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Diosynthesis of Some Nitxogenous Fungal Metabolities

Summary

Feedings of Trichoderma viride with ring-

tritiated aromatic amino-acirds have shown that
m-tyrosine is not an obligatory precursor of
gliotoxin and that during conversgion of phenyl-
alanine into gliotoxin, neither loss nor migration
of the ring protons occurs. A phenylalanine

epoxide intermediate is proposed.

Gliotoxain deraived from side-chain traitiated
phenylalanines shows complete loss of 2'-label
and partial loss of.(3'§) and (3'R) label, the
latter predominating. Similar losses are encount-
ered in protein phenylalanine from the same feedings.
Assay of the mycelial phenvlalanine samples with
phenylalanine ammonia-lyase shows predominant
retention of the (3'-pro S)-proton. Gliotoxin
biosynthesis therefore involves loss of the 2'-
proton and retention of the 3'-protons. Loss of
the (3'-pro R)-proton is an independent process.
The relationship between 3'-label loss aud
incubation time is investigated.

IH.P—BH]Tryptophan retains all of its label
on conversion into agroclavine and elymoclavine

by Claviceps purpurea (penﬁisetum). A bio-

synthetic hypothesis involving an indole-2-
thiocether intermediate 1s therefore unlilkely,
but no syntnesis has been found to conclusaively

eliminate the possibility of migration.



Introduction

The Epidithiadiketoprperazine Antaibiotics
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Gliotoxin (1), discovered ain the 1930's by Weindlingi,
was the first known member of a group of antibiotics which
have since comec to light. All are characterised by contain-
ing the 2,5-diketopiperazine~3,6-cpidisulphide grouping.
Gliotoxin2 is a powerful toxin to animal, bacterial and
fungal cells. More recently it has been shown to have
antiviral properties as we113. Several moulds, including
Gliocladium fimbriatumz, Aspergillus species, particularly

A fumigatus4’5, Trichoderma viride6 and Penicillium

7

terlikowskii’, have been shown to produce gliotoxin. A

number of other related metabolites have been obtained
from the last organaism, particularly dehydrogliotoxan (2}?
and its isomer (3) or (4)8’9. The polyketopiperazine
derivatives (5), (6) and (7) of indole-Z2-carboxylic acid

»

and of 7-hydroxyindole-2~carboxylic acid have also been

reported from cultures of P. terlikowskiiio. The structure

of gliotoxin for many years remained a mystery. Much
chemical evidence, but wvery little spectral evidence, has
been put forward to support its structure. Indeed although
several references have been made in the literature to the
n.m.r. spectrum of gliotoxin it has not yet been publlshed7;
neither have the i.r. or mass spectra. The u.v. spectrum
has been reported by Johnsonz. Much work has been dedicated
to establishing the structure of gliotoxin by chemical
degradation, the degradation products being identified by
synthesis. An ample review of this work alrcady existsg.
Scheme I shows the degradations and appropriate references.
From this evidence, early worker515 deduced the complete

structure (8) for gliotoxin. In 1953 the existence of a
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Notes to Scheme I

o~-Chloranil in refluxing benzene?.

Grade II neutral alumina columnii’iz.

Alcoholic sodium methoxide13'14’15’16.

Agqueous barium hydroxide17’18.

Heating with selenlumig.

Aluminium amalgam in ethan0113’16. Raney nlckelac.

Red phosphorus and hydriodic acidlg.
7

Hydrogen chloride in acetic acid .

21

R=H, Reflux in 2N-methanolic KOH13.

R=Me, Trimethylamine or methanolic sodium methoxidezz.

(i) Thionyl chloride. (ii) N-Methylalanine methylester?

Base in methanol, cf.(k)7.

(i) Dimethylsulphate in base. (ii) Zinc in acetic acid/

acetic anhydr1de7'10.

Thionyl chiloride2>.

Methylaminezs.

Oxalyl chloridelg.

N-methylalanine methyl ester23, R = Me.




STRUCTURES of GLIOTOXIN

(8) after Elvidge (1949)

(9) after Johnson (1953)
\
\
|
|

after Woodward (1958)
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cyclohexadiene unit waithin the molecule was recognised16
and the structure was modified to (9). The structure (1)

!
which is now accepted as correct was put forward in 19582*.

The absoclute configuration has since been established by

X-ray crystallography76.

32

Although Turner implies that the absoclute configura-

tion of dehydrogliotoxin (2) from P. terlikowskii is not

known, it seems reasonably certain on the basis of published
ev:l.dence?’9 that the mnatural material is identical to the
product obtained when gliotoxin is refluxed with o=-chloranil
in benzene. Since 1t is not likely that the disulphide
bridge can undergo inversion under these conditions
dehydrogliotoxin (2) should have the same configuration as
gliotoxin (1).

The sporidesmins, another group of epidithiadiketo~-
piperazine antibiotics have been isolated, together with the
sporidesmolide depsipeptides (10), from the fungus

Sporidesmium bakeri, which has since been renamed Pithomyces

chartarum. Screening of the organism was carried out after
its presence in pasture had been correclated with occurrence
of facial eczema in sheep. That facial eczema is associated
with an extract termed "sporidesmin" was first reported in

25,26,27

1959 Four years later, the first compounds of

_this group, sporidesmin (11) and sporidesmin B (12} were
purified and characterised chemically and spectroscopicallyzgo
The absolute configurations shown in these structures was
established by X-ray crystallographyzg. Configuration at
the disulphide bridge is the same as in gliotoxin. Subse-

quently, a number of closely related metabolites have been

isolated and characteraised. Sporidesmin C (13) has a
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trisulphide, instead of a disulphide bridge, connecting

C-6 of the daketopiperazine ring and the methylene (C-3a)
attached to C-3 of the diketopiperazine ring. Mass spectral
and n.m.r. data have been published30, but no information
on the configuration of the molecule is available.

Sporidesmins p1! (14) and F (16) have been assigned their

77

structures on the basis of simple degradations from

sporidesmin 1tself and almost certainly have the configura-
tions shown. Another epitrisulphide, sporidesmin g>> {15)

has sulphur bound only to the carbon atoms of the

3l

diketopiperazine grouping” . Its structure has becn

35

correlated with that of sporidesmin by both synthesis and

degradationSG. Of particular interest i1s that there are two
possible conformers for the central sulphur atom, and the
n.m.r. spectrum undergoes simplification when the sample is
warmed to SSOC. This phenomenon has also been observed with

37

model compounds”’. An attempt to separate the two conformers
of sporidesmin E at low temperature was unsuccessfuljﬁ.
Recently a further anaolgue of sporidesmin having a

38

tetrasulphide bridge was isolated and has been named

sporidesmin G (17). The free energy of interconversion of
its conformers is much lower than in sporidesmin E38J

As in the case of gliotoxin, much of the chemistry of
the sporidesmins has consisted of degrading the molecule in
order to produce fragments which may be identafied by
synthesis. The work is well reviewed8 and so will not be

presented in detail here. An outline of the degradations

carried out on sporidesmin with appropriate references is

shown in Scheme I1. Generally the sporidesmin and gliotoxin
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Notes to Schewre I1

Sodium azide in dilute sulphuric a01d39.

{i) Chloral hydrate. (ii) Hydroxylam1ne39.

t-Butyl hypochloriteBg.

(i) lsomerise in sodium hydroxide. {(ii) Daimethyl-

sulphate39.

39

R=H, R!'=0H, Mercury; shake at room temperature””,
Methanolic sodium hydrox1de39.

/
R=Ac, R'=H, Boron trifluoride etherateio.

Boron trifluoride etherat941.

Traiethylamine in benzen641.

R=Ac, R'=0Ac, Zinc in acetic acird/acetic anhydr1d942

!
Hydrogenation palladium/charcoal an methanoliz.

Potassium permanganatekz.

Zinc in acetic acidkz.

Dilute sodium hydroxidekz.




degradation products are analagous, although frequently
arrived at by different procedures.

More recently, work on the chemistry of the sporidesmins
and of dehydroglaotoxin has been directed at the bridged
diketopiperazine disulphide moiety. Safe and Taylor35 have
reported that the homologous series (18) n=2,3,4k etc. may
be ascended stepwise by reaction of a parent compound (n3j2)
with one molar equivalent at a time of dihydrogen disulphide.
In this way, sporidesmin E having all the properties of the
natural compound, and a tri- and tetra-thic analogue of
dehydrogliotoxin may be obtainedjs. The same author536 have
since reported that the homologous series (18) may be
descended down to n=1 waithout loss of configuration about
the C~S bonds. In this case the reagent used was
triphenylphosphine. When the compounds (19) and (20), (X=S)
were oxidised with m-chloroperbenzoic acid, the sulphoxide
bridged species (19) and (20) (X=S0) were produced. Loss of
confaiguration in the sulphoxide was explained by the sequence
shown in Scheme II1I.

Since it is the epidithiadaiketopiperazine structure
whicit 1s known to confer antibiotic properties on thesse

43

metabolites -, numerous attempts have been made to synthesise

this type of structure. For example Coreykq, I..au't:enschlaeg_;eri*5
and WeilQG have all independently shown that disulphur
dichloride can add across unconjugated cyclic dienes,
2-Mercaptoalanine, produced by a modification of Erlenmeyer's
azlactone synthesis and its methyl ester, can be coupled,

b7

using ferric ion to give a bis (2,2-alanino)-disulphide .

No indication is given of the stereochemistry, and presumably
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sporidesmin or
dehydrogliotoxin»—

~; ]
(18) \ Q/

N

%
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racemates are used throughout. Other worker548 have pre-
pared 3,6-~diethoxycarbonyl~1,4~dimethylpiperazine~2,5-dione
(21). The 3,6-dicarbanion of this compound, prepared by
heating (21) with sodium hydride in a suitable solvent
readily gives a range of products (22}, (n=0,1,2,3,4) wath
disulphur dichloride. Yields were very low&B' Poisel and
Schmidt49 have since carefully studied the addition of
sulphur across various diketopiperazines. Treatment of
2,5-dibromo~1,4~dimethylpiperazine~3,6-dione (23) with
methanolic methyl mercaptide, gave a mixture of cis- and
trans-2,5~dimethylthiopiperazinediones (24). When thas
material was treated with base it isomerised to one form.
Bridged species (25) (X=S(Cs)s, X:Sg) were formed by treat-
ing the daibromo compound with thiocarbonate or tetrasulphide
respectively. Reduction of (25) (x:sq) with borohydride
gave the cis-dithiol {(26) which on treatment with phosgene
yielded (25) (X=S(C0)S). This latter compound was also
obtained from (25) (X={(CS)S) by treatment with mercuric
acetate!?. The dithiol (26) could be oxidised to the
disulphide-~bridged species (25) (X:Sz) by iodine/potassium
iodide at a water/chloroform interface or by ferric ion and
oxygenso. The same workers have metallated L-prolyl-L«
proline anhydride (27} with butyllithium, It is claimed
that the 3-carbanion can be reprotonated to give (27)
without change of stereochemistry. However the 3,6~
dicarbanion reprotonates or alkylates to give a trans-
dikelopiperazine derivative. Stepwlse metallation followed
by treatment successively with sulphur and ethyl bromide

gave (28) (R:Sbt)sl. Treatment of (27) with sulphur an the
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presence of sodamide gave a mixture (28) (R=SH) and (29}
(X:Sn)sz. Reduction of the oligosulphide (29) (X=5_ ) with
borohydride to the mixture of cis-enantiomers (30) (R=511)
followed by oxidation with iodine/iodide yiclded (29) (X:Sz).

23

Trown reported the preparation of di{acetylthio)-N,N-
dimethylpiperazine-2,6~dione from the dibromo compound (23).
This was hydrolysed to the dithiol (presumably (26)) and the
sulphur atoms linked by treatment with 5,5'-dithiobis-
(2-nitrobenzoic acid). No mention is made of the stereo-
chemistry. A yield of 70% is guoted for the last reaction.
Although no attempt at the synthesis of gliotoxin or
54

dehydrogliotoxin has yet been reported, Witkop has
synthesised the parent diketopiperazine (31) of sporidesmin
in good yield, and other workers have prepared a 2,3-5]-
pyrroloindole with a hydroxyl function at position 3a (32)55.
56

In a recent paper , the indole derivative (33) was reported,
which has the same oxidation state as sporidesmin, and which
could furnish a convenient starting material for total
synthesis.

When the work on which this thesis is based was begun
in 1969, biosynthetic studies on gliotoxin and sporidesmin
had been carried out which merited further investaigation.
These are reviewed below. Appropriate references to

_biosynthetic work published since 1969 will be presented as
the author's work is described.

Suhadolnik18 showed in 1958 that gliotoxin was derived

from phenylalanine rather than from tryptophan and acetate.

In particular the 1' and 2' carbon atoms of phenylalanine

were retained in gliotoxin as shown by carbon-14 labelling
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studies, implying that all nine carbons of phenylalanine

were incorporated, since all activity in gliotoxin derived
from Dﬂ-14q]pheny1alan1ne was located at the i-position

in gliotoxin (Scheme IV). A slight incorporation of
Imethzl—léqlmethionine was interpreted in terms of methionine
being the source of the N-methyl group in gliotoxain. In a
second paper57 the biosynthetic relationship between
phenylalanine, in this case tritiated, and gliotoxin was
again demonstrated, and 3H'-m—tyrosine was incorporated

even more readily. The Emethxl-14€]methionine experiment

was repeated, and in this case the label was found by
degradation to be located entarely in the Nemethyl group of
gliotoxin. VWhen &-1qé]serine was fed the label was entirely
located at C-4 in gliotoxin. The label from [§;1qq15erine
appeared at C-3a and N-CHy in the metabolite. [_z-”*c] Glycine
was also incorporated to a slight extent into gliotoxin, the

label beang located at C-3 and N-CH The findings of

3
Suhadolnik's group are summarised in Scheme V.

Bose et gi.iz discovered that sufficiently po00d incor-
poration of precursors into gliotoxin occurred to make
heavy-isotope labelling practicable. He used mass
specirometry both to measure the incorporation levels and
to locate the label. All gliotoxin was degraded to the
anhydrodesthio~derivative (34) before analysis. D5é]_
Phenylalanine was found to be incorporated into the N=5
of gliotoxin. The label from E5§]glyc1ne was found in
both N-2 and N-5. Label from E—is(::]- and E2-1BC]glycine
and from [?SQ]formate were incorporated but the position

of incorporation was not conclusively shown. Bose et al.
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deduced that phenylalanine may be incorporated either

intact or via a nitrogen-free intermediate of some sort.

50

In a later communication the sane workers found that

whereas there was no appreciable difference between the
dilution factors of 130 and 140 in gliotoxins derived from
@'-130,1‘—14CJ-, and Bﬂ~130,3'-14d)phenylalanines, the
dilution factor of 15N was about three times that of 14C

when E'-iéc,isN]phenylalanlne was fed, whether D—[}'-lgd]-

or L-l}'—iQC]phenylalanine was fed together with
DLm-ESN]phenylalanlne. Although no label from @rlqé]aspartate

15N from labelled aspartate could be detec-

15

was incorporated,
ted at both N-2 and N-5 of gliotoxin. Likewise N enrichment
due to labelled glutamate could be detected at both positions.
When Taylor et 2&.10 discovered diketopipcrezaines of

indole-2-carboxylic acid and of 7-hydroxyindele-2-carboxylic

acid in cultures of P. terlakowskii, which also produces

gliotoxain and dehydrogliotoxin, it seemed likely that these
were intermediates in the biosynthetic route. Indeed Tayler
postulated (7) as the precursor of gliotoxin, accountaing for
(5) and (6) by the postulated secondary routes shown in
Scheme VI. Later Taylor's group cla1med59 that (7), labelled
withigc in the benzenoid ring was incorporated into dehydro-

gliotoxin and gliotoxin by P. terlikowskii. The route from

phenylalanine was taken to be via m-tyrosine, (7) and

-

dehydrogliotoxin to gliotoxin itself., Ilowever in the same
year as this report the discovery of aranotin (see below)

60,61 that gliotoxin might be formed

prompted the suggestion
by attack of the amino-acid nitrogen upon an arene oxide

species. (Scheme VII). This route and that proposed by
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Suhadolnik and Taylor are clearly mutually exclusive. The
author's worlk has partly been to establish whaich is the
actual biosynthetic route.

Worlkk on sporadesmin has been oriented towards prepar-
ing the labelled toxin for tracer studies of its metabolaism
by sheep. Brook and Matéhews62 have reported that 355 from
labelled sulphate is readily incorporated intoe sporidesmin
(the crude preparation). Towers and erght63 have rcported
incorporation of [3'—14§]trypt0phan, of uniformally labelled
E&é]serine, alanine and glycine, of L-Imethzl—iqé]methlonlne
and of [?5é]cyste1ne(L), methionine(L) and sulphate but not
of @—1&q1cysteine or phenylalanine. Although the results
indacate that tryptophan and alanine are the likely pre-
cursors, rather than the 5-chloro-6,7-dimethoxyindole
derivataives postulated by Taylorsg, ne values for the
incorporations are presented, and no fast conclusions can
be drawm.

The aranotins are another class of dithiadiketopipera-
zine antibiotics, which possess an oxepin ring as part of
their general structure. Compounds of this type are

derived from Arachniotus aureus (Eidam) Schroeter60 and from

Aspergillus terreus64.

Aranotin (35) (R=H), acetylaranotin (35) (R=Ac) and
bisdethiodi~{methylthio)lacetylaranotin(BDA)(3%6) were dis-
covered to be the main antaiviral metabolites of

65

Arachniotus aurcus ~. Relationships between the structures

were established by acetylation of aranctin to acetylaranctin

and partial hydrogenation of the latter and of BDA to a

. . , 20
common diaketopiperazine deraivative using Raney nickel™ .
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This latter reaction 1s of particular interest in that from
the aranotin series a diketopiperazine having the same con-
figuration as the parent is obtained, whereas that from
gliotoxin is partially racemisedzo. An explanation for this
phenomenon is suggested by the work of Peisel and Schmidtsz.

The existence of an oxepin ring in aranotin was deduced
from studies of the n.m.r. and mass spectra of the compound
itself and of the cyclic cether produced by complete hydro=-
genation over Raney nickel.

Metabolites designated LL-S884& and LL-SSS@ with anti-

viral properties have been isoclated from Aspergillus terrcus

and their spectral properties recorded.66 In a later paper
LL-8886 & was reported to be identical with acetylaranotin.

It 2s likely from the evidence66 that LL-sSSp is BDA (36).

Comparison of circular dichroism curves of acetylaranotin

and gliotoxin shows good correlation between the twozo, as

would be expected from the work of Taylorqo. Good correla-
tion is also observed between c.d. curves of perhydrodesthio
acetylaranotin (37) and Le-prolyl-L-proline anhydride (27)}.

67

The absolute configurations of the acetylaranotin and
BDA molecule568 have been assigned as (35) and (36) on the
basis of X~-ray crystallographic data.

Two other metabolites related to both the aranotain and

the glzotoxin series have been isolated from Arachniotus

aureus cultures., These are named apoaranotin (38) and
bisdethio~di(methylthio)~-acetylapoaranotan (BDAA) (39)69.
The stereochemistry of their carbon skeleton has been
correlated with that of gliotoxin and aranotin but no

attempt has been made to show the configuration of the




disulphide bridge. Nevertheless it 1s almost certain to
be RyR as in the other aranotains.

The discovery of the aranotins and particularly of the
apoaranotins represents a landmark in the biosynthetic work
on gliotoxan. Since arene oxides are known to undergo

?0, a brosynthetic pathway can be put

tautomerism to oxepins
forward69 which wall account both for the hydroxylated
cyclo-hexadrenyl unit of glaotoxin and for the oxepin group-
ing in the aranotins (Scheme VIII). In both groupings the
stereochemistry of the C-OH and C~N bonds suggest a
biosynthetic route involving rearside attack by nitrogen
of an epoxide function.

In 196860 preliminary feeding experiments with cultures
of Arachniotus aureus showed that D- and L- @'—14Q]phenylalan1ne

14

were readily incorporated into BDA, as was L methyl-""C

methionine. Only low incorporations of variously carbon-1k
labelled tyrosine, proline, leucine, serine and tryptophan,
were observed, and it was demonstrated by Zeisel degradation
that most of the activity incorporated from L- methzl—iqc
methionine, DL-[3—140Jser1ne and DL[?'-lQC]tryptophan was
present in the S-methyl groups. When eguimolar amounts of
L-[?Sﬂ - and L-‘methxl-sﬁ]methionine were fed, the incorpora-
tion of tritium was higher than that of sulphur-35, indicating
that the S-methyl group of methionine is not transferred in
one step to the diketopaiperazine grouping of BDA. Incubation

with [?552] BDA demonstrated that this compound was not the

precursor of acetylaranotin. When equimolar quaniities of

L-[?SS]—and L-|methyl—3@]methionine were fed to P. terliaikowskia,
incorporation was of the same order for both isotopes. By

feeding L-[Bss]methionine to P. terlilkowskii in the presence

of a large excess of various sulphur-containing compounas, it
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was possible to show that DL-homocysteine and L-cysteine

both stimulate gliotoxin production, but homocysteine

35

S incorporation from methionine, while cysteine

a s

increases
greatly reduces 1t. DL-Cystathionine also reduce
rncorporation but did not affect gliotoxain production.
Sulphite and thiosulphate drastically reduced both the
production of gliotoxin and the incorporation of label.
The authors concluded that cysteine was the likely donor

of sulphur in gliotoxin biosynthesis by P. terlilkowskii.

Recent investigation of antibiotic fungal extracts
has led to the discovery of three new dithiadiketopiperazine

metabolites. From Chaetomium minutum has been isolated the

)71

bridged diindole compound chaetocin (40) (R=H . The gross
structure has been elucidated by spectroscopic studies,
Treatment with pyridine and acetic anhydride gave the
diacetate (40} (R=Ac) which yields (41) on desulphurisation
with aluminium amalgam. Compounds analogous to (&1) occur
in the gliotoxin and sporidesmin series. By means of X-ray
diffraction the absolute configuration (40) has been
assigned. Configuration about the disulphide bridge is
5,8 whereas all such metabolites previously described had
the R,R stereochemistry.

Circular dichroism maxima occur at the same wavelengths
as those of gliotoxin, sporidesmin B and acetylaranotin.
The extinction coefficients are comparable in magnitude, but
in the opposite sense in the two series. DL—[E-EH,S'-lch—
Tryptophan was incorporated (2%) into chaetocinj; the 3H:ﬂ!C

ratio altered from 9.2:1 in the precursor to 11.4:1 in

purified diacetylchaetocin (40) (R=Ac).
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A similar metabolite, verticillin A, (42) (R=Il) has

been obtained from Verticillium mould, strain No. TM—75972.

The acetyl and benzoyl derivatives (42) (R=Ac, Bz} have
been reported. Desulphurisation with aluminium amalgam
gives the compound (43) which readily breaks down on
treatment with base to 3,3'~biindolyl and 3-formy1-1,6—
dimethylpiperazine-2,5-dione (Scheme IX). Treatment of
acetylverticillin A (42), (R=Ac) with aluminium amalgam
followed by base gave the sequence shown in Scheme X.
From these reactions it was established that wverticallin A
has a symmetrical bis-indolyl type structure and hence
that it 1s an isomer of chaetocin. The configuration of
the disulphide bridge was established as S,5 due to the
similarity of circular dichroism curves of chaetocin and
verticillin A, Assignment of configuration to the
hydroxyl groups was based on i1.r. studies of hydrogen bond-
ing, and on the Cotion effect shown by the benzoyl deriva-
tive (42), (R=Bz).

An antibiotic extract was obtained from the organism

Chaetomium cochliodes as long ago as 194973. On the basis

of its sulphur content and high lability, Taylor8 suggested
it might be an epidithiadiketopiperazine deraivative, and in
1967 demonstrated a correlation between bacterial resistance
to gliotoxin, sporidesmin and chaetomin, as the Chaetomium

74

metabolite came to be called’’s Recently interest in

chaetomin has revived as a result of a possible correlation
between meadow-fungus and ruminant disease (cf. sporidesmin)
and publication of the structures of chaetocin and

verticilliin A has prompted Safe and Taylor75 to assign the
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structure (4%), or (45) to chaectomin. They report a
chaetomin diacetate, an N-methylchaetomin diacetate and

a chaetomin bistrimethylsilyl ether, preparced by treatment
with, respectively acetic anhydride, dimcthylsulphate and
trimethylsilyl chloride in pyridine., Chaetomin loses two
atoms of sulphur per molecule on treatment with
triphenylphosphine. Methanolic methylarodide in the
presence of pyridine and sodium borohydride gives a tetra-
S=methyl compound from which a formyl group has been lost,
Treatment of chaetomin diacetate under the same conditions
gives a tetra-S-methyl compound from which acetoxymethanol
has apparcntly been lost. Prolconged heating wath acetic
acid and acetic anhydride gave a compound described as
anhydrocdesthiochaetomin., Spectral data are given, but no
structures assigned for these deraivatives. Assignment of
the structure of the parent compound is very largely based
on spectral properties. The circular dichroism spectrum
is closely similar to that of chaetocin, indicating the

5,5 configuration (opposite to gliotoxain) about the

disulphide bridge.




Section A

Biosynthesis of the Tetrahydroindole Skeleton

of Gliotexin




A.1 Isoletion and Chenistry of Gliotoxin

Before fceding experiments with the organism

Trichoderma viride were carried out it was culturecd on

Johnson's medium2 by the technique described by Suhadolnik18

in the absence of radio-labelled precursors. Gliotoxin was
cbtained by chleroform extraction of the medium after 5 days.
It was easily obtained crystalline by washing the residue
from the chloroform extract with a little methanol.
Recrystallisation from methanocl gave material in which no
impurities are detectable by t.l.c. (benzcne 2, acetone 1 ;
silica) or by n.m.r. This product was generally still
greenish in colour. A further recrystallisation yielded
almost white crystals. No improvement in melting point was
noted after the second recrystallisation. However it was
alarming that the properties of this material did not quite
agree with any of those published by Johnsonz. The melting
range was 180-19506. with decomposition whereas Johnson2
reports a '"decomposition point" of 221°C, The specific
rotation was only -2550 whereas Johnson2 reports
de22—270°:10. An ultra-violet spectrum had the outline
reported by Johnson, butt’he.)smax was at 263 nm with a
shoulder at about 250 nmj; Johnson reported 27003.2

An i.r. spectrum (fig. 1) showed a broad band about

1 with a shoulder at 3,200 cmﬂl, indicating a very

3,400 cm”
strongly hydrogen-~bonded hydroxyl group, together with a
less strongly H-bonded group. The presence of small sharp

peaks between 3050 em~! and 2800 em~! indicated the

stretching of olefinic, aliphatic and N~mcthyl C~H bonds.

Carbonyl stretching absorption occurred as a saingle sharp
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band at 1665 cm-i, which was expected for a tertiary amide
in a 6-membered ring.

The n.m,r. spectrum of gliotoxin, (figs. 2 and 3)
showed a 4-proton multaiplet T4*0-%*4, the antegral of which
became 3 on addition of D20. The protons at positions 5a
and 6 resonated together at T"5+2. An AB, quartet centred at
T5.68 accounted for the prochiral methylene group at position
3a. Addition of D20 sharpened this signal considerably.
There was another perturbed doublet of doublets at T6+28 and
17°08 which was attributed to the methylene group at C-10,.
Assignment of these protons is somewhat controversial.,
Nagarajan et al.65 have assigned Hp to the upfield signal
and HS to the downfield pro%on in aranotin following the

obsexrvation that the lower signal moved upfield upon

desulphurisation wath Raney nickel. The actual changes in

chemical shift r<3por1:.eda0 are as follows,

R,R:S-S R=H Changg
7» 7“ Hz
HF_1 7+30 7+205 - 95
Hp_ o 5+ 88 7+025 +114+5
HD L.g1 4,80 - 11

hei7 Lolth + 27

nm
e
w

|
A%

L

e

!
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fig.2—GLIOTOXIN (1)
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fig.3-GLI OTOXIN
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Since protons located on the same side of the molecule
as the disulphide braidge move upfield on desulphurisation,
while those on the opposite side move downfield, Nagarajan,
Neuss & Marshzo have postulated that the d-orbitals of
sulphur are responsible for shifting the HF signal down-

2
field. On the basis of this argument Bu'Lock78

has assigned
the downfield signal to the (S)-proton at position 10 in
gliotoxin, and used the assignment to draw conclusions about
the stereochemistry of deuterium label incorporated at this
position. However, the author's own results (see Section B)
conflict wath Bu'Lock's argument, and it has become necessary
to reassign the (10R)- and (105)}-protons of gliotoxin. From
a model it can be seen that the (10R)-proton 1s well

situated for deshielding by the carbonyl group of positicon-1;

t

the same 1s true in aranotin. Removal of the disulphide

bridge releases the diketopiperazine from a rather strained
boat form and it becomes more planar. The (10R)-proton as
then twisted out of the proximity of the deshielding
carbonyl group. Slight coupling of the downfield doublet
is probably due to allylic coupling with the C-9 proton.

In gliotoxin the (10R)}-proton 1s in a plane at right angles
to that of the 9-%a unsaturation, and hence 1s ideally
situated for allylic coupling with H-9. 1t 1s alsc possible
to explain the changes in shift of HC' HD and HF reported
by Nagarajan et a1.20 in terms of motion into orzout of the
fringe of carbonyl deshielding, but these changes are so

small relative to that of H, , that a detailed explanation

Fq

is unnecessary.

An n.nm.r. spectrum of desthiodihydro-gliotoxin (46),
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produced by the action of amalgamated aluminium on glaiotoxin
is presented (fig. 4). Although the region around {7 is
obscured somewhat by the N-methyl group, an AB quartet is
visible, centred attT7+12. If it is taken to be a doublet
of overlapping doublets (J=19Hz) then these lattexr are
situated at T7+08 anaT7+18, A full assignment is given
in the experimental section.

The mass spectrum obtained for gliotoxin is also shown
{fig. 5)« Loss of sulphur is a typical fragmentation for

30'65,71. Since tne molecular

bridged compounds of this type
ion is in such low abundance, no pattern due to sulphur
isotopes was observed. Jomns derived from 7-hydroxyindole
e.g. (47) at m/e 159 and from indole itself e.g. (43) at
m/e 143 indicate derivation from a structure which can
aromatise either by loss of hydrogen or by loss of water,
Dehydrogenation of gliotoxin with o-chloranil by the
7

procedure of Lowe, Taylor and Vining' gave a good yield of
dehydrogliotoxain. The n.m.r. spectrum of this compound is
shown (fig. 6). It is closely saimilar to that of gliotoxin
except that aromatic signals about T30 have replaced the
olefin multiplet of the gliotoxin spectrum., Since posation
10 is now benzylic, the doublet of doublets due to that
methylene group has moved downfield and the lower-field
deoublet overlaps the AD quartet due to the 3a methylene
protons.

The mass spectrum of dehydrogliotoxain contains only
ions which may be assigned 6-hydroxy indole structures.

No derivatives of indole itself are observed. As with

gliotoxin the base peak is (M-52)+’ in this case at m/e 260.
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The infra-red spectrum is also similar to that of gliotoxan
except that 2t has a single sharp peak at 3,500 cmm1 instead
of the broad band at 3,400 4':mm1 in the gliotoxin spectrum,
On treating a solution with basc in_situ in the u.v.
spectrometer cell, a bathochromic shift was observed in the
spectrum. Thus tbe compound is phenolic.,
Anhydrodesthiogliotoxin (34) was prepared by treating
with gliotoxin with grade II neutral alum1na12 in benzene.
Since the compound has only been tenuously descrabed in the
llteratureil, it was characterised by microanalysis as well
as by spectroscopy, and was found to have the structure |
assigned by Bose et al.12
As a result of one of the biosynthetic problems encoun-
tered, it becawme desirable to assay the stereospecificity
of tritaium incorpoeoration at position 10 of gliotoxin., In
theory Llhis could be achieved by converting gliotoxin ainto
a peptide of phenylalanine by cleavage with lithium in laigquid
ammoniagg, (Scheme XI R=H) but in practice no aromatic
product was isolated. An 0O-diacyl derivative was therefore
sought, since an acyloxy group is a better leaving group and
might facilitate cleavage (Scheme XI, R=acyl). Although

79,15

dibenzoyl gliotoxin has been reported no attempt was

made to prepare this material because these compounds had

not been well characterised and because a *l:rlbenzoate?9 had

also been claimed. Acetylation therefore, with acetic
anhydraide or with acetyl chloride in the presence of pyridine,
gave the same product (by t.l.c; benzene; silica). This
material would not crystallise but was extensively purafied

» and characterised as the 3a-0O-monoacetyl derivative of
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Scheme Xl




gliotoxin. The n.m.r. spcectrum (fig. 7) was identical to
that of gliotoxin except for the singlet atT7.86 duc to
an acetyl group, and the fact that the AB quartet due to
the 3a methylene protons was centred at?5+15 instead of
T5.68 as in gliotoxin. This was clearly due to deshielding
by an acetyl group. Interestingly, the proton from the
6-hydroxy group was visible in this spectrum as a sharp
peak at T4+30, whaich disappeared on addition of D20 to the
sample.

No matter what acetylation conditions were used,
this monoacetyl gliotoxin was the only product isolated.

The approach was eventually abandoned since both gliotoxin

and time were in short supply.
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A.2 Labelling and Feecding of m-Tyrosine

The raing protens of phenclic amino-acids are known to
be readily exchanged on heating with deuteraiated or
troitiated acidgo. In general only the protons ortho and
para to the phenolic hydroxyl are exchanged, but it was not
certain in the case of m-tyrosine that the presence of two
activataing groups in the ring would not enable cxchange of
the proton meta to the hydroxyl group as well. m-Tyrosine
was therefore heated with 5N=deuterzum chloride i1in a sealed
n.m.r. tube, and the spectrum run at intervals. Changes in

the integrals of the aromatic signals at T2+67 and 309 were

as tabulated below,.

Table 1
Time o min,| 5 min.!10 min.|15 min.| 4 hr,. 16 hx.
T2:67|1.08(t)]|0.96(t)|1-15(s)|1+06(s)|1:15(s)|0-86(s)
+3+09[2+96(d)|1+15(d)|0+75(d)|0+49(-)|051(-)]|0-49(-)

The aromatic portions of the spectra, with assignments,
are shown (fig. 8).

Since three of the ring protons had been exchanged it
seemed reasonable’to assume that these were at the positions
ortho and para to the hydroxyl group (fag. 8-HB) aund that
the remaining proton was located at the meta position (HA)°
Exchange treatment of m-tyrosine in 5N-tritiated hydrochloric
acid thus arfforded DLJ[?,4,6-3H£]-Q-tyr031ne of high specific
activity.

In order to conclusavely test Suhadolnik's result57
that m-tyrosine is a better precursor of gliotoxin than
phenylalanine, the above tritiated m-tyrosine was mixed

with DL-[?'_iquphenylalanlne (from a commercial source),
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18,12

a known precursor of gliotoxain and fed to cultures of

Trichoderma virade (strain NRRL 1828). Culture technaique

and work-up of the gliotoxin were exactly as described by
Suhadolnikig. Three feedings were carried out. In the
first, m-tyrosine labelled by exchange, and high-aclivity
DL=~ B'-iQC]phenylalanine from a commercial source was used,
as described. In the second feeding, unlabelled phenyl-
alanine was added to the precursor to make the quantities
fed equimolar. Finally DL-[?,4,6-3H3]-m-tyr031ne alone was

fed, as a control experiment. Results of these three

feedaings are shown in table 2, below.

Table 2
Precursor Wt.{mg) 3H:ilic Stiotgzin % incorp. 3H3140
DL~ [2,4,6-31{ ]- )
3 ) 14 -3
m-Tyrosine 20 ) 11+5 2353 beg("°C) 19x10
pL- [1r-14c]- ;
Phenylalanine 0:07)
pL-[2,4 ,6-3H3]- )
m-Tyrosine 9.6; 119 159 106(140) 0+13
pL- [1e-14c]- ;
Phenylalanine 9+3)
DL~ [2,4,6-3}13]-
m-Tyrosine 8+6 215  |9+5x107°
(°n)

The variabilaty in these gliotoxin yields 1s attributabie

to the fact that on hot days it was impossible to keep the
incubation temperature below SOOC.18'6
From the above results it appeared unlaikely that

m-tyrosine is a better precursor of gliotoxan than is



phenylalanine. However the possibility remainced that
label maighl be exchanged out of DL—[?,&,6-3H£]~Q-tyr051ne
in the culture medium before biosynthesis could occur,
However, when a mixture of thas tritiated precursor and
DL-[}'aiqdjphenylalanlne was maintained under sterile
conditions at pH3 and SOOC. no change 1in 3H:ilkC ratio
occurred. Deccarboxylation of phenylalanine doecs not occur
under these conditions,

Another possibilaity might have been that the commer-
cial m-tyrosine was in fact somec other isomer, e.g. 0~ or
p-tyrosine. To test this, material from the same batch as
was taken for exchange labelling was degraded to the
corresponding methoxycinnamic acid by exhaustive methylation
followed by a Hofmann elimination in hot éN-sodium hydroxide.
This methoxycinnamic acid was compared with p-methoxycinnamic
acid (prepared by Hofmann elimination of authentic L-tyrosine)
and with o-methoxycinnamic acid (prepared by Perkin condcnsa-
tion of Q-methylsalicylaldehyde and malonic acid ain the
presence of pyridine). N.m,r. spectra and meltaing points
were taken into account. The propertiies of the derivative
from the m-tyrosine were in good agreement with expected end
published results, and were different from the properties of
either of the other two aisomers. This was talken as conclusaive
proof that the commerélal material was genuine m-tyrosine.

It should be pointed out that "alkyl" isomers of m-tyrosaine
such as 3-amino-3-(m-hydroxyphenyl)~propionic acid were
excluded on the basis of the alkyl portion of the n.m.r.
spectrum of m-tyrosine, which closely resembled that of

.81
phenylalanine "+ The conclusion drawn from this preliminary




work, therefore, was that Suhadolnik's result for n-tyrosine
as a precursor of gliotoxin was in error, and it sccmed
worthwhile to study in detail the biosynthesais of the

tetrahydroindole skeleton.



A.3 Preparation and Feedang of Ring-Labellcd Phenylalanines

In order to observe any loss or migration of the raing
hydrogens, phenylalanines labelled at the 2, 3 and 4 positions
of the benzene ring were fed to T. viride cultures and the
derived gliotoxing degraded to establish the position of
the label.

DL—[}—Sd]Phenylalanlne was the first rang-labelled
precursor prcpared, the route being that shown in Scheme
XITa. The individual steps are all well established reactions
and similar synthetic sequences have been used previously
for the preparation of precursors by members of Professor

82,63

G.W. Kirby's rescarch group The starting material
for synthesis of DL-[B—Bﬁ]phenylalanlne was m~bronmotoluene.
From this was prepared 3-methylphenyllathium by direct
reaction with lithium metal in ether. Treatment of the
ethereal solution of aryllithium with excess of tritiated
water gave B—Bﬂ]toluenc. When the 3~methylphenyllithium
was treated with deuterium oxide, comparison of the integ-
rals of the two singlets in the n.m.r. spectrum of the
product indicated loss of 0*7 proton from the phenyl ring.
Treatment of the labelled toluene with bromine under
strong irradration with visible light gave crude benzyl
bromirde. Reaction of the latter with the carbanion
derived from diethyl 2~acetamidomalonate, yielded diethyl
2—[}-Bﬂ]benzyl—2-acetamidomalonate in rathexr poor yield.
This compound was carefully purified, and converted into
DL~ b-sﬂjphenylalanlne by treatment with feflux1ng mineral

acid. The author did not degrade the precursor to

establaish the position of the label; instead the posaition
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of the label ain the derived gliotoxain was esiablished by
degradation. BDH Chemicals Ltd., the supplicr of the
m=bromotoluene wvas contacted and claimed that material of
the batch in question contained not less than 99,.5% of the
m-isomer, as shown by gas/liquid chromatography. Another
worker has since found by degradation that not less than
99% of the tritium in this sample of precursor is meta to
the alaninyl group, 1.e. in the 3 or 3,5 p051tion584.
Synthesis of DL—[2—3H]phenylalan1ne was carried out
by the seqguence shown in Scheme XIIb. Metallation
tritiation and bromination were carried out as in the
[3-3H]benzyl bromide reaction sec;uence. The [2-3H] benzyl
bromide was then distilled, and treated with a sclution of
compound (49) ain dimethylformamldeas. Work-up yielded
5e @—BHJbenzyl-B-phenylhydantoin, which was recrystallised
and hydrolysed in saturated aqueous barium hydroxide/dloxan8
in a sealed tube at 165°C. Solutions of (49) are prepared
in gitu by dissolvaing 3-phenylhydantoin in a solution of
magnesium methoxycarbonate, CHSO Mg 0.(CO).0CH3. The
latter is obtained by passing carbon dioxide through

magnesium methoxide dissolved in dimethylformamldeg?. The

mechanism of the reaction 1s shown in Scheme XIIch. Its
facility apparently depe£ds on a.) the abilaity of maghesium
to form a cation and b.) the relative stability of carbanions
at the hydantoin 5-posit10n88.

No degradation was employed to locate the label in
DL-[?—SﬁJphenylalanine, instead the derived gliotoxin was

degraded., Commercial o-bromotoluene {rom the same source

as the m-bromotoluene was the starting naterial. "The
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manufacturer again claimed 99% purity and the gliotoxin
degradations bear this claim out.

L-l}-Bﬁ]Phenylalanine was obtained from a commercial
source, and also used for feeding experiments. 1t was not
degraded to locate the label, but again degradations
carried out on the derived gliotoxin have demonstrated
that it is predominantly the [4-31{]-compound.

DL~ @—3HJPheny1alan1ne and DL=- b-Bﬁ]phenylalanlne were
mixed with commercial DL- @'—1QC]phenylalan1ne and
L~ @-Bﬁ]phenylalanine was mixed with commercial L~ E'-ikd]-
phenylalanine. 7T. viride was culftured in the presence of
each doubly-labelled precursor; the results are shown in

table 3, below.

Table 3
Precursor y13y. 14 |Gliotoxin|% 1ngorp. {3 1k
Phenylalanane Wt (mg) f7H: "°C Wte(mg) li"&C i C
pr- [10-*c,3-30d 13 71 189 303 7+6
pr- [1'-¢,3-394 17 65 215 243 67
pr- frr-ttc, 2344 13 | 38.2 277 75 3642
L- [11-2%¢,5.30) - [ca.1073] 4.7 333 7+5 I+

This work demonstrated that no loss of tritium relataive
to carbon-14 was occurrang during the blosynthesié. No loss
' ‘ ga 18,12
of carbon-14 from the 1'-position was expected ’
complete retention of tritium was apparently occurring.
Further investigation of the mechanism of biosynthesis of
the tetrahydroindole skeleton is only possible 1f the

position of the label in the metabolite can be unambiguously

ashown by degradation.




A.4, Degradation of Gliotoxin.

Two degradatave procedures only were used in this

stage of the work, ecach being chosen to remove a certain
atom of hydrogen (tritium) from the gliotoxin molecule.
Gross breakdown of the molecular structure and drastac
conditions were avoided in order to minimise possible loss
of tritium by hydrogen exchange or by scrambling throughout
the molecule. Gliotoxin (1) should lose the hydrogen
(tritaum) atom at position 6 on conversion into dehydro-
gliotoxin (2), whereas this hydrogen will be retained on
conversion into anhydrodesthiogliotoxain (34). The hydrogen
at positzon 5a will be lost in both cases, whereas that at
position 7 will be retained in both cases, provided the
elimination of hydrogen and of water respectively, proceeds
in a straightforward manner.

Because the biological system cannot detect asymmetry
in the phenyl ring of DL-[2-°H]- and DL-[3-°H]phenylalanine |
the label in gliotoxin derived from these preocursors should
be evenly divided between positions 5a and 9 (in the case
of DL- @-Sﬁ]phenylalanine) and positions 6 and 8 (in the
case of DL_'B-sﬁ]phenylalanine). All the label in gliotoxin
derived from L-l}—BHﬂphenylalanine would be expected to be
at the 7-position. Loss of label from the 5a or 6 position
of gliotoxin, due to degradation should therefore be
observed as loss of 50% tratium relative to 140; sce Scheme
XIIT.

When the degradations shown in Scheme XIII were carried
out on gliotoxins derived from the ring-labelled phenylalanines,

the figures shown in table 4 were obtained.
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Table 4
1
Precursor 3y, 1 Gliotoxan(1) (3h4) (2)
. * * N
Phenylalanine 14C 3H:14C qu BH:1QC 140 BH:140

pL- [11-%c,3-30.| 7-1 |oes8| 7e5 |o-52] 7.5 fo-57] 3e9
DL- [1'-14c,3-3}§|- 6+5 [0<k1) 6+7 [0+39] 68 {0-40} 36
DL- [1'-1’*(;,2-3}1]- 38+2 |0-21| 36+2 |0+19| 17°+2 |0°20]| 17°8

L-[1--1z*c,4-31§]- be7 l0+62] 4+9 1056 #4+7 |061] 46

* 1l*(: specific actaivaty: yC1/mmole

It can be scen that whereas the 14C specific activity of
the gliotoxins and their degradation products are approxie-
mately the same, the 3H:ﬂ*C ratio in both (34) and (2) from
the DL—[Z-BHOphenylalanine—derived gliotoxain and in the (2)
from DL—[B-Sg]phenylalanine—derived gliotoxin has fallen by
about 50%.

All the work on ring-tritiated phenylalanine feedings
may be conveniently summarised in terms of Y%-retention of

tritium relative to carbon-14, as 1s shown in tablc 5 below.

- Table 5
Gliotoxin (34) (2)
Precursor BH.14C
: = ! * ! *
Phenylalanine BH:14C % JH:I*C % BH:i*C %

DL~ @J e, 3-9H -| 71 7*5 |[106| 75 {100| 39 | 52
DL-[1' e, 3-21) -| 6°5 6°7 |103| 6+8 {101} 3°6 | 54
pL- [11-4c,2-%] - | 38.2 | 36.2 | ou| 17-2 | 48| 17+8 | 49

L-[10-%c,5-38) - | a7 | 4.9 [102] 4.7 | 96] 4-6 | o4

. 14 .
* Tritium incorporation relative to C; based on gliotoxin

rather than precursor.




Thus the degradations used apparently proceed by
elimination of hydrogen or water in a straightforward
manner. No migration or loss of ring-hydrogen occurs in

the biosynthesis of gliotoxain from phenylalanine,



A.5. Discussion of Results.

The evidence detailed in table 2 indicates that
m-tyrosine is probably not a direct precursor of gliotoxin.
In the fixrst competitive experiment phenylalanine is incor-
porated 1000 times more effaciently than is m-tyrosine.

Even when stoichiometrically eqguivalent quantities of the
two amino-acids are used, phenylalanine is still 100 times
more readily incorporated. When no phenylalanine as present
m-tyrosine incorporations are still comparably low.

The identity of the m-tyrosine fed cannot be questioned.
Likewiso the possaibility that label has been lost by exchange
tn the acid medium has been excluded. Other workers have
since established that labelled m-tyrosine s gradually

89

removed from the medium by T. viride 7, and that label from

90

m=-tyrosine accumulates inside the cells of P. terlikowskii”™,

showing that no problem of permeabirlaity exists. It 1s thus
difficult to explain the results of Suhadolnik57, who
reports 40% incorporation of m-tyrosine as opposed to only
17% incorporation of phenylalanine. His incorporations are
larger than those encountered in the above work because his
feedings were carried out when gliaotoxin production was
maximal (3 days after inoculation) and because more active
precursors were used. However 40% is higher than any of
his other reported incorporations. Perhaps m-tyrosine was
broken down to phenylalanine or some other precursor during
the Wilzbach labelling process which was used.

Further evidence that m-tyrosine is not the precursor

of gliotoxin is aindairectly supplied by the observation that

o-m- and p- ring-traitiated phenylalanines are incorporated
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without loss or migration of the label. If m-tyrosine were
formed by hydroxylation of phenylalanine pricr to glictoxin
biosynthesis, the hydrogen at position 3 of the phenyl raing
would be expected either to be lost, or to migrate to the
adjacent position in the ring (N.I.H. Shift). No such loss
or migration of this or the other ring hydrogens was
detccted, so m-tyrosine is fully excluded as an obligatory
precursor of gliotoxin.

An explanation for the high tritium aincorporations
relative to carbon-1% in the DL- [3—311]- and [Q—BH] phenyl-
alanine feedings {106, 103 and 102% respectively) may be
that a small fraction of the precursor has undergone
decarboxylation, by some process such as ~oxidation to
tritiated benzoic acid, of which a small proportion may
have been reconverted to tratiated phenylalanine. The
envisaged pathway 28 shown an Scheme XIV. In thas way a
small quantity of phenylalanine labelled with tratium but
not with carbon-1lk could arise. Breakdown of &fB-unsaturated
91

fatty acids to acetatce is a well documented process as is

the deamination of phenylalanine to pyruvategz. The revers-
ibility of the processes 13 known.

It is more diffaicult to account for the rather low
relative incorporation of tritaium from DL-[}—Bﬁ]phenylalanine

9G

(94%). Brannon et al. found a saimilar anomalously low

incorporation (80%) of tritium relative to carbon-14, from

this [2-3ﬁ}-precursor into acetylaranotlngo (see Scheme XV)}.
However, despite the slight anomaly of the gliotoxin

result, all the facts support a pathway of the type suggested

originally by Brannon, involvaing a phenylalanine epoxide
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(Scheme XV1). The same scheme shows that a phenylalanine-
344~-epoxide, while not accounting for the oxepain ring of
the aranotins, can account adequately for the cyclohexadienyl
molety found in gliotoxin and apoaranotin. In fact if it 15
assumed that both the 3,4~ and the 2,3-epoxides are formed,
the latter preferentially, then the apoaranotin series may
be cases in which the phenyl groups of the same dipeptide
are epoxxrdised differently; one to give a 2,3-epoxide and the
other a 3,4-epoxide.

It 1s interesting that both epoxides could give raise
to an iscomer of gliotoxain bearing a hydroxyl group at
position 8 (Scheme XVI). N? such compound has so far been
isolated, but Taylor reported an isomer of dehydrogliotoxin

? to bear a hydroxyl

whaich has since been confirmed by Ryles
group at position 7 or 8., The 7-hydroxy isomer is ruled
out if biosynthesis occurs in the manner shown ain Scheme XVI,
It has been claimed55 that E-methyltryptamlne-(indole-
2,3)}-cpoxide cyclises spontaneously in good yield to a )
3—hydroxypyrrolo—[?,3ﬁj indole (Scheme XVII). As a possible
biosynthetic route to the sporidesmins, analogous to
gliotoxin biosynthesis, this type of reaction deserves
mention, but it fails to account for non-hydroxylated
sporidesmin analogues, chaetomin, wverticillin A and chaetocin.
However a possible reaction seqdence 1s shown in Scheme XVIII.
It is well known that aromatic nuclei can be hydroxylated
by living systems to form phenols. The enzymes responsible
are termed mixed=function oxidases since only oie atom per
molecule of oxygen used i1n the process enters the product.

The other 1s reduced to water by NADPH293. Migration of
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hydrogen from the site of hydroxylation te the neighbouring
carbon of the aromatic ring has been established by
labelling teclniques and is known as the "N.I.H. Shift"94.
Extensive studies of the phenomenon have led to its explan-
ation in terms of arene-oxide formation, followed by
isomerisation (Scheme XIX). As has been mentioned, if
m=tyrosine were a precursor of gliotoxin migration of
tritzum from the meta-position of precursor phenylalanine,
on N.I.H. Shift pranciples would be expected. From
Scheme XX it can be seen that the 2,3- and 3,k-epoxides
of phenylalanine put forward (Scheme XVI) as precursors
of gliotoxin, are also the theoretical precursors of
m-tyrosine. Most of the hfdroxylatlons studied have been
para~directed, or more recently ortho-gs. Only one docu-
mented exanple of an N.Il.H. Shift of label from the meta

96

position is known and this 1= disapp01nting'1n that
migration is only observed of 35% of ithe tritium (the
remainder is lost) compared with 95% nigration generally
observed a1n the case of Eﬁg_-hydroxylatlonsgq.

Biosynthetic mechanisms invelving arene oxide forma=-
tion have been put forward for the metabolites aerothionin
(50),(n=%), homoaerothionin (50)(n=5)9? and for aeroplysinin
(51)98 obtained from Verongia sponges. In the case of (50)
attack of the epoxide by the oxygen atom of an oxime
function is envisaged. In the case of aeroplysinin (51),
attack is by a carboxylate anzon.

Other workers have obtained results which are also

compatible with the proposed mechanism for gliotoxin

biosynthesis. Bu'Lock ana Ryle589 have fed both




O, H 9,H
—_—
H NH, NH,,
" a \
. O,H
Scheme XX s

/ H
COH
2 OpH
—e
H NH, H NH,
o—"<H H )

Verongia sponge metabolites




. . . e EEEEEEEESE---——_—_—_—_____—G$S—
- 66 -

DL—[?,Q,6-3H£]— and DL-[l'-iQC]E—tyrosine to T. vairide,
and report no incorporation of either into gliotoxin,
Lilewase DL-[B,S—Bﬁgﬁg-tyr051ne and DL-2,3-dihydroxy-
[ﬁ,S,G-Bﬂs]phenylalanlne were shown not to be precursorbgg.
On the other hand DL—[}'-lqd]phenylalanine gave 1incorpora-
tions as high as 11%. DL-[?,3,4,5,6-2H5]Phenylalan1ne was
fed under conditions designed to give maximum incorporation,
and the only significant deuteriated species in the glio~-
toxin produced was found te be the pentadeuterio compound
by mass spectrometry. DBu'lock and Ryles therefore con-
cluded that m-tyrosine could not be an intermediate, since
1ts formation would imply loss of at least one atom of

deuterium. Their pentadeuteriated result is also compatible

with the idea of an arene oxade intermediate.

90

Brannon et al. have demonstrated that while
[,14 . .
DL~ |2'~" "CJ-n~-tyrosine is readily taken up by the cells of

Penicillium terlaikowskii, 1t is not incorporated into

gliotoxin., Under the same conditions DL—[B'—lchphenyl—
alanine is both readily taken up and converted into labelled

gliotoxain., The organism Arachniotus aureus readaly

admitted label into 1ts cells in the form of DL-[?'—lkd]—
m-tyrosine, and DL-[3'-14C]phenylalan1ne, and to a lesser
extent DL-3,5*dihydroxy—[2'—14Q]phenylalanine, but incor-
porations of the hydroxylated amino-acids into acetyl-
aranotin were extremely low (0.17-0.46%), whereas up to
6.6% of the labelled phenylalanine was incorporated. An
incorporation of 80% tritium relative to carbon-14 was

4

observed in acetylaranotin when DL-[B'-—1 C,E-BHJphenyl_

alanine was fed to cultures of Aspergillus terreus. When




the latter organism was fed DL—[?Ha]phenylalanine the
acetylaranotin produced showed only 2H14,2H7 and 2Ho
enrichment 1ons in its mass spectrum, 1ndicatiné that all
the ring hydrogens and both of the methylene hydrogcns‘
aro retained during the ﬁiosynthe31s of aranotin. Brannon
and his coworkers concluded that the biosynthesis of

acetylaranotin in both A. aurues and A. terreus closely

parallels that of gliotoxin in the formation of the carbon-
nitrogen skeleton, and that disulphide bridge formation
does not involve addaition of clectrophilic sulphur to a
double bond as claimed by Taylorsg.

The work of Bu'Lock and Ryles and of Brannon, inter-
relates the biosyntheses of gliotoxin and aranoiin showing,

as one would expect, that the route is similar whatever

the producing organism.
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Section B

The Fate of the Side-Chain in Gliotoxin

/

Biosynthesis
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B.1 Preparation of Precursors

DL-[?'—3ﬁ]Phenylalanine was preparcd (Scheme XXI)
from unlabelled diethyl 2~benzyl-2-acetamidomalonate by
hydrolysis and decarboxylation in tritiated hydrochloric
acid. The starting material had been prepared from reagent
gradec benzvyl bromide and daethyl acetamidomalonate while
the synthellc route to DL-[}-3H]phenyla1an1ne was being
investigated.

The position of the label in the precurseor was ascer-
tained by mixing a portion with DL~ [1'-14(3 phenylalanine,
diluting with the unlabelled amino-acld and converiing the
diluted material to the N-benzoyl derivative. It is known1
that N-acyl derivatives of optically active amino-acids are
racemised in the presence of an acid anhydride and a trace
of base. Formation of an oxazolinone occurs when the
elements of water are remowved by an acid anhydride or by
dicyclohexylcarbodlimlde105. Treatment with base readily
forms the aromatic enol anion, removing the 2'«hydrogen
atom of the oraiginal amino-acid. The sequence is shown
in detail in Schcme XXII. Regenerataon of the raccmic
N-acyl amino-acid 1s accomplished by adding water. If
tritiated or deuteriated water is used, the 2i-hydrogen

of the recovered acyl amino-acid is labelledios.

[IC g 21 -)I{J phenylalanine had a

The initial DL-[1'-"
BH:Iﬁc ratio of 5:1. After N-benzoylating by a Schotlien-
Baumann technique the ratioc had fallen to 1+9:1. Thus
some loss of label had evidently occurrcd by the routc

shown in Scheme XXIIa (R = Ph, R' = Cl). Under these con-

ditions it was highly unlikely that label from elsewhere

13
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in the molecule could have becen lost since all readily-
exchangeable tratium had been removed from the labelled

vhenylalanine duraing work-up.

4
140,2'—)ﬁ]pheny1alanine was

When the DL-N-benzoyl-[1'-~
heated with dicyclohexylcarbodiimide, basified with
pyridine and regenerated with water, according to the

3H:ﬂlC ratio in the

sequence shown in Scheme XXIIb, the
product was 0+27:1. Thus about 95% of the precursor label
must have been in the 2'-position. The remainder may have
been introduced into the phenyl ring, o0 and p to the
alanine grouping, by proton exchange 1n the strong acid
used to hydrolyse the acetamido function. The benzoylated
amino-acid was also hcated with acetic anhydride, basified
and regenerated according to Scheme XXIIa (R = CH3’ Rt =
O.CO.CHB) but in this case the 3H:iltc ratio only fell to
1+1:1, andicating incomplete conversion to the oxazolinone.

Synthesis of stereoselectively labelled 3'-deuterio
phentylalanines was carried out by the procedure of Kirby
and Michael as shown in Scheme XXI1I (R = 2H)126. The
procedure used to label the formyl group of benzaldehyde
consisted first of converting the aldehyde into a Strecker
base with ¢yanide and morpholine. The aldehyde proton is
thus activated, and can be removed with base (sodium
hydride) and the resulting anion deuteriated or tritiated
by treatment wath D20 or tritiated water106. Hydrolysas
with dilute mineral acid yielded labelled benzaldehyde,
which was converted into the labelled, unsgaturated

oxazolinone (52). In recent years there has been some

controversy as to whether this compound has the (Z)-




127 or the opposite (E)-

configuration about 1he exocyclic double bond128. Hovever

129

configuration shown (52)
it has now been established that the more stable (Z)-
isomer only,i1s formed by the condensation of benzaldehyde
with hippuric acad. It is also reportediso, that no change
in stereochemistry occurs on hydrolysis of the oxazclinone
(52) to the 2'-benzoylaminocinnamic acid (53%). Kirby,
Michael and Narayanaswam1131 have shown that hydrogenataion
of both the (E)}- and the (E)-2'-benzoylam1n001nnamlc acad
proceeds cis with high stercoselectavaity, to give the
mixture of enantiomeric amino-acid deravatives (54},

(R = 2H; R' = COPh). Hydrolysis of this mixture from the

(Z)-cinnamic acid to (54), (R = 2H, R' = H) followed by
]
chloroacetylation under Schotten~Baumann condltlons1t6 gave

2

(54), (R = “H; R' = COCHZCI). This latter mixture was

resolved enzymatically by the technique of Grecnst01n132
using carboxypeptidase A. Only the (2'§)-enantiomer is
dechloroacetylated by the enzyme. (2'R,3!'S)-N-Chlorcacetyl-
B'-zﬂ]phenylalanine can be recovered from the reaction
mixture by solvent extraction and (2'§,3'§)-[}'—2H]phenyl—
alanine by ion exchange chromatography.

The nem.r, spectrum of (54) (R = 2H; R' = COCH201) 1s
shown (f1g. 9). An enlargement of the 2' (ca.T= 5°5) and
3' (ca.?= 6+9) proton signals is gaiven in fig. 10, together
with a comparable spectrum of unlabelled material and the
patterns obtained by Kirby and Michael in their synthesis

126

of stereoselectively labelled tyrosine s A being the

spectrum of unlabelled ﬁ-acetylnk—methoxypnenylalanlne,

B that of a mixture ot enantiomeric N-acetyl~k-mcthoxy-
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[;'-zﬁ]phonylalanlncs, and C, that of the K-acetylw~i-
methoxy—[b'—zﬁ]phenylalanlne after epimerisation at the

2' position. The enlargenents of the spectra for the
N-chloroacetyl compounds correspond well with spectra A

and B of Kirby and Michael, indicating high sterceoselec-
tivity of labellang. Due to couplaing with the amide proton,
the 2'=H signal 1s more conplicated 1n the chlorocacetyl
spectrum. Simplification by exchanging the amide proton
with D20 was impracticable as the signal due to the 2°
proton was then obscured by the HOD singlet.

The only stage in the synthesis at which loss of the
relative configuration at the 2' and 3' centres is likely
to occur, is the chloroacetylation of the enantiomerac
mixture of labelled phenylalanines to produce (5%4),

(R = COCHZCl). As has been shown with DL-[?'-BH]phenyl-
alanine, epimerisation can easily take place under these
conditions, due to loss of the 2' proton. In the labelling
sequence (Scheme XXIII) the effect would be to produce
phenylalanine in which the relative stereochemistry at the
2' and 3' positions was reversed, i.e. threo to erythro,
and each sample of phenylalanine would contain some of the
enantiomerically 3'-~labelled compound after 2' centre had
been completely resolved. (Scheme XXIV)

However, since the n.m.r. spectrum (fig. 9 and 10)
after chloroacetylation showed only the threo labelled
compounds and some unlabelled phenylalanine, 1t was con-
cluded that little, 1f any epimerisatlion at the 2' posaition

had occurred during chloroacetylation. 1In the deutcriated

series {(Scheme XXII1l, R = 2H) the resolved (2'R,3'S)~ but
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not the (2'§,3'§)—[3'-zd]phenylalan1ne was epimerised to

the (2'R,S8)} form without loss of configuration at the 3

centre, by heating with acid 1in a sealed tubeizG. (2'8,3'R)~

and (2'3,§,3'§)—[§'—2q3phenylalan1nes were used by Bu'Lock

and Ryles in feeding experimentis with T, viride.
Stercoselectively tritiated phenylalanines were

prepared by an analogous sequence (Scheme XXIII, R = 3H).

The author's starting material in this case was the mixlure

BH,

of enantiomeric labelled phenylalanines (54), (R =
R'= H), kindly provided by Dr. S, Narayanaswami, who also
donated a small quantaty of resolved (2'R,3'S)-K-chloroacctyl-
EB'-Bﬁ]phenylalanlne, which was added 1o the author's

material at the appropriate stage. Both enanliocmers after
resolution were epinerised at the 2'-cenlre to give
(2'R,S8,3'R)}~ and (Z'B,g,3'§)—[3'-3ﬁ]phenylalan1ne. The
position of the label was known {rom n.m,r. and mass
spectrometry studies on the deuteriated series., 1In order

to assay its stereochemical purity, a portion of each
tritiated precurzor, diluted and mixed with (2'B,§)-
&'-1ké]pheny1alanine was incubated with a sclution of
L-phenylalanine ammonia-lyase of known enzymic act1vity111
obtained from potato tubers by the method of Havir and

Hanson’2. It has recently been shown®>51110

that this
enzyme stereospecifically rcmoves the pro-S hydrogen from
the 3! position of phenylalanine (Scheme XXV)., After
incubation the cinnamic acid produced was extracted,

diluted with inactive material and purified by sublimation.

Results from the assays are shown below in table 6. Two

portions of the (3&')—[3'-Sﬁ]precursor were assayed. As
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a control experiment, (2'B,§,B'B,§)—I}'-sﬂjphenylalanine,
prepared by epimerising a mixture of enantiomeraic labelled
phenylalanines (54), (R:BH, R*=H)} in acid in a sealed tube

was also assayed.

Table 6
Cinnamic acid
Precursor 3.4 |3, 18 . /
Phenylalanine Hi7 Cl7H:" Classay » R

(2'R,5,3'R}- [1'-140,3'-31{]- 5.0 .2 83-1
(2'R,3,3'8)- [1'-T4c,31-3H] - k6 | 0-69] 15-0
(2'R,8,3'S)- fir-**c,30-3H]- 1246 | 1.7 1343
(2'R,5,3'R,S )~ E'—iqc,S‘—sﬁ]- 64 el 4745

The stereoselectivaty achieved in the synthesis is
thus comparable to the 85% and 15% (R)-form (respectively)
estimated by Kirby and Mlchae1126 for their stercoselectaive
tyrosine synthesis, and subscquently confirmed by an assay
using L-tyrosine ammonia-lyase. It will be noticed that
the assay figures for (3'5)— and (3'S)-labelled phenyl-
alanine do not add up to 100%. This is not strictly
necessary in fact, since the two precursors came, in part,
from Lwo different batches which may have been chloro-
acetylated (with consequent rask of epimeraisation) under
different condltlons.’

It might, alternatively, be possible to explain the
discrepancy between the observed proportions of (3'—5)-
label 1in the stercoseclectively-labelled phenylalanines

(table 6) an terms of a secondary isotope effect. Such

an explanation would account for the low retention of




tritium i1n the control assay of racemically (3')-tritiated
phenylalanine (47+5%). Sance the rate-detcrmining step in
the L-phenylalanine amrmonia-lyase reaction probably involves
the breaking of the C-HS bond, the primary isotope effect
should not affect the 3H:IL}C ratio of the cinnamic acaid,

as both (2'§,3'E)-[b'-sﬁlphenylalanine and (2'S)~ @'-14C]—
phenylalanine are converted into product at the samc rate.
(2'§,3'§)-[}'-3H]Pheny1alanine will lose ammonia more
slowly but will, of course, give inactive cinnamic acid.
The point is discussed in detail by Battersbyqu, who has
demonstrated that during the reaction (2'S,3's)-[3'-"H]-
phenylalanine accumulates, since it is less readily conver-
ted to cinnamic acid than the speczres which have protium
in the (3'S)~- confaiguration.

Although the primary isotope cffect is not observed
in the conversion to cinnamic acid, a secondary isotope
effect whereby the presence of (3'R) tritium slightly
strengthens the 3'-carbon - 3'S-protium bond could con-
cexrvably account for the results in table 6. However the
only results of enzymic assays of complementary stereo-
selectively labelled phenylalanines as yet published are

134

those of Battershy y who quotes assays of 88% (R) and
11% (R) for two samples of phenylalanine. The labellang
procedure used is not reported in thas article. If the
samples were prepared by a route involving alcohol
dehydrogenase, followed by tosylation and attack of the
tosylate by malonate carbanion133 (Scheme XXVI) or
{(Scheme XXV1I), then it cannot be expected that they

should have complementary proportions of (3'R) label. On
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the other hand, if they were produced by a scquence
analogous to that of Lirby and Mlchae1126, the samples
should have complementary proportions of (3'R) label and
therefore Battersby's results would i1ndicate no secondary
isotope effcct. The possibilaity of a secondary isotope
effect s an ainteresting one, and has apparently not yet
becn noted in the literature.

133

Apart from Battersby et al. who have sterecselect-
ively labelled phenylalanine both by a method analogous

to that of Kirby and lMichael and by the independent method
shown in Scheme XXVI, which uses liver alcohol dehydrogenase
to generate the asymmetric centre, only one other group has
synthesised stereoselectively deuteraiated phenylalanine.

Haslam and Ife110

investigated the stereochemical course
of the L-phenylalanine ammonia-lyase reaction using
(2'5,3'R)~- and (2'_&1,3'_%)-E5'-2H]phenylalanlne. These
labelled amino-acids were prepared by the route shown in
Scheme XXVII. The initial asymmetric step was carried

out by an actively fermenting culture of baker's ycast.
Resolution to give the (2'S) forms was carried out via

the chloroacetyl derivatives using Acylase I. Despite the
fact that they rely on a total Walden inversion at one, or

even two stages, high stereoselectivities, up to 90%, have

been clained.
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B.2 Feeding of 2'- and 3'- Labelled Phenylalanines

It has been menlioned in Section A that Brannon et al.
had concluded, from feedings carried out on A. aureus using
2H8 phenylalanine, that no loss of label occurs from the
methylene position on conversion of phenylalanine into
aranotingo. However, DBu'lock and Ryles Kkindly communicated
their discovery that about 50% of the deuterium at the
2'-posation in phenylalanane is lost on conversion into
gliotoxin by T. viride. Moreover they found by n.m.r.
spectroscopy that the remaining label was apparently
stereospecifically located in the gliotoxin. 1t seemed
unlikely that biosynthesis of the disulphide bridge proceeds
differently in gliotexin and aranotin, and thercfore Ryles9
fed (2'R,5)-[27-2H]phenylalanine an the hope of observing
a 2'«3% ghift during biosynthesis which could have accounted
for the anomaly between his and Brannon's results. No such
migration occurred. By feeding (2'S,3'R)- and (2'R,$,3'S)-
B'—zﬂlphenylalanlnes prepared by the author as described
78 146

above, Bu'Lock and Ryles obtained the dilutions : x
5+1; ®H: x 5+8) and (140: x 3+3; 2H: X 19). The difference
between the nem.r. spectra of gliotoxin samples from the
two feedings are shown (fig. 12). From these spectra, and
from the above dilution figures, Bu'Lock and Ryles have
concluded that the incorporation of phenylalanaine anto
gliotoxain proceeds in thenmnner shown in Scheme XXVIII.
Corroborating evidence of a metabolac pathway which removes
one of the 3'-protons from phenylalanine was obtained by

extracting phenylalanine from the amino-acid poel of

T. viraide incubated with (Z'E,E,B‘RIS)-[5‘—3é]-phenyldlan1ne.
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The workers found78
from the pool-~phenylalanine,

mycelium,

and %5% from the extracted

In the meantime we began parallel studies witlh

tritiated phenylalanines to confirm these findings and

that 25% loss of tritium had occurred

provide more accurate values for hydrogen (tritium) loss

than can be achieved with the deuteraum-labelling tcchnique,

despite the latter's usefulness.

Moreover i1t was a point

of interest whether the gliotoxin and mycelial phenylalanine

would show the same extent of tritium loss,

and at what

rate during the organism's period of growth the apparently

stereospecific loss of traitium occurred,

Accordingly

(2'®,8)- [1'-1%¢c,21-31]phenylalanine and (2'R,S, 3'R,5)-,

(2'R,5,3'R)~ and (2'R,S,3'§)—-BJ—lqc,3'—3@]phenylalanine

were fed to T.

viride as already described.

of the feedings are shown in table 7 below.

The results

Table 7
Glrotoxin
Precursor 3n_14 3
Phenylalanine ) yield *0f BH.ikc H ret.
(mg)|incorp. * %

(2'R,8)- [1'-11*(:,2--3}1]- 5+01 | 277 | 746 0.2k 4.9
I

(2'R,8,3'R,8)- [1'-"Fc,30 A 6-45 | 317 | 8.4 | 3.17 | 492

!

(2'R,S,3'R)- [1'-“0,3'—31{]- 5.01 [ 133 | 57 1.01 | 20.2

(z'R,s,s'_s_)-|:1'-1L*c,3'-3u]- 4 +60 168 8.3 5+78 8242

(2'R,8,3'S)- [1'-11*0,3'-3}1]- 12+61 | 211 | 2+9 11069 | 848
* based on 140 only

. l
The sccond feeding of (2'_,§,3'§)- EJ—liC,j'-BH -phenyl-

alanine was carried out in order to establish for certain




that the previous (3'R) and (3'S) feedings had not been

accidentally interchanged. Although particular care had
been taken to avoid thais, it seemed the only explanation
at the time for the discrepancy between these and Ryles'
"results.

The next stage was to extract phenylalanine from the
mycelium for examination. Cultures used for gliotoxin
production were five days old, and hardly any detectable
amino-acid could be extracted with boilang waterlzs. How-
ever considerable hydrolysas of the mycelial protein
occurred on refluxing for 24 hours in 20% barium hydroxide
solution. This treatment was employed rather than the
usual 6N-hydrochloric acid'hydrolysis in order to avoid
the extensive charring of the cell-wall polysaccharides
which occurs in the presence of acid. Initially at was
hoped to separate the phenylalanine chromatographically
on ion exchange resin as reported by Chandra and Vlnlng136
this method havaing been recommended by bUr. A.P. Ryles.
However in practice only very poor separations of the
amino-acids from hydrolysed mycelial protein were possible
on this system. Following the observation that radioscans
of paper chromatograms of mycelial extracts showed only
single peaks, located at the Rf (0+6} of phenylalanince,
preparative paper chromatography was used to isolate the
phenylalanine., The mycelial phenylalanine was obtained
by (1/100) dilution with unlabelled L-phenylalanine and
purified by reerystallisation from aqueous ethanol.

Incorporation and relative tritium retention figures for

mycelial phenylalanines from the five feedings previously




deseribed,
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are shown in table 8.

Table 8
MycelialPhenylalanind
Glio-
Precursor 3.,.14 -
Phenylalanine Hi7 Cl wg 3,14 3H ret. g;’;lelfc
incorp. % %
14 3
(2'R,8)-[1'-""¢c,2'-"H]- 5001 4+2 | 0:38] 7.5 | 4.9
(2'R,S,3'R,8)- [1=Yc,336] - | 6-45| 3.5 | 3-26| 50.5 | 49-2
(2'R,S,3'R)- [1'-1%,3'-3}1]- 5.01| 5-0 1-08| 21+5 | 20-2
(2'R,8,3'S)- [1'-140,3'-3}{]- he6Ool 5-6 3+75| 81+6 | 82-2
(2'R,s,3's)- [1r-1 c,3'—311]— 12-61) 4+3 | 10-47] 83+0 | 8448
14

* hased on C.

It was heartening to see such a close similarity between

trztium retention 1n the mycelial phenylalanine and rncorpor-

ation into gliotoxin.

mycelial phenylalanine was next investigated.

The configuration of tritium in the

Mycelial

phenylalanine samples were isolated by preparative paper

chromatography,

dilution, with L-phenylalanine ammonia-~lyase solution.

as described above and were incubated,

without

The

labelled cinnamic acid was extracted, diluted with unlabelled

compound and purified by sublimation.

shown in table 9 below.

Assay results are

Table 9
Cinnamic acad
Original Precursor Mycelial Phe? 1-

Phenylalanine alanine 3H:1l%¢ Sﬂ:lkc 3y ret. %
(2'R,8,3'R,5)- [1+-1*c,30}])- 5426 0:38 | 116
(2'R,8,3'R)=- [11-14c,31-34] - 1+08 036 | 337
(2'R,5,318)~ [11-*c,31-34] - 3+75 0-13 3k
(2'R,5,3'S)- [1--11*c 31-2H] - 10°47 0+28 246
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Having established the labelling pattern in the
mycelial phenylalanine a technique was sought for estab-
lishing the configuration of the label at position 10 in
gliotoxin., As has already been mentioned, 1t was hoped
to cleave the gliotoxin moleccule with lathaium in liquad
ammonia (Scheme XXIX) to give a cyclic peptide of phenyl-
alanine which could in principle be hydrolysed, yielding
phenylalanine. No inversion at position 3' (of phenyl-
alanine)} would bhe expected to occur, ana assay with
L-phenylalanine ammonia-lyase should show the configuration
of tritium 1n the original gliotoxain., This work, however
was unsuccessful and was eventually abandoned.

An experiment was next designed which would give an
idea of the rate of tritium loss from the 3'-position of
phenylalanine. 1. viride was grown in five litres of
culture medium in the presence of racemic 61—140,3'—3ﬂ]—
phenylalanine. A sample of one litre was worked up every
twenty-four hours for five days. Each sample was extracted
for gliotoxin and i1f necessary unlabelled metabolite was
added to the extract to render asolation possable. The
extract medium was reduced to 1/100 its volume and
examined for radiocactivity and amino-acids by paper chroma-
itography and scanning. Washed, dried mycelium, which had
been filtered off prior to gliotoxin extraction, was
extracted first with boiling water to obiain phenylalanine
from the aminoc-acid pool, ;nd then with barium hydroxide
to hydrolyse the protein. Phenylalanine from these
extracts was 1solated as above by preparative paper
chromatography followed by dilution and crystallasation.

Yields, as far as could meaningfully be recorded, are
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tabulated 1n the experimental section. The precursor
3H:lEiC ratio was 895:1, Ratios and consequent relative

tritium incorporation {retention) figures for the various

samples are shown in table 10.

Table 10
Gliotoxain Pool Fhenylalanine Protein Phenyl-
Hours alanine
(days) .
S e %H ret.%|n: 1% |3H ret. %! %n: 2|3 ret.

24 (1) 6-47 72+3 354 395 b+97 5545
48 (2) 4«87 54 ¢4 397 bl 4«85 542
72 (3) | 473 52+8 66 52+1 L.84 541
96 (&) he69g 524 5-00 55+9 4+90 548
120 (5) bev3 528 be13 46+1 467 52+2

Figures showing the incorporations of precursor into
gliotoxin, pool phenylalanine and protein phenylalanine are

given in table 11, All are based on carbon-1%4 aincorporation.

Table 11
H Gliotoxan|{Pool Phenvlalanine|Protein Phenylalanine
ours ., o/ o/ 3
% 1mcorp. % 1ncorp. % incorp.

24 1.3 75 19-9

48 1+5 b2 20-6

72 6k 2k 15+5

96 7°+0 07 16+8

120 64 i+0 17+0

Owing to a shortage of L-phenylalanine ammonia-lyase,
enzymatic assays of only the two 24-hour mycelial phenyl-

alanine sanples and of the 120~hour protein phenylalanine




sample were madc. Results from these assays arc shown

in table 12.

Table 12
Cinnamic acid
Phenylalanine sample 3H:llic 3H:140 3H ret. %
24-hour, amino-acid pool 3054 025 70
24-hour, mycelial protein 497 | 0+55 11+0
120~hour, mycelial protein 07 0+36 7+8

Radioscans of paper chromatograms of the boiling~water
extract and of the 20%-barium-hydroxide hydrolysate of
mycelium harvested after only 24 hours, are shown an fig. 11,
together with representations of the ninhydrin-developed
chromatograms. The radioaclive peak at i1he baseline in the
chromaiogram of the boiling-water extract was of particular
interest, since at might have provided some further clue
about the biosynthesis of gliotoxin, or about the pathway
by which the 3'-proton of phenylalanine as lost. Exlrac-
tion of the neutral and acidified aqueous amino-acid
solution {obtained by boiling the 24-hour old mycelium with
water, but not purified by chromatography) gave residues
with low activity and a 311:1&(: raﬁlo of about 3:1 (precursor
was 8+95:1)., About 35 mg of material was extracted with
water from baselaine portions of paper chromoatograms. The
residue from this extract was treated with e¢thancl, and
about 5 mg dissolved. The 3H:iL*C ratio of the ethancl

extract was 6°3:1, while that of the non-ethanol-soluble

fraction was 2+3:1. On acid hydrolysis, the cthanol
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soluble fraction yielded two ninhydrin-positive materials,
one at Rf 0+23 and another, in which all the radiocactivity
was located, at Rf 0¢6. Hydrolysis of the water-soluble
material gave a smear of many unrcsolved spots. All

radioactivily was located at Rf 0+60.




B.3 Discussion

Unless migration of the 2'=proton of phenylalanine
can take place during biosyntliesisg, there 1s no chance of
retention of tratium from (2'R,$5)- E'wiqc,a'-BH]phenyl-
alanine occurring on conversion of this precursor into
gliotoxin. From table 7 1t 1s apparent that about 5%
retentaion has occurred. Assay of the precursor by the
oxazolone route shown in Section B.1 has demonstrated that
at least 95% of the label was located at the 2' position.
If the remaining 5% were located at the ©- or p- positions
of the phenyl ring, as postulated, 1t would be incorporated
into gliotoxin (see Sectaon A). The finding that no label
from the 2' position 1s incorporated into gliotoxin as in

9

good agrecment with the work of Ryles” and of Brannon
et al.90

Table 7 further shows a relative tritium retention of
49+1% when (2',R,5,3'R,5)- Bﬁ-lqc,B'-Bﬁ]phenylalanlne is
converted into gliotoxin. Brannongo and Bu'lock et al.78
have reported hirgher incorporations of 3',3' didcuteriated
phenylalanine into aranotin and glaiotoxin, respectively.
In fact the keystone of Bu'Lock's argument that 2',%'-
unsaturation (phenylalanine nomenclature) is not a pre-
requisite of introduction of sulphuxr, is that complete loss
of one deuteron from (2'B,§)—[3',3'-2Hé]phenylalanine dad

nol occur during his feedings. The explanation for the

apparent discrepancy between the findings in table 7 and

those of Bu'Lock (see later assays of mycelial phenylalanines)

is that the reaction is not completely stereospecific. As

well as (3'R)-tritium loss, some (3'S) label as always
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exchanged. Complete loss of (3'R} label scems never to
occur., In the (Z'E,g)-[B',3'—2H2]phenylalanine fecdaings

of Bu'Lock et al.78

the observation was that dideuterio-
as well as monodeuteriogliotoxin was formed, which is
gquite compatible with the results above {(tables 7, &, 9).
Since Bu'Lock et al. used no internal standard (140) with
which to compare deuterium retention, they could not have
detected the partial (3'S)-proton loss.

Feedings of sterecoselectively 3'-traitiated phenyl-
alanines {(table 7) led tc relative 3H retentions of 20+2%,
82+2% and 84+8% on conversion, of (3'R), (3'S) and (3'S)
precursors respectaively into glioctoxin. Assays of the
(3'R) epimer in the precursors are respectively 83-1%,
15+0% and 13+3%. Thus it appcars that from the predomin-
antly (3'R)- [3'=’H] precursor all of the (3'S)-[3'-"H]-
epimer has been incorporated together waitih sone (H=49)
of the (3'3)—[3'—3ﬁ]-ep1mer. From the predominantly
(3'§)—[3'-35ﬂ-precursor some of the (3'§)~[}'—3H]~ep1mer
as well as all of the (3'5)-[3‘—3ﬁ]-cp1mer, has been lost.
The flindings are in good agreement with Bu'Lock's theory7
but whereas his findings show stereospecific removal of the
(3'-253—§) proton of phenylalanine, the results in table 7
show removal of the (3'-pro-R) proton. The Teeding of
(3'§) tritiated precursor was repeated and confagurations
of all precursors established by assay. One plausible
explanation of the anomaly is that the precursor samples
sent to Bu'Loclk's group, or the derived gliotoxin samples
were accidentally interchanged at some stage, either

before, during or after the feeding experiment. Alterna-

tively but implausaibly odd results may have arisen as a
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result of comparing a fceding of (2'§,3'E)—[§'—2H]_
phenylalanine plus (2'R,S)- B'—lhdlphonylalanlne with
that of (2'R,S,3'S)~ [‘1'-14C,3'—2lijphenylalanine.

As has already bcen mentioned in Section A, there
has been a certain controversy about the assignment of
the C-10 protons in the n.m.r. spectrum of gliotoxin.
Nem.r., spectra obtained by Bu'lLock and Ryles of gliotoxin
derived from the stercecosclectively deuteriated phenyl-

12137. Bul'Lock et al.78 have

alanines, are shown in fig.
invoked sulphur dishielding to assign the downfield
doublet to HS, whereas in Section A the downfield doublet

is ascribed to I, on the basais of carbonyl dishielding

it
and allylic coupling with H-9. It is clear that if the
biosynthesas of the disulphide bridge has no effect upon
the 3'~-protons of phenylalanine, as postulatedgo, then the
configuration of the retained label in gliotoxin must be
that of the mycelial (pool) phenylalanine, and hence,
provided no inversion of the 3' carbon in the pool phenyl-
alanine has occurred, configuration should be the same in
the gliotoxin as in the preferentially incorporated
precursorj i.e. (S) (Scheme XXX).

Bu'Lock and Ryles' n.m.r, spectra (fig. 12) show the
downfield signal increasing in intensity and thus the
"upfield proton'" is the one which 1s labelled. In the
light of the author's results and the above argument the

downfield signal should be assaigned to H this being the

R!
configuration at which, in Bu'lLock and ityles' work, a
deuteron is replaced by a proton,.

From the results in itable 8 it can be seen that the

relative tritium retentions for gliotoxain and mycelial
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phenylalanine in each of the labelled side-chain feedings
are closely similar. Retention of tritium from (2'R,S5)-~
ﬁJ—iqc,z'—3HJphenylalanine in the mycelial phenylalanine
1s slightly highexr than that in gliotoxin, and corresponds
to a retcention of 2+5% 2'=tratium, as opposed to complete
loss which occurs during gliotoxin biosynthesis. There is
no reason why complete loss in the phenylalanine should
occur, but since the amino-acids and proteins of micro-

138

organisms exist i1n a dynamic state the very exlensive
loss observed is probably due to equilibrium with a
pyridoxal complex, as shown in Schee XXX1139.
Incorporations of racemic and sterecselectively
3'-traitiated phenylalanines into gliotoxin can be seen
from table 8 to be almost adentical with the tritium
retentrons i1n the corresponding mycelial phenylalanine
samples. This findaing strongly supports the idea that
the mechanism of 3'-tritium loss from phenylalanine is
quite independent of gliotoxin biosyntnesis. However
the picture is not as simple as appears from table 8.
Other factors which evidently affect 3'—~tratzum loss are
apparent from the time-study experiment (table 9), and
will be discussed below.
Assay of mycelial phenylalanine samples from the four 3'-
tratiateu feedings are shown in table 9. Not all of the
(3'R) tritium has been removed in any one case. A propor-
tion of (3'R) label, apparently depending on the amount of
(3'R) label in the anitial precursor, 1s always retained.

Thais 1s in good accord with the Tinding of Bu'Lock et al,

that some (2'E,§)—[B',3'-zﬁé]phenylalanine was 1ncorporated
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into gliotoxin without deuterzum loss’™, but again implies
that the (pro~S) rather than the (pro-R) hydrogen at
position 10 in gliotoxin is retained. These results are
compatible with the idea of stereospecific loss of the
(REE"E) proton at the 3'~position of phenylalanine followed
at a later stage by the complete sequence of gliotoxin
biosynthesais.

Results (table 10) from the time-study experament
show that such gliotoxin as is formed after only 24 hours
retains 72% of its tratium. By 48 hours the value has
fallen to 54%, and by 72 hours it has reached 1ts final
value of ca.53% Thas is exactly the result expected from
the postulated synthetic péthway, gradual loss of phenyle
alanine (3'R)-tritium down to a constant level.

Close examination has thus failed to shed any light
on the biosynthesis of the disulphide bradge in gliotoxin,
except to show that loss of the 2'-proton and complete
retention of the 3'-protons occurs during the process.
The "bioacceptor of the disulphide bradge® (7), put forward

59

by Taylor et al. 1s thus excluded as a type of inter-
medrate. It seems more likely that biosynthesis occurs
either by direct sulphur donation to the species (55) or
to the triol (56) by a mechanism analogous to the bio=-
synthesis of c¢ysteine from serine. It a1s interesting that
formation of the triol (506) might well lead to Taylor's
metabolites (5) and (6)10.

On the other hand, these investigations have led to
the discovery of an unexpected and apparently unprecedented

stercospecifaic exchange of label at the 3'- posation during

the metabolism of phenylalanine by T. viride. According to
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the results shown in table 10 the metabolac pathway
responsible for (3'R)-proton exchange 1s accompanied by
another coausing (3'S)-proton exchange during the first
24 hours of growth, since relative tratium retention in
pool phenylalanine after this taime 1s less than 50%
(39+5%). Actually, even the tritium retention values of
50% and 55% encountered ain mycelial phenylalanine from
the previous racemic B'-Bﬂ]phcnylalanlne feeding (table 8)
and in the protein phenylalanine from the time-study
{(table 10) respectively, do not represent rectention of
all the (3'S) label present. The enzymatic assay figures
(tables 9 and 12 respectively) show that 8-10% of (3'R)
label always remains. Thus some (3'§)—label is always
lost, though to a much lesser extent than ftritium in the
(3'R)-confaiguration. Retention of (3'R) triiium may not
necessarily indicate retention of the (3'2)—proton under
natural circumstances. Retention may be favoured by an
i1sotope cffect, which would greatly lower ithe rvatle of
exchange for (3%3'R)-labelled species, causing (3'R)-
retention of unnatural magnitude. All that is demwmonstrated
by the retention of (S'B)-tritlum i1s that whatever the
process responsible for (3'R)-proton removal, 1t is not
essential to any stage of phenylalanaine active-transport
or metabolismj; if 1t were essential, the (3'HR)-tritaated
species would either be entirely metabolised along with
(53'R}-protaum species, or excluded from melabolism alto-
gether.

Another observation arising from the time-study s
that the process rcsponsible for removal of the (3'R)

proton apparently operates on all phenylalanine cnteraing
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the cell but to a different extent in each case. For
example after 24 lhours the gliotoxin, and an etiianol-

3H:ilic

soluble dipeptirde present in the pool both have a
ratio of about 6+3, The protein phenylalanine, on the
other hand has a 3Ii:iqc ratio of about 4+¢9. Phenylalanine
in the amino-acid pool has a ratio of about 3«5 (table 10).

No change in the 3H:"UEC ratz2o of the protein phenyl-
alanine from subsequent samples is observed. All are
about 4+9, The amount of 1IiC actaivaity contained in the
protein phenylalanine appears to fall slightly from 24
hours onwards (table 11). Phenylalanine in the amino-acaid
pool appears to gain 3'-tritium from 24 hours onwards.

This may be explained if some labelled phenylalanine from
metabolic degradation of the mycelial protein passes into
the amino-acid pool. At the same time a great deal of the
140 activity from the pool phenylalanine is apparently
lost. A comparable increcasc in activity in the form of
gliotoxin occurs (table 11). The figure for gliotoxin -140
after 48 hours' growth may be in error because of the
dafficulty of asolating such a small quantity (16 mg) of
the metabolite.

Protein production evidently carries on after 24 hours'
growth, since the weight of mycelaium obiained i1n subsequent
samples goes on increasing, és does the quantity of
materral extractable from these samiples with barium
hydroxade (see Experimental Section). However, according
to the carbon-14 incorporation faigures (tablc 11) no

phenylalanine from thie amino~acid pool is used in protein

synthesas after 2% hours' growth., These figures are not
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walertight however, since at cannot be known for certain
how nuch if any phenylalanine remains in the mycelium after
barium hydroxide extraction.

A scheme which summarises all the above-described
phenylalanine interconversions is shown (Scheme XXXII).
It is postulated that after passage through the cell wall,
the precursor i1s converted immediately by different routes
into protein and into L-seryl-L-phenylalanine anhydride (57).
During these conversions the (3'R) proton is exchanged out
at different rates. Phenylalanine in equilibrium with pool
peptides loses successively more and more (3'S) proton.
Finally about 48 hours from inoculation, gliotoxin produc-
tion is inducted, for whicg all available (57) and pool-~
phenylalanine is used. This is a highly simplified picture,
and no more than circumstantial evidence of the flimsjiest
kind is available to show the existence of (57). Il will
be noted that the 3H:iqc ratio in the pool phenylalanine
and in the pool peptides (water~soluble baseline fraction)
after 24 hours are similar (about %*1), as they should be af
an equilibrium of this kind is to be postulated. Loss of
(3'S)-tritaum from the 24-hour pool phenylalanine could
be explained by a non-stereospecific process (which would
cause racemisation) in equalibrium with a stereospecific
process (which would remove the (3'R) label) as well as by
a straightforward stereospecific removal of the (3'S)
proton (Scheme XXXIII).

Only speculation is possible about the nature or
purpose of the process in which the (3'-pro-R) proton is
removed., Scveral reversible processes arce however lknown

which could cause loss of the 3'-protons of phenylalanaine.
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Scheme XXXIil v

(3'S)-t

Scheme XXXV

Fh




The best-documented are probably those involving ilhe
Schiff's base of the amino-acid with pyridoxal phosphate
(Scheme XXXIVa and b)iko. A part of this sequence has
already been shown in connection with loss of the 2'=

proton of phenylalanine. The first type of process

(Scheme XXXIVa) is that responsiblc for the dehydration

of serine or the cleavage of cystathionine by elim1nation141.
Normally some good leaving group (water, hydrogen sulphide,
homocysteine) is anvolved but 1t 1s possible that hydrade
removal by a mnicotainamide or flavine nucleotide could occur.

Another possibility is enamine-ketimine tautomerism of
the pyridoxal-Schiff's base (SchemeXXXvb). This could be
either spontaneous or enzyﬁe—medlated. The enzyme-mediated
reaction should be stereospecific. The spontaneous reaction
is favoured in that the enamine tautomer conjugates with
both the carboxyl group, and with the phenyl group, but it
involves breakage of conjugation with the pyridine ring.
1t could reprotonate stereoselectively, particularly a1f the
whole complex i1s bound to a protein; as 1s generally the
case. Intermediacy o¢f a pyridoxal-bound intermcdiate 1s
made more attractive by the finding that all the protons
of alanine are quickly exchanged by incubation with alanine-
glutamate trénsaminase in deutlerium oxldeiqz.

Knox et al. have purified arylpyruvate keto-enol
taulomerases whach act on phenylpyruvate, &—hydroxyphenyl-
pyruvatelks and indolylpyruvateiqq. The physiological
function of such enzymwes is not lknown and neither 1s the
stereo chemistry of the reaction they produce. As well as

arvlpyruvates they will accept analogous aimino-acids and

it is possible that they catalysce the kelrmine~cnamine
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tautomerism shown in Scheme XXX1IVb, in Nature.

Pyradoxal phosphate has becn impliacated in a wide range
of rcactions involving amino-acids, such as transamination,
racemisation, oxidative deawination and cleavage of various
beta and gamma substituents. Interestingly, its implaication
in the active-transport of amino-acids through the cell wall
has also been clalmedlqs. Spontaneous non~stereospccific
proton leoss from the 3'-position of phenylalanine bound to
pyridoxal phosphate, followed by stereoselectave reproton-
ation, could possibly account for the observed losses and
retentions of 3'~tratium.

An alternative type of reaction which could atcreo-
specifically remove 3'-1abél from phenylalanine is the
ammonita-lyase type of reaction already described. The
amnonia-lyase reactions so far reported have all i1nvolved
loss of the (3'S)-proton, so this is mnol a likely cause of
3t'~proton loss in this case. However, reversibility of
the ammonia-lyasc reaction has been demonstratedgz, and
there is the possibilaty that it could account for the

removal of (3'§)~proton observed in the pool phenylalanine

24 hours after inoculation,
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Section C

Biosynthesis of the Clavine Alkaloads
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C.1 Introduction

Since 1t is well established that mevalonate and
tryptophan are the starting materials in the biosynthesas
b7

1 ,
of the ergoline skeleton, an i1nteresting question

arises as to the actual mechanism by whach the isoprene
unit derived from mevalonat9148 1s attached to tryptophan.
Since electrophilic substitution of the indole raing at the
beposition by some mechanism such as 1n Scheme XXXV 1s
rendered difficult by the low electron-density at thas
position, an early hypothesis was that dimethylallyl
pyrophosphate reacted with S-hydroxytryptophan, the 4-
position being actaivatcd by the 5-hydroxy group. This

k9

postulate has been disproved by both Baxter1 and

Plieningerlso, who have shown that no loss of label occurs
from, respectively, DL-[E-Bﬁ]tryptophan or {rom DL-
E3,6—2Hé]tryptophan. Only one deuteraum atom per molecule
is lost fron DL—[2,&,5,6,7—2H§]tryptophan and from DIL-
Ek-gli:l tryptophaniSO .

151

Since their discovery and determination of the

biosynthetic orig,in152 of psilocin and psilocybain (60) and
(61), llofinan et al. have postulated that a hydroxy or
pyrophospho-group at the 4-position of tryptophan may be
responsible {or indole~isoprene bond formation. A “"tairl-
to tail" condensation 1s proposed, (sec Scheme XXXV1)} in
the manner of sgalene biosynthesis. llowever, displacement
of an aryl pyrophosphate group is mechanistically unattrac-
tive and 4-hydroxylation of the indole ring would seem to
imply an N.I.H. shift. This ais not observedlso and

153

Plieninger supports a mechanism in which tryptophan

itself participates.
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0
Another mechanism, proposed by Weygand et al.l)k was

-
based on the observation by Griger et al.iS) that pyridoxal
phosphate greatly increases {he rate of biosynthesis of

154 put

clavine alkaloids from tryptophan. Weygand et al.
forward the intermediate 1'-dimethylallyltryptamine (62)

and obtained substantial incorporation of 1-(3—[2,4,5,6,7-
3H5]indolyl)--2—amino-5-~methylhex—’i-ene (63) into elymoclavine
(59). Mowvever Plieninger, feeding ric-labelled h-dimethyle
allyltryptophan (64) also obtained very good incorporation
into this alkaloid153. Weygand et al. have since publisheod
the results of competitive experiments showing that 3H-—
labelled 1-daimethylallyltryptamine 1s incorporated less

. 4
readily into clavine alkaleids than 1iC-1abelled fedimethyl-

allyltryptophan. However, hoth these compounds were 1ncor-

porated less readily into elymoclavine than was ilryptophan
itself156. Thesc workers have also shown that 4-hydroxy-
tryptophan 1s apparently not incorporated into the clavine

157

alkaloids thus renderaing the theory of Hofmann invelvaing

a "psilocybinoid! intermediate still more untenable.

In a recent paper by Bycrofit and Landon158, a totally
new mechanism has been postulated which accounts for the
introduction of the dimethylallyl group into the A-position
of tryptophan’ during the biosynthesis of the ergoline
skeleton. The same: theory can also a;count for the
dimethylallyl groups at the-aindolac 1 and 2 positions ain
ilamycin (65) and echainulin (66).‘ It was to test Bycroft's

hypothesis (see Scheme XXXVII)} that the work in this

section was carricd out.
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C.2 Feedainz experiments

Two clavine-producing strains of Claviceps purpurea

have been adapted from Lhe original wild strain obtained

by Hofmann from the African millet Pennisetum typhoirdeum
17 159

These are Tyler'!s strain (47A7) and Gr8ger's

strain (SD58)160. Although Tyler's strain {(47A) was

Rich. 1

kindly supplied by Dr. J. Woolley (Pharmacy Dept., The
Polytechnic, Leicester), the only applicable method of
work-up (preparative chromatography on impregnated paper)
is rather clumsy and tedious. It was more practicable to

work with the wild strain, supplied by Dr. A, [iofmann

17

v

{Sandoz, Basle). Hofmann's culture technlque1 was used,

with a s8lightly modafied meaiumlis. The clavaince alkaloads
were extracted wath chloroform/isopropancl (%:1) and tne

crude extract separated on a column of neutral alumina as

described by Hofmannii&.

Unlabelled agroclavine and elymoclavine, obtained 1in
this way, were identified by their melting points, specific
rotations and by their strong violet colour test wath
Ehrlich's reagent. All these propertics were in good
agreement with those reported by Hofmann., The yields of
pure alkaloid were extremely variable; only in an early
unlabelled incubation were the yields of 0+7 g/litre of
each alkaloxd, which Hofimmann quotes, attained., Yields in
the labelled runs appear in .Table Nq. 13, The explanation
for the highly variable yields must be that it was impos-
sible to maintain the culture temperature at the 24°c,
mentioned by Hofmann., Normal indoor summer temperatures
of 25—3000. gave much poorer yields than the lover temper-

atures (15—2500.) prevailing in winter. Since the
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allkkalords are secunsitive to light, the cultures were kept
in the dark as far as possible.

DL-[?-BH]TryptOPhan preparcd by Dr. S.W. Shah161 was
used for the cruciral feeding experiment. That the tritium
was located entirely in the indole-2~position had been
adquately demonstrated by Shah by degradative procedures,
as well as by the unambiguous synthetic route (Scheme
XXXVI1I). Before use, its specific activity was measured
and found to be in reasonable agreement with Shah's Valuciﬁz,
allowing for tritium decay. Checmical and radiochemical
puraty of the sample were established by running a paper
chromatogram, scanning it, and developing with ninhydrin
reagent.

Two feediny experinents were carrred out in this serices.
Firstly DL-[}'-lkcjtryptophan was administered in order to
establish that incorporation wvas possible under the
condations used. lnf-B'-140,2-3HJTryptophan was then

fed under similar conditions. The results of the two

fecdings are shown in table 13 below:

Table 13
Precursor Acty.* 3H:llkc Alkalord]| Yield]Acty.* 3H:lLkC 1Ncorp,
DLB'—quJ— Agro-
~ tryptophan 9 - clavaine|450mg| 36 - 39+ 5%
'Elymo-
clavine|250mg| 1+0 - 11-0%
DL[3'-1I*C,2-311]- Agro-
tryptophan 9 5.5:1 |clavine|120mg| 0+86 [5+3:1 §.9¢
Elymo-
clavine|230mg| 0+3 |5+6:1 3o 3%

* {otal 1&0 aclivaty; PCi
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Retentzion of 97% and 101% tritium relative lo
carbon-14 has occurred during the biosynthesis of agro-
clavine and elymoclavine, respectively. If the mechianism
of introduction of i1he aisopentenyl group into the indole
nucleus proceeds via Bycroft's hypothetical aindole-2-
thioether intermediate, total displacement of hydrogen
at the indole 2-position would be expected. Thus the

158

above results make Bycroft's theory™ unlikely at first
sight. However, the possibility of total migration of
tritium to some other point in the molecule, makes it
desirable to establaish the position of the traitium in the
agroclavine and elymoclavine., A degradation has been
sought which specifically removes hydrogen from the 2-

position of agroclavine, this being the casier of the two

alkaloeoids to work with.
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C.3 Degradative Procedures

A suitable recaction appecared to be that with N-
bromosuccainimide (N.B.S.). Troxler and Hofmann116 report
that treatment of D-lysergic acid NN-diethylamide with
this reagent gives the 2-bromo compound in good yield,

The 2-bromo-derivative of a 3-substituted indole 15 easily
detected as it gives no colour test with Ehrlaich's reagent
(Ewdimethylaminobenzaldehyde)116’16&.

When agroclavine was trecated with a molar equivalent
of N.B.S., the well defained product still gave a streong
Exrlich colour test, N-Bromosuccinimide reacts by a free-
radical mechanism with compounds containing an allylic or
benzylic hydrogen atom164. Inspection of the agroclavine
molecule (58) revcals benzylic hydrogens at C-4, allylic
hydrogens at C-7 and €-17, and a hydrogen at C-~10 vhich
is both allyliec and benzylic. At lcast threc atoms of
bromine apparently nceded to be incorporated into agro-
clavine before the 2-position was altacked. Characteris-
ing and counting the labelled compounds between successive
brominations to establish at which stage the tritium was
lost, was not practicable with the amocunt of material
available., Since catalytic reduction of agroclavine over
platinum oxide is reported to give the single product,

festuclavane (67)125

y 11t was hoped to preparc labelled |
festuclavine in this way and then brominate the 2-position

. . 14 5
using N.B.S. It was found that E—acotyl{ﬁ‘- Cy2m h]—
tryptophan did not lose tritaium when sfirred as a methanolic

solution with platinum oxide in an atmosphere of hydrogen

for 24 hours. Thus the indole-~2-position is not labile

under these conditions. However, in contrast to the




Scheme XXXIX

(58)
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experience of Agurell and Ramstadlzs, only agroclavine
could be detected with certainty in the rcaction mixture
after hydrogenating for 24 hours, and this approach
(Scheme XXXIX) had to be abandoned.

The farlure of the KN-bromosuccinimide reaction also
ruled out the possibility of using hypochlorite oxidation
of the aindole ring. Troxler and llofmann have reported
that derivatlives of lysergic acid may be oxidised Lo the
corresponding dioxindole compounds (sce Scheme XL) usaing -
calcium hypochloraite solut10n165. However, this reagent
would be expected to react preferentially with the C-9,10
double bond in agroclavine. The double bond in lyscergic
acid is protected from attack by 2ts hindered position and
by conjugation with the indole nucleus.

Another line of approach was represented by the
rcaction of lysergic acad dicethyl amide with di-sulphur
dichloride reported by Witkop et a1.119 The rcaction is
represented in Scheme XLI. Cleavage of the bis-(indol-2-
y1l)disulphide to give the thio-oxindole is accomplashed
using zinc 1in acetic a01d.166 However all attempts to
prepare the bis-(indole-2-yl)disulphide of model compounds
gave tars, in which only starting material could be
detected by thain-layer chromatography. The model compounds
used were N-acetyltryptophan, gramine and two analogues of
gramine prepared by the Mannich reaction of indole with

formaldehyde and, respectively, piperid1n0122 and

23

morpholine1 + Even when reaction conditzons other than

120,121
P

those of Witko were used, no product of the reaction

was isolable by thin-layer chromatography. N-Acetyltryptophan

was used as a model compound because its colour with Ehrlach's
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reagent is an unmistakeable deep violet; that of graminc
and ils analogues is a pale pink. Treaiment of N-
accetyltryptophan with di-sulphur dichlorade gave an
Ehrlich-positive crude product under all sets of reaction
conditions. The reaction was abandoned.

Many other reactions which substitute the 2-position
of indoles also attack at some other position in the

indole ring. Such reagents as N-bromophthalimide in

67 68

benzene1 y and N-bromosuccinimide i1n aqueous acetic ac1d1
have not been tried because they are reported to attack the
5 or 6 position of the indole nucleus.

In a more recent paper, Bak et al.iz& have described
the bydrogen=-deuterium exchange of the ring positions in
tryptophan. These workers have claimed that the 2-proton
in tryptophan is exchanged much more rapidly than the
other 1ing protons in undiluted deuteriated itrafluorocacetic
acid at 40°C., and it was hoped that the 2-posiiion of
agroclavaine could be exchanged in this way. When tryptophan
was treated with deuteriolrifluorcacetic acid under the
conditions described by Bak et al.iz& for 30 minutes, the
integral of the aromatic protons decreased from 5 to 4,
and a sharp peak at 1T2+8 in the middle of the aromatic
region disappeared.

When unlabelled agroclavaine was treated with deuterio-
trifluoroacetic at 4000., n.m.r, resolution was so poor
that no acceptable spectrum could be run. Il was necessary
to re-isolate the alkaloid by column chromatography and
then run the nuom.r. spectrum in deuteriochloroform.

Specctra of agroclavine before and after treatment wath

deuteriotrifluorcacetic acid are shown (fig. 13 and 14).
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fig13-AGROCLAVINE (58)

60MHz.NMR. SPECTRUM (CDC13)




™~ fig.14- AGROCLAVINE

60MHz N.M.R.SPECTRUM

AFTER ACID EXCHANGE \
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The aromatic protons are to be found in the region
4+2-70-3°30, and the sharp peak at t3-19 in the unlabelled
spectrum is presumrably the indole-2~proton. The integral
over the aromatic region of the deuteriated spectirum is
2*'7. Assignments of the other peals are given an the
Experimental Section.,

Graphical representalaons of the nas spectra of
agroclavine and deuterium-exchanged agroclavine are shbwn
(frg. 15). The pattern in the region of the molecular ion
is complicated by a strong {(M-1)F peak, but it as still
evident that a considerable proportien of di-deuteriated
as well as mono-deuterialed species are prosent: Actual
percentages of mono-, di-~ and tri-deuteriated molecules
present have been calculated from the peak heights of the
M+,(M+1)+ and (I-l-‘l)+ 1ons (a) assuming that only loss of
prolium was possible, to give a (M-1)" but no (M-2)% ion
and (b) assuming that deuterium scrambling took place
throughout the molecule and that deuterium loss was
predictable on a basis of chance. The calculations are
presented in the Experimental Section together with
assignments of some of the mass-spectra peaks. Percentages
of the various deuteriatecd specics calculated by cach

.
method, are tabulated in table 14.

Table 14
Method do d1 d2 d3
a 23, 3% L7. 7% 22 3% 6. 7%
b 20 2% 55-0% 16 - 7% 8.1%
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That there is a saignificant percentage of di-
deuterxroagroclavane present 2s clear from the numbexr of
peaks in the unlabelled spectrum wiiich have corresponding
peaks two mass unaits higher in the labelled spectrum
e.g. at m/e 223 (225), m/e 221 (223), m/e 196 (198),

m/e 194 (196) etc.

llydrogen~deuterium exchange was eventually not used
to degrade labelled agroclavane, since the positions of
the deuterium substitution cannot be ascertained exactly.

Mr. R. Pinchin and Dr. B.W. Bycroft (Nottingham

169 have also investigated a nuniber of reagenis

Unaiversity)
known to attack aindoles or pyrroles in the hope that ilhese
might be applicable to the degradation of agroclavine.

Following on from the work with di-sulphur dichloride

.
described above, Pinchin and Bycroft iraied the reaction of
methylsulphenyl chloradel O {(Scheme XL1I R = methyl, X = Cl1)
but waithout obtaining any product in good yield. It was
assumed that in the 2-methylthiocindole system, as well as
in the bis-indole-2-yl dasulphide system previously
mentioned, back-donation of non-bonding electrons by the
sulphur to the indole may account for still greater
nucleeophilic character, and hence instabilaty in the ring,
than is observed in unsubstiiuted indole¢s. If the group
attachied to sulphur at the 1indole-«2~position were strongly
electron-withdrawing in character a more stable indole-
2~thioether might result. 2,4-Dinitrophenylsulphenyl
chloride {(Scheme XLII R = 2,4=dinitrophenyl, X = Cl) has
been reportea to gaive a stable compound with tryptophan
171

in proteins and peptides « lHowever, when gramine was

trecated with this reagent, a product was obtained in which

o
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one methyl group per molecule appeared to have been lost
{n.m.xr,). This proauct contained a 2,%t-dinitrophenyl
group (n.m.r,) but 1is posation could noi be ascertained.
A recent paper172 describing attack by thioccyanogen
*bromide at the meso-position of porphyrins led us to the
hopce that the indole-2~position of agroclavine might be
attacked in the same way to give an indole-Z2-thiocyanate.
Thiocyanogen bromide is known to react readily with
pyrroles173 to give ring-substituted thiocyanates. However,

69

FPanchin and Bycroft report1 that vhen gramine s trcated

with thiocyanogen, formed in situ by the action of bromine
on lead (1I) thlocyanate172, only tars were produced.
I{oshland174 has reporfed a highly specific reaction
of tryptophan in peptides and protleins with 2-hydroxy-5-
nitrobenzyl bromide. This reagent readily forms a quinone-

175

methide structure which substitutes the 2-position of
tryptophan (sec Scheme XLIX1l). Reaction of Koshland's
reagent with gramine in acetone gave a yellow o1l which

turned to a deep brown tar. Only a streak, without succinct

spots, was observable on thin layer chromatography.




Section D

Experimental




(i)

(ii)

(2ii)

(iv)

(v)

(vi)

(vii)

{viaa)

(ix)

(x)

Notes

Melting points were determincd on a Kofler heated-

'
slage apparatus,
All solvents were distilled before use.
Absolute chloroform was prepared by washing the
technical grade with 2 x 12ts volume of water, followed
by distillation from calecium chloride. (A.I. Vogel,
Practical Organic Chemistry, 2nd ed. p.1i74, Longmans
Green, London 1951) Solvent purified by dastillation
from P205 tends to cause decomposition of clavineo
alkaloids.
A Pye Unicam bench pll meter calibrated with bulfer
solution accordaing to the instruction manual, was used
for all accurate pH measurements, as indicated.
Neutral alumina 1s indicated wherever alumina 1s used
for chromatography.
A Gallenkanp type 1H400 thermostatic orbital incubator
was used for cultures of T. varide.
All paper chromatograms were developed an a solvent
consisting of n-butanol, 6; glacial acetic acid, 2;
water, 2., Descending chromatography was used for all
preparative papers, ascending for analytical papers.
Spots of amino-acids were revealed by spraying with
minhydrin reagent (0+1% w/v in acetone, 1; n-butanol;
1) and heataing at 100°¢. in an oven for 5 minutes.
Wherever "light petroleum'" i1s mentioned, the fraction
boiling between 60-80°C. is indicated.

d/min., or disintegrations per minute refers to the

number of heavy-isotope nuclei disintegrating per
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minute. Correction to this figure from observed
counts/minute is carraied oul using an efficiency
value predetermined with the aid of a standard com-
pound of known d/min. One millicurie has been taken
throughout to be 222 x 109d/min. Occasional ref-
erence to "counts per minute' indicates the
disintegrations per minute registered by the Beckmann

instrument withoul correction for efficiency.
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D.1 Rang-Labelling of m-Tyrosine and Phenylalanine

DL-Ib,ﬁ,G—zﬁé]-m-Tyr051ne

DL-m~Tyrosine (50 mg), obtained from Koch-Light Ltd.,
Colnbrook, Bucks., was dissolved in a solution of thionyl
chloride (148.7 mg) an deuterrum oxide (0.5 ml), this
berng equavalent to 5.0 Nedeuterium chloride. The amino-
acrd solution was transferred to an n.m.r. tube and flushed
with dry nitrogen to remove 502. The tube was sealed and
an n.m.r. spectrum immadiately run. Spectra were subse=-
quently run affer various periods of heating the tube in
a bath of boiling water. The spcctrum after fifteen
minutes heating (b) is compared with that run inmmediately

after sealing:

iy form integral asslgned
a. b. a. b.

2467 (t)  (s) 1+08 1406 H,

3.09 (d) - 2+96 0°49 Hy

555 multiplet 1°11 111 HC

6°72 multiplet 1+85 1+85 HD

After 16 hours' heating (see other figures in Section
A} the tube was opened and the m-tyrosine solution evapor-
ated down tlo dryness. Water was added to the residue and

the solution evaporated to dryness again. This was
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repeated a total of three times to remove recadily exchange-
able deuterium., The residue was finally dissoclved in the
minimum of water, neulralised with ammonia (s.g. 0+880),
filtered, and evaporated down to aincipient crystallisation
witen about 2ml. ethancl was added. Crystallisatlion occurred
when the solution was left overnight in the refrigerator,.

Recovery - 105 mg ; 33%

meps - 261-5°C(a) (12t.19%75%. (a))

DL-[?,4,6-3H%]-E-Tyrosine

m-Tyrosine (100 mg) was dissolved in a solution of
thionyl chloride (297+5 mg) in iraitiated water (1+0 ml;
200 mCi), this being egquivalent to 5N-tritiated hydrochloric
acid. The amino-acid soclution was transferred to a Carius
tube and the 502 remroved with a stream of dry nitrogen.
After sealing and heating in a boiling-water bath for 1
hour, the tube was cooled, opcned and the contents evapor-
ated to dryness in vacuo. Readily exchangeable tritium
was removed by repeatedly taking up the residue in water
and evaporating down again (%4 times). Finally the resadue
was dissolved in a mainimum of water, neutralised reduced
to near-crystallisation and;n@cipltated with ethanol as
in the previous experiment. The procedure was carried out
twice altogether (a and b).

a. Recovery 45+2% 3 Activaity 1°795 mCi/mmole; m.p.263'8°C.
b. Recovery 54+1% ; Activity 2°+310 mCx/mmole; m.p.26&-9°c.

m-Methoxycinnamic acid N
ra

DL-~m-Tyrosine (100 mg; 0+55 mmole), from the same
batch as was used for the exchange labelling (above), was

dissolved in 10% sodium hydroxide solution (10 ml) and




stirred in an ice-bath while dimethylsulphate (500 mg;
3+95 mmole) was added in 0*1 g aliquots over 1 hour. The
mixture was stirred for a further hour at room temperature
and then refluxed for 3 hours. The m-methoxycinnamic acad
was precipitated from the cooled reaction mixture by
acidification with concentrated hydrochloric acid filtered

off and rccrystalliscd from water.

Yield 63.30 mg; 0.39 mmolej; 64.4%
101

m.p. 112-113°%C. (1lat. 117-118°C.)

nem.r. spectrum.

(cnc%g
T signal intecral J assairned
6°19 singlet 3 protons - --OCI{3
3°6% doublet 1 proton 1541z HB
298 maltiplet 4 protons - H,
270 singlet 1 proton disappears 1in DZO—COZH.

240 doublet 1 proton 15°*4Hz H,
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p-Methoxycinnamic acid

The preparation was as for m-methoxycinnamic acid,
starting from L-p-tyrosine (100 mg) (Koch Light Ltd.,
Colnbrook, Bucks.). Recrystallisation of the product was

from ethyl acetate.

Yield 22+0 mg; O0°*13 mmole; 24+4%
101

- mep. 172=173°C. (1it. 170-174°C.)

N.M.T+ Spectrum

* signal integral assigned

1

—— —S————
617 singlet 3 protons - -OCH3

|
370 doublet 1 proton 15 *4Hz H, ;
3+09 doublet 2 protons 8*6Hz H)y
2*51 doublet 2 protons 8+6H=z H.
2+58 singlet 1 proton - ~CO,H disappears

in DZO'

2+35 doublet 1 proton 154 Hy

o~Methoxybenzaldchyde

Salicylaldehyde (5g; 41 mmole) was dissolved in 10%
NaO# (40 ml) and the solution stirred in ice while dimethyl
sulphate (10g; 80 mmole) was added in small portions over a

period of 2 hours. The reaction mixture was stirred at

room temperature for a further hour and finally extracted




with chloroform {3 =% 25 ml). After drying the extract over
NgSOQ the chloroform was removed in_vacuo and the residual
0il was used to synthesise o-methoxycinnamic acid, without
further purafication,

Yield 45 g 3 33 mmole; 80%

o=Methoxycinnamic acidgz.

o-Methoxybenzaldehyde (4.5 g; 33 mmole), malonic acid
(6+9 g; 66 mmole), anhydrous sodium sulphate (5g), piperidane
(6g) in dry pyriaine (50 ml) were heated in an atmos-
phere of dry nitrogen for 2 hours, after which {time the
reaction mixture was refluxed for a further 23} hours. The
cooled solution was poured into water (1 litre) and cxtracted
with chloroform (4 x 50 ml}). The chloroform extract was
draed over MgSOQ and the solvent removed in wvacuo. The
residue was recrystallised from ce¢thanol:

Yield O+6g ; 3.65 mmole; 11%

m.p. 185-187 (Lit.1%1185-6%.)

NaMet's Spectrum

2? interral signal J assiqned
614 3 prolons singlet - —OCH3
%51 1 proton doublet 16 * 3Hz HA
3+12-2+45 4 proton - multiplet HC
2+00 1 proton doublet 16 * 31z Hy
i-34 1 proton broad

singlet - ~Co I




Tritium Exchange from DLu[},&,GBH%j—E—tyr051ne

The following experaiment was conducted 1n duplicate,
DL-[é,&,G-BH;]-E—tyrosine (ca.2+0 mg; IOOPCi), commercial
DL-»Bl_lkCJphenylalanlne (10pcCa) and‘phenylmercury nitrate
(2 mg) were dissolved in about 30 ml water, brought to
pH3+0 (pH meter} with hydrochloric acid, and transferred
to a 50 ml standard flask. The solution was then made up
to the mark with deionised water, and sterailised by filtra-
tion. Aliquots of 10 ml were transferred to sterile
McCartney bottles using a sterile paipette. The McCartney
bottles were thpn sealed and maintained at 3000. in amn
incubator, without shaking.

At approximately 2-day intervals, the bottles were
opened in a sterale cupboard, and Iml-.-aliquols were removed
from each. The individual aliquots were then neutralaised,
evaporated in vacuo without heating, transferred to
scintillator botiles in solution in ethanoclic hydrochloric
acid and counted in the usual way.

Despite slight variatrons due to the presence of some
inactive material (e.g. phenylmerbury nitrate) the follow-
3

ing table shows great stability in the H:iQC ratio

throughout the experiment.

*Uncorrected disintegrations/minute counted by Beckmann

instrument.

Series A Series B
Hrs.
*mean 3H 3H:ﬂ*C *mean 3H 3H:iI*C
Count/min. Ratio Count/min. Ratio
3 114,513 110631 72,852 7¢39;1
77 205,309 11-45;1 103,480 72451
124 245 198 10+1031 135,330 67931 |
173 254 406 108131 149,199 70851
245 306,153 11+04;1 165,414 7+5031




I}—BH Toluenea3

Commercial m~bromotoluene (B.D.H. Ltd., Poole, Dorset),
guarantced to contain not less than 99+7% of the meta
isomer, was used. This material (257 g3 15 mmole) was
dissolved in dry ether (40 ml) in oven-dried apparatus.

An excess of lithium metal (250 mg) was added and the
reaction mixture stirred under an atmosphere of dry nitrogen,
Formation of a white, cloudy precipitate of lithium bromide
indicated that the reaction was in progress. After three
hours traitiated water (0.5 ml; 27+8 mnole; 100 mCi) was

added hy syringe through a serum cap. Stirring was con-
tinued for tweniy minutes, after vhich time an excess of
water was added in order to destroy any remaining lithium.
The reaction mixiure was then extracted with ether (3 x 25 ml)
and the extracts dried (MgSOQ). The ether was fractionated
ofl’ through a Vigreux columnj; when the still head reached
40°C. carbon tetrachlorade (20 ml) was added and a little

of 1t distilled over at 80°C. 1n order to remove all the
ether, The residual solution was made up to exactly 20 ml
with carbon tetrachloride and its concentration measured

by n.m.r., comparing the integrals with those of a standard
5% w/vol. toluene solution run under the same conditions.

~

Yield 1*16 g3 12°61 mmole; 84+1%.

e
. [}-EH]Benzyl bromide8“’83

The above solution containing 1+16 g {12*61 mmole) of
B-Sﬂjtoluene in 20 ml carbon tetrachloride, was transferred
to a two-necked flask fitted with a reflux condenser and
dropping funmel., The complete unit was posaitioned over

two 150-watt tungsten lamps and wrapped around with
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aluminium foil so as to be simultaneously heated and
irradrated by the bulbs. When the solvent was relluxing,
a 10% w/vol solution of bromine in carbon tetrachloride
(72 ml; 0*72 g Br; 13+24 mmole) was added dropwise at
such a rate that the red colour was instantly discharged.
The reaction conditions were maintained for 15 minutes
after the bromine had all been added, and then the solution
was allowed 1o cool, washed iwice with water and dried
(HgSOQ). After removing as much CCl, as possible the
residue was 2°53 g or 117+3%. A yield of 100% was assumed
for the following preparation.

Drethyl 2-[3-3H]Benzy1-2-acetamidomalonateos

Diethylacetamldomalonéte (274 g; 1261 mmole) and a
50% o0il slurry of sodium hydride (0*61 g; equivalent to
12+61 mmole) were refluxed together in dry dioxan. After
15 minutes, when the flask was filled with a thick whate
slurry, l}-Bﬁ]benzyl bromide (253 g; assumed 12+61 mmole}
was transferred down the condenser with a pipette and
washed down with a little more dry dioxan. After a further
two hours! refluxing the dioxan was dastilled off under
reduced pressure and the residue run onto a grade III
alumina (50 g) column ain benzene. The product was obtained
as starlike clusters of white needles by eluting with 200 ml
benzene, and was recrystallised from light petroleum until
a constant activaty of 0+810 mCi/mmole was obtained.

Yreld 0+644 g; 2+10 mmole; 16+7% m.p. 105-6°C.

io2

(1xt. 104-104°2°C.)




DL-[}-SQ]Phenylalanine

Diethyl 2—[?-3H]benzyl—Z-acctamidomalonate (200 mg;
0651 mmole) was refluxed for 90 minules wirth S5N-hydrobromic
acid (2.5 ml). The reaction mixture was then evaporated
down in vacuo, neutralised and transferred to a column of
Dowex 50WX8 cation exchange resin (H'form). This was
eluted with 200 ml gquantitaes of water, O0+75N-, 2N~ and
kN~-hydrochloric acid. The 2N-hydrochloric acid eluate was
found by paper chromatography to contain pure phenylalanine,
and was evaporated to dryness in vacuo. The residue was
dissolved up in a minimum of water, evaporated down to
incipient crystallisation and the pH adjusted to 6+0 with
sodium hydroxide. The product was allowed to crystallise
overnight in the refrigerator.

Yield 52°6 mgj 032 mmole; 49+12%

Activaity 0+800 mCi/mmole

Ié—3H1?oluene

This synthesis was carried out by the same procedure
as was used for [}-Bﬁ]toluene {above)., The starting material
was o-bromotoluene (B.D.H. Ltd., Poole, Dorset) (2:57 g;
15 mmole) .

Yield 1+32 g; 14+4 mmole; 72%

[2-34] Benzvl bromide

This synthesis was carried out by the same procedure
as was uscd for [}—SH]benzyl bromide (above). The starting
material was P—Sﬁltoluene (1°32 g3 14+4 mmole). The
final residue of @—Sﬂ]benzyl bromide was distilled at
atmospheric pressure to give a clear colourless liguid,
boiling 200-230°C.

Yield 0+94% g; 5°+*3 mmole; 36°6%
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5 v [2-311] ljenzyl-—3-phenyhydant01n85 .

3-Phenylhydantoin (0°'97 g; 5°5 mmole) was stirred at
SOOC. for 1 hour with 2M magnesium methyl carbonate87 in
dimethylformamide, after which [?-SH]benzyl bromide
(0*943 g3 5+5 mmole) was added dropwise Lhrough a serum
cap by means of a syringe. The mixture quickly became a
deep reddish brown and was stirred for a furtherhS% hours
at 70°C. It was then dropped slowly into a stirred mixture
of 2N-hydrochloric acid (200 ml) and ice (ca.200 g) and
extracted with ether (4 x 50 ml), the insoluble solid
being filtered off and retained. The ether extract was
dried over MgSOQ and evaporated. The drying agent was
extracted with dry acetone. The insoluble solid (above)
and the residues from'all the extracts were pooled; total
(4«0 nmoley; 73%).

This solid material was dissolved in a litile acetone,
applied to a column of grade III alumina (50 g) and eluted
with acetone. The band corresponding on TLC with authentaic
material (prepared previously from pure benzyl bromide and
examined spectroscopically) was recrystallised from acetone
-/light petroleum. -

Yield 290 mg; 1°1 mmole; 20%

mep. 140-145%C. (1it. 93173-174%C.)

Activity 138 mCi/mmole

DL - [2- 3H] Phenylalanine

5 2-3H]Benzyl-j—phenylhydantoin (266 mg; 1 mmole) vas
dissolved in dry dioxan (10 ml) and transferrcd to a Carius
tube., Saturated aqueous barium hydroxide (20 ml) was ?dded
and the tube was sealed. 1t was heated in an electric oven
at 165°C. for 1 hour. Before heating, the liquad ain the

tube was yellowish with a {ine cloud of white insoluble
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material. Afterwards the yellow ceolour had gone and a
great deal more precipitate was zn evidence. The tube was
opened and the contents neutralised with concentrated
sulphuric acid. The barium sulphate was failtered off
through celite and the filtrate evaporated to dryness.,

Crude yield 175 mg.

This material was taken up in warm water (25 ml},
neutralised again with barium hydroxide to pH 7¢0 (indicator
paper), filtered through celite and extracted with chloro-
form (3 x 10 ml). The chloroform extract was washed with
water and thc washings added back to the separated aqueous
layer. The chilorofiorm extract contained about 10 mg of a
brownish oil, which vas dis;arded. The agueous layer was
boiled down until near to crystallising, then about the
same volume (2-3 nl) of ethanol was added and it was
allowed to cool,

Yield 51+2 mg; O0°*'31 mmole; 31%

Activaity 126 mCi/mmecle
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D.2 Preparation of Side-Chain Labelled Phenvlialanines.

PL- [2'-311)Phenvialanine

Unlabelled diethyl 2«benzylucetamdomalonate was
prepared as described above using reagent grade benzyl
bromide., This material (200 mg; 0+63 mmolc) was placed
in a flask fitted w1th‘a reflux coudenser and an eflficient
drying tube, and a solution of thionylchloride in tritiated
water (500 mg 1n 2 ml; 6N; 200 mCi) was added. The mixture
was refluxed for 2 hours and then traitiated acid and
readily exchangeable {ritium were removed by repeatedly
evaporating to aryness 1in wvacuo, adding water and re-
evaporating. The firal residue was neutralised to pH 6-5
with the minimum of A4N-sodium hydroxide and finally
recrystallised from aqueocus ethanol.

Yield 46+7 mg; 0283 mmole; 45%

Activity 0.557 mCi/nmole

DL—E—Bennmz-[é'—3H;1'-1hé]phenylalan1ne

Diluted @'-BH;i'-iqé]phenylalanlne (100 mg; 6+59 x
10"4 mCi /mmole 14C; 3H:140 ratio 5°01:1) was dissolved in
kN-sodium hydroxide (1 ml) and the solution stirred in ice,
while benzoyl chloride (total 0.3 ml; 1.8 mmole) was added
dropwise over % hour. The pH was maintained at 9.0
throughout by dropwisec addition of 4N-sodium hydroxide
{total 1 ml). After stirring for a further # hour at room
temperature, the reaction mixture was acidaified wath con-
centrated hydrochloric acid and thie crude product fillered
off. Excess benzolc acid was removed by sublimation (130°C;
0+5 mmHg) and the residuc recrystallised from water.

Yield 90+5 mg; O-+34k mmole; 55+5%

104

m.p.  185-7%c. (Lit. - 187-188%c.)

140 activity 665 x 10"Lk mCi/mmole

3}1:140 ratio 1°91:1
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Epimerisation of DL-N-Benzoyl- 2'—3H;i'-1qc henyJalan1ne105
2 e

a. Using dicyclohexylcarbodiimide

N-Benzoylphenylalanine, prepared as above (50 mg;
0+19 mmole; 6°+65 x 10=° mCi/mmole 140) was dissolved in
dry acetonitrile (5 ml) and dicyclohexylcarbodiimide added
quickly. The mixture was refluxed for two minutes under
anhydrous conditions, and then allowed to cool. Crystals
(of dicyclohexylurea} precipitated and were faltered off,
The filtrate was treated with one drop of pryidine followed
by 5 ml water. The reaction mixture was then evaporated to
dryness and recrystallised (with difficutly)} from water/
ethanol.

Yield 20 mg LoY%

m.p. 165-175°C.
14C activity 2°+80 mCi/mmole
3H:lliC ratio 0°+28:1

105

b. Using acetic anhydride v

N-Benzoylphenylalanine (30 mg; O0+11 mmole; 6-65 x
10~° mCi /numnole 140) was dissolved in dry dioxan (5 ml) and
acetic anhydrade (0+1 ml; 90 mg; 0+9 mmole) added. The
mixture was refluxed for two minutes, then cooled and
treated with pyridine and water as before. The reaction
product was more easily crystallised.

Yield 15 mg  50%

m.p. 170-176°C.

e actaivity 3-26 mCi/mmole

34: Y¢ ratio 1+10:1
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106

2-Morpholino-2-phenylacetonitrate

Benzaldehyde (10+6 g; 100 mmole) and morpholine
perchlorate (20+4 g; 110 nmole) in dry mrorpholine (100 ml)
were stirred for 1 hour at 60°C. ain a flask fitted with a
reflux condenser. Then sodium cyanide (539 g; 110 mmole)
dissolved in the minimum of water, was added, and stirring
continued at 90°C. for a further hour. The resulting
mixture was tipped into 1 litre 1ce water containing a
little hydrochlorac acid, and the product precipitated out.
It was filtered off, dried, dissolved in benzene and passed
through a bed of grade III alumina (about 100 g).
Recrystallisation from light petroleum gave colourless
needles. .

Yield 15°+2 g; 76 mmole; 76%

m.p. 68-69°¢C, (1it.1%069.70%.)

N.MmsX s

T signal integral assigned

SRt
2.57 multiplet 5 phenyl group

5.20 singlet 1 acetonitrate 2-proton
631 multiplet ) b morpholino protons

adjacent 0.
746 multiplet b morpholino protons
ad jacent N.

Z—Morpholino—zuphenyl—[?-2H]aceton1tr1te106

2=Morpholino-2-phenylacetonitrate (10+1 g; 50 mmole)
in dry dimethylformamide (50+0 ml) was treated waith a 50%
suspension of sodium hydride in mineral oil (7°5 g;
equivalent to 150 mmole) under an atmosphere of dry

nitrogen, at room temperature. A brownish vellow solution

e




- 144 -

was obtained. The reaction flask was then cooled in ice
while deutlerium oxide (5°0 ml; 277 mmole) was slowly added.
The mixture was stirred for a few minutes and then sufficient
thionyl chloride was added to render the mixture acad
(pH1-2). About 8:0 ml were required.

The contents of the flask were then tipped into 2
stirred mixture of 1 litre water, 200 g ice and a little
2N-~-hydrochloric acid. After extracting with chloroform
(3 x 100 ml), the extract was washed with water (2 x 1 litre)
to remove dimethylformamide, and dried (Mgsoq). The chloro-
form was removed in vacuc and the resulting yellow oil taken
up in benzene and passed through grade III alumina to give
a colourless product. Recrystallasation from light petroleum
gave needles.

Yield 8+75 g; 43+3 mmole; 86+6%

MePo 68—690C.

NelMeX's

T signal integral assigned

2.57 maltiplet 5 phenyl group

520 singlet 0+15 acetonilrile 2-proton
6+31 multiplet k) morpholino group

746 multiplet Y g

Thus the product contained ca. 85% deuterium at the
acetonitrile 2-position.
In subsequent runs through this preparation, the yields
and extents of deuteriation were substantially the same.
(i) Yield 9+02 g; 44+7 mmole; 89°0%
% deuteriated specics ca. 85%
« (ii) Yield 8°80 g; 43+5 mmole; 87°0%

- % deuteriated species ca. 80%.,
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[}ormvlnzﬂ]Benzaldehyde106

2~Morph011no-2-phenyl-[?-2H]wacetonitrile (4+8 g;
23+8 mmole) was refluxed for 1 hour with 2N-hydrochloric
acid (40 ml), cooled, and the benzaldehyde extracted with
dichloromethane (3 x 25 ml). The extracts w;re pooled and
draed (MgSOQ). The dachloromethane was removed by distailla-
tion through a Vigreux column at normal pressure, Last
traces were removed 25°C. 1n vacuo.

Yield 2+72 g; 254 mmole; 1006%

(Z)-&-[v1nvl-2H]Benzylldene—2—phenxloxazolln—5-one

@ormxl—zu]ﬁenzaldehyde (2+72; assumed 23+8 mmole),
hippuric acid (5+40 g; 31 mmole)} and anhydrous potassium
carbonate (2+00 g; 143 mmole) were placed together in a
flask, and acelic anhydride (40 ml) was added. The mixture
was swirled gently and put aside in a dark cupboard. After
leaving overnight a thick slurry of pale yellow crystals
had appeared. These were filtered off, washed with a
little aqueocus ethanol and dried in vacuo over NaOH.

Crude yield 3+*90 g. Recrystallisation from benzene light
petroleum gave pale yellow needles, m.p. 161-163°C, (1it.207
164-165°C.)

Yield 3+0 g; 12+0 mmole; 51%

0
(Z)—[5'—“ﬁ]~2'-Benzoylamlnocinnamic acid

The above labelled oxazolone (3°0 g; 12°0 mmole) was
dissolved in 96% ethanol (60 ml) and aqueous 0°*5N-sodium
hydroxide (60 ml) added. The mixture was gently warmed
on the water bath until the colour was discharged, and
then it was allowed to stand at room temperature overnight.

The ethanol was removed in vacuo and c¢a. 50 ml water added. ,
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The solution was treated with a few drops of ether aud
then acidified (pH1) with conc. hydrochleric acid. The
benzoylaminocinnamic acid precipitated as faine crystals
and was filtered off. Recrystallisation from ethyl acetate
gave fine colourless needles, m.p. 236-238°C.d. (l:l.t.108
225°c(d.)

Yield 2¢63; 9°+*8 mmole; 82%

(2's,3'R}-plus (2‘3.3‘§)—B-Benzoyl-[?'nzﬂjphenylalanlne

Z—[5'—2H]~2‘-Benzoyl-amlnocinnamlc acid (25 g;
9+ mmole) was dissolved in 96% ethanol (125 ml) and
hydrogenated at room temperature ana pressure for 55 min-
utes in the presence of 0+25 g 10% palladium/charcoal
catalyst. The actual uptake of hydrogen was 354 ml
{corrected) compared to a theoretical requirement of
228 ml. When hydrogen uptake had ceased, the solution was
filtered through Celite and the solvent removed in vacuo.
The mixture of enantiomeric N-benzoylphenylalanines was
recrystallised from water/ethanol,

Yield 2+3 g; 8°+6 mmole; 91%

m.p. 186-188%. (1it.19%187-188)

n.m.r. (potassium i-butoxide/Dao)

T signal J integral assigned
2°2-2+9 maltiplet - 10 2 phenyl groups
Ge2-5+4 signal mostly obscured by HoD 2' proton
6+7 doublet 5Hz 1-1 37 proion

The n.m.r. integral therefore corresponds to ca. 90%

deuterzated species.
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mass spectrum

m/e % a % b
271 1° 25 - a. dcuteriated
materzal
270 5.0 0° 95
b. undeuteriated

209 125 5+72 material
252 1-25 0°2

251 - 0°79

227 1:25 -

226 625 0°+92

225 3475 he5

224 - 303

149 32+8 7°9

148 281 7425

105 100 100

93 L8 -

92 24 +9 66

91 5°+95 380

The % deuteriated species in the sample is calculated as

follows from the M ' and M+1 ¥ peaks, 271, 270 and 269:-

* to MY in unlabelled material 0:95 _ 0+166

5+72
Actual contribution to m/e 270 peak by unlabellced material

Ratio of M+1

in spectrum of labelled compound is: 0-166 x 1+25
% deuteriated species present must be given by

deuteriated specics
deuteriated + non~deuteriated specles

iee, 50 « 0+166 x 1°-25
125 + 50 - 01606 x 1+25

5.0 =~ 0+166 x 1425
5+0 + 1+25 (1 - 0+166)

l}' .?9 - o/
= Tt = 80%

The location of the deuteraium may be deduced from the

presence, in the labelled specirum of peaks one mass unit
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greater than m/e 91 (tropylium ion), m/ec 225 (M-Coz)+ and
m/e 251 (M-H20)+. The base peak 1n both cases is the
phenyl acylium ion at m/e 105. 1In order to provide more
material for feeding experiments 10 g 2H-labelled
2'=benzoylaminocinnamic acid was prepared by the steps
described above and converted into labelled N-Benzoyl~-
phenylalanine by hydrogenation. Hydrogen uptake was 904 ml
(corrected), compared to the calculated requirement of

830 ml (37+2 mmole).

(2'$,3'R)- plus (2'R,3'S)- b'-zﬂﬂphenylalanine

The appropriate benzoyl derivative (3,00g; 11.2 mmole)

was refluxed in concentrated hydrobromic acid (48% w/v;

60 ml) for 1 hour. The soiﬁtlon was then cooled and

filtered to remove benzoic acaid. Yield 1:076 g (theory 1+37 g}.
The filtrate was evaporated down to dryness and the

residue dissolved in fresh water and evaporated again in

vacuc to remove as much acid as possible, The final

residue was dissolved in the minamum of hot water,

neutralised with 4°*ON-sodium hydroxide to pli 6+0 and cooled,
Crude yield of phenylalanine 1+492 g; 9+04 mmole; 80+7%

(2'S,3'R)~- plus (2'3,3'§)—§-Chloroacetyl—[3'~2H]pheny1alanin9146

The above crude labelled phenylalanine (1+49 g; 904
mmole)} was dissolved in the minimum (3+5 ml) of 4N-sodium
hydroxide. The solution was then cooled ain ice and stirred,
while small portions of freshly redistilled chlorcacetic
anhydride were added (total 4°5 g; 27 mmole). The pH was
checked before and after each addition of anhydride and
was maintained at 9°+0 by addition of 1 ml aliquots of

N~sodium hydroxide. After the last additions of anhydride




and alkali,

on the i1ce bath.
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stirring was continued for a further 30 minules

The recaction mixture was then acidified with concentra-

ted hydrochloric acid to pH1 and extracted with ether

(3 x 25 ml).

The extracts were dried overnight (Mgsoq).

In the morning the sclution was evaporated to a clear straw-

coloured o0il, which crystallised on standaing for a few

minutes.
Yield 1:610 g;
HeDo 128-90Co

llomoro (DMSO-dG)

T signal
1+56 doublet
2+78 singlet
Sebl doublet
5+57 doublet
5+96 singlet
6493 doublet

6+67 mmole;

(1i¢.10%

[

7+ 7H2

4.8Hz)
)7 7Hz
L.8H=z)

4. 8H=z

It was recrystallised from water.

738%

130-131°C.)

integral
1

5

1

2

1-1

assigned
NH
rhenyl protons

2! proton

-CH2C1

3' proton

n.m,r, spectrum of unlabelled N-chloroacetylphenylalanine

(DMSO-d,)

T signal
1+56 doublet
2+78 singlet
5°30=5+606 multiplet
6+60=-7+29 multiplet

J

10H=

-

integral

1

assigned
NH

phenyl protons

2' proton

3' proton




mass spectrum

m/e
245
24k
243
2h2
241
197
196
163
162
150
149
148
147

93

92
‘91

% a.
0-15
0.91
0+62
1.71
0.5
2+60
0.62
1.77
0.62
59
47.1
45.2
8.8
17.2
100

17+6

% b relative
abundances

a. deuteriated
016 sample

1-00 b. undeuteriated
sample
0.50

2.82

165

100

The spectrum is not sufficiently clean to calculate

the percentageof deuteriated molecules but substantial

peaks occur at one mass unit greater than each of the

unlabelled peaks at m/e 243 and m/e 241 (M) as well as at

m/e 149 (M—ClCHacOwH—002)+and at m/e 91 (tropylium ion).

This enrichment pattern indicates that the deuterium must

be in the benzylic portion of themolecule.

In a repeat of the synthesis of stereospecifically

labelled B-ZH]phenylalanlne, the crude product from the

hydrolysis of labelled N-benzoylphenylalanine (9.00 g;

3%¢5 mmole) was chloroacetylated without prior crystallisation.



- 151 =

Overall yeild of E—chloroacetyl-[?-2H)phenylalan1nes was

6+7 g (27+7 mmole; 83+2%).

Enzymic resolution of N-Chloroacetyl—r3—2H]phenyla1anines.132

{2'5,3'R)~ plus (2'R,3'S)-
N-Chloroacetyl-I}'-gd]phenylalanine (125 g3 5*1 mmole) was
dissclved in sufficient aqueous 10% lithium hydroxide to
give a pH of 6°+5 (BDH narrow-range papers). This solution
was made up to 25 ml in a standard flask, with water.
Carboxypeptidase A (3 mg as agueous suspension; 105U.)
was added to the solution, which was then shaken well., A
polarimeter cell (2+0 cm path length} was filled with the
digestion mixture and the rotation of the mixture was
measured periodically. Complete conversion was achieved
after 3 hours at an ambient temperature of 2800., as shown
by a steady rotation of -0-390. The sclution was allowed
to remain at room temperature overnight but no further
change in rotation occurred.

The reaction maixture was acidified after 18 hours to
pH 1°0 (HC1l) and extracted with ether (6 x 25 mi). The
ether layers were combined and washed with a little water
(2 x 10 ml). The water washings were returned to the
aqueous phase., The ether extract was dried overnight
(MgSOQ). The aqueous fraction was neutralised to pl 6°5
with 10% and filtered to remove denatured enzyme.

(2'Rs,3'S)- [3'-"H]Phenylalanine

The ether extract obtained from the enzymic resolution
was evaporatcd down and crystallised to give 070k g (95%)
of the (2'R,3'S)-N-chloroacetyl- [5'-2H]phenylalanine.
This material was refluxed for 1 hour in 6N-hydrochloraic

acid (10 ml), evaporated to dryness with watexr and then
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taken up again in 10N-hydrochloric acid (3 ml). Thas
latter solution was transferred to a Caraus tube, which was
sealed and heated in an oven at 180°C. for 20 hours. The
tube was then opened and the contents removed treated wath
charcoal, Ti1ltered and evaporated several times with fresh
water to remove all possible HCl., The residue was taken‘
up in the minimum of hot water and precipitated by dropwise
addition of 4N-sodium hydroxide to pH 6°+5.

Yield 170 mg (1+08 mmoley; 45%)

(2'S,3'R) = B'—zﬂ]Phenylalanine

The neutralised aqueous fraction from the enzymec
hydrolysis was reduced ain volume in vacuo and applied to a
column of Dowex 1 x 8 cationic resin (40 c¢m x 2 cm diameter,
OH form). The column was eluted with water 250 ml until the
washings were no longer alkaline, and then with 0°5N,1-0N
and 1*5N aqueous acetic acid solutions. Those fractions
which showed a ninhydrain reaction were pooled and evaporated
down. The residue was taken up in the minimum of boiling
water, ethanol was added and the product allowed to crystal-
lise.

Yield 0°309 g (1+88 mmole; 74%)

["()026 -31+5°%  (1it.1%%_33°)

mass spectrum

m/e e ’ b. Ce
167 0+12 0°06 - a. (2's,3'R)-[3'7] -
phenylalanine
166 heg hehs 037 .
b. (2'RS,3's)-[3'7H
165 0+*9 10 1°95 phenylalanine
122 77 g+6 - ¢. unlabelled

phenylalanine
121 950 77°0 5°25
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m/e e b. C.
120 20°5 212 50+0
105 5+1 87 -
104 12+8 135 643
103 7°7 96 15°-8
93 26+9 25°1 -
92 87-2 75°1 2140
91 23°1 23°1 740
7h 100 100 100

The proportion of deuteriated molecules in sample a.is
calculated as follows:
Ratio of (M+1)* to M* peak 1n unlabelled phenylalanine:

0-37
1°95

= 0+179

True height of peak at m/e 166 in labelled spectrum a:
b+*1 - 0-179 x 09

Total phenylalanine (labelled and unlabelled) present:
k+1 + 0*9 - 0°179 x 0°9

proportion of deuteriated molecules in sample a:

hetl - 00179 x 0:9 _ 39k _ g, oo
571 ¥ 0.9(1-0-179) ~ 4h.8% < ”

By the sane procedure the proportion of deuteriated

species in sample b. is obtained as:~

heh3 - 0179 x 1:0 _ k<25 _ 4. .o
L3hs + (1 - 0+179) - 585 = a

The presence of strong ions one mass unit greater than those
at m/e 165 (M¥); m/e 120 (M-coz-n)+} m/e 103 (M-COZ—NH4+)+
and m/e 91 (tropylium ion) shows that the deuterium 1s
associated with the bynzylic portion of the molecule. By
contrast there is no peak at m/¢ 75 in the labelled spectra

corresponding to m/e {glycyl cationeradical} in the unlabelled,
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In a repeat synthesis of ihe stereospecifically
deuteriated phenylalanines (2'R,3'S) plus (2'S,3'R)-N-
Chloroacetyl- &'-2H]phenylalan1ne (5 g3 20*5 mmole) was
dissolved in 10% brought to pH 6+5 and made up to 100 ml
with water. Carboxypeptidase A {12 mg as aqueous suspen-
gion; 90 U.) was added to the solution and the reaction
was monitored by means of a polarimeter, in the same way
as before. The rotation of the solution rose to —0'330
instead of the theoretical value of =-0+39° which had
previously been observed. Incubation for a further 24
hours with half the original quantity again of enzyme
gave no increase in rotation, and the recaction mixture
was worked up as before.

Yield of (-)—(2'B,S'g)-ﬂ—chloroacetyl-5'2HJphenylalanine

20 g (8*3 mmole; 84%)
[“]D‘?‘s = -38+6°% (1it. 51°)
This material was recrystallised from water in order to
concentrate the (2'R) enantiomer.

Yield 14k g (5°81 mmole; 56%)

[«), 2 -48:8° (1it. 51°) .

m.p. 123-4%. (1it. 126°C.)

The purified (2'R)-N-chloroacetylphenylalanine was
refluxed with 6N-hydrochloric acid (40 ml) for one hour,
cooled, and evaporated to dryness. The residue was taken
up in water, neutralised with 4N-sodium hydroxide, boiled
down to incipient crystallisation and an equal volume of
ethanol was added. On cooling 0+:62 g (376 mmole; 64+7%)
of pure white crystals were obtained. These were trans-
ferred to a Carius tube togelher with 25 ml of 10N~

hydrochloriec acids The tube was sealed and heated at



180°C. for 20 hours. It was then cooled and opened, The

product was evaporated to dryness, ncutralised, treated

with ethanol and crystallised in the same way as the

(2'5,3'§)—[3'—2ﬂ]phenylalanine previously described.
Yield 0+49 g (2496 mmole; 79%)

(2's,3'R)- [3'-?H]Puenylalanine

The enzymic digestion product was passed through a
colurm of Dowex 1 x 8 as before, and the phenylalanine
eluted with 2N-aqueous acetic acid.

Yield (crude) 1+7 g (10+25 nmole; 100%)

[«],?° -28:8° (uit. -33°)

This material was recrystallised from water/ethanol.

Yiela 0-9g (5452 mmole; 53+1%

(), 32°  (1it. -33°)

(2'B§,3'§§)[3'-3H3phenylalanine

(2'R,3'S) plus (2'§,3'R)—[}'BH]phenylalanine was
prepared by Dr. S. Narayanaswami by an analogous route to
the deuteriated material. The above (125 mg; 0+76 mmole)
was sealed in a Carius tube, together with 10N-hydrochloric
acid (3 ml), and heated at 180°C. for 20 hours. After this
time the tube was cooled and opened. The contents were
repeatedly evaporated to dryness, adding fresh water to
remove all the hydrochloric acid. The phenylalanine was
precipitated by adjusting the pH to 6°*5 with A&N-sodium
hydroxide, and recrystallised from aquecus ethancl.

Yield 571 mg; 45°5%

Activity 1+22 mCi/mmole

(2'3__8_,3'3)—[3'-3H]Phenylalanine and (2‘_13_5_,3'_5_)-[3'-31{]-

Phenvlalanine.

These materials were prepared by the procedure described




above for specifically deuteraiated phenylalanines. The
starting material was (2'R,3'S)-plus (2'5,3'R}- B'-Sg]-
phenylalanine prepared by Dr. S. Narayanaswami (0.800 g;
L+85 mmole). The amino-acids were recrystallised and
counted before epimerisation to their (2'RS)-forms (last
step).

Yields were as follows:

(2'R,3'S}-plus (2'S,3'R)~-N-Chloroacetyl- [3 '-BH_]-

phenylalanine

Yield 462 mg; 192 mmole; 39+5%
Activity 0+829 mCi/mmole

(2'§,3'B)-[3'—3H]Phenylalanine ~ from 0+450 ¢

N-chloroacetylphenylalanine

Yicld O+147 g; 0+89 mmole; 96%
Activity 0+784 mCi/mmole

(2'R,3'S)- B'-SHJPhenylalanine*

Yield O©0+115 g; O+7 mmole; 60% overall

Activity 1°003 mCi/mmole
* In order to keep quantities manageable, 80 mg (0+33 mmole)
of (2'3,3‘§)-§-chloroacetyl-I}'—BH]phenylalanine obtained
from Dr. S. Narayanaswami was added before hydrolysis, hence
the slightly higher activity and lower overall yield.

(2'RS,3'R)~ [3'~-H] Phenylalanine = from 100 mg (2'S)

material
Yield &44°+6 mgy; 0°+27 mmole; 32+5%
Activaity 0°785 mCi/mmole

(2'RS,3'S)- [3'-"H]Phenylalanine - from 70 mg (2'R)

material
Yield 34°*1 mg; ©0°21 mmole; 29+5%

Activaty 0°+910 mCi/mmole



- 157 =~

09

Preparation of potato acetone powdcr1

Potatoes (1800g) were peeled and cut into slices
1-2 mm thick. These were washed well with deionised
water and laid out on white plastic trays (5; each 30 x
kS cm). Neomycin sulphate solution (100 ml; 50 mg/litre)
was added to each tray, whaich was then covered with a
polythene sheet fixed in place with tape. The trays were
placed 45 cm. below a rack of 6 fluorescent tubes, each
emitting 500 lumens. Irradiation was maintained for

22 hours, the temperature being ca. 3000.

————

The slices were removed from the trays, washed quaickly

in a bucket of deionised water, and shaken dry. They were
then weighed out in 500 g ﬁortlons into polythene bags,
which were fastened and cooled in ice. Total weight was

2 kg.

Each 500 g portion was halved and each half ground
separately in a Waring blendor with acetone (300 ml) at
-20°C. for 30 seconds. The powders from the two halves
were filtered off, pooled and again ground with acetone
(300 ml) at -20°C. for 30 seconds. The doubly-treated
powder was filtered off, air-dried and sieved (100-mesh).
The fraction passing through the sieve was retained and
stored at -20°C,

Yield (from 2 kg potatoes} before sievaing 293 g

Yield of sieved material 142 g

Preparation of phenylalanine ammonia-lvase solut10n109'110

The above sieved acetone powder (40 g) was stirred
with a freshly prepared solution of reduced glutathione

(60 mg) in O+1M-borate Na' buffer (400 ml; pH 9°+0) at
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0°c. for 30 minutes. The mixture was then filtered
through 3 thicknesses of surgrcal gauze, To the stirred
filtrate was added iM-acctate Na® buffer (40 ml; pH 5+0)
followed by protamine sulphate (170 mg) dissolved in the
same acetate buffer (2 ml), and the cloudy solution was
stirred for 10 minutes. It was centrifuged (10 min. at
7,000 g) and the supernatant was treated with ammonium
sulphate (61 g for ca. 320 ml). After being allowed to
equilibrate for 30 minutes the wispy precipitate was
centrifuged off (10 min, at 7,000 g) and the supernatant
allowed to equilibrate for 30 minutes with more ammonium
sulphate (40 g). A precipitate formed, which was centri-
fuged off (10 min. at 7,000 g). The supernatant was
rejected and the precipitate taken up ain 0O-ill-borate buffer
(60 ml) and stored as 4 x 15 ml quantities.

11

Assay of phenylalanine-ammonia-lyase 1n prepared solutlons1

L- [1'-14C]Phenylalanine (2028 mg; 0+12 mmole;
0*5 uCi) was dissolved and made up to the mark in a 1 ml
standard flask, using O+1M-borate Na' buffer (pH 9-0).
This solution (0+*1 ml) was added to a portion of phenyl-
alanine-ammonia~lyase solution (5 ml) whaich had been ‘
prepared as above and allowed to reach 30°C. in a thermo- |
statically controlled bath. The mixture was stirred at |
3000. for 20 minutes. Then concentrated hydrochloric acid |
was added to bring the pH to 1+0 and the mixture was
extracted with ether (3 x 5 ml). The ether solution was
dried (MgSOQ), filtered and made up to 25 ml in a standard
flask, Quantities of 1, 2, 3 and 5 ml of thrs solution

were pipetted out, evaporated down and counted.



Mean activity/ml observed 4290 counts/min.
" Corrected for efficiency of countaing 7460 d./min.
Activity fed 111 x 105 d./min.
7460

Conversion of avairlable phenylalanine: TTTT—§_TB5

74560 x 2-028 x 10°
1.11 x 107 x 20

pg phenylalanine converted/minute

|

683 pg/min.

p moles phenylalanine converted/

683 x 12

minute by 60 ml of solution = 153

0+554 U

554 @y

]

0

(1it.20 cited ca. 600mU)

Assay of (2'B§,3'3§)-[§‘~3&]Phenyla1an1ne

(2'R3,3'R3 )~ EJ-14C,3'—3HaPhenylalan1ne (10 mg; 1&0.
617 x 10-1t mCi/mmole; 3H:ik(‘. ratio 6.45:1) was dissolved
in O+1M-borate Na® buffer (2+0 ml; pH 9-0) and added to a
portion of phenylalanine-anmonira-lyase solution (15 mil,
see preparation above). The mixture was maintained at
30°C. for 1 hour and then left at room temperature overnight.
It was then acidified to pH 1+0 using concentrated hydro-
chloric acid, ether was added to assist denaturation of the
enzymwre and the mixture was filtered through Celite. The
Celite and the aqueous layer were thoroughly extracted with
ether and the extracts draied (Mgsoq) and evaporated to
dryness., The residue was talien up in a little chloroform
and unlabelled cinnamic acid (30 mg) added., This solution
was transferred to a micro-sublimation tube, the chloroform
evaporated and the cinnamic acid sublimed (0+1 mmilg; 120°C.).
It was crystallised from aqueous ethanol.

14C aclivity 5+26 x 1072 mC1/mmole

5u:1%C ratio  3-07:1

14

traitium retention relative to c 750
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Assay of (2'RS,3'R)~- 3'-3H henylalanine
2= i P

: !
(2'RS,3'R)~ E"ikcg3'-3H]Phenylalan1ne (10 mg; 1%,

4 b

7+12 x 10” " mCi/mmole; 3H:1 C ratio 5°+01:1) was assayed

using the same procedure as for feeding IX precursor above.

The derived cinnamic acid had the following propertics:
14 5

C activity 562 x 10" 7 mCi/mmole
Sus1%c ratio  4+16:1
tritium retention relative to 140 83+1%

Assay of (2'B§,3'§)—[3'—3ﬁ]phenyla1anine

1
(2'B§'3'§)-ﬁ4-14C; 3'-3ﬁ]Phenylalan1ne (10 mg; 1tc

b

7+6h % 10-4 mCi/mmole; 3H:1 C ratio 4+60:1) was assayed as

above. The cinnamic acid had the following properties:

ke activity 5.87 x 1077 mCi/mmole

3H:ilic ratio 0-69:1

14

tritium retention relative to C 150%

Assay of (2'E§,3'§)-[3'—3H]pheny1alanine

(2'R§5,3'S)- @'*14C; 3'-3H]Phenylalanine (10 mg; 14C

b

2+50 x 10'-1t nCi/mmole; 3u: ¢ ratio 12+6:1) was assayed

as above. The cinnamic acid had the following properties:
iqc activitly 1-14 x 1077 mCi/mmole
3u:1%¢ ratio  1.68:1

tritium retention relative to 140 13+3%
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D.3 Production and Reactions of Gliotoxin

Culturing of Traichoaerma Vlrlde1

Strain no. 1828 NRRL (also known as Gliocladium

deliquescens) was obtained from the Commonwealth Mycological

Institute, Kew, Surrey, and used for all experiments,

The spores were grown on potato dextrose agar in loose-
capped test tubes whach were sealed with sellotape before
storage in the refrigerator.

The medium was that of Johnson, Bruce and Dutcher2

i.e. for six litres:-

Sucrose 90 g
Ammonium sulphate 10 g
di-Potassium orthophosphate 5 g
Magnesium sulphate 25 g )
)} (anhydrous)
Ferrac chloride 005 g )
Peptone 0+*1 g

It wos made up in deionised water and the pH adjusted
to 3¢0~3+5 (pH-meter) by adding a few drops of concentrated
sulphuric acid. Aliquots (500 ml) of the medium were
transferred to 1 litre Erlenmeyer flasks each of which was
plugsed with cotton wool and autoclaved (20 minutes; 30 1b/
in.2 gauge).

The mould was subcultured from the potato dextrose
slope in one flask of medaium for 5 days. Inoculation was
then carried out by transferring a loopful of the sub-
culture to a fresh flask.,

Feeding was accomplished by dissolvaing the precursor
in a known volume of water, sterilising by failtration and

transferring the sterile solution to allotted flasks with
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a sterile pipette. Eight flasks were grown for each of
the m-tyrosine and raing tritiated phenylalanine precursors.
Six were used for cach of the side-chain traitiated precur-
sors and ten for the time-study.

18

Work-up of Gliotoxin

After allowing the mould to grow for five days as a
shake-culture at 30°C., the mycelium was filtered off at
the pump. The medium was then extracted three times with
10% 1ts velume of chloroferm. Emulsions were broken by
passing them through Celite, The chloroform extract was
dried (Mgsoq), filtered and evaporated to dryness in vacuo.,.
The resirdue was washed wiith methanol and then recrystallised
from the same solvent. 1In each feeding the gliotoxin was
recrystallised to constant actaivity, but usually not more
than two recrystallisations were required.

Characterisation

Unlabelled gliotoxin, produced as above, had the
following characteristics:
Fine white needles m.p. 180-195°C,(d)
(11té 221°(q))

&{has chloroform -255° (11t2

270%10° (ethanol))
Lassaigne test positive for sulphur and nitrogen.
U.v. )hax 263% nm shoulder at 249 mp
€ 4260 nm

addation of alkali - no change in spectrum.
I.r. {(KBr disc)
! Vmax 3380 em™ ! (broad) (hydrogen bonded
OH stretching)

16673 amide C = 0 siretchang
1375
1240

1060
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Nem.r. (100 Mlz) Spectrum

[

assigned

Z signal integral

assagned
4+0-b+3 multiplet L - H,*
5.2 singlet 2 - HB
5+58 doublet* 1 13Hz )

) H.*
581 doublet* 1 13Hz )
628 broadened doublet 1 18Hz H,
6-81 singlet 3 - N-CH3
708 sharp doublet i 18H=z HE

* the integral becomcs 3 when Dzo is added, and the AB.
qguartet due to HC becomes sharper.

Mass spectrum

m/e relative abundance assignment
326 5% m¥
263 15%
262 100% (M--sz)+
. +

24l 27°5¢% (M-Sz-Hzo)

LI -4 - — - +
242 32°5% (M s2 Hzo H2)
233 16° 3% (M—Sz-co-n)+
229 15°0% (M-sz-ﬂcuo-n-nz)+

. J +
226 17°6% (M-5,-2H,0)

217 25% (M-sz-co-no)+
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m/e relative abundance assigonment
213 16 3% (M-S, ~HCHO~H,0-H)
159 21,3% { 7-hydroxyindole~

2-acylium i1on-H)
144 22.5% (indole-2-acylium 10n)
1473 20% (indole~2-acylium 1on-H)

1
Anhydrodesthiogliotoxin

Gliotoxin (50 mg; 0°+°153% mmole) was stirred at room
temperature with grade II alumina (2 g) in dry benzene
(10 ml) for 12 hours. The solution was then filtered and
the alumina extracted with refluxing benzene. The benzene
solutions were pooled and evaporated to give a pale yellow
solid (24+2 mg). Thas was-chromatographed on grade IIX
alumina (50 g) in benzene to yield a white, or off-white
solid m.p. 160-161°C.

Yield 16°0 mg; 0°071 mmole; 4b6+3%

Lassaigne test = sulphur negatave, nitrogen positive

BﬂDgs 0-0°

Elemental analysis found % calc. %
c 6927 690
H b+63 Les
N 1244 12+4
U.v. Xax 265 nm (€4,699)
Shoulder 3 . 275 nm (€4,475)

I.r. {(chloroform solution)

2960 em™ aryl C-H stretching

max
1715 )
} amide C=0 stretching
1675
1605
1390

1355
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N.m.r. (60MHz) Spectrum

T signal integr;l J assigned
148 doublet 1 7 7liz H,
216271 multiplet k - Hy
3+85 doublet 1 1+5Hz H,
he773 doublet ' 1 1*5Hz HD
600 singlet 3 - N---CH3
Mass Spectrum
m/e relative abundance agssigned
227 20% (M+1) 7
226 100% (m)*
199 14% (M-HCN) ¥
198 : 13% (M-co)™
170 6% (M-2co)?
169 10% (M-H,-acroleyl radical)”
1hi 159% indole~2-acylium ion
143 50% (indole~2-acylium 1on-H)
129 20%
115 60% indolyl cation-radical
114 20%
89 10%

58 15%
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m/e relative abundance assigned
85 30%
83 35%
55 20% acroleyl cation
54 12%

The spectrum published for this compoundiz.

m/e Composition relative abundance assigned
226 Cy5H3 N0, 100% ant
199 €4 5HgNO, 6% 7% (M-11cN)
198 C, oty N0 6+7% (M-co)?
197 ‘¢, H.NO_ ) (M-NCH)Y
1277772 2. 7% 3+
' CoHoN,0 ) (M-HCO)
170 C,qHyoN, 5. 4% (M-2co)¥
144 CgHENO 31+ 0%
C_H_NO
143 9%s ;
) 71. 0%
CioMeN )
Ld . o
1%0 CoHgN 6 7%
129 09117N 28-1%
116 C8H6N 9L
115 CBH?N 63%:5% indolyl cation radics

* The relative

representation

abundances have been

shown in the paperlz. Bo

se

all-glass heated inlet system to introduce

the mass spectrometer,
the preceding spectrum,

Dehvydrogliotoxin

7

and this system was

in order to obtain

taken from the graphical

et al. used the

their sample into
also used to run

comparable results.

Gliotoxin (52 mg; 0+16 mmole) and o-chloranil (38 mg;

0+16 nmole) were refluxed in benzene (3¢5 ml) for three hours.

The solution was then cooled,

concentrated and applied to a
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column of silica gel (5 g). The excess of o-chloranil was

eluted with benzenc, the tctrachlorocatechol with ether-

benzene (1:19) and the dehydrogliotoxin with ether-benzene

max

(1:9)
Yield 366 mgy; 0°12 mmole; 75%
mop.  181-185°C. (11t.’185-186°C.)
U.v. A 27%+5 nm (€4,706) peak

’)*max 300 nm (€4%,073) shoulder

on addition of one drop ethanolie sodium hydroxide, the

spectrum became:

’)\max 245 nm (£12,200) shoulder

Mmax 301 nm {€ 7,200) peak
I -
Noax 3hh nm (€ 2,730} shoulder
I.xr. .Omax

3,500 em™ sharp phenolic OH
1,675 amide ¢ = 0 stretching
1,485

1,375

1,060




- 168 -~

Nem.r. (100MHz) Spectrum ’
:E_ signal inteeral J assigned
2+76-5+22 multiplet 3 - HA
G oell e . i * -
5+4.5+82 multiplet 3 HB,C,D
67 doublet 1) 191z H

)* F
674 singlet 3 ) - N-CH._

* When the solution is treated with a littile D20 the multiplet
atT5+4-5+82 sharpens somewhat and the total integral of the
singlet and doublet atl 6+74, 67 respectively changes from

5 to k.

Mass Spectrum

m/e relative abundance assigned

324 49 ('t

261 16%

260 100% (M-52)+ |

|

o+ |

258 18% (M—Sz—Hz)

243 325 (M—Sz-OH)+
+

242 349 (M-sz—nao)

231 10% (M-Sz-CO-H)+

229 169% (M-Sz-HCHO—H)+

161 38%

160 32% 7-hydroxyindole-2- |

acylium ion

134 24%
133 18%
132 16% 7-hydroxyindolyl cation

13

Desthiodihydrogliotoxin

Application of the method of Johnson, Bruce & Dutcher

gave a mixture of products not easy to separate, and the |
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following modificd version was used.

Aluminium foil, (04 g; 14 mg atom) cut anto 1 cm
squares was etched with 1N«sodium hydroxide for about
30 scconds, washed quickly with watcr and armalgamated
with 5% mercuric chloride solution for 30 seconds before
being removed and washed successively with water, alcohol
and ether. §Finally it was transferred to a flask contain-
ing gliotoxin (70 mg; 0+22 mmole) dissolved in dioxan (25 ml}.
Water { 2 ml; 110 mmole) was added and the mixture allowed
to stand under an atmosphere of nitrogen for four hours,
after which time the effervescence had almost ceased., The
reaction mixture, smelling strongly of hydrogen sulphide,
was filtered through Celite to give a clear, colourless
solution. The aluminium residue and the Celite were
washed well with ethanol and these washings added to the
dioxan solution. Evaporation in vacuo gave a white
crystalline soliad which was recrystallised from ca. 1 ml
ethanol.

Yield 18«1 mg; 040065 mmole; 32.5%

16

mep.  244-248°C.(d) (1lit. ~246-247°C.)

(1it. 13o83-244°¢.)
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Nem.xr. (100MHz) Spectrum

2: signal integral assigned
loOulte3 multiplot 3 H,
5+2=54 multiplet 2 Hg
5+98-6+18 muliiplet 2 H.

700 ginglet k3 N--CH3
6+92~-7°16 multiplet 2 HD'E

On addition of a little decuterium oxide, the integral
for the multiplet and singlet around T7°:0 changes from 6 to
5. This is probably due to the praimary alcoholic proton.
The secondary alcoholic proton and the two methine protons
HF are apparecntly so broadgned as not to appear as peaks
at all.

Mass Spectrum

m/e relative abundance assigned

assigned
265 5%

264 45% (M)*

246 209 (M-H,0)"
230 501 (M-2H0) Y
229 70% (M-H,0-10)"
228 55% (M-21,0)"
217% 30%

201 35%

200 25%

149 65%

135 60%

133 100%

131 50%




- 171 =

mono-~0-Acetylgliotoxin

Gliotoxin (100 mg; O+3 mmole) was dissoclved, with
warming, in dry benzene (25 ml) and the solution was cooled
to room temperature. Pyridine (1-0 ml) was added and the
mixture stirred in an ice bath while acetic anhydride (5 ml)
was added slowly. When all the anhydride had been added
(about 10 minutes) the mixture had turned a pale yellow
colour. 1t was left overnight at room {temperature and then
evaporated to give a pale green glassy residue (120 mg)
whach could not be crystallised, This material was taken
up 1n a few drops of chloroform and applied to a silica
preparative-thin-layer pla?e (100 em x 20 cm) which was
developed in benzene/acetone (2:1). The very dense band
at Rf 0+70 was picked out by u.v. absorption and removed
from the plate. Elution with chloroferm followed by
evaporation in vacuo gave a greenish glassy solid which
could not be crystallised, but was examined spectroscopically.

Yield 60 mg; 0+16 mmole; 54%

U.v. A 273 nm (€ ca. 4,500) ghoulder

max

I,r. (gum f£film on NaCl windows)
Voax 31400 em™? H-bonded OH stretching

ca. 2,940 acetyl C-H stretching
1,760 acetyl C=0 stretching
1,710-1,670 gliotoxain C=0 stretching
1,230 ) broad bands due

)
1,060 ) to C-0 stretching
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He

H~OCOCH,
N.m.r. (60MHz) Spectrum
j: signal integral J assigned
heOmbe2 multiplet 3 - H,
5+01 doublet 1 13Hz )
530 doublet 1 13Hz; HB&C
519 singlet 2 - HD
6+25 broadened doublet 1 181z HE
6+90 singlet 3 - N—CH3
7+09 doublet 1 18Hz I,
786 singlet 3 - ~C0-Cii,

A sharp singlet was also observed at?' 4+42, which dis-
appeared when a drop of D20 was added - O-H proton.

Reaction of gliotoxin with lithium/liguid ammonia

Gliotoxin (100 mg; 0*3 mmole) was placed in a 100 ml
round-bottomed three-necked flask fitted with a stirrer,
a solid CO, condenser and soda-lime drying tubes.,
Anhydrous ammonia was distilled into the flask untail about
50 ml had condensed, after which the flask was enclosed in
insulating material and stirring commenced. Metallic
Lithaum (10 mg; 1+4 mg atom) was introduced through one
neck of the flask and briecf effervescence occurred

followed by formation of a deep blue solutaon. The
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mixture was stirred for 15 minutes and then decolourised
with ammonium chloride {500 mg)., The ammonia was then
allowed to evaporate., The residue was taken up in water
(50 ml) and extracted with chloroform (3 x 25 ml). After
drying (Mgsoé) and removing the chloroform the residue
was 75 mg of brownish material. It was chromatographed
on a silica cclumn, and the major component was eluted
with acectone; 50 mg (gum). This was examined spectro-
scopically.
U.ve A, 235 mm (€ ga. 5,000) shoulder

Moy 295 nm (€ ca. 2,000) shoulder
No change was observed on addition of 1 drop of ecthanolic
sodium hydroxide.
I.r. «

max

3,400 cm™ ! broad band 0-H stretching

ca. 2,940 three bands C-H stretching
1,670-1,650 C=0 (gliotoxin)
1,430
1,290
1,130

Nema.r. Spectrum

)

1 signal
L3 broad sanglet

6°0-8*0 hunps
ATter the residue had stood for a few days, the spectrum
was run again and this time showed a peak at 2+4 as well

as those above.
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D.4 Feeding, Amino-=acid Extraction and Radiocactivaty

fl

Measurements.

Extraction of mycelial phemylalanine

Mycelium from the side-chain-labelled phenylalanine
feedings, which haé been allowed to grow for 5 days in a
shake culture at 3000., was havested and extracted as
follows. Each batch of 1} litres of culturc medium
(2 per Feeding) was filtered using a Buchner funnel. The
filtrate was extracted with chloroform to obtain gliotoxin
(described above). When each cake of mycelium had been
washed with water (250 ml) it was peeled from the falter
paper and allowed to dry at atmospheric pressure in a
desiccator over calcium chloride. The dry cakes (2 per
Feeding) together weighed 10-12 g,

One cake from each feeding was ground in a pestle and
mortar with ethanol 20 mlj; the fragments and powder were
filtered off, and refluxed for 30 minutes with water (50 ml).
This aqueous extract was decanted and examined for amino
acids by paper chromatography. Except in the last
(2'3,§,3'§)-[}'-ZH]phenylalanine feeding, none was
observed, and the agueous extracis were discarded.

The fragments of mycelrium were then refluxed for
24 hours with a solution of barium hydroxide (10 g) an
water (50 wl). After thais time, the mixture was cooled
and the extract decanted. The fragments of mycelium were
washed with water (20 ml), then filtered off and retained.
The extract and washings were pooled, necutralised with
concentrated sulphuric acid to pH (06+5) and filtered

through Celite to give a clear yellow solution. The
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above solution was applied to a column of Dowex 50 x 8
resin (H+ form 50 em x 2 ¢m radius). This column was
eluted with ca. 300 ml water until the washings were no
longer acid, then peptides and amino-acaids were obtained
by elution witih 2N-aquecus ammonia, Chromatographic
treatment was, howvever, found to be unnecessary, and in
the last two experiments, ((3'S)-trartiated phenylalanine
and time study) a1t was omirtted.

The yellow scolution obtained from the neutralised
barium hydroxide extract, or from the column of Dowex
resin was evaporated in vacuo to dryness, the residue taken
up in 5 ml water and sodium~azide (33. 2 mg) added, to
discourage microbial growth. The resulting solution (gg.
0*3 ml per sheet) was applied to two shects of Whatman
No. 1 chromatography paper (each 45 cm x 60 cm), whaich were
then developed (descending method). A reference spot of
L-phenylalanine was also applied to the baselane of each
sheet, When the chromatograms had developed in the
solvent for 7-8 hours they were removed from the tank
marked along the solvent front with pencil and dried. A
strip bearing the reference spot was cut from the side of
each sheet, and developed with ninhydrin reagent. As a
check on the regularity of elution along the solvent front,
the papers were examinced in ultra-violet light and the
fluorescing bands, due 10 degradation products of protein,
at Rf 0°*3, Rf 0*5 and Rf 0+8 were marked in with pencil.
These bands had run level with the baseline in all cases,
even where the solvent front appecared to be c¢rooked. A

strap was cutlt across eaci chromatogram corresponding to
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the reference spot of L-phenylalanine and parallel to the
baseline. The strips (2 for each Feeding) were heated
together with water (3 x 25 ml) on a boiling water bath,.
The aqueous extracts were decanted, filtered and evaporated
down to about 2 ml when unlabelled, reagent grade L-
phenylalanine (100 mg) was added. The mixture was crystal-
lised from water/ethanol, In no case did a further
recrystallisation alter the specaific actaivity or 3H:lliC
ratio of thec product. Examination of the peptide/amino-
aczd extracts by analylical paper-chromatlography showed
numerous ninhydrin-active spots, none of which was com-
pletely separated. However a radioactive scan of the
papers showed 1n every case a single sharp peak of actavity
at Rf 0+6 corresponding exactly to an L-phenylalanine
reference spot.

Assay of stereospecificity of label an mycelial phenyl-

alanine using phenylalanine-ammonia-lvase.

A crude solution of peptides and amino-acids obtained
by barium hydroxide extraction of the mycelium in the
manner described was neutralised with concentrated sulphuric
acid, filtered evaporated and chromatographed on paper,
exactly as described above. Strips bearing the labelled
phenylalanine were cut from the papers and extracted with
water as before, Residues from the extracts were taken up
in ca. 2 ml O*1M=-borate Na¥ buffer and added to a solution
of phenylalanine~ammonia-lyase enzyme (15 ml, prepared from
potato tubers as above) which had been allowed to reach
30°C. in a thermostatically~-controlled bath. The mixture

was maintained at 3000. for 1 hour and {then allowed to



- 177 =

remain al room temperature overnight. The reaction mixtures
were worked up in the manncer described for the assay of
precursors.

Time~study of 3f'-tratium loss from phenylalanine

]
(2'!}__5-’BIB§.)B [1'—1LC,B'"’SH‘]Phenylalanine (9 mg 3 1lfc

9 pCij; 3H:ll}C ratio 8+76:1) was dussolved in water (100 ml),
sterilised by filtration and measured out into previously
prepared and sterilised Erlenmeyer flasks of the usual
medium, with a sterile 10 ml pipette. The ten flasks wecre
inoculated from a subculture and then incubated as a shake-
culture at SOOC. After each 24 hour peraod from the time
of inoculation two flasks were removed from the shaker and
worked up as follows.

The culture medium was filtered and the mycelium
washed with water, peeled from the filter~paper and dried ain
a desiccator as previously described. The filtrate was
extracted with chloroform (3 x 100 ml) and the glaotoxin
worked up. No gliotoxain could be detected (t.l.c. silica,
benzene (2); acetone (1)) in the 24-hour sample, but
unlabelled gliotoxin (50 mg) was added to the chloroform
residue and the mixture crystalliscd from methanol in order
to detect any trace of active gliotoxin. Weights of the
crude chloroform resaidues and crystallised gliotoxan for

i1he variocus samples are shown below.

lHours 24 48 72 96 120

CHCl3 extract (mg)l42°8 (0il)53°8|102°0|118°7|141°9

gliotoxin (mg) 3l eg* 16*0] 49*0{ 64°5| 32°0

* 50 mg unlabelled gliotoxin added as carrier.
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The medium, alter extraction with chloroform, was evaporated
to about 100 ml, neutralised with saturated barium hydroxide
solution and filtered through Celite. The filtrate was
evaporated to dryness; the residue was dissolved and made

up to 10 ml with water. Paper chromatography of these
solutions showed only a faint trace of ninhydrin-positive
material, this being at the baseline. No radiocactivaty
could be detected by scanning thce chromatograms at maxaimum
sensitivity.

Fach batch of dried mycelium was refluxed for 30 minutes
with water (50 ml) and for 24 hours with 20% barium hydroxide
solution, as previously described. Halfwquantities were
used to extract the 24-~hour mycelium,

After the barium hydroxide extraction, the washed
residue was treated with 2N-hydrochleric acid (25 ml) and
this was decanted and discarded. The resaidue was pulverised
with water (50 ml), filtered, peeled from the filter-paper
and dried in a desiccator. The initial weaight of the
mycelium samples together with the weignts of the dry
residues from the water extractions, and weights of the
mycelium samples after both extractions are tabulated
below. The weight of protein extracted by the barium
hydroxide, given by the difference: initial wt. of mycelium -

(wt., of H,0 extract + final wt. of mycelium), is also

shownt
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Hours 24 L8 72 96 120
initral mycclium wt. [0+428g|2-746gl3°747glb389¢lb872g
H,0 extract-residue |0+098g}0-523g|0"7224]0-3805{0-650¢g
final mycclium wt. 0+056g|0+616g}1°275g|1-700g{ 1+882¢
inferred protein wt. |0°274gl1+607g|1+750g|2309g|2+-340g

The residues from

wvater and made up to 5

the 2% hour sample which was made up to 2 ml.

the extracts were all dissolved in

ml except for the water extract of

All were

protected from microbial degradation by addition of sodium
azide (2 mg)}. Each solution (0°*3 ml)* was chromatographed
(descending method) on pap;r, as already described.
*In the case of the 486 hour water extract only 0¢2 ml of
solution was applied to each chromatogram sheet.

The stirips of paper bearing the mycelial phenylalanine

were extracted with water, and the extracts evaporated in

vacugo, The weights of the residues are recorded below:
Hours 24 48 72 96 120
%
H,O-extracted Phe. 6+8mg| 8+*9mg| 8+8mg| 7+Omg| 6+5mg
Ba(OH)z-extracted Phe! 8+1mgl16-8mg{19+2mg|[27-4Amg] 19+0mg

* from only O+4 ml of original water-extract.

The labelled phenylalanine was recovered by dilution
with unlabelled L-phenylalanine as already described,.
Assays of the mycelial phenylalanines were carried out,
starting from O0+3 ml of each extract per shecet of chroma-

tography paper. Only the two 24 hour phenylalanines and




the 5-day barium hydroxide hydrolysis material were assayed
in this way.

All mycelial extracts were examined by paper chroma-
tography. The chromatographs were scanned for radacactavaity
and the spots revealed with ninhydrin reagent. The barium
hydroxide extracts contained only one peak of activaily at
Rf 0°*6, corresponding to a reference spot of authentic
L~phenylalanine, but in addition to the phenylalanine peak,
the water extracts all had a peak of approximately equal |
area, at the baseline. For the 24 hour sample, this base-
line material was examined as follows. Strips of paper were
cut from the baselines of four preparative chromatogram
sheets whaich had been devei0ped in ordexr to obtain the
labelled phenylalanine for characterisation and assay. The
paper straips, containing the unknown active materazal were
extracted with hot water, the ecxtract filtered and evapor-
ated in vacuo. The resizdue weighed 35+1 mg., It was
extracted with hot ethanolj the cooled ethanolic sclution
was filtered into a 10 ml standard flask and made up to the
mark with solvent. 1 ml of this solution was measured into
a scintillator bottle, the cthanol was evaporated and the
residue counted. Such residue as would not dissolve 1n
ethanol (30°+9 mg) was taken up in water and made up to
10 ml in a standard flask. An aliquot (1 ml) was removed,
evaporated, and the residue counted. The remaining solutions
were evaporated in vacuo and the residues refluxcd with
6N-hydrochloric acid for 16 hours. The acird was tnen .
evaporated and the residues, in a little water, were

examined by paper chromatography. The hydrolysate of the
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cthanol-soluble fraction showed two ninhydrin positive
spots at Rf 06 (blue) and Rf 0°23 (paink). There was a
little activity delectable by scanning in the spot at
Rf 0.6 (phenylalanine). The hydrolysatec of the walerxr-
soluble fraction showed a great many unresolved ninhydrine-
positive spots, The radicactivity scan showed a single
strong peak at Rf 0+6.

The remaining aqueous exlract of the 2h-hour mycelium
(08 ml) was cxtracted with ether (3 x 1 ml), and ethyl
acetate (3 x 1 ml), then acidified and again extracted
with ether (3 x 1 ml). The extracts were all transferred
to scintillator bottles, the solvent was evaporated and the

residue counted,

Extract 140 activity d/min. 3H:lL&C ratio
ether , 50 2.7 :1
ethyl acetate 79 3o 31
ether/acid 95 2+5 :1
ethanol 33 6+3 :1
water 732 2*3% 31

Counting of Radicactivity

A Beckmann Scaintillation Counter Type CPM~100 was used
for all counting work. Glass screwtop bottles supplied by
Beckmann Ltd., were used to hold the samples. After use,
the bottles were decontaminated by first soakaing for 24
hours in a solution of "Quadralene" laboratory detergent
(5% w/v) and then heataing the rinsed bottles in a 10%

w/v solution of the same detergent for a further 6 hours.
The bottles were finally rinszed well in tap water and
deionised water and dried rn an oven. The plasfic sScrew-

caps were discarded after use.




A scintillator solution was used consisting of
2,5 diphenyloxazole, P.0.P. (380 g) plus 1,4-bis-(4-
methyl-5-phenyloxazol-2~-yl)}benzene P.0.P.0.P, (0+2 g)
dissolved an analytical reagent-grade toluene (1 litre).
It was stored under nitrogen in the refrigerator. Compounds
to be counted were first dissolved in dry dimethylformamide,
which had becn distilled from calcium hydraide and stored
over a molecular sieve (size 4A). For the ring-labellel{oxings tne
volumes used werce dimethylformamide (0+1 ml) to scintillator
solution {5+0 ml)., However at this peoint difficulties arose
with the counting of phenylalanine and the system; dimethyl-
formamide (1 ml) to scintillator solution (10 ml) was used
in subsequent worl. Claviﬁe alkaleids were counted using
the first system.,

The Beclkmann instrument contains counting channels
with pre-sclected discriminator bias. In channel I the
machine counts tritium with an efficiency of approximately
40% and carbon-14 at about 20% efficiency. In channel II
the efficiency of counting tritium is negligible {(less than
0-19%) while carbon-14 is counted at about 60% efficiency.
Actual efficiency values were obtained by ;ounting
n- @,Z-BQ]hexadecane and 2-[}-140]hexadecane standards
obtained from the Radiochemacal Centre, Amersham, Bucks.
The activities of these compounds were accurately known;
allowance was made for loss of tritium activity due to
decay, according to the cquation:

log(No/N) = ktl12

where No = number of tratum atoms at time O ycars

N number of tritium atoms at time t years

i

i

k constant




Efficiencies of countaing in cach channcl were determined
by counting weighed samples of the hexadecane standards in
the prescnce of the dimethylformamide/scintillator system.

At the outset of the work, standardisation was carricd out

in the presence of varying quantities of unlabelled substrates,
but no significant changes in the efficiencies were observed,
provided no more than about 3 mg of substrate was present.
Determination of the efficiencies was carried out for each

new batch of scintillator solution prepared.

Background counts were ascertained in duplicate for
each new day's counting. Dimethylformamide and scintaillator
solution were measured out into two scintillator bottles and
counted. The mean counts/min. for the two bottles in each
channel was taken as the background count. Normal back-

ground values were approximately as follows:

as b.
channel I 35 4o
channel II 12 18

system a, 01 ml dimethylformamide plus 5 ml scintillator
solution
system b. 10 ml dimethylformamide plus 10 ml scintillator
solution
The Beckmann Scintillation Counter automatically
calculates and prants out the standard error of the popula-
tion il is counting. All samples were counted to a standard
error >5%.
Apart from phenylalanine, m~tyrosine and tryptophan
all samples could be dissolved in dimethylformamide 1in
guantities ca. 10 mg. Samples containing m-tyrosine

were weighed directly into the scintillator bottles, treated
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with 1*0 ml saturated ethanolic hydrogen chloride and
allowed to remain at room temperature for 20 minutes., The
bottles were then placed over sodium hydroxide pellets ain
a desiccator which was evacuated and left al O+1 munllg
pressure for at least three hours before adding dimethyl-
formamide, when solution occurred without any difficulty.
Phenylalanine was treated with ethanolic hydrogen chloride
(10 ml) and was heated on a boiling water bath for 10
minutes before cooling and placaing in the desiccator. All
samples were weighed out in duplicate, and all amino-acids
were counted at least 0 separate times.

Samples of relataively high actavity e.g. undiluled
precurscers and their intermediates were weirghed into a
5 ml standard flask, dissolved in dimethylformamide (solubail-
ised waith ethanolic hydrogen chloride where necessary} and
made up to the mark with this solvent. From this dimethyla-
formamide soluiion, 0+*1 ml was transferred to a scintillator
bottle. Scaintillator solution (5 ml) was added and countaing
carried out in the usual way.

The tryptophan precursor was diluted 1/100 with
unlabelled material and acetylatedilB. N-Acetyltryptophan
readily dissolves in dimethylformamides.

In order to calculate tritium actaivaily in the presence
of carbon-14, the carbon-14 activity is farst calculated by
daividing the corrected channel II count by the efficrency
with which carbon-14 is counted an that channel; i.e. 1f
CII is the corrected count in channel IT and EC the

efficrency of counting carbon-14% in that channel, then:

L. = 140 activaity (d./min,)




The “spill-over" of carbon-14 counts into chaunel I is
given by the product of the carbon-14 activaty multiplied
by the efficiency of counting carbon-14 in c¢hannel I
1.e. if e 1s the efficiency with which carbon-14 is
counted in channel I then the contribution by carbon-14

to the channel I count is:
Ii
c - . e® counts/min,

EC

The contribution by traitium to the channel I count
is gaven by subtracting the carbon-ilt contrabution from
the total corrected channel I count (CI)

CI _ CII c

X © counts/min,

EC

Tritium activity 1s calculated by dividing the countis
due to tratium by the eflficiency with whach this isotope

is counted an channel 1 (EH)

= 3H actavity (d./min)

Scanning of Radio~chromatograms

All scanning of chromatograms was carried ocut using a
thin-layer plate scanner {Panax Ltd. model RTLS 1A). Since
the instrument is intended for scamning thin-layer plates,
all paper chromatograms had to be taped on to a 20 x 20 cm
glass plate before scanning, No discraiminator bias was
used. The rate of flow of gas (argon 98%; n-propane 2%)
through the windowless geiger tube was 7 ml/min. Slit
wirdth 4 mm was used throughout, Chromatograms of precursors
were run at scale factor 100 counts/min, time constant

3 sec. speed 120 mm/hour. All other chromatograms were
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run at maxaimum sensitivity (scale Tactor 3 counts/min,;
time constant 100 see. speed 30 mm/hour). All precursors

were checked for radiochemical puraity by this means.
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D.5 DBiozsynihesmis of the Clavine Alkaloids.

Experaimental/Culturine of Clavicens

A culture of Claviceps purpurea (pennisetum)liq was

obtained from Dr. A. Hofmann (Sandoz, Basle) and used for
"all experaiments. The mould was maintained as a slope
culture on malt extract agar in loose—capped testtubes

which were taped up and stored in a refraigerator when the

mould had grown.

The growth medium was as followsllsz—

per litre of water: Mannitol 50+0g

Squose 500g

Potassium dihydrogen orthophosphate O+*1g
Magnesium sulphate heptahydrate 0*3¢g
Ferrous sulphate heptahydrate 0+01g
Zinc sulphate heptahydrate 0+00kkg
Succinic acid 5+4g
Ammonia (sg. 0+800) to pH 54 (pH meter)

Aliquots of 250 ml medium were transferred to 1 litre
Erlenmeyer flasks which were plugged with cotton wool and
sterilised in an autoclave (20 minutes; 3%0 lb/in2 gauge) .

The flasks were 1inoculated by transferring to each a
small piece of mycelium from a malt extract slope. They
were allowed to grow in cardboard boxes away ifrom light
at room temperature (not more than 2500.). Feedinyg of
precursors was carricd out when the mould had grown for
four weeks. After a further four weeks the alkaloids were
harvested.

Feeding was acconplished by dissolving the precursor
in water (80 ml), sterilasing by filtration, and trans-

ferraing the scolution to 1lhe flasks with a sterile pipette
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(10 ml per flask). Eight flasks (2 litres) were used for

each Feeding.

Harvestaing of Clavane Alkaloids114

The 8-week old culture was filtered through three
thickness of surgical gauze to remove particles of mycelium
and excess potassium carbonate (20 g) was added to the
filtrate to give a fainal pH of about 10. A mixture of
chloroform/isopropancl (3:1) was used to extract the
alkaline medaium {4 x 250 ml solvent per laitre mediun).
Emulsions formed during the extraction were broken by
filtration through a bed (at least 5 cm thick) of acid-
washed sand. The pinkaish extracts were combined dried
(Mgsoq) and evaporated to a dark brown cil.

Yield O+5-0+7 g

Chromatography on neutral alumina (grade III) (100g)
gave twvo distinct fractions upon elution with absolute
chloroform, The first to bec eluted was a yellow o1l with
a strong odour of mushrooms (Rf 1.0 on neutral alumina
abs,., chloroform)., This was followed by agroclavine
(Rf 0+7, ncutral alumina, abs. chloroform) which crystal-
lised on evaporation to vhite needles. Recrystallisation
was from ethyl acetate. The yield was extremely wvariable
due to temperature flucluation during growth. Range
120 mg -~ 700 mg.

1% 510-212%.)

mep. 207-210%. (1at.!
!
BQD25 -180° (pyridine) (lat.}**-182°)

viclet colour with Ehrlach's reagent®




Ntmlro

I_ signal integral
156 broad singlet 1
2+77-3-01 multiplet 3
319 singlet 1
3+80 broad singlet 1
6+25 hump 1
6+55=7+36 multiplet 5
7+50 singlet 3
8.21 singlet 3
Mass Spectrum

m/e relative abundance

239 10+5%

238 63°0%

237 100+0%

223% 10°5%

221 5+90%

207 Loy

206 be1%

196 19

194 Lege

192 be1%

assigned
H
H
H

H

L= R T = B

H

=

+
He Hp ' {prochiral
methylene protons)

N-CH

3

C-
CII3

assicnment

(M)*
(M-n)"*

. +
(h—CHB)

+
(M—ChB-Hz)
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m/e relative abundance assiegnment
183 b o7
182 7+6%
181 5+9%
180 7°0%
168 o758
167 8+2%
154 1+2%
127 7°0%
108 8+2%

A mixture of two compounds was obtained in very low
vield by eluting the alumina c¢olumn with chloroform/
methanol (200:1). These c;mpounds (Rf 06 and 0+*%, neutral
alumina, chloroform/methanol (1000:1)) are thought to be

the alkaloids setoclavine and isosctoclavine reported by

14

Hofmann1 .
Elution with chloroform/methanol (100:1) gave a
product which readaly crystallised in tiny pale-grecn

prisms. This was recrystallised from methanol and character-

ised as elymoclavine.

Yield range 50 mg -~ 150 mg

114245-247°c.)

114

mep.  230-235°C.(d) (11t.
&4925 -155° (pyradine) (lit. " -152°)

violet spot with Ehrlich's reagent*
Repeated recrystallisation gave no noticcable improvement
in colour.

The tryptophan precursor was counted as its L-acetyl
derivative, as described an the preceeding section. No

special procedures were used in the counting of the clavinc

alkaloids.
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*Ehrlich's reagent was preparcd by dissolving p-dimethylamino-
benzaldehyde (5g) in concentrated hydrochloric acid (25 ml).
The compound to be tested, dissolved in a suitable solvent

was applied to a filter-paper or dimple~tile and one drop

of the reagent added on the tip of a glass rod. No heating
was applied; the colour developed within a few seconds.

Bromination of Agroclav1ne116

Agroclavine (50 mg; 0«21 mmole) was dissolved in dry
dzoxan (2 ml) and a solution of N-bromosuccinimide in dioxan
(1+3 ml 0°2M; 0+26 mmole; 24% excess) was added in one
portion at room temperature. The mixture was shaken
briskly for a few seconds and a yellow floculent precip-
itate appeared., After heaflng the reaction mixture at
65°C., for 5 minutes it was a dark red colour. Thin layer
chromatography (neutral alumina; benzene) showed a strong
spot which was neirther agroclavine nor succanimide. The
red precipitate was faltcred off through Celite and the
filtrate partationed between saturated potassium carbonate
solution (10 ml) and chloroform (3 x 5 ml). The chloroform
extract was dried (MgSOQ), reduced in volume to ca 1 ml and
applied to a column of neutral alumina, grade III (10 g).
Elution with benzene gave the compouﬂd already observed
on TLC as white crystals.

Yield 33°*1 mg

Ehrlich reaction: strong violet colour

The product from the above reaction (33 mg) an dry-
dioxan (2 ml) was treated wath N-bromosuccinimide solution
(112 mg; 0+6 mmole in 1 ml dioxan) at room temperaturec. A
yellow precipitate was instantly formed, as before. Thin

layer chromatography (neutral alumina, benzenc¢) showed
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that the starting material daisappeared at once and was
replaced by a spot Rf 0+5. On heating the reaction mixture
at 65°C. for 5 minutes the first artefact disappeared and
gave place to a second spot Rf 0+75. The reddish rcactaion
mixture was worked up as described, but no product could
be eluted from the alumina column with benzene. However
elution with chloroform gave twg products in yields of 5 mg
each. Neither gave a posirtive test with Lrlich's reagent.
Uuove as A i 219(€29,000); 260(€51,000); 398, 315, 329
a:£3;6,700)
be A : 219(€29,000); 259(€38,600); 367,315,326

Tin
(6%-71000)

17,

1
Agroclavine u.v. spectrum :

’)max: 225( 28,000), 284 7,590), 293 6,460)
Indoline118 Spec::um:
')\max: 210(¢ 32,000), 254(¢£25,000), 306 5,500)

In another zzperiment, agroclavine (25 mg; O+1 mmole)
was dissolved an dry dioxan (2 ml) and N-bromosuccinimide
solution (60 mg; 0+33 mmole an 3 ml dioxan) added. After
heating the umixture at GSOC. for five minutes it was
partitioned between saturated potassium carbonate solution
(15 ml) and chloroform (3 x 10 ml). The chloroform extract
was dried (MgSOQ), filiered threough Celite, reduced in
volume and applied to a columm of neutral grade 111 alumina
(10 g). Elutaion with benzene (25 ml) yielded 1+6 mg of a
compound whaich géve no positive Ehrlich test. A second
compound with a strong violet Ehrlich reaction, was eluted

with absolute chloroform (25 ml).

Yield: 17+5 mg
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. ! 1 .
maxc’ 1212}(6'15,0()0), 281(¢13,200)
2. )max: 225(€ 35,000); 281(€17,300)
nin
Agroclavine:

™ i 225(€28,000); 284(e7,590); 293 6,460)

m
RNeaction of Gramine with disulphur dichloride 1119

Gramine (0°175 g; 1 mmole) and anhydrous trichloro-
acetic acird (O+b4g; 3 mmole) were stirred with beuzene
(50 ml) untzl a clear faintly pink sclution was obtained.
This was cooled to ca. 400. and disulpliur dichloraide
solution (5 ml; 15% w/vol.; 0°075 g; 0+55 mmole) was added
dropwise. When all tne reagent had becn added, the
solution was a clear yellow colour. After standing at 4°¢,
for 20 minutes it was dark green but still clear. It was
poured into light petroleum (100 ml) but no crystals
appeared, only an oil. The light petroleum and benzene
were evaporated to give a dark brown tar, Partitioning
this tar between 2N-sodaium hydroxide (200 ml) and c¢hloroform
(10 ml) followed by removing and drying ine chloroform layer,
gave a clear reddish-brown solutzon. Evaporation of this
solution again gave a brown tar. T.l.c. (neutral aluminaj;
acelone) of this tar showed only one spot, corresponding
to starting material.

Reaction of Gramine with disulvphur dichilorade 1112’0'121

Gramine (175 mg; 1 mmole) was dissolved in dry dioxan
(25 ml) and ether (25 ml) added to the solution, which was
then stirred i1n an i1ce bath. disulphur dichloride solutaion
(0+11M in ethexr; 5 ml; 0+55 mmole) was added dreopwaisc. A
white precipitate quickly formed which tihiickened as the
disulphur diciloride was addceds. The addition took 5 minulces,

and stairring was countinued Tor 10 minutes ain the absence of
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the ice bath, The precipatate was Tiltered off, but
1unstantly decomposed to a tar. T.l.c. on neutral alumina
(acetone) showed a smear from the baselane to Rf 0°70
{gramine spot).

23

A pipcridine122 and a morpholine1 analopgue of
gramine, prepared by Mannich reaction of the appropriate
base with indole in the presence of formaldehyde were

treated with disulphur dichloride by each of the above

procedures, with identical resultis.

Method 11 was also carried out using N-acetyltryptophan
(50 mg; 020 mmole)} as starxrting material, The tar was
tesled with Ehrlich's reagent and gave a strong violet
colour rcaction, as does N-—acetyltryptophan.

124

Acid exchange of tryptophan aromatic protons

Recrystallised DL-tryptophan (60 mg) was dissolved in
deuterium oxide (1 ml) by adding a few drops of deuterio-
trifluorocacetic acid and the solution was transferred to
an n.m.r., tube, Another portion of DL-tryptophan (60 mg)
was dissolved in pure deuteriotrifluorcacetic acid, prepared
by treating trifluorvcacetac anhydride with deuterium oxaide
and then distilling the mixture (b.p. 80-90°C.). Thais
solution was laikewise transferred to an n,m.r. tube. The
two solutions were stored an the preheating block of the
n.m.r. spectrometer (i.e. at 40°C.) and spectra were run
of each after intervals of 5 minutes, 25 minutes and 90
minutes from dissolving the samples. The spectrum of the

d2zlute-acrd solution remained the same throughout.



Nem.r.

T signal integral assispned
2+*30=-3+00 multiplet 5 indole aromalic
protons
5:60-5+85 multiplet 1 2' proton
6+50-6+90 multiplet 2 3! protons

In the spectra of the neat-acad solution, the signals
atT5.60-5+85 and 6:50-6-90 remained the same as in the
dilute~acid spectrum. However, even after 5 minutes the
signal aue to the aromataic protons had altered. A sharp
pealk at T2+8 decreased rapidly in heaight, and a new sharp

resonance appeared at T2+5. Total integrals for the

aromatic protons were as follows:

control (dalute-acid) experament 540 protons
5 minutes 4.8 n

25 minutes Iy o4 )

%0 mainutes 275 1

Acid exchange of agroclavine aromatic protons

Agroclavaine (50 mg)} freshly chromatographed on grade LII
alumina and recrystallised from ethylacetate, was dissolved
in neat deuteriotriflucoroacetic acid, prepared as described,
and the n.m.r. spectrum was run. Unfortunately the resolu-
tion under thesc conditions was extrenely poor and no
acceptable’spectrum was obtained. After remaining in the
spectroneter for 20 minutes at QOOC., the solution was
diluted (20 ml water), basified (1;2c05) and extracted wiih
chloroform (3 x 10 ml)., The residue from the chloroform
extract was purified on a column of alumina in the usual
manner, and an n.m.r. spectrum of the agroclavine oblainerl

was run. Much of the alkaloid decomposed in the n.sm.r. tube
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but sufficient could be obtained by rechromatographing,

run a mass spectrum,

CH

Nim.r.
2 signal integral assigned
132 broad singlet ’ 1 H.Jﬁk
2+80-3+25 multiplet 2.7 aromatic protons
386 broad singlet 1 Hy
625 hump 1 Hy
6-55-7+36 maltiplet 5 Hy & Hy
7°*50 singlet 3 N-CH3
§.27 singlet 3 C-CH
Mass Spectrum
a. Relative abundances (%) labelled spectrum
b Relative abundances (%) unlabelled spectrum

n/e .4::_1_._

241 10*6

240 37k

239 92*5 10°5

238 1000 630 i

237 356 100°0

225 16-0

224 294

223 21°*3 10°*5

222 143

to




221
210
209
208
207
206
198
197
196
195
194
193
192
185
184
183
182
181
180
169
. 168
167
166
165
156
155
154
127
126

108
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95
1245
12+5

8:9

9+8
107
12+5
1146
12+5

107

19.6
2%.0
267

20+5

17.8
2440
16+ 0
106
10+ 6
1946
503
2145
178
17.8
348
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The proportions of di-, mono- and non-deuteriated moleccules
in the sample is determined as follows. The paticrns of

the (M-1)%, (M)' and (M+1) peaks ain each case are:

m/e labelled* unlabelled*
2k1 0°3 -
240 1°05 -
239 26 0+2
i 238 2+8 1.2
237 10 1+9

* peak height: cm
Assuming that there is only loss of protium, never
deuterium to give (M=-1)}" but not (M-2)' peaks then the

peaks of the labelled spectrum can be assigned.

Let A represent M (non-deuteriated agroclavang
dA " M {mono-deuteriated agro-
clavine)
d,A " M (di-deuteriated agro-

clavine)

d3A i M {trz-deuteriated agro-~
clavaine)

m/e assignment

237 (A-1)7"

238 At ¢ (aa-1)"

239 aa® + (a,a-1)" 4 (A+1)7

240 d A% (dBA—1)+ + (da+1)”

241 d3A+ + (agast)

The ratios {M—1)+/M+ and (M+1)+/M+, from the spectrum of

unlabelled agroclavine, are:
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M+/M+ H 1:1
(M- /Y : 1e58:1
(m+1) /mt 2 0-17:1

+

1f AT, da”

, dyA” and d3A+ are all related to their

derivatives by the same ratios, the equations below can

be drawn up.

10 = 1-586A let A = [AT] etc.
2.8 = A + 1.58dA

246 = dA + 1-58d2A + 0+17A

1+05 = d,A + 1-58d3A + 0+17dA
03 - d3A + o-166azA

Solving these simultaneous equations, values with the
following ratios are obtained.
A 233%;  dA 47<7%; d,A 22 3%; d3A 6+ 7%

If it is assumed that complete scrambling of the label

takes place the assignment of the peaks becomes:

m/e assignment

237 (A-1)* + (aa-2)7

238 AT + (aa-1)T + (dzA—2)+

239 dAt + (aga-1)7 4 (dBA—2)+ + (a+1)?
240 d,A" (dBA—1)+ + (da+1)”

2k 1 dSA“h + (dyae1)”

In this case the ratios of (M=2)", (M-1)T and (M+1)”

to M* for each speclies, are:
. +

undeuteriated molecules: let [A_] = A
then [(A-1)*] = 1°58; [(A+1)*] = 0174
monodeuteriated molecules: let @A+] = dA
then [(dA-2)7]= _1 1+58aa; [(aa-1)*] = 17 4.

[ )] 8 i [ J = 1% 1.58an

[aa+1)?] = 0+174aa
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dideuteriated molecules: let [§2A+] = dyh

oo

then EdzA—2)+}~a % 1-58d,A; iﬁdzA-1)*]= g 1°58d,A;

[a,n41)*] = 0-174,4

trideuteriated moleccules: let [d3A+] = d3A

then EdsA-z)f] =z 1:58d,,A; KdBA-1)+] = % 1584 A3
[(a;041)%] = 0-17d,54

The saimultaneous equations obtained, are:
10 = 1584 + 0.09dA
2.8 = A + 1+49dA + 0-18d2A
2.6 = dA + 1-40d,A + 0-26d3A + 0-+17A
1.05 = d,A +1-58d3A + 0+17dA
0+3 = d5A +  0+17d,A

Solving these equations gives values in the following

proportions:

A 20:2%; dA  55+0%; d,A 16+ 7%; d3A 8+1%

Stability of the indole-2-position to hydrogenation

pL-[53'-*c; 2-3H]-N-acetyltryptophan (91 mg; l*c
4

102 mCi/mmole, 3H:1 C ratio 5+5) was dissolved in methanol
(10 ml) in a 10 ml two~necked flask fatted with a serum
cap. Platinum oxide (Adams' catalyst) (1-0 mg) was added
and the mixture stirred in an atmosphere of hydrogen.
Aliquots of 1 ml were removed by syringe at 0, 1, 2, 3, 5,
9, 20, 25 and 28 hours. Each aliquot was placed in a

scintillator botile, the methanol was removed in vacuo

and the residue counted. The results are tabulated below:-

Time (hours) 0 1 2 2 5 9 20 25 |28
H, uptake (ml at N.T.P.)|O L 7 9 10 (12 {14 {15 {15
e a./main x 102 8-318-319.3|8.7|6.4]8.7]9-5|7-0|5.1
1: ¢ ratio (:1) 5.2|5+3]|5.2|5.2]5.215.2{5.2{5.1|5.1
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25

Hydrogenation of AcgroclaVlne1

Agroclavaine (10 mg) was dissolved in methanol (2 ml),
Adams' catalyst (1 mg) was added and the mixture stirred
under hydrogen at atmospheric pressure for a total of 24
hours. For the first six hours samples werc withdrawn (by
syringe) at hourly antervals. Thin layer chromatography
of these samples (neutral aluminaj; chloroform 2 benzene 1)
showed a strong spot at Rf 0+75 (agroclavine). A weaker
spot gradually appeared at Rf 0°28. After six hours fresh
platinum oxide (2 mg) was added to the reaction mixture.
Hydrogenation was continued and further samples were
withdrawn at 7+*5 hours (from start of reaction), 11 hours
and 24 hours. All samples still had a predominant spot
at Rf 0°75 (agroclavine). The remainder of the solution
after 24 hours was removed from the hydrogen atmosphere,
filtered through Celite and evaporated in vacuo. The
residue was examined by mass spectroscopy, but only a

spectrum of agroclavine could be detected.
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