetate in callus tissue 
cultures Andrographis paniculata demonstrates that the manner of folding of the 
farnesyl pyrophosphate in the biosynthesis of (56) must be as shown in Scheme 11 
(Overton and Picken 1976). The sesquiterpenoid stress compounds of the sole-
naceae have been extensively studied. The labelling patterns observed on incorpo- 



(56) 

ration of [1,2- '3C2]acetate into 2,3-germacrenediol (57), lubimin (58) and hydrox-
ylubimin (59), the major stress metabolites of Dataura strainonium indicate the 
pathway shown in Scheme 12 (Stoessl et al. 1976). The biosynthesis of the eudes- 
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mane sesquiterpenoid, capsidiol (60) which is formed by the sweet pepper Cap-
sicum annum when it is innoculated with spores of Moniliafruiticola has also been 
studied with [1,2-'3C2]acetate. The mode of incorporation of the acetate units 
suggests a biosynthetic pathway in which the angular methyl group has under-
gone a 1,2-shift as shown in Scheme 13 (Baker and Brooks 1976). 
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Both singly and doubly labelled precursors have been used to study triter-
penoid biosynthesis. Incorporation of [4-'3C]mevalonic acid into oleanolic acid 
(61), ursolic acid (62) and several other metabolites was achieved using tissue cul-
tures of Isodonjaponicus (Seo et al. 1975 a). The '3C NMR spectra showed enrich-
ments of carbons 13, 18, and 19 in (61) confirming operation of the sequence (63)—
(66) in formation of the oleanes (Scheme 14). The rearrangements involved in ur-
solic acid biosynthesis could not be identified unambiguously. However, incorpo-
ration of [1,2-13C2]acetate gave oleanic acid (67) and ursolic acid (68) containing 
a large number of non-adjacent '3C atoms (Seo et al. 1975 b). Although some of 
these singlets derive from C-2 of mevalonate (69), the absence of coupling be-
tween C-20/21 and C-19/29 in (68) establishes the pathway to ursane-type triter- 
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penoids (Scheme 15) and eliminates alternative skeletal rearrangements such as 
conversion of (70) to (68). Similar studies on a number of triterpenes produced 
in tissue cultures of a number of plants have been described (Seo et al. 1983). 
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The technique has also been applied to several alkaloids. [5,6-' 3C2}Nicot1njc 
acid (71) was wick-fed to intact Nicotinia tabacuni plants. A very low incorpora-
tion (0.07%) into nicotine (72) was obtained, but even this very low specific in-
corporation could be detected in the ' 3C NMR spectrum by the satellites due to 
the contiguous 13C atoms (Leete 1977). 

[4,5-' 3C2JLys1ne was incorporated into anabasine (73) by Nicotania glauca. 
The 13C labels were incorporated into C-4' and C-5' only (Leete 1982). In con-
trast, [2,3-13C2]ornithjne was incorporated into both C-2'/3' and C-4'/5' of nico-
tine (72) to indicate the involvement of a symmetrical intermediate, presumably 
putrescine (74) (Leete and Yu 1980). Incorporation of {2,3-13C2}putrescine into 
retronecine (75) by seedlings of Senecio isatideus and observation of coupling sat-
ellites on C- 112 and C-6/7 established the symmetrical labelling of the two halves 
of the pyrrolizidine alkaloids (Khan and Robins 1981). 

Incorporation of [4,5-13C2]lysine into vertine (76) by Heima salicifolia and 
analysis of the resultant ' 3C NMR spectrum showed that C-8 was coupled to 
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both C-7 and C-9. It follows that (76) is biosynthesised from lysine via a symmet-
rical intermediate, i.e. cadaverine (77) as shown in Scheme 16 (Hedges et al. 
1983). 
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Incorporation of [1,2-'3C2]acetate into the acridone alkaloid, rutacridone 
(79) using a cell suspension culture of Ruta graveolens shows that ring C is derived 
from three intact acetate units (Scheme 17). The scrambling of labelling however, 
shows that a symmetrical intermediate e.g. (78) must be involved in the pathway 
(Zschunke 1982). 
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6.2.3 Non-Contiguous Double '3C-Labelling 

All the above examples in Section 6.2.2 have involved precursors in which there 
is a one-bond coupling between '3C labels in both precursors and final metabo-
lites. Other studies yielding valuable biosynthetic information have involved pre-
cursors with contiguous labels which become non-contiguous in the metabolite, 
non-contiguous labels which become contiguous, or even non-contiguous labels 
which remain non-contiguous but detectable during biosynthesis. 

6.2.3.1 Two-Bond ' 3C-13C Couplings from 
Contiguous ' 3C2-Labelled Precursors 

When two 13C-labelled atoms are in a two-bonded relationship to each other, 
they may or may not display a mutual '3C—'3C coupling. These couplings, when 
observed, are much smaller than one-bond couplings and typically range from I 
to 15 Hz (Marshall 1983). However, with careful spectral determination they can 
be observed. 

In the study of aspyrone (5) discussed above, the rearrangement proposed in 
Scheme 4 involves cleavage of an intact acetate unit during an intramolecular re-
arrangement. Thus C-1 and C-7 which are in a 2-bonded relationship in aspyrone 
arise from the same acetate unit. This was confirmed by redetermination of the 
spectrum of [1,2-13 

 C2]acetate-enriched  aspyrone under conditions of higher res-
olution, whereupon a mutual 13C-13C coupling of 6.2 Hz was observed between 
C-1 and C-7, Fig. 9c. Similar 2-bond couplings arising from intramolecular rear-
rangements involving pairs of carbons derived from the same acetate unit have 
also been observed for vulgamycin (80) and the tetrahydrofuran (81) (Seto et al. 
1975; Seto et al. 1979). 
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6.2.3.2 One-Bond ' 3C-13C Couplings 
from Non-Contiguous ' 3C2-Labelled Precursors 

This is an especially valuable method for elucidating the direction of intramolec-
ular rearrangements and also for establishing the intact incorporation of precur-
sors. It is in essence the reversal of the process described in Section 6.2.3.1 and 
is best illustrated by examples. 

Tropic acid (82) as found in scopolamine (83) is formed from phenylalanine 
with the side-chain rearrangement involving an intramolecular 1,2-shift of the 
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carboxy-group. This was established by synthesis of [l,3-' 3C2]phenylalanine and 
its incorporation into (82) and (83) in Datura inoxia (Leete 1975). In the 13C 
NMR of the resultant alkaloids, a 13C-13C coupling of 38 Hz was observed be-
tween C-2' and C-3' to prove that the rearrangement is an intramolecular and not 
intermolecular process (Scheme 18). Similar studies have been carried out on ten-
ellin (84), an insecticidal metabolite of Beauveria bassiana. On incorporation of 
[1,3-13C2]phenylalanine, the labelled tenellin (84) showed a 13C-13C coupling of 
45 Hz between C-S and C-6, indicating that these two carbons have migrated to-
gether from C-1 and C-3 of phenylalanine during biosynthesis (Leete et al. 
1975). 

In a study of cholesterol (87) biosynthesis [4,6-' 3C2]mevalonic acid was fed 
to a cell-free enzyme preparation from rat liver, C-13 and C-18 showed a 13C—' 3C 
coupling of 35 Hz, proving that they were derived from the same mevalonate unit 
of squalene (85) and confirming that C-18 becomes bonded to C-13 by a 1,2- 

HO 

(86) 

13 

HO 

Scheme 19 

(87) 

methyl migration from C- 14 of the initial cyclisation product (86) rather than by 
a 1,3 migration from C-8, as indicated in Scheme 19 (Popjak et al. 1977). 

One of the first and most elegant examples of this approach was in Battersby's 
study of uroporphyrinogen III (89) biosynthesis. [2,11 - '3C2]porphobilinogen 
(88) was synthesised and showed a long-range coupling of 4 Hz. This was incor- 
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porated into (89) using a cell-free enzyme system from avian blood. Analysis of 
the resultant 13C NMR spectrum showed three doublets each of 5 Hz splitting 
corresponding to the a, /3 and 6 carbons, and one doublet of 72 Hz for the y car-
bon, indicating that PBG unit D must undergo an intramolecular rearrangement 
with respect to itself during biosynthesis (Battersby et al. 1973). 

6.2.3.3 Two-Bond Couplings from Non-Contiguous 13C2-Labelled Precursors 

The value of this method lies in its ability to display intact incorporation of com-
plex biosynthetic intermediates. A powerful illustration of the method is the dem-
onstrated intact incorporation of homospermidine into the alkaloid retronecine. 
[119-13C2]Homospermidine (90) was synthesised and fed to Senecio isatideus. The 
13C NMR spectrum of the derived retronecine (91) showed doublets for C-8 and 
C-9 that were superimposed on the natural abundance singlets (Rana and Robins 
1983). 

The long-range couplings observed for uroporphyrinogen III (see 
Sect. 6.2.3.2), of course, also demonstrates the intact incorporation of PBG units 
A, B and C. 

7 13C, '5N Doubly Labelled Precursors 

As discussed above, 15N has spin '/2 and so will couple to ' 3C. Thus, observation 
of a 13C— 15N coupling on incorporation of a precursor doubly labelled with 13C— 

can be used to establish intact incorporation of precursor or to probe 
whether the integrity of a particular carbon-nitrogen bond is maintained during 
a biosynthetic sequence. 13C-15N Couplings are in general smaller and less pre-
dictable than 13C 1 3C couplings, and in certain cases they may not be observable 
at all, so results must be interpreted with caution (Levy and Lichter 1979). 

As with doubly '3C-labelled precursors we can use precursors in which the 
13ç and 15N are already in a one-bonded relationship or we can use precursors 
labelled so that the 13C and '5N become bonded during biosynthesis. An elegant 
series of experiments encompassing both approaches was carried out during stud-
ies on the biosynthesis of the antibiotic streptothricin F (92). As shown in 
Scheme 20 a series of arginines specifically labelled with 13C and 15N were syn-
thesised and fed to Streptomvces L-1689-23. The streptothricin F isolated in each 
case was analysed by 13C NMR and the 13C-15N couplings indicated by heavy 
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lines in Scheme 20 were observed (Martinkus et al. 1983). A particularly elegant 
application to penicillin biosynthesis has been reported (Baxter et at. 1985). 5-(06-

L-Aminoadipoyl)-L-[3-'3C]cysteinyl-L-[' 5N]valine (93), the Arnstein tripeptide, 
was efficiently incorporated into isopenicillin N (94) by a cell-free enzyme system 
prepared from cells of Cephalosporium acremonium. The 13C NMR spectrum 
showed a 13C-15N coupling of 4.4 Hz for the enriched C-5 resonance of (94). 
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The technique has also been applied in a number of higher plant alkaloids. [1-
'3C,methy1amino-15NN-methy1 putrescine has been incorporated into scopol-
amine (95) and nicotine (96). In both cases C-5' show "C—"N coupling satellites 
due to the intact incorporation of the contiguous '3C and '5N atoms as shown 
(Leete and McDonnell 1981). [1_I 3C, 1- t5N]Putrescine has been incorporated into 
retronecine (98). The resultant 13C NMR spectrum had enhanced 13C signals due 
to C-3, C-5, C-8 and C-9. In addition both C-3 and C-S showed 13C—' 5N coupling 
satellites (4.1 and 3.8 Hz respectively), indicating the intermediacy of a symmet- 
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real intermediate (97) in the biosynthesis of retronecine (Scheme 21) (Khan and 
Robins 1981). 

Similar results have been reported for the quinolizidine alkaloids. [4,5- 
13C2]Lysine was incorporated into lupinine (100) in Lupinus luteus plants with the 
labelling pattern shown in Scheme 22, indicating that a symmetrical intermediate, 
i.e. cadaverine (99) is involved in the biosynthesis of lupinine (Rana and Robins 
1984). In further studies [I-15N,l-13C]cadaverine was incorporated into both lu-
pinine (100) and sparteine (102). In the spectrum of the enriched lupinine, a 13C— 
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'5N coupling was observed between C-6 and N-5, but not between C-4 and N-5, 
so that a symmetrical intermediate, e.g. (101), such as is found in the biosynthesis 
of the pyrrolizidine alkaloids, can be excluded (Golebiewski and Spenser 1983; 
Rana and Robins 1984). Examination of the '3C NMR spectrum of sparteine 
(102) enriched from [1-13C,l-15N}cadaverjne gave results which were similar to 
those obtained for lupinine. For sparteine, three separate molecules of cadaverine 
are used and intact incorporation of ' 3C-15N was observed for C-2— N-I, and 
C-IS - N-16 only. Carbons, 6, 10, 11 and 17 appeared as enriched singlets in the 
'3C NMR spectrum (Rana and Robins 1984; Rana and Robins 1983). 

8 Isotope-Induced Shifts in '3C NMR 

In studying the nature of the intermediates on a biosynthetic pathway and in par-
ticular elucidating the detailed mechanisms of their interconversions, it is essential 
to determine the biosynthetic origins and fate of the hydrogen and oxygen atoms. 
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Hydrogen and oxygen can be monitored directly by NMR by using the NMR ac-
tive isotopes 2 H, 3H or 'O (Garson and Staunton 1979; Sankawa et al. 1983). 
However all of these have distinct disadvantages and a great advance in biosyn-
thetic studies has been made by the use of '3C as a "reporter nucleus" in labelling 
studies. The presence of 2H alpha or beta to a '3C atom can be deduced from the 
appearance in the PND '3C NMR spectrum of 13C-2H coupling and/or an iso-
tope-induced shift. Similarly, the presence of 'o alpha to a '3C atom can be de-
tected by an isotope-induced shift in the '3C NMR spectrum. Before discussing 
specific applications of these methods, some general points on the effect should 
be noted (Batiz-Hernandez and Benheim 1967). 

Substitution by a heavy isotope shortens the average length of the bond hold-
ing the isotope, and, less so, the remaining bonds of the molecule. This almost 
always shifts the NMR signal of neighbouring nuclei to high field, although 
the magnitude of the shift is inversely dependent on the remoteness of the sub-
stitution. 
The shift is largest where the fractional change in mass is largest and is also 
roughly proportional to the number of atoms substituted. 
The magnitude of the shift decreases with an increase in "s" character of the 
bond holding the isotope and depends also on the resonant nucleus, correlat-
ing with the range of chemical shifts observed for that nucleus. 

8.1 The Deuterium Alpha-Shift Technique (Garson and Staunton 1979) 

In this technique, the deuterium label is directly attached to the '3C nucleus in 
the precursor molecule. The PND '3C NMR spectrum of the enriched metabolite 
shows, for carbon atoms which have retained deuterium label, a series of reso-
nances upheld of the normal singlet. The presence of each deuterium shifts the 
centre of the carbon resonance by 0.3-0.6 ppm to low frequency and spin-spin 

C. co, CO 2,CD3 

- 	H11 	 1 Ppm. 
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CO 	 CD2 	 CO 3  

Fig. 11. Expected appearance of the PND '3C NMR spectra of carbons bearing zero, one, 
two or three deuterium atoms (alpha-shifted) 



coupling (1JCD)  gives rise to a characteristic multiplet pattern; hence CD appears 
as a triplet centred 0.3-0.6 ppm upfield of the normal singlet, CD, gives a quintet 
centred 0.6-1.2 ppm upfield and CD3  gives a septet (Fig. 11). Shifted signals aris-
ing from carbons which bear no protium suffer reduced signal-to-noise ratio 
caused by poor relaxation and lack of NOE enhancement, a disadvantage of the 
method which is compounded by the multiplicities due to coupling. Deuterium 
decoupling can assist in this by removing the 13C-2H coupling. However, in-
formation not obtainable by direct 2H NMR spectroscopy, such as the distribu-
tion of label as CH2D, CHD2  and CD3  and the integrity of carbon-hydrogen 
bonds during biosynthesis, may be gained. 

One of the first applications of this technique was to terrein (103), a cyclo-
pentenone metabolite of Aspergillus terreus. In the PND decoupled C NMR of 
terrein (103) enriched from [2-13C,2H3]acetate, the signals for isotopically shifted 
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H0, 2 14 / 1 6  
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(104) 

resonances were not clearly observed. However, on redetermining the spectrum 
with deuterium decoupling, a signal at 17.95 ppm, 0.8 ppm upfield of the normal 
C-1 signal was observed indicating the presence of molecules triply labelled with 
deuterium at C- 1. In addition a weak doublet signal (J= 123 Hz) centred at 
18.2 ppm indicated the presence of molecules labelled as CHD2. The detection of 
molecules labelled with three deuteriums at C-I confirmed that the methyl is de-
rived intact from the methyl of the acetate "starter" unit of the precursor polyke-
tide chain (Garson et al. 1977). 

The method has been used most successfully when the 13C NMR spectrum 
of the enriched metabolite can be determined with simultaneous proton and deu-
terium decoupling (Hutchinson et al. 1981). Thus on incorporation of [2- 

C,H3]acetate into brefeldin A (104) by cultures of Penicillium brefeldianum, the 
resultant proton and deuterium decoupled ' 3C NMR spectrum showed isotopi-
cally shifted signals indicating incorporation of up to three deuteriums on C-16, 
two on C-14 and one on carbons 2, 4, 6, 8, and 10 (Fig. 12). 

More recently, a pulse sequence has been described which allows the selective 
observation of deuterated 13C signals by selective suppression of signals from 
protonated carbons (Doddrell et al. 1983). This makes the technique more sensi-
tive, but like the simultaneous proton and deuterium decoupling method requires 
instrumentation and exnertise which are not widely available-  
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Fig. 12. 'H, 2 H-noise decoupled ' 3C NMR spectrum of brefeldin A enriched from [2' 3C, 
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into the fungal triprenyiphenol ascochlorin (105). In the PND '3C NMR spec-
trum the signal for C-9 was enhanced relative to natural abundance and showed 
two lines, one for molecules with ' 3C at C-9 and 2 H at C-10 (a fl-isotope shift, 
see Sect. 8.2) and the other, more intense peak for molecules with 'H at C- 10. Nei-
ther C-I nor C-5, which are also derived from C-3 of mevalonate, appeared to 
be significantly enriched relative to natural abundance, consistent with sup-
pression of these signals by attached deuterium. However, two lines of a triplet 
(J = 24 Hz) centred at 40.65 ppm, were detected upfield of the normal signal for 
C-5 but no deuterated signal was visible for C-l. Thus the biosynthetic sequence 
shown in Scheme 22 is indicated (Tanabe and Susuki 1974). 
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Fig. 13. Expected appearance of the PND '3C NMR spectra of carbons two bonds removed 
from zero, one, two, or three deuterium atoms (beta-shifted) 

8.2 The Deuterium Beta-Shift Technique (Abell and Staunton 198 1) 

Many of the problems associated with directly attached deuterium are avoided 
by placing the deuterium label two bonds away from the 13C reporter nucleus. 
The isotope shift, although reduced, is still observable, and as /3-hydrogens only 
contribute markedly to the relaxation of non-protonated 13C nuclei, the shifted 
signals otherwise retain any NOE effect also experienced by the unshifted signals 
on proton decoupling. As geminal carbon-proton coupling constants are gener-
ally small anyway (Marshall 1983), and carbon-deuteron couplings are over six 
times smaller again, the shifted signals are effectively singlets (Fig. 13), even with-
out deuterium decoupling, and this gives a further increase in the signal to noise 
ratio compared with the corresponding a-shift experiment. 

The method was first applied to biosynthesis in a study of 6-methylsalicylic 
acid (106). [1-' 3C,2H3}acetate was fed to cultures of Penicilliurngriseofulvuin. The 
PND '3C NMR spectrum of the methyl ester of the resulting 6-MSA showed 
shifted signals for C-2, C-4, and C-6, corresponding to the presence of deuterium 
label at positions 3, 5, and 7 respectively. Thus the integrity of an acetate unit 
(heavy lines) can be established in certain cases without recourse to a double 13C-
labelled experiment (Abell and Staunton 1981). In a similar study on the aflatoxin 
intermediate averufin (107), the regiospecificity of incorporation of 2H from [I-
13C,2H3]acetate into (107) by cultures of Aspergillus loxicarius was determined 
using the fl-2H isotope shifts observed in the PND 13C NMR spectrum which is 
shown in Fig. 14. This shows isotopically shifted signals for C-5' (the reporter nu-
cleus) indicative of the incorporation of 1-3 deuteriums on C-6', and for C-I', 

C-6, and C-8 consistent with the incorporation of one deuterium on C-2', 
C-S. and C-7 respectively (Simpson et al. 1982). 

Unlike the i-shifts, the a-shifts show a marked dependence on both stereo-
chemistry of the deuterium label and the functionality of the '3C reporter nucleus. 
Carbonyl resonances may show irresolvable or even downfield shifts. However 
fl-shifts do appear to be additive (Simpson and Stenzel 1982). 
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Fig. 14. 90.6 MHz PND '3C NMR spectrum of averufin (107) enriched from [1-' 3C, 
2H3jacetate 

In the only application to date to a higher plant metabolite, the postulated mi-
gration of hydrogen from C-5 to C-4 in the biosynthesis of the potato phyto-
alexins lubimin (108), 3-hydroxylubimin (109), and rishitin (110) has been con-
firmed by the incorporation of[2-' 3C,2 H3]acetate and direct observation of the 
expected fl-shift of the ' 3C NMR signal of C-5 due to deuterium label at C-4 
(Stoessl and Stothers 1983). 
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8.3 180 Isotope Induced Shifts in '3C NMR 

Until recently, the biosynthetic origin or fate of oxygen was determined al-
most exclusively by mass spectrometry, and locating the position of a label, pres-
ent perhaps in only low concentrations, was difficult. It was known that the 
heaviest oxygen isotope, 180 (natural abundance - 0.204%) was capable of in-
ducing resolvable isotope shifts in the NMR spectra of certain other elements and 
this had been exploited in biological studies, e.g. the mechanisms and kinetics of 
enzymatic phosphoryl group transfer had been investigated via the 80 isotope 
shift in the 31P NMR spectrum (Lowe and Sproat 1978). The detection (Risley 
and Van Etten 1979) of such an isotope shift in the '3C spectrum provided a more 
general technique for biosynthetic research, first employed in a study of averufin 
(111). Aspergillus parasilicus, when grown under an atmosphere containing 180 
gas, produced averufin. the 13C NMR spectrum of which showed an isotopically 
shifted resonance for C-10 only. In an experiment feeding with [l-13C,' 802]ace-
tate, carbons 1, 3, 6, 8, 9, and 1' all showed prominent shifted signals (Vederas 
and Nakashima 1980). Thus, at the incorporation levels typically achieved with 
early precursors, carbon-oxygen bonds which have been preserved intact 
throughout the course of biosynthesis can be distinguished from those which have 
arisen between precursor units. 

Application of the 180 shift technique has been rapid and the method and its 
applications have been the subject of a review (Vederas 1982). The shifts show a 
marked dependence on structure, which could be of use in 13C spectral assign-
ments, but they are not generally much larger than 0.05 ppm. These are very small 
effects and are the same general magnitude as fl-2H isotope shifts. They are only 
readily observed with high field spectrometers which can determine '3C NMR 
spectra at ca. 100 MHz. 

Although no applications to higher plant metabolites have been reported as 
yet, the method will certainly find use. One of the more interesting studies reports 
the incorporation of [1-' 3C, 1,1,41 803]-5-amino-laevujjnic acid (112) into bac- 
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Fig. LSa,b. Partial PND '3C NMR spectra of: a bacteriochlorophyll a (114) and b O-ami-
nolaevulinic acid (112) illustrating the isotopic distribution at C-17 and C-i respectively 

teriochlorophyll a (114) by cultures of Rhodopseudomonas spheroides. In the resul-
tant '3C NMR spectrum the signal due to C-17 shows isotopically shifted signals 
as indicated in Fig. 15, with shifts of 0.014, 0.037 and mainly 0.051 ppm to prove 
that both the carbonyl and ether oxygens of the phytyl ester linkage are derived 
from (112). This indicates that phytylation occurs by nucleophilic attack of the 
C-17 carboxy group of bacteriochlorophyllide a (113) on the phytyl pyrophos-
phate to yield (114) with retention of both C- 17 oxygen atoms (Emery and Akhtar 
1985). 

9 Conclusion 

The development of '3C NMR and associated stable isotope labelling techniques 
has provided a major stimulus to biosynthetic and metabolic studies. Not only 
does '3C labelling provide information on the origins of the carbon skeletons of 
metabolites but in association with 2H, 15N and 18  it also indicates the origins 
of hydrogen, nitrogen and oxygen atoms and so provides an invaluable insight 
into the nature of the intermediates on biosynthetic pathways and the detailed 
mechanisms of their interconversions. It can be safely anticipated that the number 
of applications of these techniques will grow rapidly in the next few years. 
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ABSTRACT 

3c, 2H and 180-labelling studies on the polyketide-derived fungal 
metabolites, colletodiol, aapyrone and averufin are described. From these 
results conclusions are drawn regarding the nature of the intermediate, 
involved in polyketide chain assembly processes. 

INTRODUCTION 

Mycotoxina are products of fungal secondary metabolism and as the poly-

ketide pathway is probably the major pathway of secondary metabolism in fungi, 

it I. involved in the biosynthesis of many mycotoxjna.i Polyketide meta-

bolites can be divided into aromatic and non-aromatic metabolites. Patulin, 

ochratoxin A, afistoxins and zearalenone being representatives of the former 

class; and diploporin and citreoviridin of the latter. Note that patulin, 

though non-aromatic Itself should be classified as such due to its bio-

synthesis via 6-nethylaalicylic acid. Despite such effort over the last 30 

year. since the recognition of the pathway,2  little Is known of the exact 

nature of the intermediates involved in the !..Ejy stages of polyketide chain 

assembly. At its simplest, it is thought that poly--ketide intermediates (1) 

are built up by a cyclic process (scheme 1) analogous to fatty acid bio- - 

synthesis3  but omitting the reduction-elimination-reduction sequence 

responsible for the loss of acetate oxygen. However these intermediates have 

not been observed in the free State and they remain enzyme-bound while 

modification, such as cyclisation, slkylatfon and reduction occur and 

metabolites are released from the enzyme surface. Further, sometimes drastic, 

modifications may occur after release from the chain-assembly enzymes and many 

of these secondary modification processes have been well studied, e.e. in the 

flstoxins where many of the intermediates have been characterised and an 

increasing amount is being elucidated on their mechanisms of intercon-

version.13  

However what I would like to describe in this talk are studies aimed at 

trying to obtain some information on the nature of the intermediates involved 

in the chain assembly process and the events occurring before the initial 
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release of metabolite, from the enzyme surface. The inherently unstable 

polyketjde intermediates, where in fact they exist, must be stabilised on the 

enzyme surface and it has been suggested that this could be achieved by 

hydration of the carbonyl groups; formation of polyenolic systems which could 

cheist. to metal ions, or to specific amino acids on the enzyme. However most 

metabolites show varying degrees of reduction and deoxygenation and an 

increasing body of evidence suggests that this occurs by processes analogous 

to fatty acid biosynthesis before the initial release from the chain-assembly 

enzymes. Thus path (a) in Scheme I would simply produce poly-8-kecjde but by 

invoking pathways (b), (c) and (d) intermediates with varying degrees of 

reduction may be formed. 

There has been little progress in enzymatic or other direct methods of 

	

observing these early intermediates. 	However, with recent developments in 

n.m.r. based methods4: 2H and 180 isotope induced shift, in 13C n.c.r., and 
2H n.c.r., which facilitate determination of the biosynthetic origins of 

hydrogen and oxygen, we are now in a position to be able to obtain 

significant indirect evidence for the nature of the intermediates involved in 

the early stages of polyketide chain assembly processes. Recent work has shown 

that both eslonste derived hydrogens are retained from the first calonate unit 

to be added to the acetyl C0A Starter unit during the biosynthesis of aellein 

(2) and brefeldin A (3)6, and we have shown that both hydrogens are retained 

from the second malonate unit added during the biosynthesis of Lonocerin (4)7•  

These results imply that polyketide chains are being reduced and deoxygenated 

as chain assembly proceeds and not after it is complete. From the results of 
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2 j and 180  labelling studies we can deduce that in monoc.rin biosynthesis the 

precursor is probably assembled in a stepwise manner as shown in scheme 2, so 

that the actual enzyme-bound species is (5) and not the more classically 

accepted beptaketide (1, n 5). 
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Scheme 2. Proposed assembly of Monocerin biosynthetic precursors 

We are now trying to expand on these observations by, for example, studying 

metabolites whose structures bear a close resemblance to likely enzyme bound 

precursors. The fundamental questions we seek to answer are:- 

Is the polyketide chain assembled in its entirety on the enzyme surface and 

then modified? OR 

Do the modifications occur during chain assembly? OR 

Do they occur both during and after assembly? 

What is the stereochemistry of the reduction and deoxygenation processes? 

To answer these questions we must also necessarily ask 

What is the timing and mechanism of other modifications such as intro-

duction of oxygen functionality? 

COLLETODIOL/GRABAMIMYCIN A 

Colletodiol (6) and colietoketol (7) are macrocyclic dilactonic metabolites 

originally isolated from the plant pathogen, Colletotrichum cspaici.8  More 

recently grshawimycin A was isolated as a broad spectrum antibiotic from a 

Cytospora sp. and was subsequently shown to be identical to colletoketol.9  
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Incorporation studies with singly 13C-labelled acetates have confirmed the 

acetate-origin of colletodiol in C. capsici.10  These metabolites can be seen 

to be derived by combination of C6 (triketide) and C8 (tetraketide) moieties. 

A priori, one can postulate a number of triketide-derived moieties with 

differing oxidation levels as the actual enzyme-bound precursor for the C6 

moiety in colletodiol. Some of these are shown in scheme 3 along with a 

number of possible tetraketide-derived C8 precursors. Depending on the nature 

of the actual intermediates a number of mechanisms can be proposed for the 

- 

	

	formation of the lactone functions. These are summarised in scheme 4 which 

also indicates the predicted origins of the associated oxygen and hydrogen 

stows. Similarly a number of different mechanisms can be proposed for the 

formation of the 1,2-dial and a-ketol systems found in colletodiol and 

colletoketol respectively. These are shown in scheme 5 and again they may be 

differentiated by appropriate 180 and 2E labelling experiments. 
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.for. carrying Out libelling studies it was necessary to rigorously assign 

the 13c n.c.r. spectrum of colistodiol. The 11t n.c.r. spectrum has been fully 
assigned by decoupling and difference nO. experiments. All the signals except 

those assigned to the 3 and 3' olefinic hydrogens and the methyl hydrogens are 

well resolved. From this, s two dimensional carbon-proton correlation 

experiment (Figure 1) enabled carbons 2,4,5,6,7,2',4' and 5' to be assigned. 

The remaining carbons were assigned by analysis of long-range couplings in the 

fully 111-coupled 13C  spectrum. For example, irradiation of H-5' removed a 

three-bond coupling through oxygen to C-] (Figure 2). Interestingly C-3' 

showed couplings to 11-2, $-4u, 11-48 and 11-5'. The C-8 methyl could be 

assigned by its coupling inter she to 11-7. 
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Fig 2. Some Ions range ImIk couplings observed on the 'H-coupled UC nmr spectrum of Cotletod 

In our hands .Cytospora sp. has produced cohletodiol as the major metabolite 

and only smaller amounts of grahamimycin A. Fermentations were carried out in 

the presence of {1-13C.2H31- and I1-13c.18021 acetates and under an 

atmosphere of 1802. The 211  and 180 isotope shifts observed in the p.n.d. 13C 

n.c.r. spectra of the colletodiol isolated in each case are shown in Figures 3 

and 4. No 211 isotope shifts could be observed at C-i or C-I' in the 13C 

spectrum of the 11-13C,2 H31 acetate-enriched cohletodiol, but the presence of 

H label at C-2 and C-V was shown by 211 n.m.r. analysis as indicated in 

Figure 5, which also shows the spectrum of universally 211-enriched coll.todioi 

for comparison. The labelling pattern is summarised in Scheme 6. 

The retention of acetate derived oxygens on both the carbonyl and ether 

carbons of the lactone functions indicate that the ring closure must proceed 

by path (a) in Scheme 4 and so the enzyme bound intermediates must retain the 

oxygen of the acetate starter units as hydroxyl functions with the R absolute 

stereochemietryil. 
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If we now consider the formation of the diol system, the results indicate 

that the 5-hydroxyl function is derived from the atmosphere i.e. vie an 

oxidative process, whereas the 4-hydroxyl must be derived from the .odium. 

The absolute configuration at both these centres is K31. A mechanism 

consistent with the observed labelling and stereochemistry is shown in Scheme 

7. Epoxidation of a !-olefin from the i-face is followed by hydrolytic ring 

opening by attack of water from the a-face at C-5. 
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Scheme 6 2H and a0 labelling 	 Scheme 7 Stereochemistry of epoxide 
pattern observed in ColletOdiol 	 formation and hydrolysis 

On the basis of these results we can therefore propose the thioeaters (8) 

and (9) as the likely enzyme-bound precursors for colletodiol. These could be 

built up by the sequence shown in Scheme 8 where the diol (10) is proposed as 

a common intermediate, trans-elimination of water giving rise to the C6 

precursor directly, whereas cis elimination followed by addition of further C2 

unit produces the C8 precursor. The relative timing of the diol formation 

step is not known but it may occur after lactonisatiori and release from the 

enzyme surface. 
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ASPYiDNE 

This provides a further example of how 211 and 180  labelling studies provide 

rather compelling evidence on the nature of the enzyme-bound intermediates in 

polyketide biosynthesis. Aspyrone (11) and asperlactone (12) are closely 

related metabolites of Aspergillus melleus. Their biosynthesis has been the 

subject of study by a number of groups12  and mainly on the basis of 

incorporation of doubly-labelled acetate a pathway was proposed vie de-

carboxylation and Favorski-type rearrangement of a linear pentaketide inter-

mediate as shown in Scheme 9. In support of this a 2-bond 13C-13C coupling 

was observed between C-2 and C-8 in aspyrone. The relative stereochemistry at 

C-5 and C-6 suggested that the lactone rings could be formed via alternative 

openings of an epoxide ring by the carboxyl group generated as a result of the 

Favorski rearrangement. To obtain evidence for this. I1-13C,18021acetate and 

1802 were incorporated into aspyrone. To our surprise there was no 
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Scheme 9 Fcjvorski rearrangement route to Aspyrone and AsperoCtOfle 

Incorporation of 160 label in the acetate experiment, despite high 13C 

incorporation being achieved. This suggested involvement of intermediates in 

which all acetate-derived oxygen had been lost. On incorporation of 1802 the 

isotope shifts shown in Figure 6 were observed. C-2 shows two isotopically 

shifted signals and C-6 shows one. within experimental error, the intensities 

of these signals are essentially equal to one another, but half those observed 

at C-S. C-8 and C-9. The most reasonable interpretation is that one 180 atom 

has been incorporated equally into both the carbonyl and ether oxygens of the 

lactone moiety. Thus three of the oxygen atoms in aspyrone appear to be 

derived from the atmosphere and so the remaining oxygen or, C-2 must be derived 

from the medium. 
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To account for these results the pathway shown in Scheme 10 is proposed. 

The enzyme-bound precursor produced by the polyketide synthetase would be the 

trienone (13). flecarboxylation, followed by epoxidation and rearrangement 

would generate the aldehyde (14). This could then be converted to the key 

epoxy-carboxylicacid intermediate (15), required for ring closure to aspyrona 

and asperlactone, by further epoxidation and NAD mediated oxidation of the 

aldehyde as indicated. 
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AVERUFI N 

The studies described above provide strong indirect evidence for the nature 

of the enzyme-bound intermediates being produced by the polyketide 

synthesising enzymes in different organises. They also enable us to predict 

with a reasonable degree of accuracy the sequence of events in their 

formation. Obviously we now wish to test this by synthesising these inter-

mediates and studying their incorporation to obtain direct evidence for the 

assembly processes. To date there has been virtually no success in experiments 

of this type. This is probably related to the fact that people have been 

in anral to whole cells. I suspect that we 



r 	 shall have to use cell-fr.e enzyme preparations to achieve real eucce.s in 

this area. However some recent r.aults suggest that some success .ay be 

achieved with whole cells. In a very significant result'3, To.dfld reported 

the intact and specific incorporation of 13C-labelled hexanoic acid into 

averufin and on the basis of this suggested that averufin and therefore the 

eflatoxins were not decaketides as previously accepted but rather were really 

oc take tide-derived metabolites being formed from a hexanoste starter unit and 

7 aslonates as shown in Scheme 11. To test this further we have examined the 

0000 
P4eCOSC0A 	U 
9 Mcitonote 	 00 	 0 

Decoketide" 	 OH 0 OH 

M
e "0 

11:IIOH 
0 

0 	 0000 

pje''ASCoA 

7 Motonote 

	Averutrn 

-~=O 

"Octoketide' 
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incorporation of 13C-labell.d aslonate to look for a hexanoate starter effect. 

The results are summarised in Scheme 12. What we observe is a clear acetate 

starter effect. 
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Thus it appears that averufin is a decakstid.. Presumably ac.tate is chain 

extended by two •slonatea and the full reduction-.li.inationreduction 

sequence is used to produce .nry.e-bound hexanoate. Assembly than proceeds by 

addition of a further 7 aalonato unit with no further reduction to give the 

requisite precursor for direct cyclisation and aro.ati.ation to produce 

norsolorinic acid and subsequently averufin. The interacting and significant 

observation therefore is that exogenous hexanoats can equilibrate with the 

endogenous enzyme-bound intermediate and so be incorporated. This holds out 

the hope that if one can feed intermediates with the correct oxidation level 

under the right conditions then success can be achieved in the direct study of 

these polyketide chain assembly processes. 
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