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CORVENTIONS AKD ICONELCLATURE

In the text that follows, numbers apoear%ng as a
superscript, followed bv a sgingle bracket thus toz) denote
references, while those written in line with the text,
betweeﬁ paired brackets thus (Z4) indicate drawings of
chemical formulae, znd may be referred to in the text as
'structure (3£)'. In dravinss of structure, stereochemistry
is not implied unless svecifically iIndiczted. A thickened
or broken bord denotes a substituent located resrvectively
above or below the plane of the paper. A wvavy bond indicates
an enimeric mixture. A structure previously drewn without
stereocherical detail, e.z. (%4), is written with a suf7iix
(32A) when stereochemistry is assicned. Isotopic labelling
vatterns in a structure arz similarly distinguished from
the unlabelled compound; thus 3R-mevalonic acid (6),
(2-140—33) mevalonic acid (fA) and (2—146—35,43-4—3H)
mevalonic acid (6B).

A conflicting system of identification apnears,
largely in the second chapter, where peaks on a chrorastogram

have been tabulated 1-40: these apvear in the text as, for

examvle 'veak 18'. Followin~ characterisation by GC-M3 and
chromatograohic isolation, these are then referred to as

'corpound 1§&', etc.
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hes underrone a shift in cmyhaozis from the clzssicsl,
purely struciural trvoe oI chemical investiigation to

consicderation of the relationsnip of such compounds with

modern chromatorrenhlic and snectrosconic technicues has
considerably simrclified the isolation and characterisation
of these comvounds, permitting increasing attenticn to turn
to wider bioclogical lssues 23 well as purelybchemical
aspects. Among these are the exemination of biosynthetic

processes and pathways, and the solutlion ol mechanis

1,2)
problems., The investizatlion of bilosynthesis has led
to a greater understandins of the metabolic significance
of meny natural oroducts, and to considecration of thelr

3)

biolorical function . In addition, the application of
-~ ’

o)
4 5)
chemical characters to taxonomic and phylozenetic
systematics has provided a valuable new source of evidonce
for the relationships betveen taxa,

This thesis describes an investigation into the
biosvniresis of the szesquiternensid, vetasin (1), isolated

from the vlant Prtn=ites hvbridus (L) Comnositae, the

structure of which was oricinally determined by Aebi and



(1)
7
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Wasler |, The work was initiated azs part of a lonz-term
projlect by Dr. G.H. Droffan and Dr. J.A. Zabkiewicz,
formerly of this department. Thelr preliminary findings
have already been described .,

Petasin has been chosen for this study because it
possesses the eremophilane (2) carbon skeleton, which cannot
be directly derived by the Blogenetic Isovrene Rule proposed
by Ru210k88). It has been sug@ested9’10) that eremovhilanes
are derived from the eudesrane (3) skelston by a methyl shift

across the ring junction (3A). Another factor influencing the

choice of petasin has been the easy availability of P.hybridus

in the wild state. Finally, the chemotaxonomic studies of

the Czech group of 50rm11’12)into various Petasltes svecies
have provided valuable backzround information on the chemistry
of the gesquiterpenoilds of this zenus.

Chemical studies of P. hybridus leaves from a

numrber of sources thouchout Britain have demonstrated the
consistent nature of the sescuiterpenold constituents, the
petasin esters belng the princival comvonents in each case.
A more detailled examination, using the hishly sensitive
technicues of gas-1iquid chromatography (GLC) and gas
chromatosraohy coupnled to mass spectrometry (GC-K3), has
revealed a number of other, non-esterified sescuiterpenoids,

13,14)
in particular, the hydrocarbon eremophilene (4) ’ .



Many of these compounds may be significant as intermediates
in the blosynthetic pathway. Using the avallable evidence of
the sescultervenoid constituents, couvled with chemotaxonomic
information, a rationalisation has been made of the probable
biosynthetic vathway leadins to petasin, This places
eremophilene as tne first fully cyclised component of the
seouence. Stereoelectronic considerations of the cyclisstion

of trans,trans-farnesyl pyrophosphate (5) to eremophilene

have led to a detailed proposition for the mechanism of
these reactions, and for the mode of action of the enzymes
responsible. This apvroach may also be applied to the
biosynthesis of other classes of terpenoids, and is consistent
with currently available experimental results., A series of
conventional biochemical reactions is then vpostulated to
derive the oxidised products, including petasin.

Radioactive tracer methods have been emvloyed in

this investigation of petasin blosynthesis. (2—1 C)Mevalonic

acld (6A) was fed to growing leaves of P.hybridus via a

cotton wick inserted throush the petlole. Radloactive petasin
was isolated, and selective chemical dezradation was carrisd
out to determine the location of the labelled carbon atoms.

Radioactivity was found in petasin as shown in structure (1A)

confirminz the origin of the eremophilane skeleton from



4,

9)
mevalonic acid in the manner originally propos=d by Robinson .

However, 121C—labelling on its own gives no information as to
the mechanism of cyclisation, and the crucial point concernins
the origin of the mettnyl group at C-15 of eremophilane remains
unanswvered.

The main difficulty encountered in this work
concerns the ineffective penetration of extzsrnally fed
mevalonic acid to the site of synthesis in the plant. The
level of incorporation (0.003-0,.03% of total radioactivity)
might appear to imply thsat mevalonic acid was not directly
involved in the blosynthesis, but for the specific location
of the label in the molecule of vetasin. This type of result
is consistent with work coverins other isoprenoid classses

15,16)
from hisher plants ’ « Only the phytosterols show

&3

significant levels of incorporation., Exveriments with

P, hyboridus have shown that labelled mevalonic acld passes

from the point of application up the petiole to the leaf.
Distribution 1s anpar=antly effective within the leaf, with
rapld incorroration into sterols and water-soluble compounds.
Failure of the labelled mevalonate to reach the site of
petasin blosynthesis 1s apparently an intracellular effect,
possibly due to comrartmentation, similar to the vroposal

of Romers, Shah and G-oodw11117). Mco? 1s readily and renmidly

incorporated into petasin-tyve esters, implying that synthesis



of these comnounds 1s actually taking place under the
conditions of the investization.

The final section oF this thesis deals with the
apvlication of licuid-gel chromatozraphy to the analysis
and separation of mixtures of livopnhilic comzounds. Tnis
aspect of the work was undertaken to fulfil a need for hizhly
effective szvaration and vurificetion procedures, in view
of the low level of incornoration of radiocszctivity from
labelled mevalonic 2cid into vetasin esters. This follows
the develovment by Ellingboe, Nystrom and Sjﬁvall18) of a
chemical rodification of 'Sepradex' devtran zel by covalent
attachment of a long chain alkyl =zroup. The modifi=d gzel,
unlike the cormercially available product, is suitable for
‘use in non-polar organic solvents. An exanmination in detail
of tre chromatograrhic beraviour oI model compounds has
been méde, coverine bo“hk 'straizht-phace' and 'reversed-
phase' partition, and gel filtration (where polarity
differences in samvle molecules do rnot contribute to the
sevaration and elution is in order of decrez:zins molecular

e

size). The practical aprlication of these techniques to
the senaration of tervencids in vlant extracts is described.
Exverimental details cover the prevaration of gels for

maximum efficiency, the regeneration of columns for repeated



6.

use, and the use of the Hazhti-Sjovall flame ionisation

detector for monitoring column effluents.
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2 CHEFICAL STUDIES OF P.I'YERIDUS CC.STITUXNITS

2.1.1 Introduction and Historical Bscksround

The sesoultervenoid ester, petasin (1), was first

isolated in the course of pharmacological investigations

19)

in the laboratory of Professor Buchi in Zurich. The
6)

structure of petasin was determined by Aebl and VWaaler:

20,21)
and sbsolute configurstion assisned by Aebli anéd Djierassi .
These workers Tfound that petasin co-occurred in the plant

Petesites hybridus with isopetasin (7A) and S-isopetasin (7B).

Isomerisation of petasin to isopetasin was found to be very
facile, traces of acid or base catalysing an allylic
rearrangement, with migration of a double bond into
conjugation. Petasin was found to possess anti-convulsant
propertiesIg): however, pharmacolocical activity was lost

on isomerisation to isoretasin, and the difficulty encountered

in storage of vetasin dirirished its rotential for drug use.

Petessitee hvbridus was the second specles found
to contain an eremovhilane-tycve sesouiterpenoid, folldwing
the original discovery of eremophilone (&) and related
compounds in Eremorhila Mitchelll (Myoporaceae) by Penfold

Lals) ~ 2
ccqgcD

and Simonsen . Subsecuently, a large number of other

compounds having tnhis carbon skeleton, either in the norral

stereocheristry of eremophilone (8), or the partly antipodal



(10)
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form represented by nootkatone (9), have been isolated from
plant svecies of 2 varicty of femilies. This topic has been

o4)
covered recently in revievs by Pinder .

2.1.2 Chemotaxonomic Asp-cts

7 ~
The investizations of Vovotny, Hercut and Sorm

have demonstrated that eremophilane-type sescuitervenoids
12)
occur, not only amons members of the Petagites genus

but 2lso in other members of the tribe of the Senecioneae.
These compounds serve as a chemotaxonomic charzcter that
dlatincuishes this tribe from others of the Compositzae
family11), and fully supports the tribal classification
originally based on morphologiczl grounds.

In general, the sesaulterpenoids of the Compositae

may be formzlly derived by cyclisation of trans,trans-

farnesyl pyrorhosphste (5A):D to give a germacrane (10)

tyve interm=éizte. Sesoultervenolids from Compositae svecies
are characterised by certein structural features, including
the B-stereochemistry of the isovrovenyl grouvo (11), and
products of enzymic oxidation involving this z2roup containing
furan (12) or y-lactone (13) tyvve rinzs. Trital differences
wlthin the Comrrositae are expressed by transanmular reactions
modifyin~ the baslic germacrane skeleton: unchanged

rmermacranncs (10), eudesmanes (14), eremophilanes (2),



\[on]:\/b 00
H

H
- (18) (19)
\[—Iij 0
g "0 0"
HO HO
(20) (21)
HO
@) 0 A
(1)
(22)
.OR
N
070 ;
(4)

(234) R = -C0.C(CH3)=CH(CH,) cis-
(22B) R = -CO.CH:CH.S(CH3) cis-
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eleranes (15), gzuaianes (16) and arbrosaznes (vseudozuzisnes)
11,26)
(17) have been shovr o occur . Differences in oxidation

patterns, ané more rarely, further slight skelstal changes,
distingouish species, 3and in some cases, individusl phenotyres.

The Petsaslt=s renus has been the subject of
p2rticularly detalled examination because of its taxonomic
Interest. In contrast to: the results of Aebi and Waaler19)
the Czech sroup und-r éorm first isolzted compourds d=rived
from furanoeremovhilane (1&) and eremovhilenolide (19)27’26).
A variety of Petasites hybricdus was fecund tc contain the

29)
angelate ester fursnopetasin (£0) and other furano-

eremophilanes oxyzenated 2t -9 (21), but not petasin (1).

P. albus was also found to contain furancids, but these viers
20)
oxygenated at C-6 as in petasalbin (22) . A comparison of

a number of samtles from widesvread localities throuzhout
Eurove has shown that P.hybridus may exist in two chemically

12)
distinct forms, either containine petasin or furanopetasin .

It may be seen that trere 1s a clear distinction in the
oxygenation of these two comvounds; the closure of a
furanoild rinz does not convert vetasin into furanopetasin,
and it seems likely that the two compounds have an
independent blosynthetic vathway, thourh possitly from a
common hydrocarbon vrecursor. P.albus was also found to

12)

occur in bot: furanold and non-furanold varietles .
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A s ries of lactones, the petasitolides (23), analozous

to the petasin esters, has been isolated from Petzsites
27)
officinalis ; 1t 1s generally accepted that this is not
z1)

a distinet svecies, but identical to P.hybridus . The

petasitolides co-occur with fureanoeremophilanes, but neither
tyre has been isolated from vlants producing petasin. There
is some morvhological varisbility within thils species, so
it 1s not survrizins to find thast intrasvecific chemical
characters also disclay differences in the genotype.

The finding of greatest significance from the
biosyntetic point of view has been the distribtution of the

13,72)
hydrocarbon ersmothilene (4) ’ throughout the Petasites

12)
genus , and also in Adenostvles alllariae, another svecies

within the Senecioneae from vhich eremovhilane_type sesqui-
'2,1

terpenoids have been isolatedul). This evidence surnports the

provosal,discussed in a later chapter, trhat eremovhilene

may act as a common biogenetlc parent of the oxygenated

eremophilane sesoulterrenoids in all these species.
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2.2 RESULTS AD DISCUSSION

2621 Preliminary Exeminetion of Samnles from Different

TLocalitlies

Leaf samples of wild growing Petasites hybridus

vere collected from a nunbzsr of gltes throughout Britain.

These plants azre=d morphologically with the description

25)
of P. hybridus , and in some cases this identification

was confirmed by subsequent examination of flowers (Table I).

Plants from the Motherwell site (No.15) had already
been investigated in this laboratory, and the petasin esters
isolated and characterised chemically7). This sample was
used as a standard for correlation with the remaining
specimens by tinin-layer chromatography (TILGC) of the benzene
extracts. Individual compounds were identified by comvarison
with authentic standards and by characteristic behaviour
with spray reazents.

All samvles were qualitatively identical by TLC,
affording three bands with quenching of fluorescence under
UV 1light, characteristic of the vetasin esters. A further
band of high Ry was also found in all samples and has
subseouently been identified as eremophilene. No furanoids

were avparent, nor was there any evidence for petasitolide-

type lactonlic esters. Other non-sesaoulterpenoid compounds



WAty e
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were also tentatively 1dentified (Table :2)., A samole of
P. albus was analysed at the same time, and compared with

P. hybridus. Four mafor sesculterpsnoids were located,

giving positive reactions for furanoids with Stahl-Muller
27,325)
reagent .
It may be concludsd that these plants, which were
also morphologlically identical in the leaf, are identical

in their =zenotyvne. The widespread occurrence of a single

genotype may be attributed to the habit of P.hybridus of

propagation through the rhizome. The flowers are unisexual,
and within the British Isles, the male is knowm to
predominate, the female occurring in isolation and only in

a few known locations. In the absence of sexual reproductiocn,

exchange of characters will not take place.

22,2 - GLC Examination of Leaf Extract

An examination by gas-liculd chromatosraphy (GLC)
of a tyoical leaf extract was undertaken in order to
ldentify or characterise minor terpenoid constituents. It
vas hoped that compvonents micht be isolated that acted as
intermediates in the biosynthesis of petasin. Combined
gas chromatograpny - mass spsctrometry (GC-MS) has been
applied in this study to determine the chemical nature

of individual peaks in the chromatogzram,
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The Ileed for Preliminary Group Sepsration: It was necessary

first to establish 2 method for the sroup separation of the
gegsoulterpenolds from the total extract. The total isopropanol
extract of plant tissues containsg products of a very diverse
chemical nature. Compounds such as the condensed tannings,
pigments, glycosides and the phospholipids are involatile,

and thermally unstable. If in‘ected into a gas chromatographic
column at hich temperature, these compounds give'rise to
pyrolysis ﬁroducts that interfere with the chromatosraphic
record and cause rapid deterioration of the column. A
preliminary group separation ideally removes the undesired
compounds, leaving the components under investigation intact,
both in quantity and in chemical nature. This is necessary

if blosynthetic or cherotaxonomic deductions are to be made
from the results.

Methods based solely on the polarity of the sample
are only partly effective, because sesquiterpenoids vary
greatly 1in volarity, and may be interspersed among a variety
of Interferins compounds, including carotenoids, chlorovhylls
and sterol metabolites. Distillation, either directly, or
in steam, 13 not considered appropriate to this type of

investigation because of the high risk of thermally-induced

rearrangement,
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An eafly aporoach to this problem involved the use
of silver nitrate-~-impregnated gilica-gzel for TLCBé). The
highly unsaturated molecule of B-carotene formed T-complexes
with the silver ions, and was retained on the baseline.
Pheophytins were also removed by this method. More detailed
GLC examination of extracts récovered from TLC plates
showed that some sesouiterpenoids, including S-isopetasin
were lost by thls procedure. As there was, in addition, the
rigk of oxidation of samples in the presence of AgI, the
techniove was not adonted for routine use. Simple TLC
separation was also investigated, but still gzave poor
. recovery, couvled with rearrsngement prcoccesses that increased
the complexity of subsequent GLC analysis resulis. (The
formation of isopetasin (7) from petasin (1)6l or of
8-elemene (24) from germacrene-G (25)37‘ have been reported
to occur when (1) and (25) are left in contact with wvariocus
chromatographic materials.) Changes, vossibly due to allylic
rearrangements, were noted among the sesguiterpenocid alcohol
constituents.

Application of Gel Chromatogravhky: Most of the interfering

compounds have high molecular weishts (>600), compared with
a range of 200 to 400 for sesguiterpenocids and their

derivatives. This difference has been utilized for separation
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by gel-filtration, where compounds are eluted in order of
decreasing molecular size. Under the correct conéitions#,
sample polarity has 1ittle effect on the secuence of elution.
A preliminary sevaration by gel-filtration removed
compounds of hich molecular weizht (>500-600; Fraction A)
and a subseguent simple straisght-phase separation eliminated
excessively polar comvonents (e.g. free acids and zlycosides;
Fraction €¢). The remainins extract (Fraction B) consisted
almost entirely of commounds suitable for GLC analysis, and
at the same time contained all the neutral and non-conjugated
sesquiterpenoids (Fiz.1). GLC analysis of total extract,
Fraction BC and Fraction B gave a chromatogram that wvas
both qualitatively and quantitatively the same at each
stage. The requirements orirsinally stated (p.13) have
therefore been met: the sample under investization was
unchanged by the group separstion process.
The chromatogram obtained by GLC on the stationary

phase 1% OV-1 is shown in Fig. 2. Temperature programming

# The establishment of correct conditions for gel-filtraotion
and liguid-gel partition chromatograrnhy are described in
detail in Part II of this thesis. Differences in vpolarity
between zel and solvent zive rise to sevaration by
partition processes: 'straizht-phase' where the gel is
the more polar comvonent, and ‘'reversed-phase' when it
1s less polar than the eluting solvent.
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: Preliminary GC-13 Identification of Peaks in Fig., 2

Peak Compound or tyre Retention | folecular
Index* Ion r/e
1,2,4,5| n-alkanes Oy - Cq3 1000-1200
6.- 12 cesouiterpene hydrocorbons 1350-1540 204
13 - 17 | sesouiterpenoid alcohols 1550-1750 | 220,222
18 sesauiternenoid lactone 1770 234
1_9.& 2%2 n-alkanes Cqg - Cpp 1800-2200 |
23 Gy esters of petnsol 2170 304
25 saturated Cg ester of petasol 2280 318
26 28 | etasin esters 2200-2400 316
29 n-Sastso 2500 252
30 n-CouHugCH 2600 354
31 S-isopetasin 2700 334
32 n-Cogtn3z0H & soualene 2800 382,410
iéﬁ n-CogHgo 2900 408
25 n-C3qHega 3100 436
26 campesterol 3150 400
27 stigmasterol 3180 412
28 B-sitosterol 2220 414
39 24-methylenecycloartenol 3280 440
40 citrogtadienol 3310 440

G1.3 on 1% OV-1; =2pproximate values
programmed run,

taken from temmerature
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was necessary to cover fully the rance of compound 1lsolated.
Forty peaks were counted on the original GLC trace, and the
numbering of peaks 1-40 was based on this result. Subsequent
work,involving further separstion into groups and recordins
at higher sensitivity, has shown over 120 individual
compounds, Re-numbering was made by adding a suffix a,b,c etc

to identify each peak.

2.2.3 Identification by GC-I'S of General Leaf Constituents

The peaks in Flg.2 were characterised by GC-MS5, and
most compounds other than sesqulterpenoids were identified by
this means. Table 3 shows the results of this investigation.
Two groups of peaks, 1-5 and 19-24, were found to be n-alkanes,
probably arising from contaminastion, either in the laboratory,
or of the plant itself from insecticide svrays. These peaks
have not been observed in subsecuent extractions of leaf
material, and the lower alkanes are not considered to be

part of the normal constituents of P. hybridus. High

molecular welzht alkanes, in particular n-nonacosane and
n-hentriacontane, were constituents of the leaf wax. These
naturally occurrins wax alkanes are commonly found in plant
material, and are predominantly saturated8§traight chain

3

hydrocarbons having an odd carbon number « The artefacts

located above comprised both odd and even numbered homologues,
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consistent with an accidental ori«zin,

Compounds 6-18 were identified as sesquiterpenolds,
and could be characterised as hydrocarbtons, alcohols,
ketones or lactones by molecular ion determination and

examination of the fragzmentation pattern. Comrounds 23-20

were found to zive *the common frasment of m/e 216,
characteristic of petasin esters, by loss of the acyl molety.
A base peak of m/e 148 indicated petasol as the zlcohol
moiety of esters 22, 25 and 26, while 27 and 28 gave a base
peak of m/e 161, associated with isopetasol7). Similarly,
peak 31 was found to be S-isopetasin. Of the remaining peaks,
29-35 were identified as leaf wax constituents comprising
odd-numbered n-alkanes and even numbersd n-alcohols. 36-40
consisted of the phytosterols, the major peak beinc
B-sitosterol., (Acknowledzments are due here for the kind
assistance of Dr., B.A.Knights in the provision of reference

spectra of the phytosterols.)

2.2.4 Further Subdivision of the Extract into Troups

Before detalled examination of the various classes of
gsesoulterpenoids, it was advantageous first to separste these
classes from each other,and from other non-sesouiterpenoids.

Reversed-phase chromatogravhy vwas found to be effective in
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subdividing fraction BC into three zroups, found to contain
primarily oxyzenated sescuiternenoids (BRI, Fig. 3),
sescuiterpene hydrocarbons (BII), and the sterols and wax
constituents (BIII), The separation was carried out by
column chromatogsravhy with alkylated 'Sephadex' dextran
gels18). Streisgnt-phase geparations were then used as shown
in Fig. 3 to fractlonate the oxysenated sascultervenoids
accordinz to polarity. This step also effected further
purification of both oxygenated sescuitervenoids and the
hydrocarbtons. The fractions obtained by this procedure were

subgtantially free of contaminants, and containsd comnound

n

(o2

of similar chemical character. Each fraction was sultable
for examination by GLC using isotherm2l operation.

The use of modified dextran gels for the above
separations offered a number of advaentages. Comparison of
peak areas in chromatosrams from the 1solated fractions witnh
those of the oririnal extract, run under identical
conditions of concentration, indicated that comvounds
were recovered aualitatively unchanged. Slicht quantitetive
losses of the more volatile commnounds could be attributed to
evaporation in the course of removal of solvents, and could
be minimised by takine appropriate precautions. The elution
of samvles from the colurmns was rapid, and elution volumes

and sample volumes were considerably smaller than is normally
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the cases with silicic acid or slumina. There vas thus

less risk of contamination by solvent residues,

2.2.5 Characterisation and Identification of Lialor and

Minor 3esguitervpenoids

. %
Fraction BI/la; Petazsin esters’ :

The fraction, eluted in the range SEY 51-60# from a
column operaiins under straisiht-phase conditions, contained
the petasin egsters., Thesgse are esters of the sesguiterpenoid
ketoalcohols petasol (2€) and isopetasol (27) with a variety
of acids. Mass svectrometry (Appendix I) distinguished the
two malor esters by their frasmentation patterns. Petasin
gave a base peak of m[g 14€, ascribed to loss of isoprene
Trom the frazment of m/e 216 obtained by de-acylation.
Isopetasin7underwent cleavage in ring A, givinz a base peak
of 219'161J9(Fig.4). The molecular ion of the ester indicated
the molecular welesht of the acyl molety. Mass spectrometry
gave no further evidence for the structure of tkhe acid,
because the acyl moiety did not give rise to any
recosznisable fragsment ions. Zsters of saturated 04 and
Cg acids wére found in addition to those of anzelic acid (z8&)
and B -methylthioacrylic acid (29) which Aebi has

# The term 'petasin esters' is used to desceribe the
group of compounds consisiines of esters of the alcohols

petasol and 1sovetasol with a variety of carboxylic
aclds, which have been found to co-occur in P.hvbridus.

# For a definition of SEV, see ».1860f %this thesis.
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Table 4: AVA Analvsis of the Petasin Fsters
0
Gompornd | Alconol | Acid 1826, 1% | Trivial
Tame
23 vetasol Ty sat, 2170 204
P33, isopatasol|Cy sat, 2210 204
25 vetasol Cg sat. 2285 31€
26 retasol ancrelic 2%05 21€ | Petosin
26a isonetasol|Tg nat, 2%30 318
27 - isovetasol|sncelic 2:80 516 | Isopetasin
28 isopetasol|Cy unsat. 2400 316
29a, netnsol 9 2555 "
29b ieopetasol ? 2600 ?
Z0a petasol -metrylthio- 3-petasin
21 igopetasol| acrvlic =705 254 | S-isopetasin
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6)
already reported , and a further ester, isomeric with the
angelate, which might involve tiglic (30) or dimethylacrylic
(31) acid. This last structure would be more consistent with
the observation that one ester, not petasin or lsopetasin,
incorporated radioactivity from (2—140) mevalonic acid into
the acyl moiety very readily. This might occur via isopentenyl
pyrophosphate (32) and dimethylallyl pyrophosphate (33),
non-specific enzymic hydrolysis and oxidation giving rise to
dimethylacrylic acid.

Gas-liquid chromatography of these compounds, on the
stationary phase OV-1 (1%), gave a complex unresolved grouving
of esters of both satured and unsaturated C5 acids. A change
of stationary phase to OV-22, XE-60 or Carbowax 20M altered
the pattern, but did not lead to resolution of the peaks.

In order to define more clearly the individual components,
GC-MS was used in conjunction with the Accelerating Voltage
Alternator (AVA). This system operated the mass spectrometer
at a fixed magnetic field, and acted as a selective detector
for GLC which recorded only those compounds giving certain
predetermined fragment lons. The AVA alternated the
accelerating voltage between three preset levels, so that

in combination with the fixed magnetic field, the intensities
of up to three fragment ions were detected in rapid succession

40)

and recorded independently on the chromatogram R
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This procedure was carried out with petasin esters,
in the first instance to distinguish petasin types from
isopetasin, the selected frazment ions being the base peaks
of these two isomers. A second scan for ions of m/e 304, 216
and 318 resolved the peaks assigned to the different acyl

moieties.

Fraction BI/1b; Iactones and Ketones:

This fraction, eluted between SEV €0 and 7O on the
straight-phase column, was found to contain four compounds
- one in particularly low concentration, which was insufficient
for further characterisation, even by mass spectrometry.

The four compounds, numbered 17b, 17c¢c, 17e and lg.according

to the system described (p.18) were sevarated by high-
resolution reversed-vhase chromatocraphy. Details of
chromafographic characterisation are given in Table 5.

The mass spectiral frasmentation of compnounds 17b
and 17c suzgested a ketonic oxygen function (Apvendix I).
Deuteriur labelling WS carried out'on colurn' by gas-
liquid chromatography‘1) on the stationary phase
1% APL/0.5% Ba(0:),, acz}x)rated by pre-injection with
deuteriomethanol, CHBOD ° . These conditions were !nmown

to result in deuterium exchange with enolisable protons

in the samnle molecule,



Table 5: Components of Fraction BI/1Db
s O
Compound Iéﬁz1 SEVa) ot Formulab) Hecoveryc)
17b 1720 116 220 C15H240 1OO,Ag
17¢ 1725 90 |218 | CygHpe0 600 s
17e 1760 - - - <1OIUS
18 1770 | 103|234 | ©qsHpo0s 8 mg

a) N1114-509-TH20/methanol ,
b) Derived from mass spectrometric frazmentations

¢) From 150 z fresh weicht of leaf tissue;
estimated from G1.C peak areas,

FPig, 5¢: Deuteriation Patterns of «;P—Unsaturated Ketones

43 d3 dé/Jt:I:fi/ R
)\)\ R
O dy ds 0 d,

1) a40 11) dg 111) dg

dg 3 as
d4
) & 0 0

iv) dg | v) dg vi) 4y

9 4,
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The molecular ion of compound 17b was increased
by eight mass units. The high.l%vel of deuteriation could
only be obtained if the number of enolisable positions was
increased by &,B-unsaturation of the ketone. ogﬂ-Unsaturated
ketones were known to isomerise in the presence of barium
hydroxide in the stationary phasebrg). The correlation of
simple and deuteriated mass spectra in this case indicated
that isomerisation had not occurred. The ultra-violet (UV)
spectrum of compound 17b indicated coniugation of an
o, B-unsaturated ketone.

Fig. 5 shows the maximum level of deuteriation
obtainable for a singly unsaturated ketone. Up to ten
exchangeable protons are available in the structure depicted,
considered as an entire molecule (Fig. 5,1). If this system
is incorporated as a part structure in a ring system, at
least fwo enolisable positions are lost as ring residues,
in either of two possible arrangements (Fig. 5,11&iii).

The abundance of frasments that gave rise to d6
or d2 substitution (Table 6) and the comparative absence of
dz, dy and d5 deuteriated fragments strongly suggested the
first of these two part structures for compound 17b,where
the isopropylidene side chain was likely to behave as one
unit in the prominent fragmentations., The consistent nature

of the deuterium substitutions in the frazment ions,



(34) H
(344)

Table 6: Tabulations of M2ss Spectra Taken a2t 20eV of
Compound 17b, with and without Deuterium Exchanze

Labelling
Frarment| Relative Deuterium Substitution
m/e Intensity dg d6 d5 d2 dq do
220 78 78 - - - - -
205 ol 4 - 4 - - -
177 6.8 3 - 3 1 - -
152 6.0 - - - 3 3 -
149 12,4 - 9 - 4 - -
123 12.4 - - ~ 6 6 -
111 22 12 - - - . - 9
110 41 17 - - - - 24
109 100 - - - - - 100
108 22 - - - - - 22
96 44 - 44 - - - -
95 15.4 - 6 - - - 7
83 5.7 - 6 - - - -
82 7.9 - 8 - - - - |
81 TebH - - - - - T5
68 27.6 - 28 - - - -

Adjusted to 1007 saturatlon by deuterium
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apparently free from the effects of hydrogen rearrangements
commonly observed in mass spectrometry, may be ascribed to
the low ionisation energy employed (20eV). Initial ionisation
under these conditions would be more likely *to be controlled
by the functional groups, with reduced potential for charge
rearrangements that could give rise to transfer of deuterium
atoms to different sites in the molecular ion and subsecuent
fragments.

The structure (Fig.5,1iv) was the only arrangement
that permitted the full dg substitution when fitted to the
eremophilane skeleton, and otuner possibilities having the
structures shown (Fig.5,v & vi) possessed a reduced number of
enolisable positions.
| The structure (34) may therefore be assigned
tentatively to compound 17b. A known compound, fukinone (Z44),
having cis- stereochemistry at the ring junction, has been

43)
isolated from Petasites jiavonicus Maxim., by a Japanese group .

Unfortunately, these authors did not publish a mass spectrum,
but merely cuoted the molecular ion and base peak, gzg 220
and 109, These were consistent with our own results, as was
the UV absorption maximum (found, kmax249nm; € nax8000:
quoted43), }max251nm; € 12x6600) .

The majlor fragmentations are tabulated in Table 6,

and their respective shifts on deuteriation are indicated.



Fig. 6a Mass Spectral Fragmentation of Compound 17b (34)

[m/e values quoted for (34) without deuteriation]

+0
3
0 (34) C
d1/d2
: 1 m/e 152; d44/ds
dg
n* 68.7
07 &
+ . :
. #
l m” 54,0
d . .
6
/g/CHZ g
%}.
O+ m/e 109; dg
m/e 96; dg Base Peak
T
m/e 110
dg
A / dq
H 7 '
d2 -
i H
) m/e 110 dS/ /
ig. 6b
Fig., 6b , dg .
Dual origin of peak m/e 110 | % HO d2]

1
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The deuterium substitution of the molecular ion indicated
an abundance of protium of 5% in the enolisable positions:
contributions to the molecular ion were: dg, 51%; dr, 41,
ag, 8%. Assuming protium to be evenly distributed in all
eight positions, the expected contributions to a true dg
fragment were calculated: dg, 66%; ds, 30%; dy, 4%.
Observed dg and dg fragments having this distribution of
satellite lons were reported as dg and dg respectively, the
relative abundance of the peak being adjusted by summation
of the contributions due to the satellite ions. True d5
fragments in the presence of dg would be indicated by
abnormally high d, intensity.

The lack of incorporation of deuterium into the
base peak, m/e 109, indicated that this was the hydrocarbon
frarment from ring A depicted in Fig. 6a. Fragmentation
appeared to be directed by the cleavage of the bond between
C-5 and C-6 as shown, this beir@;pvdth respect to the doubls
bond and ¥ to the carbonyl function. Further bond fissions
led to four of the abundant lons of the mass spectrum. Ions
having ng 110 were coincidentally precisely half the mass of
the molecular ion, m/e 220. Deuteriation demonstrated that
both hydrocarbon and carbonyl containing frasments contributed
to thls peak. A rearrangement of the McLafferty type, but with

an enlarged ten-membered transitlon state might account for



H H
(354) (35B)

Evidence for the Identity of Compound 17b
as Fukinone (34A)

[0] (Pata from G.H. Draffan,

—— Ph, D. TheSis, 1967)

m/e 122 Relative Abundance
o 2 36% from (35A) cis-
‘ 44 from (35B) trans-

1 m/e 96 Relative Abundance

% From Compound 17b and
+0 Fukinone (34A) 44%

(A sample of Fukinone was kindly supplied by Professor
K. Naya of Kwansel University, Japan.)
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the formation of these radical ions (Fig.6b).

One detail of the structure of compound 17b is
lacking in the above discussion: this concerns the stereo-
chemistry of the ring junction, determined for fukinone by
optical rotatory dispersion. Lack of sample prevented
correlation by measurzsment of optical rotation. However,
while mass spectrometry does not easily discriminate
stereochemical detall of this nature, there may be some
analogy between the fragmentation of this compound and that
of furanoeremophilane (35). Mass spectrometry of the cis- (351)
and trans- (35B) isomers of furanoeremophilane demonstrated
a mode of bond fission where C-S was retalned by the
hydrocarbon freagzment derived from ring A. Ions of this type
were observed in significant abundance from the cis-isomer,
but were negligible in the mass spectrum of the trans- formT)
(Fig.7). In compound 17b, hydrocarbon ions of the type
described were not particularly abundant, but the complementary
carbonyl-containing ion, m[é 96 was vprominent, and a
metastable peak, m/e 41.8,indicated its direct formation
from the molecular ion (Fig.6a). This contrast may be
considered to arlse from the difference in charge directing
properties of the furan and carbonyl functionalities, while
retaining the provosition that the stereochemistry of the

ring Junction controls this particular mode of bond fission.
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Fig. 8: Proposed Scheme of Mass Spectral Fragmentation

For Compound 17c¢ (36) and Base-Isomerised

Product (37)
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In the cis- isomers of both (34) and (35), the bond that
is required to break is parallel to the C-10 - H bond.

Any rearrangement process that involves the removal of the
hydrogen from C-~10 would then favour fission of the 8(9)
bond in the cis~, but not the trans- isomer (Fig. 7).

Other instances of stereochemical control of this
type in mass spectrometry have been reported in the sterold
field. Egger has found that 5x- and 5Bp- isomers of £J-3-oxo-
steroids show significant differences in the abundance of the
M~42 peaks arising from ketene eliminationAAa). A second
example may be seen in the formation preferentially from
3-o0x0-5p-steroids of M-70 peaks due to loss of ring A by
retro-Diels-Alder rearrangement of the enol formAab).

On the basis of the above evidence, and by
chemotaxonomic correlation with other Petasites types, which
are known to contain predominantly A/B cis- isomers of the
eremophilane skeleton, it may be tentatively proposed that
compound 17b has the structure of fukinone (BiLA)4 .

The mass spectrum of compound 17¢ demonstrated
fragmentation strikingly similar to that of petasin. A major
peak, m/e 150 appeared to be derived by the same cleavage
that gave the base peak of petasin, g[g 148, the two additional
mass units arising from the fully saturated ring A, which

remained intact in the fragment ion (Fig. 8; Appendix I).




Table 7: Ultraviolet Absorption Data for Compound 17c

45)
Compound Xmax(EtGH) emax Xcalc
17c (36) 243 nm 6000 244 nm
283 nm T00
17c Isomer | 251 nm 8000 254 nm
280 nnm 4800
(37)
Isopetasol | 250 nm 10000 254 nm
(27) 281 nm 6000
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Ring A is lost in the formation of the ion m/e 161 in
petasin, and this ion occurred unchanged in the mass spectrum
of compound 17c. Deuteriation of compound 17¢ by GLC was only
a partial success: isomerisation apparently occurred on the
column in the presence of barium hydroxide. The relative
abundance of the ion g[g 161. was dramatically increased,
while those at m/e 135 and 150 virtually disappeared. This
was analogous to the relationship between the mass épectra

of petasin and isopetasin, where petasin favoured the
formation of m/e 148 ions, and isopetasin gave the m/e 161
ion preferentially (p.19). Both isomerisation and exchange
were relatively slow processes, and while isotopic saturation
of the ring positions appeared satisfactory, there was
incomplete exchange of deuterium into the isopropylidene side
chain, as this could only occur after isomerisation. These
resulté were of little wvalue for structure elucidation.

A small sample of compound 17c¢ was isomerised by
leaving a solution in benzene over basic alumina for 24 hours.
Ultraviolet spectra of the unchanged and isomerised samples
showed differences in absorption maxima, which corresponded
to those calculated by the Woodward-Fieser rules45)(Table 7).
The low value for the extinction coefficient for compound 17c
may be due to dlaxlial interaction between the isopropenyl
slde chaln and the angular methyl group, leading to a twist

conformation of ring B with loss of co-planarity of the




(38)

HOCH,

HOCH2 J

(39)

Table 8: Characterisation of Compound 18

47)
Compound 18 Bakkenolide-A
m.D. 80° 80°.81°
mixed m.p. 80°
S50
°<D5 +17°
analysis found C 76.94% analysed as
H 9.21%
CycHpn0
C15H2202 requires 5rezre
C 76.88%
H 9.40%
Mass n/e 234 m/e 234
Spectrum 12% of base peak 10% of base peak
m/e 124 m/e 124
max 3090 cm~{(w) 3090 em=-1(w)
1765 cm*}(s) 1767 cn-1(s)
KBr Disec 1664 em=1(m) 1668 cm~1(m)
895 cm~1(m) 895 cm=1(m)

An authentic sample of Bakkenolide-A was kindly supplied

Professor Y.

Kitahara,

of Tohoku University,

Sendai,

Japan.
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chromophore. GC-MS of the alumina-isomerised samnle of
compound 17¢ indicated changes in the mass spectrum
corresponding to those observed in the attempted
deuteriation. The structure, eremophila-9,11-dien-8-one (36)
may be tentatively assigned to compound 17¢, and the product
of isomerisation may be written as eremophila-7(11),9-dien-8-one
(37). The GLC retention index on the statlonary phase OV-1
of the compound 17e,which was insufficiently abundant for
characterisation, suggested that this might be the lsomerised
form of compound 17c¢. i

Compound 18 was a prominent sesquiterpenoid component

of P, hybridus leaves, and was first recognis=d in the

initial TILC experiment asa compound giving a pale blue
colour with spray reagents containing sulphuric acid (p.11).
Extraction of this band after pfeparative TLC, and
examination by GLC, gave a peak that was later correlated
with compound 18 by GC-NS.

The mass spectrumr of compound 1§ (Apvendix I)
showed a molecular ion at g[g 234, sugzesting the formula
015H2202, subsequently confirmed by analysis. It was
otherwise uninformative, having a prominent base veak,
m[g 124, and an ion, g[g 109, produced by loss of methyl
from the base peak, but litile other frasmentation of

diagnostic value. The infra-red spectrum was characterised
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by a prominent band at 17650m'1, assigned to a N-lactone;
weaker bands at 3090, 1664 and 895 cm_1 sugzested a terminal
methylene. There was no significant UV absorption at
wavelengths above 210nm, indicating an unconjuzated lactone,
which was in any case implied by the carbonyl absorption
band in the infra-red.

Nuclear magnetic resonance (NMR) of a solution
in CDCl3 provided most of the useful evidence for the
assignment of structure. Four low field oprotons confirmed
the presence of a terminal methylene (2H, T= 4.90,4.98)
and an esterified primary alcohol (2H, broad singlet,

T= 5.25). A methyl singlet could be accounted for by an
angular methyl group (T= 8.99), and a methyl doublet
occurred at slightly higher field (T = 9.14). This
suggested, bul was not conclusive evidence for, an
eremophilane-type structure in ring A. A slightly broad
signal (3H, T = 8.02) added some confusion, indicating,

in conjunction with the methylene protons, an unsubstituted
isopropenyl side chailn. These data could not be fitted
satisfactorily to a sinzle structure.

When the solvent was chanced to benzene, there
were auite significant shifts of many signals. The apparent
'sinclet' at T= 8.02 disapveared, and was evidently
produced by accldental eauivalence of some sharp methylene

signals in this reszion. A part structure could now te drawn
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for the lactone moiety, which suggested a spiro-\-lactone
of the bakkenolide type, produced by contraction of rings B
of an eremophilane skeleton. Bakkenolide-A (%8) was first
isolated by Abe in Japsn, from Petasites japonicus subsp.

46)
glranteus . Comparison of our own data revealed that

infra-red, 100 ¥Hz NMR and mass spectra were 1dentlcal with
those renorted for bakkenolide-A47). Comoound 18 was reduced
to the diol with lithium aluminium hycdride, and 100 MHz NMR

of the product was identical to that reported for
bakkenolide-A-diol (%9). We consider the correlation of data
(Table 8) good evidence for the identification of compound 1&
as bakkenolide-A. Bakkenolide-A has also been isolated Dby
Czech workers from the closely related species Homosyne alvina

48)
(Senecioneae) of Eurovean orizgin . Authentic samples have

subsequently confirmed the above assignments for 17b and 18

Fraction BI/2; Alcohols:

The systematic survey of retention behaviour
of model compounds in gel chromatographng), rsported in
a later chapter, provides evidence for =2 general rule
that compounds eluted after SEV 75 in the straight-phase
system, N1114-50%-LH20 with benzene as the mobile phase,
have hydroxylic functions, In accord with this hypothesis,
the fraction eluting in the ranve SE7 72-115 from such a

stralght-phase system was found to consist entirely of

sescuiterpsnoid alcohols, GILC of the complex mixture showed




Table 9: Chromatorraphic Characterisation of the
Alconols of Fraction BI/2

Compound Ié%?? SEVa) M+b)
1a 1510 83 222
13 1560 7 2ee
1%a 1570 7€ 222
14 1590 106 222
142 1595 &8 222
152 1610 €6 222
15b 1620 86 222
15¢ 1635 88 202
154 1645 78 220
16 1660 93 220
16a 1665 100 222
17 1685 109 220
172 1695 123 220
174 1730 - 220

a) U1114-50%-1E20 /venzene
Values assizned from AVA scans of (17-18) peaks
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eight major components and a number of minor constituents
(Table 9). The average content of these alcohols was

similar to that of the ketones 17b and 17c. One reason

for the large number of components of this type is that they
may in some cases arise by direct cyclisation of farnesyl
pyrovhosvhate: individual constituents do not necessarily
possess the eremophilane skeleton. The constancy of the
proportions of these comvounds from different extractions
suzcegted enzymic regulation of their production.

It was the primary intention of this investigation
to 1solate potential intermediates in the biosynthetic
pathway between farnesyl pyrophosphate and petasin., The
determination of structures irrelevant to this problem was
considered a diversion, and some criterion was required
for the selection of specific components for further
examination.

GC-MS of the total alcohol fraction showed that
there were some alcohols of molecular weight 220 among a
maiority having molecular weilcht 222, but individual
spectra were inhomogeneous because of the complexity of
the mixture and poor resolution of some of the comvonents.
The AVA system on the GC-MS instrument was tuned to detect
ions of m/e 204, 202 and 200, derived by loss of water
from the molecular ion of ths alcohols, molecular weight

222, 220 and 218 respectively. This procedure demonstrated




Fig. 9: GLC of Fraction BI/2: Sesquiterpenoid Alcohols
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the fourteen components listed in Table 9, showing clearly
the molecular weight of each, despite difficulities with the
resolution (Fig.9).

The formal derivation of petasin from farnesyl
pyrophosphate requires three oxidative steps in the transition
from the oxidation level of farnesol to that of petasol.
Comoounds on the direct bilosynthetic vathway are likely
to have intermediate levels of oxidation. Thus the five
alcohols of molecular weizht 220, one oxidation level
above farnesol, were likely to be of interest as potential
interrediates. Of these, only compounds 16 and 17 were
present in sufficient quantity for further studies.

Partial separation of the alcohols was carried out
by high-resolution chromatography on the straight-phase
system, with results as indicatéd in Table 9. Unfortunately,
cuantities were insufficient for NMR spectrometry, and the
complex frawmentations of cyclic sesauiterpenoids reduce the
value of mass spectrometry for diagnostic purposes,
Comparison with authentic samples demonstrated the absence
of farnesol and nerolidol, and none of the spectra could be
correlated with sesquiterpenold alcohols listed in mass
spectral collections. Attempts to oxidise compounds l§ and
17 to the corresponding ketones have so far_been unsuccessful;

the small samples available suffered over-oxidation to
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indeterminate products. Nevertheless, this techniqué,
sultably refined, in cornjunction with isomerisation to
conjugated ketones, deuteriation by isotope exchange GLC and
mass spectrometry, is a potential practical avproach to the

elucidation of the structures of these minor constituents.

BI/3 and Later Fractions:

The third group fraction taken from straight-phase
chromatogravhy of Fraction BI was specifically designed to
isolate petasol (26) and isovetasol (27). The fraction
covered the range SEV 115-130, wnich was the region in
which isovetasol, obtalned by hydrolysis of petasin esters,
was known to be eluted. GIC and GC-MS demonstrated the
presence of naturally-occurrins free petasol and
isopetasol in minute quantities. The ratio of the two
isomeric ketoalcohols was similar to that observed for
their esters, petasin and isopetasin, and the difference
in GLZ retention index was also the same. Petasol was
otherwise inaccessible, any attempt at hydrolysis of
petasin giving rise to isopetasol by isomerisation. The
fraction obtained, on standins in contact with alumina
overnizht, gave isovetasol as the sole constituent.

The mass spectra (Apvendix I) of petasol and

isopetasol are of interest, because in contrast to
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Fig., 10: Proposed Scheme for Mass Spectral Fragmentatlon ;
of Petasol (26) and Isopetasol (27)
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de-acylation of the petasin esters, dehydration was not a
ma jor fragmentation process. The base peak of isopetasol,
m/e 161, was unchanged, because C-3, the hydroxyl-bearinz
carbon atom was lost in this fragmentation; that of petasol
was shifted from m/e 148, as in petasin, to m/e 166, the
loss of isoprene apparently belng more facile than
dehydration. A retro-Diels-Alder rearrangement resulting
in loss of acetaldehyde might account for an ion at g[g 122,
and expulsion of carbon monoxide permits derivation of a
hydrocarbon fragment corresponding to the ion observed at
g[g 94, Metastable peaks were observed for each of these
transitions,

Collection from the straight-phase column was
continued up to SEV 500, but GILC of the fractions gave no
further pezks in the expected region for sesquiterpenoid
ketoaléohols or dlols. The column was then purged with an
isopropanol-benzene mixture (1:3 v/v), which was known to
be effective'in eluting rapidly samprles that were retained
by the stationary phase when benzene alone was used as the
eluant49). This final fraction was further sevparated by
fon-exchange chromatography using triethylaminoethyl-

cellulose (TEAE-cellulose), which gave neutral, 'weak acid’

and 'strong acid' fractions.
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TLC of the neutrzl comnounds gave two majior spots
with a pink colouring when sprayed with Liebermann-Burchard
reagent and heated brieflyBS). Comparison with literature
Ry values suggested sterol glycoside as the spot of lower
Rf50), and esterified sterol glycoside for the less polar
spot51). This reaction with spray reazent suggested Aﬁ-type
sterols50),and acid hydrolysis of é sample of the neutral
fraction mave sterols, mainly B-sitosterol, identified by
chromatographic behaviour. No sesguiterpsnold was found as
a result of the acid hydrolysis.

GLC of the 'weak acid' fraction gave only indefinite
peaks, as expscted for free carboxylic acids. Treatment with
ethereal diazomethane, and revetition of the GLC showed 2
number of sharp peaks that clearly Tormed a homologous
series. Compariéon of GLC retention behaviour, on the
stationary phases 1% OV-1 and 0.5% XE-60, with authentic
standards,demonstrated tne identity of the peaks as methyl
esters of even-numbered, saturated, straight chain fatty
acids. Two maxima of abundance were observed corresponding
to the Cqyg and Cyg aclds of intracellular lipids, and the
024 and Cog acids of cuticular wax. No sesqgulterpenoids
were apvarent.

The'strong acid'fraction was treated with dilute

hydrochloric acid to promote hydrolysis of pyrophosrvhate




Table 10: Chromatograrhic Charancterisation of
Hydrocarbons of Frnction BII/2

Compound | T gf,ff s |
6 1375 217 204
6a, 1380 204 204
7 12410 196 204
g 1445 195 204
9 1465 192 204
9a 1470 219 204
10 1485 161 204
10b 1495 161 204
1 1505 275 204
12 1525 207 204

a) N1114-50%-L¥20/methanol
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esters. The fraction was then extractsd with ethyl acetate
and the extract examined by GIC. No sescuiterpenoids were

aprarent before or after hydrolysis.

Fraction BII/2; Hydrocarbons:

Whereas oxygenated sesquiterpenoids were eluted
relatively early from reversed-phase columns, sesaﬁiterpene
hydrocarbons were retained to a significantly greater extent,
permitting their isolation as a separate fraction at this
stage. The hydrocarbon fraction,BII, from reversed-phase
chromatography, was purified further by straight-phase
methods (Fig.3; opposite p.18). A narrow fraction,

SEV 62-75, contained all the sesquiterpene components,
compounds of higher molecular weight being effectively
removed at this stage.

GILC of the total hydrocarbon fraction showed
the presence of at least ten compounds. AVA scanning for
ions having m/e 204, 202 and 200 indicated that all these
compounds had a molecular weight of 204, and unresolved
comvonents of higher oxidation level were absent (Table 10).
This molecular weight 1s expected for a sesouiterpene
derived by direct cyclisation of farnesyl pyrophosvhate.

The comvplex mixture was then sevarated by

high-resolution reversed-phase chromatography (Table 10).
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Fig. 11a: Proposed Scheme of Mass Spectral Fragmentation
for Eremophilene (4)
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Pure samples of compounds 9, 9a, 11 and 12 vwere obtained,

and NMR spectrometry permitted structures to be assigned
to three of these. Compound 9a was found to be eremovhilene (4)14)
by comparison of the 100 Mz NMR spectrum with a svectrum
of authentic material generously supplied by Dr. L. Novotnf
of the Czechoslovgk Academy of Science. Comparison of
infra-red spectrajg) supported this assignment. A sample
of eremovphilene, also suoplied by Dr. Novotn§, was found to
contain eocual quantities of compounds 9 and 9a. Presumably,
the szmople had been collected by preparative GLC, and
collection of 2 mixture had arisen because of the similarity
of retention characteristics of these two compounds on many
stationary phases. Compound 9 was clearly not eremophilene
(as discussed below). The component of the sample
corresponding to compound 9a in GIC retention indices
was found also to cive a mass spectrum identical to
compound 9a. The fragmentation pattern was of 1little
diasznostic value (Fig.11a;Appendix I).

The 100 MHz NMR spectrum of compound 9 showved
five protons at low field. A sharp doublet (1H; T = 4,21)
coupled with a quartet (1H; T= 4.77; J = 16 ¢/s) was
indicative of a trans- disubstituted double bond52)(Fig.11b),

-1
confirmed by an infra-red band at 9€0cm ', Of known

sesaulterpenes, only the humulenes have a trans-




Fig. 11b: Proposed Scheme of Spin-Spin Coupling of the
trans- Disubstituted Double Bond of Compound 9

g = 90°

(40) | (41)

(42) O



g

ssnyeA L

T

i e

LS

y T r

1

*

T

Y

Y

e

ot

susTnumy~-g - yo AmSnS HAN ZHW 00T

S/3 81




38.

disubstituted double bond in a cyclic structureBB).
Comparison of the infra-red spectrum of compound 9 with
those published by éormSA) for o- and A~ humulenes (40,41)
demonstrated a striking similarity with that of g-humulene (41).
The exomethylene group that distinguished the g- isomer
was apparent from a strong band in the infra-red at 890 c:m'1
and a characteristic AB system in the NMR spectrumsg)
(2H; T, = 5.22, Tg = 5.27; J = 2 ¢/s). The absence of a
weak band at 830'cm_1 in the infra-red spectrum of compound 9
could be attributed to the freedom from contamination by
«-humulene. Sorm claimed only 83% purity of the B-isomer
in his investigation54) and the 830 cm-1 band 1s prominent
in the spectrum of &«-humulene. The high-field region of the
NMR spectrum was consistent wlth the structure of f-humulene,
and indicated stability on the NMR time scale of two
conforﬁers at room temperature. This situation has previously
been noted for zerumbone (42), but o~humulene required
reduced temperatures to give any sign of slow conformational
interconversionBS).

It appears highly likely that compound 9 has the
structure of f-humulene (41).

The NMR spectrum of compound 12 lacked signals above
T 8.4, which restricted the structure of this sesquiterpene to

one having all methyl groups allylic, excluding most bicyclic
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Fig. 12: Correlation of Compound 12 with the Structure
of x-Bisabolene (43) by NMR and Mass Spectral
Data,
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skeletons. Peaks correspondinz to four allylic methyl
groups, (3H, T= €.29; 9H, T = 8.36) occurred as broad
singlets., A doubly allylic methylene triplet (cH, T = Te31,
J = 7c/s) suggested a part structure fittigg the molecules
of «~bisabolene (43) or Y-bisabolene (44)2)’ 53)(Fig.12).
The triplet fine structure of this signal was better
explained by a symmetrical environment as in.d-bisébolene (43).
The part structure was confirmed by the occurrence of two
low-field signals due to vinylic protons (1H, T = 4.61;

2H, broad triplet, T = 4.88, J = 7c/s), thereby excluding

- structure (44) with only two vinylic protons.

The mass spectrum gave a base peak m/e 93,
favouring the «- rather than the y- isomer of bisabolene,
and a prominent ion ng 109 was probebly the frazment
complementary (in terms of carbon skeleton) to that of
the base peak (Fig. 12). A radical-ion, m/e 136, might
arise from retro-Diels-Alder cleavage of the ring, and
though this 1is a comparatively minor fragment, further
cleavage or rearrangement may result in ions m[g 109 and 93,
On the basis of the above evidence, compound 12 may be
tentatively assigned the structure of x-bisabolene (43).

No structure could be assigned to compound 11

on the basis of spectroscovic evidence alone.




OPP

(54) (45) |

OPP = Pyrophosphate

Postulated Involvement of

B-Germacrene (45) in the

Biosynthesis of Eremophilene (%)

Fig. 13: Correlation of the Postulated Fragmentation of

B-Germacrene with the Observed Mass Spectral

Fragmentation of Compound 7

+ +
——
Mt m/e 204
+ m/e 161
3H5] _L_
Bage Peak




40,

The last major hydrocarbon component of the
sesouiterpenoid fraction was compound 7 which could not be
isolated free from B-humulene by chromatographic methods,
making spectroscopic study impossible except by GC-}3.

A highly speculative allocation of structure may be obtained
from the mass spectrum (Apoendix I), B-germacrene (45)
being well fitted to the fragmentation pattern observed.
The migration of the isopropenyl double bond into the

ring system must be assumed to account for the ion m/e 161,
and this fragment was seen also in the mass spectrum of
eremophilene and most other sesquiterpenes of thls degree
of unsaturation56). The majlor peaks of the mass gpectrum
could then be rationalised by postulating the fission of
homoallylic bonds (Fiz.13). The peaks m/e 69 and 133

might arise by similar processes involving the molecular
ion. pB-Germacrene (45) is important as a postulated
intermediate of cyclisation of farnesyl pyrophosphate (5)
to eremophilene (4) and hence may be extremely important

in the biosynthesis of petasin (1). (For a discussion,

" see sections 3.2.1 and 5.1.)

In the original investigation of sesgultervene

’ 7’
hydrocarbons of P. hybridus, Novotny and Herout reported

the presence of eremovhilene (4), the .s8ti1ll . uneluclidated

tricyclic petasitene, «- and B- humulenes (40, 41),
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32)
f-elemene (46) and B- and Y- bisabolenes (47,44) .
Although thelr specimens of P. hybridus were of the variety
12)
producing furanopetasin (20) , they subseouently

demonstrated that this series of hydrocarbons was
11,57)

generally distributed among Petasites species ’ .

Similar compounds may thus be expected to occur in

P. hybridus of the petasin-vroducingz type. However, their

lsolation procedure involved steam distillation, and
rearrangement from the isomers reported in this thesis

to those identified by the Czech workers might have
occurred in this process. Certainly the facile rearrangement
of germacrene-C (25) to S-elemene (24) 1is known37). |

In this light, our assicnments agree in part with the

”
findings of Novotny, Herout and co-workers.

2.2.6 ' Quantitative Estimation of Leaf Sesquiterpenocids

The observation that differen®t specimens of
P.hybridus leaves gave substantially the same provortions
of sesquiterpenoid constituents suggested strongly that
these are genetically regulated. The asexual mode of

provagation of P. hybridus would account for this

observation. In contrast, other workers have found
substantial variation from sample to sample, but in species

where pollination and seeding is the normal reproductive



Table 11: Quantitative GLC Estimation of Leaf Scsquiterpenoids
of Petasites hybridus
Compound | Assigned Structure |[Concentration GLC Standard &
or Formula mg/lOOg fresh wt|{ Isothermal Temp,
6 & 6a C15H24 1.0
1 015H24 2,0
8 C15Hay 0.3
9 p-humulene 16,0 p-humulene
9a eremophilene 4,0 110°
10 015H24 1,5
10b 015H24 1,2
11 Cy5fpy 1,2
12 a~bisabolene 2,5
1lla 015H26O 1,0
14 015H260 1,7
15a 015H260 0,6
15b 015H260 0.8 drimenol
15¢ C15Hy0 0.7 135°
16 015H24O 1,3
l6a 015H260 0,8
17 Cl5H24O 1,0
17a 015H240 0.4
17b fukinone 0,05
17¢c eremophiladienone 0.4 bakgzgglide-A
18 bakkenolide~A 6.0
20a petasol 0,02 isopetasol
20b isopetasol 0.01 162°
23 04 ester of petasol 1.7 T
25 C5 ester of petasol 9.3
26 petasin 41,6 isopetasin
27 isopetasin 29,1 225°
28 isomer of isopetasin 2,7
1 S-isopetasin 11,7 ]

GLC on 10' 1% OV-1l, 50 ml/min N,
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58,59)
habit o Zabkiewicz has found in Pinus radiata that

terpene composition was identical in trees of the same

clone obtained by grafting of stock, but showed dramatic

variations between trees of different genetic originsO).
This prompted an effort to obtain a quantitative

record of sesquitervenoid content. Such results are more

likely to have significance in P. hybridus than in plants

where indlviduals are likely to determine the proportions

of terpenoid constituents accordine to their genetic

origin., Furthermore, sesquiterpenoids are sufficiently
involatile not to be affected greatly by changes in climatic
conditions, unlike monoterpenoids, where simple evaporat%g?

may account for sudden changes in levels after a hot day .

It should be stressed that the results guoted in

Table 11 refer to leaf material of P. hybridus growinz in
the wiid state, and that significant variation was found
in other tissues, and in laboratory grown plants where
lonz-term environmental changes may have interfered with

normal regulatory mechanisms,

2¢2.7 Comvarison of Flower, Rhizome and Leaf Sesoultervenoids

The studies revorted in this chapter have concerned
leaf material exclusively, for the simvle reason that at

the time of these experiments, incorporation of



Fig, 14: Comparison by GLC of Extracts from Different
Tissues of P. hybridus
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radioactivity from fed precursors into sescuiterpenolds
was only known to occur in the 1eaf7). This findinz c¢id
not imply that synthesls did not take place in other
tissues, but merely that translocation of precursors was
directed to the leaves under the conditions of the experiment.
(c.f. Chapter 4.) Subsequently, better understandins of
the conditions for growth have allowed investigation of
flowers, both for their chemical content and for tracer
labelling experiments,when incorporation was found to
be superior to that obtained in leaves (section 3.2.3).
Preliminery separations as discussed in section
2.%.4 were carried out on extracts of rhizome, flowers
and young emergent leaves. GLC of these samples
demonstrated that petasin was the dominant sesguiterpenoid
in all tissues. Simple comparative estimation indicated
that the petasin ester content of rhizome and flower:
exceeded that in leaves by a factor of two. There were
considerable differences in th= content of other constituents.
The gas chromatozram from the rhizome extract
(Fig.14b) indicated an additional major component,RS5, and
five other new vpeaks in appreciable cuantities, R1-6.
R5 had a retention index slightly less than petasin and
gave a molecular ion, m/e 332 (GC-KS). Bakkenolide-A,

compound 18, apreared to be virtually absent, a peak 1in
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thlis region of the chromatogram having the retention index
of compound 17¢ ratter than compound 18 of the leaf extract
(Fig.IAa). There were substantial changes in the distribution
of the alcohols and hydrocarbons, and clear correlation
between leaf and rhizome constituents was only possible

for the hydrocarbons. The high molecular weight rezion

of the chromatogram was dominated by a compound R6 of
higher retention index than B-sitosterol. This sample of
rhizome consisted of fully vernalised tissues gathered

in mid-winter, about two months before the normal flowering
season,

Flowers varied in content according to the phase
of development., Immature buds were similar in some respects
to the rhizome, but the comoonents peculiar to the rhizome
R1-6 appeared to be virtually absent (Fig.14c). Bakkenolide-A
was agéin absent, being replaced by another new compound
F-1 which could not be correlsted with any leaf component
on the basis of GLC retention dasta. Flowers at a later
stage of growth, with many florets opened, were notable
for the virtual disappearance of non-esterified
gsesoulterpenoids (Fig.14d),

Normal emerzent leaves (Fig,l4e) were similar
in content to mature leaves (Fig.14a), with slight
enhancement of some components, in particular, those

having the retention indices of compounds 16 and 17c.
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It was gzenerally observed that the first leaf
of the arowing season possessed unusual mofphology, and
failed to mature, the maximum growth, 3—5cﬁ span,-being
rapidly exceeded by second and subseauentjléaves. GLC
of a sample of these'precursor',leaves showed thervirtual
absence of sesguiterpenoids, stéréls being the majior
comvnonents of the GLC-Vélatilé fractionf(Fig.14f).
The actual sterol concentration was -comparable to that
of normal leaf extracts: these differences represent a
drastic change in the leaf chemistry. Plants grown in the
laboratory, and kept witﬁout vernalisation for two seasons,
showed similar defects, both in mprphology,agdAterpenoid
content. These results siressed the iﬁportaﬁcé of obtaining
fresh plaﬁt 5108k’ Trom wild’86ur9es each winter,

These observations suggest a number of
speculations as to the metabollic status of sescultervenoids

of P. hybridus., Synttesis of petasin esters would appear

to occur in leaves,in provortion to their growth, 1f the
generally constant concentration of these comnounds
isolated from leaf samnles is to be explained. In the
flower, synthesis was apvarently limited to s short period
in the early 'comﬁact' ohase of the developine inflorescence.
This conclusion assumes that the disappearance of the free

sescuitervenoids in mature flowers resulted from the
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cessation of synthesis and gradual loss by evaporation

of 211 but the comparatively involatile petasin esters.
The implications for the feeding of precursors are of
great importance. There would appear to ke no particular
ovptimum for leaf feedings, as this process is apparently
continuous. In the flower, votentially higher rates of
synthesis avpear to be concentrated in the early onhases

of development. Feeding to immature flower buds might thus
result in considerably ecenhanced incorporation of mevalonic

acid into petasin esters.
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2.5 EXPERTMENTAL
2.5.1 General Chromatozravhic and Spectroscovic
Procedures®

Thin-leyer chromatogranhy (TLC) was carried out
on plates prepared from Merck 'Kieselzel-G' usinz 0.25mm
layers for analytical purvoses, znd 1.0mm layers for
preparative use. Silver nitrate-impregnated layers were
prepared by including 5% by weisht of silver nitrate
(relative to the weight of6$?e silica-gel) in the slurry

used to prevars the plates . The following reagents were

used for the detection of bands:-

3-hydroxy-pyrene-5,8, 10-trisulphonic acid trisodium salt,
used as a non-destructive fluorescent dye for visualisation
by aquenching or fluorescence of bands under ultra-violet

illumination;

50% sulphuric acid, as a general purpose detection

reagent;
35)
Stahl-Miller reagent gor the detection of
12
furanosesauiterpenoids H 35)
Liebermann-Burchard reagent for the detection of

sterols and oxyzenated sescuiterpenoids.

# Tnese details are generally applicable throughout
this thesis.
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Gas-1lquid chromatograohy was accomplished
using the Varian Aerograph IFodel 204 dual column
zgas chromatogravh fitted with hydrosen flame-ionisation
detectors. Modifications permitted the use of glass
columns, with direct injection of samples onto the
vacking, avoiding contact with the metal walls of the
flash heater in the conventional assembly. Packingé were
prepared by the methods of Horning62). Acid-washed and
silanised Gas Chrom P (Applied Science: Laboratories Inc.),

sieved to 100-120 mesh size, was used as the solid supvort.

The followlinz stationary phases were employed:-

0OV-1 methyl siloxane polymer;
OV-17 and OV-22 phenyl/methyl siloxane polymer;
XE-60 cyanoethyl/methyl siloxane polymer;

Carbowax 20M polyalkylene clycol (M.¥W. ca. 20,000),.

Columns were made up from Pyrex glass tubing, 3mm i.d.,
and were 5, 7 or 10 foot in lenzth (Table 12a). Normal
operating conditions used nitrogen as carrier gas, at a
flow rate of 50 ml/min. |

Columns for prevarative licuid ch?g?atography
were vacked with the modified Sephadex rel  N1114-50%-LH20

usine the methods for preparation and packing detailed

in section 6.3.1. Ordinary columns used 2 preparation of
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gel from commercial Sephadex L¥-20 (Fharmacia Fine Chemicals).
Where especlally high resolution was recuired, preparations
were made from Sephadex (G-25 (Superfine grade), with
further fractionation to ranges of uniform particle size,
17—?3p and 24-32}& (diarceter of dry beads). Six columns
were vused routinely for the senarations described, and
thelr characteristics hsve been listed in Table 12b.
Fractions were collected from the ordinary columns by
estimation of the reouired elution volume from known
retention data. Normally, the volume of solvent supvlied
to the colurn was measured, thereby avolding the necessity
of collectinz the eluant in graduated contvainers,
An automatic fraction collector (BTL Chromafrac; or: Central
Fraction Collector) was used to collect samples from
high resolution columns. Fraction chanzing was.made on
a timed basis, the interval beingz adjiusted so that each
component would be distributed over three to five fractions.
Ultra-violet spectira were measured on the
Unicam Model SP 800 automatic recording svectroprotometer,
Infra-red spectra were obtained using the Unicam Model
SP 200 spectrovhotometer for routiné spectra, or the
Perkin-Elmer Model 257 svectrovhotometer for solution
spectra. Mass svectra were racorded with the LKB 9000
combined ras chromatograph - mass svectrometer when the

GLC sample introduction system was recuired, or with the
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AET 15-12 mass spectirometer when samples were obtained
unsuited to GLC. NMR spectra were determined at 100MHzZ
with the Varian lModel HA-100 spectrometer,

elting points were determined on a Kofler
micro hot stage. Optical rotation was measured with 2
Hilger-Watts 'Eicro-optic' polarimeter using a sodium
lamp as light source.

Thenks are due for the services of Mr. J.M.L.
Cameron and his staff for microanalysis, krs. F. Lawrie
(Infra-red laboratory), Miss J. Jornston (GC-MS) and

Mr. J. Gall (NN’R).
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Peiel Plant ITaterial

Plant mzterial was taken from localities where
it was found growing wild, and identified accordine to
the description given in “"Flore of the Britigh Isles“34)
The particular feature that distinsuished leaf samples

of P. hybridus ('Butterbur') from F. albus,also rezdily

found growins wild, and from the morpholozically similar
Tussilazo ('Coltsfoot') srecies, was the presence of a
basal leaf vein.

7)

Ehizomes from a site near Motherwell vers
1lifted after vernalisation in the early winter, after
gseveral frosts had caused the 0ld season's leaves to
wither. This wes carried out in the seasons of 1967-£8
and 196€£-£9, and the rhizomes gather~d were propacated
at the Rotany Department annexe in the Garscube Estate.

In the winter of 19£9-70, rhizomes were taken from a new
source near Dumbarton, after the demise of the Motherwell
plants as a result of housing develovment. GLC examination
of extracts of samples from each site indicated that the
sesqulterpenoid contents were comparable.

The chemical studles revorted in this chapter
were carried out on leaf, flower and rhizome specimens
from plants growing wild. Plants for labellinz studies
described in followinz chavters were grown from vernalised

rhizomes gathered and replanted in mid-winter, in pots
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7™ in diameter, or in polythene ba~s ecuivalent in capacity
to 12" pots. The increased czpacity for root development
in the latter cases proved to te an advantaze., Growth
could.be induced in these plants before the normal seazon
%y transfer to warmer greenhouse conditions, flower and
leaf development followins about a month after the change
in environment. Plants from a previous sezson could be
kept in the areenhouse over the winter: however, without
vernalisation, these were found to become vegetative,
and did not develop flowers. Both growth of leaves and
sssquiterpenoid vroduction were imosired when plants were
kept in this manner, and the conditions were considered
unsuitable for experimental purposses.

Our thanks are due to Dr, A.M.M.Berrie of the
Botany Department for providing these facllitiles,
for advice on botanical asvects, and for supervising
the maintenance of our plant stock; also to the

gardeners and ground staff at the Zarscube Estate for

most of the work involved in keeping the plants.

¢33 Extraction of Plant Tissues

Originally, extraction was carried out b
) 7

maceration of leaf or rhizome samples in benzene and

steeping for 24 hours. Investigations showed that benzene




alone was an inefficient extracting solvent, and that
water present in tissues tended to separate to form gels,
treoping substantial smounts of orgzanic matter in tissue
residues. Acetone, chloroform-methanol mixtures and
lsopronanol proved to be highly effective in extractions,
judged by exhaustive re-extraction of residues. In the
case of isovropanol, subseocuent evaporation of the solvent
2lso removed co-extracted water as an azeotrope, and there
was no need for further dryinz of extracts.

Normal procedures involved immersing fresh tissue
cut into small nieces in ten times the volume (w/v) of
cold isorropanol. Preliminary shredding, in the Townson
and VMercer 'Top Drive' Nacerator for 30 seconds, reduced
the s2mple to fragments of dlameter apvroximately 1-3Zmm,
and destroyed the fibrous structure. This step was omitted
for saﬁples of less than *Og fresh weight of tissue.
Homogenisation for one minute at maxlimum speed,using the
Polytron Ultrasonic extractor,was followed by filtration
of the suspension, and re-extractlion twlice more in the
Same manner.

The combined extracts were then evaporated to
small volume (~ 25m1/100g fresh weight) in the Buchi
rotary evaporator, and an ecual volume of benzene was

added. The mixture was allowed to stand for Z3-€ hours,
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and a white powdery precivitete formed, composed of
non-1ipids extracted by the larze bulk of the isopronanol.
The exiract was cleared by filtration through Cellite 535.
The volume was further reduced to'5m1/100g fresh weizht
on tne rotary evaporator, and an equal volume of benzene
added. Centrifugation (15 minutes at 1800xg) sedimented

a hard orange zum of further non-lipid material, leaving
a dark blue-green (from leaves) or brown (from rhizome)

supernatant that was re=ady for chromatogravhy.

Ze3.4. Sevaration Procedurszs

High molecular welght compounds were removed
by gel-filtration on Column I [i1114-50%-L120/
benzenetisopropanol (3:t v/v)] . With the bed volume
measur-d as 260ml, two fractions were takeni-
A, SEV- 30-46, collection beinz started when 80ml of
solvent had eluted, and stopred when 120ml had passed;
Collection of BG, SEV 46-77, was then started, and stoovped
when a total of 200ml had passed through the colunn.
The complecte passaze of the green chloropnhyll band
through the column served as a visual indication of the
boundary between the two fractions, the collection being
changed when the efflueht first became distinetly orancze

(due to carotenoids). Fraction A was found to be free from




sesaulterpenoids, and all comvounds giving GILC peaks

over the rance 800—2500 in the total extract were found
in fraction BC. The extract from un to E0g fresh weirht

of tissue could be processed in a single run of the
column, larger quantities recuiring repetitive operations.
The factor limiting the effective capacity of the column
was the presence of hizh molecular welsht condensed tannins
In the extract, increasing the viscosity of the sample.
Most of these compounds were eluted in the void volume

of the column, and were effectively removed from the
fraction BC.

Excessively polar materials could be separated
from fraction BC by simple straight-phase chromatography.
Using a column special’y prevared for the purpose
(diameter 3.2cm, volume &0ml; N1114-50%-LH20/benzene),
the fraction A', SEIV 30-50, was collected starting vhen
24ml, and stoprinz when 40ml of benzene had been eluted.
This was combined with fraction A above. The collection
of fraction B, SEV 50-500, was then comnleted when a
total of 400ml of benzene had bteen eluted. This fraction
contained all compounds giving GLC peaks as above.
Fraction ¢ consisted of what remained on the column,

displaced by addition of 25% isopropanol (v/v) to the

mobile phase (Fig.1).




Column TIIT
S ation~ry Phase: ”1114-507-4ﬁ20 (24-%20 )
vobile Phrse: Benzene {123 ml bed volhme)

Table 1Za: Reverged-FPhase Cbromz onranhy of Fraction BC
Column IX
Stationary Phose: M1114-5075-1H20
obile Phasc: 1euhﬁnol (49 =1 bed volume)
Froction 3=V Volume Zluted LC ‘nalysis
BO 20-50 15-25 ml 7o GLC vealks
BI 50-170| 25-64 nl Oxyrenated sesculitervenoids
RIT 120-250| 64-17 1 Sesquiterpens hydrocarbons
BIIT 2504 123 ml + Sterols and wnxes
Table 17bt Strai~ht~Fhase Chromatocraphy of Fraction BI

Fraction 5zV Yolume Zluted | 312 Analvsis
BI /O 30-51 37-62.5 ml | 1lo GLC peaks
BI/1a | 51-60 | 62,5-73.5 ml | Petasin esters
BI/1b | 60-70 | 7%.5-86 m1 Ketones and Lactone
BI/2 70-114 86-140 m1 | Alcohols 11a - 17a
BI/Z |114-130| 140-160 ml | Petnsol & isopetasol
BI/4 |130-500| 160-615 ml |10 major veeks
BI1/5 500+ 615 ml + | Yo maior peaks

Table 17Z%c:

Column VI
Stationary Phase: I'1114-509-1020 (17-23 )
Moblle Phezz: Renzene (25,5 ml bed volure)

Straicht-Phasce Srromatography of Fraction BII

Traction Sa7 Tolure Wluted | GO Anslysis
BII/1 | 20-62 | 747 -15.8 ml |Ilo 310 peals
BII/2 2-74 | 15.8-19.0 nl | Segauiterpene hydrocarbons
BII/7 Tl 10 ml + 3terol & wax alcohols
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The procedures described sbove vere employed
when 1t was merely necessary to obtain a cémprehensive
GILC-volatile fraction relatively free from compounds
liable to decomposition a2t high temperature. Examples
include the preliminary GC-KS survey of thes extract,
section 2.2.3, and the comparative GILC studies of tissue
extracts other than the leaf, section 2.2.7.

A more elaborate scheme was used for group
separation of sesculterpvenoids sccordine to volarity and
typve. The initial gel-filtration step was followed by
a reversed-phase sevaration into the four fractions
BO, BI, BII and BIII (Table 13a). Straicht-phase
chromatography of each of the sesocuitervenoid containing
fractions BI and BII (Tables 13b & 13c) completed the
group sevaration orocadure. GLC analysis of the fractions
obtainéd located five grouvs, each contzining sssquitervenoids
of similar chemical char=cter.

Separation of the groups obtained above, into
individual comnonents, was completed using the 100cm
high-resolution columns. Reversed-phase chromatogravhy
was emoloyed for the separation of the lactone and ketone
fraction BI/1b and the hydrocarbon fraction BII/2, whereas
straight-phase methods were preferred for the alcokhols BI/2.

The automatic fraction-collector wee used to collect small
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fractions, 0.5-3ml, as accurate retention charateristics
were not known in most cases. Fractions were examined

by GLC, and individual compounds recovered by evaporation of
solvent. Wnen GLC indicated cross contamination of two
components, separation was attempted by further high-
resolution chromatosraphy, using a column having opzosite
polarity characteristics. Thus a further straight-phase
separation was reouired to obtain compound 17¢ free from
petasin esters, and also for the preparation of an

analytical samvnle of compound 18.

2e245 Chemical Techniaues

Isomerisation of Eremonhila—9,11—dien-8—one

and Pstasol:

A small samcle of eremorhila-9,11-dien-8-cne,
compouﬁd 17¢c (1bOﬂg astimated), was dissolved in 0.25ml
benzene, and 100mg basic alumina (Woelm grade I) added.
After standinz for 24 hours, the alumina was filtered,
and washed with threes 1ml portions of ethyl acetate.
After evaporation of solvent, 1OQr1 ethanol was added,
and the product estirated by GIC by comparison of pesak
sreas with a standard semple of compound 18. 11ng of

1600
the isomer of compound 17¢ was found ( Igylq = 1765),

The solution in ethanol, made uv to 2.5m1, was transferred
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to a cuvette for uliraviolet svectroscopy.

A similar techimisue was applied to the sample
of petasol (30ug; estimated by comvarison with an isopetasol
standard). GLC of the product indicated that the petasol
peak had disappeared, and that the iscpetasol veak was
incresased. Recovery was not fully quantitative, which
may be ascribed to losses by irreversible adsorption on

the alumina.

Lithium Aluminium Hyéride Reduction of Compound 18

Lithium a2luminium hydride (2mg) was stirred
with 0,25ml of etker, freshly dried by filtration through
Woelm grasde I basic alumina, and 5mg of compound 18
In 0.25m1 dry ether added dropwise. Sample tube and
pipette were rinsed with O.1ml dry ether, and the
washingé added to the reaction mixture. Stirring was
continued for 2 hours when a few drops of ethyl acetate
vere added to destroy excess reagent, When the reaction
had subsided, 2£.5ml ethyl acetate was added wlth O0.5ml water,
ané after agitation and centrifugation, the organic layer
was removed. The agueous layer was re-extracted with a
furtﬁer 2.5ml etkyl acetate, and after evaporation of

solvent, 4,5mgz of a colourless viscous oll was obtained.

162°
GLC indicated two peaks, the first ( Igyoy = 1770 ),
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correspondinz to unchanzed lactone was less than 5% of
162°
ov-1
a moleculer ion m/e 228, 0,84 of the base peak,m/e 109,

the area of the major product ( I = 1875 ). GC-M5 gave

with the M-18 peak at 11,57 and M-3%6 at 3.5% relative
abundznce (Apvendix I). Reversed pnase seraration
(N¥1114-50%-LH20/methenol; SEV 50-80), permitted recovery

of the pure diol (4mg): vmax: BAOOcm'I, 164Ocm-1, 1O?Oom-1,
10400m'1, 9100m‘1; 100 VMHz NMR (CDClB),’U: 9,12 (%H),

9.26 (3H doublet, J = 6¢/s), 6.62 (2H), 5.58 (2H),

4.90 (1H), 4.76 (1H).

These results were in good agreement with published data

47)
for bakkenolide-A-diol .

2.%.6 Quantitative Estimation of Sesculterpenoids

The estimation of sescuiterpenoids in leaf
sampleé was made by quantitative GLC analysis of standard
preparations. 43g fresh weight of tlssue was extracted
and preliminary separation gave fractions BI and BII by
the procedures described. The fractions were made up in

a

2ml of solvent, and these standard solutlons ussd for
GLC.

Quantitative estimates (to + 5% accuracy) were
obtained by comparison of GLC peak areas with reference
standards, from the mean of three determinations.

Measurements were made using the Pye Model 104 Gas
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Chromatogzraoh. A 9' column, packed with the stationary
phase 1% OV-1 prevared from acid washed and silanlised
Gas Chrom-P, was used at a flow rate of 45ml/min of
nitrozen,

Though no further separations were made of
fractions BI and BII, each group of compounds of g glven
type was determined independently, overating isothermally
at 2n approoriate temperature. Reference standards were
made up from readily available compounds, matched in
chemical type to the particulazr grouv of compounds
under investigation., This necessarily involved making
estimates of samovles in unresolved mixtures. In such
cases, an arbitrary boundary between adjacent peaks
was taken at the point of minimum detector'response.

This was considered sufficlently accurate for these
determinations, where results were not required for

any critical calculation. These methods were not effective
in estimating comround 17b, petasol =2nd lsopetasol,

which were determined later, after more comulete

separation procedures.
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3 RADIOACTIVE TRACSER LABELLING 3TUDIES IN THE

INVESTIGATION OF PETASIN BIOSYHNTHESIS

2.1 INTRODUCTION AND EIZTOSICAL 2ACKGEOUND
Z2.,1.1 Common Pabhways of Tervenoid Biosynthesis

The problems of terpenold biosyntresis are
essentially the problems of the assembly of a comniex
carbon skeleton, and the correlation of the diverse
structures observed. A distinctive feature of all
ternenoids is the apparent involvement of a five-carbon
fragment as the common sub-unit of structure. The normal
tervenoids contain this sub-unit in simple multiples,
and this frequently accounts for the entire carbon
content of the molecule., Early workers noted that the
location of functional groups in the skeleton strongly
suggested isoprene, or a molecule having a similar
distribution of functionality, as this basic five-carbon
unit., These ideas were rationalised by Ruzicka, in gi?
original expression of the Blogenetic Isoprene Rule > .
He noted that assembly appeared to be organised so that
isoprene units were linked in a head-to-tall manner, and
that this implied an acyclic,linear oligomer of 'active

isoprene' as a precursor of cyclic terpenoids.
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Experimental evidence for the biogenetic7origin
of terpenoids had already been obtained by Bloch6j) who
found acetate to be an effective precursor of cholesterol
in the rat. Cholesterol may be regarded as a triterpenoid
that has lost three methyl groups. This was proved when
it was found that the acyclic trite;penoid squalene was
converted in vivo into cholesterol64). At the same time,
it was found that radiozctivity from acetate labelled
in the methyl group was incorvorated into eichteen
specific positions in scualene. Label from carboxyl-
labelled acetate was incorporated into the twelve
complementary positions. This ratio of 7:2 implied the
assembly of grouns of three acetate units, and loss of
one carboxyl-derived carbon atom from each group.

Early attempts to identify the C5 unit gave
largel& inconclusive results. While there was incorpora*ion
into cholesterol from hypothetical vr=cursors such as
dimethylacrylic acid and Z-hydroxy-Z-methylbutyric acid,
there was no satisfactory evidence that these compounds
lay on the direct biosynthetic vathway between acetate
~and cholesterol. The discovery of mevalonig acid,

(3, 5-dihydroxy-Z-methylpentanoic ecid) (6) > , which 66
acted as a precursor of cholesterol superior to acetate N

provided the key to this problem. The condensation of three
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acetate units to zive mevalonic acid was elucidated as
67) 6€)
outlined in Fig.15 « Birch and others have demonstrated
that enzymic reduction of Z-hydroxy-3-methylzlutaryl-
Coenzyme A (HMGCoA; %48) vroduced 3R-mevalonic acld (6)
In an irreversible step, whzreas other postulsted
intermediates such as dimethylacrylic acid appeared to
9
undergo desradation to acetate befores incorporation6/).
The role of dimethylacfylic 2cid was clarified when it
was found that biotin deficiency prevents its incorporation
into sterols, by failure of a carboxylation step70)(Fig.15).
This pathvay is utilised by some plants and micro-orzanisms,
permitting direct conversion of leucine to mevalonic acid71).
The utilisation of mevalonic =2cid (KVA) in
biosynthesis follows 2 uniaue pathway. Apart from the
reversible action of mevaldate reoductase, an ecuilibrium
that strongly favours mevalonic acid production, the only
knovwn specific enzymic reaction of mevalonicégg%d is
phosvhorylation, to give 5-phosrvhomevalonate | .
A second vphosvhorylation, followed by decarboxylation,
gives isopentenyl pyrorhosphate (IPP), in a secuence
clearly demonstrate: by comvarison of the fates of
(2-140)NVA and (1-14C)KVA. The latter cives only two
labelled phosphorylated products, znd the radioactivity
_143)

gradually dismprears frow the system. (2 VA results

in accurulation of label in a third product, identified




Fig. 16: Common Pathways of Terpenoid Biosynthesis
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28 lsopentenyl pvronhosvhate (IPP; Fiz.16). This commound
is gen=ral’y rezarded as havine the pronerti=s of the
'active isopr-ne' recuirsd by Ruzicka's bypothesis?a).

Enzymes that are resvonsible for the assembly
of the 05 sub-units were first isolagid from yeast
autolysates by Lynen and co—workers7) ané have been
found in liver extracts by a number of workers inciuding
Popjék74). The asszembly 1s initiated by isomerisation
of one molecule of isopentenyl pyrorhosphate to give
dimethylallyl pyrophosphate (DNMAPF). Coupline succescsively
to two further moleccules of isopentenyl vyropvhosrthate
then follows, wit» elimination of inorsanic oyrophosvhate
at each step (Fic.16). Poojik has found that a sinzle
enzyme was responceible for both coupling reactions, and
that geranyl pyvroohosphate was not isolable as 2n
intermédiate in the synthesis of farnesyl pyrophosphate.
It se~ms likely that other closely related enzymes
terminate the resction at the appropriate stage to
produce geranyl-, geranylgeranyl- or higher prenyl
pyrophosphates. Such enzymes would be expected to occur
in gystems specifically involved in the blosynthesis of

mono-, di- and tetraterpenocids, or the assembly of

terpenoid cuinones having a polyprenyl side chailn,
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3.1.2 Farnesyl Pyrophosvhate as the Zommon Precurasor

of Cvelic Sescuiternenoids

s

An early proposal cited farnesol as the presumed

cormon »nrogenitor of the cyclic sescuiterovenoids, derived

o
on nurely structural groundsLS). When the involvement of
farneg%} pyrovhosnhate (5) in sterol biosynthesis became
known » this molecule became the preferred hyvothetical
precursor for the cyclic sesauitervenoids, the pyrophosvhate
molety beinz a vastly superior leaving group to the simnle
hydroxyl function of farnesol10).

Tﬁe common viosynthetic vathway leading to farnesyl
pyrophosphate has never heen examined in the same detail for
higher plants as for liver systerms, because of the peculiar
difficulties of working with isolated enzymes from higher
plants. Bonner has obtained a cell-free system from vea
" seedlinrs that mave the rhosvhorylated inter§ediates of
Fig. 16 when incubated with mevalonic acid75 . Mevalonic
acid is a good precursor for ohytosterols in vivo, and
while incorvoration into other terrenoids may be poor, it
is not considered that a novel pathway may be involved,

A variety of other evidence suzgests that there are
difficulties of permeability, preventing the exozenous

17)

precursor reachings the site of synthesis in the plant .




Fig. 17a: Stereochemical Determination of Product in the
Cyclisation of Farnesyl Pyrophosphate
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In any case, higher plants lie between the marmals and
fungl in the scheme of evolution, and the patiivay has
been proven in each of tue latter ohyla. There are trus
good reasons for acceptinz this hypothesis for sescuiterpenoid
blogynthesis in hicher plants.,

Cyclic sesouitervenolids are postulated to arise
from farnesyl pyrophosphate by elimination of inorszanic
pyrovhosvhate., The mode of folding of the carbon chaén
is considered to determine the nature of the product‘).
This may arise by the particirvation of double bonds
brouzht into proximity with the primary carbonium ion

generated by the departine pyronhosnnate anion.

)

)

Deprotonation or solvent attack then givss a neutral
5)

ny

specles havinz a cyclic structure . To some extent,

foldinz 1s opredetermined by the stercochemistry of the
doubls- bonds in farnesyl pyronhosphate. Some sescuiterpenoids
recuire cis- stereochemistry at one or both of the double
bonds (5B,53) for seneration of their carbon skeletons,

instead of the trans,trans-farnesyl pyrophosohate (54)

produced by enzymes of the sterol nathway (Fig.17a).
When this first cyclisation process produces ten- or
eleven-membered rines, transannular reactions may
reasonably be invoksd to give rise to the bicyclic and

tricyclic structures commonly found among sesculterpenoid
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10,7€)
skeletons (Fiz.17b). The anomelous structure of the
eremoviiilanes ané ambrosanes is ascribed to methyl
micrations that may occur from a classical isoprenoid

9,25)
precursor .




Fig, 18: Modes of Cyclisation of Farnesyl Pyrophosphate
in Petasin Blosynthesis.
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3.2 RESULTS AND DI3SUSSICN
3.,2,1 Geners21l Plen of Labelline Exveriments
Theses expzriments were intended to investizate

the mechanism by which the eremovhilane skeleton (2)
1s generated in the biosynthesis of vpetasin, by studies
of the incorooration of radioactivity from specifically
labelled mevalonic acid. It was considsred that there
were three points of sisnificance that coula be readily
investigated, This chapter describes the satisfactory
elucidation of the first of these.

i) The direction of the primary cyclisation
may be antli-clockwise, involving a trans,cis-farnesyl
precursor (5D) or clockwise, as exvected from

1,

trans, trans-farnesyl pyrophosvhate (5A). The latter

- case anpears the more vrobable, since the double bonds
are more favourably alicned for the transannular reaction,
and the expeccted vroduct of such a reaction would correspond
to eremonhilene, Label from (2-140) mevalonic acid (6A)
would be incorporated in petasin (1A) at C-3, C-9 and one
further vosition - either C-12 or C-13. If the ant*~clockxise
cyclisation occurr=d, label in the nucleug would be
exvected at C-1 and C-5 of petasin (1B).

11) The mevalonoid orizin of the anzular methyl

group may be establish=d by incorporation of label from
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(6*1A

C) mevalonic acid. The alternative process of
demethylation from C-10 followed by remethylation at (-8
by S-adenosylmethionine avvears unlikely in viesw of the
results of NWee, who found no incornoration from (methy1-1ac)
methionine into the anomalously vpositione~d methyl group

77)
of ®K-amyrin .

i1i) Double labelling with (2—140-33,43-4;3H)
mevalonic acid (6B) results in farnssyl pyrophosphate (5E)
.with complete retention of the tritium label . The
distribution of tritium in patasin so derived would
give strong evidence for tha extent to which the
transennular reaction and the metunyl migration are
concerted, A totally unconcerted m=chanism, involving
a neutral eudesmanoid intermediate (Scheme I) should
result in loss of tritium 2t C-5, which becomes a
guaternary centre in vetasin (1C¢). Loss of tritium from
- C-1 may also occur as detailed below, 1f tritium becomes
the 1-(a:isl) substituent in the above intermecdiate.

It seems more vrobable that the transannular
reaction and the methyl mirration may be linked. Transannular
reaction of a chair- folded precursor may be inltiated
by eocuatorial proton attack at C-1, =ivinz rise to a
ecudesmanoid intermediate as a carbonium lon (Scheme II;

for clarity, detalls of ring B are omittad). If normal
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petasin stereochemistry is to be attained, folding of the
precursor on the enzyme surface must locate the methyl
groups on the B-face as shown, and the incominz proton
becomes the 1B~ (equatorial) substituent. When ringz A is
in the chair conformation, tritium at C-5 and the angular
methyl group at C-10 are both axial. If neutralisation
of the charged transition state takes place by a specific
deprotonation from C-1x or CQQN (axial substituents),
as may occur in an enzyme, there could follow = series
of 1,2-shifts, with mizration of the tritium from C-5¢
to C-4x and of the ansular methyl grcuv from C-108 to
C-Sﬁ. Tritium may thus be expected tc be retained at
C-4 of petasin., Such a vrocess woulé be accomvanied
by rins inversion (Schems II),

Deprotonation from C-1X, which le=ads directly
to the structure of ersmovhilene (4A), where the double
bond is located between C-1 and C-10, would be expected
to remove tritium fror this vosition, as the mechanism
invokes stereospecific’attack of a proton onto G—1p.
The expected labellinz pattern of petasin derived by
this mechanism will be as in (1D). If,however, eremovhilens
is not an obligatory intermediate in petasin blosynthesis,
and deprotonation from $-Ou« is permitted to glve the

9(10)- double bond directly (49), then all tritium atoms
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may be retained, and the petsasin may be labelled as in (1E).
Extended seouences of 1,2- shifts have oreviously
been invoked8to account for certain aspects of triterpenoid
biosynthesis b), and experimental evidence has confirmed
such a mechnanism in sterol biosynthesis (Scheme III).
Bloch and Cornforth demonstrated independently that methyl
migration occurred as two 1,2~ shifts rather than a sinsle
1,3~ shift79,80), and Caspl has found that tritium from
(33,45-4—3H) mevalonic acid was transferred to C-17« and
3-20p of cholesterol (53)81a). Rees obtained a similar:
result in cycloartenol (51), and in this case, tritium 511)
vas also found to have been transferred from C-8 to C-9p
whereas this atom was lost in the formation of the 8(9)-

double bond en route to cholesterol.

Availability of labellsd vrecursors: Wnile svecifically

labelled mevalonic acid is commercially available for

the first and third of these experiments,A(6-140) labelled
precursor would reoulre special syntheais. A possible
route starts with methyl-labelled acetic acid, in an
esterified form. A Grignard resction with two molar
equivalents of a2llyl marnesium bromide slves the tertiary
2lcohol (52), and cleavoce of the double bonds affords

the hydroxydialdeshyde (53)82). Reduction to the triol (54)

83)
and oxidation with Fétizon's reagent completes the

4
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synthesis of mevalonolactone (55), opening to give
(3§§-6~14C) mevalonic acid (6C) being optional., This
secuence was attempted under the writers supervision by

an undéerzraduate student, Mr., E., Cutibertson. Thin-layer
chromatosraovhy indicated mevalonolactone as a major
comnonent of his product, but yield was not estimated.
Further develooment of procedures would be required before
this synthesis could be undertaken on a sub-millimolar
scale with radiozctive starting materials. For these
recasons, no attempt has been made to elucidate the problem

discussed in paragraph ii) above.

3:i2.2 Feedinz of Labelled Mevalonolactone to

P. hvbridus Plants

| 7)
Preliminary resulis reported elsewhere indicated

that (2-140) mevalonic acid, fed either as the salt or in
the lactone form, 1is incorporated rather poorly into
petasin esters in the leaf (incorporation of the order
0,003-0,03% of total radioactivity) and not at all in the
rhizome. Further exploratory experiments are reported in
the following chapter.

On the basis of these experlments, 90ﬁCi of

14

(2-" 'c-%RS) mevalonolactone was fed to actively growing

leaves of P. hvbridus, and the plants were allowed 48 hours
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to metabolise the precursor. After evtraction of the
vetarin esters accordins to the established procedures,
lsopetasol was obtzined as the comron vroduct of hydrolysis.
Repeated chromatographic purification gave radiochemically
homogen=ous material. The specific activity of the sample
was correlated with the total cuantity of petasin esters
obtained, and incorporation of rsadioactivity into the

- alcohol moiety of the esters determined as 10,500dpm,

or 0.005% of the total radioactivity of the racemic
precursor,

Further experiments were prompted by a report of
exceptionally good incorporation of mevalonic acid intd
rose petal monoterpenoids84). Francls considers that
flower feedinzs in general lead to better incorporation
from mevalonic acid85), and to increased probability of
obtaining symmetrical labelling of terpenoids. In contrast,
leaf feeding exneriments have commonly given poor
incorporations15,16) and occasionally, asymmetric labelling

1€a,86,87)
patterns . (Labellinz of terpenoids is termed
asymmetric if the radioactivity is not distributed ecually
amone all the isoorene units., Asymmetric labelling may

freouently invalidate experiments involving dual labelling

by chansinz isotonic ratios in an inconsistent manner.)
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The first part of this proposition would seem
entirely reaconable, considering that the inflorescence
1s not photosyntheticz21lly active, but obtains a sirnificant
proportion of carbon commounds throush the transpiration
stream, rather than by carbon dioxide fixation as occurs
in the leaf. Provided that terpenold synthesis is active
at the time of feedinz, it apnears highly likely that
exozenous mevalonate should be more effectively incorporated
in the flower than in the leaf. Onemay conclude from the
findinze not=d in section 2.2.7 that feeding should be
made at the earliest opportunity, and that still better

results might possibly be obtained in P. hybridus by

unearthing and feedings of the immature flower while it is
st1ll below ground level.

In the first test of this hyvothesis, three
develoéing flowers vere fed with a total of 15‘pci of
(2_14

the appearance of the flower above ground level, but well

C-3RS) mevalonolactone, Feeding was commenced after

before the floreis had opened; 24-70 hours were allowed fpr
utilisation of the precursor. Petasin was extracted in the
normal manner and isovetasol recovered after hydrolysis

and vurification to radiochemicel homogeneity. The
incorvoration of radioactivity into the sescuitervenoid

molety of the petasin esters was estimated to be 60004 om,
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or 0.018% of the total radiocactivity fed (as the rac=ric
precursor).

The fineal exneriment involved feedinz of

koo 2
C-ZR,4R-4-"H) mevalonolactone (and its enantiomer),

r4
25 nCi 46 ana 125 pCi “H, to five develonins flowers,

(2-!

In this case, the flowers had partly expanded (although
the florets had still not opened), and it was possible that
the optimum time for administration of the precursor had
passed. It appeared likely that synthesis would still be
occurring, but at a reduced rate: 48 hours were alloved
for utilisa*tion of the precursor. Petasin esters were
isolated in the normal manner, but no further results nave
been obtained from this experiment at the tire of writing.
It was impossible to obtain an estimate of incorporation
by radioassay of the petasih esters, because of the
greater specific activity of the acyl molety. Hydrolysis
to isopetasol was inapnlicable to thls sample because of
the risk of loss of tritium from enolic positions in

petas:‘.n.
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e

323 Location cof Label from (2—1 ) Yevalonic Acid

in the ¥olecule of Petasin

General innroaches 10 Tsolation

Three carbon atoms, one in each isoprene unit
of petasin (1A), were expected to become labelled by

14
C-3RS) mevalonic acid, if the preferred

incorrnoration of (2-
mode of cyclisation dlscussed in section 3.2.1 was operative.
It had been assumed that the 3S-enantiomer of mevalonic acid
was inert, and no reference to the fate of this molecule
was found in the literature. |

The purpose of this part‘of the investigation
concern=d the isolation of carbon (¢-3, £-9, C-12 and C;13
of petasin, and the determination of radiocactivity in each
vosition.

The label from (2—140) MVA may be situated either
at C-12 (methyl) or C-13 (terminal methylene) in petasin (14),
but the lability of this compnound with respect to isomerisation
made its isolation difficult: the distinction between C-12
and C-132 was too easily lost. gonversion by hydrolysis to_
isopetasol (27A) rendered these two positions ecuivalent
In biogenetic origin. This stev was, however, a convenient
method of removinz the radioactivity in the acyl moiety, and
no attempt was made at the indevendent isolation of these

two carbon atoms. Instead the retro-aldol reaction,
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6)
revorted by Aebi to-give desisoprovnylideneisovetasol (56),
was explor=d., $-12 snd C-12 could then be recovered zs the
methyl zrouvs of acetone (57). The iodoform reaction would
vermnit the isolation of one of these methyl zroups, and
the average radiocactiviity at C-12 and C-13% could thus be
determined.

Desisovropylideneisovetasol was considered an
ideal molecule for further degradative processes to
isolate C-3 and C-9. It apveared likely that many reactions
of Aﬁ-B—oxo-steroids (58) mizht be apnlicable to such a
system.

Apart from indicating that the reaction was carried
out under basic conditions in a nitrogen atmosphere, A<bil
reported few exverimental detalls for the cleavage, Early
att~mpts at the retro-aldol desradation gave irreproducible
resulté, hut it soon became clesr, as might have been
expected, that water participated in the reaction, and its
concentration determined the rate of cleavage. Failure
to allow sufficient volume to dissolve the isopetasol,
which was sparinsly solutle in the 50% acusous metranol
used, resulted in reducsd yields, by decomrosition of
undissolved isovetasol to erive tarry products.

Autoxidation was a serious problem as a result of the

orolone=d reaction times, and the use of nitrogen was
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obligatory 1f zood yields were to be obtained. The reaction
mixture rapidly became deep red, presumably due to the
formation of diosphenols, e.z. (59) and (60), the colour
probably arisinz from 2 variety of condensation products
of the diosphenols. A final refinement of the meihod
involved de-aeration of solvents before isovetasol was
added; ylelds as high as 95% were then obtained,and the
reaction mixture remsains¢é uncoloured throusghout.
Distillation of organic solvents from the mixture at the
end of the reaction gave a methanolic solution of acetone,
which was converted to ilodoform. This lodoform originated
solely from C-12 and C-13 of isovetacol.

Further degradations to isolate C-3 and C-9
of desisopropylideneisopetasol were then comnleted by
two parallel vpathways, each leadinz to the removal of one
of the remaining labelled atoms from tre molecule. This
procedure was oreferred to a secuential degradation,
where both atoms would be isolated successively from
the same sample. The sma2ll quantity of radioactive material
available made the second method especially susceptible to
poor yields, and left 1little room for error or failure

of a reaction stev in the sequence.
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2.2.4 Isolation of C~% of Desisonronvlideneisonatasol

C-2 of desisonrorylideneisopetasol (56) carri=d

=

the hydroxyl function of this ketoaleohol. Izolation of
the atom was therefore feaszible by any of the methods
recadily apnrlicable to a carbonyl function. These included
Favorskii rearrangement to a ring-contracted acid,
Beckmann rearrangement, or Baeyer-Villiger oxidation to
a lactone (Fiz.19). Simple chromium trioride ketone
cleavage and ring contraction was not suited to this
problem, as it was unlikely to discriminate between 0-2
and C-3. The above metrods selectively convert the desired
carbon atom to a carboxyl group, from which it could be
isolated by several vrocesses, e.z. the Schmidt reaction
or Curtius rearrancement to give isocyanate, a mcdified
Hunsdiecker decarboxylation, or Rarbier-Wieland derradation
to 5ivé benzophenone. This last method had the advantage
of easy recovery of both fragments of the cleavaze (Fiz.19).
Preliminary experiments indicated the need to
remove or protect functional groups in ring B, in order to
prevent comvpetition in the dearadative reactlons aimed at
ring A. One metnod, planned for a Favorskil reaction at a
later stage, involved hydrogenation to the saturated
ketoalcohol (61) followed by Grimnard reaction to «ive
the tertiary alcohols (62). GC-1S of the crude product

showed two veaks, both giving yeak molecular ions m/e 226,
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correspondinz to a pair of enimers,

Jones oxidation mave the ketoslcohol (63) which
was chlorinated at the tertiary position at G-4 using one
molar quantity of sulohuryl cblorideeg). KR of the product
showed the methyl doublet due to C-14 was shifted from
T= 8.9 to T= &.3, indicating seleciive halozenation, but
the methyl sisnals, due to C-14 and CG-15, which should have
been sharp sinslets, now apreared as doublets, sugcesting
evimerisation at 0345 Treatment of (64) with sodium methoxide

C
in refluxing ether ’ gave a mixture of products, includinge
a larzs proportion which could be hydrolysed to acidic
material. It apveared that the reaction was not
sterecsvecific. Though the production of an acid was
probably indicative of the success of the Favorskii
rearrangement, the variety of products obtained of general
formula (65) would have made craracterisation and
purification excessively difficult. The scheme was
abandoned.

Attention turned to Baeyer-Villiger oxidation,
to be followed by Barbier-Wieland degradation. The
ketoalcohol (63), obtained as above, was treated with
m-chloroperbenzoic acid. Yo siznificant reactlon was observed
after 24 hours at room temperature, but refluxing for

8 hours with an excess of the per-acid zave a mixture
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of ketone (63) with about an ecusl amount of lactone (66),
Judred by the intensity of their respective IR bands.
Without further ssvnarsation, this mixture was treated with
an excesz of vhenyl magnesium bromide, and the product
dehydrated and acetyé§ted In the normal manner for Barbier-
Wieland degradationg . GLC data sugmested that the
intended product(67) had dehydrated at C-8, and that the
ma jor product was that repr=sented by structure (68)., The
presence of the extra double bond in ring B would have
interfered with the cleavere of the divhenylethylene (68).

Degpit= anparently poor results, the scheme
anpearsd potentially effective. Two steps needed revision:
first, it was necessary to remove all interfering functional
groups in ring B, and secondly, the yisld of lactone from
the Baeyer-Villiger oxidation required drastic improvement.

The procedure descrited below was successful in
two successive trials with unlabelled material, and wvas
then comnleted with a samnle of labelled desisonrooylidene-
isovetasol derived from the experiments with (2-140)
mevalonolactone.

Hydrocenation of (56) ¢ave the saturated
ketoalcohol (61) as before. The carvonyl function was o1)

then reduced throuzh to metiylene via the tosylhydrazone

to zive the monofunctional saturated alcohol (69), and
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Jones oxidation of this gave the ketone (70). Overall
yield at this stage was about 70% in each of the trials,
but for reasons unknown, only 35% of labelled ketone (70)
was obtained., GILC indicated the comnlete disappearance of
ketoalcohol (61) in the formation of tosylhydrazone, so it
appears that elther the reduction or the solvolysis of the
alkyltosylhydrazine intermediate was incomolete.

Baeyer-Villiger oxidation was comnleted with great

92)
success using veroxytrifluoroacetic acid . The yield of
lactone (71) was 2l1lmost quantitative, the production
of ring-orened hydroxyacid being minimised by buffering
, 92,93)

the reaction mixture with dry disodium hydrogen phosnhote
Treatment with excess nhenyl masnesium bromide then gave the
diphenylcarbinol (72) and dehydration and acstylation the
acetoxydivhenylathylens (73),in about 55% yield based on (70),

The acstoxvdiphenylethylene (73) was treated with
ruthenium tetroxide and sodium periodate, a method for
cleavage of the double bond in the Barbler-i'ieland
decradation, which many workers have found more effective
than traditional reagents such as chromium trioxide, ozone

94, 95) -

or osmium tetroxide . The neutral fractlon was found
to contain benzovhenone (74), and after treatment of the

acidic fracticn with ethereal dlazomethrane, tne methyl

ester (76) was found almost pure, in 35% yield overall
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from (70). A4 final check on the structure of (76) was made
by hydrolysis of the ester functions, and acidification
of the hydroxyacid formed to give the &-lactone (77) in
good yield. The 8-lactone (77) was correlated by GLC and

mass spectrometry as the nor-homologue of e-lactone (71).

n)

Jef 5 Isolation of -9 of Desisopropvlideneisovetasol

The obvious analogy btetween desisopropylidene-
isopetasol (56) and Af-B-oxo-steroids did not prove to be
adventageous in the isolation of C-9, in terms of readily
aprlicable methods of degradation in the literature, C-4
of’Aﬁ¥3-oxo—sterOid is g§mmon1y isolated by ozonolysis
and oxidative cleavage9 (Fig,20a), but this procedure
did not seem attractive on a small scale. Two further
methods were investigated briefly, but without success.
Caspi has described a reaction of hydrogen pero:ide,
catalysed by selenium dioxide, where C-4 of the steroid
was lost in a sincle reaction that presumably involved
a succession of Raeyer-Villiger oxidstlons, epoxidation
and oxidative cleava;e97)(Fig.20b). Attempts to reproducé
this reaction with a sesouiterpsnoid substrate met with
repeated failure, House has investigated a mstrod for
ring contraction of cyclic conjucated ketones such as
lsophorone, involving rearranzement with boron trifluoride

28) -
of the derived «,B-evoxyketone (Fig.20c). This too was
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unsuccessful, the avnparent product heing the diosvhenol
rather than the 9-nor-ketone. Collins has found that
cholest~4-en-3-one vroduced mainly the dlosterol rather
than 4-nor—cholestan-3-on699). This depended on the
configuration of the epoxide intermediate, the readily
diosterol. Epoxidation of desisonrorylideneisopetasol
produced the o~ and p- evoxides in a ratio of one to thre=,
Slizhtly ereater success was obtained from =2
fragmentation reaction of an d,ﬂ—epoxyketone by solvolysis
of the tosylhydrazone100), as applied to testosterone
by Tanabe101)(Fig. 20d)., The hydroxyl group of
desisopropylideneisopetasol (56) was first protected as
the acetate (78), and enoxidation gave a mixture of
- and B- evoxides (79). Formation and solvolysis of the
tosylhydrazone was performed in a single operation, and the
acetylenic ketone (80) was obtained in excesllent yield.
Hydration of the triple bond gave the diketone (81) in
60-65% overall yield from (56). The success of the ring-
opening reaction was marred by the unexpected fallure,
despite repested attempts, of cleavage of the methyl
ketone of (81). The iodoform reaction was unsuccessful,

but the diketone (81) was generally recoverable from *these

attempts., The more stable potassium hypobromite was



found to be effective in the c*envage of the side chains
of progesterone and pregnenolone (), as models for the
system under investization. ¥When this reagent was emnloyed
witn the diketone (81), stariing material was rapidly
consumed, and the sample was recovered from an acidic
fraction. However, attempts to characterise the product,
wnich was an indeterminate mixture giving many svots by
TLC, were unsuccessful, lass spectrometry gave a

molecular ion, m/e 446, with satellites at m/e 444 and 448,
havinz 2 ratio of abundance suggestinz a doubly brominated
species. There was no evidence that this wasg the sole
comoonent in the samnle, which had been introduced on the
probe, but merely that this compound gave tne ion of highest
mass.,

Evidently,ttie diketone structure was highly
unstable under the conditions of the bromoform reaction,
possibly as a result of 2 condensation reaction. Attempts
to convert the acetylenic ketone (80) to an acetylenlc
alcohol (82) wers partly effective: yields were poor,
and no greater success was avvarent in the subsequent
bromoform reaction of ketoalconol (83) than for the
diketone (81).

The final attemnt at isolation of C-9 of

desisopropylidencisopetasol was m2de by osmylation and
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oxidative diol cleavage. Desisoprorylideneisonetasyl
acetate (78) was reduced witn sodium borohydride to give
the allylic alcohol (84) as the major product, but some
saturated alconol (85) was also evident by GC-MS. The
allylic alcohol was treated with sodium periodate in the
presence of catalytic quantities of osmium tetroxide1og).
The aliylic alcohol, manool (86), has been reported to give
initially the ®-hydroxyaldehyde (87), which cleaved further
with loss of a G4 unit to the ketone (88)104). No report
has been found of attemoted cleavage of a cyclic system
as in (84),

The expected product of the reaction was the
acetoxyketoaldehyde (89) but yield was lower than had
been anticipated., Nevertheless the compound was readily
isolated, though characterisation was rendered more
difficult by lack of sample, The major product of the
reaction was characterised as the unexpected acetoxy-
bis-hemiacetal (90), which resisted further attempts at
oxidative cleavage by periodic acid or sodium bismuthatejoS).
Reduction with borohydride gave the triol (91) in good
yleld, albeit very slowly. Perilodic acld treatment of the
triol then cave the acetoxyketoalcohol (92), acetylated

to cive (93). Both ketoaldshyde (89) and the bis-acetoxyketone

(93) were isolated and used separately for radioassay.



Table 14: Distribution of Radioactivity in

Isopropylidene Side Chain of Isopetasol (27A)

Sample and
Ideal Distribution

Leaf Experiment

Flower Experiment

of Radioactivity dpm/jimol dpm/umol
%/OH 27.8 + O.4 372 + 0.6
0
(27A); 100% 100% 100%
.-OH ,
17.9 + 0.3 24,4 + 0.4
0

(56); 67% 64,5% of (27A) 65.5% of (27A)
CHI3 5.1 + 0,2 6.4 + 0,3
17% 18.5% of (27A) 174 of (274)
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3.2.6 Distribution of Rndioactivity in Isonetacol

Derradation of isovetascl from the leaf and flower
feedings waos comoleted senarately as far as decisonronvlidenc-

isovetasol (56),

]

nd iodoform was recovared in each case.
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of the radioactivity was located in the ¢=12 or C-13 methyl
groups of isopetzsol (27A), the remsinder beins in t
gystem of (56). Similar fisures were obtained from the

sample derived from F. hybridus flowers. There was thus

a2 strong susgestion at this stase that labelling had
proceeded in o specific manner, without dezradation of
mevalonate to smaller molecules and subsecuent reincorporation
of the radioactivity. Furthermore, it appeared likely that
lavelling of each isovrene unit was substantially symmetrical,
the deviation from the exrected value of 33% being of the
order of 1-29, within the range of experimental and
statistical errors. It ﬁas also possible that traces of
contaminating material of high specific activity could have
accounted for the anomalous 1-27 difference between observed
and ideal r=sults, this contaminant being removed selecﬁively
at the retro-aldol stace. The results in general, however,
indicated that the effect of any such contaminant vas

* The specific activity of the 1lodoform was one sixth of

tnat of isopeta~ol because it contained ecual

contrivutions from both lahelled and unlabelled
methyl srours, '



Table 15: Distribution of Radioactivity in the

Desisopropylideneisopetasol Nucleus

Compound Isolated | Atoms Present |Radiocactivity | Idealised
Distribution
dpmépmol
-0OH a) b)
(56) 654 of (274) 67%
0
¢/JL\¢ c-3 5.0 + 0.1
(74) 2% of (274) | 33%
OAc
o;@ Cqo minus C-3 | 5.2 + 0.1
(76) 33% of (27A) 33%
OHC -0Ac
o Cipo minus C-9 | 5,25 + 0.15
(89) 33.5% of (27A) 33%
AcOH2C -*0OAc
0 012 minus C-9 | 5.3 + 0,15
(93) 34% of (27A) 33%

a) Cqp represents the 12 carbon atoms of
desisopropylideneisopetasol. .

b) Specific activity after combination of leaf and flower
samples, and dilution with unlabelled material.




Fig. 21: Distribution of Radiocactivity in the
Eremophilane Skeleton of Petasin, after
Feeding (2-14¢) Mevalonolactone.

T non-specific
. labelling
31‘5% _q_?'_c 1%
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trivial, and did not have a2 siznificant bearing on th

)

+

out.come of thes exveriments.

It was considered that the consistent nature of the
results obtained above vermitted combination of the two
samples from leaf and flower feedings. At the same tine,
the radioactivity of the sample of desisopropylidencisopetasol

(56) was diluted with an ecual quantity of the unlabelled

er staces in

<

ct

comnound. These two operations simplified 1=
the degradation, increasing both mass and radioactivity of
the semples availarle for the various reaction schemes
involved in the isolation of the remaining two labelled
positions,.

The distribution of radioactivity in
desisoprovnylideneisoretasol (56) was estimated by isolation
of benzovhenone (74) containing $-3 of isoretasol
exclusively, and the remainder of the molecule of
desisorropylideneisopetzsol was isolated as the methyl
ester (76). Ealf the radioactivity of (56) was shown to be
located at ¢-3 (Table 15). ¢-Q was not recovered as such,
but the remaining eleven carbon atoms were isolated in two
sevarate forms, as the acetoxyketoaldehvde (89) and as tre
bis-acetoxyketone (93). Azain, half the radloactivity was

lost by excision of C-9.
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The overall pattern of labelling of th
eremonhilane skeleton is depicted in Fig. 21, taking mean
values of the sevarate results for leaf and flower fesdings
for labelling in the side-chain. The equal distribution of
radioactivity between C-12 and ¢-13 was an artefact of
isolation of the atoms, and does not imvly randomisation
between these two ﬁositions in the molecule of netaszin,
Results in Toble 15 indicated =2bout 1.59 of non-swecific
labelling of atoms other than C-3 and C-9 in the ring
system,

These resgsults are in full support of the proposed
biosynthetic scheme for ersmonhilane sesculterpenoids

involvineg cyclisation of transg,trans-farnesyl pyrophosophate.

3.2.7 Pronosed Isolation of Tritium Label in Petasin

4
from (2-1%4¢-%R,2R-4-"H) Fevalonic Acid

The aooproach to derradation of tritium labelled
molecules is simplified by th~ introduction of a second
isotone, such as 146, waich acts as an internal standard
for estimation of the samvle used in radioassay. The change
in isotovric ratio is a convenient and an accurate indication
of the removal of tritium atoms from the molecule,

A disadventage of tritium labellingz in general is the

increased lability of the tracer, as a result of hydrogen

rearranzement that may occur in bviosynthetlc vroces:zes,
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-
for examvle, the W,I.H, shift100), and the rossibility

107)
of losses in work up by exchange processeg .

It is the second of these problemz that is
encounteresd in the isolation of tritium label from petasin,
with the possibility of enolisation occurring in two out of
three potential sites (1E) for the location of tritium from
(2-14G-BB,AB—4-3H) mevalonic acid (6B). The successful
isolation of tritium from C-7x¢ would be an indication that,
if tritium was absent at C-1, this resulted from biosynthetic
processes, and not from exchanse in the course of dezmradation.
The risk in this case is that of isomerisstion to isopetasin,
rather than simple enolisation, and thus retention of tritium
at C-7x is an indication thsat the molecule has not veen
exposed to conditions where enolisation may have occurred.

This risk may be removed by hydrogenation, a rapid
uch as pnalladised chercoal being

107)

unlikely to induce exchange of tritium . An aliquot of

exposure to catalysts

5]

hexahydropetaéin (94), could then be reduced with lithium
aluminium hydride to ths saturated diol (95) which would
remove,at the same time, the acyl moiety, which is likely
to have higher specific activity than the sesouitervenoid.
This route apvears more likely to lead to isol=ation’of

a derivative of petssin witi its tritium content intact

then other methods that have been considered.
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Alkaline hydrolysis of hexahvdropetasin (94)
should give tetrahvdropetasol (96) with tritium specifically
removed from C-T7X. Hydro.ysis of vetasin would give
isopetasol (27B) for comparison with (96), any tritium at
C-1 bein? removed by enolisastion. Proof of location of
tritium at C-4« mizht be achlsved by the formation of :he
E-lactone (97) from tetrahydropetasol (96) by the same
procedures that led to the lactone (71) in the isolation
of G-3 of isovetasol. Hydrolysis to the hydroxyvacid (9&)
would permit oxidation to the ketoacid (99), with svecific
removal of tritium from C-4,

Lack of time prevsnted the completion of this

seaquence before vreparation of this thesis,
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33 EXPERIIEHTAL PEOCEDURES
3.3, 1 Feedinz of Mevslonolacione
(2-140-353_) Mevalonolactone and (3R, 43-4-3H+3§_,4§__4_3§—:)

mevalonolactone were ovtsined from the Radiocchemicrl Centire,
Amersham, at various srvecific activities.

Plants were grown as detailed in section 2.3.2.

For the leaf feeding, six vlants were used, and the precursor
was fed to fourteen actively grovwinz leaves via a cotton
wick, threaded through the petiole 5-7 cm below the base of
the leaf, The ends of the wick dippned into a smell vial
(cepacity 0.5 ml) attached to the petiole by 'sellotape'.
1001w01 of (2-140—33§) mevalonolactone (svecific activity
S.AIpGiépmol) was made up in 4ml sterile water, and 2.6 ml
of this solution (90‘pCi) was used in the feeding. The
solution was distributed, 0.3 ml to each of the eight
1arger'1eaves, and 0.2 ml to the six smaller leaves. Uptake
of solution from the vials was comnlete after 6-8 hours,
and a furtherA42 hours was allowed for translocation and
metabolism,

Three flowers were Ted by a similar procedure, the
wick being inserted into the flower stem below the head of
florets, In proverly irmature flowers (as in this case)
this space was extremely constricted. Each flower was fed

. 14
0.25 ml of a solution containing 50 PCl (2-" "¢-3R3)
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mevalonolsctone (svecific activity 6.4 ﬂCiéMmol) in 2.5 ml
sterile water; Urptake was complete in %-4 hours, and a
Turther 20-25 hour veriod was allowed for metabolism,

Five flowers were fed in a similar manner with
0.25 ml eack of a solution conteining,in 2.5 ml, 50 pCi
(2-140—33§) mevalonolactone (specific activity 6.Apri4pmol)
and 250 MCi (ZE,AB-Q-BH + 3§,4§—4-3H) mevalonolactone
(specific sctivity 116‘P0149m01). In this case, the stenm
had begun to extend, and the head of florets was well
separated from ground level. A period of 48 hours was

allowed for metabolism,

3.3.2 Isolation of Isoretasol from (2-140—3RS)

¥Mevalonolactone Feedinas

The fourteen leaves, 180 g fresh weisht, were
cropped 48 hours after the initial administration of 90uCi
of (2-14C—3§§) mevalonolactone. Extraction was completed
without furthef delay, using the procedures described in
gsections 2.3.3-4 to isolate the vetasin esters a2s a male
yellow oil (120 mg). TLC of = small portion, followed by
scanning of the chromstoplate for radioactivity (using the
Panax Model RTLC Radio-Chromatogram Scanner) indicated trhat
radioactivity was associated with an ester of the petasin

type, havinz Rf = 0,78, between that of petasin (Rf = 0,74)
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and isopetasin (Re = 0.44) in this system (0.25 mm layer,
Silica~gel-G;Ideveloped twice in 157 ethyl acetate-
85% petroleum ether 60°-80°), It was considered that most
of the redioactivity was associated with the acyl moiety,
possibly involving dimethylacrylic acid, which miczht have
arisen by oxidation of mononrenyl alcohols (see also
section 2.2.4, petasin esters). No attempts were made to
isolate this acid as it was of little imnortance in
relation to the biosyntresis of the sescuitermencid moiety.
The crude vpetasin esters were sanonified to their
common hydrolysis product, 1lsopetasol, 55 mg of crude yellow
crystalline solid being obtained., Redio-scanning of a
thin~layer chromatogram of a sample of this isopetasol
failed to detect any radioactivity, becsuse the srecific
activity of the isopnetasol was below the lower sensitivity
1limit of the apvaratus. Purification to radiochemical
homoseneity was then completed by repeated chromatosraphy.
The séecifio activity of the recovered vroduct was
determined after each step by licuid scintillation counting
of a small alicuot, using the Philips Model PW 4530
Liguid Scintillation Analyser. The licguid scintillator
coneisted of a solution in toluene of 3 g/litre of |
2,5-divhenyloxazole (PPO) and O.1 g/litre of

1,4-bis-2'(4'-methyl-5'-phenyloxazolyl)-benzene (dilePCPOP),
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(Packard Instruments Inc.). Samples were counted in 10ml
14

of this solution; for 'C, efficiency was 90,64 and
backeround 27.5 cpm,

The specifi

Q

activity recorded for the samples

4

L each s

ct

g
o
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ct

recover<d a
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he purification demonstrated

i

b
[e]

rapvid convergence of speci activity over the first threce
stages, and effectively oonstant specific activity over the
last three steps (Table 16), As each stage involved either
a different chromatogravhic process, or a change in
"characteristics of the samnle, this was considersd an
effective criterion of radiochemical purity. The final
product, 20,0 mg of isopetasol, had a specific activity

of 27,8 dom/ mol. Extravolated back to the original yield
of 120 mg of vetasin esters, the total incornoration was
ectimated 25 10,500 dom, or 0,005% of the total radioactivity
sdministered [200 % 106 dom (90 pci) of (2-'%c-3Rs)
mevalonolactone].

A similsr process gave 51,1 mg of netasin esters
from 26.1 ¢ (fresh weight) of flowers, Hydrolysis to
isonetazol and purification in four steps (Table 17) gaVe
21.1 me of pure isonstasol, specific activity 37.4 drm/ mol.
This indicated an incorporation of 0.018% of total
6

radioactivity fed [33 x 10° dpm (15 puCi) of (2-14c-3E3)

mevalonolactone].
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Hydrolysis of FPetasin Esters

Peteosin esters (120 me) were dissolved in ethanol
(4 ml), and %.5H agueous potassium hydroxide (0.5 ml) added.
The mixture was refluxed for 30 minutes, and the volume of
ethanol reduced to 2 ml in a stream of nitroren. The mixture
was extracted three times with bvenzene (10 ml), water (1 ml)
being added to separste: out the potassium hydroxide,
Removal of solven®t zave crude isonetasol (55 mg) as a
ndicated the identity of the

. 7)

isopetasol by compvarison with an authentic samnle , using

1620 1€62°
two stationaryv phases (IOV 1 = 1965; Iywi6o = 2600), and

e

yellow crystelline solid. GILC

this was further confirmed by GC-ES (molecular ion, m/e 234,
73% of base peak, nfe 161).

Acetvlatlion of TIsoonetasol

To the purified isopetasol (45 mg) was added

pyridine (0.75 ml) and acetic anhydride (0.5 ml): the

reaction was left in a stopnercd tube overnicht at room
temnerature. Meathanol (2 ml) was added, and the solvent
removad in a stream of nitrogen. Pyridine was removed
azeotronically with ethanol. A clear, odourless oil (52 ng)

wags recovered. GLC and G0-MS indicated its identity as

7)
lsopetszyl acetote by comparison with an authe entic samnle
o) o
(Ié$?1 = 2075; 1%2?60 = 2625; molecular ion n/e 27€, 30% of

base peak m/e 161).
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Hydrolysis of Isonetasyl Acetste

Isopetasyl acetate (47 me) was dissolved in
ethanol (2 ml) and 3.5 ¥ agueous votassium hydroxide (0.2 m1)
was added, The mixture was refluxed for 20 minutes and
benzene (10 ml) and water (1 ml) were 2dd=d. The organic
layer was removed, 2nd the aouesous layer re-extracted twice
more witkh benzene (10 ml). After evaporation of solvents,
crude pale yellow crystalline isopetasol (42.5 me) was

recovered and characterised as zabove,

3.3.3 Retro-Aldol Fesction and Isolation of Todoform

and Desisovronvlideneisonetasol

Isopetasol from the leaf feeding (29 mg) was
dissolved in methanol (3 ml), and 3.5 M acueous potassium
hydroxide (2.8 ml) was added. The mixture was refluxed for
18 houré, under a nitrogen atmosphere. The flask was Titted
for distillation, and methanol and acetone were distilled
over, and were\collected in a graduated centrifuge tube -
immersed in ice-salt freezing mixture (-15°C). Wnhen 2.5 ml
of organic solvent had been collected, and olly droos began
to sevarate from the reaction mixture, the distillation was
stopved, and the acueous base immediately extracted witn a
mixture of benzene and ethyl acetate (5 ml of each).

Re-extraction twice more with the s2me solvent mixture
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and evavoration to dryness gave 27,3 mg of pale yellow
0il. Chromatogravhy on the 100 em high-resolution column
[NH14—50%—1,}120(24-32}() /RPenzene; SEV 122-170] gave pure
desisopropylideneisopetasol (18.2 mg; 77% theoretical vield):
a trece of unchanzed isopetasol eluted in the range
SEV 115-120. CGLC and GC-MS confirmsd the identity of the
product by comvarison with a samvle of the pronerly
characterised comnond (I1500 = 1770; 11500 = 2470;

’ ' ov-1 ’ TXE-60 -
molecular ion m/e 194, 3794 of base veak m/e 176).

Similar oprocedures led to the isolation of

desisopropylideneisovetasol (12.9 mg) in 75% yield from

isopetasol (20.7 mz) obtained from the flower feeding.

Isolation of Todoform

To the chilled solution of acetone in methanol
(obtained above from the leaf experiment) was added
1 M potassium hydroxide (4 ml), and iodine crystzls (50 mg)
vere then dissolved in the mixture with shaking. A dense
yellow orscipitate of iodoform separated immediately, and
on warminz and recoolinz, distinct platelike crystals were
formed. The iodoform was centrifuced down when all the
iodine had dissolved. The sunernatant was tested with one
further crystal of iodine, but no more vrecipitate formed.
The mass of yellow crystals was resuspended twice in

distilled water, and sevarated acain by centrifugation.
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Finally, the sample was recrystallised from €0% acueous
ethanol, and alr-dried overni~ut., After brief exposure to
vacuum, 4.6 mg of iodoform was transferred to a countine
vial for radioascaye.

By similar procedures, 2.1 mg of iodoform was
recovered from the retro-aldol degradation of isovetasol
from the flower feeding eiperiment.

Characterisation of Desisonronvlideneisonetasol

Isonetasol (450 me) was dissolved in methanol (50 ml).
The mixture was de-aerated by shaking vigorously in vocuo,
pure nitrozen being readmittied to the flask. This process

2

was reveated twice more, and 7.5 M aqueous potassium
hydroxide (50 ml) was prepared in the same manner, and

added to the solution of isopetasol. The mixture was refluxed
for 20 hours in a nitrozen atmosphere, and at the end of the
reactidn was virtually uncoloured by sutoxidation products.
Extraction of the reaction mixture cave on evaporation a

—

colourlesz oil (370 mg),‘and 410 analysis indicated complete
conversion of isopetasol into a single product (Iég?? = 1770).
GC-MS cave a molecular ion m/e 194 (CyoH gOsrecuires 194)

but the mass spectrum was of little diaznostic value.

1

(Appendix I)., Further purification by straight-phase
chromatography gave a colourless crystalline solid (250 mz)

[column III, 70 em x 2.5 cm i.d.; N1114-50%-LH20 (24-32#)/
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Fig., 22: NMR Assignments for Isopetasol (27) and
Desisopropylideneisopetasol (56)
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benzene; SEV 120-150]. The semnle was run in two batches to
avoid overloading the column; the automatic fraction collector
was used to recover ths ssmples. Further purification of a
smeller samnle by reversed-phase chromatozraphy

(N1114-50%-1H20 /methanol; SEV 58-62) save a crystalli

o)

product (30 mz), m.n. 103%; v Tiol) 3500 cm"’(s),

pax O

1680 cm—1(s) and 1620 cm 1(w) Xﬁax

(Found: ¢, 74.03%; H, 9. 5?% Cy.H;g0, recuires C, T, 19%;

H, 9.34%.) Aebi reported MeDe 102~ 10)0 )me 238 nn

(é‘mPX

238 nm (€ 11,000).
max

17,500).

In the absence of an authentic samnle, confirmation
of the struciure (56) was made by spectroscovnic exsmination.
IR 2nd UV confirmed the continued presence of hydroxyl end
o, f~unsaturated ketone functions. Comparison of 100 kHz NER
spectra of isovnetasol and desisonropylideneisopetasol
showed 'the dlsapnearance of signals due to the isovropylidene
side-chain, a shift to higher field of methylene protons at
C-6 (allylic in isopetasol), and a slisht deshieldinz of the
angular methyl group tiat indicated the expected
conformational chance in ring B. (Isopetasol, T= 9.03;
desisopropylideneisopetasol, T = 8.90). A Dreiding model
of desisoprovylideneisopetasol favoured a conformation in
which the ancular methyl group lay close to the axis of the

carbonyl bond; in isometasol, the angular methyl groun was



(56)

(69)
GrO3
—_—
(70)

-_-—————P
O ' 0 |
1) TsNHNH,
3) MeOH

(61)

-

HO |

(100)

A

(71)



101,

O . 1-. 2 k) k3
at 457 to the axis., Other sirnals in the HFR spectra ware

substantially unchanged (Fiz.22),

3.3.4 Isolation of G-3 of Isovetasol

Hydrozenntion of Desisopropylideneisovnetasol (56)

Desisopropylideneisopetzasol (31.8 mg) was

hydrogenated at room temperature and pressure in ethyl

(7 mg) as catalyst. After 30 minutes, uptake of hydrosen had
ceaged. The reaction mixture was filtered (porosity 4 glass
sinter) and the residue washed with ethyl =acetate (2 ml).
The product (2.0 mg) was recovered =s a colourless
crystalline solid by evevoration of solvent (100% vield).
GIC indicated comnletes conversion into the saturated
146° _ 16905 M* = 196 (0 Hon0
1 127202

. -1 -1
requires 196); Voax (Nuiol) 2450 em (s), 1710 em (s)

ketoalcohol (61), I

and 1045 cm~1(m).
91)
Reduction of (61) +to alcohol (69)

The saturated ketoalcohol R61); 32 mg] was treated

ot

with p-toluenesulphonylhydrazine (32 mz; 1.05 equivalents)
and refluxed in methanol (2 ml) for 2 hours, when GLC
indicated the comnlete disaprearance of (61) by formation
of the tosylhvdrazone, On cooling, sodium borohydride

(40 mg) was 2dded batchwise over 90 minutes, to reduce
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he tosylhydrazone to a substituted tosylhydrazine., After
addition was comnlete, the mixture was refluxed azain for
five hours to decompose the tosylhydrazine., Water was added
(1 m1), and the alkslinity (pH 9) indicated that no
additional base wagz reauired to ensure the removal of the
p-toluenesulnhinic acid formed. The reaction mixture was
extracted twice with ethyl acetate-benzene mixture

(5 m1; 4:1 v/v). On eveporating to dryness, a colourless
0il (30 mg) was obtazinsd., GLC indicated a sinzle pezk
(Ié&?: = 1450) in the first two trials with unlabelled
material, but in the cass of the radioactive sample, there
was a second veak (Ié$?1 = 1720), The pure samnles of the
saturated alcohol (69) gave vt = 182 (012H220 requires 182);
Voo (liquid film) 3450 cm“1(s), 1045 cmf1(m) and saturated
C-H =2nd C-C modes only.

GC-¥S of the second veak gave a weak molecular ion,

M* = 198 (0121{2202 requires 198): stronger pezaks were
obtained for M-18 and K-36 ilons, consistent with the
structure of the diol (100). No explanation was apnar=nt
for this isolated result, wnhich seriously reduced the |
yleld of (69).

Jones Oxidation of Saturated Alecohol (69)

The vroduct from the previous stev was taken

without further vurification, and a solutlon in acetone (1 m1)
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was oxidised with Jones' resmsent (75‘p1; 25O‘Pm01)~
After 2-% minutes, water (0.5 ml) was added, and ths mixture
extracted with benzene (2 x 5 ml). Evaporation of solwent
zave a colourless oll with a vronounced odour of mint.
GLC showed comrlete conversion of (69) into a new compound
(Ié&?? = 1420), The product was purified by reversed-phase
chromatogravhy (H1114-50%-LH20 methanol; SEV 90-110), to
give trhe saturated ketone BTO); 9 mg], in 354 overall vield
from desisopronylideneisonetasol (56),in the case of the
labelled sample. The two trial samnles gave 60-70% overall
yields of (70) at this staze. The purified ketcne (70) zave
¥* = 180 (C12H200 reocuires 180); Vmax(liquid £ilm) 171Ocm‘1.

Baever-Villicer Oxidation of Saturat=d Fetone (70)

Peroxytrifluoroacetic acid was orevared immediately
before use by =2dding,drorwise, trifluoroacetic anhydride
(250/;1) to a cusvension of 90% hydgg§en'peroxide (40 m1)
in methylene chloride (QSO‘FI; OOC) . 100‘31 of this
solution oxidlsed 200 umol of cholestanone (77 mg) to cgive
in quantitative yield the derived g-lactone (80 mg).

A solution of the saturated letone B?O); 9 mi}
in methylene chloride (QBO‘Pl) was stirreé}yith freshly
dried disodium hydrocen phosphate (35 mg) . The solution

of veroxytrifluoroacetic acid (3))ﬂ) was added over

20 minutes, with vigorous stirring to prevent coagulation
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1

of the solid phosphate bulfer, which chonzed to a summy
paste in the course of the reaction. Stirrinz wes continued
for 1 hour, wren the resction mixiture was diluted wiih
methylene chloride (2 ml), and the buffer sedimented by
centrifugation. The buffer was re-extracted by weshines with
water (1 ml) and ether (3 ml). The orsenic extracts were
combined to give by evavoration €-lactone (71) as a
colourless oil 9.6 mg; 989 yield from (70) . GLC showed
140°
a closely speced double peak (IOV__1 = 1670, 1675), and

GC-M3 wss consistent with the formation of a pair of

pimeric structures, the two components giving identical

©

mass svectra. C-4 was aszizned as the centre of epimerisation.

The norm2l mode of bond migration in the Baeyer-Villiger

92,109)
reaction would lead to the product formulated in

structure (71).

2,
=

The g-lactone (71) gave u* = 196 (012H2002 recuires

196); v (1icuid film) 1735 cm_1(s).

max

Mass 8pnectral Evidence for the Structure (71)

The mass svectrum of the &-lactone (71) gave a
gseries of radic=l-ions, the proposed seduence of
fregmentation beinz substantiated by metastable peaks
(Aprendix I). A seouence involving loss of acetaldehyde

R o AT . . .
to gilve the rragment [C1OH160]- of m/e 152 was implicit

in its subsecuent loss of eighieen mass uniis (HQO)



Flg. 2%a: Proposed Scheme of Mass Spectral Fragmentation
for &-Lactone (71)

m¥ 79,6
n* 118.1 n*¥68.4
A TN N

m/e: 196 152 w 96 81
m 60,6

2& 152
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MY m/e 196
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m/e 81 m/e 96 m/e 110 m/e 134
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Filg. 23b: Proposed Fragmentation of Some w -Substituted
Lactones11o’111)
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o
to zive the ion m/e 134 [CygH,,]%, indicated by the

metastable pesk nm

0]

118.1, and by lack of oither vposeibilitises
(Fig. 23%a). This was considered strone evidenc~ for a vart-
structure containing an €-lactone with a terminal methyl
substituent,

The analogous Y- and d-lactones (101,102) having

terminal methyl substituents (R = Me) have been found to

cive strong M-44 veaks, as did the unsubstituted lactones
110)
(R = H) . It was pronozed that this arose by loss of

CO0p in each case, thourh no high-resolution mass measurements
were mzde to confirm this fragmentation. Subsequently, it

has been found that (102) cave the M-58 peak rather than
M-bl yhen R was ethy1111), but the two resulta were not
apparently corr=lated. It seems highly likely that aldehyde
loss (M-RCHO) is the process actuzlly involved in the
fragmentation of the substituted §-lactones [(102);Fiz.27b],

in suprort of the ascignment mede for the Irazmentation

of €-lactone (71).
90, 94, 95)

Barbier-wWieland De~radation of &-Lactone (71)

The lnoctone [071); 9,6 mg, 49 pmol] was treated
with sn ethereal solution containing phenyl magnesiun
bromide (0.6 mmol), and stirred uvnder reflux overnight,
The adduct was “reated with lce-water (5 ml) containing

2 M sulphuric acid (1 ml), and the organic product
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extracted with ether (2 x 15 ml), Evaporation of solvent
gave an o1l (70 mg) with a strong aromatic odour. The oil
was warmed in vecuo until the voletile products (mainly
biphenyl) were removed, Without further examination, the
product was refluxed for 8 hours in aceiic acid (1 ml)
containing water (0,2 ml). Agueous base was then added 1o
DH 5.5-6, and the orzanic product exiracted in benzene

(3 x 5 ml). Evaporation yielded an oil, which was trested
with dry pyridine (0.1 ml) and acetic anhydride (0.3 ml),
and left in a stooneresd tube Tor 12 hours at room temnerature,
The reazents were removed by evsporeition of the azeoltrope
with ethanol. An orange crystalline material (20 me) was
obtained. The product was purified by straisht-phase
chromatocraphy (N1114-50%-1H20/benzene; SEV 50-56) and gave
the acetoxydivhenylethvlene [073); 10.2 mg], in 557 yield
based on (70): M+ = 376 (026H3202 requires 376);

i, L 1
Voo (licuid film) 3040 o Y(w), 1730 en™' (s), 1600 cm™'(m),

| _ -11 N . —11 1y A~ "'1 /..\ _._.n Oa4r _m,~1/_ R
15C -1 -1 21 ) -

1500 em” (m), 1255 cm™ (s), €80 cm” (m) and 815 em (s);
A\Et 112)

gi g;gH 551 nm (amax 11,500). [1,1—dinhenylethylene hasA

T\ man 250 nm (&, 11,000) ]

An epimeric mixture (1:1) was indicated by GLC

(Igﬁff = 2675,2685 ) and by 100 KHz KR (CDC1s)

T 9.29 (% 3H), 9.08 (% 2H), 9.03 (7H doublet, J = 6 c/s),
8,40 (% 3¢), &.10 (% 2E), 5.1 (1K multiplet), 4.1 (1H broad)

end 2,7-2,0 (104 comnlex).



Ruthenium Tetroxide Cleavnage of Acetoxydivhenvlethvlens (73)

Ruthenium tetroxide was prepared by stirrine a
susnension of ruthenium dioxide (9.6 mz) in water (1 ml)
containing sodium metapveriodote (50 mg) for 30 minutes, when
the black particles of the dioxide head comnletely dissolved.

50 pl of this solution (ca. 600 mz RuO,) was added
to a solution of acetoxydivhenylethylene [(73); 10,2 mg]
in acetone (1 ml), ond finely vowdersd sodium metsneriodate

L
i

(32 m”) was adifed in vportions durins 4 hours with continuous

stirrinz. Water (0.2 ml) was added over the same veriod.

ATter stirring for a further % hour, isonrovanol (0.5 ml)

was added to destroy excess reagent, and stirring wvas
con“inued for 20 minut=s., Acetone (5 ml) was =added to the
rezsction mixture, 2nd sodium iodate and ruthenium dioxlide
vere removed by centrifuzation. The precivitate was washed
twice more with acetone (5 ml) and the extracts wsre
combined and evavorated to 0.5 ml, 0.5 M sodium carbonate
(1.5 m1) was added, -nd the neutral fraction isolated by

extractine with bpenvzene (2 x 5 ml). Evavoration of solvents

O
OJ

cave the neutral products (8 ms). Analytical liqui

chromatosraphy™ (31114-50%-1320/benzene) showed the presence

of three veals, SEV 53, 58 and 64. Authentic benzophencne

oave a sincle vpesl, STV 64,on the same columm. The sample

ionisation dotac+or to rmonitor column effluznis,

# Usin~ the Hashti-S516vall cirenletine chein flame-
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was purified by straicht-phase chromatography (11114-50%-1420/

benzene; SEV 61-67) and collscted in three fractions.

The middle froction gave 1.435 mz benzovhenone, identicel
by GC-M8 to authentic benzophenone, which was used for
radioassay. The first and last fractions were combined to

zive benzophenone (1.2 mg),spectrosconically identical with
\ 140° +
an authentic s=mple; Iny_q = 1600; ¥7 = 182 (C13H1OO~

requires 182); vmpv(liduid film) 3080 cm"’(w), 1655 cm"1(s),

- -1
1450 cm 1(m), 13220 cm  (m),

EtOH
)3 kmaxq e

1600 cm—1(m), 1580 cm~1(w),
1280 cm-1(s) and 815 cm_1(s 53 mm (€., 16,500).

2 M sulphuric z2cid was =2dded dropwise to the arueous
sodium carbonate layer obtained above,to pH 2.5. The acidic
products of the cleavace reactlon were exirscted with
ethyl acetate (2 x 5 ml) and the combined extracts were
evaporated to give alrost pure acetoxy acid[}?B); Bl mg],
in 55% yield based on (73). The acid was treated with
ethereal diazomethane to sive the methylbester (76).
Anélytical 1linuid chromatocraohy showed a single peak
(N1114-50%-1LE20/benzene; SEV 57) and (76) was further
purified by the same orocedurs on a preparative-scale
column. The middle fraction of threes gave 1.990 m2z of the
methyl ester (76) which was used for radioassay after GC-1B

had established the identity of the vroduct. The remainder

of the s2mnle, contained in the first and third fractions
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gave a further 1.4 mz of product, identical by GC-118 to
methyl ester (76) obtained in trizls with unlabelied
material,

ethyl ester[ﬂ76); 10 mg] gave (as a mixture of

140° o+
evimers 1:1) IogyZ4 = 1655, 1675; i absent, K-60 = 196

(013H2204 recuires M = 256); ¥ (1icuid film) 1735 cm'1(s),

max
1255 em~1(s); 100 MHz NMR (CD013)‘t 9.20 (% 3H), 9.00 (% 2H)
8.92 (% 3H doublet, J = 6.5¢/s), 8.86 (% 3H doublet, J = 6,5¢/s)
8.01 (ZH), 7.62 (1H multiplet), 6.39 (3F), 5.06 (1H cusrtet

J = 6.5¢c/s).

Hvdrolysis of Methvl Ester (76) and Formation of S-Lactone (77)

¥ethyl ester B?é); 5 mg], from unlabelled méterial
used in preliminary trials, was hydrolysed for 40 minutes
in ethanol (1 ml) containing 3.5 ¥ agueous potassium
hydroxide (C.1 ml). The reaction mixture was extracted
with efhyl ccetate, which gave necligible quantitles of
product on evaporation, The acueous layer was acidified
with sulphuric acid to pH 3, and re-extiracted with ethyl
acetate to rive a colourless oil (3.5). The §-1lactone (77)
was identified by %17 and GC-}MS as the nor-homologue of

140°

+ hd
é-lactone (71): Igpq = 1570, 15803 M = 182 (Cq1H1g05

recuires 182): v_._(liouid film) 1735 cm™ ' (s). (iraces of

max

acetoxy acid (75) were avrarent in the IR spectrum.)

The mass spectrum of S-1actone (77) showed a



Fig. 24: Fragmentation of 8-Lactone (77)
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secuence of radical-lons similar to trat found for €-lsctonse
(71), suggesting a relationship between the two structures
(Fig. 24 and Apvendix I) and providing confirmetory evidence

for the specific removal of C-3 of the eremophilane skeleton,

3e3e5 Isolation of C-& of Isovetasol

Acetvlation of Desisopronvlideneisonetzsol (56)

Desisoprovylideneisopetasol {(56); 8.4 mg] was
treated with dry pyridine (C.1 ml) 2nd acetic anhydride
(0.3 m1l) and 1l=ft overnisght in a2 stoprered tube. The reagents
were removed by evavoraztion of th2 azeotrooe with ethenol,
The product, desisopronvlideneiconetasvl acetate (T78) was
obtained as a colourless oil (10,4 mg): Ié%‘1 = 1850;
Mt = 276 (c,,
1675 cm'1(s), 1625 em™ m), 1250 cm” (s),1045 cm”(m).

I_-L

”OO requires 236); v, (liquid film) 1735 cm—1(s)

Borohvdride Feduction of (7&)

A gsolution of desisopropylideneisonetasyl acetate
[(78), 10.4 mz ] in ethanol (1 ml) was treated with sodium
borohydride (3 mz), and stirred for 1 hour. Water (1 ml)
was added, and the product extracted twice with a mixture
of ethyl acetate (3 ml) and benzene (1 ml). On evaporation,
a colourless oil (10.4 mg) was obteined: 31C indicated at
least two peaks, 1’620 = 1800 (75%), 1810 (25%). GC-1S

ov-1
characterised the earlier veak =s the allylic alcohol (84);
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-+ 4 | T s ~ )
M = 238 (014h2203 recuires 23€), and the second peak as
the saturated alcohol (85); M¥* = 240 (2,,5.,0. recuires 240)
14510403 requlres 240),
The infra-red spectrur of the mixture gave V., (licuid film)
3450 cm'1(s), 1730 cm'j(s), 1655 cm'1(w), 1250 cm'?(s),
1040 cm'1(s).

103, 104)
Cleavace of (84) with Lemieux-Johnson Feagent

The mixture of saturated (85) and allylic (84)
alcohols was dissolved in a mixture of dioxan (0.3 ml)
and water (0.1 ml). Osmium tetroxvide (2.2 mg) was added,
and the mirture stirred until the crystals had diszolved,
with the formetion of 2 brown susnension after 1-2 hours,
Sodium metaperiodate (4 mg) was 2dded and the mixture was
decolorised. Stirring was continued, and further portions
of sodium metaperiodate were added (to a total of 32 mg)
whenever the brown coloration returned. After 30 hours,
water (0.1 ml) was added, and after 48 hours, the brown
colour ceased to form. A small aliouot was worked up, and
GLC indicated the disapvearasnce of the allylic alcohol (84),
while the saturated alcohol (85) resmained unchenged. &
later (2 ml) was added, and the orgzanic products extracted
twice with a mixture of ethyl acetate (3 ml) and benzene (1 ml).
Evaporation zave a brownish oil (12 mg). Analytical licuid
chromatozravny (N1114-50%-LE20/venzene) gave peaks

SEV 58, 100, 105, 142 and 148, The desired product,




112,

the acetoxyleto2lderyde (89), unlike most other struciures
that might heve arisen from the reaction, had no hydrozyl
functiinS and could thus he correlated with the ve=k at

SEV 58'9 . Provarative sevaration (N1114-50¢-LH20/benzene;
SEV 55-61) afforded this product (1.2 mg). Ko peak was
obtainable by GLC of this fraction. The sample gave

Viax (cCc1,) 2820 cm_1(w), 2710 cm—1(w), 1745 cm-1(shoulder),
1725 cm"T(s), 1710 cm'1(s), 1228 en~1(s) and 1018 cm~1(m);

the infra-red spvectrum obi2ined was consistent with the

structure of the acetoxvketoaldenyde (89). A sample (0.970 m=)

structure (89) being assumed for the purnoses of calculations.
A sample of (89) vrenared from unlabelled material

was Tound to have partly decomposed: Vﬁax 1755 cem—1

1710 em™! beinz diminished

appeara=d in the product, V..

Fal

in the process of descomposition. Mass spectrometry of this
sample (AEI ¥S-12; introduced on the vrobe) gave K* = 240
(013H2004 reouires 240).
The nroducts obtained from a fraction SEV 95-110
were Tound by GLC and GZ-IS to be the saturated alcohols (85)
as an evnimeric mixture (2.8 mg) Iéé?? = 1795 (20%), 1810 (70%).
The products obtained from a fraction SEV 130-160

ave a crystalline solid (3.6 me), 5LC indicating an

R

o
epimeric mixture, Ié§f1 = 1905 (25%), 1915 (75%).



.-OAc ~0Ac

(103) (104) X
.-0OAc , .-OAc
HO
(84) |
(105) (j"
OHC ~OAc . /l:;:i:f:],/OAc
HO HO
CHO
(107) (106) Ho ©
,IOAC ,fOAC
: HO
HO 0 0
OH CHO
(90)  OH (108)

-OAc - .-OAc
HO
CHO OH

(109) (110)



GC=IS5 zove no molecular ion, 2nd the highest frasment,

n/e 274, could not be ascrived as M-60; a peak occurred
also a% m/e 164, indicating thst a vprocess other than
de~acetylation was responsible for the first frarmentsiion.

Agsienment of Structurse (90) to the lMaior Product of

Lemieux-Johnson Cleavaze of (84)

100 ¥Hz ¥FKR of a solution in CDC'_L3 of the product
obtained above at SEV 130-160 gave sicnals T:

9.14 (3H, doublet, J = €c/s), 11 (3H), 8,2-8.,6 (8H complex),

7.94 (3H), 7.75 (18 multivnlet), 7.52 (1H doublet, J = 9¢/s),
32 (1H, multinlet), 4,67 (1H, doublet, J = 9c¢/ )

4,35 (1H,trivlet 7 = 1 ¢/s).

The hizh fleld resion of the spectrum suzcested
that the structure of ring A was intact. This was further
confirmed by svin-decoupling evneriments, and correlation
of these results with data for isovpetasyl acétate (103).

The four additional protons in the comnlex region ascribed
to rin- methylene resonsnce suggested that a part of ring B
was also unchanged, as in part structure (104). This was
not unexnected, as the reaction of the Lemleux-Johnson
reagent1oj) would be confined to C¢-8, C-9 and C~10 of

the allylic alcohol (&4), producinz as an intermediate,

via the osmate ester (105), the =scetoxytriol (106).

Periocdate cleavace would then give one of the product
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formulated as (107) or (108). The further cleavage of the
X-hydroxyaldehyde may be slower than the first step, and it
seemed hirhly 1likely that this was the stage at wiiich a
side-reaction may have occurrad,

The relative intensity of infra-red absorption
bands Ypax 1730 cm_1 and 1255 cm“1, the lower frequency
band beinz the more intense, suzsested strongly that these
derived solely from the acetate grouo, and that carbonyl
absorvtion from other sources was absent. This excluded the

2111ty of an alidol-tyve corndensation siving rise to

ko]
e}
[95]
n
e

the product obtained, Hemiecetals, as in structure (109)

n

were also excluded by the physical data, not only by
infra-red absorotion, but also by the lack of NMR sicnals
due to allylic orotons, hydrogen &~ to carbonyl srouns,
or aldexyde nrotons (down to T= -5.0), Only the
bis-hemiacetals (90) and (110) were well fitted to the
svectrosconic evidence for the structure. The presence in
the infra-red spectrum of strong O-H stretching absorntion
at 3400 cm~1,and a comnlex series of bands in the ranve
1140-960 cm"1 aseicned to C-0 stratching modes, suprorted
this =allocation.

Exchanre with DQO zave further evidence fronm the
NI'R spectrum that vprompted the assignment of structurc (c0).

After exchanre, the signals at T= T.52 disapreared, and



Fig. 25: NMR Assignments for the Structure of the
Acetoxy-bis-hemiacetal (90), and Postulated

Derivation of Mass Spectral Ions
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that observad at T= 4,67 collapsed to o sharp sinelet,
consistent with the isolated carbinol system as in (90).
Irradiation 2t T= 8,5 sharvened the sirm

1a T-= 4025,

[s+]
ck

indicating the adjacency of this oproton to ring methylene
(Fiz. 25). The low field of this signal was inconsistent
with a simnle corbinol as in (110), but better exvlained
as a hemiacetal as in (90),.

The mass spcetrum (Apnendix I) could be interpreted
favourably in terms of structure (90). It was necessary to
postulate loss of weater as a primary fre-mentation nrocess,
followed by other los=zes in the normal manner. The peslk
at m/e 224 may be formulated as M-18-46, =scribed to the
loss of formic acid as a second fragmentation (Fig. 25).
De-acetylation of this ion would then give the base pezk,
m/e 164, With forelknowledze of their exmected locntion,
the molecular ion, m/e 288, and M-18 peaks were just
discernible.

There apveared to pe no direct analogy for this
reaction, but no referencs was found to the use of this
rearent with a cyclic allylic alcohol as in this instance.
In the orizinael revnort of the osmium tetroxide-catalysed
periocate cleavoge of double bonds, Johnson mentioned that
2lds of adivaldehyde when the

103)
reactlon wes carried out in dioxan . He sugeested

<ry
v
o

cyclonexene oave poor
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rrom Dauben et al :

0 = e

CcO
(111) ' HO/(112)
_OAc HOH2C
NaBH
HO™ 0 OH 24 hrs H2C
(s0) OH (91)
/NaIOa/Et2O
ROH2C /’OAC
0
(92)° R=H

(93) R= Ac
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a cyclised by-vroduct of the adivnaldenhyde as 2 cause of the
loss in yield, but mzde no investizetion a2s to i1ts noture.
Dauben =nd co-workers, investiszating the ozonolvysis

R J

cyclic enone syshtem, e.c. (111 , found the product (112)
_ 13)
instead of the expected ozonide .

Further cinemical evidence for the structure (90)

w23 provided by the succeedinsz reactions.,

Borohvdride Reduction of Acetoxy-his-Hemincetal (90)

Attempied oxidative cleavaze of acetovy-bis-hemlac~tal

(90) was unsuccessful, neither veriodic =2cid (in ether) n
105)
sodium bismuthate (in acetic ecid) producing any

chernge in the starting materlal, as Judged by TLC of the

reaction mixture, and IR of the recovered samrle.
Reduction was carried out with sodium borohydride

(2 mg) in ethanol (1 ml), the course of the reaction bheing

followed by ™LC. A spot at Ry 0.75 disepveared (Silicarel-G/

®
£

thyl acetate-petrol 600-800 3:1), and material sccumulate
on the baseline. The reaction was comvlete after 24 hours;
further sodium borohvdride (2 mz) was added at 12 Lours
to revlenish trhat lost by hydrolysis.

Simple exrtraction of the reaction mixture failed to

JQ

afford any nroduct, but after adding approximately 10 ul
ethylene glycol to the acueous mixture, = nroduct could be

extracted which shoved Re 0.2 (TLC system as above).



Evaporation of solvents gave a colourless oil (2.0 n=).
The behaviour described above was suzzesiive of the
Tormation of & borate-vic-diol ester comnlex, snd edded
supnort to the assiznment of the structure of the
acetoxytriol (91) to the vroduct of this reaction.

114)
Periodate Cleavage of Acetoxytriol (91)

A saturated solution of periodic acid was
vrepared in ether, and this solution weos added to the
product (91) obtained above, dissolved in ether (0,75 ml).
A vhite precinitate of iodic acid was formed with c-eh
of reagent added, until this effect became obscured. Addition
dronwise was continued, until after 5 minutes standinz,
the mixture retained oxidising activity to starch-iodide
paver, Excess periodate was destroyed with ethvlene zlvcol,
as sodium metabisulrhite had 2pnarently nromoted a side
reactién in an earlier trial. This measure precluded
recovery of labelled formaldehyde from the reactlon mixture,

TLC of the vroduct indicated two snots, Rg 0.8 and “
0.9 (TIC system as ahove), the more volar being the major
product. Analytical licuid chromatogravhy (N1114-507-LH20/
benzene) rave three venks, SEV 54, 79 and 109, the last
eluted beines the major vroduct. A nreparstive separation
(W1114-50%-1.520 /oenzene; SRV 100-120) gave this product

(1.2 mg), to which the structure (92) was assicned.



Fig. 26: Postulated Mass Spectral Fragmentation of
bis-Acetoxyketone (93)
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Acetvlation of Acetorviimtol (92)

+3

.0
he =cetoxyketol (92), VI&?% = 1760, was acetylet=d

by normal procedures (acetic anhvdride-pyridine) to zive
bis-acetoxyketone (93), recovered as an oil (1.4 mm) from
the reaction mixture, and purified by straisht-vhase
chromatography (W1114-50%-1H20/benzene; SEV 50-58). The
bulk of the recovered s=mnle (0,880 me) was used for

radioassay, the remaininz 0.2 mp belins characterised 2s

is~-scotoxyketone (93) by GLC and GCO-KES. The samnle rave

o}
72r
ona peak,lo§‘1 = 1900; the molecular ion was absent from
the mass spectrum (Appendix I),but abundant peaks m/e 224

and 164 could be vostulated as M-60 and M-120 ions
(C15H2405 recuires EY = 284), The base veak, m/e 124,

was observed for the analogous molecules of the acetylenic
ketone (80), and the acetoxydiketone (81) and could be
deriveé by Lelafferty resrrenzement of the molecular ions,
followed by dencetylation of their common fregment,m/e 184,
This mode of fragmentation served as further evidence

for the structure (93).
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TABLE 18

Radiochemical determinations and manipulations

Side~chain determination

Specific
Sample and Source Radiocactivity | Weight | Activity
dpm mg dpm/pumol
Isopetasol - leaf 184,2 + 1% 1.550 27.8
- flower 73.6 + 1% 0.460 37.4
Desisopropylidene-
isopetasol - leaf 48,1 * 1% 0.520 17.9
- flower 80.4 *t 1% 0,645 24.4
b) Iodoform determination
Back- Specifid
Source Count |[ground |Efficiency| d.p.m, | Weight | Activity
c/mhl c/min mng dpm/pmol
Leaf 60.5 | 23,5 62% 59.9 4.6 5.13
Plower 56,1 | 29.9 74% 33,9 2.1 6.36
c¢) Combination and dilution of Desisopropylideneisopetasol (56)
samples from leaf and flower feedings
Weight Radioactivity
mg dpm
Leaf 18,2 1680
Flower 12,9 1620
Unlabelled 30.6 -
Combined Sample 61.7 3300
dpm estimated
Counting sample 1.44 75.8
dpm measured




TABLE 18

(Contd)

d) -3 and C-9 determinations

(93)AcOCH\V/j;£:E:rrOAc

Radio- Specific

activity | Weight | Activity

dpm mg dpm/umol
(56) m 75.8 1.44 | 10.2
(74) /g\qs 39.4 T1%| 1.435 5.0
(76) 40,5 L1 1,990 5,2

COj%e
(89) (;b'o"c 21,0 f29{ 0,97 5.25
OHC

16,4 f2¢| 0,880 5.3
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3.3.6 Radiosasay of Decradation Produets

Radioassay of derradation vroducts wag obtained
using the Philins Kodel PW 4570 Liquid Seintillation
Anslyser, under the conditions described on vp. 94-5
Samples were determined by direct weighing in the countinz
vial, usin~ a micro-2n=2lvitical balance (+ B.P ). Resulis

vere obtained as in Table 18,

(14

C)Iodoform was counted under quenched conditions

-a 2

in toluene scintillator, Maximum efficiency waos obtained

in the tritium channel., Countins parameters were determined
separat=ly for each samnle, background by countinz 2 solution
containing an esuivelent quantity of unlabelled iodoform,

end efficiency by internal standardisation. Reference

lI’L(J-I-Iexadec:_?ne; Radiochemical Sentre,

stendard (10,000 dom
Amersham) was added to each sampnle after the determination
of sample radioactivity. These resulis were obteined using
the Nuclear Chicago Mark I Liouid Scintillation Sysiem.

Our thanks exterd to Dr. R. Fraser snd Dr. A.F. Lever,

of the M.R.C. 3lood Pressure Research Unit, Western

Infirmary, Glaszow, for the use of thelr instrument.
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4 BICCHEKISZTRY AND METABOTLISH OF MEVALOWNIZ AGID

TN PUTASITES UYRRIDUS

4,1.1 Introduct

I—l-

QY

]

: The Metabolie Status of Fevalonice Acid

in Pizher Flants

The study of terpenoid biosynthesis in vivo in
plants has demonstrated one menerally consistent result:

the incorvoration of mevalonic zcid into the compounds under
15,16,115)

Investigation has rarely shown the success that
66)
has been obtained with mammalian systems .
‘ 17, 116)
Only the sterols, as a general class , and a
few isolated compounds such as gossyrol (from cotton roots
117)
and buds) and geraniol-p-D-=lucopyranoside (from rose
84, 85)
petals) , which avnear to havs some unusual metabolic

role in these plants, have shown incorporation in excess of
1%, = level considered by many workers to be a minimum
requirement for a significant result. It might avpear from
such data that mevalenic acld was not the true precursor

of the terrenoids in higher plants,., The successful -
demonstration of a specific labellins pattern in terpenoids
in a number of examnles115) surcested that the above

conclusion was erroneocus. Joodwin has found that an excess

of unlabelled mevalonic acid consiberahly diluted the

118)
Incorvoration of (2-140) sodium acetate into carotenoids .

He concluded, 2s a result of comparisons between CO,, acetate



121.

»
]

@l

d mevalonate feedings, that noor incorporation of thse
latter precursors wes due to failure of the precursgor to
penetrate to the site of synthesis, and not beczuse of the
existence of an entirely novel biosynthetic pathway,

This observation stressed the fact that the plent is
an extremely complex organism, Higher plants are in general
autotrophic, and use carbon dioxide as sole carbon source:

Q
this was one of the earliest concluzions of plant ph*siology11d)
In contrast to the liver cell, which has adapted to recsive
assimilates from an external source, the cells of the green
leaf are vrimarily concerned with the export of products of

120, 121)
photosynthesis, mainly as sucrose . 'Feeding' of a
precursor is an unnatural menirulation, and may require
reversal of normal processes of transport, not only within
the plant as a whole, but =21so from one location to another
within 'the cell. It should not come 2s a surprise to find
that some such reversals turn out to be unfavourable. As a
further complication, synthesis may be concentrated in a
15,122)
specific phase of develovment and incorporation may
then be observed only if feeding coincides with a peribd
84)
of synthesis .
The poor incorporation probably led some early

workers to 2llow excessive periods for metabolism of the

Precursor, on the assumption that utilisation of the tracer
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was a slow mrocess, and that gredusl szcecumulstion should
incrzase the overnall radiosctivity of the terpenoids.

However, Ariconi reported randomisaiion of latel in cineole

127)
from Eucalvrtus £lobulus , while Birch, feeding over a
124)
very much shorter vperiod, obtained gnecific labelling .

The situation was clarified by Battu and Youncken, who found

in Mentha niverita that (2-146) MVA was degraded to 14CO

N

2’
125)
114 of the radioactivity beinz collected over fourteen days .

\

The randomly labelled monotervenoids isolsted had evidently

. 14 -
incorporated CO, to a greater extent, end direct
incorroration from mevalonate was obscured, ¥Waller =nd

14

co-workers found that radioczctivity from (2- C) MVA

administered to MNeneta caotaris was found in nepetalactone

(o]

126

after a few hours c . Little variation in incorporation
occurred over the first 5-& days, but thereafter, the

. 14 .
radioactivity was increased. Again 002 evolution was
observed, and it seems 1likely that a first ovhase of specific
labellin~ was followed by rendom labeliing (thoush this was
not the conclusion drawn by these authors). Loomis and

Burbott, also investigatinz Mentha piverite monoterpenoids,

used a variety of precurso§s, and found ravid incorvoration
15,127

from glucose and 002 ’ but no incorvoretion from

mevalonate. This contradicted the idea that synthesis was

the slow process sugsested by results obtained using



14 - crs
(2-""¢) mva, (Higher plants have a tendency to use
fundamental, rather than specific, vrecursors: Steward ond
Bidwell found more ready utilisation of €0p and girucose than
128)
amino acids in vrotein synthesis .) Hefendenl and

co-workers also commared the efficiency of precursors in

Fentka piperita, and obtained increasing incormoration for

the series (1—140) acetate, (2-140) acetate and (2-140) VA
Sodium acetate, at a loading of 5 umol/g fresh weichi, was
found to give maximum incorvoration after 96 hours., These
workers also found that C0o was incormorated more effectively
(by a factor of 2500) in light rather than dark growing
conditions.

The original deduction by Goedwin, that low
incorporation arose from failure of gevalonic acid to
penetrate to the site of s:-ynthesis1‘1 { has been elaborated
as a mechanism for the rezulation of terpenoid biosynthesis
in higher plants17’130). This hypothesis, develoned from
observations with creening etiolated tissues, postulated
the existence of a combination of enzyme segre§%$%on in
organelles and substructures of the plant cell , and a
comparative impermeabllity of the membranes to metabolites
including MVA17’1;?). The overall effect would be the

intracellular separation of synthetic pathwesys into

'chloroplastidic' and 'extra-chloroplastidic' compartments.

129)

L]
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Synthesis of phytol, corotencids and terpenoid duinones

would occur onlyv within thre choloplast, from endogenous
precursors, while production of sterols and ubicuinone,
occurring outside the chloroplast, would be accessible to
exogenous MVA. COp, in contrast, would penctrate to the
chloroplast more effectively. A recent result reported by

17 .
Hi11l, Shah and Rogers1jj) has added supprort to ths hynothesis;

in ripened tomeato fruit, the senescent chloroplasts aprveared

3

to lose their impermeability to some extent. Althous

(]

glyoxalate incorporation decreased, indicstive og a reduction
in overall synthesis of chlorovnlast terpenoids17 - an
exvected conseauence of senescence -~ incorporation of
mevalonate into these compounds was increased, This could
only be interoreted as an increased penetratioh of the
precursor to the site of synthesis.
| While the intracellular location of carotenolds and
terpenoid guinones in the chlor?gé?st was demonstrated by
fractionation of the orsanelles )11,)no comparable study
of lower terpencids has been made ° . Some success has
been obtained from morvholozsical studies, which indicated
specialised multi-cellular structures, tne glandular
15,125, 134)
trichomes, a2s the location of essential oils .
However, it is not comnletely certain whether these

Structures serve as synthetic or storage centres,



Heinrich has reported methnods for distinsuishing volatile

LA vL L L

and non-volatile lipovhilic constituents in electron
1%5)

microscoony » In fruit of Poncirug trifoliata, he has

found essential oil to be located solely in intact glond
cells;this o0il had a dsmaging effect when avnlied to other
cells. Evidence was presented for the synthesis of the
volatile oil in the nlastids of the zland cells, These
plastids had not develoved as photosynthetically active
chlorovnlasts, and apneared to be specialised for vroduction
of the lower ternenoids.

It may be possible that such cellular units rely
mainly on sucrose as a carbon source, and thus neiﬁher 14602
nor evogenous mevalonate effectively penstrate to the site
of synthesis. Circumstantial evidence for such a view has
been provided by Loomis, who found glucose to be the most
effective nrecursor, of several that were examined (not 157)
including sucrose), for monoterpenoids in ¥en'ths viverita

15) .
and Purulus Tupulus . Toomis also found that direct -

estimation of monotermenoids of M. piperita indicated

that accumulation, and hence, synthesis, continued throush

14 :
the maturity of the 1leaf, §hereas €0, incornoration only
15
occurred in young leaves . No label f?o? mevalonic acid
5
could be detected in the monoternenoids o



One vpoint that rmust be emphasised in the invegstigation
of termenoid tiosynthesis is the necessity for rigorous
purificotion of samples. The low incorporation, counled
with the comvaratively large cuantities of essentisl oils,
may result in dilution of specifie activity by a factor
of 106. Traces of impurities in 2 samnle could thus nccount
for a1l the radioactivity, and radiochemical homogeneity
is satisfactorily vroved only by the succesaful degradation
and isolation of the label, Thus it has been revorted that
TLC of extracts of carrot slices gave high
o- 2nd B-cerotene, dbut further purificetion finally yielded

136)
completely unlabelled samples of these compounds .
A labelled imnurity, present in such a semvle, may be
selectively removed at a certain staze of a degradation

sequence, and a spurious result, indicating an asymmetric

labelline vattern, may thus be obtained.



4,2 FELSULT3 AND DISOU3SION

4,2.1 Preliminary Feedines and Plan of Txmerimentsg

An exploratory investisation of petasin biosynthesis
was carried out by Dr. G.Y, Draffan and Dr. J.A. Zabkiewicz5
7
and the results were recorded in full in an earlier thesis .

2 14 ~] ~ 14 FA
It ves found that both (2-'"C) acetate and (2- 'C) mevalonate,
wick-fed via the petiole with the allowance of periods of
4-14 days for metabolism, were incorporated to a very slight

extent in the leaf (0.003 - 0,010%), and not at all into the

rhizome and roots. This wne consistent with the resulte of
1

ts
115)
other workers . ‘
The object of this part of the investization
concerned the possible r=asons for the failure of the plant
to utilise erogenous mevalonate as a precursor in petasin
biosynthesis. It was considered that three factors may have
contribtutsd to the results obtained above.
- Pirst the distrihuvtion of the tracer was investigated:
If tissues had failed to receive the orecursor, no incorporation
could be expected. It was also useful to know how the rate of
distribution might affect the utilisation of the precursor.
Secondly, the intracellular uptake of label would be indicated
in the plant by the utilisation of mevalonate in vathways
other than that leadinz to petasin. The production of

17,115)
phytosterols, which on the basis of published evidence
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would Dbe expected to utilise efficiently fhe exozenous
mevalonate, could exert a particularly stronz competitive
effect on the nool of labelled mevalonate available for
petasin biosynthesis, The use of inhibitors of the sterol
137,138)
pathway should to some extent counteract the effects
of competition for nrecursor, assuming that these compounds
would not also influence vetasin biosyﬁthesis adversely.
Finaglly the effects of commertmentation could be
asscssed by the use of more fundamental labelled vrecursors
such as 14COE. In the first instance, this would confirm
that synthesis of petasin ozcurred under the conditions of
the experiments. An estimate of the rate of conversion from
14C02 to petasin could also be obtained by this method,
and a comparative indication of the accesslbility of “‘co‘,2

and its immediate metabolites to the site of petasin

biosynihesis in P. hybridus could be assessed.

14

4,2,2 Distribution of (2- '¢) Mevalonolactone, and

Effect on Petasin Riosvnthesis

It wos already known that (2—140) mevalonolactone
(MVAL) was not incorporated into vetasin in the rhizome,
In the first ~xveriment, a plont having two mature leaves
and two emercent leaves was fed with (2-140-3§§) M7AL, 6 pOi

being administered by the wick method to each of the mature
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leaves. The emerzent 1eaves>Were not fed. After ten days,
vhen it wes considered that the location of the tracer would
have become stabilised, the plant was cronned, and divided
into 'mature leaf', 'young leaf' and rhizome. These parts
were extracted separately, first with benzene, and then with
vater, and each extract assayed for radioactivity. The dried
residues after aquéous extraction were éssayed by vyreolysis
and collection of 1sbelled GOQ. The results are shown in
Table 19,

Only the leaves that had been Ted metabolised MVAL
to give henzene-soluble products. There was translocation
of label to other varts of the plant, but without conversion
into benzene-soluble terpenoids. This observation was
significant because it implied that tracer did not reach the
rhizome in the form of mevalonic acid. This was further
demonstrated by alkaline hydrolysis of benzene extracts.
Radioactivity due to tervenoids would be exvected to remain
in the non-sanonifiable fraction; non-terpenoid lipids would
be destroyed hy this treatment, and radioactivity from this
source would be concentrated in the acueous base-soluble

n

fraction of the hydrolysate. Wnile the mature leaf extiract
retained the bulk of its radioactivity in the non-saponifiable
fraction, the other two extracts contained a creater

Proportion of radioactivity in acyl lipids (Teble 19).
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It would =zonear that treasiosastion to the rhigzome
had oscurrad only aftzr degrad-tion of VAL, thouzh the
nzature of the nroducts wes not determined. Resviratory CO?
vwas collected in the course of the exveriment, and the net
evolution over ten days is indicated in Table 19, Under the
conditions of the exveriment, partial re-~incorporation of
evolved 602 wes likely to have taken pléce, and this may
have accounted for the entire radicactivity in the 'young
leaf' fraction,

Distribution of the lebel within the leaf was
investizated in a further experiment by autoradiography of
ginzle leaf ssmrles. Four leaves, each at apopreximately the
same stage of develoopment (semi-mature) were fed with
(2-140) KVAL, 1 pCl being administered by the wick method.
The conditions were such that the tracer solution was taken
up in %0-40 minutes. The leaves were vermitted to e¢row for
3, 6, 12 and 24 hours, when autoradiozrams were made of the
frozen leaf specimens.

After 3 - € hours, the tracer was found to be
concentrated in the netiole and the main veins of the leaf,
At 12 hours, the radioactivity had transferred to minor
leaf veins (Fig. 27). A dramntic changze occurred =~fier
24 hours, when the radioasctivity had accumulated in the

resophyll, While the first twelve hours of assimilation




Table 20: Distribution of Radioactivity in Leaf Parts Dissected
After 6 Hours' Assimilation of Tracer Solution

Feeding Results g (Fresh Weight)
fethod and Radiocactivity dpm x 10"'3
Conditions Upstream {Downstream| Veins Proximal |[Distal
Petiole Petiole Leaf Zone|Leaf Zone

ot VAL - 0.45 | 0.65 | 0.65 | 1,05
in Water - 1215 231 471 117
St - 0,45 0.60 | 0.65 0.95
1 uCi MVAL 0.4 058 0 0.9
0.2 M Sucrose - 4 4 4

Tv'
§°522“M%X§k 0.90 0,30 0,45 0,60 0,95
in Water 51 607 163 352 255
Cott Wick
1opc§nmvig 0.45 0,25 0,25 0.45 0,75
0,2 M Sucrose 42 472 129 396 | 444
goiggnMgXCk 0.65 0,30 0,40 0,65 0,90
0.05 M tris 2 703 171 242 227

pH 8,5
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LEAF ZONE
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(Nine excised™ ",
as depicted)
'DOWNSTREAM' : 'UPSTREAM' PORTION
"PORTION OF PETIOLE OF PETIOLE

Fig, 28:Dissection of P, hybridus Leaf

1) Upstream Portion of Petiole
1i) Downstream Portion of Petiloe
11i1) Veins

iv) Proximal Leaf Zone
 v) Distal Leaf Zone



had follen in 2 period of 1llumination, only this last samole
woes allowed to continue distribution of tracer throush a
veriod of deorimess., It wos not determined whether the time
factor alone, or the darlness, was responsible for the
complete translocation of MVAL into the mesoovhyll.

The effect of certain other factors on the distribution
of radioactivity wes investigated by a2 third exveriment,
Five leaves were selected, and two were fed by dipring the
cut end of the retiole inﬁo a colution containing (2—140)
MVAL, and the remalning leaves were fed by the wick method.
Sucrose (0.2 ¥) was introduzed intc some tracer solutions
to investizate the effect of csmotic vroperties on
assimilation., After 6 hours, leaves were discsected sccording
to the scheme detailed in Fig., 28, and each rart extracted

' fraction contaired

separately in isoorovanol. (The 'vein
specific2llr the nine major veins shown in the sketch.)
The results (Table 20) indicated that the tracer
was most effectively moved to the leaf by wicl feeding in
the presences of sucrose, althous™ some reservations may

attach to a2 single result of thic nature. It was conzider=4
that excessively hypotonic solutions (i.e. of orecursor
alone) might obstruct to some extent the normal transpiration
by causing local swelling of the cells of the petiole. The

concentration (0,2 1) of the sucrose was chosen so =28 not to




Fig, 29: Interconversion of Mevalonic Acid and
- Mevalonolactone in P. hybridus Leaf Tissue

(From Proximal Leaf Extracts, Table 20)
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excesd the expected tonlcity of the plent fluids.

A comperison ves 2ls0 made of the distribution of mevelonats
as the s21% and in the lactone form, Rouilibration of +the

two Torms in the plant was indicated by radio-scanning of

[

TLC plates of the extracts of the proxiral lezf-zone. Frees
acid was demonstrated from feedings of LVAL (Fig. 29), and
conversely, smgll amounts of lactone were formed from the

feeding of free mevalonic acid (¥VA)., The interconversion

0]

may have been promoited by endorsnous acids vpresent in leaf
or petiole fluids.

Sut-stem fe~dings resulted in substantial wetting
of the outside of the petiole; it was doubtful whether all
the radioactivity found in the petiole (Tanle 20) could be
regarded as oroperlv assimilated,

These r=sults rermit a number of reneral provositions
to be made with re~2rd to wick-Teedinzg of mevalonate. The
laclz of incorvoration of latel from (”— C) VAL into petasin
esters in the rhizome would be easily exvlained by the poor
translocation in this direction. The apnarently exclusive
transovort of MVAL towards the leaf suggeg?ed that the tracer
entered the xylem transpiration stream13# . The first
24 hours of a wick feeding avveared to be involved vrimarily

in transport rather then metabolism of the precursor., This

lagt regsult was of creect imrortence for estimation of the




Table 21: Utilisation of (2-140) Mevalonolactone in

P, hybridus Leaves

Feeding 12 hr {24 hr |48 hr ‘
Isopropanocl Extract 76.,4% | 56.8% |45,2%
Tissue Residuesa) 12,9% | 18,8% |23,1%
Re
Product: 1 2 3
Squalene - |0.80 0,96 0,99 |0,1% |0.,3% [0.,2%
Sterol Ester 0,40 0,92 0,99 | 8,7% |13,0% |14,2%
2,3-0xidosqualene 0.22 0,90 0,99 0,1% |0,3% |0,2%
Free Sterol 0 0,30 0,96 |8,1% |7.7% |8,1%
Other Unidentified 0,1% |0,9%
" o P 0.1% Lo, | 4.9
1 1 c) 0‘2% 2.3%
Mevalonolactone 0 0 0,68 | 47,8% |20,5% {11,2%
Mevalonic Acid 0 0 0,5 | 11,5%|14,5% |2,1%
Polar Compound 0 0 0,18 - trace |1,8%

TLC Systems (Silicagel=G)
1) 1% Ethyl Acetate/99% Petroleum Ether 60°-80°
2) 25% Ethyl Acetate/75% Petroleum Ether 60°-80°
3) Benzene-Chloroform-Methanol-Acetic Acid 4:8:3:1 (v/v)

Notes a) Results obtained by digestion of tissue residues in
'Soluene! Scintillation Medium
b) Associated with Esterified Sterol Glycoside band
c) Associated with Sterol Glycoside band



time to be allowed for utilisstion of precursor in feedinc

experiments,

4,2.3  Utilisation of Nevalonic Acid in P. hybridus

The experiments described in the vrevious section
demonstrated the translocation of label into the leaf, =and
jts distribution into the mesophvll. The actual uptake of the

Y

vrecurzor into leaf cells should then be indicated by its

et

ti

o
—

isation in terpenoid hiosynthesis, though not necesszrily

g
=

gesouiterpenoid pathways. The TLC scans ohtained in the
previous experiment demonstrated some incorporation into
products more mobile than MVAL, within 6 hours of feeding.
Utilisation of MVAL was investicated by fe=ding of
the precursor to le-f specimens for 12 and 24 hour periods
of assimilation. In addition, a sampnle of the extract was
. available from the 90 pS1 bulk feedinz, where 48 hours had
been allovwed for metabolism. The total isopronanol extract
was assayed for radioactivity, and radioactivity in tissue
residues was also measured (Table 21). Two points were
apnarent: the disaprecorance of radioactivity from the lesf
(extract plus residue) and the increased fixation of tracer
into a non-extractable form. (The results were not comparable
with those of Table 19 because isoprovanol was a more

efficient extractinz solvent than benzene,) Ketabolites of



the tracer were investirated by TILC and scanning of extracts
for radionctivity,

Cnly two major radiceoctive vones could be
distinruished, other than unchanved LVA =and MVAIL; these
corresnonded to free sterol and sterol ester bands on the

TIC

d
-

ate (Tahle 21), The 12 hour feedinz showed only

traces of radioactivity in other bands, but a number of

minor vesks were obvtained z2fter lonmer veriods of metabolism,
Four of these vesks were tentatively identified 2s spnecific
precursors or metabolites of the sterols, Soualene and

2, J-oridosnualene vere identified by comwparison of Rf values -
in TIC with those of authentic samples.(We thank Dr. T..J. Goad
of the Devartment of Blochemistry, University of Livervpool,
for a sample of 2,3-oxidosocualene.) GIC also indicated the
pregsence of hotr these commounds in the ektract, after
vartial vurification to remove wax constituents heving
sipilar retention charecteristics. 3aualene was confirmed

by comparison with authentic snualene by GC-MNS, Sterol
glycogide and esterified sterol ¢lvcoside were correlated
with two veaks of polarity intermedlate Detween free sterol

and MVAL, and had already been identified in F. hybridus

extracts (section 2.2.5). “uite avoreciable amounts of

radioactivity were associnted with these latter peaks.

Three veaks remoined unidentified: their behaviour




zr
S

on a cel-filtration column sus-esied that the two less nolar

peaks were due to hirsh molecular weisht commounds. The 7.0
band (Re 0.74; TLC syster 'b', Table 21) corresnondinz to
one of these mealks was extracted. Only one comronent was
=~0

found by GLC (Ig§_1 = 2900), GC-M¥3 gavs =2 molecular ion,
m/e 610, 1% of the base pezk, m/e 383, but the mass spectrum
could not be corrslated with a known comnound., It was also
possible that the radioactivitv could he associated‘with a
compound of still higher molecular weirht, which was not
detectable by GLC. The volar veak (Re 0,18; TLC gystem 'c',
Table 21) 2pneared to be comparable in rolecular size to
MVA eand MYAL, Non-svpecific enzymic oxidstion of MVA, vhich
would not differentiate between the enantiomers, could have
given rise to 3-hvdroxy-3-methylglutaric acid (HMG) from the
38-mevalonic acid remaining after utilisation of the 3R-
“isomer.’ The results in 7eneral suzrested that dezredation
of the unnatural enantiomer hacé occurred, as indicated by the
decrease in radioactivity measured in the MVA and MVATL. bands.

In another exveriment, the sterol comronents were
isolated from the savonified benzene leaf extract. Further
purification mave a sterol froction which was agsayed for
radioactivity. Total incorporation into sterols was 15,5%

after six days, and 12,99 after eleven days. The stercl

fraction was also exarined hy 3C0-M3, and its comvonents were




Table 22: Acetylated Components of the Sterol Fraction
of P, hybridus Leaves: Identification by GC-MSl4O)

Compound Igg?; Mt Base Peak
Campesteryl acetate 3290 442 382
Stigmasteryl acetate 3330 454 394
B-Sitosteryl acetate 3390 456 396
Cycloartenyl acetate 3420 468 69
24-Methylene 3475 482 43
cycloartenyl acetate
Citrostadienyl acetate 3495 468 327




1%6.

140)
ed (see also section 2.2.3). The three

=

thus identif

N

cornonents of the normal (unhydrolvsed) st-rol frection

v
o P

were pre

o]

ent; in addition, a number of other comnonents
were identified as dx-methylsterol =nd 4,4-dimethylsierols,
which ha2d onparently been ovresent in the vlant mainly in
the esterified form (Table 22).

The synthesis of sterols in P, hvbridus leaves

indicated that MVAL had effectively vensetrated to an
intracelluler location. The incorvoration of radiozctivity
selectively into the sterols suzrested that a compartmentaztion
effect overated on sescuitervnenoid biosinthegis, that could
be anmlozous to, but not necessarily identical witk, that
17,130)

provosed by Goodwin for chloroplast ternenoids . This -
would reauire confirmation, by the use of other tracers, to
demonstrate concurrent synthesis of both sterols and
sesquitervenoids.

The results also indicated that mevalonolactohe was
as satisfactory a precursor as the free acid, by virtue
of its easy conversion in vnlant tis=ues to the latter form.
There would apnear to ve little advantage in allowing
protracted periods for metabolism, as the labelled precursor

was found to be rapidly denleted.




42 4 Effects of Smmthetic Inhibitors on Sesoulteresnold

and 3terel Prodnetion

The observations reported in the vreavious section
14
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indicate C-ZR3) MVAL appeared
in sterols with zood iﬁcorporation, but was only found in
small amounts in the sescuiterpenoid constituents. The
intention in this experiment was to reduce sterol synthesis
by specific inhibltion, and so to observe the effect on
sesculterpenoid incornoration crea?c?)by relaxation of
competition for labelled nrecursor .

Synthetic inkibitors of sterol biosvnthesis have

- .

been investisated in vivo and in vi%tro in mammalian systems
by Holmes and DiTullio137). These workers reported, smong
meny other results, that SK&F 3201-A [2,2-divhenyl-1-
(p—dimethylaminoethoxy)-pentane hydrochloride] and SK&F 525~A
[ﬁ-dletkvlawﬁnoetbdeinbeanDrovV1 acetate nvdrochlorlae]
caused inhibition of the isomerisstion of isopentenyl
pyrophosvhate to dimethylallyl vyrophosnhate In rat liver
homorenates. With SVAF T752-A5 [Ezig-(Q-dimethylaminoethyl)
phosphate trihydrochloride] and SXiF TO97-Az [Ezlg-
(2-diethylaminoethyl) vhosphote trihvarochloride] inhibition
occurred at a later stare and caused accumulation of a

triterpenoid, intermediate in polarity between scualene and
S s

the 3-hydroxysterols. The subsequent discovery of the
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142)
involvement of 2,3-oxidosgucicne in sterol biosynthesis

o

would su~ecest that this was the interrediste 2zoumulated.,

Reld, investicating the effect of 3W&F 7997-4= on the

14

incorvoration of (2- ¢) MVAL in Hicotiann tabscum slices

found that a similar non-polar triternenoid accum

<
[}
o
-
(0]
oY)

radioactivity, while the synthesis of phytosterol was
143 .

inhibited . In subseruent work, he has demonstirated

accumuletion of 1l2bel into scuzlene and 2, 3-oxidoscualene
144)

usinz the above system . Bonner, Heftmann and Zeevaart

found that these inhibitors reduced incorporation from o

(2-" 'C) ¥VA into B-sitosterol and sticmasterol in plﬂﬂts1j ),

There were also marked physiological effects in certailn

species studied, notably the inhibition of fleoral induction.

This sugzested that the hormone involved in the control of

flowering in these cases may have been a cyclic termencid

such as gibberellic acid.

The above results succested that 1t misght be possible
to inhibit the blosynthesis of sterols without necessarily
affectine the vroduvction of the lower terpenoids. Experiments
were undertaken on P, hyvbridus leaves, using SK&F 525-A and

7997-A

The inhibitor was administered by the wlick-feeding

3.
method, and a period of 24 hours was allowed for comvnlete

uptake bvefore the precursor was 2dded, After 72 hours'
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metavolism of the precursor, the nlante were cropned, and

The resulis are glven in Tahle 23,

uU

otk inhibitors had a pnronounced effect on

tervenoid biosynthesis., It may be seen that a low level of

SK&F 525-A appeared to be slightly stimulatory to

sesculterpsnoid produ ction, out khigher levels (each in

separate nlant svecimens) resulted in decreased incorporation

into vetasin esters., Suppression of sesauiterpenoid

biosynthesis Wﬂs consistent with the known site of action
137)

of SK&F 525-A .

The results from the SK&F 7997-A5 feedings showed
that the radioactivity incorrorated into netasin esters
increased with increasing amounts of inhibitor. This was
consistent with the existing evidence that this inhibitor
acted qt a staze beyond scualene, protably by innhibitlion

137,144)
of the cyeclisation of 2,3-oxidoscualene . TLC and

radlo-scannine of benzene eriracts (obtained in sevarste

0

experiments) from SK&F 7997-Az-inhibited (2_140) KVAL feedinc
showed the total lack of incorvoration into ohytosterols, and
the eccumulation of label in squalene and 2, 3-oxidoz~ualene
(Fig. 20)., Under these conditions, MVAL and MVA were also

accurmilated, and were not utilised at the rate exvected from

the results in Table 21. Control mnlants that were fed without




Radioactivity

Radioactivity
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Fig, 30: Inhibition of Sterol Bilosynthesis by SK&F 7997
in P. hybridus Leaves: Evidence for its Action
in Preventing Cyclisation of 2,3-0Oxidosqualene

No inhibitor 21000 pg SK&F 7997—A3

I ﬂ -l

{ T T T L | T T

L
Ry © 05 10

2%/ ethyl acetate: 98°% petroleum ether 60°-80° 0
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25 ethyl acetate: 75% petroleurn ether 60°-80° 0

A - Squalene; B - Sterol Esters; C - 2,3-0xidosqualene

D - Free Sterols (Mainly B-Sitosterol); E - Mainly MVAL



140,
inhibltor showed 2lmost comnlete dissvnnearancs of the
1labelled vrecursor in the s2me veriod of éssimilation.
It was found that the »nlent wo2s 2ble to recover from the
effects of the inhibitor: 300 uz of BK&F 7997~A3 ner vlant
vasg still effective after two days' metabolism, but not after
four days. 1000)4@ of the inhibitor continued to block sterol
cycliéation after four daoys. 3iriler effecis, arising from

isotope dilution, were observed by torpical enrlication of

-
[_Ja

nz

snuslene onto leaves hafore feeding

These results indicated that SKZF 7997-A_ induced

a slizht enhancement of incorporation into sescultervenoids.

N

Decradation of the isovetasol obitained from these exveriments
was not carried out, and there was no indication whether the
enhancemen®t 2rose from svecific incorvnorestion of VA, or by
decrradation, and re-incorporation of a more fundamental
precursor,

The decree of enhencerent of incorvoration into

. 1

petasin esters was insufficient to correslate with the marked

-

inkibition of sterol biosynthesis, =2nd the nrolonged
accumulation of unchanzed mevalonate., This evidence
sugrested most strongly that the sescuiterpenoids and sterols
did not derive from the same metabolic rools of mevalonic

acid or fernesvl vyronhosphate, The competitive effect of

sterol biosynthesis would not apre=r to be the czuse of voor



141,

insornoracion of MVAL into the sesguitervenoids: it apveared,

rather, that the site of synthesis of the sesouitervencids

X

R

3ible to the orecursor. The o

was insceoer

N
7}

wserved incorvoration

@

of MVAL into the petasin

Rl
o]
O]

ters could be accounted for by

"leakage' of precursor, the sli sht enhancerent found in the

above experiments nosq1b1y arising from incr ed avallability

of labelled precursor for 'lesk zage! to a location where

gesouiterpenoid synthesis could haeve occurred,

4,2.5 Incornoration of 14609 into Sescuitervenocids

and 53terols

A1l orcanic molecules in the plant derive
ultimately from carbon dioxide, and this comnound may be
used as a vprecursor in order to determine whether there is
active synthesig of a vartizular vroduct in the plant.
However, there are a number of different modes of carbon
dioxide fixation, and different routes may contribute to the
labelline of a varticular product.

The primary course of COp fixation in green tissues
of temperate dicotyledons ogcurs by the protosynthetic carbon
cycle of Calvin and Benson1‘5), leading to sugar phosrhates,
and thence to starch as the end »roduct., Mobilisation of the
starch,by the Torrmation and translocation of sucrose, is =

1L4€)
process winich normally occurs only in the dark . Thus




142,

this pathway 1s of 1little concern in the bilosynthesis of
other compounds during a short period of continuous
illumination. Degradation of Calvin cycle intermediates,
for example by glycolysis, would not be expected to occuf
to any grealt extent, because of the organisation of the
enzyme systems into separate locations. The alternative
malate-producing photosynthetic pathwaylAT) appears on
present evidence to be confined to troplcal taxa, mainly
from the monocotyledons.

Another important mode of 002 Tixation produces
glycollic acid, which may be a predominant early product
of photosynthesis148). The origin of glycollic acid remains
unelucldated; its investigation has been confused by
apparently conflicting evidence from higher plants and algae.
In higher plants, glycollic acid would appear to be independent
of any Calvin cycle intermediates. Under certain conditions,
glycollic acid has been obtained in tobacco leaf discé at a
gpecific activity equal to that of 14002 administered149).
Furthermore, the two carbon atoms were symmetrically labelled.
This evidence supported the de novo synthesis of glycollic
acid from two molecules of carbon dioxide, wlthout the
intermediacy of sugafsg?osphates, as required by other

blogenetic proposals . However, no enzyme catalysing such

a reaction has been isolated.
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Fig. 31: Fixation of 602 in Green Leaves:

The Role of the Glycollate-Glyoxalate Pathway

in the Formatlion of Acetyl-Coenzyme A
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Conversion of glycollic aclid to acetyl-CoA probably
proceeds by the route glycollate - glyoxalate - glycine -
L-serine - pyruvate - acetyl-CoA (Fig. 31). The sequence

from glycollate to L-ser%ne has been well established to
151

occur in green leaves , and the conversion of glycine to

phytol ?as been shown to involve specifically the «~-carbon
152 ;

atom . Incorporation was considerably more efficient than

was obtained directly from exogenously administered acetate.
Rogers, Shah and Goodwin investigated the efficiency of each

of these intermediates as precursors for terpenoid biosynthesis,
and together with observations of the effects of isotope
dilution, their results substantiated this pathway as the

17)
14002 incorporation into chloroplast terpenoids .

means of
However, sterols appeared to incorporate glyoxalate by another
route: isotope dilution by glycine of incbrporation from
glycollic acid or glyoxalic acid had little effect. Isotope
dilution by pyruvate was rather more apparent, and this
compound may be involved in the malate pathway153)(Fig. 31)
leading to sterols outside the chloroplast, and in the serine
pathway leading to carotenoids and phytol within the
chloroplast. The most probable location for the enzymes of

the glyoxalate - malate pathway would be in the mitochondrion,

153)
a8 this system is metabolically related to the Krebs cycle :
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Fig., 32a (left):

Fig. 32b (below): TLC

14
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124

Young leaves of P. hybridus were exposed to CcoO

2
for a short period, and were allowed to metabolise the

precursor in a normal atmosphere for varicus periods
following the exposure. An induction periecd of 2 hours after
the start of illumination was allowed for the commencement
of normal photosynthesis: thereafter, i1llumination was
continuous untll cropping and extraction of the leaves.

A separate plant was fed wlth mevalonic acid for comparative
purposes.,

The extracts were fractionated by column
chromatography with modified Sephadex gels. A sesquiterpenoid
fraction was obtained by methods similar to those of
section 2.2.4. In addition, sterol- and sterol ester-
containing fractions were isolated by these procedures.

The fractions were then examined by TLC and scanning for
radioactivity (Fig. 32a).

The components of the sesquiterpenoid fraction were
identifled from their TLC and GLC behaviour, by comparison
of data with the compounds characterised in Chapter 2. One
compound (Rs 0.88; Fig. 32b) could not be so correlated with
a known structure. The distributlon of radicactivity within
the sesquiterpenoids in indicated in Table 24,

Alkaline hydrolysis of this fraction gave free

isopetasol; the radiocactivity recovered as isopetasol
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indlcated that the specific activity of the isopetasol
was greater than that of the acyl molety of the petasin
esters, when 14002 was used as a precursor. When MVA was used,
the radiocactivity was found almost entirely in the acyl molety.
LAS there was no further attempt to purify the isopetasol
obtained in this case, the figure for its radloactivity
(900 dpm; Table 24) may still be slightly inflated.] The
presence of bakkenolide-A was also confirmed by the hydrolysis.
The lactone could be recovered as a neutral compound by
acidification of the aqueous alkaline layer.

It was clear, particularly from the results of the
9 hour and 12 hour feedings, that the four compounds less
polar than the petasin esters were involved in active turnover,
while the petasin esters appeared to be end products, and
retained their radioactivity. Comvound 17c¢ (36) was considered,
on structural grounds, to be a potential intermediate of
petasin blosynthesis, and it was especlally significant that
this compound lost its radiocactivity in the feedings of longer
duration. Fukinone (34) may be considered as a potential
precursor of the bakkenolide series [e.g. (38)] and has been
found to co-occur with compounds of this structural type in

154)
Petasites japonicus « Loss of radioactivity with increasing

time was observed as expected for this compound. However, the

loss of radioactivity after 12 hours from bakkenolide-A (38)
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came as a surprilse, as this compcund appeared to be an
end-product on structural grounds. A second skeletal
rearrangement of bakkenolide-A, returning to the normal
eremophllane skeleton, would seem to be highly improbable.

The massive incorporation of 14002 into non-lipid-
soluble products, presumably mainly as starch, obscured the
relative enhancement of incorporation into isopetasol,
compared with that observed with MVA as a precursor. When
the radioactivity of the isopropanol-soluble fraction was
‘taken as a basis for correlation, the enhancement was more
apparent (Table 25).

TIC scanning of fractions other than the
sesquiterpenoids indicated quite substantial differences in
the distribution of radioactivity between ''CO, and (2-'%c)
MVA feedings. Radioactivity from (2-'7C) MVA was found
mainly'in the sterols, as expected, or as unchanged MVA,
The extracts from 14002 feedings showed greater diversification
of labelled products, and by comparison, the sterols were
less prominent. It was presumed, from the compartmentation
hypothesis17’132) that the more highly labelled products were
terpenoid quinones and other chloroplast constituents. The
mein radioactive band of the sterol fraction (Fig. 33)
corresponded to pheophytin a (chlorophyll a with the

magnesium removed), when 14002 feedlngs were examined,
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but this product was virtually unlabelled by (2-140) MVA.
Two immediate conclusiong could be drawn from this

experiment. Petasin blosynthesis was shown to be a

comparatively rapid overall process, with radiocactivity from

a short exposure to 1

4COQ reaching 75% of maximum accumulation
within 2 hours (Table 25). Secondly, a comparison of
Incorporation into petasin esters and the phytosterols
demonstrated synthetic activity for the sesquiterpenoids that
wag comparable to that found for the sterols. However, the
Intracellular location of carbon dioxide fixation could also
determine the efficiency of labelling of a compound,
according to the accesgibilty of the initial products of
002 fixation to the site of synthesis of that compound.
Thus the relative levels of incorporation of different classes
of products Adid not necessarlly correlate wlth their relative
rates of synthesis.

The evidence that petasin was synthesised in the
leaf, in proportion to growth (section 2.2.7) would predict
a higher rate of synthesis of petasin esters than sterols.
This evidence would suggest that petasin blosynthesls was
isolated, not only from the point of entry of the exogenous
mevalonate, but also from the major centres of COp fixation,
This deduction is in agreement with the concluslons of

155)

Loomis concerning monoterpenoid production ,» and also
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adds support to the idea that the specialised glandular
structures could be the centres of terpenoid

15,125, 134,135, 156)
bilosynthesis .

4,2.6 An Approach to In Vitro Methods of Study

The difficulties encountered in the study of
terpenoid blosynthesis in vivo include the failure of
precursor to reach the site of synthesis, its utilisation
by competing pathways, and general lack of control over the
- gystem under study. lost experiments have involved feeding
of a distant precursor, such as mevalonic acid, to investigate
the formation of a complex cyclised and functionalised
product., Feeding of precursors intermedlate in the pathway
has resulted (in higher plants) in decreased rather than
increased 1ncorporation16o’ 157), because of poor assimilation
of these compounds,

These difficulties are partly resolved by iﬁ vitro
methods of study, including tissue slice, tlssue culture and
cell free systems. The advances made in the elucidation of
the processes of sterol bilosynthesis have relied heavily on
the use of multienzyme, cell-free extracts from mammalian
liver74), and similar systems derived from yeast73).

Tissue slice or tissue culture methods are only

effective 1f the problems encountered in vivo have originated
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mainly from ineffective distribution or translocation of the
precursor at the extracellular level. Since the intracellulsar
organisation organisation remaing intact, the effects of
competition by different pathways, or of compartmentation by
membrane impermeability, are still operative., The growth of
cells in culture also results in developmental changes which
may appear as total or partial repression of terpenoid
biosynthesis., Thus Henderson found that callus cultures of

158)
Pogostemon cablin falled to produce sesculterpenoids and

"Overton and co-workers found that suspension cultures of

Androgravhis vaniculatas gave sesqulterpenoid lactones not

159)
representative of the whole plant .

The removal of the cell structure permits the easy
introduction of substrate to cell-free systems. A further
advantage is the possibility of closer control over the
course of synthetic and competing reactions, by adjustments
for optimum pH and co-factor requirements. The homogénates
are also amenable to simple purification and concentration
procedures, by centrifugation, precipitation and dlalysis.
Systems of this type may be used as multi-enzyme preparations,
catalysing a sequence of reactions from a basie precursor, or
for step-by-step examination of a complex pathway74).

These methods have been routine in the study of

intermediary metabolism in animal blochemistry, but have not
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been widely applied to the investigation of terpenoild
biosynthesis in higher plants. One reason has been the
problem of endogenous tannins, and guinones formed after
cell rupture, which tend to precipitate and inhibit many
enzymes after isolation16o’161). However, a varlety of
methods now exlist to protect enzyme preparations from the
action of these compounds. Some techniques rely on the use
of polyvinylpyrrolidone, and certain other polymers, to bind
the tannins161’162>. Anderson considers that these polymers
.are not always effective, and has investigated the use of
reducing agents, to prevent the formation of quinones, andzto
convert any endogenous tannins into inactive phenols16o,16d).
A number of successful apglications of these procedures have
recently been described16+,165).

In a study of P. hybridus, young leaves were

homogenised in a medium containing reducing agents and

buffer. After filtration to remove cell debris, centrifugation
(1800 x 5) gsedimented the cgloroplasts with cellulose,starch
and other cell fragments, The supernatant was obtained as a
cloudy liquid, not discoloured by tannins. These preparations
were incubated for two hours with mevalonic acld and ATP.

No radioactivity was found in the benzene extracts of the
incubates, but on acidification to hydrolyse pyrophosphate

esters, most of the radloactivity could be extracted in




Fig. 34: Incubation of Mevalonic Acid with Cell-Free
Extracts of P. hybridus Leaves
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benzene. TLC plates of the extracts were scanned for
radioactivity, and both the 'active' preparation and the
bolled control were found té contain one major peak
corresponding to MVAL. However, the active preparation also
gave another composite series of peaks of polarity similar to
015 and 620 prenyl aleohols, and their acid rearrangement
products (Fig. 34). About 0.5% of the tbtal radiocactivity was
associated with these peaks. These results strongly suggested
the accumulation of farnesyl (and possibly geranylgeranyl)
pyrophosphate,

The small quantity of MVA used (ca. 0.2 nmol)
suggested elther that enzyme levels vere very low, or that
phosphatase was competing wilith the mevalonate activating
enzymes. Fluoride had been included in the incubation to
inhibit the phosphatases; this 1s known to enhance MVA
phosphérylation in plant enzyme preparationstsé). The total
quantity of protein in thils preparation was very small.

This contrasts with procedures described for liver enzymes,
which give 30 - 50 mg of protein per ml of hom?ggnate74);
plants in general give 1 - 3 mg of prote1n167, ° ), or even
less , In the same volume. This renders such preparations
susceptible to loss of activity by autolysis169).

This point emphasises the difficulty of selecting

an appropriate tissue for enzymatic study. Unlike animal
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liver, there 1s no well-defined orgzan in a plant which is
knovn to be active in terpenoid biosynthesis, and which is
large enough for easy dissection. Where latex 15 produced,
this is sometimes found to be rich in enzymes, particularly
for rubber biosynthesis170). West has had particular success
with an enzyme system synthesising (-) kaurene from
geranylgeranyl pyrovhosphate or MVA, isolated from the
liquid endosperm of immature seeds of Echinocystis

168)
macrocarpa « In both of these cases,the extracts required

‘minimal manipulation; only a brief centrifugation to remove
particulate material, Dilution of the preparation with a
homogenisinzg medium was unnecessary, and since the procedure
did not involve drastic cellular disruption, proteases were
absent and autolysis did not result. The enzyme systems were
thus highly active (for plant preparations) and reasonably
stable for long-term storage. Bonner has also noted that

tapping of the latex of Hevea brasiliensis caused

de-~-repression of the genes for rubber synthesis, and a second )
156
collection may be richer in enzymes than the initial sample .

This 1s not applicable to P, hybridus, which glves

neither latex nor (from the male flower) seeds. However, it
was noted that rhizome and flower buds were particularly
rich in sesquiterpenoids (section 2.2.7). Thus actively

growing tissues of these types may be a better source for
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the enzymes of petasin biosynthesis (or at least, the
eremophilene cyclisation) than the leaf samples used above.
The report that biosynthesis of lower terpenoids occurred
in the plastids of gland cells135)also opens possibilities
for the isolation of these orgenelles as a potentially

concentrated enzyme source.




4,3 EXPERINENTAL PROCEDURES

4,31 General Technicues

Plants were grown zs described in section 2.3.2
and extraction was completed by the procedures outlined in
section 2.3.35. Benzene rather than lsopropanol was used as
gsolvent in the earlier experiments of this series. Unless
otherwise specified, wick feeding was émployed as described

in gection 3.3.1

4,3,2 Distribution Experiments
| Whole Plant

The plant selected had two mature and two young
leaves, Each mature leaf was fed with 0.5 ml of a solution
containing (2-140—3§§) mevalonolactone (6 pmCl; specific
activity 4.8 rCizpmol); the young leaves were not fed,
Metaboiism was allowed to proceed for 10 dayé, with a 12 hour
cycle of illumination. The plant was placed in a sealed system,
and the atmosphere was changed every 12 hours, the effluent
gases being passed through a COz-trapping system consisting
of 3 Drechsel flasks in series, each containing 5 M aqueous
potassium hydroxide (50 ml). Radloactivity was measured by
liquid scintillation counting of an aliquot (0.1 ml) from
each Drechsel flask. Toluene scintillator was used in

conjunction with an acidic surfactant solubiliser
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(Beckman Biosolv BBS-2; 0.5 ml), and a correction was made

for quenching and 40

K content, (Efficiency for the quenched
system was 79.9% in the T4 channel, )
Aqueous extracts of plant tissues were counted
using a neutral surfactant solubiliser (Beckman Biosolv BBS-3).
Pyrolysis of tilssue reslidues was carried out in a
sillica tube packed wlth granules of cupric oxide, at 70000,
in a stream of oxygen. The effluent gases were passed through
a COo trapping system as above, and radioactivity determined

‘a8 above,

Autoradiogravhy

Four leaves, transverse span 10 - 12 cm, were
selected and fed 25 pl of a solution containing (2-14C~3§§)
mevalonolactone (1 pOL; specific activity 5.4,*014pm01).
Feeding was started at the beginning of the light period
of the normal growth cycle (12 hour day). After the desired
period of uptake, the leaf was placed between 2 sheets of
X-ray film (Ilford Red Seal) which had been pre-chilled in
the light-tight envelope. The leaf was then deep-frozen to
prevent further movement of tracer during the exposure,

After 10 days, the films were removed, and processed in the

normal manner,




156,

Dissection Experiments

The dissected parts of the leaf (Table 20) were
extracted in ethanol (10 ml): an aliquot (10/x1) of each
extract was counted 1h toluene scintillator. A further aliquot
(0.1 ml) of the proximal leaf fraction was examined by TLC
(silicagel-G/benzene - chloroform - methanol — acetic acid
4:8:3:1 v/v) and the plates were scanned for radioactivity

using the Panax RTLC Radiochromatogram Scanner,

4,3.3 Utilisation of Labelled Precursor

12 Hour, 24 Hour and 48 Hour Feedings

Two plants were fed with 0.5 ml of a solution
containing (2—14C—3§§) mevalonolactone (7 mCi; specific
activity 6.4-FCi<Pmol) and metabolism was allowed to continue
for periods of 12 hours and 24 hours respectively. The leaves
(ca. 7 g fresh welght each) were extracted with isopropanol,
and the extract was concentrated to 10 ml. A sample (ca. 2%)
was also obtained from the 48 hour feeding made under
identical conditions (Section 3.3.1). The extracts were
assayed by liquid scintillation counting. Tissue resldues
were assayed by digestion in 'Soluene' tissue solubiliser
(Packard Instruments Inc.). A sample of dried tissue residue
(25 mg) was treated with 'Soluene' (1 ml) and warmed (60°0)

for 2-3 hours. Toluene scintillator solution (15 ml) was
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added, and the resulting suspension was stabilised with
0.4% Cab-0-811 (Packard) before counting. Quenching factors
for thls system were determined using unlabelled tissue
residues and reference standard 14C.-hexadecane, and were
correlated using the Automatic External Standard (Nuclear
Chicago Liquid Scintillation System). The method gave
adequate results for the purposes of this experiment, but
was not regarded as satisfactory for more critical use.

The extracts were examined by TLC using a variety
-of solvent systems, and were scanned for radiocactivity using
the Panax Radio-Chromatogram Scanner. A sample equivalent
to 0.1’AC1 of administered MVAL was used for each TLC run.
The data in Table 21 were obtalned from TLC scans by
estimation of peak arezas.

6 Day and 11 Day Feedings

Four plants were each fed with (2—14

C-3RS)
mevalonolectone (10 iCi; specific activity S.A-PCi/ymol),
2.5)$Ci being administered to each leaf. The plants were
cropped, two after 6 days, and the remaining two after

11 days. The leaves (10-12 g fresh weight per plant) were
extracted with benzene, and the concentrated benzene extracts
were hydrolysed by refluxing in ethanollc potassium hydroxide
(ethanol, 1.8 ml; 4 M potassium hydroxide, 0.2 ml). The

sterols were isolated by preparative TLC (3 bands,
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Ry 0.75, 0.80, 0.84; 507 ethyl acetate: 50% petroleum

ether 60°-80°)., The combined sterol bands were acetylated,
and purified further by preparative TLC (Rg¢ 0.5, 0.56, 0.64;
5% ethyl acetate: 95% petroleum ether 60°-80°). The samples

recovered were used for radioassay and GC-MS.

4.3.4 Inhibitor Feedinas

Plants were selected having a minimum of three
mature leaves. Growth was standardised for four days before
‘feeding (8 hours illumination at 20°).

Each plant was fed a total of 1 ml of an agqueous
solution containing 25, 50 or 100 ug of SK&F 525-A or 7997—A3.
One plant was fed with water containing no inhibitor. Each of
two separate leaves on every plant was fed via a wick dipping
into a vial containing 0.5 ml of the solution. Later, after
complete assimilation, 0.5 ml of a solution containing
(2-"%c-3Rs) MvaL (5 JACL, specific activity 4.8 ;ACi//Aniol)
was fed in a similar way to each leaf, followed 24 hours
later by 0.5 ml of water. The plants were left for a further
48 hours before cropping and extraction.

The benzene extracts were concentrated and
hydrolysed by refluxing for 2 hours in ethanolic potassium
hydroxide (ethanol, 1.8 ml; 4 M potassium hydroxide, 0.2 ml).

Isopetasol was recovered by preparative TLC (Rf 0,38;
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50% ethyl acetate: 50% petroleum ether 60°-80°). The
crystalline isopetasol (slightly discoloured by impurities)
was acetylated (acetic anhydride/pyridine) and 1sopetasyl
acetate was further purified by(preparative TLC (Rf 0.3523
15% ethyl acetate: 85% petroleum ether 60°-80°; double
development).

Isopetasyl acetate was estimated by gquantitative
GLC. A calibration curve was constructed for measurements
based on peak heights, using standard solutions of isopetasyl
'acetate (0.1-1.0 mg/ml). Radioactivity was measured by liquid
scintlillation counting in toluene scintillator on the Packard
Tri-Carb Scintillation Spectrometer., Counting efficlency was
82.4% in the hg channel, and background was 27 cpm.

Further feedings were made using solutions
containing 100, 300 and 1000‘Fg/m1 of SK&F 7997-A3.
(2-1%-3RS) MVAL (5 pCi; specific activity 5.4 pC1famol)
was fed over periods of 2,4 or 6 days. Benzene extracts from
these experiments were examined by TILC and scanning for

radiocactivity. An aliquot (1%) was used for each TLC run.

4,3,5 14COp Feedings

Two plants were used, each having two actively
growing young leaves. Growth was standardised (10 hour day)

in the growth cabinet for several days before the experiment.
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Table 26: Administration of 0. to P, hybridus Leaves

2

EXPOSURE 10 Minutes 20 Minutes
Ba'*605 used 1.973 mg 4,96 mg
1110 x 108 apm | 2800 x 10 apm
14 6 6
CO, recovered | 480 x 10”7 dpm 2000 x 10~ dpm
H14CO - . 8 6 6
3 remaining 180 x 107 dpm 50 x 10° dpm
in generating vessel
N 14 6 6
et ' "CO, Uptake 450 x 10~ dpm 750 x 10* dpm
Fresh Weight of Leaves| 1.25 g | 1.25 g 1.16 g | 0.96 g
Time allowed yor 3hrs |6 hrs | 9 hrs |12 hrs
Metabolism of '*C0,
Nominal uptake of 225 225 410 340
Radioactigity x 106 | x 100 x 106 |x 106
dpm dpm dpm dpm
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Two hours after the start of the normal illumination
cycle, the plants were sealed in a perspex box (capscity 4.21)

14CO2 was generated by

and ventilated with Cog—free air.
the action of dilute hydrochloric acid on Ba14003 (specifié
activity 50,2 pCi4ymol; Radiochemical Centre, Amersham).
Warming of the solution was required to ensure complete
evolution of gas. After the exposure, the box was ventilated
with normal 1ecoz—containing alr, and the effluent gases
were passed through a Cog-trapping system. 002 uptake was
"estimated from the quantity of barium carbonate used,
deducting the radiocactivity found in the CO, traps, and also

14

in the CO,-generating vessel (Table 26). No compensation

wag made for adsorption of 14002 and uptake by soil bacteria.
The distribution of label between the two leaves was presumed
to be determined by leaf fresh-weight. Plants were then removed
from the box, and kept under continuous illumination until

the leaves were cropped and extracted, |

A third plant was fed with (2-1%

C-RS) mevalonic acid
(solution in 0.05 M tris buffer pH 8.5), 2.5 UCi being
administered to each of two leaves (2.6 g fresh weight);

a period of 12 hours was allowed for the utilisation of the
precursor,

Leaves were extracted immedlately in isopropanol,

and the concentrated extracts were fractionated by reversed-
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phase chromatography (N1114-50%-1120/methanolheptane 9:1 v/v).
A sesquiterpenoid-containing fraction (SEV 55-105) was further
purified by straight-phase chromatography (1114-50%-1H20/
benzene; SEV 51-68), The fraction was examined by TLC and
scanning for radioactivity. Peak areas were used to determine
the relative proportions of the total radiocactivity associated
with each band, and absolute values were obtained by liquid
scintillation counting.,

An aliquot of this fraction was hydrolysed with
- ethanolic potassium hydroxide (ethanol, 2 ml; 4 M potassium
hydroxide, 0.2 ml). Isopetasol was recovered from the organic
layer by extraction with benzene (2 x 5 ml). The agueous
alkaline layer was acidified to pH 3 extracted with benzene
(5 m1). The extract was washed with aqueous sodium carbonate
(1 m1) and the organic layer retained. Concentration (to 0.1 ml)
and examination by GLC (Ié%?: = 1770) and TLC confirmed the
presence of bakkenollde-A.

Free sterols were 1lsolated from the reversed-phase
columm in the fraction SEV 210-320, The extract was examined
by TLC and scanning for radiocactivity as above., This fraction
also contained chlorophyll a, which was converted to

pheophytin a by prolonged storage in solution in chloroform,
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4,3,6 Cell-Free System from P. hvhridus Leaves

Young leaves of P. hybridus (15 g fresh weight)

wvere homogeniged in ice-cold medium (20 ml) containing
magnesium chloride (20 m}), sodium thioglycollate (25 mH),
sodium metabisulphite (5 mM) and phosphate buffer171) (50 mM;
pH 7). The extract was filtered through glass wool, and
centrifuged at 140 x g for 5 minutes. The dark green
supernatent was centrifuged at 1800 x g for 10 minutes, in
pre-chilled buckets. The pellet contained the chloroplasts,
nuclei, and other particulate debris. The supernatant (5 ml)
was clouded, but uncoloured by plastids or tannins. The
preparation was adjusted to pH 6.8 with a trace of maleic
acld, and 2 ml portiong of supernatant and resuspended plastid
fractions were prepared in stoppered tubes. One sample of
each was boiled for 2 minutes to denature the enzymes.

A solution (0,25 ml) containing MVA (0.5 PCi;
€0 nmol), magnesium chloride (1.O‘Fmol), manganous chloride
(1.O‘Pmol), cobaltous chloride (1.0 ymol), potassium fluoride
(10 /.Am()l) and ATP (5 pmol) was added to each tube.

After 2 hours' incubation (2500), the gsamples were
deactivated with acetone (1 ml) and extracted with benzene
(2 x 5 ml). 5 M hydrochloric acid (0.1 ml) was added to the
aqueous mixture, and the solution (pH 2) left overnight.

The acid-hydrolysed solutions were then extracted with
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benzene (2 x 2.5 ml).
The extracts were examined by TLC and scanning
for radioactivity. Only the 'active' sample (supernatant,

unboiled) showed any peaks other than that due to MVAL.




Fig, 35: Evolutionary Scheme [Based on Chemotaxonomic Datall)]
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5 THE BIOSYNTHESIS OF PZTASIN

GENERAL CONCLUSIONS

5.1 A Proposal for a Rlosynthetic Sequence

Leading to Petasin

The Compositae family is one of the most highly
evolved taxa of higher plants; the sesquiterpenoids found
among members of the family reflect this by an unusually
advanced level of oxidative elaboration. Within the Compositae,
the chemotaxonomié relationships have been studied in great
deta1111’26). It is thus possible to construct a phylogenetic
scheme for the evolution of sesquiterpenoid biosynthesis in
this family, and the portion relevant to petasin appears in
Fig. 35. The more fundamental characteristics at the family
level include the widespread occurrence of compounds having
structures derived from f-germacrene, modified by
transannulation and the formation of lactones by oxidatlion
of the isopropenyl side-chain (see diagram, facing p. 8).

The g-germacrene structure appears to be even more primitive,
and is found in many families closely related to the
Compositae, in conjunctiSn with rather more variable forms
of transannulation and oxidation. The fundamental character
of Compositae sesquiterpenoids, the y-lactone ring, apvoears

to have evolved in two steps. The first stage may be

considered to have involved specialisation of primitive




oxldatlive enzymes to hydroxylate at ¢-8, adjacent to the
lsopropyl group. This is followed by completion of the
llactone structure,by oxidation of the side chain and ring
closure. The distribution of lactones in all tribes of the
Compositae, and of furans mainly within the Senecioneae,
suggests that the latter character is more advanced than the
lactone, and only appeared at a2 stage in evolution after the
tribal division.

Transannulation 1s regarded here as a primitive,
but highly variable character, becoming fixed at about the
same period as the tribes began to diverge. The Senecioneae,
producing exclusively eremophilane types, may thus be regarded
as a more advanced phylogenetic group.

'Fixation' refers here to the establishment of a
structural feature as a significant taxonomic character.

For chemical compounds, this may be considered to involve

the specialisation of enzymes with regard to one particular
biosynthetic pathway, and the establishment,in the population
as a whole, of dominant genes for those enzymes172). The
fixation of the eremophilane skeleton does not imply that
members of the Senecioneae only produce this class of
sesquiterpenoids, but that only this class has taxonomic
lmportance, and furthermore, that only this class undergoes

oxidative elaboration, because the latter enzymes have
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gpeclallised 1n this direction. In P. hybridus, this is

reflected by the variety of hydrocarbons and alcohols, which
occur at the same oxidation level as farnesol and may be
regarded as relics of genetic history. At higher oxidation
levels, all those compounds that have been identified either
possess the eremophilane skeleton, or have been derived from
it, for example, the bakkenolides.

In the molecule of petasin, the absence of the
characteristic furan or lactone structure is an apparent
confradiction of the general scheme. If petasin was the sole
product concerned, it would be reasonable to suppose it to be
an extremely primitive representative of the Compositae
sesquiterpenoids. However, more advanced furan types are
present, not only within the genus, but also in other
individuals of the same specie527). This indicates that the
plant hasg reverted to the more primitive character, by the
deficiency of the lactone or furan-fornming gene. Thié
11lustrates another important genetic point, that, as Birch
has noted, the loss of existing biosynthetic steps i§ an
easier process than the evolution of new reactions179). The

status of taxonomic characters 1s thus not as absolute as the

172Db)

terminology, 'fixed' and 'fundamental', might appear to imply
and even less so when dealing with the products of secondary

metabolism,

S




Fig. 36: Postulated Involvement of Acid Catalysis in
Enzymic Mechanisms for Terpenold Cycllsations
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The Cycllsation Reactions lLeadins to the Eremophilane Skeleton

The cyclisatlion reactions of terpenoids have
previously been correlated in a hypothesis involving the
formation and rearrangement of carbtonium ion intermediat988’1o{
Within this general scheme, two classes of cyclisation may be
distinguished, in which the carbonium ion arises either by
loss of a pyrophosphate anion, or by protonation (Fig. 36).
Both cases may be represented as involving acid catalysis by
enzymes.

While many complex cyclisations, for example, of the
pentacyclic triterpenoids, are well explained by a single

8b)

process a great many others, including many bicyclic

’
sesquiterpenoids, and tri- and tetracyclic diterpenoids,
appear to involve both types of mechanism. This would suggest
a two-enzyme process for the formation of such structures.

The apbarent gseparate evolutionary development of B-germacrene
and transannulation cyclisation products adds support to this
view. This division of the overall process into two steps

was proposed for diterpenoid biosynthesis by Wenkert174, and
has recently been proved by West, who isolated not only the

175) 176)
intermediate , but also the individual enzymes involved

(Fig. 37).

The formation of the eremophilane skeleton in

P. hybridus was discussed in terms of stereochemistry in




Fig, 37: Specific Enzymic Control of Diterpenold
Biosynthesis in Ricinus communis

(Robinson and West176))
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Chapter 3, making the assumption that the overall cyclisation
was a two-step process, as suzggested above. The evidence
obtained from isotopic labelling studies was consistent with

such a mechanism involving trans,trans~farnesyl pyrophosphate.

Cyclisation would appear to occur by a first step involving
enzymic elimination of the pyrophosphate anion. Specific
deprotonation, presumably by a suitably located basic residue
on the enzyme, is required for control of product formation
from the carbonium lon intermediate, to give either
B-germacrene or humulene (Fig. 36).

Modern understanding of the molecular basis of
evolution postulates the origin of all enzymes from a common
prototype177). In a family such as the Compositae, where
segquiterpenoid biosynthesis has speclalised along particular
lines, close relationships between the enzymes may thus be
expectéd, both in protein structure, and in the mechanism of
catalytic action. This idea of a common evolutionary origin
has been used to formulate the mechanism for the transannular
reaction of B-germacrene, to glve eremophilene (described in
stereochemical detail on pp. 69-71). Other eyclic '
sesquiterpenoids found among members of the Compositae have

structures and stereochemistry that suggested a common origin

from chair,chair-folded B-germacrene (Fig. 38), with the ring

methyl groups located on the 3-face of the molecule.




Fig., 38: Relationship of Enzymic Mechanisms for the
Transannular Reactions of Compositae
Sesqulterpenoids
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The proposal,that proton attack to give the
guaianold carbonium ion ls directed in the opposite sense to
that giving the eudesmanoid cation (contrary to the ideas of
Hendrickson10)), is based on the direction of migration of
methyl groups in the derived pseudoguaiane and eremophilane
skeletons. Wagner-Meerwein type 1,2~ shifts would be expected
to result in movement towards the site of positive charge.

The involvement of a cationic intermediate (as in
Fig. 38) in terpenoid cyclisation mechanisms has been

178)
contested by a number of workers, including Robinson

s
who have pointed out the instability of a carbonium ion

as an intermediate 1n agueous solution. However, it has been
emphasised by Perutz that enzymic reactions may take place,
not on the surface of the protein, but in the hydrophoble
interior, where a carbonium ion may be protected from solvent
attack179). The reduced dielectric constant of such a medium
would also have a stabilising effect on the cation, by
electrostatic interaction wlth free carboxylate anions180).
This type of consideration has recently led to the conclusion
that a cationic intermediate may be involved in the hydrolytic
mechanism of action of 1ysozyme179,181). An analogy in organic
chemistry is shown by the effect of dielectric constant of
the solvent on 8yl reaction rates. Stabilisation of the salt

form, in a non-polarisable solvent, leads eventually to
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182)
an end vroduct by elimination, and not substitution .

The problem of specific product control in terpenoid
cyclisation may be resolved by postulating selecctive proton
abstraction as part of the mechanism of enzymic catalysis.
The polarised species would then degenerate by the route most
favoured by molecular conformation.

The general postulate for enzymic action in

terpenoid cyclisation requires control at four stages:

1) The formation of a non-covalent enzyme-substrate
complex with optimum subgstrate conformation;
1i) The initiation of'reaction by specifically directed
proton attack;
1ii) The stabilisation of a cationic intermediate, possibly
in a selective manner when two such intermediates are
equally feasible;

iv) Specific proton abstraction.

The occurrence of this last process would explain the
gelectivity of product formation in the different species
of Compositae: conformation alone does not provide the degree

of control observed for the transannular reaction in P.,hybridus.

It 18 interesting to note that this scheme provides a
blosynthetic origin for the elemane skeleton. Hitherto, this

type of structure has been regarded with suspicion,because of




Fig, 39: Proposals for a Blosynthetic Pathway Leading
to Petasin
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the possibility of its formation by the thermally induced
Cope rearransement, in the course of isolation. It is
difficult to see how such a process, involving a fully
concerted, electrocyclic mechanlsm, could have occurred in
the plant. The route via the cationic intermediate (Fig. 38)
permits the correlation of this structure with those of the
remaining Compositae sesquiterpenoids.

Biosynthetic Reactions Following Cyclisation

The consideration of the oxidation levels of these
compounds indicates that three oxidative steps are reqguired
in the blosynthesis of petasin (1) from its potential precursors,
eremophilene (4) or A?—isoeremophilene (49)., For lack of
alternatives, the first stage must involve hydroxylation,
elther at C-8 or C-3 (Fig. 39). The apparently primitive
origin of C-8 oxldation,as a chemotaxonomic character of the
Compositae, wvould favour initial hydroxylation at this
position, giving the hypothetical intermediates (117) and
(118). There is increasing evidence that terpenoid
hydroxylations occur by the action of mixed-function oxidases,
These enzymes, which act by reduction of molecular oxygen to
a thermodynamically active form, which is complexed with the
transition-metal containling enzyme, are known to be involved
in the biosynthesis of steroid hormones, and in the

183)
demethylation of lanosterol « A number of such systems
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have been exemined in detail in vitro, and have been shown to
include the haemoprotein, cytochrome P-450, as part of a
multiprotein enzyme system184). These enzymes are widespread
at all levels of evolution, and appear to perform a variety
of oxidative reactions, including hydroxylation, dehydrogenation
and epoxidation. A speclal feature of the mixed-function
oxidases is the abllity to catalyse specific oxidations at
saturated carbon; in thils respect, they differ from
peroxidases, which hydroxylate at allylic positions in
unsaturated compounds183). West has demonstrated that
cytochrome P-450 systems catalyse the first four oxidative
steps of gibberellin biosynthesistS).

It would seem likely that enzyme systems of this
type could be responsible for both hyerxylations in the
biosynthesis of petasin (Fig. 39).

The occurrence of the compound, eremophila-9,11-
dlen-8-one (36), was strongly indicative of its function as
a key intermedlate in the blosynthesis of petasin. Supporting
evidence was provided by the 14002 feeding experiment
(section 4.2.5), where this compound showed active turnover
of radiocactivity. Eremophila-9,11-dien-8-one may be formed
by dehydrogenation of the postulated intermediate (117), or
with an isomerisation stepﬁ from (118). Hydroxylation of

eremophila-9,11-dien-8-one at C-3 would then give petasol (26),

¥* By analogy with sterold bilosynthesis.
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which could be esterified in a final biosynthetic step

to complete the structure of petasin (1).

5.2 Compartmentation of Sesguiterpenoid Biosynthesis

The failure of most terpenoids in higher plants to
incorporate radloactivity efficiently from mevalonic acid
(MVA) has been a common experimental observation15’115).
Goodwin has suggested a scheme of intracellular segregation
of enzymes and their substrates, to account for his resu}ts
in labelling experiments with chloroplast terpenoids17’1)0).
This satisfied most convineingly his findings, that glycollate
and glyoxalate were readily incorporated into B-carotene,
when exogenous MVA was not. The evidence for isolation of
the chloroplast from exogenous MVA was consistent with the view
that endogenous MVA acted as a precursor to the chloroplast

terpenoids.

In P. hybridus, there was evidence (sections 2.2.6

and 2,2.7) that accumulation of petasin continued through
maturity of the leaf, and that accumulation was correlated
with leaf growth, which also continued until senescence.

The rate of synthesis would thus be expected to lead to
equal utilisation of endogenous MVA by sterol and sesqui-
terpenoid pathways. This was not the case with exogenous MVA,

which was incorporated by sterols several thousand times more



Fig, 40: BSequence of Assimilation of Tracers by
Terpenoid Pathways iIn P. hybridus:
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efficiently. Selective inhibition of the sterol pathway
(section 4.2.4) was only marginally effective in releasing
more radloactivity for incorporation into sesquiterpenoids,
by relaxation of competition for labelled precursor. The
result provided evidence for the involvement of separate
metabolic pools of precursor for each pathway (Fig. 40).

In contrast, 14

002 feedings gave levels of incorporation
for both sterols and sesquiterpenoids that were more nearly
comparable with synthetic rates besed on the evidence of
accumulation., However, sesqulterpenocids incorporated less
radloactivity than the sterols: this would suggest that the
location for synthesis of the sesquiterpenoids was more
remote than that of the sterols from the site of CO, fixatlion
(Fig. 40).

A more detailed model for the compartmentation of
terpenoid synthesis is depicted in Fig. 41. The evidence of
section 4.2.2 would suggest that labelled MVA, when fed,
entered the xylem transpiratlion stream. It would be more
difficult to account for this polarisation of translocation‘
in the phloem, Cells immediately adjacent to the vascular
gystem would thus receive a disproportionate share of the
radioactivity. This scheme supposes that the glandular
structures are more remote from the vascular system than
normal parenchyma tissue. If, as reported by Amelunxen for

“Mentha species, the glandular structures are surrounded by



Fig. 41: Model Proposed for the Compartmentation of
Terpenold Biosynthesis in P. hybridus
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186)
a heavy cuticular layer , and the plastids are not

135)
developed into photosynthetically active chloroplasts

’
then such cells would have a reduced level of transpiration,
and a low demand for water. |

14002 enters the plant by fixation in the chloroplasts
of the photosynthetic parenchyma. Under the conditions of the
experiment, most of the tracer would be fixed as starch146).
The fraction entering as glycollic acid may be expected to
act as the primary source of label for terpenoid biosynthesis.
As indicated by Goodwln, glycollate or glyoxalate may enter
the cytoplasn (the chloroplast membrane being permeable to
these compounds17)) and so be transferred to neighbouring
gland c<1lls for incorporation into sesaquiterpenoids.

In this hypothesis, there 1s no need to postulate
actual impermeability of gland cells to mevalonic acid. If
the glands are distant from the xylem vessels, uptake by
the intervening cslls may be expected to deplete the labelled
precursor, allowing only a small proportion to reach the site
of sesquliterpenoid blosynthesis. Photosynthetic cells may,
however,be adjacent to the gland, and some may be expected
to function specifically to supply the gland with organic
nutrient. Thus 14002 fixation products may be expected to

penetrate more effectively,
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One consequence of the compartmentation hypothesis
is the existence of entirely distinct enzyme systems for the
utilisation of MVA132), with independent genes. This is
required for the separate regulation of the two pathways.
Evidence for this view has been provided by Goodwin, who
demonstrated a different pH optimum for MVA kinase from
isolated chloroplasts, from that of the enzyme occurring
in the cytoplasm17,187). Thus the ‘biosynthetic tree',
commonly published as deplcting terpenoid blosynthesis from
a common pathway, appears to be incorrect from the point of
view of the enzymology. A system of parallel pathways, using
the same processes and intermediates, but 1solated from each
other, would probably present a more accurate picture of
the organisation of terpenold biosynthesis in higher piants.

Certain terpenoid cyclisations require the cis-
prenol isomers, rather than the trans- forms produced by the
sterol pathwale). Independent enzyme systems for thése
precursors would thus permit stereospecific synthesls, and
would not require their production by isomerisation of the
trans- isomers. A test of thls scheme would be the retention
of tritium from (3R,4S-4-3H) MVA in derived terpenoids; all
the radioactivity would be lost if an all-irans- intermediate
was formed. Polyprenols of mixed stereochemistry are already

known to incorporate the label from this precursor exclusively

into the cig- vinylic positions.
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6 STUDIES OF GEL CHROMATOGRAPHIC SYSTEMS USING

HYDROXYALKOXYPROPYL DERIVATIVES COF SEPHADEX

6.1.1 INTRODUCTIOH

189)
Gel chromatography "is a general term describing

all separation processes in which a solute is distributed
between a mobile liquid phase and a stationary gel phase.

The physical nature of the gel state differs from
that of solids and licquids: these differences confer the
distinctive properties and advantages of %el chromatographic
systems. Classical liquid chromatography1JO) elther employs
a solid directly for its surface properties, as in adsorption
chromatography, or indirectly, as a support for liquid phases
in partition chromatography. In elther case, the effective
volume of stationary phase avallable for solutes to enter
is only a small fraction of the total volume of the system,
Distortion of the eluted zones at high solute concentrations
may thus result from non-linearity of the adsorption
isotherms, or, in the case of partition systems, from the
irregular behaviour of non-ideal solutions in the stationary
phase. In gel chromatography, the solutes may enter the
entire gel phase, which occuples a volume equivalent to that
of the mobile phase. The effective capaclty of the system

1s thus very much increased, and the elution of zones in

ideal Gaussian form will be maintained, even at



179.

high solute concentration.

The first major advances in the field of gel
chrornatography concentrated on the development by Porath and
Flodin of systems based on the bacterial polysaccharide,
dextran, crosslinked by reaction with epichlorohydrinigl).
The rapid commercial development of these discoveries, in the
form of Sephadex (AB Pharmacia), led to their widespread
application in chromatographic systems. Similar media were
later devised, based on the synthetic product, polyacrylamide
(Bio-gel; Bio-Rad Laboratories, U.S.A.)lgz), and agarose,

a component of agar, extracted from red seaweed193 .

In agueous solution, these products become swollen
with solvent, and a solute may penetrate the gel to a degree
dependent on lts molecular size, and the porosity of the gel
matrix189). The polarity of both aqueous liquid, and the
resulting gel phase, 1s comparable, and thus this property
is of 1little importance in determining the distribution of
gsolutes between the two phases. When applied in a
chromatographic system, these medla separate mixtures
primarily on the basis of défferences in molecular size,
and similar steric effects1J4). Selective effects, due to
residual charged groups on the gel matrix, may be neutralised
by the use of solvents of moderate lonic strength. This

process was originally termed 'gel filtration' by Porath and
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Flodin » a&lthough other expressions have been used by
later workers, for example, gel permeation, molecular sieving,
and steric chromatography.

The success of these methods in application to
water-soluble systems socon led to attempts to extend their
use to organic solvents. The existing gel constituents were
found to be unsultable by their fallure to swell under
conditions of lower polarity194). New materials were developed,
including polystyrene crosslinked with divinylbenzene195),
and a copolymer of methyl methacrylate and ethylene glycol
dimethacrylate196). A different approach was adopted by other
workers, who started with the already well established
Sephadex products, and reduced the polarity of the gel matrix
by substitution of the free hydroxyl groups. Flodin reported
that acetylation of Sephadex produced a lipophilic derivative,
capable of swelling in solvents such as chloroform and
toluene194). Later, i1t was conslidered that the stability of
ether derivatives was preferable to that of esters, which
would be more susceptible to hydrolysis. At Pharmacia, the
f3-hydroxypropyl ether of Sephadex was developed, and is now
commercially avallable as Sephadex LH-20197). Nystrom and
Sjovall made extensive investigations gf methylated
derivatives, mainly of Sephadex G-2519 ’199>.

The original applications of gel media for
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chromatography in organlc solvents were directed toward the
gel filtration mechanism of separstion. Thisg probably arose
because of the assoclatlon of the technique with the typical
aqueous systems then in use. One field where these methods
were found to be highly effective was for the analysis of
molecular weight distributions in polymer preparations189).
In this application, the properties of the gels were well
sulted to the requirements of the polymer chemist, who did
not need a highly selectlve separation, but preferred a
gystem dealing with a wide range of molecular size.

Thege limitations were legs attractive to the
organic chemist, whose molecules show less variation in size,
and would thus be poorly separated by gel filtration. The
modified Sephadex gels197’198)were slightly more effective
in their separating power, possibly because of closer control
over polymer size distribution and crosslinking in the process
of manufacture. Even so, their introduction did not-provide
a method as effective as traditional methods of chromatography,
and their adoption for routine laboratory use has been slow.

When organic solvents are used in gel chromatography,
the variability of polarity of both solvent and gel matrix
1s superimposed on the molecular sieving effect. This was

200)
expressed in the equation derived by Martin and Synge :



Sjovall has considered this equation in relation to
gel chromatography, and hss assoclated variability of the
term Am/A% with the molecular sieving effects used in gel
filtration 98), the term « being related to the partition
coefficient of the solute between the mobile and stationary
phases, The appreciation of the utility of partition processes
for separation was an important factor in the development of
gel chromatography by the Karolinska group.

Three cases may be distinguished in the methods of

gel chromatography:

1) Straight-phase partition, wheré the gel is more

polar than the moblle phase, and samples are eluted
in order of their polarity;

1i) Gel filtration, where the gel and solvent have the
same polarity characteristics, and elution is in
order of decreasing molecular size of the solutes;

111) Reversed-phase partition, where the gel is less polar
than the solvent, and samples are eluted in inverse

order of their polarity.

It is important to be aware that the term 'polarity'

covers a wide range of intermolecular forces, including



hydrogen bonding and dipolar interactions, that vary quite
conglderably in character. A broader definition of these
rorces should inelude lipophilic interactions, which are
hydrophobic in nature, and hence under the older definition
'non-polar', Nevertheless lipophilic forces may make a strong
contribution to certain separations, in particular those
involving reversed-phase partition.

The appropriate choice of substituent for the gel
matrix, and the use of a complementary solvent would thus
permit the selective involvement of specific interactions for
liquid-gel partition chromatography. Investigations in this
direction are likely to prove to be a fruitful area of study
for the future.

An example of this type of development is shown by
the recent preparation and application of a lipophilic-
hydrophobic derivative of Sephadex involving the formation
of a long-chain alkyl ether’B). Earlier attempts to prepare
such derivatives, using long-chain terminal epoxyalkanes,
were frustrated by the difference 1n polarity between the gel
and the r»eactant. In a non-polar reaction medium, the dextran
gel failed to swell, and the epoxyalkane did not penetrate;
under polar conditions, the epoxyalkane was lnsoluble, and

failed to react because of poor dispersion. The answer to

these problems was found by the preliminary preparation of
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a derivative of Sephadex with intermediate polarity.

18)
Sephadex IH-20 was found to be a suitable intermediate

’
and rescted readily with epoxyalkanes to give products with
degrees of substitution variable up to the theoretical
maximquOT). These new materials were found to be strongly
hydrophobic, and were particularly applicable to reversed-
phase methods of chromatography18’201). One advantage of

this type of system was the modification of polarity by
covalent attachment of the non-polar component to the gel
matrix. The characteristics of the preparation could thus

be maintained in long term operation, and this had beneficlal
effects on the reproduciblility of separations and the working
life of the columns, When column effluents were monitored
using a continuous detection system (for example, the
circulating chain flame ionisation detector), the stability
of the statiorary phase minimised the contribution of column

201) ‘
'pleed' to background noise .
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6.2 RESULTS AND DISCUSSION

6.2.1 General Princinles

The general scheme of this study was the
investigation, using model compéunds, of the chromatographic
properties of certain lipophilic derivatives of Sephadex.

The information obtained from this survey could then be used
to gain some understanding of the systematic separation
processes operative under various conditions.'In application
to biological extracts, this would provide a means for the
prediction of the elution behaviour of known samples, and for
structural correlation of unknown compounds on the basis of
chromatographic observations,

For this reason, the investigation has been directed
toward the detailed study of relatively few gel-solvent
combinations, rather than the more general type of survey
that hag already been undertaken by Ellingboe, Nystrom and
Sjéva11401). The need for reproducibility has led to a
preference for simple solvent systems having only one or two
components., It might be possible to optimise separations by
the use of more complex, multi-component solvent systems,

but there was the risk that these would be rather specific

in application, and less suited for routine use.



Reportins of Data

In any chromatographic process, the behaviour of
samples may be recorded either in an absolute manner, which
1s frequently difficult to estimate, or by trivial
measurements, which are valueless for correlation.

A compromise between these two extremes must provide ease
of measurement, and also permit comparison of data from
different sources.

For thin-layer and gas-liquid chromatography, this
is provided respectively by Ry and Kové%gi)retention index202).
In gel filtration, the terms Kav and Kd have been used,
but require the determination of several column parameters
for thelr estimation. The only factor having a simple
one-to-one relationship with the elution volume (V,) of any
sample 1s the total volume of the gel bed (V;) contained in
the coiumn. Under comparable conditions of column preparation,
a given sample should show a constant ratio between the two
terms (Vo/V4) that is independent of column dimensions,

This gquantity has been used by Sj6vall and
co-workers in the form of the percentage of the total column
volume198’201). With the prospect of constant routine use
of gel chromatographic data (as in chapters 2 and 3 of this

thesis), an extension of this idea has been proposed. The

term Standard Elution Volume has been defined as the
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Table 27: SEV Data for Non-Hydroxylic Compounds on the Straight
Phase System (N1114-50%-LH20/Benzene)

Column 100 cm x 0,9 cm i,d, Flow 6 ml/hr

Compound SEV |M,W. ||Compound SEV MW,
n-Hexatriacontane 51.3(506 a-Amyrin acetate 57.11468
n-Tetradecane 65,4198 Stigmasteryl acetate 552|454
Methyl lignocerate 53,4382 Cholesteryl TMSi 55.91458
Methyl behenate 54,5|354 |[Cholestan-3-one 60,0 (386
Methyl garachidate 55.6|3%26 Cholest-4~en-3,6-dione| 58,6398
Methyl stearate 56,81298 Cholesteryl chloride 59.71404.5
Methyl myristate 59.5(242 Progesterone 61,3314
Methyl laurate 60,8/214 }i5a-Androstan-17-one 64,31274
Cholesteryl palmitate | 49,0624 | Isopetasin 56,9316
Cholesteryl butyrate 54,5456 Isopetasyl acetate 59,1276
Cholesteryl acetate 56,3428 Isopetasone 61,3]232
Cholesteryl benzoate 54,0490 S-Isopetasin 54,21{334
Cholestane 62,7|372 | Convertifolin 66,2 (234
Coprostane 62,6{372 JlSantonin 67,2246
Sa-Cholane | 65,3330 | Tetralin | 71.0(132
5a-Pregnane 67,7288 | Decalin 73,8(138
S5a-Androstane 68,5]260 ||Naphthalene -173,2]128
Triolein 42,2 1884
Tripalmitin 4%,21848 | p-Carotene 147.4 |536
Squalene 52,0410 [||Pheophytin a 45.0 866
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hypothetical elution vol?me from a column having a bed volume
203

of 100 arbitary units . In practice, this figure is

obtained from the ratio of the measured elution volume and

the total column volume, by multiplying by a factor of 100,

SEV = 100 x (~8)
Vi

Standard Elution Volume (SEV) thus determined is formally
a8 dimensionless quantity. Results quoted in this manner are
numerically equivalent to values recorded as the percentage
of the total column volume198,201).

The system based on SEV has already been used to
report the collected data for straight-phase and gel

49)
filtration chromatographic systems .

6.2.2 . Examination of a Straicht-Phase Partition System
18, 201)

The lipophilic dextran derivative N1114-50%4~1H20
(see experimental section 6.3.1 for details of this
nomenclature) has been investigated using benzene as the
moblle phase. Elution data for model compounds are presented
in Tebles 27 and 28.

For non-hydroxylic compounds, separation aprveared

to be controlled by molecular sieving processes (Table 27).

Members of a homologous series, for example, the n-alkanes,




Table 28: SEV Data for Hydroxylic Compounds on the Straight-
Phase System (N1114-509-L120/Benzene)

Column 100 ¢m x 0,9 c¢cm i,d,

Flow 6 ml/hr

Compound SEV M,W, Compound SEV MW,
Ceryl alcohol 88,1382 Phytol 93,5296
Lignoceryl alcohol 91.31354 trans,trans-Farnesol 97.71222
Behenyl alcohol 94,6326 cis,trans-Farnesol 93,5222
Arachidyl alcohol 99,0298 Nerolidol T7.71222
Stearyl alcohol 103,3{270 Isopetasol 119,6(234
Cetyl alcohol 108,2(242 Drimenol 106,5|222
Myristyl alcohol 113,21214 Cedrol 85,8(222
Cholesterol 110,2| 386 Methyl deoxycholate 156 406
Lanosterol 82,3| 426 Methyl hyodeoxycholate| 236 |406
Dihydrolanosterol 84,5428 Methyl
Cycloartenol 86.5| 126 ursodeoxycholate 134.,5] 406
Stigmasterol 105.11412 M62£Ziodeoxycholate 156 |[406
p-Sitosterol 107.4) 414 2,2,4,4-Tetramethyl-
Campesterol 109.,2| 400 epicholesterol T4.,51442
3a-Methylcholestanol 88,5402
Manool 76,8| 290 Estrone 360 270
Sclareol 133 | 308 || Chlorophyll & 1140 |890
Totarol 2%6,5| 286 Chlorophyll b 1600 |904
Lutein 115 |568
| Neoxanthin 256 | 600
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showed a progression in SEV values that was linearly related
to the logarithm of molecular weight (Fig. 42).

The behaviour of samples contalning free hydroxyl
groups, which were markedly retarded on the gel, indicated
that the system was operating by straight-phase partition
(Table 28). Samples having other polar functional groups,
for example, ketonic compounds, were not retarded, and the
system was unable to distinguish the latter class of compounds
from hydrocarbons. In examples reported in Tables 27 and 28,
all compounds eluted after SEV 75 had hydroxyl functions,
and thelr respective degrees of retention were determined
primarily by the number and chemical environment of such
groups.

It was clear that the partition mechanism was highly
selective, with the gel acting exclusively as the basic
component in hydrogen-bonding interactions. The operation
of hydrogen-bonding only in one direction suggested that the
exposed acetal and ether oxygen atoms played a greater part
in these interactions than the relatively hindered hydroxyl
groups of the gel matrix,

Hydroxylic compounds in general displayed two forms
of regularity in behaviour. In the first instance, steric
and electronic effects played a major part in determining

the retardation of the sample. Steric hindrance, as in
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tertiary,or other alcohols surrounded by bulky groups, caused
reduced retardation. Acldity of the hydroxyl function
increased retardation, and phenols eluted more slowly than
aliphatic alcohols, while carboxylic acids did not appear

to emerge from the column, even after prolonged elution.

It would seem 1likely that this retardation applied,not only
to hydroxyl groups, but possibly also to amino and thiol
functions, which would be active in similar hydrogen-bonding
Interactions. In o further situation, chlorophylls were

found to be strongly retalined by the gel, in contrast to the
corregsponding pheophytins, which differed only in the absence
of the chelated megnesium ion. It would appear that the
cationic complex of the intact chlorophyll was also capable
of participating in the hydrogen-bonding type of interaction
in a manner similar to a hydroxyl group.

A further regular pattern in behaviour was controlled
by difference in molecular size. It appeared that mblecular
sieving was operative, not only on the non-hydroxylic
compounds, but also as a secondary process affecting the
elution of hydroxylic samples. The n-alkanol series showed a
progressive change in SEV that could be related to carbon

number in the same manner as for the n-alkanes (Fig. 43).




TABLE 29

SEV data for N,1114-50%-LH20/Benzene-isopropanol (3:1 v/v)

Column: 100 cm x 0,9 cm Flow 6 ml/hr HETP 0,17 mm
Compound SEV MW, Compound SEV MW,
n-Hexatriacontane 50.3| 506 5a-Cholan-24-o0l 63,2 | 346
n-Tetradecane 64.0| 198 5a-Cholan-3a,24-diol|59,3% | 362
Octacosyl acetate 48,1 | 452 5¢~Cholan-3a,12a, 59.9 | 378
Myristyl acetate 55.2] 256 24-triol
Ceryl alcohol 53,9 382 5a~Cholan-3%a,70,12a,|59.2 | 394
Myristyl alcohol 62,2 214 24-tetrol
Lignoceric acid 54,2 | %368
Lauric acid 63,0| 200 || Lithocholic acid 58,6 | 376
' (30-0H)
Cholesteryl acetate | 53,3 428 Deoxycholic acid 59.9 | 392
Cholesteryl 52.2| 490 (3a,120-0H)
benzoate Hyodeoxycholic acid |56,0 | 392
Cholestan-3-one 54,5 386 (3a,6a~0H)
Cholesterol 60,8 | 386 || Ursodeoxycholic acid|56,0 | 392
Cholestane 62,8 372 (3a,7B~0H)
Coprostane 62,61 372 Chenodeoxycholic 59.6 | 392
5a-Cholane 65.9| 3%0 acid (3a,70-0H)
Sa-Pregnane 68,2 | 288 | Cholic acid 59.4 | 408
Sa-Androstane 69,3 | 260 (3a,70,12a~0H)
Stigmasteryl acetate| 52,1} 454 Gibberellin Al 64.5 | 348
Stigmasterol 59,21 412 . .
Lanos terol 56.5 | 426 Gibberellin A3 64.5 | 346
Isopetasin 50,3| 316 || Gibberellin A4 61,6 | 332
Isopetasyl acetate 51,11 276 , .
Tsopetasone 53.1| 232 Gibberellin A5 59.1{ 330
Isopetasol 58,21 234 || Gibberellin A7 61,6 | 330
Chlorophyll a 43 890 Gibberellin A9 56.8 316
P?g:ﬁg{:;z a 1% ggg Phosphatidyl Choline| 36,8 | =
B Phosphatidic Acid | 43.8 | =
Tripalmitin 39,8 | 806
Dipalmitin 45,2 | 568
Monopalmitin 56.5 | 330
Galactosyl 41 -

Diglyceride
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6.2.3 Examination of Some Gel Filtration Systems

On addition of an alecohol to the eluting solvent
for the gel system already described (N1114-50%-LH20/benzene),
hydroxylic compounds were selectively displaced from the gel,
presumably through competitive hydrogen bonding. Other
compounds were not affected to any great extent (Fig. 44),

At a level of 25% isopropanol in benzene, there was
no observable polarity effect for cholesterol, nor for any
of the more polar compounds studied. Higher levels of
alcohol gave rise to reversed-phase partition.

A chromatographic system, N1114-50%-1H20 with a
mobile phase containing the mixture benzene-isopropanol
(3:1 v/v), was tested with model compounds (Table 29).
Non-hydroxylic compounds behaved substantially as in the
system containing pure benzene (Table 27), but polar samples
no longer showed distinctive properties (Fig. 45). Free
carboxylic acids were similar in behaviour to the dorresponding
alcohols, Molecular sieving was the major factor that
determined the elution of samples in this solvent system.
No compound was found to be retained beyond SEV 80.

This system had properties most comparable to the

ideal for gel filtration* of all those examined. The most

# In this thesis, the term 'molecular sieving' has been
used to refer to the physical process, and 'gel
filtration'to the chromatographic method, of separation
of samples accordinz to molecular size,
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Table 30:

SEV Data for the Gel Filtration System

(LE-20/Ethanol-Benzene 9:1 v/v)

Coiumn

52 ¢cm x 1,8 em i,d,

Compound SEV (MW, Compound SEV |M,W,
Triolein 52,0884 Cholesterol 70,0386
Cholesteryl palmitate|55,5|624 B-Carotene 70.,0153%6
n-Pentatriacontane 58.,21492 Chlorophyll a T7%3.51890
n-Tritriacontane 59,5464 Cholesteryl benzoate | 74,2490
n-Hentriacontane 61,0436 Petasin 76.51316
n-Nonacosane 62,5|408 cis-Decalin 77.5(138
Cholesteryl butyrate | 64,8456 trans=-Decalin 79.0{138
a-Amyrin acetate 67,2468 S-Isopetasin 80.0(33%4
Cholesteryl acetate |68,0(428 Isopetasyl acetate 81.5(276
Lanosterol 68,5426 Isopetasol 86,0(234
‘Stigmasterol 69,2(412 Tetralin 87.5(132
B-Sitosterol 69,2414 Naphthalene 97.,01128
Chlorophyll Db T70.0{904

~~~~~
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apparent abnormality was the elution of carbonyl-containing
compounds, esters and ketones, earlier than might be expected
on the basls of molecular weight. A similar effect had
already been noted by Eneroth and Nystrom for ketonic steroids
on other lipophilie gelszoq). In this system, a carbonyl
group decreased retention by an amount equivalent to the
effect of about eight methylene units. Molecular shape also
influenced elution, and acyclic molecules were less retarded
than cyclised molecules of the same weight.

A further system was briefly investigated, that
gave some regularity in behaviour approximating to gel
filtration. This system employed commercial Sephadex ILH-20,
using the solvent mixture ethanol-benzene (9:1 v/v). Results
have been recorded in Table 30, The system was found to be
imperfect for gel filtration, because of the selective
retention of samples according to aromaticity. This effect
was superimposed on the order of elution of compounds_as
determined by molecular sieving alone.

These selective effects have been app%ég? to the

geparation of polycyclic aromatie hydrocarbons , but are

less useful for general chromatographic purposes.




Table 31l: SEV Data for the Reversed-Phase System
(N1518-71%-LH20/VMethanol-Heptane 9:1 v/v)

Column 28 cm x 1 em i,d, Flow 8 ml/hr
Compound SEV Compound SEV
Cholesterol 250 n-Decanol 58
Cholestanol 262 |in-Dodecanol 65,5
Cholestanone 354 |n=-Tetradecanol 76
Cholesteryl acetate 541 n-Hexadecanol 92
Cholest=4-en-3-one 240* |ln-Octadecanol 112
Cholest-5=-en=3-0ne 353 n-Eicosanol 139
Cholest-4-en-3,6~dione 136 |[n~-Docosanol 175
Campesterol 270 |jn-Tetracosanol 226
B-Sitosterol 294 |In-Hexacosanol 296
Stigmasterol 256 ;
‘Ergosterol 232 n-Dodecancic Acid 75
Lanosterol 242 n=-Tetracosanoic Acid 87
24 ,25-Dihydrolancosterol 285 n-Hexacosanoic Acid 106
Pregnenolone 54 n-0ctacosanoic Acid 147
Progesterone 54 n-Docosanoic Acid 227
Isopetasin 58,6|In-Tetracosanoic Acid 275
Isopetasyl acetate 49,8(in-Hexacosanoic Acid 382
Bakkenolide-A T0.7
Drimenol 79.2
Convertifolin 59.5
Nerolidol 57.8
Farnesol 59.6
Phytol 86




1920

6.2.4 Examinatlon of Reversed-Fhase Partition Svstems

The main part of this study concerned the Sephadex
derivative, N1518-71%4-LH20. Using the Nedox products
(section 6.3.1), this was the maximum degree of substitution
that could be obtained. It was considered that the high
content of saturated hydrocarbon in the gel would favour
reversed-phase partition.

Methanol was used as the mobile phase, with heptane
added as a polarity moderator. Although methanol alone gave
perfect reversed-phase partition properties, the insolubility
of many samples in pure methanol, for example the sterols,
required the addition of a less polar componeht to the
golvent,

A gystematic collection of data was made for the
combination [N1518-71%-LHzo/methanol-hep’cane (9:1 v/v)], with
results as presented in Table 31, These served to illustrate
the emphasis placed on the hydrocarbon region of the molecule
in determining retention under reversed-phase condition3201),
For the n-alkanols, separation was comparable to that
obtained by GLC. This system thus offers a simple method for
the separation of phytosterols,such as campesterol and
ﬂ-sitoster01201), vhere other chromatographic methods have

been found less satisfactory. The effect of double bonds was

also more pronounced, but in the opposite sense, i.e, decreasing,
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and not increasing, retention of the less saturated sample.
The additlonal double bond in the side chein of stigmasterol
cancelled the effect of the 24-ethyl group, and its retention
wag closer to that of cholesterol than to f3-sitosterol.
Reversed-phase chromatography on alkylated Sephadex
derivatives thus offers, in certain cases, a practical
alternative to the use of silver nitrate-impregnated silicagel
for separation on the basis of unsaturation. Ellingboe et al
have demonstrated its application to the28?§aration of

methyl esters of unsaturated fatty acids .

Polar functions, by their presence in a sample
molecule, caused a large reduction in retention. However,
different classes of polar function were less distinctive
in their behaviour than was the case for straight-phase
partition. The presence of & carboxylic aclid, for example,
was comparable,in the magnitude of its effect, to a hydroxyl
group.

The effect of the degree of alkyl substitution of
the gel was investigated briefly, and the system studied
above was compared with the less substituted gel, N1114-50%-1LH20,
using the same solvent mixture in each case (Fig. 46). With
less polar samples, retention was increased with increasing
substitution. However, more polar compounds were poorly

separated in the system based on N1518-71%-LH20. When the
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less substituted derivative, N1114.-50%-LH20, was emﬁloyed,
retention of these polar samplesgs was increased, and separation
improved. These results would suggest that a lower degree of
substitution was more appropriate for the investigation of
polar samples.

A derivative of Sephadex, gubstituted with phenyl
groups, was also briefly investigated. Reversed-phase effects
were minimal for aliphatic compounds, when the system
PHE-50%~LH20/methanol was examined. There was, however, some
indication of selective reversed-phase retention for aromatic
molecules (in the sample tested, pheophytins). Insufficient

time prevented a systematic survey of this medium.

6.2.5 Performance of Gel Chromatographic Systems

The outstanding feature of the Sephadex derivatives
was the high efficliency obtained from columns employing these
media. Theoretical plate heights have been calculated from
the elution of cholesteryl acetate from the system
N1114-50%—LH20/benzene. Peaks appeared to possess a (Gaussian
form, comparatively unaffected by higher loading (Fig. 47).
Other systems and samples gave comparable results, but were
not examined in the same detall as the above example,

As expected from the theoretical treatment of

column efficiency, best results were obtained when the
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206)
particle size distribution of the gel beads was minimised .
The fractionation of Sephadex G-25(Superfine Grade) was
completed using the method of Hamilton207>(section 6.3.1).
¥hen the hydroxyalkoxypropyl derivative was prepared from
a sample of Sephadex G-25 having a narrow range of particle
diameters (24-3%ﬁ for the dry beads), theoretical plate
heights (HETP) were obtained in the range 0.07 — 0.10 mm.
The column (100 cm) gave an overall efficiency of 10,000 -
14,000 theoretical plates, with an analysis time of 15 hours
for a mixture containing cholesteryl acetate and cholesterol.

In comparison, low resolution columns, employing

derivatives prepared from unsieved Sephadex LH-20, gave HETP
of 0,5 mm, using the same sample and solvent system as above.

Re~use of Columns

In gel chromatogravrhy, the elution of a sample is
based on partition processes, and not adsorption: there
should thus be little tendency for the irreversible retention
of a sample in the gel phase. Samples that were comparatively
immobile in a certain solvent system could usually be
displaced from the column by adjustment of the polarity of
the moblile phase. Change of solvent from benzene,to benzene
containing 25% (v/v) of isopropanol, caused samples that
migrated slowly in the stralght-phase system to become

concentrated in the rapidly moving interface between the
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two solvents. The result of this operation was to purge the
column of all remaining solutes, leaving it uncontaminated
for further separations. This method was less easily applied

. to reversed-phase columns, because the addition of non-polar
solvent to the methanol caused excessive expansion of the gel,
It was therefore necessary to 1limit the addition to about

25% of benzene, and to use a larger volume of this solvent
mixture to effect the decontamination.

The efficiency of these 'cleaning' operations could
be tested by the use of radiocactive samples. Recovery of
radioactivity was found to be quantitative, and 'bleed' of
tracer diminished rapidly after the main sample had passed.
When (24-140) cholic acid was tested (as the free acid) in
the system N1114-50%-LH20/benzene-isopropanol (3:1 v/v),
the sample (30 ﬂCi; 200,45) was recovered in the zone expected
for this compound. Radioactivity in the effluent was measured,
and had diminished to 0.1% of the total, 3 SEV units after the
main peak had passed., After a further 20 SEV units of solvent
had passed, the level of radioactivity had fallen to 0,001%.
One column volume of clean solvent was sufficient to remove
the last traces of radioactive bleed (Fig. 48).

Experience with columns in routine use with
radioactive samples has shown that straight-phase columns

were readily restored to a condition where background
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radiocactivity was negligible. With reversed-phase columns,
the gradual accumulation of a permanent level of background
radiocactivity was observed in a column regularly employed
for fractionation of labelled plant extracts. This level,
100-200 dpm per column volume, was not serious in use, but
did imply that the method for purging the reversed-phase
columns was less effective than that used for the straight-
phase system.

The repeated re-use of these columns was a major
factor contributing to the reproducibility of results, as
there could be no variation introduced by slight differences
in column preparation. This was a particular advantage for
analytical applications of gel chromatography.

One source of error encountered in routine use
derived from the degree of compression of the gel bed.
The SEV system of reporting data was adopted for its simpliclty
in operation; unlike the more complex Kav system194) it dia
not allow for such variations. When the gel became compressed,
this could affect the mobile and stationary phases to a
different extent. The ratio of the volumes of the two phases
could thus be altered, and this would influence the elutlon
of samples.

In the straight-phase system (N1114-50%-1H20/benzene),

when the gel became compressed, a slight increase in SEV



Fig, 48: Elution of 30 uCi (24- %c)
Cholic Acid from a Column
Employing the Gel Filtration
System (N1114-50%-LH20/

Benzene-Isopropanol 3:1 v/v)
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was observed for cholesterol and other polér samples, This
could be interpreted as the result of selective compression
of the mobile phase, arlsing from the distortion of the gel
beads,which would reduce the interstitial space containing
the mobile phase,

Variations of this kind could be avoided by
restoring the column to its correct volume. This could be
accomplished by reversing the flow of solvent, or in some
cases, by the use of a solvent that caused siight expansion
of the gel. When the original solvent was replaced, it was
normally found that the gel returned to its true volunme,

It was frequently found convenient to use the
results of an analytical examination of a sample to determine
the course of a subsequent preparative separation. Although
reproducibility between different columnns was never as good
as obtained on a single column, the slight variations between
different preparations ofa gel derivative were systematic
in nature. With experience of the characteristics of each
column, it was possible to compensate for these variations
in the calculation of the expected elution volume of each
component in the sample.

The Sephadex derivatives are unusual among
chromatographic media, possessing both the properties of
high resolution, for analytical applications, and also a high

sample capacity, as required for preparative separations.



Fig. 49: Hypothetical Two-Dimensional Distribution of

Components of the P. hybridus Isopropanol

Extract

First Column:

Reversed-Phase
(N1114=50%-1H20/

Methanol-Heptane
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6.2.6 Apovlications of Gel Chromatography

Examples of gel chromatography in application have
been provided in chapters 2 and 3 of this thesis,

In practice, two forms of application could be
distinguished: group separation, using low-fesolution
techniques, and the selective isolation of individual
compounds, for which high-resolution columns were more
applicable. The variety of separation mechanisms available
made the Sephadex derivatives particularly applicable to
low-resolution group separation techniques. It has already
been noted that gel filtration could be used as a preliminary
purification for the removal of high molecular weight 1lipids,
and in the case of plant extracts, of chlorophylls and the
polymeric tannins (section 2.3.4).

The contrast between stralght-phase partition,
where polar functional groups determined the retention of
samples, and reversed phase methods, in which differences
in the hydrocarbon regions of molecules became prominent,
permitted highly effective separatlions to be undertaken,
using both methods in combination. This has been illustrated
in Fig. 49 in the form of a hypothetical two-dimensional
distribution of the constituents of P. hybridus leaves,

(Using column chromatography, 1t was necessary to carry out
the separation in each system independently,) This scheme

provided the basis for the group separation of the
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gsesquiterpenoids (Fig. 3; facing p.18). The distribution of
compounds within the scheme was found to show many regularities,
which were less apparenti when the separation in elther system
was considered in isolation. It was frequently possible to
deduce the probable location of a particulaf compound or

class, and so to devise a separation for its isolation.
Conversely, the location of samples within the scheme

permitted the assignment of simple structural correlations

to samples of unknown constitution.

The separation of sterols provides an example of
this scheme in operation. In straight-phase chromatography,
retention would be controlled by the hydroxyl group: separation
into three classes would result, corresponding to normal
3R -hydroxysterol, 4x-methylsterol, and 4,4-dimethylsterol.

A subsequent reversed phase separation would then isolate
constituents according to alkylation of the side-chain, and
also the degree and location of unsaturation in the molecule.

The seguence of the two operations, reversed-phase
and straight phase, should be determined by the nature of
the sample. For the sesquiterpenoids, reversed phase methods
were first applied; in the above example, it was convenient
to employ the strailght-phase method before the reversed-phase

separation.
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6.3 EXPERIMENTAL PROCEDURES

631 Preparation of Gels

Dextran derivatives for use in these experiments
were prepared in this laboratory, using Sephadex G-25 and
1H-20 (Pharmacia AB, Uppsala) as starting méterials. The
methods of Ellingboe, Nystrom and Sjdvall were used in the
preparation of these derivatives18,201).

It would be expected from the theoretical discussions
of Giddings and Mallik that higher column efficiency would be
obtalined using a packing having a narrow range of particle
diameter3206). In earlier work, this was achleved by sileving
Sephadex LH-20 before the alkylation reaotionAg). Sjovall has
reported particularly good results using a fraction of
Sephadex198) prepared by the continuous-flow differential
sedimentation method of HamiltonEOT). This method permitted
the isolation of finer particles than was possible by
mechanical sieving. The use of such fine particles would
result in more rapid ecuilibration of solutes in the gel
phase, thereby allowing faster flow rates without loss of
efficiency206 . A practical limitation of this approach was
the increased resistance to flow when excessively fine
particles were employed,

The fractionation of Sephadex G-25 (Superfine Grade)
was completed as described below., Sephadex G-25 (100 g) was

equilibrated in water,containing 1% sodium azide as



Fig, 50: Apparatus for Fractionation of Sephadex Gel
Beads by the Continuous Flow Differential

0
-Bedimentation Method of Hamilton2 7)

Overflow — |
Inlet |

Regulator EFB
Collecting

Vessel
Separating

Funnel (3 1)

Table 32: Particle Size Distributions Obtained in Fractions
Derived from Sephadex G-25 (Superfine Grade)

Flow Rate Particle.81ze Range i Recovery
ml/min (dry beads) Dry Weight
0 - 40 Fines (discarded) -

80 8 - 16,¢ 4 g

130 | ST - 23 15 g

220 24 ~ 32, 35 g

400 33 -~ 45, 25 g
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bacteriostat, The swollen gel was transferred to a conical
separating funnel with a narrow taper (capacity 3 1), as
described by HamiltongOT). Water entered the lower end of the
separating funnel from a reservoir, adjusted to maintain a
constant hydrostatic pressure (Fig. 50). Fléw was controlled
by a rotary valve (Quickfit Rotaflo), coarse adjustments
being made by altering the level of the reservoir. The flow
was first adjusted so that the rate of sedimentation of the
bulk of the gel beads just exceeded the upward movement of
the water at the widest part of the separating funnel. Under
these conditions, most of the gel was retained in the funnel,
and bead fragments, colloldal material and very fine particles
vere removed in the effluent. After 24 hours, the opalescence
agsociated with this unwanted materlial had almost disappeared.
Flow was then increased in steps, and sufficient time was
allowed for the collection of 50-100 litres of effluent at
each stage. The sediments obtained from each colledtion
contained a different size of particles (Table 32).

After sedimentation, the supernatants were
decanted, washed with de-ionised water, washed again with
isopropanol, and dried as far as possible by suction in a
sintered glass funnel, The dried beads were examined by
microscope, and the particle size range was estimated using

a micron scale graticule. (Our thanks extend to Mr. T. Baird
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for the loan of the graticule.) These preparations were far
superior to those obtained by sieving, wheré the tendency for
the dry beads to adhere to each other caused a variety of
fine particles to be retained in coarser fractions.

Preparation of Hydroxypropyl Sevhadex

The fractionated Sephadex obtalned above was
converted to the B-hydroxypropyl ether, using the method
described by Ellingboe et §1201). After drying overnight
in vacuo at 8000, the beads (35 g) were swollen in an excess
of 1 M aqueous sodium hydroxide. After 2-3 hours, the
supernatant was decanted, and 1,2-epoxypropane (700 ml) was
added. The mixture was stirred under reflux for 24 hours;
complete reaction was indicated when the initially pasty
Sephadex became evenly dispersed in the reaction mixture.
Reagents were then removed, and the product was washed with
distilled water until the effluent was neutral in pH. The gel
beads were dried by successive washing in 1sopropan61, acetone
and light petroleum. After drying in vacuo at 800, the weight
of hydroxypropyl Sephadex recovered was found to be 72 g,
which corresponded to the theoretical maximum degree of
substitution by hydroxypropyl groups. This product had the
same properties as a commercial sample of Sephadex LH-20,

These methods were used 1n several separate

preparations of hydroxypropyl Sephadex,



Preparation of Hydroxyalkoxypropyl Sephadex

By Reaction with Nedox 1114

The LH-20-tyve derivative was converted to
18) .

hydroxyalkoxypropyl Sephadex by reaction with Nedox 1114
This reagent (supplied by courtesy of the Asﬁland Chemical
Company, Columbus, Ohio) contained straight-chain terminal
epoxyalkanes, having 11 - 14 carbon atoms per molecule,
LH-20-type (hydroxypropyl) Sephadex (50 g) was
equilibrated with methylene chloride (170 ml) that had been
dried before use by filtration thrdugh basic alumina (Woelm;
activity grade I). The mixture was stirred gently using a
1ink type stirrer (magnetic stirrer bars tended to destroy
the bead structure by abrasion against the walls of the
reaction vesse1201)). Boron trifluoride etherate (20 ml) was
added. After continued stirring for 10 minutes, a mixture
containing Nedox 1114 (125 ml) and methylene chloride (125 ml)
was added over a period of 30 minutes. Stirring was continued
. for a further 30 minutes. The product was then removed, and
washed successively with chloroform, methanol and acetone.
The gel was partly dried by suction in a sintered funnel,
and the last traces of solvent were removed in vacuo overnight
at room temperature. The dried product, unlike the starting
material, was hydrophobic and waxy. The bead structure was
intact. The weight of the dried gel was double that of the

starting material, i.e. the substituent hydroxyalkyl group
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comprised 50% of the total weight of the dry gel. The
nomenclature used to describe this product, N1114-50%-LH20,
indicated the nature of the substituent (N1114), the degree
of substitution (504 by weight), and the nature of the
starting material (LH-20-type Sephadex). Where fractionated
Sephadex was employed as the starting material, the size
distribution of the fraction waé freguently quoted also;
the figures given referred to the diameter of the dry beads
of the original Sephadex G-25.

By Reaction with Nedox 1518

Nedox 1518 consisted of 1,2-epoxyalkane, like Nedox
1114, but with longer carbon chains (015 - Cqg)+ Using the
procedures described above, Nedox 1518 (25 ml) reacted with
IH-20-type Sephadex (20 g) with boron trifluoride etherate
(7 m1) as catalyst. A product (30 g) was thus obtained,
having .33% by weight of hydroxyalkyl substituent.

This first product (N1518-33%-1H20; 22 g) was treated
again with Nedox 1518 (40 ml),in the presence of boron
trifluoride etherate (4.5 ml), and a second product (50 g)
was obtained, calculated as having T71% by weight hydroxyalkyl
substitution, This product, described as N1518-71%-LH20, was

used in the investigation of reversed-phase partition.
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Preparation of Phenylhydroxvethoxypropyl Sephadex By

Reaction With Styrene Oxide

Sephadex LH-20 (5 g) was stirred with methylene
chloride (30 ml) and boron trifiuoride etherate (1.5 ml)
was added. Styrene oxide was then allowed to enter slowly;
a large excess was used (35 ml; see Ellingboe et §l201)for
proportions of Nedox used). After stirring for a further
2 hours the product was recovered and dried; the dry weight
(10 g) showed a degree of substitution (50% by weight) close
to the theoretical maximum for the phenylhydroxyethyl

group (524). The product was described as PHE-50%-LH20.

6.3.2 Preparation of Columns

Three basically different types of column were
used in this investigation. Those employed for low-resolution
work wére of the standard pattern used in normal mgthods of
column chromatography; these need no further discussion.
High-resolution glass columns were based on the
pattern in use at Karolinska. These consisted of three parts,
at the top, a solvent reservoir, connected to the middle part,
the chromatographic tube, and at the bottom, an end fitting,.
The reservoir and chromatographlc tube were constructed as
an integral unit; the assembly was thus self-contained, and

could be used without reliance on separate solvent sources.
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The gel was contained in the main part of the column, which
consisted of a straight length of glass tubing, 1 em bore for
preparative columns, and 3 mm for analytical applications.
An end fitting was employed that incorporated a standard
Teflon tubing connector (Glenco No.3020; Glass Engineering
Inc., Houston); one end admitted the chromatographic tube,
and the other was connected to small bore (0.25 mm) Teflon
tubing that linked the column to detector or fraction
collector. The gel bed was supported at the lower end by a
Teflon fabric disc (0659 SR 25/45 from Pharmacia AB). This
could be formed into a cup by pressure, and cold flow of the
Teflon, and was then inserted between the connector and the
chromatographic tube., A good seal was ensured by selecting
close-fitting tubing stock for construction of the columns.
Otherwise it was necessary to use a Teflon collar (cut from
wide boére tubing) to close the gap.

Capillary columns used narrow bore (1.5 mm) Teflon
tubing (Chromatronix Inc.) to contain the gel bed. Construction
was based on the methods of Nystrom and Sj6va11208). Solvent
was dispensed under gas pressure, from a separate reservoir
constructed from a 250 ml centrifuge bottle, A Teflon T-fitting
(Chromatronix Inc.) was used to permit sample introduction
by injection through a rubber septum into the solvent stream,

This system was only briefly assessed; the methods appeared
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to be especially suitable for regular and freguent use of

a particular column. When use was less frequent, there was

a tendency for columns to dry out, presumably because the v
Teflon was sufficiently porous to permit diffusion of solvent
through the walls.

Packing of Columns

Before use, the columns were calibrated volumetrically,
to permit the estimation of bed volume in chromatographic
operations. The inside surfaces were treated with a solution
of dichlorodimethylsilane (5% in toluene).

The gel was preswollen in the intended solvent system
(gg. 10 ml per gram of dry gel) before being packed in the
column. A brief exposure to ultrasonic vibration speeded the
equilibration., The slurry was azdded to the column in a single
operation, and was allowed to settle under a gentle flow of
solvent. If the column was not perfectly vertical, uneven
settling of the packing could cause loss of efficiency by
irregular migration of zones. Rotation of the column about
its axis,at intervals during sedimentation of the gel, about
3 - % turm at a time, cancelled any unevenness, and improved
the éfficiency of the packing.

The upper surface of the settled gel was protected
from mechanical disturbance by a filter paper. When the bed

volume changed, for examples as a result of solvent changes,
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the filter paper moved freely with alterations in the level
of the bed surface.

Solvent changes were,in general, found to be quite
permissible. When very large changes in bed volume resulted,
it was advisable to undertake the change in steps, and to
allow equilibration at each stage. Two to three bed volumes

of the new solvent were usually sufficient for equilibration.

6.3.3 Sample Handling and Detection

) Samples were appllied to the top of the columns
without mixing by a standard procedure. Excess solvent was
allowed to drain into the bed, and the sample was applied to
the moist filter paper protecting the bed surface. The sample
was allowed to penetrate the bed surface, and was washed below
the surface by dropwise addition of solvent.

Samples were normally applied in the solvent to be
used for elution, in a volume not exceeding 1% of the total
column volume. It was sometimes necessary to use a co-solvent,
for example,to dissolve polar samples in benzene. With the
straight-phase system, the use of an alcohol as co-solvent
for sample introduction interfered with the hydrogen bonding
interaction and caused zone distortion and loss of column
efficiency. Dioxan or chloroform generally gave acceptable

results in this situation.
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Earlier work had involved the use of a pump
(BTL Chromapump) for delivery of solvent at a constant ratqu).
Later, 1t was found more convenient to use a column design
Incorporating a self-contained reservoir for the eluant.
Constant flow was obtained by the use of the Mariotte system
for maintaining a fixed hydrostatic pressure (Fig. 51). Flow
rate was measure by the timed collection of samples in the
course of operation. In preparative apolications, where the
SEV data for the sample was known (by previous analytical
determination), it was found convenient to dispense the precise
volume of solvent to cause the zone to migrate to the end of
the column, but not to emerge. The zone could then be eluted
with a further small volume of solvent. This type of operation
permitted the use of the columns on the laboratory bench without

requiring a fraction collector,

Detection of Samples in Column Effluent

Column effluents that were collected as fractions
were examined by GLC or TLC of the fractions. Radioactivity
could be monitored rapidly,by spotting samples from each
fraction onto a TILC plate, and, without development of the
chromatoplate, scanning for radioactivity on the Panax
chromatogram scanner.,

Elution profiles (e.g. Fig. 47) could be constructed

by quantitative estimation of the fractions,
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Latterly, the acquisition of the Haahti-Sjovall
198, 209)
circulating-chain flame ionisation detector has
considerably simplified these investigations. This apparatus
permitted the continuous monitoring of column effluents, and
results were displayed graphically as a trace made by a
potentiometric recorder.

In this system, the column effluent was allowed to
wet a circulating chain. The solvent evaporated as the chain
passed through a heated zone, and involatile solutes remained
behind. Solvents were specially redistilled to remove any
undesirable involatile residues. The chain entered the
detector cell through the jet at which the hydrogen flame
burned. Organic samples, introduced on the chain, became
ionised in the flame, and their presence was indicated by an
increase in conductivity of the detector cell, This signal
was then amplified and recorded on the chart paper
(Kent Recorder; 1 mV full scale deflection).

The chains used by the detector became corroded,
and eventually disintegrated. Continuous use was limited to
6 - 8 weeks. The short supply of these chains has been
circumvented by the use of wire loops, which were found to
act as an effective substitute for the chain. Single or double
stranded wires were unsultable, because of insufficient

solvent capacity. The best results have been obtained using
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a composite construction of four strands altogether.
'Vachrome' wire (0.15 mm diameter), a chrome-vanadium alloy
intended for use in electrical heating elements, was twisted
into a two-filament strand (ca. 8 turns/cm). Lengths (2 m) of
this strand were then doubled, and twisted together to form
the four-filament composite wire. The use of one length,
doubled over on itself, resulted in the formation of an eye
at one end, which was convenient for joining the wire into
a continuous loop in the detector. Careful closure of the
joint reduced the noise level in operation to that experienced
using chains in the conventional manner.,

Best results were obtained when the two twisting
operations were performed in the same direction, although
the composite wire so constructed was less even in appearance.
A laboratory stirrer motor was adapted to carry out the
twistiﬁg of the strands.

Both chalins and wires'required rigorous cleaning
in the ultrasonic bath before use; after cleaning, handling
was avoided, and manipulations were performed using forceps.
The advantage of the wires was the cheapness and convenience
of preparation; this permitted frequent discarding of

the contaminated wlres whenever nolse levels became excessive.



Fig, 52: Stream Splitting System for Preparative Liquid
Chromatography in Conjunction with the
Circulating-Chain Flame Ionisation Detector
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Use of the Detector in Preparative Applications

The combustion of the sample in the detector cell
prevented its recovery; in preparative applications, 1t was
necessary to divert only a small part of the effluent stream
to the detector.

When the total solvent flow exceeded the capacity
of the chain, drops formed, most of which could be collected
from beneath the wire., However, overloading the wire with
solvent occasionally resulted in drops becoming detached,
and then entering the detector cell. When benzene was used
as solvent, the detector would then require decontamination.
Akmore satisfactory method involved the use of a separate
stream splitter.

In gas chromatography, stream splitters operate by
providing a different impedence to flow in each branch. This
system'is less satisfactory for liquid chromatography, because
of interference by surface tension, and hydrostatié pressure
differences at the outlets. The device described below
employed the former effect for its operation.

At slow flow rates, where there is little
resistance to flow in each branch, a system having two
outlets at the same hydrostatic level would permit drops to
form at each outlet. If the outlets Qere of different diameters,
drops would only detach from the larger orifice, becausé of

the effect of drop-weight and surface tension. Flow would
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thus be limited in the smaller orifice to loss by evaporétion.
When this outlet was placed in contact with the circulating
chain, solvent was removed by uptake on the chain, at a rate
determined by the speed and capacity of the chain. Most of
the eluate continued to flow through the larger outlet,
where it could be recovered.

In actual operation, it was found convenient to
split the end of the narrow bore tubing to form a notch,
3-4 mm deep, through which the chain passed. There was then
less tendency for fluld contact to be lost between the
outlet and the chain. Under these conditions, it was necessary
to set the main outlet below the level of the chain. For
benzene, a distance of 1 cm was effective.(Fig., 52).

A further source of failure in operation resulted
from airlocks in the T-junction. However, these were usually
present at the start, and rarely formed in the course of

operstion, after they had been properly eliminated;
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