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SUMMARY

The work presented in this thesis is divided into
four sections : a) Synthesis of analogues of a known
intermediate in pyrrolizidine alkaloid biosynthesis and
the study of their incorporation into various
pyrrolizidine alkaloid-producing plant species; b)
Studies on the kinetics of enzymic oxidation of these
analogues by pea seedling diamine oxidase; c) Further
biosynthetic studies on the pyrrolizidine necine bases;
d) Biosynthesis of the 3-hydroxy-3-methylglutarate

portion of dicrotaline.

a)Analogue Studies

Radiolabelled analogues of N-(4-aminobutyl)-1,2-
didehydropyrrolidinium (A) were synthesised and fed to
various plant species which produce pyrrolizidine
alkaloids. 14C-Labelled analogues (B) and (C) were
synthesised by the extension of an established route to
the natural precursor (A). These compounds were of low
specific activity (2-30 pCi mmol 1), A new synthetic
route was developed which furnished a series of
analogues (D) and (E) labelled with tritium. These
compounds were of higher specific activity (150-250 pCi
mmol'l), and higher incorporations were observed in the
feeding experiments (Senecio pleistocephalus, S.
isatideus, and Cynoglossum australe spp.). All feeding
experiments used radiolabelled putrescine as an internal
standard. Iminium ion precursors (E) were utilised
more efficie”ntly than the corresponding saturated salts

(D). The saturated salts (D) appeared to inhibit the



incorporation of putrescine

alkaloids.

poorly utilised than putrescine.

+
1}‘\/\(\/\ +
" H o NH, 2Cl
(B)
m=1 or 2
n=1or 2
0 =l4C
+
N +
" H\|/\(")m/\ NH, 2CI
*H
(D)
m=1 or 2,
n=1 or 2

into
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pyrrolizidine

The higher homologues were generally more



b) Enzyme Kinetics

The enzymic oxidation of non-labelled analogues of
(B) and (C) by pea seedling diamine oxidase was studied
using a spectrophotometric assay which allowed
determination of K,y and V.. data for each substrate.

Saturated analogues could be classified as putrescine or

cadaverine analogues on the basis of binding affinities,

as indicated by Ky, values. Iminium ions could
similarly be divided into sub-groups. The strong
binding affinities of the iminium ions are of
particular note. This, along with the relatively low

catalytic rate constants, makes the iminium ions
potential candidates as inhibitors of the enzymic

oxidation of putrescine.

c) Biosynthesis of Necine Bases

Platynecine and rosmarinecine were identified as
intermediates on the biosynthetic pathway to rosmarinine

by an intermediate trapping experiment.

N-Acetylputrescine was incorporated more
efficiently than putrescine into the alkaloids of
Cynoglossum australe, while putrescine was the better

precursor of rosmarinine in Senecio pleistocephalus.

d) Biosynthesis of the 3-Hydroxy-3-methylglutarate

(HMG) portion of Dicrotaline

Acetate, mevalonate, and 3-hydroxy-3-methyl-

glutarate were not specific precursors for the necic

vii
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acid portion of dicrotaline (F) in Crotalaria
lachnosema. The C-5 methyl group of isoleucine was
specifically incorporated into the methyl group of HMG.
This was shown by the specific incorporation of [4,5-
3H]isoleucine into the necic acid portion of dicrotaline
and degradation to establish the site of labelling as

the methyl group of dicrotaline.

HO Me
/
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NOTES ON NOMENCLATURE

Pyrrolizidine compounds with one or two double-
bonds are named as derivatives of 1H- or 3H-
pyrrolizine in accordance with Chemical Abstracts
nomenclature, e.g. ethyl 5,6,7,8-tetrahydro-3H-ethyl

-pyrrolizine-1-carboxylate.

CO,Et

Fully saturated compounds are mnamed as
pyrrolizidine derivatives. The stereochemistry of

substituents is indicated by the o and P nomenclature.

For macrocyclic diester alkaloids, the numbering
scheme proposed by Culvenor et al is used (C.C.J.

Culvenor, D.H.G. Crout, W. Klyne, W_.P. Mose, J.D.

Renwick, and P.H. Scopes, J.Chem.Soc.(C), 1971, 3653).

For example, rosmarinine is shown.

18
HO Me




The following numbering schemes are used for

pyrrolidine and piperidine derivatives:-

3 3
2 2
4 4
NI\/F/\/g\ NI\/F,\/g\/ NHR
5 6 8 NHR > 6 8 10
3 3
4 2 4 2

> Nl\/g\/lo\ > N\/S\/lo\/ NHR
5 NHR
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Chapter |1
INTRODUCTION

1.1 Pyrrolizidine Alkaloids.

In the area of natural product chemistry the many
unique features of pyrrolizidine alkaloids! have been a
source of considerable interest. These compounds have
been the subject of many elegant synthetic and
biosynthetic studies, and their toxicology has been

characterised.2

Pyrrolizidine alkaloids are found in 14 unrelated

3 The most examined families are

plant families.
Compositae (eg tribes Senecioneae and Eupatorieae);
Leguminosae, in which pyrrolizidine alkaloids are found
only in the genus Crotalaria; and Boraginaceae, in which
every genus examined has been shown to contain
pyrrolizidine alkaloids, eg Heliotropium. The plant
species are geographically widespread and may be present
in most environments. It has been estimated that up to
8000 plant species may contain pyrrolizidine alkaloids,
representing 3% of the world’s flowering plants.4
Senecio is thought to have more species, ca. 1450, than

any other genus of plants.1

Most pyrrolizidine alkaloids are derivatives of 1-
hydroxymethylpyrrolizidine (1) rather than of
pyrrolizidine (2). An exception is 1l-methylene-
pyrrolizidine (3), present in Crotalaria damarensis.5
The aminoalcohol moiety, known as a necine, may be
further hydroxylated, and a wide range of necines is

known, diffe"ring in the position and stereochemistry of

the hydroxyl groups, eg. rosmarinecine (4).



Furthermore, many necines contain a 1,2-double bond, eg
retronecine (5). Most necines are found in nature as
esters, with notable exceptions such as loline (6).
The esterifying acids, known as necic acids, are often
of an oxygenated, highly branched nature, and some have
not been found in any other plant or animal source.
Pyrrolizidine alkaloids may be monoesters, such as
heleurine (7), diesters, eg heliosupine (8), or

macrocyclic diesters, such as fulvine (9).

Recently, a series of polyhydroxylated

pyrrolizidines has been isolated, exemplified by alexine

(10). These differ from the wusual pyrrolizidine
alkaloid structures, in that they have a carbon
substituent at C-3 rather than at C-1. Alexine has

been tested for biological activity because of its
structural resemblance to the glucosidase inhibitor
(11), but it has been shown to be a poor inhibitor of a

series of glucosidases.6

1.2 Effects of Pyrrolizidine Alkaloids on Humans and

Animals.

Many pyrrolizidine alkaloids are toxic, and have
often been responsible for poisoning of livestock and
humans. As long ago as 1787 farmers in Britain
suspected the common ragwort Senecio jacobaea of being
harmful to livestock. The poisoning of cattle has
become a severe economic problem: S. jacobaea is said to
cause more livestock losses than all other poisonous

7 Humans have come into contact

plants put together.
with pyrrolibzidine alkaloids by deliberate wuse or in

mistake for other species, either as medicines or as
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food. Herbal teas sold in ‘health food’ shops may
contain pyrrolizidine alkaloids, eg comfrey (Symphytum

sp.).

Human poisoning by consumption of pyrrolizidine
alkaloids is well documented. "Bread poisoning"”,
consisting of abdominal pain and the development of
ascites occurred in Cape Province, South Africa when
seeds of Senecio ilicifolius and S. burchelli were

8 Veno-occlusive

harvested along with the wheat.
disease, characterised by centrilobular necrosis of the
liver leading to occlusion of central and sublobular
hepatic veins and congestion of the liver has been
ascribed to ingestion of pyrrolizidine alkaloids yia
bush teas in Jamaica in the 1950°’s, and most seriously
in Afghanistan in 1974.9 Around 1600 people were

affected by abdominal distention and emaciation, and

many died.

Ingestion of pyrrolizidine alkaloids results in
tissue damage primarily to the 1liver, although the
lungs, kidneys and sometimes the heart may be affected.
Many organic compounds exert toxic effects on liver
cells, eg halogenated hydrocarbons, dialkylnitrosamines
and aflatoxins. However, progressive and irreversible
chronic liver damage, characterised by inhibition of
cell division and megalocytosis of the liver is

virtually restricted to pyrrolizidine alkaloids.

Furthermore, pyrrolizidine alkaloids include some
of the relatively few substances occurring in higher

plants known to be carcinogenic. Indeed, the



carcinogenic effects are of a chronic and progressive
character resembling the effects of mycotoxins rather

than those of most known alkaloids.

Although pyrrolizidine alkaloids are poisonous to
most animals they can be stored by specialised insects,
which use them to their advantage. For example,
ingestion of Senecio vulgaris by the tiger moth Arctica
caja renders it unpalatable to predators such as birds
and spiders.10 Male danaid butterflies, eg Danaus
plexippus, transform pyrrolizidine alkaloids into male
sex pheromones such as danaidone (12).11 It has also
been suggested that female butterflies will
preferentially mate with males which can pass on the
alkaloids since her eggs will then become distasteful to

predators.1 2

1.3 Metabolism and Cytotoxicity.

The principal routes of metabolism are ester
hydrolysis, conversion into N-oxides and
dehydrogenation. The first two are detoxication
routes, which result in more water-soluble species and
hence facilitate excretion in the wurine. The last
metabolic pathway is the one associated with
cytotoxicity. Various observations point to the fact
that it is metabolites rather than the alkaloids
themselves which are responsible for the toxic action.
For example, the main site of tissue damage is the
liver, regardless of the site of administration of the
alkaloid. it is known that pyrrolizidine alkaloids can

be oxidised by hepatic microsomal enzymes to pyrrolic
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derivatives (13) (Scheme 1). Pyrrolizidine alkaloids
are themselves chemically rather unreactive whereas the
pyrrolic metabolites are highly reactive. Mattocks
has shown, by measuring the levels of pyrrolic
metabolites in the livers of rats, that there is a
direct relationship between the amounts of such
metabolites and acute hepatotoxicity.13 Such
derivatives can act as bifunctional alkylating agents
which can be attacked by nucleophilic moieties on DNA

molecules, resulting in cross-linking of the DNA (Scheme

1).

Support for the metabolites of pyrrolizidine
alkaloids acting as DNA-interactive ligands has come
from the isolation and characterisation of adducts of
mitomycin C (14) (which is structurally related to
pyrrolizidine alkaloids) and DNA.1% Adduct (15)
demonstrates the cross-linking of a DNA molecule via two

deoxyguanosine residues.

1.4 Structure-Activity Relationships.

Schoental noted that all known hepatotoxic
pyrrolizidine alkaloids were esters of retronecine (5),
heliotridine (16), or supinidine (17). Conversely,
Grebennik and Zaharova showed that platyphylline (18),
which 1lacks the allylic ester function, produced no
trace of liver damage after prolonged exposure in
dogs.15 This led Schoental to propose that the 1,2-
double bond was necessary for hepatotoxicity.16

Furthermore, Culvenor et al proposed the mechanism for

tissue damage via alkylation as shown in Scheme 1.17
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Detoxication can occur by ester hydrolysis to an
aminoalcohol which is not hepatotoxic. Bulky
substituents at the o-carbon of the acid portion can
inhibit hydrolysis by esterases and hence increase the
toxicity of the alkaloids.18,19 Hence, macrocyclic

diesters are usually more toxic than similar diesters.

Toxicity is also affected by the Ilipophilicity and
base strength of the alkaloids.? Pyrrolizidine
alkaloids which are highly lipophilic are more
susceptible to oxidation by hepatic microsomal enzymes
whereas those which are more water soluble can be more
readily excreted and form lower levels of toxic
metabolites. Alkaloids of lower base strength tend to
be more lipophilic and hence more toxic. A higher
proportion of the more basic alkaloids is ionised at

physiological pH and can therefore be excreted.

The toxicity of many synthetic analogues of
pyrrolizidine alkaloids has been tested. Synthanecine
A bis-diethyl carbamate (19) is more toxic than mono-
crotaline (20), demonstrating that the second

(pyrrolidine) ring is not required for toxicity.

1.5 Clinical Uses of Pyrrolizidine Alkaloids.

Due to their pronounced effects on both animals
and humans, such as cytotoxicity, mutagenicity, and
antimitotic action, many pyrrolizidine alkaloids have
been tested for anti-cancer activity. This anti-tumour

activity may be due to two unrelated mechanisms:

10



1. The antimitotic effect of pyrrolic metabolites.

2. An unknown mechanism involving N-oxides.

To date, indicine N-oxide (21) 1is the only
pyrrolizidine alkaloid to have undergone clinical trials
as an anti-cancer drug. A course of indicine N-oxide
was given to 10 patients with advanced acute leukemia,
with the result that two patients had complete

remissions, while one had a partial remission.29

Also of interest is the use of the non-hepatotoxic

platyphylline (18) in the USSR as an antispasmodic and

mydriatic.21

Further information on pyrrolizidine alkaloids can

be found in annual 1'e:vie:ws.22

1.6 Aims of Project.

The biosynthesis of pyrrolizidine alkaloids has
stimulated much interest in our research group.23
This work is reviewed in Chapter 2. The biosynthetic
pathway to necines involves the <coupling of two
molecules of 1,4-diaminobutane (putrescine) via the
iminium ion (22) to give the necine (23). A number of

steps in this biosynthetic pathway involve oxidation of

primary amines to the corresponding aldehydes.

These primary amine oxidations are thought to be
catalysed by a diamine oxidase (DAO). It was decided
to test whether DAO would accept unnatural substrates.

A two-fold strategy was adopted to probe this proposal.

11
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Firstly, radiolabelled analogues of N-(4-aminobutyl)-

1,2-didehydropyrrolidinium (22), an established
intermediate in pyrrolizidine alkaloid biosynthesis,
were prepared and their incorporation into plant species
which produce pyrrolizidine alkaloids was studied
(Chapter 3). Assessment of the biological activity of
biosynthetically-derived analogues should be instructive
in the study of structure-activity relationships of
pyrrolizidine alkaloids. Secondly, determination of

kinetic parameters (Kp and V ) for the analogues of

max
iminium ion (22) by a spectrophotometric assay should
give an insight into the enzyme specificity of DAO.

These results are discussed in Chapter 4.

Chapter 5 contains a description of various
biosynthetic studies on pyrrolizidine necine bases. It
was deemed necessary to provide further evidence for the
intermediacy of the iminium ion (22) in pyrrolizidine
alkaloid biosynthesis. Accordingly, intermediate
trapping experiments were carried out with the aim of
isolating derivatives of (22) labelled with either 3H or
2H.

The order of hydroxylation in the transformation
of isoretronecanol (23) into rosmarinecine (4) has not
been firmly established, although platynecine (25) is an
efficient precursor of rosmarinecine. An intermediate
trapping experiment was carried out to detect whether or

not platynecine is present in S. pleistocephalus.

No studies have been published on the enzyme
stereospecifities of the biosynthesis of necine bases

having H-8B stereochemistry. The biosynthesis of

13



cynaustine (26) and cynaustraline (27) in C. australe
R.Br. was investigated in feeding experiments with

putrescine enantiomerically labelled with deuterium.

The possible role of N-acetylputrescine (24) in
pyrrolizidine alkaloid biosynthesis was investigated in
Senecio pleistocephalus S. Moore and Cynoglossum

australe R.Br.

It was decided to widen the scope of the study to
encompass the acid portions of pyrrolizidine alkaloids.
An investigation of the biosynthesis of the diacid
portion of dicrotaline (28), the trivial name of which
is dicrotalic acid, was carried out with the plant
species Crotalaria lachnosema Stapf. This diacid has a
deceptively simple structure. The findings of this

work are presented in Chapter 6.

14
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Chapter 2
BIOSYNTHESIS OF PYRROLIZIDINE ALKALOIDS

2.1 Biosynthesis of Necine Bases.

In the past three decades much effort has been
expended on the elucidation of the biosynthesis of
various derivatives of 1-hydroxymethylpyrrolizidines
(necines). The original postulate of Sir Robert

Robinson24

that the pyrrolizidine ring system is derived
from two molecules of ornithine (29) wvia putrescine (30)
has been confirmed, and in the ensuing period a wvast
array of information been wunearthed, leading to the
identification of biosynthetic intermediates, and to an

understanding of the stereochemical aspects of many of

the enzymic processes.

Initial experiments utilised radioisotopes (3H,
14C), although the greatest advances have been achieved
by the use of stable isotopes (2H, 13C) in conjunction
with nuclear magnetic resonance spectroscopy. Complete
labelling patterns were obtained by the wuse of
specifically labelled 13C-putrescines, and the stereo-
chemistry of many enzymic processes were determined by
the use of putrescines enantiomerically labelled with

deuterium.

The most widely studied pyrrolizidine base is
retronecine (5), the most common necine. Much detailed
research has also been carried out on rosmarinecine (4),
and the scope of biosynthetic studies has been further
widened by ;lucidation of aspects of the biosynthesis of

heliotridine (16) and otonecine (31).23

16
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Biosynthetic studies on the necine bases were
initiated in 1962 when Nowacki and Byerrum demonstrated
that [2-14C]ornithine was specifically incorporated
into retronecine (5), the base portion of monocrotaline
(20) in Crotalaria spectabilis.25 They also fed [1-
1"'C]acetate and [1-14C]propionate to this species,
resulting in labelling mainly in the monocrotalic acid

portion.

Senecio douglasii produces four alkaloids:
senecionine (32), seneciphylline (33), retrorsine (34)
and riddelliine (35), all of which contain retronecine

26 carried

as the base portion. Bottomley and Geissman
out feeding experiments with [1,4-14C]putrescine, [2-
14C]ornithine and [5-14C]ornithine which produced total
incorporations into S.douglasii of 0.18, 0.30, and 0.75%
respectively. It was shown that 94-98% of the radio-
activity resided in retronecine (5) by basic hydrolysis
of each alkaloid mixture. Oxidative degradation with
osmium tetroxide-sodium periodate yielded C-9 of
retronecine as formaldehyde, isolated as its dimedone
derivative (36) (Scheme 2). This derivative contained
one-quarter of the total activity of retronecine,
suggesting that C-2 and C-5 of ornithine become
equivalent in the formation of ring B of retronecine.

In 1975, Bale and Crout27

suggested that the use
of a double isotope (3H/14C) technique would be of
value, since this would allow the relative efficiencies

of different precursors to be measured. Using L-[3-

3H]arginine as a standard, they showed that in S.

18
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magnificus arginine (37) and ornithine (29) are both
specifically incorporated into retronecine, the base
portion of senecionine (32). Feeding a mixture of

L-[U—14C]arginine and L-[3-3H]arginine led to a decrease
from the initial 3H/14C ratio of 4.84 to 3.0 whereas the
3H/14C ratio fell from 3.62 to 2.2 in senecionine when a
mixture of L-[U—14C]ornithine and L-[3-3H]arginine was
fed. Hence, in the biosynthesis of retronmecine in S.
magnificus, ornithine is marginally more efficiently

incorporated than is arginine.

Different groups of workers have contrasting views
on the role of amino acids in necine biosynthesis via
putrescine. Birecka et al suggest that in Heliotropium
spp. arginine (37) acts as the precursor for putrescine
(30)28 whereas ornithine (29) is the progenitor 1in
Senecio and Crotalaria spp.29 On the other hand,
Hartmann et al3% are of the opinion that arginine alone

is the source of putrescine in S. vulgaris.

The first of a vast range of feeding experiments
with Senecio isatideus, which produces retrorsine (34),
was carried out by Robins and Sweeney in 1978.31 Total
incorporations of 1.6-5.2% were obtained on feeding

putrescine (30), spermidine (38) and spermine (39), the

latter two of which are likely to be utilised via

putrescine. This work also confirmed the role of
ornithine (29) and arginine (37) in necine biosynthesis.
Labelled forms of compounds (30), (38) and (39) were
incorporated specifically into retronecine and
incorporationns were ten times higher than for ornithine

or arginine, providing further evidence for the theory
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of Geissman and Crout that putrescine (30) follows

ornithine (29) in the biosynthetic pathway.

Specific incorporation of [5-14C]ornithinc, [1,4-
14C]putrescine, spermine and spermidine, both labelled
[1,4-14C] in the tetramethylene portion was demonstrated
by degradative work. One quarter of the 14¢ activity
from retronecine (5) was shown to be located at C-9 by
osmium tetroxide-sodium periodate oxidation, confirming

26 In addition,

the results of Bottomley and Geissman.
C-(5+6+7) could be isolated by a modified XKuhn-Roth
oxidation, yielding f-alanine (40) as its 2,4-dinitro-

phenyl derivative, containing 22-24% of the total
radioactivity (Scheme 3). This demonstrates that C-2

and C-5 of ornithine become equivalent in the formation

of ring A of retronecine (5).

Further progress in this work was hindered by the

lack of applicable degradations to locate all the 14¢
labels. The next advance came with the advent of 13¢c.
labelling experiments. The wuse of specifically

labelled 13C-putrescines allowed full 1labelling

patterns to be established by means of 13¢ nmr

spectroscopy.g’2

The first precursor employed was [1,4-
13C2]putrescine dihydrochloride (43), synthesised by
Khan and Robins as shown in Scheme 4. The 13C 1abel
was introduced by Sy2 displacement of bromide from 1,2-
dibromoethane (41) with potassium [13C]cyanide. The
resultant [1,4-13C2]succinonitrile (42) was reduced with

borane in tetrahydrofuran (THF), and acidification gave
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the dihydrochloride (43). [2,3-13C2]Putrescine
dihydrochloride (44) was produced in a similar manner,
starting from reaction of [1,2-13C2]—1,2—dibromoethane
with sodium cyanide. Reduction to the diamine with
borane in THF and acidification gave the desired product

(44).

These two samples were administered individually
to S. isatideus by the xylem pricking method31, and
after a suitable period of time, the plants were
harvested, and the 13C.1abelled retrorsine was isolated.
After basic hydrolysis, 13¢ NMR spectroscopy revealed
complementary labelling patterns in the two retronecine

samplcas.32

Retronecine derived from [1,4-13C2]putrescinc (43)
showed equal enrichment of the 13¢ NMR signals
corresponding to C-3, C-5, C-8 and C-9 (Scheme 35),
although signal broadening resulted from geminal
coupling (C-3 to C-5 and C-8 to C-9) in molecules where
combination of two 13¢c  1abelled putrescines had
occurred. Feeding of [2,3-13C2]putrescine (44)
produced a pair of doublets straddling the mnatural
abundance signals of C-1 and C-2 (1L 71Hz) and another
pair of doublets corresponding to C-6 and C-7 (J 34Hz)
(Scheme 6). There was almost equal enrichment at all
four sites, consistent with the involvement of a later
symmetrical C,-N-Cy intermediate in the biosynthetic

pathway.

Furthef evidence for this later intermediate was

produced when almost equal enrichment at C-3, C-5, C-8
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and C-9 was observed on feeding [1-13C]putrescine

dihydrochloride to S. isatideus.>2

Labelling of all eight carbon atoms in retronecine
was achieved by feeding [1,2-13C2]putrescine
dihydrochloride (47).33 This was synthesised as shown
in Scheme 7. [1,2—13C2]-1-Bromo—2-phthalimidoethane
(45) was reacted with ethyl cyanoacetate in the presence
of sodium hydride in DMF to furnish the ester (46). De-
ethoxycarbonylation in DMSO with sodium
chloride/water followed by catalytic hydrogenation gave
the mono-protected diamine which was deprotected by acid
hydrolysis to vyield [1,2-13C2]putrescine dihydrochloride
(47). Retronecine (48) derived biosynthetically from
(47) showed four pairs of doublets around the natural
abundance resonances of the eight carbon atoms in the
13¢ NMR spectrum. These doublets were of almost equal
intensity which again points to a later symmetrical

intermediate.

Khan and Robins synthesised and fed [13C-

15N]putrescine dihydroichloride (49) to S. isatideus.34
This yielded a sample of retronecine having 13¢
enrichment at C-3, C-5, C-8 and C-9. More importantly,

the signals corresponding to C-3 and C-5 in the 13¢ NMR

spectrum each consisted of a doublet arising from

13¢c.15N species

130_14y

retronecine containing intact
superimposed on a singlet representing a
species. This corresponds to the labelling pattern
(50). Retronecine is likely to be produced yia a

Cy-N-Cy inte‘.rmediate since the doublets at C-3 and C-5

were of almost equal intensity. This finding was
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corroborated by Grue-Sorensen and Spenser.35

Khan and Robins proposed that the later
symmetrical intermediate was the triamine homospermidine
(51), which has been isolated from sandalwood trees
Santalum album by Kuttan et al.36 Feeding
experiments demonstrated that arginine (37) and
ornithine (29) are efficiently converted into

homospermidine.37

Moreover, in 1980 Srivenugopal and
Adiga produced homospermidine from putrescine using a
partially purified enzyme from Lathyrus sativus (grass
pea) seedlings and from sandalwood leaves.38
Homospermidine 1is also known to be present in

Heliotropium indicum.39

24

Schopf et al*% and Robinson

postulated the
biogenesis of lupinine (55) as being from lysine (52)
and cadaverine (53) via the dialdehyde (54) (Scheme 8).
Similarly, they proposed that 1-hydroxymethyl-

pyrrolizidine was biosynthesised from ornithine (29)
via dialdehyde (57). Leonard and Blum41 carried out a
biomimetic synthesis of 1-hydroxymethylpyrrolizidine by
double ring closure of dialdehyde (57), derived from the
bis-ketal (56), in aqueous phosphate buffer at pH7,
followed by sodium borohydride reduction. This
produced the racemates of isoretronecanol (23), (1B-
hydroxymethyl-(8a)-pyrrolizidine) and trachel-
anthamidine (58), (la-hydroxymethyl-(8a)-pyrrolizidine).
The latter predominated, corresponding to formation of

the thermodynamically more stable exo-aldehyde (Scheme

9).
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Initial experiments on the role of homospermidine
(51) in pyrrolizidine alkaloid biosynthesis utilised
[1,9-14Clhomospermidine trihydrochloride (61).3% As
shown in Scheme 10, amide formation by reaction of N-
benzyloxycarbonyl-4-aminobutanoic acid (59) with 3-
bromopropylamine in the presence of benzoyl chloride
followed by bromide displacement with potassium
(14Cjcyanide gave a nitrile (60). Catalytic
hydrogenation, reduction of the amide with borane in THF
and acidification afforded [1,9-14C]h0mospermidine as
its trihydrochloride (61). A total incorporation of
0.5% was obtained on feeding this species to S.
isatideus. Basic hydrolysis and degradative work
indicated that 44% of the Ll4C activity resided at C-9
whereas only 2% of the radioactivity was located at C-
(5+6+7) of retronecine (5). This is consistent with
labelling pattern (62). In a complementary experiment,
[4,6-14C]homospermidine trihydrochloride (63) was
synthesised and fed to S. isatideus.*? The total
incorporation of 14¢ was 0.7% and as in the case of
[1,9-14C]homo-spermidine, greater than 95% of the
radioactivity was found in the necine base.
Retronecine was degraded and it was shown that 1-4% of
the l4cC activity was present at C-9 while 45-47% was at

C-(5+6+7). This is consistent with the labelling

pattern (64).

A trapping experiment also demonstrated the
intermediacy of homospermidine (51) in the biosynthetic
pathway."’2 The N-phenylamino (thiocarbonyl) derivative

(65) of homospermidine was isolated and shown to contain
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ca. 0.5% of the original radioactivity when DL-[5-

14C]ornil:hine was fed to S. isatideus.

Further convincing evidence was obtained when the
incorporation of [1,9-13C2]homospermidine into
retronecine in S. isatideus was studied. 1-Bromo-3-
chloropropane was reacted with potassium [13C]cyanide to
afford 4-chlor0-[1-13C]butanenitrile. The synthesis of
homospermidine by Bergeron u43, involving reaction
of benzylamine with two equivalents of 4-chlorobutane-
nitrile, gave the dinitrile (66). Catalytic
hydrogenation of the nitrile groups, with concomitant
hydrogenolysis of the N-benzyl group furnished [1,9-
13C2]homospermidine which was purified as its
trihydrochloride salt (67) (Scheme 11). The
biosynthetically derived retronecine hydrochloride (68)
from S. isatideus had a resolution-enhanced 13C{IH} NMR
spectrum indicating a pair of doublets (J 6Hz) of equal
intensity straddling the natural abundance signals for C-
8 and C-9. This geminal coupling 1is indicative of
intact incorporation of homospermidine into

retronecine."‘4

The feasibility of the Robinson-Schopf scheme for
pyrrolizidine synthesis was demonstrated by Robins.4?
Facile transformation of homospermidine into 1-
hydroxymethylpyrrolizidine was achieved wusing pea
seedling diamine oxidase under physiological conditions.
This was presumably achieved by enzymic oxidation of one
primary amine to an aldehyde (69) in equilibrium with

iminium ion (22). Further oxidation and Mannich

cyclisation afforded 1-formylpyrrolizidine which could



be reduced either chemically or enzymically to (4+)trach-

elanthamidine (58). This is shown in Scheme 12.

Biosynthetic studies on rosmarinine (70), the sole
alkaloidal constituent of Senecio pleistocephalus
demonstrated that the early stages of retronecine (5)
and rosmarinecine (4) biosynthesis follow the same

pathway.

Feeding of [1-13C]putrescine dihydrochloride (71)
to freshly rooted cuttings of S. pleistocephalus

14c

resulted in an exceedingly high specific

incorporation of 22% per C,4 unit. The 13c specific
incorporation was estimated at 24.4%, with the signals
corresponding to C-3, C-5, C-8 and C-9 equally enriched
over natural abundance (Scheme 13). 46 Next, a sample
of [2,3—13C2]putrescine (44) was produced using the

34 although catalytic

procedure of Khan and Robins,
hydrogenation of the dinitrile was preferred to hydro-

boration (see Scheme 5).

The biosynthetically derived rosmarinine had
doublets around the natural abundance 13¢ NMR signals
corresponding to C-1, C-2, C-6 and C-7, with almost
equal enrichment at each site (Scheme 14).46 Feeding
of [13C-15N]putrescine dihydrochloride (49) gave rise to
13¢ enrichment at C-3 and C-9 of 0.3+0.05% and at C-5
and C-8 of 0.440.05%. The C-3 and C-5 resonances
appeared to exhibit doublets due to 13¢.15N coupling
which unfortunately were partially obscured by the

natural abundance 13C signals. Coupling constants

were estimated to be 4Hz for C-3 and 2-3Hz for C-5 and
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hence the doublets do not arise from C-3 to C-5 geminal

coupling.46

[1,9-13C2]H0mospermidine trihydrochloride (67), on
feeding to S.pleistocephalus, led to enrichment of the
signals due to C-8 and C-9 of rosmarinine in the 13C(IH]
NMR spectrum. It was noted earlier that in the
corresponding experiment in S. isatideus, the sample of
retronecine indicated a geminal coupling constant
between C-8 and C-9 of 6Hz. In this case the geminal
coupling constant is zero.40 The feeding of 13¢.

labelled precursors to S. pleistocephalus has shown that

rosmarinecine (4) is derived from putrescine (30) via

homospermidine (51), which is in agreement with the

findings for retronecine.

However, the work of Robins and co-workers led to
the conclusion that there was a divergence in the bio-
synthetic pathways by feeding the epimeric 1-hydroxy-
methylpyrrolizidines trachelanthamidine (58) and

47 carried out a

isoretronecanol (23). Kunec and Robins
radiolabelled synthesis of trachelanthamidine and
isoretronecanol (Scheme 15) starting from N-formyl-[5-
3H]—L-proline (72), using the method of Pizzorno and
Albonico.48 1,3-Dipolar cycloaddition with ethyl
propiolate followed by hydrogenation yielded the endo-
ester (73) which was reduced with lithium aluminium
hydride (LiA1H4) to (i)-[5-3H]isoretronccanol (74).
The thermodynamically more stable exo-ester was obtained
by epimerisation of the endo-ester (73) in acid, and
LiAlH4 redu(;tion furnished (i)-[5-3H] trachelanthamidine

(75). Feeding experiments using [1,4-14C]putrescine as

35



an internal standard are summarised in Table 1.

Thus, isoretronecanol (23) is the preferred
diastereoisomer utilised in rosmarinecine biosynthesis
since it is incorporated 34 times more efficiently than
is trachelanthamidine (58) in S. pleistocephalus,
whereas in the formation of retronecine (5) in S.
isatideus and heliotridine (16) in C. officinale,
trachelanthamidine is a much better precursor than
isoretronecanol. In all cases, the 1-hydroxymethyl-
pyrrolizidines are incorporated more efficiently than
putrescine, consistent with the hypothesis that they are
further along the biosynthetic pathway, strengthened by
the likely assumption that only one enantiomer of each
racemate is utilised. Similar findings were presented
by Rana and Leete, showing that trachelanthamidine (58)
is a much better precursor than isoretronecanol (23) for
riddelliine (35) the base portion of which is

retronecine, in Senecio ridellii.49

It can be concluded that there is a divergence of
the pathways to retronecine and rosmarinecine. This
may occur either on cyclisation of the iminium ion (22),

or epimerisation of the resultant aminoaldehyde may

occur.

Further support for the proposed sequence of
events came from the work of Birecka and Catalfamo.so
Using Heliotropium spathulatum, which produces
trachelanthamidine (58), supinidine (17), and
retronecine (‘.5), short term feeding of 14C02 produced

samples with specific activities consistent with the
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sequence (58) — (17)— (5. Elaboration of
isoretronecanol (23) to rosmarinecine (4) requires
oxidations at C-2 and C-7. Efficient incorporation of
platynecine (25) labelled with 31 into rosmarinine (70)
in §. pleistocephalus suggests that hydroxylation at C-7

may occur first.d1

Kelly and Robins have provided strong evidence for
the intermediacy of the iminium ion (22) in the
biosynthetic pathway.52 14¢_Labelled iminium ion was
synthesised as shown in Scheme 16. Coupling of [1-14C]-
4-chlorobutanenitrile (76) with pyrrolidine followed by
catalytic hydrogenation in the presence of Adams’
catalyst furnished the saturated salt (77).
Regiospecific oxidation with mercury (II) acetate then
yielded the desired 14C—labelled iminium ion (78). The
results of feeding experiments with S. isatideus and
S. pleistocephalus are shown in Table 2. These
results indicate that the iminium ion (22) is a better
precursor for retronecine (5) and rosmarinecine (4) than
is putrescine. An intermediate trapping experiment
allowed the N-phenylamino (thiocarbonyl) derivative (79)
of the reduced iminium ion to be isolated in radioactive
form, containing 0.4% of the activity fed as [1.,4-
14C]putrescine dihydrochloride. Curiously, the
saturated salt (77) was also incorporated reasonably
well into the necines (4) and (5). However, in an
intermediate trapping experiment, the derivatised
saturated salt contained a very low level of
radioactivity (less than 0.017% of the original !'4C
activity). Thus, the iminium ion is the likely

biosynthetic intermediate, although in vivo oxidation
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can apparently introduce the saturated compound into the

biosynthetic scheme.

Robins and co-workers further widened the scope of
biosynthetic studies on necine bases by wusing the
species Emilia flammea. This produces emiline (80) as
the major alkaloidal component, containing the seco-
pyrrolizidine otonecine (31) as the base portion. In
summary, experiments with radiolabelled precursors have
shown that putrescine (30), homospermidine (51), the
iminium ion (22), trachelanthamidine (58) and
retronecine (5) are all incorporated efficiently into
otonecine. Cleavage of the N-4 to (C-8 bond is likely
to occur late in the biosynthetic sequence, as shown by
the incorporation of trachelanthamidine and retronecine

into otonecine (3 1).53

The main intermediates in necine biosynthesis have
now been well established. These intermediates are
enclosed in boxes in Scheme 17. Putrescine (30) is
derived from the amino acids ornithine (29) and/or
arginine (37). Oxidation of putrescine to an
aminoaldehyde and condensation with another putrescine
molecule gives an imine (81) which 1is reduced to
homospermidine (51). Oxidation of one primary amine
produces an aldehyde in equilibrium with the iminium ion
(22). Further oxidation and cyclisation leads to
aminoaldehydes which are reduced to trachelanthamidine
(58) or isoretronecanol (23). After the divergence in
the pathways, trachelanthamidine (58) can be elaborated
to retronecir;e (5), heliotridine (16) or otonecine (31)

whereas isoretronecanol (23) is transformed into
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rosmarinecine (4) via platynecine (25).

The foregoing discussion has not touched on
stereochemical aspects of necine biosynthesis. The
first foray into this field was the observation by
Robins and Sweeney that only the (matural) L-enantiomers
of ornithine and arginine are wutilised in retronecine

biosynthesis.54

The next major advance in the elucidation of the
stereochemistry of the biosynthesis of pyrrolizidine
alkaloids came with the use of putrescines specifically
labelled with deuterium. Much information concerning
the stereospecificity of enzymic processes has been
obtained by feeding experiments with a series of
deuteriated putrescines, originally with Senecio
isatideus and subsequently with S. pleistocephalus and

Emilia flammea.

The first experiment involved the use of [2,3-2H4]
putrescine dihydrochloride (82). Succinonitrile was
heated at reflux in deuterium oxide, followed by
catalytic hydrogenation and acidification to give
compound (82). This precursor was fed to S.
isatideus, leading to a specific incorporation of
deuterium into retronecine (5) of 3-5% per C4 unit.
The 2H{IH} NMR spectrum of retrorsine (83) showed equal
enrichment at H-2,H-60a,H-6p, and H-7o. The presence of
deuterium at H-7o indicates that hydroxylation at C-7

does not involve keto or enol intermediatcs.55

[1,4-2H4]Putrescine dihydrochloride (84) was
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produced by reduction of succinonitrile under a
deuterium atmosphere, followed by acidification. When
this sample was fed to S§. isatideus, it resulted in
labelling of retrorsine (86), at H-3a, H-3B, and H-9 ro-
S. The presence of the label mainly in one half of the
molecule was explained by a deuterium isotope effect.
An intramolecular isotope effect (Kyg/Kp) of 3.5-4 has
been observed in the oxidation of [1-2H2]putrescine by

hog kidney diamine oxidase.>©

If a homospermidine
molecule (85) is formed from one molecule of deuteriated
putrescine and one molecule of endogenous, unlabelled
putrescine, preferential oxidation will occur at the
unlabelled end of homospermidine, resulting in the
observed labelling pattern (86). The labelling of 9-H
pro-S with deuterium indicates that reduction to
trachelanthamidine (58) occurs by delivery of a hydride
equivalent to the C-re face of the aldehyde. This is
the expected stereospecificity for coupled dehydrogenase

enzyme systems.57

Decarboxylation of L-ornithine is known to occur
with retention of configuration.58 Samples of (R)-
[1-2H]— and (_S_)-[1-2H]putrescine were produced using the
method of Richards and Spenser.59 Decarboxylation of
L-ornithine in deuterium oxide, catalysed by L-ornithine
decarboxylase furnished (&)-[1-2H]putrescine (87)
whereas decarboxylation of the L-component of DL-[2-
ZH]ornithine (88) in H5,O yielded (§_)-[1-2H]putrescine

(89) (Scheme 18).

After Ifeeding (B_)-[l-zH]putrescine to S.isatideus,
equal labelling was observed at H-3B8, H-50, H-8a, and H-9
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pro-S of retrorsine (90). This indicates that the pro-
S hydrogen is removed from the primary amine groups in
all three oxidations on the pathway, in agreement with
previous findings for the stereochemical course of
primary amine oxidation with pea seedling amine oxidase
by Battersby gt_al_.60

There was substantial loss of deuterium on feeding
(§)-[1—2H]putrescine to S. isatideus. Deuterium was
present only at H-3a and H-5B of retrorsine (91) and it
was inferred that reduction of imine (81) to homosperm-

idine (51) occurs on the C-si face.

(B__)-[2-2H]Putrescine was synthesised from (S)-
aspartic acid (92) by a modification of the unpublished
synthesis of Arigoni and Eliel®! of (R)-[2-2H]succinic
acid (95) (Scheme 19). Treatment of (92) with
hydrochloric and nitric acids in the presence of urea
replaced the amino group with a chlorine with retention
of configuration. Conversion into the diester
followed by DIBAL reduction gave the diol (93). SN2
displacement of chloride introduced the deuterium, and
the resultant diol was converted into (R)-[2-
2H)putrescine (94) via the dibromide and the diazide.
Similarly (§)-[2-2H]putrescine (96) was formed from (R)-
aspartic acid.%2 In feeding experiments with §.
isatideus, (R_)-[2-2H]putrescine labelled retrorsine (97)
at H-2 and H-60 whereas the labels were present at H-6B
and H-7a in retrorsine (98) on feeding (§)-[2-2H]
putrescine. From these results it was concluded that

there is retention of the pro-R hydrogen and loss of the

pro-S hydrogen at the carbon which becomes C-2 of
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retronecine. Also, hydroxylation at C-7 occurs with

normal retention of configuration at an sp3 carbon.>”

The outcome of a number of enzymic processes in
S.pleistocephalus has also been determined.©?3 When (R)-
and (§)-[1-2H]putrescine were fed, labelling patterns in
rosmarinine, (99) and (100) respectively, were observed,
which were comparable to those in retrorsine. The
stereospecificity of a number of enzymic processes was
demonstrated in further experiments using (R)- and (S)-
[2-2H]putrescine63; these resulted in rosmarinine (101)
labelled at H-2B and H-6a from the (R)-isomer and
rosmarinine (102) labelled at H—la, H-6B, and H-7a from
the (S)-isomer. From these results it was inferred
that hydroxylation at C-2 and C-7 to form rosmarinine
occurs with retention of stereochemistry. Of
particular note is the presence of deuterium at C-1 in
rosmarinine (102) after feeding (§)-[2-2H]putrescine.
This indicates that the pro-R hydrogen is removed during
Mannich cyclisation to the pyrrolizidine ring system,
and also that aldehyde (103) is formed directly from the

iminium ion (22), rather than by epimerisation of the

exo-aldehyde (104).

The most recent work on enzyme stereospecificity

was carried out by Rodgers and Robins.0% Feeding of

(&)-[1—2H]-, (R_)-[2-2H]-, and (S_)-[2-2H]putrescine to
Emilia flammea demonstrated the following: the three
primary amine oxidations occur with the normal
stereospecificity60; reduction of imine (81) to
homospermidine (51) occurs on the C-si face; reduction

of aldehyde (104) to trachelanthamidine (58) occurs on
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the C-re face of the carbonyl group; hydroxylation at C-
7 of otonecine (31) occurs with retention of
configuration; and introduction of the carbonyl at C-8
causes loss of 2H at C-8 but at no other positions on
the necine. These stereospecifities are in accordance

with those observed for both retrorsine and rosmarinine.

2.2 Biosynthesis of Necic Acids.

In contrast to the wealth of information which has
been obtained on the biosynthesis of necine bases, the
study of the derivation of the necic acids has been less
extensive. Work has concentrated on the wuse of
radiotracer techniques : no stable isotope studies have

been reported.

The necic acids are branched-chain aliphatic mono-
or dicarboxylic acids with 5,6,7,8,9 or (most commonly)
10 carbon atoms. On first inspection, many look to be
terpene-derived, but acetate and mevalonolactone have
been shown not to be specific precursors for necic
acids. For example, when [2-14C]mevalonolactone was
fed to Senecio isatideus, inactive retrorsine (34) was
isolated.®> 14-_Labelled acetates have been fed to
Senecio species, but lack of suitable degradations meant
that incomplete labelling patterns were obtained for the
necic acids,65'67

Attention was next directed to the possibility
that the ncci>c acids may be derived from o-amino acids

such as valine (105), leucine (106), isoleucine (107)
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and threonine (108). Support for this hypothesis came
from the work of Crout, who studied the biosynthesis of
echimidinic (109) and angelic(110) acid, the

esterifying acids of heliosupine (8) in Cynoglossum
officinale. DL—[4-14C]Valine was shown to be
incorporated into echimidinic acid to the extent of
0.246% whereas the incorporation of [2—14C]acetate was
only 0.019%.68 Furthermore, 85% of the activity was
found in echimidinic acid after feeding DL~[4-14C]va1ine
and virtually all of this activity was present in the
acetone and iodoform after degradation (Scheme 20). The
angelic acid portion was shown to be derived from L-[U-

14C]isoleucine.69

In separate experiments, L-[U-
14C]isoleucine and [2-14C]acetate were fed to C.
officinale, the total incorporations of which were 0.205
and 0.019% respectively. Isoleucine is a specific
precursor for angelic acid since 98% of the activity was
located in the angeloyl ester portion of heliosupine

(8).99 It is known that tiglic acid (111) is derived
from L-isoleucine in Datura meteloides.” 072 McGaw and
Woolley demonstrated that [1-14C]tig1ic acid was

specifically incorporated into the angelic acid portion

of heliosupine, suggesting that angelic acid may be
73

formed from tiglic acid by a cis-trans isomerisation.

Crout ¢t al%® studied the biosynthesis of
seneciphyllic acid (112) with Senecio douglasii which
produces seneciphylline (33) as the major alkaloid
component. The label from [1-14C]- and [2-14C]-
acetate was randomised between the acid and base

portions, indicating that there is no direct route from

acetate to seneciphyllic acid. [2-14C]Mevalonate was

51



NH,

Me,CHCH
CO,H
(105)
Me
| N
MeCH,CHCH
CO,H
(107)
Me
, 0 "
Me S
O 1
N
8
Me
Me CO,H

(110)

/ NH2

Me,CHCH,CH

CO.H
(106)

/ N H2
MeCHOHCH

CO,H

(108)

OH OH

OH OH
HO,C— |c—— CMe,

CH.OH

|

Me
(109)




I
I H _+-
Me L O CHOH
0]

N\

Nal 04, H2$O4

Me,CO —NalO CHI,
+

Scheme 20 MeCHO

Me

Me C02H 1 0 COzH 9 CH2
(111) (112)

(33)



incorporated to about the same extent as 14C-acetate,
although greater specificity for seneciphyllic acid was
observed. Direct utilisation of [2-14C]mevalonate
would have been expected to label C-1 or C-8 of one half
of seneciphyllic acid, but degradation showed that these
positions carried respectively 0.35 and 0.17% of the
total activity. The operation of an acetate-
mevalonate pathway to seneciphyllic acid was therefore

excluded.

High specific incorporations were observed for L-
[U—14C]isoleucine and its biogenetic precursor L-[U-
14C]threonine into seneciphyllic acid (112).66 In the
case of threonine, >99% of the total activity was found
in the acid portion, and the total incorporation was 20-
30 times greater than that for acetate. Degradation of
seneciphyllic acid derived from L-[U-14C]threonine shown
in Scheme 21 seemed to indicate that threonine is not
incorporated in a symmetrical manner. It should be
noted that the figure for activity at C-2 is not
reliable. Kuhn-Roth degradation of seneciphyllic acid
liberated two equivalents of acetic acid, isolated as
barium acetate, corresponding to (C-2/C-8) + (C-6/C-7).
The acetic acid was degraded by the Schmidt reaction to
methylamine (C-7 and C-8), isolated as 5-methylamino-2,4
dinitrotoluene (113), and carbon dioxide (C-2 and C-0),
isolated as barium carbonate. The activity at C-2 was
estimated by subtracting from the barium acetate
activity the activities for (C-6,C-7) and C-8 (obtained

by separate degradations).

[1—14C]Isoleucine was incorporated with one-tenth
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of the efficiency of [U-1%Clisoleucine into
seneciphyllic acid and with significantly lower
specificity. It is apparent that the carboxyl group
of isoleucine is lost on incorporation into

seneciphyllic acid.66

A major pathway in threonine biosynthesis leads to
o-ketobutyric acid (114), which is used in isoleucine

biosynthesis.74

The biosynthetic transformation of a-
ketobutyric acid into isoleucine is shown in Scheme 22.
In the transformation of threonine into isoleucine, C-1,
-2,-3, and -4 of threonine become C-1, -2, -4 and -5 of

isoleucine respectively, with the side chain C-3 and -6

being derived from pyruvate.

Assuming incorporation via isoleucine, threonine
could provide either C-4, C-6 and C-7 (path A) or C-6 C-
7 and C-10 (path B) of seneciphyllic acid (Scheme 23).
Incorporation of [U-I4C]threonine via isoleucine would
give a ratio of the activities of (C-6/C-7) and C-10 of
greater than 2 by path A whereas if path B was
operative, the ratio would be just two. It was
observed that the C-6/C-7 unit of seneciphyllic acid
derived from [U-14C]threonine contained more than four
times the activity of C-10, implying that path A was
preferred.66 Subsequently, a re-evaluation of the
evidence suggested that the entire C;, skeleton of
seneciphyllic and related acids may be derived from

isoleucine and hence from threonine and pyruvate.

It appeared that isoleucine was incorporated into

the (C-1,C-2,C-3,C-8 and C-9) unit of seneciphyllic acid
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(112) at only half the rate at which it was incorporated
into the other half. However, with L-[{U'%4CJisoleucine
as a precursor, C-1, C-8 and C-9 were equally
labelled66, so the C-1,-2,-3,-8, and -9 wunit of
seneciphyllic acid might also be derived from

isoleucine.

Studies on the structurally related senecic acid
(115), the diester portion of senecionine (32) in
Senecio magnificus, indicated an even distribution of
activity between the two C5 wunits of senecic acid

derived from [U-14C]isoleucine.75

Furthermore, [2-14C]— and [6—14C]~isoleucinc were
specifically incorporated into senecic acid. [2—14C]
Isoleucine labelled C-1 and C-10 of senecic acid
equally and exclusively, whereas 58% of the 1label

appeared at C-8 of senecic acid derived from [6-14C]-

isoleucine.’? This is in accord with the
biosynthesis shown in Scheme 24. From this it is
apparent that path B (p. 56 ) is operative. Previously,

path A was proposed due to greater labelling at C-6/
C-7 than at C-10 of seneciphyllic acid derived from

[U-14C]threonine.66

However, uniformly labelled threonine can be
modified in vivo to introduce an inequality in the
labelling of its C-1,2 and C-3,-4 components.

Threonine adolase is widely distributed in higher

plants.’© Sequential action of threonine aldolase,
acetaldehyde dehydrogenase and acetyl CoA synthetase is
shown in Scheme 25. If this is reversible to some
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degree, then the distribution of label in threonine will
depend on the extent to which the system moves to
equilibrium and on the relative sizes of existing pools
of glycine and acetyl CoA. Thus the observed
distribution of labelling in seneciphyllic acid derived
from [U-14C]threonine might have resulted from
dilution of the label of the C-1,-2 portion of
threonine by equilibration with a pool of unlabelled

glycine considerably larger than that of acetyl CoA.

These results indicate that senecic acid is formed
from two molecules of isoleucine, or its biological
precursor threonine with loss of both carboxyl groups of
isoleucine. Furthermore, of the four possible
stereoisomers of isoleucine, only L-isoleucine is

utilised in senecic acid biosynthesis.77

The S-methyl group of L-[Me—14C]methionine has
been shown to be a relatively specific precursor for C-8
of seneciphyllic acid, though the total incorporation
was low.’> Indeed, the label was somewhat randomised
between the necic acid and the necine base. There is
evidence’8 that the S-methyl of methionine (116) can be

transformed into C-3 of serine (117) via a one-carbon

pool. Serine can be converted into pyruvate in Vvivo

and hence the S-methyl group of methionine could be

incorporated into C-8 of seneciphyllic acid via C-6 of

isoleucine (Scheme 26). The label from [Me-
14C]methionine is incorporated specifically into the

. . : 75
hydroxylmethyl group of serine 1n pea seedlings.

The next point of interest was the mode of
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coupling between C-4 and C-6 of the two isoleucine
molecules79(Scheme 27). Five carbon intermediates of
isoleucine metabolism, 2-methylbutanoic acid (118),
angelic acid (110) and 2-methyl-3-oxobutanoic acid (119)
have been excluded as precursors of senecic acid (115)

in Senecio magnificus.79

The mechanism of the
coupling reaction was investigated through incorporation
experiments with [6-3H]- and [4-3H]-isoleucine in

S. magnificus and S. isatideus.”?

Feeding of [6-3H, 6-14C]is01eucine to S.
magnificus resulted in retention of five-sixths of the
tritium activity. Thus, it is probable that one of the
H-atoms at C-6 of isoleucine 1is 7retained during
conversion into C-14 of senecionine, and it is likely
that two are retained. L-[4-3H, U-14C]Isoleucine was a
specific precursor for isatinecic acid (120) in §.
isatideus, and half of the tritium was retained. This
limits the oxidation level to which C-4 of isoleucine is
raised during incorporation into C-13 of retrorsine to
that of a carbinol or a vinylic methine. This
provides further evidence against the involvement of 2-
methyl-3-oxobutanoate (119) since clearly a carbonyl
function is not introduced for the coupling of two
isoleucine-derived units. The possibility of a -C=CHj,
functionality being introduced into the C-3, C-6 side
chain of isoleucine was pursued since the corresponding
amino acid, P-methylenenorvaline (121) is known, as a

. 80
metabolite of the fungus Lactarius helvus.

B-[3H2]Methy1enenorvaline was incorporated

specifically into senecic acid. Unfortunately, the low
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activity of the derived alkaloid prevented degradative
work to establish whether this was incorporated into one
or both halves of senecic acid. It was suggested that
incorporation was into one half only, since feeding of
[6—3H]isoleucine had shown that probably only one of the
six H-atoms of the two molecules of isoleucine is lost.
Furthermore, feeding experiments with (2S,4S)-[3,4-3H]-
and (2_5‘;_,4&)-[4—3H]isoleucine demonstrated that during
conversion into senecic acid, both Cs units are formed
with loss of H-4 pro-S and retention of H-4 pro-R of

isole:ucinc.81

The basic Cg unit present in many necic acids can
be formulated as (122). Further modification of this
unit and coupling with a similar Cg5 unit derived from
isoleucine can then 1lead to senecic and seneciphyllic
acids, by the introduction of wunsaturation. Further
hydroxylation of this Cg5 unit may occur on the pathway
to monocrotalic acid (123). [U-14C]Threonine and [U-
14C]isoleucine are specifically incorporated into
monocrotalic acid in Crotalaria spectabilis and

Crotalaria retusa.5?

The C5 unit comprising C-1,-2,-3,
-6 and -7 of monocrotalic acid was most heavily
labelled, in support of the proposed biogenesis (Scheme
28). Significant labelling was also present at C-4, -5
and -8 after feeding L-[U-14C]threonine and L-[U-
14C]isoleucine, both of which can be metabolised to
propionyl CoA.83 However, the exact nature of the Cgqg

unit comprising C-4, -5 and -8 of monocrotalic acid has

yet to be established.

Trichodesmic acid (124) is the diester portion of
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trichodesmine, the major alkaloid of Crotalaria
globifera. Both the °‘left’ and ‘right’ hand Cg units

84 Threonine

are known to be derived from amino acids.
and isoleucine mainly label the ‘right hand’ Cj5 unit,
while valine and leucine are incorporated to a greater

extent into the ‘left hand’ unit, as shown in Scheme 29.

In conclusion, all necic acids studied so far are
derived from the common branched-chain a-amino acids
threonine, isoleucine, valine and 1leucine. The
biosynthesis of dicrotalic acid, the diacid portion of
dicrotaline (28), in Crotalaria lachnosema 1is discussed

in Chapter 6.
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Chapter 3
BIOSYNTHESIS OF PYRROLIZIDINE ALKALOID ANALOGUES

3.1 Introduction

The biosynthetic pathways leading to the necine
bases are now well-established and a number of
intermediates have been identified. A further
challenge is to make use of these biological systems in
plants for the production of novel compounds, as an
alternative to total synthesis, by the feeding of

unnatural precursors.

Studies with analogues of known intermediates on a
biosynthetic pathway can have a number of uses. These
could include (i) further elucidation of the pathway;
(ii) the blocking of the biosynthesis of a natural
product; (iii) a means of producing unnatural products.
In the first instance, the observation that an enzyme
system can transform one unnatural precursor but not
another may shed light on the mechanism of a particular
enzymic reaction. Figure 1 illustrates the latter two
points. A modified precursor Al may be carried through
a given number of steps in the biosynthetic route but is
then the cause of the blocking of a specific
transformation. This type of enzyme inhibitory action
is the basis of much of the research carried out in the
pharmaceutical and agrochemical industries.
Alternatively, administration of an unnatural precursor
All o an organism may result in the production of a new
compound Dll, the biological activity of which can be

assessed.
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The first example of the transformation of an
unnatural precursor into an unnatural product was
provided by Rueppel and R::\poport.85 Feeding of 1,3-
dimethyl-1-pyrrolinium (125) to Nicotiana glutinosa
resulted in the biosynthesis of a substituted nicotine
which was identified as 3/ -methylnicotine (126). The
absolute configuration at c-2!  was tentatively assigned
to be the same as in nicotine (127) on the basis of
circular dichroism and optical rotatory dispersion
measurements. Only one of the possible diastereomers
seemed to be formed since only one methyl doublet was
present in the ly NMR spectrum, although the absolute

configuration at c-3 was not clear.

Further examples of the biosynthesis of unnatural

products came from the work of Kirby et a1.80 It

is
known that codeine (128) is the biosynthetic precursor
of morphine (129).87 Efficient demethylation of
unnatural dihydrodeoxycodeine (130) was observed in
Papaver somniferum, and (130) was converted into
dihydrodeoxymorphine (131) with a total incorporation of
9.27%.86 On the other hand, only 0.15% incorporation
of 1-bromo[2-3H]codeine (132) into 1-bromo[2-3H]morphine
(133) occurred, indicating that introduction of bromine
into the aromatic ring of codeine (128) inhibits the

demethylation. 86

Halogenated precursors have been much-favoured in
the study of aberrant biosynthesis, particularly in the
use of precursors labelled with fluorine. The van der
Waals radii of hydrogen and fluorine are very similar,

o
1.20 A and 1.35 A respectively, and it was proposed that
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fluorine would closely mimic hydrogen with respect to
steric requirements at enzyme receptor sites. Leete et
3_1_88 fed 5-fluoronicotinic acid (134) to Nicotiania
tabacum and this was converted (incorporation 0.15%)
into 5-fluoronicotine (135). Organofluorine compounds
have been used medicinally in areas such as cancer
chemotherapy, antibiotics and anti-inflammatory agents.
They are often more bioactive than the corresponding
hydrogen-containing compounds probably because they are

usually more lipophilic, which results in enhanced rates

of absorption and transport of drugs in_vivo.

In this chapter, the synthesis of, and feeding
experiments with, analogues of an intermediate in
pyrrolizidine alkaloid biosynthesis are described.
Just prior to the start of this project the iminium ion
N-(4-aminobutyl)-1,2-didehydropyrrolidinium (22) had
been identified as a natural precursor of the
pyrrolizidine necines rosmarinecine (4) and retronecine
(5).52 It was decided to undertake a synthesis of
radiolabelled analogues of (22) and to study their
incorporation into various plant species which produce
pyrrolizidine alkaloids. Using the route described by
Kelly and Robins to produce the natural precursor
(22)52, compounds with a larger heterocyclic ring size
(136) or a homologated N-alkyl chain (137), or both of
the above (138), were readily synthesised in 1%cC-

labelled form.

68



HO Br
o)
\
\
\
NMe
HO -~
(132) H (33
CO.H
N N N
Me
2 s
N N (135)



3.2 Synthesis and Feeding of !4C-Labelled Analogues

The general route to the 14c 1abelled analogues of
the iminium ion (22) is shown in Scheme 30. The l4C
label was introduced by SN2 displacement of a mesylate
with sodium [1%4Clcyanide to yield [1-1%C]-4-
chlorobutanenitrile (76) or [1-14C]-5-chlorovalero-
nitrile (139). Unfortunately, the yields for these two
reactions were not particularly high [39% for (76) and
61% for (139)], and the radiochemical yields were lower,
at 35% and 42% respectively, probably due to the
presence of NaOH in the labelled cyanide. These
nitriles and subsequent compounds were of low specific
activity (2-30puCi/mmol) which was to prove deleterious
in attempts to achieve explicable results fr(;m feeding
experiments. The chloro-nitrile compounds (76) and
(139) were coupled with either pyrrolidine or
piperidine in the presence of a catalytic amount of
potassium iodide, followed by catalytic hydrogenation
using Adams’ catalyst to afford the saturated salts (77)

and (142)-(144).

The crucial step in the sequence was the final
step, involving oxidation of the saturated salts with
mercury (II) acetate. Precedent suggested that this
oxidation would result in an endocyclic double bond.
Leonard and Hauck reacted the substituted piperidines
(145) and (147) with mercury (II) acetat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>