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SUMMARY



Since the commencement of the first systematic 
examination of the chemistry of microorganisms some forty 
years ago, an astonishingly large number of compounds of 
widely variegated structures have been isolated and their 
chemistry elucidated.

Due to the relatively simple techniques involved, 
the study of fungi and moulds has attracted considerable 
attention. Initially the work carried out was mainly 
concentrated on the elucidation of the structures of new 
metabolites, but with increasing knowledge, certain 
structural correlations could be made which lead to more 
fundamental conclusions on the mode of biosynthesis of 
metabolites. Such information is likely to provide 
valuable information, leading to a deeper understanding 
of the chemistry of cells.

In the introduction to this thesis the present 
state of knowledge with regard to the biosynthesis of 
fungal metabolites has been briefly reviewed, showing that 
important advances are to be made in the biochemical aspects 
of natural products.

In addition, the fungal metabolites containing 
heterocyclic oxygen systems have been classified into 
groups according to their chemical structures and their

chemistry briefly reviewed. It has been shown that although
i



many such metabolites at first sight appear relatively 
simple in structure, the chemistry involved in elucidation 
of their structures has, on occasion, been extremely 
complicated.

It is further shown that a study of such hetero­
cyclic oxygen systems has given an insight into several 
general biosynthetic mechanisms, and has contributed to the 
concept of "biogenetically patterned11 syntheses of natural 
compounds.

The main work comprising this thesis (Part II) is 
concerned with a reconsideration of the structure of one 
such metabolite, radicinin, which was reported (1) to possess 
an unusual arrangement of oxygen atoms in a cyclic structure 
(I).

CKaCW=CH- — cu

The original objective of this work was to con­
firm and complete the postulated structure, but in the 
light of new evidence, this structure was found to be 
untenable. A consideration of the chemical and physical

ii



properties of radicinin has led to the proposal of a 
structure which is in better agreement with the known 
facts, namely:

CWa.CH.CMj. 5 S OW

The experiments upon which this conclusion was 
based were as follows.

1. On treatment of the dihydro, dibromo-and the 
hydrogen chloride adducts of radicinin with 
alkali, acetaldehyde was evolved.

2. Treatment of radicinin with ozonised oxygen did
not give acetaldehyde, and on oxidation of 
dibromoradicinin, no -dibromobutyric acid
could be isolated.

3. Spectroscopic evidence was contrary to the presence 
of the proposed crotonyl side chain in radicinin.

*+. Radicinin gave none of the reactions expected of
a hemiacetal system as postulated in (I).

iii



5. On treatment of radicinin and dihydroradicinin 
with lithium aluminium hydride, carboxylic acids 
were obtained which analysed for the addition of 
two atoms of hydrogen to the parent compounds, a 
reaction characteristic of 2-pyrones. The structures 
proposed for these two products are respectively 
(A) and (B).

cm

CHj.CH.CM,
OH

OOH

CH

6* The stability of dihydroradicinin and compound B 
to sulphuric acid over prolonged periods, in 
contrast to the instability of radicinin and 
compound A,is considered to be in accord with the 
postulated cyclic ether structures and vinyl ether 
structures of the two pairs of compounds respect­
ively,

7. The ultraviolet and infrared spectroscopic data 
for radicinin and its derivatives are discussed, 
and shown to be compatible with the structures 
proposed.

iv



Part III of this thesis is concerned with a study 
of coupling reactions between metal acetylides and bromo- 
thiophene compounds as an approach to the synthesis of the 
fungal thiophene compound, Junipal (2) and its phenyl 
analogue:

C H j C = C - ^ y - C H O  C ^ C/ 3 _ Crto

2-bromo-5-formylthiophene was prepared by a number 
of routes and converted into its ethylene ketal:

in attempts to couple this compound with phenylacetylene
under a variety of conditions * starting materials only 
were recovered. Attempts to synthesise model systems by 
similar reactions were also unsuccessful.

v
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PART I

INTRODUCTION



FOREWORD

Microorganisms form a continuum from plants to 
animals, and include bacteria, fungi, yeasts, rickettsiae, 
viruses and protozoa. Taxonomically they are widely 
different, but a study of their chemistry and biochemistry 
quickly reveals remarkably close interrelationships which 
warrant microorganisms being studied as a whole, rather 
than in separate groups. The ubiquitous character of 
many biochemical processes serves to emphasise the 
essential unity of nature. Thus the biochemical cycles 
which operate in simpler forms of life are known to 
operate in the plant and animal kingdom, a situation 
perhaps not surprising in view of modern concepts of 
primeval evolution.

During the last forty years the study of 
microbial metabolites, especially those arising from 
fungi, has been mainly concerned with the chemical 
problems of structure determination. The biochemistry 
of the cells involved has been treated as a separate 
issue. It is now becoming more clearly realised that 
this separation is not justified, and indeed studies of 
these metabolites and their precursors has revealed 
important biochemical pathways in the cell. The 
successful isolation of several antibiotics from microbial
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cultures no doubt stimulated interest in this region of 
natural product chemistry, and many structural investi­
gations have been carried out. However, present trends 
of research centre round the biochemical aspects of the 
subject.

The metabolites produced may be classified into 
two types. Firstly the primary metabolites, which are 
essential for cell growth, and include complex enzyme 
systems, lipids, phosphorylated entities, etc., common 
to all cell systems. In addition, there are the so-called 
secondary metabolites, which are mainly excreted from the 
cell prior to detection, and for which no full biochemical 
role has yet been discovered.

The role that the latter play in the growth 
processes of microorganisms is obscure. Raistrick (1), 
in considering mould metabolites, pointed out that the 
large yields of many of these compounds would indicate 
that they played an important biological role. Birch (2) 
has suggested that the metabolites, which have no apparent 
role in the metabolism of the microorganism, and which are 
excreted from the cell, might be detoxicants whose function 
is to remove poisonous entities from the cell. This idea 
must be considered doubtful in view of the fact that certain 
mutants with blocked pathways still grow with unreduced
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efficiency (3). Nord (4-), Bu'Lock (5)* and Dalgliesh (6) 
have pointed out that the metabolites are often produced 
with yields in excess^ of normal functional requirements, 
and may therefore accumulate because some enzyme systems 
have become saturated with respect to the substrate. This 
theory is supported by the observation that the secondary 
metabolites only begin to appear after an induction 
period, during which essential factors for cell growth and 
maintenance are produced (5)*

Microorganisms are capable of producing a wide 
variety of chemical compounds. Attempts have been made 
to classify these products in the hope of finding some 
correlation between chemical type and taxomomic properties. 
No useful generalisations have been obtained from studies 
of the lower molecular weight metabolites, but the larger 
molecules produced by microorganisms have proved more 
useful. Strains and species can sometimes be distinguished 
by the presence or otherwise, of metabolites from various 
cell tissues, exotoxins, or other high molecular weight 
exudates (7). It is also possible to classify microbial 
metabolites according to their mode of biosynthesis, 
although such a method is too general because many 
different types may arise from the same biogenetic route. 
Classification according to chemical structure is more

-3-



convenient, although of less fundamental value from a 
biochemical point of view.

In general, although microorganisms can produce 
interrelated groups of compounds, different types of 
microorganisms often produce typical compounds. Thus 
bacteria produce a larger number of nitrogen and sulphur 
heterocycles than moulds. On the other hand the oxidative 
metabolism of moulds leads to many oxygenated compounds, 
including quinones, and many oxygen heterocycles.

Undoubtedly many types of microbial metabolites 
still remain to be isolated. Antibiotics and easily 
isolated metabolites may have received too much attention, 
while others more difficult to isolate still remain.
Among the latter group are the low molecular weight 
(probably phosphorylated) compounds directly involved 
in the metabolism of the microorganism. Thus generali­
sations on the chemistry of microorganisms and classi­
fication of their metabolites may be premature at this 
time.

->+



THEORIES OF BIOSYNTHESIS OF MICROBIAL METABOLITES

1* The acetate theory
The biochemical origin of microbial metabolites 

has been the focus of much attention for the past ten 
years, and a general pattern is being built up to show 
the relationship between the final metabolite and its 
precursors. The revival by Robinson and Birch (8,9) of 
the acetate theory of biogenesis, first postulated by 
Collie in 1893 (10,11), was the first really successful 
attempt to study the origin of natural products, and has 
been especially successful in the field of mould chemistry. 
This theory provides a useful aid to structural deter­
mination; thus a decision between two alternative 
structures can often be made by considering the head-to- 
tail condensation of acetate units. The mould metabolite 
flaviolin provides an example of the application of the 
acetate theory to the determination of structure. Of the 
two possibilities (I) and (II), only structure (II)

OHOH
OH

O HHO

satisfied the acetate hypothesis (12, 13)? and was 
considered to be the correct structure. This was
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confirmed by synthesis of both isomers (1̂ -).

A further useful application of biosynthetic 
theories is found in the synthesis of natural products. 
Considerable attention has been paid to "biogenetically- 
patterned11 syntheses (15) > and sane very interesting 
syntheses have been devised. For example, the total 
synthesis of griseofulvin (III) involved phenol coupling 
(see page 21 ) of the benzophenone (IV), which gave the
cyclohexadienone (V), from which

ctu ii

o c h , ocu3

o -

(v)

cvh Cl
griseofulvin was obtained by catalytic hydrogenation (16)

There is now a considerable body of evidence from 
radio-tracer work, etc. , that the acetate theory is based 
on sound biochemical principles. For example, it was 
shown that isotopically labelled acetate was incorporated 
from the culture medium of P. griseofulvtim. into 2-hydroxy- 
6-methylbenzoic acid (VI).

-6-



*4-(ch3cooh)
*CooH

(VI)
The pattern of labelling was found to be as predicted by
the acetate theory (17).

In microorganisms it is likely that the carbo­
hydrate and fatty acid pathways act as a source of acetate 
During the controlled oxidation of glucose by either the 
Embden-Meyerhof or the pentose-phosphate pathways, 
combined with the citric acid cycle, acetyl-coenzyme-A 
(VII, R = CH^-) is produced (18, 19). This compound is
known to occupy a hhx

Ov 1 1
X C— C — C— CHx-O-p- O - P - O ^
/ NH OH

(vil) CHi
A1c

« \ HO-P-OIOH
Q// ^rHH-CWxrCHrS-COR.

central role in metabolism, and is converted into malonyl- 
coenzyme-A (VII, R = -CH2 C00H)> which is the fundamental
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unit of fatty acid and glyceride biosynthesis (20). 
Acetyl-coenzyme-A has been shown to be involved in the 
biosynthesis of steroids and terpenes (21, 22) via 
mevalonic acid (VIII), which is also a precursor of 
isoprenoid mould metabolites. For example, P.brevi- 
compactum (Dierck) was shown to incorporate labelled 
mevalonate in the production of mycophenolic acid (IX)(23).

HOOGCHI CH2rC=CM-CW.

HO-CHvC^-C- CA-C o o h
OH

(VI It)
( I X )

Thus, it appears that "acetate11 is utilised in 
the cell as either acetyl-coenzyme-A, or malonyl- 
coenzyme-A. Recent work has clarified the role of 
malonyl-coenzyme-A as the active precursor of metabolites 
other than fatty acids. Bentley and Keil have reported 
its function as a precursor of orsellinic acid (56) (see 
page 28 )• Bu*Lock and Smalley have shown that 6- 
methylsalicylic acid, produced from [2 - -^C] malonate, 
is labelled only in the aromatic ring (2*0 , whereas from 
[1 - acetate the labelling occurs equally in the four

-8-



constituent 1C2 units* (17). Fran this evidence it was 
concluded that the condensation of three malonate units 
followed by condensation with an acetate unit, gave a 
poly-^ -keto-compound, which could cyclise and aromatise 
to give either 6-methylsalicylic acid (VI), or orsellinic 
acid (X) (25? 56) (see Figure 1).

The high activity of the penultimate carbon atom 
of the A -polyketo acid chain observed in sane metabolites
(2), was considered by Birch and colleagues (25) to be due 
to the incorporation of this acetate unit by a different 
route.

Experiments with P. urticae, on the production of 
6-methylsalicylic acid from [1 - li+c] acetate and unlabelled 
malonate, confirmed that unlabelled malonate was utilised 
to extend the carbon chain with the methyl-terminal group 
being derived from acetate.

Figure 1

3(c H j CO.S. C o a )

3(HOOC-CHi-CO-S-Co^ — >

-9-



* # «* C Hx —  CO- CH—  C O - C H — CO. S Co 
\ \ lCOOK COOH COOK

CU3COS Co./\

V

CHa C O  C. H C O C K  C O  C.K C O S .  Co \
\ ICOOH cooH

I
COOK

v* cooH
OH

(V l)

,0
(X)

cH3

coort
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At the present time, little is known of the 
intermediate steps between acetate or malonate and the 
final metabolite. Gatenbeck and Mosbach (26) showed that

iorsellinic acid (X), in the fungus Chaetomlum cochliodes. 
is produced by the condensation of acetate or, malonate 
units. The intermediate was considered to be a/3 -polyketo- 
acid, which would not be obtained by the oxidation of a 
fatty acid. Thus, condensation of the acetate units may 
proceed by either successive condensation of four ”C2 units1’,
or by coupling of two compounds, such as acetoacetyl-

\
coenzyme-A (Figure 2). Later work has indicated that 
orsellinic acid is produced by condensation of both malonate 
and acetate units (56) (see above).

co c o — c 
c—  coco

co
Ic \

Co-C
IC  COCO

/ c\CO co-c
^ c -coCO

Cfioure a)

OH

•ch3

COOH o o

-11-



It appears that the biosyntheses of metabolites similar 
to orsellinic acid and fatty acids are related* In the 
former case condensation of acetate or malonate units 
gives the ft -polyketo-acid, but in the latter case 
stepwise condensation and reduction of the units occurs 
to give a fully saturated chain*

the most promising method available for the isolation 
of intermediates in biosynthesis. The microorganism is 
subjected to radiation, which may destroy one or more of 
the enzymes involved in the metabolism of the organism, 
thus blocking the biosynthetic route to the metabolite.
By culture of the mutant organism, the intermediates 
accumulated prior to the blockage may be isolated, and in 
some cases identified. This approach is exemplified by the 
classic work of Davis, Sprinson and Tatum on the bio­
synthesis of arcmatic amino acids (see page 13 ).
Hassall, working with mutant strains of A. terreus (5)> 
has shown that orsellinic acid (X), orcinol (XI), and a 
new metabolite (XII), are precursors of sulochrin (XIII).

A study of mould mutants would seem to offer

HO OOCM3 HO"



In addition to the small units so far mentioned, 
orsellinic acid has been proposed as a precursor of lichen 
depsides, depsidones and mould metabolites (27* 28). In 
view of the work of Gatenbeck and Mosbach (page 8), and the 
above mentioned work with mutants, it seems likely that in 
at least some cases f,orsellinic acid-like11 molecules may 
indeed be intermediates in acetate biosynthesis.

It is noticeable that the evidence, so far, 
obtained from studies of mutants gives information about 
the later stages of biosynthesis. Intermediates (in the 
early stages) related to the polyketo-acids have not been 
isolated. In view of the instability of this type of 
compound, this is not surprising.

2. The shikimate route
An alternative and perhaps concurrent biosynthetic 

pathway involves shikimic acid intermediates, which give 
rise to aromatic compounds. There is evidence that the 
acetate*shikimate pathways occur together in some micro­
organisms, for example P.patulum utilises glucose as the 
sole carbon source to produce two families of aromatic 
compounds by these two routes (29). The shikimate sequence 
was elucidated by Davis, Sprinsen and Tatum in work with 
mutant strains of the mould Neurospora crassa, and with 
the bacteria Aerobacter aerogenesand Escherichia coli 
(30, 31, 32). The sequence is linked, as is the acetate

-13-
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route, with the pentose-phosphate cycle, but no breakdown 
to acetyl-coenzyme A is involved. The pathways involved 
in the biosynthesis of sane aromatic compounds are shown 
in Figure 3* These compounds could then undergo modi­
fication to orsellinic acid type intermediates, and yield 
a large variety of metabolites.

3. The biosynthesis of nitrogen and sulphur-containing
metabolites

The shikimate route is one method by which
nitrogen is incorporated into microbial metabolites. This
is achieved by the formation of p-aminobenzoic acid, 
phenylalamine, tyrosine and tryptophan. The utilisation 
of these compounds in further biochemical reactions leads 
to a variety of nitrogen-containing metabolites. Thus 
tryptophan (XIV) is utilised by the fungus Claviceps 
purpurea to produce the ergot alkaloids, which contain
the lysergic acid moiety (XV) (33)*

•CKxCW-COOHl

K O O C

(xiv)
It is known that glutamic acid (XVI) occupies 

a key role in nitrogen metabolism (3*+? 35) > being

-1*+-



connected with the citric acid cycle via oC-ketoglutaric 
acid (XVII).

Citric Acid O
HOOtCH^CHiC'COOH (xvil) 

tl MM,.
Cxvt) HOOC.-.CHarCHx-.CH:COOH

Cycle

By means of transamination reactions, glutamic acid 
provides amino-nitrogen for the production of a large 
number of compounds, for example * -alanine (XVIII) is 
synthesised from pyruvate by transamination.

Embden-Meyerhoff ^

metabolites have been isolated, although they are very 
important in biochemistry. For example coenzyme-A 
operates as a "carrier” of acetate units, and methionine 
as S-adenosylmethionine (XIX) (36), takes an important 
part in one-carbon metabolism.

^ CH^-C-COOH
pathway

HoocCNxCWvCO COOH

K O O C  C t l ^ c u x  CK  COOM

CU3-CH-COOH ( S V U l )

Only a small number of sulphur-containing

-15-
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The relationship between the various sulphur-containing 
amino acids is shown in Figure hm Most micro-organisms 
can utilise sulphate as the sole sulphur source,by which 
means cysteine (XX), a key compound in sulphur metabolism, 
is formed from serine (XXI). Thus there is a close 
relationship between sulphur and nitrogen metabolism.

Very little information is available on the 
intermediates involved in the formation of complex 
heterocyclic compounds from amino acids in nature, although 
there has been much conjecture on the subject. A few 
compounds have, however, been studied in detail. Thus
6-aminopenicillanic acid (XXII) the precursor of the 
penicillins (XXIII) (37, 38), is itself derived from

H  O-CHx-C H-CO OK IMM*. (**0



L-cysteine and L-valine (39? ^0). Much work has been 
published on the biosynthesis

H O O C H O O C ^
CHVCH M C*°

C C H N H C O R H N U X
CH*

(xxu)
of complex substances like the porphyrins etc. because 
of their vital role in biological systems, but information 
is still lacking on the origin of simpler heterocycles.

In some complex metabolites specific portions
of the molecule are elaborated by different biosynthetic
pathways. Thus the mould A. amstelodami. in the production

1*+of echinulin(XXIV), was shown (*+1) to incorporate [2 - C] 
mevalonic lactone and [1 - ^C ]  acetate. It also incor­
porated [1 - lLfC] alanine and [1 -^C] glycine through 
its amino acid metabolism. In addition, the indole 
nucleus is probably formed from tryptophan in an analogous 
manner to the biosynthesis of the ergot alkaloids.

-17-
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Figure 5 shows the biochemical pathways encountered 
in a study of microorganisms as outlined in the foregoing 
introduction, and emphasises the wide range of bio­
chemistry covered by such a study.



THE OXYGEN HETEROCYCLES

Many oxygen heterocycles are produced by 
microorganisms. Some unexpectedly complex structures 
occur providing the chemist -with difficult problems in 
structure determination and synthesis. Thus the structural 
investigation of patulin (I), at first sight a relatively 
simple molecule, provided problems of great complexity.

(i)

For convenience, the oxygen heterocycles have 
been divided into eight groups according to their main 
structural features, Figure 6.

1. Sugars and related compounds.
2. Furans.
3. Lactones including the macrolides.
k . Tetronic acids.

f  Y -Pyrones\ -Pyrones and derivatives
5. Pyrans : \ Quinonoid pyrones

Chromenopyrones
V Azaphilones.

6. Depsidones.
7. Xanthones.
8. The Spirans.

Figure G .
-19-



In some cases particular metabolites may belong to more 
than one group because of their complexity of structure.

1. Sugars and related compounds
The chemistry of the sugars is normally considered 

to be a special topic in itself, and would be out of place 
in this review. It is not surprising that such compounds 
are important, since carbohydrate metabolism is general 
throughout nature. Thus a fungus grown on a glucose 
substrate could produce a large number of different sugars, 
as well as other metabolites via the various biochemical 
pathways.

this group. Many rare sugars have been found as moieties 
of streptomycefce antibiotics (*+2, 7). Other unusual sugars 
have been obtained by hydrolysis of the polysaccharides 
and mucopolysaccharides which occur in cell tissue.

2. Furans

from microorganisms, the best known being Sumikifs acid (II), 
produced by moulds of the Aspergillus species.

The sugars found in antibiotics are included in

Only five simple furans have been so far isolated

COOH

-20-



No work has been carried out on the biosynthesis 
of these compounds, although they are presumably related 
to the sugars in their furanose forms. This is emphasised 
by the fact that erythrose has been shown (1+3) to be a 
possible furan precursor.

Dibenzofurans constitute a class of natural 
products found only in lichens, usnic acid (III) being 
the most widely distributed. These compounds are of 
particular interest because their biosynthesis involves 
phenol coupling, which has also been postulated to occur 
in the formation of a number of other natural products. 
Usnic acid is considered (M+) to arise from phenolic 
precursors according to the following scheme:

COCHj cu. C OCH

t
h oH O

C H

CH
COCK

CMCH, COCH

HO OH

-21-



Phenol coupling reactions have been admirably 
reviewed by Barton and Cohen, and Lewis (^a).

3* Lactones
Lactones are quite common in nature, the most 

usual being Y-lactones. Examples include spiculisporic 
acid (IV), mineoluteic acid (V), and mycophenolic acid
(VI). In many cases the presence of a lactone grouping 
has been indicated by the production of one equivalent 
of acid on alkaline hydrolysis, and by consideration of 
infrared spectra.
cu3 ch3(ch,\ch-c-o
' I \  CHj
I * H O O C - C - O H  o  HOOC-CCH^C-Ctt-CtH
CH COOK II C H ^
C H C O O H
I I
C ^ C O O K  COOH

O
CMxCQ (iv) (v) (Vl)

The macrolide lactones are produced by the genus 
streptomyces. These are lactones of long chain fatty 
acids, probably acetate-derived, in combination with 
one or more sugar moiety. An example is erythromycin
(VII), the biosynthesis of which has been investigated 
thoroughly. A labelling and degradation study has 
shown that propionate is the true precursor (*+5).

-22-



CH O HCH

HO

‘OH
CH

CH CH CH

0.

*+• Tetronic Acids
The tetronic acid nucleus (VIII) occurs 

naturally in vitamin C (IX), in a group of lichen 
colouring matters, and in a series of mould metabolites 
related to carolic acid (X), and penicillic acid (XI).

O H

H O C H
HOCH;

(vm)

The chemistry of tetronic acids has recently 
been reviewed by Haynes and Plimmer (MS).

The difficulties involved in the determination

-23-



of the structures of these compounds may be illustrated 
by a consideration of the structure of penicillic acid. 
Physical methods, particularly ultraviolet spectroscopy, 
proved to be extremely valuable, and the final proof of 
the structure, by synthesis, provides an interesting 
application of the use of acetylenic compounds in 
organic synthesis.

Considerable light was thrown on the structure of 
penicillic acid by the isolation (*+7) of a pyrazoline 
compound from the reaction of penicillic acid with two 
moles of phenylhydrazine. This pyrazoline was shown 
to have structure (XII), as on oxidation it gave 
l-phenylpyrazole-3 :*+-dicarboxylic acid (XIII).

CHi ch3 coohi L i

CHv C - C  CH C-COCHj CH C-C.OOH
N _ N" - 5-* N _ t /

U  , ,k ft
XU _ XlUCW X̂l̂kaU.-, KM»o„.

It was deduced that the pyrazoline (XII) was 
formed from penicillic acid by elimination of one 
methoxyl and one carboxyl group, and reaction of the



resulting diketone (XIV) with two moles of phenyl- 
hydrazine.

(x i) *-C*c.oou)
CW,

V —  c—  c— ch3ii ito  oCHi.
(Xu)

Further information was obtained by treatment 
of penicillic acid with hydriodic acid, which gave 
rise to the lactone of Y -hydroxy- <f -methylhexanoic 
acid (XV), Oxidation with potassium permanganate gave 
methyl dimethylpyruvate (XVI) and oxalic acid.

CH;

CM5\
/

(Xv)
/

cm3
C W - C O C O O C U3

(*V|)

From this information, plus the fact that 
penicillic acid formed a neutral acetyl derivative, 
it was concluded that penicillic acid could be rep­
resented as an equilibrium between structures (XVII) 
and (XVIII). However, comparison of the ultraviolet 
spectrum of penicillic acid with the spectra of 
acetylacrylic acid (XIX), and protoanemonin (XX)
(*f8, *+9), showed that the cyclic acetal structure



explained all the properties of penicillic acid.

CHj
X - C - C — CVf-COOH t
// .1 |CWx O O C «3

(*vm)(xvn)
This was confirmed by the synthesis of penicillic acid 
and its dihydro-derivative by Raphael- (50).

CH = CM-COOH
O O

(X»>0

Despite the considerable number of tetronic
acids known to occur naturally, little work has yet been 
done on their biosynthesis. The available evidence is 
contradictory, suggesting that tetronic acids can be 
formed by a number of routes. Thus, ascorbic acid has 
been shown (51) to be formed from glucuronic acid 
(available from normal carbohydrate metabolism) in 
A niger, without breaking the sugar skeleton. With 
several tetronic acids, however, one part of the molecule 
seems to be acetate-derived, whilst the other part is 
derived from another source, probably carbohydrate. Thus 
Ehrensv&rd, and Lybing<vReio (52), considered carolic acid (

a r \ 4  C a r l o s i c

-26-



acid (XXIII) to be formed from three acetate units 
(part B) and a further unit (part A).

- • » A l eA i 6 i
H o

CH:
II

Ho

(x Ml) (XX III)

A biogenetically patterned synthesis of tetronic 
acids, which may prove to occur in vivo, was recently 
carried out by Fleming and Harley-Mason (53)* Starting 
from a suitable acetylenic acid, the product obtained 
was reported to be a substituted tetronic acid, as below:

H O v . c o o c xM,
COOCi M$-

( f t  =  Ct H * - )

Unfortunately acetylenic compounds have not been isolated 
from the tetronic acid— moulds, so no evidence for this 
scheme is available.

Penicillic acid would appear to be derived from 
acetate and dimethyl pyruvate, or similar precursors. 
However the labelling pattern produced in penicillic acid

-27-



1

l̂ fwhen P. cyclopium was grown on [1 - C] acetate was 
not in agreement with any of the routes proposed above. 
It was suggested (5*0 that an orsellinic acid precursor 
of the type postulated by Seshadri and Birkinshaw (27, 
28) (see page 13 ) was involved, and the ^cheme shown in 
Figure 1 accounts for the observed labelling pattern in 
penicillic acid (XXIV).

TiS'Jre *1.
C
to

•*c-co
.COcr *

CH
HO COOH

OHOHHO

I \p~\

CH

*
~ CO;

c h 3

*
CHsO

C ^chcooh 
coon

(XMV.)

Mosbach confirmed this pathway to penicillic 
acid in P barnense (55), and Bentley and Keil have 
identified orsellinic acid in P. cyclopium cultures 
by paper chromatography (56).

The oxidative ring opening of an orsellinic acid-

-28-



like precursor (compare page >3 ) may be a fairly
common biosynthetic pathway, thus patulin has been 
shown to originate from 6-methylsalicylic acid (page 35).

5• The Pyrans
This group contains a large number of extremely 

variegated structures, which are difficult to classify.
For convenience, the pyronose metabolites have been 
divided into five subgroups (Figure 6), with considerable 
overlapping between the groups. As might be expected for 
a group of such diverse structures, no general scheme of 
biosynthesis has been elaborated; there is of course a 
formal relationship to glucopyraaose.

5 .i. The cA - and Y - pyrones
Y-pyrones are well represented among microbial 

metabolites, examples from fungi are kojic acid (XXV), 
and 5-hydroxy-2-methylchromone (XXVI). Rubrofusarin 
(XXVII), and asperxanthone (XXVIII), recently the subjects 
of some controversy (57, 58), are now thought to be 
naphtha-^f-pyrones, rather than xanthones as previously 
postulated (59, 60).

H O

c**v) (XKVI)-29- ^



OH

CH

(**Y*0 (xxvm)
In contrast, only two compounds containing 

<x-pyrone nuclei are known among microbial metabolites. 
Novobiocin (XXIX) is an antibiotic from Streptomyces 
niveus, and recently hispidin,a metabolite of the higher 
fungus Polyphoms hispidus (Bull.) Fr. , has been shown 
(61, 62, 63) to possess structure (XXX). Fuscin (XXXI), 
although it has been considered to be a chromenopyrone 
(61*), may be classified as a dihydro- <X-pyrone.

HO,OH OH

HO

CH
CH

OH
CH

OCH

h o
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Among the V -pyrones, kojic acid has long
attracted interest because it is obtained in high 
yield from several aspergillus and bacterium species.
The work of Arnstein and Bentley (65) has shown that 
in fungi, glucose is converted to kojic acid without 
breakage of the carbon chain, as in the biosynthesis 
of ascorbic acid (page 26)* The isolation of these 

Y -pyrones from both bacteria and fungi emphasises 
the close biochemical relationship between these organisms.

although it could be included in the lactone or, tetronic 
acid groups. Studies on this compound are of particular 
interest in relation to my own work, since patulin contains 
structural features in common with those postulated (66) 
for radicinin (XXXII.) (see discussion,page 51+ ).

The determination of the structure of patulin may 
be outlined as follows. The presence of a lactone group 
was recognised from its reaction with alkali. Reaction of 
patulin with hydriodic acid gave V-keto- t -iodohexanoic 
acid (XXXIIt), showing the presence of a carbonyl group Y

Patulin (I) is considered as a pyranose derivative

-31-



to a potential carboxyl group (there being no carboxyl 
group in patulin). This iodoacid had one carbon atom less 
than patulin;

1 -  C H t C ^ - C O - C l k C H r C O O H  ( X * X U | )

further information was obtained by reduction of fully 
hydrogenated patulin with red phosphorus and hydriodic 
acid as in the scheme shown:
( j \    R>ed <- p P<nx ^ Q U  CtLC-H e O H k H  C H .C O O H

C U S CH^CHXCH CMX C O O K

C 3̂ (xK\tv)
The product was the lactone ofp  -methyl-Y -hydroxy-n- 
hexanoic acid (XXXIV), and its reduction product, 
methylcaproic acid (XXXV). This indicated the presence 
of a substituent on the carbon atom y to the potential 
carboxyl group.

The isolation of formic acid and tetrahydro-Y - 
pyrone-2-carboxylic acid (XXXVI), by hydrolysis of patulin 
with dilute sulphuric acid, led to structure (XXXVII) for 
patulin (67)* This structure was apparently confirmed by 
the work of Bergel (68), who found that a ketochloro-acid 
was obtainable from patulin on reaction with ethanolic 
hydrochloric acid.

-32-



o
(xxxvu)

The ketochloro-acid was given structure (XXXVIII), and on 
reduction it was shown to give a chlorine-free ketoacid 
which was assigned structure (XXXIX).

Subsequently (XXXVII) was synthesised (69? 70, 71)?
and found to be different from patulin. In 19^9? Plattner 
and his colleagues (72) showed that the chlorine-free 
ketoacid gave a pyridazone derivative with hydrazine 
hydrate, which could be converted to an oxypyridazine.
This result was incompatible with the proposed structure 
(XXXIX) for the ketoacid, and a new structure (XL) was 
proposed. This acid would give rise to the pyridazone 
(XLI), and oxypyridazine (XLII) as in the scheme:

(jCiCkix')

*s\xCrtvcoott

(_K1.HI ) (XL.) (KM) CXL.ll)-33-



The ketochloro-acid would thus be represented by (XLIII), 
and consideration of the formation of compounds (XLIII) 
and (XL) led Plattner to postulate structure (XLIV) or 
(XLV) for patulin.

Additional evidence was adduced from the infrared 
and ultraviolet spectra of patulin, which supported 
structure (XLV) (73)* The fact that patulin and patulin 
acetate formed the same phenylhydrazone provided further 
support for the hemiacetal structure.

chvok

Woodward and Singh (7*0 reinterpreted the previous 
work and concluded that the ketochloro-acid was in fact an 

-chloroketo-acid (XLVII), and confirmed this by synthesis. 
Final proof of structure (XLV) for patulin was provided by 
an unambiguous synthesis from the acid. (XLVII).

(XLlv)



The biosynthesis of patulin, as previously 
mentioned (page 2 9 )* is similar to that of penicillic 
acid, involving oxidative ring fission and recyclisation 
of an orsellinic acid-like precursor .(XLVIII)' (28, 75)*

cho

OHiC
’C-CHO 

CUxo« ^H'C°
XLV

(*kvnO
5*ii# The Quinonoid-pyrones

A few metabolites have pyrone moieties in 
combination with quinonoid nuclei, such that the con­
jugation of the quinone c hr mop h ore is extended. Examples 
of these are citrinin (XLIX), purpurogenone (L) and 
fusein (LI), which has already been mentioned as an 
example of an -pyrone derivative; and the azaphilones,
which constitute a separate group (see page 39)*

c%
CXLik) Or)

Citrinin x\ras first isolated in 1931 (76), but it
was not until 19h9 that its structure was confirmed by 
synthesis (77* 78, 79* 80-J. The determination of the



structure of citrinin has been reviewed by Bracken (81) 
and Whalley (6*f). Of the many degradation products 
obtained, three phenolic compounds provided vital 
evidence for the structure of citrinin.

phosphorous and hydriodic acid, it yielded a dihydric 
phenol, which was shown (78), by direct comparison with 
a synthetic speciman, to be 2-(3, 5-dihydroxy-2, 6- 
dimethylphenyl) butane (LIII).

Hydrolysis of citrinin with hot dilute acid or 
alkali gave a laevo-cotatory phenol (phenol-A) and its 
optically inactive isomeride (76). The carbon skeleton 
of phenol-A was established by phosphorous-hydriodic acid 
reduction (78), when a dihydric phenol was obtained, which 
was shown by comparison with a synthetic speciman to have 
structure (LIV). Frcm this evidence it was concluded that 
phenol-A was fc-S-C1*, 6-dihydroxy-o-tolyl)-butan-2-ol (LV), 
this being confirmed by synthesis of its dimethylether p- 
nitrobenzoate.

When dihydrocitrinin (LII) was treated with red



CHj

{L\W)

-C.HC.HjI

( l v )

As the only other products obtained by hydrolysis 
of citrinin were formic acid and carbon dioxide, a -C=CH-0 
group, (eliminated as HCOOH) and a carboxyl group must 
be present in the molecule. The hemiquinonoid structure 
(XLIX) was thus considered to best explain all the prop­
erties of citrinin.

total synthesis of citrinin from o-toluic acid via 
phenol-A (77? 78, 79); and also from the synthesis of 
dihydrocitrinin (80).

The biosynthesis of citrinin is interesting because
it provides an example of the introduction of C-̂ units 
during biosynthesis, probably from methionine (see page IS ). 
In the case of citrinin, three C-methyl groups are intro­
duced, one being oxidised to a carboxyl group (82):

Final confirmation of the structure came from the



The Chromenopyrones
Citromycetin (LVI), fulvic acid (LVII), and 

fusarubin (LVIII) were considered by Whalley (6^0 as a 
separate group of oxygen heterocyclic compounds, 
presumably because they contain a pseudo-chroraan or 
chromone ring system.

HO*
.oou
H PH

CH

Cl v i u )

VIO

HO

COOH

The biochemistry of the chromenopyrones has 
attracted attention because a common precursor such as 
(LIX) can be envisaged (83). Biogenetic .work to date has 
been confined to citromycetin, which was shown (82) to 
incorporate seven acetate units to give the labelling 
pattern shown (LX);

OH HO

HO
c o o kHO ‘COOH
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5. iv. The Azaphilones
This group of mould pigments, so named because 

most of them react readily with ammonia, has been 
elucidated mainly by the work of Robertson, Whalley and 
their colleagues. The work was first reviewed in 1956 
(8*+), at which time very little information was available. 
Tentative structures have now been postulated for monascin 
(LXI), rotiorin (LXII), and monascorubrin (LXIII).

The structures of sclerotiorin (LXIV), and rubropunctatin
(LXV) are known with more certainty, but synthetic 
confirmation of these structures is awaited.

cw.

o
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Sane recently reported work on azaphilones has 
been concerned with rubropunctatin (85> 86). In common 
with the azaphilones (except monascin) rubropunctatin 
gave an "ammonia compound", rubropunctatamine (LXVI), in 
which the functional groups of the parent compound were 
retained.

c Hch3

( L - X V I l )

On reduction of (LXVl)with zinc and acetic acid, 
a colourless compound, ap orubr opunct at am ine was obtained. 
This was shown to be a substituted isoquinoline of 
structure (LXVII). Oxidation of hexahydro-O- 
methylaporubropunctatin, which was thought to have 
structure (LXVIII), gave anisole-2,3,5,6-tetracarboxylic 
acid (LXIX), which evidence supported the structures 
proposed for rubropunctatin and its derivatives.

<\ .<-5- HOO CvrĴ KV v^CooH

H 00  C '  /  'C O O H

CH,
1( l x v i i O

-4-0-



The biosynthesis of sclerotiorin has been shown 
(82) to involve the condensation of nine C2 units, with 
three nuclear methylations occuring. This was originally 
interpreted in accordance with structure (LXX), which is 
now known to be incorrect.

C— c o

CO CO CO- c c o - c  CO- c c o - c

CO Co

CtL Crt

The data, however, is in agreement with structure (LXIV) 
now accepted for sclerotiorin.

6. The Depsidones
The main source of depeidones is lichens, and as 

these organisms are symbiotic combinations of algae and 
fungi, it is appropriate to consider depsidones as fungal 
metabolites. However, nidulin (LXXI), nornidulin (LXXII), 
and dechioronornidulin (LXXIII), are metabolites produced 
by a strain of A. nidulans.

-*fl-



Cl OCH

HO
Cl.C\.

ch

Cl

( l - \ K l) ( /-KKIl)

CH

H O

The determination of the structure of a 
depsidone may be carried out by cleavage of the lactone 
ring with alkali, and oxidation to phenolic acids (61*).

Depsidones are most probably formed in nature by 
a phenol coupling reaction (reference 44, page 21 ). 
Thus the biosynthesis of nidulin may be represented as 
follows:

CHCH. CH
.0— 0, Co-OH OH

OHHO
Cl.

CHj
p.- - c= chch5.

-M-2-



Cl CL

7. Xant hones
Only three genuine xanthone derivatives have 

been isolated from micro-organisms. These include 
ravenelin (LXXIV), and lichexanthone (LXXV). The curious

OH cH

OCH.
OH

structure postulated (87) for sterigmatocystin (LXXVI) 
has recently received further support by the synthesis 
of one of its degradation products (88).

OH

8. The Spirans
Moulds are known to produce four closely related 

spirocoumaran-3-ones, they are griseofulvin (LXXVII),

-1+3-



geodin, erdin (LXXVIII R = CH^ or H), and geodoxin 
(LXXIX). In addition, picrolichenic acid, a lichen 
acid, is thought to possess structure (LXXXI) (89).

CH

CHO
Cl

coofcOH

CH
Cl

Q _ X X V I | ) ( l - X X V I  It)

COOcHj

0-XKIx)
, - N ^ o

Ho

HOOC

(l  k x k )

The most recently reported structural work on 
spiran heterocycles was concerned with geodoxin (90)* 
Since this metabolite is produced by a mutant of 
A terreus, which elaborates geodin and erdin, a close 
biochemical relationship between these compounds was 
predicted.

Pyrolysis of geodoxin gave 6-dichloro-5- 
methylresorcinol (LXXXI), and oxidation with alkaline 
hydrogen peroxide gave the dichloro-p-orsellinic acid 
(LXXXII). The production of methyl-2, 5-dihydroxy-3-

-Mf-



methoxybenzoate (LXXXIII), on treatment of dihydrogeodoxin 
with 80% sulphuric acid, suggested structure (LXXXIV) for 
the dihydro compound. Comparison of the spectral data 
of geodoxin with other spirans led to the proposal of 
structure (LXXIX) for geodoxin.

biogenetic relationships, and recently, evidence has 
been advanced in support of this. Thus Curtis and 
Hassall (91)* working with A. terreus, have postulated 
that geodoxin (LXXIX) is produced in a biosynthetic 
sequence involving sulochrin (LXXXV), geodin (LXXVIII), 
and asterric acid (LXXXVI) as illustrated.

coocHj

cus Q-*xxu)Cl.
(LXXXt)

(L. v)
CoocHj uooc OH

The spirans might be expected to show close

1l. Cl

HO

l̂ k .kviii)



CH 3O C H 3

HO OH
c o o c r t j  COOH

(̂ -XXKVl) (LKKU)

Somerfield and his colleagues concluded that dechlorogeodin 
(LXXXVII) is a common intermediate in the biosynthesis of 
geodin and asterric acid, and that the nature of the end 
products is determined by the extent to which this compound 
is further chlorinated.

o=

OHcooc.ii3

Birch et. al. (93) have shown that griseofulvin may 
be biosynthesised from acetate. Present observations seem 
to favour the biogenetic pathway proposed by Barton and 
Cohen (M+a), in which a ft -polyketone synthesis is followed 
as far as the benzophenone stage, with subsequent radical 
coupling. The latter stages have been admirably illustrated 
by the total synthesis of griseofulvin (see page 6 ) and 
partial synthesis of (±)-geodin methylether (LXXXVIII) (9*0 > 
by Scott and his colleagues, from the corresponding

-*f6-



benzophenonesy as illustrated'below:

COOC-IL Co oca

(j_ KXX Vlll)

<t*n—f iJt* Kafc .̂ibrV »w y n * wiiwfc'

It is hoped that this survey, although mainly 
restricted to oxygen heterocyclic metabolites, has served 
to illustrate the enormous sythetic ability of the 
’humble fungi1 and the important contributions towards 
closer understanding of the chemical and biochemical 
processes of all metabolism made by studies of such micro 
organisms.
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PART II

THE STRUCTURE OF RADICININ



INTRODUCTION
The isolation of the metabolite radicinin, 

from the mould Stemphylium radicinum (Sterad), was reported 
by Clarke and Nord (},2), and a tentative partial structure, 
(I), was suggested on the basis of its chemical and physical 
properties.

3.H.
- c h 3

(I)
The original objective of this work was to confirm 

these proposals and to determine the position of the methyl 
group. However, in the light of new evidence, which has 
rendered structure (I) untenable, alternative structures 
have been considered, which might better explain the 
properties of the metabolite.

The evidence on which structure (I)was based was 
as follows. Molecular weight and analytical data indicated 
the molecular formula ^12^12^5 for radicinin, in which 
there were two terminal methyl groups, but no methoxyl 
groups. The compound was optically active, having a specific 
rotation ( i M ?  ) of -175*7° in ethanol.

Radininin was shown to possess no free carboxyl

HO
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group or phenolic hydroxyl group by the fact that it did 
not liberate carbon dioxide from sodium carbonate, or sodium 
bicarbonate solutions. The presence of a hydroxyl group 
was indicated by formation of a monoacetate and a monomethyl 
ether. A carbonyl group was also present, as shown by the 
formation of a mono-2^-dinitrophenylhydrazone, and this 
was considered not to be an aldehyde or a methyl ketone.

The presence of a reactive double bond in
radicinin was revealed by its ready reaction with one mole 
of bromine to form a crystalline dibromo derivative, and 
the formation of a hydrogen chloride adduct. In both these
compounds the halogen was covalently bound. On reduction
of radicinin, with 5% palladium-on-charcoal as catalyst, a 
dihydro compound was obtained, but no analytical figures 
were quoted.

Radicinin dissolved in cold, dilute aqueous sodium 
hydroxide, giving a pink solution, and on heating this 
solution under reflux in a stream of nitrogen, acetaldehyde 
was produced. Acidification of the resulting solution 
yielded O A  mole of carbon dioxide and 0.3 equivalents of 
volatile acid. No larger fragments of the molecule could 
be identified as the only other product was a resin. It 
was considered that the formation of acetaldehyde was the 
result of an oxidation, since passage of the nitrogen over
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a heated copper gauze reduced the yield of acetaldehyde 
obtained.

The metabolite proved very sensitive to oxidising 
agents such as permanganate, ozone, chromic acid etc., large 
quantities of these reagents being consumed, but no 
characterisable products could be obtained. However, it 
was reported that oxidation of dibromoradicinin with 
alkaline potassium permanganate gave o(,/? - dibromobutyric 
acid, although no yields were quoted. The acid was 
identical with the stereoisomer obtained by bromination of 
trans-crotonic acid (3). On the basis of this evidence 
the presence of a crotonyl side chain in radicinin (II) 
was postulated.

O
c m 3-c h = c h - c —  (n)

Further unsaturation in the molecule was revealed 
by the absorption of 3*^ moles of hydrogen in the presence 
of platinum oxide as catalyst, on prolonged hydrogenation 
in glacial acetic acid plus methanol (1:1) as solvent.
Under these same conditions, the dibromo and the hydrogen 
chloride adducts absorbed 2.3 moles of hydrogen.

One mole of carbon dioxide per mole of radicinin 
was liberated on heating under reflux in diphenyl ether,
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and therefore a potential carboxyl group was thought to be 
present in radicinin.

On the basis of chemical evidence, therefore, a 
free hydroxyl group, three carbon-to-carbon double bonds, 
a carbonyl group, a potential carboxyl group, and two 
terminal methyl groups could be detected in the molecule.
The ring system in radicinin remained to be established.

The infrared absorption spectrum of radicinin 
and its derivatives confirmed some of the above conclusions. 
Radininin had an absorption band at 2.9>^., which was 
attributed to a hydrogen-bonded hydroxyl group. An 
absorption band at 6.02^. indicated a conjugated carbonyl 
group, and a further absorption at 5.66^.was attributed 
to the presence of a fiver-membered lactone ring. Bands 
at 6.21^.and 6 . showed the presence of conjugated 
carbon-to-carbon double bonds (*f). On the basis that the 
hydroxyl absorption band showed no shift when measured in 
chloroform solution (as compared to nujol mull), it was 
concluded that the hydrogen bonding was intramolecular (III).

Cm)
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Acetylation of radicinin resulted in the loss 
of the absorption band at 2 . 9 and the appearance of a new 
one at 5*75^ , as would be expected for the formation of 
an acetate (*+) • The bromine and hydrogen chloride adducts 
showed the same carbonyl absorptions as radicinin.

The ultraviolet absorption spectrum of radicinin 
was found to possess an intense maximum at t ,18.6 x
10^), and less intense maxima at 270m./*(i ,6.2 x 10^),
280*y^.( i .2 x 10^) and 220.5*/*.- ( £ ,16.6 x 10^). This 
was considered to indicate an extensive system of conjugated 
carbon-to-carbon double bonds.

The ultraviolet absorption spectrum of radicinin 
acetate was found to be almost identical with that of 
radicinin, thus indicating that the hydroxyl group was not 
conjugated with the chromophore. This phenomenon has also 
been observed in patulin (5)«

Clarke and Nord considered that the possibility 
of radicinin possessing a pyrone or hydroxyfuran ring system 
was unlikely as the compound gave no colour with alcoholic 
ferric chloride solution, and by a process of elimination 
concluded that the. structure which best accomodated the 
kno\«ifacts was the hemiacetal structure (I).

It was considered that the shift to shorter
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wavelength of the principal ultraviolet absorption bands 
on formation of the dihydro, dibromo and hydrogen chloride 
adducts of radicinin was consistent with saturation of the 

dkj/9 -unsaturated ketone chromophore. By a study of 
ultraviolet absorption spectra, radicinin and its adducts 
were shown to undergo irreversible reaction with alkali.
Thus, the spectrum of radicinin showed at first a bathochromic 
shift ( & \  = 21*\a. )* when radicinin was dissolved in 
methanolic sodium hydroxide solution, but on allowing to 
stand, the new peak decreased in intensity and two new 
peaks appeared at 315<v*- and 255̂ yuL. • After a further 
period of time, the spectrum possessed a single absorption 
maximum at 255<a./a,., and showed no further changes. This 
behaviour was considered to indicate that a cyclic /3 - 
diketone was being formed (6), but as the end products were 
intractable gums, no chemical studies could be carried out.

Radicinin mono-2,k-dinitrophenylhydrazone possessed 
a maximum at *+16 t ,2^.0 x 10^), which indicated that
the carbonyl group was part of an extended conjugated system. 
It was considered that this derivative might be formed from 
the potential carbonyl group of the hemiacetal system, rather 
than the carbonyl group of the side chain and this was 
thought to be consistent with the proposed structure (1) 
for radicinin.
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DISCUSSION

The isolation of radicinin
Radicinin was obtained essentially as described

by Clarke and Nord. Stemphylium radicinum (Sterad)
(I.M.I. 63223) was grown, in large scale surface culture,
on a potato extract-dextrose solution. Optimum yields of
the crude yellow pigment were found to be obtained after

0three weeks incubation of the cultures at 30 C, after 
which time the metabolite began to crystallise out of the 
medium in small amounts. Further incubation decreased the 
yield of radicinin obtained.

The culture liquor yielded radicinin (0.1-0.2 
gms/litre) by acidification (2N.HC1) and extraction with 
chloroform or ether. The latter solvent gave purer samples 
of radicinin, but had the disadvantage that the metabolite 
was not very soluble in ether.

Extraction of the dried and finely ground 
mycelium (5 gms./litre) with light petroleum, ether, 
chloroform, acetone, and alcohol respectively, yielded a 
fat fraction, small amounts of radicinin from the ether 
extract, and small amounts of brown oil, from the other 
extractions, which were not investigated further.

Repeated recrystallisation of the crude metabolite
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from methanol, or ethanol, followed by sublimation (lMD /
O1mm) gave very pale yellow needles, m.pt., 21^-215 (Clarke

oand Nord reported 220 ), with constant analyses. Attempts
were made to detect the presence of any compound, other 
than radicinin, in the recrystallised materials by

« w

fractional sublimation, and chromatography on silica gel 
films, silicic acid columns and paper. The material, 
however, was shown to be homogeneous.

The analytical data, chemical properties, infrared 
and ultraviolet absorption spectra of the metabolite thus 
obtained, were identical with those previously reported for 
radicinin; there was, therefore, no doubt about the 
authenticity of the materials used.

Analysis and molecular weight determinations 
confirmed the molecular formula of radicinin to be ci2H12^;p 
containing two terminal methyl groups and no methoxyl groups.

Preliminary chemical investigations
Radicinin was sparingly soluble in ether, alcohol, 

methanol, ethyl acetate, and glacial acetic acid, but more 
soluble in chloroform and dimethyl Sulphoxide. It was 
confirmed that radicinin did not liberate carbon dioxide 
from saturated solutions of sodium carbonate or sodium 
bicarbonate, showing it to contain neither a free carboxyl
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group, nor a phenolic hydroxyl group. In dilute aqueous 
sodium hydroxide, it rapidly dissolved in the cold, yielding 
a blood red solution, from which radicinin could not be 
recovered on acidification. No colour was obtained with 
ferric chloride in alcoholic solution.

The infrared spectra of radicinin in chloroform 
solution, nujol, and potassium bromide, were essentially 
identical, and showed maxima as follows: 2.88^ (W.,
possibly a hydrogen bonded hydroxyl group), 3*35/*. (W., 
carbon-hydrogen streching) , 5.7/* (S., possibly a lactone 
or 5-membered ring ketone), 6.05/*(i*\.5 oc ,/3- unsaturated 
ketone), 6.25/*. > 6•55/4-(S., possibly carbon-to-carbon 
double bonds), 6.9>*(S.), 6.98/* (S.), 7.25>(*v), 7 M / ^  

(W. )y 7*58/*(^ ) (carbon-hydrogen, carbon-methyl and 
methylene groups), see also Figure 1.

Thus, there are at least two barbonyl functions 
present in radicinin. The absorption band at 5*7/ l is 
broad and of exceptionally high intensity, and could be 
a multiple peak.

The presence of an aldehydic or ketonic carbonyl 
group was confirmed by the formation of a mono-2, 
dinitrophenylhydrazone, which gave correct analyses. No 
other carbonyl derivatives could be obtained, however, the 
products being gums (probably due to further attack of the
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reagents at the carbonyl-activated double bonds). Tests 
for an aldehyde group were negative, but oxidation of 
radicinin with an alkaline solution of iodine in potassium 
iodide gave a precipitate of iodoform, thus indicating the 
possible presence of a CH^CO- or a CH^CH(OH)- group, 
contrary to evidence previously reported.

Acetylation and methvlation studies on radicinin
The formation of radicinin monoacetate (m.pt. 

197°) confirmed the presence of a single hydroxyl group, 
as reported by Clarke and Nord. The infrared absorption 
spectrum of this compound showed no hydroxyl absorption, 
but contrary to previous reports, no acetyl-carbonyl 
absorption band at 5*75/^ was detected, this probably 
being mashe<d-by the high intensity carbonyl absorption 
band at 5*7/t . Infrared absorption maxima obtained for
radicinin monoacetate were as follows: 3*3^u (W., carbon-
hydrogen streching), (S., very broad bancD, 6.07^

<*j/3 -unsaturated lactone), 6.25/a , 6.55/^ (®., carbon 
to-carbon-double bonds), 6.92^u, 7*0>a(S.), 7*23^ (W.)
7*3̂ u. (W.), 7*66 û ) (carbon-hydrogen, carbon-methyl
and methylene groups). Changes in the spectrum between 
6 . 9 ^  and 7 * ^  indicated the presence of additional carbon- 
hydrogen and carbon-methyl bonds in radicin acetate as 
expected.
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Attention was drawn to the possibility that 
further acetylation products might be obtainable from 
radicinin as, according to Clarke and Nord, high acetyl 
values had been obtained on analysis of the acetylation 
product of radicinin. Tsuda and Uyeo (7) recently studied 
the acetylation of the alkaloid tazettine (IV) under 
vigorous conditions, and obtained a number of products.

cv\
''OH

(i v)
When these vigorous acetylation methods were applied to 
radicinin, only radicinin monoacetate was obtained, 
together with decomposition products as the conditions 
were intensified. The high acetyl values obtained by the 
previous workers were probably due to formation of a 
volatile acid on hydrolysis $ this will be more fully 
discussed later (page 68).

It was previously reported that radicinin 
could be methylated with dimethyl sulphate in acetone, 
in the presente of anhydrous potassium carbonate, however, 
on no occasion could this result be reproduced and in
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every case radicinin was recovered unchanged. In addition, 
a number of attempts were made to obtain the methyl ether 
by the use of methyl iodide, but again only starting 
material was recovered. With diazomethane in ether, 
radicinin yielded a bright red gum, which could not be 
purified, and it was concluded that this was probably 
formed by the attack of diazomethane at the double bonds 
or ether oxygen atoms. By treating a solution of radicinin 
in aqueous alkali with dimethyl sulphate, however, a crude 
tan solid was obtained. All attempts to purify this 
material have been unsuccessful and therefore analytical 
data is not available. But, by chromatographic methods 
it was shown that the compound was different from radicinin.

The chemistry of the side chain in radicinin
Radicinin reacted with bromine, hydrogen chloride 

and hydrogen to give the adducts previously reported. 
Dihydroradicinin was successfully characterised by its 
infrared and ultraviolet spectra, and satisfactory analyses 
were obtained. As reported by Clarke and Nord, the 
ultraviolet absorption spectrum of dihydroradicinin, when 
compared to that of radicinin shows a hypsochromic shift, 
of of the main absorption band (Figure 3) • The
infrared spectrum of dihydroradicinin, when compared to 
that of radicinin, only shows significant changes in the 
region ascribed to the unsaturated parts of the molecule.
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Thus, the hydtoxyl and carbonyl bands still appear at 
2.88^ and 5 * ^  respectively, but the region 6 ^  to 6 * 5 ^  
shows shifts to shorter wavelength. Thus, there are bands 
at 5*99^(<n.), 6.1*fx̂ (S,) , 6.33^ (V.W.) and 6.?^(S.) See 
Figure 2. It appeared from these data, that addition of two 
atoms of hydrogen not only affected the <*/3 -unsaturated 
carbonyl system, but also had a strong effect on the other 
conjugated system in the molecule. These results were 
somewhat surprising in view of the fact that structure (I) 
suggests that one double bond is in effect isolated from the 
main chromophore.

The hydrogen chloride adduct showed the same 
characteristic shifts in the conjugated carbon-to-carbon 
double bond region of the infrared as in dihydroradicinin. 
Thus bonds were recorded at 2 . 9 ^ (W,), 3*33*. (W.),
(S.), 6.0*, (n.), 6.1^ (S.)? 6*5^ (S.). The dibromo 
adduct showed similar shifts in its intrared spectrum, but 
closer similarity to radicinin than the other adducts. Thus, 
the main absorption bands were as follows: 2.86*, (W.),
3.31>t(W.), 5.68*, (S.), 5.99^ (W.), 6.1*, (S.), 6.25*, ( m .),
6.^9*.(shoulder) and 6.52^(S.).

The ultraviolet spectra (Figure 3) of these 
adducts lend weight to the conclusions drawn from the 
infrared data. Thus, the ultraviolet spectrum of dihydro-
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radicinin, when compared to that of radicinin, shows the 
greatest hypsochromic shift (&k  = > and is therefore
least like radicinin; the hydrogen chloride adduct gives 
the next greatest shift -28**/), and is therefore
essentially like radicinin; while dibromoradicinin, giving 
the smallest hypsochromic shift (&N = -13 *s very
similar to radicinin# These observations may be explained 
by consideration of the increasing electronegativity of the 
substituents# The large shifts observed in the ultra­
violet bands of the adducts of radicinin were surprising, 
since the site at which addition takes place was reported 
to be an isolated double bond, rather than part of the 
main chromophore.

Clarke and Nord offered proof that bromination 
occurred in the side chain, but a comparison of the above 
data for dihydroradicinin and dibromoradicinin led to the 
conclusion that hydrogenation might occur elsewhere in the 
molecule, thus accounting for the large spectral shifts 
observed for dihydroradicinin. However, a sample of 
dihydroradicinin absorbed no bromine under the conditions 
used for the bromination of radicinin, and dibromoradicinin 
absorbed no hydrogen in the presence of 5% palladium-on- 
charcoal# Thus, it was concluded that the additions must 
all occur across the same reactive double bond#

A series of hydrolyses of radicinin and its
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adducts revealed some important information on the parent 
compound. On hydrolysis of radicinin with hot 1% aqueous 
potassium hydroxide under nitrogen, O A  mole of acetalde­
hyde was obtained by trapping it as its 2 ,lf-dinitrophenyl- 
hydrazone, as reported by Clarke and Nord. On acidi­
fication of the resulting alkaline solution with 2N. 
sulphuric acid, 1 mole of carbon dioxide was released and 
0.8 equivalent of volatile acid was obtained on exhaustive 
steam distillation. Recent results obtained in this 
laboratory (8) have indicated that this acid is acetic 
acid. It was shown, in separate experiments, by 
potentiometric titration, that 1 mole of radicinin reacted 
with only 1 mole of sodium hydroxide in the cold, even 
after prolonged standing. On heating, however, a further 
mole of alkali was consumed. The products of the hydrolyses 
in hot or cold alkali were yellow Oils which resisted all 
attempts at purification.

If, as Clarke and Nord postulated, the reactive 
double bond of radicinin is in the side chain, and is 
cleaved under alkaline conditions to produce acetaldehyde, 
then dibromoradicinin, dihydroradicinin and the hydrogen 
chloride adduct, in which this bond is saturated, would 
be expected to consume one mole of sodium hydroxide, and 
no acetaldehyde would be produced. However, these adducts
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were shown potentiometrically to consume two moles of 
alkali on heating, and liberated acetaldehyde under these 
conditions. Unfortunately the main products of these 
hydrolyses were again intractable oils and were not further 
studied.

In view of the fact that the acetaldehyde was 
previously considered to be derived by oxidation of the 
crotonyl side chain of radicinin, its formation from 
compounds containing saturated side chains was surprising.
It was therefore concluded that, either the side chain 
existed in the form proposed by Olarke and Nord, in which 
case addition to radicinin occurs elsewhere in the molecule, 
or else the molecule does not contain a crotonyl side chain, 
and some other system present accounts for the formation 
of acetaldehyde on hydrolysis.

The above conclusions led to a careful re­
examination of the main evidence advanced for the existence 
of a crotonyl side chain, namely the reported oxidation of 
dibromoradicinin with alkaline potassium permanganate to 
yield ok,/? -dibromobutyric acid. This oxidation was 
repeated a number of times by the method reported (9)* 
but on no occasion was any bromo-acid isolated. In common 
with all oxidations of radicinin and derivatives, much 
carbon dioxide was evolved, and, in this case, 5-6 moles
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per mole of radicinin oxidised. In addition 0.6 mole of 
acetaldehyde was obtained, although it was not possible to 
determine whether this arose by oxidation, or by hydrolysis 
under the alkaline conditions. The product of the 
oxidation in every case was a brown oil which could not be 
purified by the usual methods.

In attempts to identify the oxidation products 
by chromatography, c^y/3 -dibromobutyric acid was prepared 
from crotonic acid (3)> and compared with the oxidation 
product by thin layer chromatography on silica gel. The 
observed RF of ck , /3 -dibromobutyric acid was 0.46, 
whereas the oxidation product was shown to be a mixture 
of components, none having RF values close to 0.^6.

Milder oxidation gave similar results, potassium 
permanganate in acetone giving recovered starting material, 
together with an oil which was again shown to contain no 

ckyfi -dibromobutyric acid. It was thought that the 
removal of some of the oxidisable sites in radicinin prior 
to oxidation might help in the isolation of a recognisable 
material. Thus dibromoradicinin was reduced with hydrogen 
over platinum oxide to give an oil (two moles of hydrogen 
were absorbed) and oxidation of this with alkaline 
potassium permanganate gave a brown oil which showed no 
recognisable fractions by chromatography.
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If a crotonyl group was present in radicinin, 
then acetaldehyde would be produced on ozonolysis. However, 
in several experiments, ozonolysis of radicinin produced 
only intractable materials with no acetaldehyde* Crotonic 
acid, on ozonolysis under the same conditions, produced a 
good yield of acetaldehyde, characterised as its 2,*f- 
dinitrophenylhydrazone derivative.

Lemieux and his colleagues have reported that 
sodium periodate in the presence of catalytic amounts of 
potassium permanganate is a useful mild oxidising agent, 
by which carbon-to-carbon double bonds are oxidised first 
by the permanganate to hydroxyketones, which are then 
cleaved by the periodate (10, 11). The permanganate is 
apparently not reduced beyond the manganate state under the 
pH. conditions of the reaction, and is regenerated by the 
periodate. This reaction was considered to present 
possibilities of more specific and milder oxidation than 
the normal reagents, but it was found that no reaction 
occurred with radicinin, starting material being recovered 
quantitatively.

In the light of the above results, it was concluded
that radicinin did not contain a crotonyl side chain, as
proposed by Clarke and Nord. It was considered that the
side chain was more likely to be the hydrated crotonyl group

(V).
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o
CHvCH-CUfC  (V>I

OH

The presence of this side chain explains the formation of 
acetaldehyde on treatment with base as being the result of 
a reverse aldol reaction:

/v f
C  —

I K
°<W —  OK

Thus acetaldehyde would be obtained also by alkaline 
treatment of the adducts of radicinin, but not on ozonolysis* 
The fact that radicinin gives a positive iodoform test is 
also in accord with this formulation.

OH

OH

It is interesting to note that mangostin (VI) 
undergoes reverse aldol reactions on fusion with base, the 
more vigorous conditions being required to hydroxylate the 
molecule prior to the elimination of isovaleraldehyde (VII) 
as shown \atlou> c«\).
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It is significant too,that streptimidone (VIII), itself 
a /? -hydroxyketone, undergoes reverse aldol cleavage 
readily, to give aldehyde derivatives of the /3 - 
ethylglutarimide moiety (13).

whether other carbon atoms were interposed between the
moiety and the remainder of the molecule* It was suggested 

that the remainder of the molecule was a ring system to account 
for the large proportion of oxygen in the molecule. Two of 
the oxygen atoms have now been located in the side chain,

( Vlll)
CHjO OH 

C « = C K -C —CH-ttt-C-C HjCH-CHv

At this stage it was not possible to decide
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and thus radicinin may be represented by partial structure 
(IX). This implies that the ring system of structure (I) 
is not correct since the single hydroxyl group is now known 
to be situated in the side chain, rather than forming part 
of a hemiacetal system. Thus experiments to clarify this 
situation were carried out.

The "hernia cetal11 system of radicinin
It is known that hemiacetals are relatively 

stable to boiling alkali, yet easily hydrolysed by hot 
dilute acids (lk*) thus:

The reaction of radicinin with acid was incompatible with 
this, as it was recovered unchanged after treatment with hot 
dilute acid for one hour. The metabolite was, however, 
broken down on heating under reflux with acid for several 
hours.

o OHu l

One of the interesting features of the chemistry
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of patulin (X), was the formation of both an oxime and a 
phenylhydrazone (I?) , although it was shown that no aldehyde 
or ketone group was present in the molecule* It was 
considered that these derivatives (XI) were formed from 
the potential carbonyl group of the hemiacetal system (5) 
as shown:

HOOH

The properties of these derivatives showed that the 
lactone ring of patulin was unopened* The formation of 
the same phenylhydrazone (XI, R = N.NHPh ) from patulin 
acetate was considered to be due to elimination of the 
acetyl group prior to ring cleavage of the hemiacetal.

It was considered that if radicinin does contain 
a hemiacetal moiety it also should undergo a ring cleavage 
of this type, prior to the formation of the 2 ,^-dinitro- 
phenylhydrazone, and therefore the product should be a 
di-2,*f-dinitrophenylhydrazone. However, analysis showed 
the product of the reaction of radicinin with 2,*+-dinitro- 
phenylhydrazine hydrochloride to be a mono-derivative. In

order to determine whether this derivative was formed from
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the free carbonyl group of the side chain, or from the 
potential carbonyl group of the “hemiacetal" system, the 
2 ,4-dinitrophenylhydrazone of radifiinin acetate was prepared*

phenylhydrazone, but identical with the product obtained 
by acetylation of radicinin 2 ,*f-dinitrophenylhydrazone*
Both these derivatives analysed for one acetyl and one 
2,lf-dinitrophenylhydrazone group* These results were thus 
contrary to those expected,for a compound of structure (I), 
which would react as shown below, in a similar manner to 
patulin. On these grounds alone, the presence of a kemi- 
acetal ring in radicinin was thought to be unlikely*

This proved to be different from radicinin 2,^-dinitro

flr. NH.N
C O C K .
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In addition, if the conclusions of Nord and 
Clarke were correct, dihydroradicinin would be an ,/3- 
unsaturated ketone, as distinct from radicinin which is 
an - unsaturated ketone* Thus dihydro­
radicinin might be expected to form a di-2,^ dinitro- 
phenylhydrazone, assuming that the mono derivative of 
radicinin arises from the potential carbonyl group of the 
hemiacetal ring. However, reaction of dihydroradicinin 
with 2,lf~dinitrophenylhydrazine hydrochloride, by the 
method of Wilds and Nelson (16'), gave only a monoderivative*

It has been shown by Ross, that the 2,1+-di- 
nitrophenylhydrazones of simple carbonyl compounds possess 
no infrared absorption bands in the region 5-6/*,, but 
invariably maxima appear between 6*05 and 6*2yU. (1$). The 
infrared spectra of radicinin and dihydroradieinin-2,1*- 
dinitrophenylhydrazones both have high intensity bands 
(5*-§*and 5#8^respectively) in the same region as radicinin, 
and thus it was concluded that these bands represent a 
non-ketonic carbonyl function or functions. It was not 
possible, from the infrared spectra, to detdrmine whether 
the ^ i/3 -unsaturated carbonyl absorption band at 6,05/t 
in the spectrum of radicinin is absent In the 2 j^-dinitro- 
phenylhydrazone, since this region is masked in such 
derivatives* However it was assumed that the derivative
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was formed from this function

Cyclic acetals may be conveniently ring-opened
by treatment with a mixture of acetic anhydride, acetic 
acid and sulphuric acid (IB* 19)*

structure postulated by Clarke and Nord, acetolysis should 
result in opening of the ring and the product should be a 
monoacetate (XII) different from the monoacetate obtained 
by mild acetylation of radicinin. Several reactions were 
carried out, but in every case the product obtained was 
identical with radicinin monoacetate# It was observed that 
the infrared spectrum of radicinin acetate possessed none 
of the bands characteristic of an aldehyde group, and gave 
only a mono-2 ,*f-dinitrophenylhydrazone#

resembles the cyclic form of sugars and as such, it should 
be possible to methylate radicinin by the Fischer method 
(29)• However the reaction of radicinin with methanolic

If radicinin did indeed possess the hemiacetal

(*u)

The hemiacetal ring system postulated for radicinin
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hydrogen chloride led to the formation of radicinin 
hydrochloride only.

A further characteristic reaction of sugar 
acetals is the formation of crystalline osozones with 
phenylhydrazine hydrochloride, the failure to isolate 
such a product again suggests that radicinin does not 
possess a cyclic acetal structure.

The chromophoric system in radicinin
With the establishment of partial structure 

(IX) for radicinin, it was clear that considerable 
unsaturation was present in the molecule, as evidenced 
by the rapid uptake of three moles of hydrogen in the 
presence of platinum oxide in methanol* Clarke and Nord 
observed the uptake of 3**+ moles of hydrogen over platinum 
oxide in methanol and glacial acetic acid. The extra 
fraction of a mole of hydrogen absorbed was thought to be 
due to hydrogenolysis of carbon-to-oxygen bonds, and this 
was borne out in the present work, in which the absorption 
of approximately b moles of hydrogen occurred on prolonged 
catalytic hydrogenation.

Dihydroradicinin absorbed two moles of hydrogen 
over platinum oxide, thus showing that radicinin contains 
three carbon-to-carbon double bonds, one more reactive than
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the other two. The completely hydrogenated compounds 
were clear yellow oils, which resisted all attempts at 
purification.

The ultraviolet spectrum of radicinin in methanol, 
as reported by Clarke and Nord was confirmed (Figure 3), 
and indicated the presence of a long conjugated or highly 
polar system. The presence of more than one absorbing 
system was indicated by the appearance of four peaks in the 
observable spectrum, although the diagnostic value of the 
absorption band in the 220«r\.ytc.region in radicinin and its 
derivatives is doubtful, as it appears practically unchanged 
in all of these compounds. That the three carbon-to-carbon 
double bonds present in radicinin were responsible for 
most of its ultraviolet absorption was confirmed by the 
fact that the ultraviolet spectra of the oil obtained by 
full reduction of radicinin, showed only low intensity 
absorption bands at shorter wavelength than radicinin 
(Figure *+) • From the ultraviolet spectrum of this oil it 
was concluded that the product obtained by complete 
hydrogenation in methanol, and in glacial acetic acid 
were not the same. It is likely that hydrogenolysis occurs 
in the latter but not the former case.

At this stage, a further consideration of the
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chromophoric system present in radicinin is enlightening.
Now that the presence of a cfotonyl side chain in radicinin 
has been shown to be unlikely, the large hypsochromic shift 
of the main absorption band observed on comparison of the 
ultraviolet spectra of radicinin and dihydroradicinin, may 
be satisfactorily explained by assuming reduction to occur 
across a double bond which is attached to the main chromo­
phore, in such a way that saturation does not completely 
remove the chromophore. That the side chain carbonyl groups 
of radicinin and dihydroradicinin were conjugated to the 
main chromophore, was demonstrated by large bathochromic 
shifts of the main absorption bands, observed on comparison 
of the ultraviolet spectra of radicinin and dihydroradicinin 
2 ,*4— dinitrophenylhydrazones with the parent compounds 
(Figure 5) (AN = -7^<n/x.and - 9 0 ^  respectively). The 
hypsochromic shift, noted on comparison of the ultraviolet 
spectrum of the dinitrophenylhydrazone of dihydroradicinin 
with that of radicinin (Figure 5) ( -23*/*), implies
that the reactive double bond is conjugated to the carbonyl 
group. In addition it may be concluded that the reactive 
double bond in radicinin is not directly attached to the 
carbonyl group as shown below (XIII), since this would 
result in no bathochromic shift of the main chromophore, on 
comparison of the ultraviolet spectra of dihydroradicinin 
and its 2,^-dinitrophenylhydrazone. From this evidence,
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the most readily reducible double bond in systems of the 
type (XIII) would probably be the terminal double bond.
This reduction would leave a conjugated system of sufficient 
length and polarity to account for the high wavelength of 
the absorption band in dihydroradicinin ( 3 1 0 *

system in radicinin constitutes one or more chromophore, 
the carbonyl group being attached to at least one of these# 
Attempts were then made to reduce this carbonyl group with 
the object of determining its position relative to the 
carbon-to-carbon double bonds.

Reduction of radicinin with complex metal hydrides 
Reduction was first attempted with sodium 

borohydride in aqueous methanol or ethanol, but from a 
series of reactions under a variety of conditions (table C, 
page iiPi.), no products could be characterised* However, 
the infrared spectfa of the; gums obtained showed the absence 
of absorption at 5*7 found in the infrared spectrum of 
radicinin, and ascribed to the presence of a lactone ring 
by Clarke and Nord# This observation was surprising in

(* 110.
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view of the fact that lactones are usually inert to sodium 
borohydride (21).

Reduction of radicinin with varying proportions of 
lithium aluminium hydride, by heating under reflux in dry 
ether, gave no clearly defined product. The failure of 
these reactions was thought to be due to the lack of 
specificity of the reagent, and it was considered that a 
reaction carried out by the reverse addition technique might 
lead to a one stage reduction. Since radicinin is only 
sparingly soluble in ether, this reaction was carried out 
by the Soxhlet extraction method. The reaction product was 
worked up in the usual manner, to give a white, crystalline 
solid, m.pt 167° in about 20% yield. Considerable
difficulty was encountered in reputing this reaction as it 
was found that satisfactory yields could only be obtained 
by working on a 100 mg. scale. Attempts to "scale up11 the 
reaction led to increasing amounts of oily impurities. A 
summary of the various conditions used for the reduction of 
radicinin with lithium aluminium hydride will be found in 
table k - } page IS*(. •

The product of this reaction (compound A) was 
initially thought to arise by reduction of the side chain 
carbonyl group, or a lactone group, or both. However, as 
the analyses indicated addition of only two atoms of hydrogen
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to radicinin, the former seemed most likely. The acetate 
of compound A was prepared by the method used for the 
acetylation of radicinin, and analysis showed it to be a 
monoacetate, C^H^O^.OCOCH^.

It was found that compound A liberated carbon- 
dioxide from saturated sodium bicarbonate solution and gave 
an acidic solution on warming with water, thus indicating 
the presence of a carboxyl group. This was confirmed by 
the infrared spectrum of compound A in potassium bromide, 
which gave the following bands: 3«0A(to»> typical broad
hydroxyl absorption band obtained from carboxylic acids), 
3*1/^. and 3*25>^.(w., satellite absorption bands as 
frequently observed in the hydroxyl region of the infrared 
spectra of carboxylic acids), 5*67^(s., similar to the 
band in radicinin), 5*91/^ (s#, c< ,/3 -unsaturated carboxylic 
acid), 6.06>iL(m#, possibly oC-/3 , unsaturated ketone), 6.26 
6.3yU.(s., doublet), 6 .b 6 ^ ( s . ) * The appearance of a strong 
band at 11*35j ^ * the region expected for hydroxyl deform­
ation, also indicated the presence of a carboxylic acid (22) j
f igure, (o

Otherwise, the infrared spectrum of compound A 
showed no major changes, and the ultraviolet spectrum showed 
the same profile as radicinin, with the main chromophore 
shifted to shorter wavelength, 330ft\./*( t  -  16*5 x 10^) # The 
lower intensity absorption bands appeared at slightly longer
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3wavelengths than those of radicinin, 29?A\yuX 7.8 x 10 ) 
and 2*82o\.yw.(£= 7*6 x 10^). These data were in agreement
with the finding that compound A was formed by the addition 
of two atoms of hydrogen to some function. Figure 7 shows 
a comparison of the ultraviolet spectra of radicinin and 
compounds A*

reductive cleavage had occurred to give a carboxyl group, 
and it was clear that no hydrolytic process was involved, 
as for example in the hydrolysis of a lactone, since the 
analytical figures precluded the introduction of a further 
oxygen atom*

The reduction of several unsaturated lactones 
with lithium aluminium hydride has been reported* Thus 
Z3 -angelica lactone (XIV) gave the saturated dioi (XV) 
on reduction in tetrahydrofuran, while ck -angelica lactone 
(XVI) gave the intermediary l^etoalcohol (XVII) (23).

The above results suggested that some type of

Li ftt IIu.

(Xiv) (*V)

CKj o
ki

C-HjCOr \

(XvO (Xvu)



However, it has been reported that (-ascorbic acid (XVIII) 
and isoascorbic acid (XIX) were recovered unchanged on 
reaction with lithium aluminium hydride in ether (2*f).

HO OH wo, OH

— o

( XVIII)
It can thus be seen that the reduction of an unsaturated 
lactone gives unpredictable results, but it is very unlikely 
that a carboxylic acid would be produced.

Furthermore, reduction of the unsaturated 6- 
membered lactones 6-methyl-3 ,*+-dihydro-2-pyrone (XX) and 
coumarin (XXI) takes place at the carbonyl group to cleave 
the ring with retention of the enol oxygen (25,25).

X M
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Hemiacetal systems give rise to diols on reduction with 
lithium aluminium hydride:

The main chemical features of radicinin were 
not affected by conversion to the acid A, as alkaline 
hydrolysis gave acetaldehyde, a 2 ,*f-dinitrophenylhydrazone 
could be obtained, and as previously mentioned, a mono­
acetyl derivative was prepared. However, on reduction of 
A in the presence of 5% palladium-on-charcoal, three moles 
of hydrogen were absorbed to produce a clear glass-like 
solid. Thus, the three carbon-to-carbon double bonds in A 
were of similar order of reactivity, in sharp contrast to 
those in radicinin, and this was thought to be due to ring 
opening which would alter the environment of the double 
bonds and thus affect their reactivity.

In contrast, bromination of A, with 1 molecular 
proportion of bromine in chloroform, gave a crystalline

o
compound, mpt. 180 , which bore the same spectral relation­
ship to compound A as dibromoradicinin did to radicinin.
Thus its ultraviolet absorption spectrum revealed maxima

-87-



I

t-°'* 3



at 320 oy*.( t = 10 . b x 103), 268 iy«..( t = 3.9 x 103), 256 
( 6 = -̂.1 x 103) and 221 o\yi»( £ = 17»9 x 103). Comparison 
of the ultraviolet spectrum of the bromo-adduct of A with 
that of the parent compound, revealed a hypsochromic shift 
of lOfvy^of the main absorption band (Figure 8), compared to 
a hypsochromic shift of 13m.^on spectral comparison of 
dibromoradicinin with radicinin (Figure 3)• The infrared 
spectrum of the bromo adduct of A showed bands at 2*96/*. 
(m «), 5*7/^.(s*)> 5*99/^.0&), 6.1/x(s#), 6 • 5>/u.(s *)» 6*92 
(s.) and incorporated the important features of the infra­
red spectrum of compound A and dibromoradicinin. It was 
concluded that the bromination product of A was the dibromo- 
adduct, in which the bromine atoms occupied the same sites 
as in dibromoradicinin.

In order to determine, if possible, the relation­
ship between the reactive double bond of radicinin, and the 
reducible ring site, the dihydroderivative of A would be 
required. This could not be obtained by direct reduction 
of A, but was formed by lithium aluminium hydride reduction 
of dihydroradicinin. The product of this reaction (compound 
B) analysed for Ci2Hl6^5> and was a carboxylic acid.
Compound B possessed ultraviolet absorption maxima at 
296 * .a  ( £ = 12.0 x 103) and 2 0 7 ^ ( 1  = 15.6 x 103), and 
comparison of this spectrum with that of dihydroradicinin
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showed a hypsochromic shift of 15m.yu(^igure 9) • This 
was remarkably close to the shift (-l*+ftv/A.) observed 
on comparison of the ultraviolet spectra of compound A 
and radicinin* The infrared spectrum of B (see Figure 
10), with bands at 3 . 0 ^ . ) ,  , 5.93/0&.),
6.23^(3.), 6*1+3>u . and 6 A 8 ^  (doublet), incorporates 
the salient spectral features of dihydroradicinin and 
compound A, as anticipated*

From this spectroscopic data, it was concluded 
that the reactive double bond in radicinin was not 
directly attached to the potential carboxyl group, since 
the hypsochromic shift observed on ring cleavage was 
the same for radicinin as for dihydroradicinin. It has 
already been established (page 81 ) that the reactive 
double bond was not adjacent to the free carbonyl group.

The above evidence indicated that the 
unsaturated system (probably two carbon-to-carbon double 
bonds) immediately conjugated to the potential. carboxyl 
group in radicinin was stabilised in some way. A 
partial structure (XXII) could be written for radicinin 
at this stage.
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The nature of the cyclic structure which is 
responsible for the low reactivity of the double bonds 
may now be considered. The possibility of a benzene 
nucleus had been eliminated by Clarke and Nord on the 
basis of the hydrogenation experiments, and the infrared 
spectrum of radicinin precludes an aromatic system. No 
phenolic or other aromatic degradation products have been 
isolated from the molecule.

Evidence for the existence of a 2-pvrone ring in radicinin 
A system which may be considered, which possesses 

a potential carboxyl group and two stabilised double bonds 
is the 2-pyrone system, 2-Pyrones are essentially 
unsaturated lactones, but unfortunately little is known 
regarding the behaviour of such systems in the presence of 
complex metal hydrides, except as previously mentioned 
(page 86), it had been reported that coumarin and 
dihydro-2-pyrone behaved as normal lactones, giving diols 
on reduction. However, it has been recently reported that 
2-pyrones are susceptible to hydride ion attack at the 6-



position, resulting in ring cleavage, with the formation 
of -unsaturated acids (27)* For example, *f,6-
dimethyl-2-pyrone (XXIII) gave a h-7% yield of/3-methylsorbic 
acid (XXIV) on treatment with O A  mole of lithium aluminium 
hydride.

c w

OOH u^cu

(xxiu) (*xivY
The mechanism of this reaction is clear if one 

considers the various possible canonical forms of 2-pyrone
(XXV).

(XXV.)

+ <X)

Thus if structure (XXVd) makes any contribution to the 
resonance hybrid, the 2-pyrone nucleus will bear a
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fractional positive charge at the 6-position, thus allowing 
the attack of nucleophilic reagents at this position. This 
type of reaction is further exemplified by methylation of 
methyl-2-pyrone-5-carboxylate with diazomethane to yield 
methyl-6-methyl-2-pyrone-5-carboxylate (28)•

These results allow a rationalisation of the 
reaction of radicinin with lithium aluminium hydride. On 
reduction of radicinin with an excess of lithium aluminium 
hydride in ether, an ether insoluble complex was seen to 
form immediately the reaction started. This is believed 
to be a complex salt of the carboxylic acid with lithium 
aluminium hydride.

The presence of a 2-pyrone system in radicinin 
therefore offers a satisfactory explanation for the 
formation of the carboxylic acid, and partial structure
(XXVI) may now be written for radicinin.

O

-CH.
~ C O C U xcUC-U

IOH
—  - C ^ O .

Further evidence for this formulation was obtained by a 
re-examination of the products obtained by reduction of 
radicinin with sodium borohydride. It was found that 
reaction of radicinin with 0 . ^ moles of sodium borohydride,
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in aqueous ethanol, gave a. yellow glass-like solid from 
which compound A could be obtained in very small yield 
(table £ , page Since it has been shown that
ethyl-i+,6-dimethyl-2-pyrone-5 carboxylate (XXVII) undergoes 
reductive ring cleavage by sodium borohydride, whereas 
b ,6-dimethyl-2-pyrone only undergoes cleavage with lithium 
aluminium hydride, it seems reasonable to suggest that 
2-pyrones with electron-withdrawing substituents are 
labilised to attack by sodium borohydride(vt). Thus the 
observation that radicinin undergoes reductive ring 
cleavage with sodium borohydride would support the proposal 
that radicinin possessed a 2-pyrone nucleus with a ketonic 
electron-withdrawing side chain.

CW

oouCWo

It was considered that this electron-withdrawing group 
could occupy any site in the ring, in order to increase 
the reactivity of the 2-pyrone to nucleophilic reagents, 
although positions 3 or 5 were possibly more likely than 
positions b or 6.

In addition to the above work, the reduction of 
radicinin with lithium aluminium hydride in tetrahydrofuran 
at low temperature was carried out according to the method
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recommended by Dagley (29) ? who reported that in the 
reduction of 2-pyrones, the reaction could be controlled 
by the use of low temperatures and calculated quantities 
of lithium aluminium hydride, to give the corresponding 
hydroxy-aldehydes (XXVIII).

product obtained was a solid mixture containing five 
components, one of which was compound A, as shorn by thin 
film chromatography. That the other products probably 
possessed free carbonyl groups was shown by. the infrared 
spectrum of the mixture, but purification of these compounds 
could not be achieved. The reaction was therefore not 
pursued further. For a summary of the conditions used see 
table ^ p a g e  15& .

(X X V I l l )

a. R = R1 = H
b. R = COOH, R1 = H
c. R = H, R1 = COOH
d. R - R1 = COOH.

When this method was applied to radicinin the



All attempts to further reduce compounds A and 
B with lithium aluminium hydride or sodium borohydride 
failed, starting materials being recovered, due probably 
to complexing of the carboxyl group with the reagents.

As a means of comparison, the behaviour of 
pyrones in the presence complex metal hydrides was also 
studied. Thus, maltol (XXIX), and kojic acid (XXX) were 
treated with lithium aluminium hydride and sodium boro­
hydride.

O

C-H* CH^OU

Oxi>0

The conditions used and the results obtained are summarised 
in table k. page tkif • Sodium borohydride was found not 
to react with these compounds, but reaction with lithium 
aluminium hydride, by direct or reverse addition, gave 
clear yellow oils which were not acidic and which gave 
positive carbonyl tests. These results were contrary to 
the reported production of pyrilium salts on reduction of 
2-pyrones with lithium aluminium hydride (30) , thus 
anthocyanidins (XXXI) could apparently be obtained from 
flavones (XXXII).
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In addition, it was found that patulin, on reduction with 
lithium aluminium hydride, by reverse and direct methods, 
also gave non-acidic carbonyl containing products, but 
again the products were oils which could not be purified.

These experiments show that radicinin does not 
react with complex metal hydrides in a manner comparable 
with if-pyrones or hemiacetals. No further work has been 
carried out along these lines, although it is considered 
that, in view of the lack of information on this topic, a 
considerable amount of work needs to be done.

react with ammonia to give the corresponding pyridones (31). 
Characterisation of the pyridine compound so formed provides 
valuable information on the constitution of the parent 
pyrone. Thus kojic acid was converted into the pyridine
(XXXIII), the structure of which confirmed the constitution 
of kojic acid.

It is well known that simple 2-and ^f-pyrones
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(^XXlll)

With this object in mind radicinin was heated under 
reflux with 5N. ammonium hydroxide. The product 
obtained was a brown, nitrogen-containing gum. Attempts 
to purify this material were abortive, and it was 
assumed that radicinin was attacked at more than one site. 
When radicinin was dissolved in .880 ammonia, a bright 
red solution was obtained (as with sodium hydroxide 
solution), which on evaporation yielded an intractable 
brown gum.

The presence of a furan or dihvdrofuran ring in radicinin
Having proposed that radicinin is a derivative 

of 2-pyrone, there remains only the C2H2O residue, and 
the position of the methyl group to be considered.

It seems most likely that the reactive double 
bond in radicinin is part of the C2H2O fragment, this 
being arrived at by the process of elimination. The only 
other possible position for the double bond would be if it
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were interposed between the hydrated crotonyl side chain 
and the 2-pyrone nucleus* To incorporate the remaining 
oxygen atom one has to consider structures of the type
(XXXIV), (XXXV),(XXXVI). However, these structures are all 
eliminated by consideration of spectroscopic and chemical 
evidence•

(>XX\v)
O

CHr CR-CUsC-CH=£H-0
OH

CH,

(XXXV)
O

CH.-C H-CVC -0-CH=CH -t
°H ,

C.H:

(*XXV |) CH,-CH-CKx-C-CH-CHI
OH

CH:

A structure which would better explain the 
properties of radicinin would be one in which the reactive 
double bond and the remaining oxygen atom form a fused 
furan or dihydrofuran ring system, examples of which are 
shown below.
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The observed stability of radicinin to acids, except on 
prolonged treatment with hot dilute acids and prolonged 
treatment with concentrated sulphuric acid in the cold, 
may not be incompatible with the proposed furanose structure 
which contains a vinyl ether linkage. Thus sterigmato- 
cystin (XXXVII) and citrinin (XXXVIII), which contain 
vinyl ether groups are stable to acid, except under 
extreme conditions.

that those compounds containing a vinyl ether grouping 
show characteristic absorption in the infrared at wave­
lengths of £a. 6.25̂  , 7.85 - 8.35^, and 9.3 - 9*8a .  
The infrared spectrum of radicinin shows a band at 6#25^l

H O O C
Qckxniu )Q c xkvii)

It has been shown by several workers (32, 33)
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which is missing in dihydr.oradicinin# This result would 
he compatible with.the presence of a vinyl ether group in 
radicinin undergoing reduction# Similar changes observed 
in this region on comparison of the infrared spectra of 
the dibromo and hydrogen chloride adducts can now be 
ascribed to the loss of a vinyl ether linkage and the 
production of the respective halogenated furan system# ,

In addition the three adducts of radicinin
' - *

possess a single strong absorption maximum in the region 
9.3 to 9*6/*., whereas radicinin possesses a doublet at 
9.*+8 and 9*71yu • It has been reported (22) that tetra- 
hydrofuran possesses a band at 9*3yuin the infrared and

. i

therefore the changes observed in this region on com­
parison of the infrared spectra of radicinin and its 
adducts suggest that a furan or dihydrofuran ring is 
present#

The infrared spectra of the adducts of radicinin 
show differences from the spectrum of radicinin in the 
8*05 - 8#*f/xregion. These data would also be in agreement 
with the presence of a furan or dihydrofuran system, 
although consideration of this region of the spectra is 
complicated by the fact that the lactonie C-O-C system of 
a pyrone also absorbs in this region. This would account 
for the complexity of this region in the infrared spectra
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of radicinin and its derivatives.

Similar infrared spectroscopic data has been 
interpreted in favour of furanose systems in sterig- 
matocystin (3*0 and cafestol (XXXIX) (35)•

C^OH
Crtx—  c-oH

ch3

It must be emphasised that due to the complex structural 
features of radicinin, its infrared spectrum possesses a 
large number of absorption bands such that overlapping is 
to be expected, rendering interpretation difficult.

Attempted degradation of radicinin
The inability to obtain recognisable degradation 

products of radicinin has made structural work on this 
compound difficult. As alkaline hydrolysis failed to give 
any recognisable product, hydrolysis with dilute acids 
was attempted. When radicinin wax heated under reflux 
for *+ hours with 2N. hydrochloric acid, a gum was obtained 
from which the hydrogen chloride adduct of radicinin was 
separated in 30% yield after chromatography on silicic
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acid. In spite of many attempts the residual gum remained 
intractable.On treatment of radicinin with 2N. sulphuric 
acid for 5 hours^l mole of carbon dioxide and 0.3 mole of 
volatile acid per mole of radicinin were produced. The 
main product of this hydrolysis was also an intractable 
gum which could not be purified chromatographically.

Since compounds A and B were considered to be 
ck ,/3 unsaturated acids, attempts were made to decarboxylate 

small quantities of A by the method of Sondheimer et.al.
(36) using copper chromite in quinoline. The evolution 
of 1 mole of carbon dioxide was detected, but the product 
was a brown gum which could not be purified.

Reduction of highly oxygenated compounds with 
sodium or lithium in liquid ammonia has often provided 
useful structural information (37)* Accordingly, radicinin 
was treated with lithium in liquid ammonia. In no case, 
however, was it possible to obtain a solid product from 
the resultant yellow oils.

One of the classical methods by which useful 
degradation products have been obtained from natural 
products is reduction with red phosphorus and hydriodic 
acid. For example, fully reduced patulin was found to 
yield f t -methyl-y -hydroxy-n-hexanoic acid and /3-methyl 
caproic acid by this method (page 31 )• Reduction of
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f ullj reduced radicinin with phosphorous and hydriodic acid 
gave a pale yellow oil which partly crystallised to give 
minute quantities of oily crystals (yield 0 .2 %), m.pt. 
118-120°. The yield of this product obtained was so small 
that no further work eould be carried out. The residual 
oil could not be characterised by techniques available.

Also by analogy with patulin, the action of 
hydriodic acid on radicinin was studied, but no 
characterisable iodo-acid was obtained, although the 
dark red oil produced was shown to contain iodine.

Consideration of the spectroscopic data for radicinin and 
its derivatives in light of the chemical evidence
1. The ultraviolet absorption spectral data

The conclusions reached on the structure of
radicinin, on chemical grounds, are as follows. The 2-
pyrone nucleus contains a hydrated crotonyl side chain,
attached at some undetermined point, and is fused to a
dihydrofuran ring.

Consideration of the various combinations of 
these three moieties leads to twelve possible structures 
for radicinin. Of these, all but four may be eliminated
by consideration of three previously mentioned pieces of 
evidence.
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1. On reduction of radicinin in the presence of 
5# palladium-on-charcoal, 1 double bond only is 
saturated. It is unlikely that the 2-pyrone system 
would be reduced in preference to an exocyclic 
carbon-to-carbon double bond. (Thus fulvoplumierine, 
see page 107 , undergoes preferential reduction in 
the side chain and cyclopentene ring.). This is 
substantiated by the fact that dihydroradicinin 
undergoes reductive ring cleavage with lithium 
aluminium hydride as expected for a 2-pyrone. Thus 
the reactive double bond must be situated in the 
furan ring.

2. The double bond is conjugated with the main 
chromophore, as indicated by the large hypsochromic 
shift observed on comparison of the ultraviolet spectra 
of dihydroradicinin and radicinin.

3. The carbonyl group of the side chain is conjugated 
to the main chromophore and to the reactive double 
bond, as shown by comparison of the ultraviolet spectra 
of the 2 ,*4— dinitrophenylhydrazones of radicinin and 
dihydroradic inin.

The only structures which comply with the above 
requirements are (XL) to (XLIII)• It has been shown by
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P o s m o M  o f  a^CK) ^ n o  K c h 3)  urtoerE ftrM N ED.'*

Schmidt and Bencz (38) that methyl-2-pyrone-5-carboxylate 
(XLIV) shows an ultraviolet absorption maximum at 285 <h.k 
( l  = »+.6 x 103) and 2 +̂0 ^  (1 = 8.9 x 103).

(KUUi)QKLl) U l u )
CM3 CM C M ri

OH

(*Ll\/)
Thus it is clear that further unsaturation in radicinin 
must be conjugated with the 2-pyrone system to account for 
the high intensity wavelength of its main absorption band. 
Of the four possible structures, (XLI) and (XLIII) contain 
the longest conjugated systems being of the type (XLV), 
which might give rise toalong wavelength ultraviolet

QppUts V-Kc. P-oUou»iâ  c\\ I2*b).
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absorption band* As a parallel it is worth noting that 
2,*f,6-octatrienal gives an absorption band at 315 
U  = 37.0 x 103).

ALV

Structures (XLI) and (XLIII) contain this system with an 
additional -OR group placed in such a position as to give 
the longest conjugated system possible, i*e. at the end 
of the chain. Thus the system could well give rise to an 
absorption band at yU, •

The possible structures for dihydroradicinin, 
which correspond to the structures for radicinin, are 
(XLVI) to (XLIX)• Of these (XLVII) and (XLIX) would best 
account for the large hypsochromic shift observed on 
comparison of the ultraviolet spectra of dihydroradicinin 
and radicinin, because a long conjugated system is broken.

L  O H

Rco

^XLVIt) (XL-Vlll)
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However, as no rigorous treatment of the ultraviolet 
spectra of such complex molecules is possible, structures 
(XLVI) and (XLVIII) cannot be eliminated.

The ultraviolet spectrum of dihydroradicinin 
lacks the low intensity absorption bands of radicinin at 
270rtv/cand 280ovju. . This may indicate the loss of shorter, 
cross conjugated systems originally present in radicinin.

Each of the postulated structures for dihydro­
radicinin possesses a 2-pyrone nucleus substituted by an 
electron withdrawing group. The ultraviolet absorption 
spectrum of dihydroradicinin shows close similarities to 
that of methyl-2-pyrone-5-carboxylate (XLIV), which was 
used as a model compound in the study of the naturally 
occurring 2-pyrone, fulvoplumierine (L) (38.,39) •

CWj-CHzrCH-CH

This compound has ultraviolet absorption bands at 360<v\.ju. 
(1 = Mf.6 x 103), 2 7 5 ^ ( 1 =  8.0 x 103) and 2 2 0 =
20 x 103). The long wavelength of the main aksptpH.n tan* is 
due to the conjugated side chain, but the spectrum of this 
compound is remarkably similar to that of radicinin if due
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allowance is made for further conjugation# The tetra- 
hydro and hexahydro derivatives of fulvoplumierine (LI) 
and (LII) have ultraviolet absorption maxima as shown:

It will be seen that tetrahydrofulvoplumierine has its 
main ultraviolet absorption maximum at a shorter wave­
length than radicinin, but lacks the — OR group conjugated 
to the main chromophore, which probably accounts for the 
higher wavelength absorption in radicinin# It will also 
be seen that in tetrahydrofulvoplumierine, the double bond 
of the cyclopentene ring is conjugated with only one double 
bond of the 2-pyrone ring (discounting the small con­
tribution of positively charged cctnonical forms to the 
ultraviolet spectrum of the whole system). Despite this, 
reduction of this double bond involves a hypsochromic 
shift of 35̂ \.yU., which is almost exactly the shift found on 
comparison of the ultraviolet spectra of dihydroradicinin

coocu cooch

258 *.A.U = 5 X 103)

Cm )
330 u M i  = 5 x 103)

{uit)

29S &  = 6.3 x 103), 
250-WU = 8.9 X 103)
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and radicinin. Thus it is possible that radicinin, like 
tetrahydrofulvoplumierine, contains a system of the type 
(LIII), and therefore (XL) and (XLII) must still be 
considered as possible structures for radicinin. The fact 
that dihydroradicinin has an ultraviolet absorption 
spectrum similar to those of both hexahydrofulvoplumierine 
and methyl-2-pyrone-5-carboxylate supports the finding that 
dihydroradicinin is a substituted 2-pyrone.

Schmidt and Bencz also reported the formation of 
isohexahydrofulvoplumierine (LIV), which has an absorption

that recorded for dihydroradicinin, but a structure such 
as this for radicinin would require l:*f addition and 
destruction of the 2-pyrone system, which has been shown 
to be unlikely.

(mi)

band at 285(v\>k( £ = 16 x 10 ). This value is quite close to

o ' ^ c r
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Hispidin (LV), a recently reported fungal 
2-pyrone (page 30 ), and the related plant product 
^angonin (LVI), both have ultraviolet absorption spectra 
similar to radicinin, but it is difficult to compare the 
effect of the styryl side chains with the side chain 
unsaturation in the proposed structures for radicinin.

(l.\/) (u v  0
366iv>1.(£ = 25.1 x 103) 360 (£ = 25.1 x 103)

The ultraviolet absorption spectra of the 
bromine and hydrogen chloride adducts of radicinin, as 
previously discussed (p^ge 67)? confirm in general the 
above conclusions about the structure of radicinin, due 
allowance being made for the effect of the halogen 
substituents on the ultraviolet spectrum of the saturated 
furan produced.

Comparison of the ultraviolet spectra of 
radicinin with that of the carboxylic acid A, produced 
by reductive ring cleavage of radicinin, shows a
hypsochromic shift of l k . k *■/*.., accompanied by a reduction 
of intensity of the main absorption band (Figure 7). This
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is understandable, as acids in general are expected to 
have ultraviolet absorption maxima at lower wavelengths 
than those of the corresponding ester, in alcoholic 
solution. . Apart from the shift of the main band, 
the ultraviolet spectrum of compound A shows a similar 
profile to that of radicinin, and thus it would appear 
that no major structural change has occurred,as no 
chromophoric group has apparently been lost. Consideration 
of the four possible structures for radicinin would 
indicate structures (LVII) to (LX) for compound A, It 
will be noted that two of these are furan derivatives 
while the other two are dihydrofurans.

XL

I
XLI XLII XLIII

(uvn)

flco

OOW K^CO £ CooH Co a

o - oLVIII (MK)

( CH^CH^OH} C.W-C-)
At this juncture it is interesting to compare 

the absorption maxima of some 2-furylpolyene acids (LXI), 
2-furylpolyene aldehydes (LXII), and polyene carboxylic
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acids, aldehydes and ketones (LXIII, LXIV-, LXV) (*+()) with 
the data obtained for compounds A and B, see table t

c_h - c h \ c o o h

O-*0
CH3(CH=CH)n GOOH

LXIII

c h3 (c h=c h )2c och
LXV

rv-Q:k ~ ch)<vcho

(ukiO
CH3 (CH=CH)nCHO

XIV

c h3ch=c h COCH^ 
LXVI

CH2=CH-CH=CH COOH 
LXVI I

The structures (LVIII) and (LX), postulated 
for compound A, bear similarities to compounds (LXII, 
n=l) and(LXI, n=l), and although the furan aldehyde 
possesses an ultraviolet absorption band closer to the 
value for radicinin than does the corresponding acid, 
differentiation between the two furan structures for 
compound A is not possible, because both structures aA«o 
contain a ketonic carbonyl group* In the case of (LX) 
the ketonic and carboxylic functions are at opposite ends 
of a diene system, but in the case of (LVUt) , both functions
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Ultraviolet absorption bands observed in some 
2-furyloolvene acids and related compounds

Compound Nmax(fr./u. )# H X  10-3 Solvent
A . 330 38.0 Methanol
B 296 27.6 Methanol

LXI, n=l 300 50.0 Hexane
‘ LXI, n=2 315 80.0 Hexane
LXI, n=3 350

372 90.0 Hexane
LXII, n=0 272 30.0* Alcohol
LXII, n=l 31lf 52.0* Alcohol
LXII, n=2 350 59.0* Alcohol
LXIII, n=l r 20*f 26.9* Alcohol
LXIII, n=2 261 5 7 .0 Alcohol
LXIII, n=3 29^ 8*f.O Alcohol
LXIV, n=l 220 3^.5 . Alcohol
LXIV, n=2 271 57 .5 Alcohol
LXV 260 W . 5 Hexane
LXVI 215 2*f.O Hexane
LXVII 22.0 Alcohol

• f l f f r o v A c k h e ,  O c ^ v I S  o< \U ^ .

Table i
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are attached to the terminal carbon atom of a furyle- 
thylene system. Thus of the two systems,(LVIII) should 
be the more polar.

The dihydrofuran structures (LVII) and (LIX) 
postulated for compound A contain similar diene systems 
to (LXIV, n=2) and (LXV), but these latter compounds 
possess absorption bands of considerably lower wave­
length than those observed for compound A. It appears 
therefore, that the furan structures would better account 
for the spectral properties of A, although the influence 
of a carbonyl group and further conjugation cannot be 
predicted.

Considering the structures (XLVI) to (XLIX) 
postulated for dihydroradicinin, compound B, formed by 
reductive ring cleavage of dihydroradicinin, must have 
one of the following structures:

(j_sv III)

r \
(LXx O



All four possess a conjugated diene chromophore, but 
whereas (LXVIII) and (LXIX) are ft -ketocarboxylic acids, 
and in effect two absorbing systems, structures (LXX) and 
(LXXi) possess structures in which the ketonic group and 
the carboxylic acid group are linked through a conjugated 
diene system. The latter two structures would therefore 
possess a single ultraviolet band of high absorption and 
wavelength (e.g. muconic acid shows a band at 266 
VC = 60 x 10^), whereas the former structures would show 
either two very closely situated absorption bands, or a 
doublet, too closely situated to be resolved into its 
bands.

In an attempt to resolve any multiple absorption 
bands in the spectra of radicinin and its derivatives, a 
series of ultraviolet absorption spectra were measured 
in concentrated sulphuric acid solution. Prior to this 
it had been shown that radicinin could be dissolved in 
concentrated sulphuric acid and recovered after short 
periods. The spectra obtained could be divided into two 
distinct types.

On the one hand the main absorption band, in 
the ultraviolet absorption spectrum of radicinin and the 
acid A, was split into two absorptions of higher wave-
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length. Thus, for radicinin two bands appeared in its 
ultraviolet spectrum at 395<vx.and 37^ * corresponding
to bathochromic shifts of 51^.and 3̂ /*.. respectively 
(Figure 11)• The same pattern was observed for compound 
A which showed bathochromic shifts in its ultraviolet 
spectrum to 350^ . and 380^.^. ( &K = and 36<k|u.
respectively) (Figure 12). Both radicinin and compound 
A showed further changes after 2k hours in concentrated 
sulphuric acid, presumably due to decomposition (See 
Figures 11 and 12).

On the other hand, the spectra of dihydro­
radicinin and compound B in concentrated sulphuric acid, 
were split into two absorption bands, one of higher and 
one of lower wavelength than that observed in methanol.
As in the case of the spectra of radicinin and compound A, 
the shifts were more pronounced in the spectra of the 
parent compound. Thus dihydroradicinin in concentrated 
sulphuric acid had two ultraviolet absorption maxima, one 
at 283(n/^(i = 17*2 x 10^), and another at 332<*vju(£ = *+.3 x 
10^), see Figure 13*5 whereas the ultraviolet spectrum of 
compound B showed shifts to 282<n.̂ u.( L = 12.0 x 10^) and 
325ov̂  (t 7 x 10^), see Figure 14*. In marked contrast 
to the spectra of radicinin and compound A, those of 
dihydroradicinin and compound B in concentrated sulphuric 
acid remained unchanged after 2k hours.
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The fact that the ultraviolet absorption 
spectrum of compound B could be split by protonation in 
concentrated sulphuric acid, indicated that two similar 
chromophores were present in the molecule, rather than a 
single chromophore. This eliminated (LXX) and (LXXI) for 
B, since in both,the main ultraviolet absorption band 
would be expected to be unchanged by protonation. Hence 
on spectroscopic and chemical evidence, the most likely 
structures for radicinin are (XL) and (XLVI). The possible 
structures for A and B are shown in Figure 15*

The fact that radicinin and compound A were 
shown to be unstable on prolonged treatment with concen­
trated sulphuric acid, whereas dihydroradicinin and 
compound B were stable over the same periods, may be 
considered evidence that, of the possibilities for B, 
(LXVIII) is the most likely since it contains a saturated 
cyclic ether, rather than a vinyl ether system, as in 
(LXIX)• Thus (XL) is the most likely structure for 
radicinin and (LVII) that for compound A.

The possibility that a rearrangement had 
occurred during the formation of compounds A and B was 
considered unlikely, in view of the close spectral 
similarities between radicinin, dihydroradicinin and 
compounds A and B, and also because the properties of
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The alternative structures for radicinin and derivatives
01 HS0fcO*<\0iCnsiN COMPOUND COMPOUMO $

Rco

ftco
C O O H

O O H

&C0-
^ = cw3ch<ph K hx“

P o s i t i o n  O F  X G O  <Vho \C^) U n D F T  e a r n e d
OOH

Figure 15
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compounds A and B could be explained in terms of 
structures directly derived from the parent compounds.
It was also clear that in the conversion of radicinin 
to A, no carbon-to-carbon double bond was saturated by a 
process similar to that observed in the reduction of c* , 
a<\<i/2-angelica lactones (page 8 5" ), since the spectros­
copic evidence precluded any change in the chromophoric 
systems.

At this Juncture, it is of interest to re­
examine the spectroscopic data reported for the methyl 
ether of radicinin prepared by Clarke and Nord, even 
though the preparation of this compound could not be 
repeated. This compound showed a band in the ultra­
violet spectrum at 33W/*.( £ = l*+.l x 10^). In view of 
the fact that the hydroxyl group has been shown to be 
isolated from the chromophoric systems of radicinin, the 
methyl ether would be expected to have an ultraviolet 
absorption spectrum almost identical with that of 
radicinin, as was found for the acetate. The hypsochromic 
shift observed in comparing the ultraviolet spectra of 
radicinin and the methyl ether therefore, is not com­
patible with structure I* This shift is however almost 
identical with that observed on comparing the ultraviolet 
spectra of radicinin and compound A, and therefore it is 
considered that the 2-pyrone formulation for radicinin
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better explains the properties of the methyl ether, since 
it is possible that on methylation, the 2 pyrone ring 
undergoes hydrolytic cleavage and methylation as shown 
below; ,

The change in the ultraviolet spectrum would then be 
due only to ring cleavage* This argument is substantiated 
by the observation that the only method by which a meth­
ylation product could be. obtained was by prior treatment 
with alkali* It must be emphasised that these conclusions 
are only tentative, in view of the inability to reproduce 
Clarke and Nord's experiments

2* The infrared spectral of radicinin and its derivatives
Infrared data have already been discussed, 

where relevant, in the above work, however the following 
points are worthy of further consideration.

Jones and his colleagues have recently studied 
the infrared absorption spectra of a number of unsaturated
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lactones, including some 2-pyrone derivatives (*+1)•
It was found that all the lactones studied, in which the 
carbonyl group was conjugated to a carbon^to-carbon 
double bond, exhibited a doublet absorption band in the 
region 5*6 to 6.1yu. . The values obtained by Jones and 
his co-workers for certain compounds of interest in the 
present work are quoted in table ^ • Thus, the very
broad, high intensity band, observed in the infrared 
spectrum of radicinin at 5*7yu. > might well be a multiple 
peak, which could not be resolved on the instruments - 
available.

One piece of evidence was, in fact, obtained 
which indicated that the infrared absorption band at 
5 * 7 of radicinin was a doublet. In attempts to obtain 
infrared spectra of radicinin and dihydroradicinin 
2,lf-dinitrophenylhydrazones, which are not very trans­
parent to infrared radiation, the ordinate scales of the 
spectra were expanded so that accurate wavelength 
readings could be obtained,* in so doing, the high intensity 
absorption band in the 5*^to 5*8^ region was split into 
a closely situated doublet (5*82^ and 5*87^.).

Further, the infrared spectrum of fulvo- 
plumierine (L) exhibits a doublet at 5.8 and 5*9^ ,

• and another absorption at ca. 6.1y<jL.(38) , suggesting
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Carbonyl absorptions of some unsaturated lactones

Compound Doublet
absorption

Others

ia - 5.78(w)

oV 5.78(m)

cN d /""O

5.75(b )
5.83(b )

5.6(w)
6.1(w)
6.l5(w)

■
5«73(w)
5.83(w )

6.07(w) 
6.1 (w)\
6*1+8(m)

OCX 5.68(w)
5.78(b ) -

>
X
A,1x Cr

5.9V
6.03 -

All spectra in chloroform solution
Table X
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that an acyl substituted 2-pyrone would show typical 
infrared absorption at 5.8A and 6.1^., which lends 
further support to the structure assigned to radicinin.

B both contain a non-enolisable /3 -ketoacid system.
Similar systems are encountered in -dimethyl-
acetoacetate (LXXII) (22), oC-acetyltetronic acid (LXXIII), 
terrestricacid (LXXIV) and carolinic acid (LXXV) (*+2), 
and a comparison of the infrared absorption of these 
compounds in the region 3-6.5/a. is useful, see tabled.
It will be seen that the values bear close similarities 
to those for compounds A and B and thus support the 
structures proposed for these compounds.

The structures suggested for compounds A and

HOOC

(l-juih)
Cl x m v ) (i_ X Ml)
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The infrared spectra of some non-enolisable P
ketoaoid systems in the region 3-6.5 i.

Compound Infrared bands ( )

Solid Chloroform solution

LXXII . 5*83 
5*7 6

LXXIII 3.2?
5.68 5.6̂
5.96 5.86
6.25 5.96

6.21

LXXIV 5.73 5.68
LXXV 5.8̂ 5.84-

6.2 6.2

Compound A 5.67 5.7
5-91 5.8

Compound B 5.73
5.93

Table 3 
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Further evidence for the formulation of A 
as a /3 -ketoacid may be derived by a consideration of 
the infrared spectrum of its 2 j^-dinitrophenylhydrazone. 
This possesses absorption bands at 3*1yu. (probably 
hydroxyl hydrogen-bonded with the carboxylic acid group), 
and 6.0 yu. > the remainder of the infrared region being 
masked by the bands from the 2 ,*+-dinitrophenylhydrazine 
moiety. The shift of the carbonyl absorption to 6.0yu- 
is as would be expected for an <*,/3 -unsaturated acid.

The infrared spectra of radicinin and dihydro­
radicinin have already been compared with similar data 
for furanose systems (page ^  ), and it is useful now 
to compare compounds A and B with these systems.

cuct̂ -iOH
A  6

B may be considered to be a substituted tetrahydrofuran, 
the exocyclic double bond constituting part of a vinyl 
ether system, as shown by the infrared absorption band 
at 6.23 ya . A, on the other hand is the corresponding

c o oh *cook w
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dihydrofuran derivative, containing a divinyl ether 
system, and shows a doublet at 6,26 and 6.3^tLtin the 
infrared, which may be assigned to two differently 
substituted double bonds. The infrared spectra of A 
and B also show differences in the 7®8^to 8#^/*^ region, 
on comparison with the spectrum of radicinin, due to 
changes in the vinyl ether systems*

data for A and B were consistent with the structures 
proposed and further, the similarity of these spectra 
to those of radicinin and dihydroradicinin was to be 
expected, since all four compounds possess essentially 
the same functions*

Conclusion
It has been established, from the information 

available, that the most probable structure for radicinin 
is (XL), where only the position of the methyl group 
remains to be determined*

It was considered that the above spectroscopic
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The three possible positions for this group are on 
CbPs or ^9* ^  was reported however (page 6* ), that
alkaline hydrolysis of radicinin gave a volatile acid, 
which has recently been shown to be acetic acid. Of 
these possibilities, it is considered that the formation 
of acetic acid is best accounted for, if the methyl 
group is on Cg, and thus radicinin is considered to 
have structure (LXXVT)•

Finally, having arrived at (LXXYI)/ by chemical 
and physical methods, additional evidence may be adduced 
by a consideration of the possible biosynthetic routes 
to such a structure.

If radicinin is considered to be acetate derived, 
then (LXXVI) may be built up by head-to-tail condensation 
of six acetate units as shown:
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I I • ~
C O  Co

o ^ c y ^  H

It is notable that a similar scheme can be drawn 
for the possible structure in which the methyl group occupies 
position 6, but not if the methyl group is attached to 
position 9*

These conclusions on the structure of radicinin are 
in agreement with the finding of Clarke and Nord, that 
radicinin was synthesised, in Stemphylium radicinin  ̂from 
intact carbohydrate molecules, since, as was previously 
discussed (page 31)> it Is known that pyrones are synthesised 
in nature by utilisation of carbohydrates without breakage 
of the carbon skeleton.

The mass spectrum of radicinin
Since the completion of this discussion, the following 

results have been obtained during attempts to determine the 
fragmentation pattern of radicinin in a mass spectrometer.

At 3°0°? the only significant ions detected were due
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to water and carbon; dioxide. It would therefore appear that 
radicinin is thermally unstable under the conditions required 
to obtain a mass spectrum.

r f

Other peaks appeared at mass *+1, mass h*3, mass 69* 
mass 8*+. Of these the peak at mass *+3 was a doublet which
was thought to be due to the species G^Hy and G^H^O, and
that at mass 69 was thought to be a mass deficient ion 
probably C^H^O, while the other peaks could not be evaluated.

These ions are all present in the spectra of methyl 
pro£>enylketones however, and it is considered that these 
data support the proposed structure for radicinin, since 
under the conditions required to obtain a mass spectrum, the 
side chain of radicinin would undergo loss of water to 
produce a propenyIketone.

-129-



PART II 
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Isolation of radicinin

Fran an authentic culture of Stemphylium 
radicinum (Sterad) (I.M.I.63223), potato dextrose agar 
flats were inoculated, and incubated at 30°. After three 
days the mycelium was a black felt and the organism was 
considered mature after six days further incubation. To 
each flat was added, as required, sterile distilled water 
(30 mis.), and the mycelial spores were displaced with a 
sterile platinum wire. The spore suspension thus obtained 
was used immediately.

Penicillin flasks containing 500 mis. of a 
sterile solution of potato extract (*+ g./litre) and dextrose 
(20 g./litre) were inoculated with 1-2 mis. of the spore 
suspension, by use of a sterile graduated pipette fitted 
with a sterile rubber bulb. The neck of each culture flask 
was flamed before and after inoculation.

After being incubated for three weeks at 30°, 
the mature mycelial felts were harvested, and the pale 
yellow substrate filtered through layers of cotton wool.
It was found in several large scale cultures that longer 
periods of incubation led to diminished yields of radicinin.

The culture filtrate (70 litres) was concentrated 
to 7 litres by evaporation in a climbing film evaporator,
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acidified to litmus (dilute hydrochloric acid), and 
exhaustively extracted with chloroform by shaking in a 
large separating funnel. The aqueous solution was then 
saturated with salt, and extracted with chloroform over an 
extended period in a large liquid-liquid extractor. 
Extraction with ether proved to be a more lengthy process, 
as radicinin was not very soluble in this solvent, the 
material obtained however was purer than that obtained by 
chloroform extraction.

Evaporation of the combined chloroform (10 litres) 
or ether extracts gave a crude, bright yellow product 
(c.a. 19 g*)> which after four recrystallisations from 
methanol gave a pale yellow solid of melting point 21*f- 
215° (Clarke and Nord reported 22 0° (dec.)).

The mycelial mats were dried in a current of air 
at 30° and ground to a fine powder (220 g). Extraction 
with light petroleum (b.p. *f0-60°), in a Soxhlet extractor 
yielded a fat fraction (10 g.), extraction with ether 
yielded small quantities of radicinin (0.5 g.), and sub­
sequent extraction with chloroform, acetone and alcohol 
respectively, gave small amounts of a brown oil which were 
not further investigated.

Sublimation of the recrystallised sample of
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radicinin at l*fO° (1 mm) yielded pale yellow needles, m. 
pt. 215°. Radicinin could also be purified by chromato­
graphy on a column of silicic acid by elution with chloro­
form. Recrystallisation of the product thus obtained gave 
radicinin of m.pt. 21^-215°•

Purity of the material isolated
Fractional sublimation at 1 mm pressure over a 

temperature range of 100 to 2 00° gave a series of fractions 
of melting point 21*+-215°. No evidence was found for the 
presence of other compounds.

Chromatography on silica gel films,using chloroform
0.5% methanol as eluent, gave a single spot, RF * O.38 on 
spraying with concentrated sulphuric acid and subsequent 
baking in an oven at 100°.

Descending chromatography on Whatman No.l paper, 
using a butanol:acetic acid:water mixture (*+:l:5) and 
development with 2.N sodium hydroxide gave a single spot,
Rp = 0.85.

General properties of radicinin
Pure radicinin obtained as described above, m.pt. 

2 1 b -2 1 5 °. Found on sample dried at 80° in a vacuum: C, 
60.53; 5* 13; c-methyl 11.1*3; N,0; 0-methyl, C$. mol.
wt., 261 (Rast). c12e 12°5 requires C, 61.01; H, 5.12;
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N, 0; C-methyl, 12.7; 0-methyl, 0%. mol.wt., 236.

A solution of radicinin in methanol showed the 
following ultraviolet absorption maxima, max ,
279rw./t, 271^^0., 220/nxi, ( £ x 10~^ = 22.0, 6.8, 7«7 and 
16.6 respectively), see Figure 3 (page 6S ). The infrared 
absorption curve obtained for radicinin is shown in Figure 
1 (page 62).

Radicinin was insoluble in water, sparingly 
soluble in ether, alcohol, methanol, dioxan, ethyl acetate 
and glacial acetic acid; slightly more soluble in chloroform, 
and readily soluble in dimethyl sulphoxide. The pigment was 
insoluble in sodium bicarbonate and sodium carbonate 
solutions, but rapidly dissolved in cold dilute (2N) sodium 
hydroxide solution, to give a blood red solution. On 
acidification, this solution became colourless, but no 
material precipitated out. Extraction of the neutral 
solution with chloroform gave a yellow oil which resisted 
all attempts at purification.

Preliminary chemical tests confirmed that 
radicinin gave no colour with alcoholic ferric chloride 
solution. A solution of radicinin in alcohol, when treated 
with Brady’s reagent, slowly gave an orange precipitate. 
Radicinin did not reduce Fehling’s solution or ammoniacal 
silver nitrate solution, but on treatment of a solution of

-133-



radicinin in dioxan/water (1:1) with alkali and potassium 
iodide-iodine reagent, a yellow precipitate of iodoform 
was obtained, m.p. 120°, confirmed by mixed melting point 
with an authentic sample of iodoform.

A solution of radicinin in ethanol showed a
20specific rotation, [ <* ]D , of -166° (Clarke and Nord 

reported [ = -175.7° ).

Acetylation of radicinin
1. Radicinin acetate was obtained by the method

of Clarke and Nord (2), m.p., 197° (reported m.p. 197°).

Found: C, 60.1; H,5.1; requires
C, 60.^3; H, 5.1^.

Radicinin monoacetate in methanol solution, 
showed ultraviolet absorption bands at 3M+mju..(£ = 21.3 x 
10^) 278*j*.(£ = 5.7 x lCp), 269'V*.(£ = 6.85 x 10^) and 220r*>. 
(£ = 16.1 X 103).

The infrared spectrum in chloroform solution
possessed the following bands: 3*35Ui. (m.), 5.7^. (s.),
6. 07a. (m ») j 6.25//-. (s.), 6. 55ji.(s.), 6.92><. (shoulder),
7.0//. (s.), 7.23^ and 7.3/t doublet, 7.66//. (w.), 7.96̂ /z.to 
8. bju,(broad absorption band), 8.61// (m.), 9.1//,(w.),
9.37/£ (s.), 9.7//.. (w.).
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On chromatography on Whatman No. 1 paper, using 
butanol:acetic acid:water (^f:l:5) as solvent, radicinin 
acetate had an Rp = 0.95? detected by spraying with 2% 

sodium hydroxide solution.

2. More vigorous conditions for acetylation, as recommended 
by Tsuda and Uyeo (7)* were also used:

To a solution of radicinin (0.1 gm) in acetic anhydride 
(3 mis.) was added, in three separate experiments, concen­
trated sulphuric acid ( (i) 3 drops, (ii) 0.5 ml., (iii)
1.0 ml). The solutions were allowed to stand for *+8 hours 
and then poured into iced water. The tan precipitates were 
filtered off, washed with cold water, dried in vacuo, and 
crystallised from ethyl alcohol. Each of the products 
melted between 195 and 197°? possessed identical infrared 
spectra to that of radicinin monoacetate, and by paper 
chromatography (Whatman No. 1, butanol:acetic acid: water, 
l+:l:5)» were shown to be identical with radicinin mono­
acetate (Rp = 0.95). The filtrates were neutralised with 
sodium bicarbonate solution (5N) and extracted with chloro­
form. The chloroform solutions were dried (NapSO^.) and
evaporated to give brown gums which could not be purified. 
The yield of gum increased from (i) to (iii).

Attempted methylation of radicinin
1. The method reported by Clarke and Nord (2) was repeated
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a number of times, but on each occasion starting material 
was recovered, identified by mixed melting point, infrared 
spectra and chromatography.

2. Radicinin (0.1 g.) was dissolved in dry acetone (10 
mis.) and heated under reflux for 2b hours in the presence 
of anhydrous potassium carbonate (0.2 g.) and dimethyl 
sulphate ( (i) 0 A  ml., (ii) 1.0 ml.), the apparatus being 
protected from moisture by a drying tube. The reaction 
mixture was cooled and filtered, and the pale pink solid 
obtained by evaporation of the solvent was crystallised from 
ethyl alcohol. It was shown by melting point, mixed melting 
point and chromatography to be radicinin.

3. Radicinin (0.1 g.), methyl iodide (1 ml.) and anhydrous
potassium carbonate (0.2 g.) were heated under reflux in
dry acetone (18 ml.) for 6 hours. The solution was cooled,
filtered and the solvent evaporated. The product was washed
with water and crystallised from ethanol to give a product,

©
m.p. 213-215, which was shown by mixed melting point and 
chromatography to be radicinin. In another experiment, the 
time of reflux was increased to 1*+ hours, with the same 
result.

*f. To a solution of radicinin (0.2 g.) in a chloroform- 
ether mixture (1:1, 20 mis.) was added a solution of
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diazomethane in ether (5$> 5 ml). The mixture was allowed 
to stand in an ice bath for b hours, and then at room 
temperature for 12 hours. Evaporation of the solvent gave 
a bright red gum. Attempts to purify this compound by 
chromatography on a column of silicic acid were unsuccessful.

5. To a solution of radicinin (0.1 g.) in sodium hydroxide 
solution (b%, 1 ml.) was added dimethyl sulphate (0.5 ml.), 
and the mixture was shaken for 5 minutes. Water (1 ml.) was 
added and the resulting solution warmed at 60° , until the 
red colour was discharged, and then allowed to cool. The 
solution was extracted with chloroform, and the chloroform 
extract was evaporated to give a brown oil, which was treated 
with dilute ammonia (5 ml.) at 60°. The alkaline solution 
was acidified with 2N. sulphuric acid and extracted with 
chloroform. Removal of the chloroform gave a brown oil, which 
on trituration with ether gave an orange-brown solid, m.p.
130-131*-0* This product was chromatographed on a thin film 
of silica gel (eluent, chloroform/0.5% methanol), which on 
spraying with concentrated sulphuric acid and baking at 12 0° 
gave two spots, Rp 0.28 and O.38. The latter was shown to 
be radicinin by comparison with an authentic sample. Attempts 
to separate this mixture by sublimation or chromatography on 
silicic acid columns were not successful.
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D ib r omor a d i c inin
Was prepared and purified by the method of Clarke 

and Nord (2), m.p., 1^9-150° (Clarke and Nord reported m.p., 
151-152*).

Found, C. 36.35 H, 2.7; Br, if 1.6 C12H120^Br2
requires 0, 36.39; H, 3.05; Br, ^0.36^.

Dibromoradicinin in methanol solution showed 
ultraviolet absorption bands at 331^ ( f  = 13*5 x 10^), 28lWjU.
( i = lf.2 x 103 ), 2 6 x 103 ), 225«.x(6= 1^.6 x 103 ) ,
figure 3* page 6§.

The infrared spectrum of dibromoradicinin in 
chloroform solution showed maxima at 2.86>t(w.), 3*31/*. (w.), 
5.68^(s.), 6.1^cL.(m.), 6.25>t(m.), 6 As^and 6.52>a (doublet) , 
6#9/t(s.), 7«2$u,(m.), 7*57ct(m *)> 7.92^to 8.35U.(broad band), 
8*6/4 and 8.67^4(w., doublet), 8*95>u(w.), 9*5>t.(s.).

Radicinin hydrogen chloride
Was prepared as previously reported (2) , m.pt 15*+-

« a155 (Clarke and Nord reported 156 , dec.).

The hydrogen chloride adduct of radicinin in 
methanol solution showed ultraviolet absorption bands at 
3l6nyt(£= l1*.6 x 10^), 255*vu,(inflection, £. = 2.5 x 10^), 
and 288m. ĵL.( £ -  15*5 x 10^) 9 figure 3? page 65T.

The infrared spectrum of radicinin hydrogen chloride
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as a nujol mull showed absorption bands at 2.9ya.(m.),
5*7bji (̂  •), b. 1 jju (m •) , b • 5ja, (s») 6• 88/a (s.), 7*0 î* (w•) ,
7.12^ (w.), 7*3>a(w.), 7*53^ (w.), 7.8 and 7.9/a-(m., doublet), 
8.25/t (m.) , 8.^8^ (m.), 8.62>t(w.), 8.95 and 9 . 0 3 (m., 
doublet) , 9*35,a (m «) •

Attempted bromination of dihydroradicinin
To a solution of dihydroradicinin (0.1 g.) in 

chloroform (5 ml)? was added a solution of bromine in 
chloroform (1.25$? 2 ml.). The mixture was allowed to 
stand for twelve hours, then washedwith sodium bicarbonate 
solution (b%, 5 ml.) and dried over anhydrous magnesium 
sulphate. Evaporation of the solvent and crystallisation 
of the residue from ethanol gave unchanged dihydroradicinin, 
confirmed by mixed melting point with an authentic sample 
of dihydroradicinin.

Hyflr.Qlys,ls of radicJLnip
1. Radicinin (0.2 g.) was dissolved in 0.1N. sodium 
hydroxide solution (20 mis.) and allowed to stand at room 
temperature. Aliqoots (5 ml.) were taken after 2,3* b and 
2b hours and titrated potentiometrically against standard 
hydrochloric acid. It was found that under these conditions, 
even after 2b hours, radicinin consumed only 1 mole of 
alkali.

2. Radicinin (0.1 g.) was heated under reflux with
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potassium hydroxide solution (0.158N, 15 mis.) for 5 hours 
in a stream of nitrogen. The mixture was cooled and 
titrated against standard hydrochloric acid as described 
above, when it was shown that two moles of alkali had been 
consumed.

3* In a separate experiment, radicinin (0.1 g.) was heated 
under reflux with potassium hydroxide solution (1$, 30 ml.) 
in a stream of nitrogen. The effluent gases were passed 
through a solution of 2 j^-dinitrophenylhydrazine hydroch­
loride. After 30 minutes, an orange precipitate started 
to form, and after 5 hours no further precipitate was formed. 
After filtering, the crude product (30 mg., 10$) was 
crystallised from methanol to give orange needles, m.p.

o
159-160 , unaltered on admixture with acetaldehyde-2,*+-
dinitrophenylhydrazone.

The alkaline hydrolysis solution was cooled, and 
acidified (2N. sulphuric acid). The carbon dioxide evolved 
was collected in barium hydroxide solution. When the 
evolution of carbon dioxide had ceased, the precipitated 
barium carbonate was filtered off, and dried. The weight of 
barium carbonate produced was equivalent to O.̂ f moles of 
carbon dioxide.

Steam distillation of the remaining acidified 
solution produced a volatile acid (0.8 mole per. mole of
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radicinin as estimated by titration).

1f. Radicinin (0.1 g.) was heated with potassium hydroxide 
solution (1$, 30 mis.) for 5 hours. The solution was 
cooled, acidified with dilute sulphuric acid and extracted 
with chloroform. Evaporation of the chloroform solution 
gave a yellow oil which could not be crystallised or 
purified by chromatography. This oil gave a positive 
iodoform test, but as this may have been given by aldol 
products, it is not a significant result.

Hydrolysis of the dihydro, dibromo and hydrogen chloride ‘ 
adducts of radicinin
1. Under the conditions described in experiments 1 and 2 
above, these adducts were found to consume one mole of 
alkali in the cold and two on heating.

2. Acetaldehyde (0.1* mole) and carbon dioxide (1 mole) 
were produced from the adducts when treated according to 
the conditions in 3 (above)• No other identifiable product 
could be isolated.

Oxidation of dibromoradicinin
1. To a suspension of dibromoradicinin (0.32 g.) in 
potassium permanganate solution (1.2 g. in 2k mis. water) 
was added a solution of sodium hydroxide (1$, 3 mis.), and 
the mixture heated under reflux in a stream of nitrogen
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until the purple colour had been discharged (2 hours). The 
effluent gases were passed through barium hydroxide and 
2,*f-dinitrophenylhydrazine hydrochloride solutions. The 
solution was then cooled, carefully acidified, and the 
evolved carbon dioxide collected in barium hydroxide solution.

All precipitates were collected, washed and 
weighed, from which it was found that b moles of carbon 
dioxide were evolved during heating and a further 2 moles 
on acidification. The 2 ,i+-dinitrophenylhydrazone (0.6 mole) 
was shown by melting point and mixed melting point, to be 
acetaldehyde-2,lf-dinitrophenylhydrazone (quantities with 
respect to 1 mole of starting material)•

The residual solution was clarified by addition 
of 10$ aqueous sodium thiosulphate solution, and extracted 
with ether, benzene and chloroform respectively. Evaporation 
of the organic solutions to dryness gave small amounts of 
brown oils which could not be purified. The aqueous layer 
was evaporated to dryness in vacuo at 30° , and the residue 
extracted with ethyl acetate, evaporation of the dried 
(K2CO3) solution gave a small yield of brown oil.

Attempts to prepare acid derivatives of these oils 
were unsuccessful. Thin layer chromatography on silica gel 
showed the presence of at least four components with R-
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values 0.97) 0.08, 0.05, 0 .2 respectively. A sample of 
ô , y3 -dibromobutyric acid prepared by bromination of trans- 
crotonic acid (3), when chromatographed under the same 
conditions, gave an RF value of 0.*t6.

2. Dibromoradicinin (0.3 g., 1 mole) was allowed to react with 
potassium permanganate (0.06? g«, 1 mole) in the presence 
of 0.1$ sodium hydroxide (1.5 ml.) as described above. The

i
product obtained was a brown oil (0.2 g.) which could not 
be purified. Silica gel chromatography showed this product 
to contain no <* -dibromobutyric acid, components being • 
detected with RF values of 0.8, 0.2 and 0.0*+ respectively.

3. Dibromoradicinin (0.1 g.) was dissolved in acetone 
(20 ml.) and potassium permanganate (0.0*+ g., .0003 mole) 
was added over 1 hour, with stirring. The mixture was 
allowed to.stand for two hours, and the solvent was removed 
in vacuo to give a yellow solid. The product isolated by 
extraction with chloroform and crystallised from ethyl 
alcohol was shown to be unchanged dibromoradicinin.

**• Oxidation of fully reduced dibromoradicinin
>

a. Preparation of fully reduced dibromoradicinin
Dibromoradicinin (0.1 g.) was shaken in methanol 

solution (50 ml), in the presence of platinum oxide (0.013 g*) 
in an atmosphere of hydrogen. Absorption was complete after
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two hours, when 12*0 mis. (2 moles) of hydrogen had been 
absorbed. After removal of the catalyst by filtration, and 
evaporation of the solvent, a reddish oil was obtained 
(O09 g.). This product reacted slowly with aqueous silver
nitrate solution at room temperature.

•

b. Oxidation of the reduction product
Oxidation of tetrahydro-dibromoradicinin (90 mg.) 

with potassium permanganate was carried out as described 
above (1). The products obtained by extraction of the 
reaction mixture with ether, benzene, chloroform, and 
ethyl acetate respectively were oils which showed no recog­
nisable fractions after chromatography on silicic acid. 
Comparison with -dibromobutyric acid by thin layer
chromatography on silica gel showed that <*,/3 -dibromo­
butyric acid was absent from the oils.

Ozonolvsis of radicinin
1. A stream of ozonised oxygen (1-2$) was passed through 
a solution of radicinin (0.2 g.) in ethyl acetate (150 ml.) 
at 0 . After 5 hours, pure oxygen was passed through the 
solution to sweep out unreacted ozone, 5% palladium-on- 
charcoal (0.05 g*) was added, and the mixture shaken in an 
atmosphere of hydrogen. In several experiments the volume 
of hydrogen absorbed was variable, but on completion of 
reduction, the solution was filtered and the ethyl acetate
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distilled off carefully. Each successive portion (5 mis.) 
of solvent removed was tested with a solution of 2,*+- 
dinitrophenylhydrazine hydrochloride in phosphoric acid- 
ethanol mixture. No precipitate was obtained on standing or 
on concentration of the solutions.

The residues, after removal of the solvent from 
the reduced ozonides, were clear yellow oils (ca. ^0 mg.), 
which could not be purified by chromatography. Attempts to 
isolate derivatives of acidic components were unsuccessful.

2. The ozonolysis was also carried out * in chloroform solution. 
Catalytic reduction of the ozonide produced no recognisable 
products.

3. Ozonolysis of crotonic acid
Under identical conditions to (1) and (2) above, 

crotonic acid was ozonised and gave acetaldehyde which was 
identified by formation of its 2 ,*+-dinitrophenylhydrazone 
(confirmed by m.pt. and mixed m.pt. with an authentic sample)

Permanganate-periodate oxidation of radicinin (10, 11)
1. To a solution of radicinin (0.1 g.) in aqueous ethanol 
(1:1, 50 mis.), were added potassium carbonate (0.05 g*)* 
sodium periodate (0.09g.), and potassium permanganate (0.007 g.). 
The mixture was thoroughly shaken and allowed to stand for 
2*+ hours at room temperature. The solution was then acidified



(2 ml. of 2N. sulphuric acid) and reduced to one quarter 
volume. The distillate gave a negative test for aldehyde.
The residual solution yielded a yellow solid (0.09 g.)> on 
extraction with chloroform, which on recrystallisation proved 
to be unreacted radicinin.

2. The above reaction was repeated with the following 
modifications; (a) aqueous dioxan (1:1) was used as solvent 
(b) a large excess of permanganate-periodate in aqueous 
dioxan (1:1) was used, and the mixture allowed to stand for 
3 days. On both occasions radicinin was recovered in high 
yield.

Radicinin. — 2 .*+-dinitrophenylhydrazone
2,*+-Dinitrophenylhydrazine hydrochloride (0.25 g.) 

was dissolved in hot alcohol (5 ml.) containing concentrated 
hydrochloric acid (0.5 ml.). To this warm solution, a 
solution of radicinin (0.125 g.) in ethyl alcohol (10 ml.) 
was added. The mixture was warmed for 5 minutes and allowed 
to cool. The resulting orange precipitate was filtered off, 
washed with (1) alcohol (2) water, and recrystallised from 
pyridine. Three recrystallisations gave orange needles, 
m.pt. 237-239° (dec.) (reportedm.pt., 235-238°).

Found, C.51.6, H, 3*8$, calculated for c18Hi6N*+°8’ 
C, 51.93; H, 3.87$.
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The infrared spectrum of radicinin-2 ,*+- 
dinitrophenylhydrazone in nujol was obtained by ordinate 
scale expansion. Bands were obtained as follows: 5*82a -
and 5 . 8 7 A  (s ., doublet), 6.07a  (m.), 6.22a (ih. ) > 6.3 a . 

and 6.35a-(w *> doublet).

The ultraviolet absorption spectrum of radicinin,
2-W-dirifcrophenylhydrazone in ethanol solution showed 
absorption bands at W23m.A(£ = 22.3 x 10^), 328m>t,( inflexion)
( £ = 5.1 X 103), and 237m1/u,.(£ = 19.1 x 10^), see Figure 5*pg.8l.

2 ^ - Dinitrophenylhydrazone of radicinin acetate
This derivative was prepared as described above 

for radicinin-2^-dinitrophenylhydrazone. Recrystallisation
Ofrom pyridine gave orange needles, m.pt. 223-22M-, which on 

admixture with radicinin-2,̂ -dinitrophenylhydrazone gave
m.p 210-215°.

Found, C, 52.8; H, C20**l8\-B9 requires
C, 52.7; H, W.18J8.

Acetylation of radicinin-2.^-dinitrophenylhydrazine
Radicinin-2,̂ -dinitrophenylhydrazone (0.11 g.) 

was dissolved in a mixture of acetic anhydride (3.0mls.) 
and concentrated sulphuric acid (2 drops). After allowing 
to stand for 1 hour, the solution was poured into iced water 
(10 mis.), and the resulting orange precipitate filtered off
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and recrystallised from pyridine to give orange needles, 
m.pt. 223°; mixed melting point with radicinin-2,*+- 
dinitrophenylhydrazone, 216-220°, admixture with the 2,*+- 
dinitrophenylhydrazone of radicinin acetate gave no 
depression.

Dihydroradicinin-2 ,*+- dinitrophenylhydrazone
Prepared by the method of Wilds and Nelson (16).

A solution of dihydroradicinin (0.21 g.) in 
ethanol (7 mis.), was added to a solution of 2,^-dinitro- 
phenylhydrazine hydrochloride (0.5 g.) in ethanol (15 mis.) 
containing concentrated hydrochloric acid ( l A  mis.), and 
heated under reflux for 10 minutes. On allowing to cool, 
an orange precipitate formed, which, on recrystallisation 
from pyridine gave orange needles m.pt. 159-160°. Sample 
dried in vacuo at 80°C.

Found: C, 53*0; H, *+.7$; ci8^i8°8N)+ recluires
C, 51.7*; H, b.3%.

The ultraviolet spectrum of dihydroradicinin-2, 
*+-dinitrophenylhydrazone in ethanol, showed absorption 
maxima at 399mj x X i = 22.7 x 103) and 22C*y4= 17.8 x 103). 
The infrared spectrum in nujol showed bands at 5.85a (s .),
6. 11a . (w.), 6.2l+yu< (s•), 6.35a  (s*) •
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Attempted acetolysis of radicinin
1. Radicinin (0.1 g.) was dissolved in a mixture of an 
acetic anhydride, glacial acetic acid and concentrated 
sulphuric acid (35:15:1*5 mis.), and allowed to stand at 
room temperature for 12 hours. The mixture was then poured 
into iced water, and the'-.pie cipitate filtered off. A tan 
solid was obtained, which was shown by paper chromatography, 
using butanol:acetic acid:water mixture (H:l:5), to be 
identical with radicinin monoacetate. Chromatography on a 
column of silicic acid on elution with chloroform, gave a 
fraction, m.p. 19^-196°, which was shown by a mixed melting 
point determination to be radicinin monoacetate. Elution 
with mixtures of chloroform and ethanol gave small quantities 
of brown gum which could not be purified.

2. Using the same quantities as above, the mixture was 
heated under reflux for one hour to give a dark brown 
coloured solution. This was cooled and poured into water to 
give a small quantity of a solid product, which was shown
by chromatographic methods to be, essentially, radicinin 
monoacetate. The filtrate was neutralised with sodium 
carbonate solution (5N.) and extracted with chloroform. The 
brown oil obtained by evaporation of the dried (MgSO^) 
solution resisted all attempts at purification.

Reaction of radicinin with methanolic hydrogen chloride
Radicinin (0.1 g.) was dissolved in methanolic
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hydrogen chloride (3$, 15 ml.) and heated under reflux for 
one hour. The solvent was removed in vacuo, and the yellow 
solid crystallised from methanol to give white needles, 
m.p.,1560. This material was shown by mixed melting point 
and infrared spectra to be radicinin hydrochloride.

Attempted osazone formation
A solution of radicinin (0.1 g.), phenylhydrazine 

hydrochloride (0.2 g.) and sodium acetate (0*3 g*) in aqueous 
ethanol (1:1, 20 mis.) was heated under reflux for one hour. 
The mixture was allowed to stand at room temperature for 2b 

hours, and the solvent was then removed to give a red gum, 
which ccjuld not be induced to crystallise. Attempts to 
purify this material by chromatography were unsuccessful.

Catalytic reduction of radicinin
1. Radicinin (0.5 g.) was dissolved in methanol (170 mis.) 
and shaken in an atmosphere of hydrogen in the presence of 
5% palladium-on-charcoal (0.01 g.). Absorption was complete 
after one hour, when 5^.5 mis. (1 mole) of hydrogen had been 
absorbed. The solution was filtered and the solvent 
evaporated to give a pale pink solid, which after three 
recrystallisations frcm ethanol gave dihydroradicinin as 
white needles, m.p., 156°.

Found: C, 60. I ; H, 5*l$* C^Hil+Ocjrequires
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C, 60.5; H, 5.88$.

The ultraviolet absorption spectrum of dihydro-
3radicinin in methanol showed bands at 31Gn.A(£ = "12*^ x 10 ) 

and 226m.A( £ = 12.2 x 103), see Figure 3? page 65 • 
infrared absorption spectrum of dihydroradicinin is shown 
in Figure 2, page 66 .

2. Radicinin, when reduced with hydrogen in the presence 
of platinum oxide, in methanol/acetic acid solution, 
according to the method of ^larke and Nord (2), absorbed 
3*b moles of hydrogen. The product obtained was an oil, 
which could not be crystallised and no derivatives could be 
prepared.

3* On shaking a solution of radicinin' (0.1 g.) in methanol 
(50 ml.), with platinum oxide (O.Ol1* g.), in an atmosphere 
of hydrogen at atmospheric pressure for one hour, 28.5 ml. 
of hydrogen were absorbed, corresponding to an uptake of 3 
moles of hydrogen. The catalyst was filtered off and on 
removal of the solvent, a clear, yellow oil remained which 
could not be purified.

The ultraviolet spectrum of this oil in methanol 
showed a single broad absorption band at 28*+mA( £ = 5*5 x 
103) (Figure V :,. page 80).

*+. On shaking a solution of radicinin (0.1 g.) in glacial
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acetic acid (5 0 mls.) with 5% palladium-on-charcoal (0.01 g.)
for 2b hours, 33 mis. of hydrogen (approx 3«^ moles) were
absorbed. Filtration and removal of the solvent in vacuo
gave a clear oil which could not be purified by the techniques
available. It was shown however to be different from the
product obtained in (3) above since its ultraviolet spectrum

3possessed two bands, one at 26Qn./i,(£ = 3*9 x 10 ) and the 
other at 292myu.(£ = 2.5 x 10^) (Figure b, page 80).

5. A solution of radicinin (0.1 g.) in methanol (150 mis.) 
on shaking in an atmosphere of hydrogen with platinum oxide 
(0.01 g.) for 2 days, absorbed 38 mis. of hydrogen (approx. 
b moles). The product of this reaction, a clear oil, was 
subjected to reduction with red phosphorous and hydriodic 
acid. See page M  .

Catalytic reduction of dihydroradicinin
A solution of dihydroradicinin (0.1 g.) in methanol 

(150 mis.), on shaking in an atmosphere of hydrogen in the 
presence of platinum oxide (0.01 g.), absorbed 19.0 mis of 
hydrogen (approximately 2 moles). The product obtained in 
the usual manner was a clear, yellow oil, which was shown 
to be identical with the product from (3) above, by comparison 
of ultraviolet spectra.
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Reduction of radicinin with lithium aluminium hydride
1. Preparation of carboxylic acid A

Radicinin (0.1 g.) in a Soxhlet extraction 
apparatus was extracted into a solution of lithium 
aluminium hydride (0.06 g.) in ether (180 ml.). After 
20 hours all the radicinin had been extracted into solution 
and the mixture was allowed to cool and carefully acidified 
with 2N. sulphuric acid. The ether layer was separated, 
dried (MgSC^.) and evaporated to give a yellow oily solid, 
which on extraction with carbon tetrachloride, followed by 
recrystallisation from benzene or carbon tetrachloride gave 
white needles, m.pt. 158-159°.

Found: C, 60.8; H, 5.3$* 1̂2**l*+°5 requires
c, 60.5; H, 5.88$.

The ultraviolet spectrum of compound A in methanol 
showed absorption bands at 33On.>.(6 = 16.5 x 10^), 295m Ji.

(.£ = 7.8 x 103 ), 282m.>i.(£ = 7.6 x 103) and 221râ a.( £ = 17.9 
x 10^), see Figure 7, pagers'.

The infrared spectrum of compound A as a potassium 
bromide disc showed absorption at : 2.96>tl(m., broad), 
5.67^ ( s .), 5*91^ (m.) 6.06>u (w.), 6.26 and 6.3>u(m *> doublet),
6 . s•), 6.82^u(s. ), 6.98^  (s.), 7.27/iz (w.), 7»5jt (w.)
7.63^  (w•), 7.72^ (w•), 7.8>a(w.) 7.95^,(w.), 8.17^ and 8.29^
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(w., doublet), 8.62yU, (m.), 8.8,a.(m.), 9.2 ̂ (w.), 9*5>6, (m.), 
See Figure 6, page •

2. Reductions carried out by direct reaction of radicinin 
with lithium aluminium hydride in ether gave a variety of 
products depending upon the conditions used. For results 
of these experiments see table b •

3* Reduction with lithium aluminium hydride aMovotemper chores.
Several reactions were carried out according to the 

method recommended by Dagley (29). A solution of radicinin 
(0.1 g.) in dry tetrahydrofuran (2 0 mis.) was cooled in an 
ice-salt mixture, and a solution of lithium aluminium hydride 
in tetrahydrofuran was added slowly over a 30 minute period. 
When addition was complete, the mixture was stirred for one 
hour, then acidified (2N. sulphuric acid) and extracted with 
chloroform. Evaporation of the solvent gave solid products 
which were examined by thin layer chromatography on silica 
gel. Chromatography on silicic acid columns gave as 
recognisable fractions, only radicinin and compound A.

In addition, this reaction was carried out at room 
temperature and at reflux (ca. 60°). In each case the 
product obtained was a solid mixture, which was submitted 
to thin layer chromatography on silica gel. Several 
components were detected, but only radicinin and compound A 
could be isolated by silicic acid chromatography.
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The product of reaction 11 was a solid mixture, which was 
shown to contain radicinin Rp, 0.*+6) , compound A Rp, 0.25 
and three further products of Rp, 0.33? 0.7^ and 0.82 by 
chromatography on silica gel films using chloroform/l$ 
methanol as eluent. The infrared spectrum of this mixture 
showed enhanced absorption at 5*9a . and reduced absorption 
at 5*7/X.compared to that of radicinin, but as no separation 
could be achieved by column chromatography the experiment 
was abandoned.

"The r<.docHo<\ op wifW *o4io»\ boroWM^ri<&*. t

Several reactions were carried out using the 
following general procedure:

A solution of radicinin (0.1 g.), in alcohol (see 
table s' ) (25 mis.), was heated under reflux, and sodium 
borohydride (*+-15 mg.) was added in small portions during 
30 minutes. The solution was then boiled for a further 1-3 
hours, cooled, acidified (2N sulphuric acid), and extracted 
with chloroform. The dried chloroform extract (magnesium 
sulphate) was evaporated to dryness, and the product worked 
up in the usual way. Table S summarises the conditions 
used and products obtained.

Reaction 2 gave a yellow gum as product, which 
showed the following infrared absorption bands: 2.85>t(w.),
3.5A,(m.), 5.93>t(s.), 6.05yu(w.), 6.2^(w.), 6.35>a.(s.), 
the spectrum being measured in chloroform solution.



Reductions of -Radicinin with Lithium Aluminium Hydride
i+.

Method
of

addition
Solvent Proportion

of
LiAlH^mg.)

Temperature 
of reaction

Reaction
Time
(hours)

•
Products

1 Reverse Ether 6 0 Reflux 2 2 Compound
A

2 i i i i
1 8 0 i t

2 2 Compound
A

3 Direct i i 33 i i 9 oil
i t i i 9.3 n if Radicinin+

Compound
A

5 i t i t if i t
1 2 Radicinin

6 i i i i 6 i t
1 2 Radicinin 

+ traces 
of A

7 i t T.H.F. 1 ice-salt 1.5 Radicinin
8 i i i i if ice-salt 2.0 Radicinin
9 i i i i if reflux 1 Radicinin
10 i i i t 8.8 i t 3 Radicinin 

+ com­
pound A

11 i i i i
1 2 ice-salt 2if Radicinin 

+ com­
pound A + 
other 
compounds

Key: a. “Reverse11 refers to the method of reverse addition
by extraction of radicinin into a solution of 
lithium aluminium hydride.



b. "Direct11 refers to reaction by heating 
radicinin lithium aluminium hydride under reflux.

i

c. All reactions carried out on 100 mg. of radicinin.

Table i+.

The products of reactions k and 5 were examined 
by thin layer chromatography on silica gel, using chloro­
form/1^ methanol as eluent. The two new components 
detected in the product from reaction 5 had R^ values of
0.16 and 0.66. However chromatography on silicic acid 
yielded only fractions of radicinin and compound A.

Sodium borohydride reductions of radicinin

Solvent Quantity of 
sodium 
borohydride 

(mg.)

Reaction
Time

Products

1 Aqueous
ethanol ^•3 2 hours Radicinin

2 Aqueous
methanol

6*0 2.5 hours Yellow gum

3 Methanol 7.2 1 hour Radicinin + oil
if Aqueous

ethanol 8.9 2 hours Radicinin + 
compound A 
(traces)

5 Aqueous
ethanol 12.3 2 hours Traces of 

radicinin, 
compound A + 2 
other compounds

Table ST
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Acetylation of compound A
A solution of compound A (0.05 g*)> and 1 drop

of concentrated sulphuric acid in acetic anhydride (2 mis.) 
was allowed to stand at room temperature for 1 hour. The
brown solution was then poured into iced water, and the
yellow precipitate filtered off. Evaporation of the aqueous 
filtrate to half volume gave a further small quantity of 
yellow solid. Recrystallisation of the combined solids 
from ethanol twice and ethyl acetate gave a white micro-

o
crystalline solid, m.pt. l ^ - l W  . The sample was dried 
in vacuo at 68°.

Found: C, 60.6; H, 5*12] C-^H-^O^.OCOCH-^ 
requires C, 60.0, H, 5*7* The infrared spectrum of the 
acetate, as potassium bromide disc showed the following 
bands 3.26,u., 3*36/i., 3.^5/+(broad triplet), 5*7/x.(s.)
5*9/1. (m.), 6.38>c., 6.*+7>t.(s., doublet) 6.9/A(shoulder),
7.0/t (s.), 7«31+/k(s.), 7.65/t(m.) , 7.8/z.(m.), 7.9i+/i,(m.) ,
8.2 /i. (s.) , 8.5/t(m.), 8.6/x(v., shoulder), 8.8/1.(s.), 9.1^u 
(2 .), 9 * 5jul. (s.) •

Reaction of compound A with alkali
A solution of compound A (40 mg.) in aqueous 

potassium hydroxide solution (1% 10 mis.) was heated under 
reflux under nitrogen for 5 hours. The effluent gases were 
passed through a solution of 2 ,*+-dinitrophenylhydrazine
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hydrochloride# The resulting precipitate was filtered 
off and crystallised from methanol to give orange needles,

om.p. 168 unaltered on admixture with acetaldehyde-2,4*- 
dinitrophenylhydrazone•

The alkaline hydrolysis solution was carefully 
acidified with dilute sulphdric acid and extracted with 
chloroform. The dried extracts (MgSĈ .) were evaporated 
to dryness to give a yellow oil which could not be purified.

2 A-Pinitronhenylhydrazone of compound A
A solution of 2,1+-dinitrophenylhydrazine 

hydrochloride (0.06 g.), concentrated hydrochloric acid 
(3 drops), and compound A (0.03 g«) ethanol (6 mis.) was

»

heated for 30 minutes at 60° . The solution was allowed 
to cool, and the orange precipitate filtered off. One 
recrystallisation gave orange plates (10 mg.) m.p. 17^-176°.

The infrared spectrum of this derivative, as a 
nujol mull, showed absorption bands at 3*l>t. (w.), 6.0/t.
(m.), 6.25>. (s.), 6.35^(m.), (w.).

Catalytic reduction of compound A
Compound A (0.08 g.), was dissolved in methanol 

(100 ml.) and shaken with 5% palladium-on-charcoal (0.005 g*) 
in an atmosphere of hydrogen. Absorption was complete after
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2b hours, when 22 mis. (oa. 3 moles) of hydrogen had been 
absorbed. The solution was filtered and the solvent 
evaporated, to give a clear glass-like solid which could not 
be purified.

Bromination of compound A
To a solution of compound A (0.05 g.) in chloroform 

(3 ml.) was added a solution of bromine in chloroform (1.25$,
1 ml.). The mixture was allowed to stand for twelve hours, 
then washed with dilute sodium bicarbonate solution (3 ml), 
and dried over anhydrous magnesium sulphate. Evaporation 
of the solvent gave a yellow solid (36 mg.), which was 
crystallised from acetone, followed by ethanol, to give a 
white micro-crystalline solid, m.p. l^fO-l^.

The ultraviolet absorption spectrum of this compound, 
in methanol, possessed bands at 32Cta .> (£ = 10A  x 10^), 268m .jx.
i t  = 3-9 x 103), x 103) and 221m./i.(£ = 17.9 x 103).
(Figure 8, page 88 ).

The infrared spectrum as a potassium bromide showed 
bands at 2.96a (m., broad band), 5*7>t.(s.), 6 . 0 a ( w . )  6.1 
(m.), 6.5a (s .), 6.92/t.(s.), 7«16a(w«) 7.26a. (w. ) ,7.6/a-(v.w.), 
7.9 and 7.97m-. (m., doublet), 8.2 7>t..(s*)> 8A 7>.(w.), 8.65>• 
and 8.7HA.(m., doublet), 8.95/^.and 9.QA.(m., doublet), 9A a  

(s.), 9 '7 l+M-(m *).
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Lithium aluminium hydride reduction of dihydroradicinin-
compound B

Dihydroradicinin (0.1 g.) in a Soxhlet extraction 
apparatus was extracted into a solution of lithium aluminium 
hydride (0.07 g.) in ether (l80mls.). After twenty hours, 
when all the dihydroradicinin had been extracted into 
solution, the yellow suspension was cooled and carefully 
acidified (2N. sulphuric acid). The ether layer was 
separated, dried (MgSO^), and evaporated to dryness. The 
yellow oily residue was extracted twice with boiling light 
petroleum (b.p. , 100-120°, 15 mis.) and the combined extracts 
allowed to cool, when a solid precipitated. The latter, 
after three recrystallisations from benzene gave a white 
microcrystalline solid, m.p. 105-106°.

Found, C, 60A(>; H, 6.^$$ C12^l6C5 re(luires
£, 60.0$; H, 6.66$.

The ultraviolet spectrum of compound B in methanol 
was found to possess bands at 296m.>i.(£ = 12.0 x 10^) and 
207m.jut. (6 = 15*6 x 10^) (Figure 9 page ).

The infrared spectrum of compound B, in potassium 
bromide, showed bands as follows, 3.0/£. (m. broad band), 3.26m . 

(w*), 3*^A(m.), 5«75>l.(s.), 5*93/^(s.), 6.23^. (m.), 6.^3 and 
6.1+8a(s., doublet), 6.8*+>t.(s.), 7.1^. (m.), 7.25>«,(m.),
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7• 5/̂ . (m«), 7*7p.. (m•), 7*6p, (w . ), 8 • Op, (m.), 8• 22 jx , 8• 3jll 
(s. doublet), 8.6kjL^(m.)) 8 .8kjuu ( s . ) ,  9*15 and 9 .2 j l (m., 
doublet), 9*^8^. (s.), lOA^u.Cs.). S<l«. f^occ io,

Attempted reduction of compounds A and B

1. With lithium aluminium hydride, compounds A and B were 
treated as follows.

The compound (0.05 g** (i) compound A, (ii) 
compound B) was extracted from a Soxhlet apparatus into a 
solution of lithium aluminium hydride (0.035 g*) in ether 
(80 mis.) After six hours the compound had been completely 
extracted into solution, to form a yellow suspension, which 
was cooled and carefully acidified (2N. sulphuric acid).
The ether layer was separated, dried (MgSO^) and evaporated 
to dryness. The oily solid obtained was shown by thin layer 
chromatography on silica gel (eluents chloroform/l$ 
methanol) to be mainly compound A, 0.21, in case (i) 
and compound B, R^ 0.12, in case (ii).

2. Attempted sodium borohydride reduction of compound A
Compound A (0. 0*+ g.) was heated under reflux in 

aqueous ethanol (1:1, 10 mis.), and sodium borohydride (0.
003 g«) was added in small quantities during one half hour. 
After two hours the pink solution was allowed to cool, 
acidified (2N. sulphuric acid) and extracted with chloroform.
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The dried extract (MgSO^) was evaporated to dryness, and 
the crude solid product (0.035 g.) shown, by thin layer 
chromatography on silica gel (eluent, chloroform/l$ methanol) 
to be unchanged compound A.

Complex metal hydride reductions of maltol, ko.iic acid, 
and patulin

A series of reactions were carried out at the reflux 
temperature of the solvent employed. Methods used were 
identical with those described above for the reduction of 
radicinin. Table 6 summarises the conditions used and the 
products obtained.

The product of reactions (6) and (9) (table 6 )
gave positive tests with Brady’s reagent and showed the 
following infrared absorption bands in chloroform solution,
( 6 ) :  2 . 8 5 a . ( m . ) ,  3 * 3 5 .  8a . ( s . ) ,  6 . 1 2 a * ( s . ) ,  6 A >iL. ( w . )  

6.85a. 7.25a ) > 7 . * + A - ( m . ) ,  8.2a(w.), 8.36a(w.), (9):
2 . 9 5 a  ( s . ) ,  3 * ^  and  S . ^ T a .Cs . ,  d o u b l e t ) ,  *f.  1 5 a . (w. ) , 5 . 8 6 a  

( s . ) ,  6.12^. (w., s h o u l d e r ) ,  6.9A-(m.), 7 . 2 a . (w. , s h o u l d e r ) ,  

7 . 3 A - ( m* ) >  8.2 t o  8 • ̂ A -  ( s • ,  b r o a d  b a n d ) .

The product of reaction (7) also gave a positive 
test with Brady*s reagent, and showed the following infrared 
absorption bands: 2 . 8 2 a .  (w.), 3.lA-(m.), 3.5 and 3 . 5 5 a .

( s . ,  d o u b l e t ) ,  5*  7 2 a  ( s . ) ,  6 . 1a  ( m . ) ,  6.2 and 6 . 3 A . ( m# >
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Complex metal hydride reductions of maltol, ko.iic acid
and patulin
Table k.

Compound Reagent Solvent Method Product
1 Maltol S.B.H.OfO)

NaBH^ Aqueous
Ethanol

Reflux 
(2 hrs.)

Unreacted maltol

2 Maltol (12 0) 
NaBH^

Aque ous 
Ethanol

Reflux 
(2 hrs) i i  i t

3 Kojic 
acid

NaBHj,
(120)

Aque ous 
Ethanol

Reflux 
(2 hrs) i t  i t

b Patulin NaBH^ Aqueous 
Ethanol

Reflux 
(2 hrs)

Unreacted patulin

5 Maltol (50)
LiAlH^

Ether (12 hrs) 
Reverse

Maltol recovered

6 ,f 11 (70) Ether ( 2 days) 
Reverse

Oil

7 Patulin LiAlH,
(60)

Ether Reverse 
(12 hrs)

Oil

8 Kojic 
acid

LiAlHj.
(70)

Ether Reverse 
(12 hrs)

Oil

9 Maltol i i Ether Reflux 
(2 days)

Oil

Key Aqueous ethanol used was a 1:1 mixture.
"Reflux" refers to reactions carried out by direct 
heating of the reagent and compound in a solvent.
"Reverse" refers to reactions carried out by reverse 
addition, by the extraction method.
Second column: figures in parentheses refer to 
weight (mg.) of complex metal hydride used.
Fourth column, figures in parentheses refer to pa* iod 
of heating.
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doublet), 6.8/1. (s.), 7-25/t. (m.)

Reaction of radicinin with ammonia
1. A mixture of radicinin (0.1 g.) and ammonium hydroxide 
(10 mis.) was heated under reflux for forty minutes. After 
ten minutes heating, all the radicinin had dissolved to 
produce a bright red solution. This solution was evaporated 
to dryness in vacuo to give a brown gum, which resisted all 
attempts at purification. The material gave no clearly 
defined infrared absorption bands, but gave positive tests 
for nitrogen (Lassaigne).

2. Radicinin (0.1 g.) was dissolved in concentrated 
ammonium hydroxide solution (0.880, 5 mis.) to give a 
bright red solution. After allowing to stand for fifteen 
minutes the solvent was evaporated (in vacuo), to produce 
a dark brown gum which contained nitrogen (Lassaigne). 
Trituration with small quantities of ether or petroleum 
ether gave a semi-solid which could not be purified further.

Hydrolysis of radicinin with dilute hydrochloric acid
A mixture of radicinin (0.5 g*)> and hydrochloric 

acid (2N., 30 mis.) was heated under reflux in an atmosphere 
of nitrogen. After two hours, .the radicinin had all dissolved 
and traces of a brown gum began to separate out. After four 
hours, the mixture was cooled, evaporated to approximately

-165-



one third its volume,and extracted -with chloroform. Evap­
oration of the dried chloroform solution (irfgSQl̂ ) 9 gave a 
tan-coloured gum (0.*+ g.) which could not be crystallised.
The aqueous solution was evaporated to dryness and the residue 
(a dart; brown tar) extracted successively with chloroform, 
ither, and ethyl acetate. The dried solutions (MgSO^), on 
evaporation yielded further small quantities of the tan- 
coloured gum. '

Chromatography of the bulk of the product (0, 4; g.) 
on a column of silicic acid (10.0 g.) gave five distinct 
fractions. '

Eluent Product Weight
(1) Chloroform brown oil 0.03 g*
(2) Chloroform brown oil 0.02 g.
(3) Chloroform yellow solid 0.09 g.
00 Chioroform/l$ 

methanol
yellow oil 0. 01 g.

(5) Ch 1 or of orm/2 f0 
methanol

yellow oil 0.2 g.

On evaporation of the solvent from fraction 3? 
a yellow solid was obtained, which on washing with small 
quantities of cold ether, gave a white solid, m.p. 153-151*0 • 
Crystallisation from ethanol gave white needles, m.p. 15*+-155°, 
unchanged on admixture with authentic radicinin hydrochloride.
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The remaining fractions could not be purified further.

Hydrolysis of radicinin with dilute sulphuric acid
A mixture of radicinin (0.1 g.), and sulphuric acid 

(2N. , 1? mis.) was heated under reflux in a stream of nitrogen, 
and the effluent gases passed through solutions of 2,1*- 
dinitrophenylhydrazine, and barium hydroxide. After two hours, 
all the radicinin had dissolved, and heating was continued 
for a further three hours. The precipitated barium carbonate 
was collected, washed and weighed, from which it was found 
that one mole of carbon dioxide was evolved during the reaction. 
Only slight traces of a dinitrophenylhydrazone precipitate 
were formed.

The acidic solution was steam distilled, producing 
a volatile acid (0.3 mole, as estimated by titration).

In a similar experiment, the acidic solution was 
extracted with chloroform, ether, and ethylacetate. Evap­
oration of the dried (MgSO^) solutions gave yellow oils
(combined weight 0.08 g.) which could not be purified by 
c hr omat ogr aphy.

Attempted decarboxylation of compound A
A mixture of compound A (0.08 g.), copper chromite 

(0.01 g.) and redistilled quinoline (10 mis.) was heated under 
reflux in a stream of nitrogen for one hour, the effluent gases 
being passed through barium hydroxide solution. The barium
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carbonate formed was filtered, dried and weighed, indicating 
the liberation of one mole of carbon dioxide.

Addition of water to the cooled quinoline solution 
produced no solid precipitate, and the mixture was made 
homogeneous by the addition of concentrated hydrochloric 
acid. The acidic solution was extracted with ether, the 
ether was dried (MgSO^) and evaporated to give a dark brown 
oil (0.05 g.) which could not be purified.

Reduction of radicinin with lithium in liquid ammonia
In a round bottomed flask, equipped with a 

magnetic stirrer, dropping funnel and dry ice condenser, 
was placed radicinin (0.2 g.), methyl alcohol (10 mis.) 
and liquid ammonia (50 mis.). Lithium was added to the 
rapidly stirred solution until a permanent blue colouration 
was obtained. The solution was allowed to stand for one 
hour, when excess lithium was destroyed by the addition of 
methyl alcohol (2-3 mis.). The ammonia was then allowed to 
evaporate at room temperature, and water was (2 0 mis.) added 
to the residue. The resulting solution was extracted 
successively with chloroform, ether and benzene. The aqueous 
layer was then acidified qnd extracted with ethyl acetate. 
Evaporation of the dried (MgSO^) solutions yielded yellow 
oils (total weight 0.15 g»), which proved intractable.

Attempted phosphorous-hydriodic acid reduction of radicinin
A mixture of radicinin (0.5 g«), red phosphorous
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(0.̂ +7 g.) and freshly distilled hydriodic acid (S.G. 1.7;
5 mis) was heated under reflux in an atmosphere of nitrogen 
for five hours. The mixture was cooled and poured into 
iced water (20 mis.), the iodine colour destroyed with a 
little sodium thiosulphate solution (*+%, 5 mis.), and the 
suspended solid filtered off and extracted with chloroform 
and ether. The dried (MgSO^) solutions were evaporated to
dryness to give minute traces of brown oils.

The aqueous solution was extracted with chloroform
and ether, then evaporated to one-quarter volume and re­
extracted with ethyl acetate. The dried organic solutions 
were evaporated to dryness, yielding fractions of yellow 
oil (combined weight, 0.3 g.)? which could not be purified 
further.

Attempted phosphorous-hydriodic acid reduction of hexa
hydroradicinin

Hexahydroradicinin (0.5 g.) (prepared as previously 
described, page ) was treated with red phosphorous and 
hydriodic acid as described above for radicinin. The product 
was a yellow oil (0.33 g*), which on standing in a re­
frigerator for 2*+ hours, partially crystallised to yield 
colourless plates, which after filtration and washing with 
petroleum ether (0-^0°) gave m.p. of 118-120° (yield, 0.0006 g.
0.2%). The residual oil could not be purified.
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Reaction of radicinin with hydriodic acid
A mixture of radicinin (0.15 g.) and hydriodic 

acid (S.G., 1.7> 10 mis.) was heated under reflux for two 
hours, poured into iced water (20 mis.) and the iodine 
destroyed by the addition of sodium thiosulphate solution 
(*+%). The aqueous solution was extracted with chloroform 
and the dried (MgSC^) solution evaporated to dryness. A 
dark red tar (0.15 g.) was obtained, which gave a positive 
test for iodine, but which could not be purified.

The action of concentrated sulphuric acid on radiciniB
A solution of radicinin (0.07 g*) in concentrated 

sulphuric acid (3*0 mis.) was allowed to stand for one hour, 
poured into iced water (10 mis.), and the aqueous solution 
extracted with chloroform. The dried (MgSO^) solution was 
evaporated to dryness and the crude product (0.06 g.) was 
crystallised from ethyl acetate, to give pale yellow crystals 
m.p. 210-212°, undepressed on admixture with, radicinin.

Melting points were, taken on a Kofler block and are uncorrected* 
Ultraviolet absorption spectra were measured on a Hilger 
Uvispek Spectrophotometer (model 700.305.)
Infrared spectra were measured on a Perkin Elmer model 21 
double beam infrared spectrophotometer.
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PART III

THE CHEMISTRY OF SOME SUBSTITUTED THIOPHEHES



INTRODUCTION
Apart from biotin (I) and thiophene itself, 

which occurs in coal tar, no other naturally occurring 
thiophene compound was known until 19^7? when -terthienyl
(II) was isolated from Indian marigold (1). However, in 
1955? the isolation of another thiophene compound, junipal
(III), was reported from the wood-destroying fungus 
Daedalea .iuniperina« Murr (2). It was obtained, together 
with anisaldehyde and a second, as yet unidentified thiophene 
compound by steam distillation of the culture liquor.

The infrared and ultraviolet spectra of junipal indicated 
the presence of an acetylenic linkage, and an aldehyde group.

Oxidation of junipal with Doeuvre reagent yielded juniperic 
acid (IV), which gave thiophene-2,5-dicarboxylic acid on 
oxidation wi-fh potassium permanganate. Thus, it was 
evident that junipal had the constitution (III).

(I) k  / “<CM VoOH

(3K) (IV).

-173-



Although junipal remains the only known fungal
thiophene (apart from biotin), a number of other thiophene 
derivatives have been isolated from natural sources (3).
For example,a compound isolated from Coreopsis grandiflora. 
has been shown (3a) to be 5-( -propynyl)-2-phenylthiophene 
(V), by comparison of its infrared spectrum with that of 
junipal, and synthesis of its tetrahydro derivative (VI).
A further example is the compound isolated from the roots 
of Chrysanthemum vulgare, Bernh., which has been identified 
as cis-methyl-5-(l-propynyl)-2-thienylacrylate (VII) by 
spectral data and by hydrogenation experiments, (*+).

The biological significance of thiophene compounds
Challenger (5) pointed out that the simultaneous 

occurrence of o( -terthienyl and polyacetylenic compounds 
in members of the compositae, may not be coincidental.
It was suggested that -terthienyl may arise by the 
interaction of hydrogen sulphide with a polyacetylene or

(V ) (V I)

C H jOOC.-CK=c h
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acetylenic-olefinic system as follows:

c —  c  c  —  C  c — cIII III II III HI fl
H -C  C —  c C _ ^ C  c -  U °

c—  c c —  c c —  C . v
II iii ii in il in --------------^ (n).H c C- c C_—  C C H

n sh \ h

The isolation of junipal, a compound containing 
both a thiophene residue and a triple bond, was considered 
by Birkinshaw and Chaplen (2) to lend support to this 
postulate. In addition it was suggested that anisaldehyde, 
which is isolated in conjunction with junipal, may be 
derived from a common acetylenic precursor.

Compound (VII) was also isolated from a member 
of the compositat family, whilst (V) was accompanied in the 
flowers and leaves of coreopsis grandiflora* by a poly­
acetylene (VIII), which could be considered the precursor 
of (V).

c —  c

CuH^-C C —  CsC-CHj CtWs \  ^ C == C-CH:
CvuO

However, there is no evidence that thiophene 
compounds do arise from acetylenes in nature by this method. 
That the route is chemically feasible has been shown by the 
synthesis of a number of thiophene derivatives in the
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laboratory by the action of alkaline hydrogen sulphide 
on polyacetylenes (6). Thus 2,5-diphenylthiophene 
(IX,R=Ph), 2-phenyl-5-phenylethynylthiophene (IX,R=-OC-Ph), 
and 2-phenyl-5-[^!-phenylhutadiynyl (1!)]-thiophene 
(IX,R=-(CiC)2-Ph) were obtained from the corresponding 
polyacetylenes (n= .2,^respectively) •

acids (7,8,9)? has led Fleming and Harley-Mason (10) to 
postulate a route for the formation of tetronic acids, 
which was supported by biogenetically patterned synthesis 
of tetronic acid derivatives from suitable acetylenic 
acids (see introduction page 1*7. ). It is possible that 
thiophene compounds arise naturally by a similar route; 
and thus the biosyntheses of tetronic acids, polyacetylenes 
and thiophene compounds may be closely related, although 
no evidence to support this hypothesis is available.

JL, ly

Recent work, on the biosynthesis of acetylenic
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DISCUSSI ON
The object of this work was the unambiguous 

synthesis of junipal. This object was not attained as 
whilst work was in progress, several independent syntheses 
of junipal were published along similar lines, and the 
project was abandoned. The work is of interest however, 
as the applicability of various general synthetic methods 
to thiophene compounds was studied.

The synthesis of heterocyclic compounds containing 
acetylenic substituents has not received much attention, 
thus the main problem in the synthesis of junipal lies in 
the introduction of the propynyl side chain. Of the two 
main methods for preparing substituted acetylenes, namely 
dehydrohalogenation and alkylation methods, the former has 
been most studied (11).

Despite the statement by Raphael (12), "aryl 
and vinyl halides are extremely resistant to nucleophilic 
attack and therefore unaffected by metal acetylides", 
several instances of the condensation of such compounds 
with metal acetylides, especially Grignard reagents, have 
been cited in the literature.

It was considered that the carbon-bromine bond 
of -substituted bromothiophenes might be sufficiently
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reactive to undergo such a condensation. Experiments 
along these lines were carried out, but because of the 
difficulties involved in the preparation and use of 
methylacetylene (13), it was considered advisable to 
test the proposed reaction with model systems. Thus 
initially, attempts were made to prepare the hanologue 
of junipal (X).

thiophene nucleus first, because it was considered that 
an acetylenic residue might possibly be attacked during 
formylation. And indeed, in the work of Janda (page l<\8), 
it was found that the acetylenic bond was hydrated during 
chloromethylation. It was considered necessary to protect 
the formyl group prior to condensation of the bromoaldehyde 
with acetylene derivatives. Thus the bromoketal (XI) was 
prepared and used for subsequent condensation reactions.

The formyl group was introduced into the
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1. Formylatioa of thiophene
The following are the methods available for 

the synthesis of thiophene aldehydes, Unfortunately these 
are not particularly efficient, even in favourable cases.

a. The Gatterman-Grignard reaction with formic esters.
b. The Sornmelet reaction.
c. Formylation with N-methylformanilide.
d. Rosenmund reduction of the acid chloride (very low

e. Gatterman synthesis using HCN/HC1. (very low yield),

a. The Gatterman-Grignard reaction.

with either ethylformate, or ethylorthoformate to give the 
aldehyde, or the acetal respectively. Thus, the proposed 
synthesis involved the preparation of 2-broraothiophene- 
5-magnesium bromide (XII) and conversion to either 2-bromo-
5-formylthiophene (XIII) or its diethylacetal (XIV).

yield)

This requires the reaction of a Grignard reagent

O '") (K IV )

-179-



2,5-Dibromothiophene was prepared in 60$ yield 
by the method of Mozingo (l1*) and Lawesson (15)* The 
bromothiophene compounds were characterised for reference 
by vapour-phase chromatography, as well as by infrared and 
ultraviolet spectroscopy.

According to _Lawesson (16), the preparation of 
Grignard reagents of substituted thiophene halides is 
difficult under normal conditions, due partly to the 
insolubility of polyhalothiophenes. It was shown, however, 
that the method of entrainment increased the yield of the 
required Grignard reagent. The entrainment technique was 
introduced by Steinkopf (17) and Grignard (18), who proposed 
that a halogen-magnesium exchange occurred according to 
the equilibrium shown (19)? where R'X is the unreactive 
halide.

The position of the equilibrium will thus depend on the 
proportion of entraining reagent used; this was confirmed 
by Lawesson*s work on thiophene Grignard reagents, in which 
optimum proportion of 5 moles of entraining reagent per mole 
of thiophene halide were used.

Before attempting the Gatterman-Grignard reaction, 
the formation of the Grignard reagent (XII) by direct and
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entrainment methods was checked. Carboxylation of the 
Grignard intermediate obtained by both methods gave 
2-bromothiophene-5-carboxylic acid (XV), while hydrolysis 
gave 2-bromothiophene (XVI) (estimated by vapour-phase 
chromatography).

The yields of these compounds indicated 65% and 80% 
formation of the Grignard reagent, respectively.

Grignard reagents was first discovered by Bodroux (2 0), 
whilst attempting to prepare triarylmethanes. It was 
shown that removal of the solvent from a solution of 
Grignard reagent and ethylorthoformate in ether caused a 
vigorous reaction, with the production of the acetal (21). 
It was* later discovered that the reaction led to further 
substitution (22, 23). These observations were confirmed 
in the benzene series, and conditions for optimum yields 
were established (2^, 25, 26).

The reaction between ethylorthoformate and
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Fran a practical point of view the entrainment
method had the disadvantage of giving 2-bromothiophene-5- 
magnesium bromide contaminated with four moles of ethyl- 
magnesium bromide, and one mole of ethylbrcmide.

Thus the reaction with formic esters would give a mixture 
of aldehydes, and in several cases where entrainment was 
used, reaction with ethylorthoformate gave propionaldehyde- 
diethylacetal, although no thiophene-acetal was formed.
In attempts to obtain a mixture of both acetals, 5 moles of 
ethylorthoformate were used, but again the required acetal 
was not formed.

proceeding beyond the required stage, the method of reverse 
addition was used, although this had not previously been 
reported in the literature in connection with the preparation 
of ethylacetals. However, this led only to the recovery 
of unchanged starting materials. Table 1 (page 200) 
sumarises the variety of conditions used for the reaction.

4-

In view of the possibility of the reaction

In view of the lack of success with ethylortho
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formate it was decided to attempt formylation with 
ethylformate. The preparation of aldehydes by the 
reaction of ethylformate with Grignard reagents was 
first reported by Gatterman (27, 28). Amongst other 
aldehydes, 2-bromo-5-formylthiophene was reported in 
10$ yield. Later workers (29, 30) repeated the reaction 
in the preparation of 2-formylthiophene (XVII), and 
reported correspondingly low yields.

Trial reactions showed that with phenylmagnesium 
bromide and ethylformate, benzaldehyde was obtained, but 
only by reverse addition, using three moles of ester to 
one mole of Grignard reagent. Gatterman*s experiments 
with 2-bromothiophene-5-magnesium bromide were carried out 
using the entrainment method as previously mentioned, but 
yields greater than 10$ of the required aldehyde could not 
be obtained. For a summary of results, see table X (pageloo).

b. The Sommelet reaction
Aldehydes may also be obtained by the action of 

hexamethylene tetramine (hexamine) on halomethyl-compounds.
The preparation of quaternary salts from benzyl halides 
and hexamine was first reported by tfel^pine (31), who noted
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that on strong acid hydrolysis, a primary amine, ammonia, 
and formaldehyde were obtained. However, on hydrolysis 
with water, an aromatic aldehyde was obtained (32). The 
reaction has been shown to be general for aromatic aldehydes. 
It is considered that the reaction involves the formation of 
a primary amine, which on dehydrogenation and hydrolysis 
gives the aldehyde, as shown (33, 3^> 35)*

& CM - H K — > flCHO

Further evidence in support of this sequence has been 
obtained by Graymore and Davies (36).

has been used for the preparation of 2-formylthiophene 
(XVII) (37* 38) from 2-chloromethylthiophene (XVIII). 
Thus in order to prepare 2-brano-5-formylthiophene, it 
was necessary to.obtain 2-bromo-5-halomethylthiophene 
(XIX, R=Halogen). The synthesis of the latter (R=C1) 
from 2-bromothiophene and formaldehyde in hydrochloric 
acid has been reported in the patent literature, but no 
physical properties were recorded (39* *+0, *+1).

In the thiophene series the Scmmelet reaction

*)
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These experiments were repeated under a variety of conditions 
and the results are summarised in table 3 (pageios-). The 
best results were obtained by addition of formaldehyde to a 
rapidly stirred mixture of concentrated hydrochloric acid 
and 2-bromothiophene, through which hydrogen chloride gas 
was passed. The use of zinc chloride as catalyst was also 
found to be advantageous. The chloromethyl compound thus 
obtained was somewhat unstable, liberating chlorine on 
standing, and undergoing ready hydrolysis with dilute 
aqueous sodium hydroxide solution. However, it could be 
purified by distillation under reduced pressure, and 
satisfactory analyses were obtained.

The preparation of (XIII) from the chloromethyl 
compound was carried out according to the method described 
for the preparation of 2-formylthiophene (37)* in which 
the intermediate quaternary salt was filtered off, air 
dried and then steam distilled to achieve hydrolysis. The 
yields obtained by this method were of the order of 30%.

c. Formylation using N-methylformanilide
Direct formylation of the thiophene nucleus by 

the action of N-methylformanilide and phosphorylchloride 
has been reported by King and Nord (^2), and others (*+3)* 
Formylation is usually promoted by phosphoryl chloride, 
although other Lewis acids may be used. The mechanism
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involves formyl ion transfer to moderately reactive 
aromatic systems (M-MO, thus the 2-position of thiophene 
is susceptible to attack.

N,N-Dimethylformamide has been reported as a 
substitute for N-methylformanilide. Tyson and Shav/ (*+5) 
obtained a 72$ yield of 3-indolecarboxaldehyde by this 
method, and the application to thiophene compounds has been 
patented (^6). This reagent has the advantage of being 
cheaper than N-methylformanilide, but the yields of the 
aldehydes obtained by its use as a formylating agent are 
generally lower than in the case of N-methylformanilide.

N-methylformanilide was prepared from formic acid 
and N-methylaniline (^7)> and 2-formylthiophene and 2- 
bromo-5-formylthiophene were prepared by the method of 
Nord and King (*+8), in yields of 61$ and 50$ respectively. 
Gronowitz (*+9) showed that bromination of 2-f ormylthiophene

c 3̂I
c wHs*~N— c w o  + 4-
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occurs in the unsubstituted -position, thus providing an 
alternative route to the required bromoaldehyde.

2. Protection of the formyl group
Aldehydes condense with ethylene glycol in the 

presence of an acid catalyst to form ethylene ketals (?0).
The most convenient method for the preparation of these 
ketals is to heat the reagents under reflux in dry benzene, 
collecting the water formed in a separator as its benzene 
azeotrope (51). p-Toluenesulphonic acid has proved to be 
an efficient catalyst (b 8). The reaction between an 
aldehyde and a glycol is reversible, involving an equilibrium 
as shown, thus to obtain good yields of the ketal, water 
formed during the reaction is removed. The ethyleneketal 
(XI) of 2-bromo-5-formylthiophene (XIII) was accordingly 
prepared, and proved to be a stable liquid, easily purified 
by distillation under reduced pressure, and characterised 
by its infrared spectrum. Satisfactory analyses were obtained.

3. Condensation reactions with metal-acetylides
It was first suggested by Grignard (53-551-*-) 9 that 

the use of alkynyl Grignard reagents (XX) provided a
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convenient synthesis of diacetylenes. Thus the reagent 
(XX), on treatment with a half-molecular proportion of 
iodine, formed some of the alkynyl iodide (XXI), which 

reacts with (XX) to yield a symmetrical diyne (XXII).

R ~ =  £") £ R (XXv I
R  8 r   *  ft- c = c . X .

C *x)  ̂x * (? - ( f  =  c)z 9! (xxm)

Claims to have prepared an unsymmetrical diyne (XXIII) 
by introduction of a second Grignard reagent (R^-C-CMgBr) 
were later discredited.

Black and Weedon (55) re-examined Grignard*s 
experiments, and showed that dodecadiyne (XXIV) was 
produced in very small yield from hexynylmagnesium bromide 
(XXV).

nSu.rC 55 Ctt\sGr Aiii) > C=eC-(\8ul
CVm v )

The coupling of alkynylmagnesium halides with 
allyl bromide under the influence of cuprous chloride 
catalyst had earlier been shown to proceed in good yield 

(56,57)• Black, Horn and Weedon (58) tried this catalyst 
in the formation of dodecadiyne from hexynylmagnesium
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bromide (XXV), and found the reaction to proceed in 70# 
yield. However, in the preparation of unsymmetrical diynes, 
side reactions became more prominent. Thus, the reaction 
between iodohexyne (XXVI) and phenylethynylmagnesium 
bromide (XXVII) in the presence of cuprous chloride produced 
a mixture:

amounts of cobaltous chloride exert a strong influence on 
the course of many reactions utilising alkyl and aryl 
Grignard reagents (59). Weedon and his colleagues (58) 
went on to show that the condensation of hexynylmagnesium 
bromide (XXV) with 1-bromo-hex-l-yne (XXVIII) or, 1-bromo- 
2-phenylacetylene (XXIX) in the presence of cobaltous 
chloride, gave 30# yields of dodecadiyne (XXIV) and 
phenyloctadiyne (XXX) respectively.

Bur(C =

(xxvi) (xxvu)
^  p k - ^ c = c V - P W

The unsymmetrical product was formed in only
1 %  yield

Kharasch and his colleagues showed that small
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^ ____ _ ^  ==- x A-^A>  ̂XXSv)
(\ 6x*--C—  C-(ft ̂ 6r

^  n<U(t*fc)Pk. Ln x k )
v **/x)

The simultaneous formation of symmetrical diynes 

as \>v products during the preparation of unsymmetrical diynes 
is probably due to the establishment of an equilibrium of the

tyPe5 PntC =  C
fv'C-Cl -H ^=± -V

a - c - c r
Similar interchanges have been observed in the reaction 
of alkyl and aryl Grignard reagents with organic halides 
both in the presence and absence of catalysts (60).

This reaction has been extended (58) to the 
condensation of alk-l-enyl halides with acetylenic Grignard 
reagents, under the influence of cobaltous chloride. Thus 
hexynylmagnesium bromide (XXV) was condensed with 
isobutenyl bromide, and phenylethynylmagnesium bromide 
(XXVII) with styryl bromide to give the vinylacetylenes 
(XXXI), and. (XXXII) respectively.

(k PK C H = C H  — c=cPk.cv JX-=CH —  C = C — , 
c » f

(X**') (xxxu)
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Formation of alkyl and aryl-acetylenes by condensation
reactions

Aryl and alkylmagnesium halides have been 
condensed with dichloroacetylene to give chloroacetylenes 
(XXXIII, R=p.CH2*-Ĉ Hif-, cyclohexyl, dodecyl) (61).

t C K ^ c - t i  ------> R - c ^ c - c i  (xxxm)
However, it was reported that various haloacetylenes undergo 
metathesis with Grignard reagents.

&-C=C-6r 4- ft'  ̂ f t - C = C  (!\^6r H ' f t r

It has been reported in a few cases, that the addition of 
cobaltous chloride catalyses the condensation reaction.
Thus, phenylhexyne (XXXIV) was obtained by the reaction of 
n-butylmagnesium bromide with l-bromo-2-phenylacetylene, 
and phenylpropyne (XXXV) was prepared by the reaction of 
methylmagnesium bromide with l-bromo-2-phenylacetylene (62)

PW C •=» C fet 4- IV B ut (t\̂ 8r  ̂ —  CL *
P L c = C f t r  + CHjin^fer ------ ^ P k C ^ C - C H ,

However, in the absence of cobaltous chloride, the former 
reaction gave only phenylacetylene and n-butyl bromide by 
an exchange reaction. Table 0) shows some of the results 
obtained by Black, Horn and Weedon (58).

t

The use of sodium acetylides
Except in liquid ammonia the sodium derivatives
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of acetylenes are inert towards alkyl halides, and vigorous 
decomposition occurs at the high temperatures required to 
bring about attack of the halide by the alkynyl nucleophile 
(63). However, ready metathesis of sodium acetylides with 
alkyl halides occurs in liquid ammonia to produce substituted 
acetylenes. The reaction is restricted to primary halogeno- 
compounds containing the group — CH2CH2X, secondary, tertiary 
and primary derivatives branched at the second carbon atom 
undergo dehydrohalogenation to produce ethylenes (12).

The reaction between allylic halides and sodium 
acetylide is complex, the initially formed acetylene readily 
undergoes metallation at the active methylene group, with 
further substitution leading to branched chain hydrocarbons 
(12).

Thus, it seemed likely that a Grignard reagent 
would provide the most efficient way of attaching a phenyle- 
thynyl group to the thiophene ring, and experiments were 
carried out accordingly. Several condensations were tried 
with the sodium salt of phenyl acetylene, both in organic 
solvents and in liquid ammonia. Kharasch and Fuchs (62) 
showed that when phenylmagnesium bromide and n-butyl bromide 
were allowed to react together, only diphenyl was obtained. 
The conclusion they drew from this fact was that the radicals 
formed from the Grignard reagent, if stabilised by resonance,
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as in the case of the phenyl radical, would undergo self­
coupling, rather than coupling with another radical. It was 
initially considered that thiophene radicals might be 
sufficiently stabilised to undergo coupling with phenyl 
radicals, in order,to obtain 2-phenylthiophene (XXXVI), 
and 2-bromo-5-phenylthiophene (XXXVII). However the work 
Kharasch and Fuchs was substantiated by the results obtained. 
Thus from an attempted reaction between phenylmagnesium 
bromide and 2-bromothiophene, only diphenyl and unchanged 
bromothiophene were obtained, presumably because the phenyl 
radical is stabilised by resonance to a greater extent than 
the thienyl radical.

When broraobenzene was caused to react with 2-bromothiophene- 
5-magnesium bromide, a vigorous reaction occurred on addition 
of the catalyst, and the product obtained was a tar, con­
taining bromine and sulphur, which was thought to arise from 
the self-condensation of 2-bromothiophene-5-magnesium 
bromide. Experimental conditions and results are summarised 
in table , page.iur;ur.

(xxxvi) (%x*vu)

In spite of the lack of success in these
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experiments, it was decided to attempt coupling reactions 
between phenylacetylene derivatives and thiophene compounds. 
The formation of the required phenylacetylene Grignard 
reagent, by the reaction of ethylmagnesium bromide with 
phenylacetylene, was confirmed by the isolation of 
phenylpropiolic acid (XXXVIII) in 80$ yield on carboxylation:

P K  C = C H + C-1.H5- IT\<\Gr  » phc=c.ff\^6 r -t- CxMb

Ph C s ?  C - 6 r +-CO*.  » f h - C = -  C-tOOH III)

In a series of reactions, the broraoketal (XI) was 
added to a cooled solution of the Grignard reagent in ether, 
in the presence of 10 mole percent cobaltous chloride or, 
cuprous chloride (All reactions were carried out at moderate 
temperatures to avoid decomposition of phenylethynylmagnesium 
bromide). Reverse addition was employed in sane cases, i.e. 
the Grignard reagent was added to a solution of the bromo- 
ketal in ether containing suspended catalyst. On occasion, 
traces of a solid were obtained which did not contain either 
sulphur or a carbonyl group, which was assumed to be 
diphenylbutadiyne, In no case did the expected condensation 
appear to take place, and there was no evidence for the 
formation of the required acetylenic thiophene compound.
The reagents appeared to be unreactive, starting material 
being recovered in most cases. The conditions used,
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together with methods of working up, are summarised in 
table The possibility that a metathesis reaction,
as discussed previously (page \4o ), could have occurred in 
these reactions was ruled out, because this would have led 
to the formation of the thiophene Grignard reagent (XXXIX). 
This latter on hydrolytic work-up would give 2-formylthiophene 
and none of this compound could be detected in the reaction 
products.

Similar, negative results were obtained in attempts 
to react sodium phenylacetylide with the bromoketal (XXXIX) 
in ether or in liquid ammonia. In both cases only 2-bromo- 
5-formylthiophene was obtained by hydrolysis of the reaction 
mixture. A similar attempt to couple the sodium salt of 
phenylacetylene with 2-bromothiophene in liquid ammonia also 
gave unchanged starting material. These results are included 
in table 4. (page ).

PV.C=C<n<\6r + g,. - / / Pk'C=- C-Sr
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Shortly after the commencement of this work, a 
synthesis of junipal was reported by Skattebttl (6̂ f), being 
obtained as an intermediate in the synthesis of (VII) (see 
page n*t). The acetylenic function was introduced via 
2-acetylthiophene (XL) by chlorination and dehydrochlorination 
(65). The ethynyl compound thus produced was not isolated, 
but reacted further, as the sodium salt, with methyl iodide 
to give 2-propynylthiophene (XLI).

Coen

This was converted into the lithium compound 
(XLII), by treatment with butyllithium (66), and allowed 
to react with N,N-dimethyIformamide (67) to give a product, 
which was identical with junipal. Carboxylation of the 
lithium compound (XLII) gave juniperic acid (IV).

O H c \  y r *  C sC .C U ^  W°OC

(XLU) (IV)
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An alternative synthesis of junipal was reported
by Schulte and Jantos (68), who first prepared 2-[ << - 
propynyl]thiophene (XLIII) by reaction of thiophene with 
propionaldehyde, followed by dehydrohalogenation (69), 
bromination and dehydrobrcmination. This compound was 
successfully converted into junipal by formylation with 
N,N-dirnejtfthylforrnamide in phosphoryl chloride, and 
characterised as its 2 dinitrophenylhydrazone.

Hdpner (~lo) prepared <k -terthienyl, /3-[5-propynylthienyl- 
(2)]-acrylic acid, and the thienyl alcohol (XLIV) in good 
yield, by the action of alkaline hydrogen sulphide on the 
appropriate polyacetylenic compound, Junipal was prepared 
by oxidation of (XLIV), obtained by the reaction of 
octatriyne-(2,6)-ol-(l) (XLV) with alkaline hydrogen 
sulphide*

«W #ci

(nun)

Among other 2,5-disubstituted thiophenes,
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* CHj.csC

( * L V ) (XL-tV)

The laboratory synthesis of natural thiophene
compounds by this route gives no insight into the actual 
biochemistry of the incorporation of sulphur into such 
compounds. It appears unlikely that the organism involved 
is able to use hydrogen sulphide directly in the reaction 
outlined above.

synthesise junipal (71) in a study of the chloromethylation 
of thiophene compounds (72, 73)* However, it was shown 
that acetylenic side chains are susceptible to attack under 
the conditions of chloromethylation. The product obtained, 
therefore, on reaction of 2-propynylthiophene with form­
aldehyde in hydrochloric acid, was not junipal but 5- 
chloromethyl-2-propionylthiophene (XLVI).

Recently, Janda has published an attempt to

• cHjc SC r \ HC.Ho | MCI
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2 .5-Dibromothiophene
Was prepared by the method of Mozingo (lb) and 

Lav/esson (15). Fractional distillation of the crude product 

gave 2-bromothiophene (b.p. 7*+-76°/30 mm.) in 10% yield, and
2 .5-dibromothiophene (b.p. l*+5°/50 mm) in 60% yield. Vapour 
phase chromatography of 2 ,5-dibromothiophene (2m. silicone 
i,MS550,? column, temp. 220°) showed a single peak with an 
elution time of 288 seconds. The infrared spectrum of
2 .5-dibromothiophene is shown in Figure 1.

2-Bromothiophene-5-magnesium bromide (XII)

Anhydrous conditions under an atmosphere of nitrogen 
were used throughout. 2-Bromothiophene-5-magnesium bromide, 
used in subsequent experiments, was prepared as required^by 
one of the general methods recorded below and used immediately.

a. Direct preparation. Magnesium (1 mole) was activated 
by warming with a crystal of iodine, and a solution of 2,5- 
dibromothiophene (1 mole) in an equal volume of dry ether was 
added, and the mixture carefully warmed until the magnesium 
started to dissolve. Dry ether was then added (*+00 mis.) and 
the mixture heated under reflux until all the magnesium had 
dissolved (ca. five hours).

b. Entrainment method. Magnesium (5 moles) was activated 
by warming with a crystal of iodine and then heated gently
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with ethyl bromide (b.p. 37-39°, 5 moles) in an equal 
volume of dry ether until a vigorous reaction commenced^ 
the mixture was cooled and dry ether (2 litres) was added.
The mixture was then heated under reflux and when all the 
magnesium had dissolved (ca. 5 hours), a solution of 2,5- 
dibromothiophene (1 mole), in an equal volume of dry ether, 
was added during k j minutes with stirring, and the mixture 
heated under reflux for a further five hours.

2-Bromothiophene-5-carboxylic acid (XV)
Prepared according to the method of Lawesson (15) 

from 2-bromothiophene-5-magnesium bromide, m.p.l38°
(Lawesson reported m.p., 139°). Yield 65-80$.

Hydrolysis of 2-bromothiophene-5-magnesium bromide
A solution of the Grignard reagent (XII) tn ether 

wqs prepared by methods (a) and (b) above (0.025 mole), and 
water (10 mis.) was added slowly with stirring. The ether 
layer was separated, dried (MgSO^), and the solvent 
distilled in vacuo. The products were estimated by gas 
chromatography (2 m. silicone ftMS550l, column, temperature 
22 0°). 2 ,5-Dibromothiophene (elution time, 288 secs),
yield: (a) 30$, (b) 20$ and 2-bromothiophene (elution time,
126 secs), yield: (a) 60$ (b) 75$, were found to be present.

Attempted preparation of the diethylacetal of 2-bromo-5-
f or my It h i op he ne

Table X summarises the widely differing conditions
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Reaction of formic esters with Grignard reagents

Reactants Method of Reaction Reaction "1Method ProductsEster Grignard prep.
Grignard

Temp. Time
(hrs) Reac­

tion
Work
up

1. EOF XII Direct Reflux 3 Direct Hydro1 MBT
DBT

2. EOF XII Entrain. Reflux 6 Direct Hydro1 MBT 
DBT + 
PA

3. EOF. XII Entrain. Reflux 2b Direct Hydro1 MBT 
DBT + 
PA

lf. EOF. XII Entrain. Reflux 6 Direct Hydrol MBT +
PA

5. EOF. XII Entrain Reflux 6 Direct DistilE
Of

solvent
MBT +
EOF

6. EOF
(5)'

XII Direct Reflux 1.5 Reverse ti DBT
MBT
EOF

7. EF. XII Entrain. Initial
cooling
Reflux

2 Direct Hydrol MBT

8. EF PhMgBr Direct Reflux 2 Direct Hydrol Second­
ary

Alcohol
9. EF 

(3)
PhMgBr Direct -5c° 0 .5 Reverse Hydrol PhCHO

(b0%)
10. EF.

(3)
XII Direct -50° 0 .5 Reverse Hydrol XIII

(10$)
.11. EF. 

(3) XII Direct Reflux 0.5 Reverse Hydrol No
XIII

Table X



Key.to Table 1
EOF. = Ethylorthof ormate , EF. = ethylf ormate, Roman 

numerals refer to compounds in the discussion of this work. 
Figures in parentheses in the first column refer to mole ratio 
of ester/Grignard reagent where not equal to 1. In the third 
column the method of preparation of the Grignard reagent 
(Direct or entrainment methods) is referred to. The sixth 
column refers to the method of addition of reafeents, i.e. 
direct (by addition of ester to Grignard reagent), or reverse 
(by addition of Grignard reagent to ester). The seventh 
column refers to the method of working up the reaction mixture 
(either by normal hydrolysis of Grignard reaction mixtures, 
or distillation of the solvent).

MBT. = 2-bromothiophene , DBT. = 2 ,5-dibromothiophene ,
PA. = propionaldehyde diethylacetal (b.p. 113°)

used for reactions of (XII) with ethylorthoformate and ethyl- 
formate.

(1) to (*+) To a boiling solution of the Grignard reagent 
(0. 025 mole) in ether (page ), a solution of ethylortho- 
formate (0.025 mole) in an equal volume of dry ether was added 
dropwise over thirty minutes. The mixture was then heated 
for a further period (table 1), cooled and treated with 
ammonium chloride solution (5$, 20 mis.). The ether layer 
was separated, dried (MgSO^), and the solvent removed in 
vacuo. The residual liquid was then distilled.

(5) and (6). The reaction was carried out as above, but was 
worked up by concentrating the reaction mixture to low volume 
(5 ml). After treatment with ammonium chloride solution, the 
product was isolated in the usual manner.
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Reaction of phenylmagnesium bromide with ethylformate
1. This was carried out by the method of Gatterman (27, 28), 
to give benzaldehyde (b.p., 58°/8 mm.), yield: k-0% [(9) table
a].

2. In addition, the following experiment was carried out. 
Magnesium (3.06 g.) was activated with iodine, and a solution 
of bromobenzene (20 g.), in an equal volume of dry ether, was 
added slowly with stirring. The mixture was warmed until a 
vigorous reaction commenced, then cooled, and dry ether
(30 mis.) was added. The mixture was heated under reflux 
for two hours, when all the magnesium had dissolved. This 
solution was cooled in an ether-solid carbon dioxide bath, 
and ethylformate (b.p. 5^-56°, 9.5 g.) in an equal volume of 
dry ether was added slowly with stirring, during thirty 
minutes. The solution was then allowed to warm to room 
temperature, hydrolysed with dilute hydrochloric acid, and 
the ether layer separated. The solvent was distilled from 
the dried (MgSO^) ether solution, yielding a viscous oil 
(10 g.), which gave no positive test for an aldehyde group.

Reaction of (XII) with ethylformate
A solution of the Grignard reagent (XII, 11.0 g.) 

in dry ether (prepared by the direct method as described on 
page ) was added dropwise with stirring, during thirty
minutes to a cooled (ether-solid carbon dioxide) solution
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of ethylformate (9.2 g.) in an equal volume of dry ether.
The viscous solution was allowed to warm to room temperature, 
hydrolysed with dilute hydrochloric acid, and the ether layer 
separated. The aqueous layer x̂ as extracted with ether, the 
combined ethereal solutions dried (MgSO^), and the solvent 
distilled in vacuo. The product (8.0 g.), which gave a positive 
test with Brady*s reagent, was shown by vapour phase 
chromatography (2 m. silicone "MS.550’? column, temperature 
220°) to contain 2 ,5-dibromothiophene (39^)? 2-bromothiophene 
(15$) > and a new product, elution time *+86 seconds, estimated 
yield 10$.

The crude product (8 g. ) in ethyl alcohol .(10 mis.) 
was treated with a solution of phenylhydrazine hydrochloride 
(0*5 g*) and sodium acetate (0.8 g.) in water (5 ml.), and 
warmed at 80° for half an hour. The solution was cooled and 
the solid filtered off5 one crystallisation from ethyl 
alcohol gave yellow plates, m.p. 112° (lit. m.p. 111-112°
(1+9)9  ̂the phenylhydrazone of 2-bromo-5-f ormylthiophene) 
overall yield 8$.

Attempts to increase the yield of aldehyde, by using 
longer reaction periods and higher temperatures led only to 
decreased yields of aldehyde (table X page200-io().
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Preparation of 2-bromo-5-chloromethylthiophene (XIX* R - Cl)

This was carried out by methods reported in the 
patent literature . The best yield of (XIX, R = Cl)
was obtained as follows.

A solution of formalin (37$ w/v.) in concentrated 
hydrochloric acid (1:1, 5 mis.), previously saturated with 
hydrogen chloride gas at 0-10°, was added dropwise during two 
hours to a stirred mixture of 2-bromothiophene (8.8 g.) and 
anhydrous zinc chloride (0.1 g.), through.which hydrogen 
chloride gas was passed, at 35-^0°. The mixture was diluted 
with water (50 mis.), extracted with ether, the ethereal 
solution washed with sodium bicarbonate solution (3$) and 
dried..(CaClg.) • The solvent was removed in vacuo and the 
brown oil distilled (through a 911 Vigreux column) to give 
2-bromo-5-chloromethylthiophene, b.p. 122-125° / l k  mm. , in 
53$ yield. •

Found, C, 28.9$ H, 1.7$- j C^H^BrClS requires 
C, 28.h-; H, 1.9$.

A quantity of 2-bromothiophene was recovered as 
fore-run (1*5 g*. ? 17$).

The conditions used and yields obtained in other 
similar chloromethylations are recorded in table.3*.
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Chloromethylation of 2-bromothiophene ̂

Ref Proportion of 
Reagents

MBT(g) HCHO(mls)

Solvent 
and 

Volume 
(mis)

Catalyst Reaction 
Time and 

Temp.
Yield

4-0 10 6.15 HC1.(5.8) - 2-J- hrs. 
0-5°.

2 0%

4-1 8.8 8 HC1.(8) 3nCl2 2 hrs. , 
35-4-0° 53%

39 ^3 19 HC1.(23)
+ Light
petroleum
(0-4-0°)

3nCl2 3 hrs. , 
0-10° 22

Table 3

Key MBT = 2-bromothiophene
HCHO = formaldehyde solution (37% w/v.}
Ref. 39 third column, light petroleum was used to 
remove the product from formaldehyde solution in 
attempts to increase yield.
In all experiments the solvents were saturated with 
hydrogen chloride gas, see references.

The conversion of 2-bromo-5-chloromethylthiophene into
2-bromo-^-formylthiophene (XIII)

2-Bromo-5-chloromethylthiophene (XIX, R = Cl)
(33*3 g.) was dissolved in chloroform (120 mis.), and heated
under reflux with hexamethylene tetramine (23 g.) for two hours.
The mixture was cooled and the white solid filtered off. The
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air dried product (5*+ g; 98$), was dissolved in hot water 
(250 mis.), steam distilled rapidly, and the distillate (2 
litres) acidified (dilute hydrochloric acid), saturated with 
salt and extracted with ether. The ethereal solution was 
dried (MgSO^.) and evaporated to give 2-bromo-5-f or ray It hi op he ne 
(6.9 25$), b.p. 89-92°/5 mm, which was characterised as
its phenylhydrazone, m.p. 112°. Gronowitz (*+9) gives m.p. 
111-112°. The infrared spectrum of the aldehyde is shown in 
Figure 2.

N-methylformanilide
- was prepared as reported (V7) , b.p. 118-125°/

9 mm.yield 90$.

2 - f or my It h i op he ne

-was prepared according to the method of Nord and 
King (U-8). The crude product (yield ca. 6l$) was not purified 
but was brorainated directly, as below.

Bromination of 2-formylthiophene

-was carried out by the method of Gronowitz (^9), 
fractional distillation of the crude product gave 2-bromo-5- 
formylthiophene b.p. 82-85°/3 'mm. in 55* 5% yield.

Preparation of 2-bromothiophene

This was obtained as a by-product in the preparation 
of 2,5-dibromothiophene.
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Further samples were obtained by the methods of 
Buu-Hoi (7*0 and Krauze and Renwanz (75)> b.p. 50°/15 mm., 
in yields of 20$ and 50$ respectively.

The infrared spectrum of 2-broraothiophene is shown 
in Figure 3*

Formylation of 2-bromothiophene
Was carried out by the method of Nord and King 

(*+8), fractional distillation of the crude product gave 2- 
bromo-5-f* ormylthiophene, b.p. 80-83°/l mm., in 50$ yield.

The ethyleneketal (XI) of 2-bromo-5-formylthiophene
A mixture of 2-bromo-5-formylthiophene (7.0 g.), 

ethylene glycol (b.p. 19*+°* 2.5 g.) and toluena-p-sulphonic 
acid (0.2 g.), in dry benzene (20 mis.), was heated under 
reflux for five hours, the water formed being separated, in a 
Dean and Starke apparatus, as the benzene azeotrope. The 
reaction mixture was then cooled, anhydrous potassium carbonate 
(0.5 g.) added, and allowed to stand for twelve hours. After 
filtration, the benzene was distilled in vacuo. Distillation 
of the residue gave 2-bromo-5-formylthiophene ethylene ketal, 
(7.7 g., 90$) b.p. 109-ll6°/3-1+ mm.

yj

Found: C, 35.6; H, 2.8$, Cr7H^02BrS requires C,
35.8; H, 3.0$.

The infrared spectrum of this compound is shown in
Figure k.
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Attempted coupling reactions
All reactions were carried out in an atmosphere 

of nitrogen.

1. The coupling of phenylmagnesium bromide and 2-bromothiophene 
To a solution of phenylmagnesium bromide in ether, 

prepared from bromobenzene (9*6 g.) and magnesium (1.5 g«) as 
described on page was added cobaltous chloride ( O A  g. ,
previously dried at 150°/A mm.). A solution of 2-bromothiophene 
(10 g.) in an equal volume of dry ether was then added drop- 
wise, with stirring at room temperature, during half an hour.
The dark brown mixture was heated under reflux for five hours, 
cooled and hydrolysed with sulphuric acid (2N). The ether 
layer was separated, and the aqueous layer extracted with ether. 
The combined ethereal solutions were dried (MgSO^), and the 
solvent removed in vacuo. Distillation of the residue gave 
recovered 2-bromothiophene (6.0 g., 60$) and diphenyl (3.0 g.,
6bf0) identified by its infrared spectrum and mixed melting point
with an authentic sample.

2• The coupling of bromobenzene with 2-bromothiophene-5-
magnesium bromide

A solution of 2-bromothiophene-5-magnesium bromide
in ether was prepared from 2,5-dibromothiophene (15.g.) and
magnesium (1.6 g.) as described in (a), page |°l<\ . Anhydrous
cobaltous chloride ( O A  g.) was added to the cooled solution,
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when a vigorous reaction ensued, and then bromobenzene 
(15.6 g.) was added rapidly with stirring and the mixture 
heated under reflux for two hours. The mixture was cooled, 
hydrolysed with 2N. sulphuric acid (a black tar precipitated 
at this point), the ether layer separated and the aqueous 
layer extracted with further ether, the combined ethereal 
solutions were dried (CaCl^), and the solvent removed in vacuo. 
Distillation of the dark red residue gave bromobenzene b.p. 
3 W 5  mm ( 11 g. ) in 70$ yield and 2,5-dibromothiophene, b.p. 
70-7^°/15 mm., A . 9 g. * recovered 39$) confirmed by comparison 
of infrared spectra with spectra of genuine samples.

The black tar gave positive tests for bromine and 
sulphur, but no purification was achieved.

Preparation of phenylethynylmagnesium bromide (XXVII) and 
its conversion to phenylpropiolic acid (XXXVIIl)

Magnesium (0.82 g.) was activated by warming with a 
crystal of iodine, and a solution of ethyl bromide (b.p. 37- 
39°> 3*7 g«)> in an equal volume of dry ether, was added and 
the mixture warmed until a vigorous reaction commenced. The 
mixture was cooled and dry ether (30 mis.) was added. The 
mixture was then heated under reflux until all the magnesium 
had dissolved (ca 5 hours), and then a solution of phenyl- 
acetylene (b.p. 21.5/l+mm., 3*9 g.) in an equal volume of dry 
ether was added to the cooled solution during fifteen minutes 
with stirring. The resulting solution was allowed to stand
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until evolution of gas had ceased (1 hour), and then heated 
under reflux for three hours.

The solution of the acetylenic Grignard reagent was 
then poured on to an excess of solid carbon dioxide, the 
mixture allowed to reach room temperature, hydrolysed with 
hydrochloric acid (2N.), and the yellow ether layer separated. 
The aqueous layer was extracted with a further quantity of 
ether, the combined solutions dried (MgSO^) and the solvent 
distilled in vacuo. The resultant yellow oil crystallised on 
standing and the solid was recrystallised from water to give 
colourless needles, m.p. 133-13*+° (lit, m.p. 135-136°), in 
yields of 80$.

Coupling of phenylethynylmagnesium bromide with ketal (XI) 
ol A solution of phenylethynylmagnesium bromide in 

ether was prepared from ethyl bromide (3.7 g.)> magnesium 
(0.82 g.), and phenylacetylene (3*89 g.) as described on page

This solution was cooled (ice-salt), and anhydrous 
cobaltous chloride (0.3 g.) added with stirring, followed by 
a solution of the ketal (XI) (8.0 g.) in an equal volume of 
dry ether during one hour. The mixture was stirred at room 
temperature for twelve hours, and hydrolysed by addition of 
ammonium chloride solution (10$, 20 mis.). The ether layer 
was separated and the aqueous layer extracted with further 
quantities of ether. The combined ethereal solutions were
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dried (MgSO^) and the solvent removed in vacuo, the red oil 
obtained being distilled to give phenylacetylene, b.p., 26°/
*+ mm., (2 g. , 60$) and broraoketal (XI), b.p. 126-130°/3-i+ 
mm., (5 g*? 62.5$). ^he identity of these fractions was 
confirmed by a comparison of their infrared spectra with 
those of the genuine materials.

Prior to distillation, the crude reaction mixture 
on standing, gave traces of a brown solid, m.p. 73-76°, 
which gave no positive test for sulphur and did not contain 
an aldehyde group, (diphenylbutadiyne, lit. m.p. 88°).

There remained in the flask, after distillation, a 
high boiling residue, which decomposed on attempted 
distillation.

b. The above reaction was modified as follows:

A solution of the Grignard reagent in ether was 
cooled in a solid carbon dioxide-methylated spirits bath, 
and after addition of cobaltous chloride a solution of ketal 
(XI) in ether was added slowly with stirring, over two hours. 
The mixture was then allowed to warm to room temperature, and 
heated under reflux for two hours. After cooling, the mixture 
was hydrolysed with hydrochloric acid (?N., 10 mis.), the 
ether layer separated, and the aqueous layer saturated with 
salt and extracted with ether. The solvent was removed from
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the dried (MgSO^) ethereal solutions to yield a brown oil.

Sodium bisulphite solution (a saturated aqueous 
solution containing 70$ ethanol; 15 mis.) was added to the 
oil, and the solid obtained by refrigeration of the mixture 
was filtered, wahhed with a little alcohol and ether, air 
dried and shaken with sodium carbonate solution (2N., 30 mis.). 
The solution was extracted with ether, the ethereal solution 
dried (MgSC^) and the solvent removed in vacuo to yield a 
yellow oil (6.0 g.) which when distilled gave 2-bromo-5- 
formylthiophene b.p. 86-87°/3A mm., (5*6 g., 78$ yield).
The absence of aldehydic and acetylenic components in the 
ether extracted steam distillate was shown by physical 
methods.

c. A further modification of the reaction required 
the use of the reverse addition technique:

An ethereal solution of phenylethynylmagnesium 
bromide was prepared from magnesium (1.0 g.), ethyl bromide 
(3*7 g.) and phenylacetylene (3.0 g.) as described, page Xo<\

This solution was added dropwise at 0°C to a 
stirred suspension of anhydrous cobaltous chloride (0.3 g») 
in the bromoketal (XI) (6.3 g.). On completion of addition, 
the mixture was heated under reflux for three hours, cooled, 
hydrolysed with hydrochloric acid (2N., 10 mis.) and the
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ether layer separated. The aqueous layer was extracted with 
ether, the combined ethereal solutions dried (MgSO^) and the 
solvent removed in vacuo to yield a yellow oil (10 g.).

Treatment of the oil with sodium bisulphite, as 
described above, gave 2-bromo-5-formyl thiophene (3A  g*? 
59$)? as indicated by infrared spectroscopy.

d. The reaction was repeated exactly as above, using 
cuprous chloride (0.3 g.) in place of cobaltous chloride as 
catalyst. Again only 2-bromo-5-formylthiophene was obtained.

Table ^  p a g e ^ ‘USTsummarises the conditions used
V;'„and results of the coupling reactions.

Attempted coupling with metal acetylides
a. Phenylacetylene (3*5 g») was added dropwise to 

small pieces of sodium (0.8 g.) covered with dry ether 
A O  mis.); hydrogen was evolved and a white suspension 
formed. The mixture was gently heated under reflux for two 
hours, then the ketal (XI) (8 g.) was added dropwise in 
an equal volume of dry ether, and the suspension heated under 
reflux for two hours. Water (10 mis.) was then added drop- 
wise with vigorous stirring, the ether layer was separated 
and the aqueous layer extracted with ether. The combined 
ethereal solutions were dried (MgSO^) and the solvent 
distilled in. vacuo.
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The residual oil (9.0 g.), which gave no positive 
test for an aldehyde group, was hydrolysed by shaking at 
room temperature with hydrochloric acid (2N., 15 mis.), 
extracted with ether, and the ether layer separated. The 
solvent was removed from the dried (MgSO^) ethereal solution, 
giving a yellow oil (8.0 g.) which gave a positive test 
with Brady*s reagent.

The aldehyde fraction of this oil (5.5 g. ? ca.
60$), obtained by treatment with sodium bisulphite as 
described above, was shown by infrared spectroscopy to be 
2-brorao-5-formylthiophene.

b. A suspension of sodium phenylacetylide in ether 
was prepared from phenylacetylene (7.7 g.) and sodium 
(1.7 g.) as described above. Most of the ether was removed 
in vacuo and liquid ammonia ( A O  mis.) was added. The 
ethyleneketal (XI) (A. 1 g.) was added dropwise during one 
hour with stirring. After five hours, the ammonia was 
allowed to evaporate, and the residual yellow solid 
hydrolysed carefully by addition of hot water, to produce 
a red solution which was acidified to litmus (2N.HC1), 
saturated with salt and extracted with ether. The solvent 
was removed from the dried (MgSO^) ethereal solution in. 
vacuo,, to give a yellow oil (15.g.).

The aldehyde fraction of this oil (9 g., ca, 55$)?
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Attempted coupling reactions,

Reactants Solvent
and

Catalyst
Reaction
temp.

Reaction 
time 

(hrs.)
Isolated
Products

PhMgBr
MBT

Et her 
CoCl2

Reflux 5 diphenyl 
+ MBT

PhBr
Br.Tb.MgBr

Ether, 
C0CI2 Reflux 2

Tar + 
PhBr

Phc=cMgBr
(XI)

Ether, 
CoCl2

a)-5 to 0°
b)Room 
temp.

a) 1
b) 12

Phc=CH and 
the ketal 
(XI)

Phc=cMgBr 
(XI) *

Ether,
CoCl2

a)£a. -60°
b)reflux

a) 2
b) 2 2-bromo-5- 

formylthiophene
Phc=cMgBr
(XI)
reverse
addition

Ether,
CoCl2

a)-5 to 0°
b)reflux a)^5 mins

b)3.5
2-bromo-5- 
formylthiophene

Phc=cMgBr
(XI)

Ether,
CU2CI2

a)-5 to 0°
b)reflux

a)^5 nans
b)3.5

2-bromo-5- 
f or my It h i op he ne

Pbc=cNa
(XI)

Liquid
ammonia

reflux 5 2-bromo-5- 
formylthiophene

Phc=cNa
(XI)

Ether reflux 2 2-bromo-5-f ormy It h i op he ne

Key
PhMgBr = phenylmagnesium bromide 
MBT = 2-bromothiophene.
PhBr = bromobenzene.
Br.Th.MgBr = 2-bromothiophene-5-magnesium bromide. 
Roman numerals refer to compounds in text.

Table



separated by treatment with sodium bisulphite as described 
above, was shown by infrared spectroscopy to be 2-bromo- 
5-formylthiophene.• • • •
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All melting points were taken on a Kofler block and 
are rmcorrected.

All infrared absorption.spectra were measured on a 
Perkin Elmer 'infracord1 spectrophotometer.

Gas chromatography was carried out using a Perkin 
Elmer fractometer, no, 116,
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