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ABSTRACT 

The biosynthesis of fungal metabolites from 

acetate is discussed for those cases in which 

radioactively labelled acetate has been fed to the 

organism and degradation studies pursued. 	The 

previous chemistry of glauconic acid is discussed. 

Structural studies on isoglauconic acid acetate are 

described. 	Sodium-1 14  C- and 2- 14C acetate have 

been fed to Penicillium purpurogenum and the radio-

active glauconic acids systematically degraded and 

the activity of 15 of the 18 carbon atoms of 

glauconic acid determined accurately (1 singly, 14 

as pairs). 	The experimental data are consistent 

with the following suggestions regarding the 

biosynthesis of glauconic acid: 

(1) The molecule is made from two 9-carbon units. 

(2) Each 9-carbon unit is further made up of a 

6-carbon unit and a 3-carbon unit. 

(3) The 6-carbon unit is made by the head-to-tail 

linkage of three acetate units. 

(4) The 3-carbon unit appears to be derived via 
the tricarboxylic acid cycle. 

(5) One of the carbons of the 3-carbon unit is 

subject to labelling by carbon dioxide. 

2. 
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5. 
PART I 	HEORET icALSECT ION 

Although the field of fungal metabolites has long 

held a fascination for the organic chemist, it required 

the advent of isotopic tracer techniques to enable him 

to study the formation of the metabolites from simple 

units. 	The speculative nature of some of the earlier 

3 2, reviews on the subject 1, 	has now been replaced to 

a very great extent by results obtained by feeding 

fungi with a radioactive diet including acetate, formate 

mevalonate, and the simpler amino acids, to mention but 

a few of the tracers used. 	This material has been 

reviewed extensively by Bentley4, Whalley,5'6  Birch,7'8  

and Birkinshaw and Stickings9. A useful handbook of 

microbial metabolites has been compiled by Miller.10 

The purpose of the present survey is to examine some 

of the synthetic capabilities of fungi on the basis of 

the incorporation of radioactive acetate, from which 

fungi are able to build a wide variety of relatively 

simple compounds which may be classified, for the sake 

of convenience, under the following headings: 

1. Aromatic and alicyclic compounds 

2. Compounds derived via mevalonic acid 

3. Fatty acids 

4. Polycarboxylic acids 

5. Amino acids related to the tricarboxylic acid cycle. 



6. 

In addition, there are numerous compounds derived from 

the interaction of the various pathways listed above. 

The introduction of one-carbon units is so common that, 

in general, it is simply mentioned where it occurs 

under the headings given. 	The system of representation 

of the various types of radioactive labels is that used 

by Bentley, namely ( * ) for acetate-1-14C, (!z) for 

acetate-2-14C, (q)) for acetate-1-14C-derived or 

malonate-1-14C-derived label and (Li) for acetate-2-14C 

or malonate-2-14C-derived label, ( ) for labelling due 

to one-carbon units (formate or methionine), (0) for 

carbon dioxide, and (C7) for the 2 position of mevalonic 

acid. 	Other labels are specified where they occur. 

In most cases the complete labelling patterns are shown 

for clarity and are not supported by complete degradations.  

Complete stereochemistry is not shown unless described 

in the article cited. 

1. 	Aromatic and alicyclic compounds. 	This group has 

received the largest share of attention from the organic 

chemist, and it may be considered to be derived from a 

class of compounds known as polyketides (Fig.l) which, 

in turn,are derived from the head-to-tail condensation 

of acetate units as shown. 

n CH3COOH 	CH300(CH2CO)n_2CH2COOH + n-1 H2O 

(Fig. 1) 



7. 
It is of interest that Collie11 had observed the reaction 

depicted in Fig.2 in the laboratory and had postulated a 

biosynthetic theory12 based on polyketides as early as 1893. 
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(Fig. 2) 

The polyketides are very reactive, and members of 

the series containing more than 6 carbons have not been 

observed directly. 	The role of the polyketides in 

biosynthesis has been reviewed frequently by Birch'2,8913,14  

and it is easily seen that there are two possible ways in 

which this class of compound could undergo self-

condensation, as shown in Fig. 3. 
Claisen 

H 
0 p 
aldol 

// Claisen 	aldol 

OH 	 CO . H 

N" OH 

. OH 
(Fig. 3) 
	

(II) 



CO H 

CH 
C-4! 

(Iv) 

c 04  
51 

- 	OH 

8. 

The orcinols (II) obtained by the aldol-type condensation 

have been investigated extensively, and the simplest 

member of the series, orsellinic acid (III)15-20 together 

with 6-methylsalicylic acid (IV)21-25 which may represent 

the condensation of a partially reduced polyketide, or 

alternatively, the reduction of orsellinic acid, have been 

biosynthetically labelled with acetate and malonate as 

shown. 

This is in agreement with the labelling pattern of the 

fatty acids, to be discussed below, and the polyketides 

would seem to be common intermediates for the biosynthesis 

of the two classes. 	The higher members of the polyketide 

series may undergo more than one self-condensation, as in 

the case of alternariol (V,R=H) and its methyl ether 
A  24 25 (V,R = C113). ' 

H 

\ 

(v) 



9. 
One-carbon units, usually incorporated in the form of 

formate or methionine, occur in a wide variety of fungal 

metabolites. 	In the majority of cases, the introduced 

methyl groups are attached to carbons corresponding to the 

methylene groups of the polyketides. 	It is possible that 

this alkylation occurs before the cyclisation of the 

polyketide, although this has not been shown experimentally. 

A simple example of this type of methylation is cyclopaldic 

acid (VI)26, in which one of the introduced methyl groups 

has been oxidised to an aldehyde function. 	Introduction 

of the methyl group onto oxygen, already exemplified in 

the methyl ether of alternariol (V,R = CH3) above, is also 

of very common occurrence. 

CO,//' 
HCO  ""--4 

Hto -4' 
OH 

(VI) 

Oxidation of methyl groups is well documented in fungal 

metabolites, and the converse reduction of carboxyl 

groups, although of less frequent occurrence, has been 

demonstrated clearly in a number of cases, e.g. palitantin 

(VII)27/281  which is alicyclic and thus probably derived 

from a reduced polyketide, although the reduction of an 

aromatic intermediate has not been ruled out. 
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In fungal metabolites, the reductions and oxidations 

of various functional groups is of such diversity that it 

is difficult to arrive at any generalisations; however, 

one rule which proved helpful in the placing of oxygen 

substituents in acetate-derived compounds is that oxygen 

tends to appear on the carbons derived from the acetate 

carboxyl. 

One important type of oxidation reaction is the 

oxidation of aromatic substances to quinones, e.g. 

aurantiogliocladin (VIII)29. 	The oxidation frequently 

(VIII)  

involves decarboxylation, and in the case of 2-methoxy-

5-methyl p-benzoquinone (IX)30, this has been confirmed 

by the incorporation of 6-methylsalicylic acid in 

addition to acetate, as shown in Fig. 4. 
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The changechange in position of theA oxygen function is 

suggestive of an intermediate such as fumigatin (IXa), 

the biosynthesis of which has been studied by Pettersson31. 
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The role of polyketides in the biosynthesis of 

anthraquinones has been discussed, and the antraquinones 

of general formula X have been studied in some detail. 

These are exemplified by emodin (X, R = OH, R'. H, R" = H)33  

islandicin (X, R.H, R'. H, 	OH)34  helminthosporin 

(X, R. H, RI. OH, R"= H)35  and cynodontin (X, R.H, R'. OH, 

R"= OH)36. 	The antraquinonoid dimer rugulosin37  has also 

been labelled with acetate (Xa) 

(X) 
	

(Xa) 



12. 

The cyclisation of polyketides may produce, in 

addition to the aromatic and alicyclic compounds 

discussed, a number of oxygen heterocycles, of which 

simple examples are 5-hydroxy-2-methylchromanone (XI)38  

derived from an acylphloroglucinol type of intermediate, 

and citrinin39 740  (XII) derived from the orcinol type. 

(XI) 
	

(XII) 

A 	eA 
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0 

0-acylation occurs in sclerotiorin (XIII)41'42 and 

rotiorin (XIIIa)43. 	The incorporation of butyrate-1-140 

into sclerotiorin and rotiorin has been studied. 	In the 

case of rotiorin, it was found that butyrate could be 

incorporated as a unit, in addition to the formation of 

acetate-1-14C units from the butyrate. 	The label is 

depicted as (€). 
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(XIIIa) 

One further method of cyclisation is by lactone 

formation, as in the case of alternaric acid (XIV)44 

and curvularin (XV)45'46. The existence of the 

macrocyclic ring in curvularin has prompted Birch to 

speculate that this sort of compound may be an inter-

mediate in the formation of various polycyclic compounds, 

but as yet, this has not been proved experimentally. 
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One interesting oxygen heterocycle derived entirely 

from acetate is citromycetin (XVI)47 which apparently 

arises from two polyketide chains. 	The correctness of 

this view has been shown experimentally by Gatenbeck and 

Mosbach48. 
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The biosynthesis of griseofulvin (XVII) and 
49-52 

related compounds is shown in Fig. 5. 	There, is 

considerable evidence to support the proposal that the 

ultimate stages of griseofulvin formation involve a 

phenolic oxidation as shown. 	This reaction has been 

demonstrated in the laboratory. 	The biosynthesis of 

griseophenone A (XVIIa), griseophenone B (XVIIb), and 

griseophenone C (XVIIc) has been shown by Rhodes and 

Somerfield53  to be as in Fig. 5. 	Griseophenone A was 

not incorporated into griseofulvin, but this was 

explained on the basis of griseophenone A existing as 

an enzyme-bound complex not interchangeable with the 

free griseophenone A. 	Sulochrin (XVIId) was isolated 

from P. frquentanq by Stickings and Mahmoodian54  and 

suggested as an inte]:medjate in the biosynthesis of 

asterric acid (XVIIf). 	Work by Rhodes, McConagle, and 

Somerfield 55 on A. terreus used variations in chloride 

ion concentration to show that dechlorogeodin (XVIIe) was 

a constituent of the medium and a likely precursor of 

asterric acid as shown in Fig. 5. 	Asterric acid, like 

griseofulvin, has also been synthesized in the laboratory 
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by phenolic oxidation. 

A class of compounds closely related to the 

aromatics discussed above is the mould tropolones. 

Stipitatonic 	R=COOH) and stipitatic (XVIII, R = H) 

acids have been studied by Bentley56,57 and puberulonic 
A K  

(XIX, R=COOH) and puberulic (XIX, R = H) acids have been 

studied by Feretti and Richards,58,59 who have postulated 

a mechanism for their formation which involves a ring 

0 OH 
Mil  

NO*/ 	rai  R-A A  
ict 

Sal 
	C..0z1-1 

(XVIII) (XIX) 

expansion and several other steps which lead to the 

overall transformation shown in Fig. 6. 	The biosynthesis 

of stipitatic and stipitatonic acids has been studied in 

cell-stree extract by Tanenbaum and Bassett, although in 

very low yield6°  
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It has been shown by Bentley that orsellinic acid 

was not incorporated into stipatitic and stipitatonic 

acids, and for the formation of those tropolones, he 

proposed the ring opening shown in Fig. 7. 

(Fig. 7) 

The possibility of a ring expansion analogous to 

Fig. 6 of the compound XX as shown in Fig. 8 has not 

been definitely excluded if we consider the possibility 

that the hydroxymethylene group could be introduced 

before cyclisation of the polyketide, for, in that 

instance, XX need not be formed from orsellinic acid. 
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18. 

The process of fission of aromatic rings in natural 

products has been of great interest ever since its 

occurrence was postulated by Woodward in connection 

with the biosynthesis of strychnine, and much of this 

interest is due to the relatively large energy require-

ment involved. Although not demonstrated conclusively 

in the case of the mould tropolones above, its 

occurrence has been confirmed in patulin () I)61-64 and 

penicillic acid (XXII )65-68 
	

The postulated mechanisms 

are shown in Fig. 9. 
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Another type of tetronic acid is exemplified by 

carolic acid (XXIII, R=H, R'. OH) and carlosic acid 

(XXIII, R =COON, R' =H) and appears to be derived from 

a dicarboxylic acid of the citric acid cycle as well as 

a 6-carbon polyketide type intermediate. 	Succinate has 

been incorporated into these acids, where (a) represents 

a methylene label of succinate.69-71 

(XXIII) 

2. Compounds derived via mevalonic acid. 	The 

biosynthesis of ergosterol and its relation to cholesterol . 

biosynthesis has been thoroughly studied and reviewed, 

e.g. by Fieser721 and the role of mevalonic acid was first 
/4c7o64ciLtv 

strongly indicated by its isolation from4yeaot. 	This 

has since been confirmed by numerous labelling experiments. 

A summary of some of the pertinent reactions is given by 

Miller
10  , and the initial steps in the formation of many 

steroidal and terpenoid compounds is believed to be as 

shown in Fig. 10, where isopentenyl and dimethylallyl 

pyrophosphates are formed from mevalonic acid. 
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H 3  
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(Fig. 10) 

The biosynthesis of ergosterol (XXVI) has shown 

the* it is closely related to that of cholesterol in 
animal tissues74  .both sterols may arise from the 

intermediates squalene (XXIV) and lanosterol (XXV) as 

in Fig. lla. 	The related eburicoic acid has been 

labelled with acetate as shown (XXVII)75'76. 
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21. 

Rosenonolactone (XXVIII)77-79  and gibbeillic acid80-83  

(XXIX) appear to have a common biosynthetic intermediate 

as shown in Fig. 11b. 	Mevalonate-4-14C labels are 

indicated as (H). 	The formation of gibberellic acid's E Ra9 

appears to be analogous to the series of transformations 

proposed by Wenkert for the formation of phyllocladene. 

(XXIXa) 	(-) 17-14C kaurene (XX1Xb) has been incorporated 

into gibberellic acid by Cross, Galt, and Hanson83a 
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22. 

Some further modes of combination of the 5-carbon 

units are exemplified by tricothecin (XXX)8  and 

helminthosporal (XXXa). 	The case of helminthosporal 

is particularly interesting, and to explain the formation 

of this compound from farnesyl phosphate, a common 

sesquiterpenoid precursor, DeMayo85  has invoked the 

following series of rearrangements (Fig, 11c) 

(XXX) 

(XXXa) 

4- 

(Fig. 11c) 
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.23. 

Incorporation of acetate and teyalonate into 

ipomeamarone (XXXI)) and acetate into ipomeamine (XXXc) 

has suggested that these compounds are built up from 

5-carbon units86. 

C 

0 

\\ C 

(XXXc) 

3. 	Fatty acids. 	The subject of fatty acid biosynthesis 

has been reviewed in some detail by Mercer87 and Strickland88 

and need not be discussed in detail here. 	The essential 

points are presented in Fig. 12. 	It appears that 

reduction of the oxygen functions takes place before 

extension of the chain, with a fatty acid-coenzyme A 

taking the place of acetyl CoA to give extension of the 

chain. The role of Biotin in carboxylation reactions has 

been reviewed89. Acetate has been incorporated into 

the interesting related compound nemotinic acid901  in 

which a methyl group has apparently been lost from the 

end of the alkyl chain. 

0 



24. 

BIOTIN CO2 	BIOTIN 

CH
3

COSCoA CO2H 

HS ENZYME 

CoASH 

OH3CH2CH2DOS 

FMN 

FMNH2  

CH3CH2CH2COSCoA 	CO2  
,' 	CH 

I FOR 	) 
HIGHER :-_]NZYLTE HOMOLOGS 

H2O 

CH2  

CH
3
C0 

- COSCoA 

c HS ENZYME 

H 	CoA SH 

- COS 	ENZYME 

CH
3
coscoA 

CO2 + CoASH 

0112 CO S 	ENZYME 

TPNH + H+  

TPN+ 

CH
3

CH = CHCOS ENZYME 

 

Cti3CHOHCH2COS ENZYME 

 

(Pig. 12) 



25. 

4. Polycarboxylic acids. The tricarboxylic acid cycle 

has been reviewed extensively by Krebs91  and is represented 

in Fig. 13. 	All steps in the cycle have been demonstrated 

in yeasts. 	There has been little modification to the 

original scheme proposed by Krebs in 1937, and the process 

appears to take place in all respiring tissue, although in 

some cases specific enzymatic steps may be modified, e.g., 

in Aspergillus niger it has been shown that two enzymes 

are required for the conversion of citric to isocitric acid. 

This enzymic system, aconitase, has been studied in great 

detail, and the theory of "three-point contact" for citric 

acid well established. 	The essence of the theory is that 

the enzyme is able to distinguish between the identical 

groups of the symmetric citric acid by requiring contact 

at three points. 	It has been shown, furthermore, that 

the dehydration of citric acid to form cis-aconitic acid 

takes place between the carbon at:-ns derived from oxalacetate, 

for labelling by carbon (1.1.o:dde is concentrated in carboptyl 

of a-ketoglutarate, as shown below: 

0 

CO 

0 
CH2 - COOH 

CO - 000H 

0 
0 	 0 

?H2-COOH 	CO-COOH 

--> 	HO-CH-COOH --> -->H2  

CH2-COOH 	CH2-COOH 

CH
3
C0C00H 	CH

3
COSCoA 



. CH3C0SCoA 	HSCoA 
P', 

CH C0011 N 	,/ 
\ 

2 - _.,,; 	0112 - 00011 
211 	CO bo - COOH I 

CH2 - COOH 	 HO - C - C0011 
I 

HO - CH - C0011 	 CH2 - COOH 

H2O   ,A 

1100C 

CH 
It 
CH 

,̀COOH 
2H 

4/ 
C112 C0011 

CH2 COOH 

GTP 4 

GDP 

CH - C0011 

C 	C0011 

CH2 - C0011 

H000 - CH -OH 

HC - C0011 
.• 	' - 	CH2 - COOH 

+ Phosphate 	 0 = C - C0011 
CH2 - C0011 	 1 
I 	H - C - COOH 
6112 - COSCoA 	 ' 	 t 

CH2  - C0011 

(Fig. 13) 

26. 

CO2 	 0 = C
t 
- MOH e-  7 

Pi- 
HSCoA 	H-C-H 4 CO2 

TPP CH2  - COOH 
a-lipoic Acid. 

DPN (See Fig. 14) 



27. 

In some cases, citrate may be converted directly to 

isocitrate without cis-aconitate being isolated as an 

intermediate (pathway represented by the dotted line). 

Likewise, in the subsequent steps, isocitrate may be 

converted to a-ketoglutarate without the appearance of 

free oxalosuccinate (also shown as a dotted line). 	The 

oxidative decarboxylation of a-ketoglutarate has been 

shown to consist of the series of reactions represented 

in Fig. 14. 
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Although the labelling of the CoA ester is 

unsymmetrical at this stage, the ester may be hydrolysed 

to free succinate by a number of routes, the most common 

occurring with the conversion of granosine diphosphate 

to guanosine triphosphate (which in turn phosphorlates 

adenosine diphosphate to form ATP). 	Alternatively, 

succinyl Co A may be hydrolysed by thioesterase to 

succinate and CoA, or the CoA may be transferred by 

a 'transferase' to another acid, e.g. acetoacetic acid. 

In the hydration of fumarate to L-malate it is of 

interest that the hydroxyl group adds only to one side 

of the double bond, which means that the molecule is not 

free to rotate on the enzyme surface as shown: 
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This represents a special case of 'three-point' action. 

Closely related to the tricarboxylic acid cycle is 

the glyoxylic acid cycle, Fig. 15, which has been 

demonstrated in various species of yeasts, and 

AsperRillus and Penicillium species. 
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The overall result of the action of the glyoxylic acid 

cycle, then, is the synthesis of succinate from two 

acetate units. 

The fixation of carbon dioxide and subsequent 

formation of 4-carbon acids was first demonstrated in 

propionic acid bacteria by Wood and Werkman in 1936, and 

has since been shown to be of importance for fungal 

metabolism. 	The reaction of type A is of great 

importance, as it links pyruvate to the tricarboxylic 

acid cycle as discussed above. 	This reaction, together 

with some other modifications, is shown in Fig. 16. 
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The decarboxylation of cis-aconitic acid to form 

itaconic acid has been studied by Bentley92'93  and by 

Corzo and Tatum94  . 	It was found that the aconitase in 

AsperRillus terreus was the same as animal aconitase and, 

more important, that the action of the decarboxylase was 

to cause 13,y-decarboxylation and not a,(3-decarboxylation 

as was previously thought. 	The labelling patterns are 

shown in Fig. 16a. 	Note that a different overall result 

would be achieved by reversal of the isocitritase step 

of the glyoxylic acid cycle. (Fig. 16b) 
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It is also of interest that various species of 

Penicillium, when grown in neutral media, produce 

L alloisocitric acid95  as shown: 
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In AspeIgillus funigatus, fumaric acid is oxidised 

toLtrans-epoxysuccinic acid as shown in Fig. 161a, the 

oxygen atom coming from molecular oxygen96. 
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(Fig. 16130 

The biosynthesis of amino acids has been reviewed 

by Mattoon97 and Greenberg98, and the relation of 

several of the amino acids to the tricarboxylic acid 

cycle, and thus to acetate, is depicted in Fig. 17. 

It is, of course, beyond the scope of the present 

survey to discuss the biochemical mechanisms of these 

processes in detail, and so only a brief review of the 

material cited, plus a few additional references, is 

given. 
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leucine 

TPP CC). 

a-ketoisovaleric acid 

a-ketopimetate 

lysine  

proline 

hydroxyproline 

arginine 

(Fig. 17) 
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In the oxidative decarboxylation of a-ketoglutarate 

referred to above in relation to the citric acid cycle, 

and the oxidative decarboxylation of pyruvic acid to 

acetic acid, which links carbohydrate metabolism to the 

citric acid cycle, a compound of primary importance is 

thiamine pyrophosphate (XXXI). The role of TPP in 

metabolism has been reviewed,99  and if we represent 

N Nz  

N 

s•-•:.1\J 	 s 

(XXXI)  

this substance by R-, then a mechanism for the oxidative 

decarboxylation of pyruvate may be represented by Fig. 18. 

\ 	\ ---k 

cos„.4 	co:- co.z1-4 

(XXXII) ( XXX It) 
te--  it-0  

(Fig. 18) 	
4 _. 	4 	12 - 

CI43  co,j4 
One may refer to (XXXII) as "active acetaldehyde", 

since acetaldehyde may be quite simply derived from 

it as shown: 
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(XXX I I) 
	

i4 

This active acetaldehyde is important in the 

biosynthesis of isoleucine (XXXIII, Fig. 19) and 

leucine (XXXIV, Fig. 20)100-102  
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The biosynthesis of glutamic acid (XXXV), 

ornithine (XXXVI), proline (XXXVII), hydroxyproline 

(XXXVIII), and arginine (XXXIX) is described in Fig. 21. 

The formation of arginine from glutamate has been shown 

to proceed via N-acetylglutamate, rather than glutamate 

as shown103 

The labelling pattern of lysine (XL) derived from 

acetate has been studied and the biosynthetic pathway 
104 

shown in Fig. 22 suggested. There is also some bio- 

chemical evidence from Saccharomyces cerevisiae to 

indicate that the pathway in Fig. 22a, which involves 

cyclic intermediates similar to the proposed precursor 

of proline (Fig. 21), is important. 

(Fig. 21) 
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The proposed biosynthesis of lysine via a-ketopimelate 

is especially interesting because it represents substitution 

of a-ketoglutarate for oxalacetate in some reactions of the 

citric acid cycle. 	Furthermore, the dehydration of the 

homocitrate formed is an opposite sense to that in the 

normal citric acid cycle, i.e., in this case the double 

bond is formed between the carbons corresponding to the 

methylene of the introduced acetate unit and the carbonyl 

of the a-ketoglutarate. 	When methyl-labelled acetate was 

fed it was shown that the methyl label in carbon atom 2 

of lysine had a higher degree of activity than carbons 

3, 4, and 5, in accordance with the scheme shown. 

Homoserine, involved in the biosynthesis of 

aspartate from oxalacetate, also has a role in the 

formation of threonine (XII and methionine (XLI), as 

shown in Fig. 23. 	Auxotrophic studies105  have indicated 

that the one-carbon unit which becomes the methyl of 

methionine, was introduced via flavin and adenosylcysteine, 

and that the initial source of this unit was serine. 
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One further metabolite of interest is 

P-nitropropionic acid, which has been shown by Birch106  

to be derived from aspartate (Fig. 24). 	More recent 

studies by Hylin and Matsumo1071  however, have shown 

that aspartate is not incorporated in the absence of 

ammonium ion, and they postulated that aspartate must 

first be deaminated. 

-----!G,_1 4  

i1 ,N 

(Fig. 24) 
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6. 	Substances arising from the interaction of the  

above metabolic pathways. 	A situation analogous to 

the introduction of C-methyl units above is the intro-

duction of five-carbon units derived from mevalonate. 

As above, it is generally found that the introduced 

alkyl groups occur at positions which should possess 

carbonionic reactivity. 	If we visualise the process 

of C-methylation as the displacement of homocystoinyl 

anion from methionine, then the corresponding nucleophilic 

displacement of pyrophosphate from dimethylallyl or 

isopentenyl pyrophosphate should be expected to proceed 

in an analogous manner. 	The simplest fungal metabolite 

studied which contains such an introduced five-carbon 
108 

unit is auroglaucin (XLIII), which may be derived quite 

simply by alkylation of the standard orcinol type of 

precursor, with some changes in oxidation states in the 

various carbons of the ring. 

(XLIII) 

(109-110) 
Mycophenolic acid (XLIV) has an alkyl chain which 

is derived from the head-to-tail linkage of two five-

carbon units as shown, the biogenetic equivalent of 
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acetone being lost from the end of the alkyl chain. 

4 

i 	(7  

• .1  

(XLIV) 

The labelling pattern for norxanthoherquein, 

derived from herqueinone, has been sudiedill, 	The 

relationship between herqueinone and some of its 

derivatives is shown in Fig. 25. 
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Yet another type of linkage between polyacetate- 

derived substances and five-carbon units is exemplified 

by fuscin (XLV)112. 

(XLVI) 

Five carbon units have demonstrated their affinity 

for a number of amino acids and their derivatives. 

Lycelianamide (XLVI) has been the subject of some 

interesting studies by Birch113,114 Methylgeraniolene, 

obtained on reduction of myceliamamide, was oxidised by 

rabbits to Hildebrandt's acid (Fig. 26) and shown to be 

labelled specifically in such a manner that the 
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rearrangement of isopentenyl pyrophosphate to dimethylallyl 

pyrophosphate was stereospecific (Fig. 26a). 

(XLVI) ---> 
te) 

C A/ 

(Fig. 26) 

14 +  

v 
1-6,o14 

(Fig. 26a) 

The ergot alkaloids 115-117  have recently been the 

subject of some intensive study. 	Agroclavine (XLVII, 

R = H) and elymoclavine (XLVII, R = OH) have been shown 

to be the products of the condensation of a five-carbon 

unit with a precursor derived from tryptophan. 



(XLVII) 

In the case of echinulin118, five-carbon units 

have been added liberally to a tryptophan nucleus. 

Alanine has also been incorporated. 

Acetate has been incorporated into a number of 

other nitrogen-containing metabolites of fungi, notably 

cycloheximide (XLIX)119, phomazarin (L)120 and variotin 

(LI)121 	In the case of variotin, the alkyl chain 

corresponding to the thirteen-carbon aliphatic acid 

has not been degraded, but it was shown that this 

portion of the molecule contained much more activity 

than the y-aminobutyric ester portion, which exhibited 

only a very small incorporation. 
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co C.44 

(LI)  

In tenuazonic acid (LII) which has been studied by 

Stickings and Townsend122, we may compare the relative 

incorporation of acetate into the different portions of 

the molecule which correspond to a four-carbon unit and 

isoleucine. 	It was found that in the portion of the 

molecule corresponding to the isoleucine, the atoms were 

only labelled to the extent of a few per cent as 

compared to the four-carbon unit. 	In the degradation 
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sequence used it was not possible to distinguish between 

the labelling in the carbons corresponding to carbons 1 

and 2 of isoleucine, but the assumption that the labelling 

is in carbon 4 of tenuazonic acid would be in agreement 

with the expected labelling pattern of isoleucine based 

on the biosynthetic pathway discussed above (LIII). 

O 
: • f/ 

(.01 
• (1 

Coati 

<- NNE
- 

(LII) 	(LIII) 

The chemistry of glauconic acid (LIV, R = OH) and 

glaucanic acid (LIV, R.11) has been studied extensively 

by Wijkman, Kraft, Sutter, et al.123-128 since their 

initial discovery by Wijkman in cultures of a mould, then 

described as Penicillium Rlaucum, but since reclassified 

as P. Durnurogenum129 
	

More recent chemical evidence130 

as well as X-ray crystallographic studies131, has 

indicated that these compounds have the relative stereo-

chemistry shown, and work is in progress on the absolute 

configuration of glauconic acid. 
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A biosynthetic theory to account for the formation 

of glauconic and glaucanic acids, in P. purpurogenum as 

well as byssochlamic acid (LV) in Byssochlamys fulva, 
Roolftiquez.- 

has been proposed by Baldwin, Barton, Bloomer, Roongtioc 
ANO 

Hahn,A Sutherland in the course of their investigations 

on the structures of these compounds130, and this scheme 

is shown in Fig. 27. 	The absolute configuration of 

byssochlamic acid has been determined by Baldwin132. 

(LIV)

e 
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(Fig. 27) 
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It is to be noted that the proposed biosynthetic 

scheme outlined above utilises essentially two molecules 

of a common intermediate for the production of either 

the glaucanic or byssochlamic acid, although even in the 

simple chemical analogy shown the two 'halves" of either 

molecule are not identical, and it is equally reasonable 

that their biosynthetic equivalents are also different. 

From the chemical studies by the German school, it 

was evident that pyrolysis of glauconic acid to yild 

o,(3-diethylacrolein and glauconin shown to have structure 130 

(LVI) would provide us with a valuable route for the 

degradation of glauconic acid in tracer studies. 	This 

reaction was easily adapted to micro-scale work, the 

a,P-diethylacrolein being obtained as the semicarbazone. 

Related work to be discussed in Part II under the 

structure of isoglauconic acid acetate has indicated that 
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Furthermore, it was also demonstrated that 

glauconin, upon treatment with hydrochloric acid at 

200°  decomposed to form the keto-diacid below as a 

mixture of its meso- and racemic forms (as well as a 

mixture of racmates of the spirolactones formed from 

this acid), presumably by a series of hydrations, 

dehydrations, and isomerisations as per Fig. 27. 
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Although the only members of the family of 

tetronic acids to be studied biosynthetically in any 

detail are carolic and carlosic acids, as discussed 

above, it is nevertheless of interest to consider the 

biosynthesis of some other types of tetronic acids, as 

well as other microbial metabolites which might be 

derived from the interaction of the fatty acid cycle 

and the tricarboxylic acid cycle. 	The formulae and 

organisms given are simply those reported by 'Liner10  , 

and it is to be understood by the reader that remarks 

as to the biosynthesis of these substances are purely 

speculative. 

Nephrosteranic acid (LVII, n=10) and nephromopsic 

acid (LVII, n= 12), as well as the unsaturated 

lichisterinic acid (LVIII, n=12), nephrosterinic acid 

(LIX, n= 10), and protolichisterinic acid (LIX, n = 12) 

all appear to be derived from a fatty acid precursor 

and a three or four carbon acid,e.g. pyruvic acid or 

oxalacetic acid. 

1-1c?c,  

3(c14,),„ Q 

  

C/4 (c--/-6.4; 	`f)  

(LVII) 	(LVIII) 
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013  (142),11  

(LIX) 

Micro-organisms also produce alkyl-substituted 

citric acids, exemplified by caperatic acid (LX, n= 13, where 

one carboxyl is esterified by a methyl group) and 

agaricic acid (LX, n.15). 	A related acid in which 

the hydroxyl has presumably been removed is rangiformic 

acid (LXI, n=13), which occurs, like caperatic acid, 

as the monomethyl ester. All of these substances may 

arise via condensation of a fatty acid precursor with 

oxalacetate as the initial step. 

£ /1 ((//, 

No — co, /1 

L— c oz  A/ 

C flat '"/. 

(LX) 	(LXI) 

Two substances of special interest here in view of 

the fact that they are produced by Penicillium species 

are spiculosporic acid (LXII) and mineoluteic acid (LXIII). 
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An a-ketoglutarate residue is easily discernible in 

spiculosporic acid, and mineoluteic acid would appear 

to be derived indirectly from a four carbon acid of the 

citric acid cycle, although the lactonic oxygen alpha 

to the free carboxyl shows a higher degree of microbial 

ingenuity in operation. 

/-/ 3(C )9-N, CO a 1-1  

c, 

(LXII) 

0 
C fly (c1-(, ) 

------ 	 - 
No -,,,(

o  

(LXIII) 

From the point of view of the present work, the 

most interesting metabolite of all is roccellic acid 

(LXIV), produced by Rocella tinctoria. 	This substance 

is indeed a rather close analogue to the hypothetical 

precursor of glaucanic acid and byssochlamic acid. 

. 1‘/3 ("4) r''N, 	CO,_ if  
/-7,  

(LXIV) 
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Results and Discussion 

Incorporation of acetate-1-14C into glauconic acid 

was first observed by L. S. Godinho15W  of these labora-

tories, who obtained an incorporation of 2.23/E% (where 

E represents the relative counting efficiency of the 

proportional counter). 	The proportional counter has 

an efficiency of approximately 55% as determined by 

comparison of counts and liquid scintillation counts 

with internal standardisation of a sample of radioactive 

glauconic acid, and if we assume this figure as correct, 

then the incorporation was 4.1%. The ratio of activi-

ties of glauconin to a,P-diethylacrolein was 52.8/43.3 

or 1.24. 	This experiment was repeated on a larger 

scale, and a feeding of acetate-2-14C was also carried 

out with the results summarised in Figs. 28 and 29. 

At this point, it is perhaps appropriate to make 

some comments about the way in which the initial results 

led us to institute changes in both degradative procedures 

and counting techniques. 	If the proposed precursor 

were indeed operative in the biosynthesis of glauconic 

acid, then we could expect the activity ratios of the 

degradation fragments to fall within certain limits. 

If only the fatty acid precursor contained significant 

labelling and the three-carbon fragment contained 

negligible activity, the results to be expected are 



Degradations 

Carboxyl A series 

sodium-1-14C-acetate 

75 uC 

glauconic acid 

3.65 g. 

527 c.p.m.p.mm. 

diluted x 4.78 

glauconic acid 

121.8 c.p.m.p.mm. 

glauconic a,3-diethylacrolein 

57.3 c.p.m.p.mm. 

semicarbazone 

58.6 c.p.m.p.mm. 

54. 

keto-diacid 

21.4 c.p.m.p.mm.  

carbon dioxide 

f 

barium carbonate 

17.7 c.p.m.p.mm. 

(Fig. 28) 



55. 

Degradations 

.ethyl  A series  

Sodium-2-14C acetate ----> glauconic acid 

25 	1.48 g. 

475 c.p.m.p.mm. 

diluted x 7.20 

glauconic acid 

55.2 c.p.m.p.mm. 

glauconin 

// \\ 

a,P-diethylacrolein 

30.5 c.p.m.p.mm. 

  

   

semicarbazone 

34.0 c.p.m.p.mm. 
keto-diacid 

27.6 c.p.m.p.mm.  
carbon dioxide 

barium carbonate 

1.08 c.p.m.p.mm. 

(Fig. 29) 
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shown in Fig. 30 (Pathway I). 	In the case of 

acetate-1-14e referred to as "carboxyl-labelled" 

acetate, the glauconin/diethylacrolein activity ratio 

would be expected to be unity. 	From the results of 

Godinho, a ratio of 1.24 indicated that the picture 

was not quite so simple as this. 	The repeated 

carboxyl-labelled run and the methyl-labelled run, 

referred to as Carboxyl A and Methyl A gave ratios of 

0.99 and 0.90, and while the carboxyl-labbelled case is 

in agreement with Pathway I above, the methyl case 

differs very greatly indeed from the expected ratio of 

0.5. 

At this point we shall consider the consequences 

of the other extreme, namely, complete labelling of 

the precursor. 	If the three-carbon portion of the 

precursor were derived from a four-carbon dicarboxylic 

acid of the citric acid cycle, then we could expect the 

labelling patterns of Fig. 31, or Pathway II. 	Even if 

the labels indicated in parentheses were equal in 

activity to those without parentheses, the glauconin/ 

diethylacrolein activity ratio would be 1.67 for the 

carboxyl series and 1.50 for the methyl series. 

Clearly, the results obtained do not agree with either 

of these extreme cases. 
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Pathway I, 	Fig. 30. 
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The ratio of keto-diacid/carbon dioxide activity 

in the decomposition of carboxyl-labelled glauconin 

could range between 1.0 for (LXV) to 3.0 for (LXVI) by 

similar reasoning to that above. 	The ratio observed 

was 1.21. 

The degradation of methyl-labelled glauconin 

showed that a relatively large amount of methyl label 

was being converted into carboxyl label, for the 

activity of the carbon dioxide was 1.08 c.p.m.p.mm. 

as compared to 30.5 c.p.m.p.mm. for glauconin and 

27.6 for the keto-diacid. 	Thus, the amount of 
iRoT6m T5/AN r, 

conversion of methyl to carboxyl was approximatoly rrk. 

A duplicate methyl run, Methyl B, was made. 

The results (Fig. 32) showed that the activity ratio 

of glauconin/diethylacrolein was 0.90, in agreement 

with the Methyl A run. 

Finally, it should be stated that the planchette 

counting technique was particularly difficult because 

of the ease with which the diethylacrolein semicarbazone 

crystallised, and that, in general, the determinations 

were never good to more than 5% accuracy. Sometimes 

the amount of discrepancy between parent substance and 

degradation fragments was 20%. Obviously, the 

analytical technique would have to be modified in order 

to obtain meaningful results. 



oc 2P-diethylacrolein 

semicarbazone 

59.2 c.p.m.p.mm. 

glauconin 

53.5 

Degradations 

Methyl B Series  

Sodium-2-14C acetate —> glauconic acid 
1.66 g. 
905 c.p.m.p.mm. 

diluted x 8.95 

glauconic acid 

111.1 c.p.m.p.mm. 

59. 

keto-diacid 
53.0 c.p.m.p.mm.  

carbon dioxide 

1' 
barium carbonate 
2.0 c.p.m.p.mm. 

(Fig. 32) 
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The first step forward toward the determination 

of the labelling patterns with accuracy was the 

introduction of liquid scintillation counting, which 

gave greatly increased accuracy with the organic 

substances. 	In general, duplicate counts on duplicate 

samples were run with internal standardisation, and 

totals of degradation fragments were equal to the 

activity of the parent substance within 2%, except 

in the case of barium carbonate samples, which were 

made up in scintillation gel and hence could not be 

standardised internally. 	The standardisation of the 

barium carbonate samples was done by assuming a percen-

tage efficiency based on the counts for a standard 

barium carbonate sample obtained by combustion of 

reference substances, e.g. the perspex reference 

standard used for the other scintillation work, or the 

glauconic acid to be degraded. 	The failure of this 

method to give really accurate results was attributed 

to the poor reproducibility of the particle size of 

the barium carbonate precipitate. 	Using the techniques 

outlined above, the degradations were repeated on 

Carboxyl A and Methyl A glauconic acid, with the 

results shown in Figs. 33 and 34. 

The percentage incorporation was not stated for 

the planchette counting results (Figs. 30 and 31) 
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because they have since been determined with internal 

stand4rdisation. 	For Carboxyl A glauconic acid it 

was observed that the activity by planchette technique 

as compared to liquid scintillation measurements 

corresponded to a proportional counter efficiency of 

55%. 
We may now summarise the glauconin/diethylacrolein 

activity ratios as compared to the limiting cases above. 

Labelling Pathway I Pathway II Observed 

Carboxyl A 1.0 1.33 1.28 

Methyl A 0.5 1.50 1.20 

Furthermore, the activity ratio of keto-diacid/ 

carbon dioxide in the carboxyl A series was 2.08, 

which is about halfway between the limits of 1.0 and 

3.0 for pathways I and II, respectively. 	In the 

methyl series, the activity of the carbon dioxide 

corresponded to a conversion of methyl label to 
MoRc 'TN A- Ai 

carboxyl label amounting toappx.-Gx.Ima#el-y 10%. 

The results, then, seem to fit best with a 

biosynthetic pathway in which the labels indicated 

in parentheses in Pathway II above are about half the 

activity of those labels not in parentheses. 



Degradations 

Carboxyl A Series  

Sodium-1-14C acetate 	glauconic acid 

75 	433 m c.p.m. 

6.06% incorporation 

diluted x 9.82 

glauconic acid 

45.36 m c.p.m. 

glauconin 	cc,P-diethylacrolein 

?veto-diacid 

11.6 m c.p.m. 

24.55 m c.p.m. 

..v 	

-.,,,N 	semicarbazone 

carbon dioxide \,,,.,19.23 m c.p.m. 

1  \ 	carbon dioxide 
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barium carbonate 

5.3 m c.p.m.  barium carbonate 

3.12 m c.p.m. 

acetic 
acid 

V 
p-phenylphenacyl acetate 

0.1 m c.p.m. 

(Fig. 33) 



Degradations 

Methyl A Series  

Sodium-2-14C acetate --> glauconic acid 

25 1.1..c 	460 m c.p.m. 

7.84% incorporation 

I diluted x 7.20 

glauconic acid 

63.9 m c.p.m. 

glauconin 	a,(3-diethylacrolein 

33.4 m c.p.m. 
semicarbazone 

keto-diacid 1=" 28.7 m c.p.m. \ 30.7 m c.p.m. carbon dioxide  

'carbon dioxide 

barium acetic carbonate acid 	barium carbonate 

p-phenylphenacyl acetate 

6.33 m c.p.m. 

63. 

1.6 m 
2.79 m.c.p.m. 

(Fig. 34) 
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The Kuhn-Roth oxidation of glauconin gave a 

decisive result in the Carboxyl series, showing that 

the methyl groups and the carbons attached to them 

were not carboxyl-derived. 	In the methyl series, the 

activity ratio of p-phenylphenacyl acetate to glauconin 

was 0.19. 	Pathways I and II represent limits of 0 and 

0.33 respectively, as shown: 

II 

These results are once again in relatively good 

agreement with the statement above that the.labels 

in parentheses are about half as active as those 

without. 

One further consideration is the ratio of the 

specific activities of methyl as compared to carboxyl 

glauconic acids, and the similar ratios for glauconin 
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and diethylacrolein. 	If we multiply the activities 

of the fragments times the respective dilution factors 

for the runs, the activities of the fragments corres-

ponding to undiluted glauconic acid may be summarised 

as follows: 

Activities in mc.p.m. 

Substance Carboxyl A Methyl A Ratio 

glauconic acid 433 460 1.06 

diethylacrolein 189 207 1.10 

glauconin 241 241 1.00 

The values expected from Pathways I and II are: 

Substance 	Pathway I 	Pathway II 

glauconic acid 	1.0 	1.25 

diethylacrolein 	1.33 	1.33 

glauconin 	0.67 	1.20 

It should once again be emphasised that the 

Pathways I and II represent oversimplification, e.g. 

the diethylacrolein ratio is lower than expected. 

Pathways I and II above did not take into account 

the 	conversion of methyl to carboxyl label, which 

was demonstrated in the degradation of glauconin, but 

introduction of this further complication into the 

calculations would make a very complex and confusing 
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picture. 	In general, though, the activity ratios are 

not too seriously in disagreement with the statement 

above that the labels in parentheses represent about 

half the specific activity of those without. 

At this point it was evident that there were a 

sufficient number of complicating factors to justify 

not only a complete degradation of the molecule, but 

also an increase in the accuracy of determination of 

the activity of carbon dioxide. 	Towards the latter 

goal, precipitation of barium carbonate was carried out 

under carefully defined conditions, and the precipitate 

was washed with carbon dioxide-free water under nitrogen 

and dried under vacuum at 100°. Precipitates thus 

obtained were reconverted as 5.0 mg. samples to carbon 

dioxide which was absorbed in Hyamine base and counted 

by liquid scintillation with internal standardisation. 

This technique was very carefully standardised against 

samples of barium carbonate obtained from the combustion 

of standard substances, and although there was a rather 

large discrepancy between the activities of carbon 

dioxide counts thus obtained and the parent substances, 

the ratio of activity was found to be constant within 

the counting error. 

As an additional precaution in the attempt to 

obtain the most meaningful results, several batches of 
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carboxyl-labelled and methyl-labelled glauconic acids 

were produced from the same spores, one tube of spores 

being used to inoculate one carboxyl-labelled and one 

methyl-labelled run. 	Three of these sets were 

prepared, and the set which showed the most nearly 

identical yields of glauconic acid was degraded. 

The diethylacrolein semicarbazone was subjected 

to Kuhn-Roth oxidation, and it was found that acetic 

and propionic acids were formed in almost equimolar 

quantities. 	These acids were separated by the 
135 

chromatographic technique of Cornforth and then 

degraded by the technique of Phares to obtain each 

carbon atom of both propionic acid and acetic acid as 

carbon dioxide. 	Furthermore, diethylacrolein itself 

could be degraded by the following sequence of reactions 

to give the carbonyl carbon as carbon dioxide: 

L/10 	- ci-lo 

I :1 1, 	.Y2.!iL(2,"! 1---i- 	- 
s rci,,, ...... ___.1 0,1-_-_,6„...„ 

-1 
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Besides the degradation procedures outlined above 

for glauconin, it was found that the keto-diacid could 
ct- 137 

be decarboxylated by photolysis of its hypoioite to 

yield the carboxyl carbons as carbon dioxide. 	It 

should also be mentioned that the acetic acid from the 

Kuhn-Roth oxidation of glauconin was subjected to 

degradation to obtain each carbon atom as carbon 

dioxide. 	The results of the degradation sequences 

on Carboxyl III and Methyl III glauconic acids, which 

were grown under identical conditions, is summarised 

in Figs. 35 and 36. 

The carbon dioxide from the aldehydic carbon atom 

of carboxyl-labelled diethylacrolein was very nearly 

equal to the activity of carbon atom 2 of propionic 

acid derived from the Kuhn-Roth oxidation of 

diethylacrolein semicarbazone, thus indicating (LXVII) 

as the labelling pattern of diethylacrolein in the 

carboxyl series. 

/Ci4c) 13.37 

13.58 Average 

(LXVII) 
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The corresponding degradations of methyl-labelled 

diethylacrolein and its semicarbazone indicated (LXVIII) 

as the major labelling pattern, with over 9% of the 

methyl label being converted to carboxyl label, which 

we may represent by (2) to give the minor labelling 

pattern (LXIX) 

5;:.1 1.28 
C/40 

=1 12.61 Avg, 

1.32 Average 

G 	M 	14.07 Avg. 

(LXVIII) 	(LXIX) 

If we represent the conversion of carboxyl label 

to methyl label by (Ci) in the carboxyl series, the 

results of the degradations gives the minor labelling 

pattern (LXX) for carboxyl-labelled diethylacrolein. 

C/110 

0.31 Average 

ri) 	0.38 Average 

(LXX) 



70. 

Degradations  

Carboxyl III Series  

Sodium-1-14C acetate > glauconic acid 

	

33 uc 	0.709 g. 

1535 m c.p.m. 
9.365/o incorporation 

1 
diluted x 17.10 

glauconic acid 
87.2 m c.p.m. 

2-Ethylvaleric 4— diethylacrolein 	glauconin 

	

hydrazide 	 46.4 m c.p.m. 
41.3 m c.p.m. 	semicarbazone 

40.9m c.p.m. 

\l/ 
propionic acid 

carbon:1 - 0.31 
m c.p.m.  

acetic 
acid 

carbon: 
1 - 0.19 

m c.p.m. 

carbon dioxide 
13.37 m c.p.m. 

carbon 
dioxide 
12,5; 
m c.p.m. 

2 - 13.58 	2 - 0.12 
m c.p.m. 	m c.p.m. 

3 - 0.38 	NY 
m c.p.m. 	keto-diacid 

19.79 m c.p.m. 

Jr 
carbon dioxide 
2.96 m c.p.m. 

(Fig. 35) 
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Degradations  

Methyl III Series 

Sodium-2-14C acetate 	---=> glauconic acid 

33 TIC 	0.797 g. 
1924 m c.p.m. 
13.20% incorporation 

diluted x 17.43 

glauconic acid 
107.8 m c.p.m. 

..-- 
2-Ethylvaleric<-- diethylacrolein ---------A glauconin 

hydrazide 
61.5 m c.p.m. 	1 	

51.5 m c.p.m. 

1 	semicarbazone acetic 	.\\, 
,I,' 	58.6 m c.p.m. 	acid 	carbon 

carbon dioxide 	carbon 1 - 3.74 	dioxide 
1.284 mc.p.m. mc.p.m. 1.343 2 - 3.49 mc.p.m. mc.p.m.V 

if 	keto-diacid 
propionic acid 	48.7. m c.p.m. 

carbon 1 - 12.61 m c.p.m. 

2 - 1.32 m c.p.m. 

3- 14.07 m c.p.m. 

  

carbon dioxide 
2.53 m c.p.m. 

(Fig. 36) 



72. 

In both the carboxyl and methyl cases, the total 

activity in the fragments agreed within 2% of the 

activity measured for the parent compound. 

The carbon dioxide obtained from the acid-catalysed 

decomposition of glauconin provided a useful comparison 

with carbon 2 of propionic acid from the Kuhn-Roth 

oxidation of the semicarbazone and the carbonyl carbon 

of the diethylacrolein in the carboxyl series. 	The 

observed activity was 12.56 m.c.p.m. as compared to 

13.58 for carbon 2 of propionic acid and 13.37 for the 

carbonyl carbon. 	The ratio 12.56/13.58 or 0.925, 

compares well with the ratio of 0.898 observed for 

carbon 1 versus carbon 3 of propionate in the methyl 

series (i.e. 12.61/14.07). 	This suggests the possibility 

that the relatively high value of 13.37 observed for the 

carbonyl carbon in the carboxyl case may be due to some 

difference in the degree of labelling of the two 'talves"' 

of glauconic acid, although no definite statement can be 

made at the present time since the degradation of 

glauconic acid is not complete. 

The six carbon atoms of glauconic acid which 

correspond to the three-carbon portion of the nine-carbon 

hypothetical precursor have all been obtained in pairs 

corresponding to each of those three carbons, and the 

results have been particularly interesting. 	Acetic 



73. 

acid from the Kuhn-Roth oxidation of methyl-labelled 

glauconin was found to be approximately equally 

labelled in each carbon atom, values of 3.74 and 3.49 

being obtained for the carboxyl and methyl carbons, 

respectively. 	As an additional check, acetic acid 

from the Kuhn-Roth oxidation of Methyl A glauconin was de- 
graded to give carbon dioxide samples of activity 2.91 

(carboxyl) and 2.89 (methyl). 	In agreement with 

earlier results, the acetic acid from the Kuhn-Roth 

oxidation of carboxyl-labelled glauconin contained 

almost negligible activity (0.19 for carboxyl and 0.12 

for methyl). 	The decarboxylation of the keto-diacid 

proved to be the most interesting experiment of all. 

While the carbon dioxide from carboxyl-labelled keto-

diacid has a value of 2.96 mc.p.m., that from methyl-

labelled keto-diacid had an activity of no less than 

2.53, which is considerably more than the values of 

1.3 observed for the methyl-derived carboxyl labels 

in the six-carbon portion of the hypothetical precursor. 

The overall labelling patterns produced from 

acetate in carboxyl III and methyl III glauconic acids 

are shown by (LXXI) and (LXXII), respectively. 	The 

labels in parentheses represent activities ranging 

from 18-255/o of those without. 
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(LXXI) 	 (LXXII) 

Since in all cases (except one) the carbon atoms 

of glauconic acid have been degraded in pairs 

corresponding to each carbon of the hypothetical 

precursor, it is most convenient to represent the 

results for the carboxyl and methyl series as (LXXIII) 

and (LXIV), respectively. 	It is also of interest to 

compare the activities within each of these formulae 

in terms of relative degree of labelling by assigning 

the value of unity to the labelled carbon at the end 

of the alkyl chain in either case, as in (LXXV) and 

(LXXVI). 



(u) 
0 

14 . 07 	12.61 
1. 2 	1.28+x 	0 

2 

1.34 

(LXXV)  

(LXXVI)  

0.38 	 Y 
13.58 	13.37+x 

.74 

0 

0  

12.56 

) 2 ° 53  

2 
(LXXIII) 	3.49  

(0) 

(LXIV ) 
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The carbon atoms which have not been degraded are 

labelled X and Y and correspond to the following carbons 

in glauconin: 

(Lxxvii) 

Until carbon X has been obtained from glauconin, 

the exact ratio of the labelling in the two 'halves" of 

glauconic acid cannot be specified. 	If we assume 

X = 13.37, and calculate radioactivity values of the 

degradation fragments, these agree reasonably well with 

the experimental data. The alternative assumption 

13.37  4. X  - 12.56 or X = 11.76 is still just reasonable 2 

on the basis of the experimental data, and it is most 

probable that the ratio of labelling of the 'halves" 

lies between the limits 1 and 1.137 (i.e. 13'37/11.76). 

Possibly the most significant result to come from 

the above series of degradations was that in both the 

Methyl III and Methyl A runs, the acetic acid from the 

Kuhn-Roth oxidation of glauconin was equally labelled 

in both the carboxyl and methyl carbons, in spite of 

the fact that the relative incorporation of activity 

into the three-carbon portion of the precursor versus 

the six-carbon portion was greatly different. 	This 
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strongly indicated that the three-carbon portion of the 

molecule was derived via a four-carbon dicarboxylic acid 

of the tricarboxylic acid cycle, for in passing through 

the symmetrical molecule of succinate, one would expect 

the derived acids, e.g. oxalacetate to be labelled 

equally in the carbons corresponding to the methylene 

carbons of succinate. 	The pathway shown in Fig. 37 is 

suggested as the overall biogenetic pathway from acetate 

to glaucanic and glauconic acids. 	For simplicity, the 

acids are shown in the free form, and not as the CoA 

esters. 

It should be noted that the above process is not 

in agreement with the biosynthesis of itaconic acid 

in Aspergillus terreus as described by Bentley93. 

If dehydration of the alkyl-substituted citric acid 

took place in a manner similar to that in the citric 

acid cycle, followed by the action of an enzyme similar 

to cis-aconitic decarboxylase, then a substituted 

itaconic acid of a completely different type to that 

desired would result (Fig. 38). 
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f-7—   CO;  I-I 

   

Cl 

  

Icc).A N 
COSH 

0 

(Fig. 38) 

Obviously, some other process must be operative, and the 

most reasonable assumption is that the difference is in 

the dehydration step, as shown in Fig. 37, if, indeed 

this sort of process is occurring. 	A possible alternative, 

discussed below, is the formation of pyruvate from 

oxalacetate, and subsequent incorporation of that molecule 

(see Fig. 42). 	One notes that it would be equally 

difficult to account for the formation of roccellic acid 

(LXXVIII) by Roccella tinctoria unless a process similar 

to that proposed for the formation of the precursor of 

glauconic acid (or its alternative) were taking place. 
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CH 

3 \NCH - CO2H 

CH3(CH2)11 - CH - CO2H 

(L10 VIII) 

One further point of interest is that in the case 

of Methyl III keto-diacid, the carboxyl groups were 

shown to be of very high activity relative to the methyl-

derived carboxyl labels occurring in the six-carbon 

portion of the precursor of glauconic acid, thus the 

situation was more complex than the simple incorporation 

of oxalacetate into the three-carbon portion. 	If 

methyl-labelled acetate were incorporated as a two-

carbon unit, via succinate, into the three-carbon portion 

of the precursor, then that carbon which corresponds to 

a carboxyl group in the succinate would be expected to 

show an activity of 9% of that of the methylene of 

succinate(3.7)or 0.35 mc.p.m. 	The observed value, 

however, is 2.53 mc.p.m. 

Let us now consider some ways in which the extra 

labelling might be introduced, the most obvious of 

which are the following: 

(1) Labelling of active acetaldehyde by carbon dioxide. 

(2) Labelling a three-carbon intermediate, such as 
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propionate, by carbon dioxide. 

(3) Action of the citric acid cycle. 

(4) Action of the glyoxylic acid cycle. 

The labelling of active acetaldehyde by carbon 

dioxide represents a reversal of the mechanism by which 

pyruvate, derived from carbohydrates, is decarboxylated 

prior to oxidation to acetate. 	Representing thiamine 

pyrophosphate by R-, the process may be summarised as 

shown: 
0 
COL  

 

R 

Pyruvate thus labelled could be converted to oxalacetate 

by the following well-known reaction: 
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The carbon dioxide introduced by biotin would also be 

labelled but in the postulated biosynthetic route this 

carbon (0') would be lost. 

One other simple way of introducing the label is 

by the Wood-Werkman reaction: 

a 	 (01 

= 
	CO2N 

ra) 
	 oz/{coli/ coj. 
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The action of the citric acid cycle is considerably 

more complex. 	Ihe methyl label of acetate is first 

incorporated into succinate methylene, which, being 

symmetrical, distributes the label between both methylene 

groups: 

co 
cOA 

(FI) 

  

CC:3y 
C o R 

  

  

  

Labelled succinate may further be transformed by the 

citric acid cycle (via oxalacetate): 

%) () 

I
1
----co,,p 	r— CD;, 4/ a 
L () 	I

c? 	611 1 
// - c CI I .4 r 1-0— 	CO, 14 ----. 

C. 0,A ti 
t 1 I 3  COA 

[—Coa l4 
H 
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Since the label in parentheses can never be more than 

half as much as the label without, even the maximum 

amount of labelling that could be introduced by the 

sequence of reactions shown could produce succinate in 

which the carboxyl groups had no more than 1/3 the 

activity of the methylene groups. 	It was observed 

that the activity of carboxyl to methylene in methyl-

labelled succinate was 2.5/3.7 or 0.68, so that the 

above process, by itself, cannot account for the high 

degree of labelling observed. 

The corresponding case of carboxyl labelling is 

much simpler, because any labels in the carboxyls of 
Ox" 4-cETIITE 
glyoxyietc would be lost by the action of the citric 

acid cycle, so that the maximum amount of labelling is 

that due to the initial condensation of labelled acetate: 

	C. 0,J4 	0 	"14  
140 	C 0,1-4 

14 Co, 	Wal-1 
I4,o 
214 

0) 
	co,fi 

c4C: j0,. H  

C.0,41 

	e0,44 
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In the glyoxylate cycle, succinate can be produced 

with the same overall result as the citric acid cycle 

(Fig. 39) for both the carboxyl and methyl series. 

Further action of the cycle upon labelled succinate 

produces labelled glyoxylate (Fig. 40), which subsequently 

reacts with acetate to form L-malate (Fig. 41). 	This 

final reaction would thus produce oxalacetate which was 

unequally labelled in the two central carbons or in the 

carboxyl carbons. 	Since the carbons in the methyl series 

of degradations, which corresponded to these, were equally 

labelled, any major contribution of the glyoxylate cycle 

seems unlikely.unless the L-malate labelling undergoes 

equilibration via fumarate, as for Ls  alloisocitric acid 

(Page 32). 
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The high degree of labelling in the carboxyls of 

the keto-diacid in the methyl series thus apparently 

requires the action of labelled carbon dioxide, although 

part of the activity may be derived from the action of 

the citric acid cycle. 

While oxalacetate would seem to be the most likely 

precursor of the three-carbon portion of the postulated 

nine-carbon intermediate, from a consideration of known 

reactions, we certainly cannot rule out the possibility 

that it may be decarboxylated to pyruvate prior to 

incorporation (Fig. 42). 	This process would not only 

give the same labelling pattern as if oxalacetate were 

incorporated as such, but would also eliminate the 

objection to manner of dehydration posed by the work 

of Bentley. 

 

(11.1  	(6)  
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The conversion of methyl label to carboxyl label 

in the methyl series may be accounted for by the 

decarboxylation of oxalacetate as proposed in the above 

biogenetic scheme (Fig. 42) followed by the normal 

oxidative decarboxylation of the pyruvate to give acetate 

labelled in both the carboxyl and methyl groups: 

00 	
t4Y1 (00 	) (-) 

Co 1 

In conclusion, the biosynthesis of glauconic acid 

is seen to represent a complex series of interactions 

between a number of metabolic pathways, and while the 

present work has not provided a final solution, at 

least it has suggested a number of experimental 

approaches which may prove fruitful. The incorporation 

of carbon dioxide and pyruvate or oxalacetate would 

certainly prove enlightening, and, unless such substances 

should prove to be in an enzyme-bound form, P-ketohexanooic 

acid, (easily derived from butyryl CoA and malonyl CoA 

in the normal course of fatty acid biosynthesis) should 

prove a useful precursor. 
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PART I - EXPERIMENTAL SECTION 

Introductory  remarks. 	All m.p.'s were taken on the 

Kofler block and are uncorrected. 	Infrared measurements 

were taken on the Perkin-Elmer 137 and the Unicam S.P.200 

and are expressed in reciprocal centimetres. 	Ultraviolet 

spectra were measured in absolute ethanol on the Unicam 

S.P. 700, and are reported in millimicrons. 	All rotations 

were measured in chloroform on a Hilger-Watts polarimeter 

unless otherwise stated. 	Proton magnetic resonance spectra 

were run by Mr. R. Foster at 56.45 mc. sec71, using tetra-

methylsilane internal reference standard. All microanalyses 

were performed by Miss J. Cuckney and her staff. Evapora-

tion of a solvent refers to gentle warming under vacuum 

unless otherwise stated. Planchette counting was done on 

a proportional counter constructed by Dr. D. W. Turner, 

and liquid scintillation counting was done in the I.D.L. 

liquid measuring head. 	These remarks apply to both Parts 

I and II of the Experimental work. 
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Barium carbonate collection techniques 

Disc technique. 	Saturated barium hydroxide solution 

was freed of barium carbonate by centrifugation and 

used to collect carbon dioxide at room temperature. 

The collected barium carbonate was centrifuged in 

15x80-mm. tubes and washed twice with freshly boiled 

water. 	The precipitate was then suspended in freshly 

boiled water and filtered through a paper disc (Whatman 

No. 1) 2 cm. in diameter supported on a special planchette 

provided with holes. 	The paper and planchette had been 

previously weighed on the microbalance. 	The precipitate 

was washed with acetone and dried for hr. under 

aspirator vacuum, weighed, treated with a small amount 

of acetone-collodion, re-dried, and re-weighed. 

Pellet technique. 	The collection apparatus consisted 

of a lx 5-in. tube with a B 34 ground joint on one end. 

A corresponding joint was equipped with an inlet leading 

to a glass frit 1 cm. in diameter and porosity 2 and 

equipped with a stopcock, another inlet in the form of 

1 in. of 3 mm. tubing, and an outlet which led to a 

bubbler. 	Freshly boiled water (10 ml.) and saturated 

barium hydroxide solution (10 ml.) were introduced by a 

syringe via the 3-mm. tube, which was then stoppered with 

a neoprene plug and heated to 80°  in a water bath, the 
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system being swept all the while with either oxygen or 

nitrogen which had been freed of carbon dioxide by 

passage through a tube of soda-asbestos. 	Adequate gas 

pressure was maintained in order to keep the flow through 

the collection apparatus about 10-20 ml. min.-1  At the 

end of the collection, the stopcock was closed and the 

3-mm. tube equipped with a soda-asbestos guard tube. 

In this way, the apparatus could stand without picking 

up carbon dioxide from the atmosphere. 	The collection 

tube was detached from the apparatus and re-attached to 

a washing apparatus via the ground joint. The washing 

apparatus incorporated an inlet for nitrogen, a reservoir 

for freshly boiled water, and a frit of porosity 3, 5 mm. 

in diamter. 	The precipitate was collected on the frit, 

washed with water (3x 1-ml. ), the fritted portion removed, 

the precipitate washed twice more with water (7 ml.) and 

dried at 110°  under vacuum for 1 hr. 

Powder technique. Barium carbonate obtained by centri-

fugation, as in the section on discs, was dried at 110°  

under vacuum for 1 hr. 

Planchette counting technique. 	Planchettes, 1 in. in 

diameter, were washed with acetone, water, quickly dipped 

in chromic-sulphuric acid, washed with water, and dried 

at room temperature under vacuum. These were weighed on 
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the microbalance, and the solution 'of the substance to 

be deposited as a thin film was introduced in about 0.2 ml. 

of a solvent from which it did not readily crystallise, 

acetone being the solvent of choice for glauconic acid, 

a,13-diethylacrolein semicarbazone, and glauconin. 	The 

sample size was usually in the range 0.3-0.6 mg. 	The 

planchettes with sample were dried under aspirator vacuum 

1 for 7 hr. and counted in the proportional counter under 

methane. 	The efficiency of this counter was reported to 

be approximately 50%, and all counts were recorded as 

counts per minute per milligram (c.p.m.p.mg.) or in 

counts per minute per micromole (c.p.m.p.mm.). 	The 

barium carbonate discs were counted similarly, except 

that it was necessary to plot a calibration curve in 

order to correct barium carbonate activity in samples 

of varying size. 	This was done by subjecting glauconic 

acid of known activity to combustion by standard micro-

analytical technique in order to obtain labelled carbon 

dioxide, which was collected as barium carbonate as 

described in the section on barium carbonate disc 

technique. 

Liquid scintillation counting. 	The sample (2 mg.) was 

weighed into a small scintillation tube approx. 1x5 cm. 

and 1.2 ml. of NE 220 liquid scintillation solution was 

added. 	Duplicate sets of counts were taken on duplicate 
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samples, and in each case a background (around 0.5 

counts per second) was subtracted. 	Every sample was 

subjected to internal standardisation after counting by 

the addition of 0.1 ml. of a solution of Perspex (10 

microcuries per gram, 60% C, from the Radiochemical 

Centre) in dioxan (75%, aqueous). 	The concentration 

of 94.491 mg. in 100 ml. corresponded to 34.96 decomposi-

tions in 0.1 ml., so that the sample activity was obtained 

by multiplying the sample counts by 34.96/standard counts 

(for the particular sample). 	This enabled us to report 

all activities in microcuries per mole (mc.p.m.). 	In 

order to count barium carbonate samples, 5 mg. of 

carbonate, weighed on the semimicrobalance, was acidified 

with 0.5 ml. of 1 N perchloric acid, and the carbon 

dioxide generated allowed to diffuse into 0.5 ml. of 

0.5 N Hyamine in methanol, which was contained in a 

large counting vial (about 1.5 x 5 cm.). 	The diffusion 

was aided by gentle shaking for 90 min., and 4.0 ml. of 

NE 213 liquid scintillation solution was added. 	In 

every case, duplicate thousand-second counts were taken 

on duplicate samples. A background was always determined 

on duplicate samples of Hyamine plus scintillator. 	It 

was necessary to use an internal standard hexadecane in 

xylene for these samples, as the perspex-dioxan standard 

gave rise to chemiluminescence and thus produced unsteady 
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counts. 	The hexadecane standard, of the order of 100 

decompositions per second per 0.1 ml., was cross-

standardised against the perspex-dioxan standard in 

NE 213 scintillator (4.0 ml.). 	Each set was done in 

quadruplicate, the activity of 34.96 of perspex being 

multiplied by the ratio of the counts for hexadecane to 

counts for perspex to give the activity of hexadecane. 

In order to correct the activity of barium carbonate 

for analytical error and atmospheric contamination, 

samples of hexadecane, glauconic acid, and carboxyl-

labelled and methyl-labelled a,P-diethylacrolein were 

each subjected to combustion by standard microanalytical 

technique, and the carbon dioxide collected as barium 

carbonate by the pellet technique described. 	The ratio 

of the activity of barium carbonate found to the activity 

of the barium carbonate calculated on the basis of 

direct scintillation measurements on each of the compounds 

was found to be essentially constant and is summarised 

below: 

Substance 	Predicted Found Ratio  

Hexadecane 

Carboxyl I 
Glauconic acid 

Carboxyl III 
a,13-diethylacrolein 

Methyl III 
m,p-diethylacrolein 7.325 	6.785 1.081 
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Since the latter two substances were actually used in 

the degradations, the correction factor 1.076, obtained 

by averaging the results from the latter two combustions, 

was multiplied by the measured activity in mc.p.m. to 

give mc.p.m. (corr.). 	All barium carbonate samples 

were obtained by pellet technique unless otherwise 

specified, 4,fia 466 AC7 5-5 c°,e,e4X7t0/ 

Gel  counting of barium carbonate samples. 	Barium 
powDEk 

carbonate, obtained by the'e-9.4-iti technique unless other-

wise specified, (5 mg.) was suspended in NE 212 scintilla- 

ting get (1.2 ml.) and warmed to 90°  for 5 min. 	The 

efficiency of this process could only be determined 

indirectly, as it was not possible to add internal 

standard after counting. 

Mould Culture Technique  

The mould Penicillium purpurogenum was subcultured 

on agar slants which were made from Vimaltol extract 

(2.5 g.) sucrose (1.5 g.), Czapek-Dox agar tablets (10) 

and water (40 ml.). 	The mixture was heated on the steam 

bath until homogeneous and then poured into four 8-in. 

test tubes which were plugged with cotton wool and 

sterilised 20 min. at 15 p.s.i., let stand 24 hrs., and 

sterilised again. 	Spores of the stock culture were 

transferred with a sterile nichrome wire. 
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A satisfactory growth was usually obtained in less than 

a week. 	The spores from one tube culture were dispersed 

in water (10 ml., sterilised) and used to inoculate two 

or more flask cultures. 	The flask culture medium was 

made from sucrose (150 g.), stock solution, containing 

ammonium nitrate (2,p 5 g.), potassium dihydrogen phosphate 

(875 mg.), magnesium sulphate heptahydrate (225 mg.), per 

litre of water, (10 ml.), 2 N hydrochloric acid (0.45 ml.), 

the lot being made up to 1 litre in water. 	Portions of 

90 ml. were poured into 250-ml. Erlenmeyer flasks. 

Sterilisation was at 100°  for 1 hr. and was repeated 

after 24 hrs. 	The inoculated flask cultures were 

allowed to grow for a period of four weeks. 	The 

mycelium was filtered off, washed with water, pressed 

and dried at room temperature for a few hrs. under vacuum, 

ground to a fine powder in a mortar, and then dried at 

room temperature 24 hrs. under vacuum. The powder was 

placed in a Soxhlet extractor and extracted with ether 

for 24 hrs. 	Evaporation of the ether gave 1.7 g. of 

crude material, which was triturated with a few ml. of 

ether and filtered off to give 1.5 g. of crystalline 

material, which was dissolved in 5 ml. of 50% ethereal 

acetone and chromatographed on silica gel (101 g.), 

using ether as eluant. 	The fractions (20-25 ml. cuts) 

having rotations less than [gip  +41°  (c around 1.5) 



97. 

were combined to give 0.9 g. of glauconic acid, 

m.p. 202°  Cocip + 35°  (c = 1.5). 

The above process was repeated for runs in which 

sodium acetate labelled with 14C was added to the 

culture medium before sterilisation. 	In all cases, 

activities of undiluted glauconic acid represent the 

average activity for a series of samples of glauconic 

acid recrystallised to constant activity from 1,2- 

dichloroethane. 

Carboxyl A Methyl A Methyl B 

Sodium acetate (mc.) 0.025 0.025 0.025 

Medium (ml.) 250 83 90 

Crystalline material (g.) 3.65 1.48 1.66 

Activity (c.p.m.p.mm.) 527 475 905 

Dilution factor 4.78 7.20 8.95 

Activity diluted 121.8 55.2 111.1 

Activity (mc.p.m.) 433 460 

Dilution factor 9.82 7.20 

Activity diluted 45.36 

Activity calculated 744 

Incorporation 6.06% 7.84% 14.18% 

The calculation of activity was done assuming the value 

433 for Carboxyl A glauconic acid was correct, which 

would correspond to an efficiency of 54.7% for the 
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proportional counter. 

In order to obtain carboxyl- and methyl-labelled 

glauconic acids under conditions as nearly identical as 

possible, culture medium (540 ml.) was divided into two 

equal portions, one of which was labelled with 0.075 mc. 

of sodium-1-14C acetate, and the other of which was 

labelled with 0.075 mc. of sodium-2-14C acetate. 	Each 

portion was subdivided into three portions of 90 ml., 

each in a 250-ml. Erlenmeyer flask. 	After sterilisation 

as described above, one slant culture was used to inoculate 

one flask each of carboxyl- and methyl-labelled material, 

the suspension of spores being divided into approximately 

equal portions. 	The three sets of carboxyl- plus methyl-

runs were designated I, II, and III, and the results of 

the feedings are shown below: 

Activit 	Crystals (g.) 	Incorporation 	 
mc.p.m.)  

Carboxyl I 	2381 	0.585 	12.00 

Carboxyl II 	1820 	0.627 	9.84 

Carboxyl III 	1535 	0.709 	9.36 

Methyl I 	1890 	0.896 	14.61 

Methyl II 	1929 	0.923 	15.32 

Methyl III 	1924 	0.797 	13.20 

Run 
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Carboxyl III glauconic acid (302.6 mg.) was 

diluted with inactive material to give Carboxyl III 

glauconic acid (5.1664 g. of activity, 87.2 mc.p.m.) 

Methyl III glauconic acid (294.2 mg.) was diluted with 

inactive materialto 5.1334g. of activity, 107.8 mc.p.m.). 

Degradation Techniques and Results 

Pyrolysis of glauconic  acid. 	Glauconic acid (80 mg.) 

was sealed in a 6-mm. pyrex tube 6-8" long under vacuum 

and the part of the tube containing the glauconic acid 

was immersed in a metal bath at 250°  for 5 min. The 

a1P-diethylacrolein condensed in the upper portion of 

the tube. 	The tube was cooled and the upper portion 

broken off and half-filled with a solution of semi- 

carbazide hydrochloride 100 mg. per ml. and sodium 

acetate trihydrate, 160 mg. per ml., shaken thoroughly, 

and the a,13-diethylacrolein semicarbazone (13 mg.), 

m.p. 171-175°, was collected on a filter and recrystallised 

from water-methanol. 	The residue in the tube was 

triturated with the minimum quantity of chloroform to 

give glauconin (17 mg.), m.p. 164-168°, which was 

recrystallised from chloroform. 	An 8-mm. tube, 6-8" 

long, was found to be satisfactory for the pyrolysis of 

as much as 200 mg. of glauconic acid. 	Runs larger than 

this were done in a series of 8-mm. tubes. 	This 
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experiment was repeated on labelled glauconic acid, the 

semicarbazone and glauconin being crystallised to constant 

activity. 	All activities below are in c.p.m.p.mm. 

Due to lack:of material, diluted glauconic acid was not 

crystallised to constant activity, as this had been done 

on the undiluted material, so the activity based on the 

undiluted glauconic acid and dilution factor, which is 

given in parentheses, represents a more accurate measure 

of the activity for comparison with the fragments. 

Glauconic acid Activity Semicarbazone Glauconin 

Carboxyl A 121.8 (110.3) 58.6 57.3 

Methyl A 55.2 (65.9) 34.0 30.5 

Methyl B 111.1 (101.2) 59.2 53.5 

The Carboxyl A (dilution factor of 9.82) and Methyl A 

runs were also measured by liquid scintillation, with 

activities in mc.p.m. 

Glauconic acid Activity Semicarbazone Glauconin 

Carboxyl A 45.36 19.23 24.55 

Methyl A 63.9 28.7 33.4 

Carboxyl III 87.2 40.9 46.4 

Methyl III 107.8 58.6 51.5 

The diluted acids in Carboxyl III and Methyl III series were 

crystallised to constant activity from 1,2-dichloroethane. 
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Kuhn-Roth oxidation of cc,8-dietlylacrolein semicarbazone. 

The semicarbazone (101.4 mg.) was refluxed for 75 min. 

with 4N chromic acid in 80% sulphuric acid (10 ml.) and 

the volatile acids were steam distilled and titrated 

against 0.264 N sodium hydroxide, carbonate-free, which 

was prepared from sodium, absolute alcohol, and carbon-

dioxide-free water according to the procedure described 

in Calvin(3 . 	The amount of acid obtained was 1129 Ileq. 

There was added sufficient 0.1N sulphuric acid to bring 

the phenolphthalein indicator (1 small drop of 0.1% 

phenolphthalein in alcohol) back to colourless form, and 

the solution evaporated to dryness. 	This allowed the 

mixed salts to be stored under vacuum. 	Separation of 

acetic from propionic acid was accomplished on a celite 

column 1.9x25 cm. containing 20 g. celite 545 which had 

been stirred thoroughly with 0.5N sulphuric acid (16 ml.). 
1327 

The column was packed under chloroform. The mixed salts 

were treated with 0.4 ml. of water and sufficient 

sulphuric acid (conc.) to bring the concentration to at 

least 0.5N. Several ml. of chloroform (which had been 

previously washed with 0.5N sulphuric acid) were added, 

followed by 0.5 g. of celite. 	The flask was stoppered 

and shaken, and the slurry of Celite was packed onto the 

top of the column. 	The solvent used for elution was 

chloroform, and fractions of 10 ml. were taken. 	The 
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propionic acid peak came about fraction 8, and at 

fraction 12 the eluant was changed to 10% butanol 

(distilled from potassium hydroxide) in chloroform. 

The acetic acid peak came at fraction 17. 	The amount 

of acid in each fraction was determined by titration 

against carbonate-free alkali, the major fractions of 

each acid were combined and back-titrated to the 

disappearance of the pink colour with 0.1N sulphuric 

acid, and the solutions of salts evaporated and stored 

under vacuum. 	This procedure gave 728 ileq. of sodium 

propionate and 348 Ileq. of sodium acetate. 	The sodium 

propionate was treated with 100% sulphuric acid (0.5 ml.) 
136 

and sodium azide (86 mg.) was added. 	The flask was 

warmed to 60-70° over a period of 15 min. and kept at 

that temperature for a further 45 min., being swept all 

the while with carbon-dioxide-free nitrogen, which was 

passed through a bubbler of 5% potassium permanganate 

in 1N sulphuric acid and thence to the carbon dioxide 

collection apparatus described. 	The yield of barium 

carbonate was 86 mg. The reaction mixture was then 

neutralised with 5N sodium hydroxide, and an excess of 

0.2 ml. was added, followed by 5% potassium permanganate 

(5 ml.). 	The flask was quickly stoppered and heated 

for 15 min. at 90-100Q, transferred to the steam 

distillation apparatus, conc. sulphuric acid added 
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(1.0 ml.) and the mixture was steam-distilled to give 

a mixture of volatile acids (539 ueq.), which was 

subsequently titrated,' evaporated, regenerated and 

chromatographed to give sodium acetate (494 ueq.) and 

sodium propionate (15 ueq.). 	The Schmidt degradation 

was repeated on the sodium acetate to give barium 

carbonate (74 mg.), and the residue was treated 5N 

sodium hydroxide (5 ml.) to give methylamine, which 

was steam-distilled into 1N sulphuric acid (1 ml.). 

The methylamine salt was treated with 5N sodium hydroxide 

(0.4 ml.) and 5% potassium permanganate (5 ml.) and 

heated to 90-100°  for 15 min., acidified with conc. 

sulphuric acid (1 ml.) and the carbon dioxide collected 

as before to yield barium carbonate (62.3 mg.). 	This 

experiment was repeated on Carboxyl III a,P-diethylacrolein 

semicarbazone and Methyl III semicarbazone to yield the 

following results (all activities in mc.p.m.) with barium 

carbonate activities corrected as described under the 

section on pellet technique. 
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Methyl III 

40.9 58.6 

0.31 12.61 

13.60 1.36 

0.43 13.94 

13.55 1.27 

0.32 14.19 

13.58 1.32 

0.38 14.07 

Quantity 

total activity 

propionate carboxyl 

propionate methylene 

propionate methyl 

acetate carboxyl 

acetate methyl 

average for methylene 
and carboxyl 
average for methyls 

Degradation of a,O-diethylacrolein. 	Glauconic acid 

(1.48 g.) was pyrolysed by the described procedure to 

give a,13-diethylacrolein (182 mg.) which was hydro-

genated in ether (dried over sodium sulphate, 10 ml.) 

with 10% palladium on charcoal (48 mg.), hydrogen 

uptake being 2.0 millimoles at room temperature. 	The 

catalyst was filtered off by the aid of celite, and 

the ether was removed by fractional distillation 

through a micro column 4 mm. in diameter and 8 in. long 

packed with Raschig rings to give crude saturated 
u/1)01 

aldehyde (208 mg.)
A  was treated with water (1.8 ml.), 

conc. sulphuric acid (0.5 ml.), and potassium dichromate 

(199 mg.), and refluxed for 2 hrs. 	The reaction 

mixture was then extracted with ether (3x5 ml.), which 

was subsequently extracted with saturated sodium 
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bicarbonate (3x5 ml.). 	After acidification to pH 2 

with conc. hydrochloric acid, the solution was 

extracted with ether (3x 5 ml.). 	Most of the ether 

was fractionated off as before and the residue (about 

1 ml. was left) was treated with an excess of ethereal 

diazomethane (about 2 ml. of approx. 1 M). 	The ether 

was fractionated off as before to give crude ester 

(225 mg.), which was dissolved in ethanol (1 ml.), 

water (0.5 ml.) and hydrazine hydrate (2 ml. 64% 

aqueous hydrazine) and refluxed for 24 hrs. Evapora- 

tion of the alcoholic hydrazine gave crude hydrazide 

(90 mg.), m.p. 88-93°  which was crystallised from 

light petroleum (60-80°) to give m.p. 92-94°. 

(Found: C, 59.1 (58.3); H, 11.1 (10.8); N, 19.3 (19.9); 

C7H160N2 requires C, 58.3; H, 11.2; N, 19.4%). 

The hydrazide (30 mg.) was treated with 6N hydrochloric 

acid (0.5 ml.) at 0°  and sodium nitrite (136 mg. in 

0.5 ml. of water) was added slowly with stirring over 

a period of 10 min. and the reaction mixture stirred 

about another 10 or 20 min. 	Then conc. sulphuric acid 

(1.0 ml.) was added and the mixture warmed gradually 

to 100°, the carbon dioxide evolved being collected in 

the previously described manner to give barium carbonate 

(36 mg.). 	This sequence of reactions was applied to 

carboxyl III and methyl III glauconic acid with the 
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following results: 

Quantity Carboxy_l III 	Methyl  III 

  

Semicarbazone activity 	40.9 
	

58.6 

Hydrazide activity 	41.3 
	

61.5 

Activity found 
	

12.41 
	

1.192 

Activity corrected 
	

13.37 
	

1.284 

The hydrazides were not crystallised to constant 

activity. 	All activities are in mc.p.m. 

Further degradation studies, not done on labelled 

material, were the ozonolysis and Lemieux oxidation of 

the semicarbazone. 	In the Lemieux oxidation, semi-

carbazone (33 mg.) was stirred in 755/o dioxane (1 ml.) 

containing osmium tetroxide (2.2 mg.) for i hr. 

During the next t hr., sodium periodate (90 mg.) was 

added and the mixture stirred a further 12 hrs and 

then extracted with ether (3 x 5 ml.). 	Treatment of 

the extract with alcoholic 214-dinitrophenylhydrazine 

(Shriner and Fuson 	gave a precipitate which was 

subsequently chromatographed on Bentonite using benzene 

as eluant. 	A few mg. of red crystals, m.p. 228-243°  

was obtained from the principal fraction. 

cc I P-diethylacrolein 2,4-DNP prepared synthetically 

had m.p. 163-170°  which was depressed by the addition 

of the red crystals. 	This product was not investigated 
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further. 	For the ozonolysis, semicarbazone (30 mg.) 

was dissolved in ethyl acetate (20 ml.), cooled to 

-40°, and treated with ozone until the optical density 

at the absorption maximum decreased to 10% of its 

original value, as measured by 1 drop of reaction mixture 

in 2 ml. of ethanol. 	The reaction required about 40 min. 

Evaporation of the solvent and treatment of the residue 

with the alcoholic 2,4-DNP reagent as above gave a 

precipitate (15 mg.) which was purified as above to 

yield propionaldehyde 2,4-DNP (10 mg.), m.p. 149-150°, 

identical in infrared absorption and mixed melting point 

with synthetic material. 	Recrystallisation raised the 

m.p. to 153-155°. 	(Synthetic 153-154°). 

Acid-catalysed decomposition of glauconin. 	Glauconin 

(30 mg.) was sealed in a micro-Carius tube under nitrogen 

with 8N hydrochloric acid (0.5 ml.) and heated to 200°  

for 4 hrs. 	Carbon dioxide was collected by attaching 

the tube via 6-8" of semi-pressure tubing to a diffusion 

apparatus consisting of a tube i in. in diameter and 

3 in. long which was provided with an additional inlet for 

barium hydroxide solution. 	The apparatus was evacuated 

and the collection vessel cooled in liquid nitrogen. 

The end of the Carius tube was broken by the aid of a 

sleeve of 4-mm. pyrex tubing i in. long. 	After 

collection of the carbon dioxide, saturated barium 
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hydroxide solution was introduced directly into the 

collection vessel, still at liquid nitrogen temperature. 

The collection vessel was then allowed to come to room 

temperature and let stand 1 hr. further, to yield 

barium carbonate (41 mg.). 	The residue was made 

alkaline with 5 N sodium hydroxide, 	an equal volume 

of 0.1N sodium hydroxide was added and the mixture was 

heated on the steam bath for 1 hr. 	Conc. hydrochloric 

acid was added to pH 2, the residue was extracted with 

ether (3x 5 ml.), and the ether was evaporated to yield 

2,6-dimethylheptan-4-one-2,6-dicarboxylic acid (20 mg.), 

which was triturated with benzene-ether to give material 

of m.p. 124-134°  (7 mg.) and a second crop of 11 mg. 

The acid was recrystallised from ether-benzene. 

Repetition of the above experiment on labelled material 

gave the following results 	(Counts in c.p.m.p.mm. with 

barium carbonate measured by the disc technique): 

Glauconin Activity Acid Carbon dioxide 

Carboxyl A 57.3 21.4 17.7 

Methyl A 30.5 27.6 1.08 

Methyl B 53.5 53.0 2.0 

For counting of barium carbonate by the gel technique 

(activities in mc.p.m.): 
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Glauconin Activity 	Acid 

	

24.55 	11.6 

	

33.4 	30.7 

Carbon dioxide  

   

Carboxyl A 

Methyl A 

 

5.3 

1.6 

  

Finally, for counting of barium carbonate by liquid 

scintillation technique (activities in mc.p.m. corrected). 

Glauconin 	Activi,ty 	Acid 	Carbon dioxide 

Carboxyl III 	46.4 	19.79 	12.56 

Methyl III 	51.5 	48.81 	1.343 

The technique for the Carboxyl III and Methyl III runs 

differed slightly from those above, the carbon dioxide 

from two of the tubes prepared as described above being 

collected in 2N sodium hydroxide (1 ml.) which was 

stirred 1 hr., and then acidified with conc. sulphuric 

acid (1 ml.) to regenerate carbon dioxide, which was 

collected as barium carbonate by the pellet technique 

(76 mg.). 	The combined residues from 4 tubes were made 

alkaline with 5N sodium hydroxide and 0.5N sodium 

hydroxide (10% of the volume of the solution) was added, 

and the mixture hydrolysed, acidified, and extracted as 

before to yield 98 mg. of crude acid, which was 

recrystallised to give rectangular prisms (45 mg.), 

m.p. 112-1300, which were recrystallised from ether-

benzene as before. 
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The Kuhn-Roth oxidation of glauconin. 	Glauconin 

(16.5 mg.) was refluxed with 4N chromic acid in 80% 

sulphuric acid (2 ml.) for 75 min. 	Carbon dioxide was 

collected by the powder technique, and the volatile 

acids were stead-distilled and titrated against 0.1N 

potassium hydroxide solution (phenolphthalein end-point) 

and the solution was evaporated to a volume of 7 ml., 

and ethanol (8 ml.) and p-phenylphenacyl bromide (33.6 mg.) 

were added. 	The solution was refluxed for 3 hrs., and 

evaporation of the solvent gave crude ester (25 mg.) which 

was chromatographed on silica gel (10 g.) using benzene 

as eluant to remove unreacted reagent, followed by ether 

to recover the ester (12 mg.), m.p. 110°. 	This process 

was repeated on labelled material, barium hydroxide being 

collected by the powder technique. 	Activities are 

expressed in mc.p.m. 

Quantity 

Total activity 
(glauconin) 

Ester 

Barium carbonate 

Carboxyl A 

24.55 

Methyl A 

33.4 

0.1 	6.33 
4- 

3.120 	2.793 

Glauconin (30 mg.) was refluxed with 4N chromic acid 

reagent (5 ml.), as described above. 	The volatile acids 

(251 um.) were purified chromatographically and degraded 

as described under the Kuhn-Roth oxidation of 

at- 5E( 



a,(3-diethylacrolein semicarbazone. 	The barium 

carbonate derived from the carboxyl (33 mg.) and from 

the methyl (23 mg.) carbons of acetic acid were 

collected by the pellet technique, and counts expressed 

in mc.p.m. for the degradation of labelled material. 

Substance Carboxyl III Methyl III Methyl A 

Glauconin 46.4 51.5 33.4 

Carboxyl carbon 0.19 3.74 2.91 

Methyl carbon 0.12 3.49 2.89 

Alternative degradation procedures were attempted, but 

these were not successful. 	Glauconin (40 mg.) was 

dissolved in ethyl acetate (20 ml.) and treated with 

ozone at -40°  until the optical density at the absorption 

maximum had decreased to 10% of its original value, as 

measured by taking a drop of reaction mixture in ethanol 

(2 ml.). 	The reaction time was about 37 hrs. 	Hydro- 

genation of the reaction mixture with 10% -If-  palladium 

on charcoal (33 mg.) gave a solution which was filtered 

and evaporated, and the residue was treated with a 

saturated solution of 2,4-dinitrophenylhydrazine in IN 

hydrochloric acid to give a crude derivative which was 

subsequently chromatographed on Bentonite (5 g.) using 

benzene as eluant to give a few mg. of 200-215°, which 

did not depress authentic pyruvic acid 2,4-DNP (m.p. 215°) 
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prepared synthetically. 	The various reaction conditions 

were varied, but a satisfactory yield of pure material 

was never obtained. 	The model compound, dimethylmaleic 

anhydride, also failed to ozonolyse under these conditions. 

Decarboxylation of 2 6-dimethylheptan-4-one-2„6-dicarboxylic 

acid. 	Potassium t-butoxide (1.04 g.) was stirred under 

nitrogen in benzene (20 ml., sodium dried) and a solution 

of iodine C3.7 g., dried by azeotropic distillation using 

benzene) in benzene (35 ml.) was added over a period of 

1 hr., the reaction vessel being cooled in a water bath 

and protected from light. 	The reaction mixture was 

stirred for -f hr. more, filtered, and 10 ml. was trans-

ferred by pipette to a photolysis apparatus, which 

consisted of a 25-mi. pear-shaped micro flask fitted 

with a mercury-seal stirrer, condenser, and inlet for 

carbon--dioxide-free, oxygen-free, Perchlorate-dried 

nitrogen. 	The outlet from the condenser was connected 

to a cold trap of Cardice and methylene dichloride, and 

thence to a bubbler which contained 2N sodium hydroxide 

(1 ml., carbonate-free), which was protected from the 

atmosphere by another bubbler in series, containing 

water. 	The keto-diacid (24.5 mg.) was introduced and 

the reaction mixture was photolysed overnight at room 

temperature (kept in a bath of cold water), using a 

300-watt tungsten lamp. 	Acidification of the alkali 
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with conc. sulphuric acid (1 ml.) gave carbon dioxide, 

collected as barium carbonate by the pellet technique 

(28 mg.). 	Repetition on labelled material gave the 

following results, in mc.p.m. 

Quantity 	Carboxyl III 	Methyl III 

Keto-diacid 	19.79 	14.81 

CO2 activity found 	2.75 	2.35 

Corrected 	2.96 	2.53 

Some attempts were made to split out the carbonyl 

carbon atom from the dimethyl ester of the keto-diacid. 

Crude acid (130 mg.) m.p. 104-114°  was dissolved in 

ether (2 ml.) and treated with a slight excess of 

ethereal diazomethane. 	Evaporation of the ether gave 

crude ester (148 mg.) which was distilled to give ester, 

b.p. 280°, V max 2920, 1730, 1715 (chloroform) X max 

218, 296 (s 129 and 22.4, respectively). 	(Found: 

C, 57.5; H, 8.2; C11111805  requires C, 57.4; H, 

The ester was photolysed for 24 hrs. in a pyrex apparatus 

at 200°  and 0.2 mm. pressure, using a mercury vapour 

lamp. 	Unreacted starting material was recovered. 

The model compound used, cyclopentanone, also failed to 

photolyse. 	In another attempted degradation, the 

ester (18 mg.) was dissolved in ether (10 ml.) and 

treated with amyl nitrite (0.5 ml.) at 0°  and dry 
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hydrogen chloride gas was passed into the solution for 

1 hr. and the solution let stand 1 hr. 	Evaporation 

of the solvent gave a residue containing some crystalline 

material. 	The crude residue hadI7max 2940, 2920, 

1825, 1740, 1715. 
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PART II - THEORETICAL SECTION 

The work of Wijkman, Kraft, Sutter, et al. 123-121, 

was chiefly concerned with the structure of the products 

formed on the pyrolysis of glauconic acid, namely 

a,S-diethylacrolein and glauconin. The structure of 

the x,13-diethylacrolein was a relatively simple matter, 

and this substance was identified as the corresponding 

acid. alauconin, C11H806' had an ultraviolet spectrum 

indicative of two dialkylmaleic anhydride residues 

(,max 250 mu, (s 10,200)), in agreement with the 

infrared absorption, which suggested two anhydride 

groups. Ozonolysis of glauconin gave more than one mole 

of pyruvic acid. When glauconin was heated with 

hydrochloric acid, it decomposed to give carbon dioxide, 

the keto-diacid (LXXIX) in both mesa- and racemic forms, 

and the spirodilactone (LXXX) as a mixture of the three 

possible racemates. 

CO2/4 	COP 

(LXXIX) 
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The structure of the keto-diacid was confirmed by 

synthesis. Glauconin, when reduced by phosphorus and 

hydriodicacid gave a dihydro derivative, and the dihydro 

derivative formed a dimethyl ester when treated with 

diazomethane which on ozonloysis gave pyruvic acid, plus the 

tricarboxylic acid below,the structure of which was 

confirmed by synthesis 

CO21-1 CO,J-4 

Glauconin itself formed a dimethyl ester when treated 

with alkaline dimethyl sulphate, and a comparison of 

the infrared spectra of glauconin and its ester led to 

the suggestion of formula (LXXXI) for the ester and 
/IV 

(LXXXII) for glauconin. 

(LXXXI) 
	

(LXXXII) 
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The coup de grace was administered to this problem 

when glauconin was synthesised by the following route: 

Celia CQZEt 

\/. 

CAE.L 	C. 072 E t 

 

C4E CO, Et 

T:7\/ 

CO.Itt 0  
Et colt 

 

c_.4,Et o—‘ 

(LXXXII) 

A study of the structure of glauconic acid was 
130 

further pursued by Barton, Sutherland, and co-workers, 

and this led to the postulation of the structure and 

relative stereochemistry (LXXXIII), which has been 
/3/ 

confirmed by X-ray crystallographic studies in all 

respects except one, namely, the stereochemistry of the 

hydroxyl group, as shown in (LTXTIV) 

• .; 'OH i ON 
,/' 

(LXXXIII) 	(LXXXIV) 
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Since the structural work leading to the 

postulation of the correct formula for glauconic acid 

has already been thoroughly discussed, 	this review 

will limit itself to a brief resume of some reactions 

of glauconic acid and its derivatives in the light of 

the relative stereochemistry as determined by the 

crystallographers. 

Glauconic acid, C18112007, exhibited X max223m-p, 

(E 10,500) with an inflexion at 260 mil. 	It should be 

noted that the best models found for this type of system 

are not the simple aliphatic analogues, but A' and. 	2  

phthalic anhydrides, in which the 6' chromophore has 
Xmax 250miL (c 3540) and the A 2  chromophore has 

.max 223 mu (e 7600). 	The various spectra of glauconic 

acid derivatives discussed below are in agreement with 

this conclusion. 	In the infrared, glauconic acid has 

v max 3510 (hydroxyl) 1830, 1770 (anhydrides) and 1670 cm.-1  

Glauconic acid is oxidised by chromic acid in acetone 

to glauconic acid ketone C18111807  (LXXXV), in which the 

L\ 2  anhydride (X max 220mii, (E 10,000)) is still present, 

but with a shift in the inflexion from 260 to 290 mil. 

(Theief chromophore now being in conjunction with the 

carbonyl). The hydroxyl absorption has been replaced 

by a ketonic band at 1695 cm.-1  Oxidation of glauconic 

acid by chromic acid in acetic acid yields a dicarboxylic 
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acid C15H2007 (LXXXVI), retaining the /I 2  anhydride 

absorption at X max 224 (v max 1845, 1750), but with a 

decrease in E value to 7450, and no inflexion indicative 

of loss of the L' anhydride function. 	In the infrared, 

carboxyl absorption appears at 1730 cm71  The 

dicarboxylic acid yields a diester with diazomethane. 

Prolonged treatment of glauconic acid, the ketone, 

or the dicarboxylic acid with chromic acid in acetic 

acid gives meso-diethylsuccinic acid. 	All the above 

data are consistent with the following sequence of 

oxidation steps: 
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Reduction of glauconic acid with zinc and acetic 

acid gives dihydroglauconic acid,018112207  (LXXXVII), 

in which the tx 2  anhydride absorption (X max 230 mil 

(c 8,000) v-  max 1835, 1767 cm71) is retained. 	A new 

band at 1720 cm71  is ascribed to the carboxyl. 

0 

(LXmr 

Reduction of glauconic acid acetate C20H2209  

(LXXXVIII), (X max 221 mil (s 10,600) IT max 1835, 1770, 

1740 cm71) affords glaucanic acid 018112006 (LXXXIX), 

(X max 220 mµ (c 10,700) v max 1840, 1775 cm.1), which 

process is best explained by the participation of the 

acetate as a leaving group: 

ft-Zt4 
o 	 OZN-E  

° /(,,,,/----N' 
u 	I 	

;) c)/  

4 0 	 /q  0 .t.  \\ 
O Rc-  

(LXXXVIII) 
	

(LXXXIX) 
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When the acid chloride of dihydroglauconic acid 

is subjected to pyrolysis, isodihydroglauconic acid 

C18H2207 (XC) is obtained. 	This latter substance shows 

that the anhydride is now saturated (X max 220 m, (c 500), 

v max 1860, 1785 cm.-  ), and such a conversion is most 

readily accounted for by an intramolecular Michael 

addition as shown: 

(XC) 

The reduction of glauconic acid ketone afforts 

two products, one of which is a keto-tricarboxylic acid, 

C17H2407 (XCI), having only a slight ultraviolet 

absorption (X max 220 	(e 600)) and exhibiting only 

carboxyl (1735 cm71) and ketonic (1750 cm.-1) absorption 

in the infrared. 	The keto-tricarboxylic acid could be 

cyclised to an anhydride (XCII), with the appearance of 

1 infrared blinds at 1860 and 1785 cm.- 	The absorption 

at 1750 cm71  (indicative of a ketone in a 5-membered 

ring) being retained. 	The other product besides the 

keto-tricarboxylic acid was an anhydride-acid C17H2206  

(XCIII) in which the ,L2  anhydride was retained 



CO21-I 
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(X max 227 mu (c 7100) v max 1830, 1770 cm-1). 	Only 

a slight shift of the ketone absorption (from 1695 to 

1700 cm71) was noted. 	The anhydride-acid failed to 

form the keto-tricarboxylic acid when subjected to the 

same reaction conditions as used for the reduction of 

glauconic acid ketone, and was thus ruled out as a 

precursor of the keto-tricarboxylic acid whose formation 

is now best explained as analogous to the intramolecular 

Michael addition for dihydroglauconic acid chloride. 

The required precursor (XCIV) is easily formed by 

reduction of theA  anhydride residue, and may either give 

the keto-tricarboxylic acid 	or undergo decarboxylation 

to the anhydride acid (XCIII): 
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When glauconic acid ketone is refluxed with 

cyclohexylamine carbonate in benzene an amide, 

C23H3105N is obtained which possesses anhydride 

absorption (X max 218 mi (6 12,700), v max 1830, 

1775 cm71) as well as ketonic absorption at 1690 cm.-  

The N.M.R. spectrum showed two vinyl protons, one as 

a doublet (3.09, J 10 c.p.s.) and one as a singlet 

(3.44). 	A direct comparison of this substance with 

(the anhydride-acid (XCIII) in the ultraviolet 

suggested (XCV) as the most probable structure. 

(XCV) 
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RESULTS AND  DISCUSSION 

Apart from a few minor experiments, research on 

the actual chemistry of glauconic acid in this work 

was concerned with the structure of isoglauconic acid 

acetate, formed by the pyrolysis of glauconic acid 

acetate by refluxing in diglyme. 	Glauconic acid 

acetate C20H220la  has theA and A2  anhydride absorption 

of glauconic acid (X max 221 mu (c 10,600), inflexion 

250 Mu, v max 1835, 1770 cm-1) as well as ester 

absorption at 1740 cm71 Isoglauconic acid acetate 

retains the anhydride 6 2  absorption (X max 220 mu 

(s 10,500), v max 1835, 1776 cm71), but the A ' 

anhydride (inflexion) has disappeared. 	The N.M.R. 

spectrum of isoglauconic acid acetate has two doublets 

at 3.26 and 3.95 p.p.m., with a coupling constant of 

J = 1 c.p.s. 	This suggested that the double bond of 

then 2  anhydride was present as a methylene group. 

This was confirmed by ozonolysis of isoglauconic acid 

acetate to give a good yield of formaldehyde, isolated 

as the dimedone derivative. 	Isoglauconic acid acetate 

took up one mole of hydrogen over 100/0 palladium on 

charcoal catalyst in acetic acid to give dihydro-

isoglauconic acid acetate C20E12408, which had only very 

slight ultraviolet absorption (X max 207 mu (E 294)). 

Upon saturation the anhydride bands in the infrared 

shifted to 1852 and 1781 cm71  ( nujol) or 1852 and 
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1788 cmtl  (chloroform). 

On the basis of the data obtained above and the 

known formula for glauconic acid, a mechanism leading 

to an isomeric glauconic acid acetate that satisfied 

the requirements (XCVI) was visualised as follows: 

(XCVI) 

It should be noted that the first step of this process 

is essentially the same as for the pyrolysis of glauconic 

acid ( PAIE 4g)  

but here the presence of the acetyl group prevents the 

reverse aldol reaction, so that the second step proceeds 

via an allylic type of Diels-Alder. 

Numerous experiments were conducted on isoglauconic 

acid acetate, but in most cases the products were not 

crystalline. 	This difficulty was overcome by doing 

most of the work on dihydroisoglauconic acid acetate. 
elhYdRo• 

Basic hydrolysis of isoglauconic acid acetate gave a 
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crystalline polycarboxylic acid which did not give a 

conclusive analysis but crystallisation of this acid 

from ethyl acetate gave a lactone C18H2609, which 

contained one molecule of water of crystallisation 

(ir max 3350 cm71) with the lactone band at 1739 cm-1  

indicative of a six-membered ring. 	Sublimation of the 

lactone gave a dianhydride, C18112207  (;7  max 1847, 1779 cm-1). 

On the basis of the proposed formula of isoglauconic 

acid acetate above (XCVI), the formation of the 

dihydroisoglauconic acid acetate (XCVII), the lactone 

(XCVIII) and the dianhydride (XCIX) would be arrived 

at quite simply: 

(XCVIII) 

Attempts have been made at the oxidation of the 

dianhydride, but so far no crystalline material has 

been obtained. 
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PART II 	EXPERIMENTAL SECTION 

Glauconic acid m-iodobenzoate. 	Glauconic acid (362 mg.) 

was dissolved in pyridine (5 ml.) and treated with 

m-iodobenzoyl chloride (313 mg.). 	The mixture was 

warmed on the steam bath for 5 min. and allowed to stand 

at room temperature for 3 hours. 	Ether (5 ml.) and 

water (5 ml.) were added and the ethereal layer was 

extracted with 5-ml. portions of 2N hydrochloric acid 

until there was no odour of pyridine, and then once more 

with 2N hydrochloric acid and once with water (5 ml.). 

The ether solution was dried over sodium sulphate over-

night and evaporated to give crystalline ester (104 mg.), 

m.p. 190-191°. 	The ester was chromatographed on silica 

gel (10 g.), using benzene as eluant. 	Evaporation of 

the main peak gave ester (55 mg.), m.p. 194-195°, which 

was recrystallised from acetone-ether to give hexagonal 

prisms, (25 mg.), m.p. 194-195°, v̀ max 1842, 1770, 1727, 

1664 cm71  (nujol), [a]D+89°  (c 0.640), (Found: C, 51.9; 

H, 4.3; I, 21.8; C25H26081 requires C, 51.9; H, 4.0, 

I, 21.95%). 	A large crystal of this material was sent 

for X-ray crystallographic study. 
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Isgalauconic acid acetate. 	Glauconic acid acetate 

(266 mg.) was refluxed in diglyme (2 ml., freshly 

distilled) under nitrogen for 20 hrs. 	The solvent was 

removed and the residue triturated with ether (3 ml.) to 

give isoglauconic acid acetate (50 mg.) m.p. 220-225°. 

Recrystallisation of this compound gave clear prisms, 

m.p. 257°, v max 1840, 1750, 1720, (nujol) X max 207 

(c 3196) n.m.r. showed 2 vinyl protons at 3.26 T and 

3.95 T each split as a doublet and with a coupling 

constant of 1 c.p.s. 	There were no C-methyl groups 

(apart from those in the ethyl groups). 

Basic hydrolysis  of isoglauconic acid acetate. 

Isoglauconic acid acetate (26 mg.) was treated with 0.1N 

sodium hydroxide (4 ml.) at room temperature for 12 hrs. 

The solution was acidified with conc. hydrochloric acid to 

pH2 and extracted with ether. 	The ether was washed 

with water containing just sufficient sodium bicarbonate 

to neutralise the acid, and then with water. Evaporation 

of the ether gave a negligible residue. 	The bicarbonate 

layer was acidified to pH2 with hydrochloric acid, 

extracted with ether, and the ether evaporated to give 

crystalline material, m.p. 120-125°, V max 1850, 1833, 

1767, 1730 (nujol). 
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Treatment with ethereal diazomethane produced a clear 

gum V max 3550, 3450, 1850, 1777, 1720, 1635 (chloroform). 

The hydrolysate (19 mg.) was dissolved in acetone 

(1 ml.) and 0.053 ml. of a solution of chromic oxide 

(1.75 g.) conc. sulphuric acid (1 ml.) and water (9 m1.)H  

Water (1 ml.) and solid sodium metabisulphite (in small 

portions) were added, and the mixture was extracted with 

chloroform (2 x2 ml.), which, upon slow evaporation, 

gave clear needles, m.p. 157-167°, V max 1873, 1855, 

1833, 1780, 1718, 1708, 1685 (nujol), v max 2955, 1853, 

1780, 1721, 1708, 1636 (chloroform). 

Similar treatment of the sublimed ester gum gave 

only a clear gum, V max 3590, 2960, 1835, 1721, 1630 

(chloroform). 

Ozonolysis of isoglauconic acid acetate. 	Isoglauconic 

acid acetate (53 mg.) was dissolved in ethyl chloride 

(20 ml.), cooled to -14°, saturated with ozone for 20 min., 

and let stand for 1 hr. 	The solvent was allowed to 

evaporate, and zinc dust (50 mg.) and water (10 ml.) 

were added. 	The mixture was then steam-distilled into 

saturated aqueous dimedone to give formaldehyde dimedone 

(21 mg.), shown to be identical with authentic material 

by mixed m.p. and infrared absorption. 

added over a period of 20 min. at 0o. 
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Dihydroisoglauconic acid acetate. 	Isoglauconic acid 

acetate (643 mg.) was dissolved in glacial acetic acid 

(50 ml.) and hydrogenated with 10% palladium on carbon 

(53 mg.). 	Hydrogen uptake was 43 ml. at 764 mm. and 

24°. 	The solution was filtered and the solvent 

evaporated to give material which was recrystallized 

from acetone-chloroform to give clear needles (237 mg.), 

m.p. 195-202°, ir max 1852, 1781, 1716 (nujol), ir max 

1852, 1788, 1737 (chloroform) X max 207 (c 294) [a]D-104°  

(c 0.518). 	(Found: C, 61.3; H, 6.2; C20112408  

requires C, 61.2; H 6.2%). 

The hydrolysate from dihydroisoglauconic acid acetate. 

Dihydroisoglauconic acid acetate (236 mg.) was heated 

on the steam bath with 2.5N sodium hydroxide (2 ml.) 

until all the solid dissolved and then let stand at 

room temperature for 15 hr. 	Concentrated hydrochloric 

acid (0.5 ml.) was added and the resultant mass of 

needles filtered off (85 mg.) m.p. 134-136°  ir max 1719, 

1703, 1687 (nujol). 	This material, when heated to 70°  

under vacuum gave clear needles, m.p. 145-155° [0]D...580  

(c 0.515 in ethanol) X max 261 (c208), v max 2600, 

1855, 1780, 1703 (nujol). 	Meaningful analytical 

results were not obtained for this substance. 

(Found: C, 52.4; H, 7.6; C1028010requires C, 53.5; 

H, 7.0%). 
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Sublimation of the hydrolysate dried at 70°  gave a gum, 

ir max 3420, 2600, 1851, 1782, 1725 (chloroform). 

Attempts were made to oxidise the hydrolysate with 

chromic acid in acetone at 001  but no reaction was 

observed under the conditions used. 	Treatment of the 

hydrolysate with diazomethane in ether gave only gum, 

max 3590, 3480, 2970, 1727 (chloroform). 	Attempts 

to oxidise the ester gum with chromic acid in acetone 

were unsuccessful. 

The lactone. 	The hydrolysate obtained above (48 mg.) 

was recrystallised from ethyl acetate (1 ml.) to give 

a crystalline lactone (23 mg.), m.p, 195-201°, ir max 

3350, 1739, 1687 (nujol), X max 207 (6 104), [a] -53°  

(c 0.647 in ethanol). 	(Found: C, 55.9; H, 6.7. 

C18H2609 requires 0, 55.95; H, 6.8%). 	Further 

recrystallisation gave m.p. 197-203°. 	The equivalent 

weight of the lactone was found to be 123 by titration 

of 7.97 mg. against 0.11T sodium hydroxide to the 

phenolphthalein end point. Assuming MW 386, there 

would be 3.1 carboxyls. 	The sodium salt obtained was 

refluxed with p-bromphenacyl bromide (18 mg.) in ethanol 

(8 ml.) for 3 hrs. 	Evaporation of the solvent gave 

crystalline material of m.p. 122-124°, V max 3415, 3355, 

1725, 1665 (nujol), which was not characterised. 
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The dianhydride. 	The lactone (15 mg.) was sublimed 

to yield feathery crystals (12 mg.) m.p. 134-145°  

ir7  max 1847, 1779 (chloroform) [a]- 53°  (c 0.3), X max 

220 (6 572). 	(Found: C, 61.4; H, 6.2. 	C102207  

requires C, 61.7; H, 6.3%). 	The dianhydride (33 mg.) 

was dissolved in acetone (1 ml.) and a solution of 

chromic oxide (275 mg.) in sulphuric acid (1 ml.) and 

water (9 ml.) added dropwise until the orange colour 

persisted (0.263 ml.). 	The addition required 1 hr. 

1 The solution was let stand 7 hr. more and water (1 ml.) 

and solid sodium bisulphite (in small portions) were 

added and the mixture extracted with chloroform (3x5 ml.).  

Evaporation of the chloroform gave a gum, 17 max 2930, 

1840, 1775, 1735, 1705 (chloroform), which was sublimed 

to yield gum, .7 max 2965, 1845, 1735 (chloroform). 

ir max 3100, 2700, 1840, 1775, 1730, 1715, 1705 (nujol). 

Pyrolysis of glaucanic acid. 	3laucanic acid (263 mg.) 

was sealed under vacuum in a small tube 6x 150 mm. and 

heated to 250°  for 5 min. 	Starting material (42 mg.) 

was recovered on trituration with chloroform. 	The 

residual gum had similar infrared absorption and UV as 

compared to glaucanic acid. 	Repetition for a longer 

time (26 hrs.) gave a material most accurately described 

as a horrible mess, X max 208, 240 (6 2545 and c 1625). 
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Glaucanic acid (243 mg.) was also refluxed in diglyme 

(3 ml.) for 20 hrs. to give a gum whose IR absorption 

was very similar to that of glaucanic acid. 
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